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Abstract
Despite advances in the prevention and management of cardiovascular disease (CVD), this group
of multifactorial disorders remains a leading cause of mortality worldwide. CVD is associated
with multiple genetic and modifiable risk factors; however, known environmental and genetic
influences can only explain a small part of the variability in CVD risk, which is a major obstacle
for its prevention and treatment. A more thorough understanding of the factors that contribute to
CVD is, therefore, needed to develop more efficacious and cost-effective therapy. Application of
the ‘omics’ technologies will hopefully make these advances a reality. Epigenomics has emerged
as one of the most promising areas that will address some of the gaps in our current knowledge of
the interaction between nature and nurture in the development of CVD. Epigenetic mechanisms
include DNA methylation, histone modification, and microRNA alterations, which collectively
enable the cell to respond quickly to environmental changes. A number of CVD risk factors, such
as nutrition, smoking, pollution, stress, and the circadian rhythm, have been associated with
modification of epigenetic marks. Further examination of these mechanisms may lead to earlier
prevention and novel therapy for CVD.

Introduction
Cardiovascular disease (CVD) is one of the leading causes of death worldwide. The
prevalence of CVD has increased dramatically over the past 100 years, and this disease will
remain a major health concern for the next two decades, even under the most optimistic
scenarios.1–3 The emergence of CVD as a major public health problem during the 1940s
initiated research to understand the factors associated with this disease. Projects such as the
Framingham Heart Study were launched to find common biochemical, environmental, and
behavioral factors or characteristics that contribute to CVD.4 As a result, several conditions,
such as hypertension, obesity and diabetes, were identified and are commonly used today to
detect and treat individuals at risk. This knowledge has contributed to the substantial decline
in CVD mortality observed in Western Europe and in the USA over the past 30 years;
however, this trend is primarily due to improvements in quality of care and treatment, and
much less to the prevention of the disease itself. Lifestyle changes in low-income and
middle-income countries have resulted in an increased prevalence of obesity and diabetes
and, therefore, higher rates of CVD.5 Current recommendations for the treatment of CVD
aim to reduce modifiable risk factors, such as high levels of LDL cholesterol.6 However,
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environmental and genetic effects can only explain a small part of the variability in CVD
risk, even for well-established risk factors.7 New knowledge is needed, therefore, to find
more efficacious and cost-effective preventive and therapeutic approaches.8

The ‘omics’ technologies, in particular genomics, transcriptomics, proteomics, and
metabolomics, are revolutionizing our understanding of mammalian biology. Over 400
different areas of ‘omics’ have been catalogued, and are being used to advance the concept
of systems biology.9 Epigenomics has emerged as one of the most promising approaches
that will help to address gaps in our knowledge concerning inheritance of common traits.
Epigenetics describes the mechanisms that enable cells to respond quickly to environmental
changes and provide a link between genes and the environment. Individual variation in the
epigenetic modification of genes can explain a larger part of the phenotypic variation
observed in humans than differences in genotype alone.10 Several comprehensive reviews
have focused on the relationship between epigenetics and CVD risk factors, including
homocysteine—the biomarker most directly implicated in epigenetic mechanisms relating to
CVD risk.11–23 Homocysteine-induced alterations in DNA methylation of vascular smooth
muscle cells are involved in atherogenesis.24 However, the cardiovascular field is not as
advanced as other areas in terms of epigenetic-related research. A search of the PubMed
database using the terms “epigenetics and cancer” produced a total of 10,867 publications,
of which 1,994 were reviews, whereas a search for “epigenetics and cardiovascular”
returned only one-tenth of the manuscripts (1,031 in total and 110 reviews). The lack of
understanding of the contribution of epigenetics to CVD is summarized in a review by
Turunen and colleagues who highlight a number of important points.12 First, genomic DNA
isolated from human atherosclerotic lesions is hypomethylated. However, data from
peripheral blood lymphocytes in patients with coronary heart disease have been inconsistent,
with reports of increases25 or decreases26,27 in methylation status. Likewise, no consistent
data are available regarding histone modification in these lesions. Second, specific
methylation changes, usually hypermethylation, have been found in the promoter region of
genes associated with atherosclerosis, such as extracellular superoxide dismutase, estrogen
receptor α, endothelial nitric oxide synthase, and 15-lipoxygenase. Third, inflammation—a
driver of the formation, progression, and rupture of atherosclerotic plaques—has also been
associated with hypermethylation.28 Whether epigenetic changes are causally related to the
pathogenetic features in the lesions, or whether they merely represent a consequence of the
ongoing pathological process remains unclear (Figure 1).12 Epigenetic changes could also
partly explain the poorly understood environmental and dietary effects on atherogenesis, and
the differences in the incidence of coronary heart disease observed in various populations.
The emphasis of ongoing work is on environmental factors that cause epigenetic changes,
and how these processes relate to CVD risk. Investigating the plasticity of the epigenome
may also enable the development of much-needed novel CVD therapeutic approaches.29–33

