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The prevalence of high blood pressure has increased over 
the past decades.1 Hypertension is a major risk factor for 

cardiovascular disease (CVD)1 and typically coexists with 
other CVD risk factors and unhealthy lifestyle behaviors, 
such as smoking, diabetes, dyslipidemia, overweight, physical 
inactivity, and unhealthy diet.2 From randomized controlled 
trials, we have learned that weight reduction,3 reduction of 
alcohol intake,4 and exercise training5 lower blood pressure 
and are causally related to hypertension. For other risk fac-
tors, it remains unclear whether they have a causal role in the 
pathophysiology of hypertension or merely are a consequence 
of a shared risk factor profile, because the majority of evi-
dence originates from observational studies,6–21 which cannot 
be used to infer causality because of confounding and reverse 

causation bias. A better understanding of which risk factors 
play a causal role will contribute to the identification of po-
tential additional targets in the prevention of hypertension and 
eventually CVD and mortality.

The Mendelian randomization (MR) design is a genetic 
instrumental variable analysis with observational data that can 
be used to address causal hypotheses because this design is less 
vulnerable to confounding and reverse causation bias.22 The 
MR design has been previously used to study the association 
of certain CVD risk factors and lifestyle behaviors, including 
lipids,23 body mass index (BMI),24–26 smoking,27 alcohol con-
sumption,28,29 physical activity,30 sleep duration,13,31 and edu-
cational level,32 with risk of hypertension. For the majority 
of these risk factors, larger genome-wide association studies 
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Abstract—Hypertension is a major risk factor for cardiovascular disease and mortality. To identify targets for the prevention 
of hypertension and its associated disease burden, we used the 2-sample Mendelian randomization method to investigate 
the causal associations of 18 cardiovascular risk factors and lifestyle behaviors with hypertension. From European-descent 
genome-wide association studies, we selected genetic variants (P<5×10−8) for type 2 diabetes, fasting glucose, lipids, 
body mass index, smoking, alcohol and coffee consumption, physical activity, sleep duration, insomnia, and educational 
level. We extracted the genetic associations with hypertension from 2 European cohorts: the FinnGen Study (15 870 
cases and 74 345 controls) and UK Biobank (54 358 cases and 408 652 controls). The inverse-variance weighted method 
was used as main analysis method. Genetically predicted triglycerides (pooled odds ratio [OR] per 1 SD, 1.17 [1.10–
1.25]), body mass index (OR per 1 SD, 1.42 [1.37–1.48]), alcohol dependence (OR, 1.10 [1.06–1.13]), and insomnia 
(OR, 1.17 [1.13–1.20]) were associated with a higher odds of hypertension. Higher genetically predicted high-density 
lipoprotein cholesterol (OR per 1 SD, 0.88 [0.83–0.94]) and educational level (OR per 1 SD, 0.56 [0.54–0.59]) were 
associated with a lower odds of hypertension. Suggestive evidence was obtained for type 2 diabetes, smoking initiation 
and alcohol consumption with a higher hypertension odds, and longer sleep duration with a lower hypertension odds. This 
Mendelian randomization study identified high-density lipoprotein cholesterol, triglycerides, body mass index, alcohol 
dependence, insomnia, and educational level as causal risk factors for hypertension. This implicates that these modifiable 
risk factors are important targets in the prevention of hypertension.  (Hypertension. 2020;76:1971-1979. DOI: 10.1161/
HYPERTENSIONAHA.120.15761.) • Data Supplement
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(GWAS) have become available during the past years.33–35 For 
other modifiable risk factors, including type 2 diabetes, coffee 
consumption, and insomnia, the relationship with hyperten-
sion has not yet been investigated using the MR design, al-
though there are GWASs published for these risk factors.36–38

In this MR study, we investigated the causal associations 
of 18 cardiovascular risk factors and lifestyle behaviors with 
hypertension risk by using the most recent and largest GWASs 
for the risk factors currently available.

Methods
Two-Sample MR Design
In this study, we used the 2-sample MR design.22 MR is a genetic 
instrumental variable analysis that uses single nucleotide polymor-
phisms (SNPs) as instrumental variables for the risk factors of in-
terest. SNPs are randomly allocated at meiosis and can therefore not 
be influenced by reverse causation bias. By exclusion of SNPs (1) 
associated with confounders of the risk factor-outcome association or 
(2) that influence the outcome via another pathway than through the 
exposure, confounding bias can be limited. This makes it possible to 
test causal hypotheses using the MR design. All data used in this MR 
study are publicly available. Information on how to access these data 
can be found in the below cited GWAS articles.

Data Sources for and Selection of Genetic 
Instruments
We used GWASs conducted primarily among individuals of European 
ancestry as data sources for the genetic instruments of the modifiable 
risk factors. An overview of these data sources has been provided in 
the Table. We selected SNPs as instrument if associated with the risk 
factors at the genome-wide significance level (P<5×10−8). If SNPs 
were in linkage disequilibrium (r2>0.1), we included the SNP with 
the strongest correlation with the risk factor. Finally, we excluded 
SNPs that were not available in the hypertension GWASs. This led 
to an inclusion of 278/292 SNPs (FinnGen/UK Biobank) for type 2 
diabetes,37 35/35 SNPs for fasting glucose,39 54/54 SNPs for low-den-
sity lipoprotein cholesterol,40 65/67 SNPs for high-density lipopro-
tein cholesterol (HDL-C),40 35/36 SNPs for triglycerides,40 812/832 
SNPs for BMI,35 339/357 SNPs for smoking initiation,34 44/47 SNPs 
for smoking heaviness,34 85/90 SNPs for alcohol consumption,34 2/3 
SNPs for alcohol dependence,41 13/14 SNPs for coffee consump-
tion,38 5/7 SNPs for moderate-to-vigorous physical activity,42 3/4 
SNPs for sedentary behavior,30 231/236 SNPs for insomnia,36 71/77 
SNPs for overall sleep duration,43 26/27 SNPs for short sleep dura-
tion (<7 versus 7–8 hour/day),43 7/7 SNPs for long sleep duration (≥9 
versus 7–8 hours/day),43 and 1084/1138 SNPs for educational level33 
(Figure 1). The phenotypic variance explained by the genetic instru-
ments varied from 0.073% for moderate-to-vigorous physical activity 
to 16.3% for type 2 diabetes (Table).

