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The Interaction between Epigenetics, Muscle
and Cardio - Vascular Diseases

Abstract

The INTERHEART and the INTERSTROKE studies identified a number of modifiable
risk factors (smoking, diabetes, dietary patterns, physical activity, etc.) that
are associated with the presence of cardiovascular disease (CVD). Recent
international studies have shown that lower handgrip (HG) strength is associated
with an increased risk of CVD death and total mortality both in initially healthy
adults and in patients with diabetes mellitus type 2 (T2DM). Furthermore, in
young people from diverse populations, lower HG strength is associated with a
poor cardiometabolic risk profile. Low birth weight (LBW) is associated with lower
HG strength across the life-cycle and with faster infant growth, abdominal fat
accumulation, higher blood pressure during adolescence, and an increased risk
of cardio-metabolic diseases in the adulthood. Significant differences has been
observed in HG strength of people from high, medium and low-income countries,
suggesting that developmental plasticity and alterations in muscular mass resulting
from altered environmental conditions during early life may also have a mediating
role in the risk of cardio-vascular disease (CVD). In the present review we discuss
the importance of epigenetic and its correlation to the development of muscular
tissue in relation to the predictive value of strength in CVD risk and mortality. In
addition, we examine with greater detail the influence of maternal undernutrition
and the possible epigenetic mechanisms by which it increases the risk of CVD risk
later in life.
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Introduction

In the past decade several large international epidemiological
studies were performed in order to determine which risk
factors are associated with the presence of cardio-vascular
diseases (CVD). The INTERHEART study a case- control study of
acute myocardial infarction (AMI), which assessed 52 countries
representing every inhabited continent, had a total enrollment
of 12,461 cases and 14,637 controls. It showed that smoking,
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history of hypertension (HTA), diabetes, increased waist/hip
ratio, dietary patterns, low physical activity, consumption of
alcohol, alterations in the ratio of blood apolipoproteins (APO)
B/A1, and psychosocial factors account for more than 90% of the
population attributable risk (PAR) for acute myocardial infarction
(AMI). These nine modifiable risk factors are similar worldwide,
suggesting that most of the cases of AMI are preventable [1]. The

INTERSTROKE study was a standardized case- control study in
22 countries; cases were patients with acute first stroke (within
5 days of symptoms onset and 72 h of hospital admission), and
controls had no history of stroke, matching them with cases for
age and sex. This study revealed that the significant risk factors
for all class of strokes are the same as that the observed for AMI
and also that together these risk factors account for more than
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90% of the PAR for an ischemic or hemorrhagic stroke [2]. Both of
these studies concluded that targeted interventions that reduce
these risk factor, could substantially reduce both the burden of
stroke and CVD.

In recent decades an increased prevalence of CVD mortality
has been reported in low-medium income countries, which has
been associated with changes in life styles, deficiencies in health
systems and the persistence of social inequities. Moreover, recent
studies have shown that reduced muscle strength, as measured
by hand grip dynamometry (HG) is associated with an increased
risk of CVD in diabetes mellitus type 2 (T2DM) patients [3], with
high metabolic risk in children [4], and with mortality of all cause
and CVD mortality in adults of different regions on the world [5].
Significant differences in HG were observed between people from
high, medium and low-income countries, the lowest HG noted in

the lowest and highest HG in the highest income countries [5].

We therefore discuss how early life undernutrition, via epigenetic
mechanisms has a role in the development of cardiovascular
diseases. We also outline the important predictive value of
inadequate muscle mass and strength in cardiometabolic disease
risk, and suggest that this may mediate associations between
poor early conditions and later disease.

Maternal Nutrition as a Regulator of
Epigenetic Mechanisms Implicated in
CVvD

One of the explanations for the increased risk of CVD in low-
medium income countries is maternal under nutrition that
promotes fetal intrauterine growth retardation and low birth
weight (LBW), which in turn increases the risk of CVD in later life
[6, 7]; known as The Developmental Origins of Health and Disease
(DOHaD) hypothesis [8] (Figure 1). This hypothesis proposes
that in response to maternal under nutrition the fetus makes
predictive adaptations and develops conservative “intrauterine
programming”, prioritizing the development of the central
nervous system, potentially at the expense of development of
other tissues such as the pancreatic beta cells, nephrons and
muscle tissue, which manifests as LBW [9]. However, if the
conditions of post uterine life involves exposure to high-energy
intakes, the prenatal cues are rendered inappropriate prenatal
predictions and postnatal reality are mismatched [8]. In this
scenario, the intrauterine metabolic adaptations, or “predictive
adaptive responses”, are disadvantageous and instead increase
susceptibility to chronic non- communicable disease [10].

