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Abstract: Vascular endothelial cells (ECs), derived from the mesoderm, form a single layer of squamous cells that covers the inner
surface of blood vessels. In addition to being regulated by chemical signals from the extracellular matrix (ECM) and blood, ECs are
directly confronted to complex hemodynamic environment. These physical inputs are translated into biochemical signals, dictating
multiple aspects of cell behaviour and destination, including growth, differentiation, migration, adhesion, death and survival.
Mechanosensors are initial responders to changes in mechanical environments, and the overwhelming majority of them are located
on the plasma membrane. Physical forces affect plasma membrane fluidity and change of protein complexes on plasma membrane,
accompanied by altering intercellular connections, cell-ECM adhesion, deformation of the cytoskeleton, and consequently, transcrip-
tional responses in shaping specific phenotypes. Among the diverse forces exerted on ECs, shear stress (SS), defined as tangential
friction force exerted by blood flow, has been extensively studied, from mechanosensing to mechanotransduction, as well as
corresponding phenotypes. However, the precise mechanosensors and signalling pathways that determine atheroprone and atheropro-
tective phenotypes of arteries remain unclear. Moreover, it is worth to mention that some established mechanosensors of atheropro-
tective SS, endothelial glycocalyx, for example, might be dismantled by atheroprone SS. Therefore, we provide an overview of the
current knowledge on mechanosensors in ECs for SS signals. We emphasize how these ECs coordinate or differentially participate in
phenotype regulation induced by atheroprone and atheroprotective SS.
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Introduction
At the macroscale, cells, tissues and organs are constructed as interconnected structural layers of tension-prestressed
networks.1 The tensegrity systems are associated with cytoskeletal, cell–matrix and cell–cell interactions.2 They integrate
physical and chemical signals before the cells respond to force locally through individual mechanosensitive molecules.
Locally, blood flow produces various types of forces on the vessel wall, including hydrostatic force, tension, and shear
stress (SS).3 The hydrostatic pressure exerted by fluid is perpendicular to the blood vessel wall. Traction is generated by
the connection between vascular endothelial cells (ECs) during vasomotor movement. SS, the friction force exerted by
blood flow on the vascular endothelium, is closely related to blood viscosity, blood flow velocity, and blood vessel
geometric anatomy.

Among these forces, SS, the force exerted on the apical surface of ECs, is dominant, and the corresponding blood
flow patterns are complicated.4 The fluid flow in straight arterial vessels is atheroprotective or atheroresistant, and with a
well-defined direction, it produces pulsatile or laminar SS. High shear stress (HSS), ranging from 10 to 70 dynes/cm2, is
believed to be atheroprotective. ECs in HSS regions maintain anti-proliferative, anti-thrombotic, and anti-inflammatory
phenotypes.5 Physiologically, pulsatile or laminar flows inhibit the development of atherosclerosis (AS) and protect ECs
from two other endothelial dysfunction-related diseases, hyperlipidaemia and hypertension.6 In contrast, AS develops
preferentially at blood vessel bends, bifurcations, and the inner curvature of arteries, as well as downstream of the aortic
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valve, where the blood flow pattern is disturbed and without a defined direction. SS in these atheroprone regions is
oscillating or disturbed. Generally, the force of atheroprone SS is relatively lower and less than 4 dynes/cm2. ECs in
disturbed flow regions accumulate reactive oxygen species (ROS) and exhibit decreased nitric oxide (NO) synthesis and
exaggerated inflammatory responses.7

How ECs responding to SS at least involves three steps: mechanosensing, mechanotransduction, and mechanore-
sponse. Numerous studies have shown that SS is converted into biological stimuli through specialized subcellular
compartments or protein complexes, termed mechanosensors, which include junctional complexes, integrins, the
cytoskeleton, caveolae, ion channels, G proteins and G protein-coupled receptors (GPCRs), the glycocalyx, primary
cilia, and Plexin D1 (PLXND1).8 Mechanosensors can transmit extracellular mechanical signals into intracellular
chemical signals and trigger signalling cascades upon adaptor molecule binding.

