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Abstract:

Background - The causal role of alcohol consumption for cardiovascular disease remains
unclear. We used Mendelian randomization (MR) to predict the effect of alcohol consumption on
eight cardiovascular diseases.

Methods - Up to 94 single nucleotide polymorphisms were used as instrumental variables for
alcohol consumption. Genetic association estimates for cardiovascular diseases were obtained
from large-scale consortia and UK Biobank. Analyses were conducted using the inverse-variance
weighted, weighted median, MR-PRESSO, MR-Egger, and multivariable MR methods.

Results - Genetically-predicted alcohol consumption was consistently associated with stroke and
peripheral artery disease across the different analyses. The odds ratios (OR) per one standard
deviation increase of log-transformed alcoholic drinks per week were 1.27 (95% confidence
interval [CI] 1.12-1.45; P=2.87x10*) for stroke and 3.05 (95% CIl 1.92-4.85; P=2.30x10®) for
peripheral artery disease in the inverse-variance weighted analysis. There was some evidence for
positive associations of genetically-predicted alcohol consumption with coronary artery disease
(OR=1.16; 95% CI 1.00-1.36; P=0.052), atrial fibrillation (OR=1.17; 95%CI 1.00-1.37;
P=0.050), and abdominal aortic aneurysm (OR=2.60; 95% CI 1.15-5.89; P=0.022) in the
inverse-variance weighted analysis. These associations were somewhat attenuated in
multivariable MR analysis adjusted for smoking initiation. There was no evidence of
associations of genetically-predicted alcohol consumption with heart failure (OR=1.00; 95% CI
0.68-1.47; P=0.996), venous thromboembolism (OR=1.04; 95% CI 0.77-1.39; P=0.810), and
aortic valve stenosis (OR=1.03; 95% CI 0.56-1.90; P=0.926).

Conclusions - This study provides evidence of a causal relationship between higher alcohol
consumption and increased risk of stroke and peripheral artery disease. The causal role of
alcohol consumption for other CVDs requires further research.

Key words: cardiovascular disease; cardiovascular research; Mendelian randomization;
peripheral artery disease; stroke; alcohol consumption



Non-standard Abbreviations and Acronyms

ALDH?2 Aldehyde dehydrogenase 2

ADH1B Alcohol dehydrogenase 1B

CARDIoGRAMplusC4D Coronary ARtery Dlsease Genome-wide Replication and Meta-

analysis plus The Coronary Artery Disease Genetics Consortium

CVvD Cardiovascular disease
MR Mendelian randomization
SNP Single-nucleotide polymorphism

Heavy alcohol consumption is an important cause of death and disability,! but the association
between moderate drinking and cardiovascular disease (CVD) is complex. On a population level,
given its widespread nature, it is important to disentangle any risks or benefits of alcohol
consumption. Observational studies have generally shown that alcohol consumption is positively
associated with risk of atrial fibrillation,? heart failure,® and hemorrhagic stroke,* whereas
moderate drinking is associated with lower risk of coronary heart disease and ischemic stroke.3®
Data from observational studies on alcohol consumption in relation to other CVDs, including
venous thromboembolism,”® peripheral artery disease,® aortic valve stenosis,'® and abdominal
aortic aneurysm,>112 are limited or inconsistent. Observational studies are unable to fully
account for confounding and reverse causation bias, and therefore causality in the associations of

alcohol consumption with different CVDs remains uncertain. Furthermore, self-reported alcohol



consumption may be underestimated, leading to measurement error in the assessment of alcohol
consumption, which may result in attenuated categorical risk estimates.

Mendelian randomization (MR) is an epidemiologic technique that utilizes genetic
variants that are reliably associated with a potentially modifiable risk factor to determine its
causal role for disease risk.* MR studies are less vulnerable to bias from confounding, reverse
causation, and measurement error compared with conventional observational studies. In a
previous MR study in a population of European ancestry, increased alcohol intake instrumented
by a single-nucleotide polymorphism (SNP; rs1229984) in the alcohol dehydrogenase 1B gene
(ADH1B) was associated with higher risk of coronary heart disease and ischemic stroke,'* which
contradicts observational findings.>® Results from a recent MR study conducted in a Chinese
population showed that increased alcohol consumption instrumented by two alcohol-associated
SNPs (rs1229984 in ADH1B and rs671 in ALDH2) was associated with higher risk of ischemic
stroke and intracerebral hemorrhage, but was not associated with myocardial infarction.®® To our
knowledge, the association between alcohol consumption and CVD other than stroke and
coronary heart disease has not been studied using MR.

