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Abstract 

Background  Patients with pulmonary arterial hypertension (PAH) exhibit a distinct gut microbiota profile; however, 
the causal association between gut microbiota, associated metabolites, and PAH remains elusive. We aimed to investi‑
gate this causal association and to explore whether dietary patterns play a role in its regulation.

Methods  Summary statistics of gut microbiota, associated metabolites, diet, and PAH were obtained from genome-
wide association studies. The inverse variance weighted method was primarily used to measure the causal effect, 
with sensitivity analyses using the weighted median, weighted mode, simple mode, MR pleiotropy residual sum 
and outlier (MR-PRESSO), and MR-Egger methods. A reverse Mendelian randomisation analysis was also performed.

Results  Alistipes (odds ratio [OR] = 2.269, 95% confidence interval [CI] 1.100–4.679, P = 0.027) and Victival-
lis (OR = 1.558, 95% CI 1.019–2.380, P = 0.040) were associated with an increased risk of PAH, while Coprobacter 
(OR = 0.585, 95% CI 0.358–0.956, P = 0.032), Erysipelotrichaceae (UCG003) (OR = 0.494, 95% CI 0.245–0.996, P = 0.049), 
Lachnospiraceae (UCG008) (OR = 0.596, 95% CI 0.367–0.968, P = 0.036), and Ruminococcaceae (UCG005) (OR = 0.472, 95% 
CI 0.231–0.962, P = 0.039) protected against PAH. No associations were observed between PAH and gut microbiota-
derived metabolites (trimethylamine N-oxide [TMAO] and its precursors betaine, carnitine, and choline), short-chain 
fatty acids (SCFAs), or diet. Although inverse variance-weighted analysis demonstrated that elevated choline levels 
were correlated with an increased risk of PAH, the results were not consistent with the sensitivity analysis. Therefore, 
the association was considered insignificant. Reverse Mendelian randomisation analysis demonstrated that PAH had 
no causal impact on gut microbiota-derived metabolites but could contribute to increased the levels of Butyricicoc-
cus and Holdemania, while decreasing the levels of Clostridium innocuum, Defluviitaleaceae UCG011, Eisenbergiella, 
and Ruminiclostridium 5.
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Research in context
Evidence before this study
Previous studies have reported that patients with pulmo-
nary arterial hypertension (PAH) exhibit a distinct gut 
microbiota profile, characterised by a reduction in the 
number of bacteria that produce short-chain fatty acids. 
Moreover, gut microbiota-derived metabolites, such as 
trimethylamine N-oxide, are elevated in patients with 
PAH and are associated with an unfavourable prognosis. 
However, the causal association between gut microbiota, 
associated metabolites, and PAH remains elusive.

Added value of this study
In this study, we aimed to investigate the causal relation-
ship between gut microbiota, associated metabolites, 
and PAH and explore whether dietary patterns mediate 
this causal relationship using bidirectional Mendelian 
randomisation. The gut microbiota exhibits a poten-
tial protective effect against PAH, including Coprobac-
ter, Erysipelotrichaceae (UCG003), Lachnospiraceae 
(UCG008), and Ruminococcaceae (UCG005). In con-
trast, Alistipes and Victivallis were associated with an 
increased risk of PAH. Furthermore, PAH also had sug-
gestive effects on gut microbiota, including the elevation 
of Butyricicoccus and Holdemania and the reduction 
of Clostridium innocuum, Defluviitaleaceae UCG011, 
Eisenbergiella, and Ruminiclostridium 5. However, we 
did not observe a significant causal association between 
gut microbiota-dependent metabolites (trimethylamine 
N-oxide and its precursors), short-chain fatty acids, and 
PAH. Moreover, dietary patterns were not associated 
with PAH, suggesting that dietary patterns do not medi-
ate the association between gut microbiota, associated 
metabolites, and PAH.

