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Abstract Cardiovascular disease (CVD), the leading cause of
mortality worldwide, results from a complex interplay between
genetic and environmental factors. Genetic studies identified
genetic variants providing insights into the pathogenesis and
treatment of the disease. However, the mechanisms linking the
genotypic and phenotypic expression remain to be elucidated.
Gene–diet interaction studies attempt to elucidate how a mod-
ifiable factor interacts with the genetic background. The knowl-
edge gained thus far confers to small increments of CVD risk
and cannot explain the molecular mechanisms of the disease.
Epigenetic studies attempt to elucidate the molecular pathways
affected by an environmental stimulus, such as dietary expo-
sure. The epigenomic changes and their link to gene–diet
interactions remain a challenging area for research. Under-
standing the complex interplay among the epigenome, genome,
and dietary exposure should lead to accurate prediction, pre-
vention, or treatment of the disease.
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Introduction

Cardiovascular disease (CVD) is a class of disorders of the
heart and blood vessels and includes coronary artery disease
(CAD), cerebrovascular disease (stroke), peripheral artery

disease, rheumatic heart disease, congenital heart disease,
and heart failure. CVD is the leading cause of mortality
worldwide, with more than 80 % of deaths taking place in
low- and middle-income countries. In a recent report, the
World Health Organization (WHO, 2011) estimated that
more than 17 million people died from CVD in the year
2008, thus accounting for 30 % of all global deaths. By the
year 2030, it is estimated that CVD will account for 23.6
million deaths worldwide [1••].

Τhe underlying cause of these manifestations is athero-
sclerosis. The atherosclerotic process accounts for many
types of CVD, predominantly CAD and stroke, and is
advanced by the time heart problems are detected. Genetic
predisposition, behavioral, metabolic, and other risk factors
are responsible for the onset of atherosclerosis, which finally
leads to CVD (Table 1) [1••].

Among the established risk factors of CVD, there is
strong scientific evidence that genetic background in re-
sponse to dietary exposure plays a key role in the onset of
the disease [2, 3]. Thus far, implemented guidelines and
strategies in primary and secondary prevention of CVD
mainly focus on a healthy lifestyle and endeavor to behav-
ioral, social, and environmental changes. Nonetheless,
further understanding of the pathogenesis and etiology of
the disease requires research into the complex interaction
between genetic and environmental factors.

Nutrigenetic and nutrigenomic research intends to ex-
plore the mechanisms of the interplay between diet and
genetic variants in diet-related diseases (eg, CVD). This will
lead to even more specialized guidelines according to indi-
vidual genotypic architecture. The aim is to reduce the
prevalence of chronic diseases, to prevent them, or even to
cure them. For the purpose of the current review, outcomes
regarding the effects of genetic variation on responsiveness
to diet in CVD—specifically CAD—are examined.
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Genetic Determinants for Cardiovascular Disease

Individuals differ in their susceptibility to CVD, and genetic
variants play a key role in this. Indicatively, in a twin study,
it has been shown that there is a 57 % and 38 % heritability
for CAD in men and women, respectively [4]. In younger
individuals, it has been demonstrated that genetic variants
may contribute to a 20 % to 60 % increase in CAD risk [5].
Therefore, research to identify these variants is extended
through the past two decades [6, 7].

The candidate gene approach is based on an a priori
hypothesis of the plausible involvement of the selected gene
in the pathogenesis and process of the disease under inves-
tigation. Many studies examined single nucleotide polymor-
phisms (SNPs) in single candidate genes, while others
focused on more SNPs in the same gene. Historically, the
success of the first candidate gene study in identifying a
genetic variant in the susceptibility of CVD was published
in Nature in 1992. Specifically, the study explored a variant
found in the gene encoding angiotensin-converting enzyme
(ACE) and showed that homozygotes for a deletion in the
ACE gene were at higher myocardial infarction (MI) risk
[7]. Another example reflecting the success of this approach
is the identification of variants in the apolipoprotein E
(APOE) gene, which has a major role in cholesterol metab-
olism [8]. On the other hand, animal and human studies
have provided strong evidence regarding the pro- and anti-
atherogenic roles of the cholesterol ester transfer protein
(CETP) gene by playing a key role in reverse cholesterol
transport [9]. The breakthrough of the candidate gene stud-
ies was the knowledge obtained in the pathogenesis and the
treatment of CVD through the identification of variants in
genes associated with rare and monogenic forms of CVD—
that is, mendelian CVD. However, candidate gene studies
appeared unsuccessful in identifying the genetic background

