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Abstract. – OBJECTIVE: An increasing num-
ber of studies suggest that the alteration of gut 
microbiota may affect the pathogenesis of intra-
cranial aneurysm (IA). However, the exact causal 
relationship between gut microbiota and IA has 
not been confirmed.

MATERIALS AND METHODS: The instru-
mental variables (IVs) for gut microbiota were 
obtained from a meta-analysis of a genome-wide 
association study (GWAS) conducted by the MiB-
ioGen consortium (n = 13,266). The summary of 
GWAS data for IA was obtained from a large ge-
nome-wide meta-analysis involving 23 cohorts. 
Five Mendelian randomization (MR) methods 
were used to investigate the causal relationship 
between gut microbiota and IA (ruptured and un-
ruptured), unruptured intracranial aneurysm on-
ly (uIA), and aneurysmal subarachnoid hemor-
rhage (aSAH) respectively, with inverse variance 
weighted (IVW) as the main MR method. All MR 
results were verified through sensitive analyses.

RESULTS: Based on the results of the IVW 
analyses, it was found that five gut microbiota 
taxa were causally associated with IA (ruptured 
and unruptured), seven gut microbiota taxa were 
causally associated with uIA, and six gut micro-
biota taxa were causally associated with aSAH. 
Among these taxa, the genus Bilophila was the 
only one identified to have significant protective 
effects against IA (ruptured and unruptured), 
uIA, and aSAH. The sensitivity analysis did not 
reveal any significant heterogeneity or horizon-
tal pleiotropy among the included IVs.

CONCLUSIONS: MR analyses identified sev-
eral gut microbiota taxa that have a causal rela-
tionship with IA. Future research should priori-
tize understanding the mechanisms underlying 
this causal relationship, as it is expected to con-
tribute to the development of new methods for 
predicting and treating IA.
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Introduction

Intracranial aneurysm (IA) is an abnormal dil-
atation that occurs in the walls of intracranial ar-
teries and is the first cause of subarachnoid hem-
orrhage (SAH)1. With an overall prevalence of 
3.2%, IA has become a significant healthcare bur-
den worldwide2. The formation of IA is a gradual 
process that is not yet fully understood. Hemody-
namic factors and vascular risk factors, including 
hypertension, atherosclerosis, disorders of lipid 
metabolism, and smoking, have been shown in 
numerous studies3-6 to be involved in the patho-
genesis and development of IA. A Nordic Twin 
Study7 showed that genetic susceptibility plays 
an important role in the development of IA, with 
genetic factors playing a 41% role in the devel-
opment of aneurysmal subarachnoid hemorrhage 
(aSAH). This implies that environmental factors 
also play a key role in the pathogenesis of IA.

Several studies8-10 have shown that one of the 
major risk factors for cerebrovascular disease is 
diet. Gut microbiota is a mediator in dietary in-
fluences on the pathogenesis of cerebrovascular 
disease11-13. The gut microbiota may influence the 
course of cerebrovascular disease by regulating 
metabolism and immunity14,15. Whether the pres-
ence of gut microbiota affects the formation of IA 
was explored in an animal study conducted by 
Shikata et al16. This study found that depleting the 
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gut microbiota in mice with antibiotics reduced 
the incidence of IA. In a Metagenome-wide as-
sociation study (MWAS), Li et al17 found that the 
abundance of 47 gut microbiota species differed 
significantly between the unruptured intracrani-
al aneurysm (uIA) and controls in a cohort. This 
study17 also found that changes in the abundance 
of Hungatella hathewayi affected the occurrence 
of uIA by fecal transplantation into mice. 

