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Abstract

Vascular endothelial cells (ECs) and smooth muscle cells (VSMCs) are constantly exposed to haemodynamic forces, including blood flow-
induced fluid shear stress and cyclic stretch from blood pressure. These forces modulate vascular cell gene expression and function and, there-
fore, influence vascular physiology and pathophysiology in health and disease. Epigenetics, including DNA methylation, histone modification/
chromatin remodelling and RNA-based machinery, refers to the study of heritable changes in gene expression that occur without changes in
the DNA sequence. The role of haemodynamic force-induced epigenetic modifications in the regulation of vascular gene expression and function
has recently been elucidated. This review provides an introduction to the epigenetic concepts that relate to vascular physiology and pathophysi-
ology. Through the studies of gene expression, cell proliferation, angiogenesis, migration and pathophysiological states, we present a concep-
tual framework for understanding how mechanical force-induced epigenetic modifications work to control vascular gene expression and
function and, hence, the development of vascular disorders. This research contributes to our knowledge of how the mechanical environment
impacts the chromatin state of ECs and VSMCs and the consequent cellular behaviours.
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Introduction

The human body is constantly exposed to various types of mechani-
cal forces, such as the stretching of skeletal muscle, the compression
of cartilage and bone and the haemodynamic forces on blood vessels
[1]. Haemodynamic forces are generated from the pulsatile nature of
normal blood pressure and blood flow which can be characterized as
cyclic stretch, shear stress and hydrostatic pressure [2]. Although
vascular endothelial cells (ECs) and vascular smooth muscle cells
(VSMCs) are exposed to both cyclic stretch and shear stress, ECs are

primarily subjected to shear stress resulting from blood flow,
whereas VSMCs are subjected to cyclic stretch resulting from pulsa-
tile blood pressure. These haemodynamic forces are sensed by me-
chanoreceptors, which play an initial role in sensing various
mechanical stimuli as signals that are then transmitted to the interior
of the cell via intracellular signalling pathways. This process is known
as mechanotransduction [3]. Many putative mechanoreceptors have
been proposed, including ion channels, integrins, receptors of
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tyrosine kinases (RTKs), G protein coupled receptors, apical glycoca-
lyx, primary cilia and adhesion molecules. In response to various
mechanical stimuli, these mechanoreceptors signal through adaptor
molecules to activate upstream signalling molecules, such as Ras,
which then mediate intracellular signalling through phosphorylation
cascades, eventually leading to the morphological and functional
changes to maintain homeostasis. These changes include the regula-
tion of gene expression, differentiation, proliferation, angiogenesis
and migration. Vascular cell dysfunction because of the impairment
of these changes may lead to a pathophysiological state that contrib-
utes to the development of vascular disorders, such as atherosclero-
sis and hypertension [4].

Since Conrad Waddington first proposed the concept of ‘epigenet-
ics’ in 1942, research has advanced from genotype to phenotype [5].
Epigenetics refers to the study of heritable changes in gene expres-
sion and phenotype (i.e. appearance) that occur without changes in
the DNA sequence; such changes regulate the dynamics of gene
expression [6]. Epigenetics offers a new perspective on gene regula-
tion that broadens the classic cis/trans paradigm of transcriptional
processes and helps to explain unresolved problems from limitations
of gene expression [6]. Extensive evidence has revealed that epige-
netic processes play crucial roles in the development of various dis-
eases, including cancers and cardiovascular and neurological
disorders [7]. Studies investigating the role of epigenetics in vascular
biology and pathophysiology have emerged only recently. The key
processes that comprise epigenetic regulation are DNA methylation,
histone modification/chromatin remodelling and post-transcriptional
gene regulation by RNA-based mechanisms, such as non-coding
RNAs (ncRNAs) [6]. DNA methylation is the addition of a methyl
group from S-adenyl methionine (SAM) to the fifth carbon of a
cytosine residue to form 5-methylcytosine (5-mC) in the context of
CpG dinucleotides [8]. The hypermethylation of CpG islands results in
the stable silencing of gene expression. Histone proteins are modified
by lysine histone acetyltransferases (HATs) or histone deacetylases
(HDACs) at their N-terminal regions, a process that influences the
accessibility of the DNA to the transcriptional machinery [9]. NcRNAs,
such as microRNAs (miRNAs), are recently emerging endogenous,
non-coding, single-stranded RNAs of 18–22 nucleotides that consti-
tute a novel class of gene regulators. MiRNAs bind to their target
genes within their 3′-untranslated regions (3′-UTRs), leading
to the direct degradation of the messenger RNA (mRNA) or
translational repression by a perfect or imperfect complement
respectively [10].

Here, we discuss epigenetics as a complex interaction between
the genome, surrounding environment and mechanical forces,
such as haemodynamic forces, in vascular physiology and patho-
physiology. This article gives an introduction and provides new
insights into the role of mechanical force-induced epigenetic modi-
fications in vascular cell gene expression, function and patho-
physiology by presenting studies of eNOS gene expression,
differentiation, angiogenesis, migration, atherosclerosis and hyper-
tension. We also provide in vivo evidence that documents the
importance of epigenetic modifications in EC and VSMC gene
expression and function in response to haemodynamic force. In
conclusion, we propose haemodynamic force to be a critical

epigenetic manipulator in modulating vascular biology and patho-
physiology in health and disease.

Vascular mechanobiology

Blood vessels are constantly exposed to various types of haemody-
namic forces, including fluid shear stress, cyclic stretch and hydro-
static pressure, which are induced by the pulsatile nature of blood
flow and pressure [2]. Fluid shear stress is the frictional force per
unit area from flowing blood and acts on the ECs present on the
luminal surface of the vessel [11]. Cyclic stretch arises because of
blood pressure, causing circumferential stretching of the vessel wall
and affects both the ECs and the VSMCs that surround the endothe-
lium in arteries (Fig. 1) [2, 4]. Hydrostatic pressure per se might
also alter cellular physiology, but it is less important than shear
stress or cyclic stretch. An increasing number of studies indicate
that haemodynamic forces utilize mechanotransduction to influence
endothelial physiology, the morphology of the embryonic heart and
blood vessels and atherosclerosis [3]. In this section, we discuss
the cellular response to shear stress and tensile stress in ECs and
VSMCs respectively.

