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Abstract

Essential hypertension (EH) is a multifactorial disease of the cardiovascular system that is influenced by the interplay of
genetic, epigenetic, and environmental factors. The molecular dynamics underlying EH etiopathogenesis is unknown;
however, earlier studies have revealed EH-associated genetic variants. Nevertheless, this finding alone is not sufficient to
explain the variability in blood pressure, suggesting that other risk factors are involved, such as epigenetic modifications.
Therefore, this review highlights the potential contribution of well-defined epigenetic mechanisms in EH, specifically, DNA
methylation, post-translational histone modifications, and microRNAs. We further emphasize global and gene-specific DNA
methylation as one of the most well-studied hallmarks among all epigenetic modifications in EH. In addition, post-
translational histone modifications, such as methylation, acetylation, and phosphorylation, are described as important
epigenetic markers associated with EH. Finally, we discuss microRNAs that affect blood pressure by regulating master genes
such as those implicated in the renin-angiotensin-aldosterone system. These epigenetic modifications, which appear to
contribute to various cardiovascular diseases, including EH, may be a promising research area for the development of novel
future strategies for EH prevention and therapeutics.
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Introduction amount to $46 billion annually [2]. Despite such a high

healthcare expenditure, in 2013, over 360,000 American

Almost 95% of adult patients with high blood pressure (BP)
are believed to have essential or idiopathic hypertension.
Moreover, essential hypertension (EH) is a target of con-
siderable public health concern, as EH affects over one
billion people globally [1]. High BP and associated
healthcare and management costs in the United States alone
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deaths were due to EH as a prime contributing cause [2],
accounting for almost a thousand deaths daily. Nonetheless,
the etiopathogenesis of EH remains a mystery, making
advancements in related therapies difficult. Therefore, elu-
cidating the underlying mechanism(s) of EH is clinically
essential for the development of novel therapeutic strategies
[3, 4]. It is known that EH is affected by genetic, epigenetic,
and environmental factors. Differential etiologies of EH are
the product of dynamic interactions among genetic and
environmental elements, leading to alteration of biological
pathways and, ultimately, hypertension [5-7]. EH is one of
the major risk factors for cardiovascular (CV) pathologic
remodeling leading to heart failure or stroke [2, 8], renal
injuries [9], and brain dysfunction [10].

Previously, limited association was thought to be present
between genetic factors and hypertension [11]. Currently,
numerous studies have demonstrated the significant effect
of genetic factors on changes in BP and related pathologies
[5, 8, 12]. Moreover, genome-wide association studies
(GWAS) have identified common genetic variants in com-
mon population-based disease traits, such as EH [13-16].
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Fig. 1 Epigenetic and genetic dynamics regulate individual pheno-
types. In addition to heritable Mendelian genetics, polygenic pheno-
types, such as essential hypertension, are significantly affected by
gene-environment interactions triggering epigenetic modifications

Recently, a large genetic association study, consisting of
one million subjects, identified 535 novel loci related to BP
traits [17]. Nevertheless, single-gene, target-based treatment
for EH remains unavailable to clinicians due to the poly-
genic behavior of EH [5-7]. Thus, it is evident that a con-
ventional Mendelian genetic approach does not suffice to
explain the regulation of BP [18, 19].

Studies suggested that epigenetics may play a crucial
role in BP regulation [20]. For example, Kato et al.
reported that EH can arise from epigenetic dysfunction
[21]. Epigenetics, i.e., the way in which genes and the
environment interact, can regulate gene expression to
control a related phenotype (Fig. 1). Epigenetic changes
are measurable [22] and can be substantially modulated at
any life stage through environmental stimuli, such as
drugs, nutrition, and age [23]. Thus, an environmentally
predisposed epigenetic map [24] could help elucidate the
unsolved questions that recent genetic approaches could
not explain. Interestingly, reports have shown that con-
ditions influenced by epigenetics, such as EH, can be
reversed simply by making different lifestyle choices
[25, 26], suggesting an array of treatment options for
related disorders that are not always feasible for genetic
diseases. For this reason, the global scientific community
is investigating epigenetics as a key player in numerous
pathophysiologies, including EH [19]. This notion is
clearly reflected by worldwide initiatives such as the
Human Epigenome Project [27], International Human
Epigenome Consortium [28], and other related pro-
grams [13-15].

It is anticipated that this review will serve as a compre-
hensive resource of the current literature on major epige-
netic modifications during EH, highlighting the potential
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contribution of DNA methylation, post-translational histone
modifications, and microRNAs (miRNAs) (Fig. 2; Table 1).
Here, in addition to those associated with EH, we also
present the epigenetic changes associated with pre-
eclampsia, emphasizing the involvement of epigenetics in
EH, which is comparable to high BP disorder.

EH and DNA methylation-mediated
epigenetic regulation

DNA methylation is one of the most well-known epige-
netic mechanisms of gene regulation in mammals [29],
whereby a methyl group binds to the 5’ region of a DNA
cytosine via a covalent bond [30]. The frequent short
sequence of genomic DNA containing a series of cytosine
and guanine dinucleotides connected via phosphodiester
bonds (linear 5'-CpG-3’ sequence) is known as a ‘CpG
island’ [31]. Functionally, hypermethylation of cytosine at
such CpG sites, particularly in the gene promoter region,
often leads to gene silencing. Such epigenetic markers
also play a crucial role in defining the genetically active or
inactive regions of the genome by regulating the interac-
tion of DNA and transcription factors [32, 33]. However,
not all mammalian cell types show the same degree of
methylation, which can result in the expression of diverse
phenotypes. Accordingly, Raftopoulos et al. reported the
close association of the onset and severity of hypertension
with the degree of genomic DNA methylation [23], sug-
gesting the importance of future studies related to such
epigenetic markers during EH.

