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Abstract Background and aims: Etiologic associations between some modiﬁable factors (metabolic risk factors and lifestyle behaviors) and cardiovascular disease (CVD) remain unclear. To identify
targets for CVD prevention, we evaluated the causal associations of these factors with coronary artery
disease (CAD) and ischemic stroke using a two-sample Mendelian randomization (MR) method.
Methods and results: Previously published genome-wide association studies (GWASs) for blood pressure (BP), glucose, lipids, overweight, smoking, alcohol intake, sedentariness, and education were
used to identify instruments for 15 modiﬁable factors. We extracted effects of the genetic variants
used as instruments for the exposures on coronary artery disease (CAD) and ischemic stroke from
large GWASs (N Z 60 801 cases/123 504 controls for CAD and N Z 40 585 cases/406 111 controls
for ischemic stroke). Genetically predicted hypertension (CAD: OR, 5.19 [95% CI, 4.21e6.41]; ischemic
stroke: OR, 4.92 [4.12e5.86]), systolic BP (CAD: OR, 1.03 [1.03e1.04]; ischemic stroke: OR, 1.03 [1.03
e1.03]), diastolic BP (CAD: OR, 1.05 [1.05e1.06]; ischemic stroke: OR, 1.05 [1.04e1.05]), type 2 diabetes (CAD: OR, 1.11 [1.08e1.15]; ischemic stroke: OR, 1.07 [1.04-1.10]), smoking initiation (CAD:
OR, 1.26 [1.18e1.35]; ischemic stroke: OR, 1.24 [1.16e1.33]), educational attainment (CAD: OR, 0.62
[0.58e0.66]; ischemic stroke: OR, 0.68 [0.63e0.72]), low-density lipoprotein cholesterol (CAD: OR,
1.55 [1.41e1.71]), high-density lipoprotein cholesterol (CAD: OR, 0.82 [0.74e0.91]), triglycerides
(CAD: OR, 1.29 [1.14e1.45]), body mass index (CAD: OR, 1.25 [1.19e1.32]), and alcohol dependence
(OR, 1.04 [1.03e1.06]) were causally related to CVD.
Conclusion: This systematic MR study identiﬁed 11 modiﬁable factors as causal risk factors for CVD,
indicating that these factors are important targets for preventing CVD.

Abbreviations: BMI, body mass index; BP, blood pressure; CAD, coronary artery disease; CARDIOGRAMPLUSC4D, Coronary Artery Disease
Genome-wide Replication and Meta-analysis plus the Coronary Artery Disease Genetics; CVD, cardiovascular disease; GWAS, genomewide association study; HDL-C, high-density lipoprotein cholesterol; IVW, inverse-variance weighted; LD, linkage disequilibrium; LDL-C,
low-density lipoprotein cholesterol; MEGASTROKE, Multiancestry Genome-Wide Association Study of Stroke; MR, Mendelian randomization; MR-PRESSO, MR Pleiotropy Residual Sum and Outlier; OR, odds ratio; RCT, randomized controlled trial; RSS, residual sum of
squares; SNP, single nucleotide polymorphism; STROBE-MR, Strengthening the Reporting of Observational Studies in Epidemiology using
Mendelian Randomization.
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1. Introduction
Cardiovascular disease (CVD), including coronary artery
disease (CAD) and ischemic stroke, is a major public health
issue globally [1]. In 2012, CVD accounted for 17.5 million
deaths worldwide, among which 7.4 million were due to
CAD and 6.7 million were due to stroke [1]. CVD is a
consequence of multiple etiologies and a series of modiﬁable factors (metabolic risk factors and lifestyle behaviors) are implicated in the development of CVD, such as
hypertension, diabetes, hyperlipidemia, obesity, smoking,
physical inactivity and unhealthy diet [2]. In recent decades, randomized controlled trials (RCTs) have established the ability of BP control [3], lipid lowering [4],
modest weight loss [5], and sedentary behavior reduction
[6] to reduce the risk of CVD. With regard to the other
modiﬁable factors, there is a lack of evidence due to the
methodological limitations to circumvent the bias inherent
in observational studies to demonstrate whether they are
causally associated with CVD or whether they are related
merely as a consequence of a shared risk factor proﬁle
[7e11]. To identify potential additional targets in the prevention of CVD and further reduce CVD burden, a better
understanding of which risk factors have causal effects on
the risk of CVD will be important for public health.
Mendelian randomization (MR) is an emerging genetic
method leveraging single nucleotide polymorphisms (SNPs)
as instrumental variables to address causal hypotheses between exposures and diseases and this method is less
vulnerable to residual confounders and reverse causation
[12]. Some previous MR studies have demonstrated the
causal effect of some modiﬁable factors (e.g., type 2 diabetes
[13] and body mass index [BMI] [14]) on the risk of CVD.
Recently, genome-wide association studies (GWAS) with
larger sample sizes discovered several novel genetic loci for
diabetes and BMI [15,16] which could contribute greater
power for making causal inferences in MR studies. For other
modiﬁable factors, including fasting glucose, smoking
heaviness and alcohol dependence, the evidence for their
causal associations with CVD obtained from MR studies is
limited. Fortunately, GWASs for these metabolic risk factors
and lifestyle behaviors are now available [17e19].
Herein, we conducted a two-sample MR study to
explore the causal associations of 15 modiﬁable risk factors
with the risks of CAD and ischemic stroke based on the
most recent and largest GWAS data (Graphical Abstract).
2. Methods
2.1. Study design
The genetic variants used as instrumental variables in this
study were previously published and were based on