Shear stress

Shear stress modulates vascular morphogenesis
The pattern of blood flow in the development of heart tissue and ves-
sels has been shown to play a critical role in vascular morphogenesis.
By analysing intracardiac flow forces in zebrafish embryo, which is an
ideal model for investigating the cellular and molecular events of car-
dio-vasculogenesis because of the ability to visually inspect the
embryo and the accessibly of genetic modifications [12], Hove et al.
demonstrated that the blood flow influences the development of the
heart and vascular vessels [13]. Furthermore, Lucitti et al. provided
elegant evidence that fluid shear stress mediates the rearrangement
of a primitive vascular plexus into a mature vascular tree in early
mouse embryos [14]. The latter study suggested that fluid shear
stress-induced vessel remodelling is mediated by nitric oxide syn-
thase 3 (NOS3, endothelial NOS, eNOS). North et al. [12] and Adamo
et al. [13] demonstrated that fluid shear stress is able to promote
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Fig. 1 Schematic diagram showing the generations of shear stress (par-

allel to the endothelial surface), normal stress (i.e. pressure; perpendic-

ular to the endothelial surface), and circumferential stretch because of
blood flow and pressure (from Chiu and Chien [2]).
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embryonic haematopoiesis, increase the expression of haematopoiet-
ic markers and induce colony formation. Knockdown of eNOS
decreased the ability of haematopoiesis in haematopoietic stem cells
(HSCs). The finding that fluid shear stress-induced eNOS enhances
haematopoiesis has been found to be conserved from fish to mam-
mals [15, 16].

Shear stress regulates physiological functions
In addition to vascular morphogenesis and haematopoiesis, shear
stress-induced mechanotransduction in ECs also regulates cellular
functions, including cell proliferation/survival, metabolism, cytoskel-
etal reorganization and cell morphology [11]. For in vitro studies, a
parallel-plate flow channel is created using a gasket with a rectan-
gular cut-out that is made with a thin silicon membrane and has a
uniform channel height along the flow path [11]. The parallel-plate
flow channel can be used to study the effects of steady shear at
12 dyne/cm2, ‘static’ control with shear stress at 0.5 dyne/cm2, pul-
satile shear at 12 � 4 dyne/cm2, and reciprocating shear (oscilla-
tory) at 0.5 � 4 dyne/cm2. Disturbed shear is generated in a step-
flow channel [17]. Interestingly, different patterns of shear stress
cause the opposite result with respect to the functions. In laminar
shear (steady shear), many events are transiently induced, including
the production of reactive oxygen species (ROS), activation of GTP-
ases and pro-inflammatory pathways, such as JUN N-terminal
kinase (JNK) and NF-jB [18], and production of adhesion mole-
cules, such as monocyte chemotactic protein-1 (MCP-1) [19].
These events eventually decrease to substantially below baseline
levels compared with static controls. In contrast, these events are
continuously stimulated by disturbed shear and oscillatory shear [4,
20]. Cell cycle regulators, such as p53 and p21, are up-regulated
by laminar shear, leading to cell cycle arrest [21]. In disturbed
shear and oscillatory shear, bromodeoxyuridine (BrdU) incorpora-
tion is markedly enhanced, resulting in increased cell proliferation
[20]. Once ECs are exposed to laminar shear, their cytoskeletal
fibres undergo remodelling to align the cell in the direction of the
shear flow. This remodelling of cytoskeletal fibres is not observed
under disturbed flow, but the cells instead appear in a random ori-
entation, similar to that observed under static conditions [17, 22].
The cdc42 GTPase and the Rho signalling pathway are involved in
shear stress-induced cytoskeletal remodelling [23, 24].

Shear stress is involved in the development of vascular
pathologies
Endothelial dysfunction may lead to a pathophysiological state that
contributes to the development of vascular disorders, including ath-
erosclerosis and thrombosis and their complications [2, 4]. The pos-
sible role of haemodynamic forces in endothelial dysfunction was
first suggested on the basis of the observation that the earliest ath-
erosclerotic lesions characteristically develop at arterial branches and
curvatures where the shear is low and disturbed [2]. These areas
include the carotid bifurcations and the branch points of the coronary,
infrarenal and femoral arteries. Recent studies indicate that disturbed
shear and oscillatory shear induce sustained activation of a number
of atherogenic genes in ECs to promote the development of athero-
sclerosis [2, 4]. Disturbed shear induces EC dysfunction, resulting in

the expression of adhesion molecules, such as intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1)
and E-selectin (E-sel) and chemokines, such as MCP-1. Together,
these adhesion molecules and chemokines recruit leukocytes and
monocytes, thereby initiating a pro-inflammatory process within the
vessel wall. KLF-2 is a key shear stress-induced transcription factor
that governs the expression of shear stress-induced genes in ECs
[25]. When ECs are subjected to laminar shear stress, KLF-2 is
induced and plays anti-inflammatory and anticoagulant roles. In con-
trast, disturbed shear and oscillatory shear diminish the expression of
KLF-2 and cause the dysfunction of ECs [26]. Based on the above in
vitro studies, disturbed/oscillatory shear and laminar shear induce dif-
ferential molecular responses in ECs, leading to preferential sites of
atherosclerotic lesion formation.

