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0.1.ABSTRACT

Background

Myocardial infarction involves the three processes of atheroma development, plaque
rupture and formation of a thrombus. Proliferation of smooth muscle cells and
vasoconstriction are important aspects of atheroma formation and are influenced by the
renin-angiotensin system. Angiotensin converting enzyme (ACE) pivotal to this system
has recently been shown to be influenced by an insertion/deletion (I/D) polymorphism in
the ACE gene. Patients homozygous for the D allele have the highest circulating levels.
Inhibition of fibrinolysis through raised levels of plasminogen activator Inhibitor (PAI-
1) has also been shown to be under the control of a PAI-1 promoter single nucleotide
insertion/deletion (4G/5G) polymorphism. Patients homozygous for the 4G allele have
the highest levels of circulating PAI-1.

Aims

The aim of this thesis, was to investigate the role of both polymorphisms in relation to
atherothrombosis in subjects with coronary artery disease (CAD).

Results

609 Caucasian patients (420 males 189 females) admitted for angiography for known or
suspected coronary artery disease were recruited from two centres. Patients were
classified as having no significant coronary artery disease (20%), single (21%), double
(21%) and triple vessel disease (38%) on the basis of 50% stenosis. Both the ACE
genotype and the PAI-1 genotype were associated with their respective circulating levels
(P=0.0008) and (P = 0.0001) respectively.

There was no relationship between the ACE genotype or levels with either the degree of
coronary stenosis or a history of MI. In contrast, the 4G/4G genotype was significantly
related to a history of myocardial infarction, an association which was stronger in the

group with pre-existing significant atheroma.



Conclusions

These data suggests that the ACE genotype-activity does not influence the
atherothrombotic process, whereas the PAI-1 promoter polymorphism influences the
development of myocardial infarction through its effects on thrombus formation in

patients with pre-existing atheroma.
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1.0 PREFACE

In most industrialised countries Ischaemic heart disease (IHD) is the commonest cause
of death. In England and Wales 30% and 22% of all deaths amongst men and women
respectively are the results of IHD. In recent years, in addition to 156,000 deaths every
year in England and Wales, there have been an average 115,000 hospital discharges with
the diagnosis of IHD.'

Sixty percent of all myocardial infarction (MI) fatalities occur in the first hour after the
episode. Hence most IHD deaths occur too rapidly for treatment to influence prognosis.’
It is clear therefore, that prevention of MI is of major Public Health importance.

IHD emerged as the major cause of death in the twentieth century, this correlated with a
decrease in infectious disease mortality on the one hand and an increase in age-specific
risk of IHD on the other. In the late 1960's, this "epidemic" seemed to have reached its
peak and started to decline in countries such as the USA and Finland. This decline over
a relatively short period of time suggests that the causes of this disease are either
modifiable and/or preventable.

The major manifestations of IHD are MI (fatal and non-fatal), sudden cardiac death,
chronic angina pectoris and unstable angina. These ischaemic syndromes present
themselves with different pathological backgrounds and risk factors.

In the search for the aetiology of THD and its manifestations, there are 2 major lines of
research which need to be pursued; 1) the pathophysiology of atherosclerosis and
thrombosis and 2) epidemiological methods to define risk factors for IHD.

Both experimental animal studies and clinical evidence indicate that atherosclerosis is
the basic requirement for the development of [HD. Furthermore, thrombosis within the
coronary arteries plays a critical role in the initiation of the major IHD events - MI and
sudden cardiac death.’ Moreover, there is interplay between the atherosclerotic and the
thrombotic processes in the development and progression of atherosclerotic plaques.*
The balance between fibrinolytic activity and coagulation may have an important role in
determining whether thrombi, once formed, persist and increase in size or undergo lysis.
The classical risk factors that have been associated with CAD (smoking, hypertension,
hypercholesterolaemia, diabetes and family history) do not fully account for the risk of

developing CAD. Attention has focused recently on the influence of genetic
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polymorphisms on circulating proteins in the haemostatic and renin-angiotensin systems
(RAS).

This thesis focuses on two circulating proteins; plasminogen activator inhibitor —1 (PAI-
1) and angiotensin converting enzyme (ACE). ACE plays a key role in the modulation
of vascular tone and smooth muscle cell proliferation, both of which are important
aspects of the atherothrombotic process. PAI-1 is the main inhibitor of fibrinolysis, and
thus high levels of PAI-1 lead to a pro-thrombotic state. Both ACE and PAI-1 levels in
the plasma have been shown to be influenced by genetic polymorphisms in their
respective genes. While the levels of these circulating proteins tend to vary (because of
the acute phase reaction or the effects of other environmental factors) genes do not
change. The study of the relationship between these genetic polymorphisms and CAD
may therefore enhance in a significant way our understanding of the associations
between the Fibrinolytic and the RAS system and CAD.

This thesis first reviews the processes leading to atheroma and thrombosis, with
emphasis on the possible role of PAI-1 and ACE. Secondly, the risk factors for CAD are
reviewed. Thirdly, a review of the literature is undertaken with regard to ACE and PAI-
1, and their relation to CAD. Finally, gender differences in coagulation and fibrinolysis

with respect to CAD are discussed.
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2.0 INTRODUCTION

21 DEVELOPMENT AND MORPHOLOGY OF ATHEROMA

21.1 Atheroma
Atheroma is a focal, intimal disease of arteries. The development of an atheromatous

plaque begins with the accumulation of lipid-filled macrophages at focal sites within the
intima. .> These lesions seen as flat yellow dots or lines macroscopically on the intima
are known as the fatty streak. Many such fatty streaks remain static or even vanish.
They are common, for example, in young individuals from populations in whom CAD
is virtually absent. .> Indeed such adults often have fewer fatty streaks than children do
from the same population, suggesting that some fatty streaks must disappear. .’
Progression from the fatty streak stage is associated with extracellular lipid within the
intima, smooth muscle cell proliferation then develops with the formation of a layer of
cells covering the extra cellular liquid, and separating it from the adaptive smooth
muscle thickening in the intima. Collagen is then produced in larger and larger amounts

by the smooth muscle cells. This sequence of events culminates in the formation of the

"advanced plaque".

21.2 Forms Of Advanced Plaque
Most advanced plaques have a lipid core composed of extra cellular cholesterol and

cholesterol esters, some of which is in crystalline form. The lipid core is soft and can be
extruded by pressure. The lipid core occupies anything from 5% to more than 70% of
overall volume of plaque. There are 3 types of advanced plaque; soft, hard and
gelatinous. Lesions containing a lot of lipid are soft in contrast to hard lesions with a
high collagen content. As we shall see, soft and hard lesions have important clinical
implications in relation to the risk of subsequent coronary events. The final type, known
as the gelatinous lesion is a raised soft semi-translucent brown plaque, which contains
no foam cells and has an oedematous connective tissue stroma.

Patients show every possible combination of plaque types in their coronary arteries. It is
not known whether lipid rich plaques evolve spontaneously into purely fibrous plaques
or vice-versa. The significance of gelatinous plaques is unknown.

The formation of much of the lipid core is thought to take place by cell necrosis (or by

apoptosis), ‘other evidence suggests that dead macrophages release lipid into "the
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core".® In addition, smooth muscle cell death and destruction of the plaque collagen by
proteases creates the space within the connective tissue matrix, which becomes filled
with lipid debris, producing the lipid core, which is highly thrombogenic. It contains
lipid in a lamellar form on which coagulation is rapid, collagen with its ability to initiate
platelet aggregation and tissue factor (produced by the macrophages) which has an
important role in the coagulation system.’

The fibrous cap is a structure of considerable importance separating the highly
thrombogenic core within the intima from the arterial lumen. The raised plaque may
either grow slowly and encroach on the lumen or become unstable, rupture and undergo
thrombosis to produce acute obstruction. These two processes however, are not
mutually exclusive, and plaque growth often involves sub-clinical thrombosis. Several
epidemiological studies have shown that in populations the proportion of the intima of
coronary arteries occupied by raised plaques at necropsy mirrors the incidence of
clinically expressed IHD in that population. '° Furthermore, other studies have showed
that populations with risk factors for IHD have more raised plaques than those without
these risk factors. Three issues are worth noting from the relationship between
atheroma formation and clinical events. Firstly, individuals may sustain an acute
coronary syndrome from a single plaque in a strategically important vessel such as the
left main stem rather than several plaques in, for example, a small distal right coronary
artery. Secondly, the composition of the plaque is of greater importance clinically than
the size or number of plaques. Furthermore, the advanced plaque may not always be

seen angiographically.

2.1.3 Inflammatory And Immune Mechanism In Atherogenesis
Recent evidence suggests an increasing role for inflammatory and immune mechanisms

in the development of atheroma. This is evident in the close association of macrophages
and T lymphocytes, both of which are present in large numbers in the region of the
plaque."

These cells are able to release a large number of proteases, cytokines and growth
factors. A key step is the adhesion of these cells to the intact endothelial surface.
Activated endothelial cells express adhesion molecules on their receptors for which
monocytes and T cells have specific ligands. These adhesion molecules include E-

selectin and cell adhesion molecules (CAM)."? Most endothelial adhesive molecules are
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induced by stimuli such as cytokines. In addition modified LDL may also induce
monocyte adhesion.

Adhesion is followed by migration of monocytes through endothelial cell junctions to
enter the intima by chemotaxis. Monocyte Chemotactic protein (MCP-1) is the most
powerful chemo-attractant and is released from endothelial cells, smooth muscle cells
and monocytes after stimulation).'

Inhibitors of monocyte migration include nitric oxide, prostacyclin and possibly fish
oils. The role of T lymphocyte in the atheromatous plaque remains uncertain. One
function appears to be the modulation of the inflammatory process, in particular the
monocyte. T-cells produce Interferon-y, a potent growth inhibitor for both endothelial
and smooth muscle cells. Both Interferon-y and TNF-a produced by macrophages and
lymphocytes down-regulate the scavenger-receptor on the macrophage, inhibiting foam
cell formation. Adjacent to the plaque, in the adventitia of the artery, B-lymphocytes
and plasma cells accumulate indicating an antibody response to antigens such as
oxidised LDL in the plaque. These circulating antibodies have been used to predict the
progression of clinical disease."® Oxidised LDL/antibody complexes can be taken up by
the Fc receptor of monocytes and provide a further mechanism for intracellular
accumulation of lipid.

The phenomenon of infiltration of the coronary arteries by inflammatory mononuclear
cells (revealed in autopsy studies) raised the possibility that atherosclerosis has an
important inflammatory component in its pathogenesis. This chronic inflammatory
disease is characterised by foci of monocytes or macrophages and T lymphocytes in the
arterial wall, as well as proliferation and migration of vascular smooth muscle cells,

matrix formation and neo-vascularization.

2.1.4 Infective Agents and CAD
Evidence has emerged to implicate infective agents in the inflammatory process leading

to the formation of atheroma. Specific antigenic components of Chlamydia pneumoniae
have been demonstrated in atherosclerotic lesions but not elsewhere in the arterial wall.
Furthermore, specific antibodies to this pathogen can be identified serologically in the
blood of many victims of CAD or MI. Helicobactor pylori (H. Pylori) has also emerged
as an important infective agent implicated in the pathogenesis of CAD.'* '* Indirect
evidence includes studies suggesting that childhood deprivation (a condition with a high

prevalence of H. pylori infection) may influence adult risk of CAD.'® Chronic bacterial
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infections have also been linked to the risk of CAD in adults. H. pylori infection is a
chronic bacterial infection of the stomach that is usually acquired in childhood. It causes
an active gastritis in all subjects infected with it, and is now known to be the causative
agent in peptic ulcer disease, and probably gastric cancer.'” These gastric conditions are
more prevalent in patients with CAD. H pylori infection is acquired in childhood and
related to poverty and may partly explain the link between childhood poverty and CAD.
Other evidence comes from H pylori-infected patients who have been shown to have
higher levels of TNF-a and interleukin-6 in their gastric antrum than others not affected.
This has led to the suggestion that infection with H pylori can promote a low grade
chronic inflammatory response, a process which is integral to atherosclerosis."*H. pylori
has also been associated with heat shock proteins which have been implicated in the
formation of CAD. Its relationship to circulating levels of IHD risk factors such as

fibrinogen and factor VII:C are more controversial. ."®

2.1.5 Angiotensin In Smooth Muscle Cell Proliferation
The Renin-angiotensin system (RAS) is involved in the regulation of the growth factors

that control smooth muscle cell proliferation. Angiotensin-II (A-II) plays a pivotal role
in this system (see section 4.2 ). A-II has been shown to promote growth of vascular
smooth muscle cells in certain conditions. Because A-II is a powerful vasoconstrictor,
and calcium is involved in the regulation of muscle growth, it has been proposed that by
increasing the level of cytosolic calcium, prolonged stimulation of vascular smooth
muscle may lead to myointimal proliferation.' Support for this hypothesis is the finding
that A-II also activates the growth-stimulating proto-oncogenes including c-fos via
protein kinase C.2° Furthermore, there is evidence that A-II may stimulate growth of the
vascular matrix and in particular collagen. . ."” Because increased arteriolar growth leads
to a decreased ratio between the lumen and the media of the arterioles, which increases
the arteriolar vascular resistance, such a growth promoting potential of A-II can have an
important effect on the systemic arteriolar resistance and hence on blood pressure and
atheroma formation.

A-II receptors have now been identified in cardiac myocytes. A role for cardiac RAS as
a growth regulator has been proposed. ."” In addition to effects on proto-oncongenes, A-
I appears to up-regulate the cardiac hypertrophic response by inducing the
angiotensinogen gene and the gene for transforming growth factor. This has provided

the link between A-II and left ventricular hypertrophy (LVH). In the Framingham
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study,” LVH was a powerful risk factor for IHD. The physiological effects of A-II
receptor stimulation could include inotropic and chronotropic changes but whether it is
circulating or myocardial RAS that is involved is not clear. The production of A-II is
catalysed by the angiotensin-converting enzyme (ACE). As discussed below, circulating
levels of ACE have been shown to be partly determined genetically.”” This implies that
smooth muscle cell proliferation and atheroma formation could be influenced by

possession of different ACE gene polymorphisms.
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21.6 Vascular Control
Though atheroma is a focal disease, it is associated with abnormalities of vascular tone

in affected arteries which favour vasoconstriction often at inappropriate times such as
exercise. A dominant factor governing vascular smooth muscle tone is the release of
noradrenaline from terminal neurones into the synaptic space, with stimulation of the
post-synaptic vasoconstrictory alpha,-and alpha,-receptors. .'* By altering the rate of
noradrenaline release, a large number of hormones and autonomic signals can achieve
indirect control of the degree of vasoconstriction. The RAS modulates vascular tone
directly and indirectly by the actions of angiotensin-II (A-II). A-II acts to increase the
rate of release of noradrenaline from the terminal neurone by its action on the pre-
synaptic A-II receptor. This is independent of its direct vasoconstrictory effect on the
vascular receptor. As we have intimated above, circulating levels of ACE are genetically
influenced indicating another potential mechanism by which genetic polymorphism of

ACE could be implicated in atherogenesis.

2.1.7 Fibrinogen And Plaque Growth In Atherogenesis
Fibrinogen crosses the normal endothelium to enter the intima. At the sites of potential

plaque formation more fibrinogen enters and is retained for a longer period.”? Within
the plaque, thrombin is generated by macrophage activity leading to intra-intimal fibrin
deposition. Fibrin generation and degradation by plasmin within the plaque are held in
balance, with the former dominating in growing plaque.”* Both thrombin and fibrin
degradation products are potent stimulants of smooth muscle growth. This implies that
the fibrinolytic system does have a key role in atherogenesis. Consequently, if genetic
polymorphisms do influence circulating levels of the key components of the fibrinolytic

system, they may be important risk factors in atheroma formation.

21.8 Vascular Remodelling And The Media In Atherosclerosis
The arterial media is a changeable structure, and has a considerable capacity to remodel.

As atheroma develops, the vessel wall adapts to preserve the luminal dimensions for as
long as possible. Consequently, the external diameter of the vessel increases. This
adaptation is mainly achieved by rearrangement of medial smooth muscle. Glagov et al

have shown that the intima has to be increased by more than 40% of the original cross
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sectional area of the vessel before this capacity of the arterial wall to accommodate the
plaque is overcome.”

Many advanced coronary plaques have a more fundamental local effect on the media
immediately behind the lesion. The media undergoes thinning and atrophy with loss of
medial smooth muscle cells. This results in plaque bulging outward rather than inward.
The external outline of the vessel becomes eccentric although the lumen remains
circular in shape.

The result of the two processes, medial rearrangement and destruction, is that coronary
angiography will always underestimate the amount of intimal disease to a wide and

unpredictable degree. *°

Many angiographically normal coronary arteries will contain
advanced plaques. A new lesion developing on angiography between 2 successive
examinations does not indicate that a new plaque has developed. It may simply be due
to a previously existing advanced lesion that has undergone sufficient enlargement that
the capacity of the vessel to remodel has been overcome.

In ectasia the increase in the external diameter of the artery is so excessive that even
though atheroma is present within the intima, the lumen is enlarged rather than
parrowed. Such ectatic segments may alternate with segments in which atherosclerotic
narrowing has developed. Morphologically, two factors mark ectatic segments; 1)
diffuse involvement of the intima 2) an extreme degree of medial smooth muscle loss.

For these reasons any angiographic study has some limitations, and these are considered

further in a later section.

2.1.9 The Progression Of Atheroma
Lipid accumulation and smooth muscle proliferation inherent in the primary process of

atheroma formation are in themselves capable of slowly increasing plaque volume to a
degree at which the lumen becomes compromised. Sudden increases in plaque volume
that are responsible for angiographic progression are due to the incorporation of
thrombus into the plaque.?’ This process can invoke florid smooth muscle proliferation
as a repair process. A plaque may become unstable and be complicated by formation of
a thrombus. The latter may itself encroach on or occlude the arterial lumen or break
away and embolize and impact in smaller more distal vessels. . .*’

Plaque formation begins in early life, and by the third decade advanced plaques are
common in populations in the developed world. These advanced plaques do not often

cause symptoms and may not be seen angiographically. The transition from
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asymptomatic to the symptomatic phase is related to complications occurring in relation
to the plaque, principally plaque rupture and thrombus formation.

Information about the progression of coronary disease is derived from angiography in
subjects without acute events. Such studies are limited by the insensitivity of the
techniques for non-stenosing plaques. However, in general, progress of an
atheromatous plaque is slow and intermittent rather than a steady linear progression.
Furthermore, progression is largely due to the appearance of new angiographic lesions
rather than the growth of pre-existing lesions. ** Moreover, high-grade and occluding
lesions often develop in segments of the artery previously judged to be normal or to

have minor disease.?® %

2.1.10 Plaque Stability
A greater understanding of the factors that lead to plaque instability and rupture causing
thrombosis is increasing rapidly. Unstable plaques have morphological characteristics
that have given insight into the structural and cellular features of presently stable
plaques. The risk of any individual with coronary atherosclerosis developing an acute
ischaemic event depends on the number of such vulnerable plaques present in that

individual rather than the number of plaques overall.*

Necropsy studies and tissues from atherectomy have compared stable and unstable
plaques. These studies have shown the latter to have a large core of extracellular lipid,
a high density of macrophages containing lipid, a reduced smooth muscle content, and a

thin cap. " *

In plaque rupture, the fibrous cap of a plaque tears, exposing the highly
thrombogenic lipid core to blood in the lumen of the artery. ** **The mechanical strength
of the plaque cap is therefore a vital component of plaque stability and depends on the
amount and organization of collagen and other connective tissue proteins. Smooth
muscle cells exist in lacunae in the plaque cap, where they produce and maintain the
connective tissue matrix on which the cap integrity depends. The production and
degradation of the matrix are held in balance, and the cap tissue is therefore dyanamic.*
Both sides of this equation are detrimentally altered by inflammatory processes within
the plaque. A reduction in the smooth muscle cell density will inevitably lead to a
decline in connective tissue synthesis. There is growing evidence that smooth muscle

cell death by apoptosis occurs in plaques, perhaps related to a decline in growth factors
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needed for their maintenance or to the activity of macrophages in the vicinity producing
reactive oxygen species(ROS).*® Interferon-y production by lymphocytes depresses
collagen synthesis by smooth muscle cells.”®> Enhancement of the catabolic side of the

equation of connective tissue synthesis, however, is probably more important.

2.1.11 The Metalloproteinases
Connective tissue matrix proteins are degraded by a range of proteases, the most widely

3 There are at least 12 members of

studied of which are the metalloproteinase family.
this family, with a large range of molecular weights and with considerable individual
variation in their affinity for different components of the connective tissue matrix. One
form membrane-type matrix metalloproteinase (MT-MMP) is bound to cell membranes,
and its activation plays a role in cell migration. Those with the ability to initiate or
enhance the degradation of collagen include interstitial collagenase (matrix
metalloproteinase-1 or MMP-1), gelatinase B (MMP-9), and stromelysin (MMP-3).
Although several cell lines in the plaque, including smooth muscle cells and basophils,
produce metalloproteinases, the major source is the macrophage. A feature common to
all these metalloproteinases is that they are secreted into the extracellular milieu as an
inactive precursor that is then converted to an active lower-molecular-weight enzyme.
The same cell type, although not necessarily the same cell, also produces tissue
inhibitors of metalloproteinases (TIMPS), which bind to and neutralize the active
enzyme. Control of the catabolism of connective tissue is potentially exerted at three
levels. The first is in the transcription and secretion of metalloproteinases by the
macrophage, the second is at the activation point, and the third is at the level of

inhibition because of binding of TIMPS to the active enzyme.

Observational studies on human plaque tissue have used either in situ hybridization to
show metalloproteinase mRNA or immunohistochemistry to show the metalloproteinase
itself.® The difficulty of such observational studies is that most of the antibodies used
recognize both the active and inactive forms of the metalloproteinase and therefore give
no indication of the balance of the active enzyme with its inhibitor. Nevertheless, these
observational studies have shown large amounts of, in particular, MMP-9 (gelatinase
B)** and MMP-3 (stromelysin) in macrophages in unstable plaques. A biological assay
of dynamic enzyme activity within the plaque can be made by placing the tissue section

on a gelatin sheet and observing where lysis occurs.*” This approach has confirmed that
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an excess of active enzyme over its inhibitor is present in unstable human plaques and is

maximal at vulnerable areas inthe cap.*!

