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INTRODUCTION

The endothelium, first described over 100
years ago as an inert anatomical barrier
between blood and the vessel wall, is now
recognized as a dynamic organ with secretory,
synthetic, metabolic, and immunologic
functions. Forming a continuous lining to
every blood vessel in the body, endothelial
cells play an obligatory role in modulating
vascular tone and permeability, angiogenesis,
and in mediating haemostatic, inflammatory
and reparative responses to local injury. To
fulfil these roles the endothelium is highly
dynamic, continuously responding to spatial
and temporal changes in mechanical and
biochemical stimuli. Such responsiveness
is affected through receptors for growth
factors, lipoproteins, platelet products and
circulating hormones, which regulate changes
in protein and mRNA expression, cell
proliferation and migration or the release of
vasoactive and inflammatory mediators.

All vascular endothelial cells have a
common embryonic origin but show clear
bed-specific heterogeneity in morphology,
function, gene and protein expression,
determined by both environmental stimuli
and epigenetic features acquired during
development. Thus, the endothelium should
not be regarded as a homogenous tissue

but rather a conglomerate of distinct
populations of cells sharing many common
functions but also adapted to meet regional
demands.'

The continuous endothelial cell layer pro-
vides an uninterrupted barrier between the
blood and tissues in the majority of blood
vessels and ensures tight control of perme-
ability of the blood-brain barrier. In regions
of increased trans-endothelial transport such
as capillaries of endocrine glands and the
kidney, the presence of fenestrae, transcellu-
lar pores approximately 70 nm in diameter
with a thin fenestral diaphragm across their
opening, facilitate the selective permeability
required for efficient absorption, secretion,
and filtering. In hepatic sinuses, the presence
of a discontinuous endothelium with large
fenestrations (0.1-1 mm in diameter) lack-
ing a fenestral diaphragm, provides a highly
permeable and poorly selective sieve essen-
tial for transfer of lipoproteins from blood
to hepatocytes.

Beyond these structural variations, endo-
thelial heterogeneity is also manifest in
regional differencesin the release of vasoactive
and inflammatory mediators, in response to
changes in shear stress and hypoxia, and
in expression of pro- and anti-coagulant
molecules. For example, endothelial expres-
sion of the pro-thrombotic mediator von
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Willebrand factor (vWF) is a function of
endothelial cells found in vessels of discrete
size and/or anatomic location. Similarly,
the contribution of nitric oxide (NO) to
endothelium-dependent vasodilation is far
greater in large conduit arteries compared to
small resistance vessels. These regional bio-
chemical and phenotypic differences between
endothelial cells extend to their susceptibil-
ity to injury in the face of cardiovascular risk
factors such as hypercholesterolemia, diabe-
tes and smoking and thus impact the func-
tion of the vasculature both in health and
disease.

This chapter provides an overview of
how the endothelium regulates four key
aspects of cardiovascular homeostasis-vas-
cular tone, angiogenesis, haemostasis and
inflammation.

ENDOTHELIUM-DEPENDENT
REGULATION OF VASCULAR
TONE

Since the first report by Furchgott and
Zawadski® of  endothelium-dependent
modulation of the contractile state of smooth
muscle cells in the artery wall, it has become
apparent that endothelial cells release a
plethora of vasoactive factors in response to
a wide range of mechanical and chemical
stimuli. That many of these factors also
modulate processes such as inflammation,
cell adhesion and coagulation, highlights the
crucial physiological role of the endothelium
and why endothelial dysfunction is pivotal in
the development of cardiovascular diseases
such as atherosclerosis and hypertension.
This section will focus on the four major
pathways underlying endothelium-
dependent modulation of vascular tone; NO,
arachidonic acid metabolites, endothelium-
dependent hyperpolarisation (EDH) and
endothelin.

Nitric oxide

The first endothelium-derived  relaxing
factor described by Furchgott and Zawadski
was subsequently identified as NO, a short-
lived free radical synthesized from L-arginine
by endothelial NO synthase (eNOS) and
destroyed by reactive oxygen species (ROS).
NO activates the haem-dependent enzyme,
soluble guanylyl cyclase in surrounding
smooth muscle cells, leading to formation of
cyclic guanosine monophosphate (cGMP).
Subsequent protein  kinase G-mediated
phosphorylation of a diverse range of target
proteins such as large conductance calcium-
activated potassium (BK_) channels, RhoA,
Rho kinase, transient receptor potential
(TRP) channels, myosin light chain
phosphatase and phospholamban, leads to
smooth muscle cell relaxation and hence
vasodilation.’

eNOS is a bidomain enzyme; an N-
terminal oxygenase domain with binding
sites for haem, tetrahydrobiopterin, oxygen
and the substrate L-arginine supports the
catalytic activity, and a C-terminal reduct-
ase domain binds nicotinamide adenine
dinucleotide phosphate (NADPH), flavin
mononucleotide (FMN) and flavin adenine
dinucleotide co-factors. Transfer of electrons
from NADPH to flavins in the reductase
domain and then to the haem in the oxygen-
ase domain is required so that the haem iron
can bind oxygen and catalyze the synthesis of
NO from L-arginine. Binding of the ubiqui-
tous calcium regulatory protein calmodulin
(CAM) facilitates transfer of electrons from
the reductase to the oxygenase domain and is
critical for activation of the enzyme.

eNOS is constitutively expressed in
all endothelial cells but regulation of the
enzyme by physiological and pathophysi-
ological stimuli occurs via a complex pat-
tern of transcriptional and post-translational
modifications. For example, both eNOS



mRNA and protein levels are increased by
fluid shear stress via activation of a pathway
involving both c¢-Src-tyrosine kinase and
transcription factor NFxB. At the post-trans-
lational level, eNOS activity is highly regu-
lated by substrate and cofactor availability as
well as by endogenous inhibitors, lipid mod-
ification, direct protein-protein interactions,
phosphorylation, O-linked glycosylation,
and S-nitrosylation. Agonists at endothe-
lial G-protein coupled receptors (GPCRs)
such as bradykinin, and acetylcholine, elicit
calcium-CAM-dependent NO production
by via phospholipase C-mediated genera-
tion of inositol 1,4,5-trisphosphate (IPS) and
subsequent release of calcium from intracel-
lular stores. However, activation of tyrosine
kinase linked receptors such as the vascular
endothelial growth factor (VEGF) receptor,
and mechanical stimulation of the endothe-
lium by shear stress, lead to phosphorylation
of eNOS at Ser'”” to increase the calcium
sensitivity of the enzyme so that it can be
activated at resting calcium levels. Distinct
kinase pathways can mediate eNOS phos-
phorylation; shear stress elicits phosphoryla-
tion of Ser'"””via protein kinase A whereas
insulin and VEGF cause phosphorylation
of the same residue via the serine/threonine
protein kinase Akt. Conversely, phosphory-
lation of the enzyme at Tyr®’ within the
FMN domain or Thr*” within the CaM-
binding domain, inhibit enzyme activity.*
Within endothelial cells, eNOS is tar-
geted to invaginations of the cell membrane
called caveolae, membrane microdomains
enriched in cholesterol and sphingolipids,
and defined by the presence of the scaffolding
protein caveolin. Caveolae sequester diverse
receptors and signaling proteins including
GPCRs, growth factor receptors and calcium
regulatory proteins such as CAM. Thus, tar-
geting of eNOS to this region facilitates com-
munication with upstream and downstream
pathways. Within caveolae, caveolin-1 toni-
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cally inhibits eNOS activity, thereby limiting
the production of NO; binding of calcium-
CAM leads to disruption of the caveolin-1/
eNOS eNOS
activity. Other associated proteins such as
platelet endothelial cell adhesion molecule-1
(PECAM-1), modulate eNOS activity by
virtue of their function as scaffolds for the
binding of signaling molecules such as tyro-
sine kinases and phosphatases.

A vast range of stimuli such as shear stress
generated by the viscous drag of blood flowing
over the endothelial cell surface, circulating
hormones (e.g. catecholamines, vasopressin),
plasma constituents (e.g. thrombin), platelet
products (e.g. 5-HT) and locally-produced
chemical mediaors (e.g. bradykinin) each
evoke NO-mediated vasodilation. Release
of endothelium-derived NO by such stim-
uli plays a critical role in mediating acute
changes in local blood flow and tissue per-
fusion. Shear stress-stimulated NO produc-
tion is central to exercise-induced increases
in blood flow in skeletal muscle. Production
of NO in response to 5-HT released from
aggregating platelets, dilates coronary arteries
thus preventing the clot from occluding the
vessel. Mice lacking eNOS are hypertensive
and infusion of L-arginine analogues, com-
petitive inhibitors of eNOS, cause alterations
in local blood flow and in systemic blood
pressure, demonstrating the importance of
endothelium-derived NO in long-term con-
trol of blood pressure and blood flow in vivo.
In humans, elevated levels of an endogenous
inhibitor of eNOS, asymmetric dimethyl-
arginine, are associated with hypertension
and increased cardiovascular risk.

In addition to its vasodilator actions, NO
is now recognized as playing myriad other
protective roles in the vasculature as a regu-
lator of clot formation, inflammation and
vessel repair. Loss of NO-mediated vasodila-
tion, due to reduced expression or activity
of eNOS and/or oxidative stress-mediated

interaction and increases
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reductions in NO bioavailability, is a hall-
mark of endothelial dysfunction associated
with cardiovascular risk factors such as hyper-
cholesterolemia, smoking, diabetes and obes-
ity. Loss of NO tip the homeostatic balance
in favour of vasoconstriction, proliferation,
activation of platelets and blood clot forma-
tion, and inflammation. These pathological
processes contribute to clinical manifesta-
tions such as hypertension, atherosclerosis
and arterial thrombosis, which are associated
with significant morbidity and mortality.

Metabolites of arachidonic acid: Arachid-
onic acid, released from cell membrane phos-
pholipids by phospholipases, is metabolized
by cyclooxygenase (COX), lipoxygenase
(LO), and cytochrome P450 monooxy-
genase (CYP) enzymes to yield an array of
endothelium-derived vasoactive factors.

Cyclooxygenases: COX enzymes metabolize
arachidonic acid to endoperoxide intermedi-
ates which are then converted to a range of
eicosanoids (e.g. prostacyclin; PGL, throm-
boxane A)) through the actions of various
synthases. Two isoforms of cyclooxygenase are
found in the endothelium. The constitutively
expressed COX-1 has long been regarded as
vasculoprotective, the predominant product
being PGI, which acts on prostanoid (IP)
receptors to cause vasodilation and inhibi-
tion of platelet aggregation via activation of
adenylyl cyclase and subsequent elevation
of intracellular cyclic-adenosine monophos-
phate (cAMP). PGI, also inhibits platelet and
lymphocyte adhesion to endothelium, limits
vascular smooth muscle cell proliferation and
migration, and counteracts the production of
growth factors.

However, evidence is now emerging that
GPCR-mediated activation of endothelial
COX-1 can generate other products such as
TXA, and PGH, which activate thrombox-
ane (TP) receptors on smooth muscle cells
and so function as endothelium-derived con-
tracting factors (EDCFs). Stimulation of TP

receptors elicit not only vasoconstriction but
also proliferation of vascular smooth mus-
cle cells, platelet adhesion and aggregation
and expression of adhesion molecules on
endothelial cells. COX-1 shows basal activ-
ity and is activated by endothelial GPCRs.
A shift from production of endothelium-
derived relaxing factors to COX-dependent
EDCEFs is implicated in endothelial dysfunc-
tion associated with ageing, diabetes and
hypertension.®

COX-2 was first identified as an induc-
ible form of the enzyme, regulated at the
level of gene expression and associated with
inflammation. However, it is expressed in
some blood vessels in the absence of overt
signs of inflammation and may be a major
source of vasculoprotective PGIL; hence
the deleterious cardiovascular consequences
seen in some patients treated with selective
COX-2 inhibitors.”

Lipoxygenases: LO enzymes deoxygen-
ate polyunsaturated fatty acids to hydroper-
oxyl metabolites. The three LO isoforms
expressed in endothelial cells are 5-LO,
12-LO, and 15-LO, which correspond to
the carbon position of arachidonic acid oxy-
genation. Each LO oxygenates arachidonic
acid to form a stereospecific hydroperoxyei-
cosatetraenoic acid (HPETE). HPETEs are
unstable and are reduced to the correspond-
ing hydroxyeicosatetraenoic acids (HETEs).
5-LO is the initial enzyme in the synthesis
of leukotrienes but 5-LO products do not
seem to be involved in regulation of vascular
tone. In contrast, products from the 12-LO
and 15-LO pathways are vasoactive but show
species and vessel variation in the responses
they elicit. 12-HETE elicits relaxation of
a number of peripheral arteries including
human coronary vessels, but causes vasocon-
striction in dog renal arteries. 15-HPETE
and 15-HETE cause slight vasorelaxation
at lower concentrations but contractions at
higher concentrations mediated by activation



of TP receptors. Although vasoactive LO
metabolites are produced by endothelial
cells, elucidation of their physiological role
has been hindered by the lack of selectivity
of pharmacological inhibitors.

Cytochrome — P450  monooxygenases:
CYP enzymes add oxygen across the
double bonds of arachidonic acid to pro-
duce four cisepoxides, 14,15-, 11,12-, 8,9-,
and 5,6-epoxyeicosatrienoic acids (EETs).
Two CYP enzymes have been cloned from
human endothelium CYP2C8/9 and CYP2]2
both of which produce mainly 14,15-EET
with lesser amounts of 11,12-EET. The lat-
ter are also the major EETs released from
endothelial cells stimulated by GPCR
agonists (e.g. acetylcholine, bradykinin)
and physical stimuli such as cyclic stretch
and shear stress. EETs are rapidly metabo-
lized by esterification into phospholipids or
hydration to dihydroxyeicosatrienoic acids
by soluble epoxide hydrolase.

EETs are vasoactive causing vasocon-
strictions in the lung but eliciting vasodila-
tation of systemic arteries via activation of
iberiotoxin-sensitive, BK ., channels on the
vascular smooth muscle cells. EETs are pro-
posed mediators of EDH in systemic arter-
ies, acting either as transferable factors that
hyperpolarize and relax smooth muscle cells,
or acting in an autocrine manner to cause
hyperpolarisation of the endothelial cell
membrane potential which is then spread to
the underlying smooth muscle through gap
junctions (see below).

An EET receptor on smooth muscle cells
has not been identified but development
of 14,15-EET analogues such as 14,15-
epoxyeicosa-5Z-enoic acid has revealed
strict structural and stereoisomeric require-
ments for relaxations suggesting a specific
binding site or receptor and BK_ channel
activation by EETs requires a G protein
indicating that a GPCR for EETs exists.

Some EETs activate vascular TRP channels,
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non-selective cation channels that can medi-
ate calcium influx. Endothelium-dependent
flow-induced dilation is linked to 5,6-EET-
mediated activation of vanilloid type 4,
TRPV4, channels. Formation of a complex
of TRPV4 with BK _ channels in smooth
muscle cells may couple local increases in cal-
cium due to activation of TRPV4 by EETs
to membrane hyperpolarisation and vasore-
laxation.® In contrast, endothelial stimulation
by bradykinin or hypoxia is associated with
activation of TRPC3 and TRPC6 channels.
In addition to stimulating channel activity,
EETs elicit the rapid intracellular transloca-
tion of TRP channels into caveolae, a process
dependent on activation of protein kinase A
by cAMP, and consistent with the activation
of a GPCR.

In some models of endothelial dysfunc-
tion, reduced bioavailability of NO is coun-
teracted by increased production of EETs
which can maintain endothelium-dependent
vasodilator responses. Thus, strategies aimed
at enhancing production of endothelium-
derived EETs or inhibiting their degradation,
may represent a new therapeutic approach to
endothelial dysfunction.

Endothelium-dependent  hyperpolarisation
(EDH): Observations of agonist-induced
endothelium-dependent vasorelaxation which
persisted in the presence of inhibitors of pros-
taglandin and NO synthesis and was accom-
panied by hyperpolarisation of the vascular
smooth muscle cell membrane potential,
led to identification of a third endothelium-
derived relaxing factor, EDHF. Hyperpolari-
sation of the smooth muscle cells reduces the
open probability of voltage-dependent cal-
cium channels thus reducing calcium influx
to cause relaxation. A range of agents have
been proposed to account for the actions of
EDHEF including K* ions, EETs and C-type
natriuretic peptide. However, in many arter-
ies, endothelium-dependent hyperpolari-
sation of vascular smooth muscle (EDH)
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actually reflects direct electrical coupling
between endothelial and smooth muscle cells
via myoendothelial gap junctions rather than
the actions of a diffusible factor.”

Irrespective of the mediator, the initiat-
ing step in EDH-mediated vasorelaxation
is activation of small- (SK ) and interme-
diate—conductance (IK.) calcium-activated
potassium channels on endothelial cells.
Inhibition of endothelium-dependent relax-
ation by a combination of SK_ and IK_
channel blockers is now regarded as the hall-
mark of EDH and has been documented in
response to many agonists, in a wide range
of blood vessels from a number of spe-
cies.? SK, and IK., channels, activated by
increases in intracellular calcium via CAM
which is constitutively associated with the
channels, are voltage-independent and thus
can operate at negative membrane potentials
close to the K* equilibrium potential.

The lack of selective inhibitors of EDH,
aside from the SK_ and IK . channel block-
ers, has hampered investigations of the phys-
iological role of this pathway but it is now
clear that EDH becomes progressively more
important as a mediator of endothelium-
dependent vasodilation with decreased vessel
size. The importance of EDH as a regulator
of blood flow and blood pressure in vivo is
demonstrated by enhanced resistance artery
tone and elevated systemic blood pressure
seen in mice lacking endothelial SK. or IK
channels. Loss of EDH, due to changes in
expression or activity of SK_ and/or IK_
channels, contributes to experimental hyper-
tension and diabetes-related erectile dys-
function. In contrast, resistance of the EDH
pathway to the deleterious actions of ROS
may allow EDH-mediated vasodilation to be
maintained in the face of reduced bioavaila-
bility of NO in atherosclerosis and heart fail-
ure. Thus, selective activation of endothelial
SK, and IK_ channels is a potential thera-
peutic avenue for the future.

Endothelin: Endothelins are a family of 21
amino acid peptides, of which there are three
members (ET-1, ET-2, ET-3). Endothelial
cells produce only ET-1; endothelin ET-2
is produced in the kidney and intestine,
while ET-3 has been detected in the brain,
gastrointestinal tract, lung and kidney. ET-1
is a potent vasoconstrictor inducing long-
lasting vasoconstriction at a half maximum
effective concentration in the nano molar
range, at least one order of magnitude lower
than values reported for other vasoconstric-
tor peptides such as angiotensin II.

ET-1 is produced constitutively by the
endothelium but production is regulated
at the level of gene expression; inflamma-
tory factors such as transforming growth
factor-B (TGFP) and tumour
factor-o. (TNFa,, insulin, and angiotensin
II up-regulate ET-1 mRNA whereas NO,
PGI, and shear stress cause down-regulation.)
ET-1 is synthesized as a large protein,
the pre-proET-1 (203 amino acids) that is
cleaved to pro-ET-1 (39 amino acids) and
then to ET-1 by ET-converting enzymes.
The half life of ET-1 protein and mRNA
is 4—7 minutes and 15-20 minutes, respec-
tively, and the majority of plasma ET-1
(90%) is cleared by the lung during first
passage.

The biological effects of ET-1 are medi-
ated by two GPCR subtypes, ET, and ET,
which have opposing effects on vascular tone.
ET, receptors present on vascular smooth
muscle are responsible for the majority of
ET-1 induced vasoconstriction; activation of
phospholipase C increases formation of IP,
and diacylglycerol, and the resultant increase
in intracellular calcium and activation of
protein kinase C cause vasoconstriction. ET
receptors are mainly present on endothelial
cells and play an important role in clearing
ET-1 from the plasma in the lung. Activa-
tion of endothelial ET, receptors induces
vasodilatation by stimulating the release of

necrosis



PGI, and NO. Inhibition of ET, increases
circulating ET-1 levels and blood pressure in
healthy subjects demonstrating that although
ET-1 is regarded as primarily a vasoconstric-
tor, ET ,-mediated vasodilation is physiologi-
cally important."

ET-1 is not only a vasoactive factor. Act-
ing via ET, receptors, ET-1 modulates the
expression and degradation of extracellu-
lar matrix (ECM) and thus plays a role in
vascular remodelling. Acting via ET,, ET-1
promotes smooth muscle proliferation con-
tributing to neointima formation follow-
ing vascular injury and to thickening of the
arterial wall in pathological conditions such
as pulmonary arterial hypertension, athero-
sclerosis and vein graft occlusion. As NO
strongly inhibits the release of ET-1 from
the endothelium and ET-1 attenuates NO-
mediated dilation, ET-1 and NO are func-
tionally closely interdependent and many of
the cardiovascular complications associated
with endothelial dysfunction are due to an
imbalance in this relationship.

ANGIOGENESIS

Angiogenesis is the growth of new blood
vessels as a result of endothelial cells
sprouting from existing vessels. In adults, it is
a protective mechanism initiated in response
to tissue hypoxia and ischemia or injury. It is
also a key process in pathological conditions
such as the proliferative diabetic retinopathy
and neovascularization of tumours and
as such, inhibitors of angiogenesis have
received considerable interest as potential
therapeutic strategy. The angiogenic process
depends on a complex transcriptional
network coordinating production and release
of numerous cytokines and growth factors.
Recruitment and proliferation of bone
marrow—derived  endothelial ~ progenitor
cells to form new vessels (vasculogenesis) is
a distinct but complimentary process which
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occurs simultaneously in ischemic and
wounded tissue to augment perfusion.'

Angiogenesis requires a sequence of indi-
vidual processes: degradation of ECM by
metalloproteinase enzymes, proliferation and
directional migration of endothelial cells to
form endothelial tubes, maturation of new
vessels by recruitment of pericytes (con-
nective tissue cells) to stabilize endothelial
sprouts and secrete ECM molecules to form
the vascular basement membrane and apop-
tosis to prune back immature vessels into a
vascular network.' The endothelial cells that
sprout from the parent vessel, tip cells, pos-
sess long and motile filopodia that extend
towards the source of pro-angiogenic growth
factors and respond to other guidance cues to
enable directional vessel growth. Endothelial
cell migration requires the dynamic regula-
tion of interactions between integrins and the
surrounding ECM. Integrins are cell surface
receptors which provide adhesive and signal-
ing functions and link the actin cytoskeleton
of the cell to the ECM at areas called focal
adhesions. Phosphorylation of focal adhesion
kinase, a cytoplasmic non-receptor tyrosine
kinase, in response to pro-angiogenic signal
molecules stimulates cell contraction, thus
allowing cell movement on adhesive contacts.
Subsequent integrin inactivation destroys the
adhesive complex and allows detachment of
the cell in its new location.

Cell-cell contacts between endothelial
cells, essential for development of patent
vessels, are mediated by cell surface receptors
such as PECAM-1, a 130 kDa member of the
immunoglobulin superfamily, which acts like
a docking molecule to allow other proteins
to provide further strength to vascular struc-
tures. Cadherins such as vascular endothelial
cadherin are transmembrane proteins which
provide weak adhesive cell-cell forces, further
stabilized by catenins, intracellular proteins
linking the cadherin cell surface molecule to
the actin cytoskeleton.
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Angiogenesis in response to hypoxia
and ischemia is largely controlled by the
transcription  factor  hypoxia-inducible
factor-1 (HIF-1)." HIF-1 has multiple sub-
units; HIF-1ow which is produced continu-
ously but is rapidly degraded in the presence
of oxygen and HIF-1B which is constitu-
tively expressed. Under hypoxic conditions,
HIF-1ot degradation is inhibited and the
stabilized protein translocates to the nucleus,
where it dimerizes with HIF-1P and binds
to hypoxia response elements on more than
60 HIF-responsive genes that function to
enhance oxygen delivery and increase metab-
olism. Central angiogenic signals driven by
increased HIF-1 activity include VEGE
fibroblast growth factor (FGF), platelet-
derived growth factor (PDGF) and angiopoi-
etin. After injury, local platelets release TGF[3
and PDGE which stimulate vessel growth.

FGF and VEGF stimulate endothelial
cell proliferation and migration. Their high
affinity for heparan sulfate glycosaminogly-
cans on the endothelial cell surface facilitates
binding to receptors and provides a reservoir
of both factors in the ECM, which can be
released during wounding or inflammation.
VEGEF stimulates endothelial replication and
migration and increases vessel permeability
facilitating extravasation of plasma proteins
to form a provisional matrix for cell migra-
tion. PDGF is required for the recruitment
and survival of pericytes for vessel stabiliza-
tion and maturation. Angiopoietins have
multiple effects the angiogenic process, par-
ticularly the interactions between endothelial
cells, pericytes and the basement membrane.
For example, angiopoietin-1 stimulates secre-
tion of growth factors from endothelial cells,
which in turn stimulate differentiation of sur-
rounding pericytes into smooth muscle cells.
Conversely, angiopoietin-2 is an antagonist of
the actions of angiopoietin-1 and so acts as a
naturally occurring inhibitor of angiogenesis.
Overall regulation of angiogenesis is a bal-

ance between angiogenic versus angiostatic
factors.

There is a fuller description of the ang-
iogenic process in Chapter 6, which also deals
with therapeutic angiogenesis.

HAEMOSTASIS

The endothelium plays a pivotal role in
regulating blood flow by exerting effects
on the coagulation system, platelets and
fibrinolysis.”” Under normal physiological
conditions, the endothelium provides one of
the few surfaces which can maintain blood
in a liquid state during prolonged contact.

A key factor in blood clot formation is
activation of the serine protease thrombin
which cleaves fibrinogen, producing frag-
ments that polymerise to form strands of
fibrin. It also activates factor XIII, a fibrinoli-
gase, which strengthens fibrin-to-fibrin links,
thereby stabilising the clot and stimulates
platelet aggregation. Heparan sulfate proteog-
lycan molecules provide an anti-thrombotic
endothelial cell surface by serving as co-fac-
tors for antithrombin III, causing a confor-
mational change that allows this inhibitor
to bind to and inactivate thrombin and
other serine proteases involved in the clot-
ting cascade. The endothelium also prevents
thrombin formation by expressing tissue fac-
tor pathway inhibitor which binds to clotting
factor Xa. Tissue factor pathway inhibitor and
antithrombin III both contribute to physi-
ological haemostasis, and both show impair-
ment in acquired thrombotic states. A third
endothelial anti-coagulation mechanism is
expression of thrombomodulin; binding of
thrombin to cell surface thrombomodulin
removes its pro-coagulant activity, and the
thrombin-thrombomodulin complex acti-
vates protein C a vitamin K-dependent
anticoagulant. Activated protein C, helped
by its cofactor protein S, inactivates clotting
factors Va and Vlla.



The anti-platelet properties of the
endothelium are largely mediated by release
of PGI, and NO. As in smooth muscle,
PGI, inhibits platelet aggregation through
the activation of IP receptors and activa-
tion of adenylyl cyclase whereas NO inhibits
platelet adhesion, activation, secretion, and
aggregation through a c¢GMP-dependent
mechanism. NO inhibits agonist-dependent
increases in intra-platelet calcium to suppress
the calcium-sensitive conformational change
in the heterodimeric integrin glycoprotein
IIb— IIla required for fibrinogen binding.
NO also promotes platelet disaggregation by
impairing the activity of phosphoinositide
3-kinase, which normally supports confor-
mational changes in glycoprotein IIb—IIla,
rendering its association with fibrinogen
irreversible. Should a blood clot form, fibri-
nolysis depends primarily on the action of
plasmin, an active protease formed from its
precursor, plasminogen, upon stimulation by
tissue-type plasminogen activator.

Under physiological conditions, there is a
haemostatic balance and in addition to these
anti-thrombotic mechanisms, the endothe-
lium also synthesises several key haemostatic
components; vWF and plasminogen activa-
tor inhibitor-1 (PAI-1) being particularly
important. PAI-1 is secreted in response to
angiotensin IV, providing a link between the
renin-angiotensin system and thrombosis. In
addition to anti-coagulant activity, binding
of thrombin to thrombomodulin accelerates
its capacity to activate thrombin-activatable
fibrinolysis inhibitor (TAFI) which cleaves
fibrin and other proteins, resulting in the
loss of plasminogen/plasmin and tPA bind-
ing sites and thus retarding fibrinolysis. Per-
turbations, such as those that may occur at
sites of injury, inflammation or high hydro-
dynamic shear stress, tip this haemostatic
balance in favour of a pro-thrombotic and
anti-fibrinolytic microenvironment. Ciriti-
cal steps include loss of cell surface heparin
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proteoglycan molecules and increased expres-
sion of the transmembrane glycoprotein tis-
sue factor (TF) which initiates coagulation by
stimulating the activation of clotting factors
IX and X, and pro-thrombinase, with subse-
quent fibrin formation. TF accumulates in
experimentally injured vessels and accumu-
lation in some atherosclerotic plaques likely
accounts for their high thrombogenicity.

INFLAMMATION

Development of inflammatory reactions
by the endothelium in response to injury
or infection is critical for the maintenance
and/or repair of normal structure and
However,
excessive inflammatory reactions can lead to
severe tissue damage and contribute to the
development of atherosclerosis.

The interaction between endothe-
lial cells and inflammatory cells such as
leukocytes depends on the production of
inflammatory cytokines (e.g. interleukin
8; IL-8) to attract leukocytes and expres-
sion of adhesion molecules (e.g. selectins)
to facilitate their migration towards the site
of infection. Loosely tethered leukocytes
first roll over the endothelial surface, then
arrest, spread, and finally migrate between
endothelial cells to attach on to underlying
ECM components.'®

Leukocyte rolling involves endothelial
adhesion molecules of the selectin family
which transiently bind to carbohydrate lig-
ands on leukocytes to slow passage through
the blood vessel. E- and P-selectin are
expressed only on the surface of activated
endothelial cells whereas L-selectin is con-
stitutively expressed on leukocytes and binds
to ligands induced on the endothelium at
sites of inflammation or on other leukocytes.
The role of individual types of selectins in
leukocyte rolling shows stimulus- and time-
dependent variation. Immediate stimulation

function of the vessel wall.
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of leukocyte rolling induced by histamine
or thrombin depends on rapid expression
of P-selectin, surface levels of this adhesion
molecule declining after only 30 minutes. In
contrast, TNFou stimulates delayed leuko-
cyte rolling and adhesion to endothelial cells
through the induction of E-selectin, sur-
face levels of which peak after 12 hours and
decline after 24 hours. Both E- and P-selectin
are expressed on the surface of endothe-
lial cells overlying atherosclerotic plaques,
affirming the importance of these molecules
in the development of atherosclerosis.

Firm adhesion of leukocytes is promoted
by binding of chemokines such as IL-8 to
leukocyte GPCRs resulting in rapid activa-
tion of B1 and B2 integrins to increase their
affinity for adhesion molecules of the immu-
noglobulin superfamily, intercellular adhe-
sion molecule (ICAM-1) and vascular cell
adhesion molecule (VCAM-1). ICAM-1 is
constitutively expressed on endothelial cells
but levels are increased by stimuli such as
TNFo peaking at 6 hours and remaining
elevated for 72 hours. ICAM-1 mediates
firm adhesion of blood cells by acting as a
ligand for leucocyte beta2 integrins. VCAM,
a ligand for integrins 04P1 and 047, prin-
cipally mediates the adhesion of monocytes,
lymphocyte, eosinophils, and basophils to the
endothelial surface. Expression of VCAM-1
is induced by cytokines, oxidized low-density
lipoproteins and ROS acting, as with induc-
tion of ICAM-1, primarily via NF-kB.

Migration of leukocytes through the
endothelium requires the transient dis-
assembly of endothelial cell junctions. Firm
adhesion of leukocytes to the endothelium
induces clustering of adhesion molecules like
ICAM-1 and VCAM-1 triggering activation
of intracellular signaling pathways which
induce endothelial cell actin cytoskeleton and
cell junction remodelling. The remodelling
process numerous  pathways
including Rho GTPase signaling, protein

involves

phosphorylation and ROS generation but
a key event is alteration of the dimerization
of PECAM-1. PECAM-1 localizes to inter-
cellular junctions of endothelial cells, forming
homodimers linking two cells. Leukocytes
also express PECAM-1 and the dissociation
of PECAM-1 dimers between endothelial
cells to form dimers between emigrating
leukocytes and endothelial cells is critical for
leukocyte migration.

CONCLUSIONS

The endothelium, once viewed as an inert
physical barrier, is a dynamic secretory organ
fulfilling numerous roles in the maintenance
of cardiovascular homeostasis. Endothelial
cells from different parts of the vasculature
show highly differentiated functions as a
consequence of both environmental stimuliand
epigenetic modifications. Advances in defining
many endothelial functions at the molecular
level may lead to targeted therapies to alleviate
chronic endothelial dysfunction associated
with the progression of cardiovascular disease.
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INTRODUCTION

Smooth muscle has an important role in
regulating the function of a variety of hollow
organ systems including the: vasculature,
airways, gastrointestinal tract, uterus and
reproductive tract, bladder and urethra and
several other systems. Smooth muscle has
two fundamental roles: 1) to alter the shape
of an organ and 2) to withstand the force of
an internal load presented to that organ. In
order to achieve these fundamental objectives
smooth muscles have developed mechanisms
of mechanical coupling, which enable the
development of powerful and coordinated
contractions at a relatively low energy cost. For
example, smooth muscle in the gastrointestinal
tract must undergo intermittent but coordin-
ated phasic contractions to propel the bolus
of food through the alimentary canal.
Whereas in the airways and vasculature the
smooth muscle is more often in various states
of tonic contraction, but can be dynamically
regulated to relax or contract in response to
specific neuro-hormonal and haemodynamic
signals. In keeping with the aims of this
text, this chapter will focus on the principle
mechanisms through which vascular smooth
muscle functions.
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SMOOTH MUSCLE (VASCULAR)
STRUCTURE

Vascular smooth muscle cells have classically
been envisaged as fusiform cells, on average
200 microns long X 5 microns in diameter,
with a large central nucleus surrounded by
an abundant array of endoplasmic reticulum
and golgi apparatus, with the cytosol and
plasma membrane tapering toward the poles.
Although the dimensions of the vascular
smooth muscle cell narrow toward their ends
there is clear evidence that the end-to-end
junctions coupling smooth muscle cells are
complex and contain a significant number
of membrane invaginations to provide
increased surface area for both mechanical
tight junctions and electrical coupling via
gap junctions (Figure 2.1). Vascular smooth
muscle cells do not contain the complex
t-tubule/sarcoplasmic  reticulum  system
common to striated muscles, but rather they
contain a significant number of invaginations
along the plasma membrane called caveolae,
which serve a similar, albeit less developed role
to increase the cellular surface: volume ratio.
These specialized caveolae further provide
a unique plasma membrane environment,
which enables clustering of specific groups
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FIGURE 2.1: Highlights the fusiform shape of typical smooth muscle cells and the patterned array of actin
myosin myofilaments across the cell. Smooth muscle cells have invaginations along their length to provide
increased surface area for mechanical coupling via tight junctions and electrical coupling through Gap
junctions. Dense bodies are thought to be similar to Z-disks found in striated muscle.

of ion channels and receptors important in
cellular signal transduction.

In contractile vascular smooth muscle the
endoplasmic reticulum has been modified
to enable Ca*" release and reuptake and has
thereforebeen termed sarcoplasmicreticulum.
In smooth muscle cells the sarcoplasmic
reticulum/endoplasmic reticulum (SR/ER)
complex comprises about 5% of the total
cell volume, with a considerable amount
of rough endoplasmic reticulum and golgi
apparatus adjacent to the nucleus, which
reflects the significant capacity that smooth
muscle has for protein synthesis and secretion.
The fact that vascular smooth muscle has a
fundamental role in mediating pressure and
flow in the vasculature is reflected in the
abundance of cytoskeletal and contractile
proteins expressed.

CYTOSKELETON

As with all eukaryotic cells the cytoskeleton is
comprised of a network of many and various
filamentous proteins, often formed by the
polymerization of monomeric subunits.
For example, monomers of alpha and beta
tubulin self assemble into microtubules

that function to provide static support
to the cell and to enable motor protein
mediated transport of cytosolic cargo and
for chromosomal segregation during mitosis.
The actin cytoskeleton and elements of
the actin contractile myofilament are also
generated from the polymerization of
globular monomeric actin to form polymeric
actin filaments. This process is dynamically
regulated even within the time scale of
contractile processes, i.e., as the smooth
muscle slowly shortens it can actually
synthesise and extend the length of the actin
filaments.

CONTRACTILE MYOFILAMENT

The structure of the smooth muscle acto-
myosin array is similar to striated muscle
with several important differences:

1. there is no troponin complex in smooth
muscle

2. contraction is regulated by Ca*
calmodulin-dependent myosin light
chain kinase (MLCK) mediated
phosphorylation of the regulatory light

chains of myosin, which enables actin
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myosin interaction and cross bridge
cycling

3. in the absence of Ca** and calmodulin
(CaM), caldesmon interacts with
actomyosin inhibiting the activity of
myosin ATPase

4. the activity of myosin light chain
phosphatase (MLCP) directly causes
the dephosphorylation of myosin LC,|
leading to relaxation

5. the actin: myosin ratio is higher in
smooth muscle averaging 15:1 in
vascular smooth muscle in comparison
to 6:1 in skeletal or cardiac muscle.
There are no intercalated disks or
z-disks, however, dense bodies in smooth
muscle are thought to be analogous to

z-disks (Figure 2.2).

There are a variety of intermediate filament
proteins but desmin and vimentin are
particularly abundant in smooth muscle. In
fact, desmin has been shown to be upregulated
in several myopathies and during smooth
muscle hypertrophy. As indicated once
globular actin polymerizes into filaments
they coil to form mature filamentous actin
that then combines with tropomyosin to
form a large actin-tropomyosin filament
which together is arranged in side polar
arrays with myosin II filaments (Figure 2.1).
The myosin II thick filaments are composed
of two 200kDa heavy chains, two 17kDa
light chains and two phosphorylatable
regulatory myosin light chains (LC,)). The
two heavy chains coil together forming a
155nm rod, while the globular head contains
the motor domain consisting of light chains
and Mg* ATPase activity and the actin
binding domain. The myosin is arranged in
an anti parallel array that enables the myosin
motors, on the heads of myosin molecules,
to draw actin polymers along its length and
effect shortening of the cell, so-called cross
bridge cycling (Figure 2.2). MLCK, which is

responsible for the Ca** calmodulin mediated
phosphorylation of LC, is actin associated
while MLCP which removes the phosphoryl
groups from LC, is associated with myosin.

(Figure 2.3)

FUNCTIONAL REGULATION OF
VASCULAR SMOOTH MUSCLE:
NEURONAL, HORMONAL,
RECEPTOR MEDIATED

Smooth muscle from all hollow organs
including blood vessels have been somewhat
artificially categorized into either single
unit smooth muscle or multiunit smooth
muscle, when in reality they should likely be
considered as a combination of both types.
Nevertheless, historically, multiunit smooth
muscle has been considered to be regulated
primarily through autonomic sympathetic
innervations, which release neurotransmitters
from varicosities along the axon, rather than
specifically coupling to individual cells.
Consequently, neurotransmitters are required
to diffuse anywhere from 5-100 nm to the
adjacent smooth muscle membrane in order
to activate their receptors. The activation
of sympathetic nerves therefore causes
membrane depolarization and activation of
voltage dependent ion channels, the most
prominent of which are the clinically relevant
voltage operated Ca* channels (VOCC) of
the Cav , family, also known as the long
acting L-type Ca* channels. Due to the
mechanism of membrane depolarization, this
form of cellular activation has been termed
electromechanical coupling. In contrast,
single unit smooth muscles have very little
innervation and are primarily activated
by autocrine and paracrine hormones,
including noradrenalin, adrenalin, and
angiotensin II, all of which function through
G-protein  coupled membrane  receptors.
Receptor activation either triggers sarcoplasmic
reticulum-mediated Ca** release or membrane
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FIGURE 2.2: lllustrates the patterned array of actin and myosin in smooth muscle in both cross section

and the longitudinal axis. Following phosphorylation of the light chains of myosin, actin and myosin interact

followed by the synchronous sliding of actin across the myosin. The movement of actin filaments toward the
center of the cell is driven by the Mg?* ATPase activity in the myosin heads and results in cell shortening or

development of tension.

