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Objective: Obstructive sleep apnea (OSA) is a disorder characterized by disruption in breathing and hypoventilation. In parallel, 
metabolic syndrome (MetS) mainly co-occur with OSA, however, their association has not been fully elucidated. Therefore, this study 
aimed to reveal the relationship between OSA and MetS using data from the National Health And Nutrition Examination Survey 
(NHANES) database and pooled data from Genome-Wide Association Studies (GWAS).
Material and Methods: Data from the National Health and Nutrition Examination Survey and pooled data from genome-wide 
association analysis (GWAS) were used univariate and multivariate logistic regression analyses were carried out to evaluate the 
correlation between OSA and MetS, and multivariate logistic regression models were utilized for adjusting for potential confounders. 
Two-sample Mendelian randomization (MR) was used to assess the causal relationship between OSA and MetS. The variance- 
weighted inverse method was employed as the main method of analysis.
Results: A positive relationship of OSA with Mets was evidenced by multivariate logistic regression analysis, and OSA was 
associated with higher incidence rates of all-cause and cardiovascular mortality. OSA is strongly associated with abdominal obesity, 
hypertension, hyperglycemia, high triglycerides, and low HDL. Furthermore, except for hypertriglyceridemia, MR analysis indicated 
that genetically driven OSA was causally associated with a higher risk of MetS.
Conclusion: The positive relationship of OSA with Mets was revealed, and higher incidence rates of all-cause mortality and 
cardiovascular mortality were noted to be correlated with OSA. MR analysis further confirmed the causal relationship of OSA with 
MetS and cardiovascular disease.
Keywords: obstructive sleep apnea, metabolic syndrome, cardiovascular disease, NHANES, Mendelian randomization

Introduction
At present, disruption in breathing and hypoventilation are recognized as the frequent features of obstructive sleep apnea 
(OSA). It results in the decreased oxygen saturation, increased sleep arousal, and excessive daytime sleepiness due to 
partial or complete collapse of the upper airway during sleep despite continuous breathing.1,2 Epidemiological studies 
reported that OSA accounted for 14% of the world’s population, and its incidence increased in cases who aged 30–69 
years old.3 Common symptoms of OSA include daytime sleepiness, fatigue, poor concentration, memory loss or 
headaches, all of which may negatively affect patients’ quality of life and expectations.4

As a complex metabolic disorder, metabolic syndrome (MetS) can be featured by the aggregation of risk factors, 
thereby elevating the incidence rates of cardiovascular and cerebrovascular diseases. The MetS was primarily described 
by the World Health Organization in 1998,5 followed by definitions presented by International Diabetes Federation (IDF) 
and National Cholesterol Education Program Adult Treatment Panel III (NCEP-ATP III).6 Notably, hyperglycemia, 

Nature and Science of Sleep 2024:16 217–231                                                                217
© 2024 Tang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Nature and Science of Sleep                                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 20 September 2023
Accepted: 22 February 2024
Published: 28 February 2024

N
at

ur
e 

an
d 

S
ci

en
ce

 o
f S

le
ep

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


central obesity, hypertension, and dyslipidemia were commonly found in the definitions of MetS.7,8 The incidence of 
MetS in the United States, as defined by the NCEP ATP III, was estimated to be 24% in the National Health And 
Nutrition Examination Survey (NHANES).9 Research indicates that over half of individuals diagnosed with OSA also 
present with hypertension.10 While another research showed that OSA was significantly associated with primary and 
refractory hypertension. The more severe the OSA, the higher the risk of hypertension.11 As a noticeable risk factor for 
OSA, the accumulation of visceral fat, particularly in obese patients, was emphasized by previous studies. Quantification 
of the area of intra-abdominal fat in obese patients with and without OSA revealed a remarkably larger area of visceral 
fat and a greater visceral fat-to-total fat ratio in obese OSA patients versus those in obese non-OSA patients.12 An 
elevated incidence of sleep disorders was reported in type 2 diabetes mellitus (T2DM) cases, impairing their health, 
mood, and quality of life. In addition, cases with sleep disorders (eg, OSA) are more prone to metabolic disorders (eg, 
T2DM).13 The incidence of OSA in cases with obesity or MetS was 50–60%, which remarkably increased after co- 
occurrence of obesity and diabetes mellitus.14 A significant correlation of HDL with OSA severity was confirmed, and 
a higher apnea hypoventilation index (AHI) value was correlative with a lower HDL level.15

Numerous studies have concentrated on the close relationship between OSA and Mets. However, their main limitation 
is that they were limited to specific cohorts and their results might not be representative enough. The NHANES has 
provided comprehensive data related to all aspects of health and nutrition, and those data have been used worldwide.16,17 

Nevertheless, traditional observational studies are susceptible to some types of bias, such as reverse causality and 
residual confounding.18 Mendelian randomization (MR) is considered as an equivalent method to randomized controlled 
studies,19 which uses genetic variations as instrumental variables (IVs) to infer an outcome-exposure causal relationship. 
This method can effectively avoid confounding bias and reverse causality bias in traditional epidemiological studies.20 In 
addition, MR has the advantage that its estimates of actual causal effects are more significant and accurate than those 
observed clinically, including meta-analysis of clinical and prospective studies.21

In the present study, it was attempted to derive data from the NHANES database to indicate whether OSA would be 
associated with MetS. Subsequently, pooled data from Genome-Wide Association Studies (GWAS) were utilized for 
evaluating the causal influence of OSA on MetS via MR analysis.

