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Epigenetics is defined as the heritable alterations of gene expression without changes to
the coding sequence of DNA. These alterations are mediated by processes including DNA
methylation, histone modifications, and non-coding RNAs mechanisms. Vascular aging
consists of both structural and functional changes in the vasculature including
pathological processes that drive progression such as vascular cell senescence,
inflammation, oxidation stress, and calcification. As humans age, these pathological
conditions gradually accumulate, driven by epigenetic alterations, and are linked to
various aging-related diseases. The development of drugs targeting a spectrum of
epigenetic processes therefore offers novel treatment strategies for the targeting of
age-related diseases. In our previous studies, we identified HDAC4, JMJD3, Fra-1, and
GATA4 as potential pharmacological targets for regulating vascular inflammation, injury,
and senescence.
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INTRODUCTION

In the 19th century, the father of modern medicine William Osler stated, “a man is only as old as his
arteries.” During vascular aging, pathological processes drive changes in the structure and function
of blood vessels including dysregulation in vascular homeostasis and vascular remodeling, leading to
lumen dilation, vascular stiffness, and thickening. At the molecular level dysregulation in vascular
homeostasis is promoted by vascular cell senescence, widespread inflammation, oxidation stress,
and calcification (Ding et al., 2018). It is now widely recognized that vascular aging is intimately
linked with cardiovascular diseases (CVD) including atherosclerosis (AS), hypertension, coronary
heart disease, and stroke (Lakatta and Levy, 2003b). Aside from high mortality rates, CVD also leads
to reduce quality of life in afflicted individuals and high burden on society and families (Van
Camp, 2014).

Epigenetics is defined as processes that governs the expression of a gene(s) without altering the
sequence of coding DNA. These heritable changes in expression are controlled by distinct chemical
modifications to bases present in DNA including DNA methylation and histone modification in
in.org September 2020 | Volume 11 | Article 5353951
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addition to non-coding RNA (ncRNA) mechanisms. In healthy
tissues, normal gene expression occurs as a result of interactions
between genetic and environmental factors viz. smoking, obesity,
or alcohol consumption, which can cause dysregulation in
cellular homeostasis, having negative impacts on health.
Epigenetics changes can explained many of the interaction
between genes and environment cues and can explain altered
risk of developing diseases in humans (Feinberg, 2018). Indeed, as
age increases the cumulative effects of stress and environmental
impacts promotes the gradual accumulation of epigenetic changes
in tissues. These epigenetic changes could serve by increasing an
individuals susceptibility and risk of developing chronic diseases.
Fortunately, many of these epigenetic modifications can be
reversed, and targeting the respective enzymes that control
methylation or histone modifications has been proposed as
useful drug target in the treatment of age-related diseases.
Therefore, in the current review, coverage of vascular aging and
associated epigenetics processes will be covered. In addition, a
summary of the main pathological drivers of vascular cell
senescence, inflammation, oxidation stress, and calcification will
be provided. A better perspective of epigenetic changes that occur
during vascular aging will help to better understand the process of
vascular damage that occurs with age. This information could be
used to better development therapeutics or strategies to delay or
treat aging-related cardiovascular diseases (Sen et al., 2016).
Frontiers in Pharmacology | www.frontiersin.org 2
VASCULAR AGING

Vascular aging is characterized by changes in both structural and
functional elements associated with blood vessels. Over the course
of time, vascular aging leads to lumen dilation, vascular stiffness,
and thickening, these changes being largely driven by pathological
processes including vascular cell senescence, widespread
inflammation, oxidation stress, and tissue calcification (Ding
et al., 2018). The structural and functional changes of blood
vessels that occurs during vascular aging are shown in Figure 1.

Structural Changes
Blood vessels (excluding capillaries) are composed of distinct
anatomical features comprising the intima, media, and
adventitia. The intima is largely composed of endothelial cells
(ECs) and is the first defensive layer important in mitigating the
development of vascular diseases. The media consists of vascular
smooth muscle cells (VSMCs), elastic fibers, and extracellular
matrix, and the adventitia, the outermost layer, is composed of
loose connective tissue. This region is consists of thick collagen
fibers and disordered elastin fibers. It is widely known that during
aging, significant change occur in the intima, and this alters the
function properties of this layer and, importantly, how the intima
interacts with adjacent regions like the media (Lakatta et al., 2009).
These changes promote altered responses to luminal dilation,
FIGURE 1 | The structure and functional changes of blood vessels. EC, endothelial cell; VSMC, vascular smooth muscle cell; AGEs, advanced glycation end
products; ROS, reactive oxygen species.
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vascular stiffness, and the thickening of blood vessels. Indeed,
research has shown that the diameter of the aorta of elderly people,
those over 65 years of age, increases by 15–20% compared with
that of tissues from younger individuals (Lakatta, 2003). In
addition, increased thickening of the arterial wall, largely driven
by thickening of the arterial intima and media (Lakatta and Levy,
2003a), is associated with increased abundance of hypertrophic
smooth muscle cells. Other common structural changes associated
with aged blood vessels include elastin breaks, increased collagen
abundance, and elevated levels of advanced glycation end products
(AGEs). Combined these changes have a dramatic impact on the
severity of vascular aging (Lakatta, 2003; Lakatta and Levy, 2003a).