Implications of the available evidence
Genetically predicted gut microbiota has a suggestive 
causal effect on PAH, and the underlying mechanism 
may be attributed to alternative factors rather than the 
production of short-chain fatty acids and trimethylamine 
N-oxide. Further studies are warranted to elucidate the 
mechanisms underlying the relationship between gut 
microbiota and PAH.

Background
Pulmonary arterial hypertension (PAH) is characterised 
by the chronic elevation of pulmonary arterial pressure 
and remodelling of the pulmonary arteries, which can 
ultimately lead to heart failure and mortality [1]. Sev-
eral factors contributing to the development of PAH 
have been identified, including genetic susceptibility, 
underlying cardiovascular diseases, toxic exposure, and 
inflammation [2]. Recent studies have revealed that gut 
microbiota and its associated metabolites play vital roles 
in the pathogenesis of PAH. The gut microbiota, together 
with its metabolites, participates in various metabolic 
processes, such as cholesterol accumulation, impaired 
glucose tolerance, and elevated inflammatory responses, 
all of which promote the progression of PAH [3, 4]. Previ-
ous studies reported that patients with PAH exhibit a dis-
tinct gut microbiota profile characterised by a reduction 
in bacteria that produce short-chain fatty acids (SCFAs), 
including Coprococcus, Lachnospiraceae, Eubacterium, 
and Clostridia [5]. Moreover, gut microbiota-derived 
metabolites, namely trimethylamine N-oxide (TMAO) 
and its precursors choline, betaine, and carnitine, are 
elevated in patients with PAH and are associated with an 
unfavourable prognosis [3–5].

Despite the growing body of research examining the 
association between gut microbiota, its derived metabo-
lites, and PAH, the majority of these studies have been 
cross-sectional or observational in nature and were una-
ble to establish a causal relationship between PAH and 
gut microbiota. Additionally, the observed association 
between gut microbiota and PAH in cross-sectional or 
observational studies might be affected by reverse causa-
tion bias or confounders, such as dietary patterns. More-
over, the small sample sizes of these studies limit the 
robustness and generalisability of the conclusions. There-
fore, the causality between gut microbiota, associated 
metabolites, and PAH warrants further investigation.

Mendelian randomisation, which introduces genetic 
variants as instrumental variables, is widely used to 
identify the causal effects of exposure on particular 
outcomes. Compared to traditional observational or 
cross-sectional studies, Mendelian randomisation is less 
prone to confounding because genetic alleles are ran-
domly allocated during gametogenesis. Furthermore, 
Mendelian randomisation can mitigate the potential 

Conclusions  Gut microbiota were discovered suggestive evidence of the impacts of genetically predicted abun‑
dancy of certain microbial genera on PAH. Results of our study point that the production of SCFAs or TMAO does 
not mediate this association, which remains to be explained mechanistically.

Keywords  Mendelian randomisation, Pulmonary arterial hypertension, Gut microbiota, Short-chain fatty acids, 
Trimethylamine N-oxide
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for reverse causation bias, as genotypes are determined 
prior to disease onset [6]. Therefore, in this study, we 
aimed to use a two-sample Mendelian randomisation 
method to investigate the causal relationship between gut 
microbiota, associated metabolites, and PAH. We also 
explored whether dietary patterns mediated this causal 
relationship.

Methods
Study design
Single nucleotide polymorphisms (SNPs) used as instru-
mental variables should satisfy three assumptions: (i) 
the SNP correlates with exposure, namely gut micro-
biota, associated metabolites, and dietary patterns; (ii) 
the SNP does not correlate with confounding variables 
that could affect the association between exposure and 
PAH; and (iii) the SNP correlates with PAH exclusively 
through exposure rather than through other path-
ways. We explored the causal relationship between gut 
microbiota, associated metabolites, and PAH. We also 

evaluated whether dietary patterns mediated this asso-
ciation (Fig. 1).

