
Mechanical Regulation of Epigenetic
Modifications in Vascular Biology
and Pathobiology

9

Shu-Yi Wei and Jeng-Jiann Chiu

Contents
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244
9.2 Vascular Mechanobiology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

9.2.1 Shear Stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246
9.2.2 Stretch Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

9.3 Epigenetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
9.3.1 Methylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
9.3.2 Histone Modification and Chromatin Remodeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
9.3.3 RNA-Based Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

9.4 Mechanical Force-Induced Epigenetic Modifications in Vascular Health and Disease . . . 253
9.4.1 Methylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
9.4.2 Histone Modification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
9.4.3 MicroRNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
9.4.4 Long Noncoding RNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267

9.5 Conclusions and Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

S.-Y. Wei
Institute of Cellular and System Medicine, National Health Research Institutes, Miaoli, Taiwan
e-mail: shuyiwei@nhri.edu.tw

J.-J. Chiu (*)
Institute of Cellular and System Medicine, National Health Research Institutes, Miaoli, Taiwan

School of Medical Laboratory Science and Biotechnology, College of Medical Science and
Technology, Taipei Medical University, Taipei, Taiwan

College of Medical Science and Technology, Taipei Medical University, Taipei, Taiwan

Institute of Biomedical Engineering, National Tsing Hua University, Hsinchu, Taiwan

Institute of Polymer Science and Engineering, National Taiwan University, Taipei, Taiwan
e-mail: jjchiu88@tmu.edu.tw; jjchiu@nhri.org.tw

# Springer Nature Switzerland AG 2021
M. Hecker, D. J. Duncker (eds.), Vascular Mechanobiology in Physiology
and Disease, Cardiac and Vascular Biology 8,
https://doi.org/10.1007/978-3-030-63164-2_9

241

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-63164-2_9&domain=pdf
mailto:shuyiwei@nhri.edu.tw
mailto:jjchiu88@tmu.edu.tw
mailto:jjchiu@nhri.org.tw
https://doi.org/10.1007/978-3-030-63164-2_9#DOI


Abstract

Shear stress and cyclic stretch are mechanical forces on the vessel wall exerted by
blood flow and luminal pressure. These forces regulate gene expression and
function in vascular cells, including endothelial cells (ECs) and smooth muscle
cells (SMCs), thus affecting vascular biology in health and pathobiology in
disease. Epigenetics refers to the study of sequence-independent heritable DNA
alterations that modulate gene expression, including DNA methylation, histone
modification/chromatin remodeling, and RNA-based mechanisms. Recently, the
roles of mechanical force-induced epigenetic modifications in vascular gene
expression and function have been intensively investigated. This chapter presents
a critical concept: vascular gene expression can be mechanically modulated
without DNA sequence change. By elucidating the relationship between mechan-
ical forces and epigenetic modifications in gene expression, cell proliferation,
angiogenesis, migration, and pathological status, this review provides a concep-
tual framework for understanding how mechanical force-induced epigenetic
modifications modulate gene expression and cellular function in vascular biology
in health and pathobiology in disease. This review contributes to our knowledge
of how the mechanical microenvironment affects epigenetic changes in vascular
cells and modulates their functions and behaviors, with the consequent modula-
tion in vascular diseases.

Abbreviations

30-UTR 30-Untranslated region
5mC 5-Methylcytosine
ABs Apoptotic bodies
Ago Argonaute
AMPK AMP-activated protein kinase
ANRIL Antisense noncoding RNA at the Ink4 locus
ApoE–/– Apolipoprotein E-deficient genotype
BMP3 Bone morphogenetic protein 3
CTGF Connective tissue growth factor
CVD Cardiovascular disease
DNMT DNA methyltransferase
EC Endothelial cell
ECM Extracellular matrix
EV Extracellular vesicle
eNOS Endothelial nitric oxide synthase
FAK Focal adhesion kinase
GAX Growth arrest-specific homeobox
GSK-3β Glycogen synthase kinase-3β
H Histone
HAT Histone acetyltransferase
HDAC Histone deacetylase
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HUVEC Human umbilical vein endothelial cell
ICAM-1 Intercellular adhesion molecule-1
IL Interleukin
IRAK IL-1 receptor-associated kinase
KLF Krüppel-like factor
LISPR1 Long intergenic noncoding RNA antisense to S1PR1
LncRNA Long noncoding RNA
MALAT1 Metastasis-associated lung adenocarcinoma transcript 1
MBD Methyl CpG-binding domain protein
MCP-1 Monocyte chemotactic protein-1
MEF2 Myocyte enhancer factor 2
MiRNA MicroRNA
MiR-21 MicroRNA-21
MMP Matrix metalloproteinase
mRNA Messenger RNA
mTOR Mammalian target of rapamycin
NAD Nicotinamide adenine dinucleotide
NcRNA Noncoding RNA
NF-κβ Nuclear factor-κβ
NO Nitric oxide
NQO1 NADPH quinine oxidoreductase 1
Nrf2 NF-E2-related factor 2
OSS Oscillatory shear stress
Ox-LDL Oxidized low-density lipoprotein
PPARα Peroxisome proliferator-activated receptor α
PRC Polycomb repressive complex
PRKD2 Protein kinase D2
PSS Pulsatile shear stress
PTM Posttranslational modification
Rb Retinoblastoma protein
RNAi RNA interference
ROS Reactive oxygen species
S1P Sphingosine-1-phosphate
S1PR Sphingosine-1-phosphate receptor
SAM S-adenyl methionine
SHR Spontaneously hypertensive rat
SIRT Sirtuin
SMC Smooth muscle cell
STEEL Spliced-transcript endothelial-enriched lncRNA
TET Ten-eleven translocation methylcytosine dioxygenase
TNF-α Tumor necrosis factor
USS Unidirectional shear stress
VCAM-1 Vascular cell adhesion molecule-1
VE-Cad VE-cadherin
VEGF Vascular endothelial growth factor
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VEGFR2 Vascular endothelial growth factor receptor 2
WKY Wistar Kyoto rat

9.1 Introduction

The development of the normal vessel wall involves a highly regulated process of
cell proliferation, migration, differentiation, and relaxation in vascular cells, which
comprises endothelial cells (ECs) and smooth muscle cells (SMCs), that are con-
stantly exposed to various types of hemodynamic forces [1]. Hemodynamic forces
are generated by blood flow and luminal pressure, which can be characterized as
shear stress, cyclic stretch, and hydrostatic pressure [2]. ECs are mainly exposed to
shear stress resulting from blood flow parallel to the vessel wall, whereas SMCs and
ECs are subjected to cyclic stretch caused by pulsatile blood flow and pressure
[2]. Another mechanical force, i.e., hydrostatic pressure, exerted by a fluid at rest,
usually affects the capillaries of the circulatory system and is less extensively
studied. Mechanical force-induced signals are received by mechanoreceptors in the
cell membrane, such as ion channels, integrins, receptors of tyrosine kinases, G
protein-coupled receptors, junction proteins, membrane lipids, and primary cilia, and
these are in turn transmitted to the interior of the cell. The mechanoreceptors act on
adaptor molecules (e.g., Src homology 2 domain-containing protein and growth
factor receptor-bound protein 2) and trigger a series of intracellular signaling
cascades, which consequently modulate gene expression; cell proliferation, differ-
entiation, and migration; and angiogenesis [3]. This process, known as
mechanotransduction, eventually leads to functional and morphological changes
that contribute to physiological homeostasis [4]. Unbalanced regulation of these
cellular functions causes vascular cell dysfunction and leads to a pathological cell
state, which consequently contributes to the development of cardiovascular disease
(CVD) [5].

