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Blood Brothers:
Hemodynamics and Cell–Matrix Interactions
in Endothelial Function
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Abstract

Significance: Alterations in endothelial function contribute to a variety of vascular diseases. In pathological
conditions, the endothelium shows a reduced ability to regulate vasodilation (endothelial dysfunction) and a
conversion toward a proinflammatory and leaky phenotype (endothelial activation). At the interface between the
vessel wall and blood, the endothelium exists in a complex microenvironment and must translate changes in these
environmental signals to alterations in vessel function. Mechanical stimulation and endothelial cell interactions
with the vascular matrix, as well as a host of soluble factors, coordinately contribute to this dynamic regulation.
Recent Advances: Blood hemodynamics play an established role in the regulation of endothelial function.
However, a growing body of work suggests that subendothelial matrix composition similarly and coordinately
regulates endothelial cell phenotype such that blood flow affects matrix remodeling, which affects the endothelial
response to flow. Critical Issues: Hemodynamics and soluble factors likely affect endothelial matrix remodeling
through multiple mechanisms, including transforming growth factor b signaling and alterations in cell–matrix
receptors, such as the integrins. Likewise, differential integrin signaling following matrix remodeling appears to
regulate several key flow-induced responses, including nitric oxide production, regulation of oxidant stress, and
activation of proinflammatory signaling and gene expression. Microvascular remodeling responses, such as
angiogenesis and arteriogenesis, may also show coordinated regulation by flow and matrix. Future Directions:
Identifying the mechanisms regulating the dynamic interplay between hemodynamics and matrix remodeling and
their contribution to the pathogenesis of cardiovascular disease remains an important research area with thera-
peutic implications across a variety of conditions. Antioxid. Redox Signal. 25, 415–434.

Introduction

Blood flow has a multifaceted role on vascular structure
and function (64, 72). The vascular endothelium senses

the frictional force generated by blood flow, termed shear
stress, and alters vessel function accordingly. Rapid changes
in flow activate endothelial paracrine signaling to the medial
smooth muscle to regulate vessel tone and counteract the
transient change in flow volume. Chronic elevations in flow
promote outward vessel remodeling, whereas chronically re-
duced flow stimulates inward vessel remodeling to normalize
shear stress in the vessel. The gradual or sudden cessation of
blood flow in diseased arteries shunts blood flow through

collateral vessels stimulating arteriogenesis, the maturation of
vessel structure typically due to enhanced mechanical load,
and acute changes in shear stress play an important role in this
response (158). Therefore, shear stress acting on the endo-
thelial layer profoundly affects multiple aspects of physio-
logical and pathological vascular remodeling.

Specific flow patterns differentially regulate multiple as-
pects of endothelial cell phenotype and atherosclerotic pla-
que formation (36, 64). Atherosclerotic plaques form in
medium to large vessels through the progressive deposition
of cholesterol, primarily carried by low-density lipoproteins
(LDL), and accumulation of dysfunctional macrophages
(Fig. 1). These early inflammatory plaques result in a
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fibroproliferative smooth muscle response forming a collagen-
rich fibrous cap, which separates the thrombotic plaque mate-
rial from the blood and prevents plaque rupture and thrombosis
(103). Despite the systemic nature of most atherosclerotic risk
factors (elevated cholesterol, smoking, hypertension), vascular
regions exposed to unidirectional laminar blood flow show
protection from inflammation and atherosclerotic plaque for-
mation (36, 64). As such, atherosclerotic plaques form prefer-
entially at sites of low and turbulent blood flow, such as vessel
curvatures, branch points, and bifurcations (Fig. 1). The vas-
cular endothelium senses the frictional force generated by
blood flow, termed shear stress, and alters vessel function ac-
cordingly. Over the past 30 years, endothelial cell culture and
animal models have shown that high unidirectional flow drives
an adaptive endothelial cell response, resulting in endothelial
cell alignment parallel to flow direction, reduced endothelial
turnover, and alterations in the endothelial cell gene expression
pattern to reduce inflammation and enhance antioxidant re-
sponses (36, 64). In contrast, endothelial cells exposed to low or
oscillatory flow (model of turbulent flow) do not align, show
enhanced turnover, demonstrate elevated oxidant stress, and
show an enhanced inflammatory response, both basally and in
response to stimulus. Therefore, local components of the vessel
microenvironment, such as local hemodynamics, profoundly
affect the endothelial cell phenotype and their response to
systemic atherogenic factors.

Subendothelial Matrix Remodeling
and Cell–Matrix Interactions

The extracellular matrix (ECM) consists of more than 300
genes (including collagens, proteoglycans, and glycopro-
teins) that dynamically assemble to form the tissue’s struc-

tural scaffold (78). Since the ECM consumes nearly 50% of
blood vessel weight, it is unsurprising that the ECM pro-
foundly influences vascular functions, with ECM remodeling
that interrupts normal vascular function being a hallmark of
cardiovascular disease (181). Endothelial cells natively re-
side on a basement membrane, an elaborate thin layer of
collagen IV, laminin, nidogen, and heparan sulfate proteo-
glycans (86). Basement membranes are evolutionarily ar-
chaic structures, likely appearing when animal cells first
started organizing into multilayered structures (77, 86).
Normal vascular function relies on the supramolecular ar-
chitecture of the basement membrane, with alterations in both
the quantity and composition of basement membrane com-
ponents underlying several vascular diseases (77, 181).

As cells and their matrix exist in a state of dynamic reci-
procity (9), endothelial cells both remodel their basement
membrane upon pathological stimulation and modulate cell
function in response to altered basement membrane compo-
sition. The remodeling-associated provisional matrix pro-
teins, largely absent from the vasculature under quiescent
conditions, become rapidly deposited upon vessel activa-
tion or injury. Several provisional matrix proteins, including
fibrinogen, vitronectin, and fibronectin, circulate in high
amounts in blood and contribute to clot formation, estab-
lishing a permissive matrix for proliferation and migration
during tissue wounding (109). Enhanced endothelial perme-
ability in disease states allows these proteins to leak into the
vessel wall and deposit into the endothelial matrix. Although
typically absent in quiescent endothelium, fibronectin and
thrombospondin production by endothelial cells in culture
similarly enhances proliferation (151, 155). Cell–matrix re-
ceptors differentially interact with basement membrane and
provisional matrix components to translate changes in matrix

FIG. 1. Model of atherosclerotic
plaque formation at sites of dis-
turbed flow. While endothelial cells
in areas of high flow show a quiescent
and anti-inflammatory phenotype, the
endothelium in regions of turbulent
flow exhibits an activated pheno-
type, characterized by high levels of
proinflammatory gene expression
that facilitates monocyte recruitment.
Monocyte-derived macrophages
avidly engulf lipoprotein deposits
and potentiate local inflammation.
Inflammation in the vessel wall stim-
ulates smooth muscle recruitment,
enhancing fibrous cap formation
and preventing plaque rupture and
thrombogenesis.
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composition into altered endothelial cell function. The most
prominent matrix receptors belong to the integrin family, en-
compassing 18 a subunits and 8 b subunits that heterodimerize
into 24 different integrins, each with distinct ligand-binding
specificities as well as disparate and often nonredundant func-
tions (76). Endothelial cells express multiple integrins, in-
cluding the collagen-binding integrins, a1b1 and a2b1, the
laminin-binding integrins, a3b1, a6b1, and a6b4, and the
provisional matrix-binding (RGD-binding), integrins a4b1,
a5b1, avb1, avb3, and avb5 (Fig. 2) (163). However, some
integrins show restricted expression based on the vascular
bed, with a1b1 and a4b1 predominantly expressed in the
microvasculature (38, 67, 163). While these integrins do
not contain enzymatic activity, they associate with poten-
tially hundreds of adaptors and kinases that mediate signal
transduction (153).