Material and Methods
Study Design
The two stages utilized in the present study can be observed in Figure 1. The NHANES was executed by the Centers for 
Disease Control and Prevention (CDC) of the USA. It employs a nationally representative, recurrent, cross-sectional 
survey methodology to evaluate the health and nutritional well-being of the noninstitutionalized US civilian population. 
Employing a multi-stage, stratified, clustered probability sample design, NHANES gathers data through a household 
interview encompassing demographics, socioeconomic status, health, and disease history. Additionally, a clinical exam-
ination is conducted within a Mobile Examination Clinic (MEC) to further enhance the comprehensiveness of the 
collected information.22 Using the NHANES database, it was attempted to carry out multivariate regression analysis for 
determining the possible relationship of OSA with Mets in stage 1. In stage 2, it was attempted to assess the causal 
influence of OSA on Mets through MR analysis of statistical data that could be derived from the GWAS.

Data Sources and Population of Observational Study
Data of the NHANES, particularly those recorded from 2005 to 2008, were utilized in the present research. Participants, 
whose OSA and Mets data were existed, were involved (n=11,367). A flowchart describing participants’ selection is 
illustrated in Figure 2. Obtaining the written informed consent from all participants was also undertaken.

Ascertainment of OSA and Mets
Assessment of OSA was carried out by two questions, in which a participant’s positive answer was indicative of his/her 
sleep disorder, “Have you been diagnosed with a sleep disorder”. Grouping of participants to the following groups was 
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also undertaken on the basis of their answers to the subsequent questions: OSA, restless leg syndrome, insomnia, and 
other sleep disorders.

Using the International Diabetes Federation (IDF) guideline (2009 revision), the main analysis was carried out and the 
following criteria should be met: (i) on the basis of the quantification of waist circumference (WC) in a standing position 
at the umbilical level, WC ≥80 and ≥94 cm in women and men was indicative of abdominal obesity, respectively; (ii) on 
the basis of the quantification of blood pressure (both upper limbs) via a calibrated digital electronic tensiometer in the 
sitting position after a quarter of rest, diastolic blood pressure (DBP) or systolic blood pressure (SBP) was ≥85 mmHg or 
≥130 (or taking antihypertensive medication), respectively; (iii) triglyceride (TG) level was ≥150 mg/dL (1.7 mmol/L) or 
statin/fibrate treatment; HDL-cholesterol (HDL-C) level was <50 and <40 mg/dL in women and men (or statin/fibrate 
treatment), respectively, as measured via an Auto-Analyzer; (iv) on the basis of the quantification of central obesity (WC 
> 80 and >94 cm in women and men, respectively), fasting glycaemia was ≥100 mg/dL (5.6 mmol/L) (or taking 
antidiabetic medication). Fasting blood glucose (FBG) level ≥7 mmol/L and/or taking antidiabetic medication would be 
indicative of diabetes. Cases who met three or all of the above mentioned four criteria were diagnosed with MetS.

Figure 1 A two-stage study design: observational study and Mendelian randomization.

Figure 2 The flowchart of participants’ selection from the NHANES (2005–2008).
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Assessment of Covariates in Observational Epidemiological Analysis
Participants’ demographics, physical activity and medical conditions, body mass index (BMI), smoking status, drinking 
habits, and family poverty-to-income ratio (PIR) were selected on the basis of the clinical relevance and regarded as 
potential covariates. Through domestic surveys, demographic features and medical conditions were attained. Laboratory 
and medical examinations were undertaken for collecting BMI and other biochemical parameters. Non-Hispanic black, 
non-Hispanic white, Mexican-American, and other ethnic groups were involved. The following categories of educational 
level were taken into account: college or above, high school, and below high school. Married or unmarried statuses were 
also considered for marital status. Medical conditions were assessed by the question “Did you ever have diabetes/high 
cholesterol level/high blood pressure/heart failure/coronary heart disease/heart attack?”, and a cardiovascular event was 
regarded as heart disease. Smoking for more than one hundred cigarettes throughout the life was used a criterion to 
discriminate smokers. The quantifications of these variables were publicly available at www.cdc.gov/nchs/nhanes/.

