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The roles of focal adhesion and cytoskeleton systems in ﬂuid shear
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Abstract: Focal adhesions are polyproteins linked to extracellular matrix and cytoskeleton, which play an important role
in the process of transforming force signals into intracellular chemical signals and subsequently triggering related
physiological or pathological reactions. The cytoskeleton is a network of protein ﬁbers in the cytoplasm, which is
composed of microﬁlaments, microtubules, intermediate ﬁlaments, and cross-linked proteins. It is a very important
structure for cells to maintain their basic morphology. This review summarizes the process of ﬂuid shear stress
transduction mediated by focal adhesion and the key role of the cytoskeleton in this process, which focuses on the
focal adhesion and cytoskeleton systems. The important proteins involved in signal transduction in focal adhesion are
introduced emphatically. The relationship between focal adhesion and mechanical transduction pathways are
discussed. In this review, we discuss the relationship between ﬂuid shear stress and associated diseases such as
atherosclerosis, as well as its role in clinical research and drug development.

Introduction
Mechanical stimulation plays an important role in the process
of cell growth and tissue remodeling. Cells are subjected to
hydrostatic pressure, mechanical tension, ﬂuid shear stress,
and other stress stimuli in vivo (Sigaut et al., 2018). Fluid
shear stress (FSS) due to blood ﬂuid ﬂow through the
canalicular spaces is regarded as the principal mechanical
stimuli for vascular endothelial cells (Dewey et al., 1981).
The vascular endothelial cells are ﬂat polygonal cells that
constitute the inner wall of vascular blood vessels and play
an important role in maintaining their integrity and normal
blood ﬂow to keep long-term patency (Yamamoto and
Ando, 2015). Endothelial cells sense external mechanical
stimuli through mechanoreceptors, convert mechanical
signals into chemical signals by mechanotransduction, and
respond to mechanical stimuli by regulating gene expression
and protein synthesis (Kunnen et al., 2018). The endothelial
cell mechanoreceptors and mechanotransducers include
focal adhesion and cytoskeleton, vascular endothelial growth
factor receptor kinase (VEGFR2), G protein-coupled
receptor, and ion channels (Hahn and Schwartz, 2009).
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Although the mechanism through which endothelial cells
sense and transfer external mechanical stimuli into
intracellular biochemical signals is not fully understood,
more and more pieces of evidence have suggested that focal
adhesions and the cytoskeleton are the main pathways
(Boldock et al., 2017; Gong et al., 2017; Li et al., 2005).
Focal adhesions (FAs) are mechanical stimulatory
receptors that function as a mediator to connect the cell
membrane and the cytoskeleton with the extracellular
matrix, which in turn can govern stimulus responses of the
cell against ﬂow shear stress. Compared with other
mechanical stimulatory receptors, FAs and the cytoskeleton
are probably the primary pathways through which force
signals penetrate the cell membrane (Min and Schwartz,
2019; Schwartz, 2010). The downstream signal pathway of
FAs is activated when endothelial cells are exposed to FSS,
and a mechanical signal is transduced into a biochemical
pathway by the cytoskeleton-integrin system. The
cytoskeleton is the network structure of protein ﬁbers in
eukaryotic cells that not only plays an important role in
maintaining cell morphology and the orderliness of the
internal structure but also participates in many important
life activities (Schwartz, 2010). The vascular system of the
human body is very complex. Morphology of vascular tubes
is characterized as straight, curved, and bifurcated. In
different parts of the body, the shape, diameter, and internal
blood ﬂow velocity of the vascular tubes change; therefore,
www.techscience.com/journal/biocell
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ﬂuid shear stress (FSS) of the corresponding blood ﬂow on the
vascular endothelial cells will also change. At the bifurcation of
blood vessels or in the vessel valves and heart valves, the blood
ﬂow changes from stable advection to turbulence, and the
corresponding FSS changes from the original laminar shear
force to oscillatory shear force (Giddens et al., 1993). The
endothelial cells respond to different FSS, which can regulate
the physiological or pathological activities of endothelial cells.