Data Sources for Hypertension
We extracted the genetic associations of the instrumental variables 
with hypertension from 2 European cohorts: the FinnGen Study 
(second release) and UK Biobank.

The FinnGen Study is a Finnish, nationwide GWAS meta-analy-
sis of 13 cohorts and biobanks,44 which has no to very limited overlap 
with the exposure GWASs (Table). The cohorts have been linked with 
longitudinal digital health record data from nationwide health regis-
tries. The FinnGen Study included 15 870 individuals with hyperten-
sion, defined as the presence of essential (primary) hypertension and 
74 345 individuals without essential hypertension or any other hyper-
tensive diseases. The International Classification of Diseases diagno-
sis codes used to define essential hypertension have been provided in 
Table S1 in the Data Supplement. The GWAS was adjusted for age, 
sex, 10 principal components, and genotyping batch.

UK Biobank is a cohort study that included over 500 000 men 
and women from the UK general population between 2006 and 

2010.45 Information on primary hypertension was obtained from dis-
charge registries using the secondary International Classification of 
Diseases 10 diagnosis code I10—Essential (primary) hypertension. 
UK Biobank included 54 358 cases with primary hypertension and 
408 652 controls. We accessed the data through the MR-Base plat-
form (UKB-b:12493).46 Several exposure GWASs had substantial or 
full overlap with UK Biobank (Table). In one of the sensitivity anal-
ysis, we used data on self-reported hypertension (199 731 cases and 
343 202 controls) from UK Biobank (UKB-b:14057).46

Statistical Analyses
For the principal analyses, the inverse-variance weighted (IVW) 
method under a multiplicative random-effects model was used in 
each cohort separately.22 This method combines the Wald ratio esti-
mates of each individual SNP (beta

 SNP-outcome
 divided by beta

 SNP-risk 

factor
) into one causal estimate for each risk factor. The causal estimates 

from both cohorts were pooled using fixed-effect meta-analysis.
Since the IVW estimates might be affected by invalid instrument 

bias or pleiotropy, we tested the validity and robustness of the results 
by conducting several sensitivity analyses. The sensitivity analyses 
were performed in each cohort separately. First, the weighted median 
method was used to check invalid instrument bias.47 This method pro-
vides a consistent estimate if over 50% of the weight in the meta-anal-
ysis has been derived from valid SNPs. Second, the MR pleiotropy 
residual sum and outlier method was used to identify outlying SNPs 
that are potentially horizontally pleiotropic and to check whether ex-
clusion of the outlying SNPs changed the causal estimate. Third, MR-
Egger was used to identify potential directional pleiotropy. Fourth, as 
there is genetic correlation between the different lipid traits, we used 
multivariable MR analyses to adjust for the genetic correlation with 
the other 2 lipid traits. Fifth, we explored the role of BMI in the asso-
ciation between genetically predicted type 2 diabetes and hyperten-
sion using the genetic association estimates from the genome-wide 
significant SNPs in the GWAS on type 2 diabetes adjusted for BMI 
(175 SNPs in FinnGen and 181 SNPs in UK Biobank).37 Finally, for 
the complementary analyses, the IVW analyses were repeated with 
self-reported hypertension data from UK Biobank.

The statistical analyses were conducted using RStudio (Version 
1.2.5019) with R packages MendelianRandomization, MR pleiotropy 
residual sum and outlier, TwoSampleMR. and metafor. Results were 
reported as odds ratio (OR) with corresponding 95% CIs. To account 
for multiple testing in our principal analyses, we used a Bonferroni-
corrected significance level of P<2.78×10−3 (0.05 divided by 18 risk 
factors). P value between 2.78×10−3 and 0.05 were considered as po-
tential associations.

Results
Cardiovascular and Lifestyle-Related Risk Factors 
and Hypertension: Principal Results
A significantly higher OR of essential hypertension was 
observed for the following 6 modifiable risk factors in the 
pooled analysis (Figure 2): genetically predicted type 2 di-
abetes (pooled OR, 1.12 [95% CI, 1.09–1.14]), triglycer-
ides (OR per 1 SD increase, 1.17 [1.10–1.25]), BMI (OR 
per 1 SD increase, 1.42 [1.37–1.48), smoking initiation 
(OR, 1.24 [1.18–1.31]), alcohol dependence (OR, 1.10 
[1.06–1.13]), and insomnia (OR, 1.17 [1.13–1.20]). A higher 
genetically predicted HDL-C (OR per 1-SD increase, 0.88 
[0.83–0.94]) and educational level (OR per 1 SD increase, 
0.56 [0.54–0.59]) were associated with a lower odds of hy-
pertension. Potential evidence was obtained for higher ge-
netically predicted alcohol consumption (OR per 1 SD 
increase in log-transformed alcoholic drinks/week, 1.28 
[1.07–1.52]) and short sleep duration (OR, <7 versus 7–8 
hours/day, 1.17 [1.03–1.34]) with a higher odds of hyper-
tension and genetically predicted longer sleep duration with 
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a lower odds of hypertension (OR per 1 hour/day increase, 
0.84 [0.72–0.98]). No significant associations were observed 
for genetically higher fasting glucose, low-density lipopro-
tein cholesterol, smoking heaviness, coffee consumption, 

moderate-to-vigorous physical activity, and sedentary beha-
vior (Figure 2). Significant heterogeneity in the results from 
FinnGen and UK Biobank was only present in the meta-anal-
ysis on insomnia (I2=80.6%; P=0.023).

