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Vascular Responses to Shear Stress: The Involvement of Mechanosensors

in Endothelial Cells
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Abstract: Shear stress, the frictional drag on the endothelium from blood flow, is a major determinant of vascular physi-
ology and pathology. Due to the pulsatile nature of blood flow, blood vessels are subjected to significant variations in me-
chanical forces. Endothelial cells situated at the interface between blood and the vessel wall play a crucial role in detecting
and responding to the mechanical forces generated by shear stress. Multiple sensing mechanisms are used by endothelial
cells to detect changes in mechanical forces, leading to the activation of signaling networks. This review attempts to bring
together recent findings on the mechanosensors present in the endothelial cells, and the regulation of endothelium-derived

vasoactive autacoid production by shear stress.
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INTRODUCTION

Endothelial cells, which line the inner surface of all
blood vessels in the entire cardiovascular system, not only
serve as a selective barrier for macromolecular permeability
between blood and the vessel wall but also play a crucial role
in controlling vascular tone and homeostasis. For example,
endothelial cells produce growth-promoting and growth-
inhibiting substances which affect vascular remodeling; se-
crete pro-coagulant, anti-coagulant, and fibrinolytic agents to
modulate hemostasis and thrombosis; express chemotactic
and adhesion molecules on their membrane surfaces to me-
diate inflammatory responses; and release vasodilators and
vasoconstrictors to regulate vascular smooth muscle cells
contraction. Impairment of these functions may lead to athe-
rosclerosis and/or thrombosis [1-3].

Endothelial cells are constantly exposed to hemodynamic
stimuli due to the pulsatile nature of blood flow. Hemody-
namic forces are the most physiologically relevant determi-
nants for the continuous activation of endothelial cells.
Hemodynamic forces can be resolved into two principal vec-
tors which are shear stress and pressure [4]. Shear stress is a
dragging mechanical force acting at the interface between
flowing blood and the vessel wall. Pressure is acting normal
to the vessel wall, which imposes circumferential stretch to
the tissue. Shear stress acts through the endothelial cells to
acutely regulate vessel tone and chronically alter arterial
structure and remodeling [5]. Thus endothelial cells form a
complex mechanical signal-transduction interface between
flowing blood and the vessel wall.

Mechanical stimuli are transformed into intracellular
chemical signals in endothelial cells. It is particularly impor-
tant in arteries, in which blood flow regulates vascular tone
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and arterial remodeling. The ability of endothelial cells to
sense a flow stimulus is the earliest stage in the process of
shear stress-induced mechanotransduction and is a prerequi-
site to downstream cellular responses. Multiple molecular
elements have been suggested to be involved in sensing the
flow stimulus acting on endothelial cells. They include ion
channels, cytoskeleton, tyrosine Kinase receptors, caveolae,
G proteins, and cell-matrix and cell-cell junction molecules
such as integrins, platelet endothelial cell adhesion molecule-
1 (PECAM-1) and adherens junctions [6, 7]. The field is
rapidly expanding with more possible candidates emerged
and more elaborate mechanisms proposed. This review aims
to summarize recent development on flow mechanosensors
in endothelial cells.

An important consequence of hemodynamic force trans-
duction is the acute regulation of arterial diameter. This is
mediated by changes in the generation and release of endo-
thelium-derived autacoids. The vasodilators nitric oxide
(NO) and prostacyclin (PGl,), and the vasoconstrictor endo-
thelin-1 (ET-1) are the best characterized endothelium-
derived autacoids. Increasing amount of evidence supports
the role of endothelium-derived hyperpolarizing factor
(EDHF) and reactive oxygen species (ROS) in flow vasodi-
lation. In this review, we will also summarize recent devel-
opment in flow-induced autocoids production with emphasis
placed on EDHF and ROS.

1. MOLECULES INVOLVED
FORCE SENSATION

1.1. lon Channels

IN FLOW SHEAR

lon channel activation is one of the fastest known re-
sponses to flow in endothelial cells. The flow-sensitive ion
channels have been proposed as candidate flow sensors.
Various types of flow-sensitive ion channels have been iden-
tified in endothelial cells. They include a few subtypes of
TRP (transient receptor potential) channels, P2X4 purino-
ceptors, K* channels and CI” channels.
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1.1.1. The Vascular Mechano-Sensitive TRP Channels

TRP channels was first described by Consens et al. in a
Drosophila mutant that had an impaired visual transduction
response [8]. In addition to its response to light, TRP chan-
nels mediates responses to various stimuli such as mechani-
cal, chemical and osmolarity.

