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Abstract: Cardiovascular diseases are being included in the study of developmental origins of
health and disease (DOHaD) and essential systemic hypertension has also been added to this
field. Epigenetic modifications are one of the main mechanisms leading to early programming of
disease. Different environmental factors occurring during critical windows in the early stages of
life may leave epigenetic cues, which may be involved in the programming of hypertension when
individuals reach adulthood. Such environmental factors include pre-term birth, low weight at birth,
altered programming of different organs such as the blood vessels and the kidney, and living in
disadvantageous conditions in the programming of hypertension. Mechanisms behind these factors
that impact on the programming include undernutrition, oxidative stress, inflammation, emotional
stress, and changes in the microbiota. These factors and their underlying causes acting at the vascular
level will be discussed in this paper. We also explore the establishment of epigenetic cues that may lead
to hypertension at the vascular level such as DNA methylation, histone modifications (methylation
and acetylation), and the role of microRNAs in the endothelial cells and blood vessel smooth muscle
which participate in hypertension. Since epigenetic changes are reversible, the knowledge of this type
of markers could be useful in the field of prevention, diagnosis or epigenetic drugs as a therapeutic
approach to hypertension.

Keywords: essential systemic hypertension; early programming; epigenetics; endothelial cells;
vascular smooth muscle cells

1. Introduction

The field of study that seeks to explain the way by which the early life environment leaves an
increased risk of developing chronic diseases in adulthood, and the mechanisms involved in this
programing is known as “Developmental origins of health and disease” (DOHaD) [1]. When the
environment in which the individual lives during adulthood is significantly modified from that in
which development occurred, the risk of developing diseases increases [2]. Explanations derived
from DOHaD may be crucial in the understanding of complex and multifactorial diseases and are
now being considered as an alternative to epidemiological explanations [1]. Cardiovascular diseases
(CVDs) are being included in the study of DOHaD, particularly coronary artery disease [3,4] and
essential systemic hypertension is also nowadays been included. Epigenetic modifications are one of
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the main mechanisms leading to early programming of disease having an adaptive value since they
aim to match the individual’s responses to the environment in which the individual grows, to that
in which he will develop during adulthood. Both environments, although supposed to be similar,
often differ significantly.

Nongenomic tuning of the phenotype through epigenetic changes such as DNA methylation,
histone modifications and non-coding RNAs participate importantly in mediating the impact of the
early life environment on later health and its heritability [5]. Epigenetic modifications depend on
union and release of chemical residues on a DNA sequence and/or on histones, and therefore, they are
reversible and potentially treatable [6]. Thus, although epigenetic inheritance is similar to genetic
inheritance of DNA in the capacity to transmit acquired characteristics through generations, epigenetic
mechanisms differ in their capacity to be reversible through changes in the environment and by
variations in nutritional factors.

Methylation of the DNA structure is involved in epigenetic regulation. The DNA methyltransferases
family of enzymes is in charge of catalyzing these reactions. DNA methylation occurs in cytosine-
phosphate guanine (CpG) sites. The CpG islands are regions that have an elevated number of CpG
sites, and they are often found close to promoter and regulatory regions. DNA methylation of CpG
sites in promoter regions inhibits gene expression [7].

Gene expression is also epigenetically determined by structural changes in histones. The histones
H2A, H2B, H3, and H4 are organized as an octamer of 4 dimers each that constitute the nucleosome
which is the basic structure of organization on which genomic DNA is coiled. H1 histones bind one
nucleosome to the next. The amino ends of amino acids conforming histones may be altered by
acetylation, methylation, phosphorylation, ubiquitination, and SUMOylation constituting epigenetic
cues. Acetylation and methylation of histones are the most common modifications [7]. The consequence
of histone acetylation is DNA unwinding and opening, therefore facilitating the access of transcription
factors and gene activation [7]. The enzymes that participate in the binding of acetyl groups to histones
are histone acetyltransferases (HATs). There are also enzymes that remove acetyl groups from histones
known as histone deacetylases (HDAC) and these enzymes have, as a consequence, an inhibition of
the access of transcription factors. Gene activation or inactivation may also be elicited by histone
methylation having leading to the recruitment of positive and/or negative transcription factors [7].

Non-coding RNAs also play an important role in epigenetic determination. Most of the transcripts
of RNA are not translated into proteins and constitute the non-coding RNAs. Non-coding RNAS
were originally thought to only regulate gene expression at the post-transcriptional level; however,
they have now been found to play an important role in epigenetic control. Non-coding RNAs include
microRNSs (miRNAs), Piwi-interacting RNAs (piRNAs), endogenous short interfering RNAs (siRNAs)
which have a length of 20 to 30 nucleotides, and long non-coding RNAs (lncRNA), which are more than
200 nucleotides in length. Non-coding RNAs bind to DNA sequences or messenger RNAs inhibiting
their transcription or translation or induce their degradation. Long non-coding RNAs are the most
common regulatory RNAs [7,8].

Epigenetic changes are importantly established during critical windows of development. A critical
window (sensitive period) is a lapse of time during development during which an organism’s
phenotype can be modified in response to internal or environmental factors. Windows are phases of
developmental phenotypic plasticity and are a consequence of the interaction between the genotype
and the environment. Critical windows comprise short periods in development with defined by
starting and ending times [2]. Since DOHaD is currently expanding, new windows of susceptibility
to modified environmental factors are now being taken into account, such as preconception [9,10],
gestation [11], birth, weaning [12] and prepuberty. Moreover, epigenetic alterations in the mother and
father are issues in which attention is nowadays being placed when referring to epigenetic programing
and transgenerational inheritance [13]. Paternal, in addition to maternal exposure to environmental
challenges, are now considered to play a critical role in the offspring’s future health and the transmission
of acquired traits through generations [9,10].
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Different environmental factors that may leave epigenetic cues are now well known such as
pre-term birth [14], low weight at birth [1], altered programming of different organs [15] and living in
disadvantageous conditions [16]. Mechanisms behind these factors include: undernutrition, oxidative
stress (OS), inflammation, emotional stress, and the microbiota. Many of the epigenetic factors and
mechanisms that lead to early programming of coronary artery disease, have been discussed and
recently reviewed [3,17–19]; however, less has been reported regarding hypertension, particularly at
the vascular level. The impact of these factors on hypertension and their underlying causes will be
discussed in this paper.

2. Hypertension

Systemic hypertension is a common CVD, and is defined by the American College of Cardiology
and American Heart Association guidelines as blood pressure >130/80 mm Hg and by the European
Society of Cardiology and European Society of Hypertension as >140/90 mm Hg, with the goal of
maintaining it at a level <140/90 mm Hg for all subjects and only targeting with treatment to <130/80 mm
Hg in patients with high cardiovascular risk [20]. Almost 25% of subjects in the Eastern populations are
hypertensive [21]. Although the etiology of hypertension is complex and varies between individuals,
a feature commonly found in most cases of hypertension is an elevation in peripheral resistance that
is a consequence of increased vascular tone/ smooth muscle cells (SMC) contractility and vascular
remodeling [22,23]. These are complex processes that involve phenotypic switching and altered
functioning of vascular smooth muscle cells (VSMC). These changes occur in response to modified
secretion of vasoconstrictor and vasodilator mediators by endothelial cells. Targets for epigenetic
programming of hypertension at the vascular level are enlisted in Table 1 and will be discussed in the
following sections. Therefore, both epigenetic changes in endothelial and VSMC may be present in the
etiology of hypertension.

Table 1. Targets for epigenetic programming in essential arterial hypertension at the vascular level.

Tissues and Systems Affected by Epigenetic Programming that Determine Functioning at the Vascular
Level in Hypertension

In endothelial cells:

Regulation of genes encoding for vasodilator mediators

NO production; eNOS, ADMA

Regulation of genes encoding for vasoconstrictor mediators

ET1

RAS system

In vascular smooth muscle cells

Regulation of genes encoding for markers of VSMC phenotypes

Regulation of genes encoding for metalloproteinases that regulate the VSMC phenotypes

In the Inflammatory System

Regulation of genes encoding for inflammatory mediators that regulate endothelial cell and VSMC
functioning

Regulation of genes encoding for enzymes participating in the synthesis of prostaglandins and prostacyclin

In the antioxidant system

Regulation of the expression of genes encoding for antioxidant enzymes that increase the synthesis of NO
and of inflammatory mediators

NO—nitric oxide; eNOS—endothelial nitric oxide synthase; ADMA—Asymmetric dimethylarginine;
ET1—endothelin 1; RAS—renin–angiotensin system; VSMC—vascular smooth muscle cells.
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3. Arterial Morphophysiology and Hypertension

Arterial walls are composed of an internal layer (tunica intima) which is the thinnest layer, formed
from a single continuous layer of endothelial cells and is supported by a subendothelial layer of
connective tissue and supportive cells. This layer is much thicker in larger vessels such as the aorta.
In close connection with the tunica intima there is a thin membrane composed of elastic fibers that
run in parallel to the vessel. The tunica media is formed by smooth muscle cells and elastic and
connective tissues that are disposed circularly around the vessel. The tunica externa is composed of
connective fibers and surrounded by an external elastic lamina whose function is to anchor vessels
to surrounding tissues. Large arteries are considered as conductance vessels while small arterioles
(30–200 µm) constitute resistance vessels. Both conductance and resistance vessels are involved in the
physiopathology of hypertension. Thickness is increased and elasticity is decreased in large arteries
from hypertensive subjects. This leads to an elevation of the velocity of the pulse wave and an earlier
reflection of the wave, resulting in increased systolic pressure and pulse pressure. Resistance arterioles
develop a myogenic tone that protects the capillary bed from high blood pressure and control the
local tissue blood flow. In resistance vessels, chronic hypertension causes a reduced lumen diameter
provoked by hypertrophy of the vascular wall and exaggerated vasoconstriction [24].

Vasoconstriction and/or relaxation are the result of the balance of vasodilatory and vasoconstrictor
substances secreted by the endothelium which act on smooth muscle cells. Endothelial cells constitute
a barrier separating the lumen of the vessel and the vascular smooth muscle. They play an important
role infiltration of plasma, coagulation and in the secretion of vasoactive mediators. Nitric oxide (NO)
is the main vasodilatory mediator. NO deficiency significantly contributes to hypertension [25,26].
Endothelin-1 (ET-1), angiotensin II (Ang II), and other endothelium-derived contracting factors such
as cyclooxygenase products may also be released. Endothelium-dependent relaxation is impaired
in hypertension and endothelium-dependent contractions may be increased in some blood vessels.
These variations in endothelial function result in vasospasm and help to elevate vascular resistance
in hypertension.

NO synthesis in endothelial cells occurs through NO synthase (NOS)-independent pathway
and NOS-dependent pathway. The NOS-independent pathway involves the reduction of nitrite to
NO [27]. This nitrate–nitrite–NO pathway is a complementary pathway to the NOS dependent pathway.
There are three isoforms of NOSs, endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS
(iNOS) that constitute the main sources of intracellular NO. NO is formed by the reaction that converts
L-arginine to L-citrulline; this reaction requires cofactors such as tetrahydrobiopterin (BH4), flavin
adenine dinucleotide, and flavin mononucleotide. Endogenous NOS inhibitors exist, and can induce
NO deficiency including asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine
(SDMA) [28]. ADMA competes with L-arginine to decrease NOS activity, having as a consequence
a decrease of NO. ADMA also uncouples NOS to generate superoxide [29]. In contrast, SDMA is a
competitive inhibitor of L-arginine transport [29].

NO has also been found to have an inhibitory effect on the activity of several sodium
transporters [30], and increased expression or activity of sodium transporters and elevated sodium
reabsorption might underlie programming of hypertension [31,32]. NO deficiency may not be able
to counterbalance the altered sodium transporters induced by early-life insults, thus leading to
programmed hypertension.

The renin–angiotensin system (RAS) is a hormone system that regulates blood pressure. When renal
blood flow decreases, the juxtaglomerular cells in the kidneys transform a precursor protein normally
present in the circulation into renin which enters the circulation. Renin converts angiotensinogen,
which is produced by the liver, to angiotensin I. Angiotensin I is then transformed to Ang II by the
angiotensin-converting enzyme (ACE) found on the surface of vascular endothelial cells, Ang II is
a potent vasoconstrictive peptide that causes blood vessels to contract, resulting in increased blood
pressure. When the RAS activity, is too elevated blood pressure will result. The RAS is associated
with developmental programming of hypertension in a variety of models, including glucocorticoid
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administration [33–35], high fat diet [36], low protein diet [37], high sucrose diet [38] and high
fructose diet [39]. NO inhibition by L-NG-Nitroarginine Methyl Ester (L-NAME) in pregnancy caused
programmed hypertension in adult offspring, which was associated with increased messenger RNA
(mRNA) of renin and ACE in offspring kidney [40]. Blockade of the classical RAS between 2–4 weeks
of age prevented the developmental programming of hypertension [39,41–43]. These protective effects
were not only directed upon RAS, but also through the regulation of the NO system.

ET-1 is a potent vasoconstrictor. It is a 21 amino acid peptide produced by the vascular endothelium.
Several factors increase its synthesis and release such as Ang II, antidiuretic hormone, thrombin,
cytokines, reactive oxygen species, and shear stress. ET-1 release is inhibited by prostacyclin and atrial
natriuretic peptide as well as by NO [44].

VSMCs are the major components of the tunica media of blood vessels that responds to the
vasoactive substances secreted by the endothelium. In adult animals, the VSMC is a specialized cell
that regulates blood vessel tone, blood pressure, and blood flow to different regions by determining
contraction. Proliferation and synthetic activity of VSMCs in mature blood vessels are very low, and the
cells express particular sets of contractile proteins, ion channels, and signaling molecules needed for
the cell’s contractile function [45].