Epigenetics changes are defined as alterations in gene expression
without changing the DNA sequence and are the primary
basis for developmental programming and the explanatory
mechanism for biological changes triggered by socio-economic
and environmental conditions [11]. Epigenetics provides a
molecular link between prenatal environments, genes, cellular
processes and subsequent susceptibility to chronic diseases [12].
Several studies suggest that the epigenetic adaptations may be
also permanently passed trans-generationally from mother to
progeny [13].

2

2016

Vol.1No.1:7

Journal of Clinical Epigenetics

ISSN 2472-1158

Epigenetics modifications are controlled by changes in DNA
methylation and/or chromatin structure, some of which are
thought to play an important role in the pathogenesis of various
diseases, including cancer and CVD [14]. Epigenetic changes
are heritable, although occasionally reversible, depending on
endogenous, and especially exogenous (environmental) signals,
creating a memory of cell identity, and maintaining genomic
functions after differentiation, propagation of essential features
of chromosomal architecture, and dosage compensation [15].
Therefore, epigenetic modifications could lead to irreversible
processes of differentiation and organogenesis or to labile
and potentially reversible changes in homeostatic processes.
Moreover, environmental signals such as food depletion and stress
have been present throughout evolution, and organisms have
had to sense and adapt to them, to ensure their survival. These
epigenetic modifications have been implicated in the control of
various parameters of gene expression, genetic recombination,
DNA repair, and DNA mutagenesis [10]. Epigenetic mechanisms
include DNA methylations, histone modifications, and microRNAs
[9], and can help to explain how individuals with identical or
similar DNA, when exposed to different environmental signals,
express diverse phenotypes and differ in their susceptibility to
certain pathologies. Thus, chromatin structure can be linked to
dietary factors such as nutrient or drug intake, or socio-economic
conditions in several ways [6].

Epigenetics and Fetal Programming

Intrauterine programming, regulated by epigenetic mechanisms,
is aimed to permit the surviving of the fetus in a medium of
maternal under nutrition which may result in intrauterine
growth retardation, impaired growth of cells and organs, such as
pancreatic beta cells, cardiomiocytes and nephrons, and LBW [9].

Additionally, it has been shown that LBW is related to impaired
development of muscle fibers [16], supported by epidemiological
studies showing that LBW is associated with lower muscle mass
and muscle strength across the lifecycle [17]. Low muscle strength
is associated with a poorer cardiometabolic health profile across
the lifespan, and with a higher risk of incident disease and
mortality in adulthood [4, 14].

The next exposure to high energy density food in the postnatal
environment may result in rapid catch-up growth associated
with an excessive accumulation of ectopic fat, conferring LBW
individuals another risk for CVD, T2DM, insulin resistance (IR),
HTA and dyslipidemia [4].

DNA modificationdue to DNAmethylationisone of the mostwidely
studied and understood epigenetic mechanisms [18]. It primarily
occurs on the cytosine upstream of a guanine (dinucleotide CpG)
and is catalyzed by the DNA methyltransferases (DNMTs) [19].
The methylation of cytosines in a CpG context is influenced by
both intrauterine stimuli [19, 20] and postnatal environmental
conditions [21]. Using monozygotic twins, that as definition
share genetics and uterus and therefore provides a remarkable
investigative example to correlate early life CVD factors and
adult life health, Tan et al [22] showed that genome- wide DNA
methylation profiling did not reveal epigenetic signatures of
birth weight discordance although some sites displayed age-
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dependent intra-pair differential methylation in the extremely
discordant twin pairs. It is important to mention that this study
is limited by a relatively small sample size for genome- wide
association analysis and low coverage of the methylation chips.
Future studies that include larger populations and samples from
biologically appropriate tissues using next generation sequencing
techniques should be able to provide more evidence around the
impact of birth weight on DNA methylation in later life and to
verify the epigenetic basis of DOHaD [22].

It is important to mention the crucial role of leptin (LEP) and
adiponectin (ADIPOQ) genes in metabolism and chronic disease.
These genes are the responsible for the encoding of LEP and
ADIPOQ proteins, which are produced, stored and released
by the adipocytes. LEP’s function is to decreases appetite via
hypothalamic receptors. Since LEP levels are increased in obese
subjects, it has been proposed that LEP resistance may play a
role in the development of obesity and metabolic syndrome [9].
ADIPOQ has insulin-sensitizing effects and anti-inflammatory
actions. Low plasma ADIPOQ levels are associated with obesity
[23, 24], T2DM [25], dyslipidemia [26], increased blood pressure
levels [27]. Moreover, it is well documented that ADIPOQ levels
are highly heritable (30-70%) [28, 29].

