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Abstract
Endothelium of blood vessels is continuously exposed to various hemodynamic forces. Flow-mediated epigenetic plasticity 
regulates vascular endothelial function. Recent studies have highlighted the significant role of mechanosensing-related epi-
genetics in localized endothelial dysfunction and the regional susceptibility for lesions in vascular diseases. In this article, 
we review the epigenetic mechanisms such as DNA de/methylation, histone modifications, as well as non-coding RNAs 
in promoting endothelial dysfunction in major arterial and venous diseases, consequent to hemodynamic alterations. We 
also discuss the current challenges and future prospects for the use of mechanoepigenetic mediators as biomarkers of early 
stages of vascular diseases and dysregulated mechanosensing-related epigenetic regulators as therapeutic targets in various 
vascular diseases.
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Background

Mechanosensory transduction and epigenetic alterations are 
two significant extra-genomic components that substantially 
modify the inherent gene expression of vascular endothe-
lial cells (ECs). Mechanical stimuli due to blood flow play 
a vital role in cell homeostasis in vascular ECs. Cellular 
response to atypical hemodynamic signals is now emerg-
ing as a significant pathological aspect especially pertinent 
to the cardiovascular system [1]. Mechanical forces control 
the morphogenesis of the vascular system and are rationally 
emerging as determinants in the pathophysiology of most of 
the vascular diseases.

Blood flow-induced epigenetic regulation has gained 
much attention as master regulators of vascular diseases in 
the last few years [2]. Epigenetic signatures define all the 
heritable gene expression changes other than the inherent 
nucleotide sequence and genome-wide alterations made to 
DNA and the supporting nucleoprotein scaffold. Epigenome 
landscape is dynamically regulated in spatiotemporal pat-
tern, unlike DNA coding sequences and hence they possess 
a key role in determining phenotypic flexibility of cells in a 
context-dependent manner. Alteration of properties such as 
DNA de/methylation, histone acetylation/ methylation, and 
non-coding RNAs (ncRNAs) are some of the epigenetic gene 
expression altering mechanisms known so far [3]. The novel 
concept of ‘mechanoepigenetics’ was proposed by Missirlis 
in 2016 to describe the association of mechanical signaling 
with epigenetic regulation on chromatin [4]. Considering the 
extraordinary advances in the interactions between hemo-
dynamics and epigenetic modulation hallmarking vascular 
diseases, our understanding of mechanotransduction-regu-
lated epigenetics needs to be expanded, for the discovery of 
novel biomarkers and to enable new approaches for precision 
medicine.
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Mechanosensing and signal transduction 
in human vasculature

Vascular beds are inconsistent and not uniformly organized 
through the body. The systemic vascular network system 
consists of the aorta which carries oxygenated blood from 
the heart. The smaller vessels, arterioles branch from the 
aorta and channel blood to the capillary networks. Through 
the capillaries exchange of products from the blood within 
tissues occurs. Venules, the smaller vein vessels, carry 
blood from the capillaries and transfer to the larger veins 
which return blood to the heart for pulmonary circulation.

The luminal endothelial layer in arterial and venous sys-
tems maintains homeostasis by sensing the flow forces and 
conducting mechanical, endocrine, and paracrine signals 
to underlying smooth muscle cells (SMCs), adventitial 
fibroblasts, extracellular matrix, and circulating monocytes 
[5]. The endothelium is the anatomical barrier between 
the vessel wall and blood. Endothelium acts as a dynamic 
organ that plays a key role in maintaining vascular integ-
rity in response to hemodynamic cues. Natural pulsatility 
and viscosity of blood flow cause circumferential stretch 
and the frictional force exerted by blood flow causes shear 
stress, both of which are normal to the blood vessel [6]. 
Both fluid-wall shear stress (WSS) and circumferential 
stretch can stimulate the release of biochemical signaling 
molecules that maintain the normal physiological function 
of vessels. As expected, these forces change specifically 
in relation with vessel diameter [7]. Higher the diameter, 
lesser the physiological WSS would be. Shear stress on 
specific vessel wall is calculated using the Hagen–Poi-
seuille formula: τ = 4μQ/πr3, where τ is the shear stress, 
μ is the blood viscosity, Q is the volumetric flow rate, 
and r is the lumen radius. WSS is expressed in units of 
force per unit area [N/m2 or Pascal or dyn/cm2, where 1 N/
m2 = 1 Pa = 10 dyn/cm2].

In this review, mechanobiology of vascular ECs and 
epigenetic alterations will be discussed, considering the 
pivotal role of ECs compared to any other vascular cell 
types, in shear sensing. Considering the scarcity of sys-
tematic reviews in this topic, reports about hemodynamic 
alterations induced epigenetic changes in vasculature that 
were published predominantly in last 20 years, and a few 
earlier pioneer papers were collected from databases such 
as PubMed, Medline, and Scopus. The major keywords 
used included hemodynamics, shear stress, hemodynam-
ics in endothelial cells, shear induced epigenetic altera-
tions, atherosclerosis, aneurysms, pulmonary vascular dis-
eases, venous diseases, varicose veins, vein graft disease, 
and mechano-miRs. Mechanosensors on ECs can sense 
the slightest alterations in blood flow-related mechani-
cal forces and transmit them by biochemical signaling to 

neighboring cells by a process called mechanotransduction 
[8]. Fluid mechanical forces in the physiological range 
result in vascular homeostasis, while pathophysiological 
mechanical forces result in vascular remodeling, promi-
nent in several cardiovascular diseases.

A set of proteins has been proposed to orchestrate mecha-
nosensing and signal transmission in vascular endothelium. 
Endothelial cells respond to changes of tension by activat-
ing or inactivating signaling pathways mediated by small 
GTPase, transcription factors, and ncRNAs.

The endothelium is phenotypically heterogeneous across 
the vascular network [9]. They exhibit a great range of struc-
tural and functional heterogeneity. The typical spatiotempo-
ral differences in the extracellular microenvironment affect 
the homogeneity of the endothelium. Some of these EC het-
erogenous parameters seem to be inherently and epigeneti-
cally programmed; once set, they are independent of further 
cues from the extracellular environment. For instance, DNA 
microarray studies of arterial and venous ECs suggest an 
inherent capacity of arterial ECs to express genes associated 
with adhesion, proliferation, and apoptotic pathways in con-
trast to human saphenous vein ECs [10]. EC heterogeneity 
is all the more perceptible in arteries and veins due to the 
major difference between the blood flow rates and pressure 
parameters as well as due to distinct architecture [5]. Even 
the well-known vascular EC markers such as cell adhesion 
molecule PECAM-1 and protein tyrosine kinase Tie2 exhibit 
heterogeneity under different flow patterns [11, 12]. We have 
inadequate knowledge, however, of the mechanobiological 
alterations that cause vascular diseases. An improved under-
standing of the mechanobiology of the arterial and venous 
systems could lead to further insights on the flow-related 
epigenetic dysregulation in arterial and venous diseases.

Arterial mechanobiology

Arterial architecture greatly varies at sites of bifurcations, 
branch points, and curved regions. These terrains induce 
changes in flow patterns, which have vast effects on the vas-
cular cells especially ECs. ECs in these regions experience 
low WSS due to complex flow patterns which include blood 
flow reversal [13]. This is associated with a high suscepti-
bility for developing atherosclerotic lesions and plaque for-
mation. Blood flow is pulsatile with distinct characteristics 
depending on the location of an artery. Flow can be laminar 
and unidirectional as well as laminar with oscillatory back-
flow. Some rare flow patterns such as multidirectional and 
turbulent also exist. Multidirectional flows occur at blood 
vessel bifurcations or other irregularities, while turbulence 
occurs near the aortic valve or in more severe disease con-
ditions [14]. The possible role of hemodynamic forces in 
endothelial dysfunction was first documented in the 1960s 
by the observation that the initial lesions of atherosclerosis 
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occur at arterial branches and curvatures where the blood 
flow is disturbed [15]. This led to a series of studies in flow 
mechanics in arterial vasculature [16–18].