Many different factors including alterations in the handling and release of intracellular calcium [46],
modifications in membrane potential [47] and the phenotypic expression of the cells contribute to
the changes in contractility of differentiated VSMC. During development, and in adult organisms,
VSMC show a wide range of phenotypes. The VMSC is capable of major changes in its phenotype in
response to changes in its local environment, and therefore, it is not terminally differentiated [45,48].
Contractility is also determined by the degree of differentiation or maturation of the VSMC. Many local
environmental cues that determine the pattern of gene expression appropriate for that circumstance
are constantly integrated to determine the degree of maturation. There are many different VSMC
phenotypes that are needed to perform the functions necessary during development, maturation,
vascular remodeling, and disease.

Alterations in vascular structure have been reported with important remodeling of the resistance
vessels as a result of changes in VSMC phenotype. These alterations include increased growth, synthesis
of matrix materials, reorganization of cell-cell and cell-matrix contacts and apoptosis [23,49].

The change in the phenotype of VSMC is defined as vascular remodeling. This process is
characterized by modifications of structure leading to alteration in wall thickness and lumen diameter.
Extracellular matrix (ECM) degradation and remodeling indispensable to vascular structure alterations
highlight the important role played by metalloproteinases (MMP) in VSMC behaviors. In matured and
quiescent vessels, active MMPs are absent or expressed at low levels. But in tissues undergoing abnormal
angiogenesis and vascular remodeling, MMPs are markedly expressed, secreted, and activated [50].
MMP-2, MMP-9, MMP-3, MMP-1, and MMP-7 have been recognized in vascular tissue and play
pathogenic roles in vascular remodeling via regulating VSMC behaviors [51]. Remodeling can be
induced through passive adaptation to chronic changes in hemodynamics and/or through neurohumoral
factors including Ang II and ROS. Hemodynamic forces such as shear stress and arterial pressure
regulate MMP expression and participate in vascular remodeling. Elevated transmural pressure
activates MMP2 and MMP-9 in ex vivo porcine carotid arteries [52]. The progression of hypertension
involves two different types of vascular remodeling: inward eutrophic remodeling and hypertrophic
remodeling [53].

Abnormal VSMC proliferation, migration, and apoptosis are the main causes of vascular
remodeling implicated in multiple vascular disorders, including hypertension, restenosis,
and atherosclerotic plaque progression and rupture [51].
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4. Other Regulatory Systems Participating in Hypertension

4.1. Sympathetic Nervous System

The sympathetic nervous system participates importantly in the regulation of arterial blood
pressure since blood vessels receive innervations from this branch of the autonomous nervous
system. An increased sympathetic nervous system activity is a primary precursor of hypertension.
The mechanism that increases the activity in the sympathetic nervous system has yet to be fully
elucidated. During the development of hypertension, there are imbalances in several neurotransmitters
and neuromodulators, which directly and indirectly contribute to increased release of noradrenaline
to the postsynaptic targets of the sympathetic nerves that regulate blood vessels. Among the factors
that increase sympathetic nervous activity, the following can be cited: dietary sodium chloride,
insulin-glucose excess and nitric oxide deficiency, acute increases in plasma osmolality [54,55].

Furthermore, there are bidirectional interactions among the immune system and the sympathetic
nervous system that play a role in the development of hypertension [54]. Inflammation, and in particular
adaptive immunity, contributes to the development of hypertension and mice lacking lymphocytes
have been reported to be relatively resistant to hypertension caused by Ang II, norepinephrine,
or deoxycorticosterone acetate–salt challenge [56]. The central nervous system also orchestrates much
of the inflammation caused by Ang II and probably other hypertensive stimuli [56].

Activation of the sympathetic nervous system may contribute to the fetal programming of
increased cardiovascular risk. Renal denervation prevents hypertension in male offspring in adulthood
in models of fetal programming induced by prenatal exposure to glucocorticoids, placental insufficiency,
or maternal diabetes. The mechanism by which renal sympathetic nerve activation mediates the
development of hypertension following a developmental insult is not clear but may involve modulation
of sodium reabsorption along the renal tubules [57]. Although the sympathetic nervous system
participates in blood pressure control, its epigenetic programming will not be addressed in the
present review.

4.2. The Renal System

The kidney importantly participates in the regulation of arterial blood pressure since it determines
extracellular volume. Additionally, renal perfusion pressure regulates arterial circulation and blood
pressure. Renal artery perfusion pressure directly regulates sodium excretion and influences the
activity of various vasoactive systems such as the RAS system [58]. Hypertension is bidirectionally
related to kidney disease. It is a major risk factor for kidney disease and it is the result of kidney
disease [15]. Development of the kidney can be altered in response to adverse environments leading
to renal programming and increased vulnerability to the development of hypertension and kidney
disease in adulthood [15]. NO is a key mediator of renal physiology and blood pressure regulation.
NO deficiency is a common mechanism underlying renal programming [15]. Furthermore, the kidney
is an organ rich with acetylated lysines, which are found in up to >2000 unique histone and nonhistone
proteins, therefore being a target of epigenetic programming [59,60]. Although the renal system
participates in the regulation of blood pressure, we do not discuss its epigenetic programming in
this review.

4.3. The Immune System

The immune system also participates in the initiation and progression of hypertension.
During development of this disease, immune cells become activated and enter target organs such
as the vasculature and the kidney. T lymphocytes contribute to the pathogenesis of salt-sensitive
hypertension. When hypertensive stimuli are present, naive T cells develop into T helper cells such as
Th1, Th2, Th17, Treg, and cytotoxic CD8+ T cells, depending on the microenviroment surrounding the
organs. Hypertensive stimuli activate naive T cells through different mechanisms including neoantigen
presentation by dendritic cells, high salt concentration, and OS in the kidney and vasculature. Activated
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T cell subsets in injured organs promote tissue dysfunction favoring sodium retention in the kidney,
vascular stiffness, and remodeling in blood vessels [61].

Mediators released by immune cells, such as ROS, metalloproteinases, cytokines, and antibodies
cause damage and mediate dysfunction of the target organs [62]. ROS contribute to immune activation
in hypertension [63]. In vessels, these factors favor constriction and remodeling. In the kidney, these
mediators elevate activation and expression of sodium transporters, promoting interstitial fibrosis and
glomerular injury [62].

5. Environmental Factors that May Leave Epigenetic Cues for Hypertension

There is increasing epidemiological evidence that suggests a link between low birth weight, infant
and childhood growth, adult body mass index, and maternal weight and nutrition to cardiometabolic
risk when reaching adulthood in humans [1]. These environmental factors are listed in Table 2.
Most studies have focused on the relation of low weight at birth and coronary artery disease. These
studies have been done in different countries and populations [1,64]. Correspondingly, several factors
acting during early life have been linked to development of hypertension during adulthood but few
reviews analyzing this issue have been published. Among the environmental factors that lead to
hypertension preterm birth, low birth weight, gestational hypertension, maternal obesity, short-term
breastfeeding, maternal smoking, low vitamin D intake and excessive postnatal weight gain may be
included [15]. Living in disadvantaged neighborhoods, which implies mental stress, has also been
related to the development of hypertension [16].

Pre-term birth has been associated with cardiovascular and chronic kidney diseases [15]. Structural
or functional development is arrested in the kidney and factors including antenatal steroids constitute
potential mechanisms that lead to programming and epigenetic alterations in the kidney [14].
A case-control study of >1.6 million infants demonstrated that prematurity and low birth weight
are risk factors for congenital anomaly of kidney and urinary tract [65] and both of these factors are
associated with low nephron number [66]. Renal alterations are linked to hypertension. Preterm
infants may develop low nephron numbers as a result of compromised gestation, intra-uterine growth
retardation, inadequacy of postnatal nutrition, and treatment with nephrotoxic medication after
birth [66]. A reduced nephron number results in a higher glomerular capillary pressure and glomerular
hyperfiltration and thus to renal induced hypertension. A low nephron number is commonly found to
underlie the vulnerability to kidney disease and hypertension [66]. Furthermore, NO deficiency in
developing kidneys induced by ADMA may alter nephrogenesis [67] and may lead to hypertension.

6. Mechanisms behind Factors that Leave Epigenetic Cues

Mechanisms behind factors that leave epigenetic cues are listed in Table 2 and described below.

Table 2. Environmental factors and mechanisms that lead to epigenetic cues.

Environmental Factors Leading to Epigenetic
Cues

Mechanisms behind Factors that Lead to
Epigenetic Cues

Low birth weight Undernutrition
Decreased infant and childhood growth Oxidative stress

Adult body mass index Inflammation
Maternal weight and nutrition Gut microbiota

Exposure to chronic stress

6.1. Undernutrition, Changes in Nutrition and Metabolic Adjustments in Utero and during Early Childhood

The Dutch famine birth cohort study demonstrated that adults exposed to maternal
famine developed many disorders, including hypertension and kidney disease when adults [68].
Nutrient-sensing signals play a determinant role in metabolism and development of the fetus [69].
When the diet is imbalanced and when the metabolic status during pregnancy alters nutrient-sensing
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signals, programming is manifested and hypertension development may result [69–71]. Several
signaling pathways related to the sensing of nutrients have been described such as the cyclic adenosine
monophosphate (AMP)-activated protein kinase (AMPK), the silent information regulator transcript
(SIRT), peroxisome proliferator-activated receptors (PPARs), and PPAR coactivator-1α (PGC-1α) [72].
There is a complex interconnection between AMPK and SIRTs, which may be determined by the nutrition
in the mother. Nutritional interventions might also regulate PPARs and their target genes [69,73].
Molecules that respond to PPAR target genes [74] include NO synthases which regulate NO production
in endothelial cells, superoxide dismutases (SODs) which intervene in the control of OS. Furthermore,
eNOS-derived NO is capable of activating PGC-1α via AMPK to regulate mitochondrial biogenesis [75].
Mitochondrial biogenesis has been implied in the establishment of epigenetic cues in cardiometabolic
diseases [70,76]. AMPK activators and PPAR modulators have been proposed as reprogramming
strategies for programmed hypertension and kidney disease [77,78].

Models of fetal hypertension programming have been done using relatively long-term alterations
that included gestation and lactation that also resulted in low birth weight in offspring [79–82].
The decreased growth, in utero, might alter renal development causing hypertension. Rats fed with a
high sucrose diet before and during pregnancy and during lactation and the first days after weaning
resulted in an elevated proportion of hypertension in the offspring when they reached adulthood [83].
A high salt diet before and during pregnancy as well as during lactation and the early weaning period
also elevated the incidence of hypertension [84].

We recently found that a high sucrose intake during a short critical window near weaning
(postnatal days 12 to 28 in rats), where there are important changes in nutrition and a critical window in
pancreas development, increases arterial blood pressure when individuals reach adulthood. eNOS and
SOD2 expression and total antioxidant capacity in rats that received sucrose during the critical window
near weaning were decreased when rats reached adulthood and could underly the increase in blood
pressure levels. Blood pressure is also elevated after a long-term ingestion of sucrose (seven months).
Fatty acids and arachidonic acid only participate in regulation of blood pressure after a long-term
ingestion of sucrose. Finally, it is important to control diet during the early stages of development to
reduce the risk of developing hypertension when reaching adulthood [12].

When studying a combined maternal plus post-weaning high-fat diet model, resveratrol, an AMPK
activator, prevented induced hypertension and elevated protein levels of SIRT1, AMPK 2α, and PGC-1α
in the offspring kidney [78]. Resveratrol also reduced the concentration of ADMA in the kidney and
OS damage [78].

6.2. Oxidative Stress during Early Life

OS plays an important role in hypertension [85] even before birth. Alterations in oxidative
balance are caused by nutrient or oxygen deprivation, placental insufficiency, or exposure to toxic
substances and other factors where the placenta plays an important role. OS plays an equally
important role in fetal stress as a lifestyle and genetic background, which constitute well-known risk
factors of CVD. Specific redox alterations in cardiovascular control organs are also suggesting a role
of the mitochondria in low weight at birth [86]. Prenatal insults that lead to renal programming
and hypertension associated with OS, include maternal undernutrition [87], maternal diabetes [88],
prenatal glucocorticoid administration [33,34,89], preeclampsia [89], and exposure to high-fructose
diet [90] and high-fat diet [36] in pregnancy and lactation. Importantly, among these programmed
models, the impaired L-arginine–ADMA–NO pathway is closely interrelated to OS in determining the
programming process [68].

ROS are produced by all vascular cells and have the potential to participate in the pathogenesis
of CVD. Moreover, various other cells are also capable of producing ROS and participate in
the development of hypertension, for example, immune cells including neutrophils, monocytes,
macrophages, and dendritic cells. Although many enzyme systems generate ROS, some are
predominant in pathologic processes such as the NADPH oxidases (NOX), uncoupled eNOS, xanthine
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oxidase (XO), myeloperoxidase, lipoxygenase, cyclooxygenase, cytochrome P450, heme oxygenase,
and the mitochondrial respiratory chain. Some of these systems seem to participate in an important
manner in hypertension. ROS increase vascular tone by targeting the regulatory mechanisms in the
endothelium and by directly influencing the contractility of VSMC. ROS also participate in vascular
remodeling by regulating phenotype modulation, abnormal growth and death of vascular cells,
cell migration, and ECM reorganization [52].

OS has a deleterious effect on vascular biology via excessive activation of MMPs which regulate
VSMC phenotype from secretory to contractile. ROS formation via the NOX-induced by mechanical
stretch enhances MMP-2 mRNA expression and pro-MMP-2 release [91]. MMP-9 secretion and
activity in monocytes are enhanced by increased NOX dependent superoxide radical production in the
atherosclerotic process [92].

Activation of MMPs by ROS is needed for arteriolar remodeling [93]. NOX play an important
role in MMP transcription and activation. MMP-2 transcription is induced by NOX4 by stimulating
forkhead family of transcription factors (FoxO) activity [94], while phosphorylation of ERK1/2 which
is redox-dependent and subsequent activation of MMP-9 after vascular injury is initiated by NOX1
in neointimal VSMCs [95]. Furthermore, ROS-dependent mechanisms activate a variety of other
vascular MMP stimuli and modify MMP functions. Homocysteine contributes to arterial remodeling
by activating latent MMP-2 through a mechanism that is oxidative/nitrative dependent [96,97].
ROS production is also associated with the stimulation of MMP-1, MMP-2, and MMP-9 expression
in cultured endothelial cells and macrophages by high glucose [98–100]. Inflammation and OS have
also been related to MMP activation induced by smoking which promotes vascular remodeling [101].
Antioxidant approaches are being used to reduce the upregulation of MMPs and attenuate tissue
remodeling during vascular diseases [102,103].