Here, it is noteworthy that clinical studies related to EH
and end-organ damage are restricted by the limited
availability of relevant human samples. Thus, in a large
cohort human study, it is generally impossible to access
EH-affected tissue samples from subjects at risk, making
peripheral blood the material of choice. However, disease
progression and severity may also affect the metabolic
pathways governing DNA methylation, leading to altered
methylation patterns in different tissues [34]. Kato et al.
reported on blood and cross-tissue patterns of DNA
methylation and suggested that blood and other tissues
(liver, muscle, subcutaneous and visceral fat) exhibit
comparable methylation patterns [21]. These pioneering
results suggest that DNA methylation markers observed in
peripheral blood mononuclear cells (PBMCs) can provide
a basis for proxy methylation patterns in other related
tissues. Contrary to this notion, rat studies showed that
different body tissues may acquire dissimilar methylation
patterns in response to a specific drug exposure [35].
Therefore, the mere analysis of PBMCs, as epigenetic
determinants, may not be helpful for studying other
body tissues.
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Fig. 2 Epigenetic modifications in a mammalian system. a DNA
methylation originates at specific genomic regions via transfer of a
methyl group from S-adenosyl-L-methionine to the 5’-position of a
cytosine ring to form 5-methylcytosine (5mCy). A chain of methylated
cytosine and guanine dinucleotides form a CpG island that is often
located in gene regulatory regions, such as a promoter, and is often
negatively correlated with gene transcription. b Post-translational
DNA modifications, such as histone tail acetylation in nucleosomes,
support gene transcription via transforming condensed chromatin into

Epigenetic DNA methylation

DNA methylation can be categorized as global or gene-
specific, depending on whether whole-genome 5-methyl-
cytosine (SmCy) content is considered or methylation of a
gene in a specific region [36]. The key function of DNA
methylation, as an epigenetic marker, is to preserve geno-
mic stability at the global level and regulation of mRNA
expression at the gene level [37]. Several reports show the
impact of DNA methylation in different pathologies,
including EH, thus directing researchers’ attention toward
DNA methylation in hypertension and related CV diseases
[38, 39]. A summary of the reported epigenetic changes,
including DNA methylation during EH, is presented in
Table 1. In the following sections, we will highlight the two
well-known forms of DNA methylation, such as cytosine

- mRNA degradation
- Translational repression

the more lightly packed state of euchromatin. In contrast, histone tail
deacetylation promotes the condensed state of heterochromatin to
promote gene silencing. Similarly, less frequent histone modifications,
such as methylation and phosphorylation, are observed, and these also
affect gene transcription to some extent. ¢ Another important mode of
epigenetic modification is the small noncoding RNAs, such as
microRNAs that negatively regulate the corresponding gene activation
via inhibition of mRNA transcription and translation

methylation and cytosine hydroxymethylation, which can
influence the genome at either the global or gene-specific
level.

EH and Cytosine methylation

SmCy, accounting ~3-4% of all cytosine, are uniformly
distributed throughout the genome of all mammalian cells
[40]. Interestingly, studies have demonstrated a correlation
between different pathological conditions and the differ-
ential expression of global and gene-specific SmCy levels
[37, 41]. Kato et al. found that 28 of 35 single nucleotide
polymorphism variants identified through GWAS for
hypertension are also associated with methylation markers
[21], strongly suggesting the role of DNA methylation
in EH.
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Table 1 Tabular overview of identified epigenetic determinants during hypertension