Functional Changes
Increased arterial stiffness, decreased arterial compliance (AC),
reductions in vascular repair, and diminished capacity to control
processes like angiogenesis are important features of aging blood
vessels. Arterial stiffness and decreased AC can be attributed to
smooth muscle cell hypertrophy, arterial calcification, and ECM
remolding. One of the key reasons for the decline in the ability of
vessels to repair tissue damage is thought to be due to vascular
endothelial cell senescence (Lakatta and Levy, 2003a; Novella
et al., 2012).

Pathological Process During Vascular
Aging and Cardiovascular Diseases
Aging blood vessels promote the development of vascular diseases
and in turn accelerates the process of vascular aging. Numerous
epidemiological studies indicate that lipid levels, diabetes, sedentary
lifestyles, and various genetic factors increase the risk of coronary
heart disease, hypertension, heart failure, and stroke. Underpining
these changes are distinct biochemical and physiological changes
that drive changes in the cardiovascular system. In recent times, the
conventional cardiovascular continuum (CCC) in 2006 (Dzau et al.,
2006a; Dzau et al., 2006b) has proposed that CVD begins with risk
factors and progresses to terminal stage cardiac disease through a
series of steps. The main characteristics of CCC are viewed as
coronary artery atherosclerosis (AS), leading to coronary stenosis,
and myocardial ischemia and myocardial infarction. However, one
aspect not considered by the CCC criteria is the role of aging,
especially vascular aging in the occurrence and development of
CVD. Therefore, in 2010, the aging cardiovascular continuum
(ACC) suggested that a key component of CVD should include
aging (O’Rourke et al., 2010). Therefore, the ACC describes the
stages of cardiovascular disease (CVD) as vascular aging, which
promotes aorta dilation and sclerosis. In turn, these pathoglogical
changes lead to heart failure, terminal stage cardiac disease, and
death. In essence, the basic characteristics proposed by the ACC are
the progressive degradation of the proximal aorta with arterial
dilatation and sclerosis that has an adverse effects on the heart. If we
consider that aortic pulsation, then the repetitive stretching and
relaxation of arteries has occured 3 billion times in elderly people
over 80 years old; it is clear that aging is an important factor in this
process. As such, aging should be viewed as a risk factor for CVD,
since it explains 50% of all clinical CVD cases in senior citizen
(Cunha et al., 2017).
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Vascular aging and CVD have several common pathological
features when viewed at the molecular and cellular levels viz.
increased oxidative stress, a pro-inflammatory environment,
dysregulation in cell signaling, and altered response to
infiltrating immune cell types. These feactures, as mentioned,
provide sufficient conditions in the aged artery for the
development of cardiovascular disease. For example, arterial
aging and atherosclerosis have similar structural and
biochemical characteristics. Indeed, research has shown that
abnormal plasma cholesterol levels of young people is related
to arterial wall thickening, VSMCs, collagen proliferation, and
collagen deposition. These changes are similar to those observed
in elderly people with altered cholesterol levels (McGill et al.,
2008; Wang et al., 2010a). However, some animal studies show
that plasma lipid levels do not change with aging; however, the
prevalence, severity, and negative impact of atherosclerosis still
increase in aged animals (Eto et al., 2008). These observations
suggesting other molecular events are also important in driving
CVD. One clue then may be that many proteins that are highly
expressed in atherosclerotic tissues are also increased in aging
arterial walls such as MFG-E8 and MMPs (Fu et al., 2009).

