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Abstract

Mechanical forces influence different cell types in our bodies. Among the
earliest forces experienced in mammals is blood movement in the vascular
system. Blood flow starts at the embryonic stage and ceases when the heart
stops. Blood flow exposes endothelial cells (ECs) that line all blood vessels
to hemodynamic forces. ECs detect these mechanical forces (mechanosens-
ing) through mechanosensors, thus triggering physiological responses such
as changes in vascular diameter. In this review, we focus on endothelial
mechanosensing and on how different ion channels, receptors, and mem-
brane structures detect forces and mediate intricate mechanotransduction
responses.We further highlight that these responses often reflect collabora-
tive efforts involving several mechanosensors and mechanotransducers. We
close with a consideration of current knowledge regarding the dysregula-
tion of endothelial mechanosensing during disease. Because hemodynamic
disruptions are hallmarks of cardiovascular disease, studying endothelial
mechanosensing holds great promise for advancing our understanding of
vascular physiology and pathophysiology.
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1. INTRODUCTION

1.1. Making Sense of Senses

The way we sense external cues, known as exteroception, has intrigued humankind for millen-
nia. Exteroception is sculpted by our senses. The last decades have intriguingly witnessed major
developments in our understanding of how we see, hear, smell, and taste. While much remained
unknown about our sense of touch, the discoveries of fundamental mechanosensitive proteins
in recent years have advanced our understanding of how mechanical forces are converted into
cellular electrical signals (1). Venturing beyond mechanical exteroception—sensitivity to forces in
the external environment—themammalian body intriguingly experiences inherent internal forces.
Sensing these internal forces, known as mechanical interoception, is facilitated bymechanosensors
that sense forces so that mechanical signals are translated into downstream signaling mechanisms
that affect cellular and tissue function.

1.2. Cardiovascular Mechanosensation

Under physiological conditions, a myriad of mechanical forces is exerted on different cell types
within the body. The mammalian heart, for example, starts beating at the embryonic stage. Blood
flow in the developing vasculature represents one of the earliest forces experienced before birth.
Throughout life, the vascular system is exposed to pressure forces due to intravascular blood pres-
sure, as well as frictional forces due to blood flow–mediated shear stress (2) (Figure 1).Depending
on their anatomical context and physiological environment, some vascular cells are more likely to
sense and respond to certain mechanical forces. The arterial wall is composed of smooth mus-
cle cells (SMCs) that circumferentially surround the blood vessel wall and endothelial cells (ECs)
that line the lumen of all vessels. SMCs are predominantly sensitive to intravascular pressure,
and ECs are most affected by shear stress (2). SMCs and ECs are equipped with mechanosen-
sors that sense forces (mechanosensing) so that these stimuli are translated into cellular responses
(mechanotransduction).

Cardiovascular diseases are the leading cause of death worldwide. Hallmarks defining cardio-
vascular disease include disruptions in hemodynamic forces. For example, intravascular pressure
is elevated during hypertension, and blood flow is disturbed during atherosclerosis. These dis-
ruptions profoundly impact mechanosensing and therefore mechanotransduction and vascular
function (3). Given the huge implications of endothelial function in regulating cardiovascular ho-
meostasis (Figure 1), this article focuses on how ECs respond to shear stress. The main aim of
this article is not to provide a systematic review. Rather, we highlight the indispensability of vas-
cular endothelial mechanosensing for cardiovascular health and how the ability of ECs to sense
mechanical cues maintains blood flow. We also discuss endothelial dysfunction in pathological
contexts during which hemodynamic forces are disrupted. The goal is that this understanding will
establish a foundation for identifying novel targets for therapeutic interventions.

2. THE ENDOTHELIUM AND FORCES

2.1. Endothelial Cells

The endothelium is fundamental for vascular health. ECs maintain selective permeability that
regulates the transfer of ions, nutrients, gases, immune cells, and other substances. The luminal
endothelial membrane faces the vascular lumen and is directly exposed to blood constituents. The
basolateral surface, on the other hand, is typically separated from surrounding tissues by a self-
secreted glycoprotein basement membrane (4). Noteworthy, significant heterogeneity between
ECs in different vascular beds has been observed (5). EC functions vary in different environments,
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Hemodynamic forces and endothelial mechanosensing. (a) Blood movement in the vasculature generates hemodynamic forces. Shear
stress is triggered by blood flow and represents the frictional force parallel to the vascular wall. Hydrostatic pressure is the
perpendicular force exerted on the vascular wall, and circumferential stretch reflects the vessel wall stretching in the circumferential
direction. (b) Blood flow patterns can be either laminar or disturbed, and these patterns are linked to atheroprotection or atherogenesis,
respectively. (c) As blood flows from larger arteries to smaller arterioles and then to capillaries, the vascular lumen size decreases and the
shear stress onto endothelial cells (ECs) increases. (d) Key physiological responses to endothelial mechanosensing. Figure adapted from
images created with BioRender.com.

and the endothelial morphology can be altered to suit function. For instance, cardiac ECs are
characterized by high metabolic rates and minimal transendothelial transport (6). Blood–brain
barrier ECs are equipped with specialized tight junctions and selective barriers. In distinction,ECs
in the liver vasculature are fenestrated (7). Not only are different vessels lined with unique ECs,
but they are also subjected to unique mechanical stresses. As an example, vascular ECs in the heart
and skeletal muscles experience muscle contraction–associated forces that are absent in the brain.

2.2. Hemodynamic Forces

The mechanical forces generated from blood movement in the cardiovascular system are collec-
tively known as hemodynamic forces. These forces include pressure and shear stress. Pressure
develops when fluid exerts hydrostatic forces perpendicular to the vessel wall (8). Shear stress, on
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the other hand, is the tangential frictional force exerted by flow over the endothelial surface of the
blood vessel (Figure 1). Intravascular pressure depends on cardiac output and vessel compliance
and can be described with the bulk flow law (9), an equation analogous to Ohm’s law in the context
of fluid mechanics, where the pressure gradient (1P) is equal to flow (Q) multiplied by resistance
(R):

1P = Q ∗R. 1.

Pressure increases when blood flow Q increases (more cardiac output) or when vascular re-
sistance to flow R increases during vasoconstriction. Other factors such as viscosity and vascular
diameter affect vascular resistance, which in turn affects blood flow (9–11). This is described by
the formula for the Poiseuille resistance:

R = 8µL/πr4. 2.

Equation 2 relates to the vascular resistance to flow R, where µ represents the viscosity of
blood, L denotes the length of the vessel, and r is the radius of the blood vessel. This formula in-
dicates that resistance is inversely proportional to the fourth power of the radius (r4), highlighting
the profound impact of even a small change in vascular diameter on vascular resistance. Another
important aspect of hemodynamics is the pattern of fluid flow. Factors affecting flow patterns are
tied with the Reynolds number (Re):

Re = ρVD/µ. 3.

In this equation, ρ is fluid density,V is velocity,D is vascular diameter, and µ is viscosity (9). Re
dictates whether blood flow is laminar or turbulent (Figure 1). Laminar flow (low Re) is linear,
where friction decreases blood velocity closest to the wall. Conversely, turbulent flow (high Re)
represents a disruption in the laminar flow and can result from differences in the fluid’s speed and
direction.

