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Background: Obstructive sleep apnea (OSA), high blood pressure (HBP), and type 2 diabetes mellitus (T2DM) have a close clinical
relationship, but whether and how OSA affects HBP and T2DM is unclear.

Study Design and Methods: Two-step, two-sample Mendelian randomization techniques were applied using single-nucleotide
polymorphisms as genetic instruments for exposure and mediators, thus minimizing bias due to confounding factors and reverse
causality. The total effect of OSA on HBP and T2DM was categorized into direct and mediating effects based on the mediating factors.
Results: Two-sample MR analysis showed that OSA increased the risk of HBP (odds ratio [OR] = 1.010, 95% confidence interval
[CI], 1.002-1.018; P = 0.0121) and T2DM (OR = 1.140, 95% CI, 1.059-1.228; P = 0.0005). In the process of OSA caused by HBP,
sex hormone-binding globulin (SHBG) (female, 4.47% mediation; male, 2.76% mediation), total testosterone (TT) (male, 3.72%
mediation), bioavailable testosterone (BioT) (female, 7.74% mediation), high-density lipoprotein cholesterol (HDL-C) (3.25%
mediation), and apolipoprotein Al (ApoAl) (1.31% mediation) were individual contributors. SHBG (female, 4.10% mediation;
male, 1.58% mediation), TT (male, 3.69% mediation), BioT (female, 2.58% mediation), HDL-C (3.32% mediation), ApoAl
(2.14% mediation), and omega-6 fatty acids (2.33% mediation) may have mediating roles to varying degrees in the process of OSA
caused by T2DM.

Interpretation: This MR study showed that OSA is a risk factor for HBP and T2DM, and the evaluation of mediators may help
further reveal the specific mechanism by which OSA causes HBP and T2DM.
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Introduction

Obstructive sleep apnea (OSA) is the most common sleep-related breathing disorder and is characterized by the
narrowing of the upper airway, which leads to a series of pathophysiological changes owing to intermittent hypoxia,
fragmented sleep, intrathoracic pressure swings, and increased sympathetic nervous activation.' The prevalence of OSA
is estimated to be 14% in males and 5% in females. It is higher in patients who have had transient ischemic attacks,
coronary artery disease, congestive heart failure, arrhythmias, refractory hypertension, type 2 diabetes mellitus (T2DM),
or polycystic ovary syndrome.' Patients with OSA are prone to multiorgan and multisystem damage. Additionally, OSA
is a potentially life-threatening disease that has become an important public healthcare problem that endangers human
health.
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High blood pressure (HBP) and T2DM are both prevalent diseases that have considerable impact on global public
health due to their association with cardiovascular complications and mortality. While the association between OSA,
HBP, and T2DM has been studied extensively, our understanding of the complex interplay of these conditions remains
incomplete. In particular, there is limited insight into the influence of various confounding factors and mediators on the
relationship between OSA and these two conditions. Therefore, the choice of HBP and T2DM as the focus of our study is
compelled by their relevance to public health, as well as the remaining gaps in knowledge about their relationship with
OSA. Our study aims to bridge this gap in knowledge using an innovative methodological approach.

Recent studies have hinted at the role of changes in testosterone and lipid levels in the relationship between OSA and
HBP/T2DM.** However, these observations have not been fully explored, let alone the specific pathways and mechan-
isms involved. Our study aims to delve deeper into these underlying factors using Mendelian randomization (MR),
a well-accepted method for supporting causal inferences in observational data. This method uses single-nucleotide
polymorphisms (SNPs) identified in genome-wide association studies (GWAS) that are closely associated with exposure
as instrumental variables (IVs). MR provides estimates of the association between exposure and outcome under many
assumptions, and this association is unlikely to be biased by unobserved confounding factors. Recent advances in MR
methodology, such as two-sample and two-step MR, can be used to study mediating variables.

What sets our study apart from previous MR studies is our use of the most recent GWAS data and the application of
a two-sample and two-step MR method, which allows us to investigate potential mediators in the association between
OSA, HBP, and T2DM, an aspect rarely covered by previous investigations.* By employing this innovative approach, we
aim not only to confirm the causal relationship of OSA with HBP and T2DM but also to shed light on the potential

mechanisms underpinning these relationships.

Materials and Methods

Study Design

A two-step, two-sample MR model was used to estimate the causal effects of OSA on HBP and T2DM and to explore
whether and how mediators can mediate these effects. For causal estimates from MR studies to be valid, three main
assumptions must be met: (I) the variant is associated with exposure; (II) the variant is not associated with the outcome
via a confounding pathway; and (II) the variant does not affect the outcome directly, only possibly indirectly via
exposure. The assumptions and design of the MR study are shown in Figure 1.

Two-step, two-sample MR was used to assess whether an intermediate trait had a mediation effect between exposure and
outcome.” First, SNPs were used to estimate the causal effect of OSA on potential mediators. Next, SNPs of potential mediating
risk factors were used to make genetic predictions of these mediators and estimate their causal effects on outcomes. Subsequently,
the total effect of OSA was decomposed into a direct effect (effect on HBP or T2DM independent of the mediator) and an indirect
effect (effect on HBP or T2DM through the mediator). A checklist for the Strengthening the Reporting of Observational Studies
in Epidemiology Using MR guideline is provided in Supplementary Table 1.° Proxy SNPs were not used.

Data Sources

The data used in this study are available in public databases. Summary data related to OSA from FinnGen was used.’
Using the Finnish National Health register, this GWAS included 321,302 individuals and 27,976 patients with OSA. The
diagnosis of OSA was based on subjective symptoms, clinical examination, and sleep registration applying apnea
hypopnea index (AHI) > 5/h or respiratory event index (REI) > 5/h, as per the International Classification of Diseases,
Tenth Revision (ICD-10) and Ninth Revision (ICD-9) codes (ICD-10: G47.3, ICD-9:3472). The ICD-10 data were
collected from the Finnish National Hospital Discharge Registry and the Causes of Death Registry. The remaining data
used for the MR study were obtained from the Integrative Epidemiology Unit Open GWAS database.® Detailed
information on data sources is presented in Table 1. Each group of summary data used for two-sample MR was obtained

from different databases to reduce the effect of sample overlap and increase the reliability of results.
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Assumption 2

Genetic variants are not
associated with either known or
unknown confounders
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Assumption 3

Genetic variants influence risk of
outcome through the exposure,
not through other pathways

Figure | Directed acyclic graph of the MR framework investigating the causal relationship between OSA and HBP/T2DM. Instrumental variable assumptions: (1) the GIVs
must be strongly associated with OSA; (2) the GIVs must not be associated with any potential confounder of OSA versus HBP/T2DM relationship; (3) the GIVs should only
affect the risk of HBP/T2DM through OSA.