Epigenetic Effected gene Epigenetic mark Mark Study sample Associated dysfunction/  Reference
phenomenon Level effect
Global DNA methylation
- SmCy Low Human PBMCs - 47
- SmCy High Human placenta Pre-eclampsia 48
- SmCy - Human PBMCs - 49
SmCy High Rat heart Cardiac hypertrophy 51
DNA hydroxymethylation
- ShmCy High Dahl SS Rat kidney - 46
Gene-specific DNA Methylation
HSDI11B2 SmCy High IUGR rat kidney IUGR 62
HSDI11B2 SmCy High Human PBMCs Renal sodium 63
reabsorption
CYPI11B2 SmCy Low Rat adrenal gland RAAS activation 64
NKCCI SmCy Low SHR hearts and aorta Tonic transport 65, 66
AGT SmCy Low In vitro -human adrenocortical cells; RAAS activation 68
Rat visceral adipose tissue
ATIB SmCy Low Rat adrenal gland RAAS activation 70
ACE SmCy High In vitro -HepG2, HT29, HMEC-1, RAAS activation 35
SUT; Rat liver and lungs; Human
PBMCs
ACE SmCy Low Fetal mice brain RAAS activation 72
SULFI SmCy High Human PBMCs - 49
AGTRI SmCy Low Human PBMCs/ saliva RAAS activation 74, 75
PANX1 SmCy High SD rats-heart and kidney Vitamin D-deficiency 92
Atgrla SmCy Low SHR endothelial cells RAAS activation 76
SCNNIA 5mCy High Human PBMCs RAAS activation 82
SCNNIB SmCy - Human PBMCs RAAS activation 83
eNOS SmCy Low In vitro HUVEC Vascular tone modulation 88
ERa SmCy High Sheep uterine arteries Pre-eclampsia 91
NET SmCy High Human veins sympathetic nerve tissue Norepinephrine transport 94
TIMP3 SmCy Low In vitro human endometrial stromal Pre-eclampsia 95
cells
SERPINA3 SmCy Low Human placenta Pre-eclampsia 96
CUL7 SmCy Low Human placenta IUGR 97
ADDI SmCy Low Human PBMCs Regulation of Ionic 98, 99
transport
Mfn2 SmCy Low Human PBMCs Vascular tone modulation 100
IL-6 SmCy Low Human PBMCs Vascular tone modulation 101
TLR2 S5mCy Low Human PBMCs Systemic inflammation 102
IFN-y SmCy Low Human PBMCs Systemic inflammation 103
GCK SmCy - Human PBMCs Glucose metabolism 104
Histone modifications
ACEI H3Ac High Rat kidney RAAS activation 114
HSDI11B2 H3K36me3 Low IUGR rat kidney TUGR 62
eNOS H3K9Ac/ H4K12Ac/ High In vitro HUVEC Vascular tone modulation 115
H3K4me3
NKCCI H3Ac H3K27me3 High Low Rat aorta Renal sodium 116
reabsorption
ENaC-a H3K79me Low Human renal epithelium Renal sodium 118
reabsorption
WNK4 H3Ac,H4Ac High Rat kidney Renal sodium 123
reabsorption
LSDI H3K9me High Mice heart and aorta RAAS activation 107
ANP/BNP AcH4/ H3K4me3 High Low Dahl SS Rat heart Cardiac hypertrophy 119
H3K27me3/ H3K9me3
microRNAs
- miR-21 High In vitro Human adrenal cells RAAS activation 136
ACEI miR-27a/27b High Fetal mice brain RAAS activation 72
AT2 miR-330 Low Fetal mice brain RAAS activation 72
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Table 1 (continued)

Epigenetic Effected gene Epigenetic mark Mark Study sample Associated dysfunction/ Reference

phenomenon Level effect
AGTRI miR-155 High In vitro HUVEC Pre-eclampsia 138
REN miR-181a/663 Low Human kidney RAAS activation 139
CYPI11BI1/2 miR-24 Low Human kidney RAAS activation 59
NR3C2 miR-124/135a High In vitro HeLa cells RAAS activation 140
uce2 miR-24/34a High SHR kidney Renal oxidative damage 142
IGFIR miR-320 High Dahl SS Rat aorta Arterial remodeling 143
PTEN miR-26b/21 Low Dahl SS Rat aorta Arterial remodeling 143
- miR-133/43/45 miR-1/21 Low High Human PBMCs Arterial remodeling 144
NPPA miR-425 High Human PBMCs, cardiac tissue Salt overload 145
- miR-155/210 High Human placenta Pre-eclampsia 146
AGTRI miR-155 Low In vitro HUVEC Pre-eclampsia 138
COLI2A1/ASPN miR-21 High Human renal cortex RAAS activation 147
SCN2A miR-30e/374b High Human renal cortex RAAS activation 148
- miR-199a miR-208 Low High Human serum - 148
- miR-222 miR-29a/181a Low High Human serum Pre-eclampsia 149
BECN1 miR-506 High Human PBMCs Vascular injury 150
- miR-510 High Human PBMCs - 151
LTCCs miR-328 Low SHR arteries Arterial remodeling 152

5mCy 5-methylcytosine, 54mCy 5-hydroxymethylcytosine, RAAS renin-angiotensin-aldosterone system, Dahl SS Rat Dahl salt-sensitive rat, [UGR
intra-uterine growth restriction, SHR spontaneously hypertensive rat, SD Sprague-Dawley rat, PBMCs peripheral blood mono-nucleated cells, Ac
acetylation, me methylation, miR microRNA, HUVEC human umbilical vein endothelial cells

EH and Cytosine Hydroxymethylation

Like 5SmCy, 5-hydroxymethylcytosine (ShmCy), a bypro-
duct of the demethylation process, is another major epige-
netic marker in mammalian genomic DNA. Similar to
SmCy, 5ShmCy is also distributed throughout the whole
mammalian genome, with different levels in dissimilar tis-
sues [40, 42]. Furthermore, several reports confirm that
S5hmCy can contribute to gene regulation [43-45]. In
addition, as initial evidence, a rat study showed a positive
relationship between ShmCy levels and hypertension [46].
However, currently, only limited data are available that
tentatively associate EH and DNA hydroxymethylation.
Therefore, future studies are needed to elucidate the role of
5hmCy in human EH.

