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Abstract

Atherosclerosis is a chronic inflammatory disease that is the underlying cause of cardiovascular disease which initiates from
endothelial dysfunction from genetic and environmental risk factors, including biomechanical forces: blood flow. Endothelial
cells (ECs) lining the inner arterial wall regions exposed to disturbed flow are prone to atherosclerosis development, whereas
the straight regions exposed to stable flow are spared from the disease. These flow patterns induce genome- and epigenome-
wide changes in gene expression in ECs. Through the sweeping changes in gene expression, disturbed flow reprograms ECs
from athero-protected cell types under the stable flow condition to pro-atherogenic cell conditions. The pro-atherogenic
changes induced by disturbed flow, in combination with additional risk factors such as hypercholesterolemia, lead to the
progression of atherosclerosis. The flow-sensitive genes and proteins are critical in understanding the mechanisms and serve
as novel targets for antiatherogenic therapeutics.
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HAEC Human aortic endothelial cells

oS Oscillatory shear

LS Laminar shear
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Introduction

Atherosclerosis is a chronic, progressive, and lipid-driven
inflammatory disease implicated in myocardial infarction,
ischemic stroke, and peripheral arterial disease [1]. Until
recently, therapeutic atherosclerosis intervention focused
primarily on pharmacologically limiting hypercholester-
olemia or arterial hypertension. Nevertheless, the use of
these highly effective lipophilic drugs or antioxidant vita-
mins has not ameliorated atherosclerosis. Atherogenesis
is driven by a combination of genetic and environmental
risk factors leading to persistent chronic inflammation in
endothelial cells (ECs). Interestingly, atherosclerotic lesions
preferentially develop at arterial bifurcations or curvatures,
where migrating stagnation and flow separation create dis-
turbed blood flow (D-flow). Conversely, the medial wall of
bifurcation or relatively straight portion of arterial regions
exposed to stable unidirectional flow (S-flow) is spared from
plaque development [2—4]. Despite overarching experimen-
tal evidence, blood flow and its role in focal atherosclerotic
plaque development remain elusive.

ECs in the intimal wall of arteries are exposed to hemody-
namic forces including circumferential stress, induced by the
cyclic strain of hydrodynamic pressure, and wall shear stress
(WSS) through constant and rhythmic blood flow. ECs are
equipped with a variety of mechano-sensory complexes on
the apical surface, cell—cell junction, and cell-matrix adhe-
sion sites to translate biomechanical cues [5—8]. Through
these mechanisms of action, endothelial genes, regulated
by blood flow, are known as mechano-sensitive or mechano-
responsive genes [9-16]. Differential blood flows precisely
control the level of mechano-sensitive genes and proteins to
determine the focal nature of atherosclerosis. While S-flow
regulates expression levels of atheroprotective genes such
as Kriippel-like factor 2 and 4 (KLF2 and KLF4), tissue
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inhibitor of metalloproteinases-3 (TIMP3), endothelial nitric
oxide synthase (eNOS), and Kallikrein-like 10 (KLK10)
[17-20], D-flow has been widely recognized to upregulate
proatherogenic genes such as vascular cell adhesion mol-
ecule-1 (VCAM-1), matrix metalloproteinases (MMPs), and
bone morphogenic protein-4 (BMP4) [21-23]. In addition
to mechano-sensitive genes, flow-responsive microRNAs
(miRs) play pivotal roles in promoting atherosclerosis [10,
24]. In this review, we provide an overview of atheroscle-
rosis progression, biomechanical forces in arteries exerted
by blood flow, and mechano-sensitive genes and proteins
involved in atherosclerosis to further our understanding of
flow-sensitive mechanisms underlying atherosclerosis.

Progression of Atherosclerosis

Atherogenesis involves a complex multi-cellular inflam-
matory cascade [25-28]. In nascent atheroma, aberrant
production and accumulation of low-density lipoprotein
(LDL) in subendothelial layers and subsequent increase in
the expression of leukocyte adhesion and chemoattractant
molecules such as VCAM-1, soluble ICAM-1, monocyte
chemoattractant protein-1 (MCP-1), P-selectin, and E-selec-
tin. Adhered monocytes then transmigrate and differentiate
into phagocytic macrophages in the intima [29-31]. Ingested
LDL transforms intimal macrophages into “foam cells” that
aggravate inflammatory responses by secreting a variety of
proinflammatory cytokines, chemokines, and reactive oxy-
gen species (ROS). This process, in parallel, recruits exces-
sive monocytes and vascular smooth muscle cells, leading
to fatty streaks and intimal thickening of subendothelial lay-
ers. The vascular wall remodels both outward and inwardly
as the plaque expands, while endothelial inflammation and
immune cell deposition persist along with increasing lipid
accumulation, leading to the development of the lipid-rich
necrotic core. Chronic inflammatory responses further pro-
duce matrix metalloproteinases (MMPs) and concurrently
degrade the extracellular matrix (ECM) to promote the for-
mation of fibrous cap. Subsequent rupture of the fibrous cap
increases the accessibility of thrombogenic constituents and
consequent thrombotic plaque formation [1, 32, 33]. Plaque
progression and mechanisms underlying atherogenesis are
summarized in Fig. 1.

Endothelial dysfunction reflects pro-inflammatory
endothelial phenotype prone to atherogenesis [34, 35]. In
inflamed, dysfunctional ECs, permeability rapidly increases
and impairs barrier function. A plethora of studies eluci-
dated that D-flow, prevalent in arterial branches and cur-
vature, induces endothelial dysfunction. A recent study
further documented that D-flow-mediated oxidative stress
promotes endothelial dysfunction and impairs vascular
homeostasis by leveraging reactive oxygen species (ROS)
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Fig.1 Progression of atherosclerosis. Atherosclerosis initiates
endothelial dysfunction, which activated ECs by various cardiovas-
cular risk factors including hypertension, hyperlipidemia, diabetes,
smoking, and disturbed flow which is found in the branching points
of arteries. Activated ECs secrete adhesion molecules recruiting
monocytes which are differentiated into macrophages. Fatty streak
forms and oxidized LDL and macrophage form a foam cell which

