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Background: Recent research has increasingly underscored a significant correlation between gut microbiota and obstructive sleep 
apnea (OSA). Probiotics have emerged as promising adjunctive interventions for OSA. Metabolites and their related biochemical 
pathways have emerged as important contributors to the development of OSA. This study aimed to estimate the causal association 
between gut microbiota and OSA and to quantify the mediating effects of metabolites.
Methods: We employed two-step, two-sample Mendelian randomization techniques, utilizing single nucleotide polymorphisms as 
genetic instruments for exposures and mediators. Summary statistics were obtained from genome-wide association studies of gut 
microbiota (the Dutch Microbiome Project, n=7,738), plasma metabolites (the Canadian Longitudinal Study on Aging cohort, 
n=8,299), and OSA (FinnGen database, n=410,385). To ensure the robustness of our findings, sensitivity analyses and heterogeneity 
tests were systematically conducted.
Results: In the Dutch Microbiome Project, species Parabacteroides merdae, genus Faecalibacterium, species Faecalibacterium 
prausnitzii and species Bifidobacterium longum demonstrated a potential protective association with OSA. We included the top 10 
metabolites with potential biological significance as candidate mediators. Among them, only 2-hydroxypalmitate was associated with 
a reduced risk of OSA. 2-hydroxypalmitate partially mediated the association between species Parabacteroides merdae and OSA, with 
a mediation proportion of 20.53%.
Conclusion: The study highlighted the protective effect of species Parabacteroides merdae against OSA. It also revealed the 
mediating role of 2-hydroxypalmitate in the relationship between species Parabacteroides merdae and OSA.
Keywords: gut microbiota, obstructive sleep apnea, plasma metabolites, Mendelian randomization

Background
Obstructive sleep apnea (OSA) is a common sleep disorder, with a prevalence of approximately 23% in women and 
nearly 50% in men.1 The development of OSA is influenced by both anatomical and non-anatomical risk factors. 
Anatomical factors, such as obesity and craniofacial abnormalities, promote upper airway collapse and obstruction during 
sleep.2 Non-anatomical factors include heightened airway collapsibility, a low respiratory arousal threshold, and unstable 
ventilatory control.3 The hallmark feature of OSA is intermittent hypoxia during sleep, which significantly increases the 
risk of cardiovascular, neurological, and metabolic disorders.4

The potential role of the gut microbiota in human disease development has received increasing attention over the past 
decade. In particular, microbiota dysbiosis has been implicated in the pathogenesis of OSA.5 Disruption of the gut 
microbiota has been associated with altered sleep-wake architecture6 and reduced sleep efficiency.7,8 It may also impair 
the ventilatory response to hypercapnia,9 thereby contributing to unstable ventilatory control in patients with OSA. In 
addition, microbiota dysbiosis contributes to the development of obesity,10 a key risk factor for OSA. Probiotics have 
emerged as promising adjunctive interventions for OSA, primarily through their ability to reduce systemic inflammation 
and enhance gut barrier integrity.11 Faecal microbiota transplantation has also been shown to partially alleviate 
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cardiovascular disturbances induced by chronic intermittent hypoxia.12 Moreover, the probiotic strain Lactobacillus 
rhamnosus GG has demonstrated beneficial effects in experimental models of OSA, including improvements in metabolic 
disturbances,13 mitigation of hypertension severity,14 attenuation of cardiac remodeling and inflammation.15 Accordingly, 
elucidating the role of gut microbiota in the pathogenesis of OSA holds substantial promise, and the identification of 
effective probiotic-based interventions may offer a novel therapeutic avenue.