of polygenic CVD, including CAD, mainly due to limited
tested polymorphisms and small sample sizes. Furthermore,
a significant number of SNPs involved in disease pathways
were left aside.

Genome-wide association studies (GWAS) enabled the
scanning of the entire genome in order to seek out associa-
tions between hundreds of thousands of SNPs and diseases.
The first GWAS on CVD identified some SNPs on 9p21.3
loci associated with CAD [10–13]. Reviewing the data up to
2011, 35 variants associated with CAD are reported [14••].
A meta-analysis performed by the CARDIoGRAM Consor-
tium found that rs1333049 on the 9p21 region confers a
29 % increase in MI risk per allele [15••]. Schunkert et al.
[16••] identified 13 new loci associated with CAD. Specif-
ically, the risk alleles for the new loci were associated with
an increase in CAD risk ranging from 6 % to 17 % per
allele. The C4D Consortium identified five novel loci, in-
cluding the lipase (LIPA) gene [17]. The CARDIoGRAM-
plusC4D Consortium raised the number of variants
associated with CAD to 46 in the Caucasian population. In
total, all the genetic variants identified thus far explain
approximately 10 % of the cardiovascular risk in humans
(unpublished data). Although the genome-wide approach
led to the discovery of many SNPs associated with CVD,
mechanisms linking the genotypic and phenotypic expres-
sion remain to be elucidated. More insights will be gained
by the investigation of gene–environment interactions that
will help us further understand the molecular pathways of
the disease and explain the interindividual variability. Diet
is one of the environmental factors that plays a major role
in CVD.

Dietary Risk Factors for Cardiovascular Disease

Many researchers have tried to explore the relationship
between dietary factors and CVD for almost half a century.
The effects of many nutrients, foods, and dietary patterns on
CVD have been evaluated by numerous studies. The impor-
tance of diet as a risk factor for CVD was first demonstrated
by the Seven Countries Study [18–21]. Specifically, the
Mediterranean-type diet was inversely associated with the
incidence of CAD in Southern Europe when compared with
the United States and Northern Europe, after adjusting for
confounding factors.

The Seven Countries Study paved the way for other
large-scale cohorts to follow, which examined the effects
of dietary food groups or dietary patterns on CVD risk. Only
a few of the major findings of some studies are highlighted
in the next lines, as this is not the purpose of the current
review. The CARDIO2000 study, a multicenter case-control
study, showed that exclusive olive oil consumption was
associated with a 0.55 times lower likelihood of having

Table 1 Risk factors associated with cardiovascular disease according
to the World Health Organization (2011)

Behavioral risk
factors

Unhealthy diet

Physical inactivity

Harmful use of alcohol

Tobacco use

Metabolic risk
factors

Hypertension

Diabetes

Elevated blood lipids (ie, hypercholesterolemia)

Increased body weight (overweight, obesity)

Other risk factors Genetic predisposition

Gender

Population ageing

Elevated homocysteine levels

Poverty and low educational status

Psychological status (eg, stress, depression)
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acute coronary syndrome (ACS) among hypercholesterolemic
subjects [22]. Another case-control study, the INTERHEART
study, demonstrated that a healthy dietary pattern character-
ized by increased consumption of fruits and vegetables has a
protective role against MI [23]. The protective effect of
vegetable intake in CAD has been also demonstrated by the
Physicians’Health Study in male subjects. Specifically, in this
study, men who consumed at least 2.5 servings/d of vegetables
had a relative risk (RR) of 0.77 (95 % CI, 0.60–0.98) for CAD
compared with men with vegetable consumption of less than 1
serving/d [24]. The WHO (2009) attributes about 11 % of
ischemic heart disease deaths to insufficient intake of fruits
and vegetables [25].