Understanding the role of gut microbiota in the 
occurrence and development of IA may inspire 
new ways in the prevention and treatment of IA. 
However, there is still a lack of research on the re-
lationship between gut microbiota and IA in hu-
mans. Meanwhile, it is extremely costly and diffi-
cult to fully specify which gut microbiota taxa are 
protective or risk factors for IA in human or animal 
investigations. Mendelian randomization (MR) is 
considered a promising approach to identifying the 
causal relationship between gut microbiota and IA. 
MR analysis relies on three assumptions, and ge-
netic variations are used as instrumental variables 
(IVs) to explore the causal relationship between ex-
posure and outcome18. The key advantage of MR 
is that it utilizes the principle that genotypes are 
randomly assigned from parent to offspring, which 
means that confounding factors are excluded from 
influencing the relationship between genetic vari-
ation and outcome19. This makes it possible to ra-
tionally determine causal sequences. The largest 
cross-ancestry genome-wide relationship studies 
(GWAS) meta-analysis of the IA to date was per-
formed by Bakker et al20 in 2020. This GWAS study 
also included cases with both uIA and aSAHs (rup-
tured intracranial aneurysms). MiBioGen consor-
tium21 released gut microbiota GWAS data in 2021 
based on 18,340 individuals (24 cohorts). Based on 
publicly available GWAS data on gut microbiota 
and IA, we conducted a two-sample MR study to 
determine the causal association between gut mi-
crobiota and IA.

Materials and Methods

Study Design
A two-sample MR framework was used to de-

termine the causal relationship between gut mi-
crobiota and IA. Based on the data characteristics 
of gut microbiota GWAS, MR analysis was per-
formed at five gut microbiota taxa levels (phylum, 
class, order, family, and genus). Figure 1 shows 
the MR assumptions and the full flow chart of our 
MR study.

Data Sources
The genetic information of gut microbio-

ta was obtained from the GWAS performed by 
the MiBioGen consortium. This GWAS study 
involved 24 cohorts and 18,340 participants, 
with the majority (n = 13,266) having Europe-
an ancestry. The taxonomic classification in this 
analysis was conducted by analyzing the micro-
bial composition and through direct taxonom-
ic binning. A microbiota quantitative trait loci 
(mbQTL) mapping analysis was conducted to 
identify host genetic variants associated with the 
abundance levels of bacterial taxa in the gut mi-
crobiota. The GWAS data included a total of 211 
taxa from 9 phyla, 16 classes, 20 orders, 35 fam-
ilies, and 131 genera. Therefore, our MR study 
was performed on these 211 gut microbiota taxa. 
Additional details about the GWAS data of gut 
microbiota can be found in the cited literature21, 
and the comprehensive GWAS data is available 
at https://mibiogen.gcc.rug.nl/.

The summary of GWAS data for IA was ob-
tained from a large genome-wide meta-analy-
sis22, including individual-level genotypes from 
23 different cohorts, which were merged into 9 
European-ancestry strata based on genotyping 
platform and country. Each stratum was then 
analyzed using a logistic mixed model, and the 
results were meta-analyzed. A total of 7,495 
cases and 71,934 controls were included in this 
meta-analysis, with 4,471,083 single nucleotide 
polymorphisms (SNPs) passing quality control 
(QC) thresholds. Then, stratified GWAS analy-
sis was performed to assess whether genetic risk 
factors differed between ruptured intracranial 
aneurysms and unruptured intracranial aneu-
rysms (aSAH vs. uIA). In our study, we conduct-
ed MR analyses between gut microbiota and IA 
(ruptured and unruptured), gut microbiota and 
uIA, and gut microbiota and aSAH, based on 
three IA-associated GWAS data. For more de-
tailed information on GWAS data of IA, please 
refer to the original literature20.

Selection of IVs
The selection of IVs was guided by the follow-

ing criteria: (1) Due to the limited number of SNPs 
meeting the genome-wide significance threshold of 
p < 5×10-8, a threshold of p < 1×10-5 was used to 
screen potential IVs in our study23-25; (2) Linkage 
disequilibrium (LD) analysis was performed based 
on the European-based 1,000 Genome Projects us-
ing a clumping distance of 10,000 kb and a thresh-
old of r2 < 0.001, and SNPs failing to meet these 
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requirements were excluded; (3) Palindromic SNPs 
were eliminated to avoid the influence of alleles.