Data sources
We obtained the genetic variants for gut microbiota 
from the current largest genome-wide meta-analysis of 
gut microbiota composition, which was conducted by 
the MiBioGen consortium (https://​mibio​gen.​gcc.​rug.​nl/)  
[7]. The study included 18,340 participants from 24 
cohorts, most of whom were European [7]. The V1–V2, 
V3, and V4 variable regions of the 16S rRNA gene were 
used to identify microbial composition. The lowest tax-
onomic level in this study was at the genus level. This 
study encompassed 131 genera, each exhibiting an aver-
age abundance exceeding 1%. Of these, 12 genera were 
unknown. Consequently, this study included 119 genera.

To reduce the bias introduced by the study population, 
we limited the analytical studies to European popula-
tions. We searched for genetic variants of gut microbiota-
derived metabolites, including TMAO, choline, betaine, 
carnitine, SCFAs, dietary patterns, and PAH, using 

Fig. 1  Study overview. Legend: SCFA, short chain fatty acids; TMAO, trimethylamine N-oxide. The figure illustrates the design of the study. In this 
study, we aim to investigate the causal relationship between gut microbiota, associated metabolites and PAH, and explore whether dietary patterns 
mediate the above causal relationship using two-sample Mendelian randomization

https://mibiogen.gcc.rug.nl/
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genome-wide association studies (GWAS). The GWAS 
used to extract the summary-level data are detailed in 
Table  1 and Supplementary Table S1. This study was 
approved by ethic committee of Fuwai Hospital, Beijing, 
China.

SNP selection
The SNPs for instrumental variables were selected as 
follows: (i) the SNP correlated with gut microbiota at 
locus-wide significance with P < 5 × 10−5 [8, 9]; (ii) to 
ensure the independence of instrumental variables, the 
selected SNPs were clumped using 1000 Genomes Pro-
ject European sample data as a reference, employing a 
clumping window of 10,000 kb and a linkage disequilib-
rium R2 threshold of < 0.001; (iii) the instrument strength 
was evaluated using the F-statistic, and the variance was 
quantified using r2. SNPs with an F statistic of < 10 were 
excluded because of weak instrument bias [10].

Data analysis
The inverse variance weighted (IVW) method was pri-
marily used to measure the causal effect of gut microbi-
ota, associated metabolites, and dietary patterns on PAH, 
which demonstrates a combined causal estimate from 
each SNP [11]. The weighted median, weighted mode, 
simple mode, MR-PRESSO, and MR-Egger analyses were 
performed to examine the validity of the results. A sta-
ble causal association can only be established when the 
sensitivity analysis yields results consistent with those of 
the IVW method [12]. The weighted median method can 
provide unbiased estimates of causal associations when 
half of the instrumental variables are invalid. The MR-
PRESSO approach was applied to detect SNP outliers and 

to provide estimates after removing outliers [13]. Leave-
one-out analysis was used to evaluate whether a variant 
drove the correlation between exposure and outcome by 
removing a single SNP each time [12, 14]. The MR-Egger 
regression was applied to detect pleiotropy, and an inter-
cept that was significantly distinct from zero indicated 
the existence of pleiotropy [15]. The slope of the MR-
Egger regression provided causal estimates after the plei-
otropy correlation. The Cochrane Q statistic was used to 
evaluate heterogeneity [12]. Given the multiple tests used 
in this study, the Bonferroni-corrected threshold of sta-
tistical significance was P < 0.0004 (0.05/131). A P value 
between 0.0004 and 0.05 was regarded as a suggestive 
association. All statistical analyses were performed using 
the R software (version 4.0.5; R Foundation for Statisti-
cal Computing, Vienna, Austria). MR analyses were per-
formed using TwosampleMR [16] and MR-PRESSO [13] 
packages.

Results
Figure  2 demonstrates the study design. The features of 
the selected SNPs in gut microbiota and its associated 
metabolites are shown in Supplementary Table S1. A 
total of 5394 SNPs were selected as instrumental variants 
for 119 bacterial genera; 311 SNPs for SCFAs, including 
acetate, indolepropionate, and 3-hydroxybutyrate; and 
490 SNPs for TMAO, along with its precursors (Supple-
mentary Table S2).

