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Preface
Forces associated with blood flow are major determinants of vascular morphogenesis and physiology.
Blood flow is crucial for blood vessel development during embryogenesis and for regulation of vessel
diameter in adult life. It is also a key factor in atherosclerosis, which, despite the systemic nature of
major risk factors, occurs mainly at regions of arteries that experience disturbances in fluid flow.
Recent data have highlighted the potential endothelial mechanotransducers that mediate responses
to flow, the effects of atheroprotective versus atherogenic flow, and the mechanisms that contribute
to progression of the disease over time and how systemic factors interact with flow patterns to cause
atherosclerosis.

Introduction
Vertebrates have evolved a pressurized vascular system that consists of the heart as a pump
and a closed network of blood vessels that deliver oxygen and nutrients to every tissue. It has
been proposed that a major fraction of the vertebrate-specific genome evolved to support
vascular development and physiology, which is crucial in large animals with high metabolic
rates 1. Indeed, the vascular system is exquisitely regulated throughout life to match blood flow
to demand so that all tissues receive adequate perfusion with maximal efficiency under widely
varying conditions. Mechanical forces that determine vessel distribution and diameter are
among the stimuli that mediate these regulatory effects.

Fluid shear stress (τ), the frictional force per unit area from flowing blood, acts on the
endothelial cells (ECs) that line the vessels (Fig 1). Blood pressure (p), which drives fluid flow,
exerts a circumferential stretch normal to the vessel wall on both the ECs and the vascular
smooth muscle cells (VSMCs) that surround the endothelium in arteries. Hydrostatic pressure
per se may also alter cellular physiology but is much less important than shear stress or
circumferential stretch and will not be discussed further.

Fluid shear stress is a key determinant of embryonic morphogenesis of the heart and blood
vessels, since altering shear can inhibit both reorganization of the primitive vascular plexus
into a properly organized vascular tree and development of the outflow tract of the heart 2,3
(Box 1). Shear and pressure also control vascular physiology in adults (discussed below).
However, an inevitable consequence of the branched structure of the arterial tree is the
appearance of irregularities in flow at places where arteries branch or turn sharply (Fig 2).
These sites show a low level of chronic inflammation, not only in healthy individuals but even
in newborn babies, mice and other mammals that are highly resistant to atherosclerosis. This
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mild inflammation is generally benign; however, in older humans where other risk factors
(diabetes, obesity, hyperlipidemia, lack of exercise, smoking and circulating inflammatory
mediators) are present, it can become more severe and progress to atherosclerotic plaques.

Atherosclerosis occurs in large and medium-sized arteries where lesions form that contain
lipids, leukocytes, smooth muscle cells and, at late stages, necrotic cores with cholesterol
crystals and calcification 4 (Box 2). These plaques can gradually narrow the arteries, decreasing
blood flow and resulting in pain or limited function, as in angina, congestive heart failure or
peripheral vascular disease. Of greater clinical import, plaques can also suddenly rupture,
leading to thrombus formation and vessel occlusion. These events often manifest in the form
of myocardial infarction or stroke, which together are responsible for approximately half the
deaths in developed nations. The risk factors mentioned above play major roles in the incidence
and progression of atherosclerosis. However, these risk factors are relatively uniform
throughout the vasculature, whereas atherosclerosis is initially highly focal, occurring mainly
at artery bifurcations, branch points and regions of high curvature that result in complex blood
flow patterns. In this review, we will discuss the basic mechanisms by which mechanical forces
regulate normal physiology, how endothelial cells respond to fluid flow, and how chronic
exposure to disturbed flow leads to vessel dysfunction and disease.

Mechanotransduction in vessel physiology
The periodic contractions of the heart cause large, pulsatile changes in blood pressure on the
arterial side of the circulation. Large arteries respond to blood pressure passively due to their
intrinsic elasticity. These arteries, especially the aorta, expand at each peak of pressure from
the heart (systole), then, as pressure from the heart drops (diastole), they gradually deflate,
releasing blood downstream. The elasticity of large vessels thus dampens the periodic
variations in pressure, evening out the blood flow in smaller, less elastic vessels during the
cardiac cycle. The resultant cyclic stretch of artery walls promotes a quiescent, contractile state
where VSMCs express a full range of differentiation markers 5.

Blood pressure is determined mainly by the diameter of smaller resistance arteries that lead
into capillary beds. VSMCs in these vessels actively respond to acute changes in blood pressure
via a mechanism called the myogenic effect 6. Elevated pressure triggers VSMC contraction,
which narrows small resistance arteries to keep blood flow constant in downstream capillaries.
If pressure remains elevated over longer times, VSMCs remodel, thickening the vascular wall
to resist these forces. Indeed, arterial diameters and wall thickness seem to be calibrated to
maintain a constant value for tension/length and thickness of the vessel wall according to
Laplace’s Law 7. However, under pathological conditions in which pressures stay high, this
remodelling can eventually compromise vessel elasticity, decreasing the ability to
accommodate sudden changes in pressure 8.