One of the alterations found in animals exposed to various fetal stress factors is vascular NO
destruction by superoxide anion. NO destruction has been found in fetuses exposed to nutrient
deficiency, hypoxia, excess glucocorticoids, or placental insufficiency [104]. Excess superoxide anion
interacts with, reducing NO bioavailability by interacting by it and generates ONOO. ONOO is a
powerful oxidant that uncouples eNOS through oxidation of tetra hydro biopterine (BH4). Thus,
a vicious circle of superoxide anion generation is created [105]. Early-life NO–ROS imbalance is
capable of programming adult hypertension and kidney disease [106,107]. Inactivation of NO by
OS may contribute to the development of hypertension and kidney disease. OS is mainly caused
by an imbalance between the oxidants and antioxidant defense system. OS might reduce NO
bioavailability by oxidizing cofactor BH4 to uncouple NOS, inhibiting DDAH activity to increase
ADMA, and scavenging NO by superoxide to form peroxynitrite [26,108]. Therefore, OS induces both
class I and II HDAC overexpression and accumulation in the nucleus via the phosphatidylinositol
3-kinase (PI3K)/Protein Kinase B (PKB/Akt) signaling pathway, thus blocking the anti-inflammatory
transcription factors NF-E2-related factor 2 (Nrf2) and myocyte-specific enhancer factor 2 (MEF2).
Inhibition of Class I HDAC by siRNA or the class I-specific HDAC inhibitor valproic acid, prevented
OS-induced endothelial proliferation both in vivo and in vitro [109].

Interestingly, many of these pathways converge on common signaling pathways, such as the
mitogen-activated protein kinase (MAPKs) pathway and the phosphatidylinositol-3-OH kinase
PI3K/Akt pathway [110]. The MAPK pathway, in particular, can be activated through integrins, NOX,
or ion channels, among others. Ion channels activate the MAPK pathway through protein kinase C
(PKC) [111] whereas NOX activates the MAPK pathway through ROS [112].

OS is also an epigenetic modulator since ROS induce epigenetic cues contributing to the
pathogenesis of cardiovascular diseases including hypertension. Cardiovascular risk factors
determine the levels of ROS, which modify the epigenetic landscape by regulation histone
modifications, DNA modifications, the expression of non-coding RNAs and ATP-dependent chromatin
remodeling [113].
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ROS can directly or indirectly affect DNA methylation at the global or local level leading to
modulation of gene expression. As a direct effect, strand breaks produced by ROS can result in local
hypermethylation. DNA indirect modifications include cytosine methylation, hydroxymethylation or
8-oxo-2deoxyguanosine (8OG) formation. Reduction of the activity of DNA methyltransferases can
lead to global hypomethylation [113]. Histone modifications induced by ROS include methylation,
acetylation, ubiquitylation, ADP-ribosylation, SUMOylation and phosphorylation [113].

6.3. Gut Microbiota and Programming of Hypertension

The GI microbiota also participates in the programming of chronic diseases, such as obesity,
chronic inflammatory diseases, type-2 diabetes, asthma and hypertension [114,115]. Furthermore,
the gut microbiota may alter the capacity for nutrient processing and absorption thus limiting growth
and therefore participate in the development of hypertension during adulthood [5,116]. There are
important differences in the fecal microbiota in spontaneously hypertensive rats and Ang II induced
hypertensive rats compared to control normotensive animals [117]. Changes were found in microbial
richness and diversity and an increase in the Firmicutes/Bacteroidete phyla. The administration of
minocyclin, an antibiotic from the tetracyclin group, equilibrated the gut microbiota in hypertensive
animals also diminishing blood pressure. The incorporation of lactic bacteria or fiber that stimulates
their growth as part of the diet also normalized the gut microbiota and diminished blood pressure [118].

The ribosomal RNA from genes16S from feces of hypertensive salt-sensitive and salt-resistant rats
have been sequenced [119]. Bacteria from the phylum Bacteroidetes were more abundant in salt-sensitive
rats. Also, the S24-7 family from phylum Bacteroidetes and from the Veillonellaceae family from the
phylum Firmicutes, were higher in the salt-sensitive rats. Systolic arterial pressure from salt-resistant
rats was normalized when fecal transplants from salt-sensitive rats were done.

On another hand, short chain fatty acids are important signals generated by the gut microbiota that
modulate blood pressure. Microbial end products activate the sympathetic branch of the autonomous
nervous system and maintain the influx of lymphocytes to the gut [120]. They may also impact renin
secretion thus regulating blood pressure [121]. The tight communication between the enteric nervous
system and the central nervous system also suggests a link between the microbiota composition and
blood pressure regulation [122].

The fetus was thought to be sterile until a few years ago when the presence of bacteria in the
placenta and amniotic fluid was demonstrated. Colonization of the human gastrointestinal tract
begins at birth [123–126]. During vaginal delivery, the baby is exposed to microbes belonging to
the mother’s vaginal tract and feces. The bacteria present in the hospital or place of delivery and
other the external environments, also contribute to the colonization of the newborn intestine [126,127].
The neonatal gut microbiota, in addition to being influenced by the mode of delivery, is also determined
by the type of feeding (breast or formula milk), the mother’s diet, the environment and the use of
antibiotics and affects its maturation later in life. The passage from a milk-based diet to solid food
is also very important in the maturation of the gut flora [123–125]. In humans, the assembly of the
commensal ecosystem is determined during the first 3 years of life. The microbiota evolves from
childhood/adolescence to adult age, being characterized by less diversity between species [126,128].
In adulthood, the gut microbial ecosystem reaches its maturity, becomes more diverse and stable
overtime and more resistant to perturbation (i.e., antibiotic use, dietary changes, stress) [126,129].

A variety of metabolic diseases such as obesity, diabetes, and inflammatory bowel disease
have been related to alterations in gut microbiota composition [114,130,131]. Microbiota increases
pro-inflammatory cytokines via a Nuclear factor-kappa B (NF-κB) pathway, increases intestinal
permeability, and elevates OS. Furthermore, since the diet-related gut microbiota influences the
production of cardiovascular risk factors indexes such as trimethylamine oxide (TMAO) [132] and
inflammation markers such as lipopolysaccharide [133]. Since TMAO is a metabolite that plays a
critical role in the pathogenesis of hypertension and in kidney disease, it is possible that combinations
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of different foods might reduce the production of these markers and be used for therapeutic aims to
decrease the risk of cardiovascular problems [134].

6.4. Inflammation Leading to Epigenetic Programming of Diseases

The human immune system is characterized by substantial developmental plasticity, and alterations
in its development may underlie the association between the early environment and disease. Studies
done in the Philippines and lowland Ecuador have shown that nutritional and microbial exposures in
infancy act as important determinants of inflammation and diseases associated with it in adulthood.
Low levels of chronic inflammation were found in these populations, despite an elevated burden of
infectious disease. Thus, early environments modulate the inflammatory responses to stimuli later in
life and determine the association between inflammation and chronic diseases [135].

DNA methylation is important in the regulation of inflammatory genes [4]. Promoter
hypomethylation of the Toll-like receptor 2 (TLR2) gene is associated with an increased pro-inflammatory
response [136]. Chronic inflammation induces an abnormal DNA methylation of some Polycomb group
proteins (PcG) that are present in the mammalian genome and that play a critical role in development
and differentiation [137,138]. PcG proteins bind to the regulatory regions of target genes and recruit
DNA methyltransferases. There is also a cooperation of histone methylation and DNA methylation as
a consequence of severe systemic inflammation [139]. DNA methylation and histone modifications
may play an important role in the establishment of the epigenetic marks, particularly in the tumor
necrosis factor-α (TNF-α) locus [140].

It has also been reported that histone acetylation activates inflammatory genes, whereas increased
HDAC activity results in inflammatory gene repression. Acetylation of histone H3 at the promoters of
several cytokines and chemokines after inflammation leads to an enhanced recruitment of NF-κB to
these regions [141].

miRNAs have also been found by recent investigations to play an important role in the regulation
of inflammation development [142,143]. For example, the toll-like receptor 4 (TLR4)-dependent
reprogramming of inflammatory genes is mediated by a differential expression of miRNAs (miR-221,
miR-579, and miR-125b).

The inducible Jmjd3 enzyme has been described to erases epigenetic marks on histones. It is a
member of the Jumonji family of enzymes that provide a link between inflammation and reprogramming
of the epigenome [144]. It has been described that continuous IL-4 treatment leads to activation of
Jmjd3. Activated STAT6 also positively regulates Jmjd3 by binding to its promoter. Removal of H3K27
methylation marks by Jmjd3 triggers expression of specific inflammatory genes. Jmjd3 also acts through
a H3K27 demethylation-independent mechanism [145].

During vascular remodeling, MMPs also function as inflammatory cytokines [146,147]. The important
resources of MMPs in vascular tissue are macrophages and neutrophils. MMP expression is stimulated
by inflammatory factors, including TNF-α and interleukins (ILs) [148]. Then, MMPs degrade ECM
proteins to facilitate migration and recruitment of cells including those of the inflammatory system.
Cell surface receptors and other non-ECM molecules are also modified by MMPs, thus altering
adhesion, proliferation, and apoptosis of cells in the vessel wall that participate in the inflammatory
process [149]. Therefore, MMPs link inflammation with angiogenesis and constitute inflammatory
mediators participating as vascular remodeling factors that result in angiogenesis and in vascular
remodeling diseases. MMP expression and activation is induced by factors such as hemodynamic
changes, OS, inflammation, hormonal factors, and hypoxia.

6.5. Exposure to Chronic Stress

The exposure to environmental conditions, such as stress, during critical periods in early life
may cause epigenetic programming modifying the development of pathways in the functioning of
neural mediators that lead to stable and long-lasting alterations during adulthood determining risk or
resilience to cardiometabolic disorders including hypertension. Children raised in low socioeconomic
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status households under stressful conditions develop hypertension over time and have elevated
vascular reactivity to stress [150,151]. The existence of a cross-talk between the ET-1 receptors and
the adrenergic pathway has been described [152]; since ET-1 receptor are localized on sympathetic
nerves [153]. Thus, the ET-1 vasoconstrictor pathway and stress-induced hypertension seem to be
linked [150,154,155]. Reduced ET-1 receptor expression, particularly ETA favors an increase of the
adrenergic-mediated responses. Corticotrophin releasing factor, vasopressin, oxytocin, natriuretic
hormones, angiotensin, neuregulins, some purinergic substances and some cytokines contribute to
long-term modulation and restructuring of cardiovascular regulation networks. The synthesis, release
and receptor expression of these mediators seem to be under epigenetic control since early stages of
life [70,156].

7. Early Programming of Hypertension

There is a decrease in total methylation in DNA of mononuclear cells from the peripheral blood
of hypertensive patients. DNA methylation also regulates the expression of genes related to arterial
hypertension at promoter sites. These DNA modifications have been found in important genes in
endocrine hypertension such as in the hydroxysteroid (11-beta) dehydrogenase 2 (HSD11B2) gene,
the somatic angiotensin-converting enzyme (sACE) gene, the Na+/K+/2Cl− cotransporter 1 (NKCC1)
gene, the angiotensinogen (AGT) gene and theα-adducin (ADD1) gene. The regulation of the expression
of genes involved in arterial hypertension by post-translational histone methylation at different histone
3 lysine residues has also been found in genes such as lysine-specific demethylase-1(LSD1), HSD11B2,
and epithelial sodium channel subunit α (SCNN1A). Noncoding RNAs have also been found to
participate in the programming of hypertension, including several microRNAs that modify genes
related to steroidogenesis and the renin–angiotensin–aldosterone pathway [157].

An aberrant profile expression of miRNAs has been linked to a series of diseases, including
hypertension and miRNA expression in the circulation shows changes in hypertensive subjects.
Among the circulating levels of miRNAs that have been found to be elevated in hypertensive patients,
the following can be mentioned: miR-221 and miR-222 [158], miR-92a [159,160], miR-21 and miR-1[161]
miR-516b, miR-600, miR-605, miR-623, and let-7e [162] and miR-506-3p [163]. Among the miRNAs that
have been reported to be reduced in hypertensive patients, there is miR-143, miR-145, miR-133 [161],
miR-18b, miR-30d, miR-296-5p, miR-324-3p, miR-486-5p, miR-518b, miR-1236, and miR-1227 [162].
Correlation of other miRNAs with hypertension in peripheral blood mononuclear cells has also been
reported. The miR-126 expression was reported to be reduced in these cells of hypertensive patients
and, along with miR-9 [161].

In addition, miRNA, have also been linked to OS; miR-200 family members play a crucial role
in OS-dependent endothelial dysfunction, as well as in cardiovascular complications of diabetes and
obesity. In addition, different miRNAs, such as miR-210, have been demonstrated to play a key role in
mitochondrial metabolism, therefore modulating ROS production and sensitivity [164]. By targeting
SIRT1, eNOS, and FOXO1 miR-200 impairs their regulatory circuit and promotes ROS production and
endothelial dysfunction [165].

7.1. Programming of Endothelial Functioning

There is much evidence that suggests that hypertension may be programmed by the dysregulation
of the NO system [106,166,167]. NO depletion during pregnancy caused by NG-nitro-L-arginine-methyl
ester (L-NAME, an inhibitor of NOS), elevated OS and resulted in the programming of hypertension
when the offspring reached adulthood [41,168]. Maternal NO deficiency results in abnormal functioning
of many signaling pathways [169], including the MAPK pathway which participated in redox-sensitive
signaling, being involved in the development of hypertension [85].

