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Abstract

Purpose of review: We provide an overview of recent findings with respect to gene-

environment (GxE) interactions for cardiovascular disease (CVD) risk and discuss future 

opportunities for advancing the field.

Recent findings: Over the last several years, GxE interactions for CVD have mostly been 

identified for smoking and coronary artery disease (CAD) or related risk factors. By comparison, 

there is more limited evidence for GxE interactions between CVD outcomes and other exposures, 

such as physical activity, air pollution, diet, and sex. The establishment of large consortia and 

population-based cohorts, in combination with new computational tools and mouse genetics 

platforms, can potentially overcome some of the limitations that have hindered human GxE 

interaction studies and reveal additional association signals for CVD-related traits.

Summary: The identification of novel GxE interactions is likely to provide a better 

understanding of the pathogenesis and genetic liability of CVD, with significant implications 

for healthy lifestyles and therapeutic strategies.
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Introduction.

Coronary artery disease (CAD), myocardial infarction (MI), peripheral artery disease (PAD), 

and stroke (collectively referred to as atherosclerotic cardiovascular disease [CVD]) are 

the leading causes of death in Western societies [1], even in the contemporary era of high-

potency lipid-lowering therapy [2]. The pathophysiological basis of CVD is atherosclerosis, 

a process that develops slowly over decades without necessarily having overt manifestations. 

Thus, individuals with CAD or PAD are typically asymptomatic, with the first clinical 

indication often being an adverse event (i.e. MI, stroke, or death) [3]. To date, elevated 

plasma lipids, diabetes mellitus, systemic arterial hypertension, inflammation, and cigarette 

smoking are established causal pathways for atherothrombotic diseases [4], but strategies 

to lower these traditional risk factors only partially mitigates risk and >50% of patients 

with an acute cardiovascular event do not exhibit elevated levels of these risk factors. These 

observations suggest the involvement of additional unrecognized causal mechanisms.

Recent large-scale genetic studies and decades of epidemiological research have established 

the contribution of heritable susceptibility factors and environmental exposures to risk of 

CVD. Despite the recognition that gene-environment (GxE) interactions are also likely 

to play important roles in development of CVD, their identification has been hampered 

by insufficient power due to small sample sizes and weak genetic effects, imprecise 

measurement of relevant exposures, and computational limitations [5]. However, the 

establishment of collaborative consortia comprised of multiple cohorts that in aggregate 

can now include over 1 million subjects, the availability of population-based biobanks and 

datasets that have collected environmental, genetic, and clinical data in the same individuals, 

and newly developed statistical methods will help overcome the challenges of carrying 

out GxE interaction studies on a large and unbiased scale. In this review, we discuss 

these advances in the field and highlight recent discoveries that illustrate how successful 

identification of GxE interactions for CVD and related traits can be achieved.

Role of the Environment in Modulating Risk of CVD.

It is generally accepted that risk of CVD is characterized by heritable susceptibility 

factors in the context of lifetime exposure to the type of atherogenic environment that 

has become so prevalent in industrialized societies. This concept is supported by decades 

of epidemiological research and even in migration studies in which the adverse effect of a 

Western lifestyle is evident. For example, risk of CVD was shown to progressively increase 

in Japanese men as function of migrating from Japan to Hawaii and California [6]. While 

a detailed discussion of the role of environmental factors in mediating CVD risk is beyond 

the scope of this review, we briefly highlight those components that are relevant to GxE 

interactions (Table 1) and refer the reader to other recent publications for a more thorough 

analysis [7].
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The best understood environmental risk factors for CVD are perhaps diet, physical activity, 

and smoking (Table 1). It is well-known that a sedentary lifestyle or consumption of 

high levels of cholesterol and fats, particularly saturated and trans fats, increase risk of 

CVD whereas regular physical activity and diets rich in fruits and vegetables and non-red 

meat lean protein are protective [8-10]. The environmental risk factor with the strongest 

adverse effect on the development of CVD is smoking, which doubles risk even in light 

smokers [11]. CVD has also been estimated to account for over half of the ~500,000 annual 

premature deaths that are attributed to smoking [1]. In addition to poor diet and tobacco 

use, a large body of evidence has also shown consistent associations between CVD and 

short- or long-term exposure to components of traffic-related air pollution (TRAP), such 

as coarse, fine, and ultrafine particulate matter (PM) or nitrogen oxides (NOx) [12, 13]. 