and atheroprotective nitric oxide (NO) bioavailability [2].
This pathophysiological state of ECs initiates monocyte
recruitment [7, 9].
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which induces coagulation cascade and thrombosis. Modified from
Kumar et al., created with BioRender.com. Abbreviations: D-flow,
disturbed flow; EC, endothelial cell; LDL, low-density lipoprotein;
oxLDL, oxidized LDL; S-flow, stable flow; VSMC, vascular smooth
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Atherogenesis roots from the accumulation of mesenchy-
mal cells in the intimal layer of the artery [36]. The advent
of lineage tracing analyses revealed an endothelial origin
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of neointimal mesenchymal cells that continue to express
endothelial but acquire new mesenchymal, myofibroblast-
like phenotypes [36, 37]. This transdifferentiation of ECs
is indicative of endothelial-to-mesenchymal transition
(EndMT). Analogous to epithelial-to-mesenchymal transi-
tion, EndMT is characterized by the acquisition of profi-
brotic phenotypes: loss of cell-cell contact, changes in cell
morphology, disruption in cell polarity, loss of junctional
proteins, increased cell proliferation, and motility into adja-
cent tissue with exaggerated extracellular matrix produc-
tion [38—40]. During EndMT, EC markers such as CD31
and VE-cadherin reduce, whereas the mesenchymal mark-
ers such as alpha-smooth muscle actin (a-SMA), calponin,
N-cadherin, and vimentin increase [41—43]. Robust clinical
and experimental evidence supports that D-flow-mediated
EndMT contributes to the initiation of atherosclerosis.

In addition to EndMT, a recent single-cell assay for trans-
posase-accessible chromatin using sequencing (scATACseq)
in a partial carotid ligation (PCL) model of mouse athero-
sclerosis has identified that chronic exposure to D-flow
increases the number of ECs expressing markers of mono-
cyte and macrophages [16]. This phenotypic change con-
comitantly increased proatherogenic genes such as Ctgf, Ser-
pinel, Ednl, and Thspl, whereas it reduced atheroprotective
KIf2 & 4 gene expression [44]. This acquisition of ECs to
immune cell-like phenotype was termed a novel endothelial
cell-immune cell-like transition (EndICLT). These results
overall suggested that D-flow concurrently reprograms ECs
genomically and epigenetically during atherogenesis. Nev-
ertheless, flow-sensitive mechanisms whereby D-flow-medi-
ated EndICLT is implicated in pathobiological processes of
atherosclerosis warrant further investigation.

Once resident in arterial walls, monocytes infiltrate into
the intima and differentiate into intimal macrophages [32].
Chemoattractant molecules such as MCP-1 regulate this
direct transmigration of monocytes at the site of lesions.
Despite its protective role against oxidized LDL (oxLDL),
intimal macrophages expressing scavenger receptor proteins
perpetuate local inflammatory responses and ingest athero-
genic lipoproteins. Consecutive monocyte accumulation,
aberrant cholesterol metabolism, and consequent oxLDL
ingestion transform intimal macrophages into “foam cells”
[45]. Recent studies in genetically engineered mice revealed
that scavenger receptor type A and CD36-dependent sign-
aling pathways contribute to foam cell formation [46, 47].
Foam cells serve as a source of proinflammatory cytokines
and ROS and consequent local inflammatory responses that
aggravate atherosclerosis. Foam cells are further implicated
in diverse pathways of programmed cell death including
apoptosis, autophagy, necroptosis, and pyrotosis, contrib-
uting to the necrotic core of plaque. While foam cells are
differentiated primarily from macrophages, ECs, activated
vascular smooth muscle cells (VSMCs) with ectopic levels
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of scavenger receptor and cholesterol esterase, and hemat-
opoietic stem and progenitor cells also emerged as additional
sources of foam cells [48].

Foam cell-driven ECM proteins develop fibrous cap [49].
Interactions between macrophages and activated T cells
expressing Th1l and Th2 cytokines contribute to chronic
inflammatory responses [50, 51]. Immune responses play
pleiotropic roles in regulating the progression of the lesion.
Thl secreted cytokine Interferon-y (IFN-y) decreases the
expression of scavenger receptors, collagen synthesis,
and SMC proliferation for an antiatherogenic effect. Con-
versely, IFN-y upregulates macrophage production induc-
ing the secretion of proinflammatory cytokines and MHC
class 2 molecule which promotes atherogenesis [52].
Th2-expressed cytokines, IL-4, IL-10, and IL-13, further
exert both proatherogenic and antiatherogenic effects. IL-4
downregulates the activation of INF-y which represents the
antiatherogenic effect, while inducing the LDL oxidation to
increase the proatherogenic effect [53]. Furthermore, T-cells
suppress the migration and proliferation of SMCs in the
fibrous cap and decrease ECM production; the fibrous cap
becomes thinner and eventually ruptures near the shoulder
of the fibrous cap with subsequent thrombosis.

Biomechanical Forces in Arteries

A growing body of evidence supports that D-flow is a pri-
mary determinant of chronic inflammation and focal devel-
opment of atherosclerotic lesions [9, 16, 21]. The arterial
wall consists of three layers: the intima, media, and adven-
titia which possess unique and distinct roles to maintain
homeostatic responses. The intima, the luminal arteriolar
wall, is comprised of vascular endothelial and a mixture of
connective tissues to form a protective barrier between the
blood and the rest of the vessel wall. The medial wall, com-
prised of involuntary muscle and collagenous elastic fiber,
provides mechanical support upon blood pressure-induced
hydrodynamic pressure or circumferential stretch. Compared
to the rest of the vessel wall, the adventitia is a relatively
unorganized layer of the vessel wall comprised of primary
fibroblasts and connective membranes to control the medial
layer from overexpansion, while harboring vasa vasorum or
regulate inflammatory cell trafficking (Fig. 2A) [54]. Vascu-
lar endothelium in the intimal wall is subjected to constant
and rhythmic blood flow that exerts biomechanical forces:
hemodynamic transmural pressure, circumferential strain
induced by the pressure pulse, and WSS [55, 56]. While
circumferential strain or transmural pressure is essential to
protect endothelial function, WSS exerts a substantial impact
in directing developmental and pathophysiological responses
during atherogenesis (Fig. 2B) [57-59].
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Fig.2 Hemodynamic forces in human arteries. A Anatomy of human
aorta. The arterial wall consists of three layers; the intima, media, and
adventitia. The intimal layer is comprised of endothelial cells and a
mixture of connective tissue. The medial layer is primarily composed
of involuntary smooth muscle cells and elastic collagenous fiber,