In recent decades, epigenetics, which is the study of sequence-independent
heritable DNA changes, has made the connection between gene expression and
environmental stimuli and linked their relationship to disease susceptibility [6, 7]. It
provides a perspective new to the public by showing that gene function can be
altered in ways other than by changes to the DNA sequence. The different epigenetic
processes, including DNA methylation, histone-mediated chromatin remodeling,
and RNA-based mechanisms, modulate gene expression to cause changes in cellular
function [8]. These changes subsequently lead to the adaptability of the organism or
disease. DNA methylation, the best-known epigenetic process, is the addition of a
methyl group (CH3) from S-adenyl methionine (SAM) to the fifth carbon of a
cytosine residue to form 5-methylcytosine (5mC) in the CpG pair [9]. The
hypermethylation of CpG islands results in the recruitment of protein complexes
that remove acetyl groups and repress gene expression [9]. DNA demethylation is a
mechanism that reverses gene silencing and is involved in embryo development,
germ cell differentiation, and neuronal functions [10]. Another important epigenetic
process is histone-mediated chromatin remodeling. Chromatin, which is composed
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of DNA and histones, can be modified by histone acetyltransferase (HAT)-mediated
acetylation and histone deacetylase (HDAC)-mediated deacetylation. Histone acet-
ylation/deacetylation causes the conformation change of chromatin, thereby
influencing gene transcription. Noncoding RNAs (ncRNAs), including microRNAs
(miRNAs) and long noncoding RNAs (lncRNAs), have recently emerged as epige-
netic regulators. MiRNAs, which consist of 18–22 nucleotide single-stranded RNAs,
cause the degradation of messenger RNA (mRNA) by binding to the 30-untranslated
regions (30-UTRs) of target genes or induce translational repression by binding to
imperfectly complementary sequences [11]. LncRNAs, which are single-stranded
RNAs containing more than 200 nucleotides, modulate gene expression by diverse
mechanisms [12, 13]. Many cellular behaviors, such as cell proliferation and mor-
phological changes, and the development of diseases, including cancer, CVD, and
autoimmune disease, have been shown to be associated with epigenetic modulation
[13–18]. Recently, the role of epigenetics in CVD has recently been intensively
studied and has provided important insights into the diagnosis and therapeutic
intervention of CVD [17]. Epigenetic factors, including HDACs [19], miRNAs
[20, 21], and DNA methyltransferases (DNMTs) [22], have been shown to play
vital roles in modulating vascular function and dysfunction and hence the develop-
ment of atherosclerosis. In general, epigenetics offers a new perspective on gene
regulation, which is not exerted by cis/trans-acting transcription but through multiple
diverse processes that do not involve alterations to the DNA sequence.

In this chapter, the role and mechanism of epigenetics in regulating vascular
biology and pathobiology in response to mechanical stimuli are discussed. This
chapter shows the importance of mechanical forces (i.e., shear stress and cyclic
stretch) and the corresponding signaling pathways in modulating vascular function
and disease. Moreover, different epigenetic processes and their modulation of
cellular responses, particularly those relating to vascular biology and pathobiology,
are also described. This chapter summarizes the evidence that mechanical force-
induced epigenetic modification influences homeostasis and pathology of the vessel
wall. Such information provides new insights into the mechanisms by which epige-
netic modification modulates gene expression, cellular function, and disease devel-
opment in response to mechanical forces. Thus, epigenetic regulators have great
potential as molecular targets or biomarkers that can be developed for the diagnosis
and therapeutic intervention of vascular disorders associated with perturbed mechan-
ical forces, such as atherosclerosis.

9.2 Vascular Mechanobiology

Blood vessels are subjected to sustained hemodynamic forces derived from blood
flow and luminal pressure, which generate shear stress and cyclic circumferential
stretch [2]. Another internal stress caused by both blood flow and pressure is known
as hydrostatic pressure (i.e., normal stress), which arises from stationary fluid flow.
Shear stress applied to vascular ECs is a frictional force parallel to the vessel wall,
whereas normal stress is the force perpendicular to the vessel wall on which it acts.
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Blood flow-induced shear stress has been reported to be involved in atherosclerosis,
as revealed by the tendency of atherosclerotic lesions to be localized in the curves
and branches of arterial trees, where the local flow is usually disturbed due to low
and oscillatory shear stress (OSS). Conversely, blood flow in the straight segments
of the arteries is unidirectional and pulsatile, generating pulsatile shear stress
(PSS), which has been shown to play an atheroprotective role in the vessel wall
[23, 24]. Tensile force generated by pulsatile blood flow and luminal pressure leads
to circumferential stretching of the vessel wall and affects gene expression in, and
the function of, vascular cells. Stretch force acts on both vascular ECs and SMCs and
play an important role in maintaining the contractile phenotype of SMCs and
regulating vascular tone when the stretching is at the physiological level [25]. Abnor-
mal stretching caused by hypertension or flow overload can disturb biochemical
homeostasis, leading to vascular remodeling and altered vasorelaxation [26]. In
contrast to its role in the SMCs, the role of cyclic stretch in vascular ECs has not
been fully investigated. Hydrostatic pressure is determined by the density of liquid,
the acceleration of gravity, and the height of fluid, which may play an important role
in cellular physiology. However, it has received relatively less attention than shear
stress and cyclic stretch in the field of vascular biology. In this section, the cellular
responses of vascular ECs and SMCs to shear stress and cyclic stretch are discussed.

9.2.1 Shear Stress

9.2.1.1 Shear Stress Modulates Vascular Morphogenesis
Shear stress has been shown to modulate vascular morphogenesis and heart devel-
opment during embryogenesis [27, 28]. The early formation of shear stress is
produced by the heartbeat, which causes the reorganization and migration of ECs
to form an efficient vascular network [28]. By using in vivo imaging and quantitative
analyses of intracardiac flow forces in zebrafish embryos, a study showed that high-
velocity vertical flow exists at two key stages in the developing heart [27]. Flow that
is blocked at either the cardiac inflow or outflow tracts results in abnormal develop-
ment of the third chamber and impaired valve formation in the heart [27]. The zinc
finger-containing transcription factor Krüppel-like factor 2a (KLF2a), which is
activated by the reverse flow in the atrioventricular canal, is highly associated with
valve development. It has been reported that protein kinase D2 (PRKD2) causes the
derepression of KLF2a through HDAC5 phosphorylation [28, 29]. Thus, KLF2a
expression is greatly reduced in PRKD2 mutants, which do not form valves. Blood
flow also activates the expression of miRNAs, such as miRNA-21 (miR-21) and
miR-143, which leads to the cell proliferation that induces valve formation in the
zebrafish heart [30]. In addition, there is evidence that fluid shear stress modulates
vessel remodeling via endothelial nitric oxide synthase (eNOS) [31, 32]. Fernández-
Varo et al. analyzed the vascular properties of cirrhotic rats with ascites and
determined that they cause vascular remodeling [31]. Specifically, they found that
the vessels in cirrhotic rats have higher levels of eNOS and a dramatic reduction in
wall thickness and area compared to the vessel thickness and area in control rats,
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indicating that eNOS is required for the regulation of vessel compliance and vascular
remodeling [31]. Another study also showed the critical role of eNOS in modulating
ischemia-induced arteriogenesis, angiogenesis, and blood flow recovery in mice
[32]. Taken together, these studies demonstrate the importance of mechanical forces
in the modulation of epigenetic factor expression in embryonic cardiogenesis and
vasculature development.

