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I. Introduction
Atherosclerosis remains a leading cause of morbidity and mortality in the Western world (115,
126). It is a chronic systemic disease attributed to many well-identified risk factors (i.e. diabetes
mellitus, hyperlipidemia, hypercholesteremia, hypertension, and cigarette smoking). Yet the for-
mation of atherosclerotic lesions do not occur in a random fashion. The coronary arteries, the
major branches of the aortic arch, and the abdominal aorta are particularly susceptible sites.
Given the focal nature of plaque formation within these regions, it has long been suggested that
certain characteristics of fluid shear stress unique to these regions may potentiate the early
stages of atherogenesis independent of other risk factors. Detailed analyses of fluid mechanics
in atherosclerosis-susceptible regions of the vasculature reveal a strong correlation between
endothelial cell dysfunction and areas of low mean shear stress and oscillatory flow with flow
recirculation. Conversely, steady shear stress stimulates cellular responses that are essential for
endothelial cell function and are atheroprotective.

This chapter will provide a basic overview of fluid mechanics and the hemodynamic
forces experienced by the vascular endothelium. We will review the fundamental differences
between steady and unsteady fluid shear, and the controversial pro-atherosclerotic effect pur-
ported between temporal and spatial gradients of shear stress will also be specifically
addressed. Finally, several of the major pro-atherosclerotic effects of unsteady flow on the
endothelium, and the atheroprotective role of steady flow will be reviewed.

II. Hemodynamic forces and the endothelium

2.1 Localization of plaque development
Hemodynamic forces interacting with an active vascular endothelium have long been implica-
ted in the nonrandom localization of atherosclerotic lesions. DeBakey and al. (29) have
described four predominant regions of arterial plaque distribution: 1) the coronary arterial bed;
2) the major branches of the aortic arch; 3) the visceral arterial branches of the abdominal
aorta; 4) the terminal abdominal aorta and its major branches. (Figure 1) The left coronary
artery bifurcation into the left anterior descending and circumflex branches has a particular
predilection for plaque formation (44). Lesions are distributed mainly along the outer walls of
the bifurcation whereas the walls of the flow-divider and the inner walls further downstream are
less affected (116). Detailed analyses of fluid mechanics in these atherosclerosis-susceptible
regions of the vasculature have identified unique patterns of disturbed flow. These sites are cha-
racterized by regions of flow separation, recirculation, reattachment, and perhaps most
importantly, significant temporal and spatial gradients of shear stress (52, 72).

The relationship of plaque localization to wall shear stress has received the greatest atten-
tion. Figure 2 is a diagrammatic representation of the flow fields around the carotid bifurcation



(Figure 2.). In a strong correlation with plaque localization, a region of flow separation, recir-
culation, and reattachment is generated along the outer lateral wall of the carotid bifurcation.
This site is also the region of lowest mean wall shear stress, and a site where significant tempo-
ral and spatial gradients are also generated (72, 129). In the region preceding the carotid
bifurcation, and the region along the inner wall of the flow-divider side, flow patterns remain
linear and laminar. Flow at these sites is primarily unidirectional, which means wall shear stress
is high. The occurrence of plaque formation within these regions is correspondingly very low.

2.2 Physical hemodynamic force exerted on vessel wall
Mechanical forces are important modulators of endothelial cells. The endothelium responds rapid-
ly and sensitively to the mechanical conditions created by blood flow (42, 109). As blood flows
through a vessel, it exerts a physical force on the vessel wall. This force generates stress which can be
resolved into two principal vectors. 1) The stress parallel to the vessel wall is defined as shear stress.
This represents the frictional force that blood flow exerts on the endothelial surface of the vessel wall.
2) The stress perpendicular to the vessel wall is defined as tensile stress. This represents the dilating
force of blood pressure on the vessel wall (Figure 3).

Whereas the entire blood vessel is exposed to the tensile stress of blood pressure, endothe-
lial cells on the inner surface of the vessel wall are exposed to the largest frictional force of shear
stress. There is also transmural flow within the interstitial space between the endothelium and
the smooth muscle cells of the arterial wall. The magnitude of wall shear stress produced by
transmural flow on smooth muscle cells has been estimated to be on the order of 1 dyne/cm2,
which is the range known to affect endothelial cells in vitro (123). Because of frictional resis-
tance at the blood-endothelial interface, flow velocity is greater in midstream than at the lumen
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Figure 1: Predominant sites for the localization of atherosclero-
tic lesions. Reproduced with permission from DeBakey et al.
1985.

Figure 2: Diagrammatic representation of flow features at
the carotid bifurcation. Reproduced with permission from
Ku et al. 1985



surface, and thus a gradient of velocities exists from the center of the vessel extending outward
to the vessel wall. The magnitude of wall shear stress depends on how fast the fluid velocity
increases when moving from the vessel wall towards the center of the vessel. The velocity gra-
dient near the wall is the wall shear rate. Wall shear stress is measured close to the vessel wall,
and for a cylindrical tube is calculated as:

wall shear stress =
4µQ
πr3

where µ is the fluid viscosity (poise), Q is the volume flow (cm3/s), and r is the distance per-
pendicular to and away from the wall (cm). Wall shear stress is expressed as dynes/cm2, and can
be summarized as the change in blood velocity unit per change in the radial distance unit of the
vessel wall.