It has been shown that stable laminar ﬂow can activate
endothelial cells, promote the release of NO, inhibit
coagulation, prevent the formation of endothelial cell
dysfunction (ECD) (Gimbrone and García-Cardeña, 2016) and
atherosclerotic plaque (Chiu et al., 2009), and restrain the
expression of YAP (yes associated protein) (Xu et al., 2016) to
resist the inﬂammatory response. Turbulence changes the
cytoskeleton and adhesion spot linked protein, which leads to
the morphological changes of endothelial cells, thus destroying
the integrity of endothelial cells (Gabriels and Paul, 1998),
inducing endothelial cell aging (Warboys et al., 2014),
increasing oxygen stress (Harrison et al., 2003), and promoting
the permeability of lipoproteins to the vascular wall, which are
related to the pathogenesis of atherosclerosis. With the further
development of signal transduction in endothelial cell FAs and
cytoskeleton systems, it has been found that endothelial cells
can play normal physiological functions and prevent
cardiovascular diseases by artiﬁcially regulating the FSS
signaling pathway or providing appropriate FSS stimulation.
Hence, we aimed to conduct a detailed literature review
regarding the functional mechanism to understand how FSS
activates the FAs signal pathways and working principle of the
FAs-cytoskeleton system in FSS mechanotransduction.
Focal Adhesions (FAS)
FAs are termed as the physical connection of extracellular
matrix (ECM) and cytoskeleton (CSK) generated by a
multitude of protein interactions, including integrin, ECM
protein, signal protein, and scaffolding protein, which are of
great importance in the physiological process of cell adhesion,
cycle adjustment, proliferation, and apoptosis. Integrin is a
kind of trans-membrane di-polymer protein composed of α
and β subunits in non-covalent form, whose extracellular
section integrates with ECM protein ligands and whose
intracellular section connects with the actin cytoskeleton via
cytoskeletal proteins such as ankle protein, pile protein, and α
actin (Baeyens et al., 2016; DeMali et al., 2003). When FSS
acts on endothelial cells, integrins transfer mechanical stimuli
to the cytoskeleton and then to distal cell membranes,
intracellular matrix, and even to nuclei, which trigger a series
of cascade reactions and regulate cell adhesion, proliferation,
and differentiation. Similarly, endothelial cells can transfer
intracellular and extracellular signals through this pathway,
which can achieve bidirectional transmission of signals.
Fluid shear stress (FSS) activates the FAs signaling pathway
FSS activates the FAs signaling pathway mainly in two ways:
(1) by triggering the rapid recombination of FAs and the
formation and aggregates of integrins, and (2) by activating
the FAs signaling proteins. FAs are not static aggregates of
proteins on cell membranes; in fact, they are dynamic
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structures. It was found that when cells move on the matrix,
they need to attach and separate the matrix coordinately in
front and back of the cell, and FAs show different degrees of
adhesion to the matrix (Harburger and Calderwood, 2009).
Mott and Helmke (2007) found that FSS increased the
formation of new FAs by inducing the expression of the
integrin β subunit (Shan et al., 2009). At the same time,
endothelial cells can also rapidly recombine the mature FAs
on the cell membrane to meet the needs of cell adhesion
according to the cell density. The polarity of FSS will cause
the axial alignment of endothelial cells, which stimulate the
cytoskeleton to produce greater tension. Stress will transfer to
the FAs along with the cytoskeleton network, leading to the
conformational changes of integrin and activating the
downstream signals. Albinsson and Hellstrand (2007)
constructed a model to increase the mechanical load of the
portal vein in mice, which showed that the FSS causes the
biphasic activation of FAs (Mott and Helmke, 2007). When
the endothelial cells are exposed to FSS, FAs appear by
phosphorylation, and then the conformational rearrangement
of integrins is carried out. The increasing expression of
integrin β1 can up-regulate the activities of FAs and Rho and
activate the focal adhesion system (Cui et al., 2018).