Table. Overview of the Data Sources of the Instrumental Variables Used in the MR Study

Risk factor SNPs Used SNPs* Sample size Ancestry Unit† Variance, % Overlap‡

Glucose

    Type 2 diabetes37 403 278/292 898 130 European Odds of type 2 diabetes 16.3% None/≈50%

    Fasting glucose39 36 35/35 133 010 European mmol/L 4.8% ≈0%–5%/none

Lipids

    LDL-C40 58 54/54 188 577 Mostly European 1 SD increase in LDL-C 14.6% ≈0%–5%/none

    HDL-C40 71 65/67 188 577 Mostly European 1 SD increase in HDL-C 13.7% ≈0%–5%/none

    Triglycerides40 40 35/36 188 577 Mostly European 1 SD increase in 
triglycerides

11.7% ≈0%–5%/none

Overweight

    Body mass index35 941 812/832 ≈700 000 European 1 SD increase in body 
mass index

≈6.0% None/≈60%–70%

Smoking

    Smoking initiation34 378 339/357 1 232 091 European Ever smoked regularly 
compared with never 
smoked

2.3% None/≈30%–35%

    Cigarettes per day34 55 44/47 337 334 European 1 SD increase in number 
of cigarettes smoked 
per day

≈1% None/≈35%

Diet

    Alcohol 
consumption34

99 85/90 941 280 European 1-SD increase in log-
transformed alcoholic 
drinks/wk

≈0.2% None/≈30%–35%

    Alcohol dependence41 3 2/3 46 568 European Odds of alcohol 
dependence

≈0.4% None/none

    Coffee consumption38 15 13/14 375 833 European 50% change ≈0.5% None/≈90%

Physical activity

    MVPA42 9 5/7 377 234 European 1 SD increase in MET-
min/wk of MVPA

0.073% None/full

    Sedentary behavior30 4 3/4 91 105 European 1 SD increase in sedentary 
time

0.08% None/full

Sleep

    Insomnia36 248 231/236 1 331 010 European Odds of insomnia 2.6% None/≈30%

    Sleep duration43 78 71/77 446 118 European h/d 0.69% None/full

    Short sleep duration43 27 26/27 411 934 European <7 h/d compared with 
7–8 h/d

NA None/full

    Long sleep duration43 8 7/7 339 926 European ≥9 h/d compared with 
7–8 h/d

NA None/full

Education

    Educational level33 1271 1084/1138 1 131 881 European 1 SD increase in years of 
educational attainment

11%–13% None/≈40%

GWAS indicates genome-wide association study; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MET, metabolic equivalent 
of task; MR, Mendelian randomization; MVPA, moderate to vigorous physical activity; NA, not available; and SNP, single nucleotide polymorphism.

*SNPs used in the present MR analysis (FinnGen/UK Biobank).
†Units used in the present MR analysis.
‡The estimated overlap of FinnGen/UK Biobank with the risk factor GWASs. The percentages represent the part of the risk factor GWASs that had overlap with 

FinnGen/UK Biobank.
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Robustness of the Results
The MR-Egger regression findings for type 2 diabetes and 
BMI indicated potential pleiotropy, as the causal estimates at-
tenuated compared with the IVW analyses and the intercepts 
were significantly larger than zero (Table S2). However, the 
results of the other sensitivity analyses to investigate poten-
tial pleiotropy were consistent, except that the association 
between type 2 diabetes and hypertension attenuated in the 
weighted median analysis in both FinnGen and UK Biobank. 
This association between genetic liability to type 2 diabetes 

and hypertension also partly attenuated compared with the 
IVW analysis when SNPs for type 2 diabetes were adjusted 
for BMI (FinnGen: OR, 1.06 [1.02–1.10], P: 5.44×10−3 
and UK Biobank: OR, 1.09 [1.07–1.12], P: 1.10×10−12). 
Although the pooled analysis showed no significant asso-
ciation between smoking heaviness and hypertension, the 
IVW and MR pleiotropy residual sum and outlier analysis 
revealed a potential association between higher genetically 
predicted number of cigarettes and a higher odds of hyper-
tension in UK Biobank, while the MR-Egger regression in 

Figure 1. Overview of the design and main results of this Mendelian randomization (MR) study on modifiable risk factors and hypertension. All results described 
here can be found in Figure 2 and Table S2 in the Data Supplement. BMI indicates body mass index; HDL-C, high-density lipoprotein cholesterol; IVW, inverse-
variance weighted; LDL-C, low-density lipoprotein cholesterol; MR-PRESSO, MR-pleiotropy residual sum and outlier; MVPA, moderate-to-vigorous physical 
activity; NA, not applicable due to limited number of SNPs; SNP, single nucleotide polymorphisms in FinnGen/UK Biobank; and TG, triglycerides.
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FinnGen revealed a potential protective association (Table 
S2). The findings for the other modifiable risk factors were 
robust in all sensitivity analyses (Table S2). After adjustment 
for the genetic overlap in the lipid traits, the association be-
tween HDL-C and hypertension attenuated (OR per 1 SD in-
crease, 0.99 [0.88–1.11] in FinnGen and 0.93 [0.85–1.01] in 
UK Biobank), but the findings for triglycerides and low-den-
sity lipoprotein cholesterol remained (Table S3). In the 
sensitivity analysis with self-reported hypertension in UK 
Biobank as outcome, similar risk factors were significantly 
associated as in our main analyses (Table S4).

Discussion
In this MR study on modifiable cardiovascular and lifestyle-
related risk factors of hypertension, we found that genetically 
predicted type 2 diabetes, triglycerides, BMI, smoking ini-
tiation, alcohol dependence, and insomnia were associated 
with a higher hypertension risk, and that higher genetically 
predicted HDL-C and educational level were associated with 
a lower hypertension risk. Furthermore, we found potential 
associations of genetically predicted higher alcohol consump-
tion with increased risk of hypertension and longer sleep dura-
tion with a lower risk of hypertension. For the other modifiable 

risk factors, there was insufficient evidence for a causal rela-
tionship with hypertension.