EH and Global DNA methylation

A global 5SmCy map defining the DNA methylation pattern is
unique and can provide a blueprint for DNA behavior and its
stability. Pioneering DNA methylation studies have con-
firmed the relationship between global SmCy and EH [47].
Accordingly, Smolarek et al. showed that the levels of SmCy
in genomic DNA in peripheral blood are lower in hyperten-
sive patients [47], suggesting a negative relationship between
global DNA methylation levels and the severity of EH. In
contrast, hypertension during pregnancy (pre-eclampsia) is
reported to be positively associated with global DNA

hypermethylation [48]. Such evidence clearly suggests that
global DNA methylation may influence the progression of
EH. In a study of young males, Wang et al. reported that
global DNA methylation may play an important role in the
pathogenesis of EH in an age-dependent manner [49]. A
recent rat study showed that pressure overload-induced car-
diac hypertrophy, a hallmark of target organ damage related
to EH [50], can be significantly restored by inhibiting global
DNA methylation [51], suggesting that DNA methylation
plays a role during EH-associated CV damage.

EH and Gene-specific DNA methylation

Current research has mostly focused on the methylation
pattern of specific gene regions. Gene-specific epigenetic
changes arise in precise genomic regions, namely, CpG
islands, frequently located in the gene promoter region [19].
CpG islands are found at the promoter of 40% of genes,
while the remaining genomic regions are deprived of CpG
sites [52]. Interestingly, in normal somatic cells, 90% of
CpG sites are methylated; however, CpG sites at the pro-
moter region are comparatively safer from such modifica-
tions [52]. Hypermethylated CpG islands, often in promoter
regions, are responsible for gene transcription repression
[23]. This notion is evident from various animal and human
studies that demonstrate a negative correlation between
5SmCy content and gene expression [53-55]; however, such
a correlation is not always present and is still debatable [41].

SPRINGER NATURE



1104

M. Arif et al.

Fig. 3 Models of gene
regulation via gene-specific
epigenetic markers, such as 5-

methylcytosine (SmCy) and 5-
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Earlier reports revealed a positive association between
S5hmCy levels and gene expression [46, 53-56], suggesting
that lower SmCy levels lead to gene silencing, whereas
higher ShmCy levels are associated with gene activation
(Fig. 3). In addition, DNA methylation at a specific gene
locus may modulate the interaction between gene tran-
scription factors, or related epigenetic markers in histones,
in a manner that leads to differential expression of the
affected gene [57, 58].

Examples of gene-specific DNA methylation in EH

Several genes from the published literature have demon-
strated that epigenetic changes are able to regulate pathways
and biological processes identified during EH. These
include sympathetic stimulation and renin-angiotensin-
aldosterone system (RAAS) activation, leading to altered
renal sodium reabsorption and vasoconstriction (Fig. 4). In
fact, several RAAS genes are routinely targeted to study
EH. Moreover, entire RAAS components exist in the brain
and may show impaired function in many pathophysiolo-
gical conditions, including EH. For instance, 11-Beta-
hydroxysteroid dehydrogenase Type-2 (HSD11B2) cata-
lyzes the conversion of cortisol to cortisone. Similar to
aldosterone, cortisol regulates renal sodium reabsorption
and thus plays a major role in the regulation of arterial BP
[23]. Abnormal regulation of aldosterone and cortisol pro-
duction can lead to EH, as seen in primary aldosteronism
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[59, 60]. HSDIIB2 gene repression, due to promoter
hypermethylation, leads to abnormal levels of cortisol- and
cortisone-active metabolites  (tetrahydrocortisol, tetra-
hydrocortisone), resulting in the onset of EH [39, 61].
Similarly, hypertensive adult rat model studies demonstrate
a positive association between HSDIIB2 gene promoter
hypermethylation and hypertension [62]. In human new-
borns, the HSDI11B2 gene promoter is hypermethylated,
along with downregulation of HSDIIB2 gene expression
[63], suggesting the risk of EH [61] via abnormal renal
sodium reabsorption. Recently, Takeda et al. showed that
DNA methylation patterns present at gene promoters in
adult somatic cells can be modulated to activate expression
of the adrenal aldosterone synthase gene, Cytochrome P450
Family 11 Subfamily B Member 2 (CYP11B2) [64], which
has an essential role in BP regulation [59]. In another study,
Lee et al. emphasized the role of membrane transporter
genes in hypertension pathogenesis, since alterations in ion
flux mechanisms can influence BP regulation [65]. In
spontaneously hypertensive rats (SHRs), this study also
demonstrates that hypomethylation of the Na + /K + /2Cl-
cotransporter 1 (NKCC1) gene promoter is associated with
NKCC]I upregulation 65 correlated with postnatal hyper-
tension [39, 66]. These studies indicate that changes due to
the dynamic nature of DNA methylation can affect asso-
ciated gene expression to regulate BP.

Moreover, angiotensin I receptor antagonists effectively
reduce BP in angiotensin II-dependent hypertension [67].
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Fig. 4 Epigenetic regulation of the RAAS pathway to modulate BP. a
RAAS is one of the major regulators of BP, and its positive stimulation
is associated with essential hypertension. In response to a low blood
volume, liver-produced angiotensinogen is converted to angiotensin I
by renal renin, which is further converted to active angiotensin II
peptide via pulmonary ACE. Angiotensin II moves to different target
organs via systemic flow and binds to its receptor AGTR1 to modulate
different pathways, such as secretion of aldosterone (via CYP11B
activation) and ADH from the adrenal and pituitary glands, respec-
tively, and eNOS uncoupling, causing reduced NO production in
arteries. Aldosterone causes the kidney to reabsorb sodium and water
from urine and excrete potassium, resulting in increased BP, while
high systemic ADH and low arterial NO act as vasoconstrictors to