Abbreviations: GIVs, genetic instrument variables; SNPs, single-nucleotide polymorphisms; OSA, obstructive sleep apnea; HBP, high blood pressure; T2DM, type 2 diabetes
mellitus; MR, Mendelian randomization.

The Coordinating Ethics Committee of the Hospital District of Helsinki and Uusimaa approved the FinnGen study
protocol (Nr HUS/990/2017). The FinnGen study was approved by the Finnish Institute for Health and Welfare. The
remaining analyses of publicly available data did not require ethical approval.

Table | Detailed Information of Studies and Datasets Used for Analyses

Phenotype Open GWAS ID/Source Cases N Population
Obstructive sleep apnea FinnGen 27,976 321,302 European
High blood pressure ukb-b-14177 124,227 461,880 European
Type 2 diabetes ebi-a-GCST006867 62,892 659,316 European
Sex hormone-binding globulin levels (female) ebi-a-GCST90012107 189,473 189,473 European
ieu-b-4870 214,989 214,989 European
Sex hormone-binding globulin levels (male) ebi-a-GCST90012109 180,726 180,726 European
ieu-b-4871 185,221 185,221 European
Total testosterone levels (female) ebi-a-GCST90012112 230,454 230,454 European
ieu-b-4864 199,569 199,569 European
Total testosterone levels (male) ebi-a-GCST90012113 194,453 194,453 European

(Continued)
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Table | (Continued).

Phenotype Open GWAS ID/Source Cases N Population
ieu-b-4865 199,569 199,569 European
Bioavailable testosterone levels (female) ebi-a-GCST90012102 188,507 188,507 European
ieu-b-4869 180,386 180,386 European
Bioavailable testosterone levels (male) ebi-a-GCST90012103 178,782 178,782 European
ieu-b-4868 184,205 184,205 European
HDL cholesterol ieu-b-109 403,943 403,943 European
met-d-HDL_C 115,078 115,078 European
Apolipoprotein Al ieu-b-107 393,193 393,193 European
met-d-ApoAl 115,078 115,078 European
met-c-842 20,687 20,687 European
Endothelial monocyte activating polypeptide 2 prot-c-2714_78_2 997 997 European
C-C motif chemokine 13 prot-a-389 3301 3301 European
Omega-6 fatty acids met-d-Omega_6 114,999 114,999 European
met-c-856 13,506 13,506 European

Validation of Instrumental SNPs

First, we identified SNPs related to OSA at a genome-wide significance threshold (P < 5x10°) in a large GWAS meta-
analysis by FinnGen’ (Table 2). The independence of SNPs was assessed using strict criteria (clumping r* cutoff < 0.001;
clumping distance cutoff, 10,000 kb). An SNP was excluded from our analysis if its allele frequency was close to 50%
with palindromic variants, and it was impossible to verify that the alleles were correctly oriented since it would produce
inaccurate results in the MR analysis.

Table 2 SNPs Associated with Obstructive Sleep Apnea

SNP chr Effect Other P-value Beta (B) se EAF R? F.statistic
Allele Allele
rs10125995 9 T C 6.47E-10 —0.0565 0.0092 0.480 0.00159 38.13
rs1023230 13 T C 1.36E-07 —0.0880 0.0167 0.922 0.00111 27.77
rs10256629 7 G A 3.76E-06 —0.0423 0.0091 0.528 0.00089 21.42
rs10423928 19 A T 4.05E-06 —0.0483 0.0105 0.258 0.00089 21.16
rs10507084 12 T C 5.60E-11 0.0775 0.0118 0.179 0.00177 43.14
rs1081 1640 9 T G 1.15E-06 0.0444 0.0091 0.479 0.00098 23.60
rs10860169 12 G A 8.29E-08 —0.0546 0.0102 0.290 0.00123 28.65
rs10917318 | T C 6.38E-08 —0.0662 0.0122 0.174 0.00126 29.25
rs11024007 I T A 8.24E-07 0.0655 0.0133 0.133 0.00099 2425
(Continued)
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Table 2 (Continued).

SNP chr Effect Other P-value Beta (f) se EAF R? F.statistic

Allele Allele

rs11030323 I A G 1.99E-07 0.0475 0.0091 0.477 0.00113 27.07

rs| 16618654 5 G A 1.99E-06 0.1550 0.0325 0.019 0.00088 22.75

rs| 168584 10 A G 1.14E-06 —0.0444 0.0091 0.507 0.00099 23.65
rs117228173 12 C T 4.63E-07 -0.1050 0.0207 0.054 0.00112 25.73

rs| 17291597 7 T Cc 4.60E-06 —0.0801 0.0175 0.077 0.00091 20.95

rsl 1831172 12 G Cc 1.64E-06 —0.0607 0.0127 0.160 0.00099 22.84
rsI2511115 4 C G 6.82E-09 0.0581 0.0100 0.295 0.00140 33.76
rs12783396 10 C T 3.75E-06 0.0520 0.0112 0.205 0.00088 21.56
rs13282281 8 A Cc 3.13E-07 -0.0478 0.0093 0.609 0.00109 26.19
rs139438 22 T Cc 3.80E-07 -0.0477 0.0094 0.391 0.00108 25.81
rs140929616 | C T I.13E-07 0.1583 0.0298 0.023 0.00112 28.14
rs142006783 16 C T 3.01E-08 0.1290 0.0233 0.038 0.00122 30.65
rs144468328 20 A G 1.67E-06 —0.0982 0.0205 0.057 0.00103 22.95
rs144550503 12 T C 2.32E-06 0.1080 0.0228 0.040 0.00089 22.44
rs|16837408 | T C 1.19E-06 —0.0535 0.0110 0.228 0.00101 23.60
rs|16854694 3 T Cc 3.52E-06 —0.0916 0.0198 0.060 0.00094 21.51
rs17035415 | A C 3.13E-06 0.0503 0.0108 0.229 0.00089 21.74
rs17372813 | T C 2.79E-06 -0.0529 0.0113 0.216 0.00095 21.96
rs17381227 18 A G 4.15E-07 0.0679 0.0134 0.149 0.00117 25.68
rs17574479 13 C A 4.29E-06 0.0443 0.0096 0.339 0.00088 21.12
rs17622152 3 A G 3.61E-06 -0.0473 0.0102 0.287 0.00091 21.46
rs181190675 3 T C 2.95E-06 —0.1685 0.0361 0.018 0.00101 21.85
rs1989141 | T C 4.52E-07 0.0464 0.0092 0.428 0.00106 25.46
rs2277339 12 G T 3.44E-07 —0.0708 0.0139 0.129 0.00113 25.94
rs2296327 14 T C 2.29E-06 0.0475 0.0100 0.291 0.00093 22.56
rs2370982 14 T C 3.39E-07 0.0541 0.0106 0.238 0.00106 26.05
rs2529273 7 T C 5.67E-08 —0.0602 0.0111 0.780 0.00124 2941
rs301625 16 T Cc 6.30E-07 —0.0463 0.0093 0.599 0.00103 24.79
rs34515711 10 T C 1.26E-07 —0.0639 0.0121 0.182 0.00122 27.89
rs4132875 16 T Cc 2.51E-07 0.0488 0.0095 0.624 0.00112 26.61
rs4321967 8 T C 7.97E-07 —0.0453 0.0092 0.502 0.00103 24.35
rs4559013 5 G A 2.79E-07 —0.0474 0.0092 0.552 0.00111 26.43

(Continued)
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Table 2 (Continued).