To draw conclusions about causality from MR studies, it is 
important to determine whether potential violations of the MR 
assumptions might have introduced bias and to assess whether 
the MR results are similar to the observational literature.48

Our observed associations of HDL-C, triglycerides, 
BMI, and educational level with hypertension are likely to 
be causal considering the robust results in a wide variety of 
sensitivity analyses to test the MR assumptions. Moreover, 
our findings are consistent with previous prospective obser-
vational studies7,12–15,49 and MR studies.23–26,32 Likewise, our 
observed association between insomnia and hypertension is 
probably causal, as most sensitivity analyses were consistent 
and showed no indication of a violation of the MR assump-
tions. In addition, the findings are in line with results from 
prospective observational studies.19

The observed associations of genetic predisposition to 
alcohol dependence and higher alcohol consumption with 
an increased hypertension risk are in line with previous ran-
domized intervention studies4 and MR studies.50 Previous 
prospective observational studies6 have suggested a poten-
tial nonlinear association between alcohol consumption and 

Figure 2. The association between modifiable risk factors and essential hypertension using the inverse-variance weighted Mendelian randomization method. 
Odds ratios (ORs) represent the associations with hypertension of respectively: type 2 diabetes; 1-mmol/L increase in fasting glucose; 1-SD increase in low-
density lipoprotein cholesterol (LDL–C); 1-SD increase in high-density lipoprotein cholesterol (HDL-C); 1-SD increase in triglycerides; 1-SD increase in body 
mass index; ever smoked regularly compared with never smoked; 1-SD increase in number of cigarettes smoked per day; 1-SD increase in log-transformed 
alcoholic drinks/wk; alcohol dependence; 50% change in coffee consumption; 1-SD increase in metabolic equivalent of tasks-min/wk of moderate-to-
vigorous physical activity (MVPA); 1-SD increase in sedentary time; insomnia; 1-h/d increase in sleep duration; <7 h/d sleep duration compared with 7 to 8 
h/d; ≥9 h/d sleep duration compared with 7 to 8 h/d; 1-SD increase in years of educational attainment.
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hypertension risk in women, with moderate drinkers having 
no increased risk compared with abstainers. As our MR study 
was not designed to reveal nonlinear associations, we can only 
conclude that excessive alcohol consumption is likely to be a 
causal risk factor for hypertension.

The observed association between genetic liability to type 
2 diabetes and hypertension risk was potentially biased by 
pleiotropy according to the sensitivity analyses. In addition, 
BMI partly explained this association. It is not completely 
clear whether the association that remained after adjustment 
for BMI represents an independent causal effect of type 2 di-
abetes on hypertension risk. However, previous prospective 
observational studies20,21 and a previous MR study51 found 
similar evidence for a harmful effect.

The observational literature has been inconsistent about 
the association between smoking and incident hypertension. 
Two previous prospective observational studies reported an 
increased hypertension risk in current smokers but not in 
former smokers.8,52 Another observational study found an in-
crease in blood pressure following smoking cessation,53 but 
this association might be driven by residual confounding re-
lated to weight gain. In our MR study, we found an associa-
tion between smoking initiation (ever smoked regularly) and 
increased hypertension risk, a finding that is in line with a 
previous MR study on smoking and arterial hypertension in 
UK Biobank,54 but not with another MR study that did not 
observe an association between 2 smoking-increasing alleles 
and hypertension.27 Despite the uncertainty about the evidence 
for smoking and hypertension, smoking should still be dis-
couraged as the total body of evidence robustly indicates that 
smoking is a strong risk factor for CVD.54

The potential association between longer sleep dura-
tion and lower hypertension risk is supported by previous 
prospective observational studies.19 However, this associa-
tion was only observed in UK Biobank. UK Biobank had a 
larger sample size than FinnGen but also had a full sample 
overlap with the sleep duration GWAS. The latter might have 
increased the type I error rate.55 Thus, it is not possible to draw 
conclusions on the causal role of sleep duration in the devel-
opment of hypertension.

The null findings for fasting glucose, low-density li-
poprotein cholesterol, coffee consumption, and physical 
activity might suggest that the associations found in ob-
servational studies11,14,17,18,56 reflect confounding or reverse 
causation bias. This could especially be the case for cof-
fee consumption, which has less biological plausibility for 
a causal association with hypertension. On the other hand, 
it is possible that our null findings were a consequence of 
insufficient power because of the relatively low variance 
explained for some of these risk factors. The latter expla-
nation is supported by the lack of significant association 
with physical activity, for which randomized intervention 
studies have shown that different types of exercise training 
programs lower blood pressure compared with sedentary 
controls5 and for which the prospective observational litera-
ture consistently supports this association.18 Taken together, 
it is not possible to make any firm conclusions on the causal 
role of these modifiable risk factors in hypertension based 
on our MR analysis.

Underlying Mechanisms
Hypertension is characterized by a multifactorial and complex 
pathophysiology.57 Factors contributing to high blood pressure 
vary from obesity, high-salt intake, and insulin resistance to dis-
parities in the renin-angiotensin and the sympathetic nervous 
system. The modifiable risk factors we identified as causal 
factors for hypertension in this MR study might interfere with 
variety of these pathophysiological processes. For example, 
obesity is thought to increase the activity of the sympathetic 
nervous system and to dysregulate the renin-angiotensin system, 
which both have an important role in blood pressure regula-
tion.58 High triglyceride levels have been associated with endo-
thelial dysfunction and increased arterial stiffness,59,60 whereas 
high HDL-C levels have been inversely related to arterial stiff-
ness.61 Furthermore, there are several factors that link insomnia 
to hypertension, such as increased sympathetic nervous system 
activity, elevated heart rate, and abnormal hormone secretion.19 
The beneficial effect of higher educational level on hyperten-
sion risk could be because of, among others, more resources to 
maintain a healthy lifestyle and to access health care.

Clinical Implications
Modification of the cardiovascular and lifestyle-related risk 
factors we identified in this study will contribute to the pre-
vention of hypertension and, eventually, of the hypertension-
associated disease burden and mortality. We now have an 
improved understanding of which risk factors play a causal 
role. This should be used to inform cardiovascular prevention 
guidelines and governmental policy makers. For example, our 
MR study further strengthens the current evidence for a causal 
role of insomnia in the pathophysiology of hypertension, 
which implicates that sleep should get a more prominent role 
as lifestyle factor affecting CVD risk in current guidelines.62

Strengths and Limitations
A strength of this study was the use of the MR design, which 
minimizes residual confounding and reverse causation bias, to 
investigate the associations of a variety of modifiable risk factors 
with hypertension risk. Furthermore, there was no or very lim-
ited overlap in the exposure GWASs and FinnGen to keep the 
type 1 error rate as low as possible (Table), while UK Biobank 
has a large sample size to maximize statistical power. The hyper-
tension diagnosis in the outcome GWASs was obtained through 
linkage with high-quality, national health registry data, which 
reduced selection bias because of loss to follow-up.