An in vitro study using human cells [NCI H295R adreno-
cortical cells] illustrates that interleukin-6 (IL-6)-induced
hypomethylation of transcription start sites and enhancer-
binding sites leads to activation of angiotensinogen (AGT)
gene expression [68]. Aldosterone hormone regulates Na™
transport in renal collecting ducts to control water uptake,
blood volume and, therefore, BP. Aldosterone over-
expression leads to EH and CVD [60, 69]. Moreover, in
response to a high-salt diet, hypomethylation of the AGT
gene promoter supports AGT upregulation in rat visceral
adipose tissue, leading to hypertension [68]. In another
report, rat studies of a maternal low protein diet show that
elevated expression of the angiotensin receptor AT/B gene
in adrenal glands, due to hypomethylation of the ATIB
gene, promotes salt-responsive hypertension [70]. More-
over, as a master regulator of BP, angiotensin-converting
enzyme (ACE) converts angiotensin I to active angiotensin
I [35], a peptide with potent vasoconstrictive properties that
cause blood vessels to narrow, leading to higher BP. A
study by Fan et al. showed that aberrant methylation of the

elevate BP. Here, plus (green) and minus (red) signs represent positive
and negative regulation, respectively. b Diverse epigenetic determi-
nants can influence and participate in the regulation of BP by acti-
vating, or silencing, the master genes associated with RAAS. As
shown here, nearly all key RAAS genes are governed by one or
multiple epigenetic mechanisms, suggesting the importance of epige-
netic regulation in hypertension and the pathogenesis of related dis-
eases. RAAS renin-angiotensin-aldosterone system, BP blood pressure,
REN renin, AGT angiotensinogen, AGTRI angiotensin II type 1
receptor, ACE angiotensin-converting enzyme, CYPIIB cytochrome
P450 Family 11 Subfamily B, ADH antidiuretic hormone, eNOS
endothelial nitric oxide synthase, NO nitric oxide

ACE2 gene promoter may be associated with EH [71].
Interestingly, studies from rat (lungs and liver) and in vitro
models [such as human liver (HepG2), colon (HT29),
microvascular endothelial (HMEC-1), and lung (SUT) cell
lines] demonstrate that hypermethylation of the ACE gene
promoter results in its transcriptional repression, indicating
the epigenetic regulation of ACE-mediated hypertension
[35]. Similarly, during pregnancy, maternal protein defi-
ciency and concurrent hypomethylation of ACE result in
fetal hypertension and cognitive dysfunction [72]. Litwin
et al. demonstrated elevated mRNA expression of ACE and
repression of AGT in young individuals with hypertension
[73]. Additional human studies show that EH is associated
with hypomethylation of the angiotensin II type 1 receptor
(AGTR1) gene [74, 75]. Additionally, studies conducted in
SHRs reveal that hypertension during aging is related to
upregulation of angiotensin la receptor (Atgrla) gene
expression in endothelial cells induced by hypomethylation
of the Atgrla gene promoter [76]. Angiotensin II also
induces the secretion of antidiuretic hormone (ADH) from

SPRINGER NATURE
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the pituitary gland, which is well known for osmoregulation
and acts as a vasoconstrictor to increase BP [77]. Reports
show that the DNA methylation pattern of specific CpG
sites within the ADH gene promoter can affect ADH mRNA
expression in rat brains [78, 79]. Collectively, this evidence
suggests that ADH dysregulation from epigenetic mod-
ifications may affect BP and, as suggested by other studies
[80, 81], may also play a role in the onset of moderate
hypertension. Since stimulation of the sympathetic nervous
system (SNS) leads to alterations in the arterial BP-
regulating RAAS pathway [70], it is not surprising that
alterations in the methylation of associated genes, such as
AGT, renin (REN), ACE, and HSD11B2, are related to BP
levels. Similarly, alterations in the RAAS pathway lead to
changes in sodium reabsorption in the kidney, hyper-
methylation of sodium channel epithelial 1 alpha subunit
(SCNN1A) [82], and differential methylation of sodium
channel epithelial 1 beta subunit (SCNN1B) [83] in gene
promoters, all of which have been reported to be associated
with EH. Therefore, it is not surprising that genetic variants
and altered epigenetic regulation in the RAAS pathway
have been well established as having regulatory control
over EH. In addition, other studies have suggested that
scavenging of reactive oxygen species (ROS) can restore
endothelial function in animal models of hypertension and
atherosclerosis [84]. Endothelial nitric oxide synthase
(eNOS) plays a key role in arterial BP regulation by mod-
ulating vascular tone through the production of nitric oxide
(NO) in the vascular endothelium [85, 86]. Endothelial
dysfunction characterized by reduced NO production is a
hallmark of hypertension [86]. Studies reveal that eNOS
uncoupling (transforming eNOS into a pro-oxidant enzyme)
in angiotensin Il-treated mice significantly reduces aortic
NO synthesis, resulting in elevated BP [87]. In vitro studies
reveal that hypomethylation of the eNOS gene promoter is
responsible for activation of eNOS expression in human
endothelial cells [88], suggesting that epigenetic regulation
of eNOS contributes to human hypertension. In addition,
epigenetically regulated angiotensin II [35] activates nico-
tinamide adenine dinucleotide phosphate (NADPH) oxi-
dase, which causes ROS generation that may, in turn, result
in endothelial dysfunction [89] and, therefore, may be
associated with abnormal BP. Interestingly, other studies
reported that the major source of ROS in the right atrial
appendage of atrial fibrillation results from a rise in myo-
cardial NADPH oxidase activity, rather than eNOS uncou-
pling [90].