FSS regulates signal protein phosphorylation in FAs and
increases the activity of many protein kinases in endothelial
cells. Some researchers explored human umbilical vein
endothelial cells (HUVECs) for laminar FSS and found that
shear stress both induced focal adhesion kinase (FAK) and
phosphorylated an amino acid residue in its catalytic
domain (Ngu et al., 2010; Ruze et al., 2018). In a study
conducted by Shikata et al. (2005), there was found that
FAK in adhesion plaques of human pulmonary endothelial
cells preferentially phosphorylated at Y576, which was
induced by 5–10 dyn/cm2 FSS. A study on bovine aortic
endothelial cells demonstrated that FSS increased FAs
phosphorylation and enzyme activity are synergized with
growth factor receptor binding protein (Grb). FSS-activated
FAs may regulate the mitogen-activated protein kinase
signaling pathway through the Grb2-SOS complex, mainly
mediating the activation of ERK2 and junk1 (Li et al., 1997).
FSS can also induce the up-regulation of IL-8 and GROalpha by heparin sulfate and integrin β3 on the cell surface
and ultimately increase the activation of FAs (Weiss et al.,
2017). The endothelial cells, in different tissues, express
different integrin subtypes and heparin sulfate types on cell
membranes, this might be the reason why the sensitivity of
endothelial cells to FSS is different in different blood vessels.
It was found that both calcium-dependent and calciumindependent mechanisms mediate the dynamic interaction
between integrins and proteins involved in mechanical
conduction by analyzing the FSS-induced biochemical signals
of endothelial cells. Calcium-independent mechanisms
include FAs regulation pathway, and calcium-dependent
pathways include activation of phospholipase C, hydrolysis of
phosphatidylinositol 4,5-diphosphate (PIP2), intracellular
calcium increase, activation of calcium-induced proteins and
protein kinase C (PKC). Calcium-dependent signaling is
achieved by small GTP binding proteins Rac and Rho, as well
as calcium-dependent PKC and MAPK (King et al., 2004;
Schwartz and DeSimone, 2008). Therefore, FAs connect the
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two pathways by regulating the activity of PIP2 and focal
adhesion kinase. Both these molecules trigger the remodeling
of cytoskeleton and induce the activation of other signals,
which lead to endothelial cells FSS-induced responses.
Important proteins in FAs and intracellular signal
transmission
Some proteins and signaling pathways involved in the formation
of FAs play an important role in FSS-induced cell morphological
changes and activation of intracellular signal transduction. Here
below are given some important proteins and signaling
pathways that are involved in the formation of FAs.
FSS-induced intracellular signal transduction by focal adhesion
kinase (FAK)
FAK plays an important role in FAs as an FSS mechanotransducer
and mechanoreceptor. Knocking down the FAK gene can result in
the failure of cells to respond to FSS. FAK can simply be divided
into three domains: the central catalytic domain in the middle
segment, the FAT domain in the N segment, and the FERM
domain in the C segment. The phosphorylation of Y576 and
Y577 in the central catalytic domain is very important for the
activation of FAK (Berk et al., 1995). The FAT domain is linked
to the paxillin growth factor receptor and receptor binding
protein (Grb2) in FAs and interacts with each other to regulate
the function of FAs. The FREM domain is associated with the
regulation of the activation of FAK and SCR. When endothelial
cells are exposed to FSS and integrin binds to the corresponding
proteins in ECM, FAK is induced to phosphorylate at Y397 site,
then FAK mediates the activation of Scr and phosphorylates
other proteins in the FAs, such as paxillin and p130 (Parsons,
2003). At the same time, the active FAK also provides binding
sites for Fyn and phosphatidylinositol 3-kinase (PI-3K) and
activates downstream signaling pathways through a variety of
protein kinases (Frame et al., 2010; Scheswohl et al., 2008;
Zebda et al., 2012). Different degrees and types of FSS can react
to various kinds of FA responses. In short, when endothelial
cells are exposed to stable laminar FSS, recombination of FAs
and forming new mature FAK can be observed within 10 min.
