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Hernodynamic forces, such as wall shear stress and cyclic stretch, ex-
erted at the endothelial cell surface by flowing blood and pulsatile
changes in pressure, are important in ensuring the continuous release
ofvasoactiveendothelial autacoids.

Viewedon apurely structural basis, anendothelial cell is comprised of
amenbrane stretched over the nucleus, which is supportedbya frame
composed ofmicro-tubules, intermediate filaments and actin fibres.
These structural components transverse the cell andterminate in char-
acmistic laeral, basal and apical adhesion complexes. Thewhole struc-
ture is stabilisedbyassociationwithadapterproteins inherentto these
contact sites, as well as by attachment to the extracellular matrix at
focal adhesion points and to adjacent cells at cell-cell contacts. Thus,
even under resting conditions, the entire endothelial cytoskeleton is
maintainedundertension.

This tensegity architecture implies that anexteally applied mechani-
cal load is superimposed upon pre-existing forces and is redistributed
through the entire cell by the cytoskeletal scaffold. Re-orientation of
cytoskeletal filaments relativeto specific adapterproteins results inthe
activation oflipid and protein kinases/phosphatases without the need
ofa specific mechanoreceptor orthe autocrine release ofan endothe-
lialactivatingfactor.Ratherthantherebeingonesiteofmechanical
stress sensing, the signallingpathways activatedby the mechanical per-
turbation ofendothelial cells are determinedby the sites where there is
the greatest alteration in force.

One ofthe most rapid events to occur following the application of
shear stress to endothelial cells is the tyrosine phosphorylation ofcell-
cell boundary proteins, specifically ofadhesion molecules, such as
P-integrins, PECAM- 1, and cytoskeleton-associated proteins such
aspaxillin.
Thephosphorylation ofthese proteins (usuallybythe tyrosine kinase
Src) is the signal which recruits sigalingmolecules to this site to initi-
atemechanochemical coupling. Thephosphatidylinositol 3-kinase, for
example, associates withphosphorylated VE-cadherin andPECAM-
1 and activates protein kinase B/Akt. Once activated, Akt directly
phosphorylates the endothelial NO synthase (eNOS) and enhances
NO production without the need for intracellular Ca?+ to be increasei

Thbe are additional signallingpathways activated inparallel following
the application of shear stress. For example, eNOS is rapidly
translocated to the nucleus via an Src- and Akt-independentpathway
possibly involving Rac, Hsp9O and a motor protein such as dynein.
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Signal transductionpathways regulate growth, differentiation, and the
developmentofan organism. In adultanimals and humans, signal trans-
ductionmaintains homeostasis orbalance. When homeostatic mecha-
nisms are interrupted, an illness or disease may ensue. Caveolae are
plasma membrane specializations and caveolins are structural proteins
usedby cells to form caveolae (or "little caves" of50-100nm in diam-
eter). We and other investigators have discovered that caveolae
organelles maybe important both in normal signal transduction and in
the pathogenesis ofa number ofhuman diseases, including cancer
and muscular dystrophy.
Inmy talk, I will update the working definition ofcaveolae, describe
the functional roles ofthe caveolin gene family, and summarize the
evidence that supports a role for caveolae as mediators ofa number of
cellular signaling processes. For more information, see the reviews
listedbelow.
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Atherosclerosis is a major contributor to cardiovascular disease (Ross, 1993),
and the gaseous monoxides nitric oxide (NO) and carbon monoxide (CO) play
important roles as cellular messengers involved in the regulation of vascular
smooth muscle tone (Moncada et al., 1991, Maines, 1997). Increased expression
ofinducible isoforms ofnitric oxide synthase (iNOS) and heme oxygenase (HO-
1) have been detected in human atherosclerotic lesions (Buttery et al., 1996;
Wilcox et al., 1997; Wang et al., 1998). Accumulating evidence in endothelial
and smooth muscle cells indicates thatNO donors and endogenously generated
NO can induce expression ofHO-I in vascular endothelial and smooth muscle
cells (Foresti et al., 1997; Durante et al., 1997; Hartsfield et al., 1997; Datta &
Lianos, 1999). Furthermore, induction ofHO-I in vascular and othercells types
may afford protection against NO and peroxynitrite mediated toxicity (Foresti et
al., 1999).