Aside from the abovementioned genes in the RAAS
pathway, several other documented genes are associated
with EH. For example, reports show that gestational
hypoxia induces promoter hypermethylation and resultant
estrogen receptor-a (ERa) gene silencing in sheep uterine
arteries, favoring an increased risk of pre-eclampsia [91].
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Similarly, offspring from vitamin D-deficient Sprague—
Dawley (SD) rats show signs of EH correlated with
hypermethylation of the Pannexin 1 (PANXI1) gene pro-
moter [92]. Genome-wide methylation studies conducted in
young African males using blood leukocytes reveal that the
sulfatase 1 (SULF1) gene is hypermethylated to regulate
chromatin activation/deactivation in EH patients [49].
Methyl CpG binding protein 2 (MECP-2)-mediated hyper-
methylation of the norepinephrine transporter (NET) gene
promoter leads to its repression, causing a blockage in
norepinephrine, a BP-regulating systemic catecholamine
[93], and dopamine transport to the presynaptic neuron,
leading to EH [94]. Moreover, during the early stage of pre-
eclampsia, hypomethylation of the promoter region of the
tissue inhibitor of metalloproteinases 3 (TIMP3) gene has
been documented [95]. Similarly, hypomethylation of the
Serine Protease Inhibitor A3 (SERPINA3) [96] and Cullin-7
(CUL7) [97] gene promoters is associated with hyperten-
sion during pregnancy. Hypomethylation of the a-adducin
(ADD1) gene promoter sequence was reported to be asso-
ciated with EH risk [98, 99]. Recently, Jin et al. showed that
mitofusin 2 (Mfn2), a gene that inhibits vascular smooth
muscle cell proliferation and is involved in BP regulation, is
downregulated in hypertensive patients with a concurrent
lower level of DNA methylation of the full-length Mfn2
gene [100]. Other similar studies in hypertensive patients
suggest that hypomethylation of genes such as proin-
flammatory cytokine /L-6 [101], immune receptor toll-like
receptors (TLRs) [102], and systemic inflammatory
response mediator interferon-y (IFN-y) [103] increases the
risk of EH. These studies also demonstrate an interesting
aspect of epigenetic regulation in that a CpG island could
have multiple differentially methylated CpG sites, from
which a certain cytosine methylation level could determine
the onset of EH [99-102] in an age-, sex- and therapy-
specific manner [83, 99, 101]. Similarly, Fan et al. reported
that differential methylation levels of the glucose metabo-
lism regulator glucokinase (GCK) gene are associated with
the onset of EH [104], suggesting that diabetes is a potential
risk factor for EH progression.

In summary, gene-specific DNA methylation and the
associated diverse range of biological pathways may play a
significant role in EH. For that reason, the epigenetic mar-
kers could be used to estimate the levels and the associated
risk of EH and, ultimately, its pathogenesis.

EH and Histone modification-mediated
epigenetic regulation

Post-translational modifications at genomic DNA N-
terminal histone tail sites (Fig. 2), such as methylation,
acetylation, phosphorylation, and ubiquitination, are
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important epigenetic regulators related to hypertension
[105-108]. Specific histone modification has a distinctive
effect on the corresponding chromatin dynamics, often with
comparable outcomes. For example, histone acetylation
mostly activates gene transcription, while histone deacety-
lation favors gene silencing. However, such a correlation is
not always true and is still controversial.

Histone lysine methylation at location 79 (H3K79)
represses gene transcription, while histone arginine methy-
lation enhances it. Hypermethylation of the histone lysine at
location 9 (K9) leads to gene repression, while its hypo-
methylation activates gene transcription [31, 109]. In these
modifications, interaction dynamics between histone tails
and epigenetic factors control the degree of DNA wrapping
around histones to regulate the transcription of the asso-
ciated genes. These dynamics can also create an interactive
site for chromatin-altering enzymes to activate specific gene
expression [110]. In addition, previous reports reveal that
epigenetic markers could be transgenerationally inherited
[111]. Accordingly, a recent report suggests the paternal
mode of histone-based epigenetic inheritance that deter-
mines the fertility of the future progeny [112], thus pro-
viding a potential mechanism to show how the paternal
epigenetic map may affect the development and health of
the offspring.

Examples of epigenetic Histone modifications in EH

Previous studies of hypertensive rats reveal that histone
modifications are associated with ACE[ upregulation [113].
Similarly, hypertensive offspring from lipopolysaccharide-
treated rats show ACEI gene overexpression associated
with histone H3 acetylation (H3Ac) in the promoter region
of ACEI [114]. Another related study using hypertensive
adult rats demonstrated downregulation of the HSD/IB2
gene associated with a decrease in H3K36 trimethylation
(H3K36me3), suggesting a role of histone modification-
mediated modulation of chromatin structure during hyper-
tension [62]. In vitro studies using human umbilical vein
endothelial cells (HUVECS) reveal that hyperacetylation of
H3K9 and H4K12 and di- and trimethylation of H3K4 at
the eNOS gene promoter result in upregulation of BP-
regulating eNOS gene expression [85, 86, 115]. This result
suggests that changes in eNOS mRNA levels in response to
histone acetylation may play a critical role in human EH.
Cho et al. reported that angiotensin II-triggered upregulation
of NKCCI mRNA and protein in rat aortas is correlated
with histone H3 and hypomethylation [116], suggesting that
epigenetic modifications regulate NKCCI transcription and
associated sodium renal reabsorption to affect BP. Dis-
ruptors of telomeric silencing (DOT) are associated with
hypertension [105]. In response to hydrochlorothiazide,
patients have shown a strong relationship between DOT1-