Tensile force

Unlike the well-established responses of ECs subjected to fluid shear
stress, the VSMCs response to cyclic stretch is less clear; however,
the two processes share many similar features. As with shear stress,
the mechanoreceptors, such as integrins, RTKs and ion channels, can
sense tensile force from blood pressure and transmit the stimuli into
intracellular signalling pathways [27]. Several reports have described
the important role of cyclic stretch on VSMC gene expression and cel-
lular functions, such as proliferation/apoptosis, migration/alignment
and differentiation (phenotypic switch) [28]. In conditions of abnor-
mal blood pressure, such as hypertension, the vascular wall is chroni-
cally subjected to exaggerated tensile force by high blood pressure,
leading to vascular remodelling, arterial stiffness and calcification
[29].

Cyclic stretch modulates gene expression in VSMCs
During arterial remodelling, the matrix metalloproteinases (MMPs)
play a prominent role in mediating changes to the extracellular matrix
(ECM). Asanuma et al. demonstrated that human cultured VSMCs
subjected to physiological levels (5%) of stationary or cyclical (1 Hz)
uniaxial cyclic stretch had significantly decreased protein and mRNA
levels of MMP-2 and MMP-9 after 48 hrs [30]. This report indicates
that VSMCs selectively respond to different types of cyclic stretch
and the cyclic stretch-induced alteration in MMPs may be involved in
the remodelling of the ECM surrounding the vasculature.

Cyclic stretch regulates the functions of VSMCs
Vascular smooth muscle cells hypertrophy, hyperplasia, migration
and ECM remodelling are considered to be a key in the development
of hypertension. Watase et al. used a custom-designed plexiglass
pressure chamber and subjected VSMCs to 105 or 120/90 mm Hg
pressure at a frequency of 60 cycles/min. (0.5 sec. systole, 0.5 sec.
diastole) [31]. Interestingly, VSMCs displayed a more elongated mor-
phology and a significant increase in cell number when they were
continuously exposed to pressure until day 9. This is the first study to
reveal the role of cyclic stretch in modulating the phenotypic modifi-
cation of VSMCs. Furthermore, Birukov et al. demonstrated that cyc-
lic stretch (30 cycles/min.; 15% elongation) induced the proliferation
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of VSMCs and increased the expression of the specific contractile
protein h-caldesmon in VSMCs [32]. These data suggest that cyclic
mechanical stimulation has dual effects on VSMCs to modulate their
proliferation and differentiation. Moreover, uniaxial cyclic stretch
causes VSMCs to align in a direction that is perpendicular to the
direction of cyclic stretch. The mechanism of cyclic stretch-induced
cytoskeletal remodelling and alignment remains to be elucidated [28].
Li et al. further demonstrated that cyclic stretch (60 cycles/min.; 5,
15, or 20% elongation) enhances VSMC migration by promoting the
translocation of protein kinase C-d (PKC-d) to the cytoskeleton [33].
PKC-d-deficient VSMCs, which were cultured from PKC-d�/� mice,
were unable to migrate in response to cyclic stretch. This study indi-
cates that PKC-d is a key signal transducer in the modulation of
VSMC migration.

Epigenetics

The original concept of epigenetics was coined by Conrad H. Wadd-
ington. In 1939, in his student handbook entitled ‘An Introduction to
Modern Genetics’, he suggested ‘the causal interactions between
genes and their products, which bring the phenotype into being’ [5].
More recently, epigenetics has been redefined as the study of herita-
ble changes in gene expression or cellular phenotype that occur with-
out alterations in the DNA sequence [6]. These changes are achieved
by covalent and non-covalent modifications of DNA and histone pro-
teins-mediated modifications of the entire chromatin structure. Epige-
netic modifications can be classified into the following three main
categories: DNA methylation, histone modification/chromatin remod-
elling, and RNA-based mechanisms. RNA-based mechanisms are a
newly recognized type of epigenetic modification in which gene
expression is regulated by ncRNAs.

Methylation

DNA methylation was first discovered in mammals and occurs via the
addition of a methyl group from SAM to the fifth carbon of a cytosine
residue to form 5-mC [8]. DNA methylation occurs almost exclusively
in the context of CpG dinucleotides. CpG dinucleotides tend to cluster
into so-called CpG islands [34], which are defined as a region of
greater than 200 bases with a CG content of at least 50% and a ratio
of statistically expected CpG frequencies of at least 0.6. CpG dinucleo-
tides are quite rare in mammalian genomes (~1%). In the human gen-
ome, ~60% of gene promoters are associated with CpG islands, and
in normal cells, these islands are generally unmethylated [7]. The
methylation of CpG islands results in the stable silencing of gene
expression. During early embryonic development, CpG islands
undergo differential methylation [35]. These marks are important for
early embryonic development and the establishment of totipotency or
pluripotency as well as for health later in life. The methylation of CpG
islands plays a crucial role in genomic imprinting. The mechanisms of
DNA methylation include the following three steps: enzymes catalyse
the addition of a methyl group onto cytosine (methylation), enzymes
remove the methyl group (demethylation), and methylation-associ-

ated proteins recognize and bind to the methyl group to eventually
influence gene expression [8]. DNA methylation is catalysed by a fam-
ily of DNA methyltransferases (DNMTs), which includes DNMT1,
DNMT2, DNMT3a, DNMT3b and DNMT3L; however, only DNMT1,
DNMT3a and DNMT3b possess methyltransferase activity [7]. DNMT-
3L lacks intrinsic methyltransferase activity, but it is able to interact
with DNMT3a and 3b, leading to the methylation of retrotransposons
[36]. DNA methylation-associated proteins, including methyl CpG-
binding domain (MBD) proteins, ubiquitin-like PHD and RING finger
domain (UHRF)-containing proteins, and zinc-finger domain proteins,
can bind to 5-mC with high affinity to modulate gene transcription via
cis and trans interactions. In vascular ECs, the methylation of CpG
islands in promoters of eNOS and VEGFR2 (vascular endothelial
growth factor receptor 2) are identified and MBD2 can bind to these
methylated CpG islands and suppresses the gene expression. Loss of
MBD2 leads to activation of eNOS and VEGFR2 gene expression, and
trigger proangiogenetic signal pathway [37]. This evidence provides
the importance of DNA methylation in vascular function.