Statistical Analysis
Our MR study employed several high-efficien-

cy methods, including inverse variance weighted 
(IVW), MR-Egger, weighted median, weighted 
mode, and simple mode, to establish the causali-
ty between gut microbiota and IA, and the IVW 
method was considered the main method of MR 
analysis. The IVW method involves converting 
the outcome effects of instrumental variables into 
a weighted regression on the exposure effects. In 
IVW analysis, the intercept is constrained to zero26. 
By mitigating the influence of specific confound-
ers, IVW can provide unbiased estimates even 
in the absence of horizontal pleiotropy. The MR-
Egger is influenced by outlying IVs and may result 

in inaccurate estimates27. However, even if all the 
selected IVs are invalid, the MR-Egger method can 
still provide unbiased estimates for causality. The 
weighted median method outperforms MR-Egger 
in terms of the accuracy of outcomes. It can reli-
ably predict causal effects even if up to 50% of the 
information in the study is derived from erroneous 
IVs. The validity of the weighted mode approach 
remains intact even when other IVs do not meet 
the requirements of the MR method28. The simple 
mode, serving as an unweighted alternative, utiliz-
es the empirical density function to estimate the 
causal relationship29. The statistical tests to esti-
mate causal relationships were regarded as statis-
tically significant at a p < 0.05.

The heterogeneity of the chosen SNPs was ex-
amined through Cochran’s Q statistic. Direction-
al horizontal pleiotropy was assessed by intercept 

Figure 1. Overview of MR basic assumptions and flow chart of the present MR study.
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term in MR-egger of the association between gut 
microbiota and outcomes. MR-Pleiotropy RESid-
ual Sum and Outlier (MR-PRESSO) test was used 
to identify the outliers that may indicate pleio-
tropic biases. We also conducted a leave-one-out 
sensitivity analysis to confirm the reliability and 
stability of the IVs for causal effect estimates. 
F-statistic was calculated to assess the strength of 
IVs using the formula F=Beta2/SE2. The threshold 
for the absence of significant weak instrumental 
bias is an F-statistic for the corresponding IV 
greater than 1030. p-value was set at 0.05 for sta-
tistical significance for both pleiotropy and het-
erogeneity tests.

R program (version 4.3.1, Bristol, UK) was 
used for statistical analysis.

Results

A total of 196 gut microbiota taxa were in-
cluded in the MR study investigating causal-
ity with IA (ruptured and unruptured), uIA, 
and aSAH. Fifteen gut microbiota taxa were 
excluded due to insufficient validated SNPs 
in the IVW analyses or MR-PRESSO test. All 
SNPs used in the study were not identified as 
weak IVs. The F-statistic of the included SNPs 
ranged from 14.59 to 36.57.

MR Analysis Between Gut Microbiota 
and IA (Ruptured and Unruptured)

In the MR analysis of the 196 gut microbiota 
taxa with IA (ruptured and unruptured), a total of 
1,530 SNPs met the selection criteria for IVs. All 
SNPs were not identified as weak IVs. 

A total of five gut microbiota taxa were iden-
tified as causally related to IA (ruptured and un-
ruptured). Among these taxa, three bacteria were 
found to be protective factors, while two were 
identified as risk factors (p < 0.05). The IVW 
analysis showed that family Porphyromonadace-
ae (OR, 0.60; 95% CI, 0.44 - 0.83; p = 1.67×10-3), 
genus Bilophila (OR, 0.66; 95% CI, 0.50 - 0.86; 
p = 2.10 × 10-3) and genus Ruminococcus1 (OR, 
0.62; 95% CI, 0.41 - 0.94; p = 2.49 × 10-2) had pro-
tective effects on IA (ruptured and unruptured). 
Meanwhile, the results of IVW showed that the 
risk gut microbiota taxa were family Streptococ-
caceae (OR, 1.30; 95% CI, 1.04 - 1.62; p = 2.13 
× 10-2) and genus Prevotella7 (OR, 1.18; 95% CI, 
1.02 - 1.37; p = 2.94 × 10-2). Figure 2 presents the 
outcomes of the MR analysis examining the caus-
al effects of the five gut microbiota taxa on IA 
(ruptured and unruptured). 