9.2.1.2 Shear Stress Regulates Physiological Functions
In addition to its functions in embryonic vascular morphogenesis and cardiogenesis,
shear stress plays an important role in endothelial morphological changes and
cellular functions, including cell proliferation, differentiation, and migration,
through biochemical and biological events [26, 33]. It has been shown that the
physiological level of PSS exerts protective functions by inducing nitric oxide
(NO) production. Conversely, OSS-disturbed flow impairs biochemical homeostasis
and leads to vascular remodeling and dysfunction (e.g., altered vasorelaxation,
vascular tone, and stiffness). Shear stress-induced mechanotransduction in ECs has
been investigated by using both in vitro and in vivo approaches. For in vitro studies,
researchers have developed several devices to generate different types of shear
stresses that stimulate blood flow in the human body. A parallel-plate flow channel
is created by using a gasket with a thin silicon membrane that produces steady,
unidirectional shear stress (USS, 12 dynes/cm2), PSS (12 � 4 dynes/cm2), and
reciprocating shear stress (i.e., OSS, 0.5 � 4 dynes/cm2) on cultured ECs [33]. In
vivo studies have been performed to evaluate the applicability and relevance of the
in vitro findings to physiological and pathophysiological conditions. In nature, blood
flow in the curves and branches of the arterial trees is disturbed, whereas flow in the
straight segments of the arteries is pulsatile and unidirectional [34]. Transcription
factor KLF2, which is an abundant molecule in ECs, promotes endothelial survival
in response to oxidized low-density lipoprotein (ox-LDL) stimuli [35]. The
continued application of PSS on ECs for 24 h led to a sustained expression of
KLF2, which protected the ECs against oxidative stress stimuli [35]. In addition to
KLF2, a number of genes have been shown to be induced by USS in ECs and are
involved in EC survival, angiogenesis (e.g., Tie2 and fetal fiver kinase 1), and
vascular remodeling (e.g., matrix metalloproteinase-1, MMP-1) [36]. Physiological
levels of flow also maintain the gene expression profile in ECs in a nonproliferative
state by increasing the expression of the growth arrest proteins GADD45, p21cip1,
and p53 and inhibiting retinoblastoma protein (Rb) phosphorylation [3]. Application
of USS to ECs induces a transient expression of monocyte chemotactic protein-1
(MCP-1) through the modulation of the Ras-mitogen activated protein kinases
pathway [37]. Continuous application of USS causes downregulation of MCP-1
and that of various pro-inflammatory molecules such that their expression levels fall
below the basal levels and the ECs remain in a noninflammatory state [37]. Shear
stress can modulate intercellular junction proteins, such as VE-cadherin (VE-Cad),
connexin19, and platelet endothelial cell adhesion molecule-1 [38], all of which play
important roles in modulating the integrity and permeability of ECs. The continuous
distribution of VE-Cad staining has been shown at the cell borders in the region
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affected by PSS [39, 40]. The cytoskeleton is reorganized via the Rac1, cdc42, and
Rho signaling pathways, leading to cell morphological changes in response to shear
stress stimuli [41–43]. EC exposure to USS or PSS induces the alignment of
cytoskeletal fibers in the flow direction [44]. Taken together, the redistribution of
cellular junctions and cytoskeletal proteins in regions subjected to PSS contributes to
the maintenance of the cellular integrity and the physiological functions of ECs.

9.2.1.3 Shear Stress Is Involved in the Development of Vascular
Pathologies

ECs are generally in a quiescent state unless stimulated by some pathophysiological
conditions. Disturbed flow is involved in endothelial dysfunction and leads to a
pathophysiological state, thereby contributing to the development of vascular
disorders, including atherosclerosis and thrombosis and the complications related
to them [2, 5]. In native circulation, disturbed flow generally occurs at arterial
branches and curves, such as carotid bifurcations, branch points of the coronary,
and the infrarenal and femoral arteries, as well as the inner curvature of the aortic
arch, where atherosclerotic lesions preferentially develop [2]. ECs with a pathologi-
cal status are changed structurally and functionally. Their morphology can be
changed, such that they are enlarged and/or acquire an irregular shape. ECs can
also lose the regulatory roles that are characterized by the endothelium layer
becoming more permeable, by endothelial inflammation, and within the ECs, by
oxidative stress. Disturbed flow can cause EC dysfunction through the expression of
adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1), vascular
cell adhesion molecule-1 (VCAM-1), and E-selectin; proinflammatory cytokines,
such as interleukin (IL)-1, IL-6 and tumor necrosis factor-alpha (TNF-α); and
proinflammatory chemokines, such as IL-8 and MCP-1 [2, 5]. These molecules
attract leukocytes and monocytes to the surface of the activated ECs, thereby
enabling lipoprotein penetration and inflammatory cell infiltration, which initiate a
pro-inflammatory process within the vessel wall. This process is the first step of
atherogenesis. KLF2, a key PSS-induced transcription factor, has been shown to
have anti-inflammatory and anticoagulant roles in ECs [45]. Disturbed flow
suppresses the expression of KLF2 and causes the dysfunction of ECs [35]. Dis-
turbed flow also induces the sustained activation of transcription factor nuclear
factor-κβ (NF-κβ), which induces the expression of proinflammatory genes in ECs
[46]. Increased intracellular oxidative stress is another indicator of EC dysfunction.
It has been shown that USS plays a protective role in vessels by inducing antioxidant
enzymes, such as superoxide dismutase, heme oxygenase-1, and NADPH quinine
oxidoreductase 1 (NQO1), which provide a homeostatic oxidative balance
[47]. Homeostasis can be disrupted by disturbed flow, which causes the enhanced
expression of reactive oxygen species (ROS), which damage the vessel wall
[47]. Taken together, these studies show that disturbed shear stress induces differen-
tial cellular responses compared with that induced by PSS, leading to endothelial
dysfunction and atherosclerotic lesion formation at preferential sites.
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9.2.2 Stretch Force

9.2.2.1 Cyclic Stretch Regulates Physiological Functions in Vascular
SMCs and ECs

Cyclic stretch is the circumferential stretching of the vessel wall, which plays
an important role in regulating vascular tone and maintaining the contractile pheno-
type of SMCs under physiological conditions [48, 49]. Unlike shear stress, which is
mainly sensed by ECs, both ECs and SMCs are subject to cyclic stretch
[49, 50]. However, the role of cyclic stretch in endothelial function has not been
fully investigated. Cellular responses may vary depending on whether the cell is
subjected to physiological or pathological stretch. Normal stretching can establish
homeostatic oxidative balance and maintain vascular integrity to support vessels in
the physiological state. When cyclic stretching is perturbed, such as when stretching
is excessive due to high blood pressure, homeostasis is disrupted, which leads to
vascular remodeling, arterial stiffness, and calcification [51]. Although vascular cell
roles in and responses to stretching are less clear than their roles in and responses to
shear stress, these two forms of mechanical forces induce processes that share many
similar features. Mechanoreceptors can sense stretch force and transmit mechanical
stimuli to intracellular signaling pathways to regulate cellular behaviors [52]. Several
studies have described the important role of stretching on SMC gene expression and
cellular functions, such as proliferation/apoptosis, migration/alignment, and the
phenotypic switching of SMCs [53, 54]. MMPs are calcium-dependent zinc-
containing endopeptidases that can degrade extracellular matrix proteins and thus
mediate the extracellular matrix (ECM) [55]. Applying cells with a physiological
level of cyclic (1 Hz) uniaxial stretch was shown to repress the expression of MMP-2
and MMP-9 in human cultured SMCs [56]. This report demonstrated that SMCs
responded to physiological stretching by altering MMPs, which led to the
subsequent remodeling of the ECM surrounding the vasculature. Physiologic
stretching also inhibits apoptosis and mitosis in vascular ECs and SMCs, respec-
tively [57, 58]. The magnitude of the cyclic stretch can cause cytoskeletal rearrange-
ment, which increases EC permeability, indicating an important role for cyclic
stretch in the regulation of mass transport through the vessel wall [59].