The pathological processes assocociated with vascular aging
are characterized by vascular cell senescence, widespread
inflammation, oxidation stress, and calcification, and these
processes are summarized in Figure 2. As ECs age, the cells
become flattened and enlarged, the rates of proliferation is
diminished, and rates of apoptosis increased. In addition,
enrichment of the surrounding environment with inflammatory
mediators including interleukins-6 and tumour necrosis factor-a
results in the decreased ability to control vascular repair and
angiogenesis. Similalrly, the numbers of hypertrophic VSMCs
begin to increase, as do the rates of cell proliferation and
migration, and combined, this cellular transition drives
extracellular matrix (ECM) remolding. Critically, as rates of
inflammation increases over time, so do changes in cell
populations of EC and VSMCs, and this, in turn, stimulates
vascular aging and ultimately the endothelium damage. A widely
recognized key driver of chronic inflammation in the
vasculariture, especially during aging, is the renin-angiotensin II
(Ang II) signaling pathway. Changes in this signaling system
initiates a cascde of events leading to the activation of
downstream pro-inflammatory transcription factors like nuclear
factor kappa beta (NF-kB), the production of reactive oxygen
species (ROS) leading to oxidative damage, and the induction of
endoplasmic reticulum (ER) stress. ER and sarcoplasmic
reticulum are important pools of calcium; therefore, this could
promote dysregulation in Ca2+ signaling. Collectively, these
molecular events accelerate vascular remodeling (Cavallaro et al.,
2000; Lakatta et al., 2009; Wang et al., 2010a; Wang et al., 2010b;
Krebs et al., 2015). Under normal physiological conditions, ROS
are produced in the vascular system through two routes, the
mitochondrial and non-mitochondrial pathways. Importantly, in
healthy or younger cells, oxidative stress is controlled by cells
having the capacity to remove excess ROS via antioxidant system,
and this could potentially reduce the rates of oxidative damage to
mtDNA, respiratory chain complex proteins, and other important
September 2020 | Volume 11 | Article 535395
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cellular components, therefore maintaining adequate cellular and
tissue redox homeostasis (Kadlec et al., 2016). However, during
aging, mitochondrial function can diminish, and this results in a
cumulative increase of mitochondrial damage and excessive ROS
production. Consequently, increased levels of ROS are generated
via active oxygen release mechanism, resulting in further damage
to the mitochondrial outer membrane and causing membranes to
rupture, intracellular calcium overload, DNA damage, and the
release of pro-apoptotic proteins like cytochrome C. This cascade
ultimately leads to the induction of apoptosis or necrosis and
further amplifies damage to aged or aging tissues fueling age-
related degenerative diseases (Mikhed et al., 2015).

Tissue calcification is also common in the aged cardio-
vascular system, and researchers have demonstrated that
senescent VSMCs are associated with a calcification phenotype.
Aging VSMCs produce appreciable levels of calpain-1, and these
promote blood vessels calcification, a process commonly referred
to as biomineralization (Jiang et al., 2012). Calcification activates
tissue transglutaminase (TG2) and upregulates calcification
promoter genes such as the osteoblast transcription factor
Runt-related transcription factor 2 (Runx2) and bone
Frontiers in Pharmacology | www.frontiersin.org 4
morphogenetic protein-2 (BMP-2). These systems participate
in driving arterial calcification and sclerosis in the aging blood
vessel wall. It is now realized that vascular calcification is an
important cause of the increase in the incidence and mortality of
cardiovascular diseases (Leopold, 2013) and that calcification,
VSMCs hypertrophy, ECM remolding promote arterial stiffness
and decreased AC.
EPIGENETIC CONTROL OF GENE
EXPRESSION

Epigenetics is the heritable alterations of gene expression
without changing the DNA sequence and determines whether
a gene is turned on or off (Handy et al., 2011). Mounting
evidence shows that epigenetic mechanisms play an important
role in phenotypes and behavioral changes. Indeed, these
mechanisms go someway to explain why twins who grew up in
different locations and under differing environmental conditions,
yet having the same genetic background, can have differences in
lifespans or altered risks of chronic diseases such as diabetes or
FIGURE 2 | Pathological process during vascular aging. Pathological process promote the development of vascular aging and vascular aging accelerates the
pathological process. EC, endothelial cell; VSMC, vascular smooth muscle cell; ECM, extracellular matrix; CVD, cardiovascular diseases.
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hypertension (Fraga et al., 2005; Tan et al., 2013). Similarly,
dietary influences like caloric restriction can delay the occurrence
of age-dependent diseases via epigenetic mechanisms. Again,
these examples exemplify the intimate association between how
environmental factors can drive changes in epigenetic events that
control gene expression (Maegawa et al., 2017).

DNA Methylation
DNA methylation, the direct addition of a methyl group to the
5th carbon atom of cytosine, is one the most widely recognised
epigenetic mechanims known to regulate gene expression. CpG
islands, characterized as short interspersed DNA sequences that
are GC-rich regions. In mammalian cells, most of these CpG
regions can be methylated (Jeltsch, 2008). Importantly, de novo
DNA methylation status is governed by a family of enzymes
known as DNA methyltransferases that include DNMT3a and
DNMT3b, along with DNMT1 that is important during
replication (Okano et al., 1999). The activities of these enzymes
are readily influenced by environmental cues making DNA
methylation a dynamic process in cells and tissues (Tsaprouni
et al., 2014). Generally speaking, high methylation rates in the
gene promoter region of genes inhibit gene expression.
Inhibition in this instance is caused by altered (reduced)
transcription factors binding to promoters consensus regions
or by reducing the recruitment of chromatin modifying enzymes
(Kohli and Zhang, 2013). To date, a wide range of abnormal
DNA methylation patterns have been characterized in aged cells,
with many seen in various age-related diseases (Hai and
Zuo, 2016).