Furthermore, prospective studies have examined the role
of dietary patterns in relationship to CAD risk. Specifically,
the Multi-Ethnic Study (MESA) demonstrated a negative
association between the prevalence of CVD and the con-
sumption of fruits, vegetables, whole grains, and low-fat
content dairy after a 4-year follow-up. On the contrary, high
consumption of red meat, fried food, and sweets increased
the prevalence of CAD [26]. Along the same lines, the
ATTICA study demonstrated a protective role of fruits,
vegetables, and exclusive olive oil use against CAD. On
the other hand, high consumption of red meat, margarine,
sweets, cheese, and alcohol was positively associated with
the prevalence of CΑD [27].

Regarding micronutrients, the consumption of foods rich
in antioxidant compounds has been associated with de-
creased MI markers by exerting protective effects against
low-density lipoprotein cholesterol (LDL-C) oxidation and
endothelial vascular dysfunction. However, the benefit of
their clinical use requires further investigation [28].

Gene–Diet Interactions in Cardiovascular Disease Risk

Gene–diet interaction studies are emerging and attempting
to elucidate how a modifiable factor—that is, dietary
exposure—interacts with genetic background. The new
insights from gene–diet interaction studies promise to
determine the individual risk of the disease, which will
further lead to the implementation of personalized diets.

To date, the vast majority of studies that examined gene–
diet interactions in CVD are referring mostly to cardiovas-
cular risk factor outcomes. For the purpose of the current
review, we searched PubMed, limited to studies on human
subjects, with an emphasis on CAD and MI. A combination
of keywords, namely genes, SNPs, polymorphisms, diet,
dietary patterns, food groups, fat, cardiovascular disease,
and coronary artery disease, was used. To provide updated
knowledge, papers published during the past 2 years
were used. During this period, the amount of informa-
tion regarding gene–diet interactions in CVD in humans

is rather limited. A summary of these studies is provided
in Table 2.

A recent study on 9p21 loci, a chromosome region,
extensively explored identified interactions between dietary
patterns and rs2383206 on CVD risk. The results of the
study showed that homozygous individuals (from the
INTERHEART study) for the risk allele with a less prudent
diet have a 1.6- to 2.0-fold increased risk of MI [29]. A
prudent diet was a dietary pattern that consisted of raw
vegetables, fruits, leafy green vegetables, nuts, desserts,
and dairy products (food items that had factor loadings more
than 0.25) [30]. A proxy SNP for rs2383206—that is,
rs4977574—was also investigated for genetic association
with CVD in a different sample (from the FINRISK study).
It was found that the risk allele had an effect on the inci-
dence of CVD among subjects with low and medium con-
sumption of vegetables, fruits, and berries [29]. This result
is similar to the one from the INTERHEART analysis.
Furthermore, decreased CAD incidence has also been dem-
onstrated in individuals with the BHMT minor allele in a
case-control study [31•].

Regarding gene–diet interactions in clinical manifesta-
tions of the atherosclerotic process, there is only one study
in humans examining the effect of the interaction between
the 5-lipoxygenase promoter (ALOX5) genotype and dietary
intake on carotid artery intima-media thickness. Although
this study was not published within the last two years, we
are referring to it as hallmark. The results of the study
demonstrated that increased dietary intake of n-6 fatty acids,
namely arachidonic and linoleic acid, was associated with
increased intima-media thickness only among individuals
with two variant alleles of the ALOX5 gene. In contrast,
dietary intake of n-3 fatty acids was inversely associated
with intima-media thickness only among individuals carry-
ing two variant alleles. These results suggest for the first
time that interactions between genes in inflammatory path-
ways and diet may lead to the onset of the atherosclerotic
process in humans. However, these results need to be
replicated [32].