ECs also respond to stretch, however, fluid shear stress appears to be the main determinant of
EC function. ECs in arteries respond to increased blood flow by causing relaxation of the
surrounding smooth muscle. They do so by producing substances such as nitric oxide (NO),
prostacyclin and a poorly characterized arachidonic acid metabolite that induces smooth
muscle hyperpolarization, and by releasing potassium ions through membrane channels 9–11.
Hyperpolarization is associated with relaxation since it makes the SMCs less likely to activate
the voltage-dependent calcium channels that open when the cell depolarizes. These channels
admit calcium ions to trigger activation of myosin and thus cell contraction. VSMC relaxation
in response to flow occurs over seconds to minutes, widening arterial diameters to restore wall
shear stresses to initial levels. If high flow persists, flow-dependent signals from the ECs
remodelling of the artery wall to enlarge the lumens on time scales of weeks to months 12.
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Conversely, decreased flow induces vessel narrowing that is also mediated by signals from the
endothelium 13. In the extreme case, low flow leads to complete vessel regression, which
involves apoptosis of the ECs 14,15. Interestingly, flow is a potent survival signal for ECs, via
effects on multiple signalling pathways, which include phosphatidylinositol 3-kinase (PI3K),
extracellular signal-regulated kinase 5 (ERK5) and NO 16. In summary, both ECs and VSMCs
respond to mechanical forces to modulate artery diameters so that the blood flow meets the
demands of the tissues.

Potential mechanotransducers
Most of the responses to flow mentioned above are restricted to ECs, which indicates that ECs
must express specific mechanotransducers that convert physical stresses into biochemical
signals. Many putative mechanotransducers have been proposed to function in sensing flow,
including ion channels, integrins, receptor tyrosine kinases, the apical glycocalyx, primary
cilia, heterotrimeric G proteins, platelet-endothelial-cell adhesion molecule-1 (PECAM-1) and
VE-cadherin 16,17 (Fig 3). However, much work remains to be done before we understand in
detail how these various components orchestrate responses to shear stress.

Cytoskeleton
The cytoskeleton has an important role in EC responses to shear. Microtubules, actin and
intermediate filaments physically connect different regions of the endothelial cell to transmit
forces from the apical domain, where shear is applied, to the basal or lateral domains, where
mechanotransduction events have been observed 18. Imaging of a green fluorescent protein
(GFP) fusion of the intermediate filament protein vimentin demonstrated that flow induces
non-homogenous displacements of these filaments within the cells; regions of high strain were
most often observed at lateral and basal structures, suggesting transmission of forces to these
sites 19. These results therefore support models in which cell-matrix or cell-cell adhesions
mediate mechanotransduction (see also article by Geiger in this issue). Consistent with the idea
that force from flow is transmitted through the cytoskeleton, inhibition of actin, microtubules
or intermediate filaments by drugs or genetic methods blocks many EC responses to flow 20–
22. However, there is little evidence that the cytoskeleton functions as a direct
mechanotransducer of shear stress per se.

Adhesion receptors
The idea that force is transmitted to lateral structures in the cell was further supported when a
protein complex consisting of PECAM-1, VE-cadherin and the transmembrane tyrosine kinase
vascular endothelial growth factor (VEGF) receptor, Flk-1, which is found at cell-cell
junctions, was found to mediate multiple responses to flow 23. PECAM-1 is a transmembrane
immunoglobulin family protein that participates in homophilic adhesion at cell-cell junctions.
Evidence implicates PECAM-1 in the activation of a Src family kinase in direct response to
force, which is the earliest known event in this pathway. VE-cadherin, which is a classical
cadherin specific to ECs, is required for mechanotransduction in this system but, surprisingly,
does not require binding to cadherins on other cells; instead, VE-cadherin appears to function
as an adaptor that associates with Flk-1 and brings it into proximity to PECAM-1, which
facilitates the transactivation of Flk-1 by active Src. This model is consistent with previous
studies demonstrating ligand-independent activation of Flk-1 by flow 24,25.

Once activated, Flk-1 recruits and activates PI3K, which mediates crucial downstream signals
25–27. One such signal is the Akt-dependent phosphorylation of endothelial nitric oxide
synthase (eNOS), which contributes to stimulation of NO release and vessel relaxation 28.
Another important event that is activated downstream of the junctional complex through PI3K
is the conformational activation of integrins at the basal surface of cells 27,29. These newly
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activated integrins then bind to the extracellular matrix (ECM) beneath the ECs. New ECM
binding triggers many of the same pathways seen in cells freshly plated on ECM, including
activation of the small GTPases Rac, Rho and Cdc42 29–31. Rac, Rho and Cdc42 together
cooperate to mediate the alignment of cells in the direction of flow. Activation of Rac also
stimulates NF-κB, an inflammatory transcription factor implicated in atherosclerosis 32.