These data suggest that one potential way of inhibiting or preventing atherosclerotic
plaque progression and clinical events is to reduce metalloproteinase production or
activation. Although MMP-9 is emerging as a major member of the metalloproteinase
family in the context of plaque events, it must be remembered that its proenzyme is
constitutively expressed by monocytes and macrophages, for example in fatty streaks,
long before any question of instability of the plaque arises. Mechanisms must therefore
exist for the upregulation of expression, enhanced release of the proenzyme, or increased
extracellular activation. Tumor necrosis factor-o and interleukin-1 are known to
upregulate metalloproteinase activity by macrophages in culture” and are one way in
which enhanced inflammatory activity in the plaque leads to a detrimental effect. The
interaction of macrophages with lymphocytes using CD40 and its ligand also
upregulates metalloproteinases.” Although the classic activation pathway for
metalloproteinases in the tissues is by plasmin,* there is also now evidence that active
metalloproteinases can further activate the proenzymes in the adjacent tissue, that MT-
MMP will induce activation, that mast cells may play a role, and finally, that ROSs can

lead to direct activation of the proenzyme.*

2.2 HAEMOSTASIS
The haemostatic process is often subdivided into five somewhat overlapping

phenomena: vasoconstriction, platelet adhesion, formation of the platelet plug,
coagulation and fibrinolysis. The first event in haemostasis in response to vascular
injury is vasoconstriction. The majority of vessels are capillaries where smooth muscle
cells are absent and haemostasis depends on direct sealing. Breaches in arterioles and
veins on the other hand depend on vasoconstriction, followed by activation of platelets

and coagulation components.

Vessel injury exposes subendothelial tissue with various elements to which platelets can
adhere.*® Collagen and fibronectin interact readily with platelet membrane
glycoproteins. Several adhesive proteins such as von Willebrand factor (vWF)
strengthen the initial bonds. Through the action of activators such as collagen and
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eventually thrombin, the adhered platelets soon become activated, whereby platelet
receptors are expressed and several mediators released. These mediators include,
adenosine diphosphate (ADP), serotonin, thromboxaneA,, platelet derived growth factor
and vWF. These potent inducers of platelet aggregation are capable of recruiting
additional circulating platelets, which in turn adhere and transform the initial monolayer
of platelets into an aggregate. The platelet glycoproteins IIb-IIla on the platelet
membrane undergo a conformational change in the activation process, so that they can
interact with plasma fibrinogen and other adhesive proteins such as fibronectin which
serve to link platelets together into a tighter aggregate. As fibrinogen is required for
platelet aggregation and is an integral part of the coagulation system, the two systems
interrelate. Activated platelets exhibit procoagulant activity through platelet factor 3
(PF3) which presents a platelet surface for the activation of thrombin by factor Xa and

also increases the activation of factor X to factorXa by factorXI.

2.21 The Coagulation System
Maintenance of haemostasis requires the formation of fibrin clot by the coagulation

system. Activated platelets rearrange their surface lipoproteins so that phospholipids on
which coagulation factors can concentrate are exposed to the bloodstream. Furthermore,
they markedly accelerate the formation of thrombin, which occupies a central position
in the coagulation process. Thrombin is formed as the end-result of a chain of reactions,
which transform in sequence a number of coagulation factors present as precursors
(zymogens) in plasma into activated factors. The reactions mainly occur on the
membrane of activated platelets and other stimulated cells and tissue factor (a
membrane protein that is exposed to the blood for example after trauma) on which these
factors bind. Because of the low concentration of coagulation factors in plasma and the
abundance of circulating inhibitors, the interaction of procoagulants and their
subsequent activation would proceed only slowly unless they concentrate on
phospholipids where they are protected from inhibitors. Coagulation factors are
activated mainly through limited proteolysis.

The traditional scheme of the coagulation cascade distinguishes an intrinsic from an
extrinsic activation pathway. The two pathways both result in the activation of factor X
which converts prothrombin to thrombin a final common pathway to fibrin formation.

The two pathways do not act in isolation, and there is in addition cross-activation of the
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two pathways.

The extrinsic pathway is triggered when tissue factor present on non-vascular cells is
exposed to blood. Factor VII (FVII) binds to tissue factor and is rapidly activated to
FVIIa. FVIIa then activates factors IX and X leading to thrombin generation. That FVII
is essential to ensure normal haemostasis is underlined by the bleeding condition of
patients with severe congenital FVII deficiency.

The reaction sequence in the intrinsic pathway is initiated by contact of platelets and/or
coagulation components with subendothelial tissue. The initial contact phase involves
factor XII (Hageman factor), prekallikrien and high molecular weight kininogen. The
activation of factor XII is facilitated by kallikrien. The latter is generated by small traces
of FXIIa from prekallilrien. FXIIa now converts FXI to FXIa. Factor XlIa activates FIX
to IXa which then catalysis the activation of factor X in the presence of phospholipid
and factor VIII. See fig 1.

In the common coagulation pathway factor Xa generates thrombin from prothrombin in
the presence of phospholipid. Thrombin cleaves fibrinopeptides A and B from
fibrinogen to produce fibrin. Thrombin also activates factor XIII which in the presence
of ionised calcium stabilises fibrin in a cross-linked mesh. Thrombin also promotes the
activation of factors XI, VIII, and V.

The cascading nature of the coagulation system requires effective inhibition to prevent
consumption of coagulation factors, which generally circulate in low concentrations.
Factor VII is inactivated by the formation of a complex involving a lipid-associated
coagulation inhibitor (LACI), tissue factor, phospholipids and calcium ions. LACI is the
same molecule as the extrinsic pathway inhibitor (EPI) and appears to be the only
plasma inhibitor of the catalytic activity of factor VIla-tissue factor complex.

Several mechanisms help to prevent uncontrolled formation of fibrin in the circulation.
First, coagulation remains a strictly localised process because it requires negatively
charged surfaces which are in the first place provided by activated platelets. Platelet
activation, in turn, is limited to sites of vessel injury. Furthermore, flowing blood will
itself rapidly dilute any inadvertently activated clotting factor before it perpetuates the
reaction sequence to form fibrin. Finally, a number of proteins circulate in the blood to
inhibit the coagulation process at various stages of the cascade in addition to those
mentioned above. Two of these appear particularly important to prevent thrombosis:
antithrombin and protein C.
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Antithrombin III inhibits thrombin and the activated forms of several coagulation
factors, but inhibition of thrombin and of factor Xa are particularly important and
clinically relevant. Protein C is a proenzyme that is activated by thrombin to become a
serine protease that inhibits factor Va and VIIIa. Protein S is another vitamin K
dependent protein that appears to function as a cofactor for activated protein C by
facilitating its binding to membrane phospholipids.

In addition to being a powerful anticoagulant, activated protein C initiates fibrinolysis
by releasing tissue plasminogen activator (t-PA) from the endothelium and neutralises
plasminogen activator inhibitor.

Thrombin in association with intact endothelium induces the production and release
from the vascular endothelial cells of two highly potent local anti-aggregatory
vasodilators: prostacyclin and nitric oxide. These are thought to provide significant
antithrombotic protection for microcirculatory beds adjacent to sites of thrombus

formation.
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Figure 1 The Coagulation cascade
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222 Plaque Thrombosis
Two different mechanisms are responsible for thrombosis on plaques.”” Each process

can cause either microthrombi or at the other extreme thrombosis sufficient to occlude
the lumen. The first process is superficial intimal injury, a process that involves
denudation of the endothelial covering over the plaque. Subendothelial connective
tissue matrix is exposed and platelet adhesion due to reactions with collagen occurs.
The thrombus becomes adherent to the surface of the plaque. . .*’

The second process is deep intimal injury; this process involves an advanced plaque
with a lipid core. The plaque cap tears, allowing blood from the lumen into the lipid
core which is a highly thrombogenic material. Thrombus thus forms within the plaque,
expanding its volume and distorting its shape. Subsequently, thrombus may extend into
the lumen, although this is not inevitable. This process of mechanical tearing of the
plaque has been referred to variably as plaque fissuring, rupture and ulceration, and is

clearly central to the processes that lead to acute coronary syndromes. .*’

2.3 EVOLUTION OF CORONARY THROMBOSIS

Coronary thrombosis is a dynamic process, involving mechanisms within the vessel
wall. Spontaneous lysis due to activation of plasminogen bound to fibrin is rapid and
initiated by any tissue damage in the intima. If not removed by lysis, surface thrombi
are rapidly organised and incorporated into the vessel wall. Thrombus invokes smooth
muscle cell proliferation with these cells invading the thrombus and replacing it with
collagen. The repair processes that follow deep intimal injury are more complex and
there are a range of possible outcomes. Spontaneous fibrinolysis of thrombus within the
lumen is responsible for transitions between occlusive to mural thrombus, and often to
restoration of the lumen. If intraluminal thrombus is not removed by lysis, it is invaded
by endothelial and smooth muscle cells. The thrombus is thus converted to a mass of
collagenous tissue through which new vascular channels may develop. Studies of
coronary arteries taken from control subjects who have coronary atheroma but no
history of IHD and who have died of accidental causes, show that small episodes of
plaque fissuring and resultant intraplaque thrombosis are not uncommon.”’ In subjects

without diabetes or hypertension a small recent plaque fissure has been found in 8% of
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subjects while in those with these risk factors the frequency rises to 16%. Such data
indicate that plaque fissuring is an integral part of the progress of atheroma and not
simply a cause of an acute coronary ischaemia.” A major determinant of whether plaque
rupture leads to clinical symptoms must be whether intraluminal formation of thrombus
occurs. Acute MI is associated with occlusive thrombus whereas unstable angina is

associated with non-occlusive thrombus.

2.4 THE PROPENSITY TO THROMBOSIS
2.41 Fibrinolysis vs. Thrombosis
The propensity of the thrombus to cause an occlusion depends on the balance between
systemic thrombotic potential and systemic fibrinolytic activity. Fibrin is primarily
cleared from the circulation by the fibrinolytic system that acts as an antithrombotic
defence mechanism. Plasmin is the effector enzyme of the system. It is formed from an
inactive precursor, plasminogen, under the action of plasminogen activator. The most
important physiological activator is tissue plasminogen activator (t-PA). “Controlling
the release of t-PA represents a first way of regulating fibrinolysis. However, the most
important regulation comes from the interaction of the interaction of t-PA with specific
inhibitors of which plasminogen activator inhibitor-1 (PAI-1) is the most important.*
Clinical studies support a role for an elevated plasma level of PAI-1 in the genesis of
thrombotic events. Circulating levels of PAI-1 has been shown to be partly controlled
genetically. Polymorphisms of PAI-1 may therefore influence the thrombotic process
and acute coronary events. The fibrinolytic system is dealt with in more detail in section

4.5.

2.4.2 Summary Of Atherothrombosis
Occlusive thrombi, which consist of platelet and fibrin, frequently precipitate acute

ischaemic events. Rapid progression of atherosclerotic plaque with rupture of the plaque
surface, as provoked, for example by plaque haemorrhage, causes platelet adhesion and
aggregation where subendothelial tissue has been exposed. High sheer stress as occur at
critical arterial stenosis might also promote mechanical plaque ulceration and platelet
activation, which is ultimately followed by fibrin deposition to stabilise the early
platelet thrombus. The same basic mechanisms, which regulate the formation of a

haemostatic plug, are responsible for the development of a pathological thrombus. The
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degree of pre-existing stenosis, the severity of the intimal damage and the local balance
between prothrombotic, antithrombotic and thrombolytic forces determine whether the
platelet-fibrin thrombus remains limited to seal the fissure or evolves into an occlusive

thrombus.
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3.0 EPIDEMOLOGICAL METHODS

In the search for risk factors, it is important to be aware that there are differences in risk
factor patterns between different countries. Factors may be of markedly different
importance depending upon the prevalence of other factors in the Community. For
example, among the Japanese, smoking seems to be of limited risk compared to its
importance in the Western world. A probable explanation is the low cholesterol levels

in Japan compared to many Western countries.

3.1 DEFINITION OF A RISK FACTOR
A commonly used definition by epidemiologists of a risk factor is that its presence is

associated with increased risk of morbidity and mortality, without necessarily imputing
a direct causal relationship between the factor and the disease process. A risk factor can
be inborn (genetic) or acquired (environmental) and should be present before the disease
is manifest (clinically or sub-clinically). After detection of an association between risk
factor and disease, further studies should be directed at investigating its role as an
independent risk factor, a causal relationship and whether modification of the factor
alters disease activity. However, it is not always necessary to completely define the
factor as causally linked in order to recommend modifications of that factor.

In the setting of IHD, the search for risk factors traditionally starts with cross-sectional
case-control studies that compare patients who have survived MI with randomly chosen
control subjects from the same population. These studies are liable to bias however, as
special characteristics of the non-survivors are missed. They do not provide quantitative
measures of the absolute risk of IHD associated with the factor. In addition, the disease
itself may have caused changes in the risk factor after the event. However, case-control
studies are cost-effective and easier to conduct than large-scale prospective studies.
They and are often performed as pilot studies to obtain information on what factors need
to be studied prospectively.

Prospective studies of large population groups are often continued for long periods of
time. If sufficiently large and therefore statistically valid they can provide valuable
information on absolute, relative and independent risk factors. However, sophisticated
multivariate analyses should not replace biological plausibility regarding cause and

effect. Some risk factors may lose statistical weight after multivariate analyses due to
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strong correlation with others, but may still represent important clinical endpoints. For
example, obesity is associated with dyslipidaemia and hypertension, but disappears as
an independent risk factor in many multivariate analyses, although it usefully serves as a
surrogate and potentially modifiable risk factor in the early chain of events lending to
IHD. As many as 246 risk factors have been linked to IHD many of which are closely
related and may interact with each other. It is therefore important to determine which
are of greatest (causal) importance for IHD, and moreover, which are modifiable.”

Serum cholesterol level, smoking and hypertension have emerged in several studies as
the 3 major independent risk factors for IHD in the Western world. Together, they
account for nearly half of the variation seen in the incidence of IHD between different

populations.

It is worth emphasising that acquired risk factors can change with time and will have
implications when observing a cohort of patients over a given period. Peto has shown
that repeated measurements of a variable will give a considerably better prediction and a
steeper 'dose-response’ curve than a single measurement.’? It is for this reason that
genetic risk factors (which do not change with time in an individual) have entered the

scientific arena in recent years for evaluating the aetiology of IHD.

3.2 RISKFACTORS FOR CAD
The observation in the 1950's of the striking differences in the frequency of IHD

between different countries stimulated the search for various predictive factors for CAD.
Risk factors can be divided into reversible (modifiable) and irreversible (unmodifiable)

as shown below.

IRREVERSIBLE REVERSIBLE

Age Smoking

Male Gender Hypertension

Race Diabetes mellitus
Family History Hyperlipidaemia

Social class

Haemostatic factors
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3.3 IRREVERSIBLE RISK FACTORS
3.31 Age
The incidence and mortality of IHD increase with age. From age 35-44 to 55-64 there is
a 15-fold increase in IHD amongst men and about 30-fold increase in women.
Consequently the male/female ratio decreases with advancing age. CAD is the leading
cause of death amongst males by the 4th decade of life and among females by the 6th

decade. Advanced age is also a poor prognostic factor post-MI.**

3.3.2 Gender
The incidence of IHD is higher in men compared to women for most age groups.

Between the ages of 50-59, it is about 5 times as common in men. The incidence in
women after the menopause rises sharply, diminishing the gender difference. It seems
likely that the gender difference may be partly explained by the hormonal milieu
offering protection to the pre-menopausal female. Data relating IHD rates in women
who have had premature ovarectomy (with a consequent increase in IHD prevalence)
supports the hormonal hypothesis™

Environmental differences may also play a role. Until recently, smoking has been
considerably less common amongst women. Differences in abdominal fat distribution
have been reported as providing an explanation for the gender difference.”” Such
constitutional differences must, to a large extent, reflect genetic differences between the
sexes.

The recognised risk factors for [HD in general tend to operate in both sexes, however,
what is intriguing is that obesity and more importantly diabetes mellitus seem to have a
much greater effect amongst women. Furthermore, women who have suffered a MI
seem to lose their protection and have a worse prognosis than their male counterparts.
These gender differences, and the possible mechanisms are discussed in more detail

later in chapter five.

3.3.3 Race
IHD affects all racial groups. The genetic background that influences major risk factors

has not been fully investigated although available evidence suggests that differences
exist in the incidence of IHD between populations. Compelling data from migration

studies on Japanese in Japan, Hawaii and USA demonstrate the strong influence of
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environmental factors such as diet and smoking. ** Asian immigrants in Britain have a
higher incidence of IHD than the indigenous population.”’ Whilst cigarette smoking and
blood pressure tend to be lower among Asians, the incidence of diabetes is much higher,
and is associated with a higher population attributable risk to IHD than other
populations.”® Furthermore, South Asian migrants are characterised by features of the
metabolic syndrome of which insulin resistance plays a central role.”. Raised levels of
plasma plasminogen activator inhibitor-1 (PA1-1) have recently been included as a
feature of the metabolic syndrome, and it has been postulated that the resulting
prothrombotic state may contribute to the measured cardiovascular risk. In this respect,
the genetics of PA1-1 presents us with a possible reason for the racial differences in the
incidence of IHD. In a study of diabetic subjects, those of Afro-Caribbean race were
characterised by an absence of the genotype 4G/4G which is associated with the highest
circulating levels of PA1-1 and with a history of myocardial infarction.% .

The gene encoding angiotensin-converting enzyme (ACE) has important allelic

differences in different racial groups. The significance of this remains to be elucidated.

3.3.4 Family History
Familial clustering of [HD has been known since the studies of Slack and Evans, which

indicated that there was a-2.5 - 7 fold, increase in the risk of fatal MI in first degree
relatives of patients with this disorder.”” This may be due to factors that are

environmental, genetic or both.

3.3.5 Environmental And Genetic factors
Environmental factors such as diet and smoking habits tend to be similar among family

members. There is genetic predisposition to the established risk factors for IHD
such as dyslipidaemia, diabetes mellitus, hypertension and obesity. In a prospective
study of 4014 healthy subjects, men under 60 years with a positive family history of
stroke had a higher mean blood pressure and plasma cholesterol concentrations
compared to those with a negative history. In addition older men with a positive history
of stroke had a higher incidence of diabetes mellitus.”? Conversely, in a prospective
study of 4050 men in Finland, no association was found between having a family
history of premature CAD (under age 50) and risk of either stroke or MI when other
factors were adjusted for.’* ® Other studies have also failed to show an association.*

Clearly these studies highlight the uncertainties that still exist about the importance of
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family history as an independent risk factor for CAD. There are difficulties inherent in
these studies in which a primary risk factor must be distinguished from a genetic
tendency to that risk factor, an increased susceptibility in some families to the effect of
such a risk factor and the shared environmental influences that exist within families.
The situation may be compounded further by the probability that two or more of these
factors may be operative and by the fact that the family history status may change with
the development of new cases of CAD in family members.

It has been argued, rather controversially, from these studies that a positive family
history as an independent risk factor is not of the same magnitude as hypertension,
smoking, diabetes and hyperlipidemia. * The importance of a particular risk factor must
differ not just between populations, but within populations. The genetic background
may also determine other, as yet unidentified risk factors. It is unlikely that a single
gene is responsible for this effect since the different risk factors that influence IHD are
in turn affected by several genes. The heterogeneity of familial hypercholestrolaemia
and associated IHD events exemplifies this well. The role of genetic alterations that

separately or in concert contribute to IHD is currently under intense investigation.

3.4 REVERSIBLE RISK FACTORS
3.4.1 Smoking

Several longitudinal studies have shown that smoking is associated with a higher
incidence of IHD and risk of death.®® A dose-response relationship to risk has also been
shown in some studies. Cigarette smoking causes endothelial dysfunction, platelet
aggregation and an increase in fibrinogen levels all of which are important aspects of
atheroma and thrombosis although the precise mechanism is unknown. The
demonstration of an association between smoking and IHD is not proof of causation,
since it can be argued that smokers and non-smokers differ in aspects other than
smoking, which may predispose to IHD. The evidence for a causal relationship
however, comes from the following:

The consistency of the relationship demonstrated in many studies in many countries.
The strength of the risk, which is 3 fold greater amongst heavy smokers compared to
non-smokers; Its independence to other factors; The lower risk of IHD in ex-smokers;
the greater the number of years as an ex-smoker, the closer the mortality risk to that of a

life-time non-smoker. A decrease in IHD amongst middle and upper class associated
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with a decrease in smoking in this group, with no change in the lower social classes

either in smoking habit or incidence of THD.*

3.4.2 Blood Pressure
Risk of IHD is related to increasing levels of systolic and diastolic BP in a direct and a

continuous manner with no clear cut-off point below which risk becomes negligible. In
most epidemiological studies, systolic BP has been a better predictor than diastolic, but
a combination of the two is more informative. Especially among the elderly, it has been
shown that systolic BP elevation is associated with increased risk. As intimated
above, from an epidemiological point of view there is no natural level at which an
individual can be defined as "hypertensive". The definition is based on a rather arbitrary
level at which people are labelled as hypertensive in order to initiate treatment. The
prevalence of hypertension may be closely related to shifts in the whole distribution of
population values. Thus, in populations in which BP's are moved far to the left, there is
no hypertension. Rose.® It is of note that in some rural and nomadic populations, BP
does not increase with age.

Hypertension is closely related to other risk factors for IHD. It forms part of the
metabolic syndrome. It has been shown to be related to physical inactivity, excessive
intake of salt, excessive alcohol use and possibly to the balance of polyunsaturated to
saturated fats. Psychological stress may also be important.

It has been postulated that hypertension is an aggravating factor for IHD provided
sufficient atheroma is established. Evidence for this comes from studies from Japan in
which elevated BP seem to be less important for IHD risk perhaps because of the low
serum cholesterol levels®. Conversely in populations with relatively high levels of
serum cholesterol, the increased risk associated with hypertension is similar to that of
serum cholesterol. A recent meta-analysis of 14 randomised trials in which the diastolic
BP was reduced by 5-6mm of mercury showed a good and predictive effect for stroke,
but was less predictive of IHD.®” Furthermore, studies among elderly patients have also
indicated beneficial effects on total mortality when BP was reduced, but the risk
reduction on IHD was not significant.”, It would appear then that BP reduction, which
on the whole has not been very effective, does not lead to full reversibility of IHD risk.
Elevation of BP is associated with several other risk factors, and it may well be that its

risk on IHD is conveyed through other risk factors.
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3.4.3 Diabetes Mellitus And Insulin Resistance
Diabetes mellitus occurs in an estimated 4% the UK population of which half is

undiagnosed. Macrovascular disease accounts for 75% of all deaths, whilst
cardiovascular disease accounts for up to 3 times the mortality of subjects without
diabetes.”