In this Review, we propose that the identification and understanding of epigenetic factors
will reduce longstanding gaps in our current knowledge of CVD risk. External influences
and inherited traits that lead to epigenetic modifications are discussed, as well as their role in
CVD risk. Studies evaluating potential therapeutic agents are also highlighted, including
those focused on nutritional compounds that might act epigenetically in the prevention or
treatment of CVD.

Epigenetics—then and now
Following the publication of the 3 billion base-pair sequence that makes up the human
genome, the knowledge that we have accumulated through the use of increasingly powerful
genomic approaches cannot fully explain most of our inheritance, the functionality of our
cells, or their disruptions and accompanying disease states.34 Epigenetics will help us to
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advance this knowledge. The term epigenetics describes the concept itself, as ‘epi’ means
above or over in Greek, but it was Conrad Waddington who, in 1940, provided the first
broad and operational definition of epigenetics as “the causal interactions between genes and
their products, which bring the phenotype into being”.35 Waddington also developed the
related notion of genetic canalization—the process whereby a trait becomes buffered against
allelic heterogeneity.36 Mechanistic evidence to support the concept was provided three
decades later when Holliday and Pugh identified DNA methylation as the first mechanism
involved in epigenetics.37 Moreover, methylation provided some explanation to puzzles
such as X-chromosome inactivation and gene imprinting.38 The next breakthrough came
with the identification of histone modifications in the mid-1990s, and the DNA world
expanded from one dimension (linear sequence of base pairs) to three dimensions (nuclear
topology), with the realization of the importance of chromatin structure in the regulation of
the genome.39 At that time, methylation and histone modifications became known as
epigenetic marks. The discovery of the noncoding RNAs known as microRNAs (miRNAs),
provided further evidence of post-translational mechanisms that were classified as
epigenetic marks. miRNAs are small RNAs, approximately 22 nucleotides in length, that
repress the expression of mRNAs with which they are entirely or partially complementary
(Figure 2).40 Although the specific mechanisms of mRNA repression remain unclear,
binding of miRNA to mRNA triggers the activity of Argonaute proteins, which are critical
for gene silencing in plants and animals.41 The study of miRNAs and their effects on
translation is one of the most novel and active areas of epigenetic research; current
knowledge supports the premise that miRNAs regulate key genetic programs in
cardiovascular biology, and are critical for cardiac development, endothelial function, lipid
metabolism, ventricular hypertrophy, and post-infarction dysrhythmias.42 Rayner et al.
identified miR-33 as a regulator of cholesterol homeostasis that modulates both HDL
biogenesis in the liver and cellular cholesterol efflux.43 Relationships between
hydroxymethylcytosine residues and CVD have not yet been reported, but
hydroxymethyl-2′-deoxycytidine is abundant in the brain and might participate in epigenetic
regulation of neuronal function.44

Although current work focuses on epigenetic mechanisms of disease, epigenetic processes
are essential to normal growth and development, and homeostasis. Some authors in the field
propose a definition of epigenetics as the “molecular factors and processes around DNA that
are mitotically stable and regulate genome activity independently of DNA sequence”.45

Hypermethylation of DNA and hypoacetylation of histones alter chromatin structure and
regulate gene expression during vertebrate embryogenesis in mammalian and
nonmammalian species.46 Cellular differentiation and neuronal plasticity are well-described
examples of the critical role of epigenetic regulation in a physiologic system, but analogous
examples are undoubtedly present in all systems.47 Evidence suggests, for instance, a role
for miRNAs in the regulation of apoptosis, but further research is needed to provide a more
comprehensive overview of these mechanisms.48

Epigenetics—adaptation to the environment
Positive natural selection describes the increase in the prevalence of beneficial traits in a
population, and is one of the factors driving evolution. A trait under positive selection must
be beneficial, thus increasing survival and reproduction, and the trait must also be heritable.
Beneficial traits differ widely and may include anything from resistance to infections such as
malaria,49 to lactose tolerance, which allows the utilization of a food source.50 This positive
selection has been attributed to particular DNA variants that become more common because
of the beneficial effects on those who carry them.51 However, a trait that may be
advantageous at one point in human history may be detrimental under different
environmental conditions. The classic example of this is the ‘thrifty’ genotype, a concept
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coined by the geneticist James Neel to explain the prevalence of obesity and diabetes.52