A recent genome-wide association meta-analysis identified multiple SNPs associated
with alcohol consumption.'® By using those SNPs as instrumental variables, we here perform an
MR study to investigate the potential causal relationship between alcohol consumption and eight
CVDs, including stroke, coronary artery disease, atrial fibrillation, heart failure, venous
thromboembolism, peripheral artery disease, aortic valve stenosis, and abdominal aortic
aneurysm. In secondary analyses, we explored the associations of genetically predicted alcohol
consumption with possible mediators (blood pressure and serum lipids) and confounders

(smoking and education) of the alcohol-CVD associations.



Methods

The methods used in this MR study are described in the Data Supplement. In brief, summary
statistics data for alcohol consumption and the outcomes were obtained from meta-analyses of
genome-wide association studies and UK Biobank. All studies included in the genome-wide
association studies were approved by an institutional review committee and participants gave
informed consent. This MR study was approved by the Swedish Ethical Review Authority. The
data that support the findings of this study are available from the corresponding author upon
reasonable request. Figure 1 provides an overview of this study, including the primary and
secondary outcomes studied, the data sources used, and the principles and assumptions of the

MR design.

Results
Associations with Potential Mediators and Confounders
Alcohol consumption instrumented by the full set of SNPs (n=94) was positively associated with
systolic and diastolic blood pressure and high-density lipoprotein cholesterol levels, inversely
associated with triglyceride levels, but not associated with low-density lipoprotein cholesterol
levels (Figure 2 and Table VIII in the Data Supplement). There was strong evidence of
association of the overall genetic instrument for alcohol consumption with smoking initiation
(odds ratio [OR] 1.24; 95% CI 1.15-1.33; P=9.5x10-9) and weak evidence for education (f = -
0.09 years of schooling completed; 95% CI -0.17 to 0.00; P=0.05).

Alcohol consumption instrumented by rs1229984 in ADH1B was positively associated
with systolic and diastolic blood pressure and low-density lipoprotein cholesterol levels but was

not associated with high-density lipoprotein cholesterol or triglyceride levels (Table 1X in the



Data Supplement). Genetically-predicted alcohol consumption based on the ADH1B variant was
not associated with smoking initiation (OR 0.97; 95% CI 0.89 to 1.07; P=0.57) but was inversely
associated with education (3 = -0.15 years of schooling completed; 95% CI -0.23 to -0.08;
P=5.4x10%).

Associations with CVD

Alcohol consumption instrumented by the full set of SNPs was consistently associated with
stroke and peripheral artery disease across different analyses (Figure 3 and Table X in the Data
Supplement). The ORs per one standard deviation increase in log-transformed drinks per week
were 1.27 (95% Cl 1.12-1.45; P=2.87x10) for stroke and 3.05 (95% CI 1.92-4.85; P=2.30x10"
®) for peripheral artery disease in the univariable inverse-variance weighted analysis. There was
some evidence for positive associations of genetically-predicted alcohol consumption with
coronary artery disease (OR 1.16; 95% CI 1.00-1.36; P=0.052), atrial fibrillation (OR 1.17; 95%
CI 1.00-1.37; P=0.050), and abdominal aortic aneurysm (OR 2.60; 95% CI 1.15-5.89; P=0.022)
in the univariable inverse-variance weighted analysis (Figure 3 and Table X in the Data
Supplement). These associations were somewhat attenuated in multivariable MR analysis
adjusting for smoking initiation (Figure 3 and Table X in the Data Supplement). There was no
evidence of association of genetically-predicted alcohol consumption with heart failure (OR
1.00; 95% C1 0.68-1.47; P=0.996), venous thromboembolism (OR 1.04; 95% CI 0.77-1.39;
P=0.810), and aortic valve stenosis (OR 1.03; 95% CI 0.56-1.90; P=0.926) in the inverse-
variance weighted analysis (Figure 3) but suggestive positive associations with aortic valve
stenosis were observed in the weighted median and MR-Egger analyses (Table X in the Data
Supplement). Indication of directional pleiotropy was only detected in the analysis of aortic