The sticky side of fibronectin

During pathological vascular remodeling, such as angio-
genesis, arteriogenesis, and atherosclerosis, deposition of
provisional matrix proteins (e.g., fibronectin) into the endo-
thelial matrix is greatly enhanced (15, 46, 136, 148). Integrin
activation, a conversion from a low-affinity bent conforma-
tion to a high-affinity extended confirmation, plays a major
role in fibronectin deposition. As such, stimulating endo-
thelial b1 integrin activation drives fibronectin deposition,
while preventing integrin activation hinders fibronectin de-
position (132, 187). Most of the fibronectin in the body cir-
culates in the blood in a soluble globular form. Provisional
matrix-binding integrins, particularly a5b1, mechanically
unravel globular fibronectin, revealing cryptic nucleation
sites that promote its assembly into the fibrillar form (53).

Fibronectin expression is classically regulated by members
of the transforming growth factor b (TGFb) superfamily
(e.g., TGFb, bone morphogenic proteins [BMPs]), potent
regulators of ECM remodeling, and tissue fibrosis (107).
TGFb drives matrix gene expression by activating the Smad
transcription factors, Smad2 and Smad3. In addition, TGFb
stimulates an endothelial phenotypic conversion, termed
EndoMT, resulting in the loss of endothelial markers

(platelet–endothelial cell adhesion molecule-1 [PECAM-1],
vascular endothelial-cadherin [VE-cadherin]), expression of
smooth muscle markers, and induction of fibronectin depo-
sition (28). In addition to enhancing fibronectin expression,
TGFb promotes a5b1 activation, suggesting that TGFb can
induce fibronectin deposition independent of its effects on
fibronectin expression (170). Reciprocally, ECM content and
mechanical properties critically regulate TGFb signaling.
TGFb is secreted in an inactive form due to the latency-
associated peptide (LAP) blocking the TGFb active sites and
unmasking active TGFb requires LAP cleavage or specific
protein–protein (111). Direct thrombospondin-TGFb inter-
actions activate latent TGFb (154), and thrombospondin
deposition during wound healing accounts for a significant
amount of active TGFb in the tissue (32, 60). In addition,
latent TGFb-binding protein (LTBP) anchors TGFb to the
endothelial matrix through interactions with fibronectin (70,
203). Interactions between av integrins (e.g., avb3) and an
RGD motif in the LAP allows for force-dependent activation
of latent TGFb (70, 126). Fibronectin-dependent a5b1 liga-
tion also potentiates TGFb signaling by targeting its receptors
(e.g., endoglin, activin receptor-like kinase 1 [Alk1]) to the
cell surface (170).

Fibronectin in atherosclerosis

Reducing fibronectin deposition in atherosclerosis, both
genetically or with a peptide inhibitor, limits endothelial cell
proinflammatory gene expression and reduces atherosclerosis
(23, 148). Despite this atheroprotective benefit, lowering fi-
bronectin levels also reduces smooth muscle recruitment and
fibrous cap size (148), suggesting that fibronectin plays a dual
role in promoting both plaque inflammation and plaque sta-
bility. In contrast to plasma fibronectin, cell-derived fibro-
nectin contains the alternative splice domains (extradomain
A [EDA], extradomain B), and interfering with normal fibro-
nectin splicing, both positively and negatively, limits athero-
sclerosis (1, 168). Levels of EDA-containing fibronectin
correlate with plaque stability, and loss of EDA-fibronectin
mimics the reduction in fibrous cap size associated with loss of
total fibronectin (143, 178) and increases the propensity for
focal hemorrhage (128). However, inhibiting the fibronectin
receptor, a5b1, using a small peptide reduces proinflamma-
tory gene expression and plaque burden without affecting
fibrous cap size, suggesting that these disparate functions of
fibronectin can be separated by targeting specific integrin
receptors (195).

Shear stress patterns significantly affect fibronectin matrix
deposition during early atherosclerosis (Fig. 3). In cell culture
models, exposure to oscillatory flow (model of turbulent
flow) is sufficient to promote endothelial fibronectin ex-
pression and deposition (45). However, atherosclerosis-prone
regions exposed to turbulent flow show very little fibronectin
in the absence of circulating risk factors (50, 135). Other
studies, including a model of diabetes, show a more promi-
nent reduction in fibronectin expression and deposition by
protective laminar flow than stimulation by oscillatory flow
(54, 60). Shear stress stimulates TGFb mRNA expression as
early as 2 h and generates active TGFb shortly thereafter
(131). However, shear stress also activates Smad2/3 phos-
phorylation within minutes of shear exposure, presumably
through transphosphorylation (157), suggesting that shear

FIG. 2. Depiction of the 24 mammalian integrin het-
erodimers. Integrins are divided based on ligand specificity
for provisional matrix (gray), collagen (green), and laminin
(blue) or by their restricted expression in leukocytes (red).
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stress may activate this pathway through both ligand-dependent
and ligand-independent mechanisms. However, the role of
TGFb/Smad signaling in shear-induced fibronectin deposi-
tion remains undefined.

Pathologic insults induce rapid and robust changes in both
quantity and composition of the vascular matrix, including
the provisional matrix proteins, fibronectin, fibrinogen, and
thrombospondin. Endothelial cells display an amazing ability
to remodel their microenvironment through changes in gene
expression, promoting matrix deposition or degradation, and
through alterations in the cell’s ability to remodel the matrix
via changes in matrix receptor activity of cellular contrac-
tility. Given its role in early endothelial activation, gaining
further insight into early matrix remodeling may unravel
novel therapeutic strategies to curb atherosclerosis. However,
limiting incorporation of provisional matrix proteins into the
vessel wall affects multiple aspects of plaque formation and
vascular remodeling. Therefore, while the importance of
matrix remodeling during the early stages of atherosclerosis
may provide therapeutic benefit, more studies are necessary
to understand the role of matrix remodeling in plaque pro-
gression or plaque regression.

Shear Stress Sensing and Signaling

The remarkable extent of mechanical stimuli that affect
cellular function makes it highly unlikely that a limited
repertoire of mechanosensors exists to account for all of these
events (134). While organisms have evolved cell-type-
specific mechanosensors for certain mechanical stimuli (e.g.,
hair cells in the inner ear), other mechanical responses, such
as sensitivity to tissue stiffness and strain, appear to affect
nearly every cell of the body. Endothelial cells express a
variety of mechanosensors that account for their unique
ability to respond to flow. PECAM-1, VE-cadherin, and the

vascular endothelial growth factor receptor 2 (VEGFR2)
form a mechanosensory complex that accounts for a signifi-
cant portion of shear stress-induced responses (122, 175).
While endothelial cells are the only cell type to align parallel
to flow, expression of PECAM-1, VE-Cadherin, and VEGFR2
allows flow-induced alignment in normally shear-insensitive
cells (175). Since shear stress also acts directly on the apical
surface, apical proteins and structures are proposed as shear
stress mechanosensors, including ion channels, G-protein-
coupled receptors (GPCRs), primary cilia, and the endothelial
glycocalyx. While the mechanosensory complex and apical
mechanosensors endow endothelial cells the capacity to re-
spond to shear stress, mechanosensing through cell–matrix
interactions allows the cells to tune these responses according
to the surrounding microenvironment.