Neel hypothesized that people with diabetes often have allelic variations in certain genes
that enable them to efficiently collect and utilize food.52 Carriers of these variations are,
therefore, at a high risk of developing obesity and diabetes when exposed to the dietary and
behavioral conditions of the developed world, which are characterized by an abundant and
cheap supply of energy, and a dramatic reduction in energy expenditure. This thrifty
genotype would have been beneficial during periods of history characterized by food
instability.53

Genetic selection results from long-term exposure to specific environmental changes, and
involves a response that is both slow and long-term. Whether selective forces will eventually
eliminate or substantially reduce the thrifty genotype remains a matter of speculation.
Although the thrifty genotype may provide an advantage in the context of an unstable food
supply, metabolic diseases that are associated with thriftiness in the presence of abundant
food are unlikely to affect survival before reproductive age. Hypothetically, the reduced
fitness of thrifty genotype carriers, which would lead to decline in its frequency, may be
offset by advances in medical care that ensure longer-term survival of at-risk genotypes. In
contrast to the long-term nature of the selective forces that are hypothesized to have
positively selected the thrifty genotype, epigenetic changes occur rapidly to alter
metabolism. The ways in which epigenetic changes increase disease risk, perhaps in
combination with evolutionarily mediated phenotypes, are described below.

Nutrition, epigenetics, and CVD risk
Throughout history, humans have had to cope with acute adverse environmental changes,
such as periods of plague or famine. Famines provide an ideal setting to examine the
biological adaptation and long-term consequences of unfavorable conditions, especially
during human development. One of the most well documented events is the Dutch Hunger
during the winter of 1944–1945.54 The trigger of this famine was a call by the Dutch
government for a national railway strike to hinder German military initiatives. In retaliation,
German authorities blocked all food supplies to the occupied west of the country in October
1944. Official rations consisted mostly of bread and potatoes, and by April 1945, people
were surviving on as little as 500 calories per day. Widespread starvation was seen,
especially in the cities of the western Netherlands.55 This event has permitted researchers to
examine the long-term consequences of famine. The outcomes of these studies strongly
support that in utero exposure to famine may result in adverse metabolic or mental health
phenotypes, which depend on the sex of the exposed individual, and the timing of exposure
during gestation as the embryo is more vulnerable around the time of conception. A sex-
specific increased risk of obesity, dyslipidemia, and cerebrocardiovascular-related deaths
has been observed six decades later among those whose mothers were exposed to famine
early in gestation.56 For example, increased fat deposition with greater BMI and waist
circumference was observed only in women, but detrimental changes in HDL cholesterol
concentrations were observed only in men.57,58 Similar observations inspired the Barker's
hypothesis almost three decades ago, which was developed following studies of birth and
death records; a substantial correlation between birth weight and rates of adult death from
ischemic heart disease was revealed, which related to the prenatal environment.59,60

Persistent epigenetic changes induced during early exposure to harsh conditions may explain
the adverse phenotypes expressed later in life.61,62 This notion is supported by studies in
experimental models that have shown the dramatic influence of maternal diet during
pregnancy on the pattern of DNA methylation of specific genes, which resulted in
permanent phenotypic changes such as coat color, body weight, and blood pressure.63,64

Proof that such mechanisms may be present in humans came from the work of Heijmans and
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colleagues, who studied individuals exposed to the Dutch Hunger.65 These investigators
demonstrated that those who were exposed to famine in utero had very different methylation
patterns in genes involved in growth and metabolic disease compared with controls (same-
sex siblings who were not affected, or individuals exposed late in gestation). Methylation of
IGF2 was lower, whereas methylation of the IL-10, LEP, ABCA1, GNASAS and MEG3
genes was higher.66 These results, combined with evidence of sex-specific methylation
patterns,66,67 strongly suggest that early prenatal famine exposure results in persistent
changes in DNA methylation.