Metabolites and their related biochemical pathways have emerged as important contributors to the development of 
OSA.16 An increased prevalence of OSA has been reported in patients with neurodegenerative disorders, potentially 
related to impairments in central respiratory control and functional alterations of the upper airway.17 The nervous system 
and gastrointestinal tract communicate through a bidirectional network of signaling pathways, collectively referred to as 
the microbiota–gut–brain axis, which involves the vagus nerve, immune mechanisms, and microbiota-associated meta
bolic and molecular products. Emerging evidence suggests that this axis plays a pivotal role in the pathogenesis of 
neurodegenerative diseases.18 These findings highlight the potential importance of microbiota–gut–brain axis related 
pathways in the pathogenesis and progression of OSA, suggesting that further research in this area is warranted. Previous 
studies have reported the involvement of metabolites and microbiota-related metabolites in the development and 
progression of OSA. Xu et al reported correlations between alterations in the oral microbiome and disruptions in urinary 
metabolites in children with OSA.19 Using Mendelian randomization (MR), Yan et al identified several gut microbiota 
and microbiota-related metabolites as potential independent risk factors for OSA.20 Therefore, investigating the relation
ship between the gut microbiota and OSA, and further exploring the potential mediating role of metabolites, is of 
substantial significance.

MR provides a powerful framework for investigating the causal relationship between gut microbiota and OSA.21 In 
MR analysis, genetic variants are used as instrumental variables (IVs) for exposure traits, enabling the estimation of 
causal effects on clinical outcomes while minimizing confounding and reverse causation. In this study, we performed 
two-sample and two-step MR analyses using summary-level data from the genome-wide association studies (GWAS) on 
gut microbiota, plasma metabolites, and OSA. This study primarily focused on identifying gut microbiota and potential 
mediator metabolites that may confer protective effects against OSA, with the aim of uncovering novel therapeutic 
targets and providing preliminary insights into the underlying mechanisms.

Methods
Study Design
This study was conducted using a two-sample MR framework, with single nucleotide polymorphisms (SNPs) selected as 
IVs. MR relies on three key assumptions: i the IVs are strongly associated with the exposure; ii the IVs are not associated 
with any confounders; and iii the IVs affect the outcome solely through the exposure, without exerting a direct effect on 
the outcome.

An overview of the study design is provided in Figure 1. First, a two-sample MR analysis was performed to explore the 
potential causal relationship between gut microbiota and OSA. To reduce potential functional heterogeneity, microbial taxa 
within the same genus or family that showed divergent associations with the OSA were excluded. Only microbial taxa 
associated with a reduced risk of OSA were retained for further analysis. Second, potential mediators were identified 
according to the following steps. Step 1: An exploratory two-sample MR analysis was conducted to identify metabolites 
potentially involved in the development and progression of OSA. To account for multiple testing, the false discovery rate 
(FDR) was controlled using the Benjamini–Hochberg procedure. Metabolites were prioritized based on inverse variance 
weighted (IVW) P values adjusted for FDR (PFDR). The biological relevance of these metabolites was further assessed 
using the Human Metabolome Database (HMDB) (Version 5.0). Ultimately, the top 10 metabolites with potential biological 
significance were selected as candidate mediators for subsequent analyses (Supplementary Table 1). Step 2: Potential 
mediators of the association between gut microbiota and OSA were identified based on the following criteria: i a two- 
sample MR analysis was conducted to assess the causal relationship between each selected protective taxon and candidate 
mediator. P values were adjusted for multiple comparisons using the FDR correction. The directionality of the associations 
was confirmed to be unidirectional. ii a two-sample MR analysis was performed to evaluate the causal effect of each 
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candidate mediator on the OSA, using a more stringent SNP selection threshold (P < 5e-6) and excluding SNPs associated 
with known confounders. iii the direction of the association between the mediator and OSA had to be opposite to that 
between the selected protective taxa and the mediator. Third, the mediating effects of the identified metabolites on the 
causal pathway linking gut microbiota to OSA were quantified using a two-step MR approach. In the initial step, we 
employed a two-sample MR analysis to assess the total direct effect of gut microbiota on OSA risk (β0). In the subsequent 