Regardless of its relatively low magnitude compared to 
other forces, WSS is a key determinant of both physiological 
and pathological vascular remodeling. Arterial shear stresses 
range from 10 dyn/cm2 in the aorta to approximately 50 dyn/
cm2 in smaller arterioles [19]. The physiological range of 
time-averaged WSS in straight arteries is considered as base-
line WSS which is usually between 15 and 25 dyn/cm2 [20]. 
Steady pulsatile laminar flow in a physiological range in 
arteries stimulate the production of factors that support EC 
survival, quiescence and barrier function, and also preva-
lent coagulation, and proliferation of vascular VSMCs. The 
branch point and curvature of the artery experience cardiac 
cycle-dependent re-circulating non-unidirectional ‘dis-
turbed’ or oscillatory flow with low WSS in the range of 
1–4 dyn/cm2 [20, 21]. These areas are mostly found to be 
lesion-prone.

Investigations aimed at defining all major shear stress-
responsive elements in vascular ECs are ongoing. Olesen 
et al. provided the first evidence for WSS modulation of ion 
channels in endothelia [22]. They found that shear stress 
activates a potassium channel in ECs. Alterations of ion 
channel activity represent an early response in the signal-
ing cascade, at least in the case of endothelial mechano-
sensing. Ion channels in ECs control Ca2 + influx either by 
Ca2 + influx pathway or by regulating K + and Cl− channels. 
Caveolae, glycocalyx, occludin, focal adhesion complexes, 
etc., are the most studied mechanosensors. Caveolae are 
plasma membrane microdomains involved in Ca2 + signal-
ing and mechanotransduction [23]. Endothelial cells of the 
vascular lumen are covered by endothelial glycocalyx. It 
is composed of membrane-bound negatively charged pro-
teoglycans, glycoproteins, glycolipids, and glycosaminogly-
cans. Glycocalyx is known as the ‘gatekeeper of endothelial 

cells’ since it is the key determinant of vascular permeability 
while being a sensor plus transducer of WSS [24]. Occludin 
is another EC mechanosensor which is a type of tight junc-
tion protein that carries a rate-limiting transport within the 
intercellular cleft [25]. Focal adhesions are integrin con-
taining flow sensors through which mechanical force and 
regulatory signals are transmitted between the endothelial 
cytoskeleton and extracellular matrix (ECM) [26]. The vari-
ous mechanosensors in ECs are shown in Fig. 1.

Proteins such as Kruppel-like factor (KLF) 2 and 4, 
Hypoxia-inducible factor 1-alpha (HIF-1α), nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) and 
Yes-associated protein (YAP)/transcriptional coactivator 
with a PDZ-binding domain (TAZ) are known to be involved 
in biochemical and biomechanical stimuli transduction and 
are the crucial mechanotransducers [27].

The most prominent among the mechanotransducers is 
transcription factor KLF2 which has a vascular protective 
role [28] and gets upregulated in response to laminar flow as 
shown in Fig. 2. Mechanosensing pathways in ECs are also 
reported to activate the master signaling MAPK and PI3K/
Akt pathways in the face of unidirectional flow.

Studies on how ECs perceive the direction of blood flow 
are very poorly understood. Recent studies suggest that 
plaque localization correlates more strongly with the trans-
verse WSS than with oscillatory flow as thought earlier [29]. 
Substantiating this hypothesis, studies have shown that ECs 
in plaque prone arterial regions fail to align in the direction 
of blood flow, exposing themselves to perpendicular WSS, 
whereas in atheroresistant parts of arteries, flow is parallel 
to the cell axis [14].

Venous mechanobiology

Due to their pivotal role in standing blood pressure, arteries 
and arterioles have received the major attention in earlier 

Fig. 1   Important mechanosen-
sors in vascular endothelial 
cells. Primary mechanosensors 
on endothelial membrane such 
as Occludin, G-protein-coupled 
receptors (GPCRs), Caveolae, 
Primary cilium, Glycocalyx, Ion 
channels, PECAM-1 (CD31), 
VE-cadherin, VEGFR-2, and 
Integrins trigger upstream 
signal transducers and maintain 
endothelial homeostasis in 
response to unidirectional blood 
flow
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mechanobiological studies. Nevertheless, venous ECs also 
undergo dynamic changes due to mechanical cues. Veins 
such as saphenous veins and their tributaries which act 
against gravity require active one way-valves and skeletal 
muscle pumping systems to avoid backflow, blood stasis, 
and resultant turbulent flow. Veins near the heart do not 
need strict measures and have more or less laminar parallel 
flow. ECs in veins and venules are also hypothesized to have 
similar mechanosensory transduction pathways as in arteries 
[30]. Blood pressure on thin-walled veins causes circumfer-
ential stretch, while the regular passage of blood through the 
vessels results in the frictional force called WSS. Venous 
circulation has a non-pulsatile quasi-steady flow pattern and 
WSS is lower than in arteries, ranging from 1–6 dyn/cm2 in 
the veins of different diameters with as little as 1 dyn/cm2 in 
the vena cava [21]. Notably, shear stress in small venules is 
comparably high (20- 40 dyn/cm2) due to higher flow rates 
and small diameters of these vessels [7, 31]. Venous valves 
protrude from the luminal endothelium and extend as long 
thin cusps or flaps. They are generally bicuspid, although 
unicuspid and tricuspid venous valves are also there [32]. 
These valves allow the directional flow of blood toward 
heart, and prevent any backflow.

Studies on how circumferential stretch is detected by cells 
and transmitted in the vein wall have reported the presence 
of ion channels, glycocalyx, G-protein-coupled receptors 
(GPCR) and integrins in vein walls which respond to cir-
cumferential stretch [30]. Mechanical sensors in such as 
integrin α2, α5, αvβ3, normally present in arterioles have 
been identified in ECs from saphenous veins as well. Fur-
ther, mechanical stretch on the thin vein wall induces the 
production of matrix metalloproteinases and associated vas-
cular remodeling via integrin αv [33].

Hemodynamic variations in the venous system are con-
sidered as one of the inductive factors for inflammation 
in veins [34]. But the exact reason for the hemodynamic 

variation is still unknown. Disturbed flow in primary veins 
such as saphenous vein can occur at initial stages due to 
flow disturbance at vein valve sinuses [21]. Altered flow can 
also occur due to blood reflux through incompetent valves in 
patients carrying polymorphisms in genes coding for valve 
maintenance, as observed in our earlier studies on the FoxC2 
gene [35].

Vein ECs are exposed to very low WSS compared to arte-
rial ECs. Interestingly, endothelial homeostasis is still main-
tained in the venous system even under long-term exposure 
to low WSS. Earlier studies in atherogenesis using HUVEC 
cells indicated that low shear per se is pathophysiological. 
However, venous landscape indicates that unidirectional 
laminar flow at physiological shear always results in stable 
endothelial function, whereas disturbance or turbulence in 
the flow triggers a pathological cascade. Understanding the 
role of WSS-related sensors and signaling transducers in the 
vein wall will provide new molecular targets for the early 
diagnosis and treatment of venous diseases. Considering the 
spatiotemporal attributes of various vein diseases such as 
varicose veins and deep vein thrombosis, further studies on 
venous mechanobiology are warranted.

Mechanoepigenetic regulators in vascular 
ECs

Epigenetic programming by hemodynamic factors includes 
three highly interrelated mechanisms, such as DNA methyla-
tion, histone modifications and ncRNAs including microR-
NAs (Fig. 3). Epigenetic regulation results in multidimen-
sional gene expression patterns. A major breakthrough in 
dissecting the epigenetic profile of the vascular endothe-
lium was made by the development of the project ‘Ency-
clopedia of DNA elements’ (ENCODE). By comparative 
studies using epigenome datasets from ENCODE, several 

Fig. 2   Regulation of KLF2 under laminar blood flow. KLF2 activates 
eNOS and antioxidant Nrf2 which prevent inflammatory signaling 
cascade. KLF2 is involved in the downregulation of pro-inflamma-
tory, prothrombotic, and vasoconstrictive genes such as vascular cell 

adhesion molecule 1 (VCAM-1), Monocyte chemoattractant protein-1 
(MCP-1), E-Selectin, endothelin-1 (ET-1), and plasminogen activator 
inhibitor-1(PAI-1)
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EC-specific promoters and enhancers sequences have been 
identified [36]. Most of such sequences are associated with 
genes that are enriched for angiogenesis and blood vessel 
morphogenesis.

DNA methylation

DNA methylation is the addition of a methyl group to the 5′ 
position of cytosine residues at cytosine preceding guano-
sine (CpG) islands. Methylation of CpG islands near gene 
transcription initiation sites results in the chromatin conden-
sation and inactivation of gene transcription. DNA methyla-
tion is regulated by a family of DNMTs (DNA methyl trans-
ferases) including DNMT1, DNMT2, DNMT3A, DNMT3B, 
and DNMT3L [37].