It is important to acknowledge that we were not able to 
draw conclusions on causality for certain modifiable risk fac-
tors because of limited precision as a result of the small vari-
ance explained by the genetic instruments (Table). Moreover, 
as people had to survive to a certain age to be included in 
the GWASs, the effect estimates might be distorted in either 
direction by survivor bias. Yet, we think that this potential sur-
vivor bias did not lead to a reversal of the effects, because 
the FinnGen GWAS included participants from different 
age groups and our major findings had relatively large effect 
sizes. Finally, although our results were robust in 2 different 
European populations, the results are less generalizable to 
populations of non-European ancestry. However, this restric-
tion reduced bias from population stratification.
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Conclusions
This MR study identified HDL-C, triglycerides, BMI, alcohol 
dependence, insomnia, and educational level as causal risk 
factors for hypertension. This implicates that these modifiable 
risk factors are important targets in the prevention of hyper-
tension and its associated disease burden. For other modifiable 
risk factors, the evidence is insufficient to draw conclusions 
on causality.

Perspectives
Cardiovascular risk factors and lifestyle behaviors are ame-
nable to modification and may therefore be relevant targets 
in the prevention of hypertension. For some modifiable risk 
factors, it is unclear whether they are causally related to hy-
pertension. This MR study found that HDL-C, triglycerides, 
BMI, alcohol dependence, insomnia, and educational level 
are causal risk factors of hypertension. This improved under-
standing of the pathophysiology of hypertension can be used 
to identify additional targets for the prevention of hyperten-
sion and its association diseases.

Acknowledgments
We gratefully acknowledge the authors and participants of all GWAS 
from which we used summary statistics data.

Sources of Funding
This work was supported by the Amsterdam Public Health Research 
Institute (2 personal travel grants of S. van Oort), the Swedish 
Research Council (Vetenskapsrådet; 2019-00977 to S.C. Larsson), 
and the Swedish Heart-Lung Foundation (Hjärt-Lungfonden; 
20190247 to S.C. Larsson).

Disclosures
None.

References
 1. Forouzanfar MH, Liu P, Roth GA, Ng M, Biryukov S, Marczak L, 

Alexander L, Estep K, Abate KH, Akinyemiju TF, et al. Global burden 
of hypertension and systolic blood pressure of at least 110 to 115 
mm Hg, 1990-2015. JAMA. 2017;317:165–182. doi: 10.1001/jama. 
2016.19043

 2. Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins KJ, 
Himmelfarb CD, DePalma SM, Gidding S, Jamerson KA, Jones DW, et 
al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/
PCNA guideline for the prevention, detection, evaluation, and manage-
ment of high blood pressure in adults: executive summary: a report of the 
American College of Cardiology/American Heart Association Task Force 
on Clinical Practice Guidelines. Circulation. 2018;138:e426–e483. doi: 
10.1161/cir.0000000000000597

 3. Neter JE, Stam BE, Kok FJ, Grobbee DE, Geleijnse JM. Influence of 
weight reduction on blood pressure: a meta-analysis of randomized con-
trolled trials. Hypertension. 2003;42:878–884. doi: 10.1161/01.HYP. 
0000094221.86888.AE

 4. Roerecke M, Kaczorowski J, Tobe SW, Gmel G, Hasan OSM, Rehm J. 
The effect of a reduction in alcohol consumption on blood pressure: a 
systematic review and meta-analysis. Lancet Public health. 2017;2:e108–
e120. doi: 10.1016/s2468-2667(17)30003-8

 5. Cornelissen VA, Smart NA. Exercise training for blood pressure: a sys-
tematic review and meta-analysis. J Am Heart Assoc. 2013;2:e004473. 
doi: 10.1161/JAHA.112.004473

 6. Roerecke M, Tobe SW, Kaczorowski J, Bacon SL, Vafaei A, Hasan OSM, 
Krishnan RJ, Raifu AO, Rehm J. Sex-specific associations between al-
cohol consumption and incidence of hypertension: a systematic review 
and meta-analysis of cohort studies. J Am Heart Assoc. 2018;7:e008202. 
doi: 10.1161/jaha.117.008202

 7. Zhou W, Shi Y, Li YQ, Ping Z, Wang C, Liu X, Lu J, Mao ZX, Zhao J, 
Yin L, et al. Body mass index, abdominal fatness, and hypertension in-
cidence: a dose-response meta-analysis of prospective studies. J Hum 
Hypertens. 2018;32:321–333. doi: 10.1038/s41371-018-0046-1

 8. Bowman TS, Gaziano JM, Buring JE, Sesso HD. A prospective study of 
cigarette smoking and risk of incident hypertension in women. J Am Coll 
Cardiol. 2007;50:2085–2092. doi: 10.1016/j.jacc.2007.08.017

 9. Okubo Y, Suwazono Y, Kobayashi E, Nogawa K. An association be-
tween smoking habits and blood pressure in normotensive Japanese men: 
a 5-year follow-up study. Drug Alcohol Depend. 2004;73:167–174. doi: 
10.1016/j.drugalcdep.2003.10.005

 10. Niskanen L, Laaksonen DE, Nyyssonen K, Punnonen K, Valkonen  
V-P, Fuentes R, Tuomainen T-P, Salonen R, Salonen JT. Inflammation, 
abdominal obesity, and smoking as predictors of hypertension. 
Hypertension (Dallas, Tex: 1979). 2004;44:859–865. doi: 10.1161/01.Hyp. 
0000146691.51307.84