Mechanotransduction is a series of signalling cascades triggered by mechanical stimulation. Upon stimulation, the
transduction of mechanical force is initiated at adjacent cell periphery and subsequently propagates throughout the whole
cell.9 Almost simultaneously, multiple signalling pathways downstream of mechanosensors are activated. Then, second
messengers, such as cytosolic calcium (Ca2+) and NO, are generated, and the mechanical transduction of nuclear
transcription factors is activated. The transcription factors known to respond to SS are Krüppel-like Factor 2 (KLF2),
nuclear factor erythroid 2-like (NRF2), and Yes-associated protein (YAP)/transcriptional coactivator with a PDZ-binding
domain (TAZ). KLF2, expressed in mouse embryo vascular ECs as early as E9.5, is induced by atheroprotective flow10

and regulates gene transcription in the nucleus.11

Mechanoresponse, the process by which cells respond or adapt to their physical surroundings, is closely linked to vascular
homeostasis, vascular remodelling, and angiogenesis.12 Studies in our laboratory have demonstrated that atheroprone low
shear stress (LSS) induced endothelial oxidative stress, apoptosis13 and autophagic flux impairment.14

In addition, mechanoresponse includes the crosstalk of ECs with vascular smooth muscle cells (SMCs), stromal cells
and immune cells in local vascular walls through microRNAs-mediated and extracellular vesicle-mediated mechanisms.15,16

ECs and SMCs are the main adjacent wall cells that form barriers. The communication between them can be achieved
through physical contact, exchange of signalling cues, and extracellular matrix (ECM) deposition. Moreover, their
communication is one of the major mechanisms regulating vascular tone. Dai et al demonstrated that endothelium-derived
factors (PDGF-B, CXCL12, ET-1, and MIF) mediated SMC proliferation, which contributed to vascular remodelling and
pulmonary arterial hypertension.17 It has been proposed that endothelial-specific alk5 overexpression in alk5−/− restores
SMC proliferation in the cardiac outflow tract wall.18

However, systematic knowledge on mechanosensing and mechanotransduction of ECs in response to SS is not well
established; in particular 1) the precise mechanosensors and signalling pathways that determine atheroprone and
atheroprotective cellular phenotypes in arteries and 2) whether regulation of endothelial cell phenotype should be
ascribed to acute or chronic effects of SS remain unclear. The purpose of this review is to provide a brief summary of
the mechanosensors in ECs and the related signal transduction pathways induced by SS, with emphasis on how they
coordinate or differentially participate in phenotype regulation by atheroprone and atheroprotective SS. Notably, the
mechanosensors discussed herein have been reported in the literature with detailed characteristics, such as the type,
magnitude, and duration of SS.

Junctional Complexes
Within arterial vessels, endothelial cell–cell and cell–ECM junctions are crucial anchoring structures that promote
architectural stability, permeability regulation, and intercellular communication. The three best-known distinct junctional
domains are adherens junctions (AJs), tight junctions and gap junctions. Tight junctions and gap junctions can directly
sense blood flow. The main components of these junctions are occludin/claudins and connexins, which have been
proposed to be putative mechanotransducers.19

AJs, consisting of cadherin/catenin/p120 protein complexes, have been reported to colocalize with more than 170
proteins.20 The complex interactions of junctional complexes with colocalized proteins affect AJ dynamics. Tzima et al
showed that platelet and endothelial cell adhesion molecule-1 (PECAM-1, also called CD31), vascular endothelial
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growth factor receptor 2 (VEGFR2), and vascular endothelial cell cadherin (VE-cadherin) comprise a mechanosensory
complex that can directly transduce SS (12 dynes/cm2).21

VE-cadherin (also known as CDH5 and CD144), the main component of endothelial cell-to-cell AJs, plays a key role
in the maintenance of vascular integrity and participates in controlling vascular permeability, inhibiting unrestricted
vascular growth, and limiting cell movement.22 Dynamic SS affects the spatial distribution of VE-cadherin. VE-cadherin
was primarily localized along the plasma membrane of cells exposed to HSS (10 dynes/cm2, 4 h), whereas LSS
(1.8 dynes/cm2, 4 h) induced VE-cadherin endocytosis and phosphorylation (pY685 VEC).23 With fluorescence reso-
nance energy transfer (FRET) tension biosensor measurements, Conway et al showed that VE-cadherin specifically
located in cell–cell junctions caused significant myosin-dependent tension. The onset of SS (15 dynes/cm2, 24 h)
triggered a rapid decrease in the tension across VE-cadherin, which paralleled a decrease in total cell–cell junctional
tension.24 As reported, VE-cadherin was upstream of phosphoinositide 3-kinases (PI(3)K) and protein kinase B (Akt)
during flow stimulation (12 dynes/cm2), and in VE-cadherin−/− cells, actin filaments (F-actins) failed to align along the
direction of flow.21 Moreover, VE-cadherin has been found to be required for shear-induced Shc–αvβ3 and Shc-VEGFR2
complex formation.25 In addition, laminar flow induced the association of VEGFR2 with PI(3)K or PECAM-1 and β-
catenin with PI(3)K in a VE-cadherin-dependent manner.21 Under laminar flow (12 dynes/cm2), VE-cadherin binds
directly to VEGFR2 as well as to VEGFR3, which has been identified as another component of the junctional
mechanosensory complex.26 VE-cadherin is indispensable during laminar flow-induced phosphorylation of Akt and
p38 and the migration of VEGFR2 into the nucleus.27 Additionally, VE-cadherin mediated laminar shear-induced Ras-
related C3 botulinum toxin substrate 1 (Rac1) activation and pTyr-occludin levels.28