In recent years, several research groups have reported that 
DNMTs are shear-responsive enzymes that tightly regulate 
flow-mediated EC gene expression [38, 39]. There is mount-
ing evidence on the importance of shear-responsive DNMTs 
and global DNA methylation in controlling global gene 
expression during endothelial dysfunction associated with 
disturbed flow in arteries [38, 40, 41]. DNMT1 expression 
is induced by oscillatory WSS in cultured endothelial cells. 
Oscillation-related endothelial inflammation can be reversed 
by inhibition of DNMT with either 5-Aza-2′-deoxycytidine 
(5-Aza) or DNMT1 siRNA in disturbed flow terrains [39].

Disturbed blood flow suppresses atheroprotective shear-
responsive KLF2 and KLF4 in vascular ECS [28]. KLF4 
repression is mediated by hypermethylation of its promoter, 
in a DNMT3a-dependent method [38]. Systems biological, 
DNA methylome and transcriptome analysis have revealed 
that CRE methylation is regulated genome-wide, in a flow-
sensitive mode. CREs (cAMP response elements) have a 
major role in the differential expression of several gene path-
ways. CREs located specifically in gene promoters in ECs 
are hypermethylated by the disturbed flow. These findings 

indicate that genome-wide CRE methylation is one of the 
prospective mechanisms by which disturbed flow regulates 
gene expression. Therefore, CRE-containing flow-sensitive 
genes such as HoxA5, Klf3, Cmklr1, Acvrl1, and Spry2 can 
serve as targets for further studies in EC flow sensing and 
reverse programming [39].

TET‑mediated DNA demethylation

Demethylation counteracts DNMT functions and acti-
vates silenced genes. DNA demethylation is catalyzed by 
TET methylcytosine dioxygenases such as TET1, TET2, 
and TET3, which converts 5-methylcytosine (5-mc) into 
5-hydroxymethylcytosine (5-hmc) [42]. TET2 (Tet Methyl 
cytosine Dioxygenase 2) expression in endothelial cells is 
downregulated by disturbed blood flow in vitro as well as 
in atherosclerotic lesions in vivo [43]. Expression of TET2-
dependent autophagic markers is also reduced in EC exposed 
to disturbed flow. Investigations in this area are at a rela-
tively nascent stage. Yet it is clear that there exists a very 
fine balance between TETs and DNMTs and that any imbal-
ance will result in vascular endothelial dysfunction due to 
major changes in EC gene expression.

Histone post‑translational modifications

Histone post-translational modifications (HPTMs) are essen-
tial for epigenetic regulation of transcriptional expression 
and they occur primarily at amino acid residues of the N-ter-
minal tails of histones that protrude from the chromatin fiber. 
Histone modifications remodel chromatin, either by altering 
chromatin structure making it accessible to transcriptional 
factors as in euchromatin, or inactivating heterochromatin 
to which transcriptional factors do not get access to bind 
with DNA [44]. A myriad of HPTMs is currently known. 
The most studied and defined histone modifications are 
histone lysine methylation and acetylation. Histone acetyla-
tion is synchronized by the action of two enzymes, histone 
acetyltransferases (HATs) and deacetylases (HDACs). These 
enzymes add and take out acetyl groups from lysine residues 
present on histone N-terminal tails. Histone methylation is 
regulated by histone methyltransferases which have the abil-
ity to remove methyl groups from lysine residues. This reac-
tion can happen in other basic residues, such as arginines 
and histidines but not as frequently as in lysine. Histone 
methylation is known to have stringent gene specificity and 
hence considered to be a more permanent epigenetic mark.

Over the past few years, several efforts have been made 
to characterize the histone modifications in ECs [45, 46]. It 
is presently known that specific HDACs can promote and 
inhibit angiogenesis [47, 48]. ECs that are exposed to dis-
turbed fluid flow have an increased HDAC3 expression [49]. 
In ApoE−/− rats, HDAC3 is overexpressed in branching areas 

Fig. 3   Mechanoepigenetic regulators activated in vascular endothelial 
cells in response to disturbed blood flow. DNMT DNA methyltrans-
ferase, HDAC histone deacetylase, lncRNA long non-coding RNA, 
miR microRNA. Me denotes methylated CpG islands, Ac denotes 
acetylated histone proteins
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and the curvature of the aortic arch where blood flow is 
disturbed [50]. HDAC3 interacts with transcriptional fac-
tors such as Nrf2 and MEF2, preventing them from activat-
ing the expression of anti-inflammatory and anti-oxidative 
genes and thus resulting in endothelial dysfunction under 
disturbed flow [51]. NAD-dependent histone deacetylase, 
SIRT1 is downregulated in atheroprone regions of arteries 
[52]. SIRT1, when expressed appropriately can activate tran-
scriptional factors such as FoxO3a and PGC-1α and increase 
the expression of antioxidant genes in ECs [53]. These find-
ings indicate that differential expression of HDACs can have 
divergent effects on transcription.

Histone methylation is important for maintaining 
endothelial cell homeostasis. Earlier studies have reported 
that the functions of endothelial cells are regulated by sev-
eral histone methyltransferases (Suv39h1, EZH2) and dem-
ethylases (Jmjd2B, Jmjd3, PHF8) [54]. The role of histone 
methylation in disturbed flow conditions has not been well 
described. Studies to understand their context-dependent 
role in vascular pathologies is needed to identify ways to 
reverse histone reprogramming in pathological conditions.

Non‑coding RNAs

NcRNAs are a cluster of RNAs that are transcribed from 
DNA but do not encode functional proteins. ncRNAs have 
important roles in EC epigenetic regulation with involve-
ment in transcription as well as translation. They act as 
cis-acting silencers as well as trans-acting regulators of 
site-specific modification and imprinted gene-silencing. 
Based on the size, ncRNAs can be subdivided into 2 major 
subgroups (Fig. 4). They regulate gene expression modulat-
ing at transcriptional, post-transcriptional, and translational 
levels [55].

MicroRNAs (miRNAs/miRs) have been implicated in the 
regulation of global gene expression and they act mainly as 
post-transcriptional repressors. MiRNAs interact with the 

3′-untranslated region (3′UTR) of specific target mRNAs 
causing mRNA degradation and translational inhibition. It 
has been earlier demonstrated that physiological pulsatile 
laminar flow regulates the expression of miRNAs in ECs 
[56, 57]. These flow-sensitive miRNAs are generally known 
as ‘mechano-miRs’. In 2010, for the first time, Shu Chien 
and colleagues reported mechano-miRs (miR-19a and 23b) 
in cultured ECs, which were exposed to pulsatile unidirec-
tional flow in vitro [58, 59]. Peter Davies and colleagues 
in the same year reported miR-10a, the first mechano-miR 
identified in endothelium in vivo [60]. Since then, several 
miRNAs that have both pro/anti- inflammatory pro/antia-
therogenic roles have been identified.

Hitherto, there is no clear consensus on how WSS altera-
tions influence miRNA expression secretion within the vas-
cular wall. Several miRNAs are regulated by shear stress-
inducible transcription factor KLF2 [61]. Interestingly, Wu 
et al. reported that KLF2 is directly regulated by miR-92a as 
well [62]. miR-92a is overexpressed during oscillatory flow 
and its action ultimately lowers the expression of KLF2 and 
KLF4 [63]. Table 1 shows major miRNAs associated with 
KLF2 and these observations suggest intricate mechanisms 
of mechanotransduction comprising WSS master regula-
tor KLF2 and miRNAs. Overall, effective modulation of 

Fig. 4   Classification of non-
coding RNAs based on size

Table 1   Important microRNAs 
associated with KLF2 gene

miRNAs regu-
lated by KLF2

miRNAs 
that regulate 
KLF2

miR-126 miR-92a
miR-30a miR-25
miR-10a miR-363
miR-23b miR-381
miR-143 miR-27
miR-145 miR-93
miR-150 miR-663
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flow-induced EC signaling is dependent on a feedback mech-
anism involving mechanoresponsive genes and ncRNAs.

Very recent studies have unraveled a repertoire of unique 
EC-enriched lncRNAs (Table 2). Jeffrey Man and colleagues 
in 2018 described Spliced-transcript endothelial-enriched 
lncRNA (STEEL). This is the first identified lncRNA in 
ECs. STEEL enhances EC turnover and migration and has 
a prominent role in blood vessel formation and maturation. 
STEEL was found to be decreased in vascular ECs subjected 
to atheroprotective unidirectional pulsatile flow. STEEL is 
found to negatively regulate the major mechanosensors, 
KLF2 and eNOS [64].