Prenatal epigenetic contributions to adult CVD risk in humans are often inferred, but are
difficult to confirm in observational studies. Animal models designed to evaluate the
epigenetic mechanisms of intrauterine programming provide more concrete data in the
context of controlled dietary interventions. Alkemade et al. demonstrated that the ApoE+/−

offspring of ApoE−/− hypercholesterolemic mice were more susceptible to postnatal dietary-
induced atherosclerotic changes than genetically similar offspring born to wild-type
mothers.68 Neointima formation in susceptible offspring was associated with altered histone
methylation and lysine methyltransferase expression in carotid endothelial and vascular
smooth muscle cells.68 Although physiologic mechanisms for the differential response to
diet cannot be concluded from this study, its examination of the combined effects of prenatal
and postnatal influences raises intriguing possibilities for explaining differing CVD
vulnerabilities, even in individuals with similar genetic backgrounds and dietary habits. In a
second study examining epigenetic effects of intrauterine protein restriction, epigenetic
changes were localized to specific genes that may contribute to CVD risk.69 Well-
established metabolic consequences of reduced protein availability include insulin
resistance, hypertension, and obesity. In this study, prenatal protein restriction was
demonstrated to alter DNA methylation patterns in 204 genes in the fetal liver, including
liver X receptor α (LXRA, also known as NR1H3), a nuclear receptor that targets
downstream genetic regulators of lipid and fatty acid metabolism. Hypermethylation of the
LXRA promoter was associated with reduced expression of LXR-α, together with reduced
expression of genes encoding the established lipid regulators ABCG5, ABCG8 and
ABCA1.69 The investigators were limited in their ability to detect differences in lipid
metabolism in the fetal mice, and the potential consequences of additional methylation
alterations (106 hypermethylated and 101 hypomethylated regions) are unknown. In spite of
these limitations, the study's candidate gene approach demonstrates the potential usefulness
of investigating known genes and their established genetic targets.

Smoking, epigenetics, and CVD risk
Prenatal exposure to tobacco smoke increases the risk of disease later in the child's life;70

these effects could in part be mediated by epigenetic changes. Breton et al. studied DNA
methylation patterns in children exposed prenatally to tobacco smoke.71 DNA methylation
patterns in the long interspersed element 1 (LINE-1) and in Alu elements, two classes of
repetitive sequences that are normally hypermethylated, were examined. Moreover, the
researchers investigated gene-specific CpG methylation. Exposed children had significantly
lower levels of methylation of AluYb8 than controls (P = 0.03), whereas smoking-related
effects on LINE-1 methylation were observed only in children who lacked functional
glutathione S-transferase P (GSTP1), a detoxifying enzyme. Differential methylation of CpG
loci in eight genes was identified through the screen, and these associations were modulated
by specific alleles of other detoxifying genes. Life-long effects of in utero exposure to
tobacco smoking may, therefore, be mediated through alterations in DNA methylation.
Moreover, variants in detoxification genes may modulate these effects.
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These observations support the notion that, at the personal level, we have a situation similar
to that of the thrifty gene hypothesis; certain alleles have been selected through evolution
that favor survival under nutritional hardship, but these alleles predispose to disease when
calories are plentiful. The short-term epigenetic adaptations that take place shortly after
conception under famine or other stress conditions, which are aimed at improving the
survival of the newborn under such anticipated environmental conditions, may leave the
individual ill-prepared to cope with excess calorie intake later in life. In the same way, the
individual environmental stress of in utero tobacco exposure may produce epigenetic
adaptations that augment evolutionarily selected responses to exacerbate metabolic
dysregulation, leading to increased CVD risk. As in the case of maternal malnutrition, fetal
exposure to smoking may produce short-term metabolic changes that compromise long-term
survival.

Understanding the mechanisms that underlie the observed long latency periods between in
utero tobacco exposure and CVD disease later in life is limited. Similar temporal patterns
have been described in other common diseases, such as breast cancer, which is postulated to
be modified in utero through epigenetic mechanisms.72 We are also not yet able to
accurately quantify the relative contributions of in utero versus postnatal smoking or air
pollution to CVD risk, or the contributions of epigenetic versus genetic interaction with the
environment.