valve stenosis (Table X in Data Supplement). The associations between genetically-predicted



alcohol consumption and stroke and coronary artery disease were similar when using data from
the consortia (MEGASTROKE and Coronary ARtery Dlsease Genome-wide Replication and
Meta-analysis plus The Coronary Artery Disease Genetics Consortium
[CARDIoGRAMplusC4D]) and UK Biobank (Figure I in the Data Supplement). Restricting the
analyses to never smokers in UK Biobank (Table XI in the Data Supplement) yielded ORs that
were similar to the smoking-adjusted estimates, except for the association with coronary artery
disease, which became stronger (OR 1.39; 95% CI 0.98-1.96; P=0.064).

The associations of alcohol consumption instrumented by all SNPs with stroke types in
the MEGASTROKE Consortium, UK Biobank, and International Stroke Genetics Consortium
are presented in Figure 4. The OR for ischemic stroke combining the results from
MEGASTROKE and UK Biobank was 1.26 (95% CI 1.09-1.46; P=0.002). The corresponding
OR for intracerebral hemorrhage, combining the results from the International Stroke Genetics
Consortium and UK Biobank, was 3.53 (95% CI 1.70-7.32; P=0.001). Results for stroke and
atrial fibrillation based on data from the MEGASTROKE Consortium and Atrial Fibrillation
Consortium, respectively, were similar when restricting the study samples to European-descent
individuals (Table XII in the Data Supplement).

Alcohol consumption instrumented by rs1229984 in ADH1B was strongly or suggestively
associated with higher odds of any stroke, coronary artery disease, peripheral artery disease,
aortic valve stenosis, and abdominal aortic aneurysm (all P<0.05) (Table XIII in the Data
Supplement). There was suggestive evidence of a positive association of alcohol consumption
instrumented by rs1229984 with ischemic stroke (OR 1.31; 95% CI 1.05-1.65; P=0.018) and

intracerebral hemorrhage (OR 11.5; 1.31-101.46; P=0.027). Results for the associations of the



overall genetic instrument for alcohol consumption but with exclusion of rs1229984 with CVD

were similar (Table X1V in the Data Supplement) to those based on the full set of SNPs.

Discussion

Principal Findings

This MR study provides evidence that higher alcohol consumption may be causally associated
with increased risk of stroke and peripheral artery disease. There was also suggestive evidence
for positive associations of genetically predicted alcohol consumption with coronary artery
disease, atrial fibrillation, and abdominal aortic aneurysm but the associations were attenuated
after adjustment for smoking. Alcohol consumption instrumented by the full set of variants was
additionally associated with higher blood pressure and high-density lipoprotein cholesterol levels
and with lower triglyceride levels.

Comparison with Other Studies

Our findings for alcohol consumption, based on the ADH1B gene variant, in relation to stroke
and coronary artery disease largely confirm the results from two earlier MR studies that utilized
one or two SNPs as instrumental variables for alcohol consumption.}*> An MR analysis of

261 991 European-descent individuals, including 20 259 coronary heart disease cases, found that
each additional alcohol-decreasing allele of rs1229984 in the ADH1B gene was associated with a
10% lower odds of coronary heart disease.!* In the larger dataset (with three times as many cases
of coronary artery disease) used in the present MR analysis, we also observed that alcohol
consumption instrumented by rs1229984 was associated with coronary artery disease. In a cohort
study of 161 490 Chinese adults (China Kadoorie Biobank) genotyped for two alcohol-associated

SNPs (rs1229984 in ADH1B and rs671 in ALDHZ2), genetically-predicted higher alcohol



consumption was not associated with myocardial infarction but was associated with higher risk
of stroke, particularly intracerebral hemorrhage.® The present study confirms that those findings
for stroke are also valid for individuals of European ancestry and that the association is stronger
for intracerebral hemorrhage than ischemic stroke. The frequency of the alcohol-decreasing
allele of rs1229984 is considerable higher in East Asians (overall frequency of 0.69 in China
Kadoorie Biobank)*® than in individuals of European ancestry (0.026 in UK Biobank). The
alcohol-decreasing allele of rs671 in the ALDH2 gene is not found in European populations. We
are not aware of any previous MR analysis of alcohol consumption in relation to risk of atrial
fibrillation, heart failure, venous thromboembolism, peripheral artery disease, aortic valve
stenosis, or abdominal aortic aneurysm.