LEENE is another flow-responsive lncRNA that enhances 
eNOS expression and is overexpressed during pulsatile shear 
stress when compared to during oscillatory shear stress. 
Studies have shown that there are binding sites for KLF2 
and KLF4 around the transcriptional start site of LEENE 
[65]. MANTIS, LISPR1, and LASSIE are the other lncRNAs 
that have vital roles in EC alignment in response to vascular 
protective laminar flow [66–68]. Most such lncRNAs are 

regulated by forces induced by blood flow, and they modu-
late the expression of mechanotransductory KLF2. Taken 
together, it is clear that disturbed flow modulates master 
shear stress regulator KLF2 and thus affects endothelial 
function and inflammation (Fig. 5).

Epigenetic regulators of mechanosensing 
in vascular diseases

Even the slightest disturbance in laminar flow results in the 
activation of signaling cascades that causes vascular dys-
function, inflammation, and injury and thus the develop-
ment of several vascular pathologies. Altered hemodynamics 
imparts changes in endothelial cell behavior and subse-
quently increases the susceptibility for several arterial and 
venous diseases. Most of our knowledge regarding hemody-
namic alterations and their effects on endothelial function 
has accrued from studies on atherosclerosis and coronary 
artery disease (CAD). There has been some contribution 

Table 2   Major lncRNAs implicated in shear stress mediated vascular endothelial function

LncRNA Blood flow pattern Regulatory function References

HOTAIR Laminar Reduce endothelial cells proliferation and migration [116]
LASSIE Laminar Promote the function of KLF2 and stabilize adherens junction [68]
LISPR1 Laminar Promote S1PR1 which improves endothelial barrier integrity, angiogenesis, vascular 

stability, and permeability
[67]

STEEL Disturbed Reduce expression of eNOS and KLF2 [64]
MANTIS Laminar Controls endothelial cells migration, angiogenic sprouting, and tube formation [66]

Fig. 5   Altered hemodynam-
ics in the epigenetic regulation 
of KLF2. Epigenetic factors 
that reduce endothelial KLF2 
expression in response to 
disturbed flow. Downregula-
tion of KLF2 negatively affects 
vascular tone and endothelial 
antioxidant system while result 
in the augmentation of endothe-
lial inflammation
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from studies on other vascular diseases such as aneurysms, 
pulmonary vascular diseases and venous diseases.

Atherosclerosis

Atherosclerosis is a chronic condition in which arteries 
stiffen due to the formation of fibrofatty plaques in the 
intima. Atherosclerosis predominantly develops in hot-
spots such as vessel bifurcations and branch points, where 
the dysfunctional ECs initiate plaque accumulation. Arte-
rial sites with low shear stress (< 5 dyn/cm2) are therefore 
affected more [20, 21]. Fluid mechanical measurements at 
atherosclerotic lesion-prone areas have revealed that mean 
WSS is 4 dyn/cm2 in arterial sites exposed to disturbed 
blood flow and 12 dyn/cm2 in the straight segments of the 
arterial tree, where there is steady laminar flow [20]. In a 
healthy individual, blood flow at arterial bifurcations as 
in the common carotid artery and its internal and external 
branches split into two high-velocity bloodstreams close to 
the inner walls of the arteries. Even a small intimal plaque 
in patients with atherosclerotic risk factors causes hemody-
namic alterations and concomitant re-circulating turbulent 
flow. WSS in the regions of atherosclerotic plaque depends 
on the degree of luminal narrowing and measures > 50 dyn/
cm2 in humans [69]. Birchall et al. with the aid of computa-
tional fluid dynamics (CFD) studies demonstrated in patients 
that instantaneous WSS at the point of stenosis ranged from 
1.6 × 103 dyn/ cm2 to even as high as 4.5 × 103 dyn/ cm2 in 
atherosclerotic carotid arteries with 50% to 90% stenosis 
[70]. Their observation spurred interest in the interrelated 
roles of hemodynamics and epigenetic modifications in 
atherogenesis. Most studies on mechanobiological factors 
and related epigenetic modification mechanisms have been 
carried out in animal models for atherosclerosis.

Flow‑induced DNA methylation in the pathogenesis 
of atherosclerosis

Doyon Won et al. in 2007 reported that disturbed hemo-
dynamic forces induce in vascular ECs, a unique pattern 
of gene expression that predisposes vulnerable arterial 
regions to dysfunction of eNOS and atherosclerotic lesions 
[71]. Seven years later, three research groups independently 
reported that DNMTs expression is significantly regulated 
by shear stress [38, 39, 72]. They further demonstrated that 
disturbed flow-mediated endothelial gene expression is regu-
lated in a DNMT-dependent manner. Disturbed blood flow 
induces atherosclerosis via DNMT1 and DNMT3a-depend-
ent promoter methylation of mechanosensitive Homeobox 
protein A5, KLF3, and KLF4 [38]. HoxA5 modulation by 
disturbed flow further promotes the transcription of pro-
inflammatory genes [39]. Repression of KLF4 by promoter 
methylation induced by disturbed flow, in turn, affects 

downstream molecules such as nitric oxide synthase 3 
(NOS3), thrombomodulin, and MCP-1 [38].

DNMTs are crucial among the several factors that deter-
mine the fine balance between pro and anti-atherogenesis. Jo 
et al. in 2015 reported that undisturbed flow reduces DNMT 
activity and results in decreased DNA methylation and 
expression of antiatherogenic genes [39]. In a murine model 
with partial ligation of the carotid artery, they observed that 
disturbed blood flow increases the expression of DNMT1 
and methylates promoters of mechanosensitive master 
switches such as HoxA5 and KLF3. Methylation patterns in 
these genes were restored to normal by both DNMT inhibi-
tor 5-aza-2′-deoxycytidine (5-Aza) and siDNMT.

Flow associated histone post‑translational modification 
in atherosclerosis

Several studies have confirmed the role of HDACs and 
HATs in atherosclerosis. As early as 2003, Illi et al. using 
an in vitro flow model described the effect of laminar shear 
stress on epigenetic histone modification and chromatin 
structure, providing the molecular basis for shear mediated 
gene regulation in ECs [73]. Both histone H3 acetylation 
and phosphorylation are activated in HUVECs exposed to 
laminar shear stress. Later, Wang et al. demonstrated that 
parallel uniform flow-induced phosphorylation of HDAC5 
Ser259/498 and induced the expression of KLF2 [74]. Oscil-
latory shear stress induces the expression of both class 1 and 
2 HDACs and downregulation of KLF2 [51, 75]. Oscillatory 
flow induces the binding of HDACs 1,2,3 with Nrf2 and 
binding of HDACs 3,5,7 with myocyte enhancer factor-2. 
Deacetylation of these genes results in the downregulation of 
antioxidant gene NQO1 and KLF2, which are reversed in the 
presence of HDAC siRNA. Low oscillatory WSS -induced 
HDAC signaling and EC responses are mediated by phos-
phatidylinositol 3-kinase/Akt pathway. Lee and his group 
were pioneers in demonstrating the role of specific HDACs 
in regulating the inflammatory and proliferative responses 
of cells to oscillatory disturbed flow.

Endothelial mechanosensing ncRNAs in atherosclerosis

The mechano-miRs involved in the atherogenesis, gener-
ally known as athero-miRs, play a vital role in the initiation 
and progression of atherosclerotic plaques. Cumulative evi-
dence indicates a pivotal role for mechano-miRs in blood 
flow-dependent endothelial dysfunction and atherosclerosis 
[76–78]. As most of the evidence for the role of athero-miRs 
were identified using in vitro flow chamber-based assays in 
ECs, it is imperative to validate them in vivo given that sev-
eral of their target flow-responsive genes which were identi-
fied in vivo are known to be lost or become dysfunctional 
during endothelial cell culture. Based on their presumed as 
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well as defined roles in atherogenesis, athero-miRNAs are 
categorized into proatherogenic (proathero-miRs), antia-
therogenic (antiathero-miRs) and dual role mechano-miRs 
(Table 3).