FIGURE 2.3: lllustrates the major pathways by which Ca?* enters the cytosol, areas highlighted in blue
indicate mechanisms by which Ca?* exits that cell. Ca?* entry activates Ca? CaM-dependent myosin light
chain kinase leading to phosphorylation of myosin, leading to actin myosin interaction and contraction.
Myosin phosphatase dephosphorylates myosin uncoupling actin-myosin favouring vasorelaxation. Various
G-protein coupled receptors are capable of activating PKC/CPI-17 or RhoA/Rho kinases pathways which are
capable of inhibiting myosin phosphatase further favouring vasoconstriction.
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depolarization through the activation of
ion channels which may include VOCC.
Consequently this form of activation has
been termed pharmacomechanical coupling.
Experimental evidence also exists to suggest
that like striated muscle, extracellular Ca?*
entry in smooth muscle can also activate SR
Ca* release into the cytosol, so called Ca*
induced Ca* release, although this appears
to be a less common mechanism of Ca*
entry. Once activated, single unit smooth
muscle cells tends to contract in synchrony
with neighbouring smooth cells, which are
coupled through gap junctions. Gap junctions
are composed of 6 connexin proteins, which
are transmembrane spanning proteins which
assemble to form a barrel-shaped connexon
or hemichannel in the plasma membrane.
When two hemichannels from adjacent
cells assemble they form a functional gap
junction that enables the movement of ions
(electrical coupling) and small molecules
between adjacent cells (Figure 2.1). Evidence
indicates that at least some of the vascular
smooth muscle cells in most vascular beds
are electrically coupled via gap junctions and
may even be coupled to the endothelium in
a similar manner.

SMOOTH MUSCLE FUNCTION

As with other muscle types smooth muscle
functions best when at its optimal resting
length L, which provides the ideal balance
of actin-myosin interaction and muscle
shortening. Vascular smooth muscle cells
that are stretched beyond L have less than
optimal overlap of actomyosin crossbridges
and thus are unable to maintain or generate
maximum force. In smooth
muscle that is over shortened experiences
increased internal resistance due to internal
friction generated from having too many
slowly cycling cross bridges. However, in
smooth muscle the optimal length tension

contrast,

relationship is considerably more variable
than that for skeletal or cardiac muscle, but
appears to be directly related to the degree
of phosphorylation of the regulatory light
chains of myosin. The broader range of
optimal resting length amongst smooth
muscle may reflect the dynamic changes in
load that exist within the vasculature and of
the high actin:myosin ratio in smooth muscle
relative to striated muscle. Interestingly, at
the onset of stretch or pressurization smooth
muscle responds via activation of stretch
receptors (TREK and TRAK) that induce
Ca* entry and consequent smooth muscle
shortening, which directly offsets increased
vascular wall stress. This is the important
mechanism governing the phenomenon of
autoregulation. It is important to note that
although gastrointestinal smooth muscle
appears relatively unaffected by significant
stretch, more that 25% stretch often destroys
the contractile properties of vascular smooth
muscle.

MYOFILAMENT BASIS OF
SMOOTH MUSCLE
CONTRACTION AND
RELAXATION

Motility studies using isolated actin and
myosin proteins have identified that the duty
cycle of the myosin head power stroke is
7-11 nm. Perhaps more important than the
stroke length of the myosin is the activity of
the myosin ATPase, which along with Ca?**/
CaM and the activation state of myosin
light chain kinase and myosin light chain
phosphatase, determines the extent and the
rate of contraction of the vascular smooth
muscle (Figure 2.3). Smooth muscle myosin
ATPase hydrolyses ATP at a rate of ~0.16
moles ATP/mol myosin/second, which is
several orders of magnitude slower than
the skeletal muscle myosin ATPase which
hydrolyses ~10-20 moles ATP/mol myosin/
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second. In part the slower ATPase rate of
the myosin head accounts for the vastly
slower contraction rates of vascular smooth
muscle compared with striated muscles.
In addition, there are a variety of different
isoforms of smooth muscle myosin II which
when differentially expressed will increase
or decrease the maximum rate of smooth
muscle contraction. For example, so called
foetal isoforms of smooth muscle myosin II
have a slower rate of contraction. In addition,
these “foetal” isoforms have been shown to be
upregulated during extended hypoxia, and
during phenotypic remodelling of smooth
muscle from a contractle to synthetic or

proliferative phenotype.

Smooth muscle contraction and
relaxation

As mentioned, unlike cardiac and skeletal
muscle, smooth muscle does not contain
troponin and therefore is not subject to
troponin mediated regulation of contraction.
Smooth muscle contraction makes use
of another Ca® binding protein called
calmodulin (CaM), which when bound
with Ca* mediates the activation of the
actin bound myofilament enzyme, myosin
light chain kinase (MLCK), which in turn
phosphorylates the regulatory light chains
of myosin (LC,). Phosphorylation of the
myosin LC, isacritical step in smooth muscle
contraction which causes a conformational
change in the myosin head enabling the
interaction of myosin with actin, cross bridge
cycling, and contraction. Removal of cytosolic
Ca®* occurs through the activation of energy
dependent plasma membrane Ca®* ATPases
(PMCA), Na*/Ca* exchangers and sarco/
endoplasmic reticulum CaATPases (SERCA)
(Figure 2.3). However, MLCK-
mediated phosphorylation of the serine 19
of myosin LC, generates a covalent bond,
simply removing Ca** does not directly cause

since

vasodilatation. However, myosin associated,
myosin light chain phosphatase (MLCP),
is responsible for the dephosphorylation
of myosin LC, and the consequent loss
of smooth muscle acto-myosin interaction
and the attenuation of cross bridge cycling
(Figure 2.3). It is important to recognize that,
simple removal of extracellular Ca®* only
stops the phosphorylation of LC, and does
not provide an explanation for subsequent
smooth muscle relaxation since the LC,,
remains phosphorylated. This also partially
explains why Ca®* channel blockers are less
effective in attenuating pre-existing vascular
spasm as opposed to preventing spasm.

ION CHANNELS IMPORTANT IN
THE REGULATION OF SMOOTH
MUSCLE FUNCTION

Regulation of cellular Ca?

There are vast arrays of ion channels,
pumps, transporters and exchangers that are
important in regulating ionic balance and
smooth muscle membrane potential. Perhaps
the best know are the electrogenic 3Na*/2K*
ATPase and the voltage gated L-type Ca**
channels but includes: Na‘/Ca*" exchangers,
plasma membrane Ca** ATPases (PMCA),
which provide routes to extrude Ca** from
the cytosol into the extracellular space,
whereas the sarcoplasmic reticulum Ca*
ATPases (SERCA) are important in removing
Ca* from the cytosol back into the SR. In
contrast, when the SR becomes depleted of
Ca*, Ca’ sensor proteins in the SR termed
stromal interacting molecule 1 (STIM1)
translocate to the plasma membrane and
activate an ion channel called Orail which
enables refilling of SR Ca** stores. In addition,
a great deal of recent research has focused
on the non-selective cation channels of the
transmembrane receptor potential canonical

(TRPC) family that are thought be involved
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in regulating Na® and Ca** entry. Finally a
series of potassium channels are involved in
either re or hyperpolarisation of the plasma
membrane and thereby have therapeutic
potential in limiting extracellular Ca** entry
through voltage operated Ca®* channels and
thereby limiting vasoconstriction.

Sources of cytosolic Ca** entry

Within the smooth muscle cell, Ca** enters
the cytosol from the extracellular space
or from the intracellular endoplasmic
reticulum, which in muscle cells is termed
the sarcoplasmic reticulum (SR). Within
muscle the sarcoplasmic reticulum has
become variously modified to affect Ca*
release into the cytoplasm. Typically agents
that activate the ryanodyne receptor such as
caffeine or phospholipase C (PLC) derived
inositol 1, 4, 5 tris phosphate (IP3) which
activates the IP3 receptors (which are ion
channels) in the SR cause Ca?* to be released
into the cytosol. Ca** entering the smooth
muscle cell from the extracellular space does
so through non-selective cation channels or
selective Ca** channels, which may or may
not be gated by voltage. To date the most
important source of extracellular Ca** entry
in vascular smooth muscle is mediated by the
voltage dependent Ca** channels (VDCC).
The primary VDCC are the long lasting Ca**
channel, so called L-type or Ca 1.2 channels,
which are the clinical targets of the L-type
channel blockers the dihydropryidines,
phenylalkamines, benzothiazapenes. More
recent evidence indicates that a second class
of VDCC, the transient or T-type Ca*
channels also known as the Ca 3.X family
may be important in mediating Ca** entry in
the microvasculature. As the name suggests
VDCC are activated by a depolarization
of the plasma membrane, which increases
the open probability and overall Ca*

conductance into the cell. In addition, a

variety of non-selective cation channels have
the capacity to conduct a variety of ions
including Ca** and Na' into the smooth
muscle cell but due to their low conductance
are currently thought to be more important
in regulating membrane potential and
subsequent activation of plasma membrane

VDCC (Figure 2.3).

Potassium channels

The insulin-dependent electrogenic 3Na*/
2K* ATPase is important in establishing
the resting membrane potential (E,,) of the
smooth muscle cell.
the activation states of several types of K*
channels in smooth muscle are also important
in effecting membrane depolarization and
hyperpolarisation and consequent smooth
musclecontractionand relaxation, respectively.
The inward rectifier K, channels become
activated when the membrane becomes
hyperpolarized and beyond the equilibrium
potential for potassium (E,) they transport
more K* ions from the extracellular space into
the cell thereby offsetting or rectifying the
hyperpolarizing stimulus. However, there are
few if any physiological conditions in which
E,, is more negative than E, consequently,
even the K, channels conduct a small outward
hyperpolarizing K* current, and therefore
along with the 3Na*/2K* ATPase may be
important in mediating smooth muscle tone.
The K, family of potassium channels as the
name suggests are activated by depolarization
and thus are thought to be an important
control mechanism to hyperpolarize the
smooth muscle cell following neural or
hormonal-mediated depolarization. Agonists
including histamine acting through the
H1 receptor have been shown to block the
4-aminopyridine sensitive K, channels in
coronary arteries.
Physiologically K, , channels are activated
byagentsincluding,adenosine, calcitoningene

vascular However,
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regulated peptide (CGRP) and vasoactive
intestinal peptide (VIP). The activation of
K, channels and hyperpolarization medi-
ated vasodilatation is thought to be due in
part to activation of adenylyl cyclase and
subsequent cAMP dependent activation of
protein kinase A. More recent evidence has
also indicated that K, , channels become
activated in a protein kinase C-dependent
manner. However, perhaps more important is
the fact that cytosolic ATP and ADP function
to close and open K, channels, respectively.
This explains part of the mechanism
underlying the finding that vasculature in
ischemic tissue, containing high ADP: ATP
levels extrude K* in an effort to hyperpolarize
the membrane and effect vasodilatation.
Both experimentally and clinically the
so-called vasodilatory K* channel openers
including pinacidil, cromakalim, diazoxide,
and minoxidil activate K, . channels.

ATP
Interestingly the antidiabetic sulfonylurea

drugs, including glibenclamide actually
inhibit K, channels, enabling membrane

depolarization and activation of VOCC in
pancreatic beta cells enabling insulin release.
Consequently overuse of sulfonourea drugs
may therefore interfere with the efficacy
of vascular K* channel openers or directly
contribute to vasoconstriction.

The large conductance Ca** activated
potassium channels (BK.) channels are also
voltage sensitive but the smaller conductance
smK_ channels are less sensitive to voltage.
This family of K* channels are activated by
increases in cytosolic Ca** which occurs after
agoniststimulation, membranedepolarization
or stretch/pressure-dependent activation of
Ca* entry and therefore is involved in that
arm of the myogenic mechanism involved in
hyperpolarization.

G protein coupled receptors (GPCRs)
transduce signals from the autonomic nervous
system and hormonal stimuli including brady-
kinin, noradrenalin,adrenaline,angiotensinlI,

endothelin-1, serotonin and thromboxaneAz.
Many GPCRs exhibit divergent subcellular
signalling mechanisms and there is increasing
evidence for diversity of subcellular signalling
amongst vascular beds (Figure 2.3). For
example, angiotensin II can be generated
both locally within smooth muscle cells and
systemically through the renin angiotensin
system  (RAS). In smooth muscle the
type 1 Angll receptors are prototypical
G-protein coupled receptors which couple
through G, Similarly endothelin-1 can
be generated locally via endothelial cells,
inflammatory cells or renal sources. Like
Ang 1I, endothelin-1 makes use of Gq” in
smooth muscle to activate PLC, releasing
diacylglycerol (DAG) activating non selective
cation channels which facilitates membrane
depolarization and subsequent extracellular
Ca* entry through VGCC. In addition,
the activation of PLC generates IP3 causing
SR-mediated Ca®* release. DAG can also
activate PKC leading to the phosphorylation
of CPI-17 which specifically inhibits myosin
phosphatase, favouring phosphorylation of
the LC,, of myosin and vasoconstriction
(Figure 2.3). However, in contrast to Angll,
endothelin-1 also activates G,, coupled
receptors activating the RhoA/ Rho associated
kinase which leads to a direct inhibitory
phosphorylation of myosin phosphatase,
again favouring contraction (Figure 2.3).

ENDOTHELIAL REGULATION
OF SMOOTH MUSCLE
VASODILATATION

Nitric oxide is a potent vasodilator generated
in the endothelium which has many and
varied effects in the vasculature including
attenuating: platelet adhesion and aggre-
gation, cellular proliferation, and vaso-
constriction. A common theme underlying
the influence of nitric oxide is activation
of guanylyl cyclase, formation of cGMR
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activation of protein kinase G and con-
sequent activation of K* channels effect-
ing K* removal from the cell leading to
hyperpolarization and
sequent inactivation of VDCC favoring
low intracellular Ca* and vasorelaxation.
Cyclooxygenase activation in endothelial
cells also leads to generation of prostaglandin
PGI, which leads to receptor mediated
activation of adenylyl cyclase, generation of
cAMP, subsequent activation of PKA and
inhibition of K* channels (Figure 2.4).

membrane con-

SMOOTH MUSCLE
PROLIFERATION AND VASCULAR
REMODELLING

In the normal adult vascular wall most
vascular smooth muscle cells subserve a
contractile function to directly modulate
vasoconstriction and vasodilatation. However,
during development, following injury or in
the presence of growth factors and mitogens,
including inflammatory  cytokines and
oxidized lipids, vascular smooth muscle can
undergo phenotypic modulation. Vascular
smooth muscle phenotypic modulation
involves a partial down regulation of the
proteins that activate the contractile apparatus
in favour of the synthetic and proliferative
cellular machinery i.e., the cell increases
the abundance of; endoplasmic reticulum,
ribosomes for protein synthesis and the

density of the Golgi apparatus. So called
synthetic vascular smooth muscle cells are
therefore able to undergo very active protein
and DNA synthesis, cell division, and in
pathological settings are capable of taking up
large amounts of oxidized and nonoxidized
lipids which can contribute to lipid loading of
vascular smooth muscle cells and the formation
of so-called foam cells in the vascular wall. As
the name foam cell suggests, under microscopic
examination lipid laden smooth muscle cells
appear much like foam. Synthetic vascular
smooth muscle cells also secrete, external to
the cell, a great deal of extracellular matrix
including the proteins; collagen I, III, 1V,
and the proteoglycans, perlican, hyaluronan,
laminin. Proliferative smooth muscle cells also
secrete or associate with the membrane surface
several, matrix metalloproteinases (MMPs)
and their corresponding tissue inhibitors of
matrix metalloproteases (TIMPs) to enable
correct repair and remodelling of growing or
damaged vessels. Evidence exists that a chronic
excess of inflammatory cytokines and growth
factors can cause dysregulation of both
MMPs and TIMPs which can contribute
to inappropriate vascular remodelling. This
remodelling plays a significant role in the
progression of vascular stenosis, restenosis
following mechanical interventions, the
progression of unstable atheroma, and
aneurysmal dissection and rupture.

FIGURE 2.4: outlines the major influences of prostaglandin |, and nitric oxide (NO) in regulating the
activation state of various K* channels leading to hyperpolarization of smooth muscle cells and vasodilatation.
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At this point it is worth noting that
proliferative smooth muscle cells have an
attenuated response to vasoconstrictors and
vasodilators, probably due to the down
regulation of the contractile apparatus and
certain elements of the subcellular signalling
machinery thatisinvolved invasoconstriction.
However, many of the ligands that normally
lead to vasoconstriction, for example,
noradrenalin, angiotensin II and endothelin
also function to promote smooth muscle
proliferation both in the context of cellular
hypertrophy and hyperplasia. Platelet derived
growth factor (PDGF), is a potent smooth
muscle cell mitogen and growth stimulant
and contributes to normal vessel repair while
chronically elevated levels, for example,
generated from unstable thrombus, can
contribute to proliferative vascular disorders.
Interestingly nitric oxide, in addition to
functioning as a potent vasodilator also
limits smooth muscle hyperplasia and hyper-
trophy, probably by limiting intracellular
Ca* and associated Ca**dependent vascular
proliferation.

SUMMARY

It is clear from the preceding that there is a
dynamic interplay between cellular Ca** entry
from the extracellular space mediated by
membrane depolarization and the activation
of voltage dependent Ca*
Extracellular Ca® entry can be offset by the
activation of K* channels through either
endothelial nitric oxide-cGMP/PKG- or
PGI2-cAMP/PKA-dependent mechanisms,
both of which function to limit smooth
muscle contraction and  proliferation.
However, the simple fact that L-type Ca*
channel blockers and nitric oxide treatment
are limited in their ability to effectively
manage several disorders of hypercontractility
suggests that the additional mechanisms
including; SR Ca®* release and regulation

channels.

of myosin phosphatase are also important
targets for future therapeutic development.
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INTRODUCTION

Atherosclerosis, the principal cause of heart
attack, stroke, and peripheral vascular disease,
remains a major contributor to morbidity
and mortality in the Western World. Disease
progression is slow, beginning in childhood
and usually becoming clinically manifest in
middle age or later. Although the aetiology
of atherosclerosis is not fully understood,
it is generally accepted that atherosclerosis
is a multifactorial disease induced by the
effects of various risk factors on appropriate
genetic backgrounds'. Many risk factors,
such as hypercholesterolemia, modified lipo-
proteins, hypertension, diabetes, infections
and smoking have been identified in the
development of atherosclerosis.
Atherosclerosis has been the focus of
intense research for over 100 years. Since
Anitschkow and Chalatow first reported
that cholesterol can cause atherosclerosis,
many investigators have intensively studied
the role of blood cholesterol in the patho-
genesis of atherosclerosis. Although formerly
considered a bland lipid storage disease, new
insights into the pathogenesis of atheroscle-
rosis have emerged during the last decades,
due to the progress of cellular and molecular
approaches to the study of cell interactions
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in the arterial wall as well as alterations of
lipid metabolism. These new insights were
broadly summarized in three main theories,
i.e. the ‘response to injury’,” ‘oxidized low-
density lipoprotein (LDL)’, and ‘inflamma-
tion’" hypotheses.

The response to injury hypothesis® relies
on the concept that the primary cause of
atherosclerosis is an injury to the arterial
endothelium induced by various factors,
i.e. smoking, mechanical stress, oxidized-
LDL, homocysteine, immunological events,
toxins, viruses, The oxidized-LDL
hypothesis postulates that LDL oxidized by
various factors including endothelial cells,
macrophages and smooth muscle cells of the
arterial wall, plays a key role in the devel-
opment of atherosclerosis. More recently, a
widely accepted hypothesis is that athero-
sclerosis is an inflammartory disease, because
recent advances in the basic science have
established a fundamental role for inflam-
mation in mediating all stages of this disease
from initiation through progression and,
ultimately, the thrombotic complications
of atherosclerosis." The aim of the present
chapter is to summarize the data from a vari-
ety of research areas providing an overview
of atherosclerosis focusing on mechanistic
studies.

etc.
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ATHEROSCLEROTIC LESIONS

The intima of large and medium sized
arteries is composed of a monolayer of
endothelial cells and matrix proteins and
occasional smooth muscle cells in the sub-
endothelial space (Figure 3.1a). The media of
the vessel contains smooth muscle cells and
the elastic lamina built by matrix proteins,
while the main component of adventitia is
connective tissue. With increasing age, the
diseased arterial wall slowly thickens and
develops focal lesions of lipid accumulation
in the intima. These early lesions are known
as fatty streaks and are thought to be the sites
of predisposition to advanced lesions called
atherosclerotic plaques or atheroma, which
may lead to clinical symptoms in certain
circumstances.

Fatty streaks

Fatty streaks are generally the lesion types
found in children, although they may also
occur in adults. These lesions represent
the early changes of atherosclerosis and are
recognized as an increase in the number
of intimal macrophages filled with lipid
droplets (foam cells). A larger lesion which
can be grossly visible is characterized by
layers of macrophage foam cells and lipid
droplets within intimal smooth muscle cells
and minimal coarse-grained particles and
heterogeneous droplets of extracellular lipid
(Figure 3.1b). With the progression of lesion
development, intermediate lesions as des-
cribed by pathologists, are the morphological
and chemical bridge between fatty streaks
and advanced lesions. These lesions appear
in some adaptive intimal thickenings
(progression-prone locations) in young
adults and are characterized by pools of
extracellular lipid in addition to other
components of fatty streak lesions. The
fatty streak is largely clinically benign, but

is the precursor to later, clinically relevant
lesions.

Plaque or atheroma

The advanced lesion, a dense accumulation
of extracellular lipid, known as the lipid core,
occupies an extensive but well-defined region
of the intima.’ No increase in fibrous tissue
and complications such as defects of the lesion
surface and thrombosis are present at this
stage of disease. This atherosclerotic plaque
is also known as atheroma (Figure 3.1c).
The characteristic core appears to develop
from an expansion and confluence of the
small isolated pools of extracellular lipid that
characterize atheroma. Between the lipid
core and the endothelial surface, the intima
contains macrophages, smooth muscle cells,
lymphocytes and mast cells. Capillaries
surround the lipid core, particularly at
the lateral margins and facing the lumen.
Frequently macrophages, macrophage foam
cells, and lymphocytes are more densely con-
centrated in the lesion periphery. Much of the
tissue between the core and the surface endo-
thelium corresponds to the proteoglycan-rich
layer of the intima, although infiltrated with
the cells just described. Advanced lesions may
or may not narrow the arterial lumen, nor be
visible by angiography, nor produce clinical
manifestations. Such lesions may be clinically
significant even though the arterial lumen is
not narrowed, because complications may
develop suddenly.?

In addition, of athero-
sclerotic  plaques, i.e. and
‘stable’ plaques, have been recognized.
Vulnerable plaques often have a well-
preserved lumen, since plaques remodel
outward initially. The vulnerable plaque
typically has a substantial lipid core and
a thin fibrous cap separating the throm-
bogenic macrophages bearing tissue

factor (TF) from the blood. At sites of lesion

two  types

‘vulnerable’



FIGURE 3.1: Sections of rabbit arterial wall. Rabbits
were fed with a standard chow-diet (a) or cholesterol-
enriched diet (0.2%) for 3 weeks (b) or 16 weeks

(c). Their aortas were harvested and sections
prepared and stained with hematoxilin and eosin.
Arrows indicate the internal elastic lamina, the border
between the intima and media of the arterial wall.

disruption, smooth muscle cells are often
activated, as detected by their expression of
the transplantation antigen HLA-DR. In
contrast, the stable plaque has a relatively
thick fibrous cap protecting the lipid core
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from contact with the blood. Clinical data
suggest that stable plaques more often
show luminal narrowing detectable by
angiography than do vulnerable plaques,
but with much less chance of rupture.

HYPERCHOLESTEROLEMIA
AND OXIDISED-LDL

Accumulating evidence suggests a causal
relationship between blood cholesterol
and atherosclerosis. Blood cholesterol
is carried by lipoproteins, including
LDL, very low-density lipoprotein and
high-density lipoprotein (HDL). LDL
is believed to be ‘bad’ lipoprotein, while
HDL is ‘good’ and plays a protective role
in atherogenesis.’ It is established that
familial hypercholesterolemia related to
increased LDL levels causes premature
atherosclerosis and heart disease,® whereas
non-genetic  hypercholesterolemia  is
also associated with the development of
atherosclerosis. The consensus of many
trials using different cholesterol-lowering
regimens indicate that for every 10%
reduction in cholesterol level, the deaths
of patients with coronary heart disease
is reduced by at least 15%. It has been
assumed that the reduction in adverse
clinical events when plasma cholesterol
levels are decreased is directly related to
the magnitude of the cholesterol lowering.
That assumption is supported by the
fact that the benefit relates to the change
in cholesterol level in much the same way
whether the cholesterol lowering is achieved
with diet or with drugs. These findings
suggest that blood cholesterol exerts its role
in the pathogenesis of atherosclerosis.

LDL can be modified by oxidation 77 vive
and 7z vitro and is detectable in the circu-
lation as well as in atherosclerotic lesions.
In vivo, the rate of production of oxidized-
LDL in the arterial intima is a function of
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the concentration of native LDL present.
The mechanism whereby hypercholestero-
lemia and oxidized-LDL trigger events lead-
ing to the generation of early atherosclerotic
lesions i.e. fatty streak (Figure 3.2) remains
uncertain. Although rabbits and pigs were
often used in studying this issue, the apoli-
poprotein (apo) E—deficient mouse” and the
LDL receptor-deficient mouse have become
preferred animal models. Deletion and over-
expression of genes in animal models is now
the gold standard for critically testing the
relevance of candidate genes in atherogen-
esis. By using these models, it was observed
that one of the earliest responses induced
by hypercholesterolemia and oxidized-LDL
is an increase in the expression of vascular
cell-adhesion molecule-1 (VCAM-1), a
key adhesion molecule for monocytes and
T cells, on the endothelial surface lining
the major arteries.® Oxidized-LDL is itself
directly chemotactic for monocytes and

FIGURE 3.2: Schematic representation of the

role of oxidized-LDL (oxLDL) in atherogenesis.
Oxidized-LDL generated either locally or systemically
stimulates endothelial cells (EC) expressing
adhesion molecules, including ICAM-1, VCAM-1
and E-selectin, which are responsible for adhesion
of blood mononuclear cells. Oxidized-LDL is a
chemokine for T lymphocytes (T), monocytes (M)
and smooth muscle cells (S), and promotes foam
cell (FC) formation, which form the early lesion fatty
streak.

T cells, and can also be cytotoxic for endo-
thelial cells, mitogenic for macrophages and
smooth muscle cells and stimulate the release
of monocyte chemoattractant protein-1
(MCP-1) and monocyte colony-stimulating
factor (M-CSF) from endothelial cells. The
oxidative modification hypothesis has been
extensively reviewed.”

Oxidized-LDL can account for the load-
ing of macrophages with cholesterol. Here,
monocytes undergo phenotypic modification
and take up oxidized-LDL to become foam
cells, loaded with multiple cytoplasmic drop-
lets containing cholesterol esters.!” Recently
there has been considerable progress in iden-
tifying the components of oxidized-LDL
that make it a ligand for scavenger receptors.
Extensive degradation of the polyunsatu-
rated fatty acid (PUFA) in the s»-2 position
of phospholipids by oxidation seems to
be essential. Moreover, oxidized-LDL and
apoptotic cells compete for binding to
macrophage scavenger receptor, indicating
that oxidized phospholipids in the mem-
branes of apoptotic cells are involved in their
binding to macrophage scavenger receptors.
Therefore, oxidized-LDL promotes foam
cell formation that forms the earliest lesions
in the intima, which may progress to
advanced lesions in the presence of other
pro-atherogenic factors (Figure 3.2).

High-density lipoproteins role in
atheroprotection

It has been known for many years that the
plasma concentration of HDL-C correlates
inversely with the incidence of cardiovascular
disease. The Framingham Heart Study showed
that people whose HDL-C was less than
35 mg/dL (0.91 mmol/L) at the beginning
of the study had a future coronary risk more
than eight times that in subjects whose

HDL-C concentration was greater that
65 mg/dL (1.68 mmol/L)."" In the more



recent Prospective Cardiovascular Munster
(PROCAM) Study, men with an HDL-C
concentration of less than 35 mg/dL
(0.91 mmol/L) at baseline were shown to
have a four times greater risk, at six years,
than men whose HDL-C concentration was
greater than 35 mg/dL (0.91 mmol/L)."* In
both studies, the risk associated with lower
plasma HDL-C concentration was inde-
pendent of LDL-C concentration. HDLs
have several properties that contribute to their
ability to protect against the development of
atherosclerosis.

The best known mechanism of athero-
protection relates to the ability of HDLs
to promote efflux of cholesterol from foam
cells. This process inhibits the progression
of,and potentially promotes theregression of,
atherosclerosis.””  High-density lipopro-
teins can also inhibit the oxidative modi-
fication of LDLs and thus reduce their
atherogenicity. The principle mechanism
of this anti-oxidant function resides with
the presence of para-oxonase enzyme resid-
ing in the HDL particle,'*" although the
main apolipoprotein, apolipoprotein Al
(ApoAl), has also been demonstrated to
have anti-oxidant capacity.'® Conceivably,
the earliest observable cellular dysfunc-
tion in the normal blood vessel, leading
to atherogenesis, is the expression of leu-
kocyte adhesion molecules and chemok-
ines. Many studies, both 7z vive and in
vitro have shown that HDLs can inhibit
expression of endothelial cell adhesion
molecules and MCP-1."7%  Endothelial
dysfunction, and subsequent platelet acti-
vation and aggregation are key elements of
the progression of atherosclerotic plaque
formation. The ability of HDLs to be anti-
thrombotic was demonstrated by the abil-
ity to induce prostacyclin (PGI,) synthesis,
via induction of cyclo-oxygenase 2, and
in addition to stimulate the generation of
nitric oxide,** thus reducing the endothelial
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dysfunction that may precede the develop-
ment of atherosclerosis.

HYPERTENSION AND
BIOMECHANICAL STRESS

Hypertension is a well-established risk
factor for atherosclerosis.?? Clinical trials
have shown that, in the highest quintile
for diastolic pressure, hypertension still
contributes significantly to the risk of
atherosclerosis, the added
risks of high cholesterol and smoking.
Induction of hypertension in the Watanabe
heritable hyperlipidemic rabbit showed a
synergistic effect, causing intensification of
atherosclerosis. The fact that atherosclerotic
lesions preferentially occur in the areas
where hemodynamic or biomechanical stress
is altered, e.g. bifurcation of the arteries,
supports the idea that hypertension exerts
its role in the pathogenesis of atherosclerosis

even with

via altered mechanical stress to the vessel
wall.

In vivo, the vessel wall is exposed to two
main hemodynamic forces or biomechani-
cal stress: shear stress, the dragging frictional
force created by blood flow, and mechanical
stretch, a cyclic strain stress created by blood
pressure.”* Shear stress stimulates endothelial
cells to release nitric oxide and prostacyclin,”
resulting in vessel relaxation and protection
of vascular cells, whereas smooth muscle
cells are stimulated by cyclic strain stress. In
humans, atherosclerotic lesions occur prefer-
entially at bifurcations and curvatures where
hemodynamic force is disturbed, i.e. lower
shear stress and higher mechanical stretch.
Although veins do not develop spontane-
ous atherosclerosis-like lesions, accelerated
atherosclerosis occurs rapidly in venous
bypass grafts, which bear increased bio-
mechanical forces due to alterations in blood
pressure, i.e. vein (0-30 mm Hg) vs. artery
(120 mm Hg). This finding supports the
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hypothesis that mechanical stress could be a
crucial factor in the pathogenesis of athero-
sclerosis.

The mechanism whereby mechanical
forces are sensed by cells and transmitted
through intracellular signal transduction
pathways to the nucleus resulting in quan-
titative and qualitative changes in gene
expression in the vessel wall is not fully
understood. However, recent evidence
indicates that mechanical stretch initiates
intracellular signal pathways, especially
mitogen-activated protein kinase (MAPK)
26

cascades®® which are thought to play a piv-
otal role in transmitting transmembrane
signals required for cell proliferation, differ-
entiation and apoptosis. MAPKSs comprise
a ubiquitous family of tyrosine/threonine
kinases, and include extracellular signal-
regulated kinases (ERKSs), stress-activated
protein kinases (SAPKs) or c-Jun NH)-ter-
minal kinases (JNKs), and p38 MAPKs.”
They are highly activated or expressed in
atherosclerotic lesions and vessel wall stimu-
lated by acute hypertension.®

Biomechanical stress-induced cell

death

While biomechanical force at physiological
levels is essential to develop and maintain
organic structure and function, at elevated
levels mechanical stretch may result in cell
death leading to pathological conditions.
In recent years, however, it has become
widely recognized that cell death, namely
apoptosis, is not justa response to injury but
a highly regulated and controlled process.
Disturbances in the regulatory mechanisms
of apoptosis often precede the development
Exploration of the
molecular signalling mechanisms leading
to mechanical stress-induced apoptosis in
cardiovascular disorders has revealed the
crucial role of apoptosis in the pathogenesis

of atherosclerosis.

of atherosclerosis.”” Recent data focussing
on the molecular mechanisms of mechanical
stress-induced apoptosis are summarised
and the role of apoptosis in the development
of atherosclerosis is highlighted.

Recently, the first mouse model of vein
graft atherosclerosis was established by
grafting autologous jugular vein or vena
cava to carotid arteries in wild-type and
apoE-deficient mice. In many respects, the
morphological features of this murine vas-
cular graft model resemble those of human
graft atherosclerosis (Figure 3.3). Apoptosis
occurred mainly in veins grafted to arteries,
remaining unchanged in vein-to-vein
grafts.**Theveinsgrafted toarteriesweresub-
jected toincreased biomechanical forcesinthe
form of stretch stress due to blood pres-
sure. When mouse, rat and human arterial
smooth muscle cells cultured on a flexible
membrane were subjected to cyclic strain
stress, apoptosis was observed in a time- and
strength-dependent manner. Mechanical
stretch resulted in p38 MAPK activation.
Smooth muscle cell lines stably transfected
with a dominant negative rac, an upstream
signal transducer, or overexpressing MAPK
phosphatase-1, a negative regulator for
MAPKs, completely inhibited mechanical
stress-stimulated p38 activation, and abol-
ished mechanical stress-induced apopto-
sis.’! Interestingly, p53-deficient vein grafts
had lower levels of apoptosis that correlated
with increased atherosclerotic lesions.
The sudden elevation in mechanical forces
could be a strong stimulus to the grafted
vessel wall and may result in activation
of intracellular signal pathways leading to
gene expression and cell death. Thus, one
of the earliest events in vein graft athero-
sclerosis is apoptosis, in which mechanical
stress-induced p38-MAPK-p53 activation
is, at least in part, responsible for transduc-
ing signals leading to apoptosis.
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FIGURE 3.3: Hematoxilin and eosin-stained sections of arterialized mouse vein grafts. Under anesthesia,
vena cava veins were removed and isografted into carotid arteries (of control mice)(a) of apoE-/- mice (b).
Animals were sacrificed 8 weeks after surgery, and the grafted tissue fragments fixed in 4% phosphate-
buffered (pH 7.2) formaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin-eosin.
Panel c is a photograph of vein graft section with higher magnification. Smaller arrow indicates a foam cell,
and larger one indicates cholesterol crystal structure. /u indicates the lumen of the vessel.

Biomechanical stress and
inflammation

Vein graft atherosclerosis has an inflammatory
nature characterized by mononuclear cell
infiltration followed by smooth muscle cell
proliferation. It has been postulated that
biomechanical stress plays a role in adhesion
molecule expression via MAPK signal
transduction pathways, leading to NF-xB
activation. Supporting this concept is the
fact that neointimal lesions of vein grafts in
intercellular adhesion molecule ICAM)-1 -/-
mice were reduced from 50% to 30% com-
pared to wildtype controls. ICAM-1 is critical
in the development of venous graft athero-
sclerosis. It has been established that exposure
of endothelial cells to shear (mechanical) stress
results in increased expression of ICAM-1 and

monocyte chemotactic protein-1 (MCP-1)
via activation of transcription factor NF-kB
and AP-1. These molecules are essential for
leukocyte-endothelial cell interaction and
subsequently cell infiltration, characteristic of
the early lesions of vein grafts that undergo
elevated blood pressure. Interestingly, mech-
anical stress also leads to smooth muscle
cells expressing ICAM-1 via activation of
NF-kB. In animal models, smooth muscle
cells express ICAM-1 which is associated
with monocyte/macrophage accumulation
in vein grafts. Smooth muscle cells of
ICAM-1 -/- mice do not express ICAM-1
which is correlated with reduced early lesions.*
Mechanical stress-induced adhesion molecules
and chemokine expression in the vessel wall
could be important for the inflammatory
response.
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Biomechanical stress-induced smooth
muscle cell proliferation

It has been established that mechanical stress
stimulates DNA synthesis and the prolifer-
ation of in vitro cultured smooth muscle
cells. Hypertension increases mechanical
force on the arterial wall up to 30%, resulting
in marked alterations in signal transduction
and gene expression in smooth muscle cells,
which contribute to matrix protein synthesis,
cell proliferation and differentiation.”
Recently, several reports demonstrated that
angioplasty resulted in stretching of the
arterial wall leading to rapid activation of
the MAPKs in the regenerating carotids.?* The
magnitude of Extracellular signal-regulated
kinase p42 (ERK42) activation positively
correlated with the degree of balloon injury
to the arterial wall. Ex vivo stretching of the
vessel wall also induced significant activation
of ERK42 kinases. These findings suggested
that the kinase activation in the early phase
following injury may be due to mechanical
stimulation of the vessel wall.

In cultured smooth muscle cells, mechan-
ical forces evoked ERK activation followed
by enhanced DNA-binding activity of tran-
scription factor AP-1. Interestingly, physi-
cal forces rapidly result in phosphorylation
of platelet-derived growth factor (PDGF)
receptor,” epithelial growth factor receptor
and vascular endothelial growth factor recep-
tor. Thus, mechanical stresses may directly
perturb the cell surface or alter receptor
conformation, thereby initiating signalling
pathways normally used by growth factors.
Suramin, a non-specific PDGF inhibitor,
has been shown to be a growth factor recep-
tor antagonist that inhibits cell proliferation.
When vein isografts in mice were treated
ex vivo and in vivo with suramin, intimal
lesions were reduced up to 70% compared
to untreated controls. The mechanism of
suramin-inhibited neointimal hyperplasia

mainly involves inhibition of smooth muscle
cell migration and proliferation via blocking
PDGEF receptor-MAPK-AP-1 signal path-
ways. Thus, research into biomechanical
stress-regulated gene expression in athero-
sclerosis using these models could lead to a
new therapeutic strategy in the treatment of
this disease in humans.

INFECTIONS AND HEAT SHOCK
PROTEINS

Risk factors, such as high blood cholesterol,
hypertension and smoking only explain
a proportion of the incident cases of all
atherosclerosis. There is a body of evidence
that microorganisms play a role in the
pathogenesis of atherosclerosis and may
be a primary risk factor in people who
do not suffer from other established risk
factors. Accumulating evidence suggests that
infectious organisms reside in the wall of
atherosclerotic ~ vessels, including cyto—
megalovirus (CMV) and Chlamydia (C)
pneumoniae.  Seroepidemiological  studies
demonstrate an association between the
pathogen-specific IgG  antibodies and
atherosclerosis.”®”” However, the data are
inconsistent, with other studies showing no
increased risk for atherosclerosis.’®®*° One
possible explanation for this disparity is that
infections contributing to atherosclerosis risk
may depend, at least in part, on the host’s
response to the pathogen, i.e. inflammatory
and immune reactions.

Infections

Several papers reviewing the infections,
ie C.pneumoniae, H.pylori and CMV and
atherosclerosis have been published” and
these will be summarised. Saikku et al*® was
first to show a link between C.pneumoniae
infection, coronary artery disease and athero-
sclerosis. Since then, many studies have



shown an association of C.pneumoniae with
atherosclerosis. In vitro experiments have
shown a preferential and specific attraction
to and infection of macrophages, vascular
endothelium and vascular smooth muscle,
by C.Pneumoniae, thus resulting in their
accumulation into atherosclerotic plaques.
This is supported by studies of post-mortem
specimens of vascular tissue which found a
high correlation between the distribution
of atherosclerosis and C.pneumoniae*' and
other organisms.

H.pylori, another gram negative bacte-
ria which typically infects human gastric
epithelial cells has been demonstrated in
atherosclerotic plaques.®® Sero-positivity to
H.pylori was implicated as a risk factor in
coronary heart disease (CHD) from the first
report in 1994. However a meta-analysis®
of 18 studies failed to show any correlation
between sero-positivity against H.pylori and
the presence or extent of CHD. Although the
evidence supporting involvement of H.pylori
in atherogenesis is not conclusive, it may
be important to differentiate between viru-
lent and avirulent strains of H.pylori to
determine the effects on atherogenesis.
Mayr et al** conducted a population based
study and investigated the effects of CagA
(cytotoxin-associated gene A) positive and
CagA negative strains of H.pylori. This
study concluded that there was an increased
risk of atherosclerosis in individuals who
were infected with CagA positive strains of
H.pylori. Another group has obtained similar
results, indicating the role of this strain in
the pathogenesis of atherosclerosis.