TRP channels consist of six transmembrane segments
which are linked by similar lengths of cytoplasmic or ex-
tracellular loops and a short hydrophobic stretch between
segments 5 and 6 which is predicted to be the pore-forming
region. Both the N-terminal and C-terminal are facing the
cytosol and show similar topologies of voltage-gated K,
Na’, Ca®* channels and cyclic nucleotide-gated channels.
The TRP superfamily can be classified into seven subfami-
lies based on homology: TRPC (C for canonical), TRPV (V
for vanilloid), TRPM (M for melastatin), TRPP (P for PKD),
TRPML (ML for mucolipin), TRPA (A for ankyrin) and
TRPN (N for NOMPC). These subunits associate as tetram-
ers with possible heteromultimerization [9].

TRPP1/TRPP2, TRPV4, TRPC3 and TRPM7 have been
localized in endothelial cells and/or smooth muscle cells.
They have been reported to be mechanosensors responding
to shear stress [10-13].

1.1.1.1. TRPP1/TRPP2-the Polycystin Complex

TRPP1 and TRPP2 are also known as polycystin-1 (PC1)
and polycystin-2 (PC2) which are encoded by PKD1 and
PKD2 respectively. Mutations in either of these two genes
result in a common lethal genetic disease named as autoso-
mal dominant polycystic kidney disease (ADPKD) which is
characterized by the formation of numerous fluid-filled cysts
in the Kidney.

TRPP1 is a large integral membrane glycoprotein (~460
kDa). It comprises of a large N-terminal extracellular region,
11 predicted transmembrane-spanning segments and rela-
tively short intracellular carboxyl terminal domain [14]. The
large extracellular region, spanning more than 3000 amino
acids, contains a number of adhesive domains that implicate
TRPP1 in cell-cell and cell-matrix interactions. The C-
terminal domain of TRPP1 can interact with the C-terminal
domain of TRPP2 and various proteins involved in cellular
signaling [15].

TRPP2 shows moderate similarity to the last six trans-
membrane segments of TRPP1. It has a predicted topology
of a TRP channel [16]. It contains an endoplasmic reticulum
(ER) retention signal within its C-terminal domain, which
prevents trafficking to the cell surface. The intracellular C-
terminal region of TRPP2 also contains a Ca**-binding EF-
hand domain. The extracellular loop-linking putative trans-
membrane segments 5 and 6 are thought to harbor the pore-
forming sequence. TRPP2 forms a nonselective cationic
channel that conduct s both monovalent (Na*, K*) and diva-
lent (Ca®*) ions [17].

TRPP1 and TRPP2 form a shear stress-activated Ca”* in-
flux pathway in renal epithelial cells [18]. The
TRPP1/TRPP2 complex was found to be expressed at the
plasma membrane of the primary cilium in epithelial cells.
The primary cilia project into the fluid-filled tubular lumen
and act as the mechanical sensor for fluid flow. Mechanical
stress of the primary cilia induces intracellular Ca** changes.
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Kidney epithelial cells isolated from transgenic mice that
lack functional TRPP1 fail to induce a Ca®* influx in re-
sponse to shear stress. Similarly, blocking antibodies against
TRPP1 or TRPP2 inhibit the flow response in wild-type cells
[18]. Nauli et al. propose that TRPP1 and TRPP2 physically
interact with each other to form a mechanosensor that detects
fluid flow in renal epithelial cells. Within the complex,
TRPP1 serves as a sensor to transduce the flow stimulus to
TRPP2, which allows Ca®* influx.

A recent study of Nauli’s group provides evidence that
TRPP1 and polaris, which is encoded by Tg737 and required
for cilia structure, mediate a mechanism by which endothe-
lial cells sense and respond to fluid shear stress [10]. Aortic
endothelial cells isolated from Pkdl and Tg737 knockout
mice are unable to transmit extracellular shear stress into
intracellular calcium signaling and biochemical nitric oxide
(NO) synthesis. Furthermore, TRPP1 localized in the basal
body of Tg737-deficient endothelial cells is insufficient for a
fluid shear stress response. Proper localization and function
of TRPP1 in cilia are required for the mechanotransduction
in aortic endothelial cells.

A new role for polycystin-2 in transmitting extracellular
shear stress to intracellular NO biosynthesis was proposed
recently [19]. It has been demonstrated that the normal ex-
pression level and localization of polycystin-2 in cilia is re-
quired for the endothelial cilia to sense fluid shear stress
through a complex biochemical cascade, involving calcium,
calmodulin, Akt/PKB, and protein kinase C. Mouse endothe-
lial cells with knockdown or knockout of Pkd2 lose the abil-
ity to generate NO in response to fluid shear stress. Consis-
tent with mouse data, endothelial cells generated from
ADPKD patients do not show polycystin-2 in the cilia and
are unable to sense fluid flow. Furthermore, the ciliary poly-
cystin-2 in the isolated artery responds specifically to shear
stress but not to mechanical stretch, a pressurized biome-
chanical force that involves purinergic receptor activation.