Many reports have documented the metabolic effects of
variations in the gene coding for adiponectin [30, 31]. Meta-
analyses of these studies have demonstrated that variability in
this gene contributes to the modulation of circulating adiponectin
levels and the risk of IR and CVD [28]. However, it is still unclear
if these changes are due to genetic inheritance, modifying
environmental factors, or simply statistical undulations [28]. Large
and collaborative studies are needed to improve understanding.

LEP also acts as a helping neutrophil factor in the central nervous
system [32] and it has been proposed as a mayor mediator in the
risk of obesity in response to adverse intrauterine stress. In maternal
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malnutrition, circulating leptin levels are reduced, leading to lower
leptin sensitivity and increased vulnerability to obesity in the
offspring [33-35]. In contrast, ADIPOQ maintains insulin sensitivity,
and its levels are inversely correlated to obesity [36].

Prenatal stress and the exposure to excess glucocorticoids
also influence fetal programming and produce changes in the
hypothalamic-pituitary-adrenal axis (HPAA) [37]. Prenatal stress
due to restricted maternal undernutrition produces intrauterine
growth retardation and LBW is associated with increased cortisol
levels in fetal blood.

Moreover, LBW is associated with hyperactivity of HPAA during
adulthood, leading to metabolic alterations that may promote
the subsequent development of T2DM and CVD [38]. It also has
been proved that postnatal stress in early-life affects physical
health in adulthood including increased risk for obesity, metabolic
syndrome, T2DM, CVD, and premature mortality [39 ,40] via
alterations in the HPAA axis, immune system, energy/metabolic
regulation [41, 42], epigenetic changes [43], and by shortening
of telomere length [44]. Inflammatory markers such as C-reactive
protein (CRP) and IL-6 are also elevated in young individuals with
early-life adversities [45]. Others factors such as cold weather
and emotional stress have also been associated with changes in
the methylation/acetylation of key promoter genes that regulate
the expression of LEP, ADIPOQ, as well as angiotensin Il [46].

Insulin-like growth factor Il (IGF-1l) is a key factor in human
development and is maternally imprinted [47]. In conditions of
maternal undernutrition there is hypomethylation of the IGF-II
loci, due to a decrease of intrauterine supply of methionine or
folic acid, which are capable of donating a methyl group (CH3) [19,
48], leading to bi-allelic expression of IGF-II, which is associated
with an increased risk of colorectal adenoma excessive growth
(Beckwith-Wiedemann syndrome) [32]. Recent observation
shows that periconceptional administration of folic acid to the
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mother is related to an increased methylation of the IGF-Il gene
of the offspring [49]. However, it remains to be determined
whether the changes in IGF-Il gene methylation are associated
with changes in gene expression and birth weight [50]. In contrast,
other imprinted genes such as Cyclin-dependent kinase inhibitor
1C (CDKN1C), Pleckstrin homology-like domain family A member
2 (PHLDAZ2) and Potassium voltage-gated channel (KCNQ1) tend
to restrict fetal body’s weight and are associated with restriction
growth syndromes such as Silver-Russell syndrome [50]. All these
genes are located in the same cluster on chromosome 11 at p15.5,
and their regulation its is due to two independent imprinting
centers; Imprinting Center 1 and Imprinting Center 2. IGF-II
and the imprinted maternally expressed non coding transcript
(H19) are localized in the Imprinting Center 1, which contains
a methylation- sensitive chromatin insulator that is necessary
for controlling the expression of both genes [51]. Dysregulation
of the IGF2/H19 imprinted region is related to Beckwith-
Wiedemann and Silver-Russell syndrome [51]. Genomic DNA
methylation in these imprinting centers may exhibit significant
fluctuation among human individuals [52]. It has been shown
that IGF- Il gene levels were down regulated in Intrauterine
Growth Restriction (IUGR), both in fetal and placental samples,
which could explain part of the pathology of IUGR [53], although
much more investigation is needed to clarify the function of these
imprinted genes, their epigenetics and impact in fetal growth and
postnatal development.