As mentioned earlier, the primary force that the endothelium is exposed to is shear stress.
The magnitude of shear stress at the vascular wall can be expressed as a function of flow using
Poiseuille’s law:

τ = 4µQ/πr3, 4.

where shear stress magnitude (τ ) is proportional to blood viscosity (µ) and blood flow (Q) and
inversely proportional to the third power of the internal vascular radius (r3) (10). To summarize,
several hemodynamic forces are generated within the cardiovascular system; shear stress is dictated
by blood flow and is the force with the most influence on ECs (Figure 1).

2.3. Sensing Shear Stress

The endothelium plays a pivotal role in vascular physiology through mechanisms that ultimately
cause vasodilation.Thesemechanisms canonically involve potent vasodilator nitric oxide (NO) re-
lease and/or membrane potential (Vm) hyperpolarization. Synthesized by and released from ECs,
NO diffuses to neighboring vascular SMCs and activates soluble guanylyl cyclase, resulting in
cyclic guanosine monophosphate (cGMP) production and signaling.The latter signaling activates
protein kinase G, which phosphorylates several proteins, leading to decreased SMC calcium ion
(Ca2+) concentration levels, SMC relaxation and, ultimately, vasodilation. ECs additionally trans-
duce Vm hyperpolarization through the activation of K+ channels. Given that ECs are coupled
electrically to SMCs, hyperpolarizing signals are transmitted to SMCs, leading to Ca2+ channel
deactivation, a decrease in SMC Ca2+ levels and, eventually, vasodilation. Therefore, ECs serve as
a central hub orchestrating the modulation of vascular tone and blood vessel diameter.
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ECs are constantly exposed to changes in shear stress and blood pressure, which impact their
function. In response to these mechanical forces, blood vessels constrict or dilate to maintain
proper blood flow and tissue perfusion (12, 13). Vasodilation causes shear stress to return to base-
line levels, demonstrating the crucial role of the endothelium in not only mechanosensing, but also
maintaining shear stress magnitude. This feedback mechanism is especially important in smaller
blood vessels such as capillaries. Because red blood cells exhibit non-Newtonian features when
flowing through capillaries (14), blood viscosity increases during vasoconstriction and therefore
enhances shear stress.

Endothelial dysfunction and presumably defective mechanosensation are significant con-
tributors to vascular diseases involving hemodynamic disruptions, including hypertension and
atherosclerosis (15). On the mechanistic level, one can speculate that defective EC mechanosens-
ing leads to defects in vascular diameter control, reduced vasodilator bioavailability, and elevations
in reactive oxygen species and proinflammatory factors (15).Re-envisioning cardiovascular disease
through the defective-mechanosensing lens is an area for future research.

The strategic location of ECs as the innermost layer of blood vessels allows them to
sense hemodynamic forces through subcellular compartments or protein complexes collec-
tively called mechanosensors (Figure 2). Examples of mechanosensors include ion channels,
G protein–coupled receptors (GPCRs), caveolae, tyrosine kinase receptors, glycocalyx, primary
cilia, junctional complexes, integrins, and the cytoskeleton (16, 17). Following mechanosensing,
downstream signaling (mechanotransduction) allows ECs to change their morphology, gene
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Mechanosensors in endothelial cells. Endothelial cells lining the inside of blood vessels are constantly
exposed to vascular mechanical forces. Mechanosensing these forces is feasible through various
mechanosensors. Examples of these mechanosensors include ion channels (Piezo1, TRPV4, Kir2.1, ENaC,
TREK-1), receptors (GPCR, receptor tyrosine kinase), and membrane structures (caveolae, PECAM-1,
PlexinD1, glycocalyx, cadherin, integrin, cilia). Abbreviations: ENaC, epithelial sodium channel; GPCR,
G protein–coupled receptor; Kir2.1, inwardly rectifying K+ channel 2.1; PECAM-1, platelet endothelial cell
adhesion molecule-1; TRPV4, transient receptor potential vanilloid 4 channel. Figure adapted from images
created with BioRender.com.
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expression, and cellular behavior and to release vasodilators and inflammatory mediators that
facilitate communication between ECs and SMCs (17, 18). Mechanotransduction mechanisms
ultimately affect vascular function and blood flow control (Figure 1). In the next section, we
cover some key endothelial mechanosensors and the consequences of their activation.

3. MECHANOSENSORS

Since the discovery that ECs sense shear stress (19), studies have focused on understanding
the mechanisms behind mechanosensing. It is evident that ECs are equipped with dedicated
mechanosensors that detect and respond to stimuli exerted by blood flow (Figure 2). Once trig-
gered, mechanosensors initiate signaling pathways in ECs or adjacent cells. In this section, we
cover some categories of endothelialmechanosensors: ion channels,GPCRs, andmembrane struc-
tures. Additional mechanosensing mechanisms, including but not limited to TRPC6 (transient
receptor potential canonical 6), TRPM4 (transient receptor potential melastatin 4), ASIC (acid-
sensing ion channel),TRPV1 (transient receptor potential vanilloid 1),TRPP1/TRPP2 (transient
receptor potential polycystic 1 and 2), P2X (ionotropic purinergic receptor), Ca2+-activated
Cl− channels, TMEM63 (transmembrane 63), primary cilia, and tyrosine kinases, have been
reviewed in recent articles (20, 21).

3.1. Ion Channels

Some classes of ion channels are ligand-gated or voltage-activated, and some others are mechan-
ically activated. Mechanosensitive ion channels are directly activated by physiological physical
forces. Due to the vital location of ECs, how the endothelium senses and responds to blood flow
and associated mechanical forces has intrigued scientists for decades. The first evidence for an
endothelial mechanosensitive channel that mediates mechanically induced cation influx dates to
over three decades ago (22). This pioneering discovery was followed shortly by the discovery of
shear stress–activated K+ currents in ECs (23).

The activity of endothelial mechanosensitive channels changes directly in response to shear
stress, whereas the activity of other channels could be indirectly altered by forces. Several criteria
need to be met for an ion channel to be considered a true mechanosensor (24, 25). First, overex-
pression of the channel in a null cell must confer mechanosensitivity, and deleting or inhibiting the
channel must abolish the mechanoresponse. Second, message and protein expression of the chan-
nel must be evident in the mechanosensitive cell—the EC in this context. Third, the purported
mechanosensitive channel must have a direct role in ion permeation in response to force. Fourth,
channel expression must be indispensable for mechanosensing, rather than being a downstream
target of another mechanosensing mechanism. Last, site-directed mutagenesis of the ion channel
must alter the mechanoresponse.

Here, we cover Piezo1, transient receptor potential vanilloid 4 channel (TRPV4), epithelial
sodium channel (ENaC), inwardly rectifying K+ channel 2.1 (Kir2.1), and TREK-1 channels,
where the evidence of physiological involvement in endothelial mechanosensing and mech-
anotransduction is more substantiated. Additional endothelial ion channels purported to be
mechanosensors are reviewed in depth elsewhere (21).