1.1.1.2. TRPV4

TRPV4 (also called OTRPC4, TRP12, and VR-OAC)
might be of special interest within the endothelial TRP chan-
nels due to its moderately high Ca®* permeability [20]. In
addition, it has been shown to be opened by diverse physical
and chemical stimuli such as cell swelling [21] and shear
stress [11, 22], moderate warmth (>27°C) [23], low pH [24],
4a-phorbol 12,13-didecanoate (40PDD), arachidonic acid
(AA) and its metabolite 5,6 epoxyeicosatrienoic acid [25].

A shear stress-induced TRPV4-mediated Ca** entry has
been demonstrated in heterologous expression systems [22].
HEK293 cells were transfected with TRPV4 so as to evalu-
ate the effect of shear stress on channel activation. At room
temperature, fluid shear stress had little or no effect on intra-
cellular concentration of Ca?* ([Ca*];) in transfected HEK
293 cells. In contrast, when studies were done at 37 °C, fluid
shear stress induced [Ca®*]; oscillations with a marked in-
crease in peak magnitude of [Ca’'];. Moreover, [Ca*']; in-
creased proportionally with step elevations in shear stress. It
revealed a temperature-induced potentiation or switching on
of a channel signaling pathway. It has also been demon-
strated that TRPV4 is activated by shear stress in native col-
lecting duct cells [26].
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The role of TRPV4 in shear stress-induced vasodilation
was also investigated in rat conduit arteries and small-sized
Austroboletus gracilis [11]. Shear stress induced vasodila-
tion in conduit arteries and A gracilis, and this response was
greatly blocked by the TRPV4 inhibitor ruthenium red.
However, TRPV4 might not serve as the mechanosensor in
this response. It was suggested that PLA,-mediated AA re-
lease after shear stress stimulation activated TRPV4. Ca?*
entry through endothelial TRPV4 triggered NO-dependent
vasodilation in rat conduit arteries, and NO-dependent and
EDHF-dependent vasodilaton in small-sized A gracilis. Fur-
thermore, shear stress induced vasodilation is significantly
reduced in carotid arteries from TRPV4 knockout (-/-) mice
[27].

1.1.1.3. TRPC3

TRPC3, a member of the transient receptor potential fam-
ily of ion channels, has been shown to be activated by ago-
nist activation of plasma membrane G-protein-coupled re-
ceptors, by synthetic diacylglycerols, and by depletion of
intracellular Ca?* stores in some cell types [28-30].

The functional role of TRPC3 in flow (shear stress)-
induced vasodilation of isolated rat small mesenteric arteries
was explored using a specially designed antisense oligo
against TRPC3 [12]. 72 hours-treatment of the antisense-
oligo via tail vein injection markedly decreased the TRPC3
expression in mesenteric arteries. The antisense oligo treat-
ment reduced the magnitude of flow-induced vasodilation by
~13% and attenuated the magnitude of endothelial [Ca®'];
rise in response to flow. It can be concluded that TRPC3 is
involved in flow-induced vasodilation in rat small mesen-
teric arteries probably by mediating Ca®* influx into endothe-
lial cells.

1.1.1.4. TRPM7

TRPM7 or TRP-PLIK (transient receptor potential-
phospholipase interacting kinase) is widely expressed in tis-
sues including vascular smooth muscle and endothelium
[31]. It is a 105pS outward rectifier and is permeable to Na*
and Ca®*. TRPM7 expression yields a non-selective whole-
cell current whose activity is controlled by its own carboxy-
terminal kinase [32]. The TRPM7 current is dependent on
cytoplasmic Mg?* and hydrolysable ATP levels.

The whole-cell currents of the TRPM7 channel heterolo-
gously expressed in human embryonic kidney (HEK) 293
cells were found to be augmented by shear stress. The shear
stress-induced augmentation was independent of exocytosis-
mediated incorporation of the channel protein into the
plasma membrane [33]. Alternately, it was shown that
TRPM?7 is translocated within cells in response to laminar
flow [13]. The number of TRPM7 molecules localized at or
near the plasma membrane was increased up to two-fold in
less than 100s after increasing the shear stress. This increase
correlated to the increases in TRPM7 current amplitude. In
vascular smooth muscle cells, fluid flow increased endoge-
nous native TRPM7 current amplitude suggesting that this
channel may be involved in pathological response to vessel
wall injury.

1.1.2. P2X4 Purinoceptors

P2X receptors are membrane ion channels that open in
response to the binding of extracellular ATP [34]. When
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ATP binds to P2X receptors on the surface of cells, extracel-
lular Ca®* enters and activates signal transduction pathways
that evoke a variety of cellular responses. P2X receptors are
distributed throughout the entire body and are involved in
the regulation of the physiological function of many tissues
and organs. Seven P2X subtypes, P2X1-7, have been cloned.
They contain two transmembrane domains and function as
cation channels in the form of hetero- or homo-oligomers
[35].

P2X4 is the most abundantly expressed P2X receptor
subtype in vascular endothelial cells [36, 37]. It is predomi-
nantly expressed in ECs cultured from human umbilical
vein, pulmonary artery, aorta, and skin microvessels [38].