Histone Modifications
Histone modifications is another important epigenetic
mechanism that regulates gene transcription by changing how
histones proteins interact with DNA. Changes in DNA histone
interactions is important in controlling gene expression during
processes such as replication, transcription, and repair. Common
mechanisms of histone modification include methylation,
acetylation, phosphorylation, and ubiquitination. Unlike DNA
methylation, the effect of histonemodifications on gene expression
may vary due to the specific type of chemical modifications
(Shahbazian and Grunstein, 2007). Enzymes that regulate
histone modifications include histone deacetylase (HDAC),
histone methyltransferase, and histone acetyltransferase, and it is
widely known that these enzymes play an important roles in the
process of vascular aging (Calvanese et al., 2009).

ncRNA Mechanisms
ncRNA is RNA that lacks the capacity to code for a protein.
Examples of ncRNA include microRNA (miRNA), long ncRNA
(lncRNA), and small interfering RNA (siRNA). Although
ncRNA has no direct affect on chromatin structure, it does
play an important role in post-transcriptional control of gene
expression (Gurha and Marian, 2013). Genome-wide RNA
sequencing shows that ncRNAs are differentially expressed in
both senescent and normal cells (Wu et al., 2015; Anderson
et al., 2016).
Frontiers in Pharmacology | www.frontiersin.org 5
DO EPIGENETICS MECHANISMS
CONTRIBUTE TO VASCULAR AGING?

The following introduces the pathological steps that are involved
in the epigenetic regulation of vascular aging. A summary of
these events and epigenetic targets are shown in Table 1.

Are Epigenetic Mechanisms Involved in
the Regulation of Vascular Cell
Senescence?
NAD-dependent deacetylase sirtuin-1 (SIRT1), is the most
thoroughly studied member of the Nuclear-localized type III
histone deacetylases (Situin) family. This protein is involved at
multiple levels during the stages of vascular aging, and plays an
important role vascular cell senescence as demonstrated by the
following observations: (1) the expression of SIRT1 in VSMCs of
mice is decreased with advancing age; (2) smooth muscle-specific
knockout of SIRT1 in animals promotes Angiotensin II (Ang II)
induced vascular senescence (Chen et al., 2016); (3) SIRT1 is
important in the deacetylation of histone H4K16, and that this
process inhibits senescence of ECs and is protective against
vascular aging (Wan et al., 2014); (4) SIRT1 can increase ECs
Kruppel-like factor 2 (KLF2) expression, which causes vascular
ECs to enter a “vaso-protective” state (Gracia-Sancho et al.,
2010); (5) energy restriction promotes increased SIRT1
expression in VSMCs and tissues and fights abdominal aortic
aneurysm (Liu et al., 2016); and finally, (6) nuclear-localized
SIRT6 protects telomeres in vascular ECs, tempering reductions
in replication capacity and premature cell senescence following
DNA damage (Cardus et al., 2013).

ncRNAs, especially miRNAs, are involved in vascular cell
senescence. miRNAs are short single-stranded ribonucleic acids
that can negatively regulate gene expression by base-pairing to
target mRNA and causing mRNA cleavage or translation
repression (Carthew and Sontheimer, 2009). For example, the
expression of miR-217 in ECs is seen to increase with age and can
inhibit the expression of SIRT1. Subsequent reductions in the
expression of SIRT1 increases the levels of senescent and
dysfunction ECs. Interestingly, miR-217 inhibition reportedly
slows the rates of cellular senescence in ECs (Menghini et al.,
2009). Similarly, miR-145 and miR-143 can regulate the
phenotypic transition of smooth muscle cells during vascular
aging and during the differentiation of smooth muscle. The miR-
143 and miR-145 work together targeted transcription factors
network, such as Klf4 (Kruppel-like factor 4) and myocardin and
Elk-1 (member of ETS oncogene family) and, on the one hand,
form a positive feedback mechanism to promote the
differentiation of smooth muscle cells, and on the other hand,
repress the proliferation of smooth muscle cells (Cordes et al.,
2009). The lncRNA H19 is expressed in the adult endothelium
and is reduced with advanced age. H19 inhibits the STAT3
signaling pathway, a key pathway regulating endothelial cell
senescence (Hofmann et al., 2019). Other lcRNAs such as
MEG3 prevent miR-128–dependent Girdin down regulation
and inhibits vascular endothelial cell senescence (Lan et al.,
2019). More recently, our research group has shown that Fos-
September 2020 | Volume 11 | Article 535395
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related antigen 1 (Fra-1) plays an important role in Ang II–
induced vascular senescence. Fra-1 expression is dramatically
increased in Ang II–induced rat aortic endothelial cell (RAEC)
senescence (Yang et al., 2019).

Epigenetic Regulation of Inflammation in
Vascular Aging
Typically, an individuals inflammatory status increases with
age (Fulop et al., 2018). Studies on the methylation patterns in
the human genome have shown that hypermethylation of
DNA appears to correlated with chronic inflammation associated
with many aging-related diseases (Cutolo et al., 2014). For example,
in pathophysiological conditions such as atherosclerosis,
Frontiers in Pharmacology | www.frontiersin.org 6
hypomethylation of the promoter region of monocyte
chemoattractant protein-1 (MCP-1) leads to increased expression
of MCP-1 and promotes the recruitment of inflammatory cells
accelerating the disease process (Liu et al., 2012).