PECAM-1 has been reported to maintain vascular integrity, promote cell migration and protect ECs from apoptotic
and/or inflammatory stimuli.29 Xie et al proposed that LSS (2 dynes/cm2, 2 h) upregulated the expression of PECAM-1 in
vitro. Furthermore, PECAM-1 knockdown inhibited LSS-induced cell apoptosis and adhesion of monocytes to human
umbilical vein endothelial cells (HUVECs).30,31 Laminar SS (12 dynes/cm2, 2–120 min) induced the tyrosine phosphor-
ylation of PECAM-1, which modulated the activation of the serine/threonine kinase Akt and eNOS in ECs.32 Laminar SS
(15 dynes/cm2) mediated extracellular signal regulated kinase (ERK) phosphorylation. This process has been shown to be
dependent on PECAM-1 tyrosine phosphorylation, the binding of SHP-2 to phospho-PECAM-1 and the activity of SHP-
2 phosphatase.33 PECAM-1 was required for the induction of COX-2/PGI2 by laminar SS (10 dynes/cm2, 5 h).34

PECAM-1-deficient mice showed impaired vascular remodelling and reduced intima-media thickening. Regulation of
ICAM-1 expression, nuclear factor kappa-B (NF-κB) pathway activation, Akt pathway activation, and leukocyte
accumulation in LSS regions were involved in the protective effect on vascular remodelling.35 Instead of crossing the
cell ring, actins were distributed in a circumferential ring in aortic ECs of PECAM-1−/− mice.21 Chen et al showed that
PECAM-1 participated in arteriogenesis and collateral remodelling in ischemic hearts. Immediately after ligation of the
superficial branch in the femoral artery, PECAM-1−/− animals showed increased perfusion due to wider collateral instead
of more collateral vessels.36

VEGFR2, known as a tyrosine kinase receptor, participates in the regulation of cell migration, apoptosis, vascular
permeability, vasodilatation, and angiogenesis.37–39 After the onset of flow (10 dynes/cm2), a rapid nuclear translocation
of VEGFR2 occurred within 2 minutes, which was accompanied by the formation of a VEGFR2/VE-cadherin/β-catenin
complex.40 Laminar SS (12 dynes/cm2, 5 min) stimulated sustained phosphorylation of VEGFR2 in a Src-independent
manner without the presence of a ligand.41 VEGFR2 was increased in human umbilical vein endothelial cells (HUVECs)
under laminar SS (10 dynes/cm2, 72 h).38 The expression levels of VEGFR2 were also evaluated in HUVECs under LSS
(~0.5 dynes/cm2) and laminar SS (10.2–10.8 dynes/cm2) for 19 h.42 Notably, VEGFR2 activation induced by laminar
flow was downstream of PECAM-1 and VE-cadherin activation.21 Activation of VEGFR2 by laminar SS (12 dynes/cm2,
30 min) sequentially mediated downstream PI(3)K-Akt-eNOS activation and NO-dependent vasodilation in vivo.27