Causal effect of gut microbiota on PAH
According to the Mendelian randomisation analy-
sis results, genetically predicted Alistipes (OR [odds 
ratio]= 2.269, 95% CI [confidence interval] 1.100–4.679, 

Table 1  Causal effect of gut microbiota and dependent metabolite on pulmonary arterial hypertension

SNP single nucleotide polymorphism, OR odds ratio, CI confidence interval, TMAO trimethylamine N-oxide, PAH pulmonary arterial hypertension, IVW Inverse variance 
weighted. For the results of sensitivity analysis, please kindly refer to Supplementary Table S2 & Supplementary Table S6

Exposure Outcome Method Num of SNP OR 95% CI P value

Alistipes PAH IVW 51 2.269 1.100–4.679 0.027

Coprobacter PAH IVW 46 0.585 0.358–0.956 0.032

Erysipelotrichaceae (UCG003) PAH IVW 46 0.494 0.245–0.996 0.049

Lachnospiraceae (UCG008) PAH IVW 49 0.596 0.367–0.968 0.036

Ruminococcaceae (UCG005) PAH IVW 59 0.472 0.231–0.962 0.039

Victivallis PAH IVW 33 1.558 1.019–2.380 0.040

Choline PAH IVW 95 1.535 1.015–2.322 0.043

Carnitine PAH IVW 278 1.429 0.055–36.824 0.830

Betaine PAH IVW 59 4.678 0.676–32.376 0.118

TMAO PAH IVW 58 1.077 0.957–1.212 0.219

Acetate PAH IVW 139 0.808 0.272–2.401 0.701

Indolepropionate PAH IVW 47 1.385 0.276–6.937 0.692

3-Hydroxybutyrate PAH IVW 125 3.002 1.035–8.708 0.043
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P = 0.027) and Victivallis (OR = 1.558, 95% CI 1.019–
2.380, P = 0.040) were associated with an increased 
risk of PAH, while Coprobacter (OR = 0.585, 95% CI 
0.358–0.956, P = 0.032), Erysipelotrichaceae (UCG003) 
(OR = 0.494, 95% CI 0.245–0.996, P = 0.049), Lach-
nospiraceae (UCG008) (OR = 0.596, 95% CI 0.367–
0.968, P = 0.036), and Ruminococcaceae (UCG005) 
(OR = 0.472, 95% CI 0.231–0.962, P = 0.039) could caus-
ally protect against PAH (Table 1, Supplementary Table 
S3, Figs.  3-4). The leave-one-out plots did not sug-
gest that any of the IVW estimates were significantly 
affected by individual outlier SNPs (Fig.  5). Funnel 
plots demonstrated no asymmetry in the SNP estimates 
throughout the range of precision (Supplementary Fig. 
S1). Sensitivity analysis using the weighted median, 
weighted mode, simple mode, MR-PRESSO, and MR-
Egger regression methods yielded similar results 
(Table  1, Supplementary Table S3). Cochrane’s IVW 
Q test showed no heterogeneity in these instrumental 
variables (all P > 0.05, Table 2 and Supplementary Table 
S4). The MR-Egger regression intercept demonstrated 
no significant directional pleiotropy, as all 95% CIs of 
the intercepts included zero (all P > 0.05) (Table  2 and 
Supplementary Table S5). The MR-PRESSO analysis did 
not identify any potential outlier SNPs in these bacte-
ria, indicating no horizontal pleiotropy in the causal 
relationship between these bacteria and PAH (Supple-
mentary Table S6).