several cohorts of predominantly European ancestry (Table
1) [15e26]. There were three core assumptions for these
instrumental variables: (1) the genetic variants were
associated with exposures; (2) the genetic variants were
independent of potential confounders; and (3) the genetic
variants affected outcomes only through their effects on
exposures. The participant selection, genotyping and
imputation steps of these population-based cohorts and
the corresponding baseline characteristics were described
in detail in previous studies [15e26]. The protocol and
data collection were approved by the ethics committee of
the original GWASs, and written informed consent was
obtained from each participant before data collection. This
MR study followed the guidelines of Strengthening the
Reporting of Observational Studies in Epidemiology using
Mendelian Randomization (STROBE-MR).
2.2. Genetic instruments for metabolic risk factors and
lifestyle behaviors
An overview of the data concerning SNPs used as instruments in the MR study is presented in Table 1, and
details are available in Tables S1-S15. Regarding unconfounded proxies for metabolic risk factors and lifestyle behaviors, we selected relevant SNPs identiﬁed in previously
published GWASs as having reached genome-wide signiﬁcance (p < 5.0  10 8) and being independent (r2 < 0.1
within a clumping window of 10 000 kb). In the case of
SNPs exhibiting linkage disequilibrium (LD) above a
threshold of r2 Z 0.1, only the SNP with the lowest p was
retained. If a speciﬁed exposure-associated SNP could not
be found in the CAD or ischemic stroke dataset, a proxy
variant (r2 > 0.7) was selected for the MR analysis based on
a 1000 Genomes European reference panel via the LDlinkR
package (the ‘LDproxy’ command) in the statistical software
R. We excluded SNPs that were not available and had no
proxy variant in the CAD and ischemic stroke GWASs. We
incorporated 464/467 SNPs (CAD/ischemic stroke) for hypertension (based on self-reported diagnosis and medications; MRC IEU OpenGWAS data accessible at the website:
https://gwas.mrcieu.ac.uk/datasets/ukb-b-14057/) [20,21],
1338/1338 SNPs for systolic BP (https://gwas.mrcieu.ac.uk/
datasets/ieu-b-38/) [20,21], 1404/1404 SNPs for diastolic
BP (https://gwas.mrcieu.ac.uk/datasets/ieu-b-39/) [20,21],
277/278 SNPs for type 2 diabetes (based on self-reported or
hospital diagnosis) [15], 32/32 SNPs for fasting glucose [17],
53/53 SNPs for low-density lipoprotein cholesterol (LDL-C)
[22], 64/64 SNPs for high-density lipoprotein cholesterol
(HDL-C) [22], 37/37 SNPs for triglycerides [22], 830/831
SNPs for BMI [16], 355/355 SNPs for smoking initiation [18],
46/46 SNPs for smoking heaviness [18], 89/89 SNPs for
alcohol consumption [18], 2/2 SNPs for alcohol dependence
[19], 4/4 SNPs for sedentary time [23], and 1209/1212 SNPs
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Table 1 Description of the risk factor-related genetic instruments used in the MR Study.
Risk factor
Blood pressure
Hypertension [20,21]
Systolic BP [20,21], mmHg
Diastolic BP [20,21], mmHg
Glucose
Type 2 diabetes [15]
Fasting glucose [17], mmol/L
Lipids
LDL-C [22], mg/dL
HDL-C [22], mg/dL
Triglycerides [22], mg/dL
Overweight
BMI [16], kg/m2
Smoking
Smoking initiation [18]
Smoking heaviness [18],
cigarettes smoked/day
Alcohol intake
Alcohol consumption [18],
alcoholic drinks/week
Alcohol dependence [19]
Sedentariness
Sedentary time [23], hours/day
Education
Educational level [24], years