Heat shock proteins

The role of HSPs in disease with regard to
their physiological functions and pathological
involvement have been described in many
reviews on the subject. The HSP family of
proteins is subdivided into groups based
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on their molecular weight (e.g. HSP60
is a 60kDa protein) and are produced by
almost all cells and play an important role
in the organism’s general protective response
to environmental and metabolic stresses
(Table 3.1). They exist in all major cellular
compartments. For example, HSPI10,
HSP60 and HSP75 are mainly located
in mitochondria, while others are found in
different compartments throughout the cell.
They have important physiological functions,
primarily as a molecular chaperone.” HSPs
also appear to be important in preventing
cellular damage during repair processes
following injury. Evidence indicates that
HSPs may be autoantigens in some circum-
stances.”> HSP47, HSPGO and HSP70 have
been identified as being involved in the
pathogenesis of atherosclerosis.*

Infections and HSP expression

In a recent study, increased HSPGO was
demonstrated on the endothelium, smooth
muscle cells, and mononuclear cells of all
atherosclerotic carotid and aortic specimens,
whereas vessels with normal intima showed
no detectable expression of this HSP. The level
of HSPG60 expression positively correlated
with atherosclerotic severity. Interestingly,
chlamydial and human HSPG60s have been
shown to be co-expressed in atherosclerotic
lesions. These data support the concept that
elevated HSP expression in lesions may be
induced by the pathogen Chlamydiae species.
During its normal cycle generating infectious
progeny, Chlamydiae express basal levels of
HSP. During the lytic phases of chlamydial
infection, host cells release their own HSPG60,
and also chlamydial HSP60 that has been
produced by these microorganisms. Soluble
HSP60 (sHSP) levels were significantly
elevated in subjects with prevalent/incident
carotid  atherosclerosis and correlated to
intima-media thickness independent of
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TABLE 3.1: Heat shock protein families
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Family Members/other | Physiological Pathological
names function involvement

HSP10 HSP10, HSP17 Promotes substrate unknown

Release with HSP60

Small HSP HSP20, HSP23 F-actin assembly, unknown
HSP27, HSP28 Molecular chaperones.

HSP40 HSP32, HSP40, Guides protein folding, Atherosclerosis
HSP47 Binding and transport of

collagen

HSP60 HSP58, GroEL Assemble polypeptides; | Atherosclerosis,
HSP60, HSP65 Translocate proteins Rheumatoid arthritis,
Grp58 across membranes; Adjuvant arthritis,

Accelerate protein Diabetes mellitus,
folding and unfolding Systemic sclerosis.

HSP70 HSP68, Dnak. Molecular chaperone: Atherosclerosis
Hsc70, Hsx70 Assembly and transport | Tuberculosis, Leprosy,
HSP72, HSP73 newly synthesized Filariasis,

HSP75, Grp75 proteins;

HSP78, Grp78 Fold or unfold
polypeptides;
Remove denatured
proteins;
Bind to specific
polypeptides (e.g., p53);
ATPase activity.

HSP90 HSP83, HptG Bind to specific Schistosomiasis,
HSP87, HSP90-a. | polypeptide receptors Systemic lupus
grp94, HSP90-B (e.g., glucocorticoid erythematosus.

receptor).

age, sex and other risk factors. Interestingly,
sHSPGO was also correlated with anti-LPS,
anti-Chlamydia and anti-HSPG60 antibodies,
inflammation  markers  and
infections.

chronic

Infections, sHSP and innate
immunity

Infectious agents contribute to atherogenesis
in a variety of ways. One mechanism is
by triggering innate immune reactions
leading to inflammatory responses. Innate
immunity involves several different cell

types, e.g. mononuclear phagocytes and
endothelial cells. Both endothelial cells and
macrophages express receptors that recognize
molecular epitopes from a broad range of
pathogens. These receptors include various
scavenger and Toll-like receptors (TLRs).
So far more than 10 human TLRs have
been identified. A variety of bacterial and
fungal components are known TLR ligands,
including peptidoglycan for TLR2, LPS for
TLR4, flagellin for TLR5, and unmethylated
CpG (cytosine and guanine separated by
a phosphate group, which links the two
nucleotides together) motifs in bacterial



DNA for TLR. It is possible that TLRs
may be collectively responsible for detecting
a large range of microbial pathogens. TLRs
are evolutionarily conserved innate immune
receptors that are shared by IL-1 receptor
signalling to activate the NF-kB pathway
and release inflammatory cytokines. TLR
ligation therefore induces expression of a
wide variety of genes such as those encoding
proteins involved in leukocyte recruitment,
production of reactive oxygen species,
and phagocytosis. Activation of TLRs will
also elicit the production of cytokines that
augment local inflammation. Finally, TLR
ligation may directly induce apoptosis,
probably of key importance in the first line
of defence.*

Expression of TLR4 in atherosclerotic
plaques has been found, preferentially in
lipid-rich and macrophage-infiltrated areas
of lesions. In vitro, basal expression of mac-
rophage TLR4 was shown to be up-regulated
by oxidized-LDL. In addition, of the nine
TLRs, expression of TLR1, TLR2, and
TLR4 was shown to be markedly enhanced
in human atherosclerotic plaques. A poly-
morphism or mutation of TLR4 was shown
to be strongly correlated with the incidence
and development of atherosclerosis in a large
population study (Bruneck Study). Surpris-
ingly, several groups reported that recom-
binant HSP60 and HSP70 from bacteria
and humans specifically bind to TLR4 in
macrophages, endothelial cells and smooth
muscle cells. Recombinant HSP60 bind-
ing to the TLR4/CD14 complex of macro-
phages and endothelial cells led to activation
of MyD88-NF-kB pathways. HSP70 and
mycobacterial HSP65 have a similar bind-
ing activity to TLR4/CD14 that initiates
MyD88-NF-kB signal pathways, suggest-
ing that the TLR4/CD14 is a receptor for
several HSPs that mediate the signal path-
ways leading to proinflammatory responses
during infections.
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In summary, infections with proathero-
genic organisms may be important in indi-
viduals lacking additional risk factors as well
as acting synergistically with established risk
factors. In this process, HSP may be a link
between infections and the pathogenesis of
atherosclerosis. Infectious agents may exert
their role by producing their own HSPs
and inducing host production which could
be released into blood. The soluble form of
HSPs contact endothelial cells and immune
cells where innate immune responses are
initiated. Innate immune reactions to HSPs
result in proinflammatory responses in the
vessel wall. Together, infections via HSPs
contribute to the development of athero-
sclerosis (Figure 3.4).

FIGURE 3.4: Schematic representation of the likely
mechanism of action of heat shock proteins (HSPs)
in the development of atherosclerosis in response to
risk factors (stressor), e.g. infections. TLR, Toll-like
receptor; APC, antigen-presenting cells.
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IMMUNE RESPONSES

The contribution of immune responses
to the pathogenesis of atherosclerosis has
been recognized and much progress in this
research field has been achieved through
the participation of many investigators.”’
Involvement of the immune system in
atherogenesis is supported by recent data,
including the occurrence of granular deposits
of immunoglobulins and co-distributed
complement components, increased expression
of C3b receptors (CR1) and C3b1 receptors
(CR3) on macrophages within atherosclerotic
lesions, but not in unaltered vessels. However,
B cells are only found in very low numbers in
various stages of atheroscleroticlesions, and the
site of production for these immunoglobulins
must, therefore, be sought elsewhere. Other
than these humoral immune phenomena,
it is now clear that T cells are among the
first cells infiltrating the intima of arteries
during the earliest stages of atherosclerosis,
most probably before monocytes. A majority
of these early T cells are CD4*, HLA-DR*
and interleukin-2 receptor+ (IL-2RY), i.e.
activated. Others have shown that T cells in
late atherosclerotic plaques express the low
molecular variant of the leukocyte common
antigen (CD45RO) and the integrin very
late activation antigen-1 (VLA-1). Hansson
and his group analyzing the rearrangement
of T cell receptor (TCR) genes in these
latter cells derived from advanced lesions,
showed that they represent a polyclonal
population rather than displaying restricted
T-cell receptor TCR usage. These findings
support the role of the immune system in
atherogenesis.

MHC class II antigen and T cells

Regardless of which antigen these lympho-
cytes may recognize, it seems improbable that
endothelial cells (EC) which aberrantly express

major histocompatibility complex (MHC)
class II antigens act as primary antigen-
presenting cells for T  cell sensitization. MHC
class IT expression by EC occur concomitantly
where T cells are found, and thus production
of gamma-interferon (IFNY), the major
T-cell chemokine, is present in the intima
directly beneath these areas. Therefore, it
can be concluded that the expression of
MHC class II molecules by endothelial
cells represents a secondary rather than a
primary phenomenon. The large majority
of CD3* cells in the mononuclear infiltrate
in atherosclerotic lesions expresses TCRou/f3,
but an unexpectedly high proportion also
express TCRy/d. While the latter type
of cell only constitutes approximately 1 % of
leukocytes in peripheral blood, enrichment
to 10 % or more within early atherosclerotic
lesions has been observed. The majority of
these latter cells express the TCRY2 chain,
i.e. resemble the TCRY/&+ population found
in the intestinal mucosa. On the other hand,
TCR VY982+ cells characteristic of circulat-
ing TCRY/3+ cells are not proportionally
increased in the intima. Finally, endothelial
cells and leukocytes express and synthesise
a variety of immunological-inflammatory
mediators, occurring in atheroscleroticlesions.
Among others, these include interleukin-1
(IL-1), tumour necrosis factor o (TNFa),
lymphotoxin, IL-2, IL-6, IL-8, monocyte-
chemotactic peptide-1 and IFNY'. Together,
these molecules can modulate the local
cellular immune response within emerging
atherosclerotic lesions.

Oxidized-LDL as a candidate antigen

T cells isolated from human atherosclerotic
plaques were shown to be specifically reactive
to oxidized-LDL. One fourth of all CD4+
T cells cloned from human plaques recognized
oxidized-LDL in an HLA-DR-dependent
manner. Oxidized-LDL-specific T cells are



present in lymph nodes of apoE-KO mice,
which have strong humoral as well as
cellular immune responses to such modified
lipoproteins. In oxidized-LDL
induces activation of a subset of peripheral
T cells. In addition, antibodies to oxidized-
LDL can be detected in atherosclerotic
patients and are present in atherosclerotic
lesions, suggesting that it is a quantitatively
important antigen. The immune response
to oxLDL plays a pathogenetic role in
atherosclerosis because lesion progression
can be inhibited by immunization or
induction of neonatal tolerance to oxLDL. It
seems paradoxical that both tolerization and
hyperimmunization can reduce the extent
of disease; this may be due to the different
effector pathways activated by these two
kinds of treatment.

humans,

HSPG60 as a candidate antigen
As above, HSPs

implicated in activation of innate immune
responses involved in the pathogenesis of
atherosclerosis. Moreover, adaptive immune
reactions to HSP60 have also been implicated
in the development of atherosclerosis. In
experimental models, rabbits immunised
with HSP65/60 recorded induction of
vascular inflammation, with endothelial
activation and mononuclear cell adhesion
demonstrated.®® The developing lesions
also contained T cells, and cell lines derived
from such infiltrates exhibited anti-HSP60
reactivity. Anti-HSP60 antibodies occurred
in peripheral blood, and immunization
with HSP60 was found to increase fatty
streak development in hypercholesterolemic
rabbits and mice. In humans, antibodies
to HSP65/60 are elevated in early and late
atherosclerosis and may predict progression
of atherosclerotic disease. Since heat shock
proteins of humans and microbes are
structurally and antigenically similar, it is

discussed have been
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possible that molecular mimicry between
immune responses to microbial HSP and
homologues expressed by vascular cells could
account for the association between infections
and atherosclerosis.*’ Based on these findings,
Maron and co-workers provided the evidence
that atherosclerotic lesions were reduced by
nasal immunization with HSP65 in apoE-
deficient mice, suggesting that atherosclerosis
might be inhibited by vaccination against

HSP65.%°

B2-glycoprotein Ib as a candidate
antigen

A third autoantigen, [B2-glycoprotein Ib
(B2-GPI), is present on platelets but may
also be expressed by endothelial cells.
Autoantibodies to B2-GPI are produced in
several inflammatory disorders, in addition
to atherosclerosis. The immune response to
2-GPI appears to be proatherogenic, because
hyperimmunization with B2-GPI"'® or trans-
fer of B2-GPl-reactive T cells aggravates fatty
streak formation in LDLR-/- mice. The
pathogenic mechanism by which B2-GPI
acts remains unclear, but it may be related to
this protein’s capacity to bind phospholipids.

In summary, adaptive immunity power-
fully modulates initiation and progression of
atherosclerosis. Atherogenesis involves inter-
communication between shared pathways
involved in adaptive and innate immunity.
Various established and emerging risk fac-
tors for atherosclerosis modulate aspects of
immune responses, including lipoproteins
and their modified products, HSPs, and
infectious agents. As the molecular details
become understood, new potential targets
for therapies will doubtless emerge.

INFLAMMATION

It is generally accepted that atherosclerosis
is an inflammatory disease,' because recent
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findings have provided important links
between all risk factors and the mechanisms
of atherogenesis. Clinical studies have shown
that this emerging biology of inflammation
in atherosclerosis applies directly to human
patients. Elevation of markers for inflam-
mation predicts the outcome in patients with
acute coronary syndromes.* In addition, low-
grade chronic inflammation, as indicated by
levels of the inflammatory marker C-reactive
protein (CRP), prospectively defines the
risk of atherosclerotic complications, thus
adding to prognostic information provided
by traditional risk factors. Certain treatments
that reduce atherosclerosis risk also limit
inflammation. For example, statins, used
for lipid lowering,* have anti-inflammatory
effects. Amongst the known inflammatory
triggers on the vessel wall are known risk
factors e.g. hypercholesterolemia, oxidized-
LDL, hypertension, biomechanical stress
and infection. These risk factors can directly
or indirectly stimulate endothelial cells
expressing adhesion molecules (VCAM-1,
ICAM-1 and E-selectin) mediating sub-
sequent mononuclear cell infiltration and
foam cell formation in the subendothelial
space.’ In this section, some recent findings
that have not been described above will be
summarised.

C-reactive protein

C-reactive protein (CRP) is an acute-phase
protein that is involved in inflammatory
processes. It is made up of 5 identical
subunits which are arranged in a pentagonal
shape. CRP is predominantly synthesized
by hepatocytes, but in response to inflam-
mation, CRP expression can be found in
atherosclerotic plaque, aortic endothelial
cells, monocytes and vascular smooth muscle
cells. Inflammatory cytokines induce CRP
gene expression and statins have been shown
to reduce CRP levels.”

Biasucci et al* studied a cohort of patients

admitted with unstable angina and found
that one half of this group had a persistently
elevated CRP (>3mg/dL) at discharge. Those
with elevated discharge CRP levels had a
significantly elevated risk of recurrent
unstable angina or MI during the subse-
quent 12 months. This group has also dem-
onstrated that CRP elevation in individuals
presenting with severe peripheral arterial
disease was associated with an increased risk
of MI, independent of other vascular
risk factors.

CRP may be not only a marker of inflam-
mation and atherosclerosis, it may also be an
active component participating in atherogen-
esis. CRP can bind to lipoproteins and acti-
vate the complement system via the classical
pathway. CRP deposits have been shown in
the arterial wall early during lesion forma-
tion, which is co-localized with the terminal
complement complex. This suggests that
CRP may promote atherosclerotic lesion
formation by activating the complement sys-
tem and is involved in foam cell formation,
which may be caused in part by the uptake
of CRP-opsonized LDL.

CD40/CD40L

These antigens are ubiquitously expressed
on the surface of endothelial cells, smooth
muscle cells, macrophages, T lymphocytes,
and platelets within human atheroma.”' The
proatherogenic functions of CD40 ligation
include augmented expression of matrix
metalloproteinases, procoagulant tissue factor
(TF), chemokines, and cytokines. Indeed,
interruption of CD40 signalling not only
reduced the initiation and progression of
atheroscleroticlesionsin hypercholesterolemic
mice in vivo, but also modulated plaque
architecture in ways that might lower the
risk of causing thrombosis. In addition to
the 39-kDa cell membrane-associated form,



CD40L also exists as a soluble protein,
termed sCD40L. Although lacking the
cytoplasmic, the transmembrane region,
and parts of the extracellular domains, this,
the soluble form of CD40L, is considered
to possess biological activity. Patients with
unstable angina express higher sCD40L
plasma levels than healthy individuals or
patients with stable angina. Moreover, it was
recently demonstrated that elevated plasma
concentrations of sCD40L predict risk
for future cardiovascular events. Although
in vitro and in vive studies established that
CD40 signalling participates in athero-
sclerosis, the initial trigger for CD40/
CD40L expression within atheroma may be
regulated by oxidized-LDL. Thus CD40/
CD40L may be a mediator in the inflam-
matory responses during the development of
atherosclerosis.

SUMMARY AND PERSPECTIVES

Atherosclerosis is an inflammatory disease
that is initiated by multiple risk factors,
including hypercholesterolemia, oxidized-
LDL, altered biomechanical stress, smoking
and infections. Due to research achievements
in recent decades, atherogenesis is no longer
an inevitable consequence of aging—the
statin revolution has left this in no doubt.
Better control of hypercholesterolemia can
clearly be achieved but many questions
remain. For example, which factor is an
initiator for the development of athero-
sclerotic lesions, and how do other factors
participate in the disease process. Currently,
atherosclerosis research is highly topical.
The mystery of the molecular mechanisms
in this disease will yield to the current muldi-
disciplinary attack by academic institutions
and the pharmaceutical industry using the
powerful techniques of vascular biology and
molecular approaches.
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INTRODUCTION

Atherosclerosis continues to cause consider-
able morbidity and mortality, particularly in
the western world. While risk factors have
been clearly identified, their precise roles in
early atherogenesis are complex. The early
development of the plaque is dependent upon
interactions between damaged endothelial
cells, vessel wall smooth muscle cells and
circulating inflammatory cells mediated by
the release of cytokines, growth factors and
cell adhesion molecules. Plaque formation
may represent a cell-mediated immune
phenomenon, with a variety of potential
antigenic agents identified. Shear stress and
flow considerations also play a part.
Atherosclerosis begins in childhood, but
it takes decades for atherosclerosis to evolve
into the mature plaques responsible for
the onset of ischaemic symptoms. Whilst
plaque growth due to smooth muscle cell
proliferation, matrix synthesis and lipid
accumulation may narrow the arterial
lumen and ultimately limit blood flow,
uncomplicated atherosclerosis is essentially
a benign disease. The final clinical outcome
depends on whether a plaque becomes
unstable, leading to acute disruption of its
surface and exposure of its thrombogenic
core to the luminal blood flow. The concept
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ofa ‘vulnerable plaque’ was initially described
in 1990"* and though this initially gained
wide acceptance, many authors now favour
the broader concept of a ‘vulnerable patient,
whereby certain systemic and haematological
conditions (e.g. relative hypercaogulability)
must also be met before plaque rupture will
result in symptomatic thrombosis.?

Mature atherosclerotic  plaques are
composed of a lipid core that is separated
from the vessel lumen by a cap composed
of fibrillar collagen. Disruption of this cap
exposes the plaque’s underlying thrombogenic
core to the bloodstream, resulting in
thromboembolism. This process of ‘plaque
rupture’ is responsible for the majority of
acute coronary syndromes (unstable angina,
MI)*%7 and ischaemic cerebral events (stroke,
TIA, amaurosis fugax).®'

Unravelling the complex biochemical
and haemodynamic factors leading to plaque
rupture is one of the greatest challenges facing
contemporary medical research. The vital
question in plaque pathogenesis is why, after
years of indolent growth, life-threatening
disruption and  subsequent thrombosis
should suddenly occur. Plaque stabilisation
may prove to be an important clinical
strategy for preventing the development of
complications.® Identification of ‘vulnerable
plaques’ (i.e., those most at risk of rupture)
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and ‘vulnerable patients’ (i.e. those with
predisposition to atherothrombotic occlu-
sion) would allow pharmacotherapy to be
targeted more effectively. Furthermore, a
greater understanding of the mechanisms
involved in plaque rupture will lead to
improvements in preventative therapy.

EVIDENCE FOR THE ‘PLAQUE
RUPTURE’ THEORY’

Coronary circulation

Evidence that plaque rupture leads to acute
coronary syndromes has been provided from
a number of sources. Early pathological
studies using post-mortem specimens from
fatal cases of acute myocardial infarction
have revealed that virtually all cases of
coronary thrombosis are related to rupture
or fissuring of atheromatous plaques, along
with evidence of distal embolisation.”!"""3
Angioscopic findings in patients with stable
angina have identified smooth atheroma
within their coronary arteries, but disrupted
irregular atheroma in the arteries of those
with unstable angina.'*"

Radiological and histological studies have
demonstrated that patients with a plaque
morphology consisting of large lipid cores
and thin fibrous caps are at increased risk of
cardiovascular events.''® In addition, these
‘unstable’ plaques are not necessarily the ones
causing severely stenotic lesions.”?!

Cerebral circulation

A similar association between carotid plaque
rupture and cerebrovascular events has been
shown. In patients undergoing multiple
TIAs or stroke progression, microemboli can
be detected in the middle cerebral artery by
transcranial Doppler.'®* Surface ulceration
of carotid plaques seen on ultrasound
imaging correlates well with symptoms™ and

echolucent (lipid-rich) plaquesareatincreased
risk of causing future cerebrovascular events.

Early work utilising carotid plaques re-
trieved at carotid endarterectomy, highlighted
the relationship between the presence of throm-
bus and the clinical status of patients.*?> This
supported the theory that ischaemic attacks
resulted from embolism rather than reduction
in cerebral blood flow, particularly as few
strokes occur in watershed areas.”

A number of subsequent studies demon-
strated a relationship between the presence
of intraplaque haemorrhage and patient
symptoms.”” Persson et al found that intra-
plaque haemorrhage appeared more frequently
in symptomatic patients than asymptomatic
patients,” while Lusby suggested a relationship
between the onset of neurological symptoms
and development of plaque haemorrhage.”
Intraplaque haemorrhage may potentially arise
after cap rupture, though it now seems most
likely that it occurs prior to plaque breakdown™
and may play an important role in disruption
of the fibrous cap.

The most compelling evidence for an
association between carotid plaque rupture
and ischaemic cerebral events, is that carotid
endarterectomy specimens removed from
symptomatic patients are more likely to show
histological evidence of rupture, compared
to those from asymptomatic patients.*” Van
Damme and colleagues showed that 53%
of complicated carotid plaques (intraplaque
haemorrhage, haematoma, thrombus or
ulceration) were symptomatic with a corres-
ponding neurological deficit, compared to
21% of simple uncomplicated plaques.”’

THE ROLE OF INDIVIDUAL
COMPONENTS OF THE
ARTERIAL WALL

A number of intrinsic and extrinsic factors
have been identified that determine plaque
vulnerability: the size and consistency of



the plaque core, the thickness and collagen
content of the fibrous cap, and inflammation
within the plaque. Further factors such as
haemodynamic stress upon the plaque may
ultimately contribute to cap disruption.

The evolution of a stable to unstable
plaque with cap rupture and thrombosis can
be outlined in the following simplistic terms
(Figure 4.1): Endothelial damage allows
passage of inflammatory cells and LDL into
the vessel intima; free radicals are responsible
for oxidation of the deposited LDL, and
oxidized-LDL promotes cytokine and pro-
tease release from macrophages; proteases
(in addition to other factors) degrade the
fibrous cap causing disruption, allowing
exposure of thrombogenic material to the
blood; local thrombotic and fibrinolytic
activity determine the degree of thrombus
progression or dissolution.

Each component contributing to plaque
rupture will be discussed in further detail. The
relevant processes occur in the endothelium,
the lipid core, the fibrous cap and the vessel
lumen.

The endothelium

The origin of plaque destabilization can be
traced back to endothelial dysfunction, or
‘activation’. The endothelium is a single layer
of highly specialised cells lining the vessel
wall/lumen interface. It plays a vital role in
modulating vascular permeability, perfusion,
contraction and haemostasis. Leukocytes do
not bind to normal endothelium. However,
endothelial activation leads to the early surface
expressionofcelladhesionmolecules,including
VCAM-1,ICAM-1, E-selectin and P-selectin,
which permit leukocyte binding. Many of
the known atherosclerosis risk factors (e.g.,
smoking, hyperlipidaemia, hyperglycaemia,
hypertension, hyperhomocysteinaemia) exert
their damaging effects by causing endothelial
activation.’*?’
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Activated endothelial cells express chemo-
attractant cytokines such as MCP-1, M-CSEF,
IL-1, IL-6 and TNF-o, as well as cell
adhesion molecules. This pro-inflammatory
environment, in conjunction with the
altered permeability of the dysfunctional
endothelium, mediates the migration and
entry of leucocytes (mainly monocytes
and lymphocytes) into the intima.**

The degree of endothelial dysfunction
dependsupon thebalancebetween endothelial
activation and endothelial ‘passivation’” (see
Figure 4.2). Nitric oxide is the predominant
molecule responsible for passivation, and the
endothelium acts as an autocrine organ in its
production.*! Nitric oxide is an antioxidant,
but has other plaque-stabilizing properties
including reducing cell adhesion molecule
expression,** platelet aggregation and SMC
proliferation.  Endothelial nitric  oxide
synthase, the enzyme responsible for nitric
oxide production, is increased in people
undergoing regular physical exertion, which
may partly explain the benefits of exercise in
atherosclerosis prevention.”

Endothelial cells are exposed to 3 different
types of mechanical force. Hydrostatic forces
(generated by the blood) and circumferential
stress (generated by the vessel wall) are
responsible for endothelial injury and
activation. The third force is haemodynamic
shear stress (generated by the flow of blood),
which is inversely related to atherosclerosis
formation — areas of high shear stress
being relatively protected.* Despite the
systemic nature of atherosclerosis, it is an
anatomically focal disease with certain sites
having a propensity for plaque formation.
Arterial bifurcations exhibit slow blood flow,
sometimes even bi-directional flow, resulting
in decreased shear stress. The activity of
endothelial nitric oxide synthase is decreased
in these areas of non-laminar blood flow.%4¢
In addition, there is increased oscillatory
and turbulent shear stress at bifurcations,
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FIGURE 4.1: The stages of plaque rupture.
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FIGURE 4.2: Factors affecting endothelial activity.

associated with an increase in oxygen
free radical production’ and monocyte
adhesion.*®

According to Laplace’s law, the higher the
blood pressure and the larger the luminal
diameter, the more circumferential tension
develops in the wall.® This phenomenon
combined with a radial compression of the
vessel wall may lead to excessive stress in
vulnerable regions of the plaque, particularly
the cap and shoulder.® For fibrous caps of
the same tensile strength, those caps covering
moderately stenotic plaques are probably more
prone to rupture than those covering severely
stenotic plaques, because the former have to
bear a greater circumferential tension.’

The propagating pulse wave causes
cyclic changes in lumen size and shape
with deformation and bending of plaques,
particularly those with a large soft plaque
core. Eccentric plaques typically bend at the
junction between the relatively stiff plaque
and the compliant vessel wall.>* The force
applied to this region is accentuated by
changes in vascular tone.

High blood velocity within stenotic
lesions may shear the endothelium away, but
whether high wall stress alone may disrupt a
stenotic plaque is questionable.* The absolute
stresses induced by wall shear are usually

much smaller than the mechanical stresses
imposed by blood and pulse pressure.*

It is clear that the endothelium is much
more than an inert arterial wall lining. It is, in
fact, a dynamic autocrine and paracrine organ
responsible for the functional regulation of
local haemodynamics. Factors that disturb
this delicate balance are responsible for the
initiation of a cascade of events eventually
leading to plaque rupture.

The lipid core

The size and consistency of the atheromatous
core is variable and critical to the stability of
individual lesions, with a large volume lipid
core being one of the constituents of the
vulnerable plaque (Figure 4.3). It appears
that the accumulation of lipids in the intima
renders the plaque inherently unstable.
Although the
‘average’ coronary plaque is predominantly
sclerotic with the atheromatous core making
up <30% of the plaque volume.* The
variability in plaque composition is poorly
understood, with no relationship to any of
the identified risk factors for atherosclerosis.
Gertz and Roberts examined the histological
composition of post-mortem plaques from
17  infarct-related arteries.”

extremely  variable,

coronary
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FIGURE 4.3: Longitudinal section of carotid plaque
demonstrating a large volume lipid core

They found much larger proportions of
the disrupted plaques to be occupied by
atheromatous gruel in comparison to the
intact plaques. Davies found a similar
relationship in aortic lesions, with 91% of
thrombosing plaques versus 11% of intact
plaques exhibiting a lipid core that occupied
>40% of the total plaque volume.>

Histological data regarding the necrotic
core of carotid plaques is limited. There
is, however, considerable evidence to link
ultrasound-detected  echolucent  plaques
(deemed to contain more soft or amorphous
tissue) with symptomatology.’”*® Feeley and
colleagues demonstrated that symptomatic
carotid plaques contained a significantly
higher proportion of amorphous material
than asymptomatic plaques,” with the lipid-
rich core constituting 40% of overall plaque
volume.®

LDL plays a more complex role in plaque
instability than can be explained simply by
the ‘space-occupying’ effect of accumulated
lipid. A large core may produce a greater
luminal narrowing, but plaque rupture
sites are often characterized by ‘outward
remodelling’ whereas those stenoses causing
stable angina are more likely to be associated
with ‘inward remodelling’.®" Indeed, it has
been shown that in patients suffering acute
coronary syndromes who had undergone
angiography in the preceding months,
the responsible lesion was recorded as
causing a <70% stenosis in the majority of

cases.'”?*¢! This is perhaps not surprising
since, as mentioned earlier, a larger lumen
places increased circumferential stress on the
plaque, predisposing it to rupture.

As  inflammatory the
dysfunctional endothelium, cholesterol also
enters in the form of LDL, and becomes
trapped in the subendothelial space. This
LDL is oxidized by free radicals creating a
pro-inflammatory compound.®> Oxidized-
LDL is taken up by intimal macrophages
— the process being mediated via receptors
expressed on the macrophage surface,
although endocytosis of native LDL has
also been demonstrated.* This process
initially protects the surrounding smooth
muscle and endothelial cells from the direct
cytotoxic effects of oxidised-LDL, but leads
to the formation of ‘foam cells’ (lipid-laden
macrophages). Uptake of oxidized-LDL
stimulates the expression of cytokines and
proteolytic enzymes, propagating the cycle
of inflammation.

The formation of a lipid core is a balance
between LDL deposition of cholesterol
in the damaged intima and removal by
HDL (Figure 4.4). HDL and its carrier,
apolipoprotein A-I, are responsible for
so-called ‘reverse cholesterol transport’ —
moving cholesterol from cells into the blood
(from where it can be transferred to the
liver for excretion in the bile).” However,
it may also be capable of effecting lipid
removal directly from the plaque, one of the
possible explanations for plaque regression
seen with increased HDL levels.® HDL may
have other beneficial effects also, such as
improving endothelial function,” decreasing
cell adhesion molecule expression,’® and
inhibiting oxidation of LDL.%

In addition to the potential pro-
inflammatory role of oxidised LDL, it has
recently been proposed that cholesterol
accumulation may lead to plaque rupture
via a more direct physical pathway. Changes

cells  cross
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FIGURE 4.4: Factors affecting plaque lipid content

in local biological milieu such as decreased
temperature or increased pH may cause in
vitro precipitation of cholesterol into solid
crystals. This alteration in state not only
leads to a significant volume increase of up
to 45%, but also leads to formation of sharp-
tipped crystals that might be capable of
damaging surrounding tissues and initiating
plaque rupture. Using electron microscopy,
Abela et al demonstrated that such crystal
could be seen perforating the luminal surface
of ruptured plaques from human coronary

arteries.”%”!

The cap of the plaque

The cap of the atherosclerotic plaque
plays a vital role in isolating the plaque’s
thrombogenic core from the bloodstream.
Since the thickness and collagen content of
this cap are important determinants of overall
plaque stability,”’ many authors now use
the term ‘thin-cap fibroatheroma (TCFA)
to identify those plaques most at risk of
rupture. The accepted definition of TCFA is
any plaque with a cap thickness of less than
65um. Though the exact mechanisms that
underlie progression from stable plaque to
TCFA remain somewhat uncertain, it has
been suggested that endothelial shear stress
may play an important role, since TCFAs
most often arise at sites of low endothelial
shear stress (such as bifurcations and the
concave side of arterial bends).”?

Whatever the thickness of the fibrous
cap, it is composed largely of fibrillar
collagens (type I and type I11%), though the
relative proportion of collagen decreases as
the cap thins. The fibrillar collagens have a
lower thrombogenicity than the underlying
core, but their exposure can be responsible
for thrombus formation following erosion
of the overlying endothelium.”>* This
phenomenon accounts for one-third of acute
coronary syndromes,” and the subsequent
healing process of erosions can account for
rapid and step-wise progression in plaque
growth, leading to sudden increases in
stenosis or occlusion.”

The most vulnerable area of the plaque
is the shoulder region, where the cap is
often at its thinnest.” Studies have shown a
reduction in the collagen content of the cap
around areas of plaque disruption, as well
as steep transverse gradients of connective
tissue constituents across ulcerated plaques.”
This may result from a reduction in matrix
production by smooth muscle cells, which
exhibit diminished numbers in areas of plaque
disruption,*® or from increased degradation
of matrix by proteolytic enzymes. It is most
likely, of course, that a combination of
excessive matrix degradation and reduced
matrix production are responsible for cap
thinning (Figure 4.5). A reduction in SMCs
within the fibrous cap would certainly
undermine its strength.”® Recently there has
been interest in the role of smooth muscle cell
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FIGURE 4.5: Factors affecting plaque collagen content

apoptosis in plaque cap weakening, caused
by a combination of intrinsic and extrinsic
factors, particularly macrophage and lipid
derived products.””*

More recently it has been suggested that
plaque integrity may also be influenced
by the development of minute, spherical
microcalcifications within the fibrous cap.
These microcalcifications are thought to
represent accumulations of calcified macro-
phages or even post-apoptotic smooth muscle
cells and result in highly focal increases in
physical stress. The increased stress leads to
areas of facial debonding, weakening the
infrastructure of the cap and contributing to
subsequent plaque disruption.®!

Smooth muscle cells and collagen
production

The SMC has a paradoxical role in plaque
instability. On the one hand, SMCs are
responsible for plaque matrix production
and adverse arterial remodelling, while on
the other, they produce collagens that give
the plaque intrinsic strength. SMC inhibition
therefore has potentially detrimental and
beneficial effects.

In the normal arterial wall, SMCs are
present in the media and express a different-
iated phenotype. They are contractile and do
not divide or migrate.*” In atherosclerosis,

when stimulated by the milieu of growth
factors and cyokines, they ‘dedifferentiate’
and express a synthetic phenotype.® In the
media, SMCs are surrounded by a basal
lamina consisting of type IV collagen.
Proteolytic enzymes secreted by macrophages
are responsible for digestion of this supporting
framework. The released SMCs are then able
to migrate to the intima, where they secrete
new extracellular matrix.¥ SMCs play a
crucial role in stabilising atherosclerotic
plaques, as they are responsible for the
production of the cap fibrillar collagens.®” In
this respect, SMCs are important not only
in initial formation of the fibrotic cap, but
also in repair of subclinical plaque rupture.
SMCs accumulate at the rupture site and
secrete fibrous proteins. This restores plaque
integrity, but may also lead to rapid growth
of the plaque causing vessel stenosis. Certain
platelet factors, including PDGF and
TGEF-B, are felt to be particularly important
in stimulating collagen synthesis by SMCs,
whereas y-interferon (from activated T-cells)
has the opposite effect.®

Since SMCs are the only cells pro-
ducing fibrous tissue for inclusion in the
atherosclerotic plaque, the balance between
recruitment and degradation of these cells
is clearly of great significance in plaque
stability. It had previously been accepted that
all SMCs involved in atherosclerosis were



derived from the local vessel media or intima.
However, many groups are now examining
the possibility that they may also be recruited
from a circulating pool of SMC progenitor
cells.* The prospect of manipulating the
activity of these progenitor cells to increase
plaque stability is an attractive therapeutic
target, though further work is still required
in this area.

Whatever the true origin of plaque SMCs,
they play a vital role in maintaining the
structure of the plaque and SMC apoptosis
leads to decreased collagen production,
thinning of the fibrous cap and increased
volume of the necrotic core.’* A recent,
though small, study demonstrated that the
proportion of SMCs undergoing apoptosis
and the frequency of cytoplasmic remnants
of apoptotic cells were significantly increased
in unstable versus stable angina atherectomy
specimens.” Apoptosis of SMCs and macro-
phages has been identified within plaques,
but only in advanced disease with dense
macrophage infiltration. Apoptotic cells are
deemed to have become susceptible to a form
of cell death which is distinct from necrosisand
is characterised by a series of morphological
changes, starting with shrinkage of the cell
membrane and leading on to condensation
of nuclear chromatin, cellular fragmentation
and eventually engulfment of apoptotic
bodies by surrounding cells.””

Pro-apoptotic proteins are present in
advanced plaques, and it has been observed
that cells derived from the plaque, but
not the adjacent media, die when brought
into culture.®”?! Intimal cell apoptosis may
account for the low density of smooth muscle
cells in unstable plaques, and may contribute
to the events leading up to plaque disruption.
Though further study is still required,
prevention of smooth muscle cell apoptosis
may prove to be an important therapeutic
target in the treatment of atherosclerotic
disease.
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Macrophages and collagen
degradation

It is now known that inflammation plays
a major role in plaque progression and
especially in the period just prior to its
rupture.”” Macrophages control many of the
inflammatory processes within the plaque,”
and are responsible for the production of
proteolytic enzymes capable of degrading the
extracellular matrix.”*” The predominant
proteolytic enzymes involved in plaque
disruption are the matrix metalloproteinases
or MMDs.”

The MMPs are a family of proteolytic
enzymes characterised by the presence of
zinc ions at their active sites. All degrade
components of the extracellular matrix, and
are divided into 4 main classes on the basis of
their substrate specificity (Table 4.1).

MMPs are essential in normal healthy
individuals, playing a key role in processes
such as wound healing.”””® However there
is growing interest in their role in disease
states where ECM breakdown plays a pre-
dominant role.” Early interest focused on a
pathological role for MMPs in the resorption
of periodontal structures in periodontal
disease,'” the destruction of joints in rheuma-
toid arthritis,'”" and the local
behaviour of malignancies.'”® In vascular
disease, they have been implicated in many
of the stages of atherosclerosis but most
particularly in acute plaque disruption.'®”®
The site of rupture is characterised by an
intense inflammatory infiltrate consisting
predominantly of macrophages,” that under-
goes activation resulting in increased MMP
expression. This shifts the delicate equilibrium
towards proteolysis and away from matrix
accumulation, making plaque disruption
more likely (Figure 4.5).

MMP activity is tightly controlled at
several levels and expression of MMPs is
determined at the transcriptional level by
various cytokines and growth factors.!**

invasive
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TABLE 4.1: THE MATRIX METALLOPROTEINASE FAMILY

MMP Alternative names Principal substrates

Collagenases

MMP-1 Collagenase-1, Interstitial collagenase | Collagens L1, gelatin, MMP-2 & 9

MMP-8 Collagenase-2, Neutrophil Collagens L1111, gelatin

MMP-13 collagenase Collagens L1111, gelatin, PAI-2

MMP-18 Collagenase-3 Collagen |

Collagenase-4, Xenopus collagenase

Gelatinases

MMP-2 Gelatinase-A, 72 kDa gelatinase Gelatin, collagens IV,V,VILX, XXV,
elastin, fibronectin, aggrecan

MMP-9 Gelatinase-B, 92 kDa gelatinase Gelatin, collagen types IV,V,VII, X,
elastin

Stromelysins

MMP-3 Stromelysin-1 Collagens IILIV,IX,X, gelatin, aggrecan,
MMP-1,7,8,9 & 13

MMP-10 Stromelysin-2 Collagens II,IV,V, gelatin, MMP-1 & 8

MMP-11 Stromelysin-3

Matrilysins

MMP-7 Matrilysin-1, Pump-1

MMP-26 Matrilysin-2, Endometase

Membrane

types

MMP-14 MT1-MMP Collagens LIL11I, gelatin, MMP-2 & 13

MMP-15 MT2-MMP MMP-2, gelatin

MMP-16 MT3-MMP MMP-2

MMP-17 MT4-MMP

MMP-24 MT5-MMP

MMP-25 MT6-MMP

Others

MMP-12 Macrophage elastase

MMP-19 No trivial name

MMP-20 Enamelysin

MMP-21 XMMP (Xenopus)

MMP-23

MMP-27

MMP-28 Epilysin

In a variety of tissue types, IL-1, PDGF
and TNF-a stimulate expression,'*>'% while
heparin, TGF—f and corticosteroids inhibit
expression.'?”!% In recent years, there has also
been considerable interest in the regulatory
role of extracellular matrix metalloproteinase
inducer (EMMPRIN). EMMPRIN was init-
ially identified as a tumour-derived protein

that facilitated cancer cell invasion by
stimulating MMP production in epithelial
cells and fibroblasts.'” However, subsequent
studies have demonstrated that EMMPRIN
also stimulates production of MMPs by
smooth muscle cells and monocytes, making
ithighly relevant in atherosclerosis and plaque
instability. In addition, EMMPRIN may also



lead to increased production of inflammatory
cytokines which further augment MMP
activity as described above.'