Arterial blood flow in vivo is pulsatile. When pulsatile fluid displacement follows predictable
paths, it is said to be laminar. Given the pulsatile nature of the cardiac cycle, the absolute shear
stress varies throughout the cardiac cycle. In regions where stable flow is unidirectional, the
time-averaged fluctuations in shear stress are positive. Mean positive shear stress greater than 6
dyne/cm2 in magnitude (MPSS) predominates throughout much of the major arterial vascula-
ture. Therefore, in vivo MPSS flow patterns are comprised of distinct superpositioned steady
and temporal components. Frangos and al. have demonstrated that endothelial cells can discri-
minate between the superposition components of flow, and respond differently via distinct
mechano-chemical transduction pathways (43).

The in vivo definition of MPSS should be distinguished from the steady shear stress flow pat-
terns that are often used in in vitro experimental preparations. In vitro steady shear stress flow
patterns are typically generated using a continues flow loop or a syringe pump programmed to
deliver a specific and constant flow rate across a cultured endothelial monolayer in a geometri-
cally uniform flow chamber. In vitro steady shear stress flow patterns produced in this manner
generate a steady positive shear stress, and once flow is fully established, it is a temporally and
spatially uniform shear stress. However in vitro preparations may unintentionally generate a
significant temporal component with the sudden onset of flow. Furthermore, the interpretation
of many in vitro studies may be complicated by undefined flow profiles, or lack of adherence to
a uniform nomenclature to describe experimental flow profiles. Apparent conflicting findings
reported between studies may often be reconciled when the details of the various flow regimes
are closely scrutinized.

Departures from unidirectional flow occur mainly around branch points and distal to ste-
noses. In such locations, predictable secondary flow patterns of separation, reattachment and
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Figure 3: Diagrammatic
representation of the two
principal force vectors
acting on the blood ves-
sel wall. Wall shear stress:
the tangential drag force
of blood passing along
the lumenal surface of
the vessel (left). Pressure:
the outward distribution
of circumferential strain
produced by pulsatile
blood flow (right).



recirculation tend to form (recirculating flow). At the point of flow reattachment, shear stress is
zero (stagnation point). During the down-stroke of the systole phase in the cardiac cycle, a
reversal of flow occurs, which alters the size and spatial migration of the secondary flow pat-
terns (Figure 4) (52). Within regions of recirculating flow, significant temporal and spatial
gradients of shear stress are also generated. Spatial shear stress gradients are defined as the dif-
ference of shear stress between two neighbouring cells, at the same point in time. Temporal
shear stress gradients are defined as the increase or decrease of shear stress at the same location
on a cell over a very short period of time (< 0.3sec). Spatial gradients are generated primarily
within recirculation zones, and at bifurcation flow dividers. Given the pulsatile nature of blood
flow in vivo, temporal gradients are generated throughout the vasculature to some degree, but
they are significantly magnified within recirculation zones. Within recirculation zones, both
maximal spatial and temporal gradients overlap each other (Figure 5) (60, 125).

The complex flow profiles within recirculation zones should not be confused with turbulent
flow. Turbulence implies random movement of elements in the flow field. Extreme or abrupt
changes in geometry distal to severe stenoses, around projecting edges, or about other obstacles
in the flow stream may cause focal turbulence in the bulk of the vessel. A laminar layer of fluid
exists on the boundary of flow along the wall, making it less likely that any turbulence in the
blood will come in direct contact with endothelial cells on the vessel wall. Not surprisingly, arte-
rial regions immediately distal to severe stenoses, where turbulence can occur, are not prone to
plaque localization (19, 69).

2.3. Steady and unsteady fluid shear

a. Mean positive fluid shear stress
The nature and magnitude of shear stress at a given location within the vasculature plays an
important role in the long-term health of the blood vessel. Blood flow patterns throughout the
vasculature are not uniform. The hemodynamic forces exerted upon a vascular endothelial cell
at any point within the vasculature is a direct function of the vessel geometry in that region.

Within non-obstructed
linear regions of the vascu-
lature, or along the inner
flow-divider wall of a bifur-
cation, blood flows in
ordered laminar patterns. If
the time-averaged fluctua-
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Figure 4: The spatial migration of
the recirculation zone during the
sudden onset of flow. Flow lines are
given for fluid flow through a sud-
den expansion flow chamber. The
recirculation eddy grows, and the
reattachment point (arrow) moves
downstream. Cells at any given loca-
tion beneath the developing eddy
(dashed line) experince strong
changes of shear stress (i.e. temporal
gradients) as the recirculation zone
passes over them.



tions in shear stress are measured within these regions, the mean average shear stress is positi-
ve (Figure 6A.).

Although some earlier studies indicated that acute levels of high shear stress may lead to
endothelial surface degeneration and erosion (45, 78), most lines of evidence are consistent with
the view that a chronic exposure of endothelial cells to high levels of shear stress with little tem-
poral fluctuations promotes an atheroprotective phenotype (reviewed in 27 and 118). MPSS
promotes release of atheroprotective factors from endothelial cells that inhibit coagulation,
migration of leukocytes, and smooth muscle proliferation. Most importantly, MPSS may be cri-
tical for endothelial cell survival. A number of investigators have demonstrated that MPSS is
required for optimal regeneration of an injured endothelium (2, 80, 122). While MPSS may be
necessary for endothelial cell integrity, MPSS also seems to inhibit proliferation. Endothelial
turnover in regions of MPSS, or when cultured under flow, is extremely low (80, 127). Not sur-
prisingly, endothelial cell geometry and surface topography is also influenced by the magnitude
and localization of hemodynamic forces acting at the endothelial surface. Endothelial cells loca-
ted within regions of positive shear stress, are aligned with their longitudinal axis parallel to the
direction of blood flow (35, 41). This orientation streamlines the endothelial cell, and effective-
ly decreases drag resistance (10, 11). Thus, it appears MPSS acts as an endothelial cell survival
factor rather than a growth factor (118).