Used SNPsa

Proxy SNPsb

Sample size

Population

Year

Variancec

F-statisticd

464/467
1338/1338
1404/1404

9/9
20/20
25/24

462 933
757 601
757 601

European
European
European

2018
2018
2018

5.06%/5.09%
9.47%/9.47%
10.22%/10.22%

53/53
59/59
61/61

277/278
32/32

0/0
0/0

898 130
133 010

European
European

2018
2012

2.12%/2.12%
3.12%/3.12%

70/70
134/134

53/53
64/64
37/37

1/1
0/0
0/0

188 577
188 577
188 577

Mostly European
Mostly European
Mostly European

2013
2013
2013

4.22%/4.22%
3.68%/3.68%
3.32%/3.32%

157/157
113/113
175/175

830/831

0/0

z700 000

European

2018

z7.43%/7.44%

68/68

355/355
46/46

2/2
1/1

1 232 091
337 334

European
European

2019
2019

1.29%/1.29%
1.17%/1.17%

45/45
87/87

89/89

0/0

941 280

European

2019

0.60%/0.60%

64/64

2/2

0/0

46 568

European

2018

0.18%/0.18%

41/41

4/4

0/0

91 105

European

2018

0.15%/0.15%

33/33

1209/1212

0/0

1 131 881

European

2018

4.87%/4.89%

48/48

Abbreviations: BMI, body mass index; BP, blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MR, mendelian randomization; SNP, single nucleotide polymorphism.
a
SNPs used in the present MR analysis (coronary artery disease/ischemic stroke).
b
Proxy SNPs used in the present MR analysis (coronary artery disease/ischemic stroke).
c
Phenotypic variance explained by the genetic variants used in the present MR analysis (coronary artery disease/ischemic stroke).
d
Average F-statistic calculated with all included genetic instruments (coronary artery disease/ischemic stroke).

for educational level [24] (Fig. 2). Subsequently, we applied
the package gtx in R (version 3.4.3; R Development Core
Team) to calculate the phenotypic variance of each modiﬁable risk factor explained by the corresponding instrumental variables, and the observed phenotypic variance
ranged from 0.15% for sedentary time to 10.22% for diastolic
BP (Table 1). Finally, we calculated the F-statistic to estimate
the strength of the genetic instruments for each metabolic
risk factor and lifestyle behavior. A higher F-statistic suggests a stronger instrument, and a cutoff of 10 was used to
distinguish between strong instruments and weak instruments [27].
2.3. Data sources for CAD and ischemic stroke
Summary statistics for CAD originated from the Coronary
Artery Disease Genome-wide Replication and Metaanalysis plus the Coronary Artery Disease Genetics (CARDIOGRAMPLUSC4D) consortium’s 1000 Genomesebased
genome-wide association meta-analysis of 48 studies,
involving 60 801 CAD cases and 123 504 controls of European (77%), South Asian (13%), East Asian (6%), and
Hispanic and African American ancestry (4%) [25]. Case
subjects were those with diagnoses of myocardial infarction (z70% of the total number of cases), acute coronary
syndrome, chronic stable angina, or coronary artery stenosis of at least 50%.

Summary statistics for ischemic stroke originated from
the dataset released by the Multiancestry Genome-Wide
Association Study of Stroke (MEGASTROKE) project, which
was launched by the International Stroke Genetics consortium [26]. They performed a meta-analysis using
summary data from 29 European-descent GWASs,
including 40 585 cases and 406 111 controls. Cases were
deﬁned based on the clinical and imaging criteria.
2.4. Statistical analyses
For the main analyses, we performed a random-effect inverse-variance weighted (IVW) method to compute the
association estimates, by which the causal linkage between exposure and outcome can be assessed when all of
the genetic instruments are valid (Fig. 1) [12]. The heterogeneity among the SNPs utilized in the main analyses
was assessed by Cochran’s Q statistic (Table S16) [28].
Subsequently, we leveraged the online web tool (https://
shiny.cnsgenomics.com/mRnd/) to estimate the power for
the MR analyses (Table S17) [27].
The inclusion of multiple genetic instruments can increase the statistical power, while some genetic variants
may not meet the criteria for instrumental variables, and
their inclusion will most likely to lead to results with
biased causalities given the presence of pleiotropy.
Therefore, we further conducted a series of sensitivity
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Figure 1 In the premise of meeting with three assumptions, Mendelian randomization (MR) analysis can be performed to infer the causality for the
associations between exposures (metabolic and lifestyle risk factors) and outcomes (coronary artery disease and ischemic stroke). The assumptions
of MR were as following: ﬁrst, the genetic instruments are associated with the modiﬁable risk factors; second, the genetic instruments are independent of confounders; third, the genetic instruments impact on coronary artery disease and ischemic stroke exclusively via their effects on these
risk factors.

analyses to assess the robustness of the primary conclusion. First, we employed the weighted median approach, in
which the MR estimates were robust when up to 50% of
genetic variants were invalid [28]. Second, we applied MR
Pleiotropy Residual Sum and Outlier (MR-PRESSO) analysis
to identify outlying SNPs by comparing the observed residual sum of squares (RSS) to the expected RSS and obtained a robust estimate with outlier correction via a
leave-one-out approach [29]. Third, the MR-Egger regression method was performed to evaluate the potential effect of confounding by pleiotropic pathways on the results
[30]. Fourth, we utilized Steiger ﬁltering to eliminate the
SNPs which explained more of the phenotypic variance of
the outcome compared to that of the exposure, and further
repeated the IVW MR analyses after ﬁltering [31]. In
addition, we also applied the directionality Steiger test to

determine whether the direction of causality was oriented
from exposure to outcome through comparing the
phenotypic variance of the exposure and the outcome
explained by all included genetic variants. If the exposure
had higher phenotypic variance than that of the outcome
and the pSteiger reached the signiﬁcance threshold, the direction of the identiﬁed association was deemed correct
[31]. Fifth, taking into account the pleiotropy of instruments used for BP and lipids, we conducted 5 multivariable MR analyses to evaluate the relatively direct
associations for these traits [30]. In brief, we performed
multivariable MR analyses for systolic BP and diastolic BP
with adjustment for the genetic overlap among the 2 BP
traits and performed multivariable MR analyses for LDL-C,
HDL-C, and triglycerides with adjustment for the genetic
overlap between the studied lipid trait and the other 2