Notably, after smoking and dietary risk factors, more deaths can be attributed to air pollution 

than low-density lipoprotein (LDL) cholesterol levels and obesity [14], highlighting the 

importance of this environmental factor. Lastly, sex can also be considered another variable 

that can interact with genetic factors since it is well known that men are at higher risk of 

CVD than women, at least until menopause due to the protective effect of estrogen.

Current State of CVD Genetics.

CVD has a strong genetic component based on heritability estimates that range between 

~40-60% [15-18]. These results are corroborated by genome-wide association studies 

(GWAS), where in the 10 years after the initial identification of the CAD locus on 9p21, 

over 100 additional genomic regions were identified for CVD outcomes [19]. However, 

just in the last four years alone, the number of susceptibility loci for CAD, MI, PAD, and 

stroke has more than doubled to over 250 [•20-27]. These discoveries have been made 

possible, in part, through the establishment of collaborative consortia that have harnessed 

the cumulative power of meta-analyzing data across dozens of case-control cohorts as 

well as large population-based cohorts, such as the UK Biobank [28], FinnGen [29], and 

Biobank Japan [30]. The results of these large GWAS provide further evidence that loci 

influence risk of CVD via perturbations of lipid metabolism, blood pressure regulation, 

inflammation, and coagulation but an obvious underlying biological mechanism for half 

or more of the association signals is not readily apparent. Furthermore, the risk alleles 

at nearly all identified loci are common in the population and only explain a fraction of 

the overall heritability for CVD outcomes [26]. Thus, it has been postulated that there are 

other unrecognized contributions from additional common variants, rare, highly penetrant 

susceptibility alleles, and/or GxE interactions.

If the results of the last few years are any indication, additional common risk alleles for 

CVD will undoubtedly be revealed by even larger GWAS that are already starting to exceed 

one million individuals. However, the effect sizes of such alleles will be even weaker 

than those already identified and therefore not likely to explain a significant fraction of 

the remaining so-called missing heritability. In this regard, rare variants have also been 

previously associated with CVD risk through exome chip or sequencing analysis, with some 

exhibiting large effect sizes. Even so, there have still been far fewer rare variants identified 

for CVD than common single nucleotide polymorphisms (SNPs) from GWAS [31]. Even 

with increased sample sizes in more recent rare variant studies [32-35], the number of 

Hartiala et al. Page 3

Curr Atheroscler Rep. Author manuscript; available in PMC 2022 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



novel genes identified for CVD or related risk factors has not appreciably increased. 

These observations suggest that rare variants may not explain a significant fraction of the 

genetic risk for CVD, although it is still possible that expansion of rare variant analysis 

to the entirety of population-based biobanks or more subjects of non-European ancestry 

could increase the evidence that this class of variants still has unrecognized significant 

contributions to mediating CVD risk.

Overview of GxE Interactions.

From a statistical perspective, GxE interactions are defined as those where the combined 

effect of genotype and exposure differs significantly from the additive effects of genotype 

and exposure (Figure 1). A straightforward example for such synergy would be where the 

effect of smoking on CAD is significantly greater among carriers of a risk allele than the 

effect of smoking observed in non-carriers (Figure 1). To test for such an interaction, a 

multiplicative interaction term (GxE) can be included in a standard statistical model along 

with the main effects of genotype (G) and exposure (E). Alternatively, genetic analyses 

can be carried out in exposed (e.g. current or ever smokers) and non-exposed (e.g. never 

smokers) groups separately, followed by interaction tests to determine whether effect sizes 

are significantly different between the two exposure groups. As described below, this 

latter approach has been used in several studies since it is relatively straightforward to 

implement in multiple cohorts individually and then meta-analyzed together to test for GxE 

interactions.