9.2.2.2 Cyclic Stretch Regulates Pathophysiological Changes in Vascular
SMCs and ECs

SMC hypertrophy, hyperplasia, and ECM remodeling are considered to play roles in
the development of hypertension. Pathological stretching caused by hypertension
disrupts vessel homeostasis and leads to vascular remodeling, phenotypic switching
of SMCs (from the contractile type to the synthetic type), arterial stiffness, and
calcification, which are involved in the pathogenesis of CVDs [51]. It has been
suggested that hypertension reduces myocardin activity in SMCs, resulting in the
initial switch from the contractile phenotype to the synthetic SMC phenotype
[60]. Another study showed that cyclic stretch (30 cycles/min; 15% elongation)
induces SMC proliferation [54]. These studies indicate a role for cyclic stretch in the
modulation of SMC gene expression and phenotypic changes. Moreover, uniaxial
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cyclic stretch causes SMCs to align perpendicular to the direction of the stretching,
which affects cytoskeleton rearrangement. However, the mechanism by which
stretching induces cytoskeletal rearrangement remains unclear [53]. In addition to
morphological changes, cyclic stretch also plays a role in SMC migration by
promoting the translocation of a key intracellular signal transducer, protein kinase
C-δ, to the cytoskeleton [61]. Chronic high-magnitude cyclic stretch also plays a role
in the modulation of the inflammatory response in vascular ECs via vascular
endothelial growth factor receptor 2 (VEGFR2) signaling and matrix remodeling
[50, 62]. Gawlak et al. reported that human pulmonary ECs subjected to chronic
cyclic stretch (18% cyclic stretch) had induced VEGFR2 expression and tyrosine
phosphorylation, which led to an increase in the expression of ICAM-1 and VCAM-
1. Collectively, these studies show that cyclic stretch plays an important role in SMC
phenotypic switching, vessel homeostasis, and vascular functions.

9.3 Epigenetics

Epigenetics gradually emerged in the 1980s in the course of researchers studying
many phenomena that were incompatible with classical Mendelian genetics. It has
been defined as the study of heritable changes in gene expression and cellular
phenotype and has provided a relatively new explanation for gene function that is
altered in ways other than solely by changes in DNA sequence [8]. Epigenetics has
been linked to many cellular behaviors, such as cell proliferation and morphological
changes, and diseases, including cancers, CVDs, and reproductive, autoimmune, and
neurobehavioral conditions [13–18]. Epigenetics includes two types of
modifications: selective transcriptional regulation, such as DNA methylation and
histone covalent modification/chromatin remodeling, and posttranscriptional regula-
tion, including RNA-based mechanisms. The ncRNA-based mechanisms, which
involve miRNAs, lncRNAs, and antisense RNAs, are the most recently recognized
epigenetic modifications by which gene expression is regulated.

9.3.1 Methylation

DNA methylation, the most well-known epigenetic process, is the addition of a
methyl group to the fifth carbon of a cytosine residue to form 5mC in the CpG pair
[9]. CpGs tend to aggregate to form CpG islands and are quite rare in mammalian
genomes (~1%), which are generally unmethylated. The hypermethylation of CpG
islands results in the recruitment of protein complexes that remove acetyl groups and
repress gene expression [9, 63]. DNA methylation is catalyzed by a family of
DNMTs. DNMT1, DNMT3a, and DNMT3b have methyltransferase activity
[64]. DNMT-3L is able to interact with DNMT3a and DNMT3b to methylate
retrotransposons [65]. DNA methylation-associated proteins, including methyl
CpG-binding domain proteins (MBDs) and ubiquitin-like PHD, and RING finger
domain-containing proteins, are bound to DNA-containing methylated CpG
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dinucleotides and recruit repressor complexes to methylated promoter regions to
inhibit transcription. DNA methylation plays roles in many illnesses and health
conditions [66, 67]. During early embryonic development, CpG islands undergo
differential methylation, which confers their totipotency or pluripotency [68]. In
addition to embryonic development, CpG island methylation plays a crucial role in
genomic imprinting [9]. In vascular ECs, the CpG islands are methylated at the
promoters of eNOS and VEGFR2, from where they recruit MBD2 to suppress gene
expression at these methylated CpG islands [69]. DNA demethylation catalyzed by
Ten-eleven translocation (TET) methylcytosine dioxygenases is a mechanism for
reversing DNMT-mediated gene repression. TETs, including TET1, TET2, and
TET3, which convert 5mC into 5-hydroxymethylcytosine [10], has been reported
to inhibit DNMT1 expression and global DNA methylation in atherosclerotic
plaques [70, 71]. Moreover, TET2 has also been shown to regulate the phenotype
changes of SMCs, contributing to endothelial dysfunction and macrophage-induced
inflammation [72]. These studies demonstrate the importance of DNA methylation/
demethylation in the modulation of vascular function.

9.3.2 Histone Modification and Chromatin Remodeling

Chromatin is composed of DNA and proteins, including four core histone proteins
(H2A, H2B, H3, and H4) that are wrapped around 147 base pairs of DNA
[73]. Histones are subjected to covalent posttranslational modifications (PTMs),
including lysine acetylation, lysine and arginine methylation, serine and threonine
phosphorylation, lysine ubiquitylation, and lysine sumoylation on their tails
[74]. Histone PTMs affect gene expression by recruiting histone modifiers and
inducing chromatin remodeling. In general, tightly folded chromatin tends to inhibit
gene expression, while more open chromatin leads to gene expression. Although
gene transcription that is regulated by histone PTMs can be turned on and off,
histone acetylation directly contributes to gene expression. Histone acetylation has
been the most intensively studied modification, and the results have shown that this
modification is caused by HATs transferring an acetyl group from acetyl-CoA to
form ε-N-acetyllysine [74, 75]. HATs are divided into three families, namely, Gcn5-
related N-acetyltransferases, MYSTs, and CREB-binding proteins (CBP/p300)
[74, 75]. HDACs have an opposite action to that of HATs in that they remove acetyl
groups from histones. There are three distinct families of HDACs: class I (HDAC1/
2/3 and HDAC8), class II (HDAC4/5/6/7 and HDAC9/10), and class III [sirtuin
(SIRT) family (SIRT1/2/3/4/5/6/7)] [76]. Class I HDACs are mostly expressed in the
nucleus and display high enzymatic activity, whereas HDAC3, which is similar to
the class IIA HDACs (HDAC4/5, HDAC7, and HDAC9), contributes to nuclear-
cytoplasmic shuttling, providing a mechanism for linking extracellular signals with
gene expression [77, 78]. Class IIB HDAC6 is the primary cytoplasmic deacetylase
found in mammalian cells, whereas the functions of HDAC10 are poorly under-
stood. Class III HDACs/SIRTs are the highly conserved protein family of nicotin-
amide adenine dinucleotide (NAD)-dependent histone deacetylases located in
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different subcellular compartments, such as the nucleus (SIRT1/3/6/7), cytoplasm
(SIRT1/2), and the mitochondria (SIRT3/4/5) [79, 80]. SIRTs exert their functions
by transferring an acetyl group to the cofactor NAD to generate O-acetyl ADP-ribose
and nicotinamide, which serve as feedback inhibitors of enzymatic reactions
[80]. Histone acetylation is a reversible process that is controlled by the antagonistic
actions of HATs and HDACs. In general, hyperacetylation is involved in the
upregulation of transcription, whereas hypoacetylation contributes to the
downregulation of gene expression [81]. The balance between acetylation and
deacetylation represents a critical regulatory mechanism for gene expression, devel-
opmental processes, and disease progression, such as those of CVDs [82]. It has
been shown that HATs and inhibitors of HDAC attenuate CVDs by mediating
certain cellular processes, including myocyte hypertrophy, apoptosis, oxidative
stress, and inflammation [79, 82–84]. These results implicate HATs and other
inhibitors of HDACs as novel agents useful for treating CVD patients [82, 85].