b. Unsteady fluid shear
The hemodynamic forces exerted upon the endothelium are much more complex where flow
dynamics are altered by a change in shape, or a curvature of the vessel. The unsteady shear stress
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Figure 5: Spatial and temporal changes of
wall shear stress throughout a simplified
cardiac cycle in regions of mean positive
shear stress and recirculating flow. A sim-
plified model of the cardiac cycle (A) was
used to model shear stress (B, C) and
temporal gradients (D, E) along the bot-
tom plate of two different in vitro flow
chambers. A parallel plate flow chamber
(PPFC) was used to model mean positive
shear stress (left panels). A sudden expan-
sion flow chamber (SEFC) was used to
model recirculation flow (right panels).
Except for the 1:2 sudden expansion in
the flow path of the SEFC, the geometry
was the same in both chambers. Flow was
identical in both chambers. Red colors
indicate a positive shear stress, while a
blue tint represents negative shear stress.
In the SEFC, the migration of the recircu-
lation zone throughout the cardiac cycle
(E) significantly magnifies the peak tem-
poral gradient compared to the temporal
gradient generated in the PPFC (D).
Within recirculation zones, both maximal
spatial and temporal gradients overlap
each other (C, E). Note: 1Pa = 10
dyne/cm2.



profiles generated in these regions significantly differ from shear stress profiles generated within
regions of MPSS. Within regions of recirculating flow, such as the outer lateral wall of the caro-
tid bifurcation, the time-averaged fluctuations in shear stress measured throughout the cardiac
cycle are low approaching zero (Figure 6B.). Variations in shear stress are greatest during the sys-
tole phase of the cardiac cycle, and result from the spatial migration of the recirculation zone.

The morphology of endothelial cells within regions of recirculating flow is also significant-
ly different from cells located within regions of MPSS (35, 41). Cells in these low mean shear
stress regions are not aligned, and are characterized by a rounded shape, an increased prolifera-
tion rate, and increased permeability. (77, 79, 102, 103). The lack of streamlining in the
macroscopic topography of the luminal endothelial surface in rounded and non-aligned cells
may expose the cells to high spatial shear stress gradients (27). Increased endothelial turnover
in regions of recirculating flow has long been implicated in the process of atherogenesis (23,
127). A number of studies have demonstrated enhanced macromolecular permeability of aor-
tic endothelial cells during mitosis (22, 82). The low shear stress surrounding the stagnation
point of the flow reattachment site may allow prolonged residence times for circulating pro-
inflammatory cells to adhere to the endothelial monolayer of the vessel (52). The vascular
endothelium serves as a dynamic interface between circulating blood elements and the intersti-
tial tissues, disruption of its permeability characteristics may permit the localized influx of
circulating low-density lipoproteins and other pro-inflammatory macromolecules into the arte-
ry wall (66).

The strong correlation of localized plaque formation with regions of recirculating flow has
lead to the general hypothesis that low mean shear stress and oscillatory flow with flow reversal
stimulate a cascade of cellular events that leads to endothelial cell dysfunction and atheroscle-
rotic plaque formation (51, 72, 129). Conversely, high levels of MPSS have been hypothesized to
stimulate cellular responses that are essential for endothelial cell function and are atheropro-
tective. Although most in vitro studies strongly support this hypothesis, other studies have
demonstrated that endothelial cells are sensitive not only to the absolute magnitude of shear
stress, but also to gradients in shear stress generated within regions of recirculating flow (10, 32,
60, 119, 125). The in vivo role of temporal and spatial gradients of shear stress play in the patho-
genesis of atherosclerosis remains unclear. Some studies link atherogenesis to the large temporal
gradients in shear due to the change of shear direction (72, 94, 100). Other studies relate this to
different spatial distributions of mean wall shear stress (63, 71).

A number of in vitro studies have specifically investigated the pro-atherosclerotic effect of
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Figure 6A: Changes in wall shear stress throughout the course
of the cardiac cycle at two locations within the carotid bifurca-
tion. (A) Shear stress along the inner flow-divider wall of the
bifurcation. Reproduced with permission from Ku et al. 1985.

Figure 6B: Changes in wall shear stress throughout the cour-
se of the cardiac cycle at two locations within the carotid
bifurcation. (B) Shear stress within the zone of recirculating
flow along the outer lateral wall of the bifurcation.
Reproduced with permission from Ku et al. 1985.



spatial gradients in shear stress on endothelial cells. DePaola and al. and Truskey and al. have
developed two similar in vitro models that simulate in vivo spatial patterns of flow separation,
recirculation and reattachment (32, 119). By creating a sudden asymmetric expansion in the
flow path of perfusing media, these models generate a large spatial gradient in shear stress over
a relatively small region of a cultured endothelial monolayer. This high gradient is caused by
flow separation: Near to the expansion step, flow recirculates in an eddy, while further downs-
tream, the flow reforms to the regular parabolic profile. In between, there is a point of flow
reattachment where shear stress is zero (stagnation point). When the flow of perfusing media is
held constant, a stable recirculating flow pattern is generated over the same spatial region of a
cultured monolayer. Utilizing these in vitro models of recirculating flow, several studies have
demonstrated that sustained exposure (≥24hrs) to a highly localized and stable spatial shear
stress gradient induces a pro-atherosclerotic endothelial cell proliferation-migration-loss cycle
at the point of maximal spatial gradient (the reattachment point)(23, 32, 117, 119).
Furthermore, the spatial regulation of gap junction connexin43 has also been observed with the
same fluid shear stress model (33).