 11. Otsuka T, Takada H, Nishiyama Y, Kodani E, Saiki Y, Kato K, 
Kawada T. Dyslipidemia and the risk of developing hypertension in a 
working-age male population. J Am Heart Assoc. 2016;5:e003053. doi: 
10.1161/JAHA.115.003053

 12. Tohidi M, Hatami M, Hadaegh F, Azizi F. Triglycerides and triglycer-
ides to high-density lipoprotein cholesterol ratio are strong predictors 
of incident hypertension in Middle Eastern women. J Hum Hypertens. 
2012;26:525–532. doi: 10.1038/jhh.2011.70

 13. Halperin RO, Sesso HD, Ma J, Buring JE, Stampfer MJ, Gaziano JM. 
Dyslipidemia and the risk of incident hypertension in men. Hypertension. 
2006;47:45–50. doi: 10.1161/01.HYP.0000196306.42418.0e

 14. Sesso HD, Buring JE, Chown MJ, Ridker PM, Gaziano JM. A prospective 
study of plasma lipid levels and hypertension in women. Arch Intern Med. 
2005;165:2420–2427. doi: 10.1001/archinte.165.20.2420

 15. Laaksonen DE, Niskanen L, Nyyssönen K, Lakka TA, Laukkanen JA, 
Salonen JT. Dyslipidaemia as a predictor of hypertension in middle-aged 
men. Eur Heart J. 2008;29:2561–2568. doi: 10.1093/eurheartj/ehn061

 16. Xie C, Cui L, Zhu J, Wang K, Sun N, Sun C. Coffee consumption and 
risk of hypertension: a systematic review and dose-response meta-
analysis of cohort studies. J Hum Hypertens. 2018;32:83–93. doi: 
10.1038/s41371-017-0007-0

 17. Kuwabara M, Chintaluru Y, Kanbay M, Niwa K, Hisatome I, 
Andres-Hernando A, Roncal-Jimenez C, Ohno M, Johnson RJ, Lanaspa  
MA. Fasting blood glucose is predictive of hypertension in a general 
Japanese population. J Hypertens. 2019;37:167–174. doi: 10.1097/HJH. 
0000000000001895

 18. Liu X, Zhang D, Liu Y, Sun X, Han C, Wang B, Ren Y, Zhou J, 
Zhao Y, Shi Y, et al. Dose-response association between physical activity 
and incident hypertension: a systematic review and meta-analysis of co-
hort studies. Hypertension (Dallas, Tex: 1979). 2017;69:813–820. doi: 
10.1161/hypertensionaha.116.08994

 19. Meng L, Zheng Y, Hui R. The relationship of sleep duration and insomnia 
to risk of hypertension incidence: a meta-analysis of prospective cohort 
studies. Hypertens Res. 2013;36:985–995. doi: 10.1038/hr.2013.70

 20. Thawornchaisit P, de Looze F, Reid CM, Seubsman S, Sleigh AC; Thai 
Cohort Study Team. Health risk factors and the incidence of hyper-
tension: 4-year prospective findings from a national cohort of 60 569 
Thai Open University students. BMJ Open. 2013;3:e002826. doi: 
10.1136/bmjopen-2013-002826

 21. Tsimihodimos V, Gonzalez-Villalpando C, Meigs JB, Ferrannini E.  
Hypertension and diabetes mellitus: coprediction and time trajecto-
ries. Hypertension (Dallas, Tex: 1979). 2018;71:422–428. doi: 10.1161/ 
hypertensionaha.117.10546

 22. Burgess S, Thompson SG. Mendelian Randomization: Methods for Using 
Genetic Variants in Causal Estimation. Chapman and Hall/CRC; London, 
UK. 2015.

 23. Allara E, Morani G, Carter P, Gkatzionis A, Zuber V, Foley CN, 
Rees JMB, Mason AM, Bell S, Gill D, et al; INVENT Consortium. 
Genetic determinants of lipids and cardiovascular disease outcomes: a 
wide-angled mendelian randomization investigation. Circ Genom Precis 
Med. 2019;12:e002711. doi: 10.1161/CIRCGEN.119.002711

 24. Fall T, Hägg S, Mägi R, Ploner A, Fischer K, Horikoshi M, Sarin AP, 
Thorleifsson G, Ladenvall C, Kals M, et al; European Network for Genetic 
and Genomic Epidemiology (ENGAGE) Consortium. The role of ad-
iposity in cardiometabolic traits: a Mendelian randomization analysis. 
PLoS Med. 2013;10:e1001474. doi: 10.1371/journal.pmed.1001474

 25. Lee MR, Lim YH, Hong YC. Causal association of body mass index 
with hypertension using a Mendelian randomization design. Medicine. 
2018;97:e11252. doi: 10.1097/md.0000000000011252

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 1, 2020



1978  Hypertension  December 2020

 26. Lyall DM, Celis-Morales C, Ward J, Iliodromiti S, Anderson JJ, Gill JMR, 
Smith DJ, Ntuk UE, Mackay DF, Holmes MV, et al. Association of 
body mass index with cardiometabolic disease in the UK Biobank: a 
mendelian randomization study. JAMA Cardiol. 2017;2:882–889. doi: 
10.1001/jamacardio.2016.5804

 27. Linneberg A, Jacobsen RK, Skaaby T, Taylor AE, Fluharty ME, 
Jeppesen JL, Bjorngaard JH, Åsvold BO, Gabrielsen ME, Campbell A, 
et al. Effect of smoking on blood pressure and resting heart rate: 
a mendelian randomization meta-analysis in the CARTA con-
sortium. Circ Cardiovasc Genet. 2015;8:832–841. doi: 10.1161/ 
CIRCGENETICS.115.001225

 28. Chen L, Smith GD, Harbord RM, Lewis SJ. Alcohol intake and blood 
pressure: a systematic review implementing a Mendelian randomization 
approach. PLoS Med. 2008;5:e52. doi: 10.1371/journal.pmed.0050052

 29. Zhao PP, Xu LW, Sun T, Wu YY, Zhu XW, Zhang B, Cheng Z, Cai X, 
Liu YC, Zhao TT, et al. Relationship between alcohol use, blood pres-
sure and hypertension: an association study and a Mendelian randomi-
sation study. J Epidemiol Community Health. 2019;73:796–801. doi: 
10.1136/jech-2018-211185