Proathero‑miRs  MiR-17–92 cluster comprising miR-17, 
18a, 19a, 19b, 20a, and 92a are proatherogenic in their func-
tion. They are highly expressed both in vitro cultured ECs 
exposed to disturbed flow as well as in ECs in the athero-
susceptible regions of the aortic arch in pigs [59, 62, 63]. 
Son et al. with the help of a partially ligated carotid artery 
model has demonstrated that disturbed flow induces the 
expression of miR-712 and that inhibitory anti-miR-712 
prevents plaque development in animals [77]. Tissue inhibi-
tor of metalloproteinase-3 (TIMP3) is the target of miR-712 
and its binding inactivates TIMP3 and activates matrix met-
alloproteinases leading to endothelial inflammation and ath-
erosclerosis. As evident from Table 2, most of the mechano-
miRs regulate the action of mechanotransductory as well as 
inflammatory genes in vascular ECs.

Antiathero‑miRs  As described earlier, miR-19a and miR-
23b are overexpressed in cells subjected to laminar unidi-
rectional flow and are considered to be atheroprotective. 
Mechanistically, miR-19a targets cyclin D1 and induces 
endothelial quiescence [58]. miR-23b expression induced 
by pulsatile WSS suppresses EC proliferation [59]. These 
findings are interesting as the disturbed flow is known to 
increase endothelial proliferation in atheroprone regions. 
miR-10a, another important miRNA is relatively dimin-
ished in the lesser curvature regions of the porcine aor-
tic arch when compared to atheroprotected areas in the 
thoracic aorta. These regions in the aortic arch have dis-
turbed blood flow [60]. Studies indicate that miR-10a is 
an anti-inflammatory miRNA that targets MAP3K7 and 
βTRC, both of which promote inhibitor  κB degradation 

and p65 translocation and thereby inhibit activation of 
nuclear factor kappa-light-chain-enhancer of activated B 
cells (NFκB) in ECs.

Dual role mechano‑miRs  Some known mechano-miRs have 
both anti- and proatherogenic effects in vivo. It is plausible 
since a single miRNA can target numerous target mRNAs, 
which may have contrasting roles in the pathogenesis of ath-
erosclerosis. miR-21, miR-126, and miR-155 are some of the 
dual role mechano-miRs which through independent in vivo 
experiments have been identified to possess atheroprotective 
as well as atherogenic effects [79]. The phenotypic response 
of the cell may hence depend on the magnitude of mechani-
cal forces and also on the specific anatomical location. More 
studies are necessary to delineate the intricate atherogenic 
mechanisms related to ambiguous mechano-miRs.

Another type of ncRNAs involved in the progression of 
atherosclerosis is lncRNAs. LncRNAs have been recently 
implicated in several biological processes and diseases. Sev-
eral lncRNAs have been identified as epigenetic regulators in 
vascular diseases. LncRNAs such as STEEL, MANTIS, LAS-
SIE, LISPR1, H19, SENCR, RNCR3, MEG3 are some of the 
EC regulators known to be associated with atherosclerosis. 
There is sparse information on their role in the response of 
ECS to alterations in ECs and resulting EC dysfunction and 
atherosclerosis.

STEEL is an EC-specific atherogenic lncRNA that can 
transcriptionally reduce the expression of eNOS and KLF2 
genes by increasing chromatin accessibility and histone 
methylation in gene promoters [64]. In ECs, in response 
to atheroprotective unidirectional pulsatile flow, there 
is reduced STEEL expression, which in turn leads to the 
upregulation of both KLF2 and eNOS. MANTIS is another 
important lncRNA [66]. MANTIS is controlled by the histone 
demethylase JARID1B (Jumonji AT-rich interactive domain 
1B). MANTIS gets enhanced by atheroprotective flow and 
favor angiogenic function. MANTIS modulates shear stress-
induced EC alignment and angiogenic sprouting. Josipovic 
et al. reported LISPR1 another lncRNA enriched in ECS. 
LISPR1 is expressed in an atheroprotective laminar flow-
dependent manner [67]. LISPR1 regulates S1PR1 which is 
an endothelial barrier-promoting receptor and thus nega-
tively regulates atherosclerosis. Lyu and colleagues identi-
fied another important lncRNA, SENCR (smooth muscle 
and endothelial cell-enriched migration/differentiation-
associated) whose expression is promoted by laminar shear. 
SENCR is flow-responsive and contributes to the integrity of 
endothelial cells through physical association with CKAP4, 
thereby stabilizing CDH5, which is associated with the cell 
membrane [80]. RNA sequencing studies have recently iden-
tified yet another atheroprotective lncRNA, LASSIE which 
similar to MANTIS is involved in EC alignment in response 
to laminar pulsatile flow [68].

Table 3   Important mechano-miRs known and their target genes

miRNA Target gene Pro- or anti-athero-
sclerosis

References

miR- 217 SIRT1 Proatherogenic [140]
miR-92 KLF2, KLF4 Proatherogenic [63]
miR-143/145 ACE, TPM-4 Antiatherogenic [128]
miR 125a-5p ET-1 Antiatherogenic [141]
miR-30c MTP Antiatherogenic [142]
miR- 33 ABCA1, AMPK1α Proatherogenic [143]
miR-10a MAP3K7, βTRC​ Antiatherogenic [60]
miR- 25 NOX4 Antiatherogenic [144]
miR-23b E2F1 Antiatherogenic [59]
miR-19a Cyclin D1 Antiatherogenic [58]
miR-205 TIMP3 Proatherogenic [77]
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Aneurysms

An aneurysm is an enlargement of an artery due to weakness 
in its wall. Aneurysms are irreversible and hence explora-
tions in therapeutic interventions for them are important. 
Aneurysms in aorta increase the risk for aortic dissection, a 
serious condition resulting from a tear in the inner layer of 
the aorta. Aneurysms are generally associated with loss of 
the internal elastic lamina, thinning of the tunica media, and 
degeneration of the extracellular matrix of the vessel wall. 
The exact pathogenesis of aneurysm formation and rupture 
is yet unclear. Akin to atherosclerosis, aneurysms can occur 
throughout the arterial tree.

Factors associated with the pathogenesis of aneurysms 
include genetic and environmental, more specifically, extra-
cellular matrix defects and degeneration, hemodynamic 
stress and inflammation secondary to infection [81]. Recent 
reports suggest that WSS alterations may have a key role 
in the progression of an aneurysm. Castro et al. observed 
that mean WSS for unruptured aneurysms ranges from 10 to 
230 dyn/cm2 compared to WSS ranging from 35 to as high 
as 1500 dyn/cm2 for ruptured aneurysms [82]. Earlier stud-
ies suggested that hemodynamic alterations in small arteries 
of the brain have a key role in the initiation and rupture of 
intracranial aneurysms [83].

Both high and low WSS have been found associated with 
aneurysm development and tear. Inflammation-mediated 
destructive remodeling or mural cells-mediated remodeling 
of the vessel wall can result in alterations in WSS and aneu-
rysm progression [84]. Disturbed shear stress accelerates 
EC turnover, while low shear stress induces apoptosis in 
aneurysms. Initially, very high WSS, sensed by molecular 
sensors such as integrins and ion channels on arterial ECs 
induce MMP production that leads to ECM degeneration of 
arterial wall. This causes dilatation of lumina and degrada-
tion of the internal elastic lamina. As the diameter of the ves-
sel increases, WSS decreases and matrix degradation stimuli 
are also reduced [85].

Irrespective of the cause, altered hemodynamics, includ-
ing high WSS and arterial blood pressure cause dilation or 
rupture in aneurysms. Several histone modifications like 
upregulated HDACs, promoter methylations with enhanced 
flow-responsive DNMTs and ncRNAs are found associated 
with aneurysms. For instance in murine models, miR-126, 
a well-known laminar flow inducible miRNA improves 
cell survival and thereby significantly reduces the risk for 
abdominal aortic aneurysm formation [86]. Similar is the 
case with miR-29 reported by Chen et al. to be a stretch 
stress-responsive miRNA [87]. MiR-29 is involved in the 
loss of ECM in the aorta and formation of the aneurysm 
[88]. Bjork and colleagues recently reported that an oscil-
latory flow profile induces hypomethylation caused aber-
rant endothelial to mesenchymal transition in bicuspid 

aortic valves and increased the risk for aneurysm [89]. The 
tight regulatory mechanisms between DNMTs and TETs in 
response to oscillatory flow are yet to be recognized.