While it is true that these model systems generate large spatial gradients when flow is fully
established, recirculating flow undergoes a distinct developmental phase of several hundred
milliseconds (38, 60). During the developmental phase, the recirculation zone migrates forward
in the direction of flow until flow is fully established. If flow is pulsatile, the recirculation zone
repeatedly migrates back and forth across the same spatial region of the monolayer (Figure 4).
As such, large temporal gradients are also produced over the same spatial region of the recircu-
lation zone if the onset of flow is sudden or pulsatile. White and Haidekker have developed a
technique to eliminate the temporal component during the onset of flow in this model (125,
60). A negligible temporal gradient can be achieved in this model if the onset of flow is slowly
ramped up over time (>30sec), rather than a sudden onset of flow. Both onset flow profiles
generate the same spatial gradient in shear stress when flow is fully developed. Endothelial
monolayers exposed to spatial and temporal gradients (4hrs) were compared to those exposed
only to spatial gradients. A pro-atherosclerotic mitogenic response was observed at the reat-
tachment point (which is also the point of maximal temporal gradient) only when the
endothelial monolayer was exposed to a temporal gradient at the onset of flow. Spatial gradients
in shear stress devoid of the temporal component were found to affect endothelial proliferation
no differently than steady uniform shear stress.

Given the highly transient nature of the temporal gradient, and that both maximal tempo-
ral and spatial gradients overlap each other, these studies suggest that the induction of
atherogenic phenotypes in the sudden asymmetric expansion model seen in previous studies
(23, 32, 117, 119), may be due to temporal, rather than spatial gradients of shear stress.
However, because the dynamics of flow initiation were not expressly specified in the previous
studies (23, 32, 117, 119), and longer exposures to recirculating flow and different asymmetric
expansion geometries were used, it is difficult to make direct comparisons. Notwithstanding,
temporal gradients in the absence of spatial gradients have also been shown to induce pro-athe-
rogenic phenotypes (7, 8, 9, 18), and as such, either type of gradient may play a role in the
pathogenesis of atherosclerosis.

III. The atheroprotective role of steady fluid shear
Mean positive shear stress predominates throughout much of the vasculature. Within regions of
MPSS, endothelial cells are exposed to shear stresses on the order of 10 to 30 dyne/cm2 (27). By
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sensing and integrating hemodynamic stimuli, the endothelium in these regions plays a critical
role in the maintenance of circulatory and blood vessel integrity, and vascular homeostasis.
Although the biophysical mechanism by which endothelial cells sense hemodynamic forces, and
transduced them into biochemical signals is still unclear, the cellular response to these forces is
better understood. Shear-induced endothelial cell modulation of the biological processes rela-
ted to vascular homeostasis include: Regulation of plasma lipoproteins uptake and metabolism,
adhesion and transmigration of leukocytes into the vessel wall, and the release of prothorom-
botic / antithrombotic factors, smooth muscle growth factors, inhibition of endothelial
proliferation, and the release of vasoactive substances (118). Three of the most important athe-
roprotective roles of MPSS will be reviewed.

3.1 Nitric oxide (NO)
In 1980, Furchgott and Zawadzki (47) first demonstrated relaxation of vascular smooth muscle
to ACH was dependent on the integrity of the endothelium. The endothelium derived relaxing
factor was eventually identified as the free radical gas nitric oxide (NO). In the endothelium, the
amino acid L-arginine is converted to L-citrulline and NO by the endothelial isoform of NO
synthase (eNOS). Since the time flow-induced NO release was first reported (109), NO has
emerged as the key mediator of the atheroprotective effects of MPSS. NO is a pluripotent mole-
cule. In addition to its role as a vasodilator, NO has been reported to play a role in nearly every
major flow-induced atheroprotective mechanisms: The inhibition of platelet aggregation and
leukocyte binding to the endothelium, the inhibition of vascular smooth muscle tone and mito-
genesis, and the alteration of lipoprotein metabolism (4).

A major atheroprotective role of flow-induced NO release is the inhibition of leukocyte
adhesion through inhibiting the expression of adhesive molecules (ICAM-1, VCAM-1 and
MCP-1). The NO-dependent downregulation of VCAM-1 expression is mediated via a redox-
sensitive pathway (30, 70). The inhibition of endothelial-derived NO promotes early monocyte
infiltration of the arterial wall (84). So important is the NO inhibition of monocyte infiltration,
a second NOS isoform can also act to inhibit infiltration. Any condition leading to a decrease in
flow-induced NO release, the inflammatory-elicited expression of inducible-NOS may lead to a
compensatory production of NO. The pivotal role of endothelial NO in protecting against athe-
rosclerotic lesion development is further emphasized in the vascular response to injury. Defects
in endothelium-dependent vasodilation are positively linked to fatty streak infiltration. eNOS
knockout mice develop typical atherosclerotic lesions in response to adventitial vessel wall inju-
ry whereas wild-type mice do not (95).