VEGFR2 regulated laminar SS-induced p38 phosphorylation.43 In ECs subjected to laminar SS, treatment with the
VEGF receptor tyrosine kinase inhibitor SU1498 or VEGFR2 neutralizing antiserum resulted in exaggerated apoptosis.38
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Integrins
Integrins are a family of transmembrane protein receptors that bind adhesion molecules in the ECM and connect to the
intracellular cytoskeleton via linker proteins to establish structural continuity from inside to outside a cell. Integrins
facilitate cell proliferation, adhesion, migration, and differentiation.5 They are transmembrane adhesion proteins com-
posed of two subunits, α and β. Sun et al showed that oscillating shear stress (OSS, 0.5 ± 4 dynes/cm2, 2 h) significantly
elevated the level of total and activated integrin α5 in lipid rafts. EC dysfunction in the atheroprone region was integrin
α5-dependent.44 Annexin A2 (ANXA2), a phospholipid-binding protein, links the F-actin cytoskeleton to the plasma
membrane. ANXA2 plays a key role in many cellular biological processes, including exocytosis, endocytosis, membrane
organization, and ion channel conductance.45 Zhang et al showed that ANXA2, as a potential carrier, allowed integrin
α5β1 translocation to lipid rafts in response to OSS.46 Additionally, laminar SS (12 dynes/cm2, 5 min) rapidly activated
integrin αvβ347 as well as integrin β3, and promoted integrin–Gα13 interaction, leading to suppression of RhoA-YAP
phosphorylation in vivo and in vitro.48 OSS promoted atherosclerotic phenotypes via the CCN1-α6β1 pathway in ECs.49

A previous study has shown that integrin αvβ3 mediated Rho-dependent cytoskeletal alignment by laminar SS.47

Remarkably, integrins function as mechanotransducers through association with various proteins, including focal adhe-
sion kinase (FAK), integrin-linked kinase (ILK), p130Cas, C-terminal Src homology 2 (SH2) domain-containing protein
(Shc) and actin-binding proteins (paxillin, vinculin, and talin).5 In addition, integrin activation may be triggered down-
stream of the mechanosensory PECAM-1/VEGFR2/VE-cadherin complex.21

The Cytoskeleton
The cytoskeleton is described as a network system formed by the nuclear skeleton, cytoplasmic skeleton, cell membrane
skeleton and ECM. Specifically, the cytoskeleton refers to the protein fibre framework, which is composed of micro-
tubules (MTs), microfilaments (MFs) and intermediate filaments (IFs). The cytoskeleton physically connects different
spatial components inside ECs to transfer forces from the apical domain to the basal or lateral domains. It is associated
with changes in cell morphology and cell motility. Laminar SS induced the elongation and orientation of ECs by
regulating the assembly and alignment of stress fibres.50 Avari et al used a GFP-vimentin fusion protein to observe rapid
deformation of IFs in living ECs exposed to fluid laminar SS (12 dynes/cm2).51 Under static conditions, F-actin was
short, thin and randomly oriented, while F-actin bands were around the cell edge. Under atheroprone conditions (1.13
±0.10 dynes/cm2, 24 h), ECs presented with overall random F-actin bundle polarities, and the peripheral actin band
disappeared. Under atheroprotective conditions (11.5±0.9 dynes/cm2, 24 h), F-actins aligned with the flow direction, and
the cells were full of denser and thicker actin bundles.52

The LIM domain refers to an ~60 amino acid sequence that forms a double zinc finger protein-protein or protein-
DNA binding interface. There are 41 LIM (Lin-11, Isl1, and MEC-3) domain-containing proteins enriched at cell
adhesions and/or the actomyosin cytoskeleton.53 The LIM protein zyxin, which localized to stress fibres, F-actins, and
AJs, was mobilized by laminar SS (15 dynes/cm2, 2 h) and moved from focal adhesions to F-actins.54

Caveolae
Caveolae, bulb-shaped 50–100 nm plasma membrane invaginations, are mainly composed of cholesterol, sphingolipids,
and the protein caveolin-1 (Cav-1).55 They were first visualized by transmission electron microscope (TEM). Caveolae
participate in endothelial transcytosis, vascular permeability, vasomotor tone control, and vascular reactivity. Cav-1 is
synthesized in the endoplasmic reticulum (ER) and then transported from the Golgi complex to the plasma membrane in
a cholesterol-dependent process.56 As a scaffolding protein within caveolar membranes, Cav-1 forms a stable hetero-
oligomeric complex with caveolin-2 (Cav-2), which targets lipid rafts and drives caveolae formation. Cav-1 mediates the
recruitment of cavin proteins (Cavin1/2/3/4) to caveolae. The cavin proteins ensure that caveolae are located only at the
cell surface. As plasma membrane tension increases, cavins and caveolins dissociate, and caveolar flattening buffers
changes and maintains plasma membrane integrity.56 Together with the actin cytoskeleton, dynamin-like ATPase EHD2
stabilizes caveolae on the plasma membrane.
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The subcellular distribution and turnover of caveolae are dynamically regulated by SS. Caveolae are anchored to the
cytoskeleton through filamin binding to actin and Cav-1.57 EC migration is accompanied by translocation of Cav-1 and
caveolae to the rear of moving ECs exposed to laminar SS.57 Under static conditions, it has been reported that Cav-1 was
predominantly located near the cell boundary. However, Cav-1 migrated towards the middle of a cell and the apical stack
and did not dock on the basal stack after laminar SS exposure (15 dynes/cm2, 24 h).58 En face immunostaining showed
that Cav-1 expression was higher in the inner curvature than in the outer curvature of the aortic arch. Regarding the
distribution in subcellular compartments, fewer apical caveolae and more intracellular vesicles were enriched with Cav-1
in the inner curvature of the aortic arch, as indicated by TEM.59 Prolonged laminar SS (10 dynes/cm2, 6 h) resulted in
increased Cav-1 expression and higher caveolae density at the plasma membranes in ECs. ECs subjected to SS displayed
higher Cav-1 fluorescence intensity for along the plasma membrane. However, Cav-1 in static ECs was mainly
distributed in the intracellular juxtanuclear compartment.60