All-Cause and Cardiovascular Mortality
Up to December 31, 2019, a passive mortality follow-up was undertaken on all participants who aged over 20 years in 
the NHANES III. Through probabilistic matching of the National Death Index records, it was attempted to assess 
mortality status (with date of death) and the cause of death. The underlying cause of death 113 (UCOD_113) code was 
utilized in the NHANES III-linked mortality file for recoding all deaths that occurred from 1999 to 2019 on the basis of 
the 10th revision of the International Classification of Diseases (ICD-10) guideline. Retrieving of all-cause mortality and 
the following cause-specific mortalities was undertaken as cardiovascular disease (CVD) (UCOD_113 55–64, 70).

Cross-Sectional Analysis
Data analysis was carried out via EmpowerStats (http://www.empowerstats.com) and R 3.5.3 software. Expressing 
continuous variables as mean ± standard deviation (SD) was undertaken, followed by categorical variables as frequency 
(percentage). The univariate and multivariate logistic regression analyses were utilized to indicate whether OSA would be 
correlated with MetS. Through multivariate logistic models, it was attempted to adjust potential confounding factors. P < 
0.05 indicates statistical significance.

Basic Concept of Two-Sample MR
On the basis of randomly allocation of genetic variants during gamete formation and the lack of correlation with 
environmental factors, reverse causation and confounding were less likely recognized as bias sources for MR analysis 
versus traditional observational methods. Therefore, identification of single nucleotide polymorphisms (SNPs) was 
carried out by MR analysis, and their integration was resulted in figuring out the relationship between OSA and MetS. 
For validation of causal estimates, the following criteria were designed for genetic variants that were regarded as IVs in 
MR analysis (Figure 3):1 the necessity of correlation of genetic variants with OSA;2 stability of genetic variants against 
the influences of confounding factors; and3 the ability of genetic variants to influence MetS only through OSA.

Figure 3 Principles of Two-sample Mendelian Randomization.
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Data Sources of MR Analysis
Statistical data (from GWAS) and a two-stage design were utilized in the MR analysis. GWAS data for OSA (16,761 cases 
and 201,194 controls) were acquired online (https://www.finngen.fi/en). As no GWAS data related to MetS were available, 
several influential factors of MetS (hypertension, diabetes, BMI, HDL, and TG) were used as outcome indicators for further 
MR analysis. The data related to hypertension were acquired from a meta-analysis of GWAS (175,935 controls and 42,857 
cases). For the outcome dataset, SNPs for diabetes were derived from a meta-analysis of GWAS (61,714 cases and 1178 
controls). The data for BMI were acquired from GWAS (461,460 samples). The data for HDL were obtained from GWAS 
(403,943 samples). The data for TG were acquired from GWAS (441,016 samples). In order to reveal whether OSA would 
have a causal relationship with CVD, data related to CVD were acquired from GWAS, accounting for 111,108 cases, of 
whom there were 107,684 controls. Table 1 summarizes demographic profiles involved.

Selection of SNPs for MR Analysis
SNPs of linkage disequilibrium (LD) were identified by detecting the corresponding LD, which were carried out 
independently by cutting SNPs smaller than 10,000 kb (r2< 0.001). Genetic variants closely associated with RA (P < 
5×10−8) were regarded as IVs. Meanwhile, secondary phenotypes were searched for each SNP to exclude potential 
pleiotropic effects. Specifically, SNPs corresponding to the outcome-related phenotypes were excluded, while other SNPs 
were kept. After that, variance (R2) and F-statistics were utilized to evaluate the strength of IVs, so that weak-tool bias 
could be avoided,23 which was formulated as follows: F ¼R2 NK � 1ð Þ= K 1� R2� �� �

, where N denotes the sample size of 
the chosen GWAS, K denotes the number of SNPs involved, and R2 denotes the explained variance (cumulative) of the 
chosen SNPs during exposure. F >10 indicates a strong correlation of exposure with IVs, and the results of MR analysis 
were independent of weak-tool bias. The SNPs are listed in Supplementary Files 1–6.

MR Analysis
The SNP-OSA and SNP-hypertension statistics were harmonized to guarantee that alleles of SNPs of OSA and MetS 
were consistent. Besides, different outcomes (diabetes, BMI, HDL, TG, and CVD) were adjusted in a similar way. The 
inverse-variance weighting (IVW) method was dominantly applied in the MR analysis.24 Meanwhile, MR-PRESSO, 
MR-RAPS, maximum-likelihood, MR-Egger, and median weighting were employed to clarify the causality.25 Different 
hypotheses related to the effectiveness of IVs were made using each method. Estimation of weighted median was carried 
out if half of IVs were invalid. Despite low statistical capability of the MR-Egger method, an estimation was provided 
after correction of various effects. Specifically, the MR-RAPS was responsible for horizontal multiplicity correction by 
the adjusted scores, resulting in the reduced deviation due to horizontal multiplicity. The MR-PRESO method could 
automatically identify and remove outliers (IVW linear regression) to correct the MR estimation.25 These methods were 
employed to comprehensively investigate causality.