 30. Doherty A, Smith-Byrne K, Ferreira T, Holmes MV, Holmes C, 
Pulit SL, Lindgren CM. GWAS identifies 14 loci for device-measured 
physical activity and sleep duration. Nat Commun. 2018;9:5257. doi: 
10.1038/s41467-018-07743-4

 31. Dashti HS, Redline S, Saxena R. Polygenic risk score identifies asso-
ciations between sleep duration and diseases determined from an 
electronic medical record biobank. Sleep. 2019;42:zsy247. doi: 
10.1093/sleep/zsy247

 32. Zeng L, Ntalla I, Kessler T, Kastrati A, Erdmann J, Danesh J, Watkins H, 
Samani NJ, Deloukas P, Schunkert H; UK Biobank CardioMetabolic 
Consortium CHD Working Group. Genetically modulated educational 
attainment and coronary disease risk. Eur Heart J. 2019;40:2413–2420. 
doi: 10.1093/eurheartj/ehz328

 33. Lee JJ, Wedow R, Okbay A, Kong E, Maghzian O, Zacher M, 
Nguyen-Viet TA, Bowers P, Sidorenko J, Karlsson Linnér R, et al; 23andMe 
Research Team; COGENT (Cognitive Genomics Consortium); Social 
Science Genetic Association Consortium. Gene discovery and polygenic 
prediction from a genome-wide association study of educational attain-
ment in 1.1 million individuals. Nat Genet. 2018;50:1112–1121. doi: 
10.1038/s41588-018-0147-3

 34. Liu M, Jiang Y, Wedow R, Li Y, Brazel DM, Chen F, Datta G, 
Davila-Velderrain J, McGuire D, Tian C, et al; 23andMe Research Team; 
HUNT All-In Psychiatry. Association studies of up to 1.2 million indi-
viduals yield new insights into the genetic etiology of tobacco and alcohol 
use. Nat Genet. 2019;51:237–244. doi: 10.1038/s41588-018-0307-5

 35. Yengo L, Sidorenko J, Kemper KE, Zheng Z, Wood AR, Weedon MN, 
Frayling TM, Hirschhorn J, Yang J, Visscher PM; GIANT Consortium. 
Meta-analysis of genome-wide association studies for height and body 
mass index in ~700000 individuals of European ancestry. Hum Mol Genet. 
2018;27:3641–3649. doi: 10.1093/hmg/ddy271

 36. Jansen PR, Watanabe K, Stringer S, Skene N, Bryois J, Hammerschlag AR, 
de Leeuw CA, Benjamins JS, Muñoz-Manchado AB, Nagel M, et al. 
Genome-wide analysis of insomnia in 1,331,010 individuals identifies 
new risk loci and functional pathways. Nat Genet. 2019;51:394–403. doi: 
10.1038/s41588-018-0333-3

 37. Mahajan A, Taliun D, Thurner M, Robertson NR, Torres JM, Rayner NW, 
Payne AJ, Steinthorsdottir V, Scott RA, Grarup N, et al. Fine-mapping 
type 2 diabetes loci to single-variant resolution using high-density impu-
tation and islet-specific epigenome maps. Nat Genet. 2018;50:1505–1513. 
doi: 10.1038/s41588-018-0241-6

 38. Zhong VW, Kuang A, Danning RD, Kraft P, van Dam RM, 
Chasman DI, Cornelis MC. A genome-wide association study of bitter 
and sweet beverage consumption. Hum Mol Genet. 2019;28:2449–2457. 
doi: 10.1093/hmg/ddz061

 39. Scott RA, Lagou V, Welch RP, Wheeler E, Montasser ME, Luan J, Mägi R, 
Strawbridge RJ, Rehnberg E, Gustafsson S, et al; DIAbetes Genetics 
Replication and Meta-analysis (DIAGRAM) Consortium. Large-scale 
association analyses identify new loci influencing glycemic traits and 
provide insight into the underlying biological pathways. Nat Genet. 
2012;44:991–1005. doi: 10.1038/ng.2385

 40. Willer CJ, Schmidt EM, Sengupta S, Peloso GM, Gustafsson S, Kanoni S, 
Ganna A, Chen J, Buchkovich ML, Mora S, et al; Global Lipids Genetics 
Consortium. Discovery and refinement of loci associated with lipid levels. 
Nat Genet. 2013;45:1274–1283. doi: 10.1038/ng.2797

 41. Walters RK, Polimanti R, Johnson EC, McClintick JN, Adams MJ, 
Adkins AE, Aliev F, Bacanu SA, Batzler A, Bertelsen S, et al; 23andMe 

Research Team. Transancestral GWAS of alcohol dependence reveals 
common genetic underpinnings with psychiatric disorders. Nat Neurosci. 
2018;21:1656–1669. doi: 10.1038/s41593-018-0275-1

 42. Klimentidis YC, Raichlen DA, Bea J, Garcia DO, Wineinger NE, 
Mandarino LJ, Alexander GE, Chen Z, Going SB. Genome-wide 
association study of habitual physical activity in over 377,000 
UK Biobank participants identifies multiple variants including 
CADM2 and APOE. Int J Obes (2005). 2018;42:1161–1176. doi: 
10.1038/s41366-018-0120-3

 43. Dashti HS, Jones SE, Wood AR, Lane JM, van Hees VT, Wang H, 
Rhodes JA, Song Y, Patel K, Anderson SG, et al. Genome-wide association 
study identifies genetic loci for self-reported habitual sleep duration sup-
ported by accelerometer-derived estimates. Nat Commun. 2019;10:1100. 
doi: 10.1038/s41467-019-08917-4

 44. FinnGen. FinnGen: Documentation of R2 release. https://finngen.git-
book.io/finngen-documentation/-LvQ4yR2YFUM5eFTjieO./ Accessed 
February 20, 2020.