MMPs are initially secreted as latent
inactive proenzymes and converted to the
active state by cleavage of a propeptide
domain.'"! The major physiological activator
is plasmin, which in turn is regulated by
PAIL"? Thrombin has been shown to activate
MMP-2 in vitro'” and could provide a
mechanism for MMP activation at sites of
vascular injury. Reactive oxygen species also
modulate enzyme activation.'"*"

Metalloproteinase  activity is further
governed by naturally occurring MMP
inhibitors. These ‘tissue inhibitors of metallo-
proteinases’ (TIMPs) provides a further level
of control and overall proteolytic activity
depends on the ratio of activated MMPs to
TIMPs.''

Early studies showed that MMPs were
present at increased levels in atherosclerotic
arteries. Raised levels of gelatinase activity
were demonstrated in the aortas of patients
with occlusive disease compared to healthy
controls, and zymography revealed that this
was predominantly MMP-9."" Subsequently,
quantitative studies using ELISA revealed
a six-fold increase in MMP-9 levels in
atherosclerotic aortas."® The level and
expression of MMP-2 is also increased in
atherosclerotic aortic tissue compared with
normal aorta.'”” While expression of MMP-2
has been detected in normal arteries, it
appears that most MMPs are expressed only
in atherosclerotic tissue.'® The colocalisation
of MMP-1, -2, -3 and -9 to the vulnerable
shoulder of the plaque provided further
evidence of their potential role in acute
disruption.'*

More recent studies have demonstrated
an association between MMP levels and
markers of plaque instability. Increased
immunostaining for MMP-9 was seen in
12 atherectomy specimens retrieved from
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patients with unstable angina compared to
the stable form."! A larger study, involving
75 carotid endarterectomy
demonstrated a close association between
raised plaque levels of MMP-9 and a number
of indicators of plaque instability, including
symptomatology, cerebral embolisation and
histological features of plaque rupture.’

Convincing evidence therefore exists of
increased levels of MMP-2 and -9 in unstable
plaques. However, intact type I and type 111
collagen molecules, which account for the
load-bearing strength of the plaque cap, are
not substrates for MMP-2 and -9. While it
has been reported that high concentrations
of MMP-2 can degrade type I collagen in an
in vitro environment devoid of TIMPs,'?? it
is likely that in vivo only the collagenases,
MMP-1, -8 and -13, are capable of degrading
fibrillar collagens.

MMP-1 and -13 levels are higher
in ‘atheromatous’ compared to ‘fibrous’
plaques,'” and MMP-8 has been demon-
strated in atheroma but not normal
arteries.'” The expression of MMP-1 is
increased in areas of high circumferential
stress.'? It is likely that both mechanics and
proteolysis play a role in the degradation and
weakening of the collagen-rich extracellular
matrix, and understanding their interaction
may be crucial.'*

Evidence from our laboratories suggests
that active MMP-8 is significantly raised
in unstable plaques retrieved at carotid
endarterectomy (Figure 4.6). The ratio
of active MMP-8 to TIMP-1 and -2 (its
naturally occurring inhibitors) were also
significantly higher in the more unstable
plaques of the 159 specimens collected in
this study. This implies net proteolysis of
the types of collagen found in the cap of the
plaque by MMP-8. Immunohistochemistry
confirmed the presence of MMP-8 protein
within the plaque, which colocalised with
macrophages (Figure 4.7).

specimens,
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Genetic variation in the genes controlling
MMPs could theoretically be responsible
for the susceptibility of some individuals to
atherosclerotic plaque rupture. Early work has
identified a number of polymorphisms that
may be influential in this regard. Price et al
have identified a novel genetic variation in the

MMP-2 gene.'”” Ye and colleagues detected
a polymorphism in the promoter region of
the MMP-3 gene that may lead to increased
systemic levels.'"® This polymorphism was
subsequently found to be more common in
patients suffering MI, compared to a control
group.'” A single nucleotide polymorphism

FIGURE 4.6: Plaque concentrations of active MMP-8 are significantly higher in symptomatic compared to
asymptomatic carotid plaques: (a) from patients suffering carotid territory symptoms in the 6 months prior to
surgery (p-value 0.0002), (b) from patients with pre-operative cerebral embolisation detected by transcranial
Doppler (p-value 0.003) and (c) showing histological evidence of plaque rupture. Median values and

interquartile ranges shown (p-value 0.003).
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FIGURE 4.7: Histological sections taken from the shoulder region of a symptomatic carotid plaque.
Some sections show disruption of the friable plaque.

(a) Low power H&E section with boxed area delineating high power view shown in (b-e).
(b) High power H&E section demonstrating a cellular infiltrate.

(c) Strong reactivity for MMP-8 in cells.

(d) Positive staining for CD68 (macrophages).

(e) Negative immunohistochemistry control.
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(CtoT transition at position —1562) has been
shown to influence MMP-9 transcription.'*
In this study by Zhang and co-workers,
triple-vessel coronary artery disease was
detected by angiography in 26% of patients
with this polymorphism compared to 15%
of those without.” Presenting a coherent
picture of the interactions between various
polymorphisms and the corresponding gene
expressionisdifficult,and further complicated
by environmental effects. However, it is clear
that the potential exists to identify ‘at risk’
individuals in such a manner.

The vessel lumen

Disruption alone would not precipitate
ischaemic syndromes without thrombus
formation on the plaque surface, so plaque
instability and thrombogenicity in tandem
predispose to acute clinical events. Platelet
adherence to the sub-endothelium after
surface disruption leads to activation, with
ADP and serotonin release stimulating
further platelet recruitment and activation.

Once formed, thrombus can behave in
three ways, dependent on the physical nature
of the rupture and the balance between
local fibrinolytic and coagulation processes.
Firstly, the initial thrombus may progress to
cause occlusion of the vessel. Secondly, the
thrombus may disintegrate resulting in distal
embolisation. Thirdly, the clot can undergo
rapid dissolution, with the healed rupture
resulting in a variable decrease in vessel
lumen diameter.”®

Tissue factor is a major regulator of
haemostasis.'®! It is the most thrombogenic
component of atherosclerotic plaques'®
and is expressed by numerous cell types,
including endothelial cells. The level of tissue
factor in coronary plaques from patients with
unstable angina is more than twice the value
observed in those plaques from stable angina
patients.’”® Positive immunostaining for

tissue factor correlates with areas of intense
macrophageinfiltrationand SMCs, suggesting
a cell-mediated increased thrombogenicity
in unstable plaques. The increase in tissue
factor levels seems to be linked to expression
of the CD-40 receptor on the macrophage
cell surface. The CD-40 ligand is expressed
on activated T-lymphocytes, and other
atheroma-associated ~ cells,”* which can
therefore induce tissue factor production
by macrophages via this signalling system.
Expression is also regulated by cytokines and
oxidised LDL."3513¢ It has been reported that
a blood-borne pool of tissue factor exists,"’
though in the context of plaque disruption,
macrophage production of tissue factor
is predominantly responsible for plaque
thrombogenicity."**3%1% It is interesting
to note that many of the recognised
cardiovascular risk factors increase the
expression of tissue factor.' 14!

THE ROLE OF ANGIOGENESIS IN
PLAQUE RUPTURE

Angiogenesis is essential for normal growth
and development. Neovascularisation has
been observed in plaques'*and itis postulated
that it may play a role in atherosclerosis by
providing growth factors and cytokines to
regions of plaque development.

A study of coronary atherectomy
specimens revealed the presence of neo-
vascularisation in 50% of specimens from
patients with unstable angina compared to
10% of specimens from patients with stable
angina,” suggesting a possible role in plaque
instability. Angiogenesis may contribute to
plaque instability by causing intraplaque
haemorrhage or extravasation of erythrocytes
and inflammatory mediators into the centre
of the plaque. Once red blood cells have
leaked into the plaque, cholesterol from the
cell membrane may become incorporated
into the lipid core increasing its volume.'*



This is supported by the finding that lipid-
rich plaques have a significantly higher
microvessel density than fibrous plaques.'*
The associated delivery of inflammatory
cells may also lead to plaque degradation
by stimulating MMP activity as described
earlier in this chapter.

Perhaps more importantly, most neo-
vascularisation occurs at the vulnerable
shoulder area of the plaque. Immunostaining
for inflammatory cells showed a close
between angiogenesis and
inflammatory infiltration. In addition, a
parallel increase in the expression of leukocyte
adhesion molecules in the same vulnerable
areas was demonstrated.'*

Angiogenesis involves interactions between
endothelial cells and components of the
basement membrane matrix. MMP activity
is required for such interactions, especially
MMP-2 and MTI-MMP'* TIMPs have
been shown to reduce angiogenesis, while
up-regulation of MMP activity stimulates its
increase.'*However, whilstneovascularisation
may promote and sustain inflammatory
infiltration, the converse may also be true,
whereby changes in the plaque associated
with inflammation may themselves promote
angiogenesis. Further work in this area is
required.

association

THE ROLE OF INFECTIOUS
AGENTS IN PLAQUE RUPTURE

The role of infectious agents in atherosclerosis
and plaque rupture is controversial. Definitive
proof of a causal relationship is lacking,
although studies have reported associations
between plaque development and Chlamydia
pneumoniae," ' Helicobacter  pylori,”™°
cytomegalovirus,”"** Herpes simplex virus
types 1 and 2, and hepatitis A virus."
Certain infectious agents
cellular and molecular changes supportive of
a role in atherogenesis.” Work has shown

can evoke
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that Chlamydial interaction with monocytes
results in upregulation of TNF-ot and
IL-1B,%Y7 both of which are associated with
plaque development. Chlamydial production
of the HSP-60 antigen activates human
vascular endothelium, and increases TNF-ot
and MMP expression in macrophages.'”®'>
Once again, these are factors that influence
plaque stability.

It has also been proposed that infective
pathogens may exert their effects via direct
infection of cells in the vessel wall. This
establishes localised inflammation, leading
to increased smooth muscle cell migration
and greater uptake of oxidised low-density
lipoprotein.'®

There is some doubt about the methods
employed for Chlamydia detection,'" and
also the role of potential confounding factors
in epidemiological studies.'®> A large-scale
prospective study of 15,000 healthy men in
the United States which was controlled for
age, smoking, socio-economic status and
other cardiovascular risk factors, failed to
show any association between Chlamydia
seropositivity and the risk of MI.'®

More recently, the STAMINA trial'*
demonstrated  that therapy
(amoxicillin/ azithromycin, metronidazole
and omeprazole) administered for 1-week
after an acute coronary syndrome, sig-
nificantly reduced cardiac death and acute
coronary syndrome readmission rates over
the following 12 months. These effects
were unrelated to Chlamydia pneumoniae or
Helicobacter pylori seropositivity, however,
suggesting that the trial therapy prevented
lesion progression by a mechanism unrelated
to its antibiotic action.

Though the
atherosclerosis is still unclear, it seems that
any causal relationship is likely to be highly
complex and involve both direct and indirect
pathways. Important factors may also include
the patient’s susceptibility to infection and

eradication

role of infection in
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their innate inflammatory and immune
responses.'®

RISK PREDICTION OF PLAQUE
INSTABILITY

Imaging

Angiography can demonstrate ulceration'®
but does not appear to be able to adequately
distinguish between stable and unstable
plaques.'® In addition, the degree of stenosis
detected by angiography does not correlate
well with the future risk of events'*! because,
as already discussed, it is often not the most
stenotic plaques that are at highest risk of
rupture.

Conventional ultrasound studies have
shown an association between carotid plaque
morphology and neurological symptoms'®®
but have been unable to predict the risk
of future events.”” Intravenous ultrasound
(IVUS), however, has been shown to have
much greater resolution (100 pm) and
provides detailed cross-sectional images of
the arterial wall. It is also able to identify the
increased echolucence of lipid-rich plaques
and for a time it was thought that it might
prove useful in detection of rupture-prone
plaques.’”  Unfortunately, sensitivity and
specificity were found to be low with this
technique and it has largely been superseded
by intravenous ultrasound virtual histology
(IVUS-VH). The improved spectral analysis
offered by this technology allows more
detailed plaque characterization and can
provide detail on lipid content, calcification
and volume of the necrotic core.'”® Recent
studies have shown this may be a clinically
useful tool and demonstrated that IVUS-VH
identified more TCFAs in patients with acute
coronary syndrome than in those with stable
angina pectoris.'”’

In parallel with the development of
IVUS-VH, many groups have now begun

to use optical coherence tomography
(OCT). Also an intravenous modality, OCT
is analogous to ultrasound imaging (using
light rather than sound waves) and provides
excellent spatial resolution (10-15pum). This
allows detailed assessment of the arterial wall
and can identify those plaques with a fibrous
cap less than 65pm thick (i.e. TCFA) as well as
areas of increased echolucency.'? Whilst this
technique has yielded very encouraging results
in the identification of culprit atherosclerotic
lesions, it is not without its limitations. Since
blood attenuates the optical signal, the vessel
under investigation must be proximally
occluded for considerable periods to allow
accurate imaging. An updated version of
the technology has therefore been developed
in recent years. This second generation of
OCT is known as optical frequency domain
imaging (OFDI) and involves much higher
frame rates (>100 frames/sec). The higher
frame rate allows rapid three-dimensional
imaging of long arterial segments using high-
speed pull-back of the probe. This means
there is no need for proximal occlusion of the
vessel and the artery can simply be purged
with saline just prior to imaging'”® Further
investigation will be needed to assess the true
clinical utility of this technique.

Since increased inflammatory activity
occurs prior to plaque rupture, attempts
have been made to detect this increase, using
local temperature measurements. Thermo-
graphy studies have shown that temperature
correlates well with macrophage cell density
in human carotid plaques.'”* The temperature
of coronary vessels in patients with ischaemic
heart disease, in particular acute coronary
syndromes, is higher than in normal controls.'”
In addition, increased local plaque temperature
has been shown to be an independent predictor
of adverse clinical outcome.'”®

High-resolution MRI appears to character-
ize the atherosclerotic plaque better than
other imaging techniques.”” It is more



accurate then angiography in measuring the
degree of stenosis and, unlike angiography
and IVUS, is non-invasive. However, a
multicentre trial of imaging in coronary
artery disease found whilst that MRI could
reliably identify significant intraluminal
lesions and rule out proximal or three-vessel
disease, specificity was low.'”® This led to the
suggestion that MRI may be more sensitive
and specific if combined with intravascular
enhancing agents such as gadolinium. Using
such a marker improved MRI specificity and
facilitated identification of carotid TCFA."””

MRI is still technically limited in many
cases by small vessel size and movement arte-
fact, and studies have not yet demonstrated the
ability to predict risk of future cardiovascular
events. Nonetheless, advances in the technique
suggest a potential future role for MRI in
detection of the high-risk plaque.

Just as enhancing agents may increase
the accuracy of MRI, they may also prove
useful in identifying atherosclerotic lesions
using positron emission tomography (PET)
and there has been increasing interest in the
use of'® fluorodeoxyglucose ("*FDG). Up-
take of this glucose analogue is increased
in metabolically active cells and early
animal studies suggest it enriches in plaque
macrophages and indicates areas of neo-
vascularisation.’®® However, the clinical
application of this technique has yet to be
demonstrated.

Blood markers

It has long been established that adverse
lipid profiles correlate with increased risk
of MI and stroke though this is not a direct
predictor of plaque rupture. Raised CRP
levels have also been associated with increased
cardiovascular risk in apparently healthy
patients,'®"'®* though its use as a prognostic
marker of clinically significant thrombosis
remains controversial.
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MMP-2 and MMP-9 are raised in the
peripheral blood of patients suffering from
acute coronary syndromes,'® while plasma
MMP-9 is raised in patients with unstable
carotid plaques.'® A recent study of 1127
patients with coronary artery disease identified
baseline plasma MMP-9 levels to be a novel
predictor of cardiovascular mortality.'®

Similarly, raised serum levels of soluble
intercellular adhesion molecule-1 (sICAM-1)
have been shown to be an independent
predictor of future coronary event in patients
with coronary heart disease.'®

Many other molecules have also been
investigated as potential prognostic markers
in progression of atherosclerosis, including
cytokines, lipoproteins, myeloperoxidases
and placental growth factor. Though some
have yielded promising results, none has yet
been widely accepted as a reliable predictor
of plaque rupture or clinical events.'®

THERAPY AIMED AT PLAQUE
STABILISATION

Pharmacotherapy to induce plaque stabil-
isation could be targeted at different aspects
of the complex pathway leading up to plaque
rupture, in particular:

1. the endothelium — by increasing
endothelial passivation

2. the lipid core — by reducing LDL
deposition/ augmenting LDL removal

3. the fibrous cap — by increasing collagen
deposition/ preventing collagen
degradation

4. the vessel lumen — by altering
the thrombogenicity of the local

environment.

Most recent interest has focussed on the
role of HMG Co-A reductase inhibitors,
which appear capable of influencing plaque
stabilisation at all these levels.
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HMG Co-A Reductase Inhibitors

HMG Co-A reductase inhibitors, or statins,
are well known for their lipid-lowering
action. They are the most effective group
of therapeutic agents for lowering LDL
and raising HDL levels. However, recent
evidence suggests that they are also capable
of decreasing cardiovascular events in those
with normal cholesterol levels."®®'® The
Oxford Heart Protection Study'® was a
randomised controlled trial of simvastatin
versus placebo in 20,536 individuals at
high-risk of cardiovascular disease. Coronary
death rate and other vascular events were
significantly reduced in the simvastatin
groups, even in patients with lipid levels
below currently recommended targets
(<5mmol/l total cholesterol and <3mmol/l
LDL-cholesterol).

In the lipid lowering arm of the Anglo-
Scandinavian  Cardiac Outcomes Trial
(ASCOT),'®® 10,305 individuals with
total cholesterol levels <6.5mmol/l were
randomised to either atorvastatin or placebo.
The trial was stopped 1.7 years before
the planned 5-year follow-up target was
reached, as there were significantly fewer
cardiovascular events
group. The observed clinical benefit is
probably a combination of lipid lowering
below levels previously considered ‘normal’
and additional lipid-independent plaque
stabilising actions. Several studies have
reported effects other than lipid-lowering
properties, including anti-proteolytic and
anti-inflammatory mechanisms."?*"!

Statins increase nitric oxide synthase
activity'”?
ation (Figure 4.2). As discussed earlier, nitric
oxide causes vasodilatation, inhibition of
SMC proliferation and platelet aggregation
and has widespread anti-inflammatory and
anti-oxidant properties. Statins also reduce
the expression of cell adhesion molecules,'”

in the atorvastatin

and encourage endothelial passiv-

interfering with the adherence of monocytes
to the endothelium.

Statins may also have direct anti-
inflammatory and anti-proteolytic actions,
which contribute to increased plaque stability.
In cell culture and animal models, statins have
been shown to reduce macrophage secretion
of MMP-1, -2, -3 and -9, and increase
the collagen content of the plaque.'” Also,
CRP levels are decreased by statins in a lipid-
independent manner.""%

Work from our laboratories suggests that
statin therapy stabilises carotid plaques by
lowering the levels of MMP-1, MMP-9 and
IL-6. In an observational non-randomised
study of 137 patients, we found that
patients on statin therapy were significantly
less likely to have suffered carotid territory
symptoms within the month prior to carotid
endarterectomy. The number of patients
undergoing spontaneous pre-operative cereb-
ral embolization was also significantly lower
in the statin group.

HMG Co-A reductase inhibitors also
have the potential to reduce thrombogenicity

197

by decreasing tissue factor activity'” and

lowering levels of PAI-1."%1%

MMP Inhibition

The realisation that tissue remodelling due
to increased MMP activity plays a key role
in disease states has led to considerable
interest in the potential for MMP inhibition.
Most clinical and pre-clinical data regarding
therapeutic manipulation of the extracellular
matrix has been in the fields of arthritis,
periodontal disease and cancer.'” MMP
inhibition aimed at plaque stabilisation aims
to redress the imbalance between enzymes
and inhibitors, which causes excessive tissue
degradation. Potential methods of MMP
inhibition include the administration of:



Tissue Inhibitors of
Metalloproteinases (TIMPs)

The level of TIMPs can be increased
either by the exogenous administration of
recombinant TIMPs or by stimulating their
local production through gene therapy.
Increased TIMP-1 raised the collagen, elastin
and smooth muscle content of atherosclerotic
lesions in animal models,*® while local gene
transfer of TIMP-2 has been shown to
decrease vascular remodelling in conjunction
with lowered MMP activity (experimental
models).?"!

It is difficult to extrapolate these data to
potential applications in humans. The major
drawback associated with TIMPs would be
tissue delivery, since exogenous products
would be metabolised and denatured with
minimal tissue penetration at the intended
site. of action. Systemic stimulation of
TIMPs would almost certainly have sig-
nificant side effects precluding clinical use.
Therefore, treatment would have to take the
form of local tissue delivery or gene therapy.
Clearly either system will be very expensive
to develop, so more interest has concentrated
on the development of synthetic MMP
inhibitors.

Synthetic MMP inhibitors

Synthetic peptides work by binding to the
zinc ion at the active site of the MMP,
thus preventing
collagen molecules.*

cleavage of substrate
> Batimastat showed
promise in decreasing tumour development
and metastasis (animal models)*® and
limiting aneurysm expansion (experimental
models),”® but is not available in an oral
form. Marimastat, which is available orally,
was shown to limit intimal hyperplasia®” and
aneurysm expansion in vivo.?* It also showed
promise in early human cancer studies, but
caused significant musculoskeletal side effects
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in 30% of patients.”” Recent studies of
MMI270, a more specific inhibitor (of
MMP-2, MMP-8 and MMP-9), have shown
a similar side effect profile.®® Furthermore,
recent animal studies of broad-spectrum
synthetic MMP inhibitors have found them
to be generally deleterious in terms of both
plaque growth and plaque stability.*”

Doxycycline

Doxycycline, a member of the tetracycline
antibiotic family, is also a non-selective
MMP inhibitor,””® with a proven safety
profile. Clinical trials have shown that
doxycycline is capable of decreasing cartilage
MMP levels when given to patients prior
to hip surgery.?!" It has also been shown to
limit intimal hyperplasia®* and aneurysm
expansion in vivo,””® by reducing MMP-9
activity.  Furthermore, when given to
patients prior to AAA repair the expression
of MMP-2 and MMP-9 was reduced in the
aortic wall.?4

A randomised clinical trial of doxycycline
versus placebo in patients prior to carotid
endarterectomy  demonstrated  decreased
plaque MMP-1 levels and a potential for
clinical benefit.”> A phase II study of
doxycycline administration to patients with
small AAAs recently showed that it was
reasonably well-tolerated (92% completed
the 6-month course) and reduced plasma
MMP-9 levels.?' Further studies are on going
to evaluate its effects on small aneurysm
expansion.

ACE Inhibitors
ACE inhibitors (ACEI) and angiotensin II

receptor antagonists decrease cardiovascular
events, independently of their effects on blood
pressure control. The ACEI trandalopril,
and the experimental angiotensin receptor

antagonist, HR720, decrease the area
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of atherosclerotic lesions in the thoracic
aorta of cholesterol-fed monkeys.””” This
was achieved without alteration of mean
blood pressure or cholesterol levels. The
Heart Outcomes Prevention Evaluation
(HOPE) study demonstrated a decrease in
cardiovascular events in high-risk patients
given ramipril as opposed to placebo.?*® This
effect could only be partly explained by the
modest decrease in mean blood pressure seen
between the 2 groups (3/2mmHg).

Angiotensin I promotes endothelial
activation,’'” and therefore the mechanism of
action of ACEISs could be through endothelial
passivation (leading to a reduction in cell
adhesionmoleculeexpressionand macrophage
infiltration). ACEIs may also exert their
effects through bradykinin potentiation,
resulting in decreased smooth muscle cell
migration, decreased inflammation and
decreased production of oxygen free radicals
(COPPOLA 2008). Navalkar et al provided
support these
hypotheses by demonstrating that irbesartan
(an angiotensin II receptor blocker) can
decrease plasma levels of VCAM-1, TNF-o
and superoxide.”

With ever more detailed understanding
of the human genome, gene therapies have
also come under investigation in the search
for anti-atherosclerotic therapies. Hans et
al have demonstrated that polyADP-ribose
polymerase (PARP-1), a DNA-repair protein,
stimulates apoptosis in the presence of local
inflammation and plays an important role
in plaque dynamics. They went on to show
that inhibition of PARP-1 resulted in a
reduction in plaque size, decreased collagen
degradation and increased plaque smooth
muscle content in ApoE(-/-) mice.”?! These
findings suggest that PARP-1 inhibition may
also represent a valuable therapeutic tool,
though its applicability in humans has yet to
be demonstrated.

Since the clinical significance of any plaque

biochemical evidence to

rupture is also governed by the intravascular
environment, investigators continue to
seck new therapies that may decrease the
thrombogenicity of blood. Until now, this
has been achieved with a combination of
aspirin and another antiplatelet agent —
most commonly clopidogrel — but drug
resistance and side effect profiles can limit its
applicability. The latest class of antiplatelet
drugs is the P2Y, blockers, which inhibits
platelet activation via blockade of the P2Y
ADP-receptor. Though these drugs (such
as prasugrel and ticagrelor) may still have
significant side effect profiles, they seem to
be associated with far less unwanted bleeding
and may be effective in patients who do not
respond to clopidogrel.?*

Though a number of therapeutic targets
have shown promise in preventing plaque
rupture, substantial work is still needed
in this area since many of the potential
therapeutic targets (such as smooth muscle
cells and macrophages) have the ability to
play both detrimental and beneficial roles in
the complex process of atherosclerosis.

SUMMARY

Acute plaque disruption precedes the onset of
clinical ischaemic syndromes. Exposure of the
highly thrombogenic core to luminal blood
results in platelet adherence and thrombosis.
Inflammation is clearly involved in the
process of plaque development and acute
disruption, though the precise mechanism by
which the inflammatory process is initiated
remains unclear. The roles of angiogenesis,
cellular apoptosis and infectious agents also
require further clarification. Unstable plaques
have a large lipid core and a thin fibrous cap
with reduced collagen content. A major
component of plaque destabilisation appears
to be increased matrix degradation, the
primary regulators of which are the MMPs
and their inhibitors. There are a number



of potential therapeutic options aimed at
preventing plaque disruption. In particular,
MMP inhibition is an attractive target for
such pharmacotherapy.
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Atheroprotection
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BACKGROUND

The global epidemic of cardiovascular disease
(CVD) continues to rise, with atherosclerotic
CVD remaining the lead cause of morbidity
and mortality worldwide, comprising of
29% of all global deaths in 2003. A majority
of these deaths were directly caused by
coronary artery disease (CAD) or strokes.'
It is estimated that up to 50% of all deaths
and disability due to CAD and strokes could
be curtailed by a number of lifestyle and
therapeutic approaches that directly target
major cardiovascular risk factors.

Atherosclerosis is a systemic disease pro-
cess involving multiple vascular territories.
The presence of established vascular disease,
regardless of the territory involved, portends
the greatest risk of incident cardiovascular
events. The prevalence of asymptomatic
coronary stenoses of greater than 50% angi-
ographic severity in non-disabling ischaemic
stroke patients has recently been estimated
to be 20%,? and those patients afflicted with
peripheral arterial disease have a probability
of death due to CAD and stroke of 55% and
11% respectively.? Given the significant sys-
temic plaque burden in these patients coupled
with corresponding high event rates, various
anti-atherosclerotic and vascular protective
therapies have the potential to significantly
lower absolute clinical event rates.
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PATHOLOGY

Atherosclerosis is a chronic inflammatory
condition, characterised by the accumulation
of inflammatory cells, lipid and apoptotic
material within The
endothelial cell layer, a single cell layer
lining the lumen of the vasculature, serves
to regulate permeability of the arterial wall,
vascular tone and tendency for thrombus
formation. Endothelial dysfunction therefore
results in altered permeability of the vessel
wall, increased vascular reactivity with
vasoconstriction and the promotion of a
number of prothrombotic substances. Such
abnormalities are inherently promoted by
the reduced bioavailability of nitric oxide,
the principal product of the endothelium.
Following transmigration across the endo-

the arterial wall.

thelial layer, migrated monocytes transform
into macrophages, which engulf extracellular
lipid to become foam cells, which accumulate
to form a fatty streak, considered the earliest
macroscopic evidence of atherosclerosis.*
Local smooth muscle cell migration results in
collagen production, forming a fibrous cap,
which separates the enlarging inflammatory
and lipid milieu from the circulating blood
stream. The ongoing accumulation of inflam-
matory cells, lipid and apoptotic material
covered by a strong fibrous cap represents
a mature atherosclerotic plaque.* Many
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atherosclerotic  plaques remain clinically
quiescent, however some plaques may
progress to an advanced stage, characterised
by  progressive
aneurysm formation and plaque rupture.
The latter two processes are mediated
by the degeneration of the extracellular
collagen matrix, which in turn is driven by
activated matrix metalloproteinase enzymes.’
Furthermore, plaque
(with the adventitial proliferation of vaso-
vasorum) leading to repeated intraplaque
haemorrhage is now widely recognised as an
important mediator of plaque progression
and instability.®

The degradation of collagen within the
fibrous cap leads to a reduction in the tensile
strength, which appears more pronounced at
the shoulders regions of the plaque. Higher
shear stress at these shoulder region, further
predispose the thinned fibrous cap to erosion
or rupture. This exposes plaque components
(including the highly thrombogenic tissue
factor) to the circulating blood stream, cul-
minating in the activation and aggregation of
platelets and the coagulation cascade, leading
to local thrombus formation. This thrombus
may embolise downstream, or result in local
occlusion of the arterial lumen to blood flow,
with resulting acute ischaemia.”

Anti-atherosclerotic therapies are admin-
istered for either the primary prevention
of cardiovascular events, or to prevent the
recurrence of events in those patients with
established vascular disease. This chapter will
review the role of various strategies that have
shown clinical evidence of their atheropro-
tective effects for the prevention of cardio-
vascular disease.

lumen encroachment,

neovascularisation

RISK FACTOR MODIFICATION

Population studies have established an
association of the presence of a number
of modifiable cardiovascular risk factors

with increased risk for the development
of CVD.? These risk factors include: (1)
elevated plasma concentrations of various
atherogenic lipoproteins, which include low-
density lipoprotein cholesterol (LDL-C),
lipoprotein (a) and triglycerides (TGL);
(2) reduced plasma concentrations of high-
density lipoprotein cholesterol (HDL-C);
(3) hypertension; (4) diabetes; (5) smoking;
and (6) obesity and the associated metabolic
syndrome. Mechanistic studies, primary
and secondary prevention clinical studies
and atherosclerosis imaging studies, have
demonstrated significant benefits following
the reduction of pro-atherogenic lipoproteins,
elevation of HDL-C and treating hyper-
tension, whilst the aggressive glucose
lowering for reducing cardiovascular events
remains controversial.

TABLE 5.1: Modifiable atherogenic risk
factors

» Elevated atherogenic lipoproteins:
LDL-C
TGL levels
Lipoprotein (a)
Chylomicron remnant particles
* Reduced HDL-C levels
* Hypertension
» Diabetes mellitus
* Obesity
*  Smoking

Statins, LDL lowering and
C-Reactive Protein

Inpopulationstudieswith extensivefollow-up,
plasma concentrations of LDL-C have been
shown to be a strong and independent
predictor of future cardiovascular disease.®
Established therapies to lower LDL-C
levels include hydroxymethylglutaryl Co-A
inhibitors (statins), bile
sequestrants, ezetemibe, LDL-C apheresis

reductase acid
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and ileal bypass surgery. Statins however
remain the predominant means of successful
LDL-C lowering with an abundance of
clinical and mechanistic evidence of the
favourable impact these agents have upon
atherosclerosis regression, and primary and
secondary prevention.

Hydroxymethylglutaryl Co-A reductase
is the rate limiting enzyme in the pathway
leading to the endogenous synthesis of
cholesterol by the liver. Inhibition of this
enzyme results in the up-regulation of
hepatic LDL receptors, with the subsequent
removal of LDL from the circulation. Statins
are well tolerated, and result in substantial
inhibition in plasma LDL-C levels, coupled
with modest elevations in HDL-C levels. A
minority of patients develop elevations in
hepatic transaminases and myositis, while
rhabdomyolysis is exceedingly rare.

Statins have resulted in relative risk
reductions of 20-40% of both primary'®'?
and secondary cardiovascular events.”*"” The
West Of Scotland Coronary Prevention
Study (WOSCOPS) was the first primary
prevention study that highlighted a 31%
and 33% reduction of fatal and non-fatal
coronary events respectively in 6595 ran-
domized middle aged males (whose total
cholesterol was greater than 6.5 mmol/L)
who took pravastatin for 5 years."” Follow-
ing WOSCOPS, the AFCAPS/TexCAPS
trial randomized 6605 patients with a mean
total cholesterol level of 5.7 mmol/L to
lovastatin or placebo. After 5 years follow-up,
lovastatin reduced the combined end point
of sudden death, myocardial infarction and
unstable angina by 33%."" More recently,
the JUPITER study randomized 17802
individuals without hyperlipidaemia (mean
LDL-C less than 3.4 mmol/L) but with an
elevated high-sensitive C-reactive protein
(hsCRP) of greater than 2 mg/L to daily
rosuvastatin 20 mg or placebo. The trial was
halted prematurely after a median follow-up

of 1.9 years due to the rosuvastatin group
experiencing a 23% relative risk reduction in
the combined primary endpoint of myocar-
dial infarction, stroke, arterial revascularisa-
tion, hospitalisation for unstable angina or
death from cardiovascular causes.'? This trial
therefore highlighted the primary benefit of
LDL-C lowering in patients with systemic
inflammation.

The Scandinavian Simvastatin Survival
Study (4S) randomized 4444 patients
with established coronary artery disease
and fasting total cholesterol between 5.5 to
8 mmol/L to treatment with simvastatin or
placebo. After 5.4 years, the primary end
point of all-cause mortality was reduced by
30% with simvastatin, with similar reduc-
tions in myocardial infarction and stroke.'
Similar magnitudes of reduction in mortality
and myocardial infarction were seen in the
Cholesterol and Recurrent Events (CARE)
and Long-term Intervention with Pravastatin
in Ischaemic Disease (LIPID) studies, which
together evaluated the benefit of pravastatin
versus placebo in over 13000 patients with
prior myocardial infarction over a 5-year
period.'*1¢ Additionally, the Heart Protection
Study (HPS) randomized 20536 patients
with established atherosclerotic CVD (or
high-risk equivalents on the basis of diabetes
mellitus) and total cholesterol greater than
3.5 mmol/L to treatment with simvastatin or
placebo.” Significant reductions in all-cause
mortality (13%), cardiovascular mortality
(17%), coronary events (27%) and stroke
(25%) were found in the simvastatin group.

Regression of atherosclerosis within the
coronary vasculature is a validated surrogate
end-point of the clinical event reductions
seen with statin therapies. Studies employ-
ing intravascular ultrasound (IVUS) have
also highlighted the benefits of LDL-C
lowering upon the coronary vessel wall. A
consistent finding observed in the IVUS
trials is the strong linear relationship between
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mean LDL-Clevelsachieved on statin therapy
and the median progression-regression rate
of atherosclerosis. In the Reversal of Athero-
sclerosis with Aggressive Lipid Lowering
(REVERSAL) study, halting of disease pro-
gression was achieved with aggressive LDL-C
lowering to 2.0 mmol/L with atorvastatin
(80 mg/day), as compared with plaque pro-
gression seen in those patients randomized
to moderate LDL-C lowering with pravas-
tatin 40 mg/d who achieved a mean LDL-C
of 2.9 mmol/L."® The ASTEROID (A Study
To Evaluate the effect of Rosuvastatin On
Intravascular ultrasound —Derived coronary
atheroma burden) study was the first large
scale trial to show that plaque regression could
be achieved by intensive LDL-C lowering to
levels lower than achieved in REVERSAL.
Rosuvastatin 40 mg/d lowered LDL-C
levels to 1.6 mmol/L, and reductions in all
volumetric measures of plaque burden was
achieved.” More recently, a pooled analysis
of more than 4000 patients who underwent
serial IVUS coronary imaging in 6 trials has
demonstrated a direct relationship between
the baseline plaque burden, its progression
and major adverse cardiovascular events.*

Although the clinical benefit seen in statin
trials is able to be predicted from the degree
of LDL-C lowering, statins are thought to
exert vasculoprotective effects mediated by
a variety of mechanisms other than direct
LDL-C lowering. These suggested pleio-
tropic mechanisms include anti-thrombotic,
anti-inflammatory, antioxidant, vasodilatory
and anti-proliferative effects. Although such
effects have been studied previously, only
the anti-inflammatory CRP-lowering effects
have been systematically evaluated in large
scale clinical trials.

A major benefit of statin therapy is found
in those patients with a high inflammatory
state. Post hoc analyses of the CARE study
found that those subjects with circulating
biomarkers greater than the 90th percentile

had the greatest risk of recurrent events, and
the greatest benefit from pravastatin occurred
in this group.’ Further insights from
REVERSAL revealed the superior CRP-
lowering effects of atorvastatin over pravasta-
tin. It is likely that this greater degree of anti-
inflammatory effects exerted by atorvastatin
contributed to a halting of atherosclerosis
progression,** whereby the CRP reductions
correlated directly with changes in atheroma
volume seen with IVUS. The PROVE-IT
(PRavastatin Or atorVastatin Evaluation and
Infection Therapy) study complimented the
imaging findings from REVERSAL using the
identical regimen of statin therapy in a large
cohort of patients following an acute coro-
nary syndrome (ACS), with the atorvastatin
group experiencing significantly reduced
clinical event rates.” It is yet to be shown
as to whether CRP exerts direct effects upon
plaque biology, and appropriately designed
clinical trials will need to be undertaken to
study the clinical effects of new molecules
that directly target CRP.