The reason why rs1229984 in ADH1B was strongly associated with coronary artery
disease, whereas only a suggestive association was observed between the overall genetic
instrument for alcohol consumption and coronary artery disease is unclear. However, the
alcohol-increasing allele of rs1229984 was inversely associated with education, which could
potentially explain the associations through horizontal pleiotropy. Rs1229984 was also
associated with low-density lipoprotein cholesterol and both this variant and the overall genetic
instrument for alcohol consumption were associated with blood pressure. However, these
associations may represent vertical (mediated) pleiotropy.

Possible Mechanisms

A possible mechanism whereby alcohol consumption may increase the risk of CVD is through
blood pressure. A meta-analysis of randomized trials showed that a reduction in alcohol intake
decreased blood pressure in a dose-response manner in individuals who drank more than two

alcoholic drinks per day.!” In addition, genetically-predicted alcohol consumption was positively



associated with systolic blood pressure in previous MR studies,'*° and results were replicated
by our study with both the overall genetic instrument for alcohol consumption and the ADH1B
gene variant.

High-impact binge alcohol drinking is associated with increased odds of clinically high
total serum cholesterol and triglyceride levels.!® In contrast, short-term interventional studies
have shown that moderate alcohol drinking leads to favorable changes in several cardiovascular
biomarkers, including higher levels of high-density lipoprotein cholesterol and adiponectin and
lower fibrinogen levels.'® We confirmed a positive association between genetically-predicted
alcohol intake and higher levels of high-density lipoprotein cholesterol. We additionally found
that genetically higher alcohol consumption was associated with lower triglyceride levels. A
causal positive association between triglyceride levels and risk of coronary artery disease?® but
not ischemic stroke?! has been shown in MR studies.

Strengths and Limitations

Strengths of this study include the use of data from large studies of alcohol consumption and the
outcomes, the MR study design, and the use of multiple SNPs as instrumental variables for
alcohol consumption. The MR approach reduces bias due to reverse causality and confounding.
Reverse causality is minimized in MR studies because disease cannot modify genotype, which is
fixed at conception. With regard to confounding factors, self-reported alcohol consumption is
associated with higher educational attainment.®?2 In contrast, there is no genetic correlation
between education and alcohol consumption (rg=0.01),%® and we found no association of the
overall genetic instrument for alcohol consumption with education in this MR study. However,
the ADH1B gene variant was associated with education. The overall genetic instrument for

alcohol consumption was associated with smoking initiation, and adjustment for genetic
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predisposition to smoking attenuated the estimates for alcohol consumption and most CVDs. If
the association between genetically predicted alcohol consumption and smoking partly or
entirely reflects vertical (mediated) pleiotropy rather than horizontal pleiotropy, adjustment for
smoking may have attenuated the full effect of alcohol consumption on risk of CVD. The
smoking-adjusted estimates can be interpreted as the direct effect of alcohol consumption on
CVD not mediated by smoking.

The validity of the results of an MR study depends on the assumptions that the
instrumental variables are robustly associated with the risk factor and that pleiotropic or other
direct causal pathways do not explain the association with the outcome (Figure 1). In the present
study, we only used SNPs that were associated with alcohol consumption at a genome-wide
significance level.® Furthermore, the associations of genetically-predicted alcohol consumption
with stroke and peripheral artery disease were similar in different MR analyses and remained
after adjusting for smoking and in never smokers, suggesting that false positive findings due to
horizontal pleiotropy via smoking are unlikely.