Histone acetylation plays an important role in endothelial gene expression of eNOS [170–172].
A specific histone code is responsible for the expression of eNOS [173]; HDAC1 upregulation in
ECs leads to eNOS protein deacetylation resulting in a decrease in basal and ET-1 stimulated NO
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production. HDAC1 knockdown in endothelial cells has as a consequence an increase of both
basal and ET-1 stimulated NO production while eNOS acetylation level remains stable. There is
also an acetylation-independent mechanism for regulating eNOS activity, possibly through histone
deacetylation [174]. Thus, increasing eNOS expression or activity through HDAC1 inhibition could
constitute a method to elevate endothelial cell function [175].

HDAC2 may act as a negative regulator of Arginase 2 expression in endothelial cells. Arginase 2
is a competitive enzyme for eNOS substrate L-arginine thus inducing eNOS uncoupling. HDAC2,
binds to the Arginase 2 promoter to decrease its expression, resulting in an increase in the production
of NO [176]. These data suggest that HDAC2 plays an important role in the maintenance of EC
function and aortic relaxation [175]. There is also flow-dependent regulation of gene expression
during vasculogenesis which is determined by modulation of HDACs [177]. Shear stress increases
p300-mediated acetylation of the p65 subunit of NF-κB and eth expression of eNOS which depends
on p300 acetyltransferase activity [178,179]. Moreover, p300 knockdown in ECs diminishes NF-κB
expression and of the expression of transcription factors Activator protein 1(AP1) and cAMP response
element-binding protein (CREB) [180]. These data imply that p300 is essential for NF-κB expression
and nuclear translocation, and that HDAC3 counteracts p300 function through NF-κB deacetylation.

DNA methylation may also play a role in programming since hypoxia may increase eNOS
expression through the reduction of repressive H3K27me3. This reduction may be linked to an increase
of the histone demethylase Jmjd3 [175]. Furthermore, angiogenesis is also controlled by epigenetic
silencing of eNOS promotor through methylation of the lysine residue 27 on histone 3 (H3K27me3) [180].
HDACs regulate cell cycle in endothelial cells when blood flow is altered [109]. Cell migration in
angiogenesis is modulated by HDAC7 [181].

Not only the synthesis and release of NO are epigenetically regulated but also NO may act as
an epigenetic regulator. Recently, NO has been described to play a role in epigenetics and some
of its epigenetic properties are still being discovered [182]. NO has been shown to influence key
aspects of epigenetic regulation that include histone posttranslational modifications, DNA methylation,
and miRNA levels [183].

NO may diffuse from the cytosol to the nucleus or may be directly produced by the nuclear eNOS.
It may be produced both by ligand-activated receptors and environmental cues such as shear stress.
These stimuli induce the activation of the PI3K/Akt pathway that results in eNOS phosphorylation.
Cytosolic NO induces the translocation of nuclear class II HDACs activation and post-translational
modifications including tyrosine nitration and S-nitrosylation of transcription factors. In the nucleus,
NO may also post-translationally modify HDAC2 and transcription factors.

During differentiation, these processes may lead to the repression of stem and non-mesodermal
genes and to the activation of vascular genes [182]. NO determines miR-200a, -200b, -200c, and -429
expressions, which induce meso-endoderm and precursor vascular marker expression.

NO might also participate in the control of chromosomal structure [182]. It inhibits histone
deacetylase complexes by enhancing histone acetylation and promotes a chromatin state that supports
gene expression. NO might also regulate other targets of redox molecules such as methyltransferases
and demethylases [184].

NO participates in histone post-translational modifications (PTMs). Epigenetic effects of NO
are mediated through transcriptional regulation of histone-modifying enzymes and by the ability of
NO to modulate the activities and cellular localizations of these enzymes through the formation of
iron–nitrosyl complexes and S-nitrosothiols [185]. Some of the NO chemical reactions and metabolic
processes including S-nitrosylation of thiols, tyrosine nitration, and cGMP production can be linked to
chromatin modification.

NO has also been recognized to mediate the epigenetic changes associated with cell cycle arrest
and differentiation. HDACs are intranuclear targets of NO, but, due to its highly diffusible nature, it is
likely that many other nuclear factors are directly regulated by NO [186].
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The primary mechanism that controls ET-1 levels is the rate of transcription from the ET-1 gene
(edn1). Tissue-specific edn1 expression is modulated by DNA methylation. Several segments rich in
CpG dinucleotides located in the first intron of edn1 are subject to methylation and gene silencing.
Histone modification patterns also influence edn1 transcriptional activity particularly methylation of
histone H3 lysine 4 residues [187].

On the other hand, the administration of ACE inhibitors or Ang II receptor antagonists in early life
can prevent the appearance of the disease during adulthood. The expression of the AT(1b) angiotensin
receptor gene in the adrenal gland was found to be upregulated causing increased adrenal Ang II
responsiveness. The proximal promoter of the AT(1b) gene is significantly undermethylated, and the
gene expression depends on promoter methylation [188].

MiRNA from the wall of the vessels have also been found to be modified in hypertensive
patients. The role of miRNAs in endothelial dysfunction and hypertension and the molecular
mechanisms proposed for miRNA actions may offer novel diagnostic biomarkers and therapeutic
targets for controlling hypertension that is associated with endothelial dysfunction. miR-505 was
found to be up-regulated in endothelial cells from these patients [189,190]. MiR-17-3p and miR-31,
have also been found to be altered in hypertension and they favor vascular inflammation modulating
the expression of VCAM-1, ICAM-1, and E-SEL [191,192]. eNOS uncoupling, which decreases
NO production, thus contributing to endothelial dysfunction and decreased vasodilation ability, is
associated with vascular inflammation and increased OS, and it has been observed that miR-155 regulates
endothelium-dependent vasodilation by reducing the eNOS messenger RNA [193]. Additionally,
miR-19a shows anti-proliferative properties in endothelial cells by inhibiting cyclin D1 mRNA [194].
Furthermore miR-19b decreases the apoptosis of endothelial cells in the presence of TNF-α [195].
Let-7g, miR-21, and miR-223 may also regulate apoptosis of endothelial cells [196–198].

miRNAs participate in hypertension mediated by RAS. The exact role(s) of miRNAs in
RAS-mediated cardiovascular inflammation and remodeling is/are still in the early stage of investigation.
However, few miRNAs have been shown to play a role in RAS signaling, particularly miR-155,
miR-146a/b, miR-132/122, and miR-483-3p [199]. Some miRNAs are associated with the RAS signaling,
such as miR-155, miR-146a/b, miR-132/122 cluster, and miR-483-3p [199–201]. MiR-145, miR-27a/b,
and miR-483-3p decrease the expression of the ACE [202,203]. Several miRNAs that regulate Ang II
mRNA, including miR-483-3p and miR-155, are decreased in hypertension, leading to an increase of
the expression of this peptide [203,204]. Furthermore, miR-181a inhibits renin mRNA in a genetically
hypertensive mouse strain [205] and miR-181a is linked to renin mRNA [206] and is reduced in
hypertensive mice. However, this result was not found in humans since miR-181a expression was
elevated in the serum and positively correlated with systolic and diastolic blood pressure, independently
of renin levels [207].

7.2. Programming of Vascular Smooth Muscle

Chromatin remodeling plays an important role in the determination of the phenotype of
VSMC [208]. It allows or denies access of transcription factors to marker genes of specific phenotypes,
it recruits the transcription machinery appropriate to those genes, and it determines the lineage of the
VSMC. All VSMC marker genes and genes that are important for phenotypic switching depend on one
or more CArG boxes that are sequences in the promoter and/or intronic sequences of genes to which
transcription factors bind [209–211]. A box is a repeating sequence of nucleotides that forms part of a
transcription or a regulatory signal. The CArG box [CC(A/T)6GG] DNA sequences play a fundamental
role in controlling transcription. These boxes are a target of MADS domain proteins (MADS is the
acronym referring to the four founding members of the MADS family of proteins that are MCM1
from the budding yeast, AGAMOUS from the thale cress Arabidopsis thaliana, DEFICIENS from the
snapdragon Antirrhinum majus and SRF (serum response factor) from the human Homo sapiens) that
are transcription factors. CArG boxes serve as a binding site for transcription factors such as the SRF
(serum response factor), which is similar to the proto-oncogene C-Fos [49]. The SRF-CArG-dependent
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pathway is important in the regulation of multiple VSMC marker genes. SRF binds to CArG boxes as a
dimer [212]; nevertheless, CArG elements are not enough for SMC-specific gene regulation [213,214].
Moreover, a mutation of non-CArG elements including a TGF-control element (TCE) and E-box elements
also participate in the expression of VSMC marker genes in transgenic mice [215,216]. TGF increases
the expression of most SMC differentiation marker genes, including smooth muscle actin and heavy
myocin chain and calponin in cultured SMCs [215,217]. TGF has also been shown to induce expression
of a variety of SMC markers in 10T1/2 fibroblasts [218,219].

Histone acetylation is a key for VSMC gene expression [170,171,220]. HAT p300 participates
importantly on the differentiation of VSMC regulating phenotypic switching [171]. In differentiating
SMCs, there is a decrease in p300 protein levels and an activation of covalent modifications that may
cause the factor to migrate from pathways that lead to growth to pathways implied in differentiation.

The data regarding the exact function of specific HDACs in determining VSMC differentiation are
conflicting and vary in different models. Although removal of HDAC suppression seems to be needed
to maintain VSMC differentiation, the role of specific HDACs still needs to be determined. However, it
now seems clear that HDAC2 and HDAC5, down-regulate SMC marker gene expression and HDACs
3, 7, and 8 participate in the differentiation of VSMC and in the regulation of the contractile function.

The access or blockage of specific HDACs and HMTs to histones associated with VSMC marker
regions is important. Certain histone tail modifications that include acetylation of H3K9, H3K14, and H4,
and dimethylation of H3K4 and H3K79 (but not methyl-H4K20 and methyl-H3K9, which are markers
of several non-SMCs and SMC precursors) favor the differentiated VSMC phenotype, while their
absence occurs with dedifferentiation, leading to lower expression of SMC markers. These appear
to be long term markers of the VSMC lineage. HDAC7 influences vascular development through an
alteration of the ECM [181,221] and MMP.

Several factors (such as KLF4, PRISM, and BRG1/SWI/SNF) act as important suppressors and
mediators during differentiation, interacting with the myocardin family. They seem to be altered by
phenotype-modifying stimuli while chromatin is being remodeled [222].

The phenotype of VSMCs is also regulated by miR-221 which reduces the contractile profile [223].
MiR-153 is high in VSMCs of spontaneously hypertensive rats and may target potassium voltage-gated
channels that control arterial contraction [224]. Under physiological conditions, the miR-143/145 cluster
is highly expressed in VSMCs and plays a role in the differentiation of stem/progenitor cells into
VSMCs. The underexpression of this cluster in hypertension may influence the contractile phenotype
of VSMCs [225,226]. MiR-133 acts as a negative regulator of VSMCs’ proliferation [227], while miR-21
upregulation regulates proliferation and survival of VSMCs.

MiR-130a contributes to the VSMC´s proliferation [228] while miR-365 inhibits it by decreasing
cyclin D1 expression. The decrease in miR-365 is mediated by the Ang II signaling [229,230]. MiR-26a
promotes abnormal proliferation of VSMC and regulates the transcription factors SMAD-1 and SMAD-4
(Small Mothers Against Decantaplegic), two members of the TGF-β (Transforming Growth Factor
β) signaling pathway [231]. miR-34b has been found to be decreased in spontaneously hypertensive
rats, promoting the proliferation of VSMCs by elevating the levels of cyclin-dependent kinase 6
(CDK6) [232].

8. Reprogramming Strategies for Hypertension

Various reprogramming strategies and treatments have been reported for prevention of
programmed hypertension. They include supplementation of NO substrate, ADMA-lowering agents,
NO donors, and enhancement of the expression and/or activity of NOS modifying epigenetic cues in
promoter regions of genes codifying for enzymes involved in these pathways [3,15]. Interventions
during pregnancy, infancy, and childhood that may prevent a higher risk of cardiovascular and
metabolic diseases later in life are also beginning to be considered, since they may render potential
economic benefits and have public health implications [1]. Furthermore, the capacity of epigenetic
cues to be reversible renders the field of DOHaD as an important pharmacological target [157].
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9. Conclusions

It is currently known that CVDs such as systemic hypertension are regulated by epigenetic
mechanisms. In this paper, we explain that the pre-term birth, low weight at birth, undernutrition,
gut microbial composition, OS, inflammation, and emotional stress, are the factors that impact on the
morpho-physiology of blood vessels that may leave epigenetic cues involved in the early programming
of hypertension. Since epigenetic changes are reversible, the knowledge of this type of markers
could be useful on the field of prevention, diagnosis, or epigenetic drugs as a therapeutic approach
to hypertension.
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Abbreviations

8OG 8-oxo-2deoxyguanosine
ACE angiotensin-converting enzyme
AP1 Activator protein 1
ADD1 α-adducin
ADMA Asymmetric dimethylarginine
AGT angiotensinogen
AMPK adenosine monophosphate-activated protein kinase
Ang II angiotensin II
ATP adenosine triphosphate
BH4 tetra hydro biopterine
cAMP cyclic adenine monophosphate
CpG cytosine-phosphate-guanine
CREB cAMP response element-binding protein
CVD cardiovascular disease
DNA desoxiribonucleic acid
DOHaD developmental origins of health and disease
ECM extracellular matrix
eNOS endothelial nitric oxide synthase
ET-1 endothelin 1
FoxO forkhead family of transcription factors
H1 to H4 histones
HATs histone acetyltransferases
HDACs histone deacetylases
L-NAME L-NG-Nitroarginine Methyl Ester
lncRNA long non-coding RNAs

MADS

acronym referring to the four founding members of the MADS family of proteins that are
MCM1 from the budding yeast, AGAMOUS from the thale cress Arabidopsis thaliana,
DEFICIENS from the snapdragon Antirrhinum majus and SRF (serum response factor) from
the human Homo sapiens