Although a more direct role for integrins in mechanotransduction cannot be excluded, this
model of integrin activation by PI3K probably explains published results where integrin
antibodies or other perturbations of integrin function inhibit responses to flow 33–36. Although
integrins can be conformationally activated by tension, forces from physiological flow are 100–
1000 times less than the typical traction forces between a cell and its substratum 37. Thus, it is
unlikely that the forces exerted by shear stress could activate integrins on their own, and there
is little evidence to suggest that integrins function as direct mechanotransducers in the shear
stress response.

Luminal membrane proteins
Elements on the luminal side of the cell that directly experience shear stress may also mediate
flow responses. Flow induces an increase in the fluidity of the plasma membrane that is
restricted to the upstream sides of cells relative to flow 38. Consistent with this result, both flow
and increased membrane fluidity were reported to activate heterotrimeric G proteins 39. G
protein activation was suggested to occur either directly 39 or indirectly, via ligand-independent
conformational effects on the bradykinin receptor 40. However, the evidence for ligand-
dependence versus independence is contradictory. Effects in vitro suggested ligand-
independence 40, whereas studies in mice demonstrated that genetic deletion of kinin, the
precursor of bradykinin, blocked responses to flow 41. Thus, the role of G proteins or G protein-
coupled receptors as direct transducers of flow remains unclear.

Mechanosensitive ion channels have been studied extensively and can also be directly gated
by tension within the lipid bilayer; thus, changes in membrane fluidity or tension could trigger
signalling through ion channels in cells under flow 42. An inward rectifying potassium channel
has been identified that is rapidly activated by shear 43, and the resultant potassium ion flux
has been proposed to induce vessel dilation by hyperpolarizing and thereby decreasing
contraction of VSMCs 44. Interestingly, activation of these channels is inhibited by high plasma
membrane cholesterol 45. This result is consistent with a role for membrane fluidity in channel
regulation and also suggests a mechanism by which high plasma cholesterol might interfere
with vascular regulation.

Release of ATP is also stimulated by flow and appears to stimulate the ECs in an autocrine
fashion by activation of purinergic receptors 46. There is evidence for both release of
intracellular ATP via ion channels 47,48 and for synthesis at the extracellular cell surface by
ATP synthase by ECs 49. Computational modelling studies suggest that different flow patterns
should modulate concentrations of ATP at the cell surface via changes in rates of transport
between bulk medium and the cell surface, which suggests that differential signalling in
atheroprotected versus atheroprone regions of the vasculature could contribute to endothelial
phenotypes 50. But how flow stimulates ATP release and/or synthesis are poorly understood.

Additionally, a dense glycocalyx several hundred microns thick has been identified on the
luminal side of the endothelium 51,52. While its composition is not fully characterized, it
appears to consist of several types of long proteoglycans anchored to the plasma membrane.
The glycocalyx serves as a barrier to both diffusion of solutes in the blood and blood flow.
Interestingly, its ability to block flow implies that shear stress is not exerted directly on the
plasma membrane but must be transmitted through the glycocalyx 53. Evidence that the
glycocalyx participates in mechanotransduction comes from studies in which enzymes that
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digest proteoglycans, such as heparinase and chondroitinase, inhibited responses to fluid shear
stress 53. However, these approaches suffer from the drawback that they would also interfere
with proteoglycans at the basal surface of cells that function as co-receptors with integrins for
ECM proteins 54. Since integrins are strongly implicated in many responses to flow 37 these
treatments may not be specific for apical mechanotransduction. In summary, whereas the role
of the glycocalyx in flow-sensing is intriguing, its exact contribution remains uncertain.

Primary cilia
Finally, many cell types contain an apical primary cilium, a microtubule-containing rod several
microns long. Primary cilia are implicated in sensing low levels of shear in the kidney 55 and
mutations in genes for cilia proteins give rise to polycystic kidney disease, possibly due to
failure of kidney tubule cells to sense the flow of urine down the nephron (see article by
Lammerding on mechanotransduction in disease in this issue). Interestingly, the cilia-
associated proteins polycystin-1 and polycystin-2, that mediate flow-sensing in the kidney, are
also expressed in ECs. Both humans and mice with mutations or genetic deletions of polycystin
genes have vascular defects 56. Whether primary cilia exist in ECs has been controversial. In
arteries they are seen only rarely; on ECs in culture they have been observed, but rapidly
disassemble in response to flow 57. However, a recent study showed primary cilia on a modest
fraction of ECs at sites that are susceptible to atherosclerosis in vivo 58. Thus, cilia could
contribute to sensing the low shear stress present at these regions of arteries. Alternatively, the
polycystins also localize to cell-cell junctions 59, and could mediate mechanotransduction from
these sites within the cell.