Acute SS exposure induces Cav-1 phosphorylation and regulates downstream signalling pathways. Wang et al showed
that OSS (4 dynes/cm2, 30 min) led to the phosphorylation of Cav-1 on tyrosine-14.111 Another group found that laminar
SS (10 dynes/cm2, 5 min) stimulated Cav-1 phosphorylation (pY14), which depended on Src family kinase (SFK)
activity and integrin activation.61 Laminar SS (15 dynes/cm2, seconds) evoked ATP release at caveolae and subsequently
triggered Ca2+ flux at the same sites in ECs.62 Cav-1 knockdown in mice resulted in an increase in lung vascular
permeability and dilation of cell–cell connections.63 Studying genetic ablation of Cav-1 in ApoE-knockout mice,
Fernandez-Hernando et al discovered that the progression of atherosclerotic lesions was inhibited by a reduction in
low-density lipoprotein (LDL) infiltration. Similarly, NO production and leukocyte adhesion were decreased. Re-
expression of Cav-1 in the endothelium promoted lesion expansion.64 The lack of Cav-1 contributed to attenuated
LDL transcytosis, intensified vascular inflammation, and fibronectin deposition independent of eNOS activation.59 Long-
and short-term flow-mediated mechanotransduction has been compared in vessels of wild-type (WT) mice, Cav-1-
knockout (Cav-1-KO) mice, and Cav-1-KO mice reconstituted with a transgene expressing Cav-1 specifically in ECs
(Cav-1-RC mice). Ligation of the left external carotid contributed to lower blood flow in the common carotid artery,
which in turn reduced the lumen diameter of carotid arteries from the WT and Cav-1-RC mice after 14 days. However, in
the Cav-1-KO mice, the decrease in blood flow did not narrow the lumen but paradoxically increased wall thickness and
cellular proliferation. In addition, an examination of isolated pressurized carotid arteries revealed that acute flow-
mediated dilation was markedly reduced in the Cav-1-KO arteries compared with those in the WT mice.55

Ion Channels
Several ion channels are SS-responsive, and their currents can be determined by the whole-cell patch clamp method.
After the application of LSS (0.5–3.5 dynes/cm2, seconds), channels that efflux chloride caused EC membrane
depolarization, while flow-sensitive channels that influx potassium mediated membrane hyperpolarization.65

Adenosine triphosphate (ATP) release and subsequent activation of purinergic receptors are critical in mechano-
transduction. P2X4R is a non-selective cation channel trimer dependent on ATP. P2X4 can trigger inflammation in
response to high ATP release.66 P2X4 channels mediate laminar flow-induced influx of extracellular Ca2+ across the
plasma membrane in the presence of extracellular ATP.67 The transient receptor potential (TRP) channel family is
composed of tetrameric complexes located mainly in the plasma membrane.68 Laminar SS activated TRPV4 and
TRPP1/2, which allowed Ca2+ influx.69