Histone modification and chromatin remodelling

In the nuclei of eukaryotic cells, genomic DNA is packaged into chro-
matin, which is composed of DNA and proteins. The unit of chromatin
is the nucleosome, which consists of an octamer of four core histone
proteins (H2A, H2B, H3 and H4) that are wrapped around ~147 base
pairs of DNA in 1.64 left-handed turns [9]. There are 14 contact
points between the histones and DNA per nucleosome [38]. The strik-
ing feature of histones is their N-terminal ‘tails’, which are unstruc-
tured. A large number and different types of modified residues are
placed on the tail of the histone. All of the histones are subjected to
post-transcriptional modifications. There are at least eight distinct
types of modifications, including lysine acetylation, lysine and argi-
nine methylation, serine and threonine phosphorylation, lysine ubiqui-
tylation, lysine sumoylation, ADP ribosylation, arginine deimination
and proline isomerization [9]. In general, acetylation, methylation,
phosphorylation, and ubiquitylation of histones have been implicated
in the activation of transcription; whereas methylation, ubiquitination,
sumoylation, deimination, and proline isomerization of histones have
been implicated in the repression of transcription. Among these modi-
fications, histone acetylation is most well studied. In mammalian
cells, acetylation is directly performed by histone acetyltransferases
(HATs) from acetyl-coenzyme A complexes. HATs are divided into
three families, including GNAT, MYST and CBP/p300 [9, 39]. Histone
tails are acetylated by HATs, resulting in the neutralization of their
positive charge and the relaxation of the chromatin structure. This
change in the chromatin structure increases the accessibility of tran-
scription factors to their target genes. Spin et al. further demon-
strated that p300 is involved in regulation of VSMC phenotypic switch
and implicates the complex role of p300 in chromatin remodelling
[40]. In contrast, acetyl groups can be removed from histones by his-
tone deacetylases (HDACs). There are three distinct families of
HDACs: class I (HDAC1-3 and HDAC8), class II (HDAC4-7 and
HDAC9-10) and class III [NAD-dependent enzymes of the sirtuin
(SIRT) family (SIRT1-7)] [41]. Class I HDACs are expressed ubiqui-
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tously in the nucleus and display high enzymatic activity. Class II
HDACs are further subdivided into IIA and IIB. Class IIA HDACs
(HDAC4-5, HDAC7 and HDAC9) have long N-terminal extensions with
conserved binding sites for the transcription factor myocyte enhancer
factor-2 (MEF-2) and the chaperone protein 14-3-3, which regulates
nuclear-cytoplasmic shuttling [42]. Class IIA HDACs can be phos-
phorylated by kinases, thereby providing a mechanism for linking
extracellular signals with transcription. Class IIB HDAC6 is the pri-
mary cytoplasmic deacetylase found in mammalian cells, whereas the
functions of HDAC10 are less known. Class III HDACs represent the
silent information regulator 2 (Sir2) family of nicotinamide adenine
dinucleotide (NAD+)-dependent HDACs (i.e. SIRT1-7), which share
structural and functional similarities with yeast Sir2 [43]. Histone
acetylation is a dynamic process that is controlled by the antagonistic
actions of two large families of enzymes [41]. The balance between
these actions represents a critical regulatory mechanism for gene
expression, developmental processes and disease progression.
Recently, HDACs and HDAC inhibitors have been suggested as clinical
therapies for several diseases, such as cancer, cardiovascular dis-
eases, Huntington’s disease and Alzheimer’s disease [43–45]. HDAC
inhibitors will likely widen the therapeutic window and possibly lead
to their clinical application [46].

In addition to histone modifications, chromatin remodelling can
be achieved by ATP-dependent chromatin remodelling complexes
[47]. These chromatin remodelling complexes utilize ATP hydrolysis
to alter the histone-DNA interaction. The consequences of chromatin
remodelling lead to the transient unwrapping of the DNA from the hi-
stones, the formation of a DNA loop and the removal of the nucleo-
some and histone variants; each of these processes results in
changes in the accessibility of nucleosomal DNA to transcription fac-
tors. These alterations in chromatin structure lead to changes in tran-
scription in a wide variety of biological processes and provide a
complex and responsive epigenetic landscape that is superimposed
on the underlying genetic code.

RNA-based mechanisms

The newly recognized type of epigenetic modification for gene regula-
tion involves ncRNA. NcRNA is functional RNA that is not translated
into protein. The functionality of individual ncRNAs has been found in
mammals, other animals, plants and fungi. Recent studies reveal that
ncRNAs are involved in the regulation of various processes, such as
metabolism, development, cell proliferation and oncogene induction
[48]. The following five classes of non-coding RNAs have been
defined: microRNAs (miRNAs), small interfering RNAs (siRNAs),
piwi-interacting RNAs, small nucleolar RNAs and long non-coding
RNAs (lncRNAs) [48, 49]. The functions and features of lncRNAs are
distinct from other small ncRNAs, such as miRNAs. Xist nuclear RNA
is a 17 kb lncRNA, which is expressed exclusively from the inactive X
chromosome in women [50]. MiRNAs are recently emerging endoge-
nous, non-coding, single-stranded RNAs of 18–22 nucleotides that
constitute a novel class of gene regulators. MiRNAs bind to their tar-
get genes within their 3′-untranslated regions (3′-UTRs), leading to
the direct degradation of the mRNA or translational repression by a