The pleiotropic effects of statins have
been postulated to result in plaque stabili-
sation, which renders the plaque less likely
to rupture to cause clinical events. Modula-
tion of endothelial dysfunction and the anti-
inflammatory properties of statins have been
demonstrated within a few hours following
statin administration. As a result, the effects
of statins have been studied early in the
setting of ACS or prior to elective percuta-
neous coronary intervention (PCI) in stable
patients. Patients with ACS present a rela-
tively high risk of recurrent adverse cardiovas-
cular events. Hence, the early intensive use of
statins may improve clinical outcomes and as
such, statins have recently been included in
the treatment guidelines for ACS.* The early
benefit of statin therapy following ACS was
demonstrated in The Myocardial Ischaemia
Reduction with Aggressive Cholesterol Low-
ering (MIRACL) study.” This trial enrolled



Current and Emerging Therapies in Atheroprotection 83

3086 patients with ACS and randomized this
group to atorvastatin 80 mg/d or placebo
commenced within 24-96 hours following
randomization. After 16 weeks, the atorvas-
tatin group demonstrated a 14% relative risk
reduction in the composite clinical endpoint
of death, myocardial infarction, resuscitated
cardiac arrest or admission for suspected
ischaemia. Two recent meta-analyses of ran-
domized controlled trials which evaluated
for benefits of statins compared to placebo or
usual care following ACS have highlighted
that the real benefit of early statin therapy
takes at least 4-6 months to become evident,
with the significant benefits predominantly
limited to reductions in unstable angina.*®
A number of studies have also investigated
the effects of high-dose statin loading upon
the incidence of periprocedural myocardial
infarction in the setting of PCIL. A large
series of patients undergoing elective PCI
(n = 5052), found that patients treated with
statins at the time of procedure had a signifi-
cant mortality reduction at 30 days (0.8%
vs 1.5% in statin naive patients; p = 0.048);
with this benefit being maintained at 6 month
follow-up (2.4% vs 3.6%; p =0.046).”
Furthermore, in a series of 1552 patients,
those patients that had initiated statin therapy
prior to the procedure (39.6% of the study
group) had a significantly lower incidence of
periprocedural myocardial infarction (5.7%
vs 8.1% in statin naive; p = 0.038) with a
mortality benefit seen at 1 year (3.4% vs
6.9%; p=0.003)."* Statin pretreatment
was predictive of survival chiefly in patients
within the highest CRP quartile. The Ator-
vastatin for Reduction of Myocardial Dam-
age During Angioplasty (ARMYDA) trial
was the first randomized prospective, pla-
cebo controlled, double-blind study that
demonstrated a beneficial effect of statin
pretreatment in preventing myocardial dam-
age following PCL.* Patients with chronic
stable angina (n = 153) were randomized to

atorvastatin 40mg/d commencing 1 week
pre-procedure versus placebo. Periprocedural
myocardial infarction was detected in 5%
of atorvastatin-treated patients compared
to 18% in the placebo arm (p =0.025).
The ARMYDA ACS trial randomized 171
patients with ACS to receive placebo or
atorvastatin loading (80 mg 12 hours before
coronary angiography and a 40 mg dose
2 hours before intervention).*® The primary
composite endpoint of 30 day death, myo-
cardial infarction and need for repeat target
vessel revascularisation occurred in 5% of
the treatment group compared to 17% of the
placebo group (p = 0.04), with multivariate
analysis indicating that atorvastatin pretreat-
ment was associated with an 88% relative risk
reduction of 30-day events. Furthermore,
the ARMYDA RECAPTURE study showed
that acute statin preloading prior to PCI in
patients on chronic statin therapy had a pro-
tective effect with the combined endpoint of
30 day death, myocardial infarction and tar-
get vessel revascularisation occurring in 3.7%
of patients in the re-load group vs 9.4% in
the placebo group (p = 0.037); a 50% rela-
tive risk reduction on multivariate analysis.’
Both the ARMYDA ACS and ARMYDA
RECAPTURE trial 30 day combined end-
points were largely driven by a significant
reduction in periprocedural myocardial
infarction. Collectively, this data highlights
that statin pretreatment is a low risk yet
highly effective therapy of ‘plaque’ and
‘vessel’ stabilisation, mediated perhaps via a
number of pleiotropic effects, in both stable
and unstable patients undergoing coronary
intervention, regardless of whether patients
are statin naive or not.

The vasculoprotective effects of statins
also extends to the perioperative period
during noncardiac surgery. A retrospective
case-control study of 2816 patients who
underwent major non-cardiac vascular sur-

gery was the first study to show a 4-fold
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significant reduction in all-cause mortality
during the perioperative period.** Soon after,
the first prospective, placebo-controlled,
blinded, randomized controlled trial evalu-
ating the effects of 2 months of statin treat-
ment upon perioperative cardiovascular
complications after vascular surgery showed
that the combined primary endpoint (cardiac
death, nonfatal myocardial infarction, stroke
or unstable angina) at 6-months was 3-fold
higher with placebo than with atorvastatin
20 mg/d.** A number of retrospective stud-
ies have also evaluated the effects of statin
therapy upon perioperative complications in
patients undergoing noncardiac surgery. A
large cohort (n = 780591) of patients under-
going noncardiac surgery found that in those
70159 statin users, there was a significant
1.4-fold reduced risk of in-hospital mor-
tality.** The Statins for Risk Reduction in
Surgery (STARRS) study assessed the effect
of statins on cardiac complications in 1163
patients undergoing vascular surgery.” This
study found a significantly lower periopera-
tive complication rate in the statin group
compared to statin non-users (adjusted OR
0.52, 95% CI 0.35-0.77). Furthermore, the
long-term benefit of statins was observed in
510 patients undergoing successful abdomi-
nal aortic aneurysm surgery, with a signifi-
cant reduction in all-cause mortality (18% vs
50%; p<0.001) seen in statin users compared
to non-statin users over a median period of
4.7 years.* Although a risk of statin-induced
myopathy exists in the surgical group of
patients taking statins, this risk is considered
relatively modest compared to the benefits
of statins in reducing perioperative cardiac
events. Also noteworthy is the evidence that
suggests that statin therapy should remain
uninterrupted (if possible) during the peri-
operative period. Due to the lack of avail-
ability of intravenous formulations, statin
interruption, however, is common and
usually unintended.

TABLE 5.2: LDL-C lowering summary
points

« Statins are the most effective means of
LDL-C lowering

» Statins inhibit the rate limiting enzyme in
cholesterol synthesis

+ Statins also achieve minor elevations of
HDL-C, modest reductions of TGL levels

*  20%-30% reduction of events in primary
prevention studies

*  30%-40% reduction of events in secondary
prevention studies

» Clinical benefit proportion to degree of
LDL-C lowering

» Regression of coronary atherosclerosis
achievable with substantial LDL-C
lowering

» Pleiotropic benefits of statins may
contribute to benefit seen during ACS,
peri-procedural administration during
PCI, and peri-operatively for non-cardiac

surgery
The complexity of HDL
Although the unequivocal benefit of

LDL-C lowering has been demonstrated
in a number of clinical trials, reductions in
event rates by no more than 40% suggest
that additional mechanisms are involved in
mediating cardiovascular events, and that
complementary strategies are required to
achieve greater efficacy in cardiovascular
risk reduction. HDL-C is emerging as an
important therapeutic target for modulation
of cardiovascular risk. Observational studies
have suggested that the prevalence of low
HDL-C levels (< 40 pg/dL, or 1.0 mmol/L)
is greater in patients with established
CAD, with numerous population studies
also demonstrating an inverse relationship
between HDL-C levels and prospective risk
of CAD, regardless of the corresponding
level of LDL-C.” HDL-C was found to
be the strongest biochemical predictor of
cardiovascular outcome in the Framingham
study.”® A pooled meta-analysis of four
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population studies subsequently estimated
that each 1 pg/dL rise in levels of HDL-C
was associated with a 2% to 3% reduction
in cardiovascular risk.”

High-density lipoprotein cholesterol pos-
sesses numerous anti-atherosclerotic prop-
erties, including the promotion of reverse
cholesterol transport, protection of both
LDL-C particles and endothelial cells from
oxidative changes, inhibition of cytokine
induced expression of endothelial cell sur-
face adhesion molecules and the inhibition
of the prothrombotic milieu associated with
atheroma. Animal studies have provided
support of these protective effects of HDL.
Early studies showed that HDL infusions
not only retard lesion formation but also
promoted regression of established athero-
sclerotic plaque, with favourable effects also
seen upon plaque composition.*’ These stud-
ies therefore provided robust pre-clinical
evidence that raising HDL-C levels might
be beneficial in humans.

There are a number of strategies that
increase HDL-Clevels. Non-pharmacological
methods include weight loss, smoking cessa-
tion and mild alcohol consumption. Estab-
lished pharmacological strategies include
fibrates, statins and nicotinic acid, which
raise HDL-C levels by 10-35%, 5-15% and
15-35% respectively. Fibrates have been
shown to reduce clinical event rates in stud-
ies of primary and secondary prevention.
The Helsinki Heart Study (HHS) demon-
strated that an 11% increase in HDL-C
independently predicted the 34% reduction
in myocardial infarction and cardiovascular
death with gemfibrozil. Each 1% increase in
HDL-C was associated with a 3% reduction
in cardiovascular risk.*' A similar benefit with
gemfibrozil was observed in patients with
established CAD and low HDL-C levels in
the VA-HIT (Veterans Affairs High-Density
Lipoprotein Intervention Trial), whereby
the 6% rise in HDL-C predicted the 22%

reduction in myocardial infarction or cardio-
vascular death.*

Apart from LDL-C lowering, statins
modestly raise HDL-C levels. In a pooled
analysis of four clinical studies, raising
HDL-C was found to be an independent
predictor of the benefits of statins in slow-
ing progression of coronary atherosclerosis,
with incremental benefit regression observed
within those patients whose HDL-C rose by
7.5%, despite intensive LDL-C lowering.

Niacin is the most effective current
method of raising HDL-Clevels. Several stud-
ies have demonstrated that the use of niacin
in combination with other lipid-modifying
agents, had a substantial effect upon rela-
tive risk reduction and disease progression.
The HATS (HDL in Atherosclerosis Study)
showed that simvastatin and niacin raised
HDL-C by 24%, lowered LDL-C by 42%
and promoted regression of angiographically
detectable CAD. Moreover, there was a pro-
found 60% relative risk reduction in major
adverse cardiac events.* The benefit of add-
ing extended release niacin to statin therapy
was also seen in the ARBITER-2 (Arterial
Biology for the Investigation of the Treat-
ment Effects of Reducing Cholesterol 2)
study, whereby an increase in HDL-C levels
of 0.21mmol/L slowed progression of carotid
intimal-media thickness (CIMT) in patients
with HDL-C levels below 1.2 mmol/L.*
More recently, the addition of niacin (for
HDL-C augmentation) was found to be
superior to the addition of ezetemibe (for fur-
ther LDL-C lowering) in a group of patients
already on chronic statin therapy for CAD,
whereby the niacin/statin group experienced
significant regression of CIMT compared
to the ezetemibe/statin group.® Intolerance
due to flushing, which is mediated by activa-
tion of epidermal prostanoid receptors,
continues to limit the widespread clinical
use of effective doses of niacin. However,
pharmacological strategies to inhibit these
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epidermal prostanoid receptors in com-
bination with the delivery of niacin therapy
may hold promise for future trials employ-
ing niacin as an effective and well-tolerated
anti-atherosclerotic therapy. Enthusiasm also
exists for significantly raising HDL-C levels
via the inhibition of cholesteryl ester transfer
protein (CETP). In humans, CETP inhibi-
tion is capable of raising HDL-C levels by
greater than 50% and reducing LDL-C
levels by 20%. However the ILLUMINATE
(Investigation of Lipid Level Management
to Understand Its Impact in Atherosclerotic
Events) trial was prematurely halted due to a
higher clinical event rate seen in the patients
administered Torcetrapib (CETP inhibi-
tor).#” These unexpected effects have been
postulated to arise from activation of the
renin-angiotensin system as well as a direct,
unfavourable molecule-specific vasculotoxic
effect of Torcetrapib itself.*® The recent
report of the safety of Anacetrapib, a next
generation CETP inhibitor, has raised hopes
that significant elevations in HDL-C levels
via CETP inhibition will regress atheroscle-
rosis and eventually result in reduced clinical
event rates.”

HDL comprise a heterogenous group of
particles, which vary in size, shape and con-
tent of both lipid and protein. Normal or
elevated levels of HDL are not always athero-
protective in humans. The finding that greater
than 40% of the clinical events observed in
the Framingham cohort occurred in sub-
jects with serum HDL-C levels greater that
1.01 mmol/L suggests that their HDL failed
to possess the appropriate levels of protective
properties.”® The observation that HDL, iso-
lated from subjects with CAD despite high
HDL-C serum levels, promotes rather than
inhibits monocyte chemotaxis in response
to oxidised LDL-C, provided mechanistic
evidence that HDL may be proatherogenic
in some individuals.” It remains to be estab-
lished whether the size and composition of

HDL particles bears influence upon their
functional properties. Contrasting reports
from population studies have demonstrated
that HDL particle size may influence pro-
spective clinical risk. Furthermore, a poten-
tial relationship between HDL subclasses
and cardiovascular risk has been reported to
contribute to the relative benefit of various
lipid-modifying therapies. In an exploratory
analysis of VA-HIT, the generation of small
HDL particles with gemfibrozil was dem-
onstrated to independently predict protec-
tion from cardiovascular events.”? This may
explain why a relatively small rise in HDL-C
levels was associated with clinical benefit.
The observation of benefit by raising levels
of lipid-deplete HDL particles is consistent
with their ability to remove excess cellular
cholesterol, prevent LDL-C oxidation, rap-
idly improve endothelial function, and pro-
mote plaque regression in humans.*

HDL therefore remains an attractive
target for modification by therapies aimed
to promote cardiovascular risk reduction.
However, the complexity of HDL presents a
major challenge in determining the optimal
therapeutic approach. Although a number
of groups have proposed specific HDL-C
targets for treatment, there is no current
evidence that treating to a particular target
results in clinical benefit. At the minimum,
it would seem that attempts to raise HDL-C
levels above levels considered to be associ-
ated with an increase in cardiovascular risk
(1.01 mmol/L in men and 1.28 mmol/L in
women) would be prudent. However the
emergence of the functional quality of HDL,
rather than absolute HDL levels, is currently
presenting a major challenge for future drug
development programs. It is likely that rais-
ing the right type of HDL-C may have the
greatest impact upon cardiovascular disease
prevention.
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TABLE 5.3: HDL-C cholesterol summary
points

» Strongest independent predictor of events
* Numerous atheroprotective properties:
Promotes cholesterol efflux
Anti-inflammatory actions
Reduces oxidation of LDL-C
Inhibits thrombogenecity
» Elevated by weight loss, smoking
cessation and mild alcohol consumption
» Therapeutically elevated by fibrates and
nicotinic acid
* Novel therapeutic agents that elevate
HDL-C levels and promote HDL-C
functionality are currently being trialled in
humans

The controversy of triglycerides

Despite extensive research, in the setting
of clinical trials and epidemiologic studies,
the exact role of serum TGL levels as an
independent risk factor for CAD remains
uncertain.  Observational  studies
produced data in support of the independent
predictive value of fasting TGL levels for
incident CAD. Graziano etal. investigated the
interrelationships between fasting TGL and
other lipid parameters, along with non-lipid
risk factors, against the risk of myocardial
infarction in 340 cases and 340 age-,
gender- and community-matched controls.
The relative risk of myocardial infarction
was found to have a strong association with
elevated fasting TGL levels that remained
unaltered after controlling for other non-
lipid risk factors; however despite remaining
statistically significant, the strength of this
association was attenuated somewhat after
controlling for HDL-C.** Following this
study, Jeppesenetal. examined therelationship
between fasting TGL levels and ischaemic
heart disease (IHD) risk in over 2,900 males
in the Copenhagen Male Study, with 8-years
of follow-up. Following adjustment of both

have

lipid and non-lipid risk factors, men in the
middle and highest tertile of TGL levels had
relative risks of IHD of 1.5 (95% CI, 1.0-
2.3; p=0.05) and 2.2 (95% CI, 1.4-3.4;
p < 0.001) respectively, when compared with
men in the lowest TGL tertile.” When TGL
levels were stratified by HDL-C levels, the
risk of IHD increased with increasing TGL
within each HDL-C level. Similarly, the
larger Prospective Cardiovascular Munster
study involving 4,849 middle-aged men who
were followed for 8-years found TGL levels
to be an independent risk factor for CAD
irrespective of HDL- or LDL-C levels.*®

Therefore there is no clinical trial that
has been designed to specifically address the
issue of TGL lowering upon incident cardio-
vascular events. Although patients enrolled
in the HHS experienced a 35% reduction
in TGL levels, it was the 11% increase in
HDL-C levels that predicted the 34% rela-
tive risk reduction in the rate of myocardial
infarction.*! Limited data therefore exists
from clinical trials to suggest that the spe-
cific lowering of TGL levels, independent of
concomitant HDL-C raising/LDL-C low-
ering, will result in reduced clinical event
rates within patients with normal or elevated
LDL-C levels. Although current guidelines
do not mandate screening for elevated TGL
levels within the general population, TGL
levels in patients afflicted with CAD (or CAD
risk equivalent) may provide valuable prog-
nostic information for therapeutic decision-
making. At this point the presence of mild
to moderate hypertriglyceridemia identifies a
patient who requires more intensive manage-
ment of LDL-C, with treatment guidelines
advocating initiation or intensification of
statin therapy as first line treatment.

Hypertension

Epidemiologic studies have established a
direct relationship between both systolic and
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diastolic blood pressures and cardiovascular
The strongest relationship lies
between hypertension and cerebrovascular
disease. Framingham data predict the life-
time risk of developing hypertension to be
about 90% by the age of 65 years.”” The
Multiple Risk Factors Intervention Trial
(MRFIT) demonstrated a continuous and
graded relationship between both systolic
and diastolic blood pressures and death
due to both CAD and stroke,”® with the
strength of this relationship greatest for
systolic blood pressure. In addition, isolated
systolic hypertension, the commonest form
of hypertension, portends a 2.5-fold greater
risk of cardiovascular disease compared with
matched, normotensive patients.

Hypertension alters shear forces within
the vascular lumen. Steady laminar flow stim-
ulates endothelial cellular functions which
maintain vascular tone, thrombogenecity and
regulated permeability. The mechanotrans-
duction of these altered shear-stress signals
arising from the endothelial surface result in
a number of changes contributing towards
atherogenesis, including altered gene expres-
sion, as well as changes to vascular regulatory
substances including nitric oxide, endothelin
and angiotensin II.

The use of anti-hypertensive therapy for
primary prevention reduces cardiovascular
events. A meta-analysis of randomised con-
trolled trials involving the reduction of
systemic hypertension in primary preven-
tion revealed a 21% risk reduction in events
attributed to CAD and a 37% reduction in
the incidence of stroke.”” The Hyperten-
sion Optimization Trial (HOT) randomised
patients with hypertension to therapy aimed
at three groups of blood pressure targets.
Analysis revealed the lowest incidence of
cardiovascular events in those with a mean
diastolic blood pressure of 82.6 mmHg, sup-
porting aggressive lowering of blood pressure
into the ‘normal” range.®

events.

The Heart Outcome Prevention Evalu-
ation (HOPE) study supports the use of
angiotensin converting enzyme (ACE) inhi-
bition in all high risk patients. Despite the
minimal blood pressure reduction seen in
the ramipril arm, the use of an ACE inhibi-
tor reduced the composite vascular end point
by 22%, supporting the critical role played
by the renin-angiotensin system in the pro-
motion of atherogenesis.® The second Aus-
tralian National Blood Pressure Study also
highlighted the benefit of an ACE inhibi-
tor-based anti-hypertensive regimen signifi-
cantly lowering cardiac death in the elderly
population as compared to a diuretic-based
regimen.® The Antihypertensive and Lipid-
Lowering Treatment to prevent Heart Attack
Trial (ALLHAT) reported no overall differ-
ences in CAD outcome among patients
treated with a diuretic-based compared to a
calcium channel blocker- or an ACE inhib-
itor-based treatment program.® However,
patients in the diuretic group experienced
fewer episodes of heart failure than in the
calcium channel blocker group. Although
The Seventh Report of the Joint National
Committee on Prevention, Detection, Evalu-
ation, and Treatment of High Blood Pressure
(JNC 7) (National Heart, Lung, and Blood
Institute. National Blood Pressure Education

TABLE 5.4: Hypertension summary
points

» Strong independent risk factor

*  Small reductions in blood pressure result
in marked reduction in clinical events

* Reduction of blood pressure to the normal
range results in the least number of
clinical events; further reductions may be
deleterious

» Blood pressure lowering per se is of
utmost importance, irrespective of the
choice of anti-hypertensive agent

» ACE inhibition reduces cardiovascular
events in all high-risk patient groups,
regardless of baseline blood pressure
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Program, 2003) supports thiazide diuretics
as first-step drug of choice in most hyperten-
sive patients, what is clear from the wealth
of trial data is that blood pressure lowering
per se is of greater importance in reducing
cardiovascular event rates rather than the
choice of agent(s) used.

RISK FACTOR MODIFICATION IN
THE DIABETIC PATIENT

Glycaemic Control

The incidence of diabetes continues to
increase worldwide, predominantly due to the
significant rise in the prevalence of type 2
diabetes mellitus, which now accounts for
over 90% of all diagnosed cases. The major
cause of morbidity and mortality in subjects
with diabetes is attributed to atherosclerosis,
particularly CAD. In subjects with type 2
diabetes, it is well established that there
is a two- to four-fold increased risk of
CAD, peripheral arterial disease and cerebro-
vascular disease than compared with matched
non-diabetic controls. This persists despite
accounting for other traditional cardio-
vascular risk factors such as hypertension,
smoking and dyslipidaemia. Accordingly,
treatment guidelines now consider the
presence of diabetes to be an atherosclerosis
equivalent, and suggest that diabetics should
be treated in a similar fashion as those with
established clinical cardiovascular disease in
terms of risk factor control.*

A number of direct and indirect pathways
contribute towards atherogenesis in diabet-
ics. Indirect pathways that are promoted
by hyperglycaemia include worsening of
dyslipidaemia (development of atherogenic
dyslipidaemia; small dense LDL-C parti-
cles, reduced HDL-C levels and elevated
TGL levels), sympathetic nervous system
dysfunction and the development of renal
dysfunction. Direct pathways (directly per-

taining to chronic hyperglycaemia) result in
the overall reduction in the bioavailability of
nitric oxide. The resultant endothelial dys-
function promotes vasoconstriction, pro-
inflammatory and prothrombotic tendencies
that contribute towards the progression of
atheroma and subsequent atherothrombosis.
Cholesterol and blood pressure lowering
trials have demonstrated benefit in diabetic
patients. Given the implicit relationship
between hyperglycaemia and virtually all
stages of atherogenesis, one would expect
that the strict control of blood sugar levels
would cause corresponding reductions in
atherosclerotic cardiovascular disease. How-
ever clinical trials evaluating the impact of
chronic, intensive glycaemic control upon
cardiovascular disease have produced con-
flicting results, reflecting a complex inter-
action between glycaemic control and the
atherosclerotic disease process.
Observational studies have tended to
show a linear relationship between hyperg-
lycaemia and cardiovascular mortality. How-
ever for levels of glucose at or below the
threshold for the diagnosis of diabetes, the
relationship with cardiovascular mortality
is less clear-cut.®“ Recently, the results of
large-scale intervention trials examining the
relationship between intensive glucose con-
trol and cardiovascular outcomes have been
published. The ACCORD (Action to Con-
trol Cardiovascular Risk in Diabetes) trial
examined the effect of intensive glucose con-
trol (target HbA under 6.0%, but achiev-
ing a mean level of 6.4%) versus standard
therapy (targeting HbA| between 7.0-7.9%,
achieving a mean level of 7.5%) in over
10,000 established type 2 diabetics.”” An
unexpected finding of a higher rate of car-
diovascular mortality (34%, p = 0.02) and
all-cause mortality (22%, p = 0.04) within
the intensive glycaemic arm resulted in a
premature halting of this study after a mean

follow-up period of 3.5 years. Despite these
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mortality rates, there was a non-significant
trend towards a reduction in the primary
outcome of the composite endpoint of non-
fatal myocardial infarction, non-fatal stroke
or cardiovascular death. Although the exact
mechanisms of the resultant increase in mor-
tality in this trial are unknown, an association
between higher rates of severe hypoglycaemia
within the intensive glycaemic control arm
was reported, with patients with the high-
est baseline HbA, _levels at greatest risk of
hypoglycaemia compared to those with supe-
rior initial glycaemic control. In contradic-
tion to ACCORD, the ADVANCE (Action
in Diabetes and Vascular Disease: Preterax
and Diamicron Modified Release Control-
led Evaluation) trial randomised over 11,100
type 2 diabetics to either intensive glucose
control (achieving a mean HbA _of 6.5%)
or standard control (achieving a mean HbA
of 7.3%).%® After a mean follow-up period of
5 years, the composite primary endpoint of
combined macrovascular and microvascular
events was significantly attenuated in the
intensive glucose control group. However
this result was primarily driven by the signifi-
cant reduction in microvascular endpoints,
whereas there was no significant reduction in
cardiovascular events.

In the United Kingdom Prospective
Diabetes Study (UKPDS), 3,867 newly
diagnosed type 2 diabetics were randomised
to an intensive glycaemic control compared
with conventional treatment policy.” Over
the ensuing 10-year period of the trial, the
intensively treated patients achieved a mean
HbA,_of 7.0% compared to a mean HbA,
level of 7.9% in the conventionally treated
group. The intensively treated patients expe-
rienced a 16% relative risk reduction of myo-
cardial infarction which just failed to achieve
statistical significance (p = 0.052) compared
to the conventionally treated group. However
the intensively treated group did experience
a significant 25% reduction in microvascular

complications (p = 0.01). A sub-group of
overweight individuals within the UKPDS
study who were placed on metformin as
part of their intensive glucose control regi-
men did experience a significant 39% reduc-
tion in myocardial infarction (p =0.01)
and a 36% reduction in all-cause mortality
(p = 0.01). This data has been adopted to
promote the use of metformin as a means of
effectively reducing cardiovascular endpoints
independently of glycaemic control. Follow-
ing the publication of the UKPDS results, all
surviving patients of this study entered into a
post-trial monitoring program until 2007.7°
During this follow-up period, no attempts
were made to continue the mode and inten-
sity of glycaemic control according to their
prior randomisation group. In the first year
after entering the post-trial monitoring pro-
gram, any differences in the HbA, _between
the previous 2 treatment groups was lost.
Despite the rapid loss of glycaemic separa-
tion between the two groups in the post-trial
follow-up program, a significant benefit of
being previously randomised to an intensive
glucose control regimen was still observed,
whereby this group experienced a 15% lower
rate of myocardial infarction (p = 0.01) as
well as a 13% reduction in all-cause mortal-
ity (p = 0.007). Moreover, the prior reduc-
tions in microvascular endpoints as well as
the benefits of metformin therapy were all
maintained during this post-interventional
follow-up study. These observations virtually
mirror the results of the previously reported
Diabetes Control and Complications Trial
(DCCT); a 9-year trial highlighting the ben-
efit intensive glycaemic control significantly
delaying the development and progression
of diabetes-related microvascular complica-
tions in type 1 diabetics, however failing to
show any significant benefit upon cardio-
vascular events.”! Following completion of
the DCCT, subjects were then followed by
the Epidemiology of Diabetes Interventions
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and Complications (EDIC) study.”* Again,
differences in HbA _ were quickly lost
between the 2 treatment groups. The com-
pletion of the 11-year post trial observation
period occurred in 2005, and despite the
early loss in glycaemic separation between
the prior 2 groups, the combined endpoint
of cardiovascular events (non-fatal myo-
cardial infarction, stroke or cardiovascular
death) were reduced by 57% (p = 0.02) in
the group of patients previously assigned to
intensive glucose control.

The UKPDS follow-up study and the
EDIC study suggest that the sustained,
early intensive control of blood glucose
levels eventually translates into a significant
benefit upon the development of cardio-
vascular disease many years down the track.
Mechanisms pertaining to this ‘legacy’ effect
are currently unknown. At least 4 recently
published meta-analyses (that have included
the ACCORD and ADVANCE studies)
have suggested that intensive versus standard
glucose lowering reduces cardiovascular
events without increasing cardiovascular or
all-cause mortality. 77 Therefore, an HbA
target of < 7.0% still remains an acceptable
target for appropriate glucose control. How-
ever under certain circumstances, especially
in the setting of newly diagnosed type 2
diabetes and in young patients without sig-
nificant comorbidities, aiming for a lower
HbA, _level may represent an appropriate
strategy to lower both microvascular and
macrovascular complications.

Global risk factor reduction in
diabetics

The greatest benefit for diabetic patients, in
terms of cardiovascular risk factor reduction,
has resulted from the aggressive modification
of plasma lipoproteins and blood pressure.
Diabetic dyslipidaemia, characterised by
elevated TGL levels, reduced HDL-C levels

and the presence of small, dense LDL-C
particles, represents a potent atherogenic
stimulus. Weight loss and aggressive gly-
caemic control leads to an improvement
of this lipid profile.* Statin trials have
demonstrated greater relative risk reductions
in diabetic subgroups, as have trials employing
gemfibrozil.'>** Although the Fenofibrate
Intervention and Event Lowering in
Diabetes (FIELD) study did not show daily
fenofibrate to significantly reduce the risk
of the primary outcome of coronary events
(death due to CAD or non-fatal myocardial
infarction) in over 4800 type 2 diabetics,
there was a primary reduction in the rate of
coronary and non-coronary revascularisa-
tions as well as fewer non-fatal myocardial
infarctions.”® Moreover, fenofibrate therapy
resulted in the improvement in a number
of microvascular parameters. Furthermore,
the ACCORD study group investigated
whether combination therapy with statin plus
fenofibrate, as compared with statin mono-
therapy, would further reduce the risk of
cardiovascular disease in over 5,500 type 2
diabetics at high risk for cardiovascular
events. The statin/fibrate combination did
not reduce the rate of fatal cardiovascular
events, non-fatal myocardial infarction, or
non-fatal stroke as compared with statin
therapy alone.”” A recent meta-analysis (of 18
trials, over 45,000 patients) investigating the
effects of fibrates on major clinical outcomes
concluded that fibrates do reduce the risk of
major cardiovascular events, largely driven
by a 13% relative risk reduction (7-19) in
coronary events (p<0.0001).”® Collectively,
these trials suggest that although statin
therapy should remain the cornerstone of
treating dyslipidaemia in diabetics, diabetics
with reduced HDL-C and elevated TGL
levels may derive some additional benefit
with the addition of fibrate therapy.
Similarly, lowering blood pressure is of
utmost importance in diabetics for enhanced
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cardiovascular risk reduction, portending a
greater risk benefit in diabetics compared with
non-diabetics. The blood pressure lowering
sub-study of UKPDS confirmed a signifi-
cant reduction in strokes (as well as micro-
vascular endpoints) in those with aggressive
blood pressure control (mean on-treatment
blood pressure of 144/82 mmHg) compared
with the group assigned less tight control
(who achieved a mean blood pressure of
154/87 mmHg).”” A similar observation was
noted within the HOPE (Heart Outcomes
Prevention Evaluation Study) study, with the
benefit of ramipril seen in diabetic patients
compared to those with established vascular
disease.®’ However, more recent attempts
to define the optimum level of blood pres-
sure control in diabetics has highlighted the
complex relationship between blood pressure
levels in diabetics and cardiovascular event
rates. Until recently, it was widely felt that
aggressive lowering of systolic blood pressure

TABLE 5.5: Diabetes summary points

+ Diabetes and insulin resistance are both
strong risk factors for cardiovascular
events

*  Glycaemic control correlates with clinical
outcome

» Aggressive glycaemic control reduces
microvascular complications

* There is a more complex relationship
between aggressive glycaemic control and
reduction of macrovascular events

« Early, aggressive glycaemic control may
have a longer term ‘legacy’ effect upon
reduction in macrovascular events

* Metformin use in obese diabetics
significantly lowers rate of myocardial
infarction

+ Statins remain the cornerstone of lipid
management in diabetics

»  Control of blood pressure equally
important in diabetics; however aggressive
lowering of systolic blood pressure to
levels < 120 mmHg may be detrimental

below 135 mmHg in diabetics would be of
further clinical benefit. However the results
of the ACCORD study group collaborators
found that in type 2 diabetics at high risk
for cardiovascular events, intensive systolic
blood pressure lowering to levels below
120 mmHg, as compared to less than
140 mmHg, did not reduce the rate of
composite outcome of fatal and nonfatal
major cardiovascular events.** Moreover,
the patients assigned to intensive blood
pressure lowering experienced significantly
higher adverse event rates attributed to the
antihypertensive treatment. This trial rein-
forced the notion that aggressive blood pres-
sure lowering in diabetics to values below

130-135 mmHg may be problematic.

The metabolic syndrome

The metabolic syndrome refers to the
co-existence of an atherogenic lipid profile,
elevated blood pressure, and
plasma glucose, associated with abdominal
obesity and insulin resistance.** Although a
number of definitions exist, the most recent
consensus from the International Diabetes
Federation defines metabolic syndrome as the
presence of central obesity (defined as waist
circumference with ethnic specific values,
or if body mass index exceeds 30 kg/m?
then central obesity can be assumed) and any
two of the following: (1) raised TGL levels
(> 1.7 mmol/L), (2) reduced HDL-C levels
(< 1.03 mmol/L in males and 1.29 mmol/L
in females), (3) raised blood pressure (systolic
blood pressure > 130 mmHg or diastolic
blood pressure > 85 mmHg), (4) raised fasting
plasma glucose level (> 5.6 mmol/L).*!
Numerous studies have investigated the

elevated

cardiovascular risk associated with metabolic
syndrome, with ongoing debate regarding
the prognostic significance of the meta-
bolic syndrome for cardiovascular outcomes.
A recent meta-analysis was conducted of
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the cardiovascular risk associated with the
metabolic syndrome (as defined by the
National Cholesterol Education Program),
which found the presence of metabolic syn-
drome to be associated with a 2-fold increase
in cardiovascular outcomes and a 1.5-fold
increase in all-cause mortality.** It remains
unclear, however, as to the relative contri-
bution of the individual components of the
metabolic syndrome towards the mediation
of cardiovascular risk. A recent study analys-
ing the risk of myocardial infarction conferred
by the metabolic syndrome and its individual
components in multiple ethnic populations
was recently undertaken. It was found that
the risk of metabolic syndrome upon myo-
cardial infarction is generally comparable to
that conferred by some, but not all, of its
component risk factors, whereby the associa-
tion with myocardial infarction being similar
to that of diabetes mellitus and hyperten-
sion.® Accordingly, a recent analysis of over
3450 patients who participated in 7 clinical
trials that monitored coronary atheroma
progression with IVUS found accelerated
disease progression in those patients with the
metabolic syndrome. However, after adjust-
ing for its individual components, the pres-
ence of the metabolic syndrome itself was
no longer found to be an independent pre-
dictor of disease progression.* Infact, further
analysis of the same patient cohort found that
patients with diabetes mellitus had greatest
coronary plaque burden, greater plaque pro-
gression and lumen constriction than those
categorised as having metabolic syndrome.*
Further studies will need to be conducted to
ascertain the candidate mechanisms by which
metabolic syndrome mediates cardiovascular
risk. However given the strong relation-
ship between the presence of its component
risk factors, the ideal anti-atherosclerotic
approach tackling the metabolic syndrome
would appear multi-factorial, in addition to
weight loss and life-style measures.

FUTURE TARGETS

The current generation therapeutic approach
for atherosclerotic cardiovascular disease
prevention is essentially aimed directly at
the modulation of known cardiovascular
risk factors. Although these approaches
have been successful in risk reduction, a
substantial residual risk remains. Given
our understanding of the implicit role of
oxidative and inflammatory pathways in
atherogenesis, therapies directly targeting
these pathologic substrates represents a
potential future challenge in achieving
further risk reduction in the population.
As a result, various novel therapeutic agents
are undergoing clinical development. These
include a number of anti-oxidant and anti-
inflammatory therapies. It is likely that these
therapeutic approaches will find their way
into clinical practice.

CONCLUSION

Atherogenesis represents the culmination
of a complex series of humoral events that
promote the inflammatory cascade and
thrombogenicity. The optimal therapeutic
approach for both primary and secondary
prevention of atherosclerosis still involves
the traditional approach of global risk factor
modification. However emerging therapies
targeting novel markers of disease will be
needed to tackle the residual burden of
clinical events attributable to atherosclerosis
despite contemporary anti-atherosclerotic
therapies. Furthermore, emerging imaging
and serum markers of atherosclerosis and
its inflammatory content will enhance our
risk prediction capabilities for cardiovascular
events, as well as the ability to monitor
response to anti-atherosclerotic therapies.
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INTRODUCTION

Currently, treatment options for peripheral
vascular disease include angioplasty and
reconstructive surgery. An attractive, less
alternative  could the
revascularization of ischaemic tissue by the

invasive involve
induction of vascular growth. It would be
particularly welcome for patients in whom
current approaches are difficult or prone to
failure, including those with conditions that
make surgical intervention unsafe, patients
with diffuse occlusive disease and those
in whom there is significant downstream
microvascular disease. Recent years have wit-
nessed major advances in the understanding
of the molecular mechanisms underlying
vascular formation and remodelling, as
well as the identification of key molecules
controlling these processes. Most research
has focused on the induction of new vessel
formation by stimulating angiogenesis and
this has been the goal of the clinical trials
directed at peripheral vascular disease. But,
whilst the stimulation of angiogenesis may
relieve microvascular disease, the bypass
of occluded conduit vessels requires the
formation of more substantial collateral
vessels by the process of arteriogenesis. This
chapter will review current understanding
of the mechanisms controlling angiogenesis

and arteriogenesis; approaches that are, and
could be pursued to induce vessel growth
in peripheral vascular disease, as well as
summarizing the current status of clinical
trials.

MECHANISMS OF VASCULAR
GROWTH

Strategies currently being developed for the
therapeutic induction of vessel growth have
evolved, largely, from knowledge of the
physiological mechanisms of developmental
vascularisation. In development, blood vessels
arise initially by the process of vasculogenesis
during which precursor cells, known as
angioblasts, differentiate into endothelial
cells and organize into primitive vessels.'
These vessels expand by angiogenesis, which
includes both sprouting growth and non-
sprouting remodelling.'

Vasculogenesis

The angioblasts that give rise to endothelial
cells in the first stages of developmental
vascularisation originate in the mesoderm
under the influence of fibroblast growth
factor-2 (FGF-2).? These differentiate into
endothelial cells, which proliferate and

aggregate into cords, and become lumenized
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to form primitive vascular plexuses.! Sig-
nalling through vascular endothelial growth
factor receptor-2 (VEGF-R2) is crucial for
angioblast survival and establishment of
these first vessels.?

Endothelial cell formation from precursor
cells, and 77 situ differentiation into vessels,
was thought to be confined to develop-
mental vascularisation. However, it has now
been shown that circulating endothelial pro-
genitor cells (EPCs) exist in the adult and
that they can contribute to vessel formation.*
These cells originate in the bone marrow
and express CD34 and VEGF-R2 as well
as the orphan receptor AC133.° EPCs can
incorporate into neovessels formed in heal-
ing wounds, ischaemic tissue and tumours.®
The mechanisms controlling the incorpora-
tion of EPCs into neovessels are at present
poorly defined although a number of growth
factors, including VEGE FGF2, granulocyte-
macrophage colony stimulating factor
(GMCSF), angiopoietins and cytokines have
all been shown to increase the mobilization
of EPCs from bone marrow.” Crude cell
fractions that include EPCs can be expanded
ex vivo and transplanted into ischaemic
tissue in animal models where they have
been reported to incorporate into neovessels.*
Importantly, in some situations neovessels
comprising only EPC-derived cells were
observed. Several studies have highlighted
that the increase in the number of circulat-
ing progenitors, induced by cell transfusion
or enhanced mobilization, can also enhance
restoration and integrity of the endothelial
lining, suppress neointimal formation, and
increase blood flow to ischaemic sites.®* Whilst
it is possible that EPCs, or EPC-derived cells,
can form vessels 77 situ, by a process similar
to vasculogenesis, current thinking suggests
that the principal role of vascular stem and
progenitor cells is paracrine, that is, these
cells promote proliferation and migration of
existing endothelial cells, as well as produce

additional cytokines and chemokines to
continue stem and progenitor mobilization,

trafficking and adhesion.’

Angiogenesis

Establishment of the vascular network in
development, as well as new vessel formation
in the adult, requires angiogenesis. The two
processes of sprouting and non-sprouting
angiogenesis are responsible for remodelling
of the primitive vascular plexus into a
complex functional network. In sprouting
angiogenesis, endothelial cells are activated
by growth factors to undergo migration,
proliferation and morphogenesis into new
vessels, and VEGF is the major physiological
activator.

Ischaemia is the primary initiator of
sprouting angiogenic growth. Low oxygen
tension activates expression of a wide range
of angiogenic factors including VEGE VEGF
receptors, angiopoietin-2 and platelet-derived
growth factor (PDGF). Genes for these
factors contain hypoxia responsive elements
in their promoters and some, like VEGE
have been shown to be direct targets of the
transcriptional regulator hypoxia inducible
factor (HIF). HIF-1 is a heterodimer com-
posed of HIFar and HIF subunits.'® Under
normoxic conditions HIF-1at is held at low
intracellular concentrations by proteosomal
degradation. With decreased oxygen tension
HIF-1o. becomes hydroxylated preventing
its association with the von Hippel-Lindau
ubiquitin ligase complex that is respons-
ible for directing HIF-1a for degradation.
Thus, HIF-10ot accumulates in the cell allow-
ing it to activate transcription of hypoxia-
inducible genes via the HIFo: dimer.