In other research, the activation of SIRT1 in smooth muscle
cells reduces the stiffness of blood vessels; a process associate
with crosstalk with the NF-kB inflammatory signaling pathway
and the inhibition of inflammatory signaling (Fry et al., 2016).
Loss of functional SIRT1 resulted in hyperacetylated of NF-KB
and drives increased transcription of pro-inflammatory genes.
Similarly, cytoplasmic SIRT2 induces the deacetylate of p65
Lys310 and regulates NF-kB–dependent gene expression viz.
reduces transcription of pro-inflammation genes (Rothgiesser
TABLE 1 | Vascular aging related epigentics targets.

Targets Major findings Effects References

SIRT1 Decreases in VSMC of aged mice Enhance vascular inflammation (Chen et al., 2016)
Deacetylate histone H4K16 Improves the function of endothelial cells (Wan et al., 2014)
Increase ECs KLF2 expressions Vaso-protective (Gracia-Sancho et al., 2010)
Increased by energy limitation Fight abdominal aortic aneurysm (Liu et al., 2016)
Activation by SIRT1 activators Inhibit vascular remodeling, stiffness and calcification (Takemura et al., 2011; Winnik

et al., 2015; Fry et al., 2016; Badi
et al., 2018)

SIRT2 Deacetylate p65Lys310 Regulates inflammmation via NF-kB-dependent gene
expression

(Rothgiesser et al., 2019)

SIRT3 Missing will lead to the high acetylation and
inactivation of SOD2

Leading to an imbalance of redox homeostasis in blood
vessels

(Dikalova et al., 2017)

SIRT6 Protect telomere Avoiding premature cell senescence caused by DNA
damage

(Cardus et al., 2013)

HDAC3 Inhibit the activation of macrophages Lacking HDAC3 will be easily activated by IL-4 and
accelerate blood vessel’s inflammation

(Mullican et al., 2011)

HDAC4 Deacetylate FoxO3a Regulates vascular inflammation via activation of
autophagy

(Yang et al., 2018)

JMJD3 Deficiency of JMJD3 and Nox4 prohibits
autophagic activation

Attenuates neointima and vascular remodelling following
carotid injury

(Luo et al., 2018)

Fra-1 Directly binding and transcriptionally activating
p21 and p16 signaling

Promoting vascular aging (Yang et al., 2019)

GATA4 Directly binding to the the angiogenic factors
VEGFA and VEGFC promoter and enhancing
transcription.

Regulates Angiogenesis and Persistence of Inflammation (Jia et al., 2018b)

MCP-1 Hypomethylation of the promoter region in
atherosclerosis

Increases the expression of MCP-1, promotes the
recruitment of inflammatory cells

(Liu et al., 2012)

eNOS Hypermethylation of promoter region appears in
pathological conditions

Inhibiting the expression of eNOS and NO production (Chan et al., 2004)

p66Shc Contains a large number of methylation
modification sites

Modifying the methylation level to regulate the gene
expression in order to control mitochondrial produce
hydrogen peroxide

(Ventura et al., 2002; Cencioni et al.,
2013)

miR-217 Combined with the (3’-UTR) of SIRT1 to inhibit
the expression of SIRT1

Causing senescence and dysfunction of ECs (Menghini et al., 2009)

miR-143/miR-
145

miR-143 and miR-145 are activated in
differentiated smooth muscle cells

Inhibits the proliferation of smooth muscle cells (Cordes et al., 2009)

miR-210 Reduce the overproduction of ROS Regulates oxidation stress (Ma et al., 2018)
miR-135a/miR-
714/miR-762/
miR-712

Inhibit the outflow of calcium ions by disrupting
Ca2+ efflux proteins NCX1, PMCA1, and NCKX4

Promote VSMC calcification (Gui et al., 2012)

Long non-coding
RNA H19

Decreased expressed along with aging in the
adult endothelium

Inhibits STAT3 signaling pathway to regulate endothelial
cell senescence

(Hofmann et al., 2019)

Long noncoding
RNA MEG3

Impairing miR-128-dependent girdin down
regulation

Prevents vascular endothelial cell senescence (Lan et al., 2019)
September
SIRT, type III histone deacetylases (Sirtuin); VSMC, vascular smooth muscle cell; H4K16, histone4 Lysine16; KLF2, endothelial cells Kruppel-like factor 2. SOD2, superoxide dismutase 2;
HDAC, histone deacetylase; FoxO3a, Forkhead boxO3;MCP-1, monocyte chemoattractant protein-1; P66Shc, member of Shc (src homology and collagen homology) family; 3’-UTR, 3’-
untranslated region; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; ROS, reactive oxygen species; JMJD3, histone demethylase; GATA4, a member of GATA zinc-finger
transcription factor family; Fra-1, Fos-related antigen1; NF-kB, nuclear factor kappa-B; miR, micro RNA; NCX1, Na+-Ca2+ exchanger isoform 1; NCKX4, Na+/K+/Ca2+-exchange protein 4;
PMCA1, plasma membrane calcium ATPase 1; STAT3, signal transducers and activators of transcription.
2020 | Volume 11 | Article 535395