perfect or imperfect complement respectively [10]. In recent years,
the role of miRNAs has received increasing attention in the develop-
ment of various diseases. Particularly, the functions of miRNAs in
vascular development and diseases have been described [51, 52].
Most miRNA genes are located in intronic regions, and they may be
transcribed as part of the mRNA. The primary miRNA (pri-miRNA) is
transcribed by either RNA polymerase II or III from an independent
gene in the nucleus. In subsequent processing, the microprocessor
complex (i.e. Drosha-DGCR8) processes the pri-miRNA into a ~60–
100-nucleotide precursor hairpin (pre-miRNA) [53]. The resulting
pre-miRNA is exported to the cytoplasm by Exportin-5-RanGTP. In
the cytoplasm, the RNase III Dicer and TRBP cleave the pre-miRNA
into ~22-nucleotide miRNA/miRNA* duplexes [54]. The miRNA
strand is termed the guide strand and represents the mature miRNA;
the miRNA* strand is termed the passenger strand and undergoes
rapid degradation [55]. The mature miRNA is incorporated into a
miRNA-induced silencing complex and base-paired to its target
mRNA for mRNA degradation or translational repression. Several
miRNAs have been identified to play important role in vascular vessel.
The dual functions of miR-126, which is the most abundant miRNA in
vascular ECs, have been demonstrated in angiogenesis and anti-
inflammation. During the embryonic development, miR-126 has been
shown to regulate the angiogenic signalling and to govern the integ-
rity of blood vessel [56]. Overexpression of miR-126 significantly
represses TNF-a-induced VCAM-1 expression and leucocyte adhesion
[57]. MiR-143/145 are specifically expressed in normal blood vessel
and involved in the modulation of VSMC fate in differential phenotype
[58].

Haemodynamic force-induced
epigenetic modifications

Although extensive studies have demonstrated that haemodynamic
forces modulate various vascular cell functions, reports of haemody-
namic force-induced epigenetic regulation of gene expression, func-
tion and vascular pathophysiology have recently emerged. In this
section, we will discuss these mechanisms and functions of haemo-
dynamic force-induced methylation, histone modifications and mi-
croRNAs in vascular cells (Tables 1 and 2).

Methylation

Constitutive eNOS expression in ECs is dependent on the basal tran-
scriptional machinery present in its core promoter and includes posi-
tive and negative protein-protein (trans) and protein-DNA (cis)
interactions [59]. The haemodynamic force-induced regulation of
eNOS gene expression in mRNA processing and stability has been
clarified. Recent studies indicate that shear stress can modulate
chromatin remodelling on histone H3 and H4, resulting in eNOS being
regulated by chromatin-based epigenetic mechanisms at the tran-
scriptional level [60, 61]. Lund et al. found that DNA hypermethyla-
tion patterns occur prior to the appearance in peripheral blood
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mononuclear cells, human monocyte cell line THP-1, and the aorta of
ApoE mice [62]. The latter study was the first analysis of DNA methyl-
ation at the early stages of atherosclerosis and the first description of
genomic DNA sequences undergoing epigenetic changes in a mouse
model. Kim et al. further demonstrated the DNA methylation profiles

from atherosclerotic tissue and the DNA methylation patterns of es-
trogen receptor-b, which has been identified to have an important role
in atherosclerotic development [63]. Atherosclerotic tissues showed
higher methylation levels (28.7%) than normal arteries (6.7–10.1%)
and venous tissues (18.2%), and the methylation of estrogen

Table 1 HDACs involved in the regulation of vascular cells in response to haemodynamic forces

DHACs Co-factor Type of mechanical factor Cell type Functions References

HDAC1 p53 Laminar flow(12 dyne/cm2) ECs Deacetylation of p53 and activation of p21 [65]

Nrf-2 Oscillatory flow (0.5 � 4 dyne/cm2) ECs Promotion of proliferation and oxidation [66]

HDAC2 Nfr-2 Oscillatory flow (0.5 � 4 dyne/cm2) ECs Promotion of proliferation and oxidation [66]

HDAC3 Laminar flow(12 dyne/cm2) EPCs EPCs differentiate into ECs [68]

Akt Disturbed flow (mean 4.5 dyne/cm2) Cell survival and knockout of HDAC3 leads to
formation of atherosclerosis

[67]

Nrf-2/MEF-2 Oscillatory flow (0.5 � 4 dyne/cm2) ECs Promotion of proliferation and oxidation [66]

HDAC4 Laminar flow(10 dyne/cm2) ECs Mediation of flow-induced NO production [71]

HDAC5 Laminar flow(10 dyne/cm2) ECs Mediation of flow-induced NO production [71]

MEF-2 Laminar flow(24 dyne/cm2) ECs Phosphorylation of HDAC5, enhances MEF-2
transcriptional activity, leading to
eNOS production

[72]

MEF-2 Oscillatory flow (0.5 � 4 dyne/cm2) ECs Cell proliferation [66]

HDAC6 Laminar flow(15 dyne/cm2) ECs Low level of acetylated tubulin, regulates
migration of VSMCs

[73]

HDAC7 MEF-2 Oscillatory flow (0.5 � 4 dyne/cm2) ECs Cell proliferation [66]

Cyclic strain of 1 Hz at 10% VSMCs Inhibition of migration [74]

SIRT1 Laminar flow(12 dyne/cm2) ECs Enhance eNOS production [75]

Table 2 MiRNAs involved in the regulation of vascular cells in response to haemodynamic forces

miRNA Expression Type of mechanical factor Cell type Functions References

Let-7d Decreased SHR rats VSMCs Anti-proliferation [91]

miR-10a Decreased In vivo athero-susceptible regions ECs Anti-inflammation [85]

miR-126 Increased In vivo blood flow ECs Angiogenesis [82]

miR-130a Increased SHR rats VSMCs Proliferation [90]

miR-19a Increased Laminar flow(12 dyne/cm2) ECs Anti-proliferation [83]

miR-21 Increased Oscillatory flow (0.5 � 4 dyne/cm2) ECs Pro-inflammation [87]

miR-23b Increased Pulsatile flow (12 � 0.4 dyne/cm2) ECs Anti-proliferation [84]

miR-26a Increased Cyclic strain of 1 Hz at 12% VSMCs Hypertrophy [89]

miR-663 Increased Oscillatory flow (0.5 � 4 dyne/cm2) ECs Pro-inflammation [86]

miR-92a Increased Oscillatory flow (0 � 4 dyne/cm2) ECs Atherogenesis [81]
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receptor-b could be diminished with a DNA methyltransferase
inhibitor [64].