Figure 2 Overview of the main ﬁndings of this Mendelian randomization (MR) study on the effects of metabolic and lifestyle risk factors on
coronary artery disease (CAD) and ischemic stroke, including the number of genetic variants; results from the inverse-variance weighted (IVW),
weighted median (WM), MR-pleiotropy residual sum and outlier (MR-PRESSO) methods; as well as our conclusions. Association estimates in the
results displayed here could be found in Fig. 3 and Table 2. Abbreviations: BMI, body mass index; BP, blood pressure; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; SNP, single nucleotide polymorphisms.
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lipid traits. Finally, to further assess the impact of BMI on
the causal estimates of the effect of genetically determined
type 2 diabetes on CAD and ischemic stroke, we studied
that effect using genome-wide signiﬁcant SNPs from the
GWAS for type 2 diabetes adjusted for BMI (185 SNPs for
CAD; and 185 SNPs for ischemic stroke) [15].
The results for the outcomes (CAD and ischemic stroke)
are presented as odds ratios (ORs) and their 95% conﬁdence intervals (CIs). We assessed the strength of evidence
for associations adjusting for multiple comparisons using a
Bonferroni-corrected signiﬁcance level of p < 1.67  10 3
(0.05/30 [15 risk factors*2 outcomes] Z 1.67  10 3).
Values of p between 1.67  10 3 and 0.05 were considered
nominally signiﬁcant. All analyses were performed in R
(version 3.4.3; R Development Core Team) with the packages gtx, LDlinkR, MendelianRandomization, MRPRESSO
and TwoSampleMR.
3. Results
3.1. Strength and heterogeneity of genetic instruments
The F-statistic for the genetic instruments of the 15
metabolic risk factors and lifestyle behaviors ranged from
33 to 175, suggesting that there was no evidence of weak
instrument bias in this study (Table 1). The heterogeneity
analysis suggested the presence of heterogeneity among
the genetic variants for the majority of the metabolic risk
factors and lifestyle behaviors (all p < 0.05), except for
alcohol dependence and sedentary behavior (Table S16).
3.2. Power calculation for the MR analysis
As shown in Table S17, our MR analyses had adequate
power to detect small effect sizes (e.g., OR Z 1.1) for most
of the metabolic risk factors and lifestyle behaviors.
3.3. Relationship between modiﬁable risk factors and
cardiovascular disease
The metabolic and lifestyle risk factors, along with the
strength and magnitude of their associations with CAD
and ischemic stroke from the main analysis, are illustrated
in Fig. 3. Among these modiﬁable factors, 9 of them had
causal roles in higher odds of CVD: genetically predicted
hypertension (CAD: OR, 5.19 [95% CI, 4.21e6.41]; ischemic
stroke: OR, 4.92 [4.12e5.86]), systolic BP (CAD: OR per 1mmHg increase, 1.03 [1.03e1.04]; ischemic stroke: OR
per 1-mmHg increase, 1.03 [1.03e1.03]), diastolic BP (CAD:
OR per 1-mmHg increase, 1.05 [1.05e1.06]; ischemic
stroke: OR per 1-mmHg increase, 1.05 [1.04e1.05]), type 2
diabetes (CAD: OR, 1.11 [1.08e1.15]; ischemic stroke: OR,
1.07 [1.04e1.10]), smoking initiation (CAD: OR, 1.26
[1.18e1.35]; ischemic stroke: OR, 1.24 [1.16e1.33]), LDL-C
(CAD: OR per 1-SD increase, 1.55 [1.41e1.71]), triglycerides (CAD: OR per 1-SD increase, 1.29 [1.14e1.45]),
BMI (CAD: OR per 1-SD increase, 1.25 [1.19e1.32]), and
alcohol dependence (CAD: OR, 1.04 [1.03e1.06]). In
contrast, a genetic liability of educational attainment