Figure 1 Overview of the study design. (A) Protective gut microbiota associated with reduced OSA risk were identified using two-sample MR analysis. (B) The top 10 
candidate metabolites were selected based on FDR-adjusted IVW results and biological relevance derived from the HMDB. (C) Potential mediators were identified through 
a three-step process involving causal links between gut microbiota and metabolites, metabolites-OSA associations, and consistent directional effects. (D) A two-step MR 
analysis was conducted to quantify the mediation effect linking gut microbiota to OSA through the selected metabolites. MR analyses were primarily conducted using the 
IVW method, with complementary approaches including MR-Egger, weighted median, simple mode, and weighted mode. Sensitivity analyses included Cochran’s Q statistic, 
MR-Egger intercept test, MR-Pleiotropy Residual Sum and Outlier method, MR Steiger directionality test, and leave-one-out approach. 
Abbreviations: OSA, obstructive sleep apnea; GWAS, genome-wide association study; SNPs, single nucleotide polymorphisms; MR, mendelian randomization; IVW, inverse 
variance weighted; FDR, false discovery rate; PFDR, P values adjusted for FDR; HMDB, Human Metabolome Database.
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step, we estimated the effect of gut microbiota on plasma metabolites (β1) and the effect of plasma metabolites on OSA 
(β2), allowing us to calculate the indirect effect (β1 × β2). The proportion of the mediated effect was determined by 
dividing β1 × β2 by the total effect (β0).

Data Sources
We garnered the GWAS data for the gut microbiota from the Dutch Microbiome Project.22 The Dutch Microbiome 
Project analyzed feces from 7,738 individuals of European descent, involving 207 taxa.22 The GWAS data for plasma 
metabolites were obtained from the Canadian Longitudinal Study on Aging cohort, comprising 8,299 participants.23 This 
analysis encompassed 1,091 metabolic features and 309 metabolite ratios.

The GWAS data for OSA were obtained from the FinnGen database (R10) with 410385 individuals of European 
ancestry. The data contained 43901 OSA cases and 366484 controls. OSA diagnostic criteria was depended on ICD codes 
(ICD-10: G47.3; ICD-9: 3472), which were obtained from the Finnish National Hospital Discharge Registry and the 
Causes of Death Registry. The ICD-10 code G47.3 encompasses both OSA and central sleep apnea (CSA). Nevertheless, 
Strausz et al validated the registry-based OSA diagnosis, reporting a positive predictive value of >98%, indicating a high 
level of diagnostic accuracy.24 The FinnGen study is a large-scale genomics project that has analyzed more than 500,000 
Finnish biobank samples, linking genetic variations with health data to uncover disease mechanisms and 
predispositions.25

Instrumental Variables Selection
In this study, SNPs were selected as IVs, and their selection and validation followed the criteria outlined below. 
Firstly, due to the limited number of genome-wide significant SNPs available for gut microbiota, we applied 
a significance threshold of P < 1e-5 to identify potentially relevant SNPs. For the selected mediator metabolites, 
MR analyses were performed using OSA as the outcome, with SNPs selected based on a stricter threshold of P < 5e-6. 
Secondly, to minimize bias from linkage disequilibrium (LD), we performed SNP clumping using an LD threshold of 
R² < 0.001 within a 10,000 kb window. Thirdly, to reduce the risk of weak instrument bias, we calculated the 
F-statistic for each SNP and retained only those with F > 10 as valid IVs. Functional annotation of SNPs was 
conducted using functional mapping and gene annotation (FUMA) (Version 1.8.0), based on the most recent release of 
the GWAS Catalog.26 To reduce the risk of potential pleiotropy, SNPs previously associated with OSA-related traits, 
such as body mass index, waist circumference, hip circumference, or waist-to-hip ratio, were excluded 
(Supplementary Table 2).