Force transmission to cell–matrix adhesions

Integrins couple the ECM to the contractile actin cyto-
skeleton and, as such, serve as mechanosensors for forces
born by the matrix, including tissue stiffness and strain (149).
This mechanical coupling occurs at large clusters of in-
tegrins, termed focal complexes or focal adhesions, and
force-sensitive actin-binding proteins such as talin and vin-
culin allow for rapid reinforcement of the focal adhesion sites
in response to changes in either extracellular or intracellular
tension (149). Shear stress promotes directional remodeling
of focal adhesions (37), and cells under laminar flow show
larger tractional forces than cells under disturbed flow (139,
171). However, the forces applied to the endothelial cell
surface by physiological shear stress remain orders of mag-
nitude less than the contractile forces exerted by the cell’s
cytoskeleton, suggesting that shear forces do not likely con-
tribute directly to mechanical tension at focal adhesion sites
(89). Rather, several groups have shown that shear stress

FIG. 3. Flow patterns
regulate subendothelial
matrix remodeling from a
native basement membrane
(collagen IV, laminin) to a
fibronectin-rich provisional
matrix. While fibronectin de-
position is inhibited by laminar
flow, disturbed flow pro-
motes fibronectin deposition,
potentially through effects on
endothelial integrin activation,
transforming growth factor-b
(TGFb) signaling, and fibro-
nectin expression.
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results in the activation of a pool of inactive low-affinity
integrins on the endothelial cell surface (Fig. 4) (80, 174,
190). This activation response, driven by the PECAM-1
mechanosensor, stimulates new integrin–matrix interactions
and activates ligation-dependent signaling (132, 175).
Therefore, in this system, cell–matrix adhesions serve as
mechanosensitive signaling proteins rather than as mechan-
osensors. Preventing new integrin engagement to the matrix
using chemical inhibitors and function-blocking antibodies
reduces many shear stress responses (64). However, integrin
signaling may affect shear stress mechanosensation indirectly
by altering the mechanical stiffness of the cell. Direct appli-
cation of force to PECAM-1 results in endothelial cell stiff-
ening in cells on fibronectin (29). However, collagen prevents
this cytoskeletal stiffening response through a protein kinase
A (PKA)-dependent pathway (29, 50). Taken together, the
current literature supports a role for integrins as mechan-
osensitive components of shear stress-induced signaling re-
sponses, but not as direct mechanosensors of shear stress.

Endothelial integrin activation

Despite the growing literature on integrin activation in the
endothelial response to flow, the mechanisms regulating this
response remain virtually unknown. Studies on integrin ac-
tivation mechanisms, primarily performed in leukocytes and
platelets, have shown critical roles for the integrin b tail-
binding proteins, talin1 and kindlin (kindlin-1, -2, and -3),
although the latter may play a larger role in integrin clus-
tering than activation (191, 192). Binding of talin1 to integrin
b tails is sufficient to stimulate integrin activation (192), and
knockout of the talin1 gene severely impairs integrin acti-
vation (121). While the closely related protein, talin2, can
compensate for loss of talin1 in some tissues (196), endo-
thelial cells do not express talin2 and loss of talin1 in the
endothelium results in rapid embryonic lethality with severe
defects in blood vessel formation (120). While the talin1
activation mechanisms are only partially understood, the best
model of talin activation involves interaction with the Rap1
effector RIAM (66). Rap1 mediates integrin activation in a
variety of conditions and cell types, including endothelial
cells (96), and shear stress stimulates Rap1 activity (97).

However, the role of Rap1 in shear stress-induced integrin
activation has yet to be determined. Induced PECAM-1
clustering stimulates phosphoinositide 3-kinase (PI3K)-
dependent integrin activation (24, 199), and PI3K inhibitors
blunt shear stress-induced activation of a2b1, a5b1, and avb3
(Fig. 4) (132, 175). However, the mechanisms mediating
PI3K-dependent integrin activation remain unknown.

Ligation-dependent integrin signaling can also affect inside-
out integrin activation, either perpetuating integrin activation
or suppressing activation. Integrin signaling in response to
mechanical strain promotes PI3K-dependent activation of
b1 integrins (88, 169). In contrast, shear-induced ligation of
the collagen-binding integrin a2b1 prevents a5b1 and avb3
activation, whereas ligation of fibronectin-binding integrins
prevents a2b1 activation (132). This transdominant sup-
pression model may amplify signaling by the dominant
matrix protein in the context of a mixed matrix by actively
blunting the endothelial cell response to the minor matrix
components. Shear stress promotes PKA activation in en-
dothelial cells on collagen (132), and inhibiting PKA sig-
naling completely blunts the suppressive effects of the
collagen matrix (Fig. 4) (132). In contrast, enhanced flow-
induced protein kinase Ca (PKCa) activation on fibronectin
prevents a2b1 activation (Fig. 4) (132). Talin1 overexpression
relieves this transdominant suppression, suggesting that PKA
and PKC affect flow-induced integrin activation at the level of
talin1 activation or talin1 interactions with the integrin b
subunit tail. Phosphoproteomic analysis of talin1 identified
multiple PKA and PKC phosphorylation sites (144), but the
relevance of these phosphorylation sites for talin1 function
remains unknown. In addition to talin1, PKA also stimulates
serine phosphorylation of the b3 tail (58).

Taken together, these data suggest that activation of PECAM-
1 mechanosensors in the endothelial cell–cell junction drives
integrin activation through a PI3K-dependent pathway. How-
ever, the mechanisms mediating PI3K-dependent integrin
activation remain unknown. Much of the work on integrin
activation mechanisms involves cells typically in suspen-
sion, such as leukocytes and platelets. While these models
can provide useful information concerning the mechanisms
of integrin activation, it is unclear whether other cell types
with different protein expression patterns and baseline

FIG. 4. Tuning flow-induced integrin activation through transdominant suppression. Shear stress promotes platelet–
endothelial cell adhesion molecule-1 (PECAM-1)-dependent integrin activation through phosphoinositide 3-kinase (PI3K)
signaling. Ligation of collagen-binding integrins (white) promotes protein kinase A (PKA)-dependent suppression of
fibronectin-binding integrins. In contrast, integrin ligation on fibronectin (black) promotes protein kinase Ca(PKCa)-dependent
suppression of collagen-binding integrins.
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adhesive states utilize the same pathways to affect integrin
activity. Furthermore, the role of integrin activation in the
endothelial cell response to flow has yet to be definitively
verified in animal models.

Cell–Matrix Interactions in Shear Stress-Induced
Endothelial Quiescence

In regions of unidirectional, laminar, or pulsatile flow,
endothelial cells exhibit a quiescent phenotype characterized
by endothelial alignment with flow, low endothelial turnover,
elevated nitric oxide (NO) production, reduced oxidant
stress, and limited proinflammatory signaling (64). These
regions resist atherosclerotic plaque formation and show re-
duced responsiveness to systemic proinflammatory stimuli.
Laminar flow reduces endothelial cell proliferation and
apoptosis in cell culture models, and regions exposed to
unidirectional laminar flow in vivo show reduced turnover
compared with turbulent flow regions (93). While matrix
composition and integrin-specific signaling profoundly affect
proliferation and apoptosis in other systems (155), no studies
to date have examined the role of integrin-specific signaling
on endothelial cell turnover under flow. Therefore, we will
focus our discussion on shear-induced protective signaling,
gene expression, and alignment.

Protective signaling and gene expression

Prolonged laminar shear stress activates a pattern of en-
dothelial gene expression that promotes endothelial quies-
cence and limits the endothelial proinflammatory response.
Even in the presence of the proinflammatory cytokine, tumor
necrosis factor a (TNFa), prolonged laminar flow reduces
monocyte adhesion to the endothelium associated with di-
minished expression of cell adhesion molecules (E-selectin,
vascular cell adhesion molecule-1 [VCAM-1] expression)
(25) and reduced endothelial apoptosis (42). Several signal-
ing pathways mediate this potent protective response to flow,
including activation of endothelial NO synthase (eNOS), el-
evated kruppel-like factor 2 (KLF2) expression, and reduced
oxidant stress.

Shear stress and eNOS regulation. Endothelial cells
respond to increased blood flow through the shear stress-
dependent production of vasodilators, including NO, pros-
tacyclin I2 (PGI2), and endothelial-derived hyperpolarization
factor (EDHF) (162). While PGI2 and EDHF play a role in the
flow-mediated dilation responses (162), the production of NO
has proven to be a major contributor of shear-dependent
vasodilation as well as shear-induced endothelial quiescence.
Endothelial dysfunction, a reduced capacity for NO produc-
tion, in either the coronary or peripheral circulation serves as
a strong predictor of clinical events (68). This effect is likely
multifaceted as NO has been shown to limit proinflammatory
gene expression, prevent platelet aggregation, and suppress
vascular smooth muscle cell proliferation and migration (6).