MEF2 myocyte-specific enhancer factor 2
miRNAs micro ribonucleic acids
MMP metalloproteinases
mRNA messenger RNA
NADPH nicotinamide adenine dinucleotide phosphate
NF-κB Nuclear factor-kappa B
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NKCC1 Na+/K+/2Cl− cotransporter 1
NO nitric oxide
NOX nicotinamide adenine dinucleotide phosphate oxidase
Nrf2 NF-E2-related factor 2
OS oxidative stress
PcG Polycomb group proteins
PGC-1α peroxisome proliferator-activated receptors coactivator-1α
PI3K phosphatidylinositol 3-kinase
piRNAs piwi-interacting ribonucleic acids
PKB/Akt Protein Kinase B
PPARs peroxisome proliferator-activated receptors
RAS rennin angiotensin system
RNA ribonucleic acid
ROS reactive oxygen species
SDMA symmetric dimethylarginine
siRNAs short interfering ribonucleic acids
SIRT silent information regulator transcript
SMAD Small Mothers Against Decantaplegic transcription factors
SMC smooth muscle cells
SOD superoxide dismutase
SRF serum response factor
TCE transforming growth factor control element
TGF transforming growth factor
Th 1- 17 T helper lymphocytes
TLR Toll-like receptor
TMAO trimethylamine oxide
TNF-α tumor necrosis factor-α
VSMC vascular smooth muscle cells
XO xanthine oxidase
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Bhalla, R.C.; Miller, F.J., Jr. Increased expression of Nox1 in neointimal smooth muscle cells promotes
activation of matrix metalloproteinase-9. J. Vasc. Res. 2012, 49, 242–248. [CrossRef] [PubMed]

96. Ke, X.D.; Foucault-Bertaud, A.; Genovesio, C.; Dignat-George, F.; Lamy, E.; Charpiot, P. Homocysteine
modulates the proteolytic potential of human arterial smooth muscle cells through a reactive oxygen species
dependent mechanism. Mol. Cell. Biochem. 2010, 335, 203–210. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/ijms19061744
http://www.ncbi.nlm.nih.gov/pubmed/29895790
http://dx.doi.org/10.1016/j.jnutbio.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28825991
http://dx.doi.org/10.1042/cs0860217
http://dx.doi.org/10.1111/j.1523-1755.2004.00511.x
http://dx.doi.org/10.1161/01.HYP.0000053448.95913.3D
http://dx.doi.org/10.1097/01.hjh.0000234114.33025.fd
http://www.ncbi.nlm.nih.gov/pubmed/16794483
http://dx.doi.org/10.3389/fphys.2013.00014
http://www.ncbi.nlm.nih.gov/pubmed/23423541
http://dx.doi.org/10.1016/S0031-9384(00)00331-0
http://dx.doi.org/10.1186/1423-0127-20-69
http://www.ncbi.nlm.nih.gov/pubmed/24047403
http://dx.doi.org/10.3389/fphys.2018.00602
http://dx.doi.org/10.1155/2014/283180
http://dx.doi.org/10.1371/journal.pone.0055420
http://dx.doi.org/10.1095/biolreprod.116.139766
http://dx.doi.org/10.1016/j.jnutbio.2014.12.017
http://dx.doi.org/10.1161/01.RES.0000077044.60138.7C
http://dx.doi.org/10.1161/01.ATV.0000256467.25384.c6
http://www.ncbi.nlm.nih.gov/pubmed/17194891
http://dx.doi.org/10.1152/ajpheart.01066.2010
http://www.ncbi.nlm.nih.gov/pubmed/21460197
http://dx.doi.org/10.1091/mbc.e10-12-0971
http://www.ncbi.nlm.nih.gov/pubmed/21965295
http://dx.doi.org/10.1159/000332958
http://www.ncbi.nlm.nih.gov/pubmed/22433789
http://dx.doi.org/10.1007/s11010-009-0270-7
http://www.ncbi.nlm.nih.gov/pubmed/19787299


Int. J. Mol. Sci. 2020, 21, 1203 22 of 28

97. Steed, M.M.; Tyagi, S.C. Mechanisms of cardiovascular remodeling in hyperhomocysteinemia. Antioxid
Redox Signal. 2011, 15, 1927–1943. [CrossRef]

98. Death, A.K.; Fisher, E.J.; McGrath, K.C.Y.; Yue, D.K. High glucose alters matrix metalloproteinase expression
in two key vascular cells: Potential impact on atherosclerosis in diabetes. Atherosclerosis 2003, 168, 263–269.
[CrossRef]

99. Ho, F.M.; Liu, S.H.; Lin, W.W.; Liau, C.S. Opposite effects of high glucose on MMP-2 and TIMP-2 in human
endothelial cells. J. Cell. Biochem. 2007, 101, 442–450. [CrossRef]

100. Uemura, S.; Matsushita, H.; Li, W.; Glassford, A.J.; Asagami, T.; Lee, K.H.; Harrison, D.G.; Tsao, P.S. Diabetes
mellitus enhances vascular matrix metalloproteinase activity role of oxidative stress. Circ. Res. 2001, 88,
1291–1298. [CrossRef]

101. Perlstein, T.S.; Lee, R.T. Smoking, metalloproteinases, and vascular disease. Arterioscler. Thromb. Vasc. Biol.
2006, 26, 250–256. [CrossRef]

102. Castro, M.M.; Rizzi, E.; Rodrigues, G.J.; Ceron, C.S.; Bendhack, L.M.; Gerlach, R.F.; Tanus-Santos, J.E.
Antioxidant treatment reduces matrix metalloproteinase-2-induced vascular changes in renovascular
hypertension. Free Radical. Biol. Med. 2009, 46, 1298–1307. [CrossRef] [PubMed]

103. Kaneko, H.; Anzai, T.; Morisawa, M. Resveratrol prevents the development of abdominal aortic aneurysm
through attenuation of inflammation, oxidative stress, and neovascularization. Atherosclerosis 2011, 217,
350–357. [CrossRef] [PubMed]

104. Thompson, L.P.; Al-Hasan, Y. Impact of oxidative stress in fetal programming. J. Pregnancy 2012, 8. [CrossRef]
[PubMed]

105. Moens, A.L.; Kass, D.A. Tetrahydrobiopterin and cardiovascular disease. Arterioscler. Thromb. Vasc. Biol.
2006, 26, 2439–2444. [CrossRef]

106. Tain, Y.L.; Hsu, C.N. Targeting on asymmetric dimethylarginine related nitric oxide-reactive oxygen species
imbalance to reprogram the development of hypertension. Int. J. Mol. Sci. 2016, 17, 2020. [CrossRef]

107. Avila, J.G.; Echeverri, I.; de Plata, C.A.; Castillo, A. Impact of oxidative stress during pregnancy on fetal
epigenetic patterns and early origin of vascular diseases. Nutr. Rev. 2015, 73, 12–21. [CrossRef]

108. Tain, Y.L.; Kao, Y.H.; Hsieh, C.S.; Chen, C.C.; Sheen, J.M.; Lin, I.C.; Huang, L.T. Melatonin blocks oxidative
stress-induced increased asymmetric dimethylarginine. Free Radic. Biol. Med. 2010, 49, 1088–1098. [CrossRef]

109. Lee, D.Y.; Lee, C.I.; Lin, T.E.; Lim, S.H.; Zhou, J.; Tseng, Y.C.; Chien, S.; Chiu, J.J. Role of histone deacetylases
in transcription factor regulation and cell cycle modulation in endothelial cells in response to disturbed flow.
Proc. Natl. Acad. Sci. USA 2012, 109, 1967–1972. [CrossRef]

110. Li, Y.S.; Haga, J.H.; Chien, S. Molecular basis of the effects of shear stress on vascular endothelial cells.
J. Biomech. 2005, 38, 1949–1971. [CrossRef]

111. Traub, O.; Berk, B.C. Laminar shear stress: Mechanisms by which endothelial cells transduce an
atheroprotective force. Arterioscler. Thromb. Vasc. Biol. 1998, 18, 677–685. [CrossRef]

112. Hwang, J.; Saha, A.; Boo, Y.C.; Sorescu, G.P.; McNally, J.S.; Holland, S.M.; Dikalov, S.; Giddens, D.P.;
Griendling, K.K.; Harrison, D.G. Oscillatory shear stress stimulates endothelial production of O2- from
p47phox-dependent NAD(P)H oxidases, leading to monocyte adhesion. J. Biol. Chem. 2003, 278, 47291–47298.
[CrossRef] [PubMed]

113. Kietzmann, T.; Petry, A.; Shvetsova, A.; Gerhold, J.M.; Görlach, A. The epigenetic landscape related to
reactive oxygen species formation in the cardiovascular system. Br. J. Pharmacol. 2017, 174, 1533–1554.
[CrossRef] [PubMed]

114. Chassaing, B.; Gewirtz, A.T. Gut microbiota, low-grade inflammation, and metabolic syndrome. Toxicol.
Pathol. 2014, 42, 49–53. [CrossRef] [PubMed]

115. Martinez, F.D.; Guerra, S. Early origins of Asthma: Role of microbial dysbiosis and metabolic dysfunction.
Am. J. Respir. Crit. Care Med. 2017, 197, 573–579. [CrossRef] [PubMed]

116. Hoffman, D.J.; Reynolds, R.M.; Hardy, D.B. Developmental origins of health and disease: Current knowledge
and potential mechanisms. Nutr. Rev. 2017, 75, 951–970. [CrossRef] [PubMed]

117. Yang, T.; Santisteban, M.M.; Rodriguez, V.; Li, E.; Ahmari, N.; Carvajal, J.M.; Zadeh, M.; Gong, M.; Qi, Y.;
Zubcevic, J.; et al. Gut dysbiosis is linked to hypertension. Hypertension 2015, 65, 1331–1340. [CrossRef]
[PubMed]

http://dx.doi.org/10.1089/ars.2010.3721
http://dx.doi.org/10.1016/S0021-9150(03)00140-0
http://dx.doi.org/10.1002/jcb.21192
http://dx.doi.org/10.1161/hh1201.092042
http://dx.doi.org/10.1161/01.ATV.0000199268.27395.4f
http://dx.doi.org/10.1016/j.freeradbiomed.2009.02.011
http://www.ncbi.nlm.nih.gov/pubmed/19248829
http://dx.doi.org/10.1016/j.atherosclerosis.2011.03.042
http://www.ncbi.nlm.nih.gov/pubmed/21530968
http://dx.doi.org/10.1155/2012/582748
http://www.ncbi.nlm.nih.gov/pubmed/22848830
http://dx.doi.org/10.1161/01.ATV.0000243924.00970.cb
http://dx.doi.org/10.3390/ijms17122020
http://dx.doi.org/10.1093/nutrit/nuu001
http://dx.doi.org/10.1016/j.freeradbiomed.2010.06.029
http://dx.doi.org/10.1073/pnas.1121214109
http://dx.doi.org/10.1016/j.jbiomech.2004.09.030
http://dx.doi.org/10.1161/01.ATV.18.5.677
http://dx.doi.org/10.1074/jbc.M305150200
http://www.ncbi.nlm.nih.gov/pubmed/12958309
http://dx.doi.org/10.1111/bph.13792
http://www.ncbi.nlm.nih.gov/pubmed/28332701
http://dx.doi.org/10.1177/0192623313508481
http://www.ncbi.nlm.nih.gov/pubmed/24285672
http://dx.doi.org/10.1164/rccm.201706-1091PP
http://www.ncbi.nlm.nih.gov/pubmed/29048927
http://dx.doi.org/10.1093/nutrit/nux053
http://www.ncbi.nlm.nih.gov/pubmed/29186623
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.05315
http://www.ncbi.nlm.nih.gov/pubmed/25870193


Int. J. Mol. Sci. 2020, 21, 1203 23 of 28

118. Gomez-Guzman, M.; Toral, M.; Romero, M.; Jimenez, R.; Galindo, P.; Sanchez, M.; Zarzuelo, M.J.; Olivares, M.;
Galvez, J.; Duarte, J. Antihypertensive effects of probiotics lactobacillus strains in spontaneously hypertensive
rats. Mol. Nutr. Food Res. 2015, 59, 2326–2336. [CrossRef]

119. Mell, B.; Jala, V.R.; Mathew, A.V.; Byun, J.; Waghulde, H.; Zhang, Y.; Haribabu, B.; Vijay-Kumar, M.;
Pennathur, S.; Joe, B. Evidence for a link between gut microbiota and hypertension in the dahl rat. Physiol.
Genom. 2015, 47, 187–197. [CrossRef]

120. Diaz Heijtz, R.; Wang, S.; Anuar, F.; Qian, Y.; Bjorkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.;
Pettersson, S. Normal gut microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA
2011, 108, 3047–3052. [CrossRef]

121. Pluznick, J.L. Renal and cardiovascular sensory receptors and blood pressure regulation. Am. J. Physiol.
Renal. Physiol. 2013, 305, F439–F444. [CrossRef]

122. Santisteban, M.M.; Qi, Y.; Zubcevic, J.; Kim, S.; Yang, T.; Shenoy, V.; Cole-Jeffrey, C.T.; Lobaton, G.O.;
Stewart, D.C.; Rubiano, A.; et al. Hypertension-linked pathophysiological alterations in the gut. Circ. Res.
2017, 120, 312–323. [CrossRef] [PubMed]

123. Jiménez, E.; Marín, M.L.; Martín, R.; Odriozola, J.M.; Olivares, M.; Xaus, J.; Fernández, L.; Rodríguez, J.M.
Is meconium from healthy newborns actually sterile? Res. Microbiol. 2008, 159, 187–193. [CrossRef]

124. Aagaard, K.; Ma, J.; Antony, K.M.; Ganu, R.; Petrosino, J.; Versalovic, J. The placenta harbors a unique
microbiome. Sci. Transl. Med. 2014, 6, 237ra65. [CrossRef] [PubMed]

125. Collado, M.C.; Rautava, S.; Aakko, J.; Isolauri, E.; Salminen, S. Human gut colonisation may be initiated
in utero by distinct microbial communities in the placenta and amniotic fluid. Sci. Rep. 2016, 6, 23129.
[CrossRef]

126. Tognini, P. Gut Microbiota: A potential regulator of neurodevelopment. Front. Cell. Neurosci. 2017, 11, 25.
[CrossRef] [PubMed]

127. Matamoros, S.; Gras-Leguen, C.; Le Vacon, F.; Potel, G.; de La Cochetiere, M.F. Development of intestinal
microbiota in infants and its impact on health. Trends Microbiol. 2013, 21, 167–173. [CrossRef] [PubMed]

128. Agans, R.; Rigsbee, L.; Kenche, H.; Michail, S.; Khamis, H.J.; Paliy, O. Distal gut microbiota of adolescent
children is different from that of adults. FEMS Microbiol. Ecol. 2011, 77, 404–412. [CrossRef]

129. Rajili’c-Stojanovi’c, M.; Heilig, H.G.; Tims, S.; Zoetendal, E.G.; deVos, W.M. Long-term monitoring of the
human intestinal microbiotacomposition. Environ. Microbiol. 2013, 15, 1146–1159. [CrossRef]

130. Woting, A.; Blaut, M. The intestinal microbiota in metabolic disease. Nutrients 2016, 8, 202. [CrossRef]
131. Tang, W.H.; Hazen, S. The contributory role of gut microbiota in cardiovascular disease. J. Clin. Investig.