Y. Jia et al.

(CAD: OR per 1-SD increase, 0.62 [0.58e0.66]; ischemic
stroke: OR per 1-SD increase, 0.68 [0.63e0.72]) and HDL-C
(CAD: OR per 1-SD increase, 0.82 [0.74e0.91]) was
inversely associated with the risk of CVD. In addition, there
was suggestive evidence for the potential harmful impact
of genetically higher fasting glucose (CAD: OR per 1-mmol/
L increase, 1.26 [1.06e1.51]; ischemic stroke: OR per 1mmol/L increase, 1.25 [1.00e1.55]) and smoking heaviness (CAD: OR per 1-SD increase, 1.17 [1.00e1.37]) on the
risk of CVD. No signiﬁcant associations with the risk of
CVD were observed for genetically determined alcohol
consumption and sedentary time (Fig. 3).
3.4. Sensitivity analyses
We found directional pleiotropy for the associations of
type 2 diabetes, fasting glucose, HDL-C, BMI, and smoking
intensity with disease (CAD or ischemic stroke) based on
the intercept of the MR-Egger regression model (all
p < 1.67  10 3; Table 2). In addition, the weighted median
analysis showed signiﬁcant associations for hypertension
(CAD: OR, 4.26 [3.40e5.35]; ischemic stroke: OR, 4.27
[3.37e5.42]), systolic BP (CAD: OR per 1-mmHg increase,
1.03 [1.02e1.03]; ischemic stroke: OR per 1-mmHg increase, 1.03 [1.03e1.03]), diastolic BP (CAD: OR per 1mmHg increase, 1.05 [1.04e1.06]; ischemic stroke: OR
per 1-mmHg increase, 1.05 [1.04e1.06]), type 2 diabetes
(CAD: OR, 1.07 [1.03e1.12]), LDL-C (CAD: OR per 1-SD increase, 1.61 [1.49e1.76]), HDL-C (CAD: OR per 1-SD increase, 0.87 [0.80e0.94]), triglycerides (CAD: OR per 1-SD
increase, 1.24 [1.13e1.37]), BMI (CAD: OR, 1.18 [1.09e1.27]),
smoking initiation (CAD: OR, 1.22 [1.12e1.33]; ischemic
stroke: OR, 1.22 [1.11e1.34]), and educational level (CAD:
OR per 1-SD increase, 0.63 [0.58e0.69]; ischemic stroke:
OR per 1-SD increase, 0.72 [0.65e0.78]) (Table 2). The MRPRESSO method further conﬁrmed the signiﬁcant associations of hypertension (CAD: OR, 5.16 [4.21e6.32];
ischemic stroke: OR, 4.90 [4.04e5.95]), systolic BP (CAD:
OR per 1-mmHg increase, 1.03 [1.03e1.04]; ischemic
stroke: OR per 1-mmHg increase, 1.03 [1.03e1.03]), diastolic BP (CAD: OR per 1-mmHg increase, 1.06 [1.05e1.06];
ischemic stroke: OR per 1-mmHg increase, 1.05
[1.04e1.05]), type 2 diabetes (CAD: OR, 1.13 [1.10e1.17];
ischemic stroke: OR, 1.08 [1.06e1.11]), LDL-C (CAD: OR per
1-SD increase, 1.61 [1.45e1.78]), HDL-C (CAD: OR per 1-SD
increase, 0.81 [0.73e0.89]), triglycerides (CAD: OR per 1SD increase, 1.36 [1.20e1.55]), BMI (CAD: OR, 1.26
[1.20e1.32]), smoking initiation (CAD: OR, 1.26 [1.17e1.34];
ischemic stroke: OR, 1.24 [1.16e1.33]), and educational
level (CAD: OR per 1-SD increase, 0.62 [0.58e0.66];
ischemic stroke: OR per 1-SD increase, 0.68 [0.63e0.72])
with the risk of CVD (Table 2). Although a nonsigniﬁcant
link was observed between alcohol consumption and CAD
in the principal analysis, the MR-PRESSO approach
revealed a suggestive positive relationship (OR per 1-SD
increase, 1.19 [1.00e1.40]) (Table 2). After removing the
SNPs explaining more of the phenotypic variance of the
outcome than that of the exposure by performing Steiger
ﬁltering, the repeated IVW MR analyses yielded similar
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Figure 3 Forest plots on the effects of metabolic risk factors and lifestyle behaviors on coronary artery disease (CAD) and ischemic stroke in the
inverse-variance weighted method of Mendelian randomization analyses. Odds ratios (ORs) with 95% conﬁdence intervals (CIs) represent the association estimates with CAD and ischemic stroke risks of: hypertension; 1-mmHg increase in systolic blood pressure (BP); 1-mmHg increase in
diastolic BP; 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 (BMI); 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/week;
alcohol dependence; 1-SD increase in sedentary time; 1-SD increase in years of educational attainment.