Shear stress activates eNOS in cultured endothelial cells
transiently through calcium–calmodulin signaling and chron-
ically through a sustained increase in eNOS phosphorylation
(Ser1177, Ser633) and expression (Fig. 5) (48). Multiple
pathways regulate flow-induced eNOS phosphorylation, in-
cluding Akt, PKA, and AMPK (48). VEGF and shear stress-
induced eNOS phosphorylation on Ser1177 was originally
shown to occur through the Akt pathway (41, 49). While Akt
still appears to be the dominant pathway in VEGF-induced
eNOS phosphorylation, the role of the Akt pathway in shear
stress-induced phosphorylation has been called into question.
PKA inhibitors blunt shear stress-induced eNOS phosphory-
lation on Ser1177, but do not affect eNOS phosphorylation by
active Akt (10, 43). The adaptor protein, Gab1, originally
shown to mediate shear-induced eNOS phosphorylation
through Akt (82), can also stimulate eNOS through PKA (43).
Additionally, mutant Gab1 constructs suggest that the ability
of Gab1 to mediate Akt activation and eNOS phosphorylation
are functionally separate pathways (43).

A considerable amount of data link cell–matrix interac-
tions with alterations in flow-mediated vasodilation and NO
production. Early studies show conflicting results, with the
addition of avb3 inhibitors stimulating vasodilation in vivo,
but blunting flow-mediated dilation in isolated arterioles
(116, 125). Blocking antibodies against focal adhesion kinase
(FAK), a classic integrin signaling partner, prevents flow-

FIG. 5. Matrix-specific regulation of endothelial nitric oxide synthase (eNOS) by shear stress. Shear stress results in
calcium-dependent eNOS activation and eNOS phosphorylation through PKA and potentially Akt. Enhanced PKA signaling
in cells on basement membrane proteins results in a large increase in NO production, whereas the lack of PKA signaling in
cells on fibronectin hinders shear-induced NO production. Shear-induced eNOS expression is enhanced on fibronectin,
potentially due to reduced negative feedback between NO and the transcription factor, nuclear factor-jB (NF-jB).
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mediated dilation in isolated arterioles, but does not affect
vasodilation induced by other agonists (95). Endothelial cells
bound to basement membrane proteins show enhanced shear-
induced PKA activation and PKA-mediated eNOS phosphor-
ylation compared with cells on fibronectin (Fig. 5) (194).
Shear-induced PKA signaling is specifically enhanced in cells
on Matrigel (basement membrane-rich matrix), collagen I, and
collagen IV compared with cells on laminin, fibronectin, or
fibrinogen, suggesting that collagen receptors facilitate flow-
induced PKA activation (29, 50). Even in the absence of flow,
endothelial cells on collagen IV produce more NO through an
integrin-dependent mechanism (59), and collagen glycation,
which is known to reduce integrin binding sites, prevents flow-
induced eNOS Ser1177 phosphorylation and NO production
(90). The mechanisms by which collagen mediates enhanced
PKA activation by flow remain unknown. However, signaling
through collagen-binding integrins (a2b1, a3b1) enhances
PKA activation in other systems through a mechanism in-
volving the phosphatase SHP-1 (92, 130).

In addition to eNOS phosphorylation, matrix composition
also affects eNOS expression. Under static conditions, fibro-
nectin reduces endothelial eNOS expression through an a5b1
integrin-dependent pathway (180). However, fibronectin
enhances eNOS expression in response to either laminar
or oscillatory flow compared with cells on collagen (194),
potentially due to a negative feedback between eNOS-
dependent NO production and the transcription factor, nuclear
factor-jB (NF-jB) (Fig. 5). Shear-induced eNOS expression
requires NF-jB activation (62), and collagen promotes shear-
induced activation of PKA and eNOS/NO/protein kinase G
signaling, which limits NF-jB activation (50, 194).

KLF2 in laminar flow-induced quiescence. One of the
most highly upregulated genes in response to protective lam-
inar flow (39), KLF2 expression is sufficient to drive a gene
expression pattern, promoting vasodilation (increased eNOS),
limiting endothelial migration (decreased VEGFR2, p21-
activated kinase-1 [PAK1]), and preventing the endothelial
inflammatory responses (decreased intercellular adhesion
molecule [ICAM-1], VCAM-1) (39, 94, 156). KLF2’s multi-
faceted anti-inflammatory properties involve reduction of NF-
jB-dependent proinflammatory gene expression (156) and
suppression of AP1 and TGFb signaling activation (11, 12,
47). Shear stress stimulates KLF2 expression through extra-
cellular signal-regulated kinase 5 (ERK5)-dependent activa-
tion of the transcription factor, myocyte enhancer factor 2
(MEF2), which activates the KLF2 promoter (137). However,
the mechanisms by which shear stress activates ERK5 and its
upstream kinase MEK5 are not completely clear.

While the data linking cell–matrix interactions to KLF2
expression are limited, several lines of evidence suggest a
functional association. KLF2 overexpression enhances RhoA
signaling and endothelial actin stress fiber formation (12),
suggesting that KLF2 may promote integrin signaling
through enhanced clustering and cytoskeletal tension. Matrix
composition does not affect laminar flow-induced KLF2
expression or inhibition of TNFa-induced inflammation
(106). However, enhanced b1 integrin signaling in zebrafish
and endothelial cell culture models promotes KLF2 expres-
sion (145). Depletion of the proteoglycan syndecan 4, which
contributes to both cell–matrix interactions and the glyco-
calyx, reduces both laminar flow-induced alignment and

KLF2 expression associated with enhanced NF-jB activation
and atypical atherosclerotic plaque formation in protected
vascular regions (2). However, this study did not address the
mechanisms by which syndecan 4 mediates these protective
effects or the pool of syndecan 4 involved.

Laminar flow and NF-E2-related factor 2-driven antioxi-
dant gene expression. Oxidant stress affects multiple as-
pects of endothelial function, stimulating endothelial
turnover, permeability, and proinflammatory gene expres-
sion, and promoting endothelial dysfunction through NO
scavenging (51). Atheroprotected regions show reduced ox-
idant stress and reduced susceptibility to oxidant stress in
response to systemic proinflammatory stimuli (147). Laminar
shear stress alters the endothelial redox state through NF-E2-
related factor 2 (Nrf2) signaling (35). Laminar flow upregu-
lates Nrf2-dependent antioxidant gene expression (e.g., heme
oxygenase-1, peroxiredoxin) (35, 183), which is further en-
hanced by the interaction between Nrf2 and KLF2 (47). La-
minar flow-induced alterations in the intracellular redox state
require Nrf2 signaling (35), and Nrf2 depletion enhances
shear-induced proinflammatory gene expression (167).

The inhibitory protein, Keap1, which maintains Nrf2 in the
cytosol, contains several reactive cysteines sensitive to oxi-
dant stress or electrophiles (61). Shear-induced Nrf2 activa-
tion involves oxidant stress (183) and cyclooxygenase-2
(COX-2) signaling, which drives the production of electro-
philic oxoderivatives from arachidonic acid (61). Laminar
flow induces COX-2 expression and activity, and inhibiting
COX-2 blunts Nrf2 target gene expression (40). Fibronectin
deposition into the matrix promotes endothelial COX-2 ex-
pression (179), and ligation of the fibronectin-binding in-
tegrin avb3 stimulates both COX-2 expression and activity in
endothelial cells in culture (127). This association between
fibronectin and anti-inflammatory COX-2 expression appears
paradoxical. However, like eNOS, NF-jB promotes COX-2
expression (198), suggesting that inflammation contributes
to this antioxidant response as a negative feedback pathway.
Consistent with this idea, regions of the porcine aorta exposed
to turbulent flow show both proinflammatory and antioxi-
dant gene expression (138). Since oxidant stress promotes
endothelial a5 and av integrin expression (98), the Nrf2-
driven antioxidant response may provide negative feedback
for provisional matrix-binding integrin signaling at ather-
oprone sites and limit expression of these integrins in pro-
tected regions.