Environmentally induced epigenetic drift
Epigenetic changes are not restricted to the prenatal period. Elegant work by Fraga et al.
demonstrated that monozygotic twins experience an epigenetic drift in relation to one
another with advancing age.73 Differences in epigenetic modifications are accentuated by
decreasing amounts of time shared together, and behavioral differences, such as smoking.
Although most of this work has been carried out in the context of cancer, similar
mechanisms may be relevant to CVD. Baccarelli et al. showed that pollution from traffic, an
environmental challenge associated with increased CVD risk, affected DNA methylation in
a cohort of individuals from Boston, MA, USA (n = 718).74,75 Their analysis focused on the
repetitive elements LINE-1 and Alu. An association was found between exposure to black
carbon and hypomethylation. Interestingly, the effect was only significant for the LINE-1
repetitive elements (P = 0.03). These data suggest that DNA methylation may be one of the
mechanistic links between exposure to pollutants and the development of CVD. LINE-1 and
Alu demethylation have also been detected in vascular smooth muscle cells that are exposed
to homocysteine, another potential biomarker for CVD.24

In addition to the epigenetic changes in the newborn as a result of maternal smoking,
Launay et al. demonstrated a direct effect of smoking on gene-specific methylation in
adults.76 These researchers hypothesized that serotonin (5-hydroxytryptamine [5-HT])
released from activated platelets could be involved in vascular modifications induced by
smoking. The metabolism of current smokers, never-smokers, and ex-smokers who had
stopped smoking for a mean of 13 years, were studied. Both platelet 5-HT and plasma 5-
hydroxyindoleacetic acid, the main metabolite of serotonin in humans, were associated with
CVD risk. However, these associations lost statistical significance after adjustment for
smoking status, which suggests that the influence of smoking had a key role in the study's
results. These investigators also examined whether DNA methylation could explain some of
their findings. Methylation frequency of the monoamine oxidase type B (MAOB) gene
promoter was found to be significantly lower in smokers and ex-smokers than in never-
smokers (P <0.0001), probably owing to an increase of demethylase activity caused by
cigarette smoke.76 These results could have an impact beyond that of cardiovascular
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damage, considering that MAOB-dependent 5-HT catabolism is also involved in addiction
to alcohol, predisposition to cancer, behavior, and mental health.

Ethnic and sex-related disparities
The contribution of nature versus nurture to the ethnic disparities observed in CVD risk is a
matter of debate.77,78 Ethnic minorities in the USA suffer from both higher CVD rates and
worse perinatal health than white individuals of non-Hispanic origin. The current knowledge
provides a strong rationale for considering epigenetics as the link between the prenatal
exposure to maternal stress and adult ethnicity-based health disparities in diseases such as
hypertension, diabetes, stroke, and coronary heart disease.79 Whether some of these effects
have transgenerational influences that could explain the persistence of health disparities,
despite social improvements remains to be demonstrated.

CVD has traditionally been considered a male-related disease; however, similar numbers of
men and women are affected by the disease, although CVD usually occurs a few years later
in women.80 Several hypotheses have been put forward to explain these observations; for
example, HDL levels are higher in women than in men.81 The molecular mechanisms for
such sex-related differences are unclear, but could include the role of sex chromosomes and
sex hormones. A substantial proportion of dimorphic gene expression might be under the
control of sex-specific epigenetic marks. Sex-specific differences are apparent at a basic
physiologic level, such as the differential methylation patterns and chromatin structure
related to pulsatile (male) versus continuous (female) gonadotropin hormone secretion,
which affects the expression of transcription factors, including STAT5b and hepatocyte
nuclear factors (HNF) 3 gamma (HNF3γ), 4 alpha (HNF4α), and 6 (HNF6).82

Environmental factors, such as nutrition, chemicals and social behavior, can further
influence epigenetic marks in a sex-specific manner, leading to the different CVD
susceptibility between male and female individuals.82 Moreover, this epigenetic
programming could be transmitted to subsequent generations in a sex-specific manner and
lead to transgenerational effects. For example, maternal undernutrition may cause
abnormalities in male but not female mice blastocysts that are linked to decreased
expression of the noncoding H19 mRNA and postnatal hypertension.82

Chronobiology, epigenetics and CVD risk
Another intriguing risk factor for CVD is time, which in this case does not refer to the
traditional process of aging, but rather to the time of day. The occurrence of ischemic heart
disease is unevenly distributed over a 24 h period, peaking in the early morning and in the
late afternoon or early evening.83 These temporal patterns are a result of circadian rhythms.
In addition, both the pharmacokinetics and pharmacodynamics of cardiac medications are
influenced by the time of their administration.84 Epidemiologic and pharmacologic evidence
suggests that a chronobiological approach to ischemic heart disease can contribute new
insight and opportunities to improve drug design and delivery to enhance therapeutic
outcomes.85 However, before these developments are possible, a better understanding of the
molecular mechanisms involved in circadian rhythms is needed.