Causal effects of gut microbiota‑derived metabolites 
and dietary parameters on PAH
Genetically predicted TMAO and its precursors, includ-
ing betaine and carnitine, were not causally associated 
with PAH (all P > 0.05). Sensitivity analysis demonstrated 
consistent results (Table 1 and Supplementary Table S2). 
However, IVW demonstrated that elevated choline was 
suggestively correlated with an increased risk of PAH. 
Given the inconsistent outcomes of the sensitivity analy-
sis, this association was considered insignificant. Both 
the MR-Egger regression and the IVW method demon-
strated no heterogeneity in the metabolite SNPs (Table 2 
and Supplementary Table S3). The MR-Egger regression 
tests and MR-PRESSO demonstrated that the results 
were not affected by pleiotropy (Table 2 and Supplemen-
tary Table S5 and Table S6).

IVW and sensitivity analyses indicated that SCFAs, 
including acetate, indolepropionate, and 3-hydroxybu-
tyrate, were not associated with an increased risk of PAH 
(all P > 0.05, Table  1 and Supplementary Table S2). The 
results were not influenced by heterogeneity or pleiot-
ropy (Supplementary Table S3–S5).

Genetically predicted dietary patterns, including alco-
hol use, fresh fruit intake, coffee intake, beef intake, and 
oily fish intake, were not causally associated with PAH 
(Supplementary Table S1–6). Therefore, dietary patterns 
did not mediate the association between gut microbiota 
and PAH (Supplementary Table S7).

Fig. 2  Flow Chart of the Study Design. Legend: SNP, single nucleotide polymorphisms
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Causal effects of PAH on gut microbiota and associated 
metabolites
Sixty SNPs with an F-statistic of > 10 were selected as 
instrumental variables for PAH, as detailed in Sup-
plementary Table S8. Reverse Mendelian randomisa-
tion analysis demonstrated that PAH had no causal 
effect on gut microbiota-derived metabolites. However, 
PAH contributed to increased levels of Butyricicoc-
cus and Holdemania and decreased levels of Clostrid-
ium (innocuum group), Defluviitaleaceae (UCG011), 

Eisenbergiella, and Ruminiclostridium 5 (Table  3 and 
Supplementary Table S9). No significant heterogene-
ity was observed in the selected instrumental vari-
ables, given that all the P values of the Cochrane IVW 
Q statistic were over 0.05 (Table 4 and Supplementary 
Table S10). The intercepts of the MR-Egger regres-
sion (Table  4 and Supplementary Table S11) and MR-
PRESSO (Supplementary Table S12) analyses showed 
no significant horizontal pleiotropy among the causal 
effects of PAH on these bacteria.

Fig. 3  Scatter plot of MR results of bacteria on pulmonary arterial hypertension. Legend: Each dot represents the size of the SNP exposure impact 
in standard deviation units with the accompanying standard error. The lines represent the effect size calculated by the mendelian randomization 
method with the corresponding color. MR, Mendelian randomization; SNP, single nucleotide polymorphisms
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Fig. 4  Forest plot of MR results of bacteria on pulmonary arterial hypertension. Legend: Each line represents the effect size of the corresponding 
SNP with the accompanying standard error. The red lines represent the average effect size of all SNP calculated by the MR egger and inverse 
variance weighted method respectively. MR, Mendelian randomization; SNP, single nucleotide polymorphisms

Discussion
The current study revealed the intricate interactions 
between gut microbiota and PAH, contributing to the 
burgeoning evidence of the influence of the microbiome 

on cardiovascular pathologies. Our study underscores 
the potential protective role of specific bacterial gen-
era against PAH, including Coprobacter, Erysipel-
otrichaceae (UCG003), Lachnospiraceae (UCG008), and 
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Fig. 5  The leave-one-out analysis of MR results of bacteria on pulmonary arterial hypertension. Legend: The leave-one-out analysis removes 
a single SNP each time and calculates the meta-analysis effect of the remaining SNPs to observe whether the results change after removing each 
SNP, and if a SNP is removed, the results change greatly, indicating that the presence of the SNP has a great impact on the results. In this study, 
after removing a single SNP each time, the overall error bars did not change much, indicating that the results were reliable and not affected 
by heterogeneity. MR, Mendelian randomization; SNP, single nucleotide polymorphisms
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Table 2  The heterogeneity and horizontal pleiotropy for the causal effect of gut microbiota, its metabolites and dietary patterns on 
pulmonary arterial hypertension