Table 1 Evaluation of Instrumental Variables and Data Sources

Traits Sample Size  
(Cases/Controls)

Data Sources Ancestry R2 (%) for 
OSA (Total)

F for OSA 
(Total)

Exposures

Sleep apnea 16,761/201,194 finn-b-G6_SLEEPAPNO European
Outcomes

Hypertension 42,857/175,935 finn-b-I9_HYPTENSESS_EXNONE European 0.0010 7

Diabetes 61,714/1178 ebi-a-GCST006867 European 0.0007 9.4
BMI 461,460 ukb-b-19953 0.0010 7

HDL 403,943 ieu-b-109 0.0010 7

TG 441,016 ieu-b-111 European 0.0010 7
CVDs 111,108/107,684 finn-b-I9_CVD European 0.0010 7

Notes: SD ¼ SE�N1=2 , where SE = the standard error of the estimated effect, N = the sample size of the GWAS. R2¼ 2� 1 � EAFð Þ� EAF� b=SDð Þ
2 , 

where b = the estimated effect on adipokines, EAF = the effect allele frequency. F = R2 N � K � 1ð Þ= K 1� R2� �� �
.
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Sensitivity Analysis
Many methods were used for sensitivity analysis in this study. Firstly, the heterogeneity of different SNP estimates was 
evaluated by the Cochran’s Q test. If P was >0.05, no heterogeneity was indicated. Although the random-effects model 
could be used, the fixed-effect IVW method was dominant. Secondly, the horizontal pleiotropy of IVs was investigated 
by the MR-Egger intercept method.26 Estimation of average of the horizontal pleiotropic effect was carried out based on 
the intercept across SNPs in the MR-Egger test, and the estimated IVW might be biased if P < 0.05. Third, an SNP was 
verified using the leave-one-out sensitivity test. Fourthly, the presence of pleiotropy was directly examined by generating 
funnel and forest plots. It was attempted to conduct statistical analysis via “two-sample MR”, “MR-PRESSO”, and “mr. 
raps” packages in R software.

Results
Characteristics of NHANES
The subjects’ baseline features are listed in Table 2. Among 11,367 subjects, 50.52% and 49.48% were men and women, 
respectively, with a weighted mean age of 45.95 years old. Besides, 3094 subjects suffered from MetS. Compared with 
non-MetS subjects, MetS subjects’ age was significantly older, smokers’ dominancy was confirmed, accompanying by 
higher incidence rates of hypertension, hyperglycemia, hypertriglyceridemia, and low HDL, and significant difference 
could be identified (P< 0.001).

Table 2 Adult Participants’ Baseline Characteristics in the NHANES (2005–2008)

Variable Total (n=11,367) MetS P-value

No (n=8273) Yes (n= 3094)

Age, years 45.95 (0.43) 44.10 (0.48) 51.00 (0.40) < 0.001

Male, % 5743 (50.52) 4233 (49.06) 1510 (48.89) 0.890
Race/ethnicity, % < 0.001

Mexican American 2143 (18.85) 1485 (7.86) 658 (8.71)

Other Hispanic races 862 (7.58) 592 (4.05) 270 (4.45)
Non-Hispanic white 5324 (46.84) 3773 (69.64) 1551 (73.22)

Non-Hispanic black 2572 (22.63) 2073 (12.69) 499 (8.18)

Other races 466 (4.1) 350 (5.76) 116 (5.43)
Education level, % < 0.001

Below high school 3469 (30.52) 2405 (18.14) 1064 (22.54)

High school 2708 (23.82) 1883 (23.50) 825 (29.01)
Above high school 5190 (45.66) 3985 (58.36) 1205 (48.45)

Family PIR, % 0.020

≤1.0 2358 (20.74) 1712 (13.43) 646 (13.32)
1.1–3.0 4843 (42.61) 3426 (35.52) 1417 (39.13)

>3.0 4166 (36.65) 3135 (51.06) 1031 (47.55)

Smoking status, % < 0.001
Never smoker 6024 (53) 4520 (53.63) 1504 (48.26)

Former smoker 2757 (24.25) 1851 (22.27) 906 (28.66)

Current smoker 2586 (22.75) 1902 (24.10) 684 (23.08)
Drinking status, % < 0.001

Nondrinker 2541 (22.35) 1716 (17.08) 825 (22.52)

Low-to-moderate drinker 7908 (69.57) 5850 (72.82) 2058 (69.73)
Heavy drinker 918 (8.08) 707 (10.10) 211 (7.75)

Physical activity, % < 0.001

Inactive 3081 (27.1) 2098 (19.53) 983 (25.67)
Insufficiently active 4230 (37.21) 3106 (41.77) 1124 (41.05)

Active 4056 (35.68) 3069 (38.70) 987 (33.29)

(Continued)
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The possible differential influences of subgroups on the relationship of OSA with the incidence of MetS were 
assessed via subgroup analysis (Figure 4). Among the 8 variables, no significant interaction could be statistically 
identified, except for age, when confounders could be adjusted (P for all interactions = 0.003). Notably, although OSA 

Table 2 (Continued). 