3.1.1. Piezo1. Piezo1 is a bona fide mechanosensitive ion channel that fulfils the criteria of
a true mechanosensor (24, 25). The functional expression of the Piezo1 channel in ECs is well
established (17, 26–28). Inspired by the embryonic lethality of genetic deletion of endothelial
Piezo1, the Beech and the Patapoutian laboratories (17, 28) were the first to demonstrate that
Piezo1 is a mechanosensor involved in EC alignment during vascular development. Piezo1 is
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a nonselective cation channel that is slightly more permeable to Ca2+ than to Na+. Electro-
physiological and imaging studies in ECs from different vascular beds revealed that Piezo1
activation leads to cationic currents and intracellular Ca2+ signals (17, 26, 27). Piezo1 activation
can be achieved experimentally through mechanical (e.g., shear stress) or chemical activation
(e.g., Yoda1, a selective Piezo1 activator) (25). The effects of Yoda1 in ECs mimicked shear
stress–induced responses and were attenuated by mechano-gated channel blockers (26, 27). A
limitation in Piezo1 research, however, is the lack of specific and selective inhibitors.

Endothelial Ca2+ signaling plays an important role during vascular development. Earlier ef-
forts following the discovery of Piezo1 in ECs were directed at understanding the impact of
Piezo1-mediated Ca2+ transients on vascular development.The activation of Ca2+-dependent en-
zymes is vital for the spatial organization and alignment of ECs during development. Li et al. (17)
found that the Ca2+-activated protease calpain, which cleaves focal adhesion proteins required
for cellular orientation, is upregulated upon Piezo1 activation and is important during vascular
development. Ranade et al. (28) found that Piezo1 activation is critical for stress fiber orientation
and EC alignment. Piezo1 additionally activates several Ca2+-dependent endothelial metallopro-
teinases involved in angiogenesis (29). In brain endothelial tip cells, Piezo1-mediated Ca2+ events
modulate pathfinding and cerebrovascular patterning (30). Collectively, studies have demon-
strated that Piezo1-mediated Ca2+ signaling is essential for vascular development, patterning, and
angiogenesis.

Ca2+ transients trigger downstream signaling and facilitate Ca2+-dependent endothelial pro-
cesses that influence vascular diameter control. A central mechanism activated by Ca2+ signaling
is the synthesis of the potent vasodilator NO. Studies have demonstrated that flow-mediated va-
sodilation is attributed to Piezo1-mediated Ca2+ influx, Ca2+-dependent activation of endothelial
NO synthase (eNOS), NO generation and, ultimately, SMC relaxation (Figure 3). Further, loss
of NO-mediated vasodilation in EC-specific Piezo1 knockout mice has been proposed to cause
hypertension (27). Other studies, however, found no effect of genetic Piezo1 deletion on blood
pressure (31). Nonetheless, Piezo1-mediated vasodilation in different vascular beds is mediated
through NO production (27, 32–34). Endothelial Piezo1 has been shown to influence GPCR ac-
tivity. Laminar flow activates Piezo1, enabling the release of adenosine triphosphate (ATP), which
then activates purinergic Gq/11-PCRs to ultimately enhance NO production (35). GqPCR activity
is notably an important regulator of ion channels in ECs (36, 37) (Figure 3), but whether GqPCR
signaling affects endothelial Piezo1 activity is unclear.

The cation influx associated with Piezo1 activation depolarizes cells, including ECs (31, 38).
ECs are structurally and electrically connected to SMCs by myo-endothelial projections and gap
junctions (39, 40). This electrical coupling facilitates the communication between ECs and ad-
jacent SMCs and presumably allows the spread of Piezo1-mediated electrical signals from ECs
to SMCs. There is evidence suggesting that Piezo1-induced EC depolarization spreads to SMCs
and activates voltage-gated Ca2+ channels, causing mesenteric artery vasoconstriction (31), which
explains the observations of flow-mediated vasoconstriction instead of vasodilation and the lack
of this response in EC Piezo1 knockout mice. These findings, however, contrast with others
demonstrating flow-induced vasodilation that was NO dependent and attenuated in EC Piezo1
knockout mice (27). These discrepancies await further exploration and could be partly explained
by distinctive expression patterns in different artery branches or differences in mouse models.
Additionally, it is unclear whether Piezo1 stimulates Ca2+-activated ion channels in ECs. If so,
Piezo1 activity could hyperpolarize or depolarize EC Vm by activating Ca2+-activated K+ or
Cl− channels, respectively—a hypothesis that awaits experimental testing. In summary, Piezo1
is a key mechanosensing mechanism in ECs. In a later section of this review (Section 4.3), we dis-
cuss crucial gaps in our understanding of the physiological roles of Piezo1, and we speculate that
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Piezo1 function is dictated by the vascular bed type (peripheral versus central) and size (macro-
versus microcirculation).

3.1.2. TRPV4. TRPV4 was first discovered in the endothelium over two decades ago (41).
TRPV4 has been identified since then in ECs from different vascular beds, such as mesenteric
resistance arteries, pulmonary arteries, carotid arteries, skeletal muscle arterioles, and brain cap-
illaries (42–45). TRPV4 is a nonselective cation channel that is more permeable to Ca2+ than
Na+ (46, 47). The endothelial TRPV4 channel contributes to several vascular functions including
vascular tone regulation, EC orientation, angiogenesis, and permeability (45, 48).

Studies showed that the TRPV4 channel is sensitive to forces and that EC TRPV4 is crucial
for shear stress detection (42–44). Whether TRPV4 is a true mechanosensor has, however, been
controversial. Direct channel activation by mechanical force has not been robustly demonstrated,
suggesting that TRPV4 may not be a bona fide mechanosensor (47, 49–51). Additionally, the
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Figure 3 (Figure appears on preceding page)

Flexibility, diversity, and cross talk between endothelial mechanosensors and mechanotransducers.
(a) Example flow chart showing how different mechanosensors ultimately trigger vasodilation.
Mechanotransduction occurs via one or both major pathways: NO production and release and/or EC Vm
hyperpolarization. (b) Exemplary cross talk between EC mechanosensors downstream of mechano-GqPCR
activation. Mechanical activation of GqPCR evokes vasodilation via NO release or hyperpolarization.
GqPCR activation can directly activate PI3K/Akt, leading to eNOS activation and NO synthesis. On the
other hand, GqPCR canonically facilitates PLC activity and the hydrolysis of PIP2 into DAG and IP3. The
three metabolites (PIP2, DAG, and IP3) modulate the activity of mechanosensitive ion channels or their
downstream effectors. PIP2 depletion inhibits Kir2.1 and TREK-1 channels but disinhibits TRPV4 activity.
DAG/PKC signaling facilitates TRPV4 activity evoking Ca2+ transients that facilitate eNOS activity and/or
IK/SK Ca2+-activated K+ channels; both pathways ultimately lead to vasodilation. IP3/IP3R signaling
facilitates Ca2+ release from the endoplasmic reticulum, and these Ca2+ transients enhance eNOS and
IK/SK activities. Abbreviations: Akt, protein kinase B; B2R, bradykinin 2 receptor; Ca2+, calcium ion; DAG,
diacylglycerol; EC, endothelial cell; ENaC, epithelial sodium channel; eNOS, endothelial NO synthase;
GPR68, G protein–coupled receptor 68; GqPCR, Gq protein–coupled receptor; H1R, histamine H1
receptor; IK/SK, intermediate-conductance/small-conductance; IP3, inositol 1,4,5-trisphosphate; IP3R, IP3
receptor; Kir2.1, inwardly rectifying K+ channel 2.1; NO, nitric oxide; PECAM-1, platelet endothelial cell
adhesion molecule-1; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PKC,
protein kinase C; PLC, phospholipase C; S1PR1, sphingosine-1-phosphate receptor 1; TRPV4, transient
receptor potential vanilloid 4 channel; VE-cadherin, vascular endothelial-cadherin; VEGFR2, vascular
endothelial growth factor receptor 2; Vm, membrane potential. Figure adapted from images created with
BioRender.com.

fact that TRPV4 can be activated physiologically by endogenous substances released in response
to shear stress [e.g., arachidonic acid (AA) and epoxyeicosatrienoic acids (EETs)] could explain
how TRPV4 activity increases with force (42, 52, 53). Along the same lines, recent observations
in cultured ECs demonstrated that Piezo1 activation triggers the production of AA metabolites,
ultimately enhancing TRPV4 activity (54). These findings suggest that Piezo1 is the mechanosen-
sor and TRPV4 is functionally coupled downstream to amplify and sustain mechanically induced
Ca2+ influx.