Since endothelium-derived NO was first identified and characterized, shear stress has been
established as the most potent regulatory factor of eNOS activity (13, 75) and gene expression
(97, 98). Conversely, low levels of shear stress and turbulent flow fail to stimulate NO release or
gene expression (98). Although the precise flow-induced mechanisms activating the enzyme
remain to be elucidated, eNOS activity is regulated by both Ca2+/calmodulin-dependent and
independent mechanisms. eNOS activity is dependent on the binding of a Ca2+/calmodulin
cofactor. The activated eNOS-calmodulin complex synthesizes NO until the intracellular free
Ca2+ concentration decreases to a point where the calmodulin dissociates and an inhibitory
eNOS-caveolin-1 complex forms. Caveolin-1 is a transmembrane protein that is located in
small invaginations in the endothelial plasma membrane. The direct interaction of eNOS with
caveolin-1 leads to an inhibitory effect under static or low flow conditions (90). The caveolin-1
inhibition of eNOS activity is completely reversible with additional influxes of free Ca2+. In vitro
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studies have shown a biphasic production of NO in response to flow. The sudden onset of flow
induces a burst of NO production. This process is both calcium- and G-protein-dependent. In
contrast, the steady shear stress that follows induces a sustained release of NO, at a rate of 10%
of the initial peak of NO production, and is both calcium– and G-protein-independent (75).
Moreover, the initial and transient production of NO is directly related to the rate of change in
shear stress rather than to its absolute magnitude, whereas the sustained release of NO is direct-
ly related to the level of MPSS (75). Hence, shear-induced NO production does not seem to be
a single response modulated over time, but rather a superposition of two independent mecha-
nochemical pathways (43). Indeed, although the precise flow-induced mechanisms activating
the enzyme remain to be elucidated, it is now widely accepted that both a Ca2+/calmodulin-
dependent and -independent signalling cascades regulate eNOS activity.

The classic Ca2+-dependent mechanism involves the binding of a cofactor, the calmodulin-
Ca2+ complex, to eNOS. In the absence of calcium, the calmodulin does not bind the enzyme,
hence inhibiting NO synthesis. The existence of the Ca2+-independent signaling cascade, which
regulates eNOS activity in response to shear stress, was first reported in our laboratory (75). It
was subsequently confirmed in endothelial rings and porcine endothelial cells (5). More recent-
ly, the stimulation of the phosphatidylinositol-3 kinase (PI(3)K) and the serine / threonine
kinase Akt by various stimuli including shear stress and agonists (such as the vascular endothe-
lial growth factor) has been shown to elicit a double serine phosphorylation of eNOS. One of
these phosphorylation events (on serine 1177) enhances the eNOS activity and seems to chan-
ge its sensitivity to calcium, allowing a maintained NO release at resting concentrations of
calcium (37, 46, 91). These results provide a mechanism explaining to some extent the calcium-
independent steady eNOS activation. However, it is unclear how the shear stress effect on the
cell plasma membrane results in the recruitment and activation of PI(3)K and Akt. The "recep-
tor" initializing this activation and the "scaffold" recruiting PI(3)K to the membrane is still
unidentified. Moreover, the molecular events that confer to eNOS the ability to respond discri-
minately to MPSS and unsteady flow is still not understood.

The intracellular location of eNOS, and, more specifically, its targeting to the plasma mem-
brane, most likely play a prominent role in the regulation of shear-induced eNOS activation.
eNOS lacks any hydrophobic transmembrane domain, but it is dually acetylated by both N-
myristoylation and cysteine palmytoylation. N-myristoylation is necessary for its membrane
association and targeting into the Golgi complex. It also appears necessary for efficient NO pro-
duction (112). Palmitoylation, while it does not affect the enzyme overall membrane affinity or
catalytic activity, appears to allow an optimal release of NO, in response to an ionomycin sti-
mulation (83). It also appears to target eNOS to specific membrane domains, the caveolae (48,
114).

Caveolae possess a distinctive lipid composition, particularly rich in cholesterol and sphin-
golipids. As a result they appear as liquid-ordered membrane domains (an intermediate
between a fluid and liquid crystalline molecular state), which are well known for their TritonX-
insolubility, in contrast to the major part of the plasma membrane, which is a fluid
compartment. The main structural proteins of those microdomains are caveolins. Several inde-
pendent co-immunoprecipitation and domain-mapping studies have demonstrated a direct
interaction of eNOS with caveolin-1 scaffolding domain (residues 82-101), which results in a
markedly attenuated enzyme activity (49, 50, 68, 89, 90). Thus, caveolin appears to bind eNOS
on its scaffolding domain, maintaining this enzyme in an inactive conformation. Although
eNOS has been reported to be regulated by the competitive interaction of caveolin-1 and cal-
modulin (90), it appears that caveolin may rather attenuate eNOS activity by binding to eNOS
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reductase domain, hence slowing the electron transport necessary to the enzyme activity (50).
More generally, caveolin can be considered as a molecular "velcro" which binds many signalling
proteins in their inactive conformation and thus organizes some "preassembled signalling com-
plexes" at the plasma membrane (101).