ﬁndings as the main analysis (Table S18). Furthermore, the
directionality Steiger test conﬁrmed that the direction of
the identiﬁed associations was correct (all p < 1.67  10 3;
Table S18). In the sensitivity analyses adjusting for the
effects of BMI, the relationships between genetically predicted type 2 diabetes and the risk of CAD and ischemic
stroke were partly attenuated but still achieved statistical
signiﬁcance (CAD: OR, 1.12 [1.07e1.16]; ischemic stroke:
OR, 1.07 [1.04e1.10]) (Table S19). In the multivariable MR
model with adjustment for the genetic overlap among the
2 BP traits, the associations of systolic BP with risks of CAD
and ischemic stroke remained signiﬁcant (CAD: OR per 1mmHg increase, 1.02 [1.01e1.03]; ischemic stroke: OR per
1-mmHg increase, 1.03 [1.02e1.04]), while the multivariable MR analyses adjusting for the genetic overlap among
the 3 lipid traits suggested a signiﬁcant association between LDL-C and the risk of CAD (OR per 1-SD increase,
1.52 [1.37e1.69]) (Table S20).
4. Discussion
This two-sample MR study provided genetic evidence of
causality between some metabolic risk factors and lifestyle
behaviors and CVD, showing that hypertension, systolic BP,
diastolic BP, type 2 diabetes, LDL-C, triglycerides, BMI,
smoking initiation, and alcohol dependence adversely
impact the cardiovascular system and that HDL-C and
educational attainment are inversely related to the risk of
CVD. Additionally, fasting glucose and smoking intensity
appeared to be potential causal risk factors for CVD.
In the present study, the associations of BP, lipids, BMI,
smoking initiation, excessive drinking, and educational
attainment with CAD as well as the effects of smoking
initiation and educational attainment on ischemic stroke
were identical to those in previous observational studies
[9,11,32e36] and MR studies [37e41]. This evidence indicated that these modiﬁable factors were causally

associated with the risk of CVD. For type 2 diabetes, the
intercept term in the MR-Egger regression model reﬂected
a potential pleiotropic effect on the risk of CAD and
ischemic stroke. However, the associations of type 2 diabetes with CAD and ischemic stroke remained causal in
the further sensitivity analysis. Moreover, the ﬁnding for a
deleterious role of type 2 diabetes on CVD is in concordance with previous prospective studies [7,42].
The potential association between smoking intensity
and CVD has been supported by previous prospective
observational studies [43]. In the present study, IVW MR
analysis showed causal associations between smoking
initiation (ever smoked regularly) and increased risks of
CAD and ischemic stroke. However, these associations
were attenuated in sensitivity analyses, and the MR-Egger
regression demonstrated potential pleiotropy. Despite the
uncertainty of the evidence of association between
smoking and CVD, smoking is still discouraged due to its
well-known adverse effects on CVD [9].
The role of fasting glucose in the development of CAD
and ischemic stroke along with the effect thresholds
remain controversial. Based on a prospective cohort study
with 698 782 participants, nonlinear associations between
fasting glucose and CAD and ischemic stroke were
observed, with glucose levels between 3.90 and
5.59 mmol/L being associated with low vascular risk [44].
However, another observational study involving 237 468
subjects from the Asia Paciﬁc region reported continuous
associations of fasting glucose levels with the risks of CAD
and stroke, which extended down to approximately
4.9 mmol/L, well below the usual fasting glucose threshold
for the diagnosis of diabetes and impaired glucose tolerance [8]. In the present study, we observed suggestive
positive correlations between genetically determined
fasting glucose and the predisposition to CAD and
ischemic stroke. The results should only be interpreted as
the average association at the population level because a
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Table 2 Sensitivity analyses for the impact of modiﬁable risk factors on CAD and ischemic stroke.
Risk factor

Blood pressure
Hypertension
Systolic BP
Diastolic BP
Glucose
Type 2 diabetes
Fasting glucose
Lipids
LDL-C
HDL-C
Triglycerides
Overweight
BMI
Smoking
Smoking initiation
Smoking heaviness
Alcohol intake
Alcohol consumption
Alcohol dependenceb
Sedentariness
Sedentary time
Education
Educational level

Outcome

SNPs

Weighted median

MR-Egger

OR (95% CI)

p value
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p value

SNPs

OR (95% CI)

p value

1.000
1.000
1.000
0.997
1.000
0.997

(0.995e1.005)
(0.996e1.004)
(0.997e1.002)
(0.995e0.999)
(0.997e1.002)
(0.995e1.000)

0.98
0.99
0.84
0.01
0.89
0.02

449a
464a
1 313a
1 333a
1 385a
1 398a

5.16
4.90
1.03
1.03
1.06
1.05

(4.21e6.32)
(4.04e5.95)
(1.03e1.04)
(1.03e1.03)
(1.05e1.06)
(1.04e1.05)

2.89
4.39
3.11
1.43
6.89
9.15

10
10
10
10
10
10

56

1.011
1.004
1.006
1.019

(1.008e1.015)
(1.001e1.008)
(0.996e1.016)
(1.009e1.029)

7.23  10
8.30  10
0.23
2.30  10

9

272a
276a
31a
32

1.13
1.08
1.24
1.25

(1.10e1.17)
(1.06e1.11)
(1.05e1.46)
(1.00e1.56)

5.57  10
3.35  10
0.01
0.05

16

0.988
0.989
0.988
0.991
1.009
1.007

(0.979e0.997)
(0.981e0.998)
(0.980e0.996)
(0.986e0.995)
(0.999e1.020)
(1.000e1.013)

8.87  10
0.01
2.69  10
2.74  10
0.08
0.04

3

49a
51a
56a
64
30a
37

1.61
1.01
0.81
0.95
1.36
1.00

(1.45e1.78)
(0.94e1.08)
(0.73e0.89)
(0.90e1.01)
(1.20e1.55)
(0.93e1.09)