Statistical Analysis
We conducted a two-sample MR analysis to evaluate the causal relationships between gut microbiota and OSA, as well 
as between plasma metabolites and OSA independently. We evaluated the causal association between gut microbiota and 
the plasma metabolites using bidirectional MR. We used the IVW method as the primary MR approach. To enhance the 
robustness and reliability of our findings, we also applied complementary MR methods, including MR-Egger regression, 
weighted median, simple mode, and weighted mode. Apart from the MR methods outlined above, we also carried out 
various supplementary sensitivity analyses. Firstly, we evaluated heterogeneity in causal inference through the calcula
tion of Cochran’s Q statistic. Secondly, we applied the MR-Egger intercept test to detect horizontal pleiotropy. Moreover, 
the MR-Pleiotropy Residual Sum and Outlier (MR-PRESSO) method was employed to detect horizontal pleiotropy and 
identify potential outlier SNPs. A global test P-value < 0.05 was considered indicative of significant distortion in the 
causal estimates due to pleiotropy. Additionally, we employed the MR Steiger directionality test to ascertain the causal 
direction between the exposure and the outcome. Furthermore, the reliability of the findings was assessed through 
a leave-one-out approach for validation.

Effect sizes were expressed as odds ratios (OR), β-coefficients, and corresponding 95% confidence intervals (CI). All 
statistical analyses were conducted using the “TwoSampleMR” package (version 0.6.6), “MRPRESSO” package, and 
“ggplot2” packages within R software (version 4.4.1).
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Results
Instrument Variables Included in Analysis
Based on the predefined selection criteria, we identified valid IVs from GWAS summary statistics of gut microbiota and 
plasma metabolites. Supplementary Tables 3 and 4 provide detailed characteristics of these IVs, including their 
corresponding F statistics. All included SNPs had F statistics greater than 10, supporting adequate instrument strength.

Effects of Gut Microbiota on Obstructive Sleep Apnea
Using the IVW method, this study identified 4 microbial taxa that were associated with a reduced risk of the OSA, including 
species Parabacteroides merdae, genus Faecalibacterium, species Faecalibacterium prausnitzii and species Bifidobacterium 
longum (Table 1). Species Parabacteroides merdae exhibited the most pronounced protective effect (OR = 0.909, 95% CI = 
0.828~0.999, P value = 0.047). Species Faecalibacterium prausnitzii and genus Faecalibacterium showed the second strongest 
protective effects (species Faecalibacterium prausnitzii, OR = 0.921, 95% CI = 0.860~0.986, P value = 0.019; genus 
Faecalibacterium, OR = 0.923, 95% CI = 0.857~0.994, P value = 0.034). The protective effect of species Bifidobacterium 
longum was comparatively weaker (OR = 0.930, 95% CI = 0.869~0.997, P value = 0.040).

Effects of Gut Microbiota on Mediators
Following the established criteria and selection workflow, we identified two candidate mediators, 2-hydroxypalmitate and 
hyocholate, from the top 10 biologically relevant metabolites. As shown in Table 2 and Supplementary Table 5, species 
Parabacteroides merdae was positively associated with the levels of 2-hydroxypalmitate (β = 0.254, 95% CI = 
0.117~0.391, IVW P value < 0.001, IVW PFDR value = 0.003). Since MR analyses were performed between the selected 
microbial taxa and the top 10 metabolites with potential biological significance, FDR correction was applied across these 
10 tests using the Benjamini–Hochberg method. After FDR correction, no statistically significant associations were 
observed between genus Faecalibacterium and 2-hydroxypalmitate, species Faecalibacterium prausnitzii and 2-hydro
xypalmitate, or species Bifidobacterium longum and hyocholate.

Table 1 Effects of Gut Microbiota on the Risk of Obstructive Sleep Apnea

Exposure Method nSNPs OR 95% CI P value

Species Parabacteroides merdae MR Egger 6 1.005 0.695~1.453 0.982
Weighted median 6 0.957 0.867~1.055 0.377

Inverse variance weighted 6 0.909 0.828~0.999 0.047

Simple mode 6 1.003 0.825~1.219 0.981
Weighted mode 6 1.003 0.863~1.164 0.975

Genus Faecalibacterium MR Egger 7 0.804 0.557~1.160 0.296

Weighted median 7 0.925 0.842~1.017 0.106
Inverse variance weighted 7 0.923 0.857~0.994 0.034