MR Analysis Between Gut Microbiota 
and uIA

In the MR analysis of the 196 gut microbiota 
taxa with uIA, a total of 1,523 SNPs met the se-
lection criteria for IVs. 

The IVW method identified seven gut microbi-
ota taxa having causal relationships with uIA (p 
< 0.05). Six gut microbiota taxa were risk factors, 
and one was a protective factor for uIA. Gut mi-
crobiota taxa with protective effects include genus 
Adlercreutzia (OR, 1.82; 95% CI, 1.15 - 2.88; p = 
1.09 × 10-2), class Clostridia (OR, 2.26; 95% CI, 
1.13 - 4.51; p = 2.05 × 10-2), genus Intestinimonas 
(OR, 1.47; 95% CI, 1.04 - 2.07; p = 2.78 × 10-2), 
genus Intestinimonas (OR, 1.99; 95% CI, 1.05 - 
3.78; p = 3.58 × 10-2), family Oxalobacteraceae 
(OR, 1.34; 95% CI, 1.01 - 1.76; p = 4.04 × 10-2) and 
genus Victivallis (OR, 1.38; 95% CI, 1.01 - 1.88; p 
= 4.37 × 10-2). Genus Bilophila (OR, 0.54; 95% CI, 
0.31 - 0.94; p = 2.85 × 10-2) was identified as a risk 
factor for uIA. Figure 3 presents the outcomes of 
the MR analysis examining the causal effects of 
the seven gut microbiota taxa on uIA. 

MR Analysis Between Gut Microbiota 
and aSAH

In the MR analysis of the 196 gut microbiota 
taxa with aSAH, a total of 1,530 SNPs met the 
selection criteria for IVs. 

The IVW analysis identified six gut microbi-
ota taxa that were protective against aSAH (p 
< 0.05), but no gut microbiota taxa were found 
to be risk factors. The six gut microbiota taxa 
include genus Ruminococcus1 (OR, 0.51; 95% 
CI, 0.3 - 0.84; p = 7.33 × 10-3), genus Bilophila 
(OR, 0.68; 95% CI, 0.50 - 0.94; p = 1.67 × 10-2), 
family Porphyromonadaceae (OR, 0.64; 95% 
CI, 0.43 - 0.95; p = 2.51 × 10-2), class Lentis-
phaeria (OR, 0.79; 95% CI, 0.62 - 0.99; p = 4.73 
× 10-2) and order Victivallales (OR, 0.79; 95% 
CI, 0.62 - 0.99; p = 4.73 × 10-2). Figure 4 pres-
ents the outcomes of the MR analysis examin-
ing the causal effects of the five gut microbiota 
taxa on aSAH. 

To gain further insights into the role of gut mi-
crobiota in various outcomes, we have performed 
a summary of all the gut microbiota taxa that 
have been causally associated with IA (ruptured 
and unruptured), uIA, and aSAH. Notably, the 
genus Bilophila demonstrated significant pro-
tective effects against IA (ruptured and unrup-
tured), uIA, and aSAH. Additionally, the family 
Porphyromonadaceae and the genus Ruminococ-
cus1 exhibited significant protective effects on IA 
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(ruptured and unruptured) and aSAH. Figure 5 
provides an overview of these findings.