FSS induces polarization of the long axis of endothelial cells
along the ﬂow direction and even migration along the FSS
direction (Yan et al., 2019). The turbulence can lead to irregular
polarization and abnormal function of endothelial cells,
including a decrease in the activity of KLF2 and nitric oxide
synthase (eNOS) and release of inﬂammatory factors, which
are important causes of atherosclerosis (Chistiakov et al.,
2017). FAK is also involved in maintaining the integrity of
vascular endothelial cells in vivo. A study on FAK-knockout
mice showed that the integrity of endothelial cells was
signiﬁcantly decreased due to the absence of FAK. Further,
the phosphorylation and distribution of vascular endothelial
cadherin at y658 also showed abnormalities, which suggests
that FAK plays an important role in maintaining the integrity
of vascular endothelial cells (Zhao et al., 2010).
FAK activation is closely related to the assembly of FAs.
The traditional “integrin aggregation” model suggests that
binding of integrins to ligands will naturally lead to Tyr
(Y397) autophosphorylation and activation of FAK. But some
researchers have observed that the ligand linking to integrin
can induce Y397 autophosphorylation only by stimulation of
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external traction, whereas binding of integrins and their
ligands in cell suspensions can merely result in Y861
phosphorylation but not Y397 (Shi and Boettiger, 2003). FSS
can bring about FAK activation. Endothelial cells from
different sources can utilize the phosphorylation of tyrosine at
different sites of FAK to manifest their sensitivity difference to
stress stimulation (Zebda et al., 2012). Phosphorylated FAK
can provide binding sites for a variety of proteins, such as
Fyn, Src, and PI-3K, which mediate multiple kinase activation
and activation of downstream signaling.
Rho protein
Under FSS stimulation, the cytoskeleton can adjust its
orientation, which is characterized by cell-type speciﬁcity
(Makino et al., 2006). Studies have demonstrated that
inhibiting cytoskeletal remodeling of endothelial progenitor
cells under FSS stimulation impedes their differentiation (Cui
et al., 2012). Rho protein family signiﬁcantly contributes to the
rearrangement of cytoskeleton under FSS stimulation.
Phosphatase in FAs has a bidirectional regulatory function on
Rho activity. A study conducted by Tzima et al. (2001)
investigated that Rho activity of endothelial cells is temporarily
reduced at the same time when FSS stimulated integrins are
activated, which is essential for cytoskeletal rearrangement
(Tzima et al., 2001). The change of Rho activity might be
linked to phosphatase PTPa. In another study, von Wichert et
al. (2003) observed that when the cells were spread onto the
point of FN, PTPa bound with integrin, and simultaneously
RhoA activity went through two stages, i.e., temporary drop
and gradual rise. Activity ﬂuctuations are caused by integrin
aggregation by inducing PTPa’s action on Src and Fyn,
respectively (von Wichert et al., 2003). Qi and colleagues have
discovered that low-level shear stress in blood vessels promote
the migration and apoptosis of vascular smooth muscle cells
by inhibiting the segregation of Rh-GDP to restrict factoralpha expression, which leads to atherosclerosis. Thus,
abnormal FSS-induced atherosclerosis is associated with Rho
activity, while normal level shear stress is crucial in
maintaining vascular health (Qi et al., 2008).
The signaling cascade reaction of Fyn, Src, ERK, JNK and PI-3K
FSS induces ECM binding to integrins and initiates the
autophosphorylation of FAK on y397. The binding of FAK is
activated by autophosphorylation and activation of Src
proteins. The activated Src reacts with FAK to regulate y925
phosphorylation, which provides binding sites for proteins
containing SH2 and mediates downstream signaling pathways.