Recently, the transmembrane protein Piezo1 has been identified as an essential component of mechanically activated
ion channel. Piezo1 mediates laminar SS-induced Ca2+ influx and also regulates sprouting angiogenesis,70 NO produc-
tion, vascular tone, and blood pressure.71 Laminar SS (15 dynes/cm2) evoked Piezo1 accumulation at leading apical
lamellipodia.72 Endothelial Piezo1 was required for the initiation of laminar flow-induced ATP release and vasodilation
(15 dynes/cm2), thus controlling blood pressure. Knocking down Piezo1 expression strongly reduced the laminar flow-
induced phosphorylation of Src kinase, Akt, and eNOS,71 which induced cell alignment. A study showed that Piezo1-
deficient embryos displayed vascular remodelling defects.73 Piezo1 mediated uterine artery vasodilation during rat
pregnancy.74 HSS-induced monocyte activation was dependent on Piezo1, and reduction of SS by transcatheter aortic
valve implantation (TAVI) resulted in down-regulated monocyte activation.75
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G Proteins and GPCRs
It has been shown that laminar SS (30 dynes/cm2, 1 min) activated and reorganized purified G protein liposomes in
protein receptor-free regions, even in the absence of another potential mechanosensor, indicating that G protein is a
mechanosensor.76 HSS (300 dynes/cm2, 2 min) was found to cause a ligand-independent conformational change in
GPCR, as determined by FRET.77 Zeng et al showed that CXCR1 and CXCR2, well-known GPCRs, mediated EC
migration induced by laminar SS.78 Gαq/11 and PECAM-1 were colocalized at the cell–cell junctions in atheroprotective
regions of mouse aorta.79 Interestingly, Gαq/11 was absent from the junctions in atheroprone areas and in the whole
artery of PECAM-1-knockout mice, suggesting that the Gαq/11-PECAM-1 complex is a critical mediator of vascular
diseases.79

The Apical Glycocalyx
The endothelial glycocalyx (EG), composed of proteoglycans (PGs) and their associated glycosaminoglycan (GAG) side
chains,80 can be recognized by ruthenium red staining. The thickness of the EG ranges from tens of nanometres to more
than 1 µm.81 The EG, along with some blood-borne molecules, forms the endothelial surface layer (ESL). The ESL
affects mechanotransduction, permeability, thrombogenesis, and leukocyte adhesion.82 After exposure to laminar SS (15
dynes/cm2) for 24 h, the thickness of the glycocalyx was increased.83 Yao et al showed that removal of the glycocalyx by
heparinase prevented HSS-induced cell reorientation and attenuated HSS-mediated cell proliferation.83 Using a custom-
built atomic force microscope (AFM) with fluorescence imaging capabilities to vertically stretch the glycocalyx,
Dragovich et al demonstrated that a rapid Ca2+ influx and NO production in response to laminar SS was dependent on
the EG.84 Removal of heparan sulfate by heparinase III85 and/or removal of hyaluronic acid by hyaluronidase86 led to a
significant decrease in NO production. The shear-induced vessel dilation was abolished after preincubation with
neuraminidase due to the elimination of a portion of the EG.87 Finally, the EG differentially mediated the effects of
atheroprotective and atheroprone SS, since atheroprone disturbed flow inhibited EG expression in contrast to the effects
of atheroprotective flow.88

Primary Cilia
The cilium is a membrane-covered and rod-like organelle with a diameter of approximately 0.2 µm. A cilium is primarily
composed of a membrane layer, soluble compartment, axoneme, basal body, and ciliary tip.89 Considering the different
structures of the axoneme, cilia can be divided into motile and non-motile types. Non-motile cilia, without central pairs of
microtubules, are known as primary cilia, which are anchored to the basal body and thereby connected to the cytoskeletal
apparatus.90 Primary cilia are more enriched and longer in low and oscillatory flow regions in vivo. However, they can
barely be detected and become shorter and disassembled under laminar SS (15 dynes/cm2, 1–2 h).91 Non-ciliated cells in
embryonic arteries that were subjected to laminar SS (15 dynes/cm2, 5 h) showed significantly less induction of KLF2
expression than ciliated cells in the embryonic heart.92 Primary cilia on ECs protrude into the vascular lumen and are
molecular switches for Ca2+ and NO signalling.93 The communication between ECs and the ECM depends on the proper
localization of polycystin-1 (PC-1) in cilia.94 The proper expression and localization of ciliary polycystin-2 (PC-2) are
required for NO biosynthesis in response to laminar SS (7 dynes/cm2).40