SNP chr Effect Other P-value Beta (f) se EAF R? F.statistic
Allele Allele
rs4587762 I A G 4.94E-06 —0.0420 0.0092 0.523 0.00088 20.89
rs4787033 16 A C 2.46E-06 0.0605 0.0128 0.147 0.00092 22.34
rs4959979 6 A G 1.10E-06 —0.0564 0.0116 0.198 0.00101 23.64
rs527014 | T C 6.70E-07 0.0849 0.0171 0.074 0.00099 24.70
rs61873510 10 T G 1.39E-06 0.0483 0.0100 0.300 0.00098 23.33
rs62041529 16 G A 3.23E-06 —0.0577 0.0124 0.167 0.00093 21.65
rs6728708 2 Cc T 2.37E-07 0.0485 0.0094 0.573 0.00115 26.70
rs6791437 3 G A 3.11E-08 —0.0517 0.0093 0.409 0.00129 30.64
rs6963882 7 G C 2.38E-07 0.0501 0.0097 0.325 0.00110 26.73
rs7043234 9 T C 1.80E-07 —0.0477 0.0091 0.482 0.00114 27.24
rs7090405 10 A G 7.39E-07 —0.0521 0.0105 0.257 0.00104 24.62
rs7213767 17 G A 4.44E-06 —0.0489 0.0107 0.247 0.00089 20.89
rs72701937 | A G 1.12E-06 0.1094 0.0225 0.042 0.00095 2371
rs7371606 2 A G 3.20E-06 0.0458 0.0098 0.676 0.00092 21.69
rs742760 20 T A 4.44E-09 —0.0733 0.0125 0.163 0.00147 3439
rs7481681 | I A G 2.32E-06 0.0693 0.0147 0.105 0.00090 22.22
rs76207435 18 G A 1.54E-06 —0.1060 0.0220 0.049 0.00104 2321
rs76229479 2 C A 1.52E-08 —0.0882 0.0156 0.099 0.00139 32.02
rs7692865 4 C T 1.46E-06 —0.0458 0.0095 0.630 0.00098 23.19
rs770267 13 G A 3.51E-06 0.0571 0.0123 0.831 0.00092 21.55
rs7750662 6 A G 3.77E-06 —0.0577 0.0125 0.840 0.00089 21.31
rs77970994 5 Cc T 7.43E-07 —0.1370 0.0276 0.030 0.00110 24.64
rs78189434 9 G C 2.54E-07 0.0768 0.0149 0.101 0.00107 26.57
rs7824549 8 A G 5.89E-08 —0.0827 0.0152 0.104 0.00127 29.60
rs80189250 3 Cc T 1.03E-07 —0.1175 0.0221 0.049 0.00128 28.32
rs8027339 15 C A 2.43E-06 0.0495 0.0105 0.250 0.00092 2222
rs8095553 18 A G 4.22E-06 0.0481 0.0105 0.250 0.00087 20.99
rs9510253 13 T A 3.72E-06 0.0594 0.0128 0.146 0.00088 21.54
rs985049 13 C A 2.66E-06 —0.0496 0.0106 0.256 0.00094 21.90
rs9937053 16 A G 2.32E-24 0.0934 0.0092 0.429 0.00427 103.74
Total R% 0.07850 Total Fstatistic: 385.39

754 https: Nature and Science of Sleep 2023:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Shen et al

The F-statistic was used in the MR to estimate weak IV bias. An often-cited rule of thumb is that an F-statistic less
than 10 indicates the presence of weak instruments, which may lead to the reduced power of the test, violation of other
core hypotheses, and cause bias in the causal association. When the F-statistic is >10, there is no weak IV, and the

~K-1 2
F:(N g )<1RR2>’ v

where R? is the extent to which IV explains the exposure (coefficient of determination of the regression equation) and can

formula is as follows:

be approximated as 2B°MAF(1-MAF), B is the genetic association with the exposure measured in standard deviation units
of the exposure, MAF is the minor allele frequency, N is the sample size, and K is the number of instruments. For
a single variant, the F-statistic is equal to the square of the genetic association, with the exposure divided by the square of

(7
F (@) @)

its standard deviation:

Statistical Analysis

In addition to the inverse variance weighted (IVW) method for data analysis, we applied the constrained maximum
likelihood, model average, and Bayesian information component (¢cML-MA-BIC) method for comparison. This method
is better able to control Type I error rates and can use data perturbation (DP). This results in a greater measure of
estimation error, which complements the instability of variable selection.’

The IVW method provides the highest statistical power; however, the results may be biased if there is horizontal
pleiotropy in the IVs.'® Therefore, we performed sensitivity analyses, including heterogeneity tests, pleiotropy tests,
leave-one-out sensitivity tests, and E-value calculations, to test the robustness and potential pleiotropy of our results. We
assessed heterogeneity between each SNP using Cochran’s Q test; P < 0.05 indicated statistical significance, which
reflected potential intergenic heterogeneity. We used the IVW random effects (IVW-RE) method to eliminate the effect of
heterogeneity."' MR-Egger regression methods were used to obtain corrected estimates of pleiotropy;'? P < 0.05
indicated the occurrence of pleiotropy.'® We corrected for horizontal pleiotropy by removing outliers using the MR-
Pleiotropy Residual Sum and Outlier (PRESSO) method and tested for significant differences in causal estimates before
and after outlier correction. The leave-one-out sensitivity test was used to assess the stability of the results by removing
each SNP. Additionally, we used the E-value to assess the effect of unmeasured confounders on causal conclusions. The
E-value represented the minimum amount of unmeasured confounding effect needed to erase the effect of the association
between exposure and outcome obtained in the study.