Endothelial TRPV4 activation leads to vasodilation through NO release and/or through al-
tering EC Vm. These two mechanisms are not necessarily mutually exclusive and could act
synergistically (Figure 3). Highly localized Ca2+ events upon TRPV4 channel activation, known
as TRPV4 sparklets, are coupled to (a) eNOS activation, NO production, and vasodilation or
(b) the activation of Ca2+-activated K+ channels and downstream EC hyperpolarization (42–44,
55, 56) (Figure 3).Genetic ablation of TRPV4 leads to blunted endothelial Ca2+ responses and re-
ducedNO release (57). Amplification of TRPV4-mediated Ca2+ signaling occurs through inositol
1,4,5-trisphosphate receptor (IP3R) sensitization (58).

TRPV4 channels interact with a plethora of proteins andmolecules, some of which are directly
affected by mechanical forces. Like several other TRP channels, TRPV4 is activated downstream
of GqPCR stimulation. Endothelial GqPCR activation enhances phospholipase C (PLC) activity
and the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into IP3—that causes Ca2+

release from intracellular stores—and diacylglycerol (DAG), which activates protein kinase C
(PKC). EC GqPCR signaling activates TRPV4 channels in PKC- or PIP2-dependent manners
(36, 59), and IP3/IP3R signaling amplifies TRPV4 activity (58). As someGPCRs are mechanosen-
sitive (60) (discussed below), their activation by forces could enhance EC TRPV4 activity, leading
to the perception that TRPV4 channels are essential mechanosensors (Figure 3). It is noteworthy
that GqPCR signaling and downstream ion channel regulation (e.g., TRPV4 and Piezo1) could
be a key intersection point between different mechanosensing mechanisms. The scaffolding
protein caveolin-1 (discussed below) interacts with TRPV4 and colocalizes with gap junction
proteins to facilitate electrical coupling. Caveolin-1 is indeed required for endothelial Ca2+ influx
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and subsequent vasodilation (61, 62). Altogether, evidence supports that caveolae are crucial
microdomains involved in TRPV4 activity and vasodilation. Other TRP channels are crucial
for EC signaling besides mechanosensing and flow-mediated vasodilation. Cerebral endothelial
transient receptor potential ankyrin 1 channel (TRPA1), for example, is involved in neurovascular
coupling, and TRPA1 activation by reactive oxygen species leads to vasodilation (63, 64).

3.1.3. Kir2.1. One of the earliest attempts to identify EC mechanosensors discovered a
K+ channel sensitive to forces (23).Using cultured aortic ECs, the authors identified a Kir channel
that was shear stress activated. They proposed that this channel contributes to flow-mediated hy-
perpolarization and vascular tone regulation (23). This work kick-started the search for the role
of Kir channels in mechanosensation and blood flow control. The Kir2.1 channel is expressed
in ECs from different vascular beds (65–67), sensitive to extracellular K+ concentration, and acti-
vated by hyperpolarization (68). Flow activates Kir2.1, in a shear stress magnitude– and oscillation
frequency–dependent manner, causing K+ efflux and hyperpolarization. Additional to Vm modu-
lation, Kir2.1 activity has been linked to NO production (66, 69, 70) (Figure 3). Ahn et al. (66)
suggested that EC Kir2.1 is crucial for flow-induced phosphorylation and activation of eNOS and
Akt, as well as subsequent NO generation, presumably in a Ca2+-independent manner.

Shear stress increases Kir2.1 activity, but the channel might not be the primary mechanosensor.
Using cell-attached electrophysiology, shear activated Kir channels, even though the cell-attached
membrane was not always directly exposed to shear stress (71). Upstream mechanosensing mech-
anisms are likely involved in the response of Kir2.1 to shear stress. One speculation is that shear
stress alters plasma membrane lipids and fluidity that in turn affect Kir2.1 activity. Kir2.1 is indeed
a key regulatory target of phosphoinositides (e.g., PIP2) and cholesterol (37, 72).

3.1.4. ENaC. ENaC was originally thought, as the name implies, to be exclusively expressed
in epithelial cells. Accumulating evidence, however, demonstrated that ENaC is functionally ex-
pressed in ECs of various vascular tissues (73–75). There is evidence that the endothelial ENaC
channel is directly activated by laminar flow. Mechanosensitivity of ENaC depends on the in-
teraction between the extracellular matrix and α-ENaC extracellular glycosylated asparagines,
an interaction that underlies the responsiveness of endothelial ENaC to shear stress (74, 76).
The endothelial glycocalyx is also involved in the ability of endothelial ENaC to facilitate flow-
mediated vasodilation, and EC ENaC deletion eliminates shear stress–mediated relaxation (75,
77, 78). Several modulators regulate endothelial ENaC activation in response to shear stress;
some of these also affect other purported mechanosensors. EETs, for example, activate TRPV4
but inhibit ENaC (74). These studies signify a role for EC ENaC in mechanosensing and
mechanotransduction.

There is evidence that an increase in ENaC channel density and/or activity [ENaC gain-of-
function (GOF)] stiffens ECs and causes vasoconstriction. ENaC GOF due to increased channel
expression has been observed during hypertension (79, 80). The mechanisms by which ENaC
GOF affects endothelial function and shear stress–mediated vasodilation involve reduced NO
production. The loss of NO results from enhanced Na+ influx, which attenuates the driving force
for the uptake of l-arginine (NO precursor) by cationic amino acid transporters. Alternatively,
NO loss can occur via the negative modulation of phosphoinositide 3-kinase (PI3K)/Akt-pathway
that is crucial for NO synthesis (81, 82). To summarize, while normal endothelial ENaC facilitates
shear stress–mediated vasodilation, enhanced ENaC activity is linked to endothelial dysfunction.
The divergent impact of ENaC on vascular function could be explained by vascular bed hetero-
geneity and whether ENaC activity levels are physiological or pathologically enhanced (80, 83).
In summary, ENaC involvement in endothelial mechanosensing is quite complex and requires
additional investigations.
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3.1.5. TREK-1. Members of the two-pore domain K+ (K2P) channel superfamily are proposed
endothelial mechanosensors. K2P channels are expressed in different vascular beds where they
regulate vascular function (84).TRAAK,TREK-1, and TREK-2 are members of the K2P channel
family, and the TREK-1 channel has been extensively studied in ECs (85, 86). TREK-1 responds
directly to both positive and negative pressure in lipid bilayers, and the channel’s mechanosensitiv-
ity is preserved in different electrophysiological configurations (85, 87). TREK-1 is directly gated
by membrane tension; plasma membrane deformation relieves lipid block of ion conduction and
therefore enhances channel activity, leading to hyperpolarizing currents (85, 88–90). In addition
to altering EC Vm, TREK-1 is implicated in endothelium-dependent, NO-mediated vasodilation
(91) (Figure 3).