Blood flow and atherosclerosis
Atherogenic flow patterns include low flow, flow separation, gradients, flow reversal and, in
limited locations, turbulence. These flow patterns are often grouped under the term ‘disturbed
flow’ 60. Regions of disturbed flow in vivo are associated with high rates of both EC
proliferation and apoptosis, higher permeability to solutes, failure to align in the direction of
flow, increased production of reactive oxygen species (ROS) and increased expression of
inflammatory mediators 16,61. In vitro, application of oscillatory or other types of disturbed
shear recapitulates these events. Disturbed flow induces expression of leukocyte adhesion
receptors such as intracellular adhesion-molecule-1 (ICAM1) and vascular cell adhesion-
molecule-1 (VCAM1), and chemokines such as monocyte chemotactic protein 1 (MCP1),
which together recruit leukocytes, thereby initiating and maintaining inflammation within the
vessel wall 62. These events appear to be largely mechanical, since increased levels of both
endothelial adhesion molecules and leukocytes are seen in areas of disturbed flow in wild type,
atherosclerosis-resistant mice 63. When additional systemic risk factors are present, monocytes
are retained in the vessel wall and differentiate into macrophages that take up lipoproteins to
become foam cells. These cells have a more highly activated, inflammatory phenotype; they
secrete additional inflammatory mediators and further promote progression toward
atherosclerosis 4.

Unidirectional laminar or pulsatile blood flow, as occurs in most of the vascular system,
actively suppresses atherogenesis. Compared to cells under static (no flow) conditions, high
laminar shear decreases EC turnover, suppresses expression of inflammatory mediators and
activates multiple antioxidant pathways that decrease ROS levels 64. Cells exposed to
unidirectional flow in vitro or in vivo show expression of multiple atheroprotective genes, many
of which are dependent on increased levels of the transcription factor Kruppel-like factor-2
(KLF-2) 65–68. Induction of KLF-2 is itself dependent on the mitogen-activated protein (MAP)
kinase Erk5, whose activity is specifically stimulated by atheroprotective flow 69. High laminar
shear also promotes EC alignment in the direction of flow, an important adaptive mechanism
that alters the way shear acts upon the cytoskeleton. In summary, the localized appearance of
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plaques at regions of disturbed flow involves two spatially complementary sets of responses:
activation of pro-atherosclerotic pathways in regions of disturbed shear and activation of anti-
atherosclerotic pathways in regions of laminar, atheroprotective shear (Fig 2). These two
mechanisms give rise to the highly local appearance of atherosclerotic plaques in regions of
disturbed shear.

Time course of atherogenic events
How do the immediate responses to shear over seconds to hours lead to atherosclerotic plaque
formation and progression over multiple decades (Fig 4)? A detailed description that spans this
time frame is well beyond current knowledge. However, in vitro studies that examine events
up to a few days have been informative.

Shear-dependent signalling
To summarize results from many studies, applying laminar shear to a naïve endothelial
monolayer initiates rapid signalling events that, as mentioned previously, include opening of
ion channels, release of prostacyclin and NO, activation of integrins, production of ROS and
activation of many kinases and GTPases. Within an hour, transcription factors are activated or
induced, including NF-κB, activator protein-1 (AP1), early growth response-1 (EGR1) and
KLF2.

Strikingly, in laminar flow, many of these events are transient. Over one to several hours,
production of ROS and activity of many of the kinases, GTPases and transcription factors return
to baseline 70. The activity of pro-inflammatory pathways such as NF-κB, ROS and c-Jun-N-
terminal-kinase (JNK) eventually go significantly below the baseline defined by cells under
static conditions, consistent with the atheroprotective effects of laminar flow. Cell cycle
regulators such as cyclins also decrease below baseline and cell division is inhibited. In
disturbed flow, many of the same events, including activation of NF-κB, ROS production and
expression of pro-inflammatory genes are stimulated; however, in this case the induction is
sustained. These pathways and genes are also generally activated in atheroprone regions of
arteries in vivo, even in wild type mice that do not develop atherosclerosis 63. These results
suggest that the crucial difference between atheroprotective laminar flow and athero-
promoting, disturbed flow may be the ability of cells to adapt and downregulate relevant
pathways. In support of this idea, the sustained activation of inflammatory events correlates
very well with failure of ECs to align in the direction of flow 71.

In addition to disturbed flow, low levels of laminar shear are also atherogenic. In vitro, ECs in
low flow (typically <4 dynes/cm2, as opposed to atheroprotective flow above 10 dynes/cm2)
fail to align and show sustained activation of atherogenic pathways 72,73. Although activation
of inflammatory pathways is less than in oscillatory flow, low flow may well be functionally
relevant. A study in hypercholesterolemic apolipoprotein E (ApoE)-deficient mice that develop
atherosclerosis in regions of disturbed flow similar to humans showed that imposing low flow
on an arterial segment was sufficient to induce atherosclerotic plaque formation in these
animals 74. Mechanistically, the observation that EC alignment in the direction of flow requires
a higher shear stress than for the activation of atherogenic signalling pathways suggests that
alignment requires additional mechanosensors that respond to higher shear forces. A
mathematical modelling approach hypothesized that transfer of shear force to focal adhesions
could cause directional remodelling of adhesions to promote alignment 75, suggesting that these
sites could function as a second mechanosensor. However, the idea has not been explored
further.