Additionally, the incidence of asymptomatic IHD in diabetes is much higher than in
non-diabetic subjects. Population studies indicate that age-adjusted mortality rates for
IHD are 2 to 3 times and 7 times higher among men and women respectively with
diabetes than in those without the disease”. Angiographic studies indicate that patients
with diabetes tend to have a greater number of coronary arteries involved by disease.
Whilst most of the known risk factors for the development of CAD occur in excess in
diabetes it has been estimated that they still only account for 25% of the excess risk. In
the diabetic milieu 3 major abnormalities exist that could contribute to this state of
affairs: hyperglycaemia, with associated protein glycosylation, changes in lipoprotein
metabolism and insulin resistance. Some of the possible mechanisms involved in the
pathogenesis of vascular disease in diabetes include abnormalities in the polyol
pathway, platelet function, coagulation, fibrinolysis, anti-oxidant status and blood flow.
In particular, patients with type 2 diabetes mellitus are characterised by suppression of
fibrinolysis, which may contribute to the development of CAD.

Resistance to the action of insulin is a feature of type 1 and type 2 diabetes mellitus and
of Reaven’s syndrome (Syndrome X).”” The prominent feature of this syndrome is a
clustering of cardiovascular risk factors around insulin resistance. There is suppression
of fibrinolysis through raised levels of PAI-1 and it has been postulated that it is this

relationship which provides one of the links between insulin resistance and [HD.”

3.4.4 Coagulation And Fibrinolysis
Thrombus formation has an important role in the pathogenesis of myocardial infarction.

The implication of this well established phenomenon is that the haemostatic system has
an important role in the evolution of acute myocardial infarction and that tests of

haemostasis may help to predict patients at risk.

3.45 Coagulation
Meade et al in 1980 reported fibrinogen level as a predictor of subsequent development

of IHD in middle aged men.” This has gained support from other large prospective

studies.” Circulating fibrinogen levels have a major genetic component, and raised
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levels are associated with smoking, lower social class and increased stress. .*.’> 7°

Patients with hypercholestrolaemia and hypertriglyceridaemia have been reported to
have raised fibrinogen levels.” In the recent ECAT study, cholesterol was associated
with a high risk of subsequent ischaemic event in as far as it was associated with raised
fibrinogen levels.”

Evidence is emerging that increased levels of Factor VII may be an independent risk
factor for IHD.” Its activity is influenced by dietary fat, and can be rapidly reduced by
dietary methods. The traditional Eskimo diet of polyunsaturated fat produces a
prolonged bleeding time. It is not clear whether this results in protection from CAD, but
diet can be seen to have major effects on platelet function and prostaglandin
metabolism.

Abnormalities of fibrinogen metabolism might be linked directly to lipoprotein
abnormalities. Plasminogen and lipoprotein a (Lp(a)) have a similar molecular
structure. Raised levels Lp(a)are associated with atherosclerosis,”® and the kringle
structures common to both proteins are responsible for binding of plasminogen to fibrin
prior to activation to plasmin. It is possible that Lp(a) might bind in this way and block
fibrinolysis either by preventing activation of plasminogen or by preventing initial

access and binding of plasminogen.

3.4.6 Fibrinolysis
PAI-1 is the main inhibitor of fibrinolysis, and raised levels have been associated with

the atherothrombotic process. This is discussed in more detail in chapter 4.

3.4.7 Platelets
The importance of platelets in the pathogenesis of CAD rests on 2 pieces of accepted

wisdom; first, that platelets in association with subendothelial interactions have pivotal
effects on haemostasis, and second, that the use of antiplatelet agents such as aspirin
have beneficial effects on outcome.

Platelets do not only contribute to the late thromboembolic complications of obstructive
arterial disease, they also play a critical role in the development of early atheroma. The
available evidence indicates that flow disturbance in a vessel with damaged endothelium
leads to attachment of platelets to the subendothelial layer. This interaction is promoted
by vWF, a finding supported by the association between increased circulating levels of

vWF and re-infarction. Attachment of platelets would lead to the release of growth

39



factors and platelet activation products thus further promoting the development of both
atheroma and thrombosis. Other studies have demonstrated an association between

platelet aggregation and myocardial infarction.®

3.4.8 Cholesterol
There are now several studies that point to raised total serum cholesterol as an

independent risk factor for IHD.* The risk seems to be predominantly due to high
levels of LDL cholesterol, and provides the background for acute coronary events. The
available evidence suggests that raised serum cholesterol is a necessary factor for IHD.
In communities with low levels of total serum cholesterol, there is a low incidence of
IHD, but even in these communities there is a gradual increase of risk with increasing
levels of serum cholesterol. .*. Moreover, in these countries smoking does not appear to
be a risk factor for IHD, pointing to the importance of serum cholesterol as a necessary
factor for the development of IHD.

The total serum cholesterol level within a country does not vary as much as it does
between countries. These differences are likely to be due to genetic as well as
environment factors or more correctly to differences in gene-environment interactions.
Within a country there is a continuous relationship between serum total cholesterol
concentration and incidence of IHD as well as mortality. *

In the Multiple Risk factor Intervention Trial (MRFIT),”, men in the lowest fifth of the
cholesterol distribution were regarded as the baseline risk group. Above this level, risk
for mortality from IHD increased with the serum levels. In men in the top quintile, the
relative risk was 3.4 compared to men in the lowest fifth (However, even in the lower
cholesterol levels, a risk gradient was still seen).

Non-fatal myocardial infarction has also been shown to be related to serum cholesterol
level in a similar way, and the findings are consistent among different populations™ *
Some previous studies suggested that there was an increase in total mortality at the
lower end of the total serum cholesterol concentration. However, the recent 4S study, a
cholesterol-lowering prospective study of 4444 patients with Simvastatin has helped to
resolve some of the controversy in this area.®’ Patients with evidence of IHD who had
their cholesterol lowered (from 5.5-8mmol/1), had a 30% risk reduction in total
mortality whatever their cholesterol level. Furthermore, the West of Scotland Study has
extended the findings of 4S to include primary prevention (i.e. of patients without

evidence of THD®.
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3.49 High Density Lipoprotein (HDL)
The concept of HDL playing an important role in mobilising cholesterol from the tissues

(reverse transport) is now firmly established. The inverse relationship between plasma
levels of HDL cholesterol and the incidence of IHD has been observed in prospective
epidemiological studies from several countries®®*’. In the British Regional Heart Study,
men in the lowest quintile of the HDL distribution had a two-fold risk of a major
ischaemic event”. In the Framingham study, a beneficial effect of increased levels of
HDL cholesterol on decreased risk of IHD was reported in both sexes®.

Based on the evidence linking levels of lipids and lipoproteins to the incidence of IHD,
the use of total serum cholesterol has been questioned, with advocates of LDL: HDL
ratio or total cholesterol: HDL ratio, as a useful means of judging an individual's future
risk of IHD. However, because high total serum cholesterol is rarely due to a high
proportion of HDL cholesterol, measurement of the former as a good indicator of IHD

risk is still widely used.

3.4.10 Triglycerides (TG)
Elevated fasting plasma TG has been implicated as a risk factor for IHD. Because of its

strong positive correlation with serum total cholesterol, in some Scandinavian studies
the significance has been lost in multivariate analysis. Consequently its importance as
an independent risk factor has been questioned®. In the Evans County Study, elevated
TG was associated with increased risk of IHD only among white women aged 50 years
and older.” In the Framingham study, elevated TG was found to be an independent risk
factor in men, especially in those with a high plasma LDL cholesterol/HDL cholesterol
>5, but was a greater predictor in women.” Serum TG is significantly and positively
correlated with serum total cholesterol, body mass index (BMI), and negatively with
HDL. 1t is difficult, statistically, to separate the effects of high TG from that of low
HDL, because the two are linked metabolically.

A prospective interventional study in which TG reduction is shown to reduce

cardiovascular mortality seems to be the only way of resolving this.

3.4.11 Chronic Infections
Recent studies have reported an association between infections with helicobacter pylori

' and Chlamydia pneumoniae with CAD.” It has been postulated that by promoting a
low grade chronic inflammatory response with the release of interleukins and possibly

fibrinogen, '® these infections may contribute to the atherogenic process."
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3.5 SYNERGISTIC EFFECTS OF RISK FACTORS
It has been known for many years that the prediction of cases of major IHD can be

improved by assessing the combined effects of several risk factors acting
simultaneously. In a study of men born in 1913, it was found that the 3 major risk
factors; smoking, hypertension and cholesterol acted in synergy to increase risk.’" ®.
These factors usually act in an independent but additive fashion to create a high risk
group. In the ECAT study, for example, levels of cholesterol, fibrinogen, vWF and tPA
antigen were independent predictors of subsequent events in patients with angina
pectoris.” Furthermore, in patients with high cholesterol levels, the risk of coronary
events rose with increasing levels of fibrinogen. It is not only these “environmental
factors” that act in concert. It would be expected that the genes that influence these
factors might act in synergy with each other and perhaps with other “environmental
factors”. This concept was put to the test with the publication of the first study linking
the angiotensin converting enzyme (ACE) genotype (DD) with the risk of myocardial
infarction.”® The overall increase in risk was modest, with an odds ratio of 1.34 in
patients with the DD genotype. It is only when a subgroup analysis was carried out in
patients who had sustained an infarct despite being at low risk, that the presence of the
deletion genotype DD assumed much greater importance with an odds ratio of 3.2. The
DD genotype was therefore acting independently and in a non-additive manner to other
classical risk factors such as smoking, hyperlipidaemia and hypertension. This is
unusual, because as indicated above the other risk factors interact cumulatively to create
high-risk individuals. If the hypothesis proposed by Cambien et al is correct, we are left
with an unusual problem, namely, identification of the DD genotype helps us to define a
high risk group but only if they do not have other (more) classical risk factors. On the
other hand it may provide us with some insight into the mechanisms of the
atherothrombotic process. The group have argued that their finding does explain the
phenomenon whereby patients with no risk factors present with an MI, this requires

confirmation and is discussed further below.
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4.0 GENETIC POLYMORPHISMS

41 INTRODUCTION
As the above account would make clear, atherogenesis is a multifactorial disease, an end

product of many influences both environment and genetic, this may be expressed in
terms of a Venn model (figure2). The sets define subgroups in the general population.
A, defines those exposed to a highly atherogenic environment. B, represents a subset
exposed to a higher than background risk due to a disorder known to predispose to
atheroma such as hypertension and diabetes mellitus. C, represents those possessing
genetic variants conferring a predisposition to develop atheroma. When this genetic
liability coincides with other risk factors atheroma develops. However, prediction of
CAD is ineffective due to difficulties in the relative weighting of these factors for any
individual. Progress may be made by limiting early environmental risk factors in

individuals with a specific genetic predisposition.

A

Figure 2. Venn diagram demonstrating factors that may interact to produce
atherosclerosis. Subset A: members exposed to atherogenic environment; Subset B:
individuals with disorder predisposing to atherosclerosis. Subset C: individuals with

genetic predisposition.
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The evidence for aggregation of premature CAD within families was briefly reviewed
above. Slack and Evans (in family studies) analysed first degree relatives with CAD and
showed the increased risk of death from CAD was 5 and 7 fold greater than in matched
controls for males and females respectively.® Since then other studies have confirmed
this finding.”* ** Further evidence comes from twin studies.” Berg found concordance
rates for angina pectoris or MI in monozygotic twins to be 0.65 as compared with 0.25
in dizygotic twins. If twins with premature CAD appearing before the age of 60 were
alone considered these figures were 0.83 and 0.22 respectively. The Venn model
described above helps to explain some of the features of atherosclerosis. Firstly, the
relatively high frequency of the disease in the Western world may be related to the fact
that genes conferring susceptibility to atheroma would be at no selective disadvantage
under favourable environmental conditions and thus be expected to be widespread in
healthy subgroups. Secondly, in the face of such a complex model, the failure of
classical genetic epidemiology to elucidate recognisable patterns of disease inheritance
becomes easily explained.

DNA technology has made it possible to study 'CANDIDATE GENES'. This is defined
asa gene whose protein product could plausibly be involved in the process of atheroma

and/or thrombosis.

4.1.2 Principles For Identification Of Genetic Polymorphisms
To determine which of the 1.4 million potential genes in the human genome are likely to

be involved in the pathogenesis of atherothrombosis, two complementary but different

approaches have been used:

CANDIDATE GENE TARGETING

This assumes that those genes known to code for a protein (intermediate phenotype)
suspected to be involved in the atherogenic process are the genes most worthy of study.
For example a candidate gene approach may involve concentrating on a gene producing
a protein known to be central to lipid metabolism, such as apolipoprotein B. By using
various molecular genetic tools to identify polymorphisms in that gene, one could
proceed to see if the relative frequencies are altered between patient and control groups

in various racially different populations.
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The identification of candidate genes uses at its source the wealth of data regarding
proteins that have been identified, characterised and thought to be implicated in the

onset or development of atherosclerosis as intimated above.

COMPLETE GENOMIC MAPPING

Early approaches were based on the production of complementary DNA and genomic
DNA libraries, which allow the isolation of random unique DNA fragments with regular
spacing along each and every chromosome and the subsequent use of gene fragments as
hybridisation probes to detect Restriction Fragment Length Polymorphisms (RFLP).
Pedigree studies are then pursued and should any association be found, the gene
fragment can be mapped to the genome. Then by “walking along” the chromosomal
segment with further probes one might expect to be able to pinpoint the aetiological
mutation involved.”

A more recent is to make use of Microsatellites or short tandem repeats (STR). These
have a large number of alleles for each locus and are spread throughout the genome and
can be used as markers for disease traits. An example of this is the CA repeat region in
the PAI-I gene as discussed in section 4.6.

An initial trawl is performed using 400 STR markers throughout the genome. If any
markers show linkage to the disease of interest, a second screening is performed with
closer markers in that region of the genome.

The genes in the defined region are identified, and functional studies are then
performed.

Other workers have used the Single Nucleotide Polymorphism (SNIP) maps. These
markers are at a higher density and can be used to pinpoint functional polymorphisms.
The candidate gene approach is only useful and a quick method when the assumptions
made with regard to disease causality is correct. The Microsatellite and SNIP
* approaches are not based on such assumptions. The gene(s) involved in the disease can
be identified without prior knowledge of its existence or involvement.

Our justification for the candidate approach was because the intermediate phenotypes
(circulating levels of PAI-I and ACE) were implicated in the atherothrombotic process.
By examining these candidate genes the relationship to disease could be studied.
Although this is a quick method for identifying functional polymorphisms within these
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genes, such an approach could miss important mutations in other genes that could alter
the circulating levels of these intermediate phenotypes.

The Microsatellite approach could identify such un-linked genes that could directly or
indirectly modulate the levels of these gene products. However, such an approach is
more intensive, expensive and time-consuming.

These recent approaches were unavailable in our unit at the time the present work was
conducted.

Large nuclear family studies

Many less complex genetic conditions have been effectively studied by segregation of
family members into affected and unaffected categories. Subsequent analysis of the
gene transmission patterns have then been performed to determine the presence or
absence of linkage disequilibrium (inheritance of gene loci more or less frequently than
expected based on known allele frequencies and mendelian inheritance patterns).
Thereafter abnormal genes have been cloned and identified by direct sequencing or by
use of restriction enzymes. This approach has not received much attention in the study
of myocardial infarction because (a) it is considered to be genetically and otherwise
more complex (b) because it presents late in life making identification of unaffected
individuals difficult (c) it is often fatal resulting in loss of informative genetic
information.

Nevertheless new statistical methods have been described that permit this approach in
multiple small pedigrees. The transmission disequilibrium test (TDT) described by
Spielman in 1993 originally required multiple trios (two parents and a single affect
offspring).”® Later modifications suggest that only a single parent is required (TDT-1).
Furthermore the test remains valid in the presence of no parents based on larger
collections of affected (A) and unaffected (U) siblings (S-TDT). The use of TDT
requires both parents to be heterozygous making collection of subjects more difficult.

Furthermore, it necessitates recruitment of much larger numbers.
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Discordant-Sibship Test(STD) for disequilibrium and linkage

More recently, the discordant-alleles and discordant-sibling disequilibrium tests
suggests that both pairs (AU) and preferably (AAU or AUU) can be informative both
separately and in combination with other information that may be available from
surviving parents and additional siblings.” Basically, this is a non-parametric sign test
that compares within each family the number of alleles in affected siblings versus those
in unaffected siblings. As well as being a valid test for gene-disease association it is
also able to test for linkage between any disease-causing/modifying genetic
polymorphisms and the genetic markers studied. In addition, false-positive results that
may be caused by population stratification are avoided, statistical power is greatly

increased and hence conclusions regarding diseases-causation/modifying are more valid.

When analysing the genetic component as CAD, the major aim is to identify those
common genetic variants that will alter expression of a single gene in a relatively small
but significant way. These common variants will not precipitate disease in an individual
alone, but on a population basis could be associated with an increased risk of disease. It
will then be possible to build a risk factor profile for an increased risk of disease based
not on levels of plasma proteins but also on genotypes for common functional variants.
This may be a more reliable risk profile than single measurements of basal, fasting
circulating levels of proteins since these do not take into account intra-individual
variation. Furthermore, they do not allow for stress-induced acute phase responses, nor
the response to other environmental factors. The identification of common functional,
genetic variants, and the effect of such variants (through a single gene product) on the
pathogenesis of atheroma and thrombosis is therefore of critical importance for a

multifactorial, polygenic disease such CAD.

4.2 ANGIOTENSIN CONVERTING ENZYME
4.21 The Renin-Angiotensin And Bradykinin System
The components of the Renin-Angiotensin-bradykinin System (RABS) figure 3, has
attractive candidates for cardiovascular disease. It's importance lies in its effects, which
includes: 1) proliferation of vascular smooth muscle, 2) sodium and water homeostasis

3) modulation of vascular tone and 4) effects on fibrinolysis.'®
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Figure 3 The Renin-angiotensin and bradykinin System.
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Renin is released from the juxta-glomerular apparatus of renal tubules in the renal
cortex. It converts the plasma protein angiotensinogen to angiotensin 1. This is the rate
limiting step in the system.

Angiotensin-converting enzyme (ACE) belongs to the serine protease family and is
produced by several different tissues in the body including the vascular endothelium.'”
It catalyses the conversion of angiotensin I to angiotensin-II (AII). A-II stimulates
smooth muscle cell proliferation and is a potent vasoconstrictor. In the adrenal cortex it
stimulates glomerulosa cells to release aldosterone which acts on the distal convoluted
tubules to reabsorb sodium.

Until recently the kininogen system was thought to be separate from the RAS, however,
kininase is now known to be identical to ACE, and causes the breakdown of bradykinin.

The latter releases nitric oxide from the vascular endothelium. Nitric oxide (NO), is not
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only a potent vasodilator, but inhibits the proliferation of smooth muscle cells. An
increase in ACE activity will have the dual effects of increasing the levels of A-II and
reducing bradykinin levels. The effect of this may be the proliferation of smooth muscle
cells and cause vasoconstriction, both of which are important aspects of the
development of atheroma.

Recent studies suggest that A-II in addition stimulates the release of plasminogen
activator Inhibitor-1 (PAI-1), the main inhibitor of the fibrinolysis (see below). Raised
levels of PAI-1 may lead to a prothrombotic state' ' A-II induces PAI-1 production
by endothelial and smooth muscle cells in vitro ' It has been shown to acutely elevate
circulating PAI-1 levels in a dose-dependent way when infused in human subjects in
vivo.'™ Finally, the lowering of circulating A-II levels by the administration of ACE
inhibitors following myocardial infarction is associated with a reduction in circulating
PAI-1 levels ' In vitro studies indicate that specific antagonists to either of the
recognised angiotensin receptor types (AT, or AT,) do not abolish the induction of PAI-
1 synthesis by A-II. However, a receptor to a six-peptide form of angiotensin
(angiotensin IV) has been identified, and a specific antagonist for this receptor does
block angiotensin-induction of PAI-1 in vitro '®. These data suggest that angiotensin
increases PAI-1 levels by a different receptor interaction to its vasopressor activity.
Selective AT, and AT, receptor blockers have been introduced as novel therapies in the
treatment of hypertension. As blockade of AT, receptors is associated with increased
renin production it is possible that such agents may have an adverse influence on
vascular risk by increasing circulating levels of PAI-1 via the angiotensin IV receptor.
This is purely speculative, and there is no data to suggest that these newer agents may
have an adverse vascular risk.

It is evident therefore that at least theoretically, an increase in ACE activity may not
only promote the development of atheroma, but also thrombosis, the two main aspects
that lead to myocardial infarction. Support for this is derived from the observation that
ACE inhibitors reduce atherosclerosis in cholesterol-fed rabbits. Furthermore, in large
prospective clinical trials such as the SAVE study, ACE-inhibitors were shown to

reduce future acute coronary events.

4.2.2 Plasma ACE
ACE is a dipeptidyl carboxypeptidase and as noted above converts angiotensin-I to the

potent vasoconstrictor angiotensin-II and inactivates the vasodilator bradykinin. ACE
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has been purified from several sources, including lung, seminal fluid and plasma. ACE
derived from different organs of the same species is immunologically similar, but those
purified from different species are antigenically distinct. The molecular weight ranges
from 140 - 160 Kd for the endothelial ACE to 90 - 100 Kd for the testicular form,
depending on the carbohydrate content of the molecule.'®

ACE acts by cleaving terminal dipeptides, and rates of hydrolysis of angiotensin-I are
influenced by the presence of chloride anions, but the latter is less critical for activity on

bradykinin. Chloride appears to enhance activation by inducing a conformational

change in ACE that increases substrate-binding, an effect potentiated by sulphide.

4.2.3 ACE Distribution & Regulation
Recent studies have shown that ACE is present in nearly all mammalian tissues and

body fluids. ' The highest levels have been found in the kidney, ileum, duodenum and
uterus, with lesser levels in the lung, prostate, jejunum, testis and adrenal. The
availability of ACE enzyme mRNA has permitted more exact localisation of ACE
transcripts to specific cell types. Thus, the pulmonary form of ACE appears to be
restricted to epithelial and endothelial cells of specific tissues and to stimulated
macrophages.'”’