The Renin Angiotensin System (RAS) is more active in the
neonatal period and plays an important role in fetal growth
and development [54]. RAS hyperactivity is related to HTN and
CVD [55]. Previous studies show that LBW is associated with the
modifications of some elements of the RAS. For example, it has
been established that Ang Il plasma levels in early postnatal life
were higher in LBW than in NBW infants predisposing to CVD [56].
The angiotensin-converting enzyme (ACE) level is highly variable
between individuals [57] and It has been shown that this variability
is associated with an insertion (l)/ deletion (D) polymorphism
situated in intron 16 of the ACE gene (ACE/ID polymorphism) [56].
The D allele and the DD genotype are associated with elevated
levels of ACE and a higher risk of CVD and end organ damage
[55]. It has been established that LBW children had a higher D
allele frequency than normal birth weight children (NBW) [58].
LBW children also have higher blood pressure and increased ACE
activity levels in comparison with NBW children [57]. Moreover,
LBW children have lower levels of DNA methylation in 3 CpG sites
from the ACE gene promoter compared with NBW children and
the hypomethylation occurs at the same time with an increase
of the ACE protein activity and high blood pressure in LBW [57].
Likewise, it has been demonstrated that impairment of growth
during prenatal and early postnatal life has been associated with
increased plasma concentrations of fibrinogen and factor VIl
in adulthood [59]. The increased concentrations of these two
hemostatic factors found in the plasma may explain why LBW
individuals are predisposed to thrombosis and an increased risk
of CVD in adulthood [60].

These observations provide solid support for the idea that
nutritional deficiencies during critical periods of ontogenic fetal
development may have a lifelong influence on health through
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the regulation in the expression of several genes that result in
increased or decreased synthesis of proteins such as angiotensin
Il (Ang Il), LEP, and ADIPOQ [61, 62]. As mentioned, the mismatch
between a restricted access to nutrients in prenatal life and a
calorific excess in postnatal life environment predisposes to rapid
catch up growth and a selective accumulation of ectopic fat.
Studies have shown that ectopic fat produces an increased level of
Ang Il that contributes to insulin resistance and water retention,
risk factors for HTN and CVD [9, 30]. Additionally, Ang Il inhibits
the differentiation of adipocyte precursors, thus decreasing the
percentage of small insulin-sensitive adipocytes and promoting
the presence of large adipocytes resistant to the action of insulin
and with less potential to produce adiponectin which play critical
roles in energy, lipids and glucose homeostasis [32, 63].

Muscle Strength and Cardio metabolic
Disease

It is well recognized that skeletal muscle is important in the
regulation of the glucose and lipid metabolism [7]. Recent findings
suggest that muscle may also have a role in the regulation of low
degree inflammation through the production of various anti-
inflammatory myokines [11]. Therefore, muscle tissue counteracts
adipocyte as an endocrine organ, by opposing the effects of its
adipokines which promote insulin resistance and systemic low
degree inflammation, both key processes in the development
of atherosclerosis, T2DM and CVD [11]. Indeed, it is suggested
that muscle contraction stimulated myokine secretion, is key
in mediating the protective effects of physical activity against
metabolic risk factors [11]. Myokines are therefore important
contributors of the beneficial effects of exercise and are central to
the concept of the cross-talk between skeletal muscles and other
organs during and after exercise [64]. Therefore, both muscle and
fat tissue are described as endocrine organs, which can interact
with each other and with the liver, brain, and other organs in
the regulation of the glucose and lipid metabolism and pro-anti-
inflammatory cytokine balance [65].

Low muscle strength evaluated by HG has been shown to be
related to higher cardiometabolic risk factors in children from a
number of populations [4, 66, 67],, and to be associated with a
higher risk of cardiovascular events and mortality in patients with
T2DM [4]. Moreover, a recent study that included around 130.000
subjects of 17 high, medium and low-income countries [5] have
shown that HG predicted total and cardiovascular mortality. This
study also showed race/ethnic differences in HG strength, which
also depended on economic classification of the countries, with
the lowest HG values observed in non-Caucasian individuals and in
low-income countries [5]. Low HG strength is also associated with
important non CVD health-related outcomes, such as impaired
skeletal health, reduced quality of life and poor mental health
[68]. Likewise, in Colombian youth low HG was also inversely
associated with the concentrations of triglycerides, C- reactive
protein, DBP, HOMA index and metabolic risk score, giving us
a potential tool for future primary assessment campaigns to
identify individuals at risk and implement primordial preventative
programs to reduce T2DM and CVD incidence [5], particularly in
LBW individuals [69].

This article is available in: http://www.clinical-epigenetics.imedpub.com/



Epigenetics and Skeletal Muscle

Epigenetics has a role in the conformation and expression of
several genes in a number of tissues, including muscle. Mature
skeletal muscleis a highly plastictissue that responds to a variety of
environmental and nutritional influences [24]. Likewise, maternal
undernutrition that subsequently causes LBW and reduced lean
mass including lower muscle mass [70]. Epidemiological studies
consistently show that LBW is associated with deficits in muscular
fitness across the lifecycle [71] including lower muscle strength
[72, 73], sprint performance [36] and power.