Variable Total (n=11,367) MetS P-value

No (n=8273) Yes (n= 3094)

Sleep disorders, % 828 (7.28) 497 (6.15) 331 (11.12) <0.001

Sleep apnea, % 476 (4.19) 254 (3.29) 222 (7.94) <0.001
Insomnia, % 178 (1.57) 117 (1.24) 61 (1.60) 0.250

Restless legs, % 40 (0.35) 25 (0.31) 15 (0.47) 0.270

Other sleep disorders, % 125 (1.1) 94 (1.24) 31 (1.16) 0.810
Abdominal obesity, % 8286 (72.9) 5246 (62.63) 3040 (98.48) <0.001

Hypertension, % 1721 (15.14) 671 (7.54) 1050 (34.81) <0.001

Hyperglycemia, % 3351 (29.48) 1524 (15.42) 1827 (52.91) <0.001
Hypertriglyceridemia, % 3772 (33.18) 1309 (16.75) 2463 (81.59) <0.001

Low HDL-C, % 3102 (27.29) 952 (11.98) 2150 (70.23) <0.001

Notes: Presentation of continuous variables was as mean ± SE. Presentation of categorical variables was as number 
(percentage). N and percentage denote the study sample size and the survey-weighted, respectively. 
Abbreviations: HDL-C, high-density lipoprotein cholesterol; PIR, poverty-to-income ratio.

Figure 4 Stratified analysis of the association between sleep apnea and the incidence of MetS among adults in the NHANES (2005–2008).
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was significantly positively associated with the incidence of MetS in the majority of subgroups, no such association could 
be detected among subjects in the subgroups with heavy drinking.

Effects of OSA on All-Cause and Cardiovascular Mortality
At median follow-up time of 12.4 years, 2147 all-cause deaths and 530 cardiovascular deaths could be identified among 
11,367 adults. Survival differences were noted in all-cause (Figure 5A, P<0.001) and cardiovascular (Figure 5B, 
P<0.001) mortality among subjects on the basis of the Kaplan–Meier analysis grouped by OSA. All-cause and 
cardiovascular mortality rates were significantly elevated in subjects with OSA. The Cox regression analysis confirmed 
these results (Table 3). Compared with non-OSA subjects, significant association of OSA with all-cause and cardiovas-
cular mortality could be revealed in Model 1. When age, gender, race, and educational level could be further adjusted in 
Model 2, no variation in the results could be identified and remained statistically significant. In Model 3, compared with 
non-OSA subjects, association of OSA with the greater risk of all-cause and cardiovascular mortality could be identified 
when family PIR, smoking status, drinking habits, and physical activity could be further adjusted, in which multivariate- 
adjusted hazard ratios (HRs) were 1.51 (95% CI: 1.06–2.15, P=0.024) and 1.46 (95% confidence interval [CI]: 1.20–1.77, 
P<0.001) for cardiovascular mortality and all-cause mortality, respectively.

Association Between OSA and MetS
The association of OSA and MetS is shown in Table 4. In the unadjusted model, the positive relationship of OSA with 
MetS was confirmed (95% CI [2.07–3.12], OR=2.54, P<0.001). When covariates could be adjusted, such positive 
correlation could be still noted in Model 1 (95% CI [1.86–2.88], OR=2.31, P<0.001) and Model 2 (95% CI [1.82– 
2.80], OR=2.26, P<0.001). Similarly, once full adjustment was undertaken, the strongest correlation could be identified 
between OSA and abdominal obesity (95% CI [1.86–2.88], OR=2.31, P<0.001). What’s more, OSA showed a positive 
correlation with hypertension (95% CI [1.01–1.88], OR=1.38, P<0.044), hyperglycemia (95% CI [1.28–2.36], OR=1.74, 
P=0.002), hypertriglyceridemia (95% CI [1.16–1.74], OR=1.42, P=0.003), and low HDL (95% CI [1.39–2.26], OR=1.77, 
P<0.001) after full adjustment.

Figure 5 Kaplan-Meier survival curves for all-cause (A) and cardiovascular (B) mortality grouped by sleep apnea among adults in the NHANES (2005–2008).
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MR Analysis of OSA and MetS or CVD
As shown in Table 5, the relationship of OSA with the elevated risk of MetS was confirmed. It was revealed that the 
incidence of hypertension in the OSA group was 1.25-fold that of the control (95% CI [1.174–1.332], OR=1.250, 

Table 3 HRs (95% CIs) of Cardiovascular and All-Cause Mortality According to Multiple Causes of OSA Among 
Adults in the NHANES (2005–2008)

Crude Model 1 Model 2

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

OSA
All-cause mortality 1.83 (1.49–2.26) <0.0001 1.40 (1.17–1.67) <0.001 1.46 (1.20–1.77) <0.001

Cardiovascular mortality 1.84 (1.37–2.48) <0.001 1.44 (1.03–2.02) 0.034 1.51 (1.06–2.15) 0.024

Notes: Adjustment of Model 1 was undertaken for age, gender, race, and educational level. Adjustment of Model 2 was undertaken for Model 1 
plus family income-to-poverty ratio, smoking status, drinking habits, and physical activity.