Little is known about the regulation of ACE mRNA expression, however, regulation of
the protein has been studies in vivo and in culture. Corticosteroids in cultured
endothelial cells, alveolar macrophages, monocytes and lung can induce ACE. '*
Hyperthyroidism tends to elevate levels of circulating ACE. Both protein kinase C and
cAMP dependent-mechanisms appear to increase ACE activity in cultured endothelial
cells, but only activators of protein kinase C increase the release of ACE into the
medium. To date only the testicular form of ACE has been shown to be under hormonal
control; specifically, FSH/LH, human chorionic gonadotrophin and testosterone, these

affect the depletion of testicular ACE activity induced by hypophysectomy.'*

424 Tissue ACE Systems
Although the acute hypotensive effects of ACE inhibition can clearly be linked to a

decrease in circulating levels of A-II, during chronic ACE inhibition there is a reactive

hyperreninemia linked to re-emergence of circulating angiotensin-IL.'” Furthermore,
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ACE inhibition can be effective even in low renin states.''® There is also a discrepancy
between haemodynamic effects and circulating levels of ACE inhibitors, possibly due to
binding of ACE inhibitors to tissue sites.""! An increasingly important question is
whether angiotensin can be formed in crucial tissues (it can) and whether tissue ACE is
potential or even major site of action for the ACE inhibitors. .'®

All the components of the renin-angiotensin system are found in vascular tissue
including the coronary vessels. In a number of vascular beds, local production is the
major source of A-I and A-II found in the veins.'? Tissue ACE activity is found in the
lungs, myocardium, brain, kidneys, and testis. .'®. An especially striking finding is the
degree to which renal ACE activity is depressed to very low levels by ACE inhibitor
therapy given to animals.'”® Furthermore, during chronic ACE inhibitor treatment when
plasma ACE activity increases as a result of compensatory induction, there are still low
levels of free tissue ACE in kidney, adrenals, and aorta of rats.'"* The implication of the
discovery of these tissue components of renin-angiotensin system means that A-II can
be locally formed in or around blood vessels with possible vasoconstrictory effects.
ACE can be made in the endothelium, with the major part of the enzyme protruding into
the vascular lumen. The result is that A-II is always generated at this site, and it does not
matter whether the precursor A-I is locally made or derived from the circulation.'”
Local A-II formation accounts for the autocrine-paracrine effects of the RAS (autocrine,
local action on the same cells that produce the A-II; paracrine, effects on neighbouring

cells) figure 4.
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Figure 4 Proposed role of Tissue RAS
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Proposed role of Tissue RAS. Renin and angiotensinogen from the extracellular space

may enter the cell by means of receptor endocytosis. Intracellular R-A can be derived

from such endocytosis or local intracellular synthesis. For paracrine and autocrine

effects see text.
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An important observation now made in several pharmacokinetic studies in rats is that,
when an ACE inhibitor is given to spontaneously hypertensive rates (SH rats), the fall in
blood pressure correlates better with the inhibition of the tissue than the circulating
RAS.""® Hence, it is now increasingly believed that tissue systems are of (at least) some
importance in the blood pressure lowering effects of ACE inhibitors, which would
explain why antihypertensive effects can be maintained despite the later reactive
increase of circulating A-II. .'” Nonetheless, decisive studies to prove the significance
of local tissue ACE inhibition in humans are still lacking.

Not all A-II is generated as a result of the activity of ACE. In the failing human heart, it
appears that most A-II could be formed by a path sensitive to a membrane-bound serine
proteinase and not to an ACE inhibitor."” Similar observations have been made in the
dog heart after coronary ligation,"'® where both a serine and a cysteine protease are
implicated. Other tissues in which A-I can be converted to A-II independently of the
ACE activity are the renal arteries''® and the lungs.'”® A major controversy is the extent
to which these independent pathways are of pathophysiological importance.'”! Use of
specific protease inhibitors suggests that the local formation of A-II by proteases does

not regulate infarct size in dogs.""®

4.2.5 Plasma ACE And Genetic Influence
In healthy men, plasma ACE can differ greatly among subjects by as much as 5.7 times,

'“but remain remarkably stable when measured repeatedly in a given individual.'? A
search for environmental or hormonal parameters accounting for this interindividual
variability only yielded weak associations. .'” Results of a family study showed that
familial similarity in ACE level was compatible with the transmission of a major gene,
explaining a large part of the interindividual variation in circulating ACE levels.'”
These facts strongly suggested a genetic component to be at least in part responsible for

determining the level of plasma ACE.

4.3 ACE GENE POLYMORPHISM
The ACE gene was cloned in 1988 by Florent Soubrier in Paris and was found to

comprise of 26 exons. '** The presence of a polymorphism in the 16th intron (non-
coding region) due to the presence (I) or absence (D) of a 287 base pairs was

discovered. The region was amplified using the polymerase chain reaction (PCR) and
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three genotypes were identified; the heterozygotes (ID), and the homozygotes for
insertion (II) and deletion (DD). '%

4.3.1 Relationship Between Polymorphism And Plasma ACE
The search for a relationship between the ACE polymorphism and the level of plasma

ACE revealed a strong co-dominant association, with subjects homozygous for the D
allele having roughly twice the level of those with the I genotype, and ID subjects
having intermediate levels.'”® Furthermore, the level of ACE activity in T lymphocytes
has been shown to be related to the polymorphism. This is a significant finding since
circulating ACE may not necessarily reflect tissue ACE. '*’ As discussed above, tissue
ACE may be of greater importance and the above finding could suggest that the level of
ACE activity in all cells in which it is expressed (in particular in the vascular wall and
myocardium), could be related to the polymorphism. '’

In order to establish whether the polymorphism (functionally expressed as variations in
plasma ACE levels), which had been identified by segregation analysis in earlier family
studies, was the same polymorphism as the ACE ID polymorphism, a further study was
performed in a series of families.'”® By linkage segregation analysis, it was concluded
that the ACE ID polymorphism was not functional, but a marker for an unknown
functional variant probably located in the regulatory region of the gene. It was however,
a fairly good marker with a sensitivity of 100% and specificity for the functional variant
of about 70%. The functional variation could explain 44% of the variability of plasma
ACE, whereas ACE ID polymorphism only explained 28%..'?*

Having shown that the polymorphism was related to the intermediate phenotype i.e.
circulatory (and probably tissue) ACE, and that the latter could be related to vascular
homeostasis, the question was raised whether this genetic polymorphism could be

related to the atherothrombotic process.

4.3.2 ACE Polymorphism And Atherothrombosis
In 1988, a case control study designed to identify genetic factors that could predispose

to myocardial infarction was set up.” It was a collaborative study between 3 centres in
France and a centre in Belfast. The patients were selected from the WHO/MONICA

registry, and control subjects selected randomly from the population. Cambien et al
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published the landmark study in Nature 1992. Their results demonstrated a higher risk
of MI associated with the DD genotype. Taking the risk associated with the II genotype
level as 1, the relative risk associated with the heterozygote (ID) was 1.3, and with the
DD genotype, 1.6. Furthermore, in a subgroup of subjects considered to be at low risk of
MI (selected from patient and control groups on the basis of BMI, apoB levels and
hypolipidemic treatmens), the risk attributed to the DD genotype assumed greater
significance. This finding was consistent in all the centres studied. Surprisingly, within
the high risk group, although the presence of the DD genotype was still associated with
a significant risk of MI, it was of much less importance. Among the higher risk
population of Belfast where the risk of MI was 4 times higher than in the French
population in the study, the DD genotype was associated with less risk of MI.

To explain these patterns seen, it was hypothesised that carriage of this particular
genotype (DD) in a high risk population was associated with an increased risk of dying
from an MI. In other words, the risk factors were acting in concert to produce a very
high risk group who would have 'died out' and therefore not participated in the study.
The DD genotype was thus serving as a useful marker for patients who are at low risk
and will sustain an MI. Patients with the DD genotype and other risk factors have an
increased risk of dying from an MI. The ECTIM study recruited their MI subjects 3 to 9
months after the event. Since 50% die of acute coronary syndromes even before
reaching hospital, this explanation was plausible. Support for this hypothesis came
from a further study from the same group.'”. Tissue recovered at autopsy from patients
who had died from MI and a control group showed that taking the relative risk of death
from MI for the II genotype as 1, the risk for ID and DD were 1.8 and 2.2 respectively.
There appeared therefore to be a relationship between death from CAD and the ID
polymorphism. A further study from Belfast, which lent support to the hypothesis that
the DD genotype was a risk factor for fatal events, came from a study in which family
histories were investigated. Patients with a parental history of fatal MI had a higher
prevalence of the DD genotype. Their results demonstrated a large difference in parental
history of fatal MI in the Northern Irish (where the risk of MI is 4 times higher) and
French populations. About 70% of subjects in Belfast had at least one parent who had
died of an MI, compared to only 30% in France."*’

To summarise this aspect of the studies from ECTIM, subjects in a high risk population
with the DD genotype have an increased risk of fatal MI. However, those with low risk
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factors defined by BMI, apoB and not on hypolipidaemic treatment who possess the DD
genotype was an increased risk of a non-fatal MI.

These studies raised more questions than they answered. What were the risks of those
with the DD genotype in a low risk population with and without the more classical risk
factors; smoking, hypertension, diabetes mellitus and hypercholestrolaemia? Was there
a gene-environment interaction? One of the main problems with the Cambien
hypothesis has to do with the apparent distinction between fatal and non-fatal MI. All
the risk factors act in concert to produce a high risk group, who are at risk of an MI
(fatal or non-fatal). The proposed mechanism through which the DD genotype exerts its
influence is through high circulating (and possibly tissue) ACE levels and hence AT-II
levels, although the conversion of AT-I to AT-II is not the rate-limiting step. It would be
expected that AT-II would act together with the other classical risk factors in the
atherothrombotic process to produce these high risk groups. The second problem has to
do with the choice of BMI, ApoB and patients not on hypolipidaemic treatment as
classical risk factors. These risk factors are not particularly classical by criteria in
general use. A third problem, is that the risk-association of the DD genotype was
extremely modest until sub-group analyses were performed. Despite these problems,
however, these studies generated a lot of interest and debate in the scientific community.
Since the original report in Nature, there have been several conflicting reports on the
role of the ID polymorphism and CAD. Mattu et al reported an association between the
DD genotype and D allele with CAD in men apparently at low risk defined by blood
pressure (150/100 and 140/90) and total cholesterol/HDL ratio (5.0 and 5.6).
Interestingly, in subjects with classical risk factors in the CAD group (defined by the
Rose questionnaire and ECG Minnesota coding) the DD genotype did not confer any
risk.””! Though this study was said to further strengthen Cambien's work, it raised
several problems. If as Cambien's work suggested, those with classical risk factors and
the DD genotype constituted a very high risk group at risk of fatal MI, Mattu's work
certainly does not take us any further on that score. It could be argued however, that
Cambien was looking at an association with the thrombotic process (i.e. MI) whereas
Mattu only addressed atherogenesis, this point is discussed further below.

Bohn M et al. in a similar study to Cambien found no relationship between the ID

12 Three studies looking at parental or grandparental

polymorphism and survivors of ML
history of premature MI have found an association with the DD genotype (Tablel)."* '**

56



1** All the studies hitherto mentioned have been retrospective studies. A prospective
study would clearly be more helpful in clarifying the association or lack of it.
Lindpaintner and colleagues in the New England Journal reported a lack of association
among 3590 North American Physicians' (Tablel) with respect to coronary events
(angina, MI and revascularizations) in patients who had been followed up
prospectively.'”

Discrepancies in the frequency of the DD genotype especially in the control group,
which ranged from 17 - 39% highlighted the need for a genetically appropriate control
group. If the DD genotype was associated with the development of atheroma rather than
thrombosis (although there is biological plausibility for both), it could explain the
apparent discrepancies in the frequency of DD in the control group since an apparently
normal subjects may have significant atheroma. Coronary angiography is one way of
addressing this issue. Table 2 gives an overview of the coronary angiographic studies
to date. In over 90% of the ECTIM cases in France who had coronary angiography,
there was no relationship between the DD and degree of atheroma.'”® This negative
finding was confirmed by both Ludwig'*’ and Gardemann. ** However, Nakai found an
association with the degree of atheroma among Japanese subjects '*’and Arbustini
among Italians.'”® In contrast to Lindpainter's work, the above angiographic studies
found an association with MI in subgroups (Ludwig in the group with .60% stenosis),
(Gardemann - subgroup with low TG and total cholesterol). Arbustini however, found

the association in the whole group of MI subjects.

4.3.3 Associations With Other Cardiovascular Pathology
Table3 summarises the relationship between the ACE I/D polymorphism and various

cardiovascular pathologies in which the proliferative effect of AT-II may be involved.
It is striking that the results from these studies have been so conflicting. Restenosis
injury after angioplasty is a very useful model to study since it is relatively easy to
demonstrate the smooth muscle proliferation subsequent to angioplasty. Ohishi

141

demonstrated an association between the DD genotype and restenosis. © The larger and
more careful study be Samani et al, however, showed no relationship to the ACE

polymorphism.'
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Table 4, summarises the relationship between the ACE polymorphism and vascular
disease in subjects with diabetes. Whilst it is clear that the majority of these studies do
suggest an association with the DD genotype, these studies are of relatively small size.
Furthermore, there is the problem of publication bias in favour of studies showing
positive findings. The study by Schacter et al Table3, deserves closer attention, since it
is a unique study.'” The DD genotype, which has been associated with premature death
in the original report and some subsequent reports, was found to be preponderant among
some 300 French centenarians compared to a control group of 160 adults aged 20 - 70.
The doubts created by this study are further strengthened by the largely negative studies
reported for studies in hypertension. Since the RAS plays such an important part in the
regulation of blood pressure, it is perhaps somewhat surprising that the ACE I/D
polymorphism does not appear to play any role in human hypertension,'>* ' 14

The wide variety of biologically seemingly unrelated conditions that have been reported

has raised suspicions in this whole area of molecular biological research.

4.3.4 Plasma ACE And Cardiovascular Disease
Since the circulating ACE activity is only partly explained by the ACE I/D

polymorphism, the question was raised as to whether plasma ACE activity per se had an
independent relation to the risk of myocardial infarction. The ECTIM investigators
provided evidence for such as association but after subgroup analysis in young subjects
(< 55 years old). 2 This was supported by a study in which carotid intima - medial wall
thickness was measured by ultrasound and suggested that chronic exposure to high
levels of plasma ACE could be involved in structural changes of the arterial wall.'*® In
contrast to this however, Gardemann, who showed an association between the ID

polymorphism and MI, found no relationship between circulating ACE and CAD."*®

44 AIMS
This study was designed to look for a possible differential effect of the ACE gene

polymorphism on atheroma on the one hand, and thrombosis on the other. Atheroma
was defined by significant lesions at coronary angiography, and thrombosis by a history
of myocardial infarction. The relationship between the ACE gene and the classical risk
factors was also assessed. Furthermore, any independent association between circulating

levels of ACE and atherothrombosis was ascertained.
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TABLE 1 ACE AND CAD

*(Prospective)

AUTHOR n CAD/  |Definition of CAD Study Population +or - RR (OR)
: Control
Cambien et al 610/733 MI 3-9 months (all f) France/Belfast + 1.34 (3.2 in low risk groups +
(subgroup with low TC & TG)
Bohn et al 234/366 MI (up to 4yrs (f + m) Norway - (P=0.002) |-
Bohn et al 229/366 premature parental MI Norway +(P=0.03) |3.1
Tiret et al 1343 Parental history MI France/Belfast + 26
Mattu et al 404/822 ECG’s & Rose questionnaire  [Wales (Caerphilly) + (P<0.009) |-
Evans et al 213 fatal MI (autopsy) Belfast Caucasians +(P<0.02) |2.2
Badenhop etal (404 CAD in grandparents Australian Caucasians + P=0.01 2.8
Lindpaintner et al |1250/2340 [MI, Angina, revascularisation |North American Physicians |-




TABLE 2 ACE AND ANGIOGRAPHIC STUDIES

AUTHOR | N Cases/ | DEFINITION ATHEROMA | THROMBOSIS STUDY H-
Control | CAD (ANGIO) MDD POPULATION . ‘
Nakai et al 178/100 75% (MI and no distinction | made Japanese + (Multi >
Angina) Single
CAD >
control)
Cambien 368 ? France -
(ECTIM)
Ludwig 697/203 >60% (n = 362) - + (P =0.005) in >60% | Utah +/-
159 had MI | <10% disease free - (< 10% group) (US whites)
(n=335)
quantitative angio
n=27
Gardemann | 920 > 50% - - Germany +/-
Talmud'¥’ 73 Progression/ DD associated of | with progression of UK Caucasians +
Regression study disease
Arbustini 255/133 MLI/Angio + + Italy +




TABLE 3 ACE AND OTHER CARDIOVASCULAR PATHOLOGY

nephropathy

AUTHOR CONDITION CASES/ ASSOCIATION
(Cardiovascular) | CONTROL | WITH DD

Pinto et al'® Progressive 96/0 +
Ventricular Dilation
after anterior MI

Raynolds et al'* Ischaemic and 214/79 +
Idiopathic dilated
Cardiomyopathy

Montgomery et | Idiopathic dilated 99/364 -

al**® Cardiomyopathy

Castellano et al Carotid artery wall 189/0 +

(Vobamno Study)®' | thickness

Marian et al**? Hypertrophic 100/106 +
Cardiomyopathy and
Sudden death

Samani et al Restenosis after 233/0 -
Coronary
angioplasty

Schunkert et al™>? Left Ventricular 290/1138 +
hypertrophy (ECG)

Iwai™ Left Ventricular 268/- +
hypertrophy
(Echocardiogram)

Celermajer” Endothelial 184/- -
dysfunction in
subjects without
other CAD risk
factors

Kupari® Left ventricular size, | 86/- -
mass & function

Dessi-Fulgheri®’ Carotid atheroma 240 -

Ohishi Restenosis after | 82/102 +
Coronary
angioplasty

Catto * Stroke 467/231 -

Schacter F et al Human Longevity 338/160 +
(in centenarians)

Harden™ Progression of IgA 100/100 +




TABLE 4 ACE AND DIABETES

Retinopathy

AUTHOR CONDITION | CONTRO | ASSOCIATIO
L N WITH DD
Keaviey™ MIin NIDDM | 1737297 + (D allcle)
patients
Zingone'' Hyperglycaemia | 174/- +
Panahloo'® Insulin sensitivity | 103/533 +
in NIDDM
Insulin -
Resistance
Ruiz'® CAD in NIDDM | 132/184 +
Fujisawa'® MI in NIDDM 61/136, +
54/35, 191/-
Diabetic -
nephropathy &




4.5 PLASMINOGEN ACTIVATOR INHIBITOR-1

4.5.1 The Fibrinolytic System
The fibrinolytic system is responsible for the degradation of the solid-phase fibrin network that

constitutes the major protein component of thrombus. '® As a consequence, the fibrinolytic
system facilitates the dissolution of blood clots after repair of a locally injured vessel wall and
thus ensures unobstructed circulation. '* Fibrinolysis is initiated by either one of the serine
proteases urokinase-type plasminogen activator (u-PA) or tissue-type plasminogen activator
(tPA). The activity of the latter is dependent on the presence of the obligatory cofactor fibrin.
Binding of tPA to fibrin increases the affinity of tPA for the zymogen plasminogen, resulting in
a significant acceleration of the conversion of plasminogen to the active enzyme plasmin.
Plasmin converts insoluble intact fibrin polymers into a distinct series of fibrin degradation
products. Urokinase also activates plasminogen but is chemically distinct from t-PA. '*

PAI-1 and a,-antiplasmin are the two major inhibitors of fibrinolysis. Physiologically PAI-1 is
the more important inhibitor, and plasma levels of PAI-1 is attributed with being the principle
determinant of fibrinolysis.

PAI-1 is a 50 KD glycoprotein that rapidly forms inactive 1:1 equimolar complexes with tPA
(and u-PA). It is synthesised by endothelial cells, hepatocytes and is found in high
concentrations in the alpha granules of platelets and probably vascular smooth muscle cells.
The activity of plasmin is controlled by «,-antiplasmin, a glycoprotein that is present in high
concentrations in plasma. While a,-antiplasmin is capable of inhibiting free plasmin, the latter
generated on the surface of fibrin is protected from a,-antiplasmin. The main components of

the fibrinolytic system are shown in figure 5.



Figure 5 Components of the fibrinolytic system
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PAI-2 is present in the trophoblastic epithelium in human placenta. It is a major inhibitor of
fibrinolysis during pregnancy and with the exception of rare tumours, high levels of PAI-2 are
rarely encountered. '

The fibrinolytic system acts as a counterbalance to the coagulation cascade, and in common
with this system, control mechanisms exist at several levels to prevent abnormal activity.
Under normal circumstances t-PA binds to fibrin to prevent inhibition by PAI-1. In the
circulation t-PA activity is effectively quenched by circulating PAI-1 to prevent
fibrinogenolysis and bleeding.

Evidence for the regulatory function of PAI-1 in vivo is derived from studies conducted by
Erickson et al. Transgenic mice with stimulated expression of human PAI-1 cDNA were found
to be born with thrombotic abnormalities in the tail and hind legs.'® Secondly, Carmeliet and
collaborators employed murine embryonic stem cells and the technique of homologous
recombination to inactivate the PAI-1 gene. Subsequent crossing of heterozygotes yielded
"double knock-out" mice (PAI-/-) that were fully viable. Challenging the fibrinolytic system by
injecting fibrin in the lungs of these animals showed that the potency to dissolve fibrin was
significantly higher in the PAI-/- mice than in the normal mice (PAI+/+), whereas an
intermediate potency was observed in the heterozygotes (PAI-/+). The fibrinolytic capacity of
PAI-/- mice is reduced to that of normal mice after injection of adenoviruses that enable
functional expression of PAI-1."" Thirdly, Fay et al, examined an 11 year old with a
haemorrhagic diathesis whose plasma was completely devoid of PAI-1 antigen and activity,
due to a dinucleotide insertion in exon 4 of both PAI-1 alleles. Whether this patient synthesised
a truncated PAI-1 protein that was subsequently degraded is unknown.'® Furthermore, several
other groups have reported (partial) PAI-1 deficiency in patients suffering from
hyperfibrinolysis, manifested by bleeding tendencies. Elevated levels of PAI-1 are found in
patients with thrombotic disorders such as deep vein thrombosis '* and myocardial infarction
1 Levels of PAI-1 rise during the second and third trimesters of pregnancy coinciding with
the time of increased risk of thrombosis.'® *° These observations provide evidence that PAI-1

is an essential regulatory protein of the fibrinolytic system..

4.5.2 PAI-1 and Physiology
In 1963 Brakman and Astrup claimed the existence of an inhibitor of fibrinolysis that did not

act directly upon plasmin "' and in 1982 Kruithof et al demonstrated the presence of a



physiological inhibitor of tissue plasminogen activator in human plasma, '®. It belongs to the
group of protein inhibitors termed SERPINS (serine protease inhibitor super family). In human
subjects PAI-1 is present in plasma at low concentrations of between 0 and 60 ng/ml

PAI-1 synthesis has been demonstrated in a number of differing cells lines including
endothelial cells, fibrosarcoma cells, mesothelial cells and hepatoma cells.'” PAI-1 production
can be induced in other cells by a number of stimuli as listed in tableS.