In line with being mechanosensitive, the TREK-1 channel is sensitive to osmotic pressure and
activated by ischemia-associated swelling. The cerebrovascular TREK-1 channel is, therefore,
protective during ischemia via hyperpolarizing ECs and vasodilation (87, 92, 93). One speculation
is that TREK-1-mediated hyperpolarization synergizes with other hyperpolarizing channels or
mechanosensors (e.g., Kir2.1) or antagonizes depolarizing channels (e.g., Piezo1 or TRPV4). The
TREK-1 channel is modulated by GPCRs, some of which are mechanosensors (85, 86, 88, 93–
95) (Figure 3). PIP2 enhances TREK-1 activity, and cyclic adenosine monophosphate/protein
kinase A (cAMP/PKA) suppresses the channel. TREK-1 activity is therefore inhibited by Gs-
PCR (increased inhibitory PKA) and Gq-PCR (decreased stimulatory PIP2) but not by Gi-PCR
(decreased PKA) signaling (94, 95). Collectively, endothelial TREK-1’s role in mechanosensing is
likely affected by the other mechanosensitive GPCRs present.

3.1.6. Perspectives on ion channels as mechanosensors. We covered candidate endothelial
mechanosensitive ion channels, and the evidence among these is most solid for Piezo1 to be a true
mechanosensor. Piezo1 is expressed in almost all vascular beds studied to date, but the functions
of endothelial Piezo1 remain understudied. This reflects the relatively recent discovery of Piezo1
and the lack of specific/selective inhibitors. As discussed above, different mechanosensors work
together, and Piezo1 could be a missing link in these mechanisms. We expect that the near fu-
ture will witness advances in our understanding of mechanosensors in general and of Piezo1 as a
dominant channel mechanosensor in ECs.

3.2. G Protein–Coupled Receptors

Canonical activation of a GPCR is initiated when an extracellular ligand binds to the receptor,
triggering second messenger cascades involving Ca2+ signals, cyclic nucleotides, or β-arrestin.
Some GPCRs, however, mediate mechanochemical signal transduction independent of ligand
binding (96, 97). Mechanisms underlying GPCR mechanosensitivity are not fully understood but
likely involve changes in membrane fluidity that allow GPCRs to adopt an active conformation
even in the absence of a receptor agonist (98–100). It has been additionally shown that helix 8,
a conserved helical motif located immediately after transmembrane segment 7, endows GPCRs
with mechanosensitivity. Structural and functional analyses revealed that mechanical stimulation
elongates helix 8 and therefore activates GPCR (101).

3.2.1. GPR68. G protein–coupled receptor 68 (GPR68) is an endothelial Gq/11-coupled recep-
tor that mediates flow-induced vasodilation by enhancing NO production (Figure 3). Deletion
of GPR68 impaired flow-mediated dilation of mesenteric arteries but did not affect blood pres-
sure regulation (60). GPR68 possesses a helix 8 structure, which could explain how the receptor
responds to shear stress in ECs (101). Contradicting evidence using cultured cells, however,
showed that flow-induced GPR68 activation persisted despite the deletion of helix 8 or the
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pharmacological inhibition of G protein signaling (102). The latter is consistent with findings that
shear stress induces Gq/11 activation independently of GPCR activation in cultured ECs (103).

3.2.2. Bradykinin 2 receptor. Another endothelial mechanosensor is the Gq/11-coupled
bradykinin 2 (B2) receptors (97). Shear stress, hypo-osmotic stimulation, or a change in the plasma
membrane fluidity activates the B2 receptor, leading to an increase in intracellular [Ca2+]. En-
dothelial B2 receptor–mediated Ca2+ signaling leads to vasodilation by increasing NO production
or promoting Ca2+-dependent hyperpolarization (97, 104, 105) (Figure 3). Further, the endothe-
lial B2 receptor enhances the production of AA, which upregulates Ca2+-influx via TRPV4 (52),
suggesting potential cross talk between the B2 receptor and other candidate mechanosensors.

3.2.3. Sphingosine-1-phosphate receptor 1 and histamine H1 receptor. It has been shown
that shear stress activates sphingosine-1-phosphate receptor 1 (S1PR1) and histamine H1 recep-
tor (H1R) in ECs. S1PR1 activation initiates NO production, leading to vasodilation. S1PR1 is
also crucial for vascular development and blood pressure homeostasis (106, 107). Studies collec-
tively suggest that S1PR1 plays a key role in an endothelial mechanosensory pathway, more like
a mechanotransducer than a sensor. H1R possesses helix 8 and was therefore reported to be an
endothelial mechanosensing GPCR capable of facilitating NO signaling and vasodilation (101).

3.2.4. Perspectives on mechanosensitive GPCRs. Endothelial GPCRs functioning as pur-
ported mechano-GPCRs include GPR68, B2 receptor, S1PR1, and H1R. Among these, the
mechanosensing evidence suggests that GPR68 could play the dominant role. However, ex-
pression at the messenger RNA (mRNA) level is most evident for S1PR1 and rather low for
other candidates (108). Further, some purported mechanosensitive Gq/11-coupled receptors lack
evidence of direct activation by mechanical forces when expressed in heterologous expression
systems, corroborating the idea that GPCRs are indirectly involved in mechanosensation (109).
Downstream effects of GPCR signaling overlap with and modulate other mechanosensitive ion
channels; the complement of EC receptors could therefore coordinate and regulate the activ-
ity of mechanosensitive ion channels (110) (Figure 3). This suggests that mechanosensors are
functionally connected and cooperative and could therefore compensate for one another.

3.3. Membrane Structures as Mechanosensors

There are multiple embedded protein microdomains in the EC plasma membrane. These mi-
crodomains confer unique mechanical properties to different regions and therefore contribute to
EC heterogeneity. When ECs are exposed to shear stress forces, plasma membrane regions with
higher mechanical resistance concentrate forces (e.g., focal adhesion sites). The latter leads to
the creation of areas of high strain or stiffness that are capable of mechanosensing. Additional
membrane structures that are candidate mechanosensors include the glycocalyx and caveolae
(Figure 2).

3.3.1. Glycocalyx. The endothelial glycocalyx is a gel-like layer that lines the luminal surface
of all ECs. Composed of proteoglycans, glycosaminoglycans, glycoproteins, and adsorbed plasma
proteins (111), it was initially considered to be solely a structural barrier. Recent research, how-
ever, suggests that the glycocalyx serves as an important mechanosensing function (112–114).
Functioning as the interface between flowing blood and ECs, the glycocalyx converts mechanical
stimuli into intracellular signals. The glycocalyx interacts with mechanosensitive ion channels like
ENaC (76) and contributes to shear-induced signaling pathways involving EC junctional proteins
[e.g., platelet endothelial cell adhesion molecule-1 (PECAM-1)] (115). The glycocalyx is addi-
tionally a key player in shear stress–mediated proteoglycan distribution and caveolin-1 expression
(116, 117).
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There is an established link between glycocalyx and NO production. Degrading specific gly-
cocalyx components in bovine aortic ECs compromised shear-induced, but not GPCR-mediated,
NO synthesis, highlighting unique mechanosensing and transduction pathways (118). Along
the same lines, depletion of glycocalyx components, such as heparan sulfate, hyaluronic acid,
and sialic acids, blocks shear stress–induced NO production but does not affect shear stress–
induced prostaglandin I2 production or agonist-induced NO production (119–123). Interestingly,
some studies demonstrated that an intact glycocalyx might not be necessary for conduit artery
endothelium-dependent vasodilation in vivo, suggesting tissue-specific differences in glycocalyx
mechanotransduction (124).