WSS is defined as a frictional force by virtue of the vis-
cosity and flow rate that acts tangentially on the endoluminal
surface (Eq. 1) [60]:
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where r is the radius of the vessel lumen, u is the blood
viscosity, and Q is the flow rate. In Poiseuille flow, the cross-
section within the artery varies little, the resistance of the
vessel or the pressure drop is negligible, and steady laminar
flow with parabolic axial velocity develops in the relatively
straight segment of the arterial wall. However, arteries are
not uniformly straight, geometries may not radially conform,
magnitude and direction of the physiologic blood flow and
consequent WSS alter, and even a subtle perturbation can
facilitate a significant impact on the endothelial microenvi-
ronment. ECs in the human arterial system are exposed to
diverse flow patterns. Rheological properties of blood flow
are evaluated by the Reynolds number (Re). Re is the ratio
of the inertial momentum to viscous force within the blood.
Re = 4P_Q 2)
zuD

where y and p are the viscosity and density of blood respec-
tively, D is the diameter of the vessel lumen, and Q is the
flow rate (Eq. 2) [61, 62]. In modern fluid mechanics, Re is
a measure of the stability of the blood flow.

At a low flow rate or flow in a smaller lumen
(D< <10 pm, low Re), viscous force or surface tension
dominates over fluid inertia developing stokes flow. In this
condition, transient nonaxial flow develops when viscous
and inertial forces are comparable, but the streamline of
blood flow relies on the geometry of the artery. In arterial

- Fibroblast
Media
- Smooth muscle cells

- Elastic collagenous fibers

- Connective tissue

while adventitia is consisting of fibroblast. B Hemodynamic forces.
Within the arterial system. blood flow induces biomechanical forces
including circumferential strain, wall shear stress, and transmural
blood pressure. Figures are created with BioRender.com. Abbrevia-
tion: WSS, wall shear stress

circulation, the inertial force predominates over the vis-
cous force, leading to a steady unidirectional laminar flow
(Re <2000). Continuous exposure to the laminar flow shifts
EC to an atheroprotective phenotype: anti-inflammatory,
anti-thrombotic, anti-coagulative, and anti-hypertrophic
(Fig. 3A) [63]. Conversely, flow is disturbed and becomes
turbulent when Re exceeds this value, and the lateral motion
of blood flow becomes fully randomized. This condition
transiently occurs at peak systole but is rarely achieved
in healthy arteries with uniform surface geometry. Thus,
D-flow tends to arise on the aberrant, irregular surface of
lumen stenosis, aneurysms, or even in the arterial curvature
[64—66]. D-flow is recognized as proatherogenic and sys-
tematically determines the eccentric nature of inflammatory
responses, endothelial dysfunction, stress-related genes, and
hampered extracellular matrix contributing to the pathogen-
esis of atherosclerosis (Fig. 3B) [67-70].

WSS in the human arterial system diverges by anatomic
location [71]. Descending aorta and common carotid arteries
are exposed to high WSS, whereas vessels distal to the aor-
tic root such as the brachial artery, common and superficial
femoral arteries, infra-, suprarenal-, and supraceliac aorta
are subjected to relatively lower WSS [72, 73]. Table 1 and
Fig. 3C summarize anatomical differences in magnitudes of
mean WSS (MWSS). In healthy individuals, WSS ranges
between 1 and 20 dynes-cm~2 and instantaneously increases
to nearly 40 dynes-cm™2 due to peak systolic pressure [71,
73]. Despite differences in value, the MWSS (time-averaged
over cardiac cycles in large conduit arteries) throughout
the human arterial system is presumed to be constant 15
dynes-cm~2 [74-76]. This deduction has been valued by
various experimental models and was also recapitulated
mathematically by Murray’s law of minimum work with the
condition of uniform fluid viscosity [77].
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Disturbed flow (d-flow)

Fig.3 Wall shear stress in the human arterial system. A Disturbed,
turbulent flow characterized by chronic inflammation and thrombo-
sis develops in the lateral wall of bifurcated area and luminal steno-
sis. D-flow is proatherogenic. Chronic exposure to D-flow activates
proatherogenic phenotypes in EC by increasing inflammatory gene
expressions, ECM production, release of inflammatory cytokine and
consequential leukocyte and monocyte adhesion, endothelial perme-
ability, and cell proliferation and migration. B Laminar flow develops

c Common carotid artery
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P4 Aortic arch (Peak systole)

Brachial artery 17.9 £ 7.1 dynes-cm2

5.8 + 3.0 dynes-cm-?

Decending aorta (Peak systole)
22.3 + 10.4 dynes-cm2

-~ Suprarenal aorta
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in the straight segment of the thoracic aorta. Continuous exposure to
laminar flow reportedly increases anti-inflammatory, anti-thrombotic,
and anti-coagulative phenotype. Created with BioRender.com. C
MWSS values in the human arterial system. Modified from Cheng
et al., 2017, created with BioRender.com Abbreviations: D-flow, dis-
turbed flow; EC, endothelial cell; ECM, extracellular matrix; MWSS,
mean wall shear stress

Table:' 1 MWSS in the human References Arterial vessels MWSS (dynes~cm’2)

arterial system
Callaghan et al Aortic arch (average peak systolic) 179+7.1
Callaghan et al Descending aorta (Average peak systolic) 22.3+10.4
Samijo et al Common carotid artery 13.9+0.19
Wu et al Brachial artery 5.8+3.0
Kornet et al Common femoral artery 35+1.8
Kornet et al Superficial femoral artery 49+1.5
Cheng et al Infrarenal aorta 1.3+0.6
Oshinski et al Suprarenal aorta 9.3
Cheng et al Supraceliac aorta 35+0.8