It is clear that LBW is not only associated with smaller muscle
tissue mass due to reduced fiber number [13, 24, 26] but also
has other repercussions for muscle, including alterations in
muscle fiber type, enzyme content and signaling pathways [74].
Muscle fiber number and type are set in-utero and only the
relative proportions of lla and IIx consistently show post-natal
inter-conversion [75], induced fetal under-nutrition in animals is
generally associated with lower muscle fiber number, a lower %
of type I and higher % of type lIx/b fibers as well as lower muscle
mass, and higher fiber size, particularly following rapid post natal
catch-up growth [29]. It is important to note however that a larger
fiber size may in this scenario reflect higher intra-myocellular lipid
content, reported following fetal under-nutrition in animals [76]
and in obese adults, [55] rather than the additional myofibrillar
protein. A higher proportion of the more insulin resistant and less
oxidative type lIx/b fibers, and a lower proportion of the more
Ila fibers were reported in healthy, normal-weight young LBW
males [77]. Indeed, a lower proportion of type lla fibres is also
associated with obesity in adults [78], and is a characteristic of
diabetic rats.

It is evident that skeletal muscle phenotype is affected by
the epigenetic changes related to maternal under nutrition,
particularly at critical periods of gestation, and it appears that
these differences may contribute to an increased susceptibility
to metabolic abnormalities and obesity [29]. Nutrients and
growth factors are important determinants of muscle mass in
adulthood as well as during the early development of skeletal
muscle. Evidence from human studies comparing low versus
normal birth weight adults and from animal studies of nutrient
restriction during gestation show that the epigenetic influences
of maternal nutrition impact a number of important metabolic
loci in muscle [79]. The mechanistic target of rapamycin (mTOR)
signaling pathway for example, is a key loci which coordinates
and regulates skeletal muscle protein synthesis [80].

There are two mTOR multiprotein complexes mTORC1 and
mTORC2. mTORC1 activation induces cell growth by promoting
protein, lipids and nucleotides synthesis, ribosomal biogenesis
and inhibiting autophagy. In contrast, mTORC2 controls actin
polymerization and the activation of Protein kinase B (Akt) by
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phospholyrating their hydrophobic motif giving it a catalytic
function [79]. Nutrient restriction inhibits mTOR signaling, with
consequent decreases in anabolism and increased catabolic
processes [25]. The 5' AMP-activated protein kinase enzyme
(AMPK) plays a key role in this response and in maintaining
metabolic homeostasis, acting as energy sensor sensitive to an
increase in ADP/ATP and AMP/ATP ratios associated with nutrient
restriction and depletion of intracellular ATP [25]. Under these
conditions, AMPK activates catabolic pathways to restore ATP
levels [81] and inhibits muscle protein synthesis both via inhibition
of the mTOR signaling pathway and by inhibiting elongation
factor 2 (eEF2), which is involved in peptide chain elongation in
skeletal muscle [24]. Akt is another important signaling pathway
that influences muscle protein synthesis by regulating mTOR
activity. [82]. LBW rat pups showed a significant reduction in
mTOR [83], while impaired Akt signaling was observed in muscle
of LBW healthy young adults [84]. Since Akt regulates muscle
protein synthesis, its inhibition is a possible mechanism for
lifelong deficits in muscle mass observed in LBW individuals. It is
important to note that Akt signaling is also an important pathway
for insulin action — deficits in which may be a precursor to later
insulin resistance.

Conclusion

The results of the studies included in this review suggest that
not only the imbalance of the muscle activity as a result of
low physical activity, sedentary and western model lifestyle
adoption, contributes to the pathogenesis of insulin resistance
(IR) and therefore to T2DM and CVD, but also that epigenetics
adaptations due to poor intra uterine conditions plays a role in
the pathogenesis of T2DM and CVD. In addition to the declining
physical activity levels and increased consumption of high-
energy-dense food, the populations of developing countries may
be more vulnerable to CVD due to these early life epigenetic
adaptations.

The reviewed evidence also shows that maternal under nutrition
has a crucial impact on muscle mass and muscle quality [74, 85],
and that epigenetic mechanisms are clearly implicated in the
interrelationship between low birth weight, deficits in muscle
development and subsequent risk of CVD and other chronic
diseases [65].

What still remains unresolved is whether the association between
cardiometabolic risk/mortality and HG or other measures of
muscle strength is due to the relationship between birth weight
and strength (i.e. strength as a marker of poor early conditions)
or that strength/muscle mass are key mediators of the well
described association between LBW and adult disease (i.e.
strength as a direct determinant of health).
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