Endothelial cell alignment

Exposure to unidirectional flow stimulates endothelial
elongation parallel with flow direction and cytoskeletal
alignment in the direction of flow occurring gradually over
several hours to days (30). These cytoskeletal alterations
have several beneficial effects, most notably limiting further
mechanical stress due to the shear forces (3). Mimicking
shear-induced alignment with micropatterned substrates also
shows a mild but significant reduction in the expression of
proinflammatory adhesion molecules (ICAM-1, VCAM-1)
and chemokines (monocyte chemotactic protein-1 [MCP-1])
and a reduction in monocyte adhesion (74). However, this
effect is much weaker than that seen with prolonged unidi-
rectional flow.
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Cell–matrix interactions regulate endothelial cell align-
ment to flow through effects on the Rho family of small
GTPases and actin cytoskeletal dynamics. Shear stress
stimulates the polarized activation of Rac1 and cdc42 pref-
erentially in the downstream side of the cell (173, 176),
whereas shear induces a transient inactivation of RhoA re-
sulting in the disassembly of actin stress fibers (174). All of
these signaling responses require new integrin–matrix inter-
action and all are required for proper endothelial cell align-
ment with flow (173, 174, 176). RhoA inactivation involves
integrin-dependent p190RhoGAP signaling in response to
shear (189). While the guanine nucleotide exchange factors
(GEFs) coupling shear-induced integrin activation to cdc42
are unknown, shear stress-induced Rac activity requires the
GEF Vav2 (104). Both cell–cell interactions and cell–matrix
interactions can activate Vav2, and the relative roles they
play in shear-induced Vav2 activation are unclear (8, 110).
Interestingly, Vav2 is only required for shear-induced Rac
GTP loading, whereas another Rac GEF, Tiam1, mediates the
spatial localization of active Rac to the downstream side of
the cell (104). This localization requires the interaction of
Tiam1 with VE-cadherin, but did not require Tiam1 GEF
activity, suggesting that Tiam1 plays predominantly a scaf-
folding function in this regard.

While laminar flow provides many protective effects to
endothelial cells that drive a quiescent phenotype, the role of
integrin signaling in this protective response is not well
characterized. Endothelial cells play a clear role in the en-
dothelial alignment response to flow, but the relevance of this
pathway in the chronic response to flow in the adult is un-
clear. A majority of the protective properties of laminar flow
are attributed to its ability to increase KLF2 expression, and
several studies suggest that integrin signaling can affect
KLF2 expression. However, integrins and cell–matrix inter-
actions do not appear to play a major role in flow-induced
KLF2 expression. Laminar flow stimulates KLF2-dependent
eNOS expression and NO production, and NO maintains
endothelial quiescence, in part, by reducing NF-jB activation
and proinflammatory gene expression. Cell–matrix interac-
tions appear to affect endothelial eNOS expression; however,
the mechanisms underlying this regulation remain unclear.
Furthermore, cell–matrix interactions affect flow-induced
eNOS phosphorylation and NO production in cell culture
models. However, the role in NO regulation in vivo remains
virtually unexplored.

Integrin Signaling in Shear Stress-Induced
Endothelial Activation

In early atherosclerosis, endothelial cells transition from a
quiescent state to a state of endothelial activation, character-
ized by enhanced proinflammatory gene expression and re-
duced barrier function. Unlike the protective effects of laminar
flow, turbulent or oscillatory flow promotes the expression of
leukocyte-binding cell adhesion molecules (E-selectin,
ICAM-1, VCAM-1) (18). Consistent with in vitro studies,
ICAM-1 and VCAM-1 expression preferentially localizes to
atheroprone sites exposed to turbulent flow in both mice and
humans (34). In addition, vascular regions experiencing tur-
bulent flow show enhanced endothelial permeability compared
with protected, laminar flow regions (69), and exposing en-
dothelial cells to atheroprone flow patterns shows a similar

enhancement in permeability compared with atheroprotective
flow patterns (136). These deleterious effects of turbulent shear
stress involve several integrin-dependent signaling pathways,
including the induction of oxidant stress, enhanced endothelial
permeability, and activation of proinflammatory signaling
pathways, including NF-jB.

Oxidant stress

Oxidant stress promotes several of the deleterious re-
sponses associated with shear-induced endothelial activation.
Cellular redox status governs both proinflammatory gene
expression (123) and endothelial barrier function (13). Fur-
thermore, oxidative stress at sites of turbulent flow actively
represses endothelial-protective pathways. Oxidant stress
stimulates the addition of a small ubiquitin-like modifier
(SUMO) on ERK5, inhibiting its transactivator function and
reducing KLF2 expression (186). Both protein kinase C f
(PKCf) and the redox-sensitive kinase, p90 ribosomal S6
kinase (p90RSK), show enhanced activation in regions of
turbulent flow (99, 108) and both phosphorylate ERK5 in-
ducing its SUMOylation (99, 129).

Shear stress increases endothelial reactive oxygen species
(ROS) production, including superoxide (O2

�-), hydrogen
peroxide (H2O2), and peroxynitrite (ONOO�-) in vitro (83),
through the small GTPase Rac and the NADPH oxidase
(NOX) complex (83, 193). While new integrin–matrix in-
teractions critically regulate Rac activation by flow (173),
shear stress promotes similar Rac activation and ROS pro-
duction regardless of matrix composition, suggesting that this
pathway is conserved among the different endothelial cell
integrins (50). Rac activates NOX1/2/3 by binding to an
NOX subunit (p67phox for NOX2), and dominant-negative
Rac expression prevents flow-induced oxidant stress (173,
193). However, scaffold proteins appear to regulate the for-
mation of this complex since shear-induced binding between
active Rac and NOX2 requires the scaffolding functions of
Tiam1 (104). Oscillatory shear stress promotes NOX2 and
NOX4 expression, as well as NOX-dependent O2

- produc-
tion (75), while prolonged laminar flow downregulates the
NOX genes (75). In addition to integrins, oscillatory flow-
induced NOX activation and monocyte binding also involve
enhanced BMP4 expression (159). However, current data are
conflicting as to the role of ligand-dependent or ligand-
independent activation of BMP signaling by oscillatory flow
(17, 202). Oscillatory flow-induced associations between the
BMPRII receptor and avb3 integrins suggest one potential
mechanism of ligand-independent signaling (201). However,
oscillatory flow downregulates the BMPRII receptor, and
depletion of BMPRII enhances oxidant stress in a ligand-
independent manner (91), calling into question the utility of
this ligand-independent mechanism. Since BMP4 has not
been shown to activate Rac, BMP4 and integrin signaling
may coordinately regulate NOX activation in oscillatory flow
by upregulating NOX and activating NOX, respectively.