The location of eNOS in caveolae and its interaction with caveolin therefore provide a com-
partmentalization of eNOS with other signalling proteins, including: G-proteins α subunits, Src
tyrosine kinases, arginine subunits transporter CAT-1, PKC isoforms, Ha-Ras, and some ago-
nists receptors (like B2 bradykinin receptor) (34, 81, 88, 101). Since many of these proteins have
been shown to take part in the signalling pathways subsequent to temporal gradient stimula-
tion, eNOS targeting to caveolae may facilitate, or improve the efficacy of the coupling between
temporal gradient stimulation and eNOS activation. Furthermore, it places the enzyme at the
interface between two membrane domains of different fluidities, an area prone to feel any sud-
den change in membrane tension consecutive to an impulse in shear stress.

However, the intracellular localization of eNOS differs in different endothelial cell types (3),
as do the specific endothelial proteins expressed from one vascular bed to the next (106). Recent
immunofluorescence and immunoprecipitation studies, using freshly isolated quiescent and
confluent human umbilical vascular endothelial cells (HUVECs), have demonstrated that eNOS
colocalizes with platelet endothelial cells adhesion molecule (PECAM-1) at the cell-cell junc-
tion, rather than with caveolin in caveolae (39). This observation is confirmed by histology
obtained from rat aorta (39) as well as for different other endothelia (3). Furthermore, exposing
HUVECs to a 0.5s impulse of 12 dynes/cm2 resulted in the transient dissociation of the eNOS-
PECAM complex and was accompanied by a 2.5 fold augmentation in cGMP production (39).
Therefore, the eNOS-PECAM-1 complex seems to be involved in the modulation of eNOS acti-
vity by the sudden onset of temporal gradients. In contrast, the application of a ramping steady
shear stress did not trigger any dissociation of the eNOS-PECAM-1 complex. This suggests that
this complex is not involved in eNOS activation by a steady flow. Since it has recently been sug-
gested that PECAM-1 may function as an inhibitory receptor, interacting with activating
receptors via its SHP-2 binding domain (96), we propose that PECAM may interact with eNOS
in a similar way than caveolin does, hence providing a compartmentalization of eNOS with
other signalling proteins. Furthermore, while the relative tautness of the membrane at this loca-
tion and the stiffness of the abundant cytoskeleton make it a site not readily activated by MPSS
or temporal gradients, shear stress may cause an important strain in this area, inducing a local
increase in membrane fluidity. Thus interactions of eNOS with PECAM-1, like with caveolin-1,
will place the enzyme at the interface between two membrane domains of different fluidities.
Therefore, we suggest that both molecules could play similar functions and that their differen-
tial distribution among the different endothelial cell types may regulate both eNOS fine
sublocalization and activation by MPSS in those cells.

Whether eNOS is activated by a steady or unsteady shear could be mainly dependent on its
location. The slow and constant NO release induced by MPSS being sensed and responded to
by eNOS molecules broadly distributed along the plasma membrane. Rapid and intense NO
production initiated by a sudden change in shear (temporal gradients) would be sensed and
responded to by eNOS molecules concentrated in specific locations inside the membrane
(caveolae and cell-cell junctions). In both cases, the plasma membrane itself would be the pri-
mary mechanotransducer.
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3.2 Prostacyclin (PGI2)
Flow-induced release of prostacyclin (PGI2) from the endothelium plays a dual atheroprotec-
tive role in the vasculature. PGI2 acts as an endothelium-derived vasodilator that relaxes the
underlying vascular smooth muscle through the activation of adenylate cyclase and the subse-
quent initiation of a cAMP signalling cascade. PGI2 also acts as a powerful antithrombotic
agent. PGI2 was the first inhibitor of platelet aggregation shown to be released from endothe-
lial cells by exposure to shear stress (42, 54). The in vitro release of prostacyclin from
endothelial cells is enhanced when steady flow patters are spatially uniform but contain tem-
poral fluctuations (pulsatile) compared to steady flow that is temporally and spatially uniform
(42). Flow-induced release of PGI2 is biphasic. After an initial rapid release, production slow-
ly declines over several hours before recovering to maintain a steady release rate (16). The first
phase of rapid release is tightly linked to calcium mobilization. In vitro, production of flow-
induced PGI2 is significantly inhibited when cultured endothelium cells are exposed to an
inhibitor of intracellular Ca2+ mobilization, or cyclopiazonic acid (an endolasmic reticulum
Ca+-ATPase inhibitor) (17, 61). The second phase is directly related to the magnitude of shear
stress, and an exogenous source of the arachidonic acid (a precursor to PGI2 synthesis). The
mechanisms responsible for the longer second phase of PGI2 synthesis have yet to be comple-
tely elucidated, but may be calcium independent, and related to an upregulation of PGI2
synthase (16).

3.3 Inhibition of endothelial cell proliferation
Throughout most of the vasculature, endothelial turnover is extremely low (23, 127). However,
significantly elevated rates of localized endothelial proliferation are observed within arterial
bifurcations prone to atherosclerosis. Given that increased cell division may enhance endothe-
lial permeability (22, 82), the integrity of the endothelial monolayer may be achieved and
maintained by restricting endothelial proliferation. Although the inhibition of endothelial cell
proliferation has been positively linked to MPSS greater than 5 dyne/cm2 in magnitude (1, 80),
the molecular mechanisms of inhibition are still somewhat unclear (28). The inhibition of pro-
liferation due to shear stress is associated with the suppression of cell transition from the G1 to
S phase of the cell cycle. MPSS induces cell cycle arrest by up-regulating the cyclin-dependent
kinase inhibitor p21sdi1/cip1/waf1 (1). By inhibiting Cyclin-dependent kinase (cdk2 and cdk4), MPSS
prevents the phosphorylation of retinoblastoma protein (pRB) which is the key regulatory point
in the transition from the G1 to S phase of the cell cycle. This regulatory mechanism suggests
that low mean shear stress (< 5 dyne/cm2), such as occurs in vivo regions of recirculating flow,
favors G1 to S phase transition and hence cell proliferation through release of p21 suppression
of cdk activity. Furthermore, NO has also been shown to increase expression of both p21cip1/waf1

(another member in the family of cdk inhibitors) and tumor suppressor protein p53. Both pro-
teins also inhibit S phase transition and suppress proliferation (65, 67). The initiating links
between the mechanical force and p21 induction have yet to be determined.