PAI-1 is present in plasma as a complex with vitronectin, which acts to stabilise it. PAI-1 is
also found at high concentrations in the a-granules of circulating platelets.'”” With the
exception of platelets, PAI-1 is not stored within cells and is secreted after synthesis, indicating
that increases in circulating levels of PAI-1 seen in disease states may be due to increased
synthesis rather than release of intracellular stores.'”

PAI-1 adopts at least two different conformations. It is secreted in its active form and
spontaneously converts to its latent form with a half-life of about 1 hour at 37°C in neutral or
alkaline pH. The latent form has no inhibitory activity but there is limited evidence that it can
be physiologically converted back to the active form. .'” The majority of PAI-1 in fresh
human plasma is in the active form whereas that in platelets is in the latent form. The
physiological significance of the PAI-1 in platelets which accounts for 90% of total blood PAI-
lis unclear although it may contribute to the resistance of platelet rich thrombus to
thrombolysis. Alternatively it may act as a store of PAI-1 to be activated and released upon
some stimulus. Vitronectin is present in platelets and it has some ability to activate latent PAI-

1.



TABLE 5§ STIMULANTS OF PAI-1 GENE EXPRESSION.

Stimulus Cell type Reference
lipopolysaccharide bovine aortic endothelial cells (Loskutoff 1991)
human umbilical vein endothelial cells
(but not hepatoma cells)
tumour necrosis factor and bovine aortic endothelial cells (Loskutoff 1991)
interleukin-1 human umbilical vein endothelial cells
microvascular endothelial cells
transforming growth factor bovine aortic endothelial cells, (Loskutoff 1991)
fibroblasts, epithelial cells, hepatoma
cells
Epidermal growth factor, platelet | various cell lines (Loskutoff 1991)
derived growth factor and basic
fibroblast growth factor
corticosteroids hepatocytes, mammary carcinoma, {(Loskutoff 1991)
human and rabbit endothelial cells,
human dermal fibroblasts
lipoprotein (a) endothelial cells (Loskutoff 1991)
phorbol-myristate acetate variety of cells (Loskutoff 1991)

thrombin

human umbilical vein endothelial cells

(Dichek 1989)

insulin

HepG2 (hepatic) cells, bovine aortic
endothelial cells

(Kooistra 1989; Grant
1991a)

endothelial cells, vascular smooth
muscle cells

insulin-like growth factor porcine aortic endothelial cells (Schneider 1991)
proinsulin porcine aortic endothelial cells (Schneider 1992)
very low density lipoprotein human umbilical vein endothelial cells | (Mussoni 1992)

and Hep G2 cells
angiotensin II murine astrocytes, bovine aortic (Olson 1991; Feener

1995; Vaughan 1995)




Secretion of PAI-1 into the circulation is known to be derived from several sources including
endothelial cells, vascular smooth muscle cells, adipose tissues and hepatic cells. It is possible
that under different conditions these sources contribute to different extents. " This
uncertainty necessitates some caution in extrapolating the results from in vitro experiments on

PAI-1 gene expression from any cell line to the in vivo regulation of PAI-1 levels.

4.5.3 Regulation Of PAI-1

There is intra and interindividual variation in PAI-1 levels over time. The source of this
variation may be contributed to by different assay techniques. Circulating levels of PAI-1
follow a circadian pattern reaching its peak in the morning. This relative hypofibrinolytic state
coincides with the increased incidence of coronary events at this time.””"'

PATI-1 is raised in response to acute phase reactions including stress, trauma, surgery, infection
and inflammation."” This may be mediated through the action of cytokines which have been
found to stimulate PAI-1 gene transcription in vitro.Smoking has also been associated with
raised plasma PAI-1 levels. Finally, evidence from population studies suggests that levels

of PAI-1 relate to the metabolic changes associated with the insulin resistance syndrome

(Syndrome X).

4.5.4 PAI-1 And Insulin Resistance Syndrome

Reaven ’described a clustering of cardiovascular risk factors including hypertension, low HDL
cholesterol and high VLDL triglyceride figure 6. Subsequently, male pattern obesity was
added to his original description. Central to these metabolic abnormalities is Insulin resistance.
Several studies have demonstrated a close association between PAI-1 and the features of the
metabolic syndrome. Juhan-Vague et al showed a relation to BMI and systolic hypertension,"*"
and Landin to waist to hip ratio and systolic hypertension.Correlations between PAI-1 levels
with Insulin in angina patientsand obese subjects with NIDDM have also been

demonstrated.

The strongest evidence for the association of PAI-1 and insulin resistance is from human
studies in which insulin resistance, evaluated directly by hyperinsulinaemic euglycaemic
clamping techniques, has been significantly correlated with PAI-1 in hypertensive subjects and
obese subjects by Landin et al and with correlation coefficients as high as 0.98 in obese

subjects and 0.87 in NIDDM subjects reported by Potter van Loon et at.



When insulin resistance is reduced by starvation, weight loss, or physical exercise there is an
associated normalisation of elevated PAI-1 levels. Metformin reduces insulin resistance and
has been shown to increase fibrinolytic activity. Metformin therapy causes a reduction in PAI-
1 levels in obese subjects and patients with NIDDM.'”

The existence of a correlation between triglyceride and PAI-1 levels have been demonstrated in
several studies in both normal subjects and NIDDM patients.*® The reduction of triglyceride
levels over the medium term by dietary intervention in non diabetic subjects with
cardiovascular risk factors tends to normalise elevated PAI-1 levels.'®

Both VLDL in a receptor dependent mechanism and LDL, independently of receptors
specifically stimulate synthesis of PAI-1 in cultured endothelial cells and LDL also acts in this
way on cultured HepG2 cells.”® VLDL from patients with hypertriglyceridaemia has a greater
stimulatory effect than that from normotriglyceridaemic subjects.'® This fact may be of critical
importance in our understanding of the relationship between PAI-1, its relation to insulin
resistance and the association with CAD. Although, whether the association of triglyceride and
PAI-1 levels accounts for the relationship between insulin resistance and hypofibrinolysis is

not entirely clear.



Figure 6 The Insulin Resistance Syndrome.
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4.6 GENETIC POLYMORPHISMS OF PAI-1

The PAI-1 gene which contains 9 exons and 8 introns, distributed over approximately 12.3 kb
of DNA has been cloned and localised to q21.3-q22 of chromosome 7. '*'*Most of the
regulation of PAI-1 is through activation or repression of transcription. A large number of
physiological regulators affect PAI-1 expression and do so through direct changes in
transcriptional activation and repression. The promoter is responsible for driving transcription
of the gene and contains sites to which transcriptional activators and repressors can bind,
figures7 and 8. Functional studies in which the promoter region of the PAI-1 gene was attached
to a reporter gene have provided some reliable information on the ability of different sections
of the gene to promote transcription in response to different stimuli in cell culture. Various
experiments have localised specific regulatory elements to regions of the PAI-1 promoter
including those responsive to tissue growth factor and dexamethasone. Further work to
establish the transcription factors and mechanisms responsible this tissue specificity and
regulation in vitro is one way in which it may be possible to gain more understanding of the

very complex regulation of PAI-1 in vivo.

Similar to ACE, a large degree of inter- and intra-individual variation in PAI-1 levels has been
observed.'® It has been postulated that some of this variation is due to common genetic variants
in the PAI-1 gene which affect gene expression. Different polymorphisms have been described
in the PAI-1 gene, figure 7."%% *” 8 Klinger et al reported an allelic variation at a HindIII
restriction fragment length polymorphism (RFLP). This has been associated with altered levels
of PAI-1 in healthy individuals and young male survivors of an ML'® This association
however, did not reach statistical significance possibly due to the small numbers in the study.
Dawson et al proposed from this study that the correlation that exists between PAI-1 and
VLDL and that between insulin response to an oral glucose load and plasma PAI-1 levels are

affected by genotype at this RFLP.



Figure 7 Schematic representation of the human PAI-1 gene showing the

relative location of 3 common polymorphisms.
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In common with other dinucleotide repeat sequences, the cytosine-adenine (CA) repeat
sequence in the 4™ intron of the PAI-1 gene shows polymorphic variation with differing
numbers of CA dinucleotides on different alleles. Dawson et al studied this CA repeat
polymorphism in young male Swedish survivors of myocardial infarction and control subjects.
¥7 They used polymerase chain reaction amplification of the CA repeat sequence and
polyacrylamide electrophoresis to separate DNA bands and identified 8 alleles at this locus.
According to a nomenclature suggested by Weber and May , they named the most frequent

”

allele “z” and other alleles by their nucleotide difference from this allele. So in order of
increasing size the alleles were named “z-2”, “z” “z+2” and so on. The largest allele identified
was “z+10”. Some confusion has arisen about the location of this CA repeat polymorphism.
Dawson et al described it as being in the third intron ."” whereas the PAI-1 gene sequence
published by Bosma et al clearly places it in the 4™ intron.'® The fact that the 1* exon is not
translated may have led to this confusion. Dawson et al found that the intron CA repeat
sequence was in linkage disequilibrium with the Hind III RFLP with allele 1 associating with
the most frequent CA repeat allele “z” and the Hind III allele 2 associating with longer CA
repeat alleles “z+4”, “z+8” and “z+10”. .'¥
Dawson et al used the Hind III RFLP and the intronic CA repeat polymorphism to examine the
relationship of PAI-1 genotype with circulating levels of PAI-1 in a group of young Swedish
males who had survived a myocardial infarction and 95 age matched healthy control subjects.
They found a trend to higher PAI-1 levels in both patient and control groups, in subjects
homozygous for the HIND III 1 allele. This did not reach statistical significance possibly due
to the low numbers in the study. At the CA repeat polymorphism they found an association
between high levels and shorter alleles, p=0.03, in the patient group, and a non-significant trend
in the control group. They further demonstrated that a relationship existed between PAI-1 and
triglyceride which was influenced by PAI-1 genotype

These data prompted the search for polymorphisms in the promoter region of the PAI-1
gene. Any sequence changes at these sites could be envisaged to alter either basal levels of
PAI-1 or alter the response of PAI-1 to a specific regulator. It was postulated that PAI-1
responses in vivo, may be mediated by changes in the rate of gene transcription, and that

189, 1% Dawson and

sequence elements within the promoter region control this response.
colleagues went on to further examine the promoter and 3’ region of the PAI-1 gene in an effort
to identify sequence chains responsible for the association between genotype and PAI-1 levels

demonstrated by their earlier study. They identified a polymorphism in the promoter region



which was shown on sequencing to be insertion of a fifth guanine base in a run of four guanine

18 (The relative locations of 3 common

bases at position —675 from start of transcription. .
polymorphisms are depicted on figure 7).

They went on to show differential binding of crude hepatoma cell nuclear proteins to the alleles
when present as double-stranded oligonucleotide sequences. They used an in vitro system
whereby a length of the PAI-1 promoter included either 4G or 5G allele. This was placed
upstream of a gene for a marker protein chloramphenicol acetyltransferase, (CAT) and
transfected into cultured liver cell line (HepG cells). The influence of the polymorphism on
gene transcription was then studied. There was no difference in basal production of CAT
mRNA but when the cells were stimulated with interleukin-1, which is known to increase PAI-
1 transcription in vitro they found significantly greater CAT mRNA production from the 4G
than the 5G allele. They also re-examined the relationship between PAI-1 levels and genotype
in the original patient groups finding increased PAI-1 levels in subjects with the 4G/4G
genotype although this reached significance in only the patient and not the control sample.
When PAI-1 levels were adjusted for triglycerides and BMI, this difference failed to reach
standard levels of significance.

Eriksson et al have repeated much of this work confirming that the PAI-1 promoter shows
allele-specific binding of nuclear proteins extracted from HepG2 cells and also from human
umbilical vein cells (HUVEC) and smooth muscle cells.'” Using a methylation interference
assay the binding sites of two particular proteins have been localised. The first, named protein
A binds equally to the 4G and 5G alleles at a site upstream and adjacent to the polymorphic
site. The second, protein B, binds only to the site of the sequence of 5 guanine residues and is
believed to be the allele-specific factor. In HepG2 cell and HUVEC transfection studies using
PAI-1 promoter-driven CAT transcription, Eriksson’s findings differ from those of Dawson et
al. The 4G allele showed greater basal transcriptional activity than the 5G allele but there was
no difference in the response of the two alleles to cytokine stimulation. The discrepancy in the
results of these two studies is unresolved, although it may arise from the different lengths of the
PAI-1 promoter that were transfected and from the use of differing HepG2 cell lines. In
addition differences in culture media and treatment of the cells may also affect the relationship
between promoter function and the rate of transcription of the reporter gene. However, in each

case the 4G allele was found to be associated either with increased basal or stimulated gene

transcription compared to the 5G allele, figure 8.



Figure 8 Schematic representation oftranscription factors and effect on

circulating PAI-1 levels.
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Eriksson et al also examined PAI-1 genotype in relation to circulating levels in a group of
young Swedish male survivors of myocardial infarction (MI) and control subjects. They found
a significant association between higher PAI-1 levels and increasing numbers of 4G alleles in

control subjects and a similar but non-significant trend in the MI patients.

4.7 PLASMA PAI-1 IN RELATION TO ATHEROTHROMBOSIS

The mechanisms responsible for the generation of atheromatous lesions have been outlined
above. Fibrin deposition is an invariable feature of plaques. It could play a role in binding LDL
and stimulating smooth muscle cell proliferation. The fact that transmural myocardial
infarction is caused by the formation of an occlusive fibrin thrombus on a pre-existing plaque is
established. Defective fibrinolysis through elevated PAI-1 may therefore determine vascular

risk through the two separate but related events of atheroma and thrombosis.

471 Atheroma

Elevated expression of PAI-1 has been demonstrated around atherosclerotic lesions in diseased
human arteries."””' In the ECAT study PAI-1 levels were related to the presence of coronary
stenosis in patients undergoing coronary angiography.”* Sakata et al showed that patients with

multivessel CAD had significantly greater PAI-1 levels than those with 1-vessel disease.



These findings indicate an association between circulating levels of PAI-1 and coronary
atheroma. However, they do not tell us whether the raised levels of PAI-1 are due to cause or

effect or indeed both cause and effect.

4.7.2 Thrombosis
The circadian fluctuation in levels of PAI-1 coincides with the circadian pattern in the

incidence of acute myocardial infarction with a daily peak at around 8.00a.m.'"” This pattern is
preserved during episodes of myocardial ischaemia suggesting that this may not be purely a
reactive phenomenon. A number of studies have reported on the association between
suppressed fibrinolysis (through raised PAI-1) and angina or ML.'*

Prospective studies have shown that reduced fibrinolysis predicts myocardial infarction and
that high PAI-1 activity predicts recurrence of myocardial infarction in young Swedish men.'”
Since PAI-1 may be related to atheroma, showing that high levels of PAI-1 predict recurrence
of MI does not establish a causal link with thrombosis. It could simply represent the fact that
elevated PAI-1 levels reflect increased severity of coronary disease, in terms of risk of MI.
However there are other lines of evidence supporting a causal link with thrombosis.

Thrombolysis resistance and reocclusion after thrombolytic therapy of patients
suffering from acute MI is associated with the occurrence of platelet- rich thrombi. Different
approaches have been used to support the hypothesis that PAI-1 released from thrombin-
activated platelets and retained within the thrombus by binding to fibrin, is a major contributor
to thrombolysis resistance and re-occlusion.

First, incorporation of active PAI-1 into preformed clots applied to an experimental
animal model for pulmonary embolism, showed that the inhibitor suppressed endogenous
fibrinolysis.'*”® Furthermore, systemic administration of active PAI-1 to experimental animals
substantially compromised t-PA-mediated fibrinolysis.'”” Conversely, the incorporation of anti-
PAI-1 monoclonal antibodies enhanced endogenous t-PA-mediated thrombolysis in the rabbit
jugular vein model and partially prevented thrombus extension.'”® Significantly, in a canine
experimental model for coronary thrombosis that mimics reocclusion in man,'” a comparison
was made between systemic administration of an anti-PAI-1 monoclonal antibody together
with t-PA versus t-PA alone. The antibody substantially reduced the time to reperfusion,
prolonged the time to reocclusion and ultimately caused a reduction in the number of
reocclusions.?® |

Ex-vivo experiments measuring t-PA-mediated clot lysis with purified platelets,

demonstrated that a peptide derived from the amino-acid sequence of the mobile loop of PA1-



1, also greatly increased clot lysis presumably due to inactivation of PAI-1.*" Possibly, this
approach or one employing anti-PAI-1 monoclonal antibodies may lead to compounds that
promote thrombolysis in vivo and may prevent reocclusion after thrombolysis in patients with
an acute MI. These findings have gained support from the studies by Gray and Yudkin.*? They
compared the activity of PAI-1 in diabetic and non-diabetic patients admitted with acute MI
and also determined whether PAI-1 activity influenced reperfusion after thrombolytic therapy.
They found that both raised PAI-1 activity on admission and diabetes were associated with a
reduced likelihood of reperfusion after a thrombolytic therapy. Support for this finding comes
from the study by Barbash et a/ in which PAI-1 levels were correlated to patency of infarct-
related arteries after thrombolytic therapy with recombinant t-PA. In 125 consecutive patients
with an acute MI, pre-treatment levels of PAI-1 were significantly higher in patients with
occluded arteries compared to those with patent arteries.””

While the above data indicate an association between PAI-1 levels and both atheroma and
thrombosis, it is unknown whether these changes represent cause, effect, both cause and effect
or a shared association with some other factor. PAI-1 is released as part of an acute phase
response, and it is therefore possible that the elevated levels seen in previous studies may have
resulted from rather than lead to atherogenesis and thrombosis. Furthermore, an underlying
association between PAI-1 levels and CAD may be hidden by the confounding effect of the
close correlation between levels of PAI-1 and other established cardiovascular risk factors. If
genotype contributes to determination of PAI-1 levels, it may act as a marker for lifelong
exposure to differing levels representing a means to test the hypothesis that elevated PAI-1

levels contribute to coronary atheroma and/or thrombosis.

4.8 PAI-1 GENOTYPE AND ATHEROTHROMBOSIS
Differences in PAI-1 genotype frequencies between affected and unaffected population groups

may suggest that elevated PAI-1 levels are the cause rather than the effect of atherothrombotic
disease. Dawson et al found no difference in PAI-1 Hind III RFLP and promoter
polymorphism genotypes between young Swedish male long-term survivors of MI and control
subjects from the same area.'”” However, Eriksson et al examined a similar group who had
recently survived an MI and found an increased frequency of the 4G/4G genotype in the MI
group.”” Support for Eriksson’s findings came from Mansfield et al, who found a
preponderance of the 4G/4G genotype in non-insulin dependent diabetes subjects with a history

of myocardial infarction.”® Such studies suffer from a number of confounding factors



a. the small sample size

b. the phenomenon of allele drop-out - this is due to the death of subjects
expressing the clinical phenotype that may lead to under representation of the

deleterious genotype.

The ECTIM group reported their analysis of PAI-1 promoter genotype from their case control
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study of candidate genes in MI **. They confirmed the association between PAI-1 promoter
genotype and circulating PAI-1 levels but found no evidence between the genotype and
survivors of MI. Patients were recruited three to nine months after the event and hence this
study could suffer from the possibility of allele drop-out. One may have expected any
genotype-related drop-out through mortality to have disturbed the Hardy-Weinberg
equilibrium. However, this was demonstrated in the MI subjects studied at all four centres in
ECTIM. An important problem with ECTIM as well as most of the studies published to date in
this field is that it fails to distinguish between a possible differential effect on atheroma on the
one hand and thrombosis on the other. The importance of this lies in the fact that an apparently
normal control group will have subjects with significant atheroma that is not yet apparent.

At the time of this project, no study had been published that addressed the separate issues of the
relationship of PAI-1 levels and genotype to atheroma on the one hand and thrombosis on the

other.

49 AIMS OF THESIS 2
The emerging evidence that circulating levels of PAI-1 relate to genotype at a common

polymorphism in the promoter of the PAI-1 gene has opened the possibility of using PAI-1
genotype as a surrogate measure of pre-morbid PAI-1 levels to tease apart the cause and effect
limbs of the PAI-1-CAD relationship.

As with the ACE gene the relationship between the PAI-1 promoter polymorphism and PAI-1
levels, and the presence of atheroma as assessed by coronary angiography, and thrombosis by a
history of myocardial infarction was examined. Furthermore, the relationship between PAI-1

and other cardiovascular risk factors were assessed.

5.0 GENDER DIFFERENCES IN PATIENTS WITH CAD

The study of coagulation and fibrinolytic factors in relation to IHD afforded us the opportunity

to look at differences that exist with respect to gender.



Introduction

Although the majority of studies investigating cardiovascular risk factors have been
conducted in men, differences between men and women in the epidemiology, presentation,
management and prognosis of coronary artery disease (CAD) have become apparent

recently. 2% 27

While the major risk factors (cigarette smoking, hypertension, diabetes,
cholesterol) are important in both sexes, gender differences with respect to other risk factors are
being investigated to explain some of this dissimilarity.

The Framingham?®?"and other studies?' highlight several differences in men and
women presenting with acute and chronic coronary syndromes. Women and men who at
angiography are found to have a “normal” or minimally diseased coronary artery have a good
prognosis.®'* #* However, women who present with definite evidence of CAD, for example
myocardial infarction, have a poorer prognosis than men who present similarly.?"
Furthermore, the cardiovascular influence of diabetes is more marked in female than male
patients of a similar age® a finding that may relate to sex-specific differences in circulating
levels of haemostatic factors.”’® Little information is available with regard to these haemostatic
systems and their gender-specific influence on atherothrombotic disease in non-diabetics
subjects. Four components of these systems have been related to the risk of future coronary
events. Fibrinogen has emerged as a potent predictor of CAD and future coronary events as
shown in a number of large prospective studies including Framingham, 2'® Northwick Park
Heart™ PROCAM,” and the Speedwell/Caerphilly Studies.”’’ FVII:C independently predicted
fatal coronary events in the Northwick Park Study. * In the European Concerted Action on
Thrombosis and Disabilities (ECAT) study, vWF as well as fibrinogen levels were identified as
independent and significant predictors of MI or sudden death in patients who presented with

angina.’'®

Raised levels of PAI-1 resulting in suppression of fibrinolysis have been found in a
number of studies to relate to the severity of CAD (assessed by angiography),” and to predict
re-infarction in young male survivors of a myocardial infarction.'”®
Aim

In this study we have investigated the hypothesis that gender-specific differences in
coagulation and fibrinolysis occur in relation to coronary atheroma which could explain some

of the differences observed with regard to the presentation and respective prognoses in CAD.