MWSS, mean wall shear stress

Furthermore, WSS levels vary across species [78, 79].
In anesthetized laboratory animals, MWSS tends to be
higher in smaller species. MWSS in dog arterial system
ranges from 5.1 to 46.0 dynes-cm~2, whereas fluctuates
from 12.2 to 156.8 dynes-cm™2 in rabbits with an average
value of 23.3 dynes-cm™2, from 18.8 to 84 dynes-cm™2 and
28.0 to 142 dynes-cm™? in rats and mice with the average
value of 46.6 and 64.8 dynes-cm™2 respectively [80-84].
Although the degree of MWSS diverges due to various
uses of anesthetics and differences in measurement meth-
ods, this heterogeneity in WSS can be explained by differ-
ences in luminal size, as WSS is inversely correlated with
luminal diameter (Fig. 4).
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Flow-Sensitive Endothelial Genes
in Atherosclerosis

The aforementioned biomechanical forces including S-flow
and D-flow are detected by numerous mechanosensors on
ECs such as integrin, NOTCH1, platelet endothelial cell adhe-
sion molecule-1 (PECAM-1 or CD31), vascular endothelial-
cadherin (VE-cadherin), vascular endothelial growth factor
receptor 2 (VEGFR2), and Piezol [44, 85]. Mechanosensors
translate biomechanical forces to alter cell signaling pathways
and functional changes in ECs by various flow-sensitive gene
expressions. Flow-sensitive genes either upregulated in S-flow
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Fig.4 Wall shear stress in the
human arterial system. Species-
dependent MWSS. Compared
to human, MWSS in the arterial
system tend to be higher in
smaller species of laboratory
animals, where the size of the
vessel lumen is small. Figures
are created with BioRender.com
Abbreviations: MWSS, mean

wall shear stress Human
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or downregulated in D-flow are shown to be anti-atheroscle-
rosis genes, whereas the genes either upregulated in D-flow
or downregulated in S-flow are shown to be pro-atherogenic
genes.

Endothelial Nitric Oxide Synthase (eNOS)

Since its discovery in the 1980s, a series of overarching
studies elucidated that eNOS activation transduces a broad
range of biophysical cues and regulates the production of
endothelium-derived NO that maintains vascular tone and
atheroprotective phenotype [15, 86]. eNOS is comprised of
two monomers containing the amino-terminal oxidase and
carboxy-terminal reductase domains [87, 88]. In response to
S-flow, eNOS is regulated chronically by inducing expres-
sion levels and acutely by modulating enzymatic activity
to produce NO [89]. While chronic exposure to S-flow has
been shown to promote eNOS expression by transcriptional
induction and stabilization of mRNA, cooperation between
the domains creates an electron flux to oxidize L-arginine
and produce NO in a Ca’*/CAM-dependent manner [90].
Phosphorylation of eNOS is reportedly accepted as a central
mechanism of controlling eNOS activation: bovine S116,
T497, S617, S635, and S1179 (human S1177) [91]. Ectopic
level of NO is one of the earliest biomarkers of atherogen-
esis, and a plethora of studies have shown parallel roles of
NO in attenuating inflammation, apoptotic cell death, and
monocyte adhesion. For instance, NO reportedly serve as an
antioxidant scavenging reactive oxygen species associated
with a wide range of inflammatory cell signaling such as
the NFkB pathway that consequently transcribes VCAM1
[92, 93]. NO has been shown to regulate key enzymes to
trigger S-nitrosylation and caspase-dependent apoptosis
(caspase-3, caspase-6, caspase-7, and caspase-8) [94-97].
Additionally, NO implicates recruiting TNF receptor—asso-
ciated death domain protein (TRADD) by modulating the
level of antiapoptotic heat shock protein-70 (HSP-70),
Bcl-2 proteolysis, and ceramide production [97, 98]. Puta-
tive mechanisms against apoptosis include the NO-mediated
PI3/Akt pathway by which S-flow mediates its activity. A

growing body of evidence supports an atheroprotective
effect of Akt/eNOS, which in turn reduces the amount of
monocyte adhesion.

Kriippel-Like Factors 2 and 4 (KLF2/4)

KLF2 serves as a major regulator of bio-mechanical
and bio-chemical cues [99, 100]. Early studies revealed
that KLF2 plays parallel roles in antiatherogenic poten-
tial [101-103]. As a regulator of vascular inflammation,
KLF2 is intimately associated with the NFkB pathway
[104]. While KLF2 inhibits NFkB/p300 cooperation and
subsequent activation of Vcam1 promoter, KLF2 prevents
thrombin-mediated NFkB activation and compensates
for the effect of proinflammatory cytokines and matrix-
degrading enzymes [101, 104]. Ectopic overexpression of
KLF2 downregulates inflammatory and prothrombotic fac-
tors through inhibition of its principal receptor protease-
activated receptor 1 (Parl). As a corollary, the knockdown
of KLF2 upregulates the NFkB pathway and exacerbates
systemic atherosclerosis and coagulopathy [105, 106]. In
addition, studies have unraveled that KLLF2 transcription-
ally prohibits endothelial inflammation and thrombosis by
attenuating JUN N-terminal kinase (JNK) activation and
activating transcription factor 2 (ATF2) nuclear localiza-
tion, Vcam1 and Cd62 (also known as E-selectin) expres-
sions, and activation of monocytes [103, 107]. KLF2/p300
cooperation further facilitates endothelial nitric oxide
synthase (eNOS) binding and promotes vascular protec-
tion [101]. Independent DNA microarray and transcrip-
tomic studies revealed biomechanical shear forces exert
profound effects on regulating kIf2. In human arteries,
KLF?2 is highly expressed in atheroprotective regions of
the thoracic aorta, whereas the expression is low in the
arterial bend or bifurcated carotid or iliac artery where the
magnitude of shear is low [106, 108]. Flow regulation on
KLF?2 is under scrutiny. Studies suggested activations of
MAPK kinase cascade (MEKK?2,3/MEKS/ERKS5/MEF2)
and histone acetyltransferases CBP and p300, regulation
of rho family GTPase, and inhibition of histone deacety-
lase HDAC4 and HDACS or flow-sensitive microRNAs
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(miR-92a, miR-32-5p) participate flow-dependent regu-
latory mechanisms of KLF2 [109-111]. EC are highly
glycolytic and aberrant EC metabolism implicates ath-
erosclerosis [112, 113]. Laminar WSS-mediated KLF2
reportedly reduce expression levels of glycolysis-related
enzymes including 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase-3 (PFKFB3) and phosphofructoki-
nase-1. PFKFB3-increased glycolysis, as a corollary,
partially reversed KLF2-mediated reduction of glycolysis
[114]. Consistent with this manner, recent studies in mice
revealed partial inhibition of PFKFB3 via pharmacoki-
netic molecules to suppress intraplaque angiogenesis and
reduce plaque stabilization [115]. KLF4 is substantially
expressed in ECs and maintains an anti-inflammatory,
quiescent endothelial state in response to laminar flow or
atherogenic stimuli [109, 110]. KLF4 shares a myriad of
transcriptional targets and physiological similarities with
klf2. Analogous to KLF2, KLF4 also modulates the level
of eNOS and thrombomodulin for vascular protection and
anti-thrombotic effects [106]. A host of studies in mice has
further demonstrated the anti-inflammatory potentials of
KLF4. Under D-flow, DNA methyltransferase 3A represses
KLF4 expression by hypermethylation of the promoter
region which in turn reduces MEF2 binding for upregula-
tion [116, 117].