Simple mode 7 0.936 0.816~1.075 0.385

Weighted mode 7 0.953 0.836~1.087 0.500
Species Faecalibacterium prausnitzii MR Egger 8 0.832 0.593~1.167 0.327

Weighted median 8 0.910 0.833~0.993 0.035

Inverse variance weighted 8 0.921 0.860~0.986 0.019
Simple mode 8 0.915 0.804~1.041 0.219

Weighted mode 8 0.924 0.818~1.044 0.245

Species Bifidobacterium longum MR Egger 7 0.706 0.514~0.970 0.085
Weighted median 7 0.935 0.852~1.027 0.163

Inverse variance weighted 7 0.930 0.869~0.997 0.040

Simple mode 7 0.943 0.819~1.086 0.448
Weighted mode 7 0.943 0.824~1.080 0.429

Abbreviations: nSNPs, number of Single Nucleotide Polymorphisms; OR, odds ratio; CI, confidence interval.
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Effects of Selected Mediators on the OSA and Mediation Analysis
Table 3 and Supplementary Table 5, demonstrates that elevated levels of 2-hydroxypalmitate were associated with 
a reduced risk of OSA (OR = 0.926, 95% CI = 0.865~0.991, P value = 0.027). As presented in Figure 2, through two-step 
MR analysis, 2-hydroxypalmitate was found to mediate 20.53% of the association between the species Parabacteroides 
merdae and OSA.

MR Sensitivity Analyses
According to the results presented in Supplementary Table 6, no evidence of heterogeneity was observed, as indicated by 
Cochran’s Q statistic (all P values > 0.05). Both the MR-Egger intercept test and the MR-PRESSO global test indicated 
no signs of horizontal pleiotropy, with P values greater than 0.05. In addition, the MR-PRESSO method did not identify 
any outlier variants. The MR-Steiger directionality test provided no evidence supporting a reverse causal relationship 
from the OSA to the four protective taxa or to 2-hydroxypalmitate. As shown in Supplementary Figures 1–3, the leave- 

Table 2 Effects of Gut Microbiota on Mediators

Exposure Outcome Method nSNPs β 95% CI P value PFDR value N Tests

2-hydroxypalmitate Species Parabacteroides 
merdae

MR Egger 6 0.235 −0.236~0.707 0.383 0.767 10
Weighted median 6 0.256 0.079~0.433 0.005 0.046 10

Inverse variance 

weighted

6 0.254 0.117~0.391 <0.001 0.003 10

Simple mode 6 0.254 0.024~0.483 0.082 0.588 10

Weighted mode 6 0.251 0.022~0.480 0.085 0.595 10

Genus Faecalibacterium MR Egger 7 0.759 0.143~1.375 0.060 0.605 10
Weighted median 7 0.162 −0.036~0.360 0.109 0.901 10

Inverse variance 
weighted

7 0.200 0.056~0.345 0.007 0.065 10

Simple mode 7 0.099 −0.191~0.389 0.528 0.950 10

Weighted mode 7 0.097 −0.187~0.381 0.529 0.907 10
Species Faecalibacterium 

prausnitzii

MR Egger 8 0.814 0.236~1.392 0.033 0.328 10

Weighted median 8 0.106 −0.068~0.279 0.232 0.966 10

Inverse variance 
weighted

8 0.166 0.026~0.305 0.020 0.198 10

Simple mode 8 0.054 −0.221~0.328 0.714 0.789 10

Weighted mode 8 0.051 −0.247~0.349 0.746 0.787 10
Hyocholate Species Bifidobacterium 

longum

MR Egger 10 0.268 −0.307~0.843 0.388 0.970 10

Weighted median 10 0.197 0.019~0.375 0.030 0.297 10

Inverse variance 
weighted

10 0.151 0.012~0.290 0.033 0.331 10

Simple mode 10 0.206 −0.070~0.482 0.177 0.829 10

Weighted mode 10 0.211 −0.047~0.470 0.144 0.867 10

Abbreviations: nSNPs, number of Single Nucleotide Polymorphisms; CI, confidence interval; PFDR, P values adjusted for false discovery rate.