6.0 MATERIAL AND METHODS

6.1 THE STUDY POPULATION

Six hundred and nine Caucasian patients were recruited from two centres in Leeds (409) and
Wakefield(200). Patients were admitted for coronary angiography for investigation of chest
pain, with suspected or known CAD. Our control population comprised of patients with no
evidence of significant atheroma at coronary angiography. This group of patients usually had
chest pain, and had one or more CAD risk factors. The majority of patients had inconclusive or
positive exercise test. A positive exercise test was defined as > Imm ST segment depression in
2 successive leads on a standard Bruce protocol. Patients with negative exercise tests who
continued to have chest pain and were admitted for angiography were also included. Each
patient gave informed consent, and the study was approved by the United Leeds Teaching
Hospitals (NHS) Trust and Pinderfields Health Trust Research Ethics Committee.

6.2 ASSESSMENT OF RISK FACTORS FOR CAD

We used a standard questionnaire to assess risk factors for CAD as shown in appendix..

6.2.1 Smoking history
We distinguished groups of patients: currents smokers, patients who had stopped smoking but

had been smokers in the previous 10 years, patients who had smoked consistently at any time

previously, and those who had never smoked.

6.2.2 Family history of CAD
A history of angina or myocardial infarction in a first-degree relative < 60 years of age was

taken from patients. A history of CAD in family members other than first-degree relatives was

noted separately. We also ascertained other cardiovascular risk factors in any relative.

6.2.3 Diabetes
We recorded a history of diabetes mellitus, both insulin and non-insulin dependent types by

WHO criteria (Report of a WHO Study Group Geneva Switzerland). This was ascertained by

clinical history, and confirmed with reference to patients' case notes.

6.2.4 Hypertension
A past history of hypertension was ascertained from patients' medical records.

Blood pressure was measured (at the time of study) with patients in the supine position to the

nearest 2mmHg using the Dynamap automated sphygmomanometer (Critikon, 1846 SX/P



Version 086). For patients on antihypertensive or antianginal medication we established from

the medical records the status of the patient with regards to a past history of hypertension.

6.2.5 Hyperlipidaemia
Patients reported to have a history of hyperlipidaemia or those on dietary and/or antilipid

medication were noted from medical records. Total cholesterol and triglyceride were measured
on fasting blood samples using the Hitachi 747 automatic analyser (Boehringer Mannheim,
Mannheim, Germany) in the biochemistry laboratory.

6.2.6 Body mass index
This was calculated from weight in kilograms divided by height in metres squared.

6.2.7 Angina and Myocardial infarction
Current angina was defined as any episode of typical cardiac pain in the three months

preceding angiography. The diagnosis of myocardial infarction (MI) was ascertained from
patients' hospital records using WHO criteria of at least 2 out of 3 from ST elevation of Imm in
two or more successive leads, typical chest pain longer than 20 minutes duration, and a
creatinine kinase rise of more than twice the baseline value. Patients who were reported to have
had a history of MI but did not meet the WHO criteria (n=16) were excluded from the analysis.
The diagnosis was confirmed by the presence of hypo-and akinetic segments at angiography.
The duration between the most recent episode of MI to the time of recruitment was noted in

view of the effect of acute phase reaction.

6.3 CORONARY ANGIOGRAPHY
6.3.1 Technique
Two techniques , the Sones (brachial artery approach) and the Judkins (femoral artery
approach), were used depending on the cardiologists preference. Patients were given a light
premedication (diazepam 5-10 milligrams). Local anaesthesia was administered in the region of
the femoral sheath. A haemostatic sheath was inserted into the femoral artery, and the
preshaped catheters passed up the aorta. Left ventriculography was usually performed in
conjunction with coronary angiography. A single ( or double) view (s) of the ventricle was
taken. A left ventriculogram is an important part of the study since CAD may cause
abnormalities of left ventricular function. Regional wall abnormalities (hypokinetic or akinetic
segments) are suggestive of prior coronary events. Other disease processes (such as the

cardiomyopathies) may lead to more global abnormalities of ventricular function. Catheters



were then manipulated into the respective coronary ostia. Angiographic assessment was made
in multiple projections as anatomically coronary arteries curve around the heart and eccentric
lesions may be seen in some projections and not in others. This enabled the operator to assess

the severity and extent of stenosed vessels.

6.3.2 The Grading System
Angiography was carried out and reported by Cardiologists who had no knowledge of

biochemical, coagulation or fibrinolytic factors. Significant coronary atheroma was defined as
50% stenosis in each of the three major coronary arteries or their branches. Patients were then
categorised into ““ normal”, single, double or triple vessel disease.

The use of coronary angiography and the grading system is discussed in section....

6.4 SAMPLING METHODS

Each patient was studied between 0700h and 1030h (to minimise the influence of the circadian
rhythm of PAI-1 samples) after an overnight fast of at least 8 hours. Free-flowing blood
samples were taken using a 19 gauge butterfly needle from an antecubital vein without venous
stasis. Blood was taken into 0.9% citrate (ph 8.8) on ice, in the ratio of 9 parts blood to 1 of
citrate for PAI-1 assay. This was centrifuged at 2560xg and 4°C for 30 minutes. Platelet poor
plasma was aliquatted from the spun samples and snap frozen prior to storage at -40°C. Blood
was collected into 0.9% citrate at room temperature for analysis of Factor VII:C levels. The
samples were centrifuged at 2560g at room temperature for 20 minutes, snap frozen and stored
at -40° until assay. Blood was also collected into lithium heparin for analysis of plasma

cholesterol and triglycerides and into EDTA tubes (sarsted) for DNA extraction.

6.5 DETECTION OF GENETIC POLYMORPHISMS

6.5.1 DNA Extraction
DNA was extraction by a salt detergent method adapted from that described by Gustincich et

al®®

Step 1- Blood lysis/denaturation.



300ul of EDTA anticoagulated blood was mixed with 600 ul of blood lysis buffer ,8%
dodecyltrimethylammonium bromide (DTAB), 1.5M NaCL, 100mM Tris-HCL, pH 8.6, and
50mM EDTA in a 2ml Eppendorf tube and incubated at 68( for 5 minutes.

Step 2- Deproteinization.

Chloroform (900ul) is then immediately added and after mixing by inversion, the sample is
centrifuged at 10 000 rpm for 2 minutes in an Eppendorf table centrifuge. A solid plug is
present at the layer between the organic and aqueous phase: this allows the pouring of the
upper aqueous phase containing the genomic DNA into a new 2-ml Eppendorf tube.

Step3- DNA precipitation and resuspension

900 pl of molecular biology grade water and 100ul of cetyltrimethylammonium bromide
(CTAB ) from a 5% solution made up in 0.4M NaCL were added. The final CTAB
concentration will thus be 0.3%. After gentle mixing by inversion at room temperature,
samples are centrifuged at 10 000 rpm in an Eppendorf tube for 2 minutes: the DNA-CTAB
pellets were resuspended in 300 ul of NaCL 1.2 M. After resuspension of the pellet, the DNA
was recovered by ethanol precipitation: 750 ul of ethanol was added, and after mixing by
inversion, the samples were centrifuged for 10 minutes at 10 000 rpm at room temperature. The
supernatant was discarded by pouring, and the pellets rinsed with 70% ethanol/30% molecular
biology grade water. After removing the 70% ethanol, the DNA was dissolved in 1ml of
molecular biology grade water and stored at -4C°.

DNA concentration was assessed by spectrophotometry.

6.5.2 Polymerase Chain Reaction (PCR)
This technique developed by Mullis and coworkers in 1985, allows for the specific

amplification of discrete DNA fragments present in very small (picogram) quantities. The basic
premise of PCR is that in a test tube containing a single molecule of DNA as template,
appropriate flanking primers to bind to either end of the portion of DNA of interest, nucleotide
triphosphate building blocks, and DNA polymerase, one can amplify that portion of the DNA
of interest to 100 billion similar molecules in a single day. An essential requirement is knowing
the sequence of a portion of each end of the DNA fragment to be amplified, but one need not
know the intervening sequences. These short sequences at either end , usually 10-20 base pairs,
are used to make complimentary oligonuecleotides that serve as primers, and in the presence of
the nucleotide building blocks a complimentary fragment of DNA is synthesized. This cycle is
repeated in an exponential fashion such that in 20 to 30 cycles over 3 to 4 hours, more than 1

million copies are synthesized. The DNA polymerase lengthens the short oligonucleotide



primer by attaching additional oligonucleotide to its 3' end. The nucleotide that the polymerase
attaches will be complimentary to the base in the corresponding position on the template
strand. If the adjacent nucleotide is an A, the polymerase attaches a T base; if the template
nucleotide is a G, the enzyme attaches to a C. Repetition of this process allows the polymerase
to extend the 3' end of the primer all the way to the 5' end of the template.

The steps that make up the PCR cycles include DNA denaturation, extension primer annealing,
and amplification (or extension).

DNA Denaturation

The double-stranded template DNA is denatured under high temperatures and the dissociated
single strands remain free in solution.

Extension primer annealing

Two extension primers, which are selected by the sequence of the DNA at the boundaries of the
region to be amplified, are utilised to anneal to one of the DNA strands. Each anneals to the
opposite strand; generally they are different in their sequence and are not complimentary to
each other. The primers are present in large excess over the DNA template, which favours the
formation of primer-template complexes at the annealing sites, rather than reassociation of
DNA strands when the temperature is lowered.

Amplification (extension)

The 5'( 3' extension of the primer-template complex is mediated by DNA polymerase, and as a
result, extension primers become incorporated into the amplification product. A thermostable
DNA polymerase purified from Thermus aquaticus, Taq DNA polymerase, which catalyses the
reaction at high temperatures, has gained wide usage and greatly simplified this process since
fresh enzyme is no longer required after each denaturation step. Amplification mimics the
natural DNA replication process of doubling the number of molecules after each cycle. The
amplification product of interest ("short product") begins to accumulate after 3 cycles. The
short product is the region between the 5' ends of the extension primers (synthetic
oligonucleotides that anneal to the sites flanking the region to be amplified) that contains
discrete ends corresponding to the sequence of these primers. As the cycle number increases,
the short product becomes the predominant template which the extension primer anneals.
Theoretically the amount of product doubles after each cycle, leading to exponential
accumulation. Due to enzyme kinetics, however, the actual amount is lower. As the cycles
proceed, other products also form, but the end of the amplification process, the short product is

overwhelmingly more abundant. These stages are depicted in figure 9.
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Schematic view of Polymerase Chain Reaction (PCR)
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6.5.3 Determination Of Ace Genotype
The ACE I/D polymorphism was detected by the polymerase chain reaction (PCR),

according to the presence or absence of an insertion in intron 16.”° PCR products
(490bp insertion and 190bp deletion) were separated by 2% agarose gel electrophoresis,
stained with ethidium bromide and viewed with UV light as described below. This
procedure allows discrimination among the three ACE genotypes: II, ID and DD.
Mistyping ACE Heterozygotes

In genotyping a large pedigree in which one of the parents was an II homozygote
Shanmugam et al were disturbed to encounter several DD genotypes among the off-
spring.”*! On repeating the PCR amplification under slightly different conditions all of
the DD genotypes amplified as ID. They were the first to point out the possibility of
mistyping ID heterozygotes as DD. This mistyping is due to the preferential
amplification of the smaller D allele. To overcome this, all samples typed as DD
homozygotes were subjected to a further amplification by using the original antisense
primer together with a primer specific for the insertion sequence as described by
Shanmugam et al.?*' This identified 6 out of 121 subjects initially genotyped as DD.
This 5% level of mistyping is consistent with the large American Physicians Health
Study. Several studies have been published which have not taken into account this
problem of mistyping and as such their results and conclusions have to be viewed with

caution. This point is discussed further below.

6.5.4 Determination Of PAI-1 Gene
Genotyping was performed for the 4G/5G Promoter Polymorphism. This single allele

insertion/deletion polymorphism is situated 675 base-pairs upstream from the start of
transcription and gives rise to a sequence of either 4 or 5 guanine bases; (4G/5G).
Genotype at this polymorphism was determined in all subjects by PCR amplification of
genomic DNA using the allele specific primers: insertion 5G allele; 5’GTC TGG ACA
CGT GGG GG-3’, deletion 4G allele; 5’-GTC TGG ACA CGT GGG GA-3’ each in a
separate PCR reaction together with the common downstream primer 5’-TGC AGC
CAG CCA CGT GAT TGT CTA G-3’ and a control upstream primer 5° -AGC CAG
CCA CGT GAT TGT CTA G-3’ to verify the occurrence of DNA amplification in the



absence of the allele on the genomic DNA. In addition to these primers each PCR
reaction mix of 25 microlitre contained 100 ng genomic DNA with 1.5 mM MgCL,, 3.2
mmol/l of dATP, dCTP, dGTP, dTTP, 50 pmol of the specific (4G or 5G) primer,
0.0025% W1, and 1 X Taq buffer. 1.25 U of dynazyme Taq polymerase was added to
each reaction at 94° (the hot-start). DNA amplification was achieved through 30 cycles
of the following steps: 60 seconds at 94°C dénaturation step, 45 seconds at 65°C,
annealing step and 75 seconds at 72°C extension step. A final extension of 5 minutes at
72°C was followed by cooling of the PCR reaction product to 4°C until fragment
separation. The PCR amplification conditions were determined by running multiple
reactions with differing concentrations of the primers or magnesium chloride and at

different annealing temperatures.

Figure 10 PAI-1 Promoter Polymorphism Allele-specific PCR product

PAI-1 Promoter Polymorphism
Allele-Specific PCR Product

control band 257 bp
4G band 139 bp

control band 257 bp
5G band 140 bp

6.5.5 A garose Gel Electrophoresis
The PCR products are loaded into a well of an agarose gel and subjected to

electrophoresis. Since DNA fragments are negatively charged (each nucleotide



possesses a net negative charge), they migrate towards the anode at a rate that correlates
with their length, the longer fragments migrating slowest, and remaining near the origin,
namely, the well in which the sample was inserted. After running the gel for sufficient
time to separate the fragments, the gel is stained with ethidium bromide, which
intercalates within bases and fluoresces under ultraviolet illumination, from which
photographs of DNA fragments are taken. To determine the size of the fragments of the
unknown DNA, a standard DNA sequence, which is known to give fragments of
specific lengths, is electrophoresed concomitantly. Electrophoreseis through agarose

will separate double-stranded DNA fragments varying from 70 to 100 000 base pairs.

The amplified DNA fragments from PCR were separated by agarose gel electrophoresis
and viewed under ultraviolet light after staining with ethidium bromide as described
above. Each subject was classified by two independent observers into one of three
possible genotype groups: 4G/4G, 4G/5G or 5G/5G , for PAI-1 figure 10, and II, ID
and DD for ACE.

The PCR results for both PAI-1 and ACE genotypes were scored by two independent
observers who had no prior knowledge of either cases or controls. No intraobserver
variability was found on repeated readings of the same gel and the interobserver
variability was 1%. All ambiguous samples were analysed a second time.

As an additional measure of quality control, validation of the genotyping by using
control subjects of each genotype as shown by direct sequencing was carried out. These
known controls were run with each batch of samples. Furthermore, samples already
genotyped were repeated on different occasions in order to confirm that the previous

genotyping was accurate.

6.6 MEASUREMENT OF CIRCULATING LEVELS
6.6.1 Measurement of plasma ACE activity
Plasma ACE activity (measured in our Chemical Pathology laboratory) was estimated
using 5ml venous blood anticoagulated with lithium heparin. Samples for ACE activity
were centrifuged at room-temperature, plasma separated into cryotubes, snap-frozen in
liquid nitrogen and stored at -40°C. ACE activity was determined by an automated

method, in which hydrolysis of a synthetic TRIS buffered substrate, furanacrylol-1-



phenylalanyl-glycylglycine by ACE produced a furanocrylol blocked amino acid and a

dipeptide. The resultant decrease in absorbance at 340 nm is a measure of ACE activity.

6.6.2 Measurement of Plasma PAI-1 antigen
An enzyme-linked immunosorbant assay (ELISA) was used to measure the levels

of PAI-1 antigen (Imulyse, Biopool, Umea, Sweden).

ELISA uses monoclonal antibody to the analyte which is conjugated to peroxidase.
Peroxidase is an enzyme which catalyses a change in the substrate ortho-
phenylenediamine di-hydrochloride (OPH) resulting in the development of a yellow
colour in the reaction medium which can be measured by colorimetry. The intensity of
the colour change is a function of the concentration of the analyte present in the sample.

The testing wells are coated with an anti-PAI-1 monoclonal antibody, raised in mouse,
which binds all the PAI-1 present in the sample. A second anti-PAI-1 monoclonal
antibody is added which binds to an exposed site of the PAI-1 molecule already bound
to the first antibody. This second antibody is conjugated to peroxidase. The excess
antibodies are then washed away and the peroxidase substrate OPH is added, resulting
in colour change proportional to the concentration of PAI-1 antigen in the original
sample.

Substances such as rheumatoid factor which bind to immunoglobulin may bind non-
specifically to monoclonal anti-PAI-1 antiboby. This would result in increased
peroxidase activity and a falsely high estimate of PAI-1 antigen concentration. To
increase the specificity of the assay the Immunological Specificity and Accuracy
Control (ISAC) principle is used. Ten micolitre of each sample to be measured is placed
in two monoclonal antibody coated wells. To one well (the A-well) is added an excess
of the coating monoclonal antibody to quench PAI-1 binding so that only non-specific
binding occurs to the well coat. To the other well (N well) a non-reactive mouse
monoclonal antibody is added so that both specific binding of PAI-1 and non-specific
binding will occur to the well coat. PAI-1 concentration can then be measured

specifically from the difference in colour change between A and N wells.

Method for 40 samples
250 pl of coating antibody solution was diluted to 25ml with 0.1M NaHCO3 buffer and

200u1 was then added to each well. The plate was covered and incubated at 25°C on a



plate shaker for 2 hours. The solution was then discarded by inverting and tapping the
plate. The wells were then washed 3 times with PET buffer ( PBS buffer substance with
EDTA and Tween 20).

200u1 of coating antibody solution was diluted to 10ml with PET buffer and mixed. 150
pl was added to each A well. 200ul of non-reactive mouse monoclonal antibody
solution was diluted to 10ml with PET buffer and mixed. 150ul was added to each N
well.

50ul of PAI-1 standard concentrations of 50,25, 12.5 and 0 ng/l were prepared by
mixing a standard PAI-1 plasma of 50ng/ml with PAI-1 depleted plasma in the
proportions 4:0, 2:2, 1:3 and 0:4. Plasma samples known to contain more than 50ng/ml
PAI-1 were diluted with PET buffer. 10 pul of each standard and each sample were added
to paired A and N wells. The samples were covered and incubated at 25°C on the plate
shaker for 1 hour. 80ul of conjugated antibody solution was diluted with 6ml PET
buffer and mixed and then 50ul of this solution was added to each well prior to further
incubation at 25°C for 1 hour on a plate shaker. The contents of the plate were then
discarded and the wells washed 4 times with PET-buffer.

The OPH substrate was dissolved in 3ml of water for 30 minutes before use and then
diluted further to 24ml with water. Immediately before use 10ul of 30% hydrogen
peroxide was added. 200ul of the substrate mix was added to each well before
incubation for 15 minutes at 25°C on a plate shaker. The reaction was stopped by the
addition of 50u1 4.5M sulphuric acid.

Absorbance at 492nm was measured using a micro-test plate spectrophotometer and the
difference in absorbance between the N and the A well (AA) for each standard and
sample calculated. AA was plotted against concentration for the standard samples to
obtain a calibration curve from which the PAI-1 concentration of the other samples was
read. Where samples had been diluted the concentration was multiplied by the dilution
factor.

The coating anti-PAI-1 mouse monoclonal antibody (Biopool MAI-12) binds to all
known forms of PAI-1 and the conjugated mouse monoclonal anti-PAI-1 antibody
(MAI-11) binds to both latent and active PAI-1 and to a lesser extent complexed PAI-1.
The Imulyse PAI-1 assay is therefore claimed to measure active and latent PAI-1 with
poor detection of PAI-1 complexed with either t-PA or urokinase. The stated

coefficients of variation (CVs) for this assay at 20ng/ml are within-assay 5% and



between-assays 9%. In the laboratory where these tests were performed the CVs were
within-assay 8.4% and between-assays 10.5%. As this assay can measure PAI-1 antigen
in the range 0.9-50ng/ml, samples with PAI-1 antigen concentrations greater than
40ng/ml were diluted 1:1 with PET-buffer, re-assayed and the resulting concentration

multiplied by two.

6.6.3 Measurement of other haemostatic factors
Fibrinogen was measured by the Clauss method, vWF was measured by an ELISA (with

antibodies from Dako, Sweden), FVII:C was assayed on the ACL 3000 (Instrumentation
laboratory, Warrington, UK) using FVII:C deficient plasma rabbit thromboplastin as

reagents.



7.0 STATISTICAL METHODS

In cases and controls, certain variables including body mass index, total
cholesterol, triglyceride, PAI- 1 , showed a positively skewed distribution and these
values were log transformed to a normal distribution.

Where data was log-transformed, the values presented in tables are reverse
transformed means (i.e. geometric means) with the reverse transformed 95% confidence
interval for the mean. For the sake of uniformity, those data that are not log-
transformed are also presented as mean (95% confidence interval). Data analysed by
non-parametric methods are presented as median (25th, 75th centile).

Mean values of normally distributed data were compared by unpaired Student t-
test. The Mann-Whitney U-test compared median values of non-parametrically
distributed data.

Deviation of genotype distribution from that predicted by Hardy-Weinberg
Equilibrium was tested by comparing observed genotype frequencies with those
expected from the observed allele frequencies using the chi-squared test with 1 degree
of freedom.

Differences in categorical data (for example genotype) between groups were
assessed using the chi-squared test. Bivariate correlation coefficients were calculated
according to Pearson's method in both variates were normally distributed or Spearman's
method if one or both variates did not conform to a normal distribution. Factorial
analysis of variance (ANOVA) was used to compare mean values of normally
distributed data between two or more groups allowing for differences between the
groups in other covariates. Using this method, mean values using the Bonferroni
adjustment, for the influence of the other covariates was estimated for the groups
studied.