Bone Morphogenetic Protein 4 (BMP4)

Bone morphogenic proteins (BMP) are members of the TGF 3
family. Among 33 members of the TGF  family, BMP4 was
identified as a potent inducer of bone formation when subcu-
taneously implanted in rats. While diverse roles of BMP4 in
embryo- and developmental angiogenesis have been known for
years, flow-sensitive BMP4 emerged as a critical regulator of
endothelial inflammation during atherogenesis. While S-flow
diminishes, exposure to D-flow has been shown to increase
BMP4 expression in a time- and force-dependent manner, con-
sequently inducing NFkB-dependent ICAM1 expression and
subsequent monocyte adhesion [23]. Ectopic BMP4 overex-
pression in vitro further has been shown to increase ICAM1
expression but not VCAMI1 or E-selectin [118]. In human
coronary arteries, the endothelial lining over mild foam cells
exhibited an evident increase in BMP4 expression compared
to the minimally disease region of the artery. Beyond its cru-
cial roles in promoting inflammation, D-flow-mediated BMP4,
and its role in vascular oxidative stress and subsequent ROS
production has been recently elucidated [64]. BMP4 has been
shown to concurrently upregulate NADPH expression and
activity via p47phox and Nox1 in an autocrine-like manner,
while BMP4-dependent NADPH oxidase activation elevated
the level of ROS production, NFkB activation, ICAM1 expres-
sion, and consequent monocyte adhesion.
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Kallikrein-Related Peptidase 10 (KLK10)

Kallikrein-related peptidase (KLKs) is a subgroup of
secreted serine protease implicated in the pathophysiology
of cancers and a wide variety of cardiometabolic diseases
[119]. Networks of their interaction control global immune
responses and contribute to cell plasticity through the regu-
lation of proliferation, migration, apoptosis, and invasion.
Each KLK reveals a unique expression pattern and cel-
lular function. KLK10, a putative member of 15 secreted
KLKs, was originally identified as epithelial-specific (NES1)
[120]. However, recent independent genome-wide microar-
ray, scCRNA seq, and scATAC seq studies carried out in the
mouse PCL model uncovered endothelial KLK10 expression
by which blood flow both genetically and epigenetically reg-
ulates during atherogenesis [14]. In the RCA, where 2 weeks
of PCL surgery induce S-flow, endothelial KLK10 expres-
sion, and chromatin accessibility increase substantially,
whereas decreases in athero-susceptible regions of the LCA.
Atheroprotective roles of KLK10 have been recently exam-
ined by Williams et al. [59] This study revealed that 24 h
of S-flow exposure increased endothelial KLK10 expres-
sion compared to D-flow-treated and static controls. While
exposure to recombinant KLK10 (rKLK10) attenuated TNF-
a-mediated inflammation and monocyte adhesion, p65 phos-
phorylation, subsequent nuclear translocation and activation
of NFkB signaling, and thrombin-impaired endothelial per-
meability. As a corollary, silencing KLK10 expression via
siRNA increased inflammation under the S-flow condition.
These observations were corroborated in the mouse PCL
model. In ApoE""™ mice, consecutive intravenous rKLK10
injection or ultrasound-driven KLK10 overexpression con-
currently attenuated macrophage infiltration and the amount
of plaque burden following 2 weeks of the PCL surgery.
Intriguingly, rKLK10 had no effects on blood cholesterol as
assessed by total, HDL, LDL, and triglyceride. This observa-
tion was in human coronary arteries, where luminal KLK10
expression was dramatically reduced in the athero-suscepti-
ble region of the artery. Taken together, these observations
supported the notion that differential blood flows impart
mechanical effects to regulate endothelial KLK10 expres-
sion during atherogenesis. Serine protease HTRA1 involves
a KLK10-dependent mechanism. Whether S-flow regulates
cooperation between KLK10 and HTRA1 for atheroprotec-
tion warrants further investigation.

Hypoxia Inducible Factor 1-alpha (HIF-1a)

Hypoxia-inducible factor 1-alpha (HIF-1a) is a central regu-
lator of cellular responses to hypoxia and disturbed flow
[121-126]. HIF-1a is generally regulated by physiologi-
cal oxygen level, but the D-flow can regulate the HIF-1a
in vascular ECs, leading to atherosclerosis or aortic valve
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calcification [69, 126, 127]. Activation of HIF-1a triggers
transcription of many genes, which leads to the induction
of various pathways including angiogenesis, metabolism,
erythropoiesis, inflammation, and EndMT. In particular,
endothelial HIF-1a knockout in the ApoE knockout mouse
model study represented that endothelial HIF-1o promoted
endothelial inflammation [128]. A partially carotid ligation
mouse model study represented that the endothelial HIF-1a
knockout group showed decreased Cxcll, Ccl2, and Tnfa
gene expression. Endothelial HIF-1a knockout animals
showed reduced lesion area as well as macrophage recruit-
ment inhibition. Also, endothelial HIF-1a regulates mono-
cyte adhesion by regulating CXCL1-dependent pathways
and HIF-1a increases endothelial inflammation by upregu-
lation of miR-19a.