Histone acetylation/deacetylation (HAT/HDAC)

Class I HDACs
Haemodynamic force-induced histone modifications have been exten-
sively studied in recent years (Table 1). These histone modifications
are involved in the regulation of gene expression, cellular functions,
including cell proliferation, survival, migration and atherosclerosis.
Zeng et al. demonstrated that laminar flow increases the activity of
HDACs and the association of p53 with HDAC1, leading to the deacet-
ylation of p53 in ECs [65]. Treating ECs with Trichostatin A (TSA), an
HDAC inhibitor, abolishes the flow-induced p53 deacetylation at Lys-
320 and Lys-373. Furthermore, HDAC-deacetylated p53 by laminar
shear stress triggers the expression of p21, whereas deletion and
mutation of the p21 promoter inhibits p53 activation. These data
clearly outline the mechanisms of laminar shear stress-induced cell
cycle arrest. Lee et al. utilized HDAC-specific siRNAs to find that class
I HDAC1/2/3, but not class II HDAC4/7, modulate oscillatory flow-
induced cell proliferation [66]. Oscillatory flow up-regulates the
expression of cyclin A and down-regulates the expression of p21
through class I HDAC1/2/3, resulting in the promotion of EC prolifera-
tion. In an in vivo stenosis model in which the rat abdominal aorta
was subjected to partial constriction with a U-clip, which produced a
65% constriction in diameter [26], high expression of HDAC2/3/5 and

BrdU uptake were observed in the luminal ECs at post-stenotic sites,
where disturbed flow with oscillatory shear occurs. In addition, when
the HDAC inhibitor valproic acid (VPA) was injected into the rats
infused with BrdU, the increased BrdU uptake in the ECs at the post-
stenotic region was inhibited when compared with the group injected
with saline. These results indicate that oscillatory flow-induced EC
proliferation is mediated by class I HDACs in vivo (Fig. 2). Zampetaki
et al. utilized en face staining to demonstrate increased levels of
HDAC3 in aortas from apolipoprotein E (apoE)-knockout mice [67]. In
addition, cultured ECs were found to up-regulate the expression of
HDAC3 proteins and to enhance its phosphorylation at serine/threo-
nine residues in response to disturbed flow. Co-immunoprecipitation
studies revealed that HDAC3 and Akt form a complex to promote EC
survival. Knockdown the expression of HDAC3 via its specific short
hairpin RNA (shHDAC3) led to a dramatic decrease in cell survival
accompanied by EC apoptosis. These results indicate that disturbed flow
promotes the post-transcriptional modification and stabilization of the
HDAC3 protein, thereby highlighting its contribution to atherogenic pro-
cesses. Zeng et al. demonstrated that laminar shear stress enhances
embryonic stem cell-derived progenitor cell differentiation into ECs. This
process stabilizes and activates HDAC3 through the Flk-1-PI3K-Akt
pathway and deacetylates p53, resulting in p21 activation [68].

Class II HDACs
Chen et al. demonstrated that p300, which is a histone acetyltransfer-
ase, cooperates with NF-jB subunits (p50 and p65) to bind to the

Fig. 2 Schematic diagram of HDAC signalling and its modulation of gene expression and function in ECs in response to oscillatory and pulsatile flow.
Oscillatory flow induces the expression and nuclear accumulation of class I HDAC1/2/3 and class II HDAC5/7 in ECs. Oscillatory flow induces asso-

ciations of HDAC1/2/3 with Nrf-2, causing the deacetylation of Nrf-2 and inhibition of binding of Nrf-2 to the antioxidant response element (ARE),

which result in the repression of NQO1 expression. Furthermore, HDAC1/2/3 are involved in the oscillatory flow-induced cell cycle progression and

proliferation of ECs. In addition, oscillatory flow induces associations of HDAC3/5/7 with MEF-2, which lead to the inhibition of KLF-2 expression as
a result of MEF-2 deacetylation. In contrast, pulsatile flow induces the phosphorylation-dependent nuclear export of HDAC5/7 in ECs, and hence

induces the expressions of NQO-1 and KLF-2 (from Lee et al. [65]).
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shear stress responsive B element in the human eNOS promoter [69].
The shear stress-induced eNOS expression was blocked by pharma-
cological inhibition of p300/HAT activity with curcumin or p300-spe-
cific siRNA. Chromatin immunoprecipitation assays also revealed that
shear stress stimulates the acetylation of histones H3 and H4 at the
eNOS promoter, corroborating the results of a previous study [70].
On the other hand, histone deacetylations have been demonstrated to
play a critical role in shear stress-mediated eNOS expression. Appli-
cation of laminar flow to ECs induces their production of NO, which
promotes the deacetylation of histones, leading to the enhancement
of class II HDAC4/5 nuclear shuttling and the increased activity in ECs
[71]. Wang et al. found that the phosphorylation of class II HDAC5
and its nuclear export were stimulated by laminar shear stress
through a calcium/calmodulin-dependent pathway [72]. Conse-
quently, flow induced the dissociation of HDAC5 from MEF-2 and
enhanced MEF-2 transcriptional activity, leading to KLF-2 and eNOS
expression. In addition to regulation of eNOS expression by class II
HDACs, Wang et al. used ECs co-cultured with VSMCs to demon-
strate that HDAC6 is involved in the modulation of laminar shear
stress-induced migration in ECs [73]. The acetylation level of tubulin,
which is an important cytoskeletal protein involved in the regulation
of cell migration was decreased in these co-cultured ECs by shear
stress. Yan et al. found that a cyclic stretch of 1 Hz at 10% elongation
significantly inhibited the migration of cultured VSMCs, and this treat-
ment up-regulated the levels of hyperacetylated histone H3 and
HDAC7 and down-regulated the levels of HDAC3/4 [74].