It has been shown that P2X4 is the major contributor to
flow-induced Ca®* influx in endothelial cells [39]. Shear
stress-dependent Ca?* influx occurs in human umbilical vein
endothelial cells (HUVECs) when exposed to flow in the
presence of extracellular ATP. The treatment of HUVECs
with antisense oligonucleotides designed to knock down the
expression of P2X4 abolishes the Ca®* response to flow.
HEK 293 cells, which show no Ca** response to flow, ex-
press P2X4 receptors and exhibit shear stress-dependent Ca?*
influx when transfected with P2RX4 cDNA. To further
evaluate the significance of P2X4 receptors in shear stress-
induced response, P2rx4-deficient mice were generated us-
ing embryonic stem cells [40]. P2rx4” mice do not have
normal endothelial cell responses to flow which include Ca?*
influx and subsequent production of the potent vasodilator
NO. In addition, the vasodilatory response of cremaster mus-
cle arterioles and mesenteric arteries to increased blood flow
was much weaker in P2rx4”" mice compared with wild-type
mice. Thus, P2X4 is crucial to flow-dependent control of
vascular tone.

1.1.3. K" Channels

Earlier studies have shown that shear stress activates the
inward-rectifying K* current leading to cell membrane hy-
perpolarization [41, 42]. Whole-cell patch-clamp recordings
of single arterial endothelial cells exposed to controlled lev-
els of laminar shear stress in capillary flow tubes demon-
strated the evidence for a K" selective, shear stress-activated
ionic current [41]. Treatment of endothelial cells with block-
ing agents to K* channel such as barium chloride or tetraeth-
ylammonium inhibited the induction of NO by shear stress
and the induced expression of endothelial cell NO synthase
(eNOS) and transforming growth factor beta-1 [43, 44]. The
findings support that K™ channel is important in mediating
shear stress responsiveness.

More recently, a K;2.1 K" ion channel that responds to
shear stress was cloned from bovine aortic endothelial cells
[45]. An increase in K* current was observed in oocytes and
HEK cells expressing the exogenous endothelial K;2.1
channel. Protein tyrosine kinase is required for the K;2.1
channel shear stress sensitivity.

Another study focused on the role of Ca®*-activated po-
tassium channels (Kc,) in flow-induced arteriolar dilation in
skeletal muscle and mesentery of rats [46]. Intraluminal ad-
ministration of iberiotoxin, an inhibitor of high conductance
Kca channels (BKc,), eliminated the flow-induced dilations
of the arterioles. Thus, activation of endothelial BK¢, chan-
nels in arterioles of several tissues is an obligatory step in the
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transduction of the signal initiated by changes in intraluminal
shear stress, leading to the release of endothelial factors
evoking dilation.

1.1.4. CI' Channels

Sudden exposure of endothelial cells to shear stress im-
mediately activates inward-rectifying K* channels, leading to
cell membrane hyperpolarization [41]. Simultaneously, flow
stimulates outward-rectifying CI" channels whose activation
leads to membrane depolarization following the initial K*
channel-mediated hyperpolarization [47, 48]. Hyperpolariza-
tion precedes depolarization despite the fact that the electro-
chemical driving force for CI is larger than that for K. It
suggests that flow-sensitive CI" channels attain maximal ac-
tivation more slowly than flow-sensitive K* channels. It is
particularly relevant for situations where a time-varying
shear stress may activate one or both channels depending on
the time constant characterizing the changes in shear stress
[49].

Different types of endothelial cells may express different
types of flow-sensitive CI" channels. The time dependence
and outward-rectifying behavior of flow-sensitive CI" chan-
nels resembles that of Ca**-activated CI" channels [50]. An-
other type of channels called volume-regulated anion chan-
nels (VRAC) have also been reported to exhibit sensitivity to
flow, although the response is only triggered in the presence
of an osmotic stress [51].

1.2. Cell-Matrix and Cell-Cell Junction Molecules
1.2.1. Integrins

The extracellular matrix is an important contributor to the
mechanotransduction. It contains glycoproteins which are
displaced by stretch or shear stress and interact with in-
tegrins. Integrins are a family of more than 20 transmem-
brane heterodimers composed of & and £ subunits. They par-
ticipate not only to cell attachment to the substrate but also
to intracellular transmission of mechanical signals.

The effects of shear stress on endothelial cell integrins
include their clustering [52], association with the adaptor
protein Shc [53], and binding with WOW-1, which is an an-
tibody that specifically recognizes the activated intergrin
oyfBs [54]. The shear-induced activation involves dynamic
and specific interactions between integrins and their cognate
extracellular matrix ligands [55]. Indeed, in isolated coronary
arteries, flow-induced vasodilation can be abrogated by addi-
tion of anti-f3 antibodies or inhibitory RGD peptides [56]. In
most cases, the cytoplasmic domain of integrins is function-
ally linked to various intracellular proteins that constitute the
cytoskeleton and numerous kinases including focal adhesion
kinase (FAK), a key regulator of biochemical cascades initi-
ated by mechanical forces. Hence, integrins form a signaling
interface between the extracellular matrix and the cell.