In vivo, the development and progression of atherosclerotic plaques is a highly complex
process, involving multiple risk factors and occurring over decades. The mechanisms involved
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are beyond both our current understanding and the scope of this review. However, the studies
of gene expression and matrix remodelling described below suggest two mechanisms by which
early responses to disturbed flow can become entrained and promote disease progression over
longer time scales.

Flow patterns and gene expression
Gene expression in ECs under disturbed versus atheroprotective flow has been evaluated in
some detail, both in vivo and in vitro. In vitro studies comparing oscillatory to high laminar
shear demonstrated that laminar shear induces protective genes that suppress inflammation and
oxidative stress 70,76–78. These results correlate with the resistance to oxidative stress and
reduced expression of inflammatory mediators seen in cells under atheroprotective flow.
Among the flow-sensitive antioxidant genes are heme oxygenase-1, which degrades heme to
produce the antioxidants biliverdin and bilirubin; thioredoxin reductase, which reduces
hydroperoxides and regenerates the antioxidant form of thioredoxin; and peroxiredoxins,
which catalyze the destruction of peroxides and other oxidant species 76,77. High laminar shear
also reduces expression of thioredoxin interacting protein, an inhibitor of thioredoxin 78. Thus,
shear boosts the EC’s ability to eliminate oxidants by multiple mechanisms. The transcription
factor Nrf-1, which is activated and translocates to the nucleus in response to atheroprotective,
but not oscillatory flow, mediates activation of several of these genes, which include heme
oxygenase-1 and thioredoxin reductase 77.

In vivo analysis of gene expression has given conflicting results. Some studies verified the
upregulation of antioxidant gene expression and reduced oxidant production in atheroprotected
regions of mouse arteries compared with atheroprone regions 77. However, an unbiased
analysis of EC gene expression in different regions of porcine arteries showed upregulation of
many of the anti-oxidant genes in atheroprone regions 79. Given the long latency and
dependence on additional risk factors for disease progression, it is perhaps not surprising that
in vivo analyses have yielded complex results. Overall, the results suggest that disturbed flow
biases EC phenotype toward a sustained activated, pro-inflammatory state, which, in the
presence of other risk factors, eventually results in atherogenesis.

Extracellular matrix remodelling and inflammation
Matrix remodelling may provide a second mechanism by which early changes in phenotype
become fixed to generate sustained alterations in cell behaviour. The normal subendothelial
ECM is a basement membrane (BM) consisting mainly of collagen IV, laminin, nidogen and
proteoglycans. When a tissue is wounded, injured or inflamed, ECM proteins including
fibronectin, fibrinogen and thrombospondin are produced and incorporated into the matrix.
These proteins are believed to aid growth and migration to promote wound healing 80,81. BM-
binding integrins have distinct signalling properties from fibronectin- and fibrinogen-binding
integrins 54. For example, integrins αvβ3 and α5β1, which bind fibronectin and fibrinogen,
show strong synergies with growth factor receptors and promote cell cycle progression and
cell motility, consistent with a role in wound repair.

Interestingly, fibronectin has been observed in the subendothelial ECM at atheroprone regions
of arteries, even in wild-type mice 81. In atheroprone ApoE−/− mice, atherosclerotic progression
is associated with increased staining for fibronectin and at later stages, for fibrinogen. Human
atherosclerotic plaques are also enriched in fibronectin and fibrinogen 82,83. Since integrin
activation and matrix binding are flow-sensitive and mediate a subset of shear signals, these
observations suggest that the subendothelial ECM might modulate how EC respond to shear.
Indeed, flow triggers activation of p38 MAP kinase in cells adherent to collagen but not
fibronectin 81, consistent with data showing that the collagen binding integrin α2β1 specifically
activates p38 during cell adhesion 84. Flow also triggers activation of NF-κB in cells on
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fibronectin or fibrinogen but not on collagen or laminin 81, again resembling the behaviour of
this signalling pathway during cell adhesion 85,86. Furthermore, shear stress activates p21-
activated kinase (PAK) in cells on fibronectin, but not on collagen or BM proteins, and this
activation was associated with control of endothelial monolayer permeability 87.

The importance of matrix remodelling in atherogenesis is supported by an analysis of mice in
which the alternatively spliced extra type III domain A (ED-A) of fibronectin was deleted 88.
The ED-A domain is normally present in cell-derived fibronectin but is missing from plasma
fibronectin, and enhances the ability of fibronectin to assemble into matrix fibrils 89.
Atherosclerotic plaques stain with antibodies against this domain, indicating that at least a
portion of plaque fibronectin is cell-derived 88. When ED-A−/− mice were crossed into the
ApoE−/− background, atherosclerosis was significantly reduced compared to ED-A+/+/
ApoE−/− mice, indicating that fibronectin is functionally important in atherosclerosis.