GxE Interactions with Smoking.

For the present discussion on GxE interactions for CVD outcomes, we focus primarily on 

recent studies carried out by large multi-cohort consortia or in population-based cohorts 

since the sample sizes used in these analyses increase the likelihood of identifying true 

interactions. Of the various environmental exposures highlighted above (Table 1), several 

recent GxE interactions have been reported for smoking using both candidate gene and 

whole-genome approaches (Table 2). In one large study with ~140,000 cases and controls, 

stratified analyses with known CAD loci revealed a significant GxE interaction where 

the protective association of a variant (rs7178051) upstream of ADAMTS7 with CAD 

was attenuated by 60% in smokers (5% lower risk) compared to non-smokers (12% 

lower) [••36]. Notably, the basis for the overall reduced risk of CAD observed with 

rs7178051 was likely due to the protective T allele decreasing ADAMTS7 mRNA levels 

based on expression data in human aortic endothelial cells and lymphoblastoid cells lines 

[••36]. Another important aspect of this study was in providing directionally consistent 

functional evidence for the observed GxE interaction since cigarette smoke extract was 

shown to upregulate ADAMTS7 mRNA levels in vascular wall cells [••36]. More recently, 

a moderately linked ADAMTS7 variant (rs3825807) was also shown to affect CAD risk 

through a gene-smoking interaction [37]. Importantly, rs3825807 encodes a Ser214Pro 

substitution that decreases ADAMTS7 function [38] and was associated with a greater 

reduction in CAD risk among never smokers compared to ever smokers [37]. Thus, 

the GxE interaction association with rs3825807 on CAD risk is directionally consistent 
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with that observed with rs7178051 and supports the notion that smoking attenuates the 

cardioprotective effects of genetically decreased ADAMTS7 expression/function.

In another candidate gene approach, stratified analyses were also used to evaluate a 

polygenic risk score (PRS) constructed with known susceptibility loci for association with 

CAD in smokers and non-smokers [39]. These analyses identified a GxE interaction where 

cumulative genetic burden of the 50 variants examined modified the association of smoking 

with CAD, which also happened to be stronger in men than women (Table 2) [39]. While 

not for CVD outcomes directly, unbiased, genome-wide studies have sought to identify 

gene-smoking interactions for CVD risk factors as well [40-42]. These meta-analysis-based 

studies incorporated data from approximately half a million subjects and identified ~20 

new loci associated with LDL cholesterol, high-density lipoprotein (HDL) cholesterol, 

and triglyceride levels, or systolic and diastolic blood pressure (SBP and DBP), pulse 

pressure (PP), and mean arterial pressure (MAP) through GxE interactions (Table 2) [40-42]. 

However, in some cases, the GxE loci were only observed in subjects of African ancestry, 

were not replicated in independent datasets, and were supported only by limited functional 

data that did not point to obvious underlying molecular mechanisms [40-42].

GxE Interactions with Diet and Physical Activity.

In comparison to smoking, fewer recent GxE studies have been reported for other exposures 

relevant to CVD outcomes. Part of this may be due to the difficulty in obtaining precise 

estimates of exposure in large numbers of subjects, such as for diet or physical activity 

which are usually based on questionnaire data. In addition, diet and physical activity are 

typically categorized for GxE interaction analyses based on percentile cutoffs, and thus 

may not best reflect the biological effects of such environmental factors. Like other GxE 

interaction studies, most prior analyses with diet have been based on testing candidate genes 