1.2.2. PECAM-1

Platelet endothelial cell adhesion molecule-1 (PECAM-1)
is concentrated at cell-cell contacts and undergoes homo-
philic binding between adjacent endothelial cells. It plays a
role in the regulation of leucocyte transmigration, cell adhe-
sion and angiogenesis [57]. A rapid tyrosine phosphorylation
of PECAM-1 was observed following the application of fluid
shear stress to endothelial cells grown under static conditions
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[58, 59]. This response cannot be mimicked by Ca?-
elevating agonists or growth factor, suggesting that PECAM-
1 may serve as a mechanoreceptor, or part of such complex,
on the endothelial cell surface [58, 60].

The translocation of a tyrosine phosphatase SHP-2 to en-
dothelial cell junctions, which is dependent on PECAM-1
expression, has been observed within 5 minutes after shear
stress stimulation [60]. Furthermore, the shear stress can
induce phosphorylation of extracellular signal-regulated
kinases (ERK) and such phosphorylation is dependent on
PECAM-1 tyrosine phosphorylation, SHP-2 binding to
phospho-PECAM-1, and SHP-2 phosphatase activity [60].
These results suggest that PECAM-1 participates in the
mechano-sensing of shear stress in endothelial cells.

1.2.3. Adherens Junctions

VE-cadherin is the major adhesive protein of the adher-
ens junction and is specific for vascular endothelial cells. It
interacts with the cytoskeleton via several anchoring mole-
cules, such as B-catenin, to transfer intracellular information
[61]. Its expression is required for vascular integrity. Dele-
tion or cytosolic truncation of VE-cadherin impairs remodel-
ing and maturation of the vascular network, and on the cellu-
lar level it abolishes transmission of intracellular signal via
vascular endothelial growth factor receptor 2 (VEGFR2)
[62].

The adherens junction has been shown to play a role in
the adaptation of vascular endothelial cells to long intervals
of shear stress [63, 64]. In porcine aortic endothelial cells,
shear stress causes partial disassembly of adherens junctions
that involves complete, but temporary, loss of junctional
plakoglobin and partial, transient dispersal of other catenins
and VE-cadherin [63]. Adherens junctions, which form a
beltlike structure contiguous with the dense peripheral band
in static cultures, are reassembled into adherens plaques that
localize at the ends of stress fibers that insert into cell-cell
junctions. Thus, adherens junctions in endothelium exposed
to physiological levels of shear stress are structurally distinct
from such junctions in static endothelial cell cultures. Schnit-
tler et al. showed that interendothelial adhesion under hy-
drodynamic but not resting conditions requires the junctional
location of cadherins associated with plakoglobin. B-Catenin
cannot functionally compensate for the junctional loss of
plakoglobin, and PECAM-1-mediated adhesion is not suffi-
cient for monolayer integrity under flow [63]. Furthermore,
the role of adherens junctions in mechanosensing was dem-
onstrated by the formation of the VEGFR2-VE-cadherin—f-
catenin complex in vascular endothelial cells that stimulated
by short intervals of shear stress [65]. The complex was
bound to the cytoskeleton and played a role in transducing
shear stress-dependent signals into the endothelium.

1.3. Tyrosine Kinase Receptors

VEGFR2 does not only act as a mechanosensor in the
context of the adherens junction. It is rapidly phosphorylated
after the onset of flow, and it forms membranal clusters and
binds to the adaptor protein Shc [53]. These changes become
detectable within 1 min after the application of shear stress,
reach a peak in 10-15 min, and disappear in 30 min with
continued shearing. The shear-induced activation is inde-
pendent of its legand VEGF, as these responses are not af-
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fected by an anti-VEGF blocking antibody. A rapid nuclear
translocation of VEGFR2 in response to flow has been re-
ported [65]. It was also demonstrated that shear activation of
VEGFR2 causes the recruitment of phosphoinositide 3-
kinase (PI3K) and the consequent activation of Akt and
eNOS [66]. In addition, the blockade of integrins attenuates
shear-induced VEGFR2 activation [52], suggesting that in-
tegrins may be upstream to VEGFR2 in the molecular net-
work of mechano-sensing in the endothelial cells.

1.4. Caveolae

Caveolae are described as distinct flask-shaped invagi-
nated structures of approximately 50-100 nm present at the
surface of many cell types including endothelial cells,
smooth muscle cells, macrophages, cardiac myocytes and
fibroblasts. Different from noncaveolar regions of the sur-
face membrane, which are mainly composed of phospholip-
ids, caveolae have enriched cholesterol and sphingolipids.
Some intracellular signaling molecules such as G protein—
coupled receptors, receptor- and nonreceptor-tyrosine
kinases, a number of GTPases (such as Ras and Raf), eNOS,
and some components of the MAPK pathway are also en-
riched in caveolae [67-69].