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Ding et al. Epigenetic Targets and Vascular Senescence
et al., 2019). These finding showing that acetylation status of NF-
kB is an important driver of rates of inflammation in cells and
tissues. Additional support comes from the knowledge that the
inhibition of histone deacetylases (HDAC) increases tumor
necrosis factor a (TNF-a) levels, the activation of the NF-kB
signaling pathway, and resultant increase in IL-8 expression
(Ashburner et al., 2001). Other members of the HDAC family
such as HDAC3 have been shown to inhibit the activation of
macrophages. In macrophages lacking HDAC3, there is an
increased response to stimulation by interleukin 4 (IL-4) that
likely drives increased rates of inflammation in blood vessel
leading to aging (Mullican et al., 2011). In addition, our research
on vascular aging points to a possible role of HDAC4 in
mitigating inflammatory responses in the vascular system.
HDAC4 appears to play an essential role in vascular
inflammation by regulates Ang II–induced autophagy via the
activation of FoxO3a deacetylation (Yang et al., 2018), work
recently communicated as an editorial focusing on
cardiovascular epigenetics (Tarun and Antoniades, 2018).
Additional research from our group has identified histone
demethylase Jumonji domain-containing protein 3 (JMJD3) as
a key epigenetic regulator of the inflammatory response in cells
(Liu et al., 2018). JMJD3 playing a pivitol role in rheumatoid
synovial hyperplasia in rheumatoid arthritis (RA) (Jia et al., 2018a;
Wu et al., 2019). Moreover, evidence also points to potential roles
for JMJD3 in vascular remodeling (Luo et al., 2018) and in the
regulation of the transcription factor GATA4. GATA4 functioning
in inflammation persistence and angiogenesis in rheumatoid
arthritis (RA) (Jia et al., 2018).

Other mechanisms linking epigenetic processes and
inflammatory status include the ncRNA molecule, miR-155.
miR-155 is a positive regulator of vascular inflammation, and
is abundant in activated macrophages and monocytes, and
potentially leaves blood vessels in a chronic inflammatory state.
Increased levels of miR-155 induce the expression of MCP-1, and
could encourage the recruitment of monocytes to vascular tissues
thus exacerbating the inflammatory response (Wu et al., 2014).
In contrast, miR-194 has opposing effects in that this miRNA can
inhibit inflammation. While the mechanisms for this still
required additional research, it is known that miR-194
overexpression can inhibit tumor necrosis factor receptor-
associated factor 6 (TRAF6), and this reduces the production
of monocyte inflammatory factors (Tian et al., 2015).

Regulation of Oxidation Stress in
Vascular Aging
Links between vascular aging, DNA methylation patterns and
oxidative stress are also seen in blood vessels. Regulation in the
expression of endothelial nitric oxide synthase (eNOS), which
encodes an endogenous nitric oxide synthase and is a source of the
vasoactive molecule nitric oxide (NO), is altered by methylation
status. Lower methylation patterns in the promoter region of
eNOS allow for gene transcription and is therefore important in
the production of NO and associated physiological processes
involving this gaseous signaling molecule. In pathological
situations hypermethylation in the eNOS promoter region
Frontiers in Pharmacology | www.frontiersin.org 7
inhibits eNOS expression and causes diminished levels of NO
(Chan et al., 2004). Other proteins such as p66Shc, a protein
associated with endothelial dysfunction, are also regulated via
methylation status. The p66Shc protein is important in signaling
systems linked to the production of hydrogen peroxide (H2O2),
and the gene encoding for this protein is known to contains a large
number of methylation sites. Modification of the methylation
pattern is thus seen as a means to control the expression of this
protein (Ventura et al., 2002; Cencioni et al., 2013).

Potential roles of SIRT1 in mitigating oxidative stress in
smooth muscle cells has recently been proposed and suggested
to be important in reducing blood vessels stiffness (Fry et al.,
2016). Similarly, expression of SIRT3 a protein known to decline
in tissues by as much as 40% by the age of 65 also appears to be
important in mitigating oxidative stress. In cells lacking SIRT3,
the activity of the mitochondrial antioxidant enzyme superoxide
dismutase 2 (SOD2) is impaired due to hyperacetylation.
Consequently, elevated mitochondrial O2

• and diminished
endothelial NO are observed, leading to an imbalance of redox
homeostasis in blood vessels (Dikalova et al., 2017). Building on
this area of research are roles for miRNA and associated impacts
on redox systems linked to vascular ageing. To date, miR-210 has
recently been demonstrated to reduce the overproduction of
mitochondrial reactive oxygen species (ROS) (Ma et al., 2018).