Microsomal heme oxygenases degrade heme to biliverdin and CO, and the
cytosolic enzyme biliverdin reductase then catalyzes reduction ofbiliverdin to
bilirubin, both powerful chain-breaking antioxidants (Maines, 1997). Similarto
constitutive (eNOS) and inducible (iNOS) isoforms of nitric oxide synthase,
two principle isoforms ofheme oxygenase have been identified - a constitutive
isoform HO-2 (-34 kDa) and an inducible isoform HO- 1 (-32 kDa), which is
expressed at a low basal level in vascular endothelial and smooth muscle cells
and is induced by heavy metals, oxidative stress, inflammatory mediators and
oxidized low density lipoproteins (see Siow etal., 1995; 1998; 1999). Although
NO and CO modulate intracellular cGMP levels, platelet aggregation and smooth
muscle relaxation, CO has a much lower affinity for soluble guanylyl cyclase
than NO. Decreased production, bioavailability or sensitivity of target tissues
to NO in atherosclerosis may be compensated for by an induction ofHO- 1, with
bilirubin acting as a cellular antioxidant and CO as a potential modulator of
vascular tone, as described in the liver (Suematsu et al., 1995).

The potential involvement of stress proteins in protecting vascular cells against
oxidant injury in atherogenesis is highlighted by reports that HO- I gene trans-
fer confers vascular protection (Abraham et al., 1995), induction of HO-I in
LDL receptor knockout mice inhibits the formation of atherosclerotic lesions
(Ishikawa et al., 1997) and mice lacking heme oxygenase-2 are more susceptible

to oxygen toxicity (Dennery et al., 1998). Anti-atherogenic properties of the
vascular heme oxygenase pathway are further highlighted by the report that
expression ofHO-I is functionally associated with long term survival ofcardiac
xenografts (Soares et al., 1998). As endothelium-derivedNO synthesis and the
sensitivity of target smooth muscle cells may be decreased in atherosclerosis,
induction of HO-1 in endothelial and smooth muscle cells could provide an
important adaptive mechanism for moderating the severity ofischaemia, throm-
bosis and atherosclerosis.
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Endothelium-dependent vascular relaxations that are observed in the
presence ofinhibitors ofnitric oxide (NO) and prostanoid synthesis
are widely attributed to an endothelium-derived hyperpolarizing factor
(EDHF).

Although the existence ofsuch a factor has been demonstrated in cas-
cade bioassay and 'sandwich' preparations constructed from closely
apposed arterial strips, in rabbit arteries and veins there is clear evi-
dence thatanEDHF transfers preferentially from endothelium to smooth
muscle via gapjunctions, rather than the extracellular space, following
stimulation by agonists such as acetylcholine. These intercellular chan-
nels consist oftwo interlocked connexons, contributed by each cou-
pled cell, which are constructed from six connexin (Cx) protein subunits
arranged around a central pore that permits the passage ofions and
molecules <1 kDa in size.

In rabbit arteries, EDHF-type relaxations and hyperpolarizations are
attenuated in ahighly specific fashionby synthetic peptides possessing
sequence homology with the Gap 26 and 27 domains ofthe extracel-
lular loops ofthe Cx43 connexin subtype. Inhibition ofEDHF-medi-
ated responses by such peptides is reversible, whereas inhibition by
the established gapjunction inhibitor 18-a glycyrrhetinic acid is irre-
versible. Consistently, in cultured cells expressing Cx43, fluorescence
microscopy confirms that peptides do not affect the stability ofgap
junction plaques (ie clusters ofgapjunctions in the cell membrane),
but that 18-a glycyrrhetinic acid causes plaque disassembly. In rabbit
arteries EDHF-mediated responses depend crucially on mobilization

ofarachidonic acid by a Ca2+-dependent phospholipase A2, but the
pathways involved distal to this initial step remain to be elucidated.

Arachidonic acid derivatives produced by the endothelium include
cytochrome P450 monooxygenase-derived epoxyeicosatrienoic ac-
ids (EETs) and the cannabinoid N-arachidonylethanolamide
(anandamide), which have both been proposed as candidate EDHFs.
However, in endothelium-intact rabbit arteries, exogeneous EETs and
anandamide themselves stimulate EDHF-type relaxations that are at-
tenuatedby gapjunction inhibitors, thus indicating that they cannotbe
identical withEDHF. Gapjunction-dependent effects maybe largest
in small vessels, and in the rabbit ear relaxations evokedby acetylcho-
line are dominatedby this mechanism in vessels <100mm diameter,
even in the absence ofeNOS inhibition.