Evidence for the involvement of caveolaec in flow-
induced endothelial activation mainly came from studies
performed on cultured cells exposed to laminar flow in vitro.
In bovine and human endothelial cells, chronic shear induces
an increase in caveolae density at the luminal plasma mem-
brane coupled with a translocation of caveolin-1 from the
Golgi to the plasma membrane. Cells exposed to long-term
shear flow display an increase in tyrosine phosphorylation of
luminal surface proteins and activation of some well-known
shear-sensitive signaling molecules (such as ERK, AKT, and
eNOS) [70-73]. B-cyclodextrin, which disrupts caveolae
structure by depleting cholesterol content in endothelial
cells, inhibited flow activation of ERK [74]. Similarly, in
rabbit aorta perfused ex vivo, cyclosporin A, which depleted
cholesterol content from caveolae without disrupting their
structure, decreased flow-induced eNOS phosphorylation at
serine 1179 [75].

There is also in vivo evidence supporting the role of
caveolin-1 function in flow-induced arterial responses in
vivo [76]. In Cav-1 KO mice, chronic flow-dependent arte-
rial remodeling and acute flow-dependent vascular dilation
are both impaired. Furthermore, reconstitution of endothelial
caveolin-1 into the knockout background rescued endothelial
caveolae and the abnormal responsiveness of the vessels.
These data suggest an important role of caveolin-1 in flow-
induced vascular responses.

1.5. G-Protein-Coupled Receptors (GPCRs) and G Pro-
teins

G proteins may act as primary mechanotransducers as
shown by Gudi et al. G protein activation occur as quickly as
1s after the onset of shear stress, and the shear stress activa-
tion of G proteins in endothelial cell membrane vesicles is
independent of the cytoskeletal and cytosolic components
[77]. Treatment of endothelial cells with anti-sense Gq oli-
gonucleotides inhibits shear stress-induced Ras-GTPase ac-
tivity, while the transfection of G i, enhances the shear
stress-induced Ras activation [78]. It has also been reported
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that the shear stress-mediated activation of ERK1/2 is abol-
ished by the treatment of endothelial cells with the Gj inhibi-
tor pertussis toxin [79]. In addition, shear stress increases the
activity of G proteins reconstituted in liposomes in the ab-
sence of protein receptors [80]. The increase in the activity is
attenuated if the lipid bi-layer is made more rigid by the ad-
dition of cholesterol. These findings suggest an important
role of G proteins in flow sensing.

1.6. The Glycocalyx

The glycocalyx is a highly charged, glycoprotein-rich ex-
tension of the cell surface, which is connected to the cy-
toskeleton at the base and extend through the luminal cell
surface. It can project up to 0.5um from the endothelial
plasma membrane [81, 82]. The stability of the integral
structure of the glycocalyx is significant in mechanotrans-
duction. Selective cleavage of glycocalyx components, par-
ticularly the glycosaminoglycan heparin sulfate, abolishes
both flow-mediated endothelial NO production [83] and
monolayer realignment in the flow direction [84]. It was also
reported that removal of hyaluronic acid glycosaminoglycans
can inhibit 80% of NO production in response to shear stress
[85]. In addition, the removal of chondroitin sulfate gly-
cosaminoglycans in the glycocalyx greatly affects the con-
traction response to increase in shear stress in smooth muscle
cells [86].

Variation in the glycocalyx spatial distribution and com-
position is a determinant of mechanotransduction. Redistri-
bution of the glycocalyx from a uniform surface profile to a
distinct peripheral pattern, with most molecules detected
above cell-cell junction, appears to serve as a cell-adaptive
mechanism by reducing the shear gradients that the cell sur-
face experiences [84]. The importance of the glycocalyx is
also evidenced in diabetic patients, who have reduced flow-
mediated dilation in association with a lower glycocalyx
volume and an enhanced level of circulating glycocalyx ele-
ments [87].

1.7. The Endothelial Cytoskeleton

The number of endothelial molecules and structures that
are found to be involved in shear stress transduction and sig-
naling is growing. Some of them are localized to endothelial
compartments and are not directly exposed to flow. It raises
the question whether there is a common structure that can
connect all these shear stress receptors together [88]. Such
structure requires the ability to sense a mechanical force and
transmit it to different compartments. The endothelial cy-
toskeleton is an attractive candidate, due to its rapid struc-
tural changes in response to flow, and its ability of binding
directly or indirectly to many shear stress receptors [89-91].

Endothelial cells contain a complex network of microtu-
bules, intermediate filaments and actin fibers that traverse
the cell. These are tacked down to the basement membrane at
cell-cell contacts and end in caveolae and characteristic ad-
hesion complexes. Such construction within the cell means
that there is tension across the entire endothelial cytoskele-
ton. Shear stress at the cell surface elicits a redistribution of
these forces, which is translated into a chemical signal at the
end of a filament/fiber [92].