Epigenetics Systems and Calcification in
Vascular Aging
SIRT1 can inhibit vascular remodeling, stiffness, and functions
in protection against atherosclerosis and vascular calcification
in mice and is indicative that SIRT1 has protective roles in
vascular injury diseases (Winnik et al., 2015). Evidence to
support protective roles come from several important pieces of
research. Firstly, that in vitro culture of VSMCs using media
containing high levels of phosphate (Pi) stimulates cell
senescence and calcification. These changes related to the
down-regulation of SIRT1 expression and the activation of p21
(WAF1/Cip1). Activation of p21(WAF1/Cip1) drives replicative
senescent in VSMC cells, a process that can be reversed in cells in
which p21(WAF1/Cip1) has been knockdown using molecular
approaches. Moreover, loss of functional p21(WAF1/Cip1)
abolishes Pi induced senescence and calcification in VSCMs.
Thirdly, knockdown of SIRT1 in cells promotes a transformation
to a calcification phenotype and promotes Pi-induced VSMC
senescence calcification. Interestingly, treatment of cells with the
SIRT1 induce resveratrol activates the protein and inhibits
VSMC calcification (Takemura et al., 2011). In allied areas of
research, the expression of the miRNA molecule miR-34a is
elevated in the aorta of aged mice and is associated with rates of
calcification. miR-34a is downregulating by SIRT1, this serving to
temper miR-34a induced VSMCs calcification (Badi et al., 2018).
Futhermore, the lncRNA-ES3/miR-34c-5p/BMF axis has recently
been shown to regulate high-glucose-induced VSMCs
calcification/senescence (Lin et al., 2019), and miR-135a, miR-
714, miR-762, and miR-712 are involved in VSMC calcification
by disrupting Ca2+ efflux proteins like NCX1, PMCA1, and
NCKX4 (Gui et al., 2012).
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EPIGENETICS REGULATION AND
TREATMENT OF VASCULAR AGING
AND CVD
As discussed in the previous sections, vascular aging contributes to
cardiovascular disease(s) including atherosclerosis, hypertension,
coronary heart diseases, and stroke. Vascular aging encompasses
many biochemical and physiological changes associated with
vascular remodeling, vascular homeostasic imbalance, vascular
cell senescence, a pro-inflammation state and increased rates of
oxidative stress, and tissue calcification. The interplay between
each of these conditions is complex and makes the development of
robust treatment strategies targetting vascular aging challenging.
Indeed, the targeting of a single vascular cell type or population or
a specific signaling system is difficult. However, the recognized
association between epigenetic regulation of multiple gene targets
coding for proteins regulating biochemical or physiological
processes linked to vascular aging may be achievable. Epigenetic
targets could serve as appropriate therapeutic targets suitable for
the management of vascular aging and related diseases in humans.
These treatments, if explored and developed further, may be more
effective, span several risk factors linked to the development of
vascular aging, and would have the added benefit that they are
reversible processes. Such systems could be exploited in the future
development of novel therapeutics. For example, our research has
demonstrated that JMJD3 could be a useful therapeutic target.
JMJD3 is a crucial epigenetic regulator involved in the
inflammatory response to LPS in macrophages. JMJD3
expression is controlled by the transcription factor Sp-1 and is
responsible for changes in the expression of cystathionine gamma-
lyase (CSE). This system negatively regulates the inflammatory
response in cells and tissues and reduce the progression of
rheumatoid arthritis (RA). Moreover, deficiency of JMJD3
reduces neointima formation after vascular injury by inhibits the
Nox4-autophagy signaling pathway. These observations
suggesting that JMJD3 may represent a novel target for the
development of new anti-inflammatory therapeutics for treating
RA, the prevention and treatment of intima hyperplasia-related
vascular diseases, and other pro-inflammatory conditions (Liu
et al., 2018; Jia et al., 2018a; Luo et al., 2018; Wu et al., 2019).
Likewise, the transcription factor GATA4, a key regulator of
angiogenesis and persistence of inflammation in RA may also
hold promise as a therapeutic target (Jia et al., 2018).We also show
that Fos-related antigen 1 (Fra-1) plays a novel and key role in
promoting vascular aging by directly binding and activating the
target proteins p21(WAF1/Cip1) and p16(INK4A) protein
signaling systems. Intervention of Fra-1 is a potential strategy
for the prevention of aging-related cardiovascular disorders (Yang
et al., 2019).