The reasons for ECM remodelling in athero-prone regions are unknown. ECs in culture
constitutively assemble a fibronectin matrix instead of a basement membrane, making the
problem difficult to study. However, in vitro studies have shown that flow modulates both the
levels and organization of ECM proteins 90,91. Moreover, fibronectin expression in ECs can
be increased by NF-κB activation 92. These data suggest that disturbed flow initiates some
fibronectin production but that further events promote a positive feedback loop. It is tempting
to hypothesize that the initial deposition of fibronectin may sensitize ECs to the pro-
inflammatory effects of disturbed flow, activating NF-κB to produce more fibronectin and
promoting further inflammation. However, further work will be needed to address these issues.

Systemic risk factors and atherosclerosis
A detailed discussion of how the well characterized risk factors for atherosclerosis synergize
with flow and with each other to promote atherosclerosis is beyond the subject of this review.
In fact, the interplay between biomechanical and clinical risk factors is not well understood.
However, some ideas about possible mechanisms of synergy have been proposed.

Hypertension
Hypertension has been identified as a significant risk factor for atherosclerotic plaque
formation or progression 93. It may also be an important reason why atherosclerosis is seen in
arteries but not veins where blood pressure is much lower. Although blood pressure is not
uniform throughout the entire arterial tree, progressively declining with vessel size, it is nearly
equivalent in adjacent atheroprone and atheroresistant regions. Thus, as with other risk factors,
there appears to be a synergy between flow patterns and hypertension.

Several explanations for the effects of hypertension have been advanced. The MAP kinase
JNK and its downstream transcription factor AP-1 are activated by mechanical stretch and can
mediate the expression of multiple inflammatory mediators that contribute to leukocyte
recruitment in atherosclerosis 94. Activation of JNK by stretch is dependent on the direction
of stretch relative to the actin stress fibres, such that stretch along the fibres activates JNK but
stretch perpendicular to the fibres does not 95. Properly aligned ECs would therefore show little
JNK activation in response to pressure-induced circumferential strain of artery walls. Since
Ecs are poorly aligned in regions of disturbed flow, these cells should be more sensitive to
stretch-induced activation of this inflammatory pathway.

It has also been proposed that since both stretch and flow are pulsatile, their relative phases
are important. Computational analyses showed that shear and strain are in phase in
atheroprotected regions, but out of phase in atheroprone regions 96. When pulsatile shear and
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stretch were applied simultaneously to an endothelial monolayer, altering their phasing had
significant effects on NO production, consistent with this hypothesis.

Finally, hypertension also promotes oxidative stress 8. Since the effects of flow and stretch on
oxidant production may be additive, combined stretch and disturbed flow could overwhelm
the available anti-oxidant machinery. Once the balance shifts toward ROS production,
inflammatory pathways leading to JNK and NF-κB would be activated. Additionally, ROS
react with and eliminate NO, inhibiting vasorelaxation and the ability to maintain homeostasis
97.

Hyperlipidemia
Hyperlipidemia is a major risk factor for atherosclerosis. High levels of cholesterol carried by
low density and very low density lipoproteins (LDL and VLDL) that bring cholesterol to the
tissues contribute to atherosclerosis 98. Increased endothelial permeability in atheroprone
regions favours deposition of lipoproteins in the vessel wall 87, and matrix remodelling in the
plaque increases retention of these components 98. Cholesterol loading of monocytes and
macrophages then activates these cells to promote further inflammation. Additionally, oxidant
stress synergizes with local permeability/retention of cholesterol, leading to the generation of
oxidized LDL 99. A number of the resultant oxidized lipids possess potent cytokine-like activity
and further promote inflammation.

Exercise
Sedentary lifestyle is also a significant risk factor. Although exercise has beneficial effects on
blood pressure, glucose and lipoprotein levels, the decrease in the incidence of vascular disease
is well beyond what can be expected based purely on changes in these other risk factors 100.
One possible explanation is that increased cardiac output during exercise increases fluid shear
stress within the arteries 101. Higher, atheroprotective levels of shear for even a limited time
may increase eNOS expression and thus reduce the inflammatory status of these regions.

Diabetes
Diabetes is also a potent risk factor for atherosclerosis though how it accelerates this disease
is largely a mystery. Interestingly, in both human and animal models, diabetes leads to broader,
more diffuse and complex lesions 102. Furthermore, elevated glucose is known to stimulate
fibronectin gene expression in ECs, as well as widespread deposition of fibronectin beneath
the endothelium in vivo 92,103. If, as discussed above, fibronectin sensitizes ECs to the
inflammatory effects of flow, then increased fibronectin deposition would be predicted to
accelerate inflammation, broadening the affected regions. However, this idea also remains to
be tested. Elevated glucose in diabetics also increases production of ROS, and the elevated
oxidative stress may accelerate atherosclerosis 104.