like histone H3K79 methyltransferase (DOTIL) and
hypertension [117]. Similarly, DOTIa interaction with Af9
(leukemia gene located at chromosome 9) induces H3K79
hypermethylation, causing repression of the renal epithelial
sodium channel (ENaC-a) gene, leading to maintenance of
normal/lower BP. However, aldosterone-mediated disrup-
tion of DOT1a-Af9 interaction leads to hypomethylation of
H3K79, resulting in ENaC-a gene activation and, finally,
high BP [118]. Mehrotra et al. showed that EH-mediated
end-organ damage, such as cardiac hypertrophy in salt-
induced hypertensive rats, is mediated by higher levels of
AcH4 and H3K4me3, but lower levels of H3K27me3 and
H3K9me3, in overexpressed atrial natriuretic peptide (ANP)
and brain natriuretic peptide (BNP) gene promoters [119].

Moreover, in addition to the kidneys, the central nervous
system (CNS) also contributes to histone modification-
mediated modulation of arterial BP. For example,
melatonin-induced neuronal H3 acetylation elevates BP in
the rostral ventrolateral medulla through an upsurge of
brainstem sympathetic outflow, causing EH [106]. Renal-
SNS governs high-salt-mediated hypertension. Renal-SNS
activation can induce high sodium retention and low reab-
sorption, systemic REN secretion, and reduced renal blood
flow [120, 121]. Furthermore, with-no-lysine kinase 4
(WNKH4), a serine-threonine kinase, a negative regulator of
Na™—Cl~ cotransporter (NCC), and the epithelial Na™
channel play a key role in maintaining normal BP by
decreasing sodium reabsorption in the renal distal con-
voluted tubule [122]. WNK4 gene downregulation and salt-
sensitive hypertension in rodents [123, 124] are associated
with histone modifications [125-128]. Moreover, Mu et al.
reported that salt-induced histone H3 and H4 acetylation
leads to glucocorticoid receptor-mediated WNK4 repression
and that concurrent NCC overexpression leads to salt
retention and subsequent onset of hypertension [123].
Similarly, high-salt diet-mediated hypertension in rodents is
associated with lysine-specific demethylase-1 (LSD1) defi-
ciency and associated hypermethylation of H3K9 [107].

In conclusion, similar to other epigenetic markers, his-
tone methylation and acetylation can modulate chromatin
dynamics and, hence, related gene expression. However,
despite the emerging tools and techniques, the development
of epigenetic histone marker-based diagnostic and prog-
nostic methods for human EH is challenging, partly due to
the extremely dynamic nature of histone modifications.

EH and miRNAs

Several noncoding RNAs (ncRNA) are implicated as epi-
genetic regulators of hypertension and associated target
organ damage. ncRNAs (such as miRNAs, small RNAs,
and long or large RNAs) act as gene regulators [129, 130].
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Moreover, ncRNAs can also modulate DNA methylation
and histone modifications to regulate gene expression in
mammals [111, 130], thus suggesting the relationship
between ncRNAs and epigenetics.

Among ncRNAs, miRNAs are evolutionarily conserved,
noncoding eukaryotic RNAs consisting of ~21-26 nucleo-
tides that can substantially influence the expression of
numerous genes through mRNA degradation and translational
inhibition [131, 132]. Based on rodent and human studies,
numerous miRNAs have been implicated as regulators of the
CV system [133, 134], as well as modulators of arterial BP
[135], thus emerging as potential biomarkers and therapeutic
targets in various CV diseases, including EH.

Examples of miRNA contributions to EH

As mentioned above, among the major BP-regulating
pathways, RAAS is a well-known pathway in which
angiotensin Il regulates fluid homeostasis and BP by
aldosterone stimulation. RAAS-regulated AGT gene-
mediated expression of microRNA-21 (miR-21) induces
aldosterone secretion in human adrenocortical cells under
in vitro conditions, suggesting the possible role of miR-21
in hypertension in humans [136]. Accordingly, evidence
shows the close association between miR-21 and
hypertension-mediated target organ damage [137]. Both
miR-27a and miR-27b downregulate ACEI gene expres-
sion, while miR-330 is reduced to upregulate angiotensin II
type-2 (AT2) receptor gene translation to alter the RAAS
pathway in the malnourished fetal brain [72]. Similarly, an
in vitro study using HUVECs showed that miR-155
downregulates AGTRI mRNA, which is associated with
severe EH [138]. Another human study reported that miR-
181a and miR-663 targeting REN mRNA were under-
expressed in the kidneys of an EH patient [139]. Robertson
et al. showed that miR-24 regulates the expression of
aldosterone synthase genes CYP1IBI and CYP11B2, along
with the production of cortisol and aldosterone [59], which,
as previously noted, have an essential role in BP regulation.