Significant genotype–diet interactions have been also
reported for the APOE gene. Frequent intake of olive oil
and polyunsaturated fatty acids (PUFAs) was associated
with an increase in triglyceride and LDL-C levels in E4
allele carriers. On the other hand, when analysis was per-
formed only in male subjects, it was demonstrated that high
olive oil intake was associated with low LDL-C levels in E2
carriers. Moreover, high intake of PUFAs was associated
with decreased triglyceride levels in E2 male and female
carriers [33]. Regarding saturated fatty acids (SFAs), indi-
viduals carrying the E4 allele had a greater CAD risk for
SFA intake of more than 10 % of energy compared with
individuals carrying the E2 allele [34]. In response to a high-
fat diet, individuals carrying an allele for rs4246444 on the
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Table 2 Gene–diet interactions studies on CVD risk factors

Chromosome or gene (SNP) Dietary factor Population Sample size, n Major findings Reference

9p21 (rs10757274,
rs2383206, rs10757278,
rs1333049)

3 dietary patterns (oriental,
Western, prudent)

INTERHEART
study

8,114 In response to a low prudent diet
score, homozygous individuals for
the risk allele of rs2383206 have a
1.6- to 2.0-fold increase in the risk
for MI

[29]

9p21 (rs 4977574, proxy for
rs2383206)

3 diet groups (low, medium,
high consumption of
vegetables, fruits, and
berries)

FINRISK study 19,129 (including 1,014
cases of CVD)

Proxy rs4977574 showed an effect of
the risk allele on incident CVD in
the “low” and “medium”

consumption group

[29]

No effect was demonstrated in the
high consumption group

BHMT (742 G→A SNP) Micronutrient intake Indian 504 (252 cases with
CAD, 252 controls)

In the presence of the BHMT minor
allele and decreased folate,
consumption may increase the risk
of CAD

[31•]

ALOX5 promoter Diet Los Angeles
Atherosclerosis
study

470 (healthy subjects) Increased dietary intake of
arachidonic and linoleic acid was
associated with increased intima-
media thickness among individuals
with 2 variant alleles of the ALOX5
gene

[32]

On the contrary, dietary intake of
marine n-3 fatty acids was inversely
associated intima-media thickness.

Gene–diet interactions were not
observed for MUFA or SFA

APOE (E2, E3, E4); APOAI
(g-75a); APOAV (S19W);
SRBI (Gly2Ser, c1050t);
ABCA1(R219K); HL
(g-250a); CETP (TaqIB1/2)

Dietary habits
(9 food groups)

Brazilian 567 Frequent intake of olive oil was
associated with increased
triglyceride levels in individuals
carrying the E4 allele

[33]

Frequent PUFA intake was associated
with increased HDL-C levels in
individuals who are not carriers of
the E4 allele

Frequent intake of foods rich in
PUFA was associated with
increased LDL levels in individuals
carrying the E4 allele

High intake of PUFA was associated
with decrease in TG levels in
individuals with the E2 allele

Frequent intake of olive oil was
associated with low LDL-C levels
in male individuals carrying the E2
allele

APOE (E2, E3, E4) SFA, alcohol intake The Spanish
EPIC cohort

1657 (1,123 controls,
534 cases with CAD)

A greater CAD risk was determined
when SFA intake was greater than
10 % of energy in individuals
carrying the E4 allele when
compared with E2 allele carriers

[34]

Alcohol consumption increases
HDL-C levels in E2 carriers; among
drinkers, E4 carriers have the lower
HDL-C levels

FASN (5 SNPs) Fat Quebec Family
study

592 Individuals carrying an allele for
rs4246444 had smaller LDL-PPD
only when consuming a high-fat
diet

[35•]

CETP (rs708272, rs183130) Alcohol consumption, fat
intake(total fat, SFA,
MUFA), adherence to the
Mediterranean diet

The
PREDIMED
study

4,210 (1,840 women and
2,370 men)

Alcohol, dietary fat, and adherence to
the Mediterranean diet did not
interact with the CETP
polymorphism in determining
HDL-C levels

[36]
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FASN gene had LDL-C with smaller peak particle diameter
(LDL-PPD) compared with non-carriers [35•].