9.3.3 RNA-Based Mechanisms

Epigenetic modulation of gene expression through ncRNAs is a newly discovered
regulatory mechanism [86]. ncRNAs, including miRNAs, small interfering RNAs,
piwi-interacting RNAs, small nucleolar RNAs, and lncRNAs, are functional RNAs
that are not translated into proteins [87, 88]. RNA-based epigenetic regulation of
gene expression is divided into RNA interference (RNAi)-mediated transcriptional
gene silencing and RNA-dependent histone methylation without RNAi. MiRNAs
regulate chromatin structure and inhibit transcription via Argonaute (Ago)
complexes that bind to the 30-UTRs of complementary nascent RNAs or via the
translational repression induced by the pairing of imperfect complementary
sequences, leading to the degradation of the mRNA and the recruitment of histones
and DNMTs [11, 89]. LncRNAs, distinct from other small ncRNAs, modulate gene
expression by diverse mechanisms, which have been categorized into signaling,
acting as molecular decoys, guiding ribonucleoprotein complexes to specific chro-
matin sites, and serving as scaffolds in the formation of transcriptional complexes. In
general, many lncRNAs are able to bind to particular genomic sites, implying their
ability to modulate chromatin activities. In addition, lncRNAs can also act
posttranscriptionally by regulating translation and splicing and affecting mRNA
stability. Xist, a 17 kb nuclear lncRNA, is expressed exclusively on the inactive X
chromosome and mediates global inactivation of a randomly chosen X chromosome
in an early developmental process in females [90]. This process is known as X
chromosome inactivation, which transcriptionally silences the X chromosome
coated by Xist, thereby providing equivalent gene expression between males and
females. Xist may exert its function by directing the polycomb repressive complex
(PRC) 2 to chromatin and catalyzing histone methylation to repress gene transcrip-
tion [86]. Several studies have revealed that ncRNAs are involved in the regulation
of various processes, such as metabolism; development, particularly vascular devel-
opment; cell proliferation; and various diseases, including vascular diseases [88, 91,
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92]. Chen et al. have shown that miR-146a plays a critical role in the inhibition of
vascular inflammation and neointimal lesion formation in rat or mouse carotid artery
[93] (Fig. 9.1). Shear- and synthetic SMC-induction of miR-146a in ECs via
integrins/Nrf-2 targets IL-1 receptor-associated kinase (IRAK) to inhibit NF-κB
signaling, which exerts negative feedback control in the biogenesis of itself.
Moreover, EC miR-146a expression has been shown to modulate synthetic SMC
phenotype toward a contractile state [93]. Taken together, atheroprotective shear
stress-induced miR-146a expression inhibits EC inflammation and neointima forma-
tion in injured arteries. This regulation is highly correlated with clinical symptoms
such as vascular remodeling after injury. MiR-126 has been reported to play roles in
angiogenesis and anti-inflammation in vascular ECs. The angiogenic signaling and
integrity of the vessel wall are regulated by miR-126 during embryogenesis
[94]. MiR-126 has also been reported to attenuate TNF-α-induced VCAM-1 expres-
sion to affect leukocyte adhesion [95]. MiR-143/145 is involved in the modulation of
SMC phenotypic switching in vessels [96]. The expression of the antisense noncod-
ing RNA at the Ink4 locus (ANRIL) is regulated by DNA polymorphisms in this
region, which is highly associated with the incidence of CADs [97]. The NF-κB-
induced expression of ANRIL modulates the expression of IL-6 and IL-8 by
recruiting the transcription factor Yin Yang 1, which also leads to endothelial
inflammation [98]. In addition, ANRIL promotes the proliferation of SMCs by
recruiting PRC complexes to cyclin-dependent kinase inhibitor 2A/B, which
downregulates ANRIL [99]. In contrast to ANRIL, the expression of another
lncRNA, lincRNA-p21, is decreased in the atherosclerotic plaques in ApoE�/�

mice and humans, indicating its protective roles in vessels [100]. LincRNA-p21
inhibits SMC proliferation, neointima formation, and atherosclerosis by enhancing
p53-mediated apoptosis in SMCs [100]. LncRNA metastasis-associated lung adeno-
carcinoma transcript 1 (MALAT1) is considered to be associated with vascular
disease because its expression is low in atherosclerotic plaques of the coronary
artery [101, 102]. Mice with Malat1 deficiency (Malat�/�) in an ApoE�/� back-
ground (ApoE�/� Malat�/�) possess an increased number of inflammatory cells and
atherosclerotic lesions compared with the number in the ApoE�/� Malat1+/+ control
mice [102]. Taken together, these studies demonstrate that ncRNAs are not genetic
waste but play critical roles in the pathophysiology of vascular diseases.

9.4 Mechanical Force-Induced Epigenetic Modifications
in Vascular Health and Disease

The roles of mechanical force-induced epigenetic modifications in vascular gene
expression and various functional regulations have been intensively studied. In this
section, the roles and related mechanisms of mechanical force-induced DNA meth-
ylation, histone acetylation/deacetylation, and miRNA/lncRNA expression in
modulating vascular cell function are discussed (Tables 9.1, 9.2, and 9.3).
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9.4.1 Methylation

Dysregulation of DNA methylation, including both hypermethylation and
hypomethylation, has been reported to occur in various diseases, including CVDs
[133, 134]. Genetically atherosclerosis-prone apolipoprotein E-deficient (ApoE–/–)
mice show alterations in DNA methylation profiles in their aortas and monocytes
before histologically detectable vascular lesions appear [133]. The hypermethylation
of the miR-145 promoter and its decreased expression in SMCs are caused by
DNMT1 upregulation or TET2 downregulation, leading to the activation of the
nucleotide-binding oligomerization domain-like receptor protein 3, which facilitates
the inflammatory response and induces plaque formation [135]. This study indicated
that the DNA methylation dynamically regulated by DNMTs and TETs plays a
crucial role in atherosclerosis. Furthermore, several studies have demonstrated that
DNMTs and TETs are modulated by mechanical forces that regulate vascular cell
function (Table 9.1). DNMT1 has been shown to play a role in the regulation of
endothelial functions in response to blood flow and may contribute to atherogenesis
[103, 104]. Disturbed flow induces DNMT1 expression via the integrin/focal adhe-
sion kinase (FAK)/mammalian target of rapamycin (mTOR)/p70S6 kinase signaling
pathways to induce global DNAmethylation, including on HoxA5, KLF3, Cyclin A,
and connective tissue growth factor (CTGF), both in vivo and in vitro
[103, 104]. The downregulation of DNMT1 by using 5-aza-20-deoxycytidine or by
inhibiting mTOR reduced the disturbed flow-induced endothelial inflammation and
proliferation, thereby attenuating plaque formation in the ApoE�/� mice
[103, 104]. The expression of eNOS regulated by the basal transcription machinery
in the core promoter plays an important role in modulating endothelial functions
such as vascular tone via NO production. However, eNOS mRNA is destabilized
when ECs are under pathological conditions such as inflammation, proliferation,
ox-LDL treatment, or hypoxia [136]. DNMT3a stimulated by OSS binds to the
promoter of the transcription factor KLF4 and causes DNA methylation of the KLF4

Table 9.1 DNMTs and TETs are involved in hemodynamic force-modulated vascular cell func-
tion and dysfunction

DNMT &
TET

Target
gene

Type of
mechanical force Cell type Function Reference

DNMT1 " HoxA5,
KLF3

Disturbed flow
(�5 dyne/cm2, at
1 Hz)

Arterial
endothelium

Inflammation " [103]

DNMT1 " Cyclin A,
CTGF

Oscillatory shear
stress (0.5 � 4
dyne/cm2)

Vascular
endothelium

Proliferation " [104]

DNMT3a
"

KLF4 Disturbed flow
(0.4 � 1.6 dyne/
cm2)

Human
aortic EC

Inflammation "/
vascular tone

[105]