2014, 124, 4204–4211. [CrossRef]
132. Liu, T.X.; Niu, H.T.; Zhang, S.Y. Intestinal microbiota metabolism and atherosclerosis. Chin. Med. J. 2015, 128,

2805–2811. [CrossRef] [PubMed]
133. Xiao, S.; Zhao, L. Gut microbiota-based translation biomarkers to prevent metabolic syndrome via nutritional

modulation. FEMS Microbiol. Ecol. 2014, 87, 303–314. [CrossRef] [PubMed]
134. Sircana, A.; De Michieli, F.; Parente, R.; Framarin, L.; Leone, N.; Berrutti, M.; Musso, G. Gut Microbiota,

Hypertension and Chronic kidney Disease: Recent advances. Pharmacol. Res. 2018, 144, 390–408. [CrossRef]
135. McDade, T.W. Early environments and the ecology of inflammation. Proc. Natl. Acad. Sci. USA 2012, 109

(Suppl S2), 17281–17288. [CrossRef]
136. Shuto, T.; Furuta, T.; Oba, M.; Xu, H.; Li, J.D.; Cheung, J.; Gruenert, D.C.; Uehara, A.; Suico, M.A.;

Okiyoneda, T.; et al. Promoter hypomethylation of Toll-like receptor-2 gene is associated with increased
proinflammatory response toward bacterial peptidoglycan in cystic fibrosis bronchial epithelial cells. FASEB
J. 2006, 20, 782–784. [CrossRef] [PubMed]

137. Mikkelsen, T.S.; Ku, M.; Jaffe, D.B.; Issac, B.; Lieberman, E.; Giannoukos, G.; Alvarez, P.; Brockman, W.;
Kim, T.K.; Koche, R.P.; et al. Genome-wide maps of chromatin state in pluripotent and lineage-committed
cells. Nature 2007, 448, 553–560. [CrossRef]

138. Hahn, M.A.; Hahn, T.; Lee, D.H.; Esworthy, R.S.; Kim, B.W.; Riggs, A.D.; Chu, F.F.; Pfeifer, G.P. Methylation
of polycomb target genes in intestinal cancer is mediated by inflammation. Cancer Res. 2008, 68, 10280–10289.
[CrossRef]

139. El Gazzar, M.; Yoza, B.K.; Chen, X.; Hu, J.; Hawkins, G.A.; McCall, C.E. G9a and HP1 couple histone and
DNA methylation to TNF alpha transcription silencing during endotoxin tolerance. J. Biol. Chem. 2008, 283,
32198–32208. [CrossRef]

http://dx.doi.org/10.1002/mnfr.201500290
http://dx.doi.org/10.1152/physiolgenomics.00136.2014
http://dx.doi.org/10.1073/pnas.1010529108
http://dx.doi.org/10.1152/ajprenal.00252.2013
http://dx.doi.org/10.1161/CIRCRESAHA.116.309006
http://www.ncbi.nlm.nih.gov/pubmed/27799253
http://dx.doi.org/10.1016/j.resmic.2007.12.007
http://dx.doi.org/10.1126/scitranslmed.3008599
http://www.ncbi.nlm.nih.gov/pubmed/24848255
http://dx.doi.org/10.1038/srep23129
http://dx.doi.org/10.3389/fncel.2017.00025
http://www.ncbi.nlm.nih.gov/pubmed/28223922
http://dx.doi.org/10.1016/j.tim.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23332725
http://dx.doi.org/10.1111/j.1574-6941.2011.01120.x
http://dx.doi.org/10.1111/1462-2920.12023
http://dx.doi.org/10.3390/nu8040202
http://dx.doi.org/10.1172/JCI72331
http://dx.doi.org/10.4103/0366-6999.167362
http://www.ncbi.nlm.nih.gov/pubmed/26481750
http://dx.doi.org/10.1111/1574-6941.12250
http://www.ncbi.nlm.nih.gov/pubmed/24219358
http://dx.doi.org/10.1016/j.phrs.2018.01.013
http://dx.doi.org/10.1073/pnas.1202244109
http://dx.doi.org/10.1096/fj.05-4934fje
http://www.ncbi.nlm.nih.gov/pubmed/16478769
http://dx.doi.org/10.1038/nature06008
http://dx.doi.org/10.1158/0008-5472.CAN-08-1957
http://dx.doi.org/10.1074/jbc.M803446200


Int. J. Mol. Sci. 2020, 21, 1203 24 of 28

140. Sullivan, K.E.; Reddy, A.B.; Dietzmann, K.; Suriano, A.R.; Kocieda, V.P.; Stewart, M.; Bhatia, M. Epigenetic
regulation of tumor necrosis factor alpha. Mol. Cell. Biol. 2007, 27, 5147–5160. [CrossRef]

141. Barnes, P.J. Role of HDAC2 in the pathophysiology of COPD. Annu. Rev. Physiol. 2009, 71, 451–464.
[CrossRef]

142. Friedman, J.M.; Jones, P.A. MicroRNAs: Critical mediators of differentiation, development and disease. Swiss
Med. Wkly. 2009, 139, 466–472.

143. Sonkoly, E.; Pivarcsi, A. Advances in microRNAs: Implications for immunity and inflammatory diseases.
J. Cell. Mol. Med. 2009, 13, 24–38. [CrossRef] [PubMed]

144. Ishii, M.; Wen, H.; Corsa, C.A.; Liu, T.; Coelho, A.L.; Allen, R.M.; Carson, W.F., 4th; Cavassani, K.A.; Li, X.;
Lukacs, N.W.; et al. Epigenetic regulation of the alternatively activated macrophage phenotype. Blood 2009,
114, 3244–3254. [CrossRef] [PubMed]

145. De Santa, F.; Narang, V.; Yap, Z.H.; Tusi, B.K.; Burgold, T.; Austenaa, L.; Bucci, G.; Caganova, M.;
Notarbartolo, S.; Casola, S.; et al. Jmjd3 contributes to the control of gene expression in LPS-activated
macrophages. EMBO J. 2009, 28, 3341–3352. [CrossRef]

146. Chen, O.; Jin, M.; Yang, F.; Zhu, J.; Xiao, O.; Zhang, L. Matrix Metalloproteinases: Inflammatory regulators of
cell behaviors in vascular formation and remodeling. Med. Inflamm. 2013, 928315, 1–14. [CrossRef]

147. Parks, W.C.; Wilson, C.L.; Lopez-Boado, Y.S. Matrix metalloproteinases as modulators of inflammation and
innate immunity. Nat. Rev. Immunol. 2004, 4, 617–629. [CrossRef]

148. Siasos, G.; Tousoulis, D.; Kioufis, S.; Oikonomou, E.; Siasou, Z.; Limperi, M.; Papavassiliou, A.G.; Stefanadis, C.
Inflammatory mechanisms in atherosclerosis: The impact of matrix metalloproteinases. Curr. Top. Med.
Chem. 2012, 2, 1132–1148. [CrossRef]

149. Smigiel, K.S.; Parks, W.C. Matrix Metalloproteinases and leukocyte activation. Prog. Mol. Biol. Transl. Sci.
2017, 147, 167–195. [CrossRef]

150. Murphy, M.O.; Cohn, D.M.; Loria, A.S. Developmental origins of cardiovascular disease: Impact of early life
stress in humans and rodents. Neurosci. Biobehav. Rev. 2017, 74 Pt B, 453–465. [CrossRef]

151. Carroll, J.E.; Gruenewald, T.L.; Taylor, S.E.; Janicki-Deverts, D.; Matthews, K.A.; Seeman, T.E. Childhood
abuse, parental warmth, and adult multisystem biological risk in the Coronary Artery Risk Development in
Young Adults study. Proc. Natl. Acad. Sci. USA 2013, 110, 17149–17153. [CrossRef]

152. Mangiafico, R.A.; Malatino, L.S.; Attinà, T.; Messina, R.; Fiore, C.E. Exaggerated endothelin release in
response to acute mental stress in patients with intermittent claudication. Angiology 2002, 53, 383–390.
[CrossRef]

153. Milner, P.; Loesch, A.; Burnstock, G. Endothelin immunoreactivity and mRNA expression in sensory and
sympathetic neurones following selective denervation. Int. J. Dev. Neurosci. 2000, 18, 727–734. [CrossRef]

154. D’Angelo, G.; Pollock, J.S.; Pollock, D.M. Endogenous endothelin attenuates the pressor response to acute
environmental stress via the ETA receptor. Am. J. Physiol. Heart Circ. Physiol. 2005, 288, H1829–H1835.
[CrossRef] [PubMed]

155. Spieker, L.E.; Hürlimann, D.; Ruschitzka, F.; Corti, R.; Enseleit, F.; Shaw, S.; Hayoz, D.; Deanfield, J.E.;
Lüscher, T.F.; Noll, G. Mental stress induces prolonged endothelial dysfunction via endothelin—A receptors.
Circulation 2002, 105, 2817–2820. [CrossRef] [PubMed]

156. Zapata-Martín del Campo, C.M.; Martínez-Rosas, M.; Guarner-Lans, V. Epigenetic programming of synthesis,
release, and/or receptor expression of common mediators participating in the risk/resilience for comorbid
stress-related disorders and coronary artery disease. Int. J. Mol. Sci. 2018, 19, 1224. [CrossRef]

157. Friso, S.; Carvajal, C.A.; Fardella, C.E.; Olivieri, O. Epigenetics and arterial hypertension: The challenge of
emerging evidence. Transl. Res. 2015, 165, 154–165. [CrossRef]

158. Mandraffino, G.; Imbalzano, E.; Sardo, M.A.; D’Ascola, A.; Mamone, F.; Lo Gullo, A.; Alibrandi, A.; Loddo, S.;
Mormina, E.; David, A.; et al. Circulating progenitor cells in hypertensive patients with different degrees of
cardiovascular involvement. J. Hum. Hypertens. 2014, 28, 543–550. [CrossRef]

159. Huang, Y.; Tang, S.; Ji-yan, C.; Huang, C.; Li, J.; Cai, A.; Feng, Y. Circulating miR-92a expression level in
patients with essential hypertension: A potential marker of atherosclerosis. J. Hum. Hypertens. 2017, 31,
200–205. [CrossRef]

160. Huang, Y.; Tang, S.; Huang, C.; Chen, J.; Li, J.; Cai, A.; Feng, Y. Circulating miRNA29 family expression
levels in patients with essential hypertension as potential markers for left ventricular hypertrophy. Clin. Exp.
Hypertens. 2017, 39, 119–125. [CrossRef]

http://dx.doi.org/10.1128/MCB.02429-06
http://dx.doi.org/10.1146/annurev.physiol.010908.163257
http://dx.doi.org/10.1111/j.1582-4934.2008.00534.x
http://www.ncbi.nlm.nih.gov/pubmed/19175698
http://dx.doi.org/10.1182/blood-2009-04-217620
http://www.ncbi.nlm.nih.gov/pubmed/19567879
http://dx.doi.org/10.1038/emboj.2009.271
http://dx.doi.org/10.1155/2013/928315
http://dx.doi.org/10.1038/nri1418
http://dx.doi.org/10.2174/1568026611208011132
http://dx.doi.org/10.1016/bs.pmbts.2017.01.003
http://dx.doi.org/10.1016/j.neubiorev.2016.07.018
http://dx.doi.org/10.1073/pnas.1315458110
http://dx.doi.org/10.1177/000331970205300403
http://dx.doi.org/10.1016/S0736-5748(00)00054-X
http://dx.doi.org/10.1152/ajpheart.00844.2004
http://www.ncbi.nlm.nih.gov/pubmed/15563533
http://dx.doi.org/10.1161/01.CIR.0000021598.15895.34
http://www.ncbi.nlm.nih.gov/pubmed/12070106
http://dx.doi.org/10.3390/ijms19041224
http://dx.doi.org/10.1016/j.trsl.2014.06.007
http://dx.doi.org/10.1038/jhh.2014.7
http://dx.doi.org/10.1038/jhh.2016.66
http://dx.doi.org/10.1080/10641963.2016.1226889


Int. J. Mol. Sci. 2020, 21, 1203 25 of 28

161. Kontakari, M.E.; Zacharis, E.A.; Parthenakis, F.I.; Vardas, P.E. MicroRNA-9 and microRNA-126 expression
levels in patients with essential hypertension: Potential markers of target-organ damage. J. Am. Soc.
Hypertens. 2014, 8, 368–375. [CrossRef]

162. Li, S.; Zhu, J.; Zhang, W.; Chen, Y.; Zhang, K.; Popescu, L.M.; Ma, X.; Bond Lau, W.; Rong, R.; Yu, X.; et al.
Signature microRNA expression profile of essential hypertension and its novel link to human cytomegalovirus
infection. Circulation 2011, 124, 175–184. [CrossRef] [PubMed]

163. Yi, F.; Hao, Y.; Chong, X.; Zhong, W. Overexpression of microRNA-506-3p aggravates the injury of vascular
endothelial cells in patients with hypertension by downregulating Beclin1 expression. Exp. Ther. Med. 2018,
15, 2844–2850. [CrossRef] [PubMed]