VEGF expressed in response to HIF is
secreted by ischaemic cells and acts on endo-
thelial cells in adjacent microvessels. In these
previously quiescent microvessels, endothelial
activation, proliferation and migration are
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normally suppressed by signals from ablum-
inal perivascular support cells; pericytes.
This suppression needs to be relieved before
angiogenesis can proceed.”” The close inter-
action between endothelial cells and pericytes
is promoted by the ligand angiopoietin-1,
which is produced by the pericyte and acts
on the endothelial receptor Tie2." Disrup-
tion of this signalling interaction is likely
to involve angiopoietin-2, another hypoxia-
responsive molecule.' Angiopoietin-2 can
act to inhibit angiopoietin-1-induced activa-
tion of Tie2."” Once released from the pro-
stabilizing effects of pericytes, the endothelial
cells are free to invade the perivascular space,
aided by proteases that degrade extracellular
matrix. Many metalloproteinases have been
implicated in angiogenic sprouting, includ-
ing matrix metalloproteinases 2, 3, 7 and 9
as well as other proteolytic enzymes such
as urokinase-type plasminogen activator.'®
Migration of the activated endothelial cells
is aided by plasma proteins that extravasate
from the activated microvessels in response to
the vasodilatory and pro-permeability effects
of VEGE This growth factor is a potent
chemoattractant and mitogen for endothelial
cells, and directs their migration and prolif-
eration. Interestingly, iz vivo endothelial cells
in the developing vascular sprouts respond
differentially to VEGE with the cells at the
tip migrating and those behind the tip pro-
liferating.”” Migration and proliferation give
rise to endothelial cords that become lumen-
ized, a process which is poorly understood,
though is known to be enhanced by angio-
poietin-1."

Neovessel maturation

Whether by vasculogenesis or angiogenesis,
newly formed blood vessels are highly
unstable, and are prone to haemorrhage,
thrombosis and spontaneous regression in
the absence of elevated growth factors.”

105

Such vessels are characteristically found
in pathological vascularisation and their
phenotype can directly contribute to the
disease process. Newly formed primitive
vascular channels are maintained by local
high concentrations of VEGEF, withdrawal
of which leads to endothelial apoptosis and
neovessel regression.” Transformation to
a functional vessel requires interaction of
endothelial cells in the nascent vessel with
pericytes, which originate as mesenchymal
cells that are recruited to the developing vessel
and differentiate into pericytes on contact
with the endothelium.?’ Proliferation and
migration of partially or fully differentiated
pericytes
also contributes to mural cell acquisition
by sprouting neovessels, and sprouts can
recruit mesenchymal cells.””
Migration and proliferation of pericytes is
regulated mainly by platelet-derived growth
factor-B (PDGFP) secreted by endothelial
cells. Interaction between mesenchymal
cells and endothelial cells in a developing
vessel produces phenotypic changes in
both cell types. The mesenchymal cell is
directed toward a pericyte or smooth muscle
phenotype and the endothelial cell adopts
the phenotype required for formation of a
stabilized microvessel.! Pericytes supply anti-
apoptoticligands, including angiopoietin-1,*
to underlying endothelial cells allowing
neovessels to survive the decrease in VEGF
concentrations that occur as the ischaemia is
relieved by increased perfusion. In addition,
pericytes suppress endothelial proliferation
and migration, and increase deposition
of the perivascular basement membrane,
all of which contribute to switching the
fragile nascent vessel into a quiescent func-
tional microvessel.” Transforming growth
factor-B, produced by proteolytic cleavage
from a precursor form as a result of endo-
thelial:pericyte interaction,” has a central
role in these effects.

along established microvessels

themselves
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Microvascular network maturation

Maturation of vascular channels into
functional ~vessels is accompanied by
maturation of the neovessel network. This
involves optimization of the new vessel
configuration, density, branching pattern
and vessel hierarchy. Spatial distributions
of angiogenic initiators, like VEGE have
a major influence on the direction of the
initial branches. There are six members of
the VEGF family and VEGF-A is expressed
as a number of alternatively spliced variants;
in humans these are mainly forms with 121,
165, 189 and 206 amino acids.”* VEGF165,
189 and 206 possess heparin-binding
domains that allow these forms to interact
with the extracellular matrix. The ability
of VEGF isoforms to be retained by the
matrix is important in regulating the spatial
organization of vessel branching.””

Patterning also occurs through selective
loss of certain vessels by regression. Another
major determinant of network maturation
is the branching and ‘splitting’ of vessels by
non-sprouting angiogenesis. This occurs
by the process of intussusception in which
vessel lumens are internally divided by inser-
tion, and subsequent growth and stabil-
ization, of transcapillary tissue pillars.”®
The mechanism of intussusception and
factors that regulate it are poorly understood,
though the Tie receptors are known to have
a role.”

Arteriogenesis

Further expansion and muscularization of
vessels occurs by the process of arteriogenesis;
the development of large calibre collateral
arteries from a pre-existing network, in
response to occlusive disease. This involves
recruitment of additional mural cells and
their proliferation, as well as expansion of
the abluminal extracellular matrix. Whilst

angiogenesis is driven by ischaemia, the
initiator of arteriogenesis is increased fluid
shear stress, which acts directly upon gene
expression involved in the endothelial cell
cycle.’® PDGEFp with its effects on smooth
muscle cell recruitment and proliferation,
and TGFp, a known regulator of vascular
extracellular matrix synthesis, are likely to be
key regulators.

Arteriogenesis of collateral vessels has been
demonstrated in a number of animal models
following the occlusion of major vessels.!
In humans, well-developed collateral vessels
that bypass occluded arteries have been
found frequently and those patients with the
best developed collaterals often have mini-
mal symptoms.** Arteriogenesis of collaterals
in response to the occlusion of primary
supply vessels occurs in two phases. An initial
increase in the lumen size occurs within a few
days and this is followed by a slower remod-
elling of smooth muscle cell and extracellular
matrix cover.’! The early phase of this adap-
tive arteriogenesis is associated with inflam-
mation. There is monocyte attachment to
endothelium secondary to release of mono-
cyte chemoattractant protein-1 (MCP-1),
GMCSF and stromal-cell-derived factor-1
(SDE-1), which recruit CD14+ monocytes
to the activated endothelial cell surface as
well as extravasation and accumulation in
the adventitia and perivascular space, with
mast cells and T lymphocytes.*> Monocytes
have a critical role in adaptive arteriogenesis
as experimental suppression of monocyte
numbers decreases arteriogenesis.** These
cells provide growth factors to stimulate
vessel enlargement and proteases that can act
on the extracellular matrix to accommodate
increased vessel size. Changes to the wall of
the vessel involve remodelling of the media,
with increased turnover of medial smooth
muscle cells and a shift towards a synthetic
phenotype, assuming a contractile pheno-
type after enlargement of arterial diameter.*®
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A new internal elastic lamina is established
and vessel wall thickening results from
increased extracellular matrix deposition.

THERAPEUTIC INDUCTION OF
VASCULAR GROWTH

Most studies on the therapeutic induction of
vessel growth at a pre-clinical level, and all
clinical trials, have focused on angiogenesis.
Clinical trials aimed at relieving peripheral
vascular disease by therapeutic angiogenesis
have had limited success. This is perhaps
not surprising given the very limited ability
of angiogenic growth to compensate for the
loss of conductance vessels. It is now being
generally recognised that revascularisation
in peripheral vascular disease, as in coronary
heart disease, would be best achieved by
the therapeutic activation of collateral
arteriogenesis. Nevertheless, the ability to
activate angiogenesis therapeutically would
be valuable where significant microvascular
disease exists. In addition, the early work
on therapeutic angiogenesis has provided
data and approaches that may be valuable
in future studies aimed at the activation of
arteriogenesis.

Delivery of molecular activators of
vascular growth

Induction of angiogenesis in the appropriate
ischaemic and
arteriogenesis at suitable sites for collateral
development, requires activating agents
to be delivered in a manner that ensures
controllable local activity and minimizes
systemic side effects. Growth factors are
readily degraded and if administered
systemically would have to be used at high
concentrations in order to ensure enough
active growth factor reached the appropriate
site. There are risks associated with non-local
delivery, for example, systemically delivered

areas in future local
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VEGF produces severe hypotension in
animal models.* In addition to localization,
activators must be present for sufficient time
to induce optimal vascular growth.

The two principal methods used to
deliver angiogenic activators in pre-clinical
studies as well as clinical trials have been as
recombinant proteins or as the genes that
encode these proteins. Activators can be
delivered locally via intramuscular catheters,
direct injection into the muscle or use of
coated stents. An important consideration in
the use of peptide growth factors is ensur-
ing sufficient longevity of the molecules at
the desired site. Where recombinant proteins
are injected this would necessitate multiple
injections during the course of treatment.
An alternative strategy is the use of local
reservoirs of recombinant protein, such as
biodegradable microspheres.*® A major lim-
itation to the use of recombinant protein,
however, is the expense and difficulty in
obtaining large enough quantities of appro-
priate purity, especially when cocktails of
growth factors are required.

Delivery of angiogenic factors by gene
transfer has significant advantages over the
administration of recombinant protein. It is
relatively easy to produce high purity DNA
in large quantities and the transfected genes
remain active over a period of several days
to several weeks. In contrast to gene therapy
aimed at correcting genetic diseases, gene
transfer as a means of providing short term
local expression of therapeutic proteins has
been successful. Surprisingly, small amounts
of DNA plasmid vectors can be taken up by
muscle cells 772 vivo and are reported to result
in significant gene expression in humans.’’
Improvements in transfer efficiency have
been sought by the use of liposomal carri-
ers and viral vectors. Adenovirus is the most
common viral vector used for the delivery
of angiogenic genes, and since genes trans-
ferred in this way do not integrate into
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chromosomes of transduced cells, transient
expression is provided.

There have been reports of an inflam-
matory reaction to adenoviral vectors in
human trials, but no long term safety prob-
lems at doses appropriate for angiogenic
therapy. Second generation adenoviral vec-
tors with deletions of E1 and E4 regions
have better transfection efficiency and elicit
a decreased inflammatory response®® and
further improved adenoviral vectors can be
expected.”” The adeno-associated viruses
(AAV) offer an alternative viral means for
gene delivery. AAV efficiently transduce skel-
etal muscle and vasculature.”” However, along
with retroviruses and lentiviruses, AAV integ-
rate into the recipient genome requiring the
development of regulatory systems if they are
to provide controllable expression of vascular
growth genes. As with recombinant protein,
local delivery of genes can be accomplished
by direct intramuscular injection, implanta-
tion of coated stents or catheters. It may also
be possible to utilize tissue-specific endoth-
elial surface molecules for targeting vectors
to particular vascular beds. Implantation of
cells transfected ex vivo offers an additional
route of local delivery.

Angiogenic activators

Perhaps the simplest approach to activating
angiogenesis is the administration of a soluble
angiogenic activator. VEGF is relatively spe-
cific for endothelial cells and physiologically
relevant. Although VEGE-A, -B, -C, -D and
—E, as well as the VEGF-R1 ligand placental
growth factor, have all been shown to activate
angiogenesis when administered in animal
models, most studies have concentrated on
VEGF-A. Administration of VEGF alone
results in a high percentage of malformed
capillaries in animal models.*’ This growth
factor also induces vessel permeability
resulting in local hypotension and oedema.®

Neovessels induced by VEGF are transient,
with regression occurring on growth factor
withdrawal.*> These data indicate formation
of a sustained microvessel network may
require relatively long term exposure to the
angiogenic initiator.

The fibroblast growth factors have also
been examined as potential therapeutic
agents to induce angiogenesis in clinical
trials. There are 23 members of the FGF fam-
ily and FGF-2 and FGF-4 have been used in
clinical trials. FGF-1, -2, -4 and -9 are highly
mitogenic for endothelial cells, although
these growth factors are also active on non-
endothelial cells.”® Another growth factor
that induces angiogenesis and is in early trials
is hepatocyte growth factor; again its effects
are not confined to endothelial cells.*

With the recognition that physiological
angiogenesis requires a spatially and temp-
orally co-ordinated repertoire of signals,
attempts have been made to improve
capillary formation by providing cocktails
of growth factors. Indeed combination of
VEGF with the pro-stabilizing Tie2 agon-
ist angiopoietin-1 in a mouse model does
produce microvessels with increased lumen
size, less thrombosis and increased perfusion
compared with VEGF alone.'® These vessels
are also less permeable than those formed in
response to VEGF alone.® Another approach
aimed at providing a more physiological
range of angiogenic factors is the targeting
of HIE Expression of a form of HIF-1at that
is resistant to oxygen-induced degradation
in mouse skin led to up-regulation of
HIF-sensitive angiogenic genes and the
stimulation of microvessel formation.* Again
the vessels produced were not associated
with oedema. The cell permeable peptide,
PR39, inhibits proteosomal degradation
and can stabilize HIF-1o.” PR39 stimu-
lates angiogenesis in mouse heart, although
further studies are required to determine its
specificity.”
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Pre-clinical and early clinical studies have
shown that angiogenesis can be induced
in vivo by a variety of approaches. The chal-
lenge is to devise a means to stimulate the
conversion of these neovessels into optimally
organized, persistent and functional micro-
vascular networks.

Arteriogenic activators

Little is known about the molecular
mechanisms of arteriogenesis. In contrast
to the ischaemic tissue microenvironment
in which angiogenesis occurs, collateral
arteriogenesis in the limb takes place in
normoxic conditions.* In adaptive arterio-
genesis studied in animal models, the
biochemical effects of the increased flow
that the collaterals experience as a result of
occlusion of conductance vessels plays a major
role. These effects include increased wall shear
stress as well as tangential and axial stresses.
Increased shear can up-regulate vascular
cell adhesion molecule-1 and intracellular
adhesion molecule-1, as well as MCP-1
which contributes to monocyte recruitment.®
Growth factors are undoubtedly involved in
adaptive arteriogenesis, but again more work
is required to identify the key factors and their
roles. In animal models FGF-1 and FGF-2
were found to be unchanged during adaptive
arteriogenesis, although there was a transient
increase in expression of FGF-receptor-1.%
TGFpB is increased during collateral
development and can enhance arteriogenesis
in animal models.
been found to enhance arteriogenesis when
administered to animals, including FGF-2,
VEGE placental growth factor, angiopoie-
tin-1 and MCP-1, although the exact mech-
anisms of action remain undefined.’’ Many
appear to have indirect actions, for example,
VEGF and placental growth factor infusions
are likely to enhance arteriogenesis via their
monocyte chemoattractive activity. Given

Several factors have
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the great potential of therapeutic induction
of collateral arteriogenesis for the treatment
of peripheral vascular disease, it is important
that a better understanding of the molecu-
lar mechanisms be gained. Identification of
key regulators that can induce or enhance
arteriogenesis of collaterals is a priority.

Clinical trials for angiogenic therapy
of peripheral vascular disease

There have been a number of phase 2 and
3 clinical trials aimed at relieving peripheral
vascular disease by angiogenic therapy. The
Therapeutic Angiogenesis with Recombinant
Fibroblast Growth Factor-2 for Intermittent
Claudication (TRAFFIC) study used single
or repeated doses of recombinant FGF-2
delivered by arterial puncture and cross-
over catheter in patients with intermittent
claudication. Patients receiving a single FGF-2
dose showed a significant improvement in
peak walking time at 90 days.”' In the
Regional Angiogenesis with Vascular Endo-
thelial Growth Factor (RAVE) study,
VEGF121 gene transfer by adenovirus was
utilized but failed to produce a significant
improvement in peak walking time at
12 weeks.’” In contrast, in a different study
adenoviral delivered VEGF165 given during
angioplasty did produce an increased angio-
graphically-assessed vascularity at 3 months.>
The Vascular Endothelial Growth Factor in
Ischemia for Vascular Angiogenesis (VIVA)
trial failed to show a difference between the
treatment and placebo groups for the primary
endpoint of walking time.”* The TALISMAN
collaborators  evaluated a plasmid-based
angiogenic gene delivery system for the
local expression of FGF-1 in patients with
non-healing ulcers who were not suitable
for invasive re-vascularisation. Whilst there
was no difference observed in the primary
endpoint of complete ulcer healing, there was
a reduced risk of major amputation.” Initial
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reports from the ongoing Bone Marrow
Outcome Trial in Critical Limb Ischemia
(BONMOT-CLI), show promise for the
intramuscular injection of autologous bone
marrow stem cells into ischaemic limbs,
with significant improvements in Rutherford
categories and a trend against major limb
amputation.’

A meta-analysis of 5 randomised con-
trolled trials investigating the role of gene
therapy as an option for the treatment of
peripheral vascular disease concluded that
the current literature does not demonstrate
a clinical benefit for patients with periph-
eral vascular disease.”” Although these trials
have met with limited success, together with
phase 1 studies and earlier small trials, they
demonstrate the feasibility and safety of
molecular approaches to therapeutic modu-
lation of vascular growth. The trials have
also been valuable in aiding development of
techniques for delivering therapeutic agents,
as well as helping clinicians refine aspects of
trial design for future clinical work on arte-
riogenesis and angiogenesis.

The realization that therapeutic induc-
tion of collateralization by arteriogenesis
would be most appropriate for occlusive
disease, whilst angiogenic therapy would
benefit patients with microvascular defects,
should help improve selection of the most
appropriate populations for use in future
trials. Clear clinical end-points are required
in such work. Where angiogenesis is the aim,
establishment of optimal treatment modali-
ties will depend on further pre-clinical work
focused on determining ways to establish
mature, correctly patterned vascular net-
works. This may involve defined cocktails of
stimulators, or activation of transcriptional
factors triggering coordinated expression of
stimulators. In both cases distinct spatial and
temporal expression patterns are likely to be
required.

CONCLUSIONS

The prospects for a molecular approach
to stimulate vascular growth as a means
of relieving tissue ischaemia in peripheral
vascular disease are promising. Early clinical
work, together with a better understanding
of vascular growth mechanisms, has allowed
identification of the key areas in which
progress is required in order to bring
therapeutic vascular growth to the clinic. Yet
Isner predicted in therapeutic angiogenesis
‘a new frontier for vascular therapy’ in
1996.% That today the underlying cellular
mechanisms and processes continue to be
elucidated is testament to the complexity
of this area of vascular medicine. Bypassing
the occluded conductance vessels is now
recognised to require collateral growth by
arteriogenesis, rather than angiogenesis. In
comparison to angiogenesis our under-
standing of arteriogenesis remains rudi-
mentary. Significant work is needed therefore
to understand the mechanisms regulating
physiological arteriogenesis as well as adaptive
arteriogenesis, and to identify key molecular
regulators. Activation of angiogenic growth
will be valuable where microvascular disease
is prevalent. Indeed, situations in which
activation of arteriogenesis to restore con-
ductance level flow together with activation
of angiogenesis to relieve microvascular
defects can be envisaged. It is clear that
optimum microvascular growth will require
correctly patterned, functional and persistent
mature microvessel networks. Further work
on the basic biology of angiogenesis is needed
to determine the best means of inducing this
therapeutically.
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INTRODUCTION

Restenosis is usually defined as a re-narrowing
of the arterial lumen occurring after a
vascular intended to
ischemic lesions. This loss of lumen area

intervention treat
results from the injury caused by all forms
of vascular intervention, including direct
repair (patch angioplasty, endarterectomy)
and approaches  (balloon
angioplasty, atherectomy, stent angioplasty).
While there are clear differences between
arteries and veins (review in'), this review

intraluminal

will also include discussion of stenosis after
vein bypass grafting or creation of arterio-
venous fistula dialysis access because stenosis
in these cases also results from injury.
Lumen enlargement after angioplasty
or stenting is the result of a combination
of plaque reduction (compression and embol-
ization), plaque redistribution within or
outside the lesion area, and vessel expansion
(see review?). Failure occurs at early times
because of technical problems and thrombo-
sis (e.g. small diameter vein graft, limited out-
flow, or hypercoagulability) and later times
(1-18 months) primarily because of injury-
induced scarring. At much later times
(> 18 months), failure primarily results
from the ongoing atherosclerotic process.
Although restenosis occurs within the con-

text of atherosclerosis, the clinical features
and genetic control of atherosclerosis and
are different.’ Atherosclerosis
develops slowly over decades,* while resteno-
sis occurs within months to years.’

The costs of restenosis are considerable,
since greater than 20% of all interventions
fail because of restenosis. In the U.S. alone,
it is estimated that as many as 200,000 cases
of drug eluting stent (DES) restenosis occur
every year (see review®). The goal of research
in this area is to modify vascular healing
so that injury is repaired without lumenal
narrowing. The objectives of this chapter

restenosis

are to review mechanisms of restenosis and
current and potential molecular targets to
prevent restenotic lesions.

MECHANISMS OF RESTENOSIS

Restenosis results from a combination of
elastic recoil, thrombosis, remodelling and
intimal hyperplasia. Three decades ago
the prevailing view was that restenosis was
primarily a problem of intimal hyperplasia
caused by migration of SMCs from the media
to the intima followed by excessive growth.
Two decades ago a role for remodelling was
confirmed and more recently a possible role
for progenitor/stem cells has gained ground.
Because recoil is not an issue after stenting
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and is a mechanical property of elastic layers
of the artery, we will focus on the roles
of thrombosis, remodelling and intimal
hyperplasia, which contribute to varying
degrees depending on the intervention
employed (e.g. angioplasty vs. stenting).

Thrombosis

Thrombosis may occur after
intervention because of damage to the
endothelium and possible intimal and medial
dissection. Mechanisms of this process are
presented more fully in Chapter 10 on
the haemostatic system. Briefly, exposure
of underlying tissue factor to blood causes
thrombin and fibrin generation, which
along with platelets may lead to thrombotic
occlusion.”  Adherence of platelets s
mediated by receptors such as the integrin,
IIb/Ila. Aggregation of platelets causes
the release of numerous factors, including
thromboxane A2, ADDP serotonin, and
matrix metalloproteinases 2 and 9, that
further stimulate platelet adherence and/
or aggregation.”® Platelets also release a
variety of growth and chemotactic factors.®
Thrombus can act as a scaffold through
which SMCs migrate and both synthesize
and degrade extracellular matrix components,
thus reorganizing the thrombus. While
anti-platelet therapy largely prevents acute
thrombosis after vascular intervention, late
thrombosis in DES remains of concern
prompting prolonged anti-platelet therapy.®
Even in the absence of thrombotic occlusion,
there is considerable evidence of a relationship
between the early thrombotic response and
the later development of restenosis.” Anti-
platelet therapy, particularly inhibitors of
IIb/Illa in both animals and humans has
demonstrated the importance of platelets
to the restenotic process.*'!"* For example,
knockout of P2Y12, the ADP receptor on
platelets, or its blockade using clopidogrel

vascular

inhibits neointimal formation after arterial
injury.' Fibrin deposition on stent struts and
decreased heparin cofactor II, a thrombin
inhibitor, are both associated with in-stent
restenosis'>'® (Table 7.1). Larger platelets,
which contain more prothrombotic material
per unit volume, are also associated with
restenosis.'”” However, the clinical relevance
of these findings has not been fully evaluated.
For example, low platelet responsiveness to
clopidogrel, a predictor of thrombotic com-
plications, is not a predictor of DES
restenosis.'®

Remodelling

Remodelling refers to a change in the total area
of the vessel (generally measured asaloss of the
area within the external elastic lamina) that
affects lumenal dimensions of the blood vessel
not attributable to vasospasm, vasodilation,
or changes in wall area. Remodelling can be
favorable (outward, positive, compensatory,
or adaptive) or unfavorable (inward, negative,
or maladaptive). Vascular remodelling
occurs normally in response to changes in
blood flow, wall mass, or wall tension (as
during normal development, atherosclerotic
lesion development, or hypertension) as an
adaptation to maintain normal blood flow
(see review'?). Post-angioplasty, arteries show
further gains in lumen area between 1 day
and 1 month after angioplasty, but then lose
some vessel area thereafter with restenotic
arteries showing a greater loss than non-
restenotic  arteries. Negative remodelling
contributes more than intimal hyperplasia
to restenosis after coronary and peripheral
artery angioplasty®” and in vein graft
stenosis,"”?® but in rigid artificial grafts and
stented arteries intimal hyperplasia is the
primary mechanism of restenosis.’

The regulation of arterial remodelling
is poorly understood, but since wall ten-
sion and shear stress are normally regulated
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TABLE 7.1: Recent Studies of Biologically Relevant, Non-technical Factors Implicated
in Restenosis

Factor (+ if
positively, - if Independent Not an Independent
negatively Predictor of Predictor of Patients,
associated) restenosis after: restenosis after: N Citation
Patient Characteristics
End stage renal Fem-pop BMS 511 [20]
disease (+)
Coronary DES (recurrent 990 [21]
restenosis)
Coronary BMS 34 [22]
Diabetes (+) Carotid endarterectomy 243 [23]
Carotid endarterectomy 308 [24]
Lower extremity 40 [25]
angioplasty
Angioplasty of AV fistula 140 [26]
Renal artery stent/ 91 [27]
angioplasty
Coronary SES or PES 545 [28]
Coronary SES 1312 [29]
Coronary stent 3104 [30]
SES for coronary BMS 244 [31]
restenosis
Coronary BMS 345 [32]
Coronary BMS and 274 [33]
DES
Coronary angioplasty 92 [34]
Coronary BMS 109 [35]
Vascular Characteristics
Echolucent femoral Carotid endarterectomy 321 [36]
(non-target) lesion (+)
Echolucent plaque (+) | Carotid endarterectomy 308 [24]
Coronary angioplasty 92 [34]
Collagen content (+) Femoral endarterectomy 217 [37]
Positively remodeled Coronary BMS 85 [38]
lesion (+)
Coronary BMS 113 [39]
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Factor (+ if

positively, - if Independent Not an Independent

negatively Predictor of Predictor of Patients,
associated) restenosis after: restenosis after: N Citation
Decreased Carotid endarterectomy 500 [40]

macrophages, lipid
core in lesion (+)

Atherosclerotic Coronary angioplasty 345 [32]
burden — Gensini
score (+)
Brachial intima/media lliac/femoral angioplasty; 128 [41]
thickness BMS
Impaired forearm Coronary BMS 47 [42]
reactive hyperemia (+)
Coronary BMS DES 136 [43]
lliac/femoral 128 [41]
angioplasty; BMS
High collateral Coronary BMS 95 [44]
function (+)
Coronary angioplasty 64 [45]
Coronary angioplasty 91 [46]
Coronary BMS 58 [47]

SNPs and soluble factors
Growth Inhibitors and Stimulants

eNOS (Glu298Asp) Coronary BMS 106 [48]
(+T1T)
eNOS (Glu298Asp) Coronary BMS 226 [49]
(+TT)
eNOS (Glu298Asp) Coronary BMS 3104 [30]
Heme Oxygenase-1 Coronary BMS 323 [50]

promoter (GT), length
polymorphism (+)

Coronary BMS 1807 [51]
p27 -838C>A (+ CC) Coronary BMS 715 [52]
Nurr1 haplotype (-) Coronary BMS 601 [53]
Pre-procedure Coronary BMS in end 71 [54]
Adiponectin (-) stage renal disease
Pre-procedure HMW Infrainguinal saphenous 225 [55]

adiponectin (-) vein graft
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Factor (+ if
positively, - if Independent Not an Independent
negatively Predictor of Predictor of Patients,
associated) restenosis after: restenosis after: N Citation
Change in adiponectin | Coronary BMS and DES 32 [56]
)
Pre-procedure Infrainguinal saphenous 225 [55]
Resistin (+) vein graft
Coronary BMS 70 [57]
Inflammation
Pre-procedure CRP Angioplasty of femoral, 172 [58]
(+) popliteal arteries
Carotid endarterectomy 64 [59]
Coronary DES 167 [60]
Coronary DES 134 [61]
Coronary angioplasty 850 [62]
and BMS
Coronary angioplasty 345 [32]
Coronary angioplasty 162 [63]
Coronary angioplasty 168 [64]
Coronary angioplasty 345 [65]
Coronary angioplasty 216 [66]
Meta-analysis of 1062 [67]
coronary angioplasty
(includes [64] [66])
IL-1B-511 SNP(T/C) Coronary stent (type 165 [68]
(+TT) unclear)
Coronary angioplasty 171 [69]
IL-1R antagonist*2 (-) Coronary angioplasty 171 [69]
Pre-procedure IL-3 Coronary stent (type 205 [70]
(+) unclear)
IL-6 SNP (-174 G/C) | Fem-pop angioplasty 281 [71]
(+cCcC)
IL-6 SNP (-174 G/C Coronary BMS 3104 [30]
and -572 G/C)
Pre-procedure Coronary angioplasty 70 [72]
soluble CD40 ligand
(+)
Coronary angioplasty 162 [63]
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Factor (+ if
positively, - if Independent Not an Independent
negatively Predictor of Predictor of Patients,
associated) restenosis after: restenosis after: N Citation
CD11b level and Coronary BMS 62 [73]
activation on
leukocytes (+)
CD18 SNP Coronary stent 1207 [74]
(1323 C/T) (+ TT)
CD14 SNP (-260C/T) | Coronary BMS 3104 [30]
(+CC)
Change in MCP-1 Coronary DES BMS 32 [75]
blood levels (+)
TNFo —238G-1031T | Coronary angioplasty 3104 [76]
haplotype (+)
TNFo release during | BMS into stenotic 18 [77]
procedure (+) saphenous coronary

bypass graft

CCL11 (Eotaxin) Coronary BMS 3104 [30]
SNP (-1328G/A)
(+ GG)
Colony Stimulating Coronary BMS 3104 [30]
Factor 2 SNP
(lle117Thr) (+ lle)
Colony Stimulating Coronary BMS 40 [78]
Factor 3 at 24 hours
*+)
Oxidized LDL Coronary BMS after 109 [35]
change (+) acute infarction
Pre-procedure Coronary BMS and 41 [79]
monocyte VEGF SES
expression (+)
CD34* cells on day Coronary BMS 40 [78]
7 (+)
CD34" cells (+) Coronary BMS 17 [80]
Complement/Lectin
Mannose Binding Carotid endarterectomy 123 [81]
Lectin (MBL) 2, A/A
alleles (+)
Pre-procedure Carotid endarterectomy 64 [82]

Complement C3 (+)
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Factor (+ if
positively, - if Independent Not an Independent
negatively Predictor of Predictor of Patients,
associated) restenosis after: restenosis after: N Citation
Complement C3 Coronary BMS 3104 [30]
SNP (Arg102Gly)
Pre-procedure Carotid endarterectomy 64 [59]
C1-Inhibitor (+)
Change in VEGF Carotid endarterectomy 53 [83]
and PDGF-AB in
patients with MBL2
A/A alleles (+)
Vasoactivity
Beta2 adrenergic Coronary BMS 3104 [30]
receptor SNP
(Arg16Gly) (+ Gly)
Asymmetric dimethyl | Angioplasty of failed 100 [84]
arginine (+) AV fistula in ESRD
Pre-procedure Coronary angioplasty 345 [32]
N-terminal Brain
Natriuretic Protein
*+)
Post-procedure Coronary BMS and 249 [85]
N-terminal Brain DES
Natriuretic Protein
(+)
Haemostatic/Fibrinolytic system
Mean platelet Meta-analysis coronary 430 [17]
volume (+) angioplasty and stent
Heparin Cofactor Il BMS in restenotic fem- 63 [16]
(-) pop post angioplasty

Coronary BMS 134 [86]
Urokinase (+) Coronary BMS 49 [87]
Other
Pre-procedure LDL Coronary BMS and 274 [33]
particle size (+) DES
Lipoprotein(a) (+) Coronary BMS 109 [88]
Active MMP9 (+) Coronary BMS 286 [89]
MMP9 (+) Coronary stent 40 [90]
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Factor (+ if
positively, - if Independent Not an Independent
negatively Predictor of Predictor of Patients,
associated) restenosis after: restenosis after: N Citation
Active MMP3 or Coronary BMS 152 [91]
MMP9
MMP2 and MMP9 Coronary DES 85 [92]
(+)
5A/6A MMP3 SNP Coronary BMS 344 [93]
(6A+)
Coronary BMS 198 [94]
Coronary angioplasty 287 [94]
Coronary angioplasty 48 [95]
Pre-procedure Coronary angioplasty 162 [63]
Pregnancy-
associated plasma
protein A (+)

This table is not an inclusive list of all studies of risk factors for restenosis. Studies showing non-technical
factors as independent risk factors for restenosis (i.e. angiography, duplex US) by multivariate analysis were
included as were studies showing a lack of independence of these same factors.

within a narrow range in mammals (see
review'), it must involve the transduction
of the forces of shear stress and wall tension
into biochemical signals leading to the break-
ing and reforming of ECM attachments,
both matrix to matrix and cell to matrix.
For example, the wall thickening that occurs
in vein grafts and hypertensive arteries nor-
malizes wall tension. A mechanoregulation
model of remodelling proposed by Grinnell
and colleagues, in which strain-regulated
cell migration and collagen translocation
can produce large scale tissue movement,”
is relevant to both vascular and cutane-
ous injury, which share several features. For
example, skin wounds contract as do nega-
tively remodelling arteries, ECM changes are
similar in injured skin and artery (increased
biglycan and versican and less decorin), and
smooth muscle actin-positive cells appear in

the skin wound (myofibroblasts) and in the
injured arterial adventitia. Of interest, there
is a possible association between abnormal
skin wound healing and restenosis."” Sup-
port for a mechanoregulatory model comes
from observations after vascular and cuta-
neous injury. Releasing tension by external
wrapping of arteries and by external pressure
or skin flapping to skin wounds causes tis-
sue regression through apoptosis and loss of
ECM.'"1% Detaching collagen gels embed-
ded with SMCs so that they float releases
tension and causes SMC death and inhibits
ECM production.'™  Finally, increasing
tension by stretching arteries ex vivo and by
external skin splinting causes cell proliferation
and increased tissue mass.'”'”” The tension
in the celllECM has been shown to regulate
which signaling pathways are utilized,” and
several signaling mediators are implicated in
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the regulation of remodelling. One example
is NO, but while NO formed by iNOS and
nNOS inhibits negative remodelling, that
formed by eNOS does not influence remod-
elling. Whether the particular isoform of
NOS or the particular cell expressing NOS is
critical is not known. The P2X4 ion channel,
which is needed for NO production, is also
necessary for flow-mediated remodelling, as
is the cytoskeletal filament, vimentin, which
is a key intracellular protein in the transmis-
sion of contractile forces."

The roles of the adventitial, medial, and
intimal layers of the artery in remodelling
are not clear though each provide significant
mechanical strength to the human artery.'*®
Some data suggest that adventitial fibrosis
and collagen accumulation contribute to
negative remodelling.'” SMCs synthesize
collagen fibrils in a manner dependent on
fibronectin fiber assembly, 02P1 integrin,
and RhoA activity, as well as an intact actin
cytoskeleton, which is required for tension
development.'® Of interest, blockade of
fibronectin assembly or Rho kinase prevents
positive arterial remodelling.''"'"? Fibronec-
tin regulates signaling by the transcrip-
tion factor NFkB,!"> which mediates 0231
integrin-directed SMC collagen gel contrac-

"4 and remodelling of vessels caused by
106,107,115,116

tion
circumferential and axial stress.

Finally, inhibition of ECM protein cross
linking by inhibition of lysyl oxidase or
transglutaminase inhibits negative remod-
elling after angioplasty and blood flow
reduction, respectively.'"”'"® Thus, arterial
remodelling may involve the interaction of
mechanical stress with fibronectin/collagen
fibrillogenesis mediated by integrin/NFkB
signaling as well as ECM cross-linking. The
possible roles in remodelling of MMPs and
other ECM components will be discussed
below (sections on matrix metalloprotei-
nases and extracellular matrix/receptors).
Finally, ongoing studies are focused on
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defining genetic determinants of murine
flow-induced remodelling."

Intimal hyperplasia

Intimal hyperplasia results from the net
increase in cell number and ECM, which
are dependent on rates of cellular migration,
proliferation, and death and on rates of ECM
synthesis and degradation, respectively. Our
understanding of the underlying cellular
mechanisms of intimal hyperplasia comes
from animal models of vascular injury, since
the ability to study the human response at the
cellularand biochemicallevelhasbeenlimited.
A variety of methods of arterial injury has
been employed including a partially inflated
Fogarty embolectomy catheter, loose-fitting
external cuffs, endolumenal wires or nylon
loops, adventitial electrical injury, complete
or partial arterial ligation, and stents. Some
of these methods share features of clinically
used interventions (e.g. stents) while others
do not (ligation; see review''?). Despite their
limitations, animal models of vascular injury
have provided a general understanding of the
sequence of events after injury.'?

Sequence of Events after Injury
The sequence of events after arterial injury
is illustrated in Figure 7.1. Depending on
the type of injury, endothelial cells are either
injured or completely removed resulting
in the loss of the quiescent endothelial cell
layer, which inhibits SMC proliferation and
intimal hyperplasia.'*»'** Within 30 minutes
of balloon injury up to 70% of medial SMCs
die via apoptosis. Placement of vein grafts
and stents into the arterial circulation, as
well as arterial ligation, also cause apoptosis
(review in®). Some data suggest that cell
death increases intimal hyperplasia,'*"'** but
SMC death by itself does not appear to cause
intimal hyperplasia.'*

Prior to the start of proliferation, SMCs
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FIGURE 7.1: Sequence of events leading to intimal hyperplasia after arterial injury including histological
cross-sections of injured rat carotid arteries: (a) normal vessel. Note the single layer of endothelium
in the intima; (b) denuded vessel at two days. Note the loss of endothelium; (c) denuded vessel at
two weeks. Intima is now markedly thickened due to smooth muscle migration and proliferation; and
(d) denuded vessel at 12 weeks. Further intimal thickening has occurred. Internal elastic lamina indicated

by an arrow.

in the media express high levels of SMC-
specific contractile proteins, such as smooth
muscle alpha actin (SMA), and are quiescent
with no significant ECM production. After
injury, SMCs change to a de-differentiated
phenotype with SMCs expressing decreased
levels of SMC-specific contractile proteins'”
and increased levels of migration, prolifera-
tion, and ECM synthesis. The regulation of
this transition has been studied at the trans-
criptional level for markers of SMC differ-
entiation'”® and for many years it has been
assumed that expression of these genes might
inhibit proliferation. Recent data supports
this for SMA in that specific mutations in
SMA cause SMCs to proliferate faster in
vitro and cause coronary artery disease.'”
The medial SMC proliferation rate dur-
ing the first two to four days jumps from

0.06% before injury to 10-40% in the
injured arteries of rats, mice, rabbits, and
non-human primates (review in?). Adventi-
tial proliferation begins earlier and is main-
tained along with medial proliferation.'*
Animal and clinical studies with stents indi-
cate that intimal hyperplasia is generally cor-
related with the degree of injury.>"” By four
weeks cell growth in the media and adventi-
tia returns to baseline. By eight weeks, when
intimal growth is maximal, growth returns
to baseline in endothelialized intima, but
SMCs at the luminal surface in deendothe-
lialized areas continue to proliferate at a low
rate."!

Migration of medial SMCs into the rat
and mouse neointima occurs as early as 4 days
after injury."»'*> The role of SMC migra-

tion in human vessels remains an unknown,



Biology of Restenosis and Targets for Intervention

because the presence of intimal SMCs in nor-
mal arteries as well as in arterial lesions makes
the measurement of migration impossible by
currently available methods. In addition,
the long term significance of medial SMC
migration is uncertain, since pharmaco-
logical inhibition of migration causes only
transient inhibition of intimal hyperplasia
(e.g. MMP inhibitors and heparin; see
review?). Thus, especially when there are pre-
existing intimal SMCs, the impact of medial
SMC migration is not clear.

There are very little data on the rate
of growth of lesions in humans as most
studies report baseline and final lesion size
and serial angiography after angioplasty does
not differentiate between negative remodel-
ling and intimal hyperplasia. Available data
indicates that intimal growth in stents
is greatest from 0-6 months with a small
increase (in DES) or decrease (in BMS)
between 6-24 months.”**'® Maximal
intimal hyperplasia is achieved by 2 months
after arterial injury in rats, rabbits and
baboons'"%137 and after stenting in rats.'?*
Differences in the thrombotic response'®
as well as differences in rates of recovery of
the endothelium'* may explain some of this
variability. Genetic differences can explain
some but not all of these differences in
animals as well as humans.>!4114

A considerable number of risk factors
for restenosis are associated with intimal
hyperplasia (Table 7.1). Regarding renal fail-
ure and type 2 diabetes, while there are few
studies of arterial injury in animal models
of type 2 diabetes (in contrast to type 1)
or renal failure, increased intimal hyper-
plasia is observed in arterio-venous fistu-
las in a mouse model of renal failure and
in vein grafts in a mouse model of type 2
diabetes.'#'% In addition, SMCs obtained
from type 2 diabetic patients display
increased proliferative and migratory capac-
ity in vitro compared to SMCs from non-
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diabetic patients."” A SNP of p27, which
is an inhibitor of cyclin-dependent kinases
and proliferation,'*® increases basal promoter
activity and is associated with less restenosis.”
Certain haplotypes of Nurrl, a transcrip-
tion factor that inhibits SMC proliferation,
are associated with restenosis.”> eNOS SNPs
associated with restenosis may decrease
levels of NO, which is a SMC growth inhibi-
tor as well as vasodilator,'” Adiponectin,
which inhibits SMC growth,"” is negatively
associated with restenosis. In contrast, resis-
tin, which is positively associated with res-
tenosis, stimulates SMC growth.”" Finally,
a role for cell proliferation in vein graft
stenosis is supported by the increased prolif-
erative capacity of cells cultured from veins
of patients that develop stenosis.'>

Several predictive factors for restenosis
may be associated with decreased blood
flow through the lesion (Table 7.1), which
is known to increase intimal hyperplasia
in animal models.”” These factors include
impaired forearm reactive hyperemia, which
may indicate poor dilation in the lesion
area, and high collateral function, which
may divert blood from the lesion. Other
factors influence eNOS, which synthesizes
the vasodilator NO. These are an eNOS
SNP associated with restenosis, which may
decrease eNOS function, and asymmetric
dimethyl arginine, which inhibits eNOS and
which is increased in the blood of restenotic
patients.* Finally, a beta2 adrenergic recep-
tor SNP may decrease the vasodilatory func-
tion of this receptor® (Table 7.1).