Enhanced permeability

Endothelial cell–cell junctions, including adherens junc-
tions and particularly tight junctions, establish a semiper-
meable barrier preventing the contents of the bloodstream
from leaking into the interstitial tissue. In atherosclerosis,
endothelial permeability is thought to contribute to the local
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accumulation of LDL cholesterol at sites of turbulent flow
(152). Acute shear stress and chronic oscillatory shear stress
promote endothelial permeability, whereas prolonged lami-
nar shear stress reduces endothelial permeability associated
with enhanced expression of junctional components, VE-
cadherin, occludin, and ZO-1 (27, 113, 136, 184). Fibronectin
in the subendothelial matrix enhances shear stress-induced
permeability, compared with cells on Matrigel or collagen IV
alone, associated with the induction of paracellular pores
(136). Like oxidant stress, shear stress promotes integrin-
dependent activation of the Rac effector PAK, a family of
Ser/Thr kinases (136). Regions of turbulent flow in vivo show
enhanced PAK activation associated with early plaque for-
mation, whereas PAK activation is absent in vessel regions
negative for atherosclerosis (Fig. 6A). Active PAK localizes
to the cell–cell junctions through interactions with the
adapter protein Nck, and blocking the PAK-Nck interaction
prevents shear stress-induced paracellular pore formation,
oscillatory flow-induced endothelial permeability, and en-
dothelial permeability at sites of turbulent flow in vivo (136).
While all matrices support shear stress-induced Rac activa-
tion, basement membrane proteins inhibit PAK activation

through a PKA/eNOS-dependent pathway (Fig. 6B) (50,
194). However, it should be noted that PAK signaling pro-
motes microvascular endothelial cell permeability at multiple
sites, including the lung, suggesting that these pathways may
not be universally employed in all vascular beds (7).

NF-kB activation

The NF-jB family of hetero- and homodimeric tran-
scription factors drives proinflammatory gene expression in
response to multiple stimuli (31). Shear stress has long been
known to promote NF-jB signaling, with NF-jB binding to
the original shear stress-responsive element identified in
platelet-derived growth factorb, ICAM-1, and VCAM-1
(118, 146), and sites of disturbed flow in vivo show both
enhanced expression and activation of NF-jB (65). NF-jB is
a redox-sensitive transcription factor, and shear stress-
induced ROS production critically regulates NF-jB-driven
proinflammatory gene expression (26). Inhibitory inhibitor of
jB (IjB) proteins typically sequester NF-jB dimers in the
cytosol until their phosphorylation by IjB kinases (IKKa/b)
stimulates their ubiquitination and degradation (57). Shear
stress-induced activation of IKKb, the primary upstream
mediator, requires both integrins and ROS production (5,
117), but the mechanisms linking these pathways to IKKb
signaling remain largely unexplored.

Cell–matrix interactions play an important role in shear
stress-induced NF-jB activation. While endothelial cells on
provisional matrix proteins show strong NF-jB activation,
cells on basement membrane proteins do not, suggesting that
cell–matrix interactions with the provisional matrix mediate
this pathway (135). Endothelial cells interact with the pro-
visional matrix through the integrins, a5b1, avb3, and avb5.
However, only deletion of av or b3 reduces shear stress-
induced NF-jB activation, suggesting that specific signaling
through this integrin activates this pathway (20). Mice defi-
cient for av in the endothelium show reduced oscillatory
flow-associated proinflammatory gene expression and re-
duced atherosclerotic plaque formation (20). Similarly,
treatment with an inhibitor of av integrins, the RGD-mimetic
S247, prevents both oscillatory flow-induced inflammation
and early plaque formation, whereas the a5 signaling inhib-
itor, ATN-161, does not (20). Several integrin-binding pro-
teins function to mediate shear stress-induced NF-jB
activation, including FAK and Shc (105, 140). Inhibition of
either FAK or Shc blunts shear stress-dependent proin-
flammatory gene expression (ICAM-1, VCAM-1); however,
the mechanisms employed appear to differ. FAK mediates
the shear stress-induced NF-jB phosphorylation in its
transactivation domain required for maximal transcriptional
activity, but does not affect shear stress-induced NF-jB nu-
clear translocation (140). FAK deletion does not affect shear
stress-induced Rac activation, ROS production, or IjB deg-
radation, consistent with a lack of FAK-dependent IKK
regulation in this system. In contrast, Shc mediates NF-jB
nuclear translocation, but does not appear to significantly
affect shear-induced NF-jB phosphorylation (105), sug-
gesting that integrins may utilize multiple parallel pathways
to stimulate maximal NF-jB activity.

Matrix-specific PAK signaling also regulates shear stress-
dependent proinflammatory signaling through NF-jB and
c-jun N-terminal kinase ( JNK) in conjunction with ROS (21,

FIG. 6. Regulation of p21 activated kinase (PAK) acti-
vation in atherosclerosis. (A) Immunohistochemical staining
for active p21-activated kinase (PAK) (phospho-Ser141; green)
in an early atherosclerotic plaque isolated from ApoE knockout
atherosclerosis-prone mice. Macrophage staining (Mac2, red)
shows the focal nature of PAK activation to early plaque sites.
(B) Schematic of PAK regulation by Nck-mediated membrane
targeting and its inhibition by PKA/eNOS-dependent PAK
phosphorylation at an inhibitory (Ser20) site.
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133). In cells on basement membrane proteins, shear stress
promotes Rac activation and ROS production without subse-
quent NF-jB activation or proinflammatory gene expression,
suggesting that ROS production is insufficient for NF-jB
activation in this system (Fig. 7) (50). Rather, ROS-dependent
NF-jB activation requires PAK signaling as PAK inhibitors
blunt NF-jB activation by shear stress, exogenous H2O2, and
endogenous oxidant stress (21, 133). Oxidant stress pro-
motes PAK activation by stimulating PAK-Nck interactions
and enhancing Nck-dependent PAK membrane targeting (21).
Preventing PAK activation reduces NF-jB activation and
proinflammatory gene expression at sites of turbulent flow
in vivo (81, 133). Basement membrane proteins uncouple
this pathway by inhibiting PAK-Nck interactions through
a PKA/eNOS-dependent mechanism (Fig. 6B) (50, 194). As
such, inhibiting PKA or eNOS enhances shear stress-induced
PAK activation, NF-jB activation, and proinflammatory gene
expression in response to flow in cells on basement membrane
proteins (50, 194).

Cell–matrix interactions regulate multiple aspects of shear
stress-induced endothelial cell activation, which may explain
the difficulty in correlating disturbed flow conditions ob-
served in vivo with the endothelial activation response to
models of disturbed flow in vitro. Endothelial cells in culture
rapidly deposit a fibronectin matrix and are exposed to the
provisional matrix proteins abundant in serum. Therefore,
most models of disturbed flow utilize cell culture conditions
that mimic the matrix observed during early endothelial ac-
tivation. However, regions of disturbed flow in vivo do not
show strong endothelial activation in the absence of systemic
atherogenic risk factors such as elevated cholesterol. This
may be due to protective signaling produced by the endog-
enous endothelial basement membrane to limit shear-induced
endothelial activation. Shear stress stimulates signaling
through the fibronectin-binding integrins, avb3 and a5b1
(132, 174), and signaling through avb3 critically regulates
shear stress-induced activation of PAK and NF-jB (20),
critical pathways regulating endothelial permeability and

proinflammatory gene expression. While the role of a5b1 in
the endothelial response to flow remains unknown, its ability
to mediate fibronectin fibrillogenesis and the endothelial re-
sponse to oxidized LDL suggest that a5b1 may play a unique
but equally important role in early atherosclerotic remodeling
(53, 195).

JNK activation

Signaling through the JNK pathway also contributes to
flow-induced endothelial cell activation. Transient activation
of JNK in response to laminar flow promotes endothelial cell
alignment in the direction of flow (63, 112), whereas chronic
activation of JNK in response to disturbed flow contributes to
endothelial cell inflammation, apoptosis, and autophagy. JNK
activation at atherosclerosis-prone sites mediates enhanced
NF-jB expression, VCAM-1 expression, and monocyte re-
cruitment (33, 182). Inhibiting JNK signaling limits expres-
sion of the proapoptotic proteins, RIP1 and caspase 3, in
endothelial cells in culture, and JNK1 deletion reduces apo-
ptosis at atherosclerosis-prone sites associated with reduced
caspase 3 expression (19). Oscillatory flow-induced JNK
signaling promotes mitochondrial superoxide production and
initiation of autophagy (102). Mitochondrial targeting of
active JNK through the scaffolding protein, Sab, significantly
enhances complex I-induced superoxide production, reduces
mitochondrial respiration, and enhances mitochondrial DNA
damage (16). Whereas autophagy limits mitochondrial oxi-
dative stress by depleting damaged mitochondria, oscillatory
flow results in impaired autophagic flux by preventing the
formation of the mature autophagosome (102).