A limitation of this MR study is that despite large sample sizes, the precision was low in
the analyses of outcomes with few cases. Another shortcoming is that UK Biobank participants
were included in the dataset in which the genetic variants were derived, and in both the exposure
and outcome datasets for most analyses. This might have introduced bias in the causal estimates.
However, genetic associations with outcomes in independent datasets should not be affected by
this sample overlap. Results for stroke and coronary artery disease were similar in analyses
confined to data from the MEGASTROKE and CARDIoOGRAMplusC4D consortia. Results were
also similar using only the rs1229984 variant, which was not discovered in UK Biobank. A

further limitation is that we cannot rule out that population stratification may have had some

11



effect on the results. However, the vast majority of participants were of European ancestry and
the results were similar in analyses restricted to European-descent individuals. Finally, we could
not investigate potential U-shaped or J-shaped associations. This precludes us from making
specific quantitative statements about the relative harm of moderate drinking versus heavy
drinking. However, as the prevalence of heavy drinking in the UK Biobank was low, it is
unlikely that the burden of increased disease risk is restricted to heavy drinkers.

Conclusions

This study provides evidence of a causal relationship between higher alcohol consumption and
increased risk of stroke and peripheral artery disease. The causal role of alcohol consumption for

other CVDs requires further research.
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Figure Legends:

Figure 1. Summary of the data sources for this study and the assumptions for the Mendelian
randomization design. Broken lines represent potential pleiotropic or direct causal effects
between variables that would violate the Mendelian randomization assumptions. AFGen, Atrial
Fibrillation Consortium; CAD, coronary artery disease; CARDIOGRAMplusC4D Coronary
ARtery Dlsease Genome-wide Replication and Meta-analysis plus The Coronary Artery Disease
Genetics consortium; GSCAN, GWAS and Sequencing Consortium of Alcohol and Nicotine use;
GWAS, genome-wide association study; ISGC, International Stroke Genetics Consortium;
Social SSGAC, Science Genetic Association Consortium; UKBB, UK Biobank. *Reported are

the outcome and within parenthesis, the number of cases and non-cases and data source(s).

Figure 2. Associations of alcohol consumption instrumented by the full set of single-nucleotide
polymorphisms with blood pressure and lipids. The effect estimates are per SD increase of log-
transformed alcoholic drinks per week and results are based on the random-effects inverse-
variance weighted method. ClI, confidence interval; DBP, diastolic blood pressure; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; OR, odds ratio;

SBP, systolic blood pressure; SD, standard deviation; TG, triglycerides.

Figure 3. Associations of alcohol consumption instrumented by the full set of single-nucleotide
polymorphisms with CVVD. Odds ratios are per SD increase of log-transformed alcoholic drinks
per week and results are based on the random-effects inverse-variance weighted (VW) method
and multivariable Mendelian randomization (MVVMR) analysis adjusted for smoking initiation.

ClI, confidence interval; OR, odds ratio; SD, standard deviation.
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Figure 4. Associations of alcohol consumption instrumented by the full set of single-nucleotide
polymorphisms with stroke types in the MEGASTROKE Consortium, UK Biobank, and ISGC.
Odds ratios are per SD increase of log-transformed alcoholic drinks per week and results are

based on the random-effects inverse-variance weighted method. CI, confidence interval; ISGC,

International Stroke Genetics Consortium; OR, odds ratio; SD, standard deviation.
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Assumption 1
Genetic variants are robustly associated
with the modifiable risk factor

Genetic instrument

SNPs associated with alcohol consumption at genome-wide
significance in 941 280 European-descent individuals

Assumption 2

4 Assumption 3

Genetic variants are Genetic variants affect the
not associated with Confounding Modifiable risk factor Direct causal
outcome only through the

i factors Alcohol consumption
any canfounding patiways risk factor and not through

factors other causal pathways

Primary cardiovascular disease outcomes®
Stroke (76 814; 812 384; MEGASTROKE, UKBB)
CAD (90 079; 461 812; CARDIoGRAMplusC4D, UKBB)
Atrial fibrillation (65 446; 522 744; AFGen)

Heart failure (6712; 360 874; UKBB)