Origin of intimal cells

Early experiments on the arterial response
to injury indicated that medial SMCs were
the source of intimal cells after injury (see %),
but more recent studies of arterial injury
in chimeric mice and rats suggested that a
significant number of intimal SMCs are
of bone marrow origin(review in;"*" see
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FIGURE 7.2: Possible sources of intimal cells after arterial injury.

figure 7.2 for possible sources of the major
cells of the intima). However, these data have
been called into question by investigators
using more robust microscopic techniques
for detecting double labeled cells.””*"* In
addition, while some studies have shown
a correlation between the risk of human
coronary BMS restenosis and the increase
in circulating CD34" cells and their ability
to differentiate into SMCs in vitro,”®% the
significance of these data is not clear in the
absence of data showing a contribution of
these cells to intima formation in humans.
Another possible source of intimal cells
is suggested by studies in rats, pigs, and
rabbits that indicate that adventitial cells
migrate into the intima (review in'®).
However, other investigators did not find
significant  adventitial
porcine coronary intima formation with'¢"'¢*
or without complete interruption of the
media (see review'*). While recent reports
demonstrate the presence of adventitial cells

involvement in

in rat and human arteries and veins that can
differentiate into SMCs, the contribution of
adventitial cells to intimal hyperplasia remains
uncertain.'*®1931%4 Tn addition, evidence from
studies of embryonic development and with
cultured endothelial cells demonstrate that
endothelial cells can undergo a phenotypic
transition to SMCs making these another
potential source of intimal cells.'® Overall,
the data suggest a medial and possibly
adventitial origin of intimal SMCs.

Inflammation

There is a strong correlation between
inflammation and restenosis after angio-
plasty or stent placement>'® and between
macrophages in the primary lesion and the
occurrence of restenosis after angioplasty'®’
(reviewed in'®®). While many individual
studieshave notdemonstratedanindependent
association between pre-procedural blood
levels of the acute phase protein, CRP,
and coronary restenosis, a meta-analysis of
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coronary angioplasty studies showed CRP
as an independent predictor (Table 7.1). In
addition, a study of peripheral angioplasty
showed a much stronger relationship between
restenosis and 48 hour post-angioplasty
CRP levels than with pre-procedural levels.*®
Whether CRP is related to vein graft stenosis
is not clear.'®

Data from models of injury that both do
and do not denude the vessel of endothelium
indicate that inflammation promotes inti-
mal hyperplasia. Leukocyte recruitment to
the injured vascular wall occurs via binding
to adherent platelets'” and to cell adhesion
molecules that are up-regulated by injury,
such as ICAM-1 and VCAM-1."" Knockout
or blockade of VCAM-1 or of the inflam-
matory cell integrin, Macl, inhibits lesion
formation after injury because of decreased
leukocyte recruitment.'®7>7% Inhibition of
monocyte recruitment using a dominant-
negative mutant of MCP-1, a major mono-
cyte chemoattractant, also inhibits intimal
hyperplasia after angioplasty in rats, non-
human primates,'”*and hypercholesterolemic
rabbits."”> Finally, simultaneous myocardial
infarction increases intimal hyperplasia after
femoral artery injury possibly via increased
levels of circulating IL-6 and TNFa.'7®

A number of inflammatory factors are
predictors of restenosis. The number of
inflammatory cells in stented lesions, "’ activa-
tion status of Macl on leukocytes,”” a CD18
(a Macl subunit) SNB7 and the change in
blood levels of MCP-1 are associated with res-
tenosis”!”” (Table 7.1). Of note, rapamycin
is anti-inflammatory."® In addition, pred-
nisone, another anti-inflammatory drug,
decreases late lumen loss in coronary BMS
and the release of TNFa from the patients’
monocytes. This reduction in TNFa release
correlates with late lumen loss'”® (Table 7.1).
However, there are conflicting results with
the -174 G/C and -511 polymorphisms of
IL-6 and IL-1, respectively, in studies of the
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coronary and peripheral circulation.®®®18

Despite this there is a clear association of
inflammation with restenosis.

Role of ECM production

Both cell proliferation and ECM production
contribute to intimal hyperplasia’!, and
intimal area more than doubles between
two and eight weeks after injury because of
ECM accumulation. The stable neointima is
about 20% SMCs and about 80% ECM."!
Rates of SMC replication are extremely low
in restenotic tissue,”'®" leading Glover and
colleagues to suggest that changes in ECM
are the major factor in restenosis several
months to years after stent placement. Of
interest, re-injury to the rat carotid artery one
month after a prior balloon injury increases
intimal lesion size entirely as a result of
increased ECM.'"® In this regard, it should
be noted that rapamycin inhibits induction
of major ECM proteins such as collagen
and hyaluronan.’® '8 The lack of evidence
for substantial SMC proliferation in either
angioplasty or stent stenosis suggests that
therapies may be better aimed at altering the
synthetic phenotype of SMCs, which would
control ECM synthesis as well as proliferative

capacity.

THE CONTRIBUTION OF
SPECIFIC FACTORS TO
RESTENOSIS

Growth factors/cytokines

Activated platelets, leukocytes, endothelial
cells, macrophages, and SMCs can release a
great number of growth factors and cytokines
after arterial injury, including PDGE
FGF2, TGFB, TGFo, vascular endothelial
cell growth factor, macrophage colony
stimulating factor, granulocyte macrophage
colony stimulating factor, platelet-derived
endothelial cell growth factor, IL-1, IL-4,
IL-6, IL-8, IL-18, MCR and TNE'® Many
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of these factors have been shown to play roles
in intimal hyperplasia and remodelling after
arterial injury,” but we will focus on only
three of these factors.

PDGEF is a family of four gene products
(A, B, C, and D chains) that dimerize into
five functional growth factors (AA, AB, BB,
CC, and DD), which bind differentially to
homo- or hetero-dimers of two receptor sub-
units, o and B (see review'®). PDGF plays a
major role in the migration of SMCs after
injury, while playing a minor role in SMC
proliferation.” The P receptor subunit
mediates intimal hyperplasia in non-human
primates, which suggests a role for the PDGF
isoforms B and D, and possibly C. However,
there is also evidence for a role of PDGF-AA
and, therefore, PDGF receptor o in intimal
hyperplasia in the rat.'® Of interest, con-
comitant treatment of non-human primates
with blocking antibodies to both PDGF
receptor isoforms causes intimal regression
in polytetrafluroethylene grafts, while treat-
ment with either alone does not."™ A single
intravenous infusion of a humanized version
of this PDGFR antibody did not alter BMS
restenosis,'®® but plasma concentrations con-
sidered effective were maintained for only
two weeks.

FGF2 stimulates medial SMC prolif-
eration and migration to the intima in the
injured rat carotid, and blockade of both
FGF2 and PDGF with antibodies results in
an additive inhibition of intimal hyperplasia.
However, FGF2 plays no role in the prolif-
eration of intimal SMCs, and the intimal
hyperplastic response in FGF2 knockout
mice is normal (see review?). However, these
mice display decreased SMC contractility,'®
which is consistent with the observation that
a blocking antibody to FGF2 inhibits nega-
tive remodelling in the mouse carotid tie-off
model."”

Although infusion of TGFB1 stimulates
medial SMC proliferation and antibody

blockade slightly inhibits intimal hyperplasia,
the more striking effect of blocking the action
of TGF is on remodelling and ECM produc-
tion (see review'”!). Blockade of TGFp with
a soluble receptor blocks negative remodel-
ling, the transition of adventitial fibroblasts
to myofibroblasts, and the deposition of col-
lagen and versican. In stents, blockade of the
TGF receptor does not alter intimal thicken-
ing but alters inflammatory cell number and
extracellular matrix composition.'”?

Interactions among growth factors after
injury are a significant though largely unex-
plored aspect of restenosis. For example,
TGEFp can synergistically augment the mito-
genic action of PDGF and FGF2."" In addi-
tion, IL-1P3 augments the proliferative effect
of PDGF-BB on SMC:s by inhibiting expres-
sion of p21 and p27, but inhibits PDGF-
BB mediated SMC migration (see review?).
Such interactions may augment hyperplasia
in areas of inflammation (such as near stent
struts) by slowing SMC movement and
increasing proliferation.

Inhibitors

Numerous factors are inhibitors of intimal
hyperplasia. For example, NO can inhibit
SMC migration and proliferation after arte-
rial injury'® and prostacyclin inhibits intimal
hyperplasia via its receptor IP"”> Heparin and
the heparan sulfate proteoglycans, perlecan
and syndecan-1, inhibit SMC proliferation
and migration, thus inhibiting injury medi-
ated intimal hyperplasia.'””*'* In addition,
overexpression of heparanase, the enzyme
responsible for degrading the heparan sulfate
glycosaminoglycans, causes increased inti-
mal hyperplasia after stent-induced injury."”
The normal adventitia inhibits medial SMC
migration and proliferation.'*! Similarly, nor-
mal periadventitial adipose tissue inhibits inti-
mal hyperplasia after injury at least partially
through the action of adiponectin.'”® Other
factors known to inhibit intimal hyperplasia
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include interferon v, hepatocyte growth fac-
tor, interleukin 10, adrenomedulin, somato-
statin, and endothelin.?

In recent years, it has become clear that
the effect of a single ligand is often dictated
by the relative expression of receptor isotypes,
which can have opposing roles. For example,
in the vascular system S1P binds to the
GPCRs, S1PR1, 2, and 3. Data indicate that
S1PR1 and S1PR3 are stimulators of intimal
hyperplasia after injury, while SIPR2 is an
inhibitor in this regard."”” Another GPCR
ligand, LPA, binds to LPAl through 5.
LPA1 is inhibitory towards SMC migration,
while LPA3 appears to be stimulatory.””
Prostaglandin E, also binds to GPCRs, EP1
through EP4. Receptors EP, and EP, induce
vasoconstriction, whereas EP, and EP . induce
vasodilatation.?®! Activation of EP4 increases
ductus intimal cushion formation®? suggest-
ing the possibility that other EP receptors
may mediate the growth inhibitory effects
often described for PGE in vitro.

Coagulation and fibrinolytic factors

Arterial injury in pigs and primates is
associated with thrombosis, which is usually
not occlusive but does release mediators of
SMC growth and migration. Rodent models
of arterial injury are usually not associated
with thrombus formation,”” although it
is possible that intimal hyperplasia is being
driven by short-lived microthrombi or by
thrombogenic factors such as TF’, throm-
bin,?** and factor Xa?” at levels too low to
generate thrombus formation. While TF
drives intimal hyperplasia after injury because
of increased SMC migration’, after double
injury TF mediates negative remodelling,**

Balloon injury also increases expression
of the plasminogen activators, urokinase and
tissue-type plasminogen activator, in SMCs
(review 2). The plasminogen activators, in
turn, proteolytically activate plasmin, which
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has a major role in fibrinolysis. Several lines
of evidence indicate that urokinase is also
required for SMC migration and prolifera-
tion.””?*% In this regard plasma urokinase is
a predictor of restenosis.” Also of interest,
the urokinase receptor interacts with PDGF
receptor B which in turn mediates the effects
of urokinase on migration and proliferation
in a PDGF-independent manner.?”” Finally,
in contrast to urokinase, tissue plasminogen
activator has been shown to inhibit SMC
accumulation after injury and to cause posit-
ive arterial remodelling.*””

Matrix metalloproteinases

MMPs are involved in the regulation of both
intimal hyperplasia and remodelling. Arterial
injury in numerous species induces the
production of a number of MMPs, including
MMPs 2, 3, and 9,2%*'° which promote
intimal hyperplasia and are associated with
BMS restenosis (Table 7.1).%* For example,
MMP?9 is increased in coronary sinus blood
after stent placement and is associated with
increased levels of CD34" progenitor cells,?!!
which are predictors of restenosis (Table 7.1).
High blood flow-mediated positive remodel-
ling is mediated by MMP9.?'*2"3 Blockade of
MMPs with synthetic drugs has mixed results
on intimal hyperplasia and remodelling®
probably because of the lack of specificity
of small molecule inhibitors. In addition,
hydroximate-based MMP inhibitors can
inhibit MAP kinase signaling and collagen
synthesis, which itself can inhibit SMC
migration.” Finally, there are active site
independent effects of MMPs as demonstrated
by the inhibitory effect of MMP9 on SMC-

mediated collagen gel contraction.?*

Extracellular matrix/receptors

At late times after arterial injury as SMC
proliferation decreases, intimal hyperplasia
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continues as the result of ECM accumulation.
Restenotic tissue from humans demonstrates
lower cell density and substantial amounts
of an ECM that differs from primary
atherosclerotic lesions from which restenotic
lesions arise.>?"> ECM molecules induced
by angioplasty’’® and stenting””” include
type I collagen, elastin, and hyaluronan as
well as the proteoglycans versican, perlecan,
biglycan, and decorin. The ECM of
restenotic lesions has more biglycan and
hyaluronan'®21¢218219 and no decorin, unlike
primary plaques.” Consistent with lesion
formation during restenosis, both biglycan
and hyaluronan increase SMC proliferation,
while decorin inhibits ECM accumulation
after injury.*%*2

Cellular receptors for ECM compon-
ents by which SMCs might act to remodel
the artery includes the integrins, discoidin
domain receptors, TLRs, and CD44, all of
which are induced after vascular injury.?232%
The family of integrins provides the classic
example of a binding partner, which is able
to mediate subcellular signaling.”” Blockade
of ovB3 integrin inhibits intimal hyperplasia
without an effect on arterial remodelling.**®
The stimulatory effect of CCN1, an ECM
protein upregulated by injury, on intimal
hyperplasia may be via interaction with
integrins.”” Discoidin domain receptor 1,
first described as a signaling receptor of col-
lagens, is required for SMC migration and
MMP production.® CD44 binds hyaluro-
nan, collagens, and other ECM molecules
and mediates SMC proliferation, migra-
tion, and SMC-mediated collagen gel con-
traction.”®?¥ TRL2 and TLR4, which
are important components of the innate
immune system, recognize not only micro-
bial components but also endogenous
molecules such as versican, biglycan, heparan
sulfate, and hyaluronan.*** Both TLR2
and TLR4 appear to be required for cuff-
mediated intimal hyperplasia?****® and TLR4

is also required for high blood flow-mediated
outward remodelling.”” MyD88, which is
a major intracellular mediator of TLR
signaling, is also required for flow-mediated
remodelling.**

TARGETS FOR INTERVENTION
Intracellular signaling molecules

mTOR and microtubules

Current interventions that significantly
prevent restenosis utilize DES for the
local application of either rapamycin or
taxol related drugs.® The molecular targets
of rapamycin and taxol are mTOR and
microtubules, respectively (see review®’).
Rapamycin is known to function as an
antiproliferative drug through the inhibitory
effect of a rapamycin/FKBP12/mTOR
complex. This inhibits  pro-
proliferative molecules such as p70** and
inhibits anti-proliferative molecules such as
p27.%2° mTOR has two isoforms, mTORcl
and mTORc2. Inhibition of the latter
isoform appears to mediate endothelial cell
toxicity that can lead to thrombosis.*** Newer

complex

rapamycin analogs, such as everolimus and
zotolorimus, show promise of decreasing
problems with late thrombosis.® The other
primary type of drug currently used in DES
is paclitaxel, which binds to the B subunit of
tubulin thereby stabilizing microtubules and
preventing mitotic spindle formation during
cell division. However, this drug also has cell-
cycle independent effects on cell spreading

and migration.”’

Transcription factors

One transcription factor that has been
targeted is E2E a family of transcription
factors required for DNA synthesis and cell
cycle progression. Two large clinical trials of
an inhibitor of E2F were based on animal
studies in which an E2F decoy (a short



Biology of Restenosis and Targets for Intervention

double-stranded oligodeoxynucleotide that
binds E2F) blocked intimal hyperplasia.
Saphenous vein grafts were treated with
the E2F decoy before implantation for
coronary (PREVENT 1V) or peripheral
(PREVENT III) bypass. However, neither
trial of 3400 and 1600 patients, respectively,
showed an effect on graft failure?**%
Unfortunately, the use of a non-selective E2F
decoy that inhibits all E2F family members
may have cancelled out an effect, since a more
recent study indicates that E2F3 stimulates
and other E2F family members inhibit SMC
proliferation and intimal hyperplasia.’®
Despite these negative results vein grafts
still provide an exceptional opportunity for
intervention ex vivo before implantation. In
preclinical studies, other transcription factor
targets using the decoy technology have
included Egr-1, which has been implicated
in many cardiovascular disorders.?*

miRNA

It is likely that future targets will include
miRNAs, since these small RNA molecules
regulate multiple gene products and it is
unlikely that a single gene will regulate
all pathways of a complex pathology like
restenosis. Possible miRNA targets include
Mir-21, Mir26a, Mir143/145, and MiR-221,
which have been shown to regulate SMC
phenotype, growth, death, and migration as
well as intimal hyperplasia.2*-2%

Inflammation targets

One anti-inflammatory drug that has been
tested is pimecrolimus. This drug binds to the
cytosolic receptor FK506 binding protein,
which inhibits the calcium-dependent
phosphatase calcineurin and the translocation
of the transcription factor, nuclear factor of
activated T-cells, to the nucleus preventing
induction of inflammatory cytokines in
T cells and mast cells. Based on animal
models this was expected to reduce arterial
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inflammation and, therefore, neointimal
hyperplasia and  restenosis.®”  Instead,
patients treated with pimecrolimus-eluting
stents were reported to fare worse than
patients treated with stents that delivered a
combination of pimecrolimus and paclitaxel,
or paclitaxel alone.”® However, other drugs
are being tested. An anti-inflammatory drug
with a long history, salicylic acid, is being
tested as a component of the biodegradable
backbone of a stent that also has a coat of
sirolimus.”" Finally, liposomal alendronate,
a bisphosphanate compound that depletes
monocytes and inhibits restenosis in rat and
rabbit models of injury, is in phase II trials
testing its effects on BMS restenosis (htep://
clinicaltrials.gov/ct2/show/NCT00739466).
Overallitappears that targeting inflammation
alone may be inadequate to inhibit restenosis,
although it may be effective as an adjunctive
target.”®

Brachytherapy

Brachytherapy (radiation treatment) has
shown success as an adjunctive therapy
for BMS restenosis after successful balloon
angioplasty.® While brachytherapy inhibits
both negative remodelling and intimal
hyperplasia, one limitation found initially
was hyperplasia at the ends of the stents or
the angioplasty zone when radiation was not
complete.>*?Inaddition, priorbrachytherapy
is a risk factor for stent thrombosis.®
Brachytherapy is less common now because
of procedural logistics, concern of long-term
thrombosis and delayed restenosis, but more
importantly the availability of DES.®

Extracellular targets and cell-based
therapies

Angiotensin pathway

While angiotensin II type 1 receptors mediate
vascular SMC migration, proliferation, and
extracellular matrix production after arterial
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injury and angiotensin-converting enzyme
inhibitors or specific receptor antagonists
reduced intimal hyperplasia in several animal
models, large scale trials of the angiotensin-
converting enzyme inhibitor, cilazapril,
for balloon angioplasty or BMS failed to
show benefit.'”® However, more recent
studies show that neointimal hyperplasia
is inhibited by the angiotensin-converting
enzyme inhibitor, quinapril, in patients with
the D/D and I/D genotypes of angiotensin-
converting enzyme.”>** In addition, use of
the angiotensin II type 1 receptor antagonist,
valsartin, decreases the incidence of stent
restenosis® and a valsartin-eluting stent is
equivalent to a rapamycin-eluting stent.”
These data suggest that angiotensin II type 1
receptor antagonists may be useful in
preventing restenosis.

Cell-based therapies

Use of engineered allogeneic endothelial
cells applied to the adventitial surface to
prevent restenosis in peripheral interventions
is in Phase I/II trials at this time (htep://
clinicaltrials.gov/ct2/show/NCT01099215).
This trial is based on work in a porcine stent
model*” and utilizes the same conceptasa trial
aimed at inhibiting stenosis of arterio-venous
fistula bypass grafts.”® A Phase IV study
involving endothelial cells utilizes a coronary
stent with immobilised anti-CD34 antibody
with which to capture circulating endothelial
progenitor cells  (http://clinicaltrials.gov/
ct2/show/NCT00494247).%° Finally, the
possibility of bioengineered bypass grafts
developed from induced pluripotent stem
cells or other autologous progenitors holds
promise as these may also be engineered to
express or repress targets of choice.”®

Differential effects on endothelium

and SMCs

A differential effect on endothelium com-
pared to SMCs is a helpful attribute for any

target for restenosis. The lack of selectivity
is a problem for rapamycin for which effects
on endothelium mediate its thrombotic
side effects. A20 is a zinc finger protein that
prevents intimal hyperplasia in the injured
rat carotid artery’®'. Expression of A20
in medial SMCs prevents neointima forma-
tion by shutting down inflammation and
proliferation via inhibition of NF-kB and
by increased expression of the cell cycle
dependent kinase inhibitors p21* and
p27<r!. However, A20 is anti-inflammatory
in endothelial cells by inhibiting NFkB,
but this is antiapoptotic via inhibition of
the activation of caspase 8. Therefore, A20
has protective effects for endothelial cells
and anti-proliferative effects on SMCs mak-
ing it a good candidate for inhibiting SMC
accumulation while minimizing endothelial
damage. Another differentially effective target
may be Nogo. Nogo-B is expressed by both
endothelial cells and SMCs, but it increases
endothelial cell migration and inhibits SMC
migration. Nogo-B is down-regulated after
injury and intimal hyperplasia is greatly
increased in the Nogo-B null mouse. Trans-
fection of the murine arterial adventitia or
porcine vein graft adventitia with an adeno-
viral vector of Nogo-B greatly inhibited
intimal hyperplasia.”®

Delivery devices

Garg et al have recently reviewed the use of
DES and future design technology for the
coronary arteries.*”" The issue of drug-
eluting polymers is an area of advancement
with next generation polymers, including
biodegradable polymers, avoiding many
of the past problems with allergic and
inflammatory reactions. In addition, bio-
degradable stents with and without anti-
proliferative drugs are under development.
These would avoid long term issues of
inflammation from a foreign body. Stents
with multdple therapeutic targets are under
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development. One example is a DES that
targets SMC proliferation and platelets
with sirolimus and cilostazol, respectively.
Bi-directional drug delivery from stents may
allow functional separation of effects on
SMCs and endothelial cells. Finally, as more
is learned about the effects of co-morbitities
on restenosis, such as diabetes, specific DES
or drug-eluting balloons may be developed
to use in subsets of patients.

A common treatment of in-stent res-
tenosis is the use of DES. However, it is
unclear if another stent adds to the risk of
stent thrombosis or reoccurrence of res-
tenosis. Drug-eluting balloons are being
studied as an alternative for this situation.
In addition, DES have not shown benefit
in femoropopliteal arteries, which are often
significantly occluded  throughout their
length and are subject to forces not experi-
enced by coronary arteries (e.g. compression
and bending) that may cause strut fracture.”®
Drug-eluting balloons have shown promise
on peripheral artery lesions.”** One advant-
age of drug-eluting balloons is illustrated by
a study of the use of nanoparticles, since the
nanoparticles move further into the vascular
wall before eluting their drug cargo and thus
avoid endothelial cell toxicity.'” There are
many differences between DES and drug-
eluting balloons including the issue of drug
delivery kinetics. These as well as current
and past trials with drug-eluting balloons are
reviewed by Gray.2®®

Prevention vs. reversal of restenosis

Because current strategies to treat restenosis
are intended to prevent intimal hyperplasia,
all patients must be treated, even though less
than one-third of all vascular interventions
fail. Other options are to develop the ability
to screen for those patients at high risk or
to develop a treatment that would reverse
the restenotic process.”®’ Observations of
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various SNPs and soluble factors associated
with restenosis (Table 7.1) suggest that
screening may be possible in the future. The
possibility of reversing the restenotic process
comes from the observation that intima
formation in stents increases for about 3
months, but starts regressing spontaneously
after 6 months®', as well as effects of anti-
hypertensive drugs and of A20, which induce
vascular regression via SMC apoptosis.®!°
In addition, when global gene expression is
compared in two distinct models of vascular
regression in non-human primates, only
7 genes are regulated in the same manner
in both models of atrophy (Kenagy et al, in
press). Six of these atrophy-associated genes
are also induced in vitro by the ligand for
the death receptor Fas, suggesting that these
genes are an important part of the cell death
program active during atrophy. Also, a third
of the up-regulated genes (ADAMTS4, tissue
plasminogen activator, and hyaluronidase2)
degrade components of the ECM, loss of
which is a major feature of vascular atrophy.
These commonly regulated genes may play
a fundamental role in vascular atrophy
and may lead to drug candidates useful for
reversing restenosis in those situations where
intimal hyperplasia is the primary cause.

CONCLUSIONS

Restenosis is primarily a problem of excessive
intimal hyperplasia and negative remodelling.
Human risk factors for restenosis include
diabetes, renal failure, factors associated
with decreased blood flow, factors leading to
decreased growth inhibition, factors leading
to increased growth stimulation, as well as
increased inflammation (Table 7.1). These
data are consistent with data from animal
models of intimal hyperplasia and support
further research into how these factors impact
restenosis. While animal models have been
useful for understanding basic mechanisms
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of restenosis, the predictive power of animal
models for clinical efficacy is still unclear,
particularly concerning peripheral vessels.
Correlating animal models and clinical
application is an active area of research.’®’
In addition, most clinical studies are of the
coronary circulation. The degree to which
results in the coronary circulation match the
peripheral circulation is not known, but there
are differences. Coronary and peripheral
vessels are embryologically distinct,*® and
injury of the coronary artery leads to greater
intima formation than does injury of
peripheral arteries in pigs and dogs.*®*" In
addition, the femoropopliteal arteries, but
not the coronary arteries, are subject to the
forces of compression, bending, twisting,
and axial changes caused by joint flexion and
external impact, which may have a significant
effect on restenosis.

Our greatest success at preventing resten-
osis, DES, comes as much as a result of
engineering than of drug development. As
endovascular techniques continue to evolve,
the efficacy of drug targets should keep pace.
Unfortunately, the early promise of the
Human Genome Project for new therapeutics
aimed at human disease such as restenosis has
not been forthcoming. Genome-wide asso-
ciation studies, designed to reveal markers
or potential causal factors, have revealed that
cardiovascular pathologies have a complex
genetic structure. While >20,000 genes and
more regulatory factors of the RNA world
have been identified, how these factors are
related remains largely unknown. However,
the field of systems biology is poised to have
a significant impact on vascular biology over
the coming decade. New types of analysis
have revealed networks that can explain up
to 50% of the variance of a complex clinical
phenotype.””??” It is hoped that a systems
biology or similar approach will soon reveal
key networks and regulatory hub molecules
that control restenosis. Based on research to

date it is likely that networks regulating cell
differentiation, growth, inflammation, and
ECM production, major aspects of intimal
hyperplasia, will be featured and that hub
molecules that link these networks will be
identified as promising therapeutic targets.
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INTRODUCTION

Vascular  interventions have developed
rapidly since the first aortic replacement with
Dacron by Dubois in 1952. Understanding
vascular haemodynamics and the biological
response to implanted materials is essential
forvascular surgeons and scientists developing
new interventional technologies."*

This chapter will summarise and discuss
the following laws, equations and phenom-
ena to give a basic understanding of the
haemodynamic principles of the conduits
and fluids with which we work:

Laplace’s law of wall tension

Newtonian Fluid

Non-Newtonian fluid

Poiseuille Flow

Bernoulli’s equation

Young’s modulus and pulsatile flow

* Mass conversation

* Reynolds number: laminar and
turbulent flow

*  Shear stress and pressure

* Forces on graft systems

* Computational modelling

For those who understand electrical
circuit theory, there is much similarity with
haemodynamics. Understanding the physi-
ology and physics of blood flow is aided by

the use of that recognition. When consider-
ing fluid dynamics instead of:

V=IR, 1)

where V is the voltage, I is the current and
R is the electrical resistance. This formula
maybe substituted by:

P=QR, )

with P the pressure, Q the volume flow rate
and R the flow resistance.

Resistors in series and parallel govern
degrees of ischaemia and the behaviour of
blood flow and contribution of collaterals,
and hence degree of ischaemia of limbs and
organs.

The great vessels, like the aorta, are with-
out muscle and their walls are composed of
collagen and elastin fibres. This allows them

153



154 Mechanisms of Vascular Disease

to behave as capacitors and store some of
the energy in systole to be released to power
flow in diastole, that is so important 7nto
vessels such as the coronary artery. The elas-
tic arteries stiffen with age and explain the
flow changes that occur with ageing and for
progressive arterial disease due to this most
important of all the risk factors.

LAPLACE’S LAW OF WALL
TENSION

Laplace’s law relates the tension in an arterial
or venous wall with the pressure that the
elastic tube can apply to material inside the
tube. To assist in understanding this law
we consider Figure 8.1. In this figure, w,
represents the thickness of the arterial wall,
ris the inner radius of the artery, P the inward
pressure force due to the elastic nature of
the artery and 7'is tensional stress within the
wall of the vessel, where the tensional stress
points in a direction that is tangential to
the vessel wall. Due to mass conservation the
wall thins as the vessel expands.

The formula for Laplace’s law is given by
the Eq.:

P=2T, (3)

where it is

usually assumed that the wall thickness, w is

small relative to 7. This law tells us that the

inward pressure that is exerted by the vessel

wall on the blood is directly proportional to

the tensional stress in the wall and inversely

proportional to the radius of the wall. Thus

the smaller the vessel the larger the pressure
it can apply on the blood.

Large thin-walled vessels are low pressure
vessels. Increasing the pressure distends the
vessel and increases the vessel volume which
is a characteristic property of veins. For arter-
ies to maintain pressure, the width of the wall
must obviously be greater, so large veins are
thin-walled and arteries are thick-walled.

One consequence of this behaviour is
that, to a certain extent, an artery acts like
a long cylindrical party balloon. When one
attempts to blow up such a balloon, it is
quite difficult to do at the first blow, however
once the balloon reaches a particular radius,
it usually becomes much easier to expand
the balloon. That is you require less pressure
to increase the size of the balloon. This phe-
nomenon is known as instability. If this hap-
pens to an artery, then we are dealing with an
aneurysm and the relatively constant blood
pressure will keep on increasing the size of
the aneurysm.

The radius of the artery at which this
instability occurs is difficult to compute
accurately, but some fairly general arguments
suggest that the following formula is a good
guide: where 7_is the critical radius for the
onset

e ~ 21, (4)
of the instability and 7, is the initial radius
of the artery. The median diameter of the
aorta is 23 mm and the thus aortic rupture is
very rare when less than 50 mm in diameter,
which is consistent with recent clinical

FIGURE 8.1: Cross section of an artery showing
the various physical components that make up
Laplace’s law.



data.** This guide also directs us to consider
that the ratio of the diameters is probably
more important than the absolute diameter
and this should be taken into account
when assessing aneurysms in the smaller
diameter vessels of women. How arterial wall
instability arises is illustrated in Figure 8.2,
where in Figure 8.2(a) we show the stress
structure within a small artery. Here the
tensile stresses have a component in the
radial direction, where the letter 7 labels this
component. In Figure 8.2(b) the aneurysm/
balloon has become very large, such that
over a small segment of the wall the artery
has hardly any curvature. This is an extreme
case, but it does show that there is now no
radial component to the tensile stresses. In
such a case, the aneurysm can expand freely
for just about any internal arterial pressure.

NEWTONIAN FLUID

When we wish to describe the behaviour
of a fluid it is necessary to know something
about the frictional properties of the fluid.
Consider the schematic depiction of a fluid
shown in Figure 8.3. In this figure, fluid is
flowing from left to right along the x direc-
tion. For purposes of illustration, we assume
that the speed of the fluid, #, is increasing
with increasing height (z.e., increasing ). This
means that elements of fluid are sliding past
each other and so generate some frictional
stress 7. In a Newtonian fluid, the frictional
stress is proportional to the rate at which
the speed changes as a function of distance,
where p is the viscosity (Eq (5)). The
du/dy in equation (5) corresponds to the
shear rate. To a reasonable approximation,
one can assume that blood is a Newtonian
fluid, at least for flow along the major
arteries.

—_—y (5)
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FIGURE 8.2: Cross sections of a small artery (a)
and a very large artery (b) showing the stress
distribution within the artery.

NON-NEWTONIAN FLUID

Non-Newtonian fluids have a viscosity that
depends on the strain rate. A shear thinning
fluid is a fluid that changes from “thick” to
“thin” when force is applied to the fluid.
Examples of such fluids are shampoos and
paints. This behaviour wusually occurs,
because, at rest, a shear thinning fluid
typically has a tangled molecular structure,
which makes the fluid relatively viscous.
When force is applied, the molecules become
ordered, the fluid viscosity decreases and the
fluid begins to flow more easily. In Figure 8.4
we show the experimentally determined
shear thinning behaviour of blood, where
the hematocrit value for the blood is 45%.
These data show that for high shear rates,
which may occur in the large arteries of the
body, the viscosity of blood is about four
times that of water (where the viscosity of
water is approximately one centipoise (cP)).
However for lower shear rates, the viscosity
of blood can be over one hundred times that
of water.

This change in viscosity is mostly due to
the collective behaviour of red blood cells. At
low shear rates, red blood cells form aggre-
gates where they stack one upon another,
somewhat like a cylindrical pile of coins.
These “stacks” of red blood cells are known
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as “rouleaux” (Figure 8.5). When the shear
rate increases, these aggregates of blood cells
are broken down and the blood viscosity
decreases. For high shear rates, the blood
cells tend to become elongated and line up
with the flow of the liquid. This also tends to
decrease the viscosity of the blood.

Given that the viscosity of blood
increases with decreasing shear, one would

think that the viscosity of blood within the
body should increase as blood travels from
the arteries through the arterioles and into
the capillaries. This is because the shear
rate and velocity of the blood decreases as
the blood travels from the arteries through
to the capillaries. The viscosity of blood,
however, may be approximately
stant throughout much of the body. This

con-

FIGURE 8.3: Elements of fluid slide past each other and generate a frictional shear stress.

FIGURE 8.4: Blood viscosity as a function of shear rate for 0% and 45% hematocrit.5



effect arises due to separate physical flow
phenomena:

First, the viscosity of blood is dependent
on the hematocrit. If the hematocrit decreases
then the blood viscosity decreases. For exam-
ple in Figure 8.4 we show the viscosity of
blood as a function of shear rate for 45% and
0% hematocrit. For 0% hematocrit line the
viscosity of the blood is constant and has a
value of approximately 1.6 cP.

Second, the hematocrit level is dependent
on the diameter of the blood vessel. As the
blood vessel decreases in diameter, the hema-
tocrit level also decreases (Figure 8.6). This
effect occurs because the blood cells tend to
move away from the vessel walls and travel
where the flow velocity is a maximum. This
behaviour is known as the Fahraeus Effect
and it has been shown to occur in tubes
with a diameter as small as 29 pm. *” Given
that a blood cell has a diameter of around
8 pm it is possible that the Fahraeus Effect
may occur in tubes with diameters less than
29 pm.

The combination of these two effects
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implies that the viscosity of blood is approx-
imately constant throughout the body.
Understanding these properties affects the
thinking of shear stress between blood and

FIGURE 8.5: Rouleaux blood cell network.

FIGURE 8.6: Hematocrit as a function of tube diameter. The initial hematocrit value for each line is

shown in the inset box®.
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vessel walls — or more relevantly between
blood and atheroma.

POISEUILLE FLOW

Suppose that you have a Newtonian fluid
flowing, in a steady, non-pulsatile manner,
down a cylindrical, non-elastic pipe of length
L and radius . If the pipe is long enough, the
flow will develop a parabolic velocity profile,
which is generally called a Poiseuille flow
profile (Figure 8.7). The flow takes its name
from Jean Louis Poiseuille, a physician with
training in physics and mathematics, who
first described the flow structure in 1846.

The volumetric flow rate (g) for Poi-
seuille flow, 7.e., the volume of fluid flowing
along the tube per unit time is given by the
formula

e o
where p, — p, is the pressure difference
between the two ends of the tube and u is
the viscosity of the fluid.

The physics of the flow is nicely described
by this equation. That is, flow is driven by the
pressure gradient in the tube or conversely,

when there is flow in a tube then you must
have a pressure gradient to drive the flow.

Prostheses are subject to the intermit-
tent forces of pulsation and flow. The large
elastic vessels are capacitors and provide on-
flow in diastole and the muscular peripheral
vessels maintain pressure by altering resist-
ance mediated via physiological feedback.
Current prostheses are not able to do this
and have to withstand the forces.

Note also the parameter of length. Flow
is therefore also related to length. Patency,
such as in femoro-popliteal synthetic con-
duits, maybe as much, if not more, related to
length of conduit as it is to angulation across
bend points depending on the haematologi-
cal factors depositing thrombus. This may
also partly explain better patency in shorter
bypass grafts.

BERNOULLI'S EQUATION

JohannBernoulli (1667-1748) wasa professor
in Basel and taught physics, anatomy and
physiology and his understanding lies at the
heart of vascular physics and relates pressure
to motion and energy. For a fluid that has no
viscosity, one can write

FIGURE 8.7: Parabolic velocity profile for fully developed Poiseuille flow.



p+ p%z + p gy = constant of the flow, 7)
where p is the pressure, p the mass density
of the liquid, # the speed of the fluid, g the
gravitational acceleration, and y the height.
In other words, the Bernoulli equation states
that the pressure pluzs the kinetic energy
per unit volume, p 5‘ , plus the potential

energy per unit volume, pgy, is a constant
at any point along the blood vessel. So
for a constant height, an increase in flow
speed implies a decrease in pressure, while
for constant flow speed, an increase in height
implies a decrease in pressure.

It should be understood that Eq. (7) is
an approximation, as it ignores the loss of
energy due to shearing friction between the
flowing blood and the walls of the artery.
Even so, it does provide us with an intui-
tive understanding of the physics of the arte-
rial/venous system. For example, suppose
we wish to measure the blood pressure of a
person. Typically one places a sleeve or an
external cuff around the upper arm. The
upper arm is chosen because it is at approxi-
mately the same level of the heart and so the
pressure will not be affected by any differ-
ence in height. To measure the systolic pres-
sure, the cuff pressure is increased until all

blood flow ceases from Eq. (7) we know that
this “cut-off” pressure is the maximum pres-

sure in the artery. The pressure in the exter-
nal cuff is then decreased until the flow is a
maximum. We then know that the pressure
will be a minimum and this is the diastolic
pressure in the artery.

In practice, the arterial system has two
sources of potential energy to drive the blood
forward. The first is blood pressure and this
is transformed into kinetic energy of flow
during the period between systole and dias-
tole, and the second is stored energy in the
wall of the artery — its capacitance. Con-
sider what might happen when the kinetic
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energy meets a resistive obstacle — some
energy is dissipated as heat as with circuit
theory and some is stored for use in dias-
tole for onward flow in the period of heart
filling by the elasticity of the great vessels
acting as a capacitor. However, some energy
is used up as a water hammer. The repetitive
alterations in forward pressure and resistive
back-pressure with pulsatile flow in a physi-
ologically responding, pressurized system
sets up the potential for the water hammer.
The injury and healing cycle effect of these
water hammers on atherogenesis and aneu-
rysm behaviour at stress points has yet to be
fully determined.