Table 3 Effects of Mediators on Obstructive Sleep Apnea

Exposure Method nSNPs OR 95% CI P value

2-hydroxypalmitate MR Egger 8 0.899 0.766~1.055 0.239
Weighted median 8 0.923 0.841~1.012 0.086

Inverse variance weighted 8 0.926 0.865~0.991 0.027

Simple mode 8 0.889 0.786~1.005 0.102
Weighted mode 8 0.906 0.809~1.015 0.132

Abbreviations: nSNPs, number of Single Nucleotide Polymorphisms; OR, odds ratio; CI, confidence interval.
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one-out analysis suggested that certain SNPs may have disproportionately influenced the causal estimates. Based on the 
overall findings from our sensitivity analyses, the observed associations appear to be relatively robust. Nonetheless, these 
results should be interpreted with caution.

Discussion
In this study, we performed a comprehensive MR analysis utilizing large-scale GWAS summary data to explore the 
causal relationships between gut microbiota, plasma metabolites, and OSA. In the Dutch Microbiome Project, species 
Parabacteroides merdae, genus Faecalibacterium, species Faecalibacterium prausnitzii and species Bifidobacterium 
longum demonstrated a potential protective association with OSA. This study was exploratory in nature. We included 
the top 10 metabolites with potential biological significance as candidate mediators. Among them, only 2-hydroxypal
mitate was found to mediate the association between species Parabacteroides merdae and OSA, with a mediation 
proportion of 20.53%.

Species Parabacteroides Merdae and OSA
Species Parabacteroides merdae is a Gram-negative, anaerobic, rod-shaped bacterium commonly found in the human gut 
microbiota.27 Consistent with our findings, species Parabacteroides merdae retained a strong negative association with 
OSA.28 The potential protective effect of species Parabacteroides merdae against OSA may be related to its role in 
alleviating obesity.29 Qiao et al reported that species Parabacteroides merdae significantly attenuated high-fat diet- 
induced weight gain in mice.30 Given that obesity is a major risk factor for OSA, the beneficial effect of species 
Parabacteroides merdae on obesity may partially explain its protective role against OSA. Fecal microbiota transplantation 
has been shown to lower systolic blood pressure (SBP), with increased abundances of species Parabacteroides merdae 
associated with SBP reduction.31 Given that OSA is a known risk factor for hypertension, it is plausible that the SBP- 
lowering effect of species Parabacteroides merdae may be related to improvements in nocturnal intermittent hypoxia. 
However, this hypothesis requires further investigation. Evidence linking species Parabacteroides merdae to OSA 
remains limited. However, further investigation into its potential protective role may help uncover novel therapeutic 

Figure 2 The 2-hydroxypalmitate mediated the causal effect of species Parabacteroides merdae on OSA. Two-step MR was used to evaluate the mediating role of 
2-hydroxypalmitate in the causal pathway linking species Parabacteroides merdae to OSA. The causal effect of species Parabacteroides merdae on 2-hydroxypalmitate, 
2-hydroxypalmitate on OSA and species Parabacteroides merdae on OSA were assumed to be β1, β2 and β0, respectively. The proportion of the mediated effect (bold text) 
was determined by dividing β1× β2 by the total effect (β0). MR estimates were derived from the IVW method in two-sample MR. 
Abbreviations: OSA, obstructive sleep apnea; MR, mendelian randomization; IVW, inverse variance weighted.
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strategies. Given the complexity of the underlying mechanisms, further research is warranted to identify the key 
pathways and molecular targets through which species Parabacteroides merdae may influence OSA progression.