164. Magenta, A.; Greco, S.; Gaetano, C.; Martelli, F. Oxidative stress and microRNAs in vascular diseases. Int. J.
Mol. Sci. 2013, 14, 17319–17346. [CrossRef] [PubMed]

165. Carlomosti, F.; D’Agostino, M.; Beji, S.; Torcinaro, A.; Rizzi, R.; Zaccagnini, G.; Maimone, B.; Di Stefano, V.;
De Santa, F.; Cordisco, S.; et al. Oxidative Stress-Induced miR-200c Disrupts the Regulatory Loop Among
SIRT1, FOXO1, and eNOS. Antioxid. Redox Signal. 2017, 27, 328–344. [CrossRef] [PubMed]

166. Paixão, A.D.; Alexander, B.T. How the kidney is impacted by the perinatal maternal environment to develop
hypertension. Biol. Reprod. 2013, 89, 144. [CrossRef] [PubMed]

167. Kett, M.M.; Denton, K.M. Renal programming: Cause for concern? Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2011, 300, R791–R803. [CrossRef] [PubMed]

168. Tain, Y.L.; Huang, L.T.; Lee, C.T.; Chan, J.Y.; Hsu, C.N. Maternal citrulline supplementation prevents prenatal
NG-nitro-L-arginine-methyl ester (L-NAME)-induced programmed hypertension in rats. Biol. Reprod. 2015,
92, 7. [CrossRef]

169. Huang, L.T.; Chan, J.Y.; Lee, C.T. Transcriptome analysis in rat kidneys: Importance of genes involved in
programmed hypertension. Int. J. Mol. Sci. 2015, 16, 4744–4758. [CrossRef]

170. McDonald, O.G.; Owens, G.K. Programming smooth muscle plasticity with chromatin dynamics. Circ. Res.
2007, 100, 1428–1441. [CrossRef]

171. Spin, J.M.; Quertermous, T.; Tsao, P.S. Chromatin remodeling pathways in smooth muscle cell differentiation,
and evidence for an integral role for p300. PLoS ONE 2010, 5, e14301. [CrossRef]

172. Dunn, J.; Simmons, R.; Thabet, S.; Jo, H. The Role of Epigenetics in the Endothelial Cell Shear Stress Response
and Atherosclerosis. Int. J. Biochem. Cell Biol. 2015, 67, 167–176. [CrossRef] [PubMed]

173. Fish, J.E.; Matouk, C.C.; Rachlis, A.; Lin, S.; Tai, S.C.; D’Abreo, C.; Marsden, P.A. The expression of endothelial
nitric-oxide synthase is controlled by a cell specific histone code. J. Biol. Chem. 2005, 280, 24824–24838.
[CrossRef] [PubMed]

174. Hyndman, K.A.; Ho, D.H.; Sega, M.F.; Pollock, J.S. Histone deacetylase 1 reduces nitric oxide production in
endothelial cells via lysine deacetylation of NO synthase 3. Am. J. Physiol. Heart Circ. Physiol. 2014, 307,
H803–H809. [CrossRef]

175. Fraineau, S.; Palii, C.G.; Allan, D.S.; Brand, M. Epigenetic regulation of endothelial-cell-mediated vascular
repair. FEBS J. 2015, 282, 1605–1629. [CrossRef] [PubMed]

176. Pandey, D.; Sikka, G.; Bergman, Y.; Kim, J.H.; Ryoo, S.; Romer, L.; Berkowitz, D. Transcriptional regulation
of endothelial arginase 2 by histone deacetylase 2. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1556–1566.
[CrossRef]

177. Illi, B.; Nanni, S.; Scopece, A.; Farsetti, A.; Biglioli, P.; Capogrossi, M.C.; Gaetano, C. Shear stress-mediated
chromatin remodeling provides molecular basis for flow-dependent regulation of gene expression. Circ. Res.
2003, 25, 155–161. [CrossRef]

178. Chen, W.; Bacanamwo, M.; Harrison, D.G. Activation of p300 histone acetyltransferase activity is an early
endothelial response to laminar shear stress and is essential for stimulation of endothelial nitric oxide
synthase mRNA transcription. J. Biol. Chem. 2008, 283, 16293–16298. [CrossRef]

179. Kaur, H.; Chen, S.; Xin, X.; Chiu, J.; Khan, Z.A.; Chakrabarti, S. Diabetes-induced extracellular matrix protein
expression is mediated by transcription coactivator p300. Diabetes 2006, 55, 3104–3111. [CrossRef]

180. Ohtani, K.; Vlachojannis, G.J.; Koyanagi, M.; Boeckel, J.N.; Urbich, C.; Farcas, R.; Bonig, H.; Marquez, V.E.;
Zeiher, A.M.; Dimmeler, S. Epigenetic regulation of endothelial lineage committed genes in pro-angiogenic
hematopoietic and endothelial progenitor cells. Circ. Res. 2011, 109, 1219–1229. [CrossRef]

http://dx.doi.org/10.1016/j.jash.2014.03.324
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.012237
http://www.ncbi.nlm.nih.gov/pubmed/21690488
http://dx.doi.org/10.3892/etm.2018.5733
http://www.ncbi.nlm.nih.gov/pubmed/29456688
http://dx.doi.org/10.3390/ijms140917319
http://www.ncbi.nlm.nih.gov/pubmed/23975169
http://dx.doi.org/10.1089/ars.2016.6643
http://www.ncbi.nlm.nih.gov/pubmed/27960536
http://dx.doi.org/10.1095/biolreprod.113.111823
http://www.ncbi.nlm.nih.gov/pubmed/24227755
http://dx.doi.org/10.1152/ajpregu.00791.2010
http://www.ncbi.nlm.nih.gov/pubmed/21191002
http://dx.doi.org/10.1095/biolreprod.114.121384
http://dx.doi.org/10.3390/ijms16034744
http://dx.doi.org/10.1161/01.RES.0000266448.30370.a0
http://dx.doi.org/10.1371/journal.pone.0014301
http://dx.doi.org/10.1016/j.biocel.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/25979369
http://dx.doi.org/10.1074/jbc.M502115200
http://www.ncbi.nlm.nih.gov/pubmed/15870070
http://dx.doi.org/10.1152/ajpheart.00243.2014
http://dx.doi.org/10.1111/febs.13183
http://www.ncbi.nlm.nih.gov/pubmed/25546332
http://dx.doi.org/10.1161/ATVBAHA.114.303685
http://dx.doi.org/10.1161/01.RES.0000080933.82105.29
http://dx.doi.org/10.1074/jbc.M801803200
http://dx.doi.org/10.2337/db06-0519
http://dx.doi.org/10.1161/CIRCRESAHA.111.247304


Int. J. Mol. Sci. 2020, 21, 1203 26 of 28

181. Mottet, D.; Bellahcene, A.; Pirotte, S.; Waltregny, D.; Deroanne, C.; Lamour, V.; Lidereau, R.; Castronovo, V.
Histone deacetylase 7 silencing alters endothelial cell migration, a key step in angiogenesis. Circ. Res. 2007,
101, 1237–1246. [CrossRef]

182. Illi, B.; Colussi, C.; Grasselli, A.; Farsetti, A.; Capogrossi, M.C.; Gaetano, C. NO sparks off chromatin: Tales of
a multifaceted epigenetic regulator. Pharmacol. Ther. 2009, 123, 344–352. [CrossRef] [PubMed]

183. Socco, S.; Bovee, R.C.; Palczewski, M.B.; Hickok, J.R.; Thomas, D.D. Epigenetics: The third pillar of nitric
oxide signaling. Pharmacol. Res. 2017, 121, 52–58. [CrossRef] [PubMed]

184. Ageeva-Kieferle, A.; Rudolf, E.E.; Lindermayr, C. Redox-dependent chromatin remodeling: A new function
of nitric oxide as architect of chromatin structure in plants. Front. Plant. Sci. 2019, 10, 625. [CrossRef]
[PubMed]

185. Vasudevan, D.; Hickok, J.R.; Bovee, R.C.; Pham, V.; Mantell, L.L.; Bahroos, N.; Kanabar, P.; Cao, X.J.;
Maienschein-Cline, M.; Garcia, B.A.; et al. Nitric Oxide regulates gene expression in cancers by controlling
histone posttranslational modifications. Cancer Res. 2015, 75, 5299–5308. [CrossRef]

186. Nott, A.; Riccio, A. Nitric oxide-mediated epigenetic mechanisms in developing neurons. Cell Cycle 2009, 8,
725–730. [CrossRef]

187. Stow, L.R.; Jacobs, M.E.; Wingo, C.S.; Cain, B.D. Endothelin-1 gene regulation. FASEB J. 2011, 25, 16–28.
[CrossRef]

188. Bogdarina, I.; Welham, S.; King, P.J.; Burns, S.P.; Clark, A.J. Epigenetic modification of the renin-angiotensin
system in the fetal programming of hypertension. Circ. Res. 2007, 100, 520–526. [CrossRef]

189. Bátkai, S.; Thum, T. MicroRNAs in hypertension: Mechanisms and therapeutic targets. Curr. Hypertens. Rep.
2012, 14, 79–87. [CrossRef]

190. Yang, Q.; Jia, C.; Wang, P.; Xiong, M.; Cui, J.; Li, L.; Wang, W.; Wu, Q.; Chen, Y.; Zhang, T. MicroRNA-505
identified from patients with essential hypertension impairs endothelial cell migration and tube formation.
Int. J. Cardiol. 2014, 177, 925–934. [CrossRef]

191. Palao, T.; Swärd, K.; Jongejan, A.; Moerland, P.D.; de Vos, J.; Van Weert, A.; Arribas, S.M.; Groma, G.;
Van Bavel, E.; Bakker, E.N. Gene Expression and microRNA expression analysis in small arteries of
spontaneously hypertensive rats. Evidence for ER stress. PLoS ONE 2015, 10, e0137027. [CrossRef]

192. Suárez, Y.; Wang, C.; Manes, T.D.; Pober, J.S. Cutting edge: TNF-induced microRNAs regulate TNF-induced
expression of E-selectin and intercellular adhesion molecule-1 on human endothelial cells: Feedback control
of inflammation. J. Immunol. 2010, 184, 21–25. [CrossRef] [PubMed]

193. Sun, H.X.; Zeng, D.Y.; Li, R.T.; Pang, R.P.; Yang, H.; Hu, Y.L.; Zhang, Q.; Jiang, Y.; Huang, L.Y.; Tang, Y.B.;
et al. Essential role of microRNA-155 in regulating endothelium-dependent vasorelaxation by targeting
endothelial nitric oxide synthase. Hypertension 2012, 60, 1407–1414. [CrossRef] [PubMed]

194. Qin, X.; Wang, X.; Wang, Y.; Tang, Z.; Cui, Q.; Xi, J.; Li, Y.S.; Chien, S.; Wang, N. MicroRNA-19a mediates
the suppressive effect of laminar flow on cyclin D1 expression in human umbilical vein endothelial cells.
Proc. Natl. Acad. Sci. USA 2010, 107, 3240–3244. [CrossRef] [PubMed]

195. Tang, Y.; Zhang, Y.C.; Chen, Y.; Xiang, Y.; Shen, C.X.; Li, Y.G. The role of miR-19b in the inhibition of
endothelial cell apoptosis and its relationship with coronary artery disease. Sci. Rep. 2015, 5, 15132.
[CrossRef]

196. Zhang, Y.; Chen, N.; Zhang, J.; Tong, Y. Hsa-let-7g miRNA targets caspase-3 and inhibits the apoptosis
induced by ox-LDL in endothelial cells. Int. J. Mol. Sci. 2013, 14, 22708–22720. [CrossRef]

197. White, K.; Dempsie, Y.; Caruso, P.; Wallace, E.; McDonald, R.A.; Stevens, H.; Hatley, M.E.; Van Rooij, E.;
Morrell, N.W.; MacLean, M.R.; et al. Endothelial apoptosis in pulmonary hypertension is controlled by a
microRNA/programmed cell death 4/caspase-3 axis. Hypertension 2014, 64, 185–194. [CrossRef]

198. Pan, Y.; Liang, H.; Liu, H.; Li, D.; Chen, X.; Li, L.; Zhang, C.Y.; Zen, K. Platelet-secreted microRNA-223
promotes endothelial cell apoptosis induced by advanced glycation end products via targeting the insulin-like
growth factor 1 receptor. J. Immunol. 2014, 192, 437–446. [CrossRef]

199. Pacurari, M.; Tchounwou, P.B. Role of microRNAs in renin-angiotensin-aldosterone system-mediated
cardiovascular inflammation and remodeling. Int. J. Inflamm. 2015, 2015, 101527. [CrossRef]

200. Takahashi, Y.; Satoh, M.; Minami, Y.; Tabuchi, T.; Itoh, T.; Nakamura, M. Expression of miR-146a/b is associated
with the Toll-like receptor 4 signal in coronary artery disease: Effect of renin-angiotensin system blockade
and statins on miRNA-146a/b and Toll-like receptor 4 levels. Clin. Sci. 2010, 119, 395–405. [CrossRef]

201. Jeunemaitre, X. Genetics of the human renin angiotensin system. J. Mol. Med. 2008, 86, 637–641. [CrossRef]

http://dx.doi.org/10.1161/CIRCRESAHA.107.149377
http://dx.doi.org/10.1016/j.pharmthera.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19464317
http://dx.doi.org/10.1016/j.phrs.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28428114
http://dx.doi.org/10.3389/fpls.2019.00625
http://www.ncbi.nlm.nih.gov/pubmed/31191565
http://dx.doi.org/10.1158/0008-5472.CAN-15-1582
http://dx.doi.org/10.4161/cc.8.5.7805
http://dx.doi.org/10.1096/fj.10-161612
http://dx.doi.org/10.1161/01.RES.0000258855.60637.58
http://dx.doi.org/10.1007/s11906-011-0235-6
http://dx.doi.org/10.1016/j.ijcard.2014.09.204
http://dx.doi.org/10.1371/journal.pone.0137027
http://dx.doi.org/10.4049/jimmunol.0902369
http://www.ncbi.nlm.nih.gov/pubmed/19949084
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.197301
http://www.ncbi.nlm.nih.gov/pubmed/23108656
http://dx.doi.org/10.1073/pnas.0914882107
http://www.ncbi.nlm.nih.gov/pubmed/20133739
http://dx.doi.org/10.1038/srep15132
http://dx.doi.org/10.3390/ijms141122708
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.03037
http://dx.doi.org/10.4049/jimmunol.1301790
http://dx.doi.org/10.1155/2015/101527
http://dx.doi.org/10.1042/CS20100003
http://dx.doi.org/10.1007/s00109-008-0344-0