Table 4 ORs (95% CIs) of the Incidence of MetS and Its Components According to Multiple Causes of Sleep 
Disorders Among Adults in the NHANES (2005–2008)

Crude Model 1 Model 2

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

OSA
MetS 2.54 (2.07–3.12) <0.001 2.31 (1.86–2.88) <0.001 2.26 (1.82–2.80) <0.001
Abdominal obesity 5.30 (3.17–8.87) <0.001 4.78 (2.78–8.22) <0.001 4.76 (2.77–8.19) <0.001

Hypertension 1.70 (1.28–2.26) <0.001 1.35 (0.99–1.82) 0.052 1.38 (1.01–1.88) 0.044

Hyperglycemia 2.20 (1.71–2.83) <0.001 1.78 (1.32–2.39) <0.001 1.74 (1.28–2.36) 0.002
Hypertriglyceridemia 1.68 (1.39–2.04) <0.001 1.43 (1.17–1.76) 0.001 1.42 (1.16–1.74) 0.003

Low HDL 1.56 (1.24–1.96) <0.001 1.849 (1.463–2.34) <0.001 1.77 (1.39–2.26) <0.001

Notes: Adjustment of Model 1 was undertaken for age, gender, race, and educational level. Adjustment of Model 2 was undertaken for Model 1 
plus family income-to-poverty ratio, smoking status, drinking habits, and physical activity.

Table 5 MR Estimates of OSA Concerning the Risk for CVDs

Outcome Methods SNPs (n) OR 95% CI P-value

Hypertension MR Egger 31 1.098 0.912–1.322 0.332
Weighted median 31 1.256 1.158–1.363 P<0.001

IVW 31 1.250 1.174–1.332 P<0.001

Simple mode 31 1.258 1.045–1.515 0.022

Weighted mode 31 1.253 1.057–1.485 0.014

Diabetes MR Egger 17 2.026 0.916–4.479 0.102
Weighted median 17 1.228 1.110–1.359 P<0.001

IVW 17 1.368 1.152–1.624 P<0.001

Simple mode 17 1.244 1.025–1.511 0.042

Weighted mode 17 1.219 1.037–1.433 0.029

BMI MR Egger 30 1.086 0.870–1.355 0.473
Weighted median 30 1.023 1.002–1.044 0.034

IVW 30 1.122 1.042–1.208 0.002

Simple mode 30 1.021 0.983–1.060 0.296
Weighted mode 30 1.021 0.986–1.056 0.251

(Continued)
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P<0.001), and rise of the log-transformed OR of OSA by one unit could elevate the risk of diabetes (95% CI [1.152– 
1.624], OR=1.368, P<0.001). The high consistency of findings attained by the IVW method with those from MR analysis 
of OSA and hypertension or diabetes was proved. One SD elevation in standardized log transformed OSA was resulted in 
the reduction of the odds of BMI by 12.2% on the basis of the findings of the IVW method (95% Cl [1.042–1.208], 
OR=1.122, P=0.002), and such relationship could be also confirmed by the weighted median. One unit elevation in log 
odds of OSA was resulted in the escalated HDL level (95% CI [0.948–0.985], OR=0.966, P<0.001) and incidence of 
CVDs (95% CI [1.078–1.199], OR=1.137, P<0.001) on the basis of the findings of the IVW method. However, the 
difference in TG levels between the OSA group and the control group was not statistically significant (95% CI [0.995– 
1.027], OR=1.011, P=0.179). The consistency between the above mentioned findings and those attained by the IVW 
method could be approved. The association of OSA with MetS could be visualized via scatter plots (Figure 6).

Horizontal Pleiotropy MetS Assessment and Sensitivity Analysis
To indicate the presence of significant heterogeneity and horizontal pleiotropy, it was attempted to reveal the correlation 
among OSA, hypertension, diabetes, BMI, HDL level, TG level, and CVDs through some methods that were comple-
mentary to MR analysis. First, the negligible heterogeneity of SNPs was revealed on the basis of P-value > 0.05 in the 
heterogeneity test. The dominancy of the fixed-effect IVW method in the MR analysis was noted. Table 6 shows 
the results of the heterogeneity test and pleiotropy. The negligible influence of IVs on such results was found through the 
“leave-one-out” sensitivity analysis, and the asymmetric distribution of single IVs was illustrated using a funnel plot, 
suggesting that the potential bias might not influence causality (Supplementary Figures 1 and 2).