Pathological conditions characterized by atheroprone blood flow, such as atherosclerosis, dis-
rupt the glycocalyx (125) and impair endothelial mechanosensing capabilities (116). Loss or
shedding of the glycocalyx diminishes the endothelial response to mechanical forces, leading to
endothelial dysfunction, increased vascular permeability, inflammation, disrupted cytoskeletal re-
modeling, and disrupted EC alignment (125–127). To summarize, the glycocalyx is a complex and
dynamic structure that functions as an endothelial mechanosensing system.The roles of the glyco-
calyx in regulating EC functions in response to flow, particularly in vivo, are not fully understood
and warrant further research.

3.3.2. PECAM-1 and PlexinD1. PECAM-1, also known as CD31, is a cell-adhesion molecule
and an EC mechanosensor. PECAM-1 acts cooperatively with different junctional proteins.
A junctional mechanosensory complex composed of PECAM-1, vascular endothelial (VE)-
cadherin, and vascular endothelial growth factor receptor 2 (VEGFR2) is crucial for endothelial
mechanosensing and alignment (128). Flow increases the force on PECAM-1, initiating a
signaling cascade that leads to NO production (129, 130). When exposed to shear stress, the
tyrosine residues at the cytoplasmic tail of PECAM-1 become phosphorylated, creating a dock-
ing site for signaling molecules such as PI3K (131–133). These signaling molecules modulate
downstream effectors, including the activation of mitogen-activated protein kinase/extracellular
signal-regulated kinase 1/2 (ERK) and PI3K/Akt, both of which activate downstream eNOS
and NO production (129, 134, 135) (Figure 3). PECAM-1 facilitates eNOS activation, not
only by enhancing its activity, but also through physical interactions at EC–EC junctions. An
association between PECAM-1 and eNOS is crucial during abrupt changes in flow (136, 137).
In addition to NO release, PECAM-1 is involved in the release of other vasodilatory factors
(e.g., cyclooxygenase products) in response to shear stress (138). Collectively, PECAM-1 is
indispensable in mediating shear stress–induced vasodilation.

While flow triggers increased tension on PECAM-1, data suggest that an upstream
mechanosensor could initiate this signaling cascade (139), with implications for whether
PECAM-1 itself is a mechanosensor.The fact that tyrosine kinase activation and subsequent phos-
phorylation of PECAM-1 are required for PECAM-1/eNOS/NO signal transductionmay suggest
that PECAM-1 is not the primary mechanosensing mechanism. Further, previous reports demon-
strated that shear stress could stimulate the phosphorylation of endothelial ERK and Akt despite
the absence of PECAM-1 (140). To summarize, a junctional complex of PECAM-1, VE-cadherin,
and VEGFR2 plays a crucial role in EC mechanosensation and/or mechanotransduction.

PlexinD1 is a transmembrane receptor implicated in different cellular functions, such as
migration and proliferation. Endothelial PlexinD1 has been identified as a mechanosensor act-
ing upstream of the junctional PECAM-1/VEGFR2/VE-cadherin complex and integrins (141).
PlexinD1 responds to shear stress by forming a multiprotein complex with VEGFR2 and facili-
tating the phosphorylation of Akt, ERK, and eNOS (Figure 3). In addition to accelerating eNOS
activation, PlexinD1 modulates integrin-mediated cell adhesion, cytoskeleton rearrangements,
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and cell motility (142, 143). Because PlexinD1 acts upstream of other proposed mechanosen-
sors, its activation is likely necessary and sufficient to mediate shear stress–mediated Akt/ERK
responses (141).

3.3.3. Caveolae. Caveolae are specialized membrane invaginations enriched with cholesterol,
caveolin, and other signaling molecules. They are involved in several vascular cellular functions,
and endothelial caveolae are likely involved in mechanosensing. Caveolae respond to mechani-
cal perturbations by rapidly and reversibly disassembling, thereby releasing membrane areas and
molecules as they flatten out. In response to tension, caveolae release free caveolins, the building
block of caveolae, therefore acting as a membrane tension buffer (144, 145). Released caveolins
interact with other signaling molecules to initiate mechanosensing signals.

Laminar shear stress increases caveolin-1 at the plasma membrane, alters ERK and Akt sig-
naling patterns, and enhances eNOS accumulation and activation within the caveolae (146, 147)
(Figure 3). Studies have further shown that caveolae interact with focal adhesion molecules and
that this interaction is involved in flow-induced responses (148, 149). Further, caveolae couple me-
chanical stress to integrin activation and therefore regulate the early steps of the mechanosensing
response (150). These effects support the involvement of EC caveolae in mechanosensing.

Caveolae are key regulators of other proteins and signaling molecules, such as those involved
in EC–Ca2+ signaling. Examples include candidate mechanosensors such as GPCRs and TRPV4,
both of which are involved in endothelial-dependent, shear stress–induced vasodilation (61, 62,
151). It has been further demonstrated that caveolae are involved in flow-dependent ATP release
from ECs, which in turn engages purinergic signaling to amplify Ca2+ signaling (152). Whether
the endothelial Piezo1 channel is regulated by caveolin-1 and whether Piezo1 is preferentially
localized in EC caveolae remain unknown. In conclusion, it is evident that caveolae play an im-
portant role in facilitating endothelial mechanosensing as well as several mechanotransduction
processes.

3.3.4. Integrins. Integrins connect the extracellular matrix and the actin cytoskeleton via mul-
tiprotein focal adhesion complexes. Although integrins are proposed to be sensitive to shear forces
or cytoskeletal tension changes (153–155), they can be viewed as a point of integration for different
shear-induced signaling cascades. PI3K, for example, is activated by shear stress through integrins,
but it can also be activated downstream of the PECAM-1 pathway (132, 156). The response of
integrins to shear stress is also modulated by other mechanosensors, such as PlexinD1 (141) and
caveolin (150). Whether they are directly or indirectly sensitive to shear stress, integrins are in-
volved in several mechanosensing pathways contributing to ECs’ capacity to sense and respond
to shear stress.

4. ENDOTHELIAL MECHANOSENSING IN CONTEXT

Endothelial mechanosensing is undoubtedly indispensable for vascular function.Our understand-
ing of mechanosensingmechanisms has profoundly grown over the past two decades. Important in
this context is realizing that EC mechanosensing is quite far from being a one-size-fits-all system.