TET2 # ? Low shear stress
(5 dyne/cm2)

EC Autophagy
dysfunction/
vascular tone

[106]
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Table 9.2 HDACs and HATs are involved in hemodynamic force-modulated vascular cell
function and dysfunction

HDAC
& HAT

Co-
factor

Type of mechanical
force

Cell
type Function Reference

HDAC1 p53 Unidirectional shear
stress (12 dyne/cm2)

ECs Proliferation # [107]

HDAC1
"

Nrf2 Oscillatory shear stress
(0.5 � 4 dyne/cm2)

ECs Proliferation "/
inflammation "/
oxidation "

[108]

HDAC2
"

Nrf2 Oscillatory shear stress
(0.5 � 4 dyne/cm2)

ECs Proliferation "/
inflammation "/
oxidation "

[108]

HDAC3
"

Nrf2/
MEF2

Oscillatory shear stress
(0.5 � 4 dyne/cm2)

ECs Proliferation "/
inflammation "/
oxidation "

[108]

HDAC3 Akt Oscillatory shear stress
(4.5 dyne/cm2 at
0.5 Hz)

ECs Survival " [109]

HDAC3
#

Cyclic stretch (1 Hz at
10% elongation)

VSMCs Migration # [110]

HDAC4
#

Cyclic stretch (1 Hz at
10% elongation)

VSMCs Migration # [110]

HDAC4
#

SHRs Arteries Hypertension [111]

HDAC5 MEF2 Unidirectional shear
stress (24 dyne/cm2)

ECs Vascular tone [112]

HDAC5
#

SHRs Arteries Hypertension [111]

HDAC5
(Cyto) "

Pulsatile shear stress
(12 � 4 dyne/cm2)

ECs Inflammation #/
oxidation #

[108]

HDAC5
(Nucle)
"

MEF2 Oscillatory shear stress
(0.5 � 4 dyne/cm2)

ECs Inflammation "/
oxidation "

[108]

HDAC6
"

Tubulin Unidirectional shear
stress (15 dyne/cm2)

ECs Cytoskeletal
remodeling/
migration "

[113]

HDAC7
(Cyto) "

Pulsatile shear stress
(12 � 4 dyne/cm2)

ECs Inflammation #/
oxidation #

[108]

HDAC7
(Nucle)
"

MEF2 Oscillatory shear stress
(0.5 � 4 dyne/cm2)

ECs Inflammation "/
oxidation "

[108]

HDAC7
"

Cyclic stretch (1 Hz at
10% elongation)

VSMCs Migration # [110]

SIRT1 " eNOS Unidirectional shear
stress (12 dyne/cm2)

ECs Vascular tone [114]

p300 NF-κβ Unidirectional shear
stress (15 dyne/cm2)

ECs Vascular tone [115]
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Table 9.3 NcRNAs are involved in hemodynamic force-modulated vascular cell function and
dysfunction

NcRNA
Target
gene

Type of
mechanical
force

Cell
type Function Reference

miR-126 " KLF2 Blood flow ECs Angiogenesis [116]

miR-663 " Oscillatory
shear stress
(0.5 � 4 dyne/
cm2)

ECs Inflammation " [117]

miR-21 " PPARα Oscillatory
shear stress
(0.5 � 4 dyne/
cm2)

ECs Inflammation " [118]

miR-10a # Athero-
susceptible
regions

ECs Inflammation " [119]

miR-10a # GATA6/
VCAM-
1

Oscillatory
shear stress
(0.5 � 4 dyne/
cm2)

ECs Inflammation " [120, 121]

miR-10a " GATA6/
VCAM-
1

Pulsatile shear
stress (12 � 4
dyne/cm2)

ECs Inflammation # [120, 121]

miR-92a # KLF2 Unidirectional
shear stress
(12 dyne/cm2)

ECs Vascular tone [122]

miR-19a " Cyclin
D

Unidirectional
shear stress
(12 dyne/cm2)

ECs Cell cycle arrest at
G1/S transition

[123]

miR-23b " p-Rb/
E2F

Pulsatile shear
stress (12 � 4
dyne/cm2 at
1 Hz)

ECs Proliferation # [124]

miR-101 " mTOR Unidirectional
shear stress
(12 dyne/cm2)

ECs Proliferation # [125]

miR-26a " GSK-3β Cyclic stretch
(1 Hz)

Human
airway
SMCs

Airway SMC
hypertrophy

[126]

miR-130a " GAX SHRs VSMCs Proliferation " [127]

Let-7d # K-RAS SHRs VSMCs Proliferation " [128]

miR-33 # BMP3 Arterial stretch
(1.25 Hz at
10%
elongation)

Venous
SMCs

Proliferation " [129]

miR-146a IRAK Unidirectional
shear stress
(12 dyne/cm2)

ECs-
VSMCs

Inflammation #/
neointima formation
#/VSMC contractile
phenotype

[93]

(continued)
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promoter. This process results in the inhibition of KLF4 transcription and eNOS
expression, leading to inflammation in ECs [105]. The hypermethylation of the
KLF4 promoter as well as the downregulation of KLF4 and eNOS are also observed
in the endothelium of OSS-affected regions in the porcine aorta [105]. In addition to
DNMTs, TETs have also been shown to participate in the initiation and progression
of atherosclerosis [106]. TET2 levels and TET2-mediated endothelial autophagy are
decreased in response to low shear stress (5 dyne/cm2), which may contribute to
atherogenesis. Moreover, overexpressed TET2 enhances eNOS expression and
reduces endothelin-1 levels. This result implies that TET2 may play a role in vessel
constriction [106]. Taken together, these studies provide new insight into the
mechanism by which shear stress-mediated DNA methylation in ECs influences
vascular cell function and, hence, atherosclerosis.

9.4.2 Histone Modification

9.4.2.1 Class I HDACs
Mechanical force-induced histone modifications cause chromatin remodeling that
regulates gene transcription, which is responsible for the modulation of endothelial
function (Table 9.2, Fig. 9.2). An in vitro study showed that USS facilitated the
association of p53 with HDAC1 to cause the deacetylation of p53 at Lys-320 and
Lys-373 in ECs [107]. The USS-mediated deacetylation of p53 induced p21 expres-
sion, leading to cell cycle arrest. In our previous study, class I HDACs were found to
play a role in modulating OSS-induced cell proliferation and oxidation in ECs
[108]. OSS stimulus caused an increased nuclear accumulation of HDAC1/2/3 and
thus induced cyclin A expression but inhibited p21 expression, leading to the
upregulation of EC proliferation [108]. OSS stimulation also induced the association
of HDAC1/2/3 with NF-E2-related factor 2 (Nrf2) and HDAC3 with myocyte
enhancer factor 2 (MEF2), which resulted in the deacetylation of Nrf2 and MEF2
and the inhibition of NQO1 and KLF2 expression [108]. By using the in vivo rat
stenosis model, in which a U-clip was applied to the abdominal aorta to produce a
65% constricted diameter [35], we found increased expression of HDAC2/3/5 and

Table 9.3 (continued)

NcRNA
Target
gene

Type of
mechanical
force

Cell
type Function Reference

Extracellular
miR-143/145
"

Unidirectional
shear stress
(20 dyne/cm2)

ECs-
VSMCs

VSMC contractile
phenotype

[130]

Extracellular
miR-126-3p
"

Disturbed flow
(0.5 � 4 dyne/
cm2)

ECs-
VSMCs

VSMC synthetic
phenotype

[131]

MANTIS " ICAM-1 Unidirectional
shear stress

ECs Inflammation [132]
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incorporation of BrdU in ECs located in downstream of stenosis where OSS occurs.
This OSS-dependent BrdU incorporation was attenuated in the ECs by the class
I-specific HDAC inhibitor valproic acid (VPA) [108]. In addition, HDAC3 expres-
sion and the OSS-stimulated phosphorylation of its serine/threonine residues were
shown to play an essential role in the survival and integrity of cultured ECs
[109]. Inhibition of HDAC3 expression via specific short hairpin RNA reduced
EC survival, by reducing Akt activity, which led to vessel rupture and atherosclero-
sis in ApoE�/� mice.