4.61  10
0.84
9.07  10
0.08
2.32  10
0.92

19

1.003 (1.001e1.005)
1.002 (1.000e1.003)

6.14  10
0.04

4

823a
830a

1.26 (1.20e1.32)
1.07 (1.03e1.13)

1.10  10
2.46  10

20

0.999
1.003
1.010
1.006

0.73
0.24
1.19  10
0.10

352a
355
46
46

1.26
1.24
1.17
1.14

4.98  10
4.16  10
0.05
0.15

11








CAD
Ischemic stroke
CAD
Ischemic stroke
CAD
Ischemic stroke

464
467
1338
1338
1404
1404

4.26
4.27
1.03
1.03
1.05
1.05

(3.40e5.35)
(3.37e5.42)
(1.02e1.03)
(1.03e1.03)
(1.04e1.06)
(1.04e1.06)

4.41
4.53
6.63
3.99
1.37
5.94

CAD
Ischemic stroke
CAD
Ischemic stroke

277
278
32
32

1.07
1.06
1.21
0.94

(1.03e1.12)
(1.02e1.10)
(1.00e1.45)
(0.75e1.18)

1.98  10
5.83  10
0.04
0.61

4

CAD
Ischemic stroke
CAD
Ischemic stroke
CAD
Ischemic stroke

53
53
64
64
37
37

1.61
1.01
0.87
1.02
1.24
0.93

(1.49e1.76)
(0.93e1.10)
(0.80e0.94)
(0.94e1.11)
(1.13e1.37)
(0.84e1.02)

1.72  10
0.82
5.13  10
0.67
8.08  10
0.13

29

CAD
Ischemic stroke

830
831

1.18 (1.09e1.27)
1.07 (0.99e1.16)

4.08  10
0.09

5

CAD
Ischemic stroke
CAD
Ischemic stroke

355
355
46
46

1.22
1.22
0.96
1.03

8.38  10
6.29  10
0.68
0.81

6

CAD
Ischemic stroke
CAD
Ischemic stroke

89
89
2
2

1.25 (0.99e1.58)
1.07 (0.76e1.51)
NA
NA

0.06
0.70
NA
NA

0.996 (0.992e1.001)
1.002 (0.997e1.008)
NA
NA

0.10
0.39
NA
NA

87a
89
NA
NA

1.19 (1.00e1.40)
1.21 (0.97e1.50)
NA
NA

0.04
0.09
NA
NA

CAD
Ischemic stroke

4
4

0.84 (0.54e1.31)
0.96 (0.61e1.51)

0.45
0.87

0.830 (0.621e1.108)
0.887 (0.693e1.135)

0.21
0.34

4
4

0.76 (0.43e1.35)
0.88 (0.60e1.30)

0.36
0.53

CAD
Ischemic stroke

1209
1212

0.63 (0.58e0.69)
0.72 (0.65e0.78)

5.62  10
8.40  10

0.999 (0.996e1.002)
1.002 (1.000e1.005)

0.47
0.10

1 208a
1212

0.62 (0.58e0.66)
0.68 (0.63e0.72)

2.16  10
1.26  10

(1.12e1.33)
(1.11e1.34)
(0.80e1.16)
(0.83e1.27)

10
10
10
10
10
10

MR-PRESSO

Intercept (95% CI)

33
43
47
42
42

3

4

6

5

26
13

(0.993e1.005)
(0.998e1.009)
(1.004e1.017)
(0.999e1.014)

3

4

3
5

3

(1.17e1.34)
(1.16e1.33)
(1.00e1.38)
(0.96e1.36)