[43]. This approach was recently applied to a genetic risk score (GRS)-based analysis with 

known lipid loci, which revealed that the cumulative genetic association of LDL-raising 

alleles with increased risk of stroke was attenuated by a high quality diet (Table 2) [•44]. In 

another study, Francis et al. [45] carried out a GWAS analysis with fish oil supplementation 

as the dietary exposure in ~81,000 subjects from the UK Biobank and ARIC cohorts 

to identify four novel loci associated with LDL cholesterol (ABCG6, MLXIPL), HDL 

cholesterol (SLC12A3), and triglyceride (GJB6-GJB2-GJA3) levels through synergistic or 

antagonistic interactions (Figure 1; Table 2). A similar GWAS study design with larger 

numbers of subjects also identified novel loci for lipid levels through interactions with 

physical activity, defined as a dichotomized exposure variable [46]. The results indicated 

that the HDL-raising effects of three novel loci were enhanced as a function of being 

physically active whereas the LDL-raising effects at another locus were attenuated by 

physical activity (Table 2).

GxE Interactions with Air Pollution.

Numerous previous studies have evaluated GxE interactions with various air pollutants, 

including PM, nitrogen or sulfur containing molecules, and ozone [47]. Most of these 

studies involved candidate gene analyses with small sample sizes [47] compared to the 
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more recent GxE interaction studies described above for other exposures. However, two 

studies used a GWAS approach for gene-air pollution interaction studies. Using distance 

to nearest major road as the exposure, one study identified two loci (BMP8A and BMP2) 

that were associated with PAD at the genome-wide significance level [48] and a suggestive 

locus (PIGR-FCAMR) associated with coronary atherosclerosis [49]. Lastly, another recent 

GWAS investigated GxE interactions for cardiac function traits and identified a variant 

downstream of CXCL12 that was associated with greater QT prolongation in subjects 

exposed to high PM than those in the low exposure group [50]. Notably, the CXCL12 locus 

was previously known to influence risk of CVD through main effects since it was identified 

in the first series of GWAS for CAD and MI over 10 years ago [51, 52].

Gene-sex Interactions.

Surprisingly, few studies have investigated interactions with respect to sex for CVD even 

though it is known that men are at higher risk than women, at least until menopause. In this 

regard, variation at CPS1 was shown to exhibit sexually dimorphic pleiotropic associations 

with several choline-related and urea cycle metabolites, which translated into decreased 

risk of CAD in women but not men (Table 2) [•53]. This finding remains one of the few 

gene-sex interaction loci reported in the literature for CAD. More recently, Huang and 

colleagues used over 300,000 subjects from the UK Biobank to demonstrate that association 

of a genome-wide PRS and a 161-locus GRS was more strongly associated with CAD 

in men than women (Table 2) [54]. In addition, studies have also examined variation on 

the X chromosome for association with CAD as another approach to exploring gene-sex 

interactions. One such study found no associations on the X chromosome [55, 56]whereas 

a more recent study identified a locus that reduced CAD risk through strong lipid lowering 

effects [55, 56]. However, these effects were equivalent in men and women [55, 56]. Thus, 

it does not appear that variation at the X chromosome plays a major role in mediating sex 

differences with respect to CVD.

Recent Advances for Investigating GxE Interactions.

The analytical frameworks typically used for investigating GxE interactions described above 

poses certain challenges that may explain why the results of candidate gene GxE interaction 

studies are often not replicated or why unbiased GxE interaction studies have, until recently, 

not been largely pursued. For example, detecting GxE interactions have been estimated to 

require ~4-fold larger sample sizes than detecting main effects of exposures or SNPs alone 

[57]. This is compounded by the imprecise measures of many CVD-relevant exposures. 

Notably, the availability of large population-based cohorts, such as the UK Biobank [28], 

FinnGen [29], and Biobank Japan [30] may overcome such sample size limitations, as 

has been shown recently for cardiometabolic traits [58]. Moreover, such large datasets 

can also facilitate replication of the GxE interactions since the associations highlighted in 

Table 2 have only been identified very recently and still require validation in independent 

populations prior to considering them as true GxE signals.