The circadian clock is regulated by transcriptional–translational feedback loops. This fine-
tuned program of gene expression is possible through dynamic changes in chromatin
transitions. Advances in this field have revealed intriguing links between circadian
regulators, chromatin remodeling, and cellular metabolism.86 Specifically, the central clock
protein CLOCK has histone acetyltransferase (HAT) enzymatic properties, and directs
acetylation of histone H3 and its dimerization partner ARNT-like 1 at Lys537, an event
essential for circadian function.87 In addition, some studies have suggested that miRNAs
may be important regulators of circadian rhythm, which provides a new dimension to our
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understanding of biological clocks at the post-transcriptional level.88 Whereas no studies
have yet linked circadian rhythms, epigenetics, and CVD, the evidence from other diseases,
particularly cancer, suggests that epigenetic mechanisms may have a role in the circadian
occurrence of acute cardiovascular events; this knowledge could help to identify novel
preventive and therapeutic approaches to CVD.89,90

Epigenetics and CVD therapy
Despite the heritable nature of epigenetic modifications, these alterations are theoretically
reversible through pharmacologic agents. In particular, enzymatic regulators of chromatin
modification are well-characterized. Targeting these enzymes, which include HATs, histone
deacetylases (HDACs), and histone methyltransferases, holds promise for modulating the
transcriptional regulation of genes that are involved in atherogenesis, inflammation, smooth
muscle cell proliferation, and matrix formation (Figure 2). RNA interference, which uses
small RNAs to reduce gene expression post-transcriptionally, is a second approach that
could be applied to CVD, possibly by targeting genes that are overexpressed in endothelial
cells susceptible to atherosclerosis.91 Drug therapies that work through epigenetic
mechanisms are currently limited to antineoplastic agents; phase II trials are underway for
lymphoma treatment using the HDAC inhibitor romidepsin.92 Although therapy for CVD
has not yet been designed with epigenetic actions in mind, existing therapies, such as statins,
already seem to exploit some of these mechanisms.

HDAC inhibition
Recognition that the pleiotropic effects of statins may depend, in part, on epigenetic
mechanisms has emerged from studies investigating cancer therapy and chemoprevention.
Lin et al. demonstrated that trichostatin A and lovastatin inhibited HDAC activity and
induced hyperacetylation of histone H3 in cancer cells, but not in normal human umbilical
endothelial cells.93 These results raise questions about the potential differences in epigenetic
modification of chromatin in normal cells compared with mutated tumor cells, but also
suggest that tissue specificity will be an important consideration in the evaluation of studies
of epigenetically active pharmaceutical agents. Evidence documenting HDAC inhibitors as
an accessible and physiologically relevant target is not limited to cancer research, however,
but has also accumulated from studies designed to investigate modulation of bile acid
synthesis.94 In a hypercholesterolemic mouse model, bile acid-mediated repression of the
gene encoding cholesterol 7-alpha-monooxygenase (CYP7A1) was shown to depend on
increased nuclear concentration of HDAC7, which inhibited CYP7A1 expression.
Furthermore, the HDAC inhibitors trichostatin A and valproic acid lowered plasma
cholesterol levels in LDL-knockout mice by increasing CYP7A1 expression and bile acid
synthesis.94 This study confirms previous evidence that statins act in part through epigenetic
mechanisms, and also suggests the possibility of developing new classes of
hypocholesterolemic agents for individuals for whom existing therapies are inadequate.

Although several studies of the mechanisms of action of statins have demonstrated
inhibition of HDAC, which implies reduced deacetylation and potentially increased
transcription, other studies have shown an opposite action for statins, where gene expression
is reduced. Presumably, different genes are targeted in each of these cases. In cultured
human endothelial cells, Dje N'Guessan et al. observed that histone modification seems to
have a role not only in the inflammatory activation of endothelial cells by oxidized LDL, but
also in the provision of some of the anti-inflammatory benefits of statins.95 First, the group
showed that histone modification (acetylation of histone H4, and phosphorylation or
acetylation of histone H3) contributed to oxidized LDL-mediated expression of
proinflammatory interleukin (IL)-8 and chemoattractant C-C motif chemokine 2 by
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endothelial cells. Next, they showed that oxidized LDL-mediated cytokine release was
reduced by pretreatment of the cells with either simvastatin or fluvastatin, and preincubation
with both statins blocked modification of histone H3 and H4. Extending their investigations
yet one step further, Dje N'Guessan et al. were also able to demonstrate that oxidized LDL
reduced HDAC expression in coronary artery endothelium, an effect that could be partly
reversed by statins.95 Taken together, this series of experiments suggests that control of gene
expression by histone modification is maintained through a complex and dynamic balance.
In spite of the unintended and possibly nonspecific epigenetically mediated benefits of
statins, therapeutic agents designed to modify these processes are likely to require high
selectivity and specificity.