IVW-RE was used as the main statistical method, while the cML-MA-BIC (DP) method was used as an adjunct to
determine whether the results were reliable. The cML-MA-BIC-DP method was selected when GOF_P rejected the null
hypothesis; otherwise, cML-MA-BIC method was selected. With different database sources for a type of mediator, a meta-
analysis fixed-effects model was used to combine the results of each MR statistic from different data sources and test the
existence of mediating effects for each mediating factor using the Sobel test; P < 0.05 was considered statistically significant.

All statistical analyses were conducted using R (version 4.2.1), which is available as Free Software under the terms of
the Free Software Foundation’s GNU General Public License in source code form. The IVW method was performed
using the “TwoSampleMR” package (version 0.5.6) and the cML-MA-BIC method was performed using the “MRcML”
package (version 0.0.0.9000). The MR-PRESSO test was performed using the “MRPRESSO” package (version 1.0).

Results
Direct Effect on HBP

The MR analysis of OSA to HBP retained 58 independent genetic variants that reached genome-wide significance levels
after significance screening (P < 5x10°), removal of linkage disequilibrium (r* < 0.001, kb = 10,000), and removal of
outliers by MR-PRESSO (Table 3). These IVs explained approximately 6.1% of the total variance, with heterogeneity
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Table 3 SNPs Associated with Obstructive Sleep Apnea to High Blood Pressure

SNP chr Effect Other P-value | Beta (f) | se EAF R? F.statistic
Allele Allele
rs10256629 7 G A 3.8E-06 —0.0423 0.0091 | 0.528 | 0.00089 21.42
rs10423928 19 A T 4.1E-06 —0.0483 0.0105 | 0.258 | 0.00089 21.16
rs10507084 12 T C 5.6E-11 0.0775 0.0118 | 0.179 | 0.00177 43.14
rs10811640 9 T G |.2E-06 0.0444 0.0091 | 0.479 | 0.00098 23.60
rs10860169 12 G A 8.3E-08 —0.0546 0.0102 | 0.290 | 0.00123 28.65
rs10917318 | T C 6.4E-08 —0.0662 0.0122 | 0.174 | 0.00126 29.25
rs11030323 11 A G 2E-07 0.0475 0.0091 | 0.477 | 0.00113 27.07
rs| 16618654 | 5 G A 2E-06 0.1550 0.0325 | 0.019 | 0.00088 22.75
rs| 17228173 | 12 C T 4.6E-07 —0.1050 0.0207 | 0.054 | 0.00112 25.73
rs| 17291597 | 7 T C 4.6E-06 —0.0801 0.0175 | 0.077 | 0.00091 20.95
rs1 1831172 12 G C 1.6E-06 —0.0607 0.0127 | 0.160 | 0.00099 22.84
rs12511115 4 Cc G 6.8E-09 0.0581 0.0100 | 0.295 | 0.00140 33.76
rs12783396 10 C T 3.8E-06 0.0520 0.0112 | 0.205 | 0.00088 21.56
rs13282281 8 A C 3.1E-07 —0.0478 0.0093 | 0.609 | 0.00109 26.19
rs139438 22 T C 3.8E-07 —0.0477 0.0094 | 0.391 | 0.00108 25.81
rs140929616 | | Cc T I.1E-07 0.1583 0.0298 | 0.023 | 0.00112 28.14
rs142006783 | 16 Cc T 3E-08 0.1290 0.0233 | 0.038 | 0.00122 30.65
rs144468328 | 20 A G |.7E-06 —0.0982 0.0205 | 0.057 | 0.00103 22.95
rs 16837408 | T C |.2E-06 —0.0535 0.0110 | 0.228 | 0.00101 23.60
rs|6854694 3 T C 3.5E-06 —0.0916 0.0198 | 0.060 | 0.00094 21.51
rs17035415 | A C 3.1E-06 0.0503 0.0108 | 0.229 | 0.00089 21.74
rs17372813 | T C 2.8E-06 —0.0529 0.0113 | 0.216 | 0.00095 21.96
rs17381227 18 A G 4.2E-07 0.0679 0.0134 | 0.149 | 0.00117 25.68
rs17574479 13 C A 4.3E-06 0.0443 0.0096 | 0.339 | 0.00088 21.12
rs181190675 | 3 T C 3E-06 —0.1685 0.0361 | 0.018 | 0.0010I 21.85
rs2277339 12 G T 3.4E-07 | —0.0708 0.0139 | 0.129 | 0.00113 25.94
rs2296327 14 T C 2.3E-06 0.0475 0.0100 | 0.291 | 0.00093 22.56
rs301625 16 T C 6.3E-07 —0.0463 0.0093 | 0.599 | 0.00103 24.79
rs34515711 10 T C |.3E-07 —0.0639 0.0121 | 0.182 | 0.00122 27.89
rs4132875 16 T C 2.5E-07 0.0488 0.0095 | 0.624 | 0.00112 26.61
rs4559013 5 G A 2.8E-07 —0.0474 0.0092 | 0.552 | 0.00111 26.43
rs4787033 16 A C 2.5E-06 0.0605 0.0128 | 0.147 | 0.00092 22.34
rs4959979 6 A G I.1E-06 —0.0564 0.0116 | 0.198 | 0.00101 23.64
(Continued)
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Table 3 (Continued).