Conclusions
The mammalian vasculature is precisely regulated so that oxygen and nutrients are delivered
to each tissue according to demand. Circumferential stretch and fluid shear stress from blood
flow are among the stimuli that regulate vessel development and physiology. Homeostatic
mechanisms operating on time scales from seconds to years regulate vessel diameter and wall
thickness in response to changes in applied forces. A number of mechanoreceptors have been
proposed to mediate these effects. Subsequent changes in nitric oxide, reactive oxygen,
classical signalling pathways involving kinases and GTPases, and multiple transcription factors
mediate the responses of endothelial and smooth muscle cells to changes in flow and stretch.
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Difficulties arise at regions of arteries where flow patterns develop a variety of disturbances.
Atheroprotective effects of high, laminar shear are lost, while low or disturbed flow activates
pro-inflammatory pathways. Endothelial cells are unable to adapt to these pathways, resulting
in sustained activation of pathways associated with inflammation and tissue remodelling.
Local, chronic inflammation synergizes with additional risk factors such as hypertension, high
plasma cholesterol, diabetes, etc, leading to more severe inflammation and atherosclerosis.

Despite substantial progress, we still lack answers to major questions. Current and future work
is needed to identify all of the EC-specific shear sensors, elucidate how resultant signals are
processed and interpreted by cells, and how these signals synergize with systemic risk factors
to promote disease progression. Answers to these questions may identify therapeutic targets
for specific blockade of pathological inflammation and remodelling without inhibiting
physiological mechanisms that govern efficient transport of blood to the tissues.

Box 1. Developmental roles of fluid shear stress

The general concept that high shear stress stabilizes vessels and promotes their enlargement,
whereas low flow leads to vessel shrinkage or complete regression is important in
development of the vascular system. Endothelial cells (ECs) in the yolk sac first assemble
into a primitive vascular plexus, a net-like meshwork of tubes 105. After the heart begins to
beat and blood cells enter the circulation, this meshwork reorganizes into a typical vascular
tree in which large arteries branch into smaller arteries and then capillaries that rejoin to
form veins (see figure panel a). Lucitti et al 3 used genetic, surgical and biomechanical
manipulations to elegantly show that fluid shear stress is crucial for this reorganization of
the plexus into a hierarchical vascular system.

A second study concerned the formation of an aorta that curves to the left as it exits the
heart before descending to the abdomen. In early embryos (day 11 of gestation) , the outflow
tract from the primitive heart leads into a structure called the aortic sac, which connects
through short vessels called the aortic arches to two symmetric arteries, the left and right
aortas (see figure panel b). A rotation of structures within the outflow tract directs higher
flow toward the left side of the aortic sac. Thus, the left aortic arches receive higher fluid
flow (shown in red) . As a result, the right 6th aortic arch regresses completely while the
left arch enlarges and thickens. After acquiring this asymmetry, these vessels rearrange
during later development into the mature aorta and its major branches.

Box 2. Atherosclerosis

In a healthy, athero-resistant artery with high, laminar shear stress, endothelial cells (ECs)
are aligned in the direction of flow and remain in a quiescent state with low rates of both
proliferation and death (see figure panel a)106. They also express low levels of adhesion
receptors and cytokines that attract leukocytes(not shown). In an atherosclerosis-susceptible
region where flow is disturbed, ECs are poorly aligned. They are in an activated state with
high rates of cell turnover and high expression of leukocyte adhesion receptors such as E-
selectin, vascular cell adhesion-molecule-1 (VCAM-1) VCAM-1 and intracellular
adhesion-molecule-1 (ICAM-1), and cytokines such as monocyte chemotactic protein 1
(MCP-1). As a result, increased numbers of leukocytes, mainly monocytes, bind to the
endothelium and migrate into the vessel wall (see figure panel b).

Even in children and healthy young adults, fatty streaks form in regions of disturbed flow.
Monocytes in these regions differentiate into macrophages, a highly phagocytic type of
immune cell. They take up lipoproteins, mainly low density and very low density
lipoproteins (LDL and VLDL) that carry cholesterol and triglycerides to the tissues. By
contrast, high density lipoproteins carry lipids away from these cells and oppose the effects
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of LDL and VLDL. Macrophages that are engorged with lipid are called foam cells. These
cells are more activated and secrete cytokines and enzymes that alter the surrounding
extracellular matrix. These factors also act on the smooth muscle cells, leading to increased
growth and migration, and thickening of the smooth muscle layer (see figure panel c).