Fyn is a member of the Src kinase family, which can reach the
FAPs with the help of caveolin-1 and beta subunit integrin or
through FAK. Fyn can raise Src and activate the extracellular
signal-regulated kinase (ERK). If FSS is produced by
turbulence, the activation of the vascular endothelial cell
signaling pathway will eventually induce the production of
inﬂammatory factors, which is the basis of atherosclerosis
(Hahn and Schwartz, 2009). The activation of Src is also
regulated by PECAM-1. Tzima et al. (2005) examined that PI3K, AKT, and SRC were not activated in endothelial cells
using PECAM-1-/-, which suggested that the activation of
SRC requires PECAM-1 (Tzima et al., 2005). A study on
bovine aortic endothelial cells (BAEC) also demonstrated that
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lack of PECAM-1 inhibited the expression of COX-2 and release
of PGI2, which in turn impaired the function of vascular
endothelial cells and prevented the regulation of larger FSS
(Russell-Puleri et al., 2017). The integrity of protein tyrosine
kinase (PTK) and actin skeleton also play a key role in FSSinduced activation of ERK and JNK1. The results of a study
showed that genistein and cytochalasin B were used to inhibit
PTK and actin microﬁlaments in monolayer bovine aortic
endothelial cells. After 10 and 15 min of FSS stimulation, the
activity of JNK1 was signiﬁcantly inhibited (Shikata et al.,
2005; Takahashi et al., 1997). FSS-activated PI-3K can mediate
the activation of nitric oxide synthase (eNOS) in endothelial
cells. PI-3K binding with protein tyrosine phosphatase (PTP)
forms PI-3K-PTP complex and activates Grb2. The
phosphorylated Grb2 induces the formation of signaling
complexes including Gab1, PTP, and protein kinase A (PKA),
and then mediates the phosphorylation of eNOS at Ser 1177
site. The activated eNOS releases NO, thus relaxing blood
vessels and regulating FSS in the cardiovascular system (Boo
et al., 2002; Dixit et al., 2005).
FAK autophosphorylation induces binding and activation
of Src protein, in addition to protein aggregation, the activated
Src can also phosphorylate other proteins such as p130cas
and FAK (Bidwell and Pavalko, 2010). Phosphorylation
and transformation of p130cas affect the sensitivity of FAP
to stress stimuli. FAK phosphorylation at multiple sites can
further enhance its activity and provide docking sites for
other proteins containing SH2 domains. For example, the
phosphorylation of Y925 FAK can gather growth factor
receptor binding protein-2 (Grb2) to form FAK-Grb2-SOS
complex and activate signal molecule ERK and C-Jun
N-terminal kinase (JNK) on the MAPKs lower pathway. In
osteoblasts, FSS can notably promote the formation of this
compound (Surapisitchat et al., 2001).
FAK activated PI-3K can activate the nuclear factors
(nuclear factor, KB, NE-KB) in the cytoplasm. NE-KB is
usually deactivated by the binding of JKB (IkappaB) family
proteins such as IKB-α and IKB-β. Mohan reported that in
FAK osteoblasts, although FSS can promote IKBα/β
phosphorylation, it cannot induce its degradation; therefore,
NF-KB cannot be activated (Mohan et al., 1997). However, if
the cells are transfected with FAK cDNA, then NF-KB can be
activated. The activation of FSS-induced PI-3K does not rely
on the speciﬁc extracellular matrix, but the activation of the
downstream signaling protein NF-KB has a matrix speciﬁc
feature (Orr et al., 2006). The matrix speciﬁc activation of
NF-KB is related to atherosclerosis under the action of FSS.
Moreover, FSS is quite crucial in the process of integrin
activation and interaction of FAK, Shc, and PI-3K, which
facilitates the activation of signaling pathways (Lee et al., 2010).
Cytoskeleton
The cytoskeleton (CSK) is a major component of the cell.
When cells cling to the surrounding environment, they
produce intracellular contractile forces to adapt to different
force stimuli of the environment (Ladoux and Nicolas, 2012).