SNP chr Effect Other P-value | Beta (B) | se EAF | R? F.statistic
Allele Allele
rs527014 | T C 6.7E-07 | 0.0849 0.0171 | 0.074 | 0.00099 24.70
rs61873510 10 T G | .4E-06 0.0483 0.0100 | 0.300 | 0.00098 23.33
rs62041529 16 G A 3.2E-06 —0.0577 0.0124 | 0.167 | 0.00093 21.65
rs6728708 2 Cc T 2.4E-07 | 0.0485 0.0094 | 0.573 | 0.00115 26.70
rs6791437 3 G A 3.1E-08 —0.0517 0.0093 | 0.409 | 0.00129 30.64
rs6963882 7 G C 2.4E-07 | 0.0501 0.0097 | 0.325 | 0.00110 26.73
rs7043234 9 T Cc 1.8E-07 | —0.0477 0.0091 | 0.482 | 0.00114 27.24
rs7213767 17 G A 4.4E-06 —0.0489 0.0107 | 0.247 | 0.00089 20.89
rs72701937 | A G 1.1E-06 0.1094 0.0225 | 0.042 | 0.00095 23.71
rs7371606 2 A G 3.2E-06 0.0458 0.0098 | 0.676 | 0.00092 21.69
rs742760 20 T A 4.4E-09 —0.0733 0.0125 | 0.163 | 0.00147 34.39
rs7481681 | I A G 2.3E-06 0.0693 0.0147 | 0.105 | 0.00090 22.22
rs76207435 18 G A I.5E-06 —0.1060 0.0220 | 0.049 | 0.00104 2321
rs76229479 2 C A | .5E-08 —0.0882 0.0156 | 0.099 | 0.00139 32.02
rs7692865 4 C T | .5E-06 —0.0458 0.0095 | 0.630 | 0.00098 23.19
rs770267 13 G A 3.5E-06 0.0571 0.0123 | 0.831 | 0.00092 21.55
rs7750662 6 A G 3.8E-06 —0.0577 0.0125 | 0.840 | 0.00089 21.31
rs77970994 5 C T 74E-07 | —0.1370 0.0276 | 0.030 | 0.00110 24.64
rs78189434 9 G C 2.5E-07 | 0.0768 0.0149 | o.101 | 0.00107 26.57
rs7824549 8 A G 5.9E-08 —0.0827 0.0152 | 0.104 | 0.00127 29.60
rs80189250 3 C T 1E-07 —0.1175 0.0221 | 0.049 | 0.00128 28.32
rs8027339 15 C A 2.4E-06 0.0495 0.0105 | 0.250 | 0.00092 22.22
rs8095553 18 A G 4.2E-06 0.0481 0.0105 | 0.250 | 0.00087 20.99
rs9510253 13 T A 3.7E-06 0.0594 0.0128 | 0.146 | 0.00088 21.54
rs985049 13 C A 2.7E-06 | —0.0496 0.0106 | 0.256 | 0.00094 21.90
Total R% 0.06144 | Total Fstatistic: 362.54

and no pleiotropy. All F-statistics of the included SNPs were higher than 20, which indicated that these SNPs were
sufficient for predicting OSA in this study. Genetically predicted OSA increased the risk of HBP, with an odds ratio (OR)
of 1.010 (95% confidence interval [CI], 1.002-1.018, P = 0.0121) in IVW-RE analysis and 1.007 (95% CI, 1.000-1.013,
P =0.0347) in cML-MA-BIC analysis. The causal relationship between genetically predicted OSA and HBP was largely

consistent among the different methods (Figure 2), suggesting that OSA is a risk factor for HBP.
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N SNPs, n R?  F - statistic method E-value LCL. . OR (95%Cl) B (95%Cl) P - value
321302 58 0.061 363 IVW - RE 1.050 L | 1.010 (1.002, 1.018) 0.010 (0.002,0.018) 0.012
321302 58 0.061 363 cML - MA - BIC 1.022 s 1.007 (1.000, 1.013) 0.007 (0.000, 0.013)  0.035
r T T
-0.005 0 0.01 0.02
The estimates
mediating pathway indirect effect (8,%B,) P,<0.05 P,<0.05 sobel test z P-value  proportion mediated (95%Cl)
OSA to HBP via SHBG (female) 2.78 x 10* v v i 2.58 0.010 4.15 (1.00, 7.30)
OSA to HBP via SHBG (male) 4.28 x 10+ v v —a— 3.7 <0.001 6.40 (3.02,9.78)
OSA to HBP via TT (female) 050 x 10+ x N —a— 0.43 0.670 -0.74 (-2.67, 4.15)
OSA to HBP via TT (male) 2.87 x 10 N v —a— 2.84 0.005 4.28 (1.33,7.24)
OSA to HBP via BioT (female) 7.84 x 10 v v e | 3.44 <0.001 11.71 (5.04, 18.37)
OSA to HBP via BioT (male) -0.57 x 10+ v x HH -1.03 0.302 -0.84 (-2.45,0.76)
OSA to HBP via HDL-C 2.21x10* v v . 2.81 0.005 3.30 (1.00, 5.59)
OSA to HBP via ApoA1 1.30 x 10+ v v HH 27 0.007 1.95 (0.54, 3.36)
OSA to HBP via CCL13 11.00 x 10+ x N F = 1.47 0.141 16.43 (-5.46, 38.33)
T T T
-0.001 0 0.001 0.002
OSA to HBP via EMAP - 2 3.45x10° x v I L 1.49 0.136 51.60 (-16.32, 119.51)
T 1
0 0.01
The estimates
mediating pathway indirect effect (B,%B,) P,<0.05 P,<0.05 sobel test z P-value  proportion mediated (95%Cl)
OSA to HBP via SHBG (female) 455 x 10* v v A 265 0.008 4.47 (1.16,7.79)
OSA to HBP via SHBG (male) 2.80 x 10+ v v —a— 279 0.005 2.76 (0.82, 4.70)
OSA to HBP via TT (female) -1.23 x 10+ x v —— -0.94 0.345 -1.21(-3.71, 1.30)
OSA to HBP via TT (male) 3.78 x 10* v v —a— 234 0.019 3.72 (0.61,6.84)
OSA to HBP via BioT (female) 7.86 x 10+ v N ] 321 0.001 7.74 (3.02, 12.46)
OSA to HBP via BioT (male) -0.43 x 10* N x (o ol -0.73 0.468 -0.43 (-1.58,0.73)
OSA to HBP via HDL-C 3.30 x 10* v v —— 2.74 0.006 3.25(0.93,5.57)
OSA to HBP via ApoA1 1.33 x 10* v v (z 2l 244 0.015 1.31(0.26, 2.36)
OSA to HBP via CCL13 9.67 x 10* N v F L] i 1.71 0.087 9.51 (-1.39, 20.42)
r T T 1
-0.001 0 0.001 0.002
OSA to HBP via EMAP - 2 3.30 x 10° v v F L ) 1.57 0.116 32.44 (-7.95,72.84)
T 1
-0.001 0 0.01

The estimates

Figure 2 (A) Associations of genetic liability to OSA with the risk of HBP. Forest plot to visualize causal effects of variation in OSA on HBP. B/OR and Cl correspond to the
effects of OSA on HBP. The results of MR analyses using IVW-RE (B) and cML-MA-BIC (C) analysis methods are compared. Total SNP indicates the number of genetic
variants used as instruments for MR analysis.

Abbreviations: MR, Mendelian randomization; OSA, obstructive sleep apnea; HBP, high blood pressure; SNP, single-nucleotide polymorphism; IVW-RE, inverse variance
weighted-random effects; cML-MA-BIC, constrained maximum likelihood-model average-Bayesian information component; OR, odds ratio; Cl, confidence interval; SHBG,
sex hormone-binding globulin; TT, total testosterone; BioT, bioavailable testosterone; HDL-C, high-density lipoprotein cholesterol; ApoAl, apolipoprotein Al; CCLI3,
C-C motif chemokine ligand 13; EMAP-2, endothelial monocyte-activating polypeptide 2.