4.1. Diversity Is the Theme

Sensing hemodynamic forces entails several factors: (a) mechanosensors, some working in
tandem and others as potential backup or opposing mechanisms; (b) signaling proteins, as
regulators or amplifiers; and (c) multiprotein complexes that function as integrated units. Con-
sequent endothelial mechanotransduction mechanisms involve rapid responses, such as acute
changes in vascular diameter, or slow responses including changes in the EC cytoskeleton or
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permeability. Mechanosensing and mechanotransduction pathways are therefore complex and
diverse. Functional responses vary between species, vascular beds, or locations within vascular
networks. Mutations, upregulation, or downregulation of mechanosensors or their downstream
transduction activities further feed into such functional diversity.

4.2. Mechanosensors Team Up Together

When considering mechanosensing and mechanotransduction, the physiology is complex and
at times puzzling. The solution demands a holistic approach, which realizes that independent
mechanosensors have common downstream effectors. Mechanosensing additionally transduces
signaling through molecules that amplify or suppress the activity of other mechanosensors.
The approach also recognizes the physical association or colocalization of mechanosensors and
mechanotransducers. Here, we briefly discuss these considerations.

A common feature of mechanosensing is the ability of different mechanosensors to trigger
the same effector. For example, the Akt-eNOS-NO pathway, NO generation, and subsequent
vasodilation represent a prominent endothelial signaling cascade that is influenced by differ-
ent mechanosensors including ion channels, receptors, or membrane structures (27, 66, 81, 105,
129, 141, 157) (Figure 3). This indicates a common and conserved function (NO synthesis) de-
spite the diversity of the sensor. Among ion channel mechanosensors, arterial EC Piezo1 and
Kir2.1 channels mediate shear stress–induced NO release, despite one channel being depolarizing
(Piezo1: Ca2+/Na+ influx) and the other hyperpolarizing (Kir2.1: K+ efflux) (27, 66).Other studies
linked flow-mediated activation of the TRP polycystin (PKD2) channel to eNOS activation and
K+ channel–mediated hyperpolarization (158).These studies and other similar observations high-
light endothelial signaling flexibility. ECs utilize different toolkits to ensure robust signaling and
mechanotransduction trajectories in response to hemodynamic forces.

Colocalization of endothelial membrane structures, such as caveolae, with mechanosensi-
tive ion channels or GPCRs facilitates mechanosensing (61, 62, 159). Many of these molecular
players are implicated in Akt-NO signaling, supporting the cross talk between caveolae and
other mechanosensors. Additionally, eNOS itself associates with caveolin-1 (160), and hyper-
cholesterolemia disrupts caveolin-1/eNOS heterocomplexes, leading to endothelial dysfunction
(151, 161). These observations indicate that distinct mechanosensors and regulators colocal-
ize, allowing them to serve endothelial function. Disruption of these complexes interferes with
EC mechanosensing and could underlie pathophysiology. We anticipate that future efforts to
address mechanosensor colocalization will greatly benefit from new technical advances such as
superresolution microscopy.

Several mechanosensing mechanisms intersect with one another. Activation of an EC
mechanosensor is often linked to changes in metabolite levels. Shear stress activates GqPCRs and
consequently enhances the generation of DAG and IP3 and the depletion of PIP2. Changes in in-
tracellular metabolite levels have significant impacts on mechanosensitive ion channels. DAG en-
hances arterial EC TRPV4 activity. PIP2 depletion enhances TRPV4 and TREK-1 activities and
suppresses Kir2.1 activity. Piezo1 activation can enhance AA production, and AA activates TRPV4
and TREK-1 and their downstream responses (36, 37, 54, 59, 87, 94). The intersections between
different metabolic pathways are therefore important elements in mechanosensing (Figure 3).

4.3. Mechanosensitive Piezo1 and Vascular Function

Endothelial Piezo1 channel expression and function were discovered less than a decade ago (17,
28). Yet, evidence implicating Piezo1 as a key vascular mechanosensor has evolved. Earlier, we
discussed Piezo1 as a mechanosensingmechanism from a general standpoint (Section 3.1.1).Here,
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we speculate on diverse physiological contexts in which Piezo1 engages in vascular function and
blood flow control.

4.3.1. Piezo1 and peripheral vascular function. Genetic deletion of Piezo1 from the vascu-
lar endothelium is embryonically lethal. Research has explored Piezo1 function in the peripheral
vasculature, demonstrating that the ECPiezo1 channel is involved in vascular development, angio-
genesis, flow-mediated vasodilation, vascular permeability, leukocyte extravasation, and exercise
capacity (17, 27–29, 31, 33, 162–164). There are reports that EC Piezo1 activation induces vasodi-
lation, vasoconstriction, or no detectable effect on vascular diameter (27, 31–34). Some studies
implicated EC Piezo1 in blood pressure regulation, but others reached conflicting conclusions
that Piezo1 deletion has no overt effect on blood pressure. One study suggested a role for vascular
SMC Piezo1 in arterial remodeling during hypertension but no effect on vascular tone or blood
pressure (165). Contradictory findings could be explained by Piezo1 triggering unique down-
stream signaling events in different blood vessels or by differences in regulatory mechanisms. For
instance, larger arteries are exposed to shear stress levels that differ from those imposed onto
arteriolar and capillary ECs. Additionally, flow pulsatility—present in arteries but almost absent
in capillaries—could be a major determinant of downstream signaling following EC Piezo1 ac-
tivation. Elucidating the mechanisms governing peripheral EC Piezo1 function requires further
research.

4.3.2. Piezo1 and cerebral blood flow control. Compared to the evolving understanding of
peripheral endothelial Piezo1 expression and function, the current knowledge of Piezo1 in the
central nervous system endothelium is still in its infancy. Within the different cell types in the
brain, Piezo1 is most highly expressed in ECs. Single-cell RNA sequencing studies demonstrated
thatmural vascular cells (SMCs and pericytes), glia,microglia, and neurons show little or no Piezo1
expression (108, 166, 167). The cerebral circulation is a unique system, not only because of its
anatomical location, but also due to a quite distinct blood delivery system. Neurons in the brain
rely on an on-demand delivery strategy in which active neurons signal to the vasculature to in-
crease regional cerebral blood flow (CBF)—a phenomenon termed functional hyperemia (168).
This is unique from peripheral organs in which changes in blood flow are more homogeneous.
The increase in CBF during functional hyperemia delivers O2 and nutrients to active neurons
and simultaneously elevates frictional forces imposed onto ECs of small cerebral arterioles and
capillaries.

Brain capillary ECs express functional Piezo1 channels that respond to flow and pressure
changes by mediating cation influx and Ca2+ transients (26). As neural activity is associated with
increased blood flow, such increases are likely the physiological trigger for Piezo1. Additionally,
blood cells traveling through small capillaries impose forces distinct from those in larger ves-
sels due to the non-Newtonian nature of blood (14). The exact role of Piezo1 in CBF regulation
remains unknown. Because brain capillary Piezo1 channels mediate Ca2+ transients, channel acti-
vation likely generates NO, leading to localized vasodilation and increased perfusion (27, 56). ECs
are also electrically coupled to one another and overlying mural cells, so that a change in EC Vm,
triggered by Piezo1 activation, could affect surrounding cells (Figure 3). Further work is needed
to fully understand the role of Piezo1 in CBF control. An important consideration, however, is
that not all hemodynamic triggers are the same. A local change in red blood cell flux promotes
a spatially restricted mechanical stimulus that differs spatiotemporally and in magnitude from
large-scale hemodynamic changes in active brain regions (e.g., motor cortex during movement).
The uniqueness of these scenarios emphasizes the importance of understanding the context of
mechanosensing by Piezo1 when considering its possible role in CBF control. In other words,
central nervous system EC Piezo1 activation should not be viewed as a one-size-fits-all system.
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Our laboratory is actively trying to bridge the knowledge gaps regarding the role of Piezo1 in
central endothelial mechanosensing.