IV. The pro-atherogenic role of unsteady fluid shear
In many aspects, endothelial function within regions of recirculating flow and / or low mean shear,
is the antithesis of endothelial function in regions of MPSS. Spatially defined hemodynamic pat-
terns of recirculating flow and / or low mean shear are postulated to underlie the focal origin of
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plaque formation by inducing a small group of endothelial cells toward a pro-atherosclerotic phe-
notype through differential mechanosignalling, transcription and protein expression.

4.1 Oxidative stress
The redox state of a cell reflects a balance between processes that promote either oxidative or
reductive pathways in the cell. The oxidative state is an important functional parameter that
modulates a wide variety of endothelial functions: Gene expression, activity of signalling path-
ways and paracrine factors, apoptosis, and cell growth. The most significant source of
intracellular oxidative stress is the superoxide free radical (O2•-). All mammalian cells generate
superoxide anions. The endothelium generates substantial amounts of O2•-. The mechanism of
production has not been extensively characterized (93, 108).

The enzymatic source(s) of shear stimulated O2•- has remained elusive. Macrophage-derived
foam cells represent the natural candidate as a major contributor to O2•- oxidative stress. Foam
cells overexpress the NADH / NADPH oxidase enzyme complex, which is the largest producer
characterized to date. However, both the endothelium and the vascular smooth muscle contain
membrane-bound NADH / NADPH oxidases that can also generate O2•-. A study of enzyme
activity in semi-crude cell suspensions points to NADH oxidase as the major source of reactive
oxygen species in vascular cells (31). Notwithstanding, a variety of other cellular enzymes,
including lipoxygenase, xanthine / xanthine oxidase, cyclooxygenase (COX), represent potential
O2•- generating systems. In particular, COX has been shown to be activated by peroxynitrite
(124). It has been suggested that peroxynitrite may influence COX activity via nitration of tyro-
sine residues within the enzyme. Even the activation of eNOS, albeit in the presence of
suboptimal concentrations of the substrate L-arginine or the cofactor tetrahydrobiopterin, can
lead to the production of O2•- (102, 26). Therefore, the identification of the shear induced enzy-
matic source(s) endothelial cell O2•- holds substantial promise as a potential alternative clinical
target for the treatment of atherosclerosis.

a. Nitric oxide and the induction of pro-inflammatory molecules
Mean positive shear stress induced NO has been shown to inhibit the expression of redox sensi-
tive pro-atherosclerotic gene products monocyte chemotactic protein-1 (MCP-1) and vascular
cell adhesion molecule-1 (VCAM-1) (120, 121), and stimulates the expression of the antioxidant
defense enzyme Cu / Zn superoxide dismutase (SOD) (31, 36). These observations suggest that
MPSS induced NO plays a protective role in the regulation of endothelial cell redox sensitive gene
products by reducing overall intracellular oxidative stress. Conversely, the response of endothe-
lial cell subjected to recirculating flow seems to result with the increase of intracellular oxidative
stress. Prior to the development of atherosclerotic plaques in these regions, availability of locally
produced endothelial derived NO is reduced, and localized production of O2•- increases (40). The
increase in localized O2•- has been postulated to contribute to atherogenesis by a variety of
mechanisms including the oxidation of LDLs, the downregulation of SOD, and the stimulation
of redox sensitive transcription factors NFkB and egr –1 to upregulate VCAM-1 expression (120).
Although, both MPSS and oscillatory shear have been shown to be initially pro-oxidant, prolon-
ged exposure to MPSS has been reported to reduce intracellular oxidative stress via the
upregulation of SOD expression (31). This suggests that endothelial cell O2•- generation is speci-
fically sensitive to the onset of shear. Indeed, endothelial cell exposed to temporal gradients in
shear has been expressly shown to upregulate redox sensitive pro-atherosclerotic genes PDGF-A
and MCP-1 (7, 8). It is not known however, if recirculating flow directly stimulates endothelial
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cell O2•- production, or if other shear profiles can also stimulate O2•- production. It is plausible
that prolonged MPSS continues to stimulate endothelial cell O2•- production, but O2•- generation
is masked by virtue of increased intracellular SOD expression.

Superoxide is also the chemical inactivator of NO. The O2•- inactivation of NO to form the
potent oxidant peroxynitrite (ONOO-) may represent another important mechanism of vascu-
lar dysfunction and early atherogenesis (92). In vascular regions exposed to recirculating flow,
the balance of NO and O2•- in the vascular wall is likely to be perturbed in favor of NO inacti-
vation and thus, reduced NO functional availability. It is unlikely however, that NO availability
is reduced by directly scavenging O2•- due to the lack of substantially elevated levels of peroxy-
nitrite (120). Although other factors such as hypercholesterolemia and elevated levels of LDLs
significantly contribute to the pathogenesis of atherosclerosis (99), these factors may still be
secondary or additive to localized shear induced O2•- production.