The development of epigenetically targeted therapeutics has
received considerable attention over the last decade and has lead
to the identification of several important epigenetic modified
protein inhibitors including the FDA-approved molecule
azacytidine and various inhibitors of DNMT1, HDAC, and
histone acetyltransferases (HAT) (Voelter-Mahlknecht, 2016).
These therapeutics could be adopted for use in the treatment of
Frontiers in Pharmacology | www.frontiersin.org 8
specific CVD conditions. To date, epidrugs-based therapeutics
for the treatment of CVD mainly include compounds widely
used in the clinical that function through epigenetics-related
mechanisms, numerous natural compounds, and various newly
synthesized molecules. Our group has reported on the anti-
inflammation effects of the HDAC4 inhibitor Tasquinimod and
its use in the treatment of vascular inflammation-related diseases
(Yang et al., 2018). Other molecules of interest include common
statins used to lower serum cholesterol to prevent major
cardiovascular problems. Some statins may function as HDAC
inhibitor (Voelter-Mahlknecht, 2016). Likewise, trichostatin
A, an inhibitor of HDAC, prevents ventricular remodeling
by inhibiting TNF-a transcription and by promoting
cardiomyocyte survival by enhancing Akt phosphorylation
(Zhang et al., 2012). In addition, in experimental models of
myocardial infarction and atherosclerosis, the HDAC inhibitor
sodium butyrate inhibits NF-kB signal transduction and the
production of inflammatory molecules including TNF-
a, interleukin-6, vascular cell adhesion molecule-1, and
intercellular adhesion molecule-1, pointing to potential
pharmacological effects (Hu et al., 2014). The natural product
curcumin functions as an HAT inhibitor in rodent models of
heart failure preserving systolic function and preventing
ventricular hypertrophy (Pan et al., 2013). Similarly, molecules
like folic acid and B vitamins are DNMT inhibitors and
deficiencies in folic acid causes global DNA hypomethylation
that is associated with increased risk of CVD including coronary
heart disease, atherosclerosis, and anemia (Kim et al., 2007;
McNulty et al., 2008). The common analgesic, acetylsalicylic
acid appears to reduces ATP-binding cassette transporter A1
gene methylation rates in the pathophysiology conditions
associated with coronary heart disease and thus points to a
potentially new therapeutic strategy for this disease (Guay
et al., 2014). Likewise, the molecule 5- aza-2-deoxycytidinede
(DAC), an inhibitor of DNMT that can reverse rates of DNA
methylation, has been shown to re-active genes silenced by
hypermethylation viz. estrogen receptors a and b in normal
ECs and smooth muscle. Importantly, the failure of some
estrogen therapies to protect cardiac tissues from damage
could be due to epigenetic silencing of the female estrogen
receptor. The discovery of natural products that can be used to
alter SIRT1 activity in cells has also gained some interest. SIRT1
expression and activity can reduce during senescence-related
diseases and re-activation of SIRT1 in tissues may offer new
opportunities in the development of future drug candidates.
Indeed, one potential drug for disease intervention, is the
stilbene resveratrol, an activator of SIRT1. Resveratrol has been
repeatedly shown to effectively delay vascular senescence in mice,
and to improve cardiometabolic health (da Luz et al., 2012;
Pollack and Crandall, 2013; Kim et al., 2018). Finally, rapamycin-
induced miR-30a down-regulation is mediated via the targeting
of beclin1 and can inhibit the senescence of VSMCs (Tan et al.,
2019). It is clear that more research is needed to further address
the anti-aging effects of many of these molecules and in the
discovery of other compounds that could be used to manipulate
epigenetic systems in mammalian cells and tissues. In particular,
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pharmacologist should focus on research to assess the role of
other types of epigenetic targeting drugs. Identified molecules
could then drive developments in combined approaches to treat
CVD using epigenetic-based therapeutics coupled with hormone
replacement therapy (Schiano et al., 2015).
CONCLUSION AND PROSPECTS

Our understanding of the molecular mechanism controlling the
epigenetic regulation of gene expression has progressed
significantly over the last two decades. However, much has still
to be learnt, and our perceived ideas of epigenetic modulation
and its manipulation in vivo is far more complicated than
previously thought. Aging is an irreversible biological process
while epigenetic alternations are reversible and may offer novel
treatment strategies in patients with age-related CVD. New
methods and experimental research techniques are needed to
facilitate the manipulation of epigenetic processes in cells and
tissues. Indeed, recently a newly emerging epigenetic mechanism
involving RNA methylation has been reported (Yue et al., 2015);
however, its role in vascular biology is not yet clear and requires
further research. Another important problem to be solved in the
future is how to manipulate histone modification in specific
tissues like the vascular endothelium. This problem is critical
because systemic inhibition or activation of HDAC, or other
epigenetic enzymes may cause adverse reactions (Heerboth
et al., 2014). Building on these advances will be the ability to
monitor epigenetic changes in cells, this will be critical in making
advances in this field. Interestingly, the progressive development
of single-cell sequencing and single-cell epigenetic technologies
Frontiers in Pharmacology | www.frontiersin.org 9
like scATAC-seq, scDNase-seq, and scChic-seq can be used to
study the mode of epigenetic regulation at the single-cell level, and
these technologies will offers exciting opportunities in the near
future (Nawy, 2014; Ku et al., 2019). In particular, these systems
will aid in the development of more elaborate models of epigenetic
regulation and will allow for the development of more accurately
therapeutics for use in epigenetic research. With regards to
vascular aging, a good start here would be research on newer
epigenetic pharmaceuticals, developed using drug repurposing
approaches; a safe and low-cost way to support future vascular
drug discovery (Xu et al., 2019). In addition, since epigenetic
mechanisms work in concert to regulate gene networks, there may
also be requirements for the development of epigenetic “cocktail”
therapies that can be exploited to target a spectrum of age-related
genes for treating age-related diseases.
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