YOUNG’'S MODULUS AND
PULSATILE FLOW

Blood flows through the arteries in a pulsatile
fashion. Arteries are semi-elastic tubes and
the arteries expand and contract as the pulse
of blood flows along the artery. The speed, ¢,
at which blood flows along an artery is
determined by the speed that a pulse of fluid
can travel along an elastic tube. This speed is
given, approximately, by the Moen-Korteweg

formula:
c~ [ER
pd’

where £ is Youngs modulus for the wall of
the artery, / is the thickness of the artery,
d is the inner diameter of the artery and p is
the density of blood. A schematic depiction
of how a pulsatile wave propagates along an
artery is given in Figure 8.8.

As can be seen from Eq. (8), the speed at
which blood travels along an artery is par-
tially dependent on the Young’s Modulus of
the arterial wall. To illustrate the definition
of Young’s Modulus it is useful to consider
Figure 8.9, where a block of material is being
stretched due to an applied force on one end

of the block.

®)
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The block has a natural length denoted
by L, when a force F is applied to one side
of the block then the length of the block
increases by A L. This change in length is
known as a strain, €, and it is defined by the
equation

AL
€=T- )

The stress that the force applies to the
block of material has the definition
F
e

o=

(10)

Young’s Modulus is defined as the stress
over the strain, Z.e.,
c
E=¢- (11)
Young’s modulus is a measure of how
easy it is to stretch and compress a material.
Thomas Young (1773 — 1829) was a medical
physician who made significant contributions
to fields of Physics (through his experiments
which demonstrated the wave-like nature of
light), linguistics (via his identification of the
Rosetta Stone), medicine (with his studies of
blood flow), and structural mechanics (e.g.,
Young’s Modulus). He was well aware of

FIGURE 8.8: An exaggerated, schematic view of blood flow in an artery.

FIGURE 8.9: A block of material with a length, L, and side area A is subject to a force F. The applied

force stretches the block a distance AL.



the elastic nature of arteries, but, somewhat
ironically, does notappear to have used Young’s
Modulus to describe their properties.

One consequence of aging is increasing
stiffness in the arteries. This means that the
Young’s modulus increases and this, as a con-
sequence of Eq. (8), increases the speed of
pulsatile flow within the arterial system.

MASS CONVERSION

In Figure 8.10 we view a schematic depiction
of an artery that is changing in shape as one
travels along the artery. The blood flows in at
one end with a speed #,. The area at the inlet
of the artery is given by A . In its simplest
form, the equation
provides us with the relationship between
the quantities at the proximal and distal ends
of the artery:

mass conservation

FIGURE 8.10: A change in the diameter of an
artery leads to a change in the blood flow speed.

FIGURE 8.11: Blood vessel with a stenosis.
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MIAI = uZAZ’ (12)
here u, and A, are the outlet flow speed and
area, respectively. In plain English, Eq. (12)
is another way of saying “what goes in must
come out’.

We can see from Eq. (12) that if an artery
becomes narrower, i.e., A, becomes smaller,
then the flow speed, u,, increases. This occurs
because the mass flow is conserved and so
if the tube becomes narrower then the flow
rate has to increase.

Some diseased blood vessels develop a
constriction or stenosis (Figure 8.11). This
narrowing of the blood vessel wall may be
caused by atherosclerosis or neo-intimal
hyperplasia after an intervention. If we
assume steady-state, Newtonian blood flow
and ignore gravity then the pressure in a
compromised blood vessel with a stenosis
can be calculated by combining Bernoullis
equation (equation 7) and the mass conser-
vation (equation 12) to obtain

(13)

(14)

Since A, < A the energy last term of equa-
tion 14 becomes negative so then the blood
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pressure is lower at the stenosed section of the
blood vessel (the constriction) to ensure that
the sum of the pressure and energy at each
point along the blood vessel remains equal.
The lower pressure at the stenosis makes the
blood vessel with a stenosis more prone to
collapse if an external pressure were applied
to the blood vessel. Stents or drug -eluting
stents may be inserted in an artery that has
a stenosis to keep the artery open after the
blockage has been cleared using angioplasty.
Mass conservation shows that the velocity is
higher at the stenosis due to a smaller area at
the stenosis.

REYNOLD’S NUMBER

The Reynolds’ number (Re) isa dimensionless
number, which provides an indication of how
blood is flowing in an artery. The Reynolds’
number is given by:

_upp
- =2, (15)

where U is the speed of the flow, D is the
diameter of the blood vessel, p the blood
density and x the blood viscosity. For an
artery, the flow tends to change from lami-
nar to turbulent at a Reynolds’ number of
approximately 2000. This number should be
treated as only a representative value, since
the transition from laminar to turbulent flow
may occur at higher Reynolds’ numbers.

To see a representative peak value of
Reynolds’ number, we consider an abdomi-
nal aorta of diameter, D = 2.5 cm = 0.025 m,
peak blood flow speed U= 60 cm/s = 0.6 m/s,
blood density p = 1 gram/cc = 1000 kg/m?
and blood viscosity z = 0.0036 Pa s. These
values give Re = 4,200. So, in principle, it is
possible for turbulent flow to occur in the
aorta during the systolic phase.

Fluid flowing in a laminar fashion is
dominated by the viscosity and at a high
Reynolds’ number by its inertia. A bruit is
audible chaotic flow at high velocity with

Re

energy transformed to noise — inefficient
flow that maybe disruptive as in a carotid
stenosis — and blood needs to be able to flow
fast in order to deliver its load at a cardiac
output of up to 30L/min in an athlete.

Turbulent flow is less efficient relative to
laminar flow. This means that more energy
or a greater pressure drop is required to drive
turbulent flow compared to laminar flow.
A quantitative way of measuring this inef-
ficiency is given by the formula for energy or
“head” loss for flow along a pipe

LU?

W= p2g> (16)

where f is the loss coefficient, L the length
of the artery or appropriate subsection of an
artery and g the acceleration due to gravity.
For laminar flow,

64

Jun™ Re ? (17)
while for turbulent flow
0.316
Jun™ R - (18)

One can show that f > f = when
Re > 1200, which implies that turbulence
consumes more energy relative to laminar
flow. This result is represented schematically
in Figure 8.12, where we have plotted the
ratio £ /f" as a function of Re. Here we see
that at a Reynolds’ number of around 2000,
turbulent flow loses 1.5 times more energy
relative to laminar flow. As Re approaches
5000 turbulent flow tends to lose 3 times as
much energy as laminar flow.

It is interesting to speculate that the
particulate nature of blood and plasma com-
position may act to discourage the forma-
tion of turbulent flow. Each red cell, being
bi-concave, could change the local inter-
actions between the cells and the blood
plasma so that the flow tends to remain
laminar. The shape of the red cell then may
enhance the efficiency of blood flow, in addi-
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FIGURE 8.12: Plot of the ratio of turbulent to laminar energy loss coefficients.

tion to increasing surface area for oxygen
delivery.

ARTERIAL DISSECTION,
COLLATERAL CIRCULATION
AND COMPETING FLOWS

To this point we have essentially discussed
flow in series. Much of the normal flow and
some pathological flow occurs in parallel.
For example, the collateral circulation in
each segment of the body; the profunda
system in the thigh, the geniculate system
around the knee and the tibial systems in
the leg. Another good example is the carotid
and vertebral systems combining to form the
cerebral circulation. In parallel circulation,
the pressure at the separation of the two
systems is theoretically the same for each, and
the pressure at the re-union is also the same
for each. The proportion of ongoing flow
from the two systems is determined by the
resistance of each system. These two therefore
compete for the proportion of on-flow. This
works well to direct or redirect the flow to the
target tissues. The body may select priorities
for flow, for example, the brain and heart in
shock or the muscles during exercise. The
branches of the great vessels and arteries to

the tissues are resistance vessels and they have
muscular walls for this purpose. The formula
for resistors in parallel circuits is

1

1,1 1
"R +R2 +...+Rn,

(19)

total

where n is the number of parallel circuits.

These circuits also provide alternative
channels should the dynamics change due to
injury or disease. Not all parallel circuits
are beneficial. Detrimental competing flows
may occur with artificially created channels,
for example, aorto-bifemoral bypass, when
one iliac system is normal and the other
occluded. The competing flows on the
normal side predispose for either that limb
of the graft or part of the iliac system on
that side to occlude. Similarly, with femoro-
popliteal bypass after long-standing super-
ficial femoral artery occlusion when the
profunda collateral flow has been well
developed.

In aortic dissection, the outflow from the
false lumen is met with greater resistance than
the outflow from the true lumen. The flows
compete where the intima has been torn off
the origin of a branch vessel which therefore
comes off the false lumen and leaves a hole
in the membrane at that point. The pressure
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is higher in the false lumen at any time in the
cardiac cycle other than peak systole.

Figure 8.13 shows the trace from true
and false lumens of a dissected aorta. Note
the systolic pressure is same in each lumen
at 138 mmHg. The diastolic is higher in
the false lumen at 93 mmHg compared to the
diastolic in the true lumen of 82 mmHg.
The area under the curve is the same and
so the pulse wave in the false lumen is wider.
The mean pressure in the false lumen is
higher at 109 mmHg than the true lumen
where the mean is 91 mmHg.

This means that the false lumen is almost
always the larger of the two and is more
likely to dilate. Flow of contrast injected
into the true lumen is not seen to flow out
to the false lumen through the holes in the
membrane unless the pressure of the injec-
tion and the pressure of the lumen together
exceed the pressure of the false lumen. The
membrane that is the remnant of the intima
oscillates as the pressure ratio between the
true and false lumen changes during the
cardiac cycle. This dynamic also applies for
aType 1 endoleak into the residual sac of an
aortic aneurysm treated by an endovascular
graft.

SHEAR STRESS AND PRESSURE

All vascular clinicians are familiar with
the ultimate shearing force injury of high
velocity impact when the mobile arch of the
aorta and heart continue to move forward
while the descending aorta, held by the
intercostals and posterior mediastinum, is
held to the vertebral bodies. What of subtle
persistent long-term shear stresses and the
relationship with the greatest risk factor
for arterial disease — age? There are known
common sites for occlusive atheromatous
plaques e.g. the carotid bifurcation, aortic
bifurcation, origins of branches of the aorta
and coronary arteries and shear stress points
such as the adductor canal.

Atheroma is an arterial lesion. Occlusive
and dilating diseases of the arteries progres-
sively occur with ageing, and obviously age
is the greatest risk factor. It is not seen in
children and only seen in veins subject to
long term pulsatile pressure when they are
said to be “arterialised”. For example, when
a vein is used for an arterial bypass or for
a dialysis fistula. Pressure and pulsatility are
the forces involved. Persistent raised blood
pressure above the norm causes progressive

FIGURE 8.13: Pressure readings from the true and false lumens of a dissected abdominal aorta (courtesy

of Dr John Anderson).



wall damage. With age there is degeneration
of the wall of the artery and loss of compli-
ance. Pulse pressure and peak systolic pres-
sures rise because of the loss of compliance.
Peaks of pressure occur with exertion and
acute damage may occur at such times. Age
will eventually affect all, but some are more
genetically predisposed to arterial lesions and
other risk factors such as poor diet and smok-
ing accelerate any genetic predisposition.
Shear stress on an arterial wall, 7, due to
Poiseuille fluid flow is given by the formula

_4uq

v ad

(20)

where 4 is the radius of the artery and g is
the volume flow rate of blood through the
artery. From this formula it can be seen
that shear stress increases with the increase
of blood flow through the artery and tends
to increase as the artery becomes smaller in
diameter — provided that the volume flow
rate and the viscosity are approximately
constant.

Atherosclerotic lesions form at specific
areas where low and oscillatory endothelial
shear stress occur. High risk plaques have a
large lipid core, thin and inflamed fibrous
cap and excessive expansive remodelling’.
Wall shear stress may rupture the established
plaque. Plaque rupture and intraplaque
haemorrhage are recognized causes of cardiac
events. Computational modelling of carotid
bifurcations with atherosclerotic plaques
that had patient-specific geometries obtained
from Magnetic Resonance Imaging (MRI)
scans and modelled the fluid-structure
interactions have shown that stresses in the
fibrous cap and around the plaque shoulders
affect plaque rupture risk, with higher stress
and plaque rupture risk for thinner caps.'*"

FORCES ON GRAFT SYSTEMS

The performance of endoluminal grafts
(ELG) was found to be different to open
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repair with a sewn replacement of the
artery because of unsuspected influences, as
mentioned above, that relate to sustained
physical forces.! The openly-sewn prosthesis
binds the wall of the artery to the prosthesis
with a transmural suture. The artery may
expand above or below the prosthesis.
However, at the point of attachment the
artery wall is held to the fixed diameter by
the through-wall suture for as long as the
suture holds. ELG’s to date do not bind
the adventitia to the prosthesis — they merely
attach. The ELG must continue to act to
bridge the gap between normal artery above
and below until, if ever, the aneurysm’s
cavity shrinks right down. In open surgery,
the suture is binding and the tissues around
supportive. The diameters of the grafts used
for the same abdominal aortic aneurysm
(AAA) differ markedly between the open and
ELG methods. The common diameters used
for tube replacement surgically of infrarenal
AAA is 18 or 20 mm. The commonest
diameter for an endoluminal graft is 26 or
28 mm and 30+ mm is not uncommon. Why
such a discrepancy when the surgeon judges
the diameter to suitable fi? This discrepancy
is due to the different types of attachment
of an open graft and an endoluminal graft.
With the former, there are sutures through
the graft and the full thickness of the aortic
wall. This means that the aortic diameter
at that point is permanently fixed to the
diameter of the graft in its pressurised state.
The diameter of a crimped vascular graft is,
by definition, the minimum internal distance
between the crimps in the non-pressurised
state. It is increased by approximately 10%
when pressurized. With the ELG, a residual
radial force is required for seal and the
attachment may or may not be enhanced by
latching barbs. The oversize allowance must
accommodate elasticity and compliance while
maintaining the seal between pulsations for

the whole of the length of the sealing zone.
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These latching barbs sometimes cross the
renal arteries but have been shown to have a
minor effect of 1 % on the renal artery flow
rate for 3 mm diameter artery.'*

With an endoluminal graft the device
must bridge a gap for an indeterminate time
before the body reabsorbs the contents of the
aneurysm and encases the graft in foreign
body fibrous tissue support. Therefore the
long term function and durability demands
are different and more demanding.! Under-
standing the forces involved is basic to
design and use of new technology and the
weaknesses that lead to aneurysmal disease
provides a challenge.""

A mistaken clinical impression is that the
forces on a thoracic ELG should be greater
than those on an abdominal ELG. The flow
and diameter of the thoracic aorta are greater
and the haemodynamic forces potentially
much larger. However, because the diameter
of the graft changes little, if at all, the down-
ward displacement force in the thoracic ELG
is small as the resistance in the graft is low
— except on the aortic arch. The resistance of
any graft that extends into the iliac vessels is
much greater because of the significant change
in diameter and high resistance within the
graft acting like a windsock or sea anchor.”
An aorto uni-iliac device affords greater resist-
ance than a bifurcated graft and detachment
at the neck and migration is a common prob-
lem due to high displacement forces. In con-
trast with the thoracic aorta there is little drag
because there is little or no change in diame-
ter. In contrast, there is little drag on a graft in
the thoracic aorta because there is little or no
change in diameter along the graft. The force
applied to the graft is on the curve and cen-
trifugal forces apply. Since every action has an
equal and opposite reaction (Newton’s third
law), one must ask where is the reaction. The
reaction is to pull the graft out from the top
and the bottom almost equally. When endo-
luminal grafts were first used in the thorax,

unexpected upward migration of the distal
end emerged as the problem, especially when
there was a significant curve on the graft. For
the same reason, this lift out’ may also be
seen from the iliacs when the graft fixation is
weak because of ectasia and/or short length of
distal attachment. Type 1B endoleak can be
more dangerous than Type 1A if this factor
is ignored.

An important issue in vascular interven-
tion is the durability of endoluminal grafts.
Such grafts are often used to protect aneu-
rysms from the effects of arterial pressure.
Unfortunately, hemodynamic forces can dis-
place a graft and thereby, potentially, inter-
rupt the seal between the graft and the neck
of the aneurysm. It is important, therefore to
have an understanding of the possible forces
that may be exerted on a graft.

To illustrate the steps used in determin-
ing the forces on a graft system, via analytic
equations, we consider the steady flow of
blood through a bent pipe (Figure 8.14).
In this figure, the proximal inlet entrance is
labelled by 1 and the distal exit by 2. D,
A, and D, A, are the diameters and cross-
sectional areas, respectively, of the graft at
the points 1 and 2. The vector normals of
the cross-sectional areas are, respectively, at
angles of 6 and 6, to the vertical. Similarly
p and v refer to the pressures and velocities
at these points. R and R are the x and y
components of the restormg force. The exter-
nal pressure on the graft system is denoted
by ..

In our analysis, we assume steady-state,
i.e., non-pulsatile, flow. We do this as it gives
us a basic idea of how the system is behaving.

The first equation is the steady-state mass
conservation equation, which we rewrite in
the form

vd, = v, (21)

One should note that v, and v, are aver-

age flow speeds, where the average is taken
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FIGURE 8.14: The characteristic velocity, pressure, area and force vectors required to compute the
restraining forces on a bent, single-tube graft system.

over the areas of A and A, respectively.
The next analysis tool at our disposal is
the momentum conservation equation,

which can be expressed in the form

— (pz 7pe.\)Azsin62 - (pl 7pex)AlSin91
R= pviAsing, — prid'sing, (22)
and
R =" (p, —p,)A,c0s0 — (p,—p,)A,cos0, (23)

8] — pviAd,cos6,— pviA.cosh,
where in these formulae, we have ignored the
weight of the graft and the weight of blood
in the graft. These terms are easily included
into the equations, if required.

Energy is the final conserved quantity
that we can use in our analysis. The energy
conservation equation has the form:

2
p (XIVZ pZ (XZVZ
=+ z ==+

+
y 2 ' vy 2

+z,+h, (24)
where g is the gravitational acceleration,
Y = pg is the weight density of blood, z,
and z, are the vertical heights of the proxi-
mal and distal ends of the graft, respectively,
and 4, is the ‘head loss’ in the pipe, Ze., the

amount of pressure or energy that is lost due
to frictional viscous effects as the fluid travels
through the pipe. Head loss is usually given
by the equation

2

V>
h, = KLZg ) (25)

where K, is a constant, the value of which is
usually dependent on the shape, length and
diameter of the pipe. The coefficients &, and
o, are kinetic energy correction factors that
have different values depending on the type
of flow. For example, for uniform flow o = 1,
turbulent flow has & = 1, and laminar flow
gives 00 = 2.

By combining Eqs (21), (24) and (25),

one obtains

p,=pt zﬂ;(al — (o, + KL{%)Z) + vz, — 22226)

So, by using Eqs (26) and (21), we can
express p,and v, in terms of quantities at the
entrance of the graft. This then allows us to
compute the restraining forces on the graft

system by then using Eqs (22) and (23).
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Case 1 — The cylindrical graft

For this case, the inlet and the outlet areas are
the same, so, by Eq. (21), the inlet and outlet
flow speeds are also equal. The angles 6, and
0, are equal and have a value of 90°. The
inlet and outlet pressures are not equal due
to the frictional, shear interaction between
the blood and the graft (i.e., the head loss
as given by Eq. (25)). This frictional inter-
action causes the outlet pressure, Py 1O be
less than the inlet pressure, 2, This is called
a pressure drop.

From all of this information, one can
write down the restraint forces on the graft.
So, from Eqs (22) and (23):

R =0, (27)

¥

i.e., there are no vertical forces generated
by blood flowing through a horizontal graft
and

R =, —p)4,, (28)
where we have set the external pressure to
zero. In this case, the horizontal force on the
graft is quite small, because 2, will only be a
litdle larger than p.. One can conclude from
this analysis that straight, cylindrical grafts

only feel a relatively small drag force in the
direction of the flow.

Case 2 — The windsock graft

Suppose now we consider a graft in the shape
of a windsock, such as in Figure 8.16.

For this case, the inlet area is now larger
than and the outlet area, so, by Eq. (21), the
outlet flow speed is greater than the inlet
flow speed as given by

)= (Ai)v (29)

As in the previous case, the angles 0, and
0, are equal and have a value of 90° and the
inlet and outlet pressures are not equal due
to the frictional, shear interaction between
the blood and the graft.

The restraint forces on the graft are from
Egs (22) and (23):

R =p,A

272

—pA, +pV§A2 _pV%Al’ (30)

and

R=0. (31)

y

When you put in the appropriate num-
bers into Eq. (30), it is found that the domi-
nant term in this equation is the p A, term.
Many endoluminal grafts have this ‘wind
sock’ shape with a distal exit area, which is
smaller than the proximal, inlet area. This
shape has a much larger drag force than for a
cylindrical graft.

FIGURE 8.15: Cylindrical graft.



Case 3 — The curved graft

As with the cylindrical graft, the inlet and the
outlet areas are the same, so, by Eq. (21), the
inlet and outlet flow speeds are also equal.
Due to the symmetry of the situation, the
vertical restraint force is zero, the horizontal
restraint force is given by

R = —pd,—pA, —pvid, = pvid,. (32)

So, now both the pressure and veloc-
ity components add together to produce a
greater total force on the graft. This result
suggests that a curved graft may be subject
to greater forces than a wind-sock shaped

graft.
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Case 4 — The symmetric bifurcated
graft

Suppose that we consider a symmetric bifur-
cated graft, such as shown in Figure 8.18,
where the two outlet distal legs of the graft
are at an angle o to the horizontal, the two
distal ends are equal and gravity is ignored.
The proximal end of the graft is labelled by
the number 1, the symmetric distal ends by 2
and 3. By satisfying momentum conversation
the horizontal restraint force is given by:

R = —pA, —2pA,cosa + pvid — 2pviA,cosa .
(33)

The more general, non-symmetric case
with gravity is described elsewhere. °

FIGURE 8.16: An endoluminal graft in the shape of a wind-sock.

FIGURE 8.17: Curved graft.
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FIGURE 8.18: Symmetric bifurcated graft.

We also know to satisfy mass conversa-
tion that the flow in has to equal the sum of
the outflows

v A (34)

1 = VZAZ + v3A3 2
and since it is a symmetric bifurcated graft
then
vA =2vA . (35)
By applying Bernoulli’s equation 7 and
mass conversation equation 35 then p, and
V, can be eliminated from equation 33.
This equation shows that the horizon-
tal restraint force is strongly dependent on
inlet area, pressure and on the bifurcation
angle (especially > 15°). But the blood inlet
velocity or flow rate has negligible effect on
the horizontal restraint force.'*'® Naturally,
a steady-state assumption is questionable,
since pulsatile flow occurs in the human
body. However, it was shown experimentally
that a steady-state analytical model can be
used, with variable pressure and flow rate
inputs, to predict forces on a symmetric,
bifurcated graft in pulsatile flow with reason-
able approximation within design limits."'®

A? I3}
R =pd — pﬁ
2

vicosa + pvid, — 2A2[p1 + ?vf

o

This steady-state analytical force model is
now used in the design of grafts.

COMPUTATIONAL MODELLING
Computational fluid dynamics (CFD) and

finite element modeling can assist in our
understanding of vascular haemodynamics.
CFD uses numerical methods to discretize
and mesh the geometry and algorithms
to solve the equations of motion (for
example, the Navier-Stokes equation)
and other relevant equations. In the last
several years with advances in computing
the computational modeling capability has
greatly improved. It is now possible to
incorporate patient-specific geometry from
MRI, CT or magnetic resonance angio-
graphy (MRA) data. The computational
models also now include fluid-structure
interactions (fluid low and wall deformation
interaction), pulsatile flow and non-
Newtonian flow. Some computational model-
ling of vascular haemodynamic systems
include AAA grafts,””** fluid-structure
interactions with cerebral aneurysms,?%
patient-specific cerebral aneurysms with
coils,** and patient-specific circle of

(36)

cosCx .
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Willis.?**3 For example, Li and Kleinstreuer"
modelled blood flow and structure inter-
actions in a AAA with and without a graft
where they incorporated fluid-structure
interactions, flexible walls, pulsatile flow
and non-Newtonian blood flow. They
confirmed that the force on the graft is
highly dependent on the diameter, blood
pressure and bifurcation angle. They also
showed in AAA
stress, displacement and pressure after graft
placement as shown in Figure 8.19.
Endoleaks which are blood flow between
graft and the AAA wall can also cause
problems in AAA such as elevated sac pres-
sure and high stresses which may lead to rup-
ture. Li and Kleinstreuer* modelling analysis
indicated the sac pressure caused by type II
endoleaks (leakage via collateral arteries)
depends on the inlet branch pressure; thus,
type II endoleaks may increase sac pressure

significant  reduction
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to near the systemic pressure levels, which
could cause more clinical concern. Other
studies have shown that intrasac pressure
measurements and haemodynamic analysis
of the graft-aortic wall interactions can be

used to detect type II endoleaks.>>*

RECENT DEVELOPMENTS AND
FUTURE DIRECTIONS

Mathematics, principles of physics and
computational modelling of vascular haemo-
dynamics have been useful in verifying
or modifying intuitive engineering of
endovascular stent grafts; and towards
better understanding of failure modes of the
cardiovascular system and its prostheses. For
example, based on vascular haemodynamics
analysis relating a vascular geometric ratio
to the likelihood of aneurysm rupture,
plaque rupture and stent graft migration.

FIGURE 8.19: Effect of graft placement on blood flow and AAA wall at peak systole pressure level

(courtesy of Professor Clement Kleinstreuer).'®
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CFD modelling of vascular haemodynamics
is currently being used in the design and
evaluation of implanted medical devices such
as grafts. It is still a complex process to create
patient-specific computational models and
difficult for clinicians to interpret the results.
In the future, computational modelling
of vascular haemodynamics may be used
as a tool for patient-specific blood flow
quantification relevant to clinical practice
to assist intervention planning, decision-
making and optimization.

However, for computational model-
ling to be more easily translated to clinical
relevance there needs to be more extensive
comparisons of 7z vitro and in vivo clinical
studies to validate the codes, with the uncer-
tainties quantified, so they can be used with
confidence. Patient-specific geometries and
measured flow distribution boundary condi-
tions should be included. There needs to be
better models of arterial mechanical proper-
ties during each stage of a disease state (e.g.
aneurysm formation), more accurate imag-
ing techniques that can provide better infor-
mation of the wall thicknesses, details on
perivascular environment and much better
coupling with vascular biology, mass trans-
port and cellular biophysics. With grafts now
being used in high curvature areas it is more
important to understand the forces required
to keep the grafts in place to mitigate their
migration.

The intersect of clinical arterial pathology,
feedback systems in physiology and compu-
tational fluid dynamics leads us to potentially
the most exciting time in advances for arterial
disease ever. The vascular system is dynamic
in its function, its response to demand, its
injury and repair cycle and its aging. The
arterial system is intricately designed so that
each arterial division is specific for its func-
tion and the demands placed upon it for up
to one hundred years. To the empirical,
statistical, biochemical, genetic and molecular

biology knowledge of the cardiovascular
system must be added the central role of
haemodynamic physics and the pathol-
ogy that results from the relentless forces of
blood pressure and pulse wave. Modelling
of arteries opens the door to much better
understanding of why atheroma occurs at the
known predictable sites such as the carotid
bifurcation, the origins of branch vessels of
the aorta and sites of stress for example the
adductor canal.

CONCLUSION

Understanding the physics of the vascular
system in health and disease will influence
vascular management. This is a rich field for
further research. Further clues to atherogenesis
may lie in the differences of the fluid dynamics
and stresses applied to the arterial systems.
Computational modelling will be of increasing
importance, as the science evolves, to our
understanding of vascular haemodynamics.
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INTRODUCTION

Physiological haemostasis involves complex
interactions  between endothelial  cells,
platelets and coagulation proteins, that result
in a prompt platelet plug and then localised
thrombus formation at the site of a break
in vascular integrity. Numerous regulatory
processes prevent widespread activation of
coagulation, ensuring that blood remains
fluid in the absence of vascular injury or other
pathology. All components of the haemostatic
process can be disturbed resulting in either
a pro-thrombotic or bleeding tendency, and
drugs that modify the haemostatic process are
commonly used, particularly in patients with
vascular disease. An understanding of normal
haemostasis is therefore important for all
clinicians that deal with this patient group.

PRIMARY HAEMOSTASIS

Primary haemostasis is the initial response
of the body to vascular injury, and involves
interaction between platelets, adhesive pro-
teins located in the subendothelial matrix
(including collagen and von Willebrand
factor), and circulating fibrinogen." The
end result of primary haemostasis is the
formation of a stable platelet plug around
which a fibrin network can then be built.

This same process is responsible for the
pathogenic thrombus formation in patients
with arterial disease. Disorders of primary
haemostasis tend to manifest in the main
as mucosal bleeding, including epistaxis,
oral bleeding and menorrhagia, and often
immediate difficulty with haemostasis in the
post-operative setting.

Platelets

Platelets are small fragments of megakaryo-
cyte cytoplasm that in the resting state are
small discoid structures. The normal range
for circulating platelet count in adults is
between 150 to 400 x 10°/L. Although
anucleate, platelets are metabolically active,
and interact with the local environment
through the binding of surface glycoprotein
receptors to specific ligands. Platelets go
through a predictable cycle of response
to vessel wall injury that involves initial
platelet adhesion to the sub-endothelium,
subsequent intracellular signalling that
triggers platelet shape change and activation
with granule release, and finally aggregation
(Figure 9.1).2

Platelet adhesion
Endothelial injury results in the exposure
of circulating blood to the subendothelial
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FIGURE 9.1: Mechanism of platelet aggregation

matrix that is rich in a number of adhesive
proteins. von Willebrand factor (vWF) is
a large adhesive glycoprotein produced by
endothelial cells and megakaryocytes that
is central in initial platelet adhesion.’ The
mature vWF molecule consists of disulphide-
linked multimers of high molecular weight
of up to 20,000,000 daltons.* When secreted
into the plasma, these high molecular weight
(HMW) vWF multimers are digested
into smaller forms by the metalloprotease
ADAMTS13 (a disintegrin and metallo-
protease with a thrombospondin type 1
motif, member 13). These smaller soluble
forms bind less readily to platelet receptors,
reducing the chance of spontaneous platelet
aggregation. However vWF secreted into the
subendothelial space binds to other molecules
such as collagen, resulting in a conformational
change that exposes the binding site for
platelet glycoprotein  (GP) receptor Ib.*
Subendothelial vWF is therefore ‘primed’
to interact with circulating platelets in the
event of endothelial injury. Other important
adhesive proteins include collagen type 1
and type 4, fibronectin, thrombospondin,
laminin and vitronectin.

Initial platelet adhesion, particularly in
high shear conditions, involves interaction
between vWF and the GPIb/IX/V com-
plex located on the platelet surface. This
complex consists of four trans-membrane
subunits GPIba, GPIbb, GPIX and GPV,
with the N-terminal globular domain of
GPlIba responsible for the interaction with
the Al-domain of vWE' Binding of vWF to
GP Ib is often reversible, and in animal
models platelets can be seen to initially
slide or translocate along the subendothelial
surface due to cyclical attachment and then
dissociation of the GP Ib/IX/V complex to
vWE?However, finally through further plate-
let receptor ligand interactions the platelet is
stabilized on the subendothelial surface. The
platelet glycoprotein Ia/Ila receptor (integrin
OLZBI) binds collagen, an interaction that
appears to be more important in low-shear
conditions.’ Glycoprotein VI, aplateletsurface
receptor that belongs to the immunoglobin
superfamily, also directly binds collagen and
further activates the GPla/lla receptor via
intracellular signaling.® Other B integrins
also bind their respective subendothelial
ligands (()LGB1 — laminin; 0(5[51 — fibronectin),



and there is increasing evidence that early
binding of vWF to the glycoprotein IIb/Illa
(OchBS) receptor contributes to the initial
adhesion process.” Finally there is evidence
that formation of platelet membrane teth-
ers, that consist of smooth cylinders of lipid
membrane pulled from the platelet surface
under the influence of hemodynamic drag
forces, contribute to platelet adhesion in
high shear conditions.”

Platelet activation and shape change
Following platelet adhesion, multiple path-
ways lead to platelet activation that results
in platelet shape change, platelet granule
release, and conformational change in the
GP IIb/Illa receptor that allows binding
to fibrinogen and vWE leading to platelet
aggregation. Binding of vWF to the GP Ib
receptor and collagen to the GP VI during
the adhesion process triggers intracellular
signaling via a pathway that involves
activation of Src family kinases (Src), Syk
and PI 3-kinase (PI3K). These events lead to
the activation of phospholipase C-b (PLC),
which hydrolyses membrane phospholipids
to generate inositol (1,4,5) trisphosphate
(IP3).® The binding of IP3 to its receptors
(IP3R) on the dense tubular system (DTS)
then results in mobilisation of intra-platelet
calcium stores, which has a number of con-
sequences including;

1. Thromboxane A2 (TXA2) generation — the
increase in intracellular calcium stimu-
lates the production of arachadonic acid
by PLC and phospholipase A2. Aracha-
donic acid is converted into TxA2 via the
actions of the enzymes cyclooxygenase
1 (COX-1) and Tx synthase. TxA2 is
released from the platelet and binds plate-
let receptors TPot and TPP. Its effects in
platelets are mediated primarily through
TPo. Binding of TxA2 to this G-protein
coupled receptor results in further PLC

Physiological Haemostasis 179

activation, leading to further intracellular
calcium increase further reinforcing plate-
let activation.” Local diffusion of TxA2
also contributes to the recruitment to the
site of injury and activation of further
platelets. Aspirin or acetyl salicylic acid
exerts its antiplatelet effect by blocking
TXA2 synthesis, due to the irreversible
acetylation of Ser-529 in COX-1. Because
platelets are anucleate, no new COX can
be generated, explaining why aspirin has
a persistent functional effect that lasts the
lifespan of the platelet (approximately
7 days).

. Granule release — intracellular calcium

mobilization also results in the release
from the platelet of both the dense and
alpha-granules. The dense granules con-
tain high concentrations of the small
molecules adenosine diphosphate (ADP)
and serotonin, which further act to
reinforce local platelet activation by bind-
ing to specific platelet surface membrane
receptors upon release. ADP is a central
player in sustained platelet activation. The
receptors for ADD, the P2Y, and P2Y,  are
seven transmembrane receptors that are
coupled via heterotrimeric G-proteins to
numerous intracellular effector molecules.
P2Y, links to the G-protein Gq resulting
in further activation of PLC and also
protein kinase C activation. P2Y  is
linked to the G-protein Gi that has an
inhibitory effect on adenylate cyclase.
ADP induced activation of the P2Y,
receptor induces platelet shape change
and rapid transient aggregation,'® whereas
activation of the P2Y  receptor results
in sustained irreversible aggregation."
The thienopyridine class of antiplatelet
agents, ticlopidine, clopidogrel and
prasugrel exert their antiplatelet effect by
blocking the P2Y, receptor. The active
metabolites of all agents have a free thiol
moiety that forms a disulfide bridge
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with the extracellular cysteine residues
Cys17 and Cys270." Released serotonin
also binds to a G-protein coupled
platelet surface receptor, the 5-HT,,
receptor. Binding is also associated
with Gg-dependent activation of PLC,
resulting in amplification of platelet
activation, platelet shape change, and
weak reversible platelet aggregation.'

3. Activation of the GP IIb/Illa receptor — in
its resting state the GP IIb/IIla receptor
is unable to bind its ligands, namely
fibrinogen and vWE The above platelet
signaling events through the activation
of the small GTPase Raplb and its
interaction with a Rap1-GTP interacting
adapter molecule (RIAM), lead to the
binding of the proteins talin and kindlin
to B3 tail of GP IIb/IlIa receptor.' This
leads to activation of the receptor and
the resulting change in conformation
allows the surface portion of the receptor
to bind readily to fibrinogen and vWE.
The binding of talin to the receptor
tail also links it to the underlying actin
cytoskeleton of the platelet, enhancing
adhesive strength and platelet cohesion."

4. Platelet shape change — the normally
discoid-shaped platelet with a smooth
surface membrane undergoes dramatic
shape change with stimulation, including
extension of filopodia, and flattening or
spreading on the subendothelial surface.
The platelet cytoskeleton is primarily
responsible for regulating the platelet’s
shape. Platelet activation leads to the
rapid reorganization and polymerization
of actin into filaments, resulting in the
above conformational change.'®

Along with ADP, the serine protease
thrombin appears to play an important role
in sustaining platelet activation leading to
irreversible platelet aggregation. Thrombin
specific receptors, the protease-activated

receptors (PARs), are located on the platelet
surface. Two main PARs, PAR1 a high
affinity receptor and PAR4, a low affinity
receptor, are involved in thrombin mediated
platelet activation."” Thrombin activates
PARs by cleaving the N-terminal of the
receptor, unmasking a hidden receptor-
linked ligand. This ligand then interacts
with the remainder of the receptor leading
to G-protein coupled signaling that results
in further platelet activation.

Finally platelet activation also results in
the surface expression of a number of adhe-
sion molecules, such as the glycoprotein
P-selectin which is involved in interaction
with both endothelial cells and also the
recruitment of inflammatory cells to the
area of injury, via binding of P-selectin to
P-selectin glycoprotein ligand 1 (PSGL-
1) located on the surface of leucocytes.'
Platelets also secrete chemokines such as
RANTES/CCL5 and platelet factor 4
that also increases the local recruitment of
inflammatory cells such as monocytes. This
contributes to and can exacerbate the local
inflammatory response that often presents in
atherosclerotic plaque.”

Platelet aggregation

As the final part of the primary haemostatic
response, platelets recruited to the site of
vascular injury and activated by the above
soluble agonists then undergo irreversible
aggregation. This is mediated via the
concurrent binding of either fibrinogen
or VWF to the activated GP IIb/Illa
receptors on separate platelets, leading to
their cross-linking and the formation of a
platelet aggregate. In low flow vascular beds
binding of fibrinogen to the GP IIb/Illa
receptor appears to be the main process
involved in platelet aggregation, whereas the
interaction between GP IIb/Illa and vWF
is more important for aggregation in high



shear vascular beds and pathological arterial
thrombosis.”

INTERACTIONS BETWEEN
PRIMARY AND SECONDARY

HAEMOSTASIS
While the primary and secondary haemo-
static processes are often considered

separately, they are intrinsically linked. As
described above, the coagulation protease
thrombin plays a central role in the
activation of platelets. The activated platelet
in turn provides the surface upon which
the reaction complexes of the coagulation
cascade form. In addition, as part of platelet
activation the content of the negatively
charged phospholipid phosphatidylserine on
the outer surface of the platelet membrane
increases from almost 0% up to 12%,
providing a binding site for the proteins of
the coagulation cascade.”” Release of clotting
factors, such as factor V, from platelet alpha
granules, and the expression of other as yet
still poorly defined platelet receptors for
coagulation factors on the platelet surface
provide additional methods in which
activation of the coagulation cascade is
localised to the site of platelet activation and
vascular injury.”!

SECONDARY HAEMOSTASIS

Secondary haemostasis describes the process
whereby exposure of tissue factor to the
bloodstream leads to a series of enzymatic
reactions that result in a sufficient burst of
thrombin production to convert soluble
fibrinogen into a stable network. A repetitive
theme in this process is the formation of a
series of reaction complexes consisting of
an active enzyme and a co-factor, in which
the presence of the latter results in a order
of magnitude increase in the efficiency
of the enzyme to bind to and convert
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its target substrate, itself a pro-enzyme
or zymogen, to its active form. Defects
of secondary haemostasis, as typified by
factor VIII deficiency or haemophilia A, result
in muscle, joint and soft tissue bleeding, and
delayed bleeding post surgical or traumatic
haemostatic challenge.

The coagulation factors involved in
secondary haemostasis belong to the class of
proteins known as serine proteases, so called
because they have a serine residue which,
along with histidine and aspartic acid, forms
a catalytic triad at the centre of the active
site of the enzyme.”’ Most of the reactions
of secondary haemostasis take place on a
phospholipid membrane surface, which is
normally the surface of an activated platelet.
Binding of the coagulation proteins to the
phospholipid membrane surface requires
the presence of calcium, and agents that
chelate calcium such as EDTA or citrate
can therefore be utilised to prevent activa-
tion of the coagulation cascade after blood
collection.

The coagulation factors have a modu-
lar structure, and different factors share
similar structural features. The coagulation
factors II, VII, with IX and X along with the
natural inhibitors of coagulation, protein C
and protein S, all undergo post-translational
gamma-carboxylation of glutamate residues
located at the amino-terminus. This modi-
fication is necessary for the efficient binding
of these proteins to the phospholipid surface.
The carboxylation process is dependant on
the presence of vitamin K, which is a co-fac-
tor for this process. Vitamin K deficiency or
Vitamin K antagonists, such as warfarin that
prevent the conversion of