The adhesion and migration of moncytes and leukocytes into the blood vessel wall are regu-
lated by the secretion of chemotactic factors and the expression of cell-surface molecules.
VCAM-1 mediates adhesion of monocytes to the endothelium, ICAM-1 binds to β2-integrins
on various inflammatory macromolecules, while MCP-1 is a key chemotactic peptide involved
in monocyte recruitment. The redox regulation of these molecules is underscored by the fact
that the expression of ICAM-1 and VCAM-1 can be prevented by the angiotensin II antagonist
irbesartan (84).

b. Angiotensin II
One particularly important aspect in the regulation of oxidative stress in both endothelia and
vascular smooth muscle cells, is that O2•- production can be stimulated by angiotensin II (55).
Angiotensin II is an important vascular smooth muscle growth factor, receptor-dependent
vasoconstrictor, and may also be anti-apoptotic (14). Angiotensin II induces O2•- release in both
endothelia and vascular smooth muscle cells via activation of membrane-bound NADH /
NADPH oxidase, an effect that is mediated by both angiotensin II-1 and angiotensin II-2 recep-
tors (130). The activation by angiotensin II is specific. None of the plausible metabolites of
angiotensin II (angiotensin III, IV, or [1-7]) are as efficacious in promoting O2•- generating acti-
vity (104). Moreover, NADH / NADPH -dependent O2•- production via angiotensin II is
concentration dependent (76). Shear stress also regulates tissue levels of angiotensin II by vir-
tue of changes in angiotensin converting enzyme (ACE) expression. Prolonged exposure to
MPSS significantly reduced ACE mRNA and activity (107). Clinically, ACE-inhibitors have pro-
ven aid in restoration of impaired endothelial function in patients with minimal atherosclerosis
and mild hyperlipidaemia (87).

4.2 Endothelin-1 (ET-1)
Vascular smooth muscle cells also play a major role in the progression encroachment of the
atherosclerotic lesion into the vessel lumen. In the advanced stages of atherogenesis, increa-
sed smooth muscle cell proliferation and increased vasomotor tone contribute to the
lumenal narrowing that is characteristic of progressive atherosclerosis. Although more than
20 receptor specific growth factors can stimulate smooth muscle proliferation (24), endo-
thelium derived endothelin-1 (ET-1) is thought to play the most significant role in
flow-induced atherogenesis. ET-1 is a 21-amino acid peptide that acts as a powerful, and
long-lasting vasoconstrictor and a smooth muscle cell mitogen (128). The release of ET-1 is
inhibited by NO (20). A number of investigators have reported an apparent critical threshold
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value of shear stress required to stimulate or inhibit ET-1 release (73, 85). ET-1 release is
inhibited at shear stress values greater than 6 dyne/cm2, whereas ET-1 release is stimulated
by low mean shear stress levels less than 5 dyne/cm2 (73). Oscillatory shear stress (with a
mean average shear stress value of 2 dyne/cm2) has also been shown to stimulate both ET-1
release and upregulate ET-1 mRNA levels (131). Antithetically, oscillatory shear stress simul-
taneously inhibited NO release and downregulated eNOS mRNA levels in the same cultured
endothelial monolayers.

V. Conclusion
When considering the role of steady and unsteady shear stress in the pathogenesis of atheros-
clerosis, it is important to bear in mind that atherosclerosis is a multifactorial disease that
involves many circulating blood elements, hemodynamic forces, and a complex cascade of
molecular events within the endothelium and the arterial wall. While hemodynamic forces may
play an important role in the nonrandom localization of atherosclerotic lesions, the mechano-
chemical mechanism(s) by which hemodynamic forces are sensed and transduced into a
chemical signal is still unclear. Many of the biochemical transduction pathways have been cha-
racterized, the primary mechanoreceptor(s), however, remain unknown. It is our hypothesis
that hydrodynamic shear destabilizes the plasma membrane, leading to a decrease in membra-
ne microviscosity, or more precisely, an increase in membrane free volume. Mechanochemical
transduction is proposed to occur when membrane-associated signalling proteins are activated
by the increase intramolecular mobility (12). A number of studies have implicated a role of
heterotrimeric G proteins in the mediation of cellular responses to fluid shear stress and stret-
ch (15, 43, 64, 74). Studies from our lab demonstrate that heterotrimeric G proteins are rapidly
activated by hydrodynamic shear, representing the earliest known biochemical response to
mechanical stimulation presented (56). Furthermore, both fluid shear stress and membrane
fluidizing agents activate these G proteins in the absence of classical G protein coupled recep-
tors (57). Using fluorescent molecular rotors it was recently shown that hydrodynamic shear
increases membrane free volume (58, 59). Taken together, these results demonstrate that hydro-
dynamic shear stress stimulates cellular responses by increasing membrane fluidity and
activating heterotrimeric G proteins. Still to be determined are the mechanisms by which endo-
thelial cells differentiate between MPSS and temporal gradients in shear stress. Given that these
two opposing hemodynamic profiles appear to stimulate different and opposing signal trans-
duction pathways, the elucidation of this biomechanical mechanism would represent an
important step in understanding the pathogenesis of atherosclerosis.
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