The CSK is a network of protein ﬁbers in the cytoplasm, which
is composed of microﬁlaments, microtubules, intermediate
ﬁlaments, and cross-linked proteins. It is a very important cell
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structure for maintaining its basic morphology. Microﬁlaments,
myosin, and actin aggregate, forming stress ﬁbers that transmit
skeletal tension. Stress ﬁbers also participate in activating
mechanical stimulatory receptors in the cell membrane.
Integrin of FAs links actin of cytoskeleton with the extracellular
matrix to form a transduction system by combining CSK,
ECM, and FA, which is the basic material to transduce
mechanical signals of FSS into biochemical signals. The
activation of the FSS signaling pathway is closely linked to the
actin cytoskeleton, mainly in the following two aspects: (1)
force stimuli felt by cell membrane is transmitted from FAPs to
the cytoskeleton, resulting in skeletal rearrangement based on
which skeletal tension occurs (Wang et al., 1993), and (2)
skeletal tension promotes integrin activation and enhances FAs
lower signaling pathways.
FSS-induced morphological changes of endothelial cells
are transduced by CSK. Cell elongation along the direction
of FSS can avoid the maximum shear force and protect cells.
In this process, actin microﬁlaments, microtubules, and
intermediate ﬁbers play an important role. The
reorganization of actin microﬁlaments under the control of
the Rho family is the basis of morphological changes (Ueki
et al., 2010). FSS can activate Cdc42 and Rac of the Rho
family; Cdc42 can induce ﬁlamentous pseudopodia to drive
cell morphological changes, and Rac can induce F-actin to
produce lamellar pods that also aid to change the
morphology of cell (Kohn et al., 2015; Liu et al., 2019; Yu et
al., 2018).
HUVECs were exposed to 10 dyn/cm2 laminar ﬂow
stimulation, and monolayer endothelial cells were arranged
along the laminar ﬂow direction and elongated in different
degrees within 12 h. The stress alignment along the FSS
direction produced by HUVEC CSK occurs before that of
the cell body by atomic force microscopy (Steward et al.,
2015). Shear stress-induced ﬁbers recombine within 24 h
and line up in the direction of the shear axis. Interestingly,
during this process, actin rearranges only part of the stress
ﬁber and pushes the cell membrane to elongate in the
direction of the shear axis (Noria et al., 2004). Malek and
Izumo (1996) found that chelating intracellular calcium ions
and inhibiting PTK activity could inhibit FSS-induced CSK
remodeling and prevent endothelial cell alignment along
FSS direction. The complete microtubule structure also
affects the alignment response of endothelial cells along the
direction of FSS. Microtubules (MTS) can be used as a
storage and delivery system of cytokines to regulate the
actin assembly and cell morphology, as well as insertion of
stress ﬁber into the focal adhesion region to regulate the
recombination and resolution of FAK (McCue et al., 2004).
They can also inﬂuence the recombination of actin and
change the cell morphology through cross-linking with
microﬁlaments (Wang et al., 1993).
It was found that nocodazole destroyed tubulin,
prevented endothelial cells from aligning along the FSS
direction, and inhibited the recombination of actin stress
ﬁbers (Malek and Izumo, 1996). On the contrary, when
treated with paclitaxel, the alignment and the morphological
changes of endothelial cells along the shear direction were
weakened, and the reorganization of actin ﬁbers along the
shear direction was inhibited but not blocked (Malek and
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Izumo, 1996). The effect of paclitaxel on MTS is related to the
increase of microtubules stabilized by detyrosination (Kerr
et al., 2015). The abundance of microtubules stabilized by
detyrosination is an important factor of mechanical
activation, which affects the mechanical sensitivity and
response of cells to shear stimulus, rather than the density
of MTS (Lyons et al., 2017).