Df degree of freedom, MR Mendelian randomization, TMAO trimethylamine N-oxide, PAH pulmonary arterial hypertension, IVW Inverse variance weighted, SE standard 
error

Exposure Outcome Method Q Q Df Q P Value Egger Intercept SE P value

Alistipes PAH IVW 41.871 50 0.786

Alistipes PAH MR Egger 40.345 49 0.806 −0.090 0.073 0.223

Coprobacter PAH IVW 45.768 45 0.440

Coprobacter PAH MR Egger 45.746 44 0.399 0.014 0.099 0.885

Erysipelotrichaceae (UCG003) PAH IVW 44.174 45 0.507

Erysipelotrichaceae (UCG003) PAH MR Egger 43.372 44 0.498 0.073 0.082 0.376

Lachnospiraceae (UCG008) PAH IVW 50.782 48 0.365

Lachnospiraceae (UCG008) PAH MR Egger 50.540 47 0.335 0.050 0.106 0.638

Ruminococcaceae (UCG005) PAH IVW 68.866 58 0.156

Ruminococcaceae (UCG005) PAH MR Egger 68.822 57 0.136 0.016 0.085 0.849

Victivallis PAH IVW 27.383 32 0.700

Victivallis PAH MR Egger 27.232 31 0.660 −0.059 0.151 0.700

Choline PAH IVW 59.742 94 0.998

Choline PAH MR Egger 58.496 93 0.998 0.046 0.041 0.267

Carnitine PAH IVW 267.071 277 0.655

Carnitine PAH MR Egger 267.020 276 0.640 −0.005 0.022 0.823

Betaine PAH IVW 58.317 58 0.464

Betaine PAH MR Egger 56.251 57 0.503 0.047 0.032 0.156

TMAO PAH IVW 49.411 57 0.752

TMAO PAH MR Egger 49.315 56 0.724 0.009 0.030 0.759

Acetate PAH IVW 129.309 138 0.689

Acetate PAH MR Egger 129.305 137 0.668 0.002 0.035 0.952

Indolepropionate PAH IVW 38.354 46 0.781

Indolepropionate PAH MR Egger 37.991 45 0.761 −0.031 0.052 0.550

3-Hydroxybutyrate PAH IVW 104.914 124 0.892

3-Hydroxybutyrate PAH MR Egger 103.351 123 0.900 0.044 0.035 0.214

Table 3  Causal effect of pulmonary arterial hypertension on gut microbiota and dependent metabolite

SNP single nucleotide polymorphism, OR odds ratio, CI confidence interval, PAH pulmonary arterial hypertension, IVW Inverse variance weighted. For the results of 
sensitivity analysis, please kindly refer to Supplementary Table S7 & Supplementary Table S11

Exposure Outcome Method Num of SNP OR 95% CI P value

PAH Clostridium (innocuum group) IVW 29 0.984 0.970–0.998 0.030

PAH Butyricicoccus IVW 30 1.008 1.001–1.015 0.026

PAH Defluviitaleaceae (UCG011) IVW 30 0.988 0.978–0.998 0.020

PAH Eisenbergiella IVW 29 0.985 0.973–0.997 0.018

PAH Holdemania IVW 30 1.010 1.000–1.020 0.048

PAH Ruminiclostridium 5 IVW 30 0.992 0.985–0.999 0.032

PAH Choline IVW 57 1.000 0.994–1.005 0.891

PAH Carnitine IVW 24 1.000 0.999–1.001 0.916

PAH Betaine IVW 24 1.002 1.000–1.003 0.051

PAH Acetate IVW 59 1.000 0.999–1.001 0.864

PAH Indolepropionate IVW 24 1.001 0.998–1.004 0.413

PAH 3-Hydroxybutyrate IVW 59 1.000 0.999–1.001 0.874



Page 10 of 13Li et al. BMC Pulmonary Medicine          (2024) 24:185 

Ruminococcaceae (UCG005). In contrast, genera such as 
Alistipes and Victivallis emerged as potential risk factors, 
suggesting their contributory roles in PAH pathogenesis. 
Notably, our findings did not indicate significant media-
tion by dietary patterns in the microbiota–PAH axis, nor 
did we observe a causal association between gut microbi-
ota-dependent metabolites and PAH.