Effect of Mediators on HBP
We further investigated the mechanisms by which OSA affects HBP and identified possible mediators that may play a role

Supplementary Figure 1). Using the analysis of sex hormone-binding globulin (SHBG) (female) from the EBI database, ' there
(Supp ry Figu g y gg
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was a negative correlation between OSA and SHBG (female) (B =—0.018, 95% CI: —0.029 to —0.007, P = 0.0012), and using the
data reported by Hemani et al,'* there was also a negative correlation between OSA and SHBG (female) (B = —0.039, 95% CI:
—0.065 to —0.013, P = 0.0029). This association was consistent across data from different sources and remained statistically
significant after meta-analysis (B =—0.021, 95% CI: —0.031 to —0.011, P <0.0001). Similarly, SHBG (female) increased HBP risk
(B=-0.022, 95% CI: —0.034 to —0.010, P = 0.0004). The Sobel test for the mediating effect of SHBG (female) on OSA-HBP
yielded z=2.65 and P = 0.0081, indicating a statistically significant mediating effect of SHBG (female). Analogously, there were
also some mediating effects of SHBG (male), total testosterone (TT) (male), bioavailable testosterone (BioT) (female), high-
density lipoprotein cholesterol (HDL-C), and apolipoprotein A1 (ApoAl). The above results were similar in the cML-MA-BIC
analysis (Figure 2), suggesting that these factors may partially mediate OSA-causing HBP.

Additionally, we found mediating effects of C-C motif chemokine ligand 13 (CCL13) and endothelial monocyte-
activating polypeptide II (EMAP-II) between OSA and HBP with the IVW-RE method; however, in the cML-MA-BIC
method, the negative association between OSA and EMAP-II only showed a strong trend of statistical significance (P =
0.0510), and the negative association between OSA and CCLI13 approached statistical significance (P = 0.0668).
Therefore, the mediating effects of EMAP-II and CCL13 are debatable and require further validation.

Direct Effect on T2DM

The MR analysis of OSA to T2DM retained 37 independent genetic variants with genome-wide significance levels after
significance screening (P < 5x10~°), removal of linkage disequilibrium (r* < 0.001, kb = 10,000), and removal of outliers
by MR-PRESSO, which explained approximately 4.0% of the total variance with heterogeneity and no pleiotropy
(Table 4). All F-statistics of the included SNPs were higher than 20, which indicates that these SNPs were sufficient
to predict OSA. Genetically predicted OSA also increased the risk of T2DM prevalence: OR was 1.140 (95% CI, 1.059—
1.228, P =0.0005) in the IVW-RE analysis and 1.133 (95% CI, 1.062—-1.209, P = 0.0002) in the cML-MA-BIC analysis.
The causal association between genetically predicted OSA and T2DM was broadly consistent across the methods
(Figure 3), and the results strongly suggested that OSA is a risk factor for T2DM.

Table 4 SNPs Associated with Obstructive Sleep Apnea to Type 2 Diabetes Mellitus

SNP chr Effect Other P-value | Beta (B) | se EAF | R? F.statistic
Allele Allele
rs10125995 9 T C 6.47E-10 | —0.0565 0.0092 | 0.480 | 0.00159 38.13
rs1023230 13 T C 1.36E-07 | —0.0880 0.0167 | 0.922 | 0.00111 27.77
rs10256629 7 G A 3.76E-06 | —0.0423 0.0091 | 0.528 | 0.00089 21.42
rs10507084 12 T C 5.6E-11 0.0775 0.0118 | 0.179 | 0.00177 43.14
rs10860169 12 G A 8.29E-08 | —0.0546 0.0102 | 0.290 | 0.00123 28.65
rsl0917318 | T C 6.38E-08 | —0.0662 0.0122 | 0.174 | 0.00126 29.25
rs11030323 I A G 1.99E-07 | 0.0475 0.0091 | 0477 | 0.00113 27.07
rs| 168584 10 A G 1.14E-06 | —0.0444 0.0091 | 0.507 | 0.00099 23.65
rs1 17291597 | 7 T C 4.6E-06 —0.0801 0.0175 | 0.077 | 0.00091 20.95
rs| 1831172 12 G Cc 1.64E-06 | —0.0607 0.0127 | 0.160 | 0.00099 22.84
rs12511115 4 C G 6.82E-09 | 0.058I 0.0100 | 0.295 | 0.00140 33.76
rs12783396 10 C T 3.75E-06 | 0.0520 0.0112 | 0.205 | 0.00088 21.56
rs13282281 8 A C 3.13E-07 | —0.0478 0.0093 | 0.609 | 0.00109 26.19
(Continued)
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Table 4 (Continued).

SNP chr Effect Other P-value | Beta (B) | se EAF | R? F.statistic
Allele Allele
rs16854694 3 T C 3.52E-06 | —0.0916 0.0198 | 0.060 | 0.00094 21.51
rs17035415 | A C 3.13E-06 | 0.0503 0.0108 | 0.229 | 0.00089 21.74
rs17372813 | T C 2.79E-06 | —0.0529 0.0113 | 0.216 | 0.00095 21.96
rs17622152 3 A G 3.61E-06 | —0.0473 0.0102 | 0.287 | 0.00091 21.46
rs1989141 | T C 4.52E-07 | 0.0464 0.0092 | 0.428 | 0.00106 25.46
rs2296327 14 T C 2.29E-06 | 0.0475 0.0100 | 0.291 | 0.00093 22.56
rs301625 16 T Cc 6.3E-07 —0.0463 0.0093 | 0.599 | 0.00103 24.79
rs4132875 16 T Cc 2.51E-07 | 0.0488 0.0095 | 0.624 | 0.00112 26.61
rs4559013 5 G A 2.79E-07 | —0.0474 0.0092 | 0.552 | 0.00111 26.43
rs4587762 I A G 4.94E-06 | —0.0420 0.0092 | 0.523 | 0.00088 20.89
rs4787033 16 A C 2.46E-06 | 0.0605 0.0128 | 0.147 | 0.00092 22.34
rs4959979 6 A G 1.1E-06 —0.0564 0.0116 | 0.198 | 0.00101 23.64
rs6791437 3 G A 3.11E-08 | —0.0517 0.0093 | 0.409 | 0.00129 30.64
rs6963882 7 G C 2.38E-07 | 0.0501 0.0097 | 0.325 | 0.00110 26.73
rs7090405 10 A G 7.39E-07 | —0.0521 0.0105 | 0.257 | 0.00104 24.62
rs742760 20 T A 4.44E-09 | —0.0733 0.0125 | 0.163 | 0.00147 3439
rs7481681 | I A G 2.32E-06 | 0.0693 0.0147 | 0.105 | 0.00090 22.22
rs76229479 2 C A |.52E-08 | —0.0882 0.0156 | 0.099 | 0.00139 32.02
rs770267 13 G A 3.51E-06 | 0.0571 0.0123 | 0.831 | 0.00092 21.55
rs78189434 9 G Cc 2.54E-07 | 0.0768 0.0149 | o0.101 | 0.00107 26.57
rs7824549 8 A G 5.89E-08 | —0.0827 0.0152 | 0.104 | 0.00127 29.60
rs8027339 15 C A 2.43E-06 | 0.0495 0.0105 | 0.250 | 0.00092 22.22
rs8095553 18 A G 4.22E-06 | 0.0481 0.0105 | 0.250 | 0.00087 20.99
rs9510253 13 T A 3.72E-06 | 0.0594 0.0128 | 0.146 | 0.00088 21.54