HAT inhibition by dietary compounds
The therapeutic goal of avoiding harmful effects while reducing risk, combined with
research supporting a chemopreventive role for certain plant-based foods, have stimulated
investigation of the epigenetic properties of selected dietary compounds. Dietary
polyphenols, including myricetin, quercetin, hydroxycinnamic acid, curcumin and garcinol,
inhibited DNA methyltransferases in a KYSE 510 cancer cell line, supporting the possibility
of modifying methylation status and altering disease risk.96

Cardiac hypertrophy is one condition for which dietary compounds have been examined.
Early work demonstrated that the balance between histone acetylation and deacetylation
regulates the hypertrophic response of cardiomyocytes to phenylephrine.97 In this study,
inhibition of the coactivators nuclear cap-binding protein subunit 1 and p300 HAT reduced
HAT activity and hypertrophy, whereas enhancing HAT activity promoted hypertrophy.
Curcumin (diferuloylmethane), the most abundant polyphenol in the spice turmeric, inhibits
HAT activity.98 In an animal model of heart failure, consumption of curcumin at a dose of
50 mg/kg/day inhibited p300 HAT activity, prevented ventricular hypertrophy, and
preserved systolic function.99 The corresponding curcumin dose for a person weighing 70
kg is 3.5 g per day, which is less than the well-tolerated dose used in a clinical trial for
treatment of pancreatic cancer (8 g), but is more than what is obtainable through a normal
diet.100 In a second study linking p300 HAT inhibition to vascular function, pharmacologic
concentrations of curcumin were used (80 mM) to inhibit p300 HAT activity and block
shear-stress-induced endothelial nitric oxide (eNOS) transcription in human cells.101

Interestingly, the same study demonstrated that the proinflammatory cytokine nuclear factor
kappa β (NFκβ) participated in shear stress-mediated endothelial activation to induce eNOS,
and that curcumin inhibits acetyltransferase, which in turn modulates NFκβ, as well as
eNOS. In light of the multifaceted nature of NFκβ (proinflammatory yet cytoprotective), the
therapeutic implications of curcumin activities are unclear, and at high concentrations this
compound may lead to a nonspecific inhibition of HAT.

By contrast, garcinol—a polyisoprenylated benozophenone derived from the Garcinia
indica fruit—is less studied.102 Garcinol strongly inhibits p300 HAT, decreases global gene
expression, and induces apoptosis in the HeLa cancer cell line.103 Garcinol was used to
investigate the role of histone modification in the regulation of the EGR-1 gene, which
encodes the zinc finger transcription factor early growth response 1 protein.104 EGR-1 has
been implicated in a range of cardiovascular processes, including thrombus formation,
endothelial cell migration, and proliferation.105,106 As a result of IL-1β exposure, EGR-1
transcription in aortic smooth muscle cells was stimulated through the acetylation of histone
H3. This response was enhanced through histone deacetylase inhibition and prevented by
garcinol, which reflects HAT inhibition.104
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As these studies illustrate, research on the potential therapeutic use of epigenetically active
dietary compounds is very preliminary. Although the epigenetic effects of some phenols are
well established, particularly when the compounds are applied at high concentrations, many
important questions remain unanswered. First, both dietary intake of food and bioavailability
may be too low to achieve epigenetic activity, although intake of dietary supplements may
produce sufficient plasma concentrations of these substances. Second, whether results from
cell studies will translate to health benefits from dietary sources is unclear, particularly for
compounds evaluated in cancer cell lines. Third, the apparent lack of enzyme or tissue
specificity for the polyphenols represents another large area of uncertainty. Additional
research is needed to clarify the mechanisms of action of these dietary compounds, and
clinical trials should be carried out to establish their efficacy and tolerance.