Like NF-jB, shear stress-induced JNK signaling requires
new integrin–matrix interactions and displays matrix-specific
activation, with flow-induced JNK activation enhanced on
fibronectin compared with basement membrane proteins (63,
80). Activation of the upstream kinase, MKK4, shows a
similar matrix-specific activation profile, and inhibiting
MKK4 completely suppresses flow-induced JNK activation

FIG. 7. Matrix-specific endo-
thelial activation by oscillatory
flow. Endothelial cells on the
fibronectin-rich provisional matrix
show enhanced PAK-dependent
NF-jB activation, proinflammatory
gene expression, and permeability
in response to oscillatory flow.
Oscillatory flow activates PKA in
endothelial cells attached to base-
ment membrane proteins, leading
to PAK suppression. Both matri-
ces potentiate shear-induced Rac
activation and NADPH oxidase
(NOX)-dependent reactive oxygen
species (ROS) production, poten-
tially in concert with secreted bone
morphogenic protein 2 (BMP2).
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(63). Both the NAPDH oxidase inhibitor, apocyanin, and the
nonspecific antioxidant, N-acetylcysteine, inhibit JNK acti-
vation by oscillatory flow, suggesting a role for oxidative
stress (166). However, oxidant stress classically promotes
JNK signaling through the redox-sensitive kinase, apoptosis
signal-related kinase 1 (ASK1), and only inhibition of ASK1
by laminar flow has been described to date (188). Instead,
matrix-specific PAK signaling drives flow-induced JNK ac-
tivation both in endothelial cells exposed to transient laminar
flow and to chronic oscillatory flow. Consistent with PAK-
dependent JNK signaling, inhibiting PAK signaling with the
PAK-Nck blocking peptide blunts JNK activation at
atherosclerosis-prone sites in vivo (63). Therefore, oxidant
stress and matrix-specific PAK activation drive both JNK and
NF-jB activation in response to oscillatory flow.

Cell–Matrix Interactions in Shear-Mediated
Regulation of Angiogenesis and Arteriogenesis

Cardiovascular disease often results in poor perfusion of
target tissue, and vascular remodeling to regain adequate
perfusion tissue perfusion requires both angiogenesis, the
growth of new vessels from preexisting vessels, and arter-
iogenesis, an increase in vessel diameter associated with
hemodynamic stress (158). Angiogenesis can occur through
sprouting of a new vessel branch from a preexisting vessel
or by intussusception, the splitting of preexisting vessels.
Endothelial cell sprouting occurs in a subpopulation of en-
dothelial cells, termed tip cells, which produce matrix-
degrading enzymes and show filopodia-like extensions into
the matrix, while the stalk cells behind them proliferate to
drive sprout extension (142). Local VEGF gradients drive tip
cell formation through alterations in the Notch pathway.
VEGF promotes the expression of the Notch ligand delta-like
ligand 4 (Dll4) in tip cells, activating Notch in the adjacent
cells, resulting in cleavage of the Notch intracellular domain
(142). The Notch intracellular domain translocates into
the nucleus to affect target gene expression, including the
downregulation of VEGFRs and Dll4 (164). The Dll4-
positive tip cells invade the matrix, while Notch signaling in
the adjacent stalk cells prevents filopodia formation and
promotes proliferation. In contrast to sprouting, intussus-
ceptive angiogenesis occurs through the formation of tissue
pillars in the vessel lumen, splitting the vessel into two dis-
tinct vessels in response to increased blood flow (177). Ar-
teriogenesis plays a major role in tissue reperfusion responses
following vessel blockage as increased blood flow through
collateral vessels stimulates their remodeling (158). Both
shear stress and cell–matrix interactions play well-described
roles in angiogenesis that have been reviewed extensively
elsewhere (72, 185). In this section, we discuss how these
environmental signals function together to regulate vascular
remodeling responses.

Sprouting angiogenesis

While the direct role of integrin signaling in shear stress
regulation of angiogenesis has not been addressed, shear stress
and integrin signaling both regulate similar pathways in an-
giogenic endothelium. Sprouting primarily occurs in post-
capillary venues, with shear ranging from 1 to 6 dynes/cm2.
During capillary plexus remodeling, where shear stress forces
are similar (84), onset of flow drives Notch1-dependent

expression of arterial marker genes, such as ephrinB2 and Dll4
(79). Activation of Notch may affect vascular cell integrin
function as well. Constitutively active Notch4 stimulates b1
integrin activation, enhances adhesion to collagen, and reduces
angiogenesis (101), while the cleaved Notch-1 cytoplasmic tail
is sufficient to stimulate a5b1 integrin activation (71). Like
other shear stress responses, the composition of the sub-
endothelial matrix significantly affects Notch pathway acti-
vation. Collagen I and IV inhibit Notch signaling by binding to
Notch and Jagged (197). In contrast, laminin-binding integrins,
particularly those engaged by laminin-411, promote Dll4 ex-
pression and Notch signaling in endothelial cells (44). Con-
sistent with this, laminin-411 knockout mice show enhanced
tip formation and a hypersprouting phenotype (160).

Moderate levels of shear stress (*5 dynes/cm2) regulate
matrix proteolysis during sprouting angiogenesis, enhancing
the expression of matrix metalloproteinases (MMPs), in-
cluding MT1-MMP and MMP2 (114, 150). The effect of shear
on MMP expression and endothelial invasion occurs maxi-
mally in the presence of soluble sphingosine-1-phosphate
(S1P) (87). Interestingly, deletion of the S1P receptor 1 (S1PR1)
causes defects in vascularization with hypersprouting, vessel
dilation, and increased branching, whereas overexpressing
S1PR1 shows reduced tip cell formation (52, 85). Furthermore,
S1PR1 knockout endothelial cells show diminished shear
stress-induced signaling and alignment; however, it is un-
clear whether S1PR1 is activated by shear stress or if S1PR1
deletion causes significant changes in the shear stress sen-
sors in the adherens junctions (85).

Intussusception angiogenesis

The mechanisms regulating intussusceptive angiogenesis
remain largely unknown, and the role of cell–matrix inter-
actions in intussusception has yet to be explored. However,
shear stress profoundly affects intussusceptive angiogenesis.
High flow-induced angiogenesis in muscle appears to occur
primarily through intussusception (14). Enhanced capillary
shear stress following vasodilation (VEGF, Prazosin) stim-
ulates intussusceptive angiogenesis in skeletal muscle (56,
200), and both eNOS deletion and treatment with the eNOS
inhibitor, L-NAME, reduce angiogenesis (4). Interestingly,
while increased blood flow promotes intussusceptive angio-
genesis, analysis of capillary plexus remodeling suggests that
intussusceptive angiogenesis occurs in regions exposed to
turbulent flow induced by elevated blood flow through the
vascular network (177).

Arteriogenesis and collateralization

Increased blood flow through collateral arterioles follow-
ing vessel occlusion drives arteriogenesis through prolifera-
tive outward vessel remodeling. While this enhanced flow
increases vessel strain immediately, multiple lines of evi-
dence suggest an important role for shear stress in arterio-
genic remodeling. Creating a sustained increase in shear
stress in the collateral circulation by anastomosis of the
femoral artery with the femoral vein significantly enhances
collateralization while preventing the increase in post-
occlusive pressure (141). Mice deficient for PECAM-1, a
vital shear stress sensor, show reduced arteriogenesis (22),
whereas PECAM-1 does not affect endothelial activation in
response to stretch. In addition, despite the rapid increase in
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vessel strain, smooth muscle proliferation does not occur for
several days, potentially due to the antiproliferative effects of
the endogenous matrix (119).