Total R% 0.04010 | Total Fstatistic: 353.18

Effect of Mediators on T2DM

We also identified certain mediating factors that might play a role in this process (Supplementary Figure 2). Analysis of

data from UK Biobank'® showed that there was a negative correlation between OSA and omega-6 fatty acids (B =
—0.043, 95% CI: —0.063 to —0.013, P = 0.0015). In contrast, using the data provided by Kettunen,'® there was no
significant difference between OSA and omega-6 fatty acids (B = 0.026, 95% CI: —0.049 to 0.131, P = 0.5753). This
association was inconsistent across data from different sources; however, there was a suggestive association after the
meta-analysis (f = —0.038, 95% CI: —0.063 to —0.012, P = 0.0038). Low omega-6 fatty acid levels increased the risk of
T2DM (B = —0.081, 95% CI: —0.127 to —0.035, P = 0.0005). The Sobel test for the mediating effect of omega-6 fatty
acids in OSA-T2DM yielded z = 2.18 and P = 0.0296, indicating that the mediating effect of omega-6 fatty acids
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(A)

N SNPs,n R’ F-sfatistic ~ method E-value LCL. . OR (95%Cl) B (95%Cl) P-value

321302 37 0.040 363 IVW - RE 1.540 1.308 , L 1 1.140 (1.059, 1.228) 0.131 (0.057,0.205) <0.001

321302 37 0.040 363 cML-MA-BIC 1522 1.319 | 1.133 (1.062, 1.209) 0.125 (0.060, 0.190) < 0.001
-OI.O5 I0 C'v_1 0‘.2

The estimates

(B)

mediating pathway indirect effect (B, xB,) P,<0.05 P,<0.05 sobel test z P-value  proportion mediated (95%Cl)
OSA to HBP via SHBG (female) 5.39 x 10° N N | 3.00 0.003 4.10 (1.42,6.78)
OSA to HBP via SHBG (male) 2.08 x 10° v v —— 245 0.015 1.58 (0.31, 2.85)
OSA to HBP via TT (female) 0.01 x10° x x - 0.04 0.970 0.01 (-0.43, 0.45)
OSA to HBP via TT (male) 4.85x10° N N I i | 247 0.014 3.69 (0.76, 6.62)
OSA to HBP via BioT (female) 3.39x10° v v | e p— 247 0.013 2.58 (0.54, 4.63)
OSA to HBP via BioT (male) -0.29 x 10° v x —— -0.47 0.639 -0.22 (-1.15, 0.70)
OSA to HBP via HDL-C 4.35x10° N N i 275 0.006 3.32(0.95,5.68)
OSA to HBP via ApoA1 2.81x10° v N —a— 295 0.003 2.14(0.72, 3.55)
OSA to HBP via omega-6 fatty acids 3.06 x 10° v v —_— 2.18 0.030 2.33(0.23,4.43)

T 1

0 0.01
(C) The estimates
mediating pathway indirect effect (B,%B,) P, <0.05 P,<0.05 sobel test z P-value  proportion mediated (95%Cl)
OSA to HBP via SHBG (female) 329 x10° v v —— 2.83 0.005 263 (0.81,4.45)
OSA to HBP via SHBG (male) 2.98 x 10° v N —a— 3.39 <0.001 2.38 (1.00, 3.76)
OSA to HBP via TT (female) 0.02 x 10° x x H 0.14 0.892 0.02 (-0.22, 0.25)
OSA to HBP via TT (male) 4.72 x 10° N N | s | 3.30 0.001 3.77 (1.53,6.01)
OSA to HBP via BioT (female) 3.56 x 10° N N —— 2,96 0.003 2.84 (0.96, 4.73)
OSA to HBP via BioT (male) -0.11 x 10° N x —a— -0.16 0.872 -0.09 (-1.15, 0.98)
OSA to HBP via HDL-C 4.01 x10° N N —.— 298 0.003 3.21(1.10,5.31)
OSA to HBP via ApoA1 2.50 x 10° N N —a— 3.16 0.002 2.00 (0.76, 3.24)
OSA to HBP via omega-6 fatty acids 4.18 x 10° v v P 2.74 0.006 3.34 (0.95,5.73)

T 1
0 0.01
The estimates

Figure 3 (A) Associations of genetic liability to OSA with the risk of T2DM. Forest plot to visualize causal effects of variation in OSA on T2DM. B/OR and Cl correspond to
the effects of OSA on T2DM. The results of MR analyses using IVW-RE (B) and cML-MA-BIC (C) analysis methods are compared. Total SNP indicates the number of genetic
variants used as instruments for MR analysis.

Abbreviations: MR, Mendelian randomization; OSA, obstructive sleep apnea; T2DM, type 2 diabetes mellitus; SNP, single-nucleotide polymorphism; IVW-RE, inverse
variance weighted-random effects; cML-MA-BIC, constrained maximum likelihood-model average-Bayesian information component; OR, odds ratio; Cl, confidence interval;
SHBG, sex hormone-binding globulin; TT, total testosterone; BioT, bioavailable testosterone; HDL-C, high-density lipoprotein cholesterol; ApoAl, apolipoprotein Al.

remained statistically significant after the data were combined. Similarly, there were some mediating effects of SHBG
(female), SHBG (male), TT (male), BioT (female), HDL-C, and ApoAl. The above results were analogous to those of
the cML-MA-BIC method (Figure 3), suggesting that these factors influence the process of OSA-causing T2DM.

Discussion
MR is a method used to assess whether an exposure has a causal effect on the development of a disease in which genetic

variation is considered an IV. MR methods can overcome unmeasurable confounding factors and allow stronger causal
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inferences to be drawn. This two-step, two-sample MR study not only clarifies the relationship of OSA with HBP and
T2DM, but may also contribute to revealing the specific mechanisms through which OSA causes HBP and T2DM.