Regarding the CETP gene, a recent study demonstrated
no interaction between CETP polymorphisms and dietary
factors, namely alcohol, SFA, and adherence to the Medi-
terranean diet, in determining high-density lipoprotein cho-
lesterol (HDL-C) levels [36]. A study on young Chinese
subjects examined the interaction between lipoprotein lipase
(LPL) gene variants and high-carbohydrate (HC)/low-fat
diet [37•]. The polymorphisms examined modified the lipid
traits of the young population in various ways (Table 1).
What makes the study noteworthy is that the study
population was made up of young individuals, in con-
trast to middle-aged or older individuals. Furthermore,
the Chinese population is documented to have a diet
with more carbohydrates and less fat, better lipid pro-
files, and lower risk of CAD incidence [37•, 38, 39].
Most studies tend to examine the effect of an HC diet
on lipids, especially triglycerides, among middle-aged or
older subjects.

In mammals, peroxisomal proliferator-activated receptor-
α (PRAPα) and peroxisomal proliferator-activated receptor-
γ (PRAPγ) are transcription factor that regulate the cardiac
energy production from fatty streaks. PRAPα promotes
fatty acid β-oxidation and PRAPγ promotes triglycerol
synthesis [40]. A study on individuals at high cardiometa-
bolic risk investigated the effect of interaction of PRAPα
and PRAPγ genes with dietary fatty acids on lipid traits. It
was shown that in habitual diet, the PUFA:SFA ratio influ-
enced total cholesterol, LDL-C, and triglyceride levels in
white individuals carrying the 12Ala allele. As the ratio
increased, plasma lipids decreased [41].

GWAS have identified many genetic variants associated
with CVD that provide insights into genetic background.

However, the variants identified confer small increments of
CVD risk and cannot explain interindividual susceptibility.
Thus far, investigated gene–diet interactions cannot give
plausible explanations regarding the molecular mechanisms
of the disease, and we are far beyond CVD occurrence
prediction or personalized diet implementation. Scientific
evidence in identical twins demonstrated that the different
susceptibility to polygenic disease, such as CVD, is attrib-
utable to alterations in the epigenome, followed by different
environmental exposure [42, 43]. The question that arises is
how environmental exposures, such as diet, could result in
different individual susceptibility.

Epigenetics

Epigenetics are heritable changes in the genome that may
lead to altered gene expression, but with no alterations in
the nucleotide sequence. Histone modification, DNA
methylation, and noncoding RNA functions are examples
of the epigenetic process. DNA methylation is mostly
explored in epigenetic studies. It refers to a biochemical
procedure during which a methyl group is added to CpG
dinucleotides, and it normally confers silence of gene ex-
pression. Epigenome is established during the development
of the embryo and changes to regulation mechanisms of
gene expression by an environmental stimulus conferring
phenotype variability and different susceptibility to chronic
diseases. Diet is one of the most important environmental
factors that can induce epigenome perturbations. Nutrients
such as folic acid, B vitamins, methionine, and choline are
methyl-donating components. Figure 1 shows a model
presenting the genetic variants, dietary exposure, and
epigenome interactions.

Table 2 (continued)

Chromosome or gene (SNP) Dietary factor Population Sample size, n Major findings Reference

LPL (Ser447Stop, Hind III) Dietary intervention (control
diet for 7 d, followed by a
HC/LF diet for 6 d)

Chinese 56 (students) In response to an HC/LF diet, male
H- carriers of the Hind III poly-
morphism had increased HDL-C
and APO AI levels; females with
genotype S447S had increased TG
levels after the dietary intervention

[37•]

PRAPα (Leu162Val);
PRAPγ (Pro12Ala)

Dietary fatty acids The RISCK
study

466 (at increased
cardiometabolic risk)

In habitual diet, TC was high in
individuals with Pro12Ala genotype
when dietary PUFA:SFA ratio was
low; a reduction of 10 % in TC was
observed as PUFA:SFA ratio was
increased. PUFA:SFA ratio x
PPAR-γ Pro12Ala genotype also
influenced LDL-C and TG. These
results referred to white subjects.