Cardenas et al. in their studies in thoracic aortic aneu-
rysms, identified MALAT1, a shear-responsive lncRNA, 
which forms a chromatin-remodeling complex with histone 
deacetylase enzyme HDAC9 and the BRG1 (Brahma-related 
gene 1 protein) [90]. This complex regulates the promot-
ers of key cytoskeletal and contractile genes and appears 
to be involved in pathological vascular smooth muscle cell 
dedifferentiation in aneurysm. The complex regulation 
of HDAC9/ MALAT1/ BRG1 is a perfect example of an 
interaction between multiple types of epigenetic regulatory 
mechanisms in vascular disease. In addition to the aforemen-
tioned role of HDAC9/MALAT1 in epigenetic regulation of 
thoracic aortic aneurysm, there is abundant evidence to link 
epigenetic mechanisms to aortic dissection, abdominal aortic 
aneurysms, and cerebral aneurysms. Unraveling the path-
ways through which histone modifications and ncRNA dif-
ferential expression in the context of extreme hemodynamic 
alterations contribute to the pathophysiology of aneurysms 
may pave way for epigenome-based therapies and biomark-
ers in the future.

Pulmonary arterial hypertension

Pulmonary vascular disease is a broad term used to describe 
any condition that affects the blood vessels within the lungs. 
Pulmonary vascular disorder can lead to cardiovascular 
problems as well as impair the quality of a patient’s life. 
Pulmonary arterial hypertension (PAH), the most common 
pulmonary vascular disease and is associated with remod-
eling of pulmonary arteries [91]. Wall thickening due to 
medial hypertrophy and neointimal lesions, luminal narrow-
ing and increased vascular resistance results in an increase 
in pulmonary arterial pressure. PAH is defined as a resting 
mean pulmonary artery pressure ≥ 25 mmHg in the absence 
of chronic lung disease, left heart disease, or venous throm-
boembolism. High WSS (> 80 dyn/cm2) has been observed 
in patients with a systemic-to-pulmonary communication 
leading to PAH [92]. Yet PAH patients are characterized by 
low blood flow and reduced shear stress (5–8 dyn/cm2) in 
proximal conduit vessels [93]. Both low and high WSS may 
exist in the pulmonary system and how the magnitude of 
flow regulates endothelial function in the pulmonary circula-
tion has not been investigated deeply.

Recent studies are focusing on hemodynamic regula-
tors of endothelial structure and function which perpetu-
ate pulmonary vascular remodeling associated with PAH. 
Normally, vascular endothelium in response to high shear 
stress, lose their cobblestone morphology and the cells 
become elongated in the direction of blood flow. Failure in 
adapting to these morphological changes is an initial event 
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associated with vascular remodeling. Interestingly, pres-
sure off-loading during pulmonary artery banding prevents 
and even reverse occlusive vascular remodeling induced 
by hypoxia in rats exemplifying the role of hemodynam-
ics in the disease pathogenesis [94]. Overexpression of 
DNMTs and HDACs has been found in animal models of 
PAH, but the role of WSS in their overexpression or global 
promoter methylation or histone acetylation has not yet 
been explored.

A year ago, Vanderlaan et al. reported that shear stress 
modulates the expression of KLF2 and KLF4 in pulmonary 
vein endothelial cells [95]. A missense mutation in KLF2 
gene was recently reported in a family with autosomal herit-
able PAH, suggesting that KLF2 signaling may be affected 
in the disease. In patients with PAH, the levels of KLF2-
dependent miR-150 in plasma exosomes were found to be 
reduced and the reduction in levels correlated with the dura-
tion of survival of patients [96]. Sindi et al. demonstrated 
the dysregulation of KLF2-induced miRNA signaling in 
endothelial cells in mice with PAH. They have also shown 
the anti-remodeling effects in pulmonary arteries by KLF2-
induced miR-181a-5p and miR-324-5p through in vitro and 
in vivo studies. miR-181a-5p and miR-324-5p levels are less 
in patients in the early stages of PAH. The key target genes 
of miR-181a-5p, such as α-SMA, TNF-α, IL-1, Notch4 and 
MMP10, and miR-324-5p targets (MAPK, NFATC2, ETS-1) 
were also elevated in patients with PAH.

ECM remodeling is a major pathophysiological feature of 
PAH. This is tightly regulated by YAP/TAZ-miR-130/301 
feedback circuit [97]. This regulatory cascade is induced by 
various stresses including fluid shear stress and hypoxia and 
considered as an early trigger for PAH.

Studies on the role of lncRNA in PAH are rare. Leisegang 
et al. found that MANTIS lncRNA which gets expressed by 
atheroprotective flow is reduced and its regulator JARID1B 
is upregulated in patients with idiopathic PAH [66]. LISPR1, 
a shear-responsive lncRNA, is also significantly decreased 
in the lung tissues of patients with idiopathic PAH. Su et al. 
reported that H19 induced proliferation of pulmonary artery 
SMCs isolated from animals with monocrotaline-induced 
PAH and that H19 knockout mice do not develop pulmonary 
artery remodeling [98]. The precise mechanism of MAN-
TIS, H19 and LISPR1 involvement in PAH in the context 
of altered WSS needs to be further explored. Nevertheless, 
there is sufficient evidence to indicate the significant role of 
WSS in mediating epigenetic alterations in PAH.

PAH is mostly asymptomatic till pulmonary vascular 
lesions progress and hence early detection of the disease 
is difficult. An in-depth awareness of the molecular mecha-
nisms underlying endothelial adaptation to high WSS will 
greatly enhance our knowledge on the pathogenesis of pul-
monary vascular diseases and may aid in identifying new 
therapeutic strategies.

Vein graft disease

Vein graft occlusion is a major constraint to surgical revas-
cularization in patients with coronary artery disease. Cor-
onary artery bypass surgery is most often used to correct 
occlusive atherosclerotic lesions and to revascularize tis-
sues in proximity to the lesions. The great saphenous vein 
is the most commonly used autologous conduit. Jose Goy-
anes of Madrid, Spain was the first one to use a vein graft 
(popliteal vein) to bridge an arterial defect during excision 
of a popliteal aneurysm [99]. More than five decades later, 
saphenous vein was used as a coronary artery bypass graft 
by the American Surgeon David Sabiston [100]. Vessel wall 
inflammation, intimal hyperplasia, and vessel occlusion 
accelerated atherosclerosis and graft rejection are serious 
complications of after grafting. Nearly one-third of patients 
develop graft stenosis in the conduit per se, anastomotic 
sites, or adjacent native artery segments [101]. While multi-
ple factors contribute to graft stenosis, hemodynamic adapt-
ability is considered the most important factor.

Vein wall remodeling is a key process during all the 
stages of venous graft disease. Vessel wall distension hap-
pens during the harvesting of the veins and on exposure to 
the arterial blood pressure after grafting. Due to distension 
injury, ECs become dysfunctional, smooth muscle cells in 
the venous wall are activated and ECM degradation ensues. 
ECM degradation products such as fibronectin, hyalu-
ronic acid, and proteoglycans serve as endogenous ligands 
for toll-like receptors and inflammatory response is initi-
ated in the vein graft [102]. Exposure to high shear stress 
(12–25dyn/cm2) in the arterial system is a challenge to the 
mechanotransduction process in the saphenous vein graft. 
The result is arterialization of the vein with SMC prolifera-
tion, intimal hyperplasia, and neointima formation. Platelets 
and fibrin deposition take place vessel wall is infiltrated by 
inflammatory cells [103]. In hypercholesterolemic condi-
tions, uptake of lipids causes macrophages to turn into foam 
cells. Macrophage apoptosis leading to necrotic core forma-
tion result in atheromatous lesions, venous graft disease and 
vein graft failure in the long-term.

High flow and pressure in vein grafts increase apoptosis 
in the vessel wall. The effects of shear stress are mainly 
mediated by ECs in vein grafts. There will be elevated pres-
sure, fenestration and also heightened endothelial denu-
dation after engraftment. SMCs are also exposed to shear 
stress. The endothelial layer of the saphenous vein, struc-
turally distinct from that of arteries, is highly vulnerable 
to cyclic stretch due to arterial blood flow. This exposure 
initiates the expression of adhesion factors such as MCP-1 
and ICAM-1 [104].

Goossens et al. reported that hypermethylation was higher 
in venous grafts when compared to arterial grafts in patients 
undergoing coronary artery bypass grafting [105]. Whether 
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this accounts for the difference in patency rates between 
arterial and venous grafts is unclear. The diverse responses 
exhibited by arterial and venous endothelial cells to arte-
rial blood flow are probably dependent on the epigenetic 
memory in ECs determined by their origin.