Sensitivity Analyses 
In the MR analyses of gut microbiota associat-

ed with IA (ruptured and unruptured), uIA, and 
aSAH, Cochran’s Q test did not find significant 
heterogeneity in the IVs associated with the posi-
tive gut microbiota taxa (p > 0.05). MR-Egger re-
gression intercept analysis indicated no significant 
directional horizontal pleiotropy and no significant 
outliers were found in the MR-PRESSO analysis 
(p > 0.05). The visual inspection in scatter plots 
and leave-one-out plots of the IVs did not show any 

potential outliers for all positive gut microbiota 
taxa (Supplementary Figures 1-6). Overall, the 
sensitivity analysis demonstrated that the MR re-
sults were unbiased, robust, and reliable. 

Discussion

Over the past decade, gut microbiota in gut-
brain communication has attracted more and 
more attention in scientific research. A large num-
ber of studies31-33 have suggested that there is a 
strong connection between gut microbiota and the 
brain. For example, specific gut microbiota taxa 

Figure 2. The results of MR analysis on the causal effect of the gut microbiota on IA (rup-
tured and unruptured) (p < 0.05 in IVM method). 

https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-figures.pdf
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are associated with cognition, mood, and even 
neurodegenerative disorders in humans34,35. For 
cerebrovascular diseases, increasing evidence8,9 
has shown that the gut microbiota is a risk factor 

in cardiovascular diseases by influencing immune 
homeostasis and host metabolism. IA is the pri-
mary cause of cerebrovascular diseases; howev-
er, there is a lack of studies on the relationship 

Figure 3. The results of MR analysis on the causal effect of the gut microbiota on uIA (p 
< 0.05 in IVM method).
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between gut microbiota and IA. Li et al17 per-
formed a case-control metagenome-wide asso-
ciation study in humans and mice and identified 
Hungatella hathewayi protecting mice against the 
formation and rupture of IA through regulating 
circulating taurine levels. The data presented by 
Frösen et al36 also suggest a potential association 
between antibiotic use and aneurysm formation in 

humans. The potential role of the gut microbiota 
in the pathophysiology of intracranial aneurysm 
is further supported by clinical studies by Pyysa-
lo et al37 and Hallikainen et al38. 

However, there is currently no direct evidence 
that establishes a causal relationship between gut 
microbiota and IA. In our study, we conducted 
a Mendelian randomization (MR) analysis and 

Figure 4. The results of MR analysis on the causal effect of the gut microbiota on aSAH (p 
< 0.05 in IVM method).
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identified several gut microbiota taxa that are 
causally associated with the development of IA. 
Ma et al39 employed the MR method to investigate 
the causal relationship between gut microbiota 
and intracranial aneurysms. However, the GWAS 
data used in that study only involved uIA patients 
and controls. It is important to consider that intra-
cranial aneurysms encompass both ruptured and 
non-ruptured states. To comprehensively explore 
the causal relationship between gut microbiota 
and intracranial aneurysms, including their spe-
cific disease states, our study utilized the largest 
GWAS data of intracranial aneurysms available 
to date. This GWAS dataset includes not only 
uIA-only cases but also aSAH and the summa-
ry data of both. This allows us to further identify 
those gut microbiota taxa that have a significant 
causal relationship with intracranial aneurysms 
(ruptured and unruptured) and aSAH, and further 
compare the differences between these bacteria, 
as shown in Figure 5. Genus Bilophila is a unique 
gram-negative anaerobic rod that was recovered 
from appendicitis specimens and human feces in 
198940. In the normal human gut microbiota, the 
genus Bilophila usually makes up less than 0.1% 
of the total population, including species that are 
resistant to bile, do not ferment sugars, and are 

capable of reducing sulfate41. In our present re-
search, this bacterium is the only gut microbiota 
taxon that has been identified to have a significant 
causal relationship with the occurrence of IA (rup-
tured and unruptured), uIA, and aSAH. However, 
no relevant human or animal studies have found 
that the genus Bilophila is associated with the de-
velopment of IA, and the specific mechanism of 
their causal relationship is still unclear. It is worth 
noting that the genus Bilophila was found42-44 to 
be significantly altered in the development of Alz-
heimer’s disease, Parkinson’s disease and some 
psychiatric disorders, implicating an important 
role of genus Bilophila in the gut-brain axis. 