Discussion
The present cross-sectional study using the NHANES database demonstrated a positive association between OSA and 
Mets in both unadjusted models and after adjusting for demographic factors, lifestyle, dietary factors, and potential 
confounders of chronic disease (Table 4). In addition, the causal relationship between OSA and MetS was revealed by 
a two-sample MR. Notably, this is the first study that used MR to illustrate the association between OSA and MetS.

In patients with OSA, intermittent hypoxemia (IH) is one of its important features,27 triggering a surge in blood 
pressure and sympathetic nervous system overactivity via carotid chemoreceptors. Of note, patients with OSA who were 
awake also exhibited a persistent elevation in blood pressure that could be related to the enhanced sympathetic drive.28 In 
addition, there is evidence that the use of positive airway pressure (PAP) for OSA can lead to a reduction in the efficacy 

Table 5 (Continued). 

Outcome Methods SNPs (n) OR 95% CI P-value

HDL MR Egger 30 0.973 0.918–1.031 0.363
Weighted median 30 0.986 0.969–1.003 0.113

IVW 30 0.966 0.948–0.985 P<0.001

Simple mode 30 0.995 0.963–1.029 0.784
Weighted mode 30 0.994 0.967–1.021 0.649

TG MR Egger 30 0.979 0.936–1.024 0.359
Weighted median 30 1.007 0.991–1.023 0.416

IVW 30 1.011 0.995–1.027 0.179

Simple mode 30 1.008 0.975–1.041 0.644
Weighted mode 30 1.012 0.982–1.045 0.426

CVDs MR Egger 31 1.014 0.866–1.186 0.868
Weighted median 31 1.067 0.997–1.143 0.061

IVW 31 1.137 1.078–1.199 P<0.001

Simple mode 31 1.035 0.897–1.195 0.643
Weighted mode 31 1.035 0.893–1.199 0.652
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of anti-hypertensive therapy.29,30 Therefore, OSA is an important factor contributing to hypertension. The mechanisms by 
which OSA might cause diabetes were multifaceted. First, the correlation of OSA with insulin resistance could be 
confirmed. A previous study showed that versus the general population, there was a greater incidence of OSA in cases 
with T2DM, and it was further elevated with the severity of OSA.31 This could be attributed to intermittent hypoxemia 
(IH) leading to beta cell dysfunction and insulin resistance.32 Secondly, hypoxia could lead to the increased hypotha-
lamic-pituitary-adrenal axis activity and circulating cortisol concentrations, which interfere with glucose metabolism and 
increase the risk of diabetes.33 Thirdly, in addition to the elevation of blood pressure, tissue sensitivity to insulin levels 
could be impaired by the sympathetic excitation. Finally, higher levels of inflammatory cytokines were found in OSA 
patients,34 which were more likely to lead to local or systemic inflammation. Inflammatory cytokines have also been 
noted to be associated with insulin resistance.35

Numerous studies have shown that OSA may influence BMI through leptin. Leptin can be combined with the surface 
OB receptor (OBRS) of the hypothalamus to activate the JAK-STAT signaling pathway to increase the expression levels 

Figure 6 Visualization of causal influence of OSA on the incidence rates of Mets and CVD by scatter plots. Each point in the scatter plot represents a genetic variant, which 
shows us how each genetic variant (SNP) is associated with Exposure and Outcome. The magnitude of the causal relationship was indicated by the slope of the straight line. 
(A–E) Visualization of causal influence of OSA on the incidence rates of hypertension, diabetes, BMI, as well as on HDL and TG levels by scatter plots; (F) Visualization of 
causal influence of OSA on the incidence rate of CVD by the scatter plot. 
Abbreviations: MR, Mendelian randomization; IVW, inverse-variance weighted.

Table 6 Heterogeneity Test and Pleiotropy of OSA IVs from GWAS

Outcomes Pleiotropy Test Heterogeneity Test

MR-Egger MR-Egger Inverse-Variance Weighting

Intercept SE P Q Q-df Q-pval Q Q-df Q-pval

Hypertension 0.012 0.008 0.156 39.77 29 0.088 42.68 30 0.062

Diabetes −0.032 0.032 0.336 144.24 15 p<0.001 153.73 15 p<0.001
BMI (kg/m2) 0.003 0.001 0.758 1211.53 28 p<0.001 1215.71 29 p<0.001