[41]

CAD coronary artery disease; CVD cardiovascular disease; HC high carbohydrate; HDL-C high-density lipoprotein cholesterol; LDL-C low-density
lipoprotein cholesterol; LF low fat; MI myocardial infarction; MUFA monounsaturated fatty acids; PPD peak particle diameter; PUFA polyunsat-
urated fatty acids; SFA saturated fatty acids; SNP single nucleotide polymorphism; TC total cholesterol; TG triglycerides
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Influence of Diet on Epigenome in Cardiovascular
Disease

Studies on animal models and humans showed that expo-
sure to imbalanced nutrient supply in fetal life, deficient
growth in gestational periods, or during infancy is associat-
ed with higher CVD mortality [43, 44•]. Nutrient excess or
deficiency results in epigenetic alterations that are carried
throughout the life span, are inherited, and may play a major
role in phenotype diversity. The Dutch famine (1944–1945)
demonstrated strong evidence that maternal nutrient defi-
ciency was associated with epigenetic alterations and in-
creased risk of chronic diseases, including CVD, later in
the life of the fetus [45, 46].

A recent study in mice revealed that female offsprings
(APOE+/-) were more susceptible to neointima formation
when exposed to maternal hypercholesterolemia (APOE-/-)
compared with identical offsprings from normocholestero-
lemic (wild-type) mothers. Furthermore, diet-induced
hypercholesterolemia during the postnatal period further
enhanced the susceptibility to atherosclerosis in offspring
from APOE-/- mothers compared with those from wild-type
mothers. The results of the study demonstrate that fetal
programming and dietary exposure influence histone
methylation and affect the epigenome [47]. A previous
study has similarly shown that APOE-/- mice with athero-
susceptibility present DNA methylation changes that
promote atherosclerosis [48].

Other studies in mice have investigated whether diet can
have epigenetic effects on PRAPα and PRAPγ regulation.
PRAPα-altered regulation is associated with diabetic cardio-
myopathy in animal models [49]. Specifically, in mice,
PRAPα methylation was lower in offspring exposed to

protein-restricted maternal diet compared with offspring
exposed to protein-sufficient maternal diet. Changes in
PRAPα methylation exert their effect in mRNA expres-
sion only later in life. The results of the study suggest
that maternal deficiency leads to alterations in epige-
nomic background, resulting in health consequences later
in life [50].

The exact molecular pathways that are affected by epige-
netic changes need further investigation. More studies need
to be employed regarding the influence of dietary exposure
to the epigenome in the context of CVD. Therefore, under-
standing epigenetic disruptions and the relationship between
diet and epigenome is undoubtedly one of the most impor-
tant challenges in recent research.

Conclusions

CVD is a multifactorial, complex disease that involves
interaction of genetic and environmental factors. The Inter-
national Hap Map project enabled GWAS to identify novel
genetic variants that contribute to the disease manifestations
[51]. Although GWAS offer a powerful contribution to
identifying common alleles in disease genes, the SNPs iden-
tified thus far provide small increments of disease risk and
cannot provide predictive accuracy. In further elucidating
the pathways resulting in the disease, the genetics of CVD is
explored in relation to environmental factors. Gene–diet
interaction studies remain limited to the literature and are
still in progress, yet they promise to unravel some of the
underlying mechanisms of the disease and determine the
individual risk. Studies on epigenome modifications seem
to play a key role in understanding diversities in individual

Genome

Epigenome

Diet Cardiovascular 
Risk Factors

Other Environmental
Factors

(i.e. tobacco use, stress)

Clinical Outcome

Fig 1 Model representing the
interactions of genetic variants,
dietary exposure, and
epigenome modifications in
cardiovascular disease
manifestations
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susceptibility. DNA methylation and histone modification in
response to dietary exposure may help us elucidate the
interplay between and diet and disease and understand
how this interaction leads to increased CVD risk. Epigenetic
disruptions are potentially reversible; thus, the development
of epigenomic drugs and functional foods or supplements
that can regulate the epigenome will be an upcoming
challenge for the drug and food research industry.
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