The pivotal function of the gut microbiota in maintain-
ing host homeostasis is well documented, with roles in 
nutrient metabolism, vitamin and hormone synthesis, 
immune system shaping, and resistance to pathogen col-
onisation [17]. Dysbiosis has been implicated in various 
conditions, including diabetes, coronary artery disease, 
heart failure, and hypertension [18]. Moreover, perturba-
tions in the gut microbial composition have been docu-
mented in PH, which is characterised by reduced levels of 
beneficial bacteria [5], suggesting a possible association 
with PAH.

Studies have revealed that Lachnospiraceae and Rumi-
nococcaceae, which are predominant in healthy individu-
als, are integral to gut integrity and metabolic processes 
[19]. Their associations with cardiovascular health 

indicators, such as arterial stiffness [20] and heart rate 
variability [21] further suggest that these bacteria con-
tribute to cardiovascular homeostasis. A decline in the 
abundance of these genera in coronary artery disease 
[22], chronic heart failure [23], and HIV [24] highlights 
their beneficial roles.

Concurrently, an increase in Alistipes is associated with 
a higher risk of PAH. Alistipes, a potential pathogen, is 
associated with colorectal cancer [25], depression [25], 
diabetic nephropathy [26], and inflammation [25]. Its 
influence on hypertension pathogenesis is suggested by 
its positive correlation with systolic blood pressure in 
hypertensive individuals [27]. Similarly, the involvement 
of Victivallis, a strictly anaerobic bacterium, in the risk 
of PAH points to metabolic interplay, although the litera-
ture on its role is scant, warranting further investigation.

This study explored the controversial relationships 
between TMAO, its precursors, and PAH. Although 
some studies have indicated a correlation between ele-
vated TMAO levels and adverse cardiovascular outcomes 
[28] [29], our MR analysis did not confirm a causal asso-
ciation. This is consistent with other MR studies that 

Table 4  The heterogeneity and horizontal pleiotropy for the causal effect of pulmonary arterial hypertension on gut microbiota and 
its metabolites

Df degree of freedom, PAH pulmonary arterial hypertension, IVW Inverse variance weighted, SE standard error, Since none of the genetic variants of trimethylamine 
N-oxide were found in the variant selection process, it was excluded from analysis