Since subjects from large biobanks could be related to varying degrees, genetic analysis 

of such datasets requires the use of liner mixed models (LMMs), which can control for 
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potential confounding due to cryptic relatedness and/or population stratification. Although 

genetic analyses with LMMs can be computationally intensive, especially with large 

datasets, they have been successfully adapted in GWAS to detect main effects for CVD 

[20-27]. However, efficient LMM methods for carrying out unbiased GxE interaction studies 

have also recently been developed. For example, a novel method termed Linear Environment 

Mixed Model Analysis (LEMMA) has been introduced for investigating GxE interactions 

on a genome-wide scale [••59]. Importantly, LEMMA differs from previous approaches in 

that it implements a Bayesian whole-genome regression model that allows joint modeling 

of both main SNP effects and GxE interactions and can be used with biobank-level data 

[••59]. Since it is also biologically plausible that multiple exposures can jointly affect 

CVD risk and that genetic variants can modify this association, another advantage of 

LEMMA is that it allows linear combinations of environmental variables to be tested jointly 

for GxE interactions [••59]. For example, rather than testing only one component of air 

pollution for GxE interactions, LEMMA would allow the inclusion of all types of PM or 

NOx into the model. In addition to LEMMA, a non-linear regression and an even more 

computationally efficient method, termed Gaussian Prior Linear Environment Mixed Model 

Analysis (GPLEMMA), has also been developed for GxE interaction studies [••60]. Mixed 

model approaches have also been developed for assessing GxE interactions with whole 

exome or genome sequencing data where sets of variants at the gene level can be tested in 

aggregate [61]. Lastly, other statistical approaches, such as machine learning and Bayesian 

analyses, have also been proposed to address the GxE problem [62]. Taken together, the 

availability of these methods will foster additional research on GxE interactions and allow 

such studies to be carried in large numbers of subjects, which will increase the likelihood of 

identifying additional true GxE signals.

As an alternative to human studies, mouse models provide an excellent complementary 

approach to investigating GxE interactions since many experimental variables, such as age, 

sex, and exposures of interest can be tightly controlled. Animal models also have additional 

advantages as compared to human studies, including access to tissues, defined genetic 

backgrounds, and experimental validation. This is illustrated by studies using ~100 strains 

from the Hybrid Mouse Diversity Panel [63], which has led to identification of robust GxE 

interactions for diet-induced obesity [64] and responses to air pollution-related exposures 

[65], among other traits [63].

Conclusions.

In summary, efforts to elucidate GxE interactions for CVD are becoming increasingly 

successful due, in part, to collaborative studies with large population-based cohorts and 

collections of case-control datasets. Coupled with advances in statistical methodology, these 

resources will allow even more sophisticated types of GxE analyses to be carried out, which 

will increase the likelihood of identifying additional novel interactions with exposures that 

have important contributions to CVD risk. Taken together with recent discoveries, these 

efforts are likely to provide us with a better understanding of the pathogenesis of CVD 

and the role of GxE interactions in mediating its genetic liability. However, elucidating 

the biological mechanisms underlying GxE interactions and determining their translational 

applications will remain a challenge that will require extensive follow up studies.
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Figure 1. Conceptual Illustration of Genetic, Environmental, and GxE Interaction Effects.
Differences in an outcome (i.e. CAD risk) can be due to main effects of genetic (A) or 

environmental (B) factors or the additive effect of both genetic and environmental factors 

(C). Interactions are conceptualized as effects that manifest (D), synergize (E), or are 

antagonized (F) by an exposure.
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Table 1.

Selected Environmental Variables Associated with CVD Outcomes.

Exposure Direction of Association with CVD

Diet Positively associated with saturated and trans fat and cholesterol content and inversely associated with vegetable, fruit, 
whole grain, lean protein, and polyunsaturated fat content. Certain species of gut bacteria are positively associated through 
their nutrients, such as choline, L-carnitine, and phenylalanine.

Physical activity Negatively associated with increased levels

Smoking Positively associated with increased levels and accounts for ~250,000 annual premature deaths due to CVD in the United 
States alone.

Air pollution Positively associated with increased exposure levels of particulate matter, aerosols, and volatile organic chemicals.

Sex Men are more susceptible than women until menopause at which point risk becomes equivalent.
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