Venous thromboembolism (14 097; 353 489; UKBB)
Peripheral artery disease (3415; 364 171; UKBB)
Aortic valve stenosis (2244; 365 342; UKBB)
Abdominal aartic aneurysm (1094; 366 492; UKBB)
Secondary cardiovascular disease outcomes*
Ischemic stroke (64 943; 817 434; MEGASTROKE, UKBB)
Intracerebral hemorrhage (2609; 368 003; ISGC, UKBB)
Subarachnoid hemorrhage (1084; 366 502; UKBB)
Other outcomes (possible mediators or confounders)
Blood pressure (up to 367 284 individuals; UKBB)
Serum lipids (up to 350 162 individuals; UKBB)
Smoking initiation (632 802 individuals; GSCAN)

Education (766 345 individuals; SSGAC)

—— o o e o e e e o o=




Outcome Sample size Beta (95% Cl) P-value
SBP (mmHg) 346 656 —a— 0.12 (0.05, 0.20) 0.001
DBP (mmHg) 367 284 —u— 0.15 (0.05, 0.25) 0.003
HDL-C (mmol/L) 320717 i 0.39 (0.25, 0.53) 6.10x10*
LDL-C (mmol/L) 349 795 i -0.01 (-0.18, 0.16) 0.900
TG (log-mmol/L) 350 162 i -0.37 (-0.67, -0.07) 0.016
T T T T T T
-0.7 -0.4 -0.2 0 0.2 0.4 0.6

Beta (95% CI) per SD increase of log transformed drinks/week



Outcome and method Cases/non-cases OR (95% CI) P-value
Stroke 76 814/812 384
Univariable IVW —i— 1.27 (1.12,1.45) 2.87x10*
MVMR (smoking-adjusted) —— 1.21 (1.05, 1.40) 0.010
Coronary artery disease 90 079/461 812
Univariable IVW —— 1.16 (1.00, 1.36) 0.052
MVMR (smoking-adjusted) —— 1.08 (0.91,1.27) 0.389
Atrial fibrillation 65 446/522 744
Univariable IVW —— 1.17 (1.00, 1.37)  0.050
MVMR (smoking-adjusted) 1| 1.11 (0.93,1.32) 0.237
Heart failure 6712/360 874
Univariable IVW L 1.00 (0.68, 1.47) 0.996
MVMR (smoking-adjusted) i 0.88 (0.57, 1.37) 0.570
Venous thromboembolism 14 097/353 589
Univariable IVW i 1.04 (0.77,1.39) 0.810
MVMR (smoking-adjusted) i 1.05(0.75, 1.47) 0.784
Peripheral artery disease  3415/364 171
Univariable IVW = 3.05(1.92,4.85) 2.30x10°®
MVMR (smoking-adjusted) i 2.55(1.49,4.35) 6.09x10*
Aortic valve stenosis 2244/365 342
Univariable IVW i 1.03 (0.56, 1.90) 0.926
MVMR (smoking-adjusted) i 0.94 (0.46, 1.91) 0.862
Abdominal aortic aneurysm 1094/366 492
Univariable IVW i 2.60 (1.15,5.89) 0.022
MVMR (smoking-adjusted) i 2.29 (0.89,5.93) 0.087
[ [ I
0.4 0.7 1 1.5 3

OR (95% CI) per SD increase of log-transformed drinks/week



Outcome Cases/non-cases OR (95% Cl) P-value
MEGASTROKE
Any ischemic stroke 60 341/454 450 —— 1.26 (1.08, 1.48) 0.004
Large artery stroke 6688/454 450 i 1.30(0.93,1.82) 0.127
Small vessel stroke 11 710/454 450 i 1.20(0.88,1.64) 0.250
Cardioembolic stroke 9006/454 450 L 1.11 (0.79,1.56) 0.529
UK Biobank
Any ischemic stroke 4602/362 984 i 1.24(0.84,1.84) 0.271
Subarachnoid hemorrhage 1084/366 502 L 2.47(1.08,5.62) 0.032
Intracerebral hemorrhage  1064/366 522 l 3.81(1.57,9.27) 0.003
ISGC
Intracerebral hemorrhage  1545/1481 i 3.00 (0.83, 10.82) 0.092
I I I [ |
0.8 1 15 3 6 11

OR (95% CI) per SD increase of log-transformed drinks/week
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