Endothelial cells show enhanced activation (ICAM-1,
VCAM-1 expression) during arteriogenesis (100, 141), and
preventing this activation by inhibiting NF-jB or ICAM-1
significantly reduces arteriogenic remodeling (73, 172). Fi-
bronectin deposition and endothelial cell integrins contribute
to flow-induced inflammation in models of early atherogen-
esis (135, 148, 195), but their role in shear stress-induced
inflammation during arteriogenesis remains unknown. While
the endothelium in normal vessels shows low levels of fi-
bronectin, a5b1, and avb3, all three proteins show elevated
expression in developing collaterals, both in the endothelium
and smooth muscle cells (15, 46). Developing collaterals
similarly show enhanced activation of the integrin signaling
partners, FAK (15, 46) and Shc (165). Shear stress induces
Shc recruitment to integrin b subunit tails (80), and mice
lacking Shc specifically in the endothelium undergo dimin-
ished collateral luminal expansion associated with reduced
endothelial proliferation, NF-jB activation, and VCAM-1
expression (165).

Clinical Perspectives

Although targeting cell–matrix interactions may be useful
to modulate vascular remodeling responses, integrin-based
therapeutics have a long and often disappointing history.
These inhibitors typically take the form of cyclic peptides,
inhibitory antibodies, or small-molecule inhibitors (115).
While several aIIbb3 and a4b1-based therapeutics have
made their way into the clinic, therapeutics targeting the
provisional matrix-binding integrins in cardiovascular dis-
ease have had significantly less success. Both avb3 and a5b1
inhibitors have shown considerable promise in mouse models
of angiogenesis, but these inhibitors have almost universally
failed to show a therapeutic benefit in patients. Integrin in-
hibition may prove difficult to maintain over the time scales
studied in human disease compared with those observed in
mice. Acute deletion of endothelial b3 integrins blunts
tumor-associated angiogenesis, whereas chronic deletion
does not (161), suggesting that prolonged inhibition caused
compensatory alterations in the mechanisms employed. Ad-
ditionally, acute b3 deletion only reduced angiogenesis and
tumorigenesis in a preventative manner, whereas deletion in
already established tumors proved ineffective (161). Another
potential reason integrin ligation inhibitors have failed could
be the activation state of the integrin being targeted. Platelets
and leukocytes generally maintain aIIbb3 and a4b1 in an
inactive state (76), suggesting that the inhibitor may bind the
ligand binding site before relevant stimulation of integrin
function. Adherent cells maintain both an active and inactive
pool of integrins, and some integrin activation may occur
intracellularly before surface presentation, making targeting
the ligand binding site in these integrins difficult. Alternative
methods to prevent integrin signaling could also be explored,
such as allosteric integrin inhibitors, which reduce preformed
integrin–ligand complexes in contrast to inhibitors that target
the ligand binding site (124). In addition, targeting the mo-
lecular mechanisms mediating integrin-dependent effects
may functionally separate integrin effects on endothelial
dysfunction and proinflammatory activation from those reg-

ulating cytoskeletal remodeling and angiogenesis. While
several recent proteomic and phosphoproteomic analyses of
integrin signaling components may provide new directions in
this regard, we will have much to learn concerning how in-
tegrins initiate and regulate local signaling responses and
how these converge with other environmental signals.

Conclusions

The current data suggest a complex and dynamic recip-
rocal relationship between shear stress and the endothelial
cell matrix. Shear stress patterns regulate the local suscepti-
bility to atherosclerosis through effects on endothelial acti-
vation. However, the remodeling of the local vascular matrix,
a function of both systemic atherosclerotic risk factors and
local hemodynamics, plays a similar role in tuning the en-
dothelial cell response to shear stress. The role of matrix
remodeling in the endothelial response to laminar flow is not
entirely clear, although the current data suggest against a
large role for matrix remodeling in the regulation of laminar
flow’s protective properties (106). This finding is consistent
with data suggesting that laminar flow itself prevents provi-
sional matrix deposition, which would limit the impact of
provisional matrix deposition on the subsequent endothelial
response to laminar flow (54, 60). However, the endothelial
cell response to acute changes in flow and to models of
chronic oscillatory flow suggests that matrix composition
plays a vital role in regulating this response. In particular,
signaling through the endothelial integrin avb3 appears to
play a critical role in shear stress-induced NF-jB activation
as well as activation of the PAK pathway critical for shear
stress-induced endothelial permeability (20). While the pro-
visional matrix-binding integrins appear to promote endo-
thelial activation in models of early atherosclerosis, their role
in shear stress-associated angiogenesis and arteriogenesis
responses remains unknown.

Genome-wide association studies underscore the importance
of the vascular matrix to cardiovascular disease, with both the
ECM and cell–matrix interactions associating strongly with
human coronary artery disease (55). While we have an emerging
understanding of how cell–matrix interactions modulate endo-
thelial phenotype, beyond their classic roles in proliferation and
migration, it remains unclear whether these mechanisms repre-
sent feasible therapeutic targets for cardiovascular disease. Ad-
ditionally, pathological situations such as atherosclerosis may
employ cell–matrix interactions for contrasting roles, promoting
both plaque inflammation and plaque stability through integrin-
specific pathways while enhancing angiogenesis and arter-
iogenesis to limit the effects of atherosclerotic disease on target
tissue. Future work elucidating the molecular mechanisms un-
derlying these conflicting properties of the matrix may provide
novel targets to alleviate chronic proinflammatory signaling
responses while allowing tissue remodeling to deal with changes
in mechanical and metabolic stress.
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Alk1¼ activin receptor-like kinase 1
ASK1¼ apoptosis signal-related kinase 1
BMP¼ bone morphogenic protein

COX-2¼ cyclooxygenase-2
Dll1¼ delta-like ligand 1
Dll4¼ delta-like ligand 4

ECM¼ extracellular matrix
EDA¼ extradomain A

EDHF¼ endothelial-derived hyperpolarization
factor

EndoHT¼ endothelial-to-hematopoietic transition
EndoMT¼ endothelial-to-mesenchymal transition

eNOS¼ endothelial nitric oxide synthase
ERK5¼ extracellular signal-regulated kinase 5

FAK¼ focal adhesion kinase
GEF¼ guanine nucleotide exchange factor

GPCR¼G-protein-coupled receptor
H2O2¼ hydrogen peroxide

ICAM-1¼ intercellular adhesion molecule-1
IKK¼ IjB kinase
IjB¼ inhibitor of jB

JNK¼ c-jun N-terminal kinase
KLF2¼ kruppel-like factor 2

LAP¼ latency-associated peptide

LDL¼ low-density lipoproteins
LTBP¼ latent TGFb-binding protein

MCP-1¼monocyte chemotactic protein-1
MEF2¼myocyte enhancer factor 2
MMP¼matrix metalloproteinase

NF-jB¼ nuclear factor-jB
NO¼ nitric oxide

NOX¼NADPH oxidase
Nrf2¼NF-E2-related factor 2
O2
�-¼ superoxide

ONOO�-¼ peroxynitrite
p90RSK¼ p90 ribosomal S6 kinase

PAK¼ p21-activated kinase
PECAM-1¼ platelet–endothelial cell adhesion

molecule-1
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PI3K¼ phosphoinositide 3-kinase
PKA¼ protein kinase A

PKCa¼ protein kinase Ca
PKCf¼ protein kinase C f
ROS¼ reactive oxygen species
S1P¼ sphingosine-1-phosphate

S1PR1¼ S1P receptor 1
SUMO¼ small ubiquitin-like modifier
TGFb¼ transforming growth factor-b
TNFa¼ tumor necrosis factor a

VCAM-1¼ vascular cell adhesion molecule-1
VE-cadherin¼ vascular endothelial-cadherin

VEGF¼ vascular endothelial growth factor
VEGFR¼VEGF receptor
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