The actin cytoskeleton was demonstrated to transduce
force signaling to several endothelial compartments, includ-
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ing the cell-matrix junction and the nucleus [93-96]. Disrup-
tion of the actin cytoskeleton was shown to inhibit shear
stress-mediated signaling and changes in gene expression
[97, 98]. The intermediate filament vimentin might have a
central role in shear stress transduction because it is rapidly
displaced in response to shear stress [99], and flow-induced
dilation is markedly attenuated in mice that lack the gene
that encodes vimentin [100]. Vimentin has also been shown
to regulate focal contact size when stimulated by shear stress
and help stabilizing cell-matrix adhesions in endothelial cells
[101]. Nevertheless, the location of vimentin in this pathway
remains to be determined.

2. ENDOTHELIUM-DERIVED VASOACTIVE AUTA-
COID IN RESPONSE TO FLOW SHEAR STRESS

2.1. Endothelium-Derived Hyperpolarizing Factor

The term EDHF describes a variety of mechanisms that
regulate endothelial cell membrane potential rather than a
single factor. Initially, it was supposed the endothelium gen-
erates EDHF which diffuses out of the cells to stimulate K¢,
channels on the underlying smooth muscle cells, thus elicit-
ing hyperpolarization and inducing relaxation in an NO- and
PGl,-independent manner. However, increasing evidence
suggests that the initial event in all of the EDHF-mediated
responses characterized to date is the hyperpolarization of
endothelial cells mediated by the opening of small and in-
termediate conductance K¢, channels (SK¢, and 1K) [102].

The contribution of EDHF-mediated responses as a
mechanism for endothelium-dependent relaxation increases
as the vessel size decreases [103]. Evidence has emerged that
likely EDHF candidates vary with vessel size, species and
tissue beds.

Several findings support the role of EDHF in flow-
induced vasodilation. Intraluminal administration of charyb-
dotoxin or iberiotoxin (the specific inhibitors of BK¢,) abol-
ished flow-mediated dilation in rabbit iliac artery [104]. In a
bioassay experiment using rabbit abdominal aorta with endo-
thelium as donor vessels, it was shown that relaxation of
recipient endothelium-denuded aorta to pulsatile flow was
abolished by charybdotoxin [105]. In addition, blockers of
endothelial K¢, channels reduce flow-induced, EDHF-
dependent vasodilation in the arterioles of rat skeletal muscle
and mesentery [46].

A recent study shows that flow-induced, NO- and PGl,-
independent vasodilation of the murine carotid artery is sen-
sitive to a CYP epoxygenase inhibitor as well asto a TRPV4
channel blocker [106]. Moreover, EDHF-responses and sen-
sitivity to ruthenium red could be restored by the overexpres-
sion of a CYP epoxygenase (CYP2C9) in arteries maintained
in organ culture. These observations together with the find-
ing that shear stress induced the translocation of TRPV4 to
the endothelial cell membrane suggest that the activation of
the channel by CYP-derived EETs underlies the EDHF com-
ponent of flow-induced vasodilation.

It has been reported that H,0O,-like EDHF mediates flow-
induced vasodilation. Shear stress induces endothelial re-
lease of H,O, which acts as an EDHF that contributes to
flow-induced vasodilation in human coronary arterioles from
patients with heart disease [107]. The role of H,O; in the
flow-induced vasodilation in rat small mesenteric arteries
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has also been demonstrated [108]. Catalase abolishes the
flow-induced dilation, while the application of exogenous
H,0, induces relaxation in phenylephrine-preconstricted
arteries. H,O, hyperpolarizes the smooth muscle cells, indi-
cating that H,O, can act as an EDHF. Indeed, the source of
H,0, was investigated and the results demonstrated that,
during flow-induced vasodilation, H,O, is generated from
CYP epoxygenases and xanthine oxidase [109].

2.2. Reactive Oxygen Species

ROS, such as superoxide (O,") and H,0,, are tradition-
ally thought to be toxic by-products of cellular metabolism,
which nonspecifically damage nucleic acids, proteins, lipids,
and other cellular components. However, the role of ROS as
signaling molecules and the importance of ROS in the regu-
lation of various vascular cell functions have been recog-
nized over the past few years [107, 110-113]. In vascular
endothelial cells, ROS regulate vascular tone, oxygen sens-
ing, cell growth and proliferation, apoptosis, and inflamma-
tory responses. In addition to these regulatory functions un-
der physiological conditions, excessive or sustained ROS
have been implicated in the pathogenesis of various cardio-
vascular diseases, such as atherosclerosis, hypertension, dia-
betic cardiovascular complications, and ischemia-reperfusion
injury [114].