Plexin D1
Plexin D1 (PLXND1), a subfamily of transmembrane protein plexins, is a key Ca2+-dependent cell-surface receptor in
the semaphorin family with diverse structures. PLXND1 plays a crucial role in axonal guidance and vascular develop-
ment. PLXND1-mutant mice demonstrated a defect in the migration and proliferation of motoneurons, indicating that de
novo mutations in PLXND1 may account for Mobius syndrome.95 The expression of PLXND1 is elevated in both tumour
cells and their vasculature, which makes it a marker for tumour vasculature. In contrast, it can also exert an antitumor
effect by promoting apoptosis and inhibiting tumour growth.96 Homozygous PLXND1-knockout mice showed peripheral
vascular malformations.97 PLXND1 might have a role in cytoskeletal rearrangements and cell motility with Rac/RhoA
motifs in its intracellular domain.98 Recently, using a magnetic system, Mehta et al found that PLXND1 was a direct
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mechanosensor. PLXND1 formed a mechanocomplex with neuropilin-1 and VEGFR2 in response to SS (12 dynes/cm2, 2
min), and this mechanocomplex was upstream of junctional complex and integrin activation. The process of mechan-
otransduction requires flexion in the PLXND1 ectodomain. PLXND1-depleted bovine ECs showed no inflammatory
changes [monocyte chemoattractant protein-1 (MCP1), vascular cell adhesion molecule-1 (VCAM-1) levels] in response
to atheroprone flow as well as anti-inflammatory changes (KLF2 and/or KLF4 expression) in response to atheroprotective
flow for 24 h. Knocking down PLXND1 expression attenuated early responses under laminar SS (12 dynes/cm2, 10 min),
such as phosphorylation of the key signalling mediators Akt, ERK1/2, and eNOS. PLXND1iECKO mice showed reduced
EC elongation and decreased intensity of actin stress in the descending aorta.99

Other Possible Mechanosensors
Tyrosine kinase receptors are important participants in shear stress sensing and transduction, particularly VEGFR-2 (as
we mentioned above). In addition, the Tie1/Tie2 receptor system plays a pivotal role in the steady state of ECs. The total
amount and phosphorylation level of Tie2 increased under laminar SS (6 dynes/cm2).100 Pulmonary Tie2 expression was
suppressed in a murine model of hypertension. Idowu et al indicated that Tie2 controlled vascular barrier function in a
GATA3-dependent manner.101 In addition, Tie1 was required for endothelial integrity and survival. Notably, the rapid
downregulation of Tie1 expression, resulting from rapid cleavage of this molecule, is sensitive to laminar SS changes, not
by force per se. The binding of the cleaved Tie1 45 kDa endodomain to Tie2 may be required for the destabilization of
ECs.102 In contrast, Tie1 promoter activity was upregulated by disturbed flow.103

Mechanical stimulation directly or indirectly conveys biological information through the plasma membrane to the
cytoskeleton and nucleus, which causes the nucleus to deform. The nuclear fibre layer, namely, the cytoskeleton located
on the nuclear membrane, integrates proteins to form a shell that surrounds chromosomes. Therefore, mechanical
stimulation acting on the nucleus may be transmitted to the chromosomes through the nuclear fibre layer. The nuclear
receptors YAP and TAZ have been recently proposed to be novel nuclear relay sensors and mediators of mechanical
cues.104 YAP/TAZ activity is regulated by the stiffness of the ECM and cellular geometries, which requires Rho activity
and the actomyosin cytoskeleton. Since laminar SS (15 dynes/cm2, 18 h) lowered the expression of angiotensin-
converting enzyme (ACE) and because this response required both extra- and the intracellular domains and ACE
Ser1270, Barauna et al proposed that the ACE extracellular domain behaved as a mechanosensor, while the cytoplasmic
domain transduced downstream intracellular JNK signalling.105

Perspectives
SS spans a range of spatiotemporal scales and contributes to a series of endothelial-dependent physiological and
pathophysiological reactions. The spatiotemporal dynamics elicit activation and inactivation of many molecules.
Endothelial mechanosensors and mechanotransduction mechanisms stimulated by atheroprone and atheroprotective SS
as reported in relevant literature are summarized in Table 1 and Figure 1. In summary, there are still some challenges in
drug design and translational application in this field. First, there is a lack of consensus on the definition of mechan-
osensors and available detection modalities. Second, information on the precise sensors and signal transduction pathways
that determine atheroprone and atheroprotective phenotypes is scarce. Finally, most flow experiments are performed in
vitro. Matching in vitro models with in vivo animal models will be crucial for proposing targeted therapies.