HDL −0.001 0.003 0.809 89.10 28 p<0.001 89.29 29 p<0.001

TG 0.003 0.002 0.149 49.31 28 0.008 53.20 29 0.004
CVDs 0.010 0.007 0.140 42.73 29 0.048 46.13 30 0.030
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of anorexia peptides and reduce appetite.36 The present study revealed that OSA and BMI had a positive correlation, and 
subsequent MR analysis demonstrated that there was a causal relationship between OSA and BMI. The Beijing Children 
and Youth Metropolitan Syndrome (BCAMS) study showed that among 3166 students who aged 6–12 years old, poor 
sleep was related to the higher BMI.37 In a Wisconsin sleep cohort study of 1024 adult participants who aged 30–60 years 
old, short sleep duration (<8 h) was shown to be associated with the lower leptin and higher BMI.38 Therefore, OSA may 
lead to obesity through the elevation of BMI caused by leptin, leading to the decreased leptin level, increased growth 
hormone-releasing peptide level, and enhanced appetite. The noticeable correlation of HDL with OSA severity was 
previously reported, accompanying by higher AHI values in patients with lower HDL levels.15 Several studies have 
evaluated circulating HDL-C concentrations in patients with OSA and the majority had reduced HDL-C levels.39,40 

A meta-regression analysis showed that OSA was associated with higher total cholesterol, TG, and LDL levels, while 
lower HDL concentrations.41 As the pathological process of OSA is typically characterized by IH, oxidative stress, and 
inflammation, dysfunction of HDL is noteworthy, and its physiological effects are impaired.42 For instance, oxidative 
stress-related enzymes (eg, MPO) over-oxidize HDL.43 In addition, the reduced activity of HDL-bound paraoxonase-1 
(PON-1) was also noted to be associated with HDL dysfunction. PON-1 has antioxidant properties, and lower circulating 
levels of PON-1 were identified in OSA patients than in controls.44 The present study confirmed a causal association 
between genetically driven OSA and HDL, while no causal association was detected between OSA and hypertriglycer-
idemia. IH during OSA may indirectly contribute to hypertriglyceridemia. As IH leads to a decrease in beta oxidation 
during lipolysis, more free fatty acids are used for synthesis of TG and cholesterol ester.45

The correlation of OSA with the incidence of CVD was previously proved,46 consistent with our findings which 
indicated the relationship of OSA with greater incidence rates of all-cause mortality and cardiovascular mortality. 
Meanwhile, MR analysis indicated a causal relationship between OSA and CVD. A greater risk of atrial fibrillation 
(AF) in OSA cases versus in non-OSA cases was previously concluded.47 A causal relationship of gene-driven OSA with 
AF has been explored recently.47,48 Acidosis, hypoxia, hypercapnia, and elevated pulmonary arterial pressure during 
OSA pathology could lead to the sympathetic-vagal activation, resulting in electrophysiological changes in the heart, 
increasing the frequency of premature atrial beats, and triggering AF.49,50 A range of 30–60% was reported for the 
incidence of sleep breathing disorders in cases with congestive heart failure.51 Furthermore, OSA is a common co- 
morbidity in cases with coronary artery disease (CHD).51 The positive relationship of OSA with CHD progression was 
previously revealed, and OSA appeared as a risk factor for CHD.52 Study showed the enhanced vasoconstriction in mice 
exposed to chronic intermittent hypoxemia, and an imbalance between vasoconstriction and diastole might lead to OSA- 
induced myocardial ischemic injury.53 Another MR-based study also illustrated an association between OSA and heart 
failure, hypertension, and AF, whereas no significant association was found with CHD.54

The present study had several strengths. The NHANES database appeared highly appropriate for figuring out 
correlations between diseases. Besides, the NHANES database considered potential confounders, enhancing the general-
izability of the study results.55 MR is an effective method of causal inference. Genetic variations are regarded as IVs in 
MR analysis to figure out an outcome-exposure causal relationship, remarkably attenuating the confounding bias arisen 
from traditional epidemiological studies.56 Although the susceptibility of observational studies to unmeasured confoun-
ders and reverse causality was revealed, MR analysis has shown to have a high false-negative rate in case of controlling 
confounders. Thus, observational data from the NHANES database combined with a two-sample MR analysis made the 
study conclusions more reliable. This was the first study that employed MR to analyze the causal relationship between 
OSA and MetS.

However, some limitations should be described. Firstly, the data related to sleep disorders in the NHANES were 
derived from participants’ recollections and might be subjected to recall bias. Secondly, data from the NHANES and 
GWAS were derived from European and American populations, and further multi-ethnic research is therefore essential to 
confirm the findings. Thirdly, given the absence of direct MetS data within the GWAS database, variations in the 
definitions of central obesity could potentially influence the outcomes.57 Fourthly, there is a lack of objective evaluation 
of sleep because the diagnosis of OSA via polysomnography is not used. Furthermore, although Mendelian randomiza-
tion demonstrated a causal relationship between OSA and MetS, further empirical evidence is awaited to prove this.
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Conclusions
In conclusion, a positive association of OSA with MetS was suggested, accompanying by higher incidence rates of all- 
cause and cardiovascular mortality. MR analysis further confirmed the causal relationship of OSA with MetS and CVD. 
The next studies will concentrate on the specific mechanisms by which OSA affects MetS in order to propose 
individualized preventive and therapeutic measures.
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