Multiple linear regression analysis was used to assess the significant and
independent associations of normally distributed variables allowing for the influence of
other covariates on the association. Stepwise linear regression analysis was used to
investigate the most significant and importance of many covarying factors which

associate with a target variable.



Logistic regression analysis was used to examine the significant and independent
associations of dichotomous variables such as the presence or absence of a history of
ischaemic heart disease.
With 600 genotyped patients, the primary comparison, extent of coronary disease
according to genotype, would have 80% power to a statistically significant difference
between II and ID or between ID and DD groups if one group had 15% more double and
triple vessel disease that the other (baseline 50%) at a significance level of 5%. 300
patients with measured ACE levels would give the study over 80% power to detect a
difference between mean levels of 20 IU/1 between II and ID or between ID and DD.

All standard statistical techniques were performed using SPSS for Windows

(SPSS Inc, Chicago) Versions 6.1 for Windows 95.



8.0 RESULTS

8.1 GENDER DIFFERENCE

Males vs females in total study population

In all subjects (420 men and 189 women) the proportions of non-significant,
single, double and triple vessel disease were as follows: (20%, 21%, 21% and 38% for
men) and (45%, 20%, 17% and 18% for women). Table 6 shows the clinical,
biochemical and haemostatic characteristics by gender. Women were older than men,
had a higher prevalence of hypertension, a lower prevalence of cigarette smoking and a
trend towards lower BMI. As expected men had a higher prevalence of previous
myocardial infarction (MI), triple vessel disease (38% vs 18%) and a lower incidence of
angiographically non-significant coronary vessel disease (20% vs 45%). Female
subjects (n=107)had higher plasma fibrinogen (3.4g/1 vs 3.2g/l, p=0.01) and FVII:C
(134% vs 117%, p<0.0001) levels than men (n=189), the differences remaining in a
factorial ANOVA model after adjusting for age, smoking history, cholesterol,
triglyceride, BMI and white cell count. Circulating levels of PAI-1 were not different
between the sexes before and after adjusting for age, BMI, and triglyceride. Similarly,
there was no difference between men and women in vWF levels in both univariate and
multivariate analysis.

The median duration (25th and 75th centile) after MI to time of recruitment was
16 months (7-56 months). Of the 296 patients with haemostatic factors, only 8 subjects
had sustained an MI within 3 months prior to recruitment. Of these subjects, none were
female. Differences in haemostatic factors between the sexes could not therefore be
explained by acute phase response secondary to an MI.
Males vs females with significant atheroma

All subjects with angiographically significant atheroma in at least one vessel
were analysed separately (Table 7). The differences with respect to clinical features
(age, smoking and hypertension history) that were seen in the total study population
were also present in this selected group. With respect to haemostatic factors, the
females in this selected group (n=50)had higher levels of fibrinogen (3.5g/1 vs 3.3g/1,
p=0.02), and factor VIL:C (139% vs 117%, p=0.0001) than men (n=147)the differences
remaining in a factorial ANOVA model; (3.7g/1 vs 3.3 g/l, p=0.003 for fibrinogen), and



(139% vs 117%, p=0.0001 for FVII:C). PAI-1 levels were not different in univariate
analysis (25.0ng/ml vs 20.2 ng/ml, p=0.1) but assumed statistical significance in
multivariate analysis (26.2 ng/ml vs 19.7 ng/ml p=0.02). Levels of vWF were not
different in this group in either univariate or multivariate analysis.

Males vs females (normal vs atheromatous vessels)

Men and women were separately analysed comparing subjects with significant coronary
stenosis to those without significant disease (Table 8).

Subjects with significant atheroma were older in both sexes, and had increased plasma
levels of cholesterol (6.8 mmol/l vs 6.0 mmol/l ,p<0.0001 for women, 6.2 mmol/l, vs
5.6 mmol/l, p<0.0001 for men) and triglycerides (2.0 mmol/1 vs 1.5 mmoV/1, p<0.0001
for women, 2.1 mmoV/l, vs 1.6 mmol/l, p<0.0001 for men). A trend towards higher BMI
(27.1 kg/m” vs 26.0, p=0.09) was only found in female subjects. A previous history of
cigarette smoking was associated with significant atheroma in women ( 63% vs 40%,
p=0.001) but not in men. In contrast there was a higher prevalence of diabetes in men
with significant atheroma (10% vs 1% p=0.006) but not in women. Women with
significant coronary stenosis (n=50) had higher circulating levels of PAI-1 (25.0ng/l vs
13.4 ng/l, p<0.0001) and vWF (1.2 IU/ml vs 1.0 IU/ml, p<0.03) than women without
significant coronary disease (n=57) in univariate analysis, the differences remaining
when adjusted for other covariates. FVII:C and fibrinogen levels tended to be higher in
females with significant coronary disease, but these differences did not achieve
statistical significance even in multivariate analysis. These differences were not seen in
men with the exception of fibrinogen which was the only haemostatic parameter

associated with significant atheroma (3.3g/1 vs 3.0g/1, p=0.05).

Summary of results with respect to gender

In all subjects women have higher levels of fibrinogen and FVII:C than men irrespective
of the atheroma status. PAI-1 levels are not different in the whole population but are
different in the subgroup with atheroma, women having higher levels. vWF levels are
not different irrespective of atheroma status.

When the sexes are studied separately, PAI-1 and vWF levels appear to reflect the
presence of atheroma in women. Fibrinogen and FVII:C levels are not related to the
presence of coronary atheroma in women. In men, only fibrinogen appears to reflect

the presence of atheroma.



TABLE 6 CLINICAL, HAEMOSTATIC AND BIOCHEMICAL

FEATURES OF 609 PATIENTS

Characteristic Men (n=420) Women p
(n=189)

Age, yr 58 (57-59) 61(60-62) <0.0001
BMI, kg/m’ 27.2 (26.2-28.2) | 26.6(24.6-28.5) NS
Smokers, % 73 52 <0.0001
Hypertension, % 27 36 0.05
Diabetes, % 8 8 NS
History of M1, % 40 28 0.002
Measurement Men Women p
Cholesterol, mmol/l 6.1 (6.0-6.2) 6.5 (6.3-6.7) 0.001
Triglyceride, mmol/l 1.9 (0.8-3.0) 1.8 (0.7-2.9) NS
Fibrinogen, g/1 32(2.2-42) 3.4(2.4-4.4) 0.01
PAJ-1 antigen, ng/ml | 20.3 (19.2-21.4) | 18.7 (17.5-19.9) NS
FVIL:C, % 117 (113-121) 134 (127-141) <0.0001
vWF, IU/ml 1.17 (1.12-.1.23) | 1.17 (1.09 -1.25) NS

Values shown are mean and geometric mean (95% confidence interval) and antilogged
where appropriate. Adjusted values are shown in the text. Values for fibrinogen, PAI-
1,FVIIL:C, and vWF are shown for 189 males and 107 females. All other measures are
reported in 420 males and 189 females respectively.



TABLE 7 CLINICAL FEATURES OF SUBJECTS 434 MEN AND WOMEN

WITH SIGNIFICANT ATHEROMA AT ANGIOGRAPHY

Characteristic Men (n=339) Women (n=101) P

Age, yr 59 (58-60) 62 (60-64) 0.001
BM]I, kg/m’ 27.3 (26.3-28.3) 27.1(26.1-28.1) NS
Smokers, % 74 63 0.04
Hypertension, % 29 41 0.04
Diabetes, % 10 10 NS
History of MI, % 49 43 NS
Measurement Men Women P
Cholesterol, mmol/l 6.2 (6.1-6.3) 6.8 (6.5-7.1) <0.0001
Triglyceride, mmol/1 | 2.1 (1.0-3.2) 2.0(0.9-3.1) NS
Fibrinogen, g/l 3.3(2.3-4.3)/ 3.3* 3.5(2.4-4.6)/3.7* 0.02/0.003
PAI-1 antigen, ng/ml | 20.2 (19.0-21.40) / 19.7* 25.0 (23.8-26.2)/26.2* | 0.1/0.02
FVIL:C, % 117 (112-122) / 117* 139 (130-148) / 139* <0.0001
vWF, IU/ml 1.15(1.01-1.29) / 1.13* 1.25(1.14-1.37) / 1.20* | NS

Values shown are mean and geometric mean (95% confidence interval) and antilogged
where appropriate. *Figures shown are values after adjusting for age, BMI, cholesterol,
triglyceride, white cell count where appropriate in the factorial ANOVA model. Values
for fibrinogen, PAI-1, FVIIL:C, and vWF are shown for 147 males and 50 females. All
other measures are reported in 339 males and 101 females respectively.




TABLE 8 CLINICAL, HAEMOSTATIC AND BIOCHEMICAL FEATURES IN MEN AND WOMEN WITH AND WITHOUT

SIGNIFICANT ATHEROMA AT ANGIOGRAPHY

Characteristics males females

“ nd atheroma (n=81) atheroma (n=339) p value no atheroma (n=82) atheroma (n=101) | p value
Age, yr 53 (51-55) 59 (58-60) <0.0001 59 (57-61) 62 (60-64) 0.02
BMLI, kg/m? 27.1 (26.1-28.1) 27.3 (26.3-28.3) NS 26.0 (25.0-27.0) 27.1(26.1-28.1) 0.09
Smokers % 70 74 NS 40 63 0.001
Hypertension % 20 29 NS 30 41 NS
Diabetes % 1 10 0.006 7 10 NS
History of MI % 8 49 <0.0001 10 43 <0.0001
Measurement _ v
Cholesterol, mmol/l 56(53-59) 6.2 (6.1-63) <0.0001 6.0 (5.76.3) 68(65-7.1) <0.0001
Triglyceride, 1.6 (0.4-2.8) 2.1(1.0-3.2) <0.0001 1.5 (0.4-2.6) 2.0(0.9-3.1) <0.0001
mmol/l
Fibrinogen, g/l 3.0(1.9-4.1) 33(2.3-4.3) 0.05 33(2.2-44) 3.5(2.4-4.6) NS
PAI-1 Ag ng/ml 20.6 (19.3-21.9) 20.2(19.0-21.40) NS 13.4 (12.1-14.7) 25.0 (23.8-26.2) <0.0001
FVIL:C, % 115 (108-122) 117 (112-122) NS 128 (117-139) 139 (130-148) 0.1
VWE, IU/ml 1.15(1.01-1.29) 1.18 (1.11-1.24) NS 1.06 (0.95-1.18) 1.25(1.14-1.37) 0.02

Values shown are mean and geometric mean (95% confidence interval) and antilogged where appropriate. For adjusted values see text.

Values for fibrinogen, PAI-1, FVII:C, vWF are shown for 147 males with and 42 males without atheroma, and in 50 females with and 57
females without atheroma. All other measures are reported in 339 and 81 males respectively and in 101 and 82 females respectively.
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8.2 ACE Results

8.21 Relation of Established Risk Factors and of ACE Genotype to Ml
and CAD

Clinical Characteristics

A total of 609 consecutive patients were admitted for angiography and included in the
study. The clinical and biochemical characteristics of these patients, by sex, are shown
in Table 9. These characteristics are consistent with the sample being typical of patients

admitted for angiography.

ACE genotype vs ACE activity

There were no differences between the ACE genotype subgroups and the established
risk factors in the total population (data not shown).

In the total study population there was a strong relationship between ACE genotype and
activity (mean plasma ACE levels were 61.8, 73.0 and 98.2 for II, ID and DD
respectively; ANOVA, p=0.001). Adjusting for ACE inhibitor usage and other factors

did not substantially alter these results.

ACE genotype and extent of CAD

Table 10 shows the number of subjects by extent of coronary disease and ACE
genotype. There was no statistically significant association between these (median
number of diseased vessels for II, ID and DD were 2, 2 and 1 with interquartile ranges
of 0-3, 0-3 and 0-3 respectively; Kruskal-Wallis test p=0.527). Similarly there was no
significant difference between genotype groups in terms of significant atheroma or not

Table 6.

ACE genotype and MI

Table 11 shows the number of patients by history of MI and ACE genotype. There was

no relationship between the ACE genotype and a history of MI (odds ratio for ID vs II =

1.10, 95% CI: 0.71 to 1.68; odds ratio for DD vs II = 1.10, 95% CI: 0.68 to 1.77,
=0.902). These results remained unchanged after adjusting for ACE inhibitor use and

other factors.
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ACE activity and extent of CAD

There was no significant relationship between plasma ACE levels and extent of disease
odds ratio for increase in 10 IU/l = 0.97, 95% confidence interval: 0.93 to 1.02,
p=0.202). This shows that the odds of having more diseased vessels are unrelated to
plasma ACE levels (the non-significant trend was to have fewer diseased vessels with
higher ACE levels). This result remained unchanged even when ACE inhibitor usage

and other factors were taken into account (p=0.673).

ACE activity and MI

Subjects with higher plasma ACE levels were no more likely to have had an MI than
those with lower ACE levels (odds ratio for increase of 10 IU/1 = 0.96, 95% confidence
interval 0.91 to 1.02, p=0.193). This remained unchanged after adjusting for ACE

inhibitor usage and other factors.

Myocardial Infarction

Table 14 shows the relationship between risk factors and a history of myocardial
infarction (MI). A past history of smoking and diabetes mellitus was related to a history
of MI (p=0.007 and 0.04 respectively). MI patients were more likely to be on
antianginal medication (p<0.001 for (-blocker and p=0.006 for Ca antagonists), and
hence it is not surprising that a history of hypertension was not related to MI. There
was a trend towards higher BMIs (p=0.06), cholesterol and triglycerides, but this was
not statistically significant. There was a relationship between total white cell count and
granulocyte count, and MI p=0.02. There was no relationship between the ACE
genotype and a history of MI, either in the general population Table 12 or in any of the
subgroups studied (in patients with one or more diseased vessels Table 13 , men and
women separately, in patients with BMI < 26 kg/m2 and 25 kg/m2, patients who never
smoked, without a history of hypertension and non-diabetics, either looked at separately

or together).
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Coronary Artery Disease
The relationship of risk factors according to extent of vessels disease is shown in Table

15. Patients with angiographic evidence of atheroma had higher BMIs (p<0.02), higher
cholesterol (p=0.0009), and triglycerides (<0.0001), smoking history (p=0.05), and
white cell count (0.02). There was, however, no clear trends with extent of disease apart
from age and cholesterol. A history of MI was strongly related to atheroma p<0.0001,
increasing in prevalence with an increase in number of vessels diseased (10%, 36%,
52%, 58% from non-significant to triple vessel disease respectively) (for increase of one
vessel with >50% stenosis, OR =2.04, 95% CI: 1.74 to 2.39, p<0.001).

Subjects with normal and single vessel disease had a higher prevalence of DD genotype
(28% and 35% respectively), than patients with double (22%) and triple vessel (26%)
disease but this was not statistically significant. In the subgroup of patients with
significant atheroma there was no significant difference between genotype groups Table

13.

8.2.2 Relationship between ACE activity, CAD and MIl
There was a trend towards higher ACE levels among subjects with normal (72.8IU/L)

and single vessel (83.4IU/L) disease compared to multivessel disease groups, 62.8IU/L
and 59.1IU/L for double and triple vessel disease groups respectively p=0.08. This trend
became weaker after adjusting for ACE inhibitor treatment p=0.1 Table 14.

Patients with a past history of MI had lower levels of plasma ACE activity 68.11U/L
compared to those without an MI history 76.1IU/L p=0.04, a relationship which became
weaker after adjusting for ACE inhibitor treatment, 70IU/L compared to 59IU/L p=0.09
Tablel5. In a multiple regression model after adjusting for other risk factors for MI, this
negative relationship became stronger p=0.01. ACE activity was not age-dependent
either in the total population studied or in any of the subgroups analysed (<55years,
(55years, MI and no history of MI). In a linear regression model age remained unrelated

to plasma ACE activity.

101



TABLE 9. PATIENT’S CLINICAL AND BIOCHEMICAL

CHARACTERISTICS BY GENDER

Male Female DIFFERE | 95% CI
NCE

n=609 420 189
Age 57.6(9.4) | 609(8.6) |-33 -4.9to0-1.7
BMI(kg/m?) 27.5(4.0) |1269(4.2) |06 -0.1to 1.4
Diastolic BP (mmHg) 82 (12) 77(12) 4.8 26t07.1
Systolic BP (mmHg) 146 (22) 144 (26) 2.8 -1.6t07.2
Family history of CHD 234 (56%) | 110 (58%) | -2.5% -11% to 6%
History of hypertension 115 (27%) | 67 (35%) -8.1% -15.9% to -0.2%
History of diabetes mellitus | 35 (8%) 16 (9%) -0.1% -4.9% to 4.7%
Current smoker 81 (19%) 39 (21%) -1.4% -8.2% t0 5.5%
Ever smoked in last 10 yrs 203 (49%) | 72 (39%) 10.1% 1.5% to 18.6%
Ever smoked 307 (73%) | 98 (52%) 21.0% 12.9% to 29.1%
History of myocardial 168 (40%) | 52 (28%) 12.9% 4.6% t0 21.1%
infarction
Cholesterol(mmol/L) 6.1(1.1) 6.5 (1.3) -0.4 -0.6 to -0.1
Triglyceride (mmol/L) 2.3(1.6) 2.1(1.2) 1.09 0.98to0 1.21*
White cell count (10%/L) 7.5(2.1) 7.0 (2.1) 0.5 0.1t00.9
Antilipid 32 (8%) 21 (11%) | -3.5% -8.3%t0 1.3%
Aspirin 288 (69%) | 107 (57%) | 12.0% 3.8% t0 20.2%
B-blocker 199 (47%) | 91 (48%) | -0.8% -9.3% to 7.8%
Ca-antagonist 191 (46%) | 106 (56%) [ -10.6% -19.2% to -2.0%

Values shown are mean (standard deviation), or number (percentage) as appropriate. Where data was

missing, figures are based on patients for whom data was available.

* Triglyceride values were log-transformed before computing the t-test. Results quoted have been
transformed back into mmol/l, where “difference” and 95% CI represent the ratio of the females’
geometric mean to the males’ geometric mean.
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TABLE 10.

RELATIONSHIP BETWEEN ACE GENOTYPE AND

EXTENT OF CAD
ACE Genotype Alleles

N= 1 D DD I D
Normal 154 36 (24%) 74 (48%) 44 (29%) 0.47 0.53
Single 123 20 (16%) 60 (49%) 43 (35%) 0.41 0.59
Double 112 33 (29%) 54 (48%) 25 (22%) 0.54 0.46
Triple 185 46 (25%) 90 (49%) 49 (26%) 0.49 0.51

574 135 (24%) 278 (48%) 161 (28%) 0.48 0.52

35 patients were either not genotyped or were not classified according to extent of disease.

TABLE 11 RELATIONSHIP BETWEEN CORONARY STENOSIS

AND ACE GENOTYPE
1I ID DD
No 121 31 (26%) 56 (46%) 34 (28%)
atheroma
Atheroma 314 66 (21%) 161 (51%) 87 (28%)

x2=1.3, df=2. p=0.5
10 patients had no angiograms, 14 patients could not be genotyped, and 5 patients

had neither. These were excluded from the analysis.
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TABLE 12

RELATIONSHIP BETWEEN THE ACE GENOTYPE AND

HISTORY OF MI
ACE Genotype Alleles
N I D DD I D
MI 210 47 (22%) 103 (49%) 60 (29%) 0.47 0.53
No MI 366 88 (24%) 176 (48%) 102 (28%) 0.48 0.52
576 135 (23%) 279 (49%) 162 (29%) 0.48 0.52

33 PATIENTS WERE EITHER NOT GENOTYPED OR WERE NOT CLASSIFIED ACCORDING TO

HISTORY OF MI

TABLE 13

RELATIONSHIP BETWEEN ACE GENOTYPE AND MI

Patients with 11 D DD
significant
atheroma
Ml 164 30 (19%) 84 (51%) 50 (31%)
No MI 156 36 (23%) 74 (47%) 46 (30%)

x*= 1.1, df=2, p=0.6

IN PATIENTS WITH SIGNIFICANT ATHEROMA
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TABLE 14 CLINICAL AND BIOCHEMICAL CHARACTERISTICS

BY MI
No MI MI P

n=455 282 173
Age 57.9(10) 59 (10) NS
BMI kg/m® 269 (4) 27.7 (4) 0.06
Diastolic BP(mmHg) 74 (25) 73 (25) NS
Systolic BP (mmHg) 134 (45) 130 (45) NS
Diabetes history 15 (5%) 18 (11%) 0.04
Hypertension history 90 (32%) 45 (26%) NS
Family History 170 (60%) 104 (60%) NS
Present smoker 57 (20%) 32 (19%) NS
Smoked in previous 10 years | 113 (63%) 92 (54%) 0.007
Ever smoked 178 (63%) 132 (77%) 0.003
ACE activity IU/L 70 (1.0) 59(1.1) 0.04
ACE activity TU/L* 76.1(1.0) 68.1(1.1) 0.09
Cholesterol(mmol/L) 6.0 (1.2) 6.2 (1.2) NS
Triglygeride(mmol/L) 1.8(1.7) 1.9(1.7) NS
Anti-lipid treatment 25 (9%) 14 (8%) NS
ACE inhibitor 46 (16%) 35 (20%) NS
Aspirin 158 (56%) 141 (81%) <0.0001
R-blocker 115 (41%) 98 (57%) <0.0009
Ca-antagonist 131 (46%) 96 (56%) 0.06

Values shown are mean and standard error

*After excluding patients on ACE inhibitor treatment.