Fernandez and colleagues demonstrated that the HIF-1a
activity is regulated by Ube2c, which is degraded by miR-
483, and miR-483 mimic significantly reduces aortic valve
calcification [126]. miR-483 is a flow-sensitive miRNA,
which is downregulated to D-flow condition compared to
S-flow and static condition. miR-483 mimic transfection
study to human aortic valve endothelial cells (HAVECsS)
with D-flow condition represented that the EndMT markers
(TWISTI, TRANSGELIN, SNAIL, and SLUG) and proin-
flammatory markers (IL6, ICAM1, and VCAM1I) were sig-
nificantly decreased. In addition, miR-483 regulated ASH2L
and UBE2C expression under flow conditions, and UBE2C
expression was increased under D-flow in HAVECs. UBE2C
knockdown downregulated proinflammatory markers as well
as EndMT markers but not miR-483 level, which means that
UBE2C is not an upstream regulator of miR-483. In addi-
tion, UBE2C silencing upregulated pVHL expression which
has a role in HIF-1a degradation. Interestingly, siUBE2C
transfection to HAVECsS result showed that knockdown of
UBE2C decreased ubiquitinated pVHL levels. Porcine aortic
valve (AV) leaflet ex vivo study revealed that both miR-483
mimic and PX-478, chemical HIF-1«a inhibitor, decreased
calcification as well as HIF-1a protein expression. In con-
clusion, flow-sensitive miR-483 regulates UBE2C gene
expression which ubiquitinates pVHL. Ubiquitinated pVHL
was degraded by proteasomal degradation, which leads to
HIF-1a expression inducing overexpression of HIF-1a tar-
get genes including inflammation and EndMT. These results
show the possibility that the HIF-1a inhibitor could be a
therapeutic target for atherosclerosis.

The expression of HIF-1a is notably elevated in calci-
fied human aortic valves (AVs) [129]. Moreover, the HIF-1a
inhibitor PX-478 has been demonstrated to effectively
impede AV calcification in both static and disturbed flow
conditions. Given that increased mechanical strain is a prom-
inent trigger for AV calcification, Salim and his colleagues
conducted an investigation into the impact of PX-478 on AV
calcification and collagen turnover under pathophysiological

cyclic stretch conditions (15%). Porcine aortic valve (PAV)
leaflets were subjected to cyclic stretching at 15% ampli-
tude and 1 Hz frequency for a duration of 24 days within an
osteogenic medium, both with and without PX-478. Addi-
tionally, PAV leaflets were subjected to cyclic stretching at
both physiological (10%) and 15% strain for a duration of
3 days in a regular medium to assess its influence on HIF-1a
mRNA expression. The PX-478 (100 uM) treatment could
significantly inhibit PAV calcification under 15% stretch
conditions. In contrast, a moderate concentration of PX-478
(50 uM) exhibited a more modest inhibitory effect on PAV
calcification. Notably, 50 uM PX-478 also had a significant
impact on reducing PAV collagen turnover under 15% cyclic
stretch conditions. This research indicated that cyclic stretch
(15% vs. 10%) did not yield any significant effect on HIF-1a
mRNA expression within PAV leaflets. These outcomes sug-
gest that the HIF-1a inhibitor PX-478 may exert its anti-
calcific and anti-matrix remodeling effects in a manner that
is independent of the degree of mechanical stretch applied.

SOX13

The aforementioned blood flow regulates endothelial inflam-
mation and atherosclerosis by partially governing the expres-
sion of endothelial genes through flow-sensitive transcrip-
tion factors (FSTFs). Through scRNAseq and scATACseq
analyses in the PCL mouse model, 30 FSTFs have been
identified, which included the anticipated KLF2/4 and novel
FSTFs. These findings were further corroborated in mouse
arteries in vivo and cultured human aortic ECs (HAECsS).
Among the FSTFs identified, eight proved to be conserved
in both mice and humans, both in vivo and in vitro: SOX4,
SOX13, SIX2, ZBTB46, CEBPf, NFIL3, KLF2, and KLF4.
SOX13 represented robust flow-sensitive regulation,
endothelial preferential expression, and an as-yet-unknown
flow-dependent function [130].

Subsequent experiments revealed that the knockdown of
SOX13 using siRNA amplified endothelial inflammatory
responses, even under unidirectional laminar shear stress
(ULS) conditions, mimicking S-flow. RNAseq analysis
unveiled 94 downregulated and 40 upregulated genes influ-
enced by shear and SOX13. Notably, several cytokines, such
as CXCL10 and CCLS5, were among the most prominently
upregulated genes in HAECs treated with SOX13 siRNA.

Moreover, when HAECs were treated with Met-CCLS5,
a specific CCL5 receptor antagonist, it prevented the
endothelial inflammatory responses induced by siSOX13.
Conversely, SOX13 overexpression was found to mitigate
endothelial inflammation responses. In summary, SOX13
emerges as a novel, evolutionarily conserved FSTF that
represses the expression of pro-inflammatory chemokines
in ECs under s-flow conditions. Reduction of endothelial
SOX13 triggers chemokine expression and inflammatory
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responses, representing a significant proatherogenic
pathway.