Conclusions
Preclinical and clinical studies have demonstrated that exposure to common environmental
challenges modifies epigenetic marks. Most research has focused on DNA methylation, and
less is known about histone modifications and miRNA alterations. The reported epigenetic
changes associated with factors such as diet, smoking, and pollution are similar to the
epigenetic alterations found in patients with CVD. For example, methylation patterns differ
in patients with coronary artery disease compared with controls, and methylation is reported
to be altered in smokers.20,107 These patterns may support the hypothesis that epigenetic
changes relate to increased CVD risk, but it is not possible to conclude causality from these
associations. Prospective investigations are needed to determine whether individuals who
are exposed to various environmental challenges and develop risk factors accumulate
epigenetic alterations over time, and whether these alterations increase the incidence of
CVD. An even greater challenge is to determine whether environmental epigenetic changes
associated with CVD risk are heritable. The latter point is especially important considering
that classical genetics can explain only a small part of CVD heritability—epigenetics could
contribute to some of the observed genetic variance.108 However, although epigenetic
modifications may contribute to risk and are, therefore, a potential solution to the problem of
missing causality of CVD, they do not have as much influence on recurrent risk or
heritability, so cannot explain the problem of missing heritability.109

An increased understanding of epigenetic mechanisms may lead to the development of novel
and targeted CVD therapies that act at the risk-factor level, as well as directly on the
vascular system. However, the difficulties of the task ahead must not be underestimated.
Whereas the genomic information is the same in all our cells and during our entire lifespan,
the epigenomic information varies from cell to cell and during the lifetime of the individual.
Moreover, not all epigenetic marks and their combinations have been identified, and how
they work in concert to regulate epigenetic mechanisms and gene expression is not yet
known. A complete epigenomic map will require major advances in knowledge and
computing power that greatly exceed those currently available for the study of classical
DNA genetic variation.110
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Figure 1.
Epigenetics and atherosclerosis. Epigenetic changes, such as methylation and deacetylation,
are associated with atherosclerosis and have been identified in specific tissues in the arterial
wall; however, causal relationships have not been established. Enzymatic regulators of
epigenetic processes, such as HDAC inhibitors, inhibit atherosclerosis. Altered methylation
patterns occur in conjunction with SMC proliferation, which is suppressed by the HDAC
inhibitor TSA. HDAC inhibitors also reduce monocyte adhesion to the endothelium.
Abnormal DNA methylation is associated with plasma homocysteine levels, and
methylation also regulates eNOS expression. HDAC inhibitors reduce angiogenesis through
VEGF signaling in endothelial cells. in vulnerable plaques, DNA and the 15-lipoxygenase
promoter are hypomethylated. Abbreviations: AdoHcy, adenosylhomocysteine; Dicer,
endoribonuclease Dicer; Dnmt1, DNA (cytosine-5)-methyltransferase 1; EC, endothelial
cell; eNOS, endothelial nitric oxide synthase; ER, estrogen receptor; HDAC, histone
deacetylase; p21WAF1, leucine carboxyl methyltransferase 1; SMC, smooth muscle cell;
TSA, trichostatin A; VCAM, vascular cell adhesion molecule; VEGF, vascular endothelial
growth factor. Reprinted from Biochim. Biophys. Acta 1790(9), Turunen, M. P., Aavik, E. &
Ylä-Herttuala, S. Epigenetics and atherosclerosis. 886–891 © 2009, with permission from
Elsevier.
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Figure 2.
Epigenetic modifications that regulate transcription or translation. a. CpG dinucleotides are
methylated by METs at the 5′ position of the cytosine residue. MBDs bind to methylated
CpG DNA and repress transcription. Histone deacetylation also results in transcription
repression. PcGs bind to the DNA and block access of transcription factors to DNA. in
addition, they interact with HDACs and/or METs to mediate gene silencing, and contribute
to histone methylation. Conversely, HATs and methyltransferases catalyze histone
acetylation and methylation, which increases accessibility to DNA and gene activation. b. in
the nucleus, miRNAs are transcribed by RNA polymerase ii to generate pri-miRNAs. These
transcripts are processed by the Drosha/DGCR8 complex, which results in the formation of
pre-miRNAs. Exportin 5 transports the pre-miRNAs into the cytoplasm, where Dicer
processes them into ∼22-nucleotide duplexes that contain the mature miRNA duplex.
Single-stranded miRNA is catalyzed through the activity of a helicase and binds to RISC,
which directs the miRNA to target mRNAs. Two situations may occur: if the miRNA and
target are complementary, translational degradation occurs; alternatively, if the
complementarity is partial, then translation repression takes place. Abbreviations: DGCR8,
microprocessor complex subunit DGCR8; Dicer, endoribonuclease Dicer; HAT, histone
acetyltransferase; HDAC, histone deacetyltransferase; MBD, methyl CpG-binding protein;
MET, methyltransferase; miRNA, microRNA; nt, nucleotide; PcG, polycomb group; pol II,
polymerase II; pri-miRNA, primary transcripts; RiSC, RNA-induced silencing complex;
TRBP, TAR RNA-binding protein.
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