Int. J. Mol. Sci. 2020, 21, 1203 27 of 28

202. Chen, L.J.; Xu, R.; Yu, H.M.; Chang, Q.; Zhong, J.C. The ACE2/apelin signaling, microRNAs, and hypertension.
Int. J. Hypertens. 2015, 2015, 896861. [CrossRef]

203. Kemp, J.R.; Unal, H.; Desnoyer, R.; Yue, H.; Bhatnagar, A.; Karnik, S.S. Angiotensin II-regulated microRNA
483-3p directly targets multiple components of the renin-angiotensin system. J. Mol. Cell. Cardiol. 2014, 75,
25–39. [CrossRef]

204. Ceolotto, G.; Papparella, I.; Bortoluzzi, A.; Strapazzon, G.; Ragazzo, F.; Bratti, P.; Fabricio, A.S.; Squarcina, E.;
Gion, M.; Palatini, P.; et al. Interplay between miR-155, AT1R A1166C polymorphism, and AT1R expression
in young untreated hypertensives. Am. J. Hypertens. 2011, 24, 241–246. [CrossRef]

205. Jackson, K.L.; Marques, F.Z.; Watson, A.M.; Palma-Rigo, K.; Nguyen-Huu, T.P.; Morris, B.J.; Charchar, F.J.;
Davern, P.J.; Head, G.A. A novel interaction between sympathetic overactivity and aberrant regulation of
renin by miR-181a in BPH/2J genetically hypertensive mice. Hypertension 2013, 62, 775–781. [CrossRef]

206. Marques, F.Z.; Campain, A.E.; Tomaszewski, M.; Zukowska-Szczechowska, E.; Yang, Y.H.J.; Charchar, F.J.;
Morris, B.J. Gene expression profiling reveals renin mRNA overexpression in human hypertensive kidneys
and a role for microRNAs. Hypertension 2011, 58, 1093–1098. [CrossRef]

207. Marques, F.Z.; Romaine, S.P.R.; Denniff, M.; Eales, J.; Dormer, J.; Garrelds, I.M.; Wojnar, L.; Musialik, K.;
Duda-Raszewska, B.; Kiszka, B.; et al. Signatures of miR-181a on renal transcriptome and blood pressure.
Mol. Med. 2015, 21, 739–748. [CrossRef]

208. Alexander, M.; Owens, G.K. Epigenetic control of smooth muscle cell differentiation and phenotypic switching
in vascular development and disease. Annu. Rev. Physiol. 2012, 74, 13–40. [CrossRef] [PubMed]

209. Owens, G.K.; Kumar, M.S.; Wamhoff, B.R. Molecular Regulation of Vascular smooth muscle cell differentiation
in development and disease. Physiol. Rev. 2004, 84, 767–801. [CrossRef] [PubMed]

210. Manabe, I.; Owens, G.K. CArG elements control smooth muscle subtype-specific expression of smooth
muscle myosin in vivo. J. Clin. Invest. 2001, 107, 823–834. [CrossRef] [PubMed]

211. Mack, C.P.; Owens, G.K. Regulation of SM alpha-actin expression in vivo is dependent upon CArG elements
within the 5’and first intron promoter regions. Circ. Res. 1999, 84, 852–861. [CrossRef] [PubMed]

212. Shore, P.; Sharrocks, A.D. The transcription factors Elk-1 and serum response factor interact by direct
protein-protein contacts mediated by a short region of Elk-1. Mol. Cell. Biol. 1994, 14, 3283–3291. [CrossRef]
[PubMed]

213. Kumar, M.S.; Owens, G.K. Combinatorial control of smooth muscle specific gene expression. Arterioscler.
Thromb. Vasc. Biol. 2003, 23, 737–747. [CrossRef] [PubMed]

214. Miano, J.M. Serum response factor: Toggling between disparate programs of gene expression. Mol. Cell.
Cardiol. 2003, 35, 577–593. [CrossRef]

215. Adam, P.J.; Regan, C.R.; Hautmann, M.B.; Owens, G.K. Positive and negative acting krupple-like transcription
factors bind a transforming growth factor beta control element required for expression of the smooth muscle
differentiation marker SM22alpha in vivo. J. Biol. Chem. 2000, 275, 37798–37806. [CrossRef]

216. Kumar, M.S.; Hendrix, J.; Johnson, A.D.; Owens, G.K. The smooth muscle alpha-actin gene requires two
Eboxes for proper molecular regulation of smc differentiation expression in vivo and is a target of class I
basic Helix-Loop-Helix proteins. Circ. Res. 2003, 92, 840–847. [CrossRef]

217. Hautmann, M.; Madsen, C.S.; Owens, G.K. A transforming growth factor beta (TGF) control element drives
TGF-induced stimulation of SM alpha-actin gene expression in concert with two CArG elements. J. Biol.
Chem. 1997, 272, 10948–10956. [CrossRef]

218. Hirschi, K.K.; Rohovsky, S.A.; D’Amore, P.A. PDGF, TGF-beta, and heterotypic cell-cell interactions mediate
endothelial cell-induced recruitment of 10T1/2 cells and their differentiation to a smooth muscle fate. J. Cell
Biol. 1998, 141, 805–814. [CrossRef]

219. Hirschi, K.K.; Lai, L.; Belaguli, N.S.; Dean, D.A.; Schwartz, R.J.; Zimmer, W.E. Transforming growth factor-beta
induction of smooth muscle cell phenotype requires transcriptional and posttranscriptional control of serum
response factor. J. Biol. Chem. 2002, 277, 6287–6295. [CrossRef]

220. Spin, J.S.; Maegdefessel, L.; Tsao, P.S. Vascular smooth muscle cell phenotypic plasticity: Focus on chromatin
remodeling. Cardiovasc. Res. 2012, 95, 147–155. [CrossRef]

221. Margariti, A.; Zampetaki, A.; Xiao, Q.; Zhou, B.; Karamariti, E.; Martin, D.; Yin, X.; Mayr, M.; Li, H.; Zhang, Z.;
et al. Histone deacetylase 7 controls endothelial cell growth through modulation of beta-catenin. Circ. Res.
2010, 106, 1202–1211. [CrossRef]

http://dx.doi.org/10.1155/2015/896861
http://dx.doi.org/10.1016/j.yjmcc.2014.06.008
http://dx.doi.org/10.1038/ajh.2010.211
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01701
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.180729
http://dx.doi.org/10.2119/molmed.2015.00096
http://dx.doi.org/10.1146/annurev-physiol-012110-142315
http://www.ncbi.nlm.nih.gov/pubmed/22017177
http://dx.doi.org/10.1152/physrev.00041.2003
http://www.ncbi.nlm.nih.gov/pubmed/15269336
http://dx.doi.org/10.1172/JCI11385
http://www.ncbi.nlm.nih.gov/pubmed/11285301
http://dx.doi.org/10.1161/01.RES.84.7.852
http://www.ncbi.nlm.nih.gov/pubmed/10205154
http://dx.doi.org/10.1128/MCB.14.5.3283
http://www.ncbi.nlm.nih.gov/pubmed/8164681
http://dx.doi.org/10.1161/01.ATV.0000065197.07635.BA
http://www.ncbi.nlm.nih.gov/pubmed/12740224
http://dx.doi.org/10.1016/S0022-2828(03)00110-X
http://dx.doi.org/10.1074/jbc.M006323200
http://dx.doi.org/10.1161/01.RES.0000069031.55281.7C
http://dx.doi.org/10.1074/jbc.272.16.10948
http://dx.doi.org/10.1083/jcb.141.3.805
http://dx.doi.org/10.1074/jbc.M106649200
http://dx.doi.org/10.1093/cvr/cvs098
http://dx.doi.org/10.1161/CIRCRESAHA.109.213165


Int. J. Mol. Sci. 2020, 21, 1203 28 of 28

222. Neuman, N.A.; Ma, S.; Schnitzler, G.R.; Zhu, Y.; Lagna, G.; Hata, A. The four-and-a-half LIM domain protein
2 regulates vascular smooth muscle phenotype and vascular tone. J. Biol. Chem. 2009, 284, 13202–13212.
[CrossRef] [PubMed]

223. Davis, B.N.; Hilyard, A.C.; Nguyen, P.H.; Lagna, G.; Hata, A. Induction of microRNA-221 by platelet-derived
growth factor signaling is critical for modulation of vascular smooth muscle phenotype. J. Biol. Chem. 2009,
284, 3728–3738. [CrossRef]

224. Carr, G.; Barrese, V.; Stott, J.B.; Povstyan, O.V.; Jepps, T.A.; Figueiredo, H.B.; Zheng, D.; Jamshidi, Y.;
Greenwood, I.A. MicroRNA-153 targeting of KCNQ4 contributes to vascular dysfunction in hypertension.
Cardiovasc. Res. 2016, 112, 581–589. [CrossRef] [PubMed]

225. Kontaraki, J.E.; Marketou, M.E.; Zacharis, E.A.; Parthenakis, F.I.; Vardas, P.E. Differential expression of
vascular smooth muscle-modulating microRNAs in human peripheral blood mononuclear cells: Novel
targets in essential hypertension. J. Hum. Hypertens. 2014, 28, 510–516. [CrossRef] [PubMed]

226. Elia, L.; Quintavalle, M.; Zhang, J.; Contu, R.; Cossu, L.; Latronico, M.V.; Peterson, K.L.; Indolfi, C.;
Catalucci, D.; Chen, J.; et al. The knockout of miR-143 and -145 alters smooth muscle cell maintenance
and vascular homeostasis in mice: Correlates with human disease. Cell Death Differ. 2009, 16, 1590–1598.
[CrossRef]

227. Torella, D.; Iaconetti, C.; Catalucci, D.; Ellison, G.M.; Leone, A.; Waring, C.D.; Bochicchio, A.; Vicinanza, C.;
Aquila, I.; Curcio, A.; et al. MicroRNA-133 controls vascular smooth muscle cell phenotypic switch in vitro
and vascular remodeling in vivo. Circ. Res. 2011, 109, 880–893. [CrossRef]

228. Wu, W.H.; Hu, C.P.; Chen, X.P.; Zhang, W.F.; Li, X.W.; Xiong, X.M.; Li, Y.J. MicroRNA-130a mediates
proliferation of vascular smooth muscle cells in hypertension. Am. J. Hypertens. 2011, 24, 1087–1093.
[CrossRef]

229. Zhang, P.; Zheng, C.; Ye, H.; Teng, Y.; Zheng, B.; Yang, X.; Zhang, J. MicroRNA-365 inhibits vascular smooth
muscle cell proliferation through targeting cyclin D1. Int. J. Med. Sci. 2014, 11, 765–770. [CrossRef]

230. Kim, M.H.; Ham, O.; Lee, S.Y.; Choi, E.; Lee, C.Y.; Park, J.H.; Lee, J.; Seo, H.H.; Seung, M.; Min, P.K.; et al.
MicroRNA-365 inhibits the proliferation of vascular smooth muscle cells by targeting cyclin D1. J. Cell.
Biochem. 2014, 115, 1752–1761. [CrossRef]

231. Leeper, N.J.; Raiesdana, A.; Kojima, Y.; Chun, H.J.; Azuma, J.; Maegdefessel, L.; Kundu, R.K.; Quertermous, T.;
Tsao, P.S.; Spin, J.M. MicroRNA-26a is a novel regulator of vascular smooth muscle cell function. J. Cell.
Physiol. 2011, 226, 1035–1043. [CrossRef]

232. Yang, F.; Li, H.; Du, Y.; Shi, Q.; Zhao, L. Downregulation of microRNA-34b is responsible for the elevation
of blood pressure in spontaneously hypertensive rats. Mol. Med. Rep. 2017, 15, 1031–1036. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.M900282200
http://www.ncbi.nlm.nih.gov/pubmed/19265191
http://dx.doi.org/10.1074/jbc.M808788200
http://dx.doi.org/10.1093/cvr/cvw177
http://www.ncbi.nlm.nih.gov/pubmed/27389411
http://dx.doi.org/10.1038/jhh.2013.117
http://www.ncbi.nlm.nih.gov/pubmed/24284386
http://dx.doi.org/10.1038/cdd.2009.153
http://dx.doi.org/10.1161/CIRCRESAHA.111.240150
http://dx.doi.org/10.1038/ajh.2011.116
http://dx.doi.org/10.7150/ijms.8938
http://dx.doi.org/10.1002/jcb.24841
http://dx.doi.org/10.1002/jcp.22422
http://dx.doi.org/10.3892/mmr.2017.6122
http://www.ncbi.nlm.nih.gov/pubmed/28098882
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hypertension 
	Arterial Morphophysiology and Hypertension 
	Other Regulatory Systems Participating in Hypertension 
	Sympathetic Nervous System 
	The Renal System 
	The Immune System 

	Environmental Factors that May Leave Epigenetic Cues for Hypertension 
	Mechanisms behind Factors that Leave Epigenetic Cues 
	Undernutrition, Changes in Nutrition and Metabolic Adjustments in Utero and during Early Childhood 
	Oxidative Stress during Early Life 
	Gut Microbiota and Programming of Hypertension 
	Inflammation Leading to Epigenetic Programming of Diseases 
	Exposure to Chronic Stress 

	Early Programming of Hypertension 
	Programming of Endothelial Functioning 
	Programming of Vascular Smooth Muscle 

	Reprogramming Strategies for Hypertension 
	Conclusions 
	References