The findings of our research indicate that var-
ious gut microbiota have distinct impacts on an-
eurysm rupture, although the mechanisms behind 
this phenomenon remain unknown. Noce et al45’s 
study suggested that the disturbance of the gut 
microbiota can potentially impact arterial blood 
vessels by influencing systemic inflammatory re-
sponses. This can lead to changes in the strength 
of the arterial wall, which may be a contributing 
factor in the occurrence and progression of intra-
cranial aneurysms. In a study conducted by Chen 
et al46, it was observed that there are differentially 
expressed genes in ruptured intracranial aneu-

Figure 5. Summary plot of all gut microbiota taxa causally related to IA (ruptured and unruptured), uIA, and aSAH. An 
upward arrow indicates that the bacterium is a risk factor for the outcome, and a downward arrow indicates that the bacterium 
is a protective factor for the outcome.
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rysms compared to non-ruptured intracranial an-
eurysms. These genetic variations may potentially 
contribute to the disparities in gut microbiota that 
are causally associated with the development of 
these two diseases. Inflammation may be anoth-
er pathway for the formation and development of 
various aneurysms. For example, the gut microbi-
ota has been found47-49 to play a critical role in ab-
dominal aortic aneurysm formation. The change 
of certain gut microbiota taxons markedly alle-
viates abdominal aortic aneurysm development 
by reducing neutrophil infiltration and NOX2-de-
pendent neutrophil extracellular trap formation50. 
Chronic inflammation has been identified51 as a 
significant factor in the development of IA. Met-
abolic profiling revealed that changes in certain 
circulating metabolites showed17 varying degrees 
of correlation with gut microbial species that 
differed in abundance between uIA patients and 
controls and may have a key impact on the patho-
physiology of uIA development. These metabolic 
changes include the accumulation of stearic acid 
in the arterial wall and the reduction of taurine in 
the serum52. Taurine has been proven53-55 to play a 
protective role in many diseases, including aortic 
aneurysm formation, subarachnoid hemorrhage 
and acute ischemic stroke, by reducing inflam-
matory response. Additionally, other possible 
mechanisms involved in the pathophysiological 
processes of IA include reduced extracellular ma-
trix remodeling and maintenance of the structural 
integrity of cerebral arteries51,56,57. 

The identification of the causal relationship be-
tween gut microbiota and intracranial aneurysms 
may hold potential for therapeutic and preventive 
interventions for intracranial aneurysms. Gut 
microbiota-based treatments play an important 
role in many diseases, and our study may provide 
new insights into future intracranial aneurysm 
treatments. Currently, fecal transplantation and 
microbial agents have been instrumental in treat-
ing diseases like polycystic ovary syndrome and 
non-alcoholic fatty liver disease58,59. Specifically, 
the discovery of microorganisms through MR 
methods is anticipated to play a significant role in 
the treatment and prevention of intracranial aneu-
rysms in the future.

Further investigation is required through basic, 
translational, and clinical studies to gain a com-
prehensive understanding of the potential mech-
anism of gut microbiota in the pathophysiology 
of IA. A deeper understanding of the role of gut 
microbiota in IA may lead to the identification of 
new biomarkers for predicting the formation and 

rupture of IA. Moreover, establishing a causal re-
lationship between gut microbiota and IA could 
indicate that regulating the gut microbiota holds 
promise as a therapeutic approach for treating IA.

Conclusions

In the present study, we conducted an MR anal-
ysis to identify the gut microbiota taxa that are 
causally related to IA, including both uIA and 
aSAH. The findings from this MR study provide 
evidence for the significant role of gut microbiota 
in the occurrence and progression of IA, there-
by expanding our understanding of the ‘gut-brain 
axis’. Future research should focus on investi-
gating the potential mechanisms underlying this 
causal relationship, which could offer valuable in-
sights for the development of effective prevention 
and treatment strategies for IA.
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