Exposure Outcome Method Q Q Df Q P Value Egger Intercept SE P value

Clostridium (innocuum group) PAH IVW 28.279 28 0.450

Clostridium (innocuum group) PAH MR Egger 28.279 27 0.397 −0.0003 0.025 0.991

Butyricicoccus PAH IVW 25.262 29 0.665

Butyricicoccus PAH MR Egger 25.226 28 0.615 −0.002 0.012 0.851

Defluviitaleaceae (UCG011) PAH IVW 22.572 29 0.796

Defluviitaleaceae (UCG011) PAH MR Egger 22.504 28 0.757 −0.004 0.017 0.797

Eisenbergiella PAH IVW 20.106 28 0.861

Eisenbergiella PAH MR Egger 20.044 27 0.829 0.005 0.021 0.807

Holdemania PAH IVW 23.798 29 0.739

Holdemania PAH MR Egger 23.785 28 0.693 −0.002 0.016 0.910

Ruminiclostridium5 PAH IVW 14.705 29 0.987

Ruminiclostridium5 PAH MR Egger 14.604 28 0.982 0.004 0.012 0.753

Choline PAH IVW 49.665 56 0.712

Choline PAH MR Egger 48.956 55 0.704 −0.004 0.005 0.404

Carnitine PAH IVW 32.506 23 0.090

Carnitine PAH MR Egger 29.425 22 0.133 −0.002 0.001 0.143

Betaine PAH IVW 19.327 23 0.682

Betaine PAH MR Egger 19.301 22 0.627 −0.0003 0.002 0.875

Acetate PAH IVW 68.927 58 0.154

Acetate PAH MR Egger 68.733 57 0.137 0.0004 0.001 0.690

Indolepropionate PAH IVW 18.611 23 0.724

Indolepropionate PAH MR Egger 18.376 22 0.684 0.001 0.003 0.632

3-Hydroxybutyrate PAH IVW 58.346 58 0.463

3-Hydroxybutyrate PAH MR Egger 58.341 57 0.426 −0.0001 0.001 0.943
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have questioned the causality of TMAO in cardiometa-
bolic diseases [30, 31]. The inconclusive nature of the role 
of TMAO in PAH, coupled with the mixed prognostic 
implications [32, 33], indicates that observational asso-
ciations may be confounded, highlighting the need for 
more detailed investigations.

However, the role of SCFAs in the development of 
PAH remains unclear. Despite their well-recognised sys-
temic effects [34, 35], our findings do not support a direct 
causal relationship with PAH, pointing to a gap that 
future research should address.

The methodological strength of this study lies in the 
systematic evaluation of causal relationships using MR 
analysis, which is supported by extensive summary-
level microbiota data. This approach mitigated reverse 
causation and confounding biases. Additionally, we 
investigated potential dietary confounders and vali-
dated our findings using multiple MR methods to ensure 
robustness.

However, this study had some limitations. Firstly, we 
selected SNPs for metabolites and bacteria at a suggestive 
locus-wide significance threshold of P < 5 × 10−5 [36], and 
our results might have been influenced by weak instru-
ment bias. We performed a sensitivity analysis at the 
study-wide significance level of P < 5 × 10−8 and found 
that no SNP remained for metabolites and bacteria. Sec-
ondly, in the analysis of microbiota influences on PAH, 
MR only examines the impact of genetic factors that 
predispose individuals to specific abundances of particu-
lar microbial genera and how these genetic components 
influence the development of PAH. However, the impact 
of the environment and acquired risk factors on the 
causal association between bacteria and PAH could not 
be evaluated, which might contribute to the development 
of PAH. Thirdly, PAH may exhibit an association with 
specific microbial ‘types’ rather than taxonomic gen-
era, and alpha diversity may also connect with PAH [37, 
38]. Unfortunately, owing to the limitations of the MR 
method employed in our study, we were unable to evalu-
ate the association between permatypes or enterotypes 
and the alpha diversity of microbiomes with PAH. We 
aim to investigate these issues in future studies. Fourthly, 
different ethnicities with PAH may have hereditary dis-
crepancies. The current Mendelian randomisation analy-
sis is primarily based on the European population, which 
limits the generalisability of the findings to other ethnic 
populations. However, limiting the European population 
may reduce the bias introduced by population stratifica-
tion. Fifthly, this study explored the association between 
PAH and gut microbiota at the genus level. However, dif-
ferent species in the same genus may have discrepancies 

in their effects on metabolism and health, varying in the 
host and exposed environment. Some species may be 
protective, whereas others may exert detrimental effects 
on health. Studies at the species level can shed light on 
the precise causal associations between bacteria and 
diseases, along with the underlying pathological mecha-
nisms. However, in the MiBioGen database, the lowest 
available level of bacteria was the genus level due to the 
limitations of 16S sequencing. Whole-genome shotgun 
metagenomics can address this limitation and provide 
insights into species-level resolution, which should be 
considered in future studies.

Conclusion
Genetically predicted gut microbiota has a suggestive 
causal effect on PAH, and the underlying mechanism 
may be attributed to alternative mechanisms rather than 
the production of SCFAs and TMAO.
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