2-Hydroxypalmitate and OSA
2-hydroxypalmitate, also known as 2-hydroxyhexadecanoic acid, has emerged as a representative member of the 
2-hydroxy fatty acid family.32 These molecules constitute essential structural components of mammalian sphingolipids. 
Sphingolipids are essential components of cell membranes, particularly abundant in the brain, where they help maintain 
myelin integrity, facilitate neuronal signaling, and support intercellular communication.33 Fatty acid 2-hydroxylase 
(FA2H) catalyzes the biosynthesis of hydroxylated sphingolipids by introducing a hydroxyl group at the α-carbon of 
long-chain fatty acids.34 FA2H gene mutations are linked to leukodystrophy and spastic paraparesis, highlighting the 
importance of hydroxylated fatty acid-containing sphingolipids in nervous system function.35,36 Increasing evidence 
suggests that alterations in sphingolipid pathways may contribute to the etiopathogenesis of neurodegenerative 
diseases.37 Parkinson’s disease (PD) is one of the most prevalent neurodegenerative disorders. Sphingolipids play 
a critical role in various cellular processes involved in the pathogenesis of PD, including mitochondrial function, 
autophagy, and endosomal trafficking.38 Upper airway obstruction and dysfunction are observed in approximately 24% 
to 65% of PD patients, primarily attributed to laryngopharyngeal motor impairment.39,40 This dysfunction reflects 
a broader impairment of neuromuscular control in the upper airway, characterized by reduced tone in the pharyngeal 
dilator muscles, impaired coordination of respiratory and swallowing reflexes, and delayed glottic opening.17 These 
abnormalities may predispose individuals with PD to the development of OSA, particularly during sleep when compen
satory mechanisms are further diminished. Given the essential role of sphingolipids in maintaining neuronal membrane 
stability and supporting axonal conduction, their dysregulation may plausibly impair the integrity of central or peripheral 
neural pathways involved in upper airway motor control. However, it must be acknowledged that current evidence 
directly linking 2-hydroxypalmitate to the regulation of upper airway motor function is limited. Further studies are 
warranted to clarify this potential association.

However, some studies have suggested that 2-hydroxypalmitate may contribute to the development of OSA. 
2-hydroxypalmitate is associated with dyslipidemia, a condition commonly observed in obesity.41,42 Given that obesity 
is a major risk factor for OSA, 2-hydroxypalmitate may contribute to the development of OSA through pathways related 
to fatty acid metabolism. Sullivan et al43 found that vitamin D supplementation was associated with lower 2-hydro
xypalmitate levels, while Ayyıldız et al44 reported a potential beneficial effect of vitamin D supplementation on the 
prognosis of mild OSA. These findings are inconsistent with our results. Nonetheless, given the exploratory nature of this 
study, further research is needed to clarify the role of 2-hydroxypalmitate in OSA pathogenesis.

2-Hydroxypalmitate as a Putative Mediator: Implications and Future Directions
In this study, we identified 2-hydroxypalmitate as a potential mediator of the relationship between species 
Parabacteroides merdae and the reduced risk of OSA. The mediation analysis demonstrated that 2-hydroxypalmitate 
accounted for 20.53% of the total effect. In terms of effect size, this proportion represents a moderate mediation effect, 
comparable to those observed in other microbial-metabolite axes involved in disease progression. For example, prior 
studies have reported mediation proportions ranging from 6.5% to 25.1% in obesity,45 10.29% to 21.9% in type 2 
diabetes,46 11.04% to 15.35% in PD,47 14.62% to 37.48% in chronic airway disease,48,49 and 8.1% to 22.8% in various 
cancer types.50 These findings suggest that the mediation effect observed in our study falls within a biologically 
meaningful range and supports the role of 2-hydroxypalmitate as a mediator within the causal pathway from species 
Parabacteroides merdae to OSA.