However, advances in biophysics, molecular cell biology, and genetics have led to new insights into vascular diseases
as they relate to hemodynamics and have suggested candidate targets for therapy. As multi-level and multi-dimensional
strategies are applied to explore flow-responsive networks, potential mechano-sensitive genes are being discovered, such
as SRGN, which was found through an analysis of two high-throughput datasets.106 Performing bioinformatics analyses,
Sainz-Jaspeado et al indicated that palmdelphin (PALMD) regulated nuclear actin cap formation in response to
mechanical stress. PALMD deficiency impaired nuclear resilience in ECs exposed to flow forces.107 Epigenetic
mechanisms, such as DNA de/methylation, histone modifications, and non-coding RNAs, deserve more attention because
they are associated with hemodynamic-directed EC dysfunction and the early stages of vascular diseases.108 From the
perspective of clinical applications, mechanosensors are involved in the plaque complications in AS. HSS can indepen-
dently predict sites of acute coronary plaque rupture and erosion.109 The association of plaque progression with impaired
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Table 1 The Function and Distribution of Endothelial Mechanosensors

Mechanosensors Function Distribution

Atheroprotective SS Atheroprone SS

A junctional complex PECAM-129–32 Cell migration,

Cell survive,

Vascular integrity,
Vascular remodeling,

Arteriogenesis

↑Tyrosine phosphorylation (12 dynes/cm2, 2–120

min)

↑Total protein (2 dynes/cm2, 2 h)

VEGFR-237–42 Cell migration,

cell apoptosis,
vasodilatation,

angiogenesis

↑Nuclear translocation (10 dynes/cm2, 2 min)

↑total protein (10 dynes/cm2, 72 h)
↑tyrosine phosphorylation (12 dynes/cm2, 5 min)

↑Total protein (0.5 dynes/cm2, 19 h)

VE-cadherin22,23 Vascular integrity, vascular permeability,

inhibiting unrestricted vascular growth,

limiting cell movement

Along the membrane (10 dynes/cm2, 4 h) ↑Endocytosis,
↑ pY685 VEC (1.8 dynes/cm2, 4 h)

Integrins5,44,46–48 Proliferation, adhesion,

migration, differentiation

↑Activated integrin αvβ3 (12 dynes/cm2, 5 min) ↑Total and activated integrin α5 (0.5 ± 4 dynes/cm2,

2 h)

Cytoskeleton50–52 Shear stress sensing

cell morphology,
cell motility

Aligned with the flow direction, denser and thicker,

peripheral actin band (11.5±0.9 dynes/cm2, 24 h)

Random F-actin bundle polarity, the peripheral actin

band disappeared (1.13±0.10 dynes/cm2, 24 h)

Caveolae55–60 Endothelial transcytosis,
vascular permeability,

vasomotor tone control,

vascular reactivity

↑Cav-1 (middle and apical stack of ECs),
↑apical caveolae,
↓intracellular vesicles (15 dynes/cm2, 24 h)

↑Cav-1,
↓apical caveolae,
↑intracellular vesicles (in vivo)

Ion channels65–69,72 SS sensing P2X4, TRP, Piezo1 mediated the influx of

extracellular calcium (15 dynes/cm2)

Outward chloride channels, inward potassium

currents (0.5–3.5 dynes/cm2, seconds)

G proteins76

GPCRs77
SS sensing G protein (30 dynes/cm2, 1 min)

GPCR (300 dynes/cm2, 2 min)

Glycocalyx82,83 Permeability, thrombogenesis,

leukocyte adhesion

↑Thickness (15 dynes/cm2, 24 h)

Primary cilia90,91 SS sensing Less, shorter (15 dynes/cm2, 1–2 h) Enrich, longer (in vivo)

PLXND195–99 SS sensing,

vascular development

PLXND1-NRP1-VEGFR2 (12 dynes/cm2, 2 min)

Notes: ↑, upregulation; ↓, downregulation.
Abbreviations: SS, shear stress; PECAM-1, platelet and endothelial cell adhesion molecule 1; VEGFR-2, vascular endothelial growth factor receptor 2; Cav-1, caveolin-1; GPCRs, G protein-coupled receptors; PLXND1, Plexin D1;
NRP1, neuropilin-1.
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EG has been thought to be due to enhanced EG degradation. Nemoto et al showed a correlation between plaque
vulnerability and the serum concentration of EG components.110 To determine whether the protection against EG
degradation or the restoration of damaged EG is a promising therapeutic strategy, further research is needed. Other
mechanosensors may also be involved in different stages of atherosclerosis with other factors. In the future, we can
further explore this field.

Figure 1 Major mechanosensors and signalling pathways involved in endothelial mechanotransduction. (A) Schematic diagram showing endothelial mechanosensors and
signalling pathways in atheroprotective shear stress. (B) Schematic diagram showing endothelial mechanosensors and signalling pathways in atheroprone shear stress.
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