Studies have shown that veins perfused for seven days 
under high blood pressure have high levels of transforming 
growth factor (TGF)-β1 and microRNAs-138/200b/200c. 
This change is associated with reduced TIMP1 and enhanced 
intimal hyperplasia [106, 107]. Shear-responsive miR-21 
expression is elevated in ex vivo models of vein graft fail-
ure [108]. This enhanced expression is localized neointima 
in the failing grafts and is also associated with an intimal 
thickening.

Hunag et  al. in 2020 reported that lncRNA NEAT1 
(nuclear paraspeckle assembly transcript 1) is a mechani-
cal stress factor in vein grafts [109]. NEAT1 expression is 
downregulated in endothelial cells subjected to mechanical 
stretch and is followed by an inflammation response and 
vein graft failure. New insights into flow driven epigenetic 
regulation in vein conduits exposed to arterial pressure may 
help in designing methods to prevent or retard vein graft 
occlusion.

Varicose veins

Varicose veins are enlarged and twisted veins with impaired 
blood flow. Complications of this disease range from throb-
bing pain and severe cramps to hyperpigmentation, eczema, 
lipodermatosclerosis and unhealing ulcers. Despite advances 
in invasive as well as non-invasive treatment options for the 
obliteration of the affected veins, recurrence following treat-
ment is relatively high. Genetic susceptibility and risk fac-
tors for orthostatism precipitate and aggravate the severity 
of varicose vein complications. Whether the vein wall or 
venous valve is involved, the end result is blood reflux and 
ensuing venous hypertension which triggers ECM modifica-
tion in veins. Location of venous insufficiency in the lower-
most extremities of the body suggests that the effects of WSS 
on vein ECs may be a significant factor in the pathogenesis 
of varicose veins [30]. The role of epigenetic mechanisms in 
venous disorders such as varicose veins or deep vein throm-
bosis has not been well studied.

High blood pressure in the veins of the lower extremity 
during prolonged standing causes circumferential stretch 
forces on the vein wall and causes stimulation on ECs as 
well as SMCs. Integrins, ion channels, glycocalyx, platelet 
endothelial cell adhesion factors and GPCRs are the major 
circumferential stretch associated sensors in vein ECs [30]. 
In conditions such as varicose veins with valve weakening, 
WSS could be the initial trigger and not pressure-driven cir-
cumferential stretch.

Mechanosensors in venous ECs are considered to be 
similar to those in arterial ECs. Whether the flow response 
signaling cascade is also similar in both the systems is debat-
able considering the very low pressure in veins compared to 
the pressure in arteries. We and others have shown that the 
shear receptive FoxC2 gene is mutated and overexpressed 
in vein samples from patients with varicose veins [35, 110, 
111]. Mutations in Piezo1, a mechanosensitive ion channel, 
were recently reported in patients with lymphatic dysplasia, 
who also had varicose veins [112]. Jiang et al. reported that 
there is promoter hypomethylation in shear-sensitive osteo-
pontin and flow-transducer integrin β3 genes in varicose 
veins [113]. This may be a key factor in the pathogenesis 
of varicose veins.

Cui et al. and Zalewsky et al. found overexpression of 
miR-34a in vein biopsies from patients with chronic venous 
insufficiency [114, 115]. miR-34a is an endothelial-enriched 
miRNA, which is downregulated when there is uniform 
laminar shear stress. miR-21 is a shear-sensitive miRNA, 
which is elevated in patients with varicose veins. Zambuzzi 
and colleagues recently observed that lncRNA HOTAIR is 
mechanosensitive in both arterial and venous ECs [116]. 
In an earlier study, reduced levels of HOTAIR have been 
found in varicose veins [117]. These evidence necessitate an 
investigation of mechanosensing and associated epigenomic 
alterations in venous diseases. Future mechanistic studies on 
mechanoepigenetic factors could lead to therapies focused 
on pathogenic factors, in place of the presently employed 
corrective therapies, for vein disorders.

Mechanoepigenetic drugs for vascular 
diseases

Mechanoepigenetics significantly impact gene expression 
in vascular ECs and the risk for vascular disease as well 
as disease severity. Current treatment strategies for vascu-
lar diseases aim to reverse the epigenetic changes through 
pharmacological approaches. The interrelated complexity of 
epigenetic signaling and alternative compensatory biological 
pathways complicate focused epigenetic therapies. Further, 
somatic mutations in epigenetic genes are sufficient to alter 
therapeutic responses in individuals [2]. Major classes of 
epigenetic drugs currently investigated are modulators that 
target DNMT, TET, HDAC, lncRNA, and miRNAs.

DNMT inhibition

Dunn et al. in mice with carotid ligation demonstrated that 
DNMT1 is associated with the pathogenesis of atheroscle-
rosis and that treatment with 5-Aza, the well-known inhibi-
tor of DNMT, can inhibit lesion formation. 5-Aza blocks 
DNMT interaction with gene promoters in the target DNA 
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and promote gene transcription [39]. In their studies in rats 
with partially ligated carotid arteries and resulting disturbed 
flow, Zhou et al. found that 5-Aza can effectively reverse 
the atheroprone oscillatory shear flow-induced promoter 
hypermethylation [72]. Azanucleosides have limitations as 
they are prodrugs which can be irreversibly incorporated 
into DNA and at high doses have cytotoxic effects on nor-
mal cells [118]. DNMT silencing is a harmless alternative. 
Zhang and his colleagues found that DNMT1 silencing 
effectively reduces endothelial proliferation and inflam-
mation in the arterial wall and thus prevent atherosclerosis 
[119].

TET2 modulation

TET2 in contrast to DNMT demethylates promoter DNA 
and aid increased gene transcription. TET2 as mentioned 
earlier is downregulated in response to disturbed flow [43]. 
There is cumulative evidence that deficiency of TET2 
results in the formation of lesions of atherosclerosis [120]. 
Reduced expression of TET2 is associated with activation 
of NLRP3/IL-1β-dependent inflammasome as well as pro-
inflammatory pathways, and atherosclerosis and heart failure 
in animals [121]. It is evident that small molecules that can 
increase TET2 expression and its demethylase activity can 
be exploited to develop novel drugs.

HDAC modulation

HDAC-based mechanisms are firmly associated with dis-
turbed flow-mediated EC dysfunction and atherosclerosis. 
HDAC blockade can theoretically reverse this pathophysio-
logical cascade. Yet, the rationale to use HDAC inhibitors in 
vascular diseases is debatable. This is because some HDAC 
inhibitors at high doses induce pro-inflammatory effects and 
at low doses have anti-inflammatory effects. Manea et al. 
have shown that the pan-HDAC inhibitor SAHA (Suber-
oylanilide hydroxamic acid), at relatively low dose, signifi-
cantly reduces oxidative stress, inflammation, and progres-
sion of atherosclerotic lesions in mice [122]. SAHA was 
also shown to pharmacologically activate KLF2, a shear-
responsive anti-inflammatory transcription factor [123]. The 
discovery of effective modulators to correct mechanoepige-
netic aberrations can usher in advances in vascular medi-
cine. Given that histone writers, readers and erasers interact 
with DNMTs and TETs to result in different patterns of gene 
transcription, utilizing these inhibitors in therapeutics is not 
going to be easy.

NcRNA regulators

Non-coding RNAs have a profound influence at all stages 
of transcription and protein translation (e.g., lncRNA) and 

hence these molecules offer immense therapeutic possi-
bilities. LncRNAs have very low sequence conservation 
but have higher tissue specificity [55]. This characteristic 
makes it a promising target for drug development, as their 
interaction will help in causing less remote off-target effects. 
MALAT1/HDAC9/ BRG1, a lncRNA MALAT1-HDAC 
complex, as mentioned earlier is involved in the pathogen-
esis of thoracic aortic aneurysm [90]. Deletion of either 
MALAT1 or HDAC9 reduces the risk for aneurysm and its 
pathophysiological sequel. In pre-clinical studies, silencing 
lncRNA has been explored by the use of RNAi-based meth-
ods (siRNA) which silence lncRNA localized in the cyto-
plasm or by using LNA-GapmeR antisense oligonucleotides 
which induce RNase cleavage in nuclear-localized lncRNA 
[124].