Small fatty streaks can progress to larger, more inflamed lesions called atherosclerotic
plaques. The rate of progression is determined mainly by risk factors such as levels of plasma
lipoproteins, oxidants from smoking or other sources, elevated blood glucose, circulating
inflammatory mediators and exercise. Plaques can vary substantially in their composition
but typically contain a core of necrotic cells and fatty debris with cholesterol crystals, in
addition to further accumulation of foam cells, other immune cells and smooth muscle (see
figure panel d).
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Glossary
Apolipoprotein E, A major constituent of the high density lipoprotein that carries ‘good
cholesterol’ from the tissues to the liver.; Blood pressure, The hydraulic pressure (force per
area) in the blood vessels that is due to the pumping action of the heart. Pressure is highest in
the aorta and successively decreases as it travels into smaller arteries, then capillaries then
veins. Blood pressure exerts force that causes a circumferential stretch of the vessel wall.;
Foam cell, Macrophage in the artery wall that become engorged with cholesterol ester and
triglycerides.; Hyperlipidemia, Blood carrying high levels of lipoproteins with cholesterol and
triglycerides.; Laplace’s law, This law states that tension (T) in the vessel wall equals the
difference in pressure (P) across the vessel times the radius (R) of the vessel divided by the
thickness (W) of the wall. Thus, higher blood pressure or vessels of larger radius require thicker
walls to be mechanically stable.; Nephron, The kidney consists of millions of these functional
units. Each nephron consists of a glomerulus, where blood is filtered through a specialized
basement membrane. The resultant cell-free fluid enters a tube lined with epithelial cells that
transport valuable components back into the blood. The remainder is secreted as urine.; Shear
stress, The frictional force per unit area that a fluid exerts when it flows over a surface. This
force is parallel to the surface and is proportional to the viscosity and the velocity of the fluid,
and inversely proportional to the radius of the vessel.; Vasorelaxation, Release of factors such
as nitric oxide (NO) by the endothelium causes relaxation of the smooth muscle layer and
widening of the artery lumen. Extra type III domain A (ED-A).
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Figure 1. Mechanical forces on the vessel wall
A section of an artery wall shows endothelial cells (ECs) that form the inner lining and align
longitudinally, and smooth muscle cells (SMCs) that form the outer layers and align
circumferentially. Pressure (p) is normal to vessel wall, resulting in circumferential stretch of
the vessel wall. Shear stress (τ) is parallel to vessel wall and is exerted longitudinally in the
direction of blood flow.
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Figure 2. Vascular bifurcation and flow patterns
In straight regions of arteries, the rate of blood flow changes during the cardiac cycle but flow
is always in the same direction and patterns are laminar (blue segments). In regions where
arteries divide or curve sharply, there are regions where complex flow patterns develop (red
segments). Flow in these regions is lower and can reverse direction during the cardiac cycle,
so-called oscillatory flow. Endothelial cells (ECs) in regions of high, laminar shear have a
quiescent, anti-inflammatory phenotype characterized by alignment in the direction of flow,
expression of anti-inflammatory genes, and low levels of oxidative stress, cell turnover and
permeability and are protected from atherosclerosis. By contrast, endothelial cells in regions
of disturbed shear have an activated, pro-inflammatory phenotype characterized by poor
alignment, high turnover, oxidative stress, expression of inflammatory genes and high turnover,
associated with high susceptibility to atherosclerosis.
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Figure 3. Endothelial mechanotransducers
a | The upper surface of the endothelium has a carbohydrate-rich glycocalyx that extends
several hundred microns into the vessel lumen. A fraction of cells in regions of low shear also
have a luminal primary cilium several microns long. G protein coupled receptors (GPCRs),
heterotrimeric G proteins and ion channels may also reside in the upper plasma membrane.
Cells also have ATP channels and/or cell surface ATP synthase. The lateral cell membrane
contains the homophilic adhesion receptors platelet-endothelial-cell adhesion molecule-1
(PECAM-1) and VE-cadherin, which bind their counterparts on adjacent cells. Vascular
endothelial growth factor (VEGF) receptor (VEGFR) associates laterally with VE-cadherin in
these domains. The cortical actin cytoskeleton, actin stress fibers, microtubules and
intermediate filaments (not shown) mechanically connect different regions of the cell. Integrin-
dependent complexes anchor the cell to the basement membrane.
b |. Under fluid shear stress, the glycocalyx experiences drag that is transmitted to the cortical
cytoskeleton. The cilium is deflected by flow and bends relative to the apical membrane or
cytoskeleton. Both ATP release and its transport [what is the significance of the arrow that
points down on the left hand side of ATP synthase? Does it indicate ATP transport?] near the
cell surface are modified by flow. Tension is transmitted to the lateral borders and basal
membrane where adhesion receptors such a PECAM-1 or integrins experience changes in
tension. Changes in fluidity of the apical membrane have been observed and may activate
potassium channels, GPCRs or G proteins.
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Figure 4. Time course of endothelial activation
Cells under laminar flow (blue line) transiently activate a variety of inflammatory signaling
pathways including production of reactive oxygen species (ROS), c-Jun-N-terminal-kinase
(JNK), NF-kB, p21-activated kinase (PAK) and expression of a variety of cytokines. However,
these are downregulated over times on the order of 1h. Disturbed shear activates the same
pathways in a sustained manner. Changes in gene expression that occur over hours to days
sustains oxidative stress and the activated phenotype. Alterations in the extracellular matrix
(ECM) that occur over days to weeks lead to engagement of integrins that enhance
inflammatory pathways. These changes give rise to a persistently activated phenotype that
leads to chronic inflammation and vessel remodelling.
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Box 1.
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Box 2.
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