Class III HDACs
Chen et al. demonstrated the interplay of class III NAD-dependent
enzymes, SIRT1 and AMP-activated protein kinase (AMPK) in the reg-
ulation of eNOS expression. Laminar shear stress and pulsatile flow
increase the SIRT1-eNOS association and eNOS deacetylation. In
addition, shear stress activates AMPK activity; hence, the phosphory-
lation of eNOS by AMPK is required for the SIRT1 deacetylation of
eNOS, leading to the expression of eNOS [75]. The class III HDAC
SIRT1 has been also shown to play a protective role in atherosclero-
sis [76]. SIRT1 deacetylates RelA/p65 at lysine 310 in macrophages
and suppresses its binding to naked DNA in human aortic ECs,
thereby interfering with a crucial step in NF-jB signalling and reduc-
ing the expression of EC adhesion molecules, including ICAM-1 and
VCAM-1. Overexpression of endothelial SIRT1 in apoE-deficient mice
prevents the formation of atherosclerosis by improving vascular func-
tion. In addition, SIRT1 is also involved in the proliferation and migra-
tion of VSMCs. The increased activity of SIRT1 in VSMCs leads to the
suppression of p21 and enhancement of senescence-resistant cells
replication [76]. In addition, the activity of the tissue inhibitor of me-
talloproteinase-3 can be increased by SIRT1 overexpression. There-
fore, SIRT1 plays a protective role in atherosclerosis in VSMCs by
inhibiting the inflammatory events and thereby preventing atheroscle-
rotic plaques formation.

Several HDAC inhibitors are studied in the spontaneously hyper-
tensive rat (SHR) model. Cardinale et al. demonstrated that SHRs
treated with VPA for 20 weeks had significant decreases in blood
pressure, the levels of pro-inflammatory cytokines and hypertrophic
markers, such as reactive oxygen species, and the expression of

angiotensin II type 1 receptor in the heart. [77]. Bogaard et al. also
found that VPA and TSA reduce pressure overload-induced left ven-
tricular hypertrophy and dysfunction, but the mechanisms of the
effect on right ventricular adaptation to pressure overload are
unknown [78]. Usui et al. analysed the expression of proteins in the
aorta and mesenteric artery from SHRs and Wistar Kyoto rats (WKYs)
by Western blotting [79]. The expression of HDAC4 and HDAC5 were
decreased in SHRs compared with WKYs. In the mesenteric arteries
from SHRs, HDAC4 was increased, whereas HDAC5 was decreased.
Taken together, HDACs play an important role in the development of
hypertension.

MicroRNA

In current studies, the functions of haemodynamic force-induced
miRNAs have been clarified in vascular cells (Fig. 3). These functions
include angiogenesis, inflammation, proliferation and migration. The
endothelium-specific transcription factor KLF-2 has been well-estab-
lished to participate in the regulation of eNOS gene expression [80]. A
new regulatory circuit of KLF-2-mediated expression of eNOS by an
RNA-based mechanism has been clarified [81]. ECs that were sub-
jected to oscillatory flow (0 � 4 dyne/cm2), but not pulsatile flow
(12 � 4 dyne/cm2) were triggered to express miR-92a. Bioinformat-
ics analysis demonstrated that KLF-2 is a target gene of miR-92a, and
its gene and protein expression levels are down-regulated in oscilla-
tory shear-stimulated ECs. In addition, the KLF-2-regulated genes
eNOS and thrombomodulin were repressed by the overexpression of
miR-92a in ECs. Nicoli et al. used a zebrafish embryonic model to
demonstrate that the angiogenic sprouting of blood vessels requires
the blood flow-induced transcription factor KLF-2 [82]. KLF-2 acts
upstream of miR-126 to promote fluid flow-stimulated angiogenesis
through VEGF signalling. Co-injection of both morpholinos, resulting
in the specific knockdown of KLF-2 and miR-126, caused a dramatic

Fig. 3 Schematic diagram of miRNAs and their function in ECs in

response to shear stress. Oscillatory flow induces the expression of
miR-92a, miR-21 and miR-663, leading to the repression of KLF-2 and

PPAR-a expressions and an inflammatory response in ECs. Laminar

shear stress induces the expressions of miR-19a and miR-23b, result-

ing in cell cycle arrest in ECs.
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defect in the penetrance of AA5X. This implies that KLF-2 and miR-
126 share a common pathway in modulating angiogenesis. This study
provided new insights into how ECs respond to flow stress and inte-
grate developmental signals with miR-126 to promote angiogenesis.
On the other hand, laminar shear stress has been identified as a regu-
lator of EC anti-proliferation as a result of miRNA modulation of cell
cycle regulators. Qin and Wang et al. demonstrated that laminar
shear stress induces miR-19a and miR-23b, which may participate in
cell cycle regulation, leading to EC arrest at G1/S [83, 84].