Compared with previous MR studies that relied on less recent and precise GWAS data,'” our study used the most
recent GWAS data on OSA. These data are based on a larger sample size and provide more accurate insight into the
causal association of OSA with HBP and T2DM and facilitate the assessment of potential mediating effects. OSA
increases the risk of developing HBP and T2DM, and our results indicated the role of specific mediators.

OSA is recognized to be associated with endocrine dysfunction and hypothalamic-pituitary-gonadal axis disorders,” and
OSA is more prone to occur in males or postmenopausal females, substantiating the probable association with sex hormones.'®
Several previous studies have shown that males with OSA have lower serum testosterone levels®'® and decreased SHBG
levels,”® whereas females with OSA have elevated®' or equivalent'® serum testosterone levels and lower SHBG levels.?
Likewise, our research observed a decrease in SHBG, TT, and BioT in males, and a decrease in SHBG with an increase in
BioT in females with OSA, which underscore the complex interplay of these endocrine mediators. Though a non-significant
decrease in TT levels was observed, the potential biological significance and implications of these changes warrant further
investigation.

Previous views on the relationship of blood pressure to testosterone and SHBG are not settled. While some studies suggest

23726 others fail to establish a significant relationship.” Studies

a negative correlation between TT and blood pressure,
conducted in males have concluded that free testosterone and blood pressure are negatively correlated;** and SHBG is not
sure.”>2® There are few, but converging, conclusions about the effects of testosterone in females, with positive correlations
between TT and blood pressure,”’ as well as BioT and blood pressure,>’ and negative correlations between SHBG and blood
pressure.”” This discrepancy might be attributed to the varying methodologies, population demographics, and inherent
biological variations. But our MR study, leveraging genetic variations to infer causal relationships, suggests a negative
association between HBP and TT and SHBG in males, and a potential role for TT, BioT and SHBG in HBP prevalence in
females. However, we acknowledge that these relationships are complex and may be influenced by multiple factors beyond the
scope of this study.

Similar to hypertension, the role of SHBG in T2DM is also under debate, with studies reporting both negative and no
associations.'>** ! However, the trend we observed suggests a protective role of SHBG against T2DM, emphasizing the need
for further exploration of its potential as a therapeutic target. Furthermore, the differential testosterone levels in male and
female OSA patients highlight the complexity of this endocrine dysregulation and its potential impact on metabolic diseases
such as T2DM."*?%3% We propose that testosterone plays a mediating role in the development of HBP and T2DM induced by
OSA. More specifically, we suggest that TT serve as a mediator in males, whereas BioT serve as a mediator in females for the
development of HBP and T2DM due to OSA. However, this mediating mechanism may be related to the fact that OSA affects
testosterone production at night via the disruption of sleep,>” further mechanistic studies are required to confirm and elucidate
this relationship.

Notably, OSA patients tend to have lower levels of HDL-C and ApoAl, markers commonly associated with high
cardiovascular risk,*?'*** but high levels of HDL-C and low levels of ApoAl have been associated with an increased
risk of T2DM.***° Our MR analysis revealed a consistent trend amongst patients with OSA, in which they exhibited
reduced levels of HDL-C and ApoAl. However, this predisposition to low levels of HDL-C and ApoAl, as indicated by
our MR analysis, could potentially heighten the risk of HBP and T2DM in OSA patients.

We also examined other potential mediators such as EMAP-II and CCL13, known for their pro-inflammatory activities.*!
Our study found OSA to result in lower levels of these markers, hinting at the possible role of inflammation in the HBP or
T2DM via OSA. Finally, we analyzed the potential role of Omega-6 fatty acids, given their importance in inflammation
regulation. Our MR analysis suggested a negative association between Omega-6 fatty acid levels and T2DM, indicating that
OSA might predispose patients to a pro-inflammatory state, contributing to the increased prevalence of T2DM.

In conclusion, we selected these mediators based on their known associations with endocrine and metabolic functions,
inflammation, and cardiovascular risk, all of which are pertinent to the HBP or T2DM via OSA. While there are some
potential biases and uncertainties in these associations necessitate a cautious interpretation of our findings, further studies
are warranted to validate these findings and shed light on additional mediators and mechanisms.
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OSA is known to be an established risk factor and etiology of secondary hypertension.*** While the causal
relationship has been previously investigated, the underlying mechanisms and mediators that play a role in this
association remain unclear. Therefore, the novelty of our study lies not in reiterating the established causal link, but in
employing an innovative methodological approach - two-step, two-sample MR - to delve deeper into the complex
interplay between OSA, hypertension, and T2DM. This approach allows us to provide new insights into the potential
mediating factors, which have been underexplored in previous research.

Our use of the most recent GWAS data on OSA, which is based on a larger sample size, not only provides more
accurate insight into the causal association of OSA with hypertension and T2DM, but also facilitates the assessment of
potential mediating effects. Furthermore, our findings on the role of specific mediators like testosterone, lipid levels,
SHBG, and inflammatory markers like EMAP-II and CCL13 highlight novel aspects of how OSA could contribute to the
development of hypertension and T2DM. Understanding these mediating factors and the mechanisms they influence can
provide a more comprehensive picture of the intricate relationship between OSA, hypertension, and T2DM. This
understanding has the potential to influence therapeutic strategies and contribute to personalized medicine, thereby
bringing novelty to this field of research. Hence, we believe our study contributes significantly to the existing body of
knowledge and paves the way for future investigations into the underlying mechanisms linking OSA with hypertension
and T2DM.

This study had certain limitations. First, we could not find a potential nonlinear association between OSA severity and
both HBP and T2DM risk because this study was based on summary-level data. Second, the causes of HBP and T2DM are
complex, and many known and unknown clinical factors may have influenced their occurrence and development. We only
screened some of the causes for MR validation and drew conclusions from the available data; however, there is a need to
discover and verify more mediating factors. Furthermore, the generalizability of this study was limited, considering that all
data were obtained from subjects of European ancestry. More detailed and convincing conclusions could have been drawn if

data from other populations were available on a larger scale. Future studies should expand our findings.

Conclusions

OSA is an independent risk factor for both HBP and T2DM. Therefore, clinical attention and prompt management should
be given to complications of HBP and T2DM in patients with OSA. This study suggests that OSA can also cause and
exacerbate HBP and T2DM through mediators, such as SHBG, TT, BioT, HDL-C, ApoAl, and omega-6 fatty acids. Our
findings provide a foundation for further experimental and clinical investigation of the mechanisms and usefulness of
these mediators.
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