9.4.2.2 Class II HDACs
HAT p300 has been reported to cooperate with p65 to bind to the shear stress
response B element of the eNOS promoter, leading to eNOS expression under
laminar flow [115]. In addition to p300, other HDACs have been shown to play
roles in mechanical force-induced eNOS expression [112]. USS stimuli induce the
phosphorylation of class II HDAC5 and its nuclear export through a calcium/
calmodulin-dependent pathway [112]. This export subsequently caused the dissoci-
ation of HDAC5 from MEF2 and promoted MEF2 transcription, resulting in KLF2
and eNOS expression. Moreover, class II HDAC6 has been reported to modulate
USS-induced cytoskeletal remodeling in ECs co-cultured with SMCs [113]. Tubulin
is an important cytoskeletal protein, and its acetylation stabilizes microtubules and
retards cell migration. USS stimulus activates HDAC6 to inhibit tubulin acetylation,
leading to cytoskeletal remodeling and cell migration in ECs co-cultured with SMCs
[113]. Furthermore, we have identified the roles of class II HDACs in modulating
endothelial oxidation and inflammation in response to OSS and PSS stimuli
[108]. OSS stimuli induce the expression and nuclear accumulation of class II
HDACs in ECs, which causes HDAC3/5/7 to interact and form a complex with
MEF2 to suppress KLF2 expression contribute to anti-inflammatory responses
[108]. Another mechanical force, cyclic stretch (1 Hz at 10% elongation), has been
shown to inhibit SMC migration through the hyperacetylation of histone H3,
increased expression of HDAC7, and downregulation of HDAC3/4 [110]. The role
of cyclic stretch-mediated histone modifications in CVDs have been studied in vivo.
Western blotting analysis of the proteins from the aortas and mesenteric arteries of
spontaneously hypertensive rats (SHRs) and Wistar Kyoto rats (WKYs) showed that
the expression of HDAC4 and HDAC5 were decreased in the SHRs compared to
their expression in the WKYs [111]. The downregulation of HDACs caused by VPA
greatly reduced the blood pressure, cytokines, ROS, and angiotensin II in the SHR
mouse model [137].

9.4.2.3 Class III HDACs
The class III HDAC SIRT1, interacting with AMP-activated protein kinase
(AMPK), has been shown to influence eNOS expression in vitro and in vivo
[114]. The USS-induced mechanical stimulation enhances the association of
SIRT1 and eNOS, resulting in eNOS deacetylation and expression through AMPK
signaling [114]. In addition to eNOS, SIRT1 also deacetylates p65 at lysine 310 in
macrophages and suppresses macrophage binding to aortic ECs, thereby inhibiting
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NF-κβ signaling and reducing the expression of the adhesion molecules ICAM-1 and
VCAM-1 [138]. An in vivo study showed that overexpressed endothelial SIRT1 in
ApoE�/� mice maintained vascular cells in a physiological state and hence
attenuated the formation of atherosclerotic plaques [138]. Furthermore, SIRT1 also
plays roles in the proliferation and inflammation of SMCs. SIRT1 promotes the
mitosis of senescence-resistant cells by suppressing p21. Moreover, the inhibitor of
MMP-3 in tissues is enhanced by SIRT1 overexpression, which causes the
downregulation of MMPs and induces anti-inflammatory responses in SMCs.
Taken together, these studies indicate that mechanical forces mediate the activation
and expression of HDACs and hence contribute to vascular cell function as well as
the development of atherosclerosis.

9.4.3 MicroRNA

9.4.3.1 miRNAs Are Regulated by Shear Stress
The functions of mechanical force-induced miRNAs in modulating cellular angio-
genesis, inflammation, proliferation, and migration in vascular biology and disease
have been extensively studied (Table 9.3, Fig. 9.3). It has been shown that KLF2
plays a critical role in flow-induced angiogenesis in zebrafish embryos through the
miR-126/VEGF signaling pathway [116]. To elucidate the mechanisms by which
miRNAs regulate cellular functions in response to mechanical stimulation, the
miRNA expression profiles of cultured ECs subjected to differential flow were
analyzed [117]. miR-663 was found to play a role in endothelial inflammation but
not in apoptosis upon OSS stimulation. miR-21 activated by OSS in cultured ECs
also triggered an inflammatory response by downregulating peroxisome proliferator-
activated receptor α (PPARα) [118]. The role of miRNAs in the regulation of
endothelial inflammation has been studied in vivo. The decreased expression of
miR-10a in atherosclerosis-susceptible regions (i.e., the inner curvature of the aortic
arch and aorta-renal branches) in swine vessels indicates that miR-10a may play a
protective role during atherosclerosis [119]. miR-10a confers protection to the
vascular system through its anti-inflammatory effect in ECs [119]. Moreover,
miR-10a can be induced by PPS and OSS stimuli via HDAC signaling to modulate
anti-inflammatory and inflammatory responses, respectively, through GATA-
binding factor 6 and VCAM-1 expression [120, 121]. In addition to endothelial
inflammation, miRNAs have been shown to participate in KLF2-mediated eNOS
expression in response to shear stress [122, 139]. USS (12 dyne/cm2) but not OSS
(0.5 � 4 dyne/cm2) stimuli can downregulate miR-92a expression to increase KLF2
expression and thus facilitate eNOS induction and NO production, which contributes
to the modulation of vascular tone [122]. Moreover, it has been shown that USS can
induce miR-19a, miR-23b, and miR-101 expressions to inhibit the expressions of
cyclin D, E2F, and mTOR, as well as the phosphorylation of Rb, which leads to cell
cycle arrest and the inhibition of EC mitosis [123–125].
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9.4.3.2 miRNAs Are Regulated by Cyclic Stretch
Stretch force has also been shown to cause miR-26a expression, which serves as a
hypertrophic gene in SMCs [126]. miR-26a subsequently downregulates glycogen
synthase kinase-3β (GSK-3β), an anti-hypertrophic protein, to enhance SMC hyper-
trophy. The roles of miRNAs in modulating cellular functions during cyclic
stretching have been studied in vivo. miR-130a and let-7d have been shown to be
correlated with vascular remodeling in SHRs [127, 128]. The expression of
miR-130a is upregulated, which suppresses the expression of growth arrest-specific
homeobox (GAX) to promote SMC proliferation in these hypertensive rats. Con-
versely, let-7d is significantly downregulated in the SMCs of the SHRs. Let-7d can
bind oncogene K-RAS to downregulate it, leading to the suppression of SMC
mitosis. Recently, Huang et al. proposed that miRNA-33 protects against venous
SMC proliferation in response to arterial mechanical stretch in a grafted vein
[129]. The expression of miR-33 in venous SMCs subjected to a 10% 1.25 Hz
arterial stretch in vitro is decreased, which upregulates bone morphogenetic protein
3 (BMP3), and increases phosphorylation of smad2 and smad5. These modulations
and modification result in venous SMC proliferation and neointimal hyperplasia.