Also, MTS is an important component of primary cilia,
which has been proved to be a mechanoreceptor of endothelial
cells, regulating Ca2+ signal transduction and NO production
under shear stress (Goetz et al., 2014). There are relatively few
studies related to the effect of FSS on intermediate ﬁbers. It is
generally believed that microtubule recombination induced by
FSS affects the distribution of intermediate ﬁbers (McCue
et al., 2004) and that vimentin is actively recombined in the
process of endothelial cell migration. Its function may be
related to transport proteins (Nieminen et al., 2006). Besides,
intermediate ﬁbers also participate in the transfer of actin
tension to PECAM-1 and activate the downstream signal
pathway. By measuring PECAM-1 tension, it was found that
the tension increased signiﬁcantly from almost no tension after
FSS stimulation (Conway and Schwartz, 2015). It is speculated
that this phenomenon is a mechanical manifestation of
stimulus signal cascade ampliﬁcation, but the connection
between vimentin, PECAM-1, and the control of the upstream
signaling pathway are not clear.
The force stimulation of FAPs and cytoskeleton responses
are up to down and complementary. Hayakawa et al. (2008)
studied that force stimuli sensed by the top surface of FAs
transfer from actin stress ﬁbers to the basal cell surface, that
act on force receptors, and stress ﬁber is the main
intracellular stress transfer device. At the same time, the
stress ﬁber tension is the fundamental condition for
mechanical stimulus to be activated. The recombination of
the stress ﬁber is closely related to the local adhesion. It was
observed by super-resolution optical microscopy that the
topmost layer of the local adhesion is VASP/Zyxin protein
complex and α actin (Noria et al., 2004). Zyxin can bind to
the EVH1 domain of vasodilator-stimulated phosphoprotein
(VASP) to regulate the recombination and extension of the
stress ﬁber. VASP binds g-actin at an appropriate salt
concentration to promote nucleation and stabilize the actin
core, increasing the rate of actin polymerization (Hüttelmaier
et al., 1999). While, Zyxin binds to the microﬁlaments in
combination with alpha-actin and polymerizes at the end of
the stress ﬁber, whereas VASP mediates the incorporation of
actin into the stress ﬁber, resulting in remodeling and
elongation of the stress ﬁber (Ariza Jimenez et al., 2019;
Hüttelmaier et al., 1999; Moody et al., 2009). However,
interestingly, interference with VASP/Zyxin complex or
separating VASP from focal adhesions did not prevent FSS
induced actin assembly (Malek and Izumo, 1996), but
another study suggested that inhibition or knockout of VASP
and Zyxin would lead to defects in the whole cell mechanics
(Oldenburg et al., 2015). Currently, there is no conclusion,
but it is speculated that this situation may be related to
vinculin (Di Cio and Gautrot, 2016).
FSS can generate integrin aggregation and rapid FAs
reorganization, which promotes cytoskeleton polymerization
through a variety of proteins and strengthen the skeletal
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tension. Skeletal tension can boost the binding site
spreading of integrin-ligand, regulate integrin conformation,
changing ligand binding from a low state to a high state of
activity, employing inside to outside activation. Additionally,
Hayakawa and colleagues have revealed that compared with
separate cell membranes, cell membranes connected by FAs
and actin cytoskeleton were hardened, which is associated
with intracellular molecular motors like myosin, and this
kind of membrane state is conducive in maintaining its
sensitivity to force stimuli (DeMali et al., 2003; Hayakawa
et al., 2008). Friedland et al. (2009) have stated that
disruption of actin cytoskeleton or inhibition of myosin-II
motor may inhibit the transition of α5βt-FN to its stress state
and hinder FAK-Y397 autophosphorylation (Friedland et al.,
2009). Mathur et al. (2000) reported that FSS stimulates actin
skeleton transport in cells to produce tension, which is
transmitted to the basal part of cells through stress ﬁbers.
FSS-stimulated basal surface integrin’s highly active subtype
α5β3 content and its expression increased, while the study on
HUVEC found that FSS-stimulated basal surface integrin and
ligand binding increased. On one side, the reorganization of
focal adhesion and the aggregation of integrins can promote
the reconstitution of cytoskeleton through various kinases, on
the other side, the reconstitution of cytoskeleton can also
change the conformation of integrins, which can transform the
low-afﬁnity state of integrin-ligand binding to high-afﬁnity
state, and stimulate downstream signaling pathways (Schwartz,
2010; Su et al., 2016). The basal activity site of integrin is
higher than the lumen activity site under FSS, which may be
related to the prevention of atherosclerosis by cells themselves.