The role of ROS in flow-induced vasodilation in various
vessels of different animals as been investigated. Yan et al.
[115] recently reported that flow-induced dilations are de-
creased in mesenteric arterioles of Mn-SOD’/" mice relative
to wild-type control mice. The authors proposed that the as-
sociated decrease in activity of Mn-SOD leads to less dismu-
tation of mitochondrial O,” and greater cytosolic trafficking
of O, via the voltage-dependent mitochondrial anion chan-
nel, resulting in the quenching and inactivation of NO [116].
This cycle of events leads to reduced NO-dependent relaxa-
tions. Lower levels of Mn-SOD could also result in a re-
duced ability to convert O, in mitochondria to H,0,, an
endogenous vasodilator. On the other hand, the vasodilator
involved in flow-induced vasodilation in visceral adipose
arterioles from patients with or without coronary artery dis-
ease (CAD) has been investigated [117]. Flow-induced vaso-
dilation is mediated by NO in visceral adipose arterioles in
patients without CAD. ROS contribute minimally to flow-
induced vasodilation in these vessels. In visceral adipose
arterioles in patients with CAD, the mechanism of flow-
induced vasodilation prominently involves H,0,. Flow-
induced ROS generation is elevated in visceral adipose arte-
rioles in patients with CAD versus non-CAD patients. Taken
together, these results suggest that, in the presence of CAD,
alternative dilator mechanisms involving vascular generation
of H,0, replace NO-mediated mechanisms of vascular re-
laxation in the adipose circulation.

A variety of cellular enzyme systems are potential
sources of ROS, including NADPH (nicotinamide adenine
dinucleotide phosphate, reduced) oxidase, xanthine oxidase,
uncoupled eNOS, AA metabolizing enzymes including CYP
epoxygenase, lipoxygenase and cyclooxygenase, and the
mitochondrial respiratory chain [114, 118]. The involvement
of NADPH oxidase and the enzymes of mitochondrial respi-
ratory chain in ROS generation in response to shear stress
has been demonstrated. Both shear stress and cyclic stretch
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Fig. (1). The components in shear stress-induced initial response of endothelial cells.

In endothelial cells, fluid shear stress is sensed by different mechanosensors including ion channels (TRP, P2X4, K*, CI channels), integrins,
platelet endothelial cell adhesion molecule-1 (PECAM-1), VE-cadherin, caveolae, G proteins, glycocalyx, and the endothelial cytoskeleton.
Activity of ion channels results in Ca®" influx, which leads to the production of vasodilators including NO, prostacyclin and EDHF. Shear
stress is transmitted through the cytoskeleton to the basal or junctional endothelial surface, where certain integrins or PECAM-1 and VE-
cadherin are activated, respectively. Activated integrins associate with adaptor protein Shc and numerous kinases including focal adhesion
kinase (FAK). Shear stress also induces PECAM-1 tyrosine phosphorylation and recruitment of SHP-2 and Gabl to the cell junction. This
activates a signaling cascade leading to ERK phosphorylation. At the luminal surface, shear activation of VEGFR2 causes the recruitment of
phosphatidylinositol 3 kinase (PI3K) and the consequent activation of Akt and eNOS. At caveolae, shear stress induces the activation of
ERK and the eNOS phosphorylation at serine 1179. G protein activation occurs rapidly after the onset of shear stress and leads to the activa-
tion of Ras, and ERK1/2. Direct shear stress induced-signaling can occur through deformation of the luminal surface via the glycocalyx

which mediates NO production.

enhance endothelial O, generation [119], and pulsatile flow
increases the expression of p22°" a subunit of NADPH
oxidase [120]. In coronary arterioles from patients with
coronary artery disease (CAD), H,O, mediates flow-induced
dilation [121]. It was demonstrated that shear stress-induced
H,0, formation and vasodilation are mediated by O,~ origi-
nating from mitochondria.

CONCLUDING REMARKS

It has long been recognized that hemodynamic blood
flow induces multiple changes in vascular wall. Much effort
has been made to identify “the primary sensor(s)” that serves
to detect the shear stress generated by blood flow. Rapid
recent development has resulted in the identification of mul-
tiple molecules that are involved in early stage of flow-
sensing in endothelial cells. These include ion channels, cy-
toskeleton, tyrosine kinase receptors, caveolae, G proteins,
and cell-matrix and cell-cell junction molecules such as in-
tegrins, platelet endothelial cell adhesion molecule-1 (PE-
CAM-1) and adherens junction (Fig. 1). Unfortunately, up to
the present the “real primary flow sensor” remains elusive.

To qualify as this “real primary flow sensor”, such compo-
nent(s)/molecule(s) should have direct contact with flow and
respond very rapidly to flow. Future identification of “pri-
mary flow sensor” will probably be dependent on the ad-
vancement of new biophysical technologies which can detect
rapid change in protein conformation/structures. Targeted
knockdown of potential sensor proteins using molecular bio-
logical technology may also help to resolve the issue. Taken
together, on the voyage to search for the “primary flow sen-
sor” of vascular endothelial cells, there is spacious avenue
ahead of us.
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