This observation may explain why the magnitude ofEDHF-type re-
laxations generally increases with decreasing vessel size, and suggests
that heterocellular gapjunctional communication maybe ofparticular
importance in the regulation ofmicrocirculatory perfiusion.
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Elevated plasma homocysteine levels are associated with inborn er-
rors in its metabolism. Patients with these disorders have much higher
plasma concentrations ofhomocysteine than normals (I 80 mmol/L
comparedto £10 pmol/L) and are prone to premature cardiovascular
disease. Severe hyperhomocysteinaemia is rare amongst the general
population, whereas mildhyperhomocysteinaemia (15-30 rmol/L) is
common.

Since the firstpresentation of"The Homocysteine Theory ofAthero-
sclerosis" in 1969 by Dr. KilmerMcCully, more than 100 clinical and
epidemiological studies investigating the relationship between homo-
cysteine and cardiovascular disease have been published. The results
ofthese studies have indicated that even mildly increased concentra-
tions ofhomocysteine are associated with increased risk ofarterial
occlusive diseases.

The mechanism ofthe vascular injury seen in hyperhomocysteinaemia
is not known, though growing evidence suggests that endothelial dys-
function plays a major role. Indeed, many human studies using me-
thionine loading, which acutely elevates plasmahomocysteine, induces
endothelial dysfunction. Conversely, folate therapy, which lowers
plasma homocysteine, has been shown to augment endothelial func-
tion.

In addition to hyperhomocysteinaemia, many other diseases which af-
fect the cardiovascular system are also characterised by the develop-
ment ofendothelial dysfunction. It is becoming widely accepted that
this endothelial dysfunction is due to an increase in oxidative stress.

The reaction ofoxygen free radicals such as superoxide anions with
edotheium ived nitric oxidecould leaderadased bioavailability
ofnitric oxide. The resultant pathophysiological consequences ofsuch
areaction are significant alterations in vascular function and the possi-
blepreiaturedevelopmentofatherosclerosis. Thequestionofwhetier
hyperhomocysteinaemiaresults in overproductionofoxygen free radi-
cals by endotheliumremains unanswered, however.

Endothelial dysfunction in response to a homocysteine insult has been
well described invitro. This dysfimction is accompaniedby increased
superoxide anion production, which when inhibited, restores normal
endothelial function. Furthemore, inhunan studies usingmethionine
loading, the induction ofendothelial dysfunction canbe preventedby
the antioxidant vitamin C. These observations therefore suggest that
an elevation inplasma homocysteine can give rise to endothelial dys-
function viaamechanism that involves overproduction ofreactive oxy-
gen species.
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Basic research over the past 20 years has clearly demonstrated the
crucial role the vascular endothelium plays both in the maintenance of
normalvascularphysiologyandinthepathophysiologyofatheroscle-
rosis, where endothelial dysfunction is a key early feature. Clinical
studies have identified risk factors for atherosclerosis and shown a
clear relationship between their presence and the development ofpre-
mature cardiovascular disease.

The recognition that endothelial dysfunction plays an important role in
atherogenesis andis associated with all the majorrisk factors for athero-
sclerosis has helped shift the focus away from structural/anatomical
features ofvascular disease to the important functional/dynamic fea-
tures related to endothelial function.

Clinical research has been helpedby the development ofnon-invasive
ultrasound techniques whichpermit in vivo assessment oflarge artery
endothelial function. Theendothelium-dependentstimulus ofincreas-
ing blood flow through an artery results in flow-dependent dilatation
that is measured non-invasively using high-resolution ultrasound, the
degree ofdilatation serving as an indication ofthe functional integrity
ofthe endothelium. The endothelium-independent stimulus glyceryl
trinitrate acts as a control. This technique has been enthusiastically
adopted as a non-invasive measure ofendothelial function throughout
the world.

Using such techniques, endothelial dysfimction has been demonstrated
with each ofthe majorrisk factors for atherosclerosis, often before the
development ofovert vascular disease. The severity ofthe risk fac-
tors has been shown to correlate with the degree ofendothelial dys-
fumctionc

It is possible to improve endothelial finction with interventions such as
exercise, antioxidants, fish oils, cholesterol lowering, andhormone re-
placementtherapy. Recent clinical studies using similarinterventions
have demonstratedreductions in clinical events, thus raising the possi-
bility that theuderlying mechanism is improvement ineothelial func-
tion.

Testing endothelial function using ultrasound represents a significant
advance and provides a convenient method for serial evaluation of
vascular function and may lead to greater insights into the nature of
endothelial dysfunction and cardiovascular disease.