Relationship of FSS with Human Disease and Clinical Drug
Research
It is well known that FSS participates in the genesis of
atherosclerosis. Stability of FSS and endothelial cells can
maintain blood ﬂow to the steady-state and prevent the
occurrence of atherosclerosis. However, in the region of the
blood vessel bifurcations and heart valves, ﬂow disturbance of
FSS affects the normal function of endothelial cells. The
endothelial cells showed increased permeability and uptake of
low-density lipoprotein (LDL) (Caplan and Schwartz, 1973).
Subsequently, the endothelial cells make physical and
chemical modiﬁcations to the captured LDL and promote a
large number of LDL to inﬁltrate in the lower layer of
endothelial cells (Ross, 1993). The LDL-activated endothelial
cells also release and amplify growth factors and chemokines
to recruit macrophages and promote the proliferation of
smooth muscle cells and the formation of a large amount of
extracellular matrix. This is the ﬁrst change that can be
detected in the life cycle of atherosclerotic lesions (Gimbrone
and García-Cardeña, 2016; Ross, 1993; Stary, 2000; Dali et al.,
2019). ECD can also reduce NO release and prothrombin
activity, which are both inducing factors of atherosclerosis
(Tabas et al., 2015). By studying the signal transduction
mechanism of FSS in EC, it can help us understand
atherosclerosis and provide new ideas for clinical drug research.
After the endothelial cells sense the effect of FSS, the
mechanical and chemical stimulation signals are transformed
into the corresponding physiological responses of the

142

endothelial cells. The FSS realizes the regulation of signal
pathway transmission, protein phosphorylation level and the
change of actin skeleton morphology of the endothelial cells,
to regulate the blood ﬂow perfusion of the tissues (Barry
et al., 2015; Chiu and Chien, 2011). Therefore, it might be an
attractive direction for clinical drug research to study the
signal pathway-related functions of EC mechanical
stimulation. A large number of studies have shown that
integrin and its signaling pathway are important for
endothelial cells to transduce FSS stimulation. Through the
study of the integrin signaling pathway, it has been shown
that integrin kinase (ILK) can control the activity of eNOS in
endothelial cells and affect the production of NO, and ﬁnally
affect the vasodilation function (Herranz et al., 2012; Shaﬁei
et al., 2015). In this context, the FSS signaling pathway as a
drug target to regulate the synthesis of NO in EC has also
been proposed for the treatment of acute coronary syndrome,
portal hypertension after liver injury and the prevention of
cardiac ischemia (Ley et al., 2016; Shaﬁei et al., 2015). PI-3K/
Akt signaling pathway also activates eNOS and upregulates
NO synthesis in the process of EC transduction of FSS. Drug
research is also in progress by using this mechanism to
prevent endothelial dysfunction caused by diabetes and early
atherosclerosis prevention (Bhardwaj et al., 2014; Tariq and
Zaigham, 2019; Margaritis et al., 2013).
Summary and Future Prospects
In this review, we summarized the research on FSS
transduction in FAs and CSK of endothelial cells and
introduced the role of important proteins and signal
molecules in FSS transduction in FAs. At present, many
mechanisms of endothelial cell transduction of FSS are still
unclear, as most of the studies on endothelial cells are
limited to a single mechanical stimulus. The effects of the
extracellular matrix, mechanical stimulus, and chemical
signals on endothelial cells are multidimensional in vivo.
Hence, further extensive studies are required to better
understand the FSS transduction in the FAs-CSK system.
Further research on endothelial cell FSS transduction will
signiﬁcantly improve drug research and treatment
procedures in cardiovascular diseases such as atherosclerosis.
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