9.4.3.3 Extracellular miRNAs
Although active in cells, few miRNAs are found in extracellular biofluids, such as
serum and saliva, or in cultured media [140–144]. In contrast to RNA, these released
miRNAs are relatively stable in the extracellular environment, where they are in the
continual presence of RNases, suggesting that they may have a protective mecha-
nism that enables them to bypass areas with high RNase activity [145, 146]. Extracel-
lular miRNAs might be conjugated with proteins, included in the lipid complexes, or
wrapped with membrane vesicles to avoid degradation [147, 148]. The roles and
mechanisms of miRNA exported to the extracellular environment have been studied.
Biofluid miRNAs can be detected in several vesicles and complexes, indicating that
the release of miRNAs to the extracellular region is mediated by extracellular
vesicles (EVs), including exosomes, microvesicles, and apoptotic bodies (ABs),
and by high-density lipoproteins and the Ago2 protein complex [140, 144, 147,
148]. These released miRNAs are transported to the recipient cells via specific
pathways through which they modulate the expression of target genes/molecules
by serving as signal transducers in cell–cell communications. The role and function
of extracellular miRNAs in vascular biology have been investigated [131, 149,
150]. Application of unidirectional shear stress (12 dynes/cm2) to ECs co-cultured
with synthetic SMCs for 24 h induces EC miR-146a expression to inhibit neointima
formation and modulate synthetic SMC phenotype toward a contractile state
[93]. This study provides evidence that miR-146a is secreted from ECs to act on
the adjacent SMCs. ABs containing miR-126 have been reported to deliver cargo to
recipient vascular cells and reduce atherogenesis in mice [149]. Human umbilical
vein endothelial cells (HUVECs) were transfected with the KLF2 plasmid or
subjected to PSS to generate miR-143/145-abundant EVs that contributed to
SMC phenotypes. Coculturing HUVECs with SMCs led to the reduction of target
gene expression in recipient SMCs, which attenuated the development of

266 S.-Y. Wei and J.-J. Chiu



atherosclerosis [130]. Conversely, disturbed flow-induced expression and secretion
of endothelial miR-126-3p promoted the phenotypic switch of SMCs, causing
SMC hyperplasia and, hence, atherogenesis [131]. Taken together, these studies
demonstrate that shear stress-mediated extracellular miRNAs play critical roles in
EC–SMC interactions and vascular diseases. Thus, extracellular miRNAs may
have the potential to be developed as noninvasive clinical biomarkers for
atherosclerosis.

9.4.4 Long Noncoding RNA

LncRNAs have been shown to modulate vascular cell function and CVDs
[151, 152]. Studies regarding mechanical force-mediated lncRNA function in vas-
cular biology have recently emerged [132, 153]. The role of spliced-transcript
endothelial-enriched lncRNA (STEEL) in angiogenesis has been identified
[153]. STEEL transcriptionally upregulates eNOS and KLF2 expression via
STEEL-mediated recruitment of the poly-ADP-ribosylase to the KLF2 promoter.
Moreover, STEEL receives inhibitory feedback from both eNOS and KLF2 in
response to USS stimulus [153]. Leisegang et al. demonstrated that the beneficial
effects of HMG-CoA-reductase inhibitors (statins) and laminar flow on ECs are
conferred by lncRNAMANTIS (also known as lncRNA n342419) [132] (Table 9.3,
Fig. 9.3). Laminar flow and statins have been shown to activate MANTIS expression
via the transcription factors KLF2 and KLF4, which causes a reduction in the
association of the SWI/SNF chromatin remodeling factor BRG1 and the ICAM-1
promoter, thereby preventing the development of atherosclerosis [132]. Sphingo-
sine-1-phosphate (S1P) is a potent signaling lipid activated by the S1P receptor
(S1PR). Recently, long intergenic noncoding RNA antisense to S1PR1 (LISPR1),
which is highly expressed in ECs and lung tissue but expressed at low levels in
human lung diseases, plays an essential role in S1P signaling by regulating S1PR1
expression, thereby regulating endothelial migration and sprouting
[154]. Downregulated LISPR1 inhibits S1P-induced migration and sprouting in
ECs. Moreover, LISPR1 and S1PR1 expression are upregulated by the increased
association of KLF2 with the S1PR1/LISPR1 shared promoter in response to USS
and statins. Taken together, these studies suggest the possibility that lncRNAs can be
developed as clinical biomarkers of vascular diseases and may be potential thera-
peutic drugs for CVDs.

9.5 Conclusions and Future Perspectives

Mechanical forces, including shear stress and cyclic stretch, can modulate gene
expression, cellular functions, and morphological changes in vascular health and
disease. Normal shear stress and cyclic stretch maintain vascular homeostasis,
whereas disturbed flow and pathological cyclic stretch cause vascular cell dysfunc-
tion and thus promote the occurrence of vascular diseases. Epigenetic factors,
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including DNMTs, HDACs, miRNAs, and lncRNAs can modulate gene expression
without altering the DNA sequence. Mechanisms by which mechanical forces act on
vascular gene expression and cellular functions via differential intracellular signal-
ing pathways are widely explored. However, studies investigating the role of
mechanical force-induced epigenetic modifications in vascular biology have
emerged only in recent decades. In this chapter, in vitro and in vivo studies on
mechanical force-induced DNA methylation, histone modification/chromatin
remodeling, and ncRNA-dependent modification in the regulation of gene expres-
sion, cellular function, and pathology are summarized. Studies regarding the
mechanical regulation of vascular gene expression, proliferation/migration, angio-
genesis, antioxidation, inflammation, and vascular disorders are discussed. Further-
more, the roles and regulations of critical vascular molecules such as eNOS, KLF2,
ICAM-1, VCAM-1, NF-κβ, p21, and p53 are also described.

Functional roles of shear-induced DNMTs, TETs, HDACs, HAT, miRNAs,
and lncRNAs in the regulation of gene expression and vascular cell function and
dysfunction are well studied. However, the mechanisms by which shear stress and
stretch force induce DNMTs, TETs, HDACs, and HAT expressions remain unclear
and warrant further investigation. Mechanoreceptor integrin and its downstream
FAK/mTOR/p70S6 signaling pathway have been shown to be involved in the
disturbed flow-induced DNMT1 expression [103, 104]. In comparison to shear
stress, the role of another mechanical force, cyclic stretch, in the epigenetic regula-
tion of vascular physiology and pathology remains unclear. Recently, the effect of
cyclic stretch on vascular ECs has been investigated [50]. There is increasing
evidence that cyclic stretch serves as a potential trigger for the induction of the
inflammatory response of ECs and inflammatory cells, leading to ECM remodeling
[50]. Mechanical force-mediated endothelial function and its interplay with ECM are
highly associated with the programming of abdominal aortic aneurysm [50]. Unlike
shear stress caused by blood flow, the generation of mechanical stretch is more
complicated. Matrix remodeling, which is involved in the interaction of the ECM
with MMPs, alters the mechanical properties of vessels and therefore causes altered
stretching [155]. The stretch force caused by ECM remodeling may play roles in
epigenetic-mediated vascular health and disease, but these roles need to be
elucidated. Extracellular miRNAs and lncRNAs are emerging epigenetic regulators
that modulate vascular function in response to mechanical forces. Although extra-
cellular miRNAs constitute a small portion of all miRNAs, their characteristics, such
as circulating in biofluids and mounting resistance to RNAase, make them potential
targets to develop as noninvasive clinical biomarkers of atherosclerosis and other
CVDs. LncRNAs, distinct from small ncRNAs, modulate gene expression by diverse
mechanisms. In addition to modulating gene transcription, lncRNAs can also regulate
translation and RNA splicing and affect mRNA stability. However, studies on
mechanical force-induced lncRNAs suggest that they rarely regulate vascular biol-
ogy. Therefore, the role of these ncRNA-mediated epigenetic modifications in
modulating vascular gene expression and the corresponding cellular functions need
to be further investigated.

In conclusion, epigenetic studies increase our knowledge of mechanical forces
that transcriptionally and posttranscriptionally regulate gene expression in vascular
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physiology and pathology without altering DNA sequences. These studies provide
new insights into the dynamic regulation of vascular functions and the ways they
alter the vascular biology or pathobiology, findings that are expected to lead to the
development of diagnostic and therapeutic approaches for treating vascular diseases.
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