Fang et al. showed that swine vessels exhibit decreased expres-
sion of miR-10a at athero-susceptible regions of the inner aortic arch
and aorta-renal branches, which are the preferential sites for athero-
sclerotic occurrence [85]. This group further demonstrated that miR-
10a is involved in the anti-inflammatory effect observed in ECs. As
unusual fluid shear forces, such as disturbed flow and oscillatory
flow, promote the development of atherosclerosis, the link between
fluid shear stress and the development of atherosclerosis may involve
regulation by miR-10. The detailed mechanisms of this regulatory cir-
cuit should be further explored. Ni et al. described the miRNA expres-
sion profiles of cultured ECs exposed to oscillatory flow and laminar
flow [86]. The overexpression of miR-663 increases monocyte adhe-
sion in laminar flow-exposed ECs, whereas the treatment of ECs with
a miR-663 antagonist inhibits oscillatory flow-induced monocyte
adhesion. MiR-663 was identified to have functional importance in
endothelial inflammatory responses but not in apoptosis. Further-
more, Zhou et al. demonstrated that oscillatory flow induces the
expression of miR-21 at the transcriptional level in cultured ECs and
eventually leads to an inflammatory response by targeting the 3′-UTR
of the peroxisome proliferator-activated receptor-a (PPAR-a) [87].
These studies provide a mechanism of atherogenic flow in which
oscillatory flow induces an inflammatory response at the post-tran-
scriptional level that is mediated by miRNAs.

Hastings et al. used an EC-VSMC co-culture model in response to
atheroprone flow to identify the role of chromatin modifications in
regulating the VSMC phenotypic switch [88]. Mohamed et al. demon-
strated that cyclic stretch-induced miR-26a serves as a hypertrophic
gene; thus, the transcription factor CCAAT enhancer-binding protein
directly activates miR-26a expression through the transcriptional
machinery [89]. In addition, miR-26a directly targets glycogen syn-
thase kinase-3, an anti-hypertrophic protein, to enhance hypertrophy
in VSMCs. In the animal study, Wu et al. found that miR-130a corre-
lates with vascular remodelling in SHRs [90]. MiR-130a was up-regu-
lated in the thoracic aorta and mesenteric arteries of SHRs. In
addition, the mRNA and protein levels of growth arrest-specific
homeobox were down-regulated by miR-130a. MiR-130a mimics at
25 or 50 nmol/l significantly enhanced the proliferation of VSMCs. Yu
et al. investigated the miRNA expression profile in isolated VSMCs
from SHRs and WKYs [91]. The let-7d miRNA was significantly
down-regulated in VSMCs from SHRs, and the role of let-7d is sup-
posedly related to the proliferation of VSMCs. In cellular assays, over-
expression of let-7d directly targeted k-ras, which is an oncogene that
participates in the modulation of the cell cycle and cell proliferation,
leading to the inhibition of VSMC proliferation. This study implicates
the role of let-7d in the mechanism of VSMC proliferation in hyperten-
sive rats.

Conclusions and future perspectives

Haemodynamic forces, such as fluid shear stress and cyclic stretch,
can modulate EC and VSMC gene expression, cellular function and
pathophysiology in health and disease. Although extensive studies
have been performed on the molecular mechanisms by which haemo-
dynamic forces regulate intracellular signals that ultimately modulate
downstream gene expression, studies investigating the role of hae-
modynamic force-induced epigenetic pathways have emerged only
recently. In this review, we summarize the current state of the in vitro
and in vivo studies on haemodynamic force-induced DNA methyla-
tion, histone modification/remodelling and miRNA expression in the
regulation of EC gene expression, cellular function and pathophysiol-
ogy. Studies assessing eNOS gene expression, proliferation, angio-
genesis, migration and vascular disorders, such as atherosclerosis
and hypertension, are discussed. Shear stress-induced eNOS gene
expression is regulated by epigenetic mechanisms, including the acet-
ylation of histone H3 and H4, the interaction of p300 and NFjB with
the eNOS promoter, and post-transcriptional modification by HDAC5
and miR-92a, which influences eNOS gene expression by directly
binding to the 3′-UTR of KLF-2. These studies clearly demonstrate the
complex regulation of eNOS gene expression by shear stress-induced
epigenetic modification at the transcriptional and post-transcriptional
level. HDACs are critical molecules that participate in multiple aspects
of the EC response to shear stress. Particularly, shear stress-induced
HDAC3 via the Flk-1–PI3K–Akt pathway controls EC differentiation,
survival and proliferation. HDAC5 retards the disturbed flow-induced
inflammatory response, leading to a decrease in adhesion molecules.
In addition to HDACs, shear stress-modulated miRNAs, including
miR126, miR-19a, miR-23b, miR-92a, miR-10a, miR-21 and miR-
663, play a crucial role in EC angiogenesis, proliferation and athero-
sclerosis. The role of shear stress-induced epigenetic modifications
in vascular physiology and pathophysiology is demonstrated by their
regulatory roles in proliferation, angiogenesis, migration and athero-
sclerosis. In the SHR model, HDAC inhibitors, such as VPA and TSA,
decrease blood pressure and hypertensive markers. The aberrant
expression of let-7d, miR-130a and miR-26a may contribute to the
VSMC proliferation observed during the development of hypertension.

Although extensive studies have revealed that shear stress-
induced epigenetic modifications influence EC function, the role of
other important mechanical forces, such as tensile forces from ECM
remodelling, in the regulation of EC and VSMC functions remain
unclear. During the development of atherosclerosis and hypertension,
matrix remodelling is a critical feature as a growing number of studies
have revealed that changes occur in matrix components and protease,
such as MMPs alter the mechanical properties of vascular vessels
[92]. Haemodynamic force-induced epigenetic modifications are
tightly correlated with physiological maintenance and pathophysiol-
ogy. Similarly, mechanical forces derived from ECM remodelling may
have functions in epigenetic modifications in vascular cells and
should be investigated further. The study of epigenetic modifications
will contribute to our understanding of the transcriptional and post-
transcriptional control machinery in vascular disease that is stimulated
by unusual mechanical forces, such as disturbed flow and oscillatory
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shear. Such studies will likely provide new insights into the mechanisms
by which the dynamic environment of the vascular vessel influences the
vascular cells during the development of vascular diseases.
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