Endothelial-to-Immune Cell-like-Transition
(EndICLT)

Alongside systemic activation in pro-inflammatory path-
ways, D-flow reportedly increases EC plasticity and repro-
grams endothelial subpopulation to pro-atherogenic pheno-
type. Recent scRNA seq and scATAC seq carried out by
Andueza et al. interrogated the effects of D-flow in endothe-
lial phenotype and plasticity on a genomic and epigenomic
basis [16]. This study uncovered that ECs are highly hetero-
geneous and plastic under D-flow conditions. Exposure to
chronic D-flow increased SMC numbers by 2.3% and 18.2%
in the LCA while elevating M® adhesion by 10.3 and 28.4%
respectively along with changes in macrophage phenotypes.
The level of proatherogenic genes such as ctgf, serpinel, and
ednl in the LCA endothelium further increased in a time-
dependent manner, while immune cell marker genes in EC
(Clga, Clgb, C5arl) concurrently increased under chronic
D-flow condition. The combined approach of scRNA seq
and scATAC seq further unraveled that D-flow alters chro-
matin accessibility of EndMT- (Tagin, Acta2, Cnnl, Snail)
and EndICLT-related genes (Clga, Clgb, C5arl, Tnf). This
observation was recapitulated in HAEC by using a custom-
built cone-and-plate viscometer. While 24 h of exposure to
bidirectional oscillatory shear stress, mimicking D-flow,
induced a concurrent increase in Clqa and C5arl transcrip-
tional and EndMT-related genes. Conversely, in the RCA,
where S-flow promotes atheroprotective phenotype, EC
populations remained largely unchanged with dramatically
low levels of SMC, M®, and T-cell populations, while EC
clusters upregulated Kriippel-like Factor 2 and Kriippel-like
factor 4 expression. Nevertheless, the pathobiological sig-
nificance of End-ICLT promoting atherosclerosis remains
incompletely understood. Whether End-ICLT is implicated
in inflammation, clonal proliferation, apoptosis, EndMT, and
endothelial progenitor cell (EPC) recruitment during athero-
genesis warrants further investigation.

Flow-Sensitive miRNAs in Atherosclerosis

miRNAs are small single-stranded noncoding RNAs that
regulate post-transcriptional gene expression. The base-
pairing of miR with the 3'UTR of target mRNA leads to
translational suppression and degradation of target mRNA.
Flow-sensitive miRNAs play major roles in vascular dys-
function and atherosclerosis. miRNAs such as miR-23b
and miR-101 are upregulated in S-flow or downregulated
in D-flow, whereas miRNAs such as miR-19a, miR-92a,
miR-487a, and miR-712/205 are upregulated in D-flow or
downregulated S-flow.
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miR-23b

Twenty-four-hour pulsatile shear (PS) to human umbilical
vein endothelial cells (HUVECs) reduced cell prolifera-
tion and significantly increased cell number in the G1/GO
phase, while the cell number in the S phase was significantly
decreased compared to static condition [131]. miRNA func-
tional analysis revealed that miR-23b and miR-27b were cor-
related with the PS-applied EC growth arrest. In addition,
antagomir-23b to inhibit miR-23b expression treatment to
HUVEC:s reversed the PS-induced cell cycle arrest in the
PS condition. Additionally, miR-23b was shown as a novel
regulator of VSMC phenotype switching [132]. Animal stud-
ies revealed that miR-23b expression was inhibited after vas-
cular injury, whereas gain-of-function studies showed that
overexpression of miR-23b inhibited VSMC proliferation
and migration. In addition, miR-23b significantly induced
the VSMC marker genes including smooth muscle a-actin
(ACTA2) and smooth muscle myosin heavy chain (MYHI11).
Luciferase reporter assay results showed that forkhead box
04 (FoxO4) is a direct target of miR-23b in VSMCs. These
researches demonstrated that flow-sensitive miR-23b can
contribute to maintaining cellular quiescence and cell cycle
in a flow-dependent manner.

miR-101

miR-101 showed significantly increased expression in
response to laminar shear stress (LSS) which is involved
in the flow-regulated gene expression in HUVECs [133].
Bioinformatic analysis of the molecular targets of miR-101
showed that 3'UTR of the human mTOR gene is a poten-
tial target gene of miR-101. Luciferase activity assay using
a reporter of mTOR-3'UTR containing miR-101 binding
site represented that miR-101-transfected group showed
decreased luciferase activity, indicating miR-101 repressed
mTOR gene. mTOR protein level under the LSS condi-
tion was decreased in comparison with the static condition,
whereas the miR-101 inhibitor—treated group under the
LSS condition showed that the mTOR protein level was not
changed compared with the static condition. Furthermore,
miR-101 directly targets ATP-binding cassette transporter
A1l (ABCA1) indicating that miR-101 promotes intracellu-
lar cholesterol retention by suppressing ABCA1 expression
[134]. These studies suggested that miR-101 may regulate
cellular functions via mTOR and ABCA1 pathways, which
contribute to the anti-inflammation process and cholesterol
efflux.

miR-19a

As mentioned previously, endothelial HIF-1a promoted
atherosclerosis by upregulating miR-19a [128]. In addition,
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miR-19a expression was increased by LSS in HUVECs
[135]. miR-19a-transfected ECs expressing eightfold higher
miR-19a levels showed cyclin D1 downregulation which is
the target mRNA of miR-19a. Overexpression miR-19a rep-
resented that the cell number of the GO/G1 phase is much
higher than that of the S phase indicating that miR-19a over-
expression inhibited the proliferation of ECs to suppress
cyclin D1. In addition, atherosclerosis patients have lower
levels of anti-inflammatory cytokine interleukin-10 (IL-10)
and higher levels of miR-19a in peripheral B cells than those
of healthy control groups [136]. Proinflammatory markers
such as IL-4, IFN-y, and TNF-a treatment increased miR-
19a levels in B cells, whereas IL-10 mRNA was reduced
after the proinflammatory markers treatment. Another target
molecule of miR-19a is HMG box-transcription protein 1
(HBP1) [137]. HBP1 plays a role in inhibiting the expres-
sion of the macrophage migration inhibitory factor (MIF).
TNF-a mediated miR-19a expression upregulates MIF by
targeting HBP1, inducing the release of proinflammatory
markers TNF-a and IL-6. Together, these results suggest
that knockdown miR-19a can be a potent target for the antia-
therogenic effect.