Decoding the role of EC mechanosensing in CBF control, via Piezo1 or other mechanosen-
sors, will raise many new questions. What determines the set point of mechanosensing; is it
simply a function of mechanosensor activity, expression levels, or the mechanical forces expe-
rienced by ECs? How is mechanosensing altered in diseases with hemodynamic disruptions
(e.g., hypertension)? Is mechanosensing compromised in cerebrovascular and neurodegenerative
diseases, such as stroke and Alzheimer’s disease? If so, can it be therapeutically targeted? Is en-
dothelial mechanosensing plastic? Is it modified by use or disease? Are human mutations risk
factors for cardiovascular diseases? Do externally assisted hemodynamics—like those in patients
with artificial hearts—affect mechanosensing mechanisms and CBF? We anticipate that reveal-
ing Piezo1-mediated mechanisms that govern the precise tuning of blood flow to neural demands
will advance our understanding of mechanosensing and CBF regulation and could provide new
therapeutic targets for improving blood perfusion in disease.

5. ENDOTHELIAL MECHANOSENSING IN DISEASE

Mechanosensing involves a force and a sensor. When either or both are altered, disrupted
mechanosensing and/or mechanotransduction ensue, leading to endothelial dysfunction. To that
end,hemodynamic disruption and changes in blood flow patterns are hallmarks of vascular diseases
such as hypertension and atherosclerosis.Disruptions also occur during less clear scenarios such as
in collateral vessels and during ischemia-reperfusion (Figure 4). On the other hand,mechanosen-
sors are liable to post-translational modifications and mutations that affect their function. Here,
we discuss pathologies associated with altered mechanosensing. We further consider untapped
areas of mechanosensing research.

5.1. Flow Pattern Determines Endothelial Cell Signaling

Hemodynamic disruptions can trigger pathological outcomes rather than physiological responses.
Atherosclerosis is a prominent example of altered forces imposed onto ECs. Atheroprotective or
atherogenic endothelial signaling characterizes vascular regions depending on blood flow patterns
(35). Blood vessels experiencing high, laminar flow display EC alignment in the flow direction,
anti-inflammatory phenotype, low oxidative stress, cell turnover, and permeability (2). In distinc-
tion, vascular regions with low or oscillatory flow, such as arterial bifurcations, are characterized
by an inflammatory phenotype, high EC proliferation, apoptosis, increased permeability, EC
misalignment, enhanced proinflammatory gene expression, and extracellular matrix synthesis (2,
169–171). This demonstrates that different hemodynamic profiles shift endothelial signaling and
could therefore protect against or aggravate vascular disease.

Shear stress and flow patterns dictate inflammatory signaling in ECs. Disturbed flow activates
an inflammatory phenotype characterized by the upregulation of reactive oxygen species produc-
tion, oxidative stress, cytokine expression, alterations in the extracellular matrix, and sustained
changes in inflammatory gene expression (hours to days), even in atherosclerosis-resistant animal
models (2, 172–174). These changes evoked by disturbed flow result in a constantly activated in-
flammatory phenotype, persistent inflammation, and blood vessel remodeling. In contrast, laminar
flow only temporarily activates endothelial inflammatory signaling, which declines rapidly (175).

5.2. Hypertension Influences Endothelial Cell Signaling and Mechanosensors

Chronic hypertension is characterized by major disruptions of hemodynamic forces (176) that
are experienced by ECs and likely impact mechanosensing pathways. Hypertension increases
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Less-understood examples where endothelial mechanosensing is likely engaged. The question mark
symbolizes untapped areas where endothelial mechanosensing is understudied and therefore less clear.
Figure adapted from images created with BioRender.com.

oxidative stress, reactive oxygen species generation, and inflammation.Blood flow disturbances are
additional risk factors for the formation of atherosclerotic plaques (2, 169, 172). It has been amply
reported that hypertension associates with altered expression and/or function of mechanosensors
and mechanotransducers. Reactive oxygen species generated during hypertension interact with
and eliminate NO and therefore inhibit vasodilation (177). Animal studies further demonstrated
that the activity of mechanosensitive channels is affected by disease. Whether the altered activity
of a mechanosensor is a cause or an outcome of changes in forces remains unclear. Hypertension
affects vascular TRPV4, Kir2.1, and Piezo1 channels, among many others (59, 165, 178). Human
mutations in genes encoding mechanosensors (e.g., PIEZO1) are common and could be risk
factors in cardiovascular disease (179). Collectively, disrupted hemodynamics and dysregulated
mechanosensing are intimately involved in vascular dysfunction and disease.

5.3. Untapped Areas

We listed two examples where mechanosensing is likely involved in cardiovascular disease. These
examples only scratch the surface of possibilities and scenarios in which altered mechanosensing
could be overlooked (Figure 4). For instance, a unique feature of capillaries is that they tem-
porarily undergo a no-flow phenomenon, known as capillary stalling. This stalling would present
a situation where forces/mechanosensing would be silenced. Recovery of flow in stalled capillaries
could influence, or be influenced by, mechanosensing mechanisms (e.g., Piezo1). Along the lines
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of dramatic changes from no flow to flow, collateral vessels in the brain normally experience very
low to no flow.Collateral vessels could become patent after stroke to salvage brain tissues, begging
the question of whether stop-start of mechanosensing occurs, and if so, whether it affects the tra-
jectory of vascular disease. Ischemia-reperfusion injury (e.g., heart or kidney) is another example
of the stop-start mechanosensing scenario.

Hemorrhage (e.g., hemorrhagic stroke) evokes abnormal mechanical forces due, in part, to
blood cells leaking out of a burst region. Traumatic brain injury represents an acute physical
impact that could cause large mechanosensing and signaling events. Cardiac arrhythmias and arti-
ficially assisted hemodynamics alter flow patterns and pulsatility, and it is unknown whether these
changes affect mechanosensing and vascular function. Chronic hypoperfusion of the brain during
neurodegenerative diseases could also affect mechanosensors chronically and their ability to reg-
ulate cerebrovascular function. To summarize, there are many untapped areas that would benefit
from being viewed through a mechanosensing lens.

6. CONCLUDING REMARKS

Mechanosensing by the endothelium is crucial for cardiovascular function and health. Evi-
dence from the last years portrays a complex picture of the mechanisms involved. Endothelial
mechanosensors not only detect hemodynamic forces, but they also team up with one another
and/or enable common signal transduction pathways that ultimately influence vascular function.
Mechanosensing, as the name implies, encompasses a sensing element and a mechanical force ele-
ment. Both elements are disrupted during diseases such as hypertension, atherosclerosis, or stroke.
Better understanding of endothelial mechanosensing has the potential to advance our ability to
therapeutically target cardiovascular disease.

It is also our vision that the field will benefit from a holistic view that captures different elements
involved in endothelial mechanosensing, whether it be a true mechanosensor or not. We also
believe that it is crucial to reconceptualize our views of different vascular pathologies to encompass
alterations in hemodynamic forces, vascular wall structure, and mechanosensing mechanisms.
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