58
92
76
81
70

10

6

6

3

10

45
30
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Odds ratios (ORs) with 95% conﬁdence intervals (CIs) represent the association estimates with coronary artery disease (CAD) and ischemic stroke risks of: hypertension; 1-mmHg increase in systolic
blood pressure (BP); 1-mmHg increase in diastolic BP; type 2 diabetes; 1-mmol/L increase in fasting glucose; 1-SD increase in low density lipoprotein cholesterol (LDL-C); 1-SD increase in highdensity lipoprotein cholesterol (HDL-C); 1-SD increase in triglycerides; 1-SD increase in body mass index (BMI); 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/week; alcohol dependence; 1-SD increase in sedentary time; 1-SD increase in years of educational attainment.
Abbreviations: MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier; NA, not applicable; SNPs, single nucleotide polymorphisms.
a
Remaining SNPs after excluding outliers.
b
Sensitivity analyses could not be performed since the number of SNPs was less than 3.
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two-sample MR study could not be performed to readily
assess nonlinear associations. Despite the uncertainty of
the relationship between fasting glucose and CAD and
ischemic stroke, fasting glucose should still be kept within
the normoglycemic range for individuals, since type 2
diabetes has been demonstrated to be highly comorbid
with CVD [7].
BMI has been implicated in the risk of stroke, but the
direction and magnitude of the associations are incongruous across earlier studies and at times appear to be
nonlinear. For instance, a systematic review with 102 466
cases among 4 432 475 participants observed a J-shaped
association between BMI and stroke, suggesting that the
nadir of the dose-response curve was at BMI Z 23e24 kg/
m2 [45]. On the other hand, the literature has indicated sex
differences in the correlation between BMI and ischemic
stroke [46,47] and these differences are likely to be driven
by the different distributions of muscle and fat mass
among men and women [48]. Herein, we performed causal
inference using the genetic variants that had been
adjusted for sex as a proxy for BMI [16]. In contrast to
previous MR studies with smaller scales [14], BMI was
reported as a potential causal risk factor for ischemic
stroke in this large-sample MR study. Taken together,
given that obesity frequently leads to CVD, there is evidence that a high BMI might need to be reduced moderately to a normal stratum [49].
In the present MR study, the lack of causal associations
between alcohol consumption and sedentary time and risk
of CVD suggested that the relationships found in previous
observational studies [10,50] might be distorted by residual
confounders and reverse causation, which were difﬁcult to
exclude completely. On the other hand, it might also be a
consequence of inadequate power due to the relatively
limited phenotypic variance explained by the included genetic instruments. The latter rationale explained the key
reason for the null ﬁndings for sedentary time, which had
been reported as a cardiovascular risk factor independent of
physical activity in a previous randomized intervention
study [6]. Additionally, the nonsigniﬁcant causal relationship between lipids and ischemic stroke disagreed with the
ﬁndings from a previous randomized controlled trial [4],
presumably due to bias as a result of the discrepancy in
genetic background among the participants of the GWASs
on ischemic stroke (European only) and lipids (mostly European with a small number of non-European).
CAD shares common atherogenesis mechanisms with
ischemic stroke. BP and lipids have been linked to the
degree of arterial stiffness [51e54] while arterial stiffness
has emerged as a valid vascular marker of subclinical
atherosclerosis. In addition, diabetes was reported to have
the ability to induce abnormalities of the vascular wall and
in turn to accelerate atherosclerotic lesions [55]. As pivotal
risk factors for atherosclerosis, obesity, smoking, and
excessive drinking were implicated in multiple pathophysiologic pathways, including BP elevation [56,57] and
endothelial dysfunction [58]. In contrast, pursuing a
healthy lifestyle might be responsible for the beneﬁcial
effects of a high educational level on the risk of CAD and
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ischemic stroke. However, due to the limited evidence for
the associations between some risk factors and CAD and
ischemic stroke from RCTs, causality is still unclear in this
ﬁeld. Our study has important scientiﬁc signiﬁcance and
public health implications, providing not only novel
insight into the causal risk factors for CVD from a genetic
standpoint, but also targets for the prevention of CVD. This
MR study suggests that BP, glucose, lipids, BMI, smoking,
alcohol intake, and education are promising targets for the
prevention of CVD. Further clinical trials are needed to
conﬁrm the preventive effect of interventions targeting
these metabolic risk factors and lifestyle behaviors.
A strength of this study is the use of the MR design.
Taking advantage of the random assortment of alleles
during gametogenesis, MR studies are able to explore the
potential causality for the associations between exposures
and diseases. Moreover, we evaluated the effects of a variety of modiﬁable risk factors on CVD risk using several
large-scale GWAS datasets, which enabled us to perform
MR analyses with high statistical power. However, several
limitations should be discussed here. First, this twosample MR study assumed linear associations between
exposures and diseases (CAD and ischemic stroke),
whereas the associations for certain modiﬁable risk factors
(e.g., fasting glucose level [44]) might be “J” or “U” shaped.
Second, for the risk factors for which the variance
explained by genetic instruments is low, we noted that
causal inference might be hindered by limited power and
accuracy (Table S17). Third, alcohol consumption, smoking,
and sedentary behavior were highly confounded, and the
variance explained by the MR instruments was generally
low for these exposures. Therefore, further studies are
warranted to investigate the effects of residual confounding and pleiotropy on the associations of metabolic risk
factors and lifestyle behaviors with CVD. Fourth, the SNPexposure and SNP-outcome estimates used in our study
were mostly based on European subjects, leading to
reduced reliability when extrapolating the ﬁndings to individuals of non-European descent. However, as we
focused on European ancestry, considerable population
stratiﬁcation bias is not expected in the current study.
Nonetheless, we emphasized the importance of incorporating other race-based populations in further studies for
more conclusive results. Finally, there might be an overlap
between participants in exposure GWASs from UK Biobank
and the two outcome GWASs, which may lead to weak
instrument bias [59]. Although the F-statistic suggested
that instrument bias was minimal in this MR study, further
two-sample MR studies based on independent cohorts
without overlapping participants are needed to better
understand the role of metabolic risk factors and lifestyle
behaviors in the etiology of CVD.
In conclusion, this MR study provided novel insight into
the causal risk factors for CVD from a genetic standpoint,
suggesting that BP, glucose, lipids, BMI, smoking, alcohol
intake, and education are promising targets for the prevention of CVD. Further studies are warranted to conﬁrm
these ﬁndings in other populations and to elucidate the
underlying mechanisms.
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