miR-92a

miR-92a is a regulator for both KLF4 and KLF2. miR-92
knockdown cell increased KLF4 expression, and miR-92a
knock-in decreased KLF4 and KLF2 protein expression in
human arterial ECs [138]. After TNF-a treatment to ECs,
TNF-a induced inflammatory markers such as MCP-1,
VCAM-1, and E-selectin (E-SEL) were increased; how-
ever, the miR-92a inhibitor—treated group showed decreased
MCP-1, VCAM-1, and E-SEL, which regressed these pro-
inflammatory marker expressions. In addition, endothelial
nitric oxide synthase (eNOS) was downregulated in the
TNF-a-treated group, while the miR-92a-treated group
significantly increased eNOS expression compared to the
TNF-a-treated group. Furthermore, miR-92a overexpres-
sion significantly decreased integrin subunits a5 (ITGAS)
protein expression in HUVECs which has a pivotal role in
vascular development and angiogenesis [139]. Luciferase
activity results revealed that ITGAS mRNA is a direct target
of miR-92a. In addition, antagomir-92a treatment increased
blood flow and therapeutic effect in a hind-limb ischemia
mouse model. Together, these results suggested that inhibi-
tion of miR-92a can be a potent strategy for atherosclerosis.

miR-487a

miR-487a overexpression was observed in oscillatory shear
(OS)-induced human aortic endothelial cells (HAECs). Also,
miR-487a was overexpressed in the inner curvature of the aor-
tic arch but not in the outer curvature of the aortic arch and the

thoracic aorta in a rat model [140]. Oscillatory shear signifi-
cantly increased the phosphorylation of SmadS5 in the nucleus of
ECs compared with the static condition and pulsatile shear (PS)
condition, and Smad5 activation promoted miR-487a process-
ing in ECs. Bioinformatics database indicated that human CBP
and p53 can be a potential target of miR-487a. Additionally,
luciferase activity results confirmed that CBP-3'UTR and p53-
3'UTR have a binding site of miR-487a. In addition, overexpres-
sion of pre-miR-487a decreased CBP and p53 protein expres-
sion in ECs under static conditions. In contrast, anti-miR-487a
transfection increased CBP and p53 protein expression in ECs.
These results supported that both CBP and p53 are the direct tar-
get of miR-487a, and OS inhibited CBP and p53 protein expres-
sion via upregulation of miR-487a. By using the rat stenosis
model, the abdominal aorta was constricted using a U-clip, and
the oscillatory flow was generated in the downstream region.
In vivo results suggested that miR-487a was overexpressed in
the downstream region which was applied to the OS condition
and modulated EC proliferation through the inhibition of Rb
phosphorylation and cyclin A expression.

miR-712/205

miR-712 are overexpressed under D-flow after 48 h post-liga-
tion surgery using a mouse PCL model [20]. miR-712 and
miR-205 were investigated as proatherogenic miRNAs induced
by D-flow [21]. Luciferase activity results revealed that TIMP3
is a direct target of miR-712, and TIMP3 expression under
the OS condition was significantly decreased in comparison
with the laminar shear (LS) condition. Pre-miR-712 transfec-
tion under LS condition expressed decreased TIMP3 protein
expression, and anti-miR-712 transfection under OS condition
expressed increased TIMP3 protein expression. In addition,
the pre-miR-712-treated group under static and LS conditions
increased TNF-a expression as well as increased permeability.
Anti-miR-712 reduced atherosclerosis development in partial
carotid ligation ApoE knockout mouse model, and recombi-
nant adenoviral TIMP3 (AdTIMP?3) significantly increased
TIMP3 expression and consequently reduced atherosclerosis
plaque. Since miR-712 is murine-specific and miR-205 is its
homolog in humans from a seed-sequence matching study,
pre-miR-205 was treated to HAECs indicating that decreased
TIMP3 level was observed in both immortalized mouse aortic
endothelial cells iMAECs) and HAECs. This study suggested
that targeting miR-712 and miR-205 may provide a potential
treatment strategy for atherosclerosis.

Summary and Future Perspective
Here, we summarized the progression of atherosclerosis,

biomechanical forces in arteries, and current knowledge
of flow-sensitive genes in atherosclerosis. These studies
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showed that flow-sensitive genes play an important regu-
latory role in EC function and pro- or anti-atherogene-
sis. However, our knowledge of the flow-sensitive genes
involved in atherosclerosis is still in its infancy, and
further research on these flow-sensitive genes and anti-
atherosclerosis is needed. Additionally, the development
of new technologies and experimental methods, such as
single-cell sequencing, organoids, organ-on-a-chip, and
machine learning algorithm, will make significant contri-
butions to the discovery of novel flow-sensitive genes and
the elucidation of the relationship between flow-sensitive
genes and atherosclerosis [141].

Treatment of atherosclerosis with precise gene regu-
lation and delivery will be the next chapter. Advances
in genomics and personalized medicine could lead to
treatments tailored to an individual’s genetic makeup,
improving treatment effectiveness and minimizing side
effects. Precise gene editing technologies like CRISPR-
Cas9 hold the potential for modifying gene expression
or repairing genetic factors that contribute to validating
novel flow-sensitive genes and treating atherosclerosis.
Additionally, these techniques can be achieved by preci-
sion nanomedicine which can deliver genes or therapeu-
tics to specific sites within the cardiovascular system by
using nanotechnology, offering targeted treatment with
fewer side effects.

To achieve precision nanomedicine, the following chal-
lenges have to be overcome. First, it is necessary to discover
more flow-sensitive genes or master regulators for anti-ather-
osclerosis treatment. Even though a number of flow-sensitive
genes related to endothelial dysfunction, inflammation, phe-
notype transition, and atherosclerosis have been investigated,
numerous flow-sensitive genes still have to be validated to
understand atherogenesis and anti-atherosclerosis. Second,
it is necessary to develop precise gene delivery systems with
minimal side effects. Since miRNAs can have a large number
of target genes that can bind to a particular sequence, they
may be likely to exhibit side effects other than the desired
effect. Therefore, precise delivery of flow-sensitive genes to
the desired target site should be developed.

In summary, flow-sensitive genes play a pivotal role in the
development of atherosclerosis. Regulation of the function
of flow-sensitive genes could lead to the diagnosis of ath-
erosclerosis as well as the identification of novel therapeutic
targets for atherosclerosis.
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