Previous studies suggest that species Parabacteroides merdae may reduce the risk of OSA through anti-obesity 
effects, while 2-hydroxypalmitate may confer protection via sphingolipid metabolism, which modulates upper airway 
motor function. In our analysis, species Parabacteroides merdae and 2-hydroxypalmitate were positively correlated and 
both linked to reduced OSA risk, supporting the plausibility of this mediation pathway. Although direct evidence for the 
regulatory relationship between species Parabacteroides merdae and 2-hydroxypalmitate is currently lacking, our findings 
suggest a biologically relevant connection that merits further investigation. Overall, this study reveals a gut microbiota- 
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metabolite-OSA pathway and offers new evidence for microbial metabolic mediation in OSA. Given the exploratory 
nature of this study, future experimental and longitudinal studies are warranted to validate these results and elucidate the 
underlying mechanisms.

Limitations
This study has several limitations that should be acknowledged. First, the GWAS summary statistics used in our MR analyses 
were derived exclusively from individuals of European ancestry. As a result, our findings may not be fully generalizable to 
other populations, given known differences in genetic architecture, LD structure, allele frequencies, and environmental 
modifiers across ancestries. These population-specific factors could influence both the strength and direction of causal 
associations, potentially limiting the applicability of our results to non-European groups. To enhance the external validity 
of microbiota-metabolite-disease mediation frameworks, future studies should incorporate GWAS data from ancestrally 
diverse cohorts and perform replication analyses across multiple populations. Such efforts are essential to improve the global 
relevance and translational potential of microbiome-informed causal inference. Second, sleep apnea in the FinnGen study was 
defined using ICD codes (ICD-10: G47.3; ICD-9: 3472), and individual-level polysomnographic (PSG) data, such as the 
apnea-hypopnea index, oxygen desaturation index, and sleep architecture, were not available. This limitation precludes 
accurate confirmation of OSA diagnoses, assessment of disease severity, and identification of clinical subtypes (eg, rapid eye 
movement-predominant or positional OSA). Notably, ICD-10 code G47.3 includes both OSA and CSA. While Strausz et al24 

validated the registry-based OSA definition and reported high diagnostic accuracy, the potential for misclassification remains, 
particularly due to the inclusion of CSA cases. However, given the low prevalence of CSA51 and the lack of evidence linking 
our exposures of interest to CSA risk, any such misclassification is likely nondifferential with respect to exposure. From 
a statistical perspective, this would tend to bias the effect estimates toward the null, resulting in a conservative estimate of the 
true causal effect. Future studies incorporating PSG-confirmed, individual-level OSA data are therefore warranted to validate 
and refine these findings. Third, a relaxed significance threshold (P < 1e-5) was used for SNP selection in the MR analyses to 
increase the number of valid IVs and improve statistical power. This approach has been adopted in previous MR studies 
involving complex traits and microbiota-related exposures,50,52 and is considered acceptable in exploratory settings according 
to a strategy supported by previous methodological literature.53–55 However, the use of a relaxed threshold may increase the 
risk of including weak or pleiotropic IVs. To mitigate this concern, we retained only SNPs with F > 10 to ensure sufficient IVs 
strength, and excluded those associated with known confounders whenever possible. In addition, the leave-one-out analysis 
suggested that one or more SNPs might disproportionately influence the causal estimates. Nonetheless, no evidence of 
heterogeneity (Cochran’s Q statistic) or horizontal pleiotropy (MR-Egger intercept and MR-PRESSO global test) was 
observed, supporting the robustness of our results. These findings should be interpreted with caution. Future studies using 
larger GWAS datasets and more advanced MR methods are needed to validate our conclusions. For example, multivariable 
MR, summary-data-based MR to explore the relationships among genetic variants, exposures, and outcomes,56,57 and 
Bayesian co-localization analysis to verify shared causal variants and strengthen causal inference58 may offer further insights.

Conclusions
In summary, this study highlights the protective effect of species Parabacteroides merdae against OSA. 2-hydroxypal
mitate may act as a partial mediator in the association between species Parabacteroides merdae and OSA. These findings 
provide novel insights into the mechanisms underlying OSA and suggest potential therapeutic targets, offering promising 
directions for future research and clinical interventions.
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