Among all the ncRNAs classes, most of the screening 
therapeutic studies have been done using miRNAs probably 
because of insights on their mode of action and their poten-
tial to regulate multiple yet related molecular signaling path-
ways. One of the most investigated areas in epigenetic drug 
therapy is the local or systemic delivery of miRNA modula-
tors for treating atherosclerosis. MiRNA modulators either 
as anti-miRs or as mimics antagonize or support the action 
of specific miRNAs and can cause a significant change in 
the gene profile of vascular ECs [77, 125]. Local delivery 
of mimics of miR-21 increases plaque stability and reduce 
the incidence of atherothrombosis in mice [126]. A targeted, 
lesion site-specific overexpression of this mechano-miR can 
prevent the rupture of vulnerable plaques. A schematic rep-
resentation of possible therapeutic strategies for reversing 
epigenetic remodeling in vascular diseases is given in Fig. 6.

In a recent study, Gongol et al. found that KLF2 and 
eNOS mRNAs contain a miR-93 seed sequence [127]. eNOS 
mRNA also has a miR-484 seed sequence indicating that 
the two flow-responsive genes are direct targets of respec-
tive miRNAs. They also found that atheroprone oscillatory 
shear stress regulates the biogenesis of miR-93 and miR-484. 
In vitro studies reveal that specific anti-miRs can restore 
KLF2 and eNOS expression as well as nitric oxide bioavail-
ability in ECs exposed to disturbed oscillatory shear flow. In 
pulmonary arteries, KLF2 induces miR-181a-5p and miR-
324-5p and can have anti-remodeling effects [96]. These 
findings are encouraging for efforts for the development of 
miRNA therapies for vascular diseases.

Inhibition of miR‐143/145 is found to reduce the progres-
sion of atherosclerotic plaques in mice [128]. Conversely, 
in vivo delivery of miR‐145 prevents intimal hyperplasia in 
vein graft disease [129]. These contrasting findings suggest 
that the therapeutic utility of miR‐145 could be context-
dependent. Studies have, in animal models of vein graft fail-
ure demonstrated that anti-miR-21 inhibits shear-sensitive 
vascular remodeling and attenuates pathological neointima 
[108, 130].
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For developing successful miRNA-based therapies, the 
following needs are to be addressed: (1) designing highly 
specific inhibitors and mimics that can specifically alter 
a unique mRNA-miRNA interaction without altering off-
target genes, (2) strategies for cell type-specific targeted 
delivery by developing vectors for delivery of modulators 
to the desired vascular cell type, and (3) development of 
inducible miRNA modulators such as photoactivatable anti-
miRs. CRISPR/Cas9 genome editing is another tool for gene 
expression modulation as it can manipulate all types of 
ncRNA. Investigations using this approach are at a nascent 
stage. With further understanding of the molecular intrica-
cies in epigenetic actions modulated by blood flow, better 
and safer methods to revert abnormal vascular remodeling 
can be expected in the years to come.

Mechanoepigenetic biomarkers for vascular 
diseases

Identification of biological markers of early stages is crucial 
for preventing the development and progression of vascular 
diseases. Disturbed flow-induced endothelial dysfunction is 
a major characteristic of the early stages of any vascular 
disease. Therefore, epigenetic marks and variations associ-
ated with the disturbed flow may serve as biomarkers. A 
combined measurement of global DNA methylation and 
DNMT expression could provide a novel biomarker for vas-
cular diseases.

Most of the biomarker investigations have been done 
in patients with atherosclerotic vascular diseases. Ma 
et al. in their study of 150 patients with atherosclerotic 
vascular disease and an equal number of healthy subjects, 

found that assessment of promoter methylation of ATP 
binding cassette subfamily A member 1 (ABCA1), TIMP1, 
and acetyl-CoA acetyl transferase 1 (ACAT1) is useful for 
early detection of atherosclerotic disease [131]. Wei et al. 
observed increased promoter methylation of the  shear 
stress-responsive gene SMAD7 in the peripheral blood of 
patients with atherosclerotic vascular disease [132]. They 
suggested that methylated SMAD7 can be used as a pre-
dictive marker for atherosclerosis.

Ryer et al. in 2015 reported the potential predictive 
value of methylated CpG islands in the promoter of serpin 
peptidase inhibitor clade B (ovalbumin) member 9 (SER-
PINB9), in patients with abdominal aortic aneurysm [133].

Measurement of ncRNAs especially, miRNA expression 
in the blood sera or plasma is one of the most promis-
ing methods to assess early risk and prognosis in patients 
with vascular diseases. NcRNAs are mostly cell and 
tissue-specific. Their expression in serum would hence 
reflect pathophysiology at concerned anatomical sites. 
Endothelial cell-enriched miR-126, a mechano-miR, was 
recently investigated for its prognostic and diagnostic 
value in coronary artery disease (CAD) [134]. MiR-126 
is expressed under laminar shear stress and affects synde-
can-4 expression [135]. Fichtlscherer et al. nearly a dec-
ade ago reported reduced levels of expression of miR-126 
in the serum of patients with CAD compared to healthy 
controls [136]. MiR-17-5p, a disturbed flow-induced pro-
inflammatory miRNA [137] as well as KLF2 regulated 
miR-93 and miR-484 [127] has recently been reported as 
biomarkers with high sensitivity and specificity in patients 
with CAD. The levels of KLF2-dependent miR-150 are 
reduced in plasma exosomes from patients with PAH; the 
levels correlate with overall survival [96].

Fig. 6   Schematic diagram 
representing mechanoepigenetic 
drugs for vascular diseases 
and their mechanism of action. 
These approaches are being 
studied in vitro as well as in 
animal models. iDNMT denotes 
DNMT inhibitors such as 
5-Aza, iHDAC denotes HDAC 
inhibitors such as Suberoylani-
lide hydroxamic acid (SAHA)



139Molecular and Cellular Biochemistry (2021) 476:125–143	

1 3

LncRNAs regulate gene expression at transcriptional, 
post-transcriptional and chromatin-remodeling stages. 
They have high tissue specificity. As described earlier, lami-
nar shear stress both in cultured ECs as well as in aortic EC 
of animals induces lncRNA SENCR expression. As may be 
expected, SENCR expression is reduced in patients with ath-
erosclerotic vascular disease and hence is of predictive value 
in the early stages of atherosclerotic disease [138]. H19, a 
shear stress-induced lncRNA, was found to be increased in 
the plasma samples of patients with CAD and hence sug-
gested as a potential biomarker for CAD [139]. Large-scale 
multicentric studies are required to elucidate the potential 
of epigenetic modifiers as markers for the diagnosis of early 
stages of different vascular diseases.

Concluding remarks and future perspectives

In this review, we discuss all the epigenetic factors that are 
currently known to be involved in hemodynamics-directed 
EC dysfunction and epigenetic modulations that are asso-
ciated with various vascular diseases. Atherosclerosis is 
the abundantly evaluated vascular disease with respect to 
mechanoepigenetics. Other vascular diseases studied to a 
lesser extent are pulmonary hypertension, aneurysm, and 
venous diseases.

Different forms of blood flow and diverse patterns 
of hemodynamic shear stress have a profound effect on 
endothelial function in various regions of the vascular sys-
tem. Disturbed flow-based EC dysfunction is a major patho-
physiological factor that determines disease phenotype, 
clinical complications, and mortality. The role of epigenetic 
regulators of endothelial cell response to hemodynamic 
alterations is not yet completely elucidated and warrant fur-
ther investigation as they may also determine the pathogen-
esis of vascular diseases. Epigenetic factors such as DNMTs, 
TETs, HDACs, non-coding RNAs are involved in blood 
flow-regulated EC function. Epigenetic mediators, such as 
DNMTs and miRNAs, are effector biological molecules that 
can be finely modulated by targeted mechanisms. Epigenetic 
modifiers regulated by a disturbed flow can be altered in the 
early stages of disease pathogenesis. Unraveling mechanoe-
pigenetic mechanisms could lead to the discovery of novel 
biomarkers for early stages and also new therapeutic strate-
gies for vascular diseases. Most of the studies in mechanoe-
pigenetics are now based on single-model systems in small 
rodents and the observations from them are unsuitable for 
translation into clinical evaluation. Appropriate cellular and 
animal models for mechanistic studies are to be identified. 
There is also a need for designing clinical studies to evaluate 
the potential of mechanoepigenetics to identify novel treat-
ment options for vascular diseases.
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