 45. Biobank UK. UK Biobank: Protocol for a Large-Scale Prospective 
Epidemiological Resource. 2007. https://www.ukbiobank.ac.uk/wp-con-
tent/uploads/2011/11/UK-Biobank-Protocol.pdf. Accessed August 2020.

 46. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, 
Laurin C, Burgess S, Bowden J, Langdon R, et al. The MR-Base platform 
supports systematic causal inference across the human phenome. eLife. 
2018;7:e34408. doi: 10.7554/eLife.34408

 47. Burgess S, Bowden J, Fall T, Ingelsson E, Thompson SG. Sensitivity 
analyses for robust causal inference from mendelian randomization anal-
yses with multiple genetic variants. Epidemiology. 2017;28:30–42. doi: 
10.1097/EDE.0000000000000559

 48. Davies NM, Holmes MV, Davey Smith G. Reading Mendelian ran-
domisation studies: a guide, glossary, and checklist for clinicians. BMJ. 
2018;362:k601. doi: 10.1136/bmj.k601

 49. Leng B, Jin Y, Li G, Chen L, Jin N. Socioeconomic status and hy-
pertension: a meta-analysis. J Hypertens. 2015;33:221–229. doi: 
10.1097/HJH.0000000000000428

 50. Larsson SC, Burgess S, Mason AM, Michaëlsson K. Alcohol consumption 
and cardiovascular disease: a mendelian randomization study. Circ Genom 
Precis Med. 2020;13:e002814. doi: 10.1161/CIRCGEN.119.002814

 51. Sun D, Zhou T, Heianza Y, Li X, Fan M, Fonseca VA, Qi L. Type 2 di-
abetes and hypertension. Circ Res. 2019;124:930–937. doi: 10.1161/ 
CIRCRESAHA.118.314487

 52. Nguyen B, Bauman A, Ding D. Association between lifestyle risk factors 
and incident hypertension among middle-aged and older Australians. Prev 
Med. 2019;118:73–80. doi: 10.1016/j.ypmed.2018.10.007

 53. Lee DH, Ha MH, Kim JR, Jacobs DR Jr. Effects of smoking cessation on 
changes in blood pressure and incidence of hypertension: a 4-year fol-
low-up study. Hypertension (Dallas, Tex: 1979). 2001;37:194–198. doi: 
10.1161/01.hyp.37.2.194

 54. Larsson SC, Mason AM, Back M, Klarin D, Damrauer SM, Program MV, 
Michaëlsson K, Burgess S. Genetic predisposition to smoking in rela-
tion to 14 cardiovascular diseases. Eur Heart J. 2020;41:3304–3310. doi: 
10.1093/eurheartj/ehaa193

 55. Burgess S, Davies NM, Thompson SG. Bias due to participant overlap 
in two-sample Mendelian randomization. Genet Epidemiol. 2016;40:597–
608. doi: 10.1002/gepi.21998

 56. D’Elia L, La Fata E, Galletti F, Scalfi L, Strazzullo P. Coffee con-
sumption and risk of hypertension: a dose-response meta-anal-
ysis of prospective studies. Eur J Nutr. 2019;58:271–280. doi: 
10.1007/s00394-017-1591-z

 57. Beevers G, Lip GY, O’Brien E. ABC of hypertension: The pathophysiology 
of hypertension. BMJ. 2001;322:912–916. doi: 10.1136/bmj.322.7291.912

 58. Sarzani R, Salvi F, Dessì-Fulgheri P, Rappelli A. Renin–angiotensin 
system, natriuretic peptides, obesity, metabolic syndrome, and hyperten-
sion: an integrated view in humans. J Hypertens. 2008;26:831–843. doi: 
10.1097/HJH.0b013e3282f624a0

 59. Kajikawa M, Maruhashi T, Matsumoto T, Iwamoto Y, Iwamoto A, 
Oda N, Kishimoto S, Matsui S, Aibara Y, Hidaka T, et al. Relationship 
between serum triglyceride levels and endothelial function in a large 
community-based study. Atherosclerosis. 2016;249:70–75. doi: 10.1016/j. 
atherosclerosis.2016.03.035

 60. Kawasoe S, Ide K, Usui T, Kubozono T, Yoshifuku S, Miyahara H, 
Maenohara S, Ohishi M, Kawakami K. Association of serum triglycerides 
with arterial stiffness in subjects with low levels of low-density lipoprotein 
cholesterol. Circ J. 2018;82:3052–3057. doi: 10.1253/circj.CJ-18-0607

 61. Lebrun CE, van der Schouw YT, Bak AA, de Jong FH, Pols HA, 
Grobbee DE, Lamberts SW, Bots ML. Arterial stiffness in postmenopausal 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 1, 2020



van Oort et al  Modifiable Risk Factors of Hypertension  1979

women: determinants of pulse wave velocity. J Hypertens. 2002;20:2165–
2172. doi: 10.1097/00004872-200211000-00015

 62. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, 
Hahn EJ, Himmelfarb CD, Khera A, Lloyd-Jones D, McEvoy JW, et al. 

2019 ACC/AHA guideline on the primary prevention of cardiovascular 
disease: a report of the American College of Cardiology/American Heart 
Association Task Force on Clinical Practice Guidelines. Circulation. 
2019;140:e596–e646. doi: 10.1161/CIR.0000000000000678

What Is New?
•	Cardiovascular risk factors and lifestyle behaviors are amenable to mod-

ification and may therefore be relevant targets in the prevention of hy-
pertension.

•	This Mendelian randomization study investigated the causal role of 18 
cardiovascular risk factors and lifestyle behaviors in primary hyperten-
sion risk.

What Is Relevant?
•	This study improved the understanding of the pathophysiology of hy-

pertension.

•	The findings can be used to identify additional targets for the prevention 
of hypertension and its association diseases.

Summary
•	High-density lipoprotein cholesterol, triglycerides, body mass index, al-

cohol dependence, insomnia, and educational level were identified as 
causal risk factors for hypertension.

•	The potential causal role of type 2 diabetes, smoking, alcohol consump-
tion, and sleep duration requires further study in future large Mendelian 
randomization analyses.

Novelty and Significance
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