In addition, using an in vitro system, miR-124 and miR-
135a have been shown to target mineralocorticoid receptor,
nuclear receptor subfamily 3 group C member 2 (NR3C2), a
gene associated with RAAS that is involved in familial
hypertension [140]. Moreover, a genetically hypertensive
mouse model (BPH/2J) and hypertensive patients show
downregulation of miR-181a and concurrent overexpression
of REN [139, 141]. In response to a high-salt diet, SHR model
studies revealed that downregulation of renal miR-24 and
miR-34a and upregulation of their target uncoupling protein 2
(UCP2) gene and protein expression may help to prevent EH
and associated oxidative renal damage [142]. Ling et al
reported the correlation between hypertension and miR-320
[which targets insulin growth factor-1 receptor (IGF1R)],
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miR-26b [which targets phosphatase and tensin homolog
(PTEN)], and miR-21 (which targets PTEN) in salt-induced
arterial hypertensive rats [143]. Another human study
revealed that miRNAs associated with arterial remodeling are
closely related to EH [144]. In contrast to healthy subjects, a
hypertensive patient’s PBMCs demonstrated downregulation
of miR-133, miR-143, and miR-145, but upregulation of
miR-1 and miR-21, in association with abnormal BP [144].
Moreover, European population studies have shown that
NPPA, the gene expressing ANP, is correlated with BP reg-
ulation in humans. In response to a high-salt diet, miR-425
downregulates NPPA, leading to ANP underproduction and
salt overload during hypertension [145]. In addition, placentas
from preeclamptic pregnancies show 34 differentially
expressed miRNAs, including miR-210 and miR-155 [146],
which may contribute to the pre-eclampsia phenotype. In
HUVECs obtained from pregnant women with severe pre-
eclampsia, this is further explained by the report suggesting
that AGTRI expression regulating miR-155 is downregulated,
thus influencing BP levels [138]. Recently, Wang et al.
identified several miRNAs and their target genes in a hyper-
tensive patient’s kidney, including miR-21 [targeting col-
lagen, type XII, alpha 1 (COL12A1) and asporin (ASPN)],
miR-30e, and miR-374b [targeting sodium voltage-gated
channel alpha subunit 2 (SCN2A)] [147]. Recently, Zhang
et al. demonstrated that miR-199a, miR-208a, and miR-122
are associated with human hypertension and that dysregula-
tion of these miRNAs could increase the risk of hypertension
[148]. Another study in South African women showed a
significant decrease in miR-222 and an increase in miR-29a
and 18la during pre-eclampsia [149]. Fanfan et al. reported
that miR-506 is elevated in the peripheral blood of hyper-
tensive patients and is associated with vascular endothelial
injury by targeting Beclinl (BECNI1) expression [150].
Similarly, Krishnan et al. observed the upregulation of miR-
510 in the peripheral blood of hypertensive patients, which
may be regulated by DNA methylation [151]. In addition,
Liao et al. reported the significant upregulation of BP-
regulating L-type voltage-gated Ca*>" channel (LTCC) alC
subunit expression in SHR hypertensive arteries with con-
comitant downregulation of miR-328 [152], demonstrating
the epigenetic regulation of EH.

Overall, complex genetic and metabolic signaling during
EH suggests that numerous miRNAs may be involved in the
regulation of key genes. Thus, based on current under-
standing, miRNAs may be used as novel biomarkers for EH
pathogenesis, with future clinical implications.

Conclusion and future direction

As suggested by the above-listed evidence (Table 1) and
different databases (Supplementary data 1), EH is a
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polygenic disease, and most of the EH-related genes are
finely regulated via different epigenetic mechanisms, such
as DNA methylation, post-translational histone modifica-
tions, and miRNAs. In light of the current literature, it is
worth mentioning that most of the EH-related organs/cells
and genes are affected by one or more types of epigenetic
regulation. For example, most of the genes related to EH
have CpG sites (DNA methylation) and are targeted by
different miRNAs, and they may or may not be affected by
other epigenetic markers (Fig. 4; Supplementary data 1).
Overall, the combined effect of all these epigenetic changes
appears to indicate tremendous potential of the growth of
the field of EH diagnostics and therapeutics.

In agreement, utilizing cutting-edge technologies such as
large-scale GWAS and EWAS, it is now possible to test
numerous genetic and epigenetic variants across the human
genome in any disorder, including EH. Using the same
approach, several novel BP loci have been reported [17],
and additional data are expected to add more common/rare
variants to the recent literature to further enhance our cur-
rent understanding. Similarly, the rapid growth of the
modern epigenetic field has guided us toward several
other EH-associated heritable variations. Therefore, the
combined mechanistic awareness of genetic and epigenetic
regulators will aid in the exploration of EH pathogenesis as
scientists search for new therapeutic targets to develop
innovative future personalized medicine to achieve pro-
mising clinical outcomes. Furthermore, the ability to
explore genomic data through the use of new advanced
techniques, such as whole genome and exome sequencing,
can aid in efficiently examining the genomic regulatory
regions and associated epigenetic markers affecting variants
involved in EH. These approaches will also provide the
significant potential to explore beyond the single variant
risk model to simultaneously study multiple risk variants of
EH. Overall, a clear understanding of EH risk factors in the
form of genetic and epigenetic markers will be critical for
the development of patient-centric and personalized
approaches to therapy.
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