+ 9 patients who were reported to have had an MI, but did not meet the WHO criteria were excluded

from the analysis.
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TABLE 15 CLINICAL AND BIOCHEMICAL CHARACTERISTICS BY

EXTENT OF CAD

“Normal” Single Double Triple P

125 92 87 145
Age(years) 55(10) 58 (10) 59 (7) 60 (11) <0.001*
BMI(Kg/m?) 26.4 (4) 27.6 (4) 27.9(3.5) 27 (3.7) <0.02*
Diastolic BP(mmHg) 73 (22) 78 (21) 76 (24) 74 (25) NS
Systolic BP(mmHg) 132 (37) 138 (38) 136 (45) 136 (46) NS
Diabetes History 4 (31%) 10 (11%) 7 (8%) 13 (9%) NS
Hypertension History 27 (22%) 32 (35%) 30 (35%) 45 (31%) NS
Family History 71 (57%) 56 (61%) 53 (61%) 91 (63%) NS
Present smoker 25 (20%) 23 (25%) 22 (25%) 21 (14%) NS
Ever smoked 75 (60%) 68 (74%) 63 (72%) 108 (75%) 0.05
Smoked in previous 10 48 (39%) 50 (55%) 47 (55%) 65 (45%) 0.05
years
Current angina 95 (76%) 81 (88%) 76 (87%) 126 (87%) 0.03
History of MI 12 (10%) 33 (36%) 44 (52%) 83 (58%) <0.0001
Cholesterol(mmol/L) 5.8(1.2) 6.1(1.2) 6.3(1.2) 6.3 (1.2) 0.0009
Triglyceride(mmol/L) 1.5(1.7) 2.1(1.8) 2.2(1.7) 1.9(1.7) <0.0001
ACE activity(IU/L) 67 (1.3) 78 (1.8) 63 (1.9) 59 (2) 0.08
ACE activity(TU/L)* 73(1.1) 83(1.1) 66(1.1) 71(1.1) 0.1
Antilipid treatment 7 (6%) 10 (11%) 9 (10%) 14 (10%) NS
Aspirin 61 (49%) 62 (67%) 66 (76%) 110 (76%) 0.0001
R-blocker 40 (32%) 44 (48%) 50 (58%) 84 (60%) 0.0008
Ca antagonist 46 (37%) 45 (49%) 52 (66%) 83 (57%) 0.002
White cell count*10°/L 6.3 (24) 7.5(2.3) 6.8 (3) 7.1(2.7) 0.02
Granulocyte count*10%/L 4.3 (1.6) 4.9 (1.8) 4.8 (1.6) 5.0(1.6) 0.04
Platelet count*10°/L 240 (84) 253 (83) 218 (97) 226 (91) NS

Values shown are mean and standard error

* Adjusted for ACE inhibitor treatment
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8.3 PAI-1 RESULTS

The clinical and biochemical characteristics of the patients are shown in Table 6.
Women were older than men (p=0.001), and had lower BMI (p=0.008). Male subjects
had a higher diastolic BP (p=0.005), but there was no difference in systolic BP,
although adjustment was not made for an influence of BP-lowering drug therapy.
Despite the fact that more women were on lipid lowering treatments (12%vrs 7%,
P>0.05), they had higher cholesterol levels. There were more smokers in the male
population (p=0.01). There was a significant gender difference in the frequency of MI,
with more men (42% vs29%) (p=0.02) having a history of MI. Male patients had a
higher prevalence of multi-vessel disease, whilst, female subjects had a higher
prevalence of normal coronary angiography (p<0.005).

Patients with coronary stenosis in one or more vessels were older (p<0.005), had a
higher BMI (p=0.04), and higher diastolic and systolic BP (p=0.02, p=0.03,
respectively). Smoking history was more frequent in subjects with one or more diseased
vessels (p=0.04). Cholesterol levels increased with increasing vessel involvement
(p=0.0009), and a history of myocardial infarction was related to the number of vessels
disease (p<0.0001). There was no relationship between a family history of Ischaemic

heart disease and presence of coronary stenosis Table 17.

8.3.1 PAI-1 levels in relation to CAD and MI|
PAI-1 levels were weakly related to extent of disease although this did not reach the

standard level of statistical significance (p=0.06). This association weakened after
adjusting for TG, BMI, age and sex, factors that have been shown independently to
relate to affect PAI-1 levels. The frequencies of the two alleles in the whole group were
0.54 for 4G and 0.46 for 5G. The genotype frequencies were in Hardy-Weinberg
equilibrium.

PAI-1 levels were highest in subjects with the 4G/4G genotype (21.4ng/ml) lowest in
the 5G/5G group (17.2ng/ml), with 4G/5G subjects having intermediate levels
(20.3ng/ml). When values of PAI-1 were adjusted for differences in age, sex, BMI and
TG, there was a significant difference in PAI-1 levels between genotype groups
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(p=0.02) (Table16). Genotype frequencies differed between patients with and without a
past history of MI, with a significantly greater frequency of the 4G/4G genotype in
those with a history of MI (p=0.04) (Tablel6) and figurell. In a logistic regression
model, possession of the 4G/4G genotype remained significantly related to MI (p<0.03,
odds ratio=2.0, 95%CI=1.1-3.7), allowing for differences in age, sex, BMI, cholesterol
and smoking history. The other independent significant factors were age (p=0.04),
smoking history (p=0.05), BMI (p=0.01) and sex (p=0.0006). There was a trend towards
higher levels of PAI-1 in subjects with a history of MI (22.2ng/ml vs 18.6ng/ml) (p=0.1)
but this did not reach statistical significance even when adjusted for other factors.

Likelihood Chi-squared ratio did not reveal any differences in genotype frequency in the

different angiographic groups.

8.3.2 TG and BMI in relation to PAI-1
The regression slope of PAI-1 levels on TG was steeper in those with the 4G/4G

genotype than the other two genotypes. Similarly, the slope of PAI-1 on BMI was
steeper in those with 5G/5G genotype. To assess the significance of these interactions, a
factorial ANOVA model was designed with PAI-1 levels as the dependent variable.
Genotype was expressed as two indicator variables. TG and BMI were expressed as
covariates, with interaction terms of TG (genotype (4G/4G vs not 4G/4G), and BMI (
genotype (5G/5G vs not 5G/5G). Both interaction terms remained significant with p-
values of 0.004 for TG (genotype and 0.02 for BMI (genotype).

In order to assess whether the relationship between the promoter polymorphism and
history of MI was gender specific, chi-squared analysis was performed in male and
female subjects separately. In men, the genotype was related to MI (p=0.04),figure 13,
but there was no relationship in females (p=0.57). In the multiple regression model, the
relationship in men was stronger (p=0.007, OR=1.6, 95%CI=1.13-2.22), whilst there
remained no relationship in women (p=0.14). In a subgroup including only subjects with
atheroma (single and multi-vessel disease), figurel2, the increased prevalence of the
4G/4G genotype in patients with a history of MI assumed greater significance (n=298,
df=2, p=0.006) Table 18.
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TABLE 16 PAI-1 LEVELS, MI AND EXTENT OF CAD BY GENOTYPE.

4/4 4/5 5/5 P
Number 130(30%) 210(48%) 94(22%)
PA1-1 Antigen(ng/ml) 214 (2.2) 203 (2.5) 172 (24) | NS
Adjusted * 225 215 15.8 0.02
PA1-1(ng/ml)
Previous MI 60 80 27 0.02
No previous MI 68 124 67
Vessels 0 37(31%) 65(54%) 18(15%)
Vessels 1 25(29%) 36(41%) 26(30%) NS
Vessels 2 66(30%) 107(48%) 49(22%)

Values for PAI-1 antigen are geometric mean and antilogged standard deviation.
* Adjusted for sex, age, BMI and TG. 19 patients could not be genotyped, in 8 patients we

could not confirm MI by the WHO criteria, in 4 patients we could not find the

angiographic reports
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TABLE 17 CLINICAL AND BIOCHEMICAL CHARACTERISTICS IN
RELATION TO EXTENT OF ATHEROMA

Normal

Single vessel | Multi-Vessel P

Vessels disease disease

n=125 n=92 n=232
Age 55(9.9) 58 (9.0) 60.6 (8.3) <0.0005

55 59 62 <0.0005
BMI (kg/m?) 26.4 (4.2) 27.7 (4.0) 27.3(3.6) 0.04

26.4 27.5 27.0 ns
Cholesterol (mmol/l) | 5.8 (1.2) 6.2 (1.1) 6.4 (1.1) <0.0001

5.9 6.3 6.5 <0.0005
Diastolic BP(mmHg) | 78 (12) 82 (13) 81 (12) 0.02

78 81 80 ns
Systolic BP (mmHg) | 139 (21) 145 (23) 146 (25) <0.05

139 145 146
PAl-antigen (ng/ml) | 16.4 (2.5) 21.4 (2.2) 21.3(2.3) 0.06

16.4 21.3 21.1 0.086
Triglyceride 1.5(1.7) 2.1(1.8) 2.0(1.7) <0.0001
(mmol/l) 15 2.1 2.0 <0.0005
Ever smoked 48(36%) 44 (47%) 107 (46%) <0.05
Family History 78(59%) 57 (61%) 145 (62%) NS
Previous MI 11(9%) 30 (34%) 121 (55%) <0.0001

Values shown are mean (standard deviation), and antilogged where appropriate, except for

PAI-land TG where geometric mean (anti-logged standard deviation) are given. Values

shown underneath in italics have been adjusted for sex, calculated using ANOVA.
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PAI-1 promoter genotype and
history of myocardial infarction

04G/4G
14G/5G
o 5G/5G

p =0.02

No M

Figure 11 PAI-1 genotype and History of MI

Table 18 RELATIONSHIP BETWEEN GENOTYPE AND MI IN
PATIENTS WITH SINGLE OR MULTI-VESSEL DISEASE

GENOTYPE No MI MI
4G/4G 36(24%) 52(36%)
4G/5G 66(43%) 68(46%)
5G/5G 50(33%) 26(18%)

Number of patients with pereentage frequencies in brackets
X'=10.4, df=2, p=0.006
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PAI-1 promoter genotype and history of myocardial
infarction in subjects with 1,2 or 3 vessel disease

0 4G/4G
[g4G/5G
I o 5G/5G
S 1
3
0)
p =0.006

OR 2.4 (1.7-3.0)
p = 0.001

e

No Ml

Figure 12 PAI-1 genotype and a history of MI in subjects with significant

atheroma
PAI-1 promoter genotype and

history of myocardial infarction in male subjects

80 o0 4G/4G
p ™ B4G/5G
X 60 o 5G/5G
o
S 50
Ma) 40 0.04
o =V.
5 30 P
E 20 OR 1.6 (1.1-2.2)
> 10 p = 0.007

Figure 13 PAI-1 genotype and a history of MI in male subjects
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9.0 GENERAL DISCUSSION

9.1 THE STUDY POPULATION

Patients were admitted for coronary angiography for investigation of chest pain, with
suspected or known CAD. Since the aim of our study was to look at the relationship
between genotype and atheroma, it was essential that both cases and controls should
have a coronary angiogram. Our control population was therefore patients with no
evidence of significant atheroma at coronary angiography. This group of patients
usually had chest pain, and had one or more CAD risk factors. Furthermore, a number
of these had positive exercise tests. Hence, it is likely that our control subjects were not
normal controls. However, the control groups that have been used in studies of this kind
have major difficulties. Some investigators have used the Rose questionnaire as a means
of selecting patients likely to have CAD. The validity of this tool has been the subject of
considerable scrutiny , with a sensitivity ranging from 25 to 83%, and a specificity from
48 to 98%. Its reliability has been shown to be particularly low in females. Other
investigators have used the presence of electrocardiographic abnormalities using various
coding systems such as the Minnesota coding system to select their CAD subjects.
These again have a wide range of specificity and sensitivity. The use of exercise stress
testing though more sensitive and specific than the above methods poorly correlates
with the presence or absence of coronary atheroma. Since coronary angiography can
only be performed in patients who have a clear indication for such an invasive

"

procedure, the "best" control group were those who were found to have " normal”
coronary arteries. I have discussed in a later section the use of coronary angiograms in

assessing atheroma.

9.2 CORONARY ANGIOGRAPHY
9.21 Introduction.
The assessment of ischaemic burden of patients from history, examination and exercise
testing has some limitations. The use of coronary angiography to assess the extent and
severity of CAD has greatly improved our evaluation of such patients. It provides
important anatomical information that, used in conjunction with the physiological

information obtained from exercise testing allows detailed evaluation of the patient.
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9.2.2 Coronary Stenosis And Haemodynamics.
Under resting conditions, progressive narrowing of a major artery does not cause a

corresponding reduction in flow. Instead flow remains relatively constant until the
luminal area has been markedly reduced, at which time an abrupt decrease occurs.
Under hyperaemic conditions in the same artery, a considerably minor degree of
stenosis will reduce peak blood flow. In normal human coronary arteries, it has been
noted that hyperaemic or peak coronary blood flow ( such as can occur during exercise)
is about six times the normal resting blood flow. The hyperaemic state is mediated by
dilatation of the distal arteriolar bed often referred to as the coronary flow reserve. The
point at which reduction in flow begins to occur can be called the point of critical
stenosis (PCS). In a major artery at resting conditions the PCS is not reached until
severe stenosis (about 90% of the luminal diameter) exists. During exercise the PCS
occurs at about 50% of arterial narrowing. It has been postulated that the maintenance
of resting blood flow in the face of severe proximal stenosis results from compensatory
vasodilation of the arteriolar bed distal to the lesion. Presumably, when the arterial
luminal area is about 90% narrowed, the maximum vasodilatory capacity of the small
arterioles is reached and they cannot compensate any further. Additional narrowing of
the artery beyond this PCS then leads to rapid fall off in flow. It is further assumed that
during periods of hyperaemia, some of the coronary flow reserve has already been
encroached on to maintain resting flow, so that the maximum vasodilatory capacity of
the arteriolar bed is reached with lesser degrees of arterial stenosis (about 50%).

Other authors have provided alternative explanations for the above relationship. Studies
have been performed to show that measurements of arterial pressure distal to
progressive stenoses failed to show a pressure drop as the degree of stenosis increased.
Instead both pressure and flow remained constant until the PCS was reached. This
meant that peripheral resistance was being maintained as stenosis increased. It further
suggested that compensatory arteriolar dilatation is not the explanation for the
maintenance of resting blood flow.

Logan has postulated another explanation for the phenomenon. The rate of flow through
a vessel equals the driving pressure divided by the total resistance in its vascular bed.
Total resistance (Rt) is the sum of stenosis resistance (Rs) in the proximal artery and
peripheral resistance in the arteriolar bed (Rp). Under resting conditions when flow is

relatively low and Rp is high, Rt is high but consists almost entirely of Rp. As major
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arterial stenosis increases, Rs begins to increase, but is initially of very small magnitude
compared with Rp and therefore has little overall effect on the magnitude of Rt of the
entire system. Only when proximal arterial stenosis becomes severe does Rs begin to
approach Rp. At this point further increase in Rs significantly elevates Rt, which in
turn causes flow through the entire system to drop off rapidly. During hyperaemic
states induced by exercise or other vasodilator stimuli, Rp and therefore Rt are much
lower to begin with. A given degree of arterial stensosis will create a level or Rs that is
more significant relative to Rp. Any increase in the severity of that stenosis will begin
to raise Rt by significant increments at an earlier stage, and the PCS accordingly is

reached at an earlier stage.

These concepts explain why resting blood flow may be entirely normal even when a
significant proximal stenosis is present and why ischaemic symptoms develop during
exercise when they are not present at rest. They also explain why a minor increase in
degree of an already existing stenosis can cause a profound decrease in blood flow and
lead to abrupt onset of severe ischaemia.

Other important aspects of the flow- stenosis relationship relate to the effect of
sequential arterial stenosis and length of the lesion. Gould showed that the resistance of
coronary stenoses in series are additive. The effects of such sequential lesions are not
determined solely by the most severe lesion. Haemodynamic effects of coronary lesions
have also been shown to increase significantly as their length increased.

White et al, has called into question the reliability of coronary angiography in predicting
the haemodynamic significance of a coronary stenosis. They compared the degree of
coronary stenosis measured by arteriography with the reactive hyperaemic response
measured during coronary bypass surgery by a doppler probe after 20 seconds of arterial
occlusion. In each case the ratio of peak resting flow velocity (coronary flow reserve)
was measured. It would be expected that if angiography is an accurate way of assessing
the haemodynamic significance of stenoses, the ratio of peak to resting flow would
consistently be lower for severe than for minor stenoses. However, the study revealed a
lack of correlation between this ratio and the degree of stenoses. They suggested that the
lack of correlation could be explained by a variety of factors, including inter-observer

and intra-observer variability, technical problems relating to radiographic magnification
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and distortion, and the diffuse nature of coronary arteriosclerosis (which makes it

difficult to establish an accurate denominator for the expression of percentage stenosis.)

9.2.3 The Grading System
The simplest and the most widespread grading system has categorised patients

according to whether one, two or three of the major coronary arteries are involved.
Several major studies describe the prognostic significance of coronary artery obstruction
whereby the greater the extent of coronary artery narrowing, the worse the outcome. In
particular, the CASS registry reported in more than 20 000 treated patients. ** Survival
was related to number, site (proximal or distal), and vessels stenosed. Mortality
increased significantly as the extent of coronary disease increased as well as to left
ventricular impairment. In fact ejection fraction was of more prognostic importance than
the extent of coronary stenosis.

Angiographic studies have shown that patients whose pain is predictable and provoked
by a constant level of cardiac work have segments of high grade stenosis in one or more
epicardial coronary arteries. In this context, significant stenosis means a reduction of
more than 50% in the diameter of the vessel lumen when compared with an adjacent
reference segment of 'normal' artery. This corresponds to 75% reduction in cross-
sectional area of the lumen. The evidence for regarding this degree of stenosis as
significant is derived from the practical clinical experience of symptomatic, as
compared with asymptomatic patients, and the theory of flow in tubes. At a standard
perfusion pressure, flow begins to fall sharply when the lumen is narrowed by 75% in
cross sectional area and there is a significant drop of pressure across the stenosis. This
has been the justification for the use of 50% stenosis as significant CAD disease in this

and many angiographic studies such as in the CASS study.

9.2.4 Problems With The Grading System.
Firstly, visual interpretation of the of coronary arteriograms by individuals are highly

223-228 229; 230

variable. and poorly correlate to necropsy findings Reported visual
intraobserver variability + 1 standard deviation) ranges from 7% to 18% depending on
technique. The former value was obtained from analyses of individual frames rather

® Variability is lessened by the use of manual or electronic

than cine projections.”
callipers or a calibrated magnifying glass.””’ Using maximal stenosis severity criteria,

Zir et al. * found 35% disagreement in the assessment of lesions > 50%, and DeRouen
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et al. found 31% using a 70% as standard. Interobserver variability may be reduced by
using the mean value of estimations in multiple projections.””’ Factors that increase
observer variability include lesion location, such as the left main coronary artery,?
distal location and poor quality cineangiograms and postangioplasty status. Two
studies®™ *** have suggested that observer variability improves with prior angiographic
experience and frequency of reading. The superiority of mean observer values or
consensus panel analysis has not been consistently reported. Whereas Sanmarco et al.”'
reported 95% agreement regarding lesion severity determined by consensus
interpretations (panel of 4 angiographers), the standard deviation was found to be 14%.
Galbraith et al.*® found no improvement in correlation with necropsy findings between
three individual observers and a three member panel.

Less data is available on percent stenosis observer accuracy. Whereas Scoblionko et al
228 reported overestimation of severe quantitatively assessed stenosis by visual analysis,
Amett et al.”° found that visual interpretation underestimates the necropsy findings of
lesions more than 50%. In a recent study, Beauman et al. > confirmed earlier findings
that individual visual interpretation of coronary percent stenosis is limited by an
approximate 15% variability £ 1 SD. Confidence limits (95%) for visually interpreted
stenosis severity appear to be 30%. In clinical practice, a 50% stenosis implies that a
specific lesion could range from 20% to 80%. In this study this imprecision was not
lessened with angiographic experience but by a large panel and quantitative analysis.
Although the severity of symptoms and exercise stress test data are employed in clinical
interventional decisions, greater importance is given to angiographic assessment of
stenosis severity. Assessment of severity in individual coronary stenosis is not critical
for patients being considered for coronary artery bypass because of the usual presence of
multivessel disease, impaired left ventricular function and severe chest pain syndromes.
Angioplasty decisions require greater accuracy because they depend on analysis of
individual coronary arteries. For this purpose, this study? concluded that visual
interpretation was inadequate to determine the need for individual vessel intervention.
Neither extensive experience nor analysis by a small panel of observers offered
significant improvements in accuracy. A large panel and quantitative angiography did
offer some improvements.

Secondly, although the simple division into one, two and three vessel disease has
provided a convenient scheme for classifying patients, it may underestimate the
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potential importance of coronary anatomy as a prognostic factor, and the roral
“ischaemic burden” of the patient”® Patients with left main stem disease had a
particularly bad prognosis in the CASS registry’?, a finding confirmed in other studies.
The 5 year survival in such patients was only 48%. Patients with left main stem
equivalent (combined proximal circumflex and left anterior descending stenoses) were
also associated with poor prognosis (5 year survival 54%) , as have those with LAD
stenosis proximal to its first septal branch. The total ischaemic burden or the amount of
myocardium in “jeopardy”, can be defined as the sum of the amount of myocardium
distal to each lesion in the coronary artery tree.”* Several coronary artery jeopardy
scores have been used”  These have been shown to predict the degree of left
ventricular dysfunction resulting from spontaneous or pacing-induced ischaemia in
patients with CAD.?® In a study of 462 patients, Califf et al ***showed that one such
jeopardy score was superior to the number of diseased vessels as an indicator of survival
in patients with CAD. The improvement in prognostic stratification was thought to
result from the weighting of the jeopardy score so that proximal lesions were given
more weight than distal lesions. A central theme of the jeopardy score is that the amount
of myocardium that is damaged in acute myocardial infarct is related to the amount in
jeopardy as estimated from the coronary anatomy. Califf e al. confirmed that in patients
with prior myocardial infarction the left ventricular ejection fraction was related to the
jeopardy score.** A human autopsy study”’ recently found that the amount of infarcted
myocardium was directly proportional to the amount of myocardium distal to the
vascular tree of the infarct-related vessel. Other factors such as the presence of serial
lesions, the length of the lesions and the presence of collateral vessels, may be important
in the relationship between coronary anatomy and mortality. However, with the addition
of each new factor the calculation of the risk based on coronary anatomy becomes more
cumbersome. As the difficulty increases, the likelihood the score will achieve wider
clinical usage decreases.

Symptomatic patients with known coronary disease often die from myocardial
infarction or die suddenly because of the acute progression of a lesion to coronary
occlusion. Unfortunately, the mere fact that symptoms were present tells us little about
the subsequent acute event as symptoms are not necessarily related to the plaque that

2 Even the presence of ischaemia on

progressed and was responsible for the acute event
non-invasive testing may not help in risk stratification for future acute coronary events.
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On follow up of a stable group of patients with a positive exercise stress test or evidence
of ischaemia on ambulatory monitoring, Mulcahay et al reported that ischaemia could
not predict the future occurrence of an acute coronary syndrome”*

If we presume that progression to an acute syndrome is not related to the prior severity
of a coronary stenosis, it is reasonable that in many patients an acute presentation might
be the first manifestation of coronary disease. In fact, an acute syndrome particularly in
men is the first symptomatic clinical manifestation of coronary disease in 50-60% of
cases.””® In most of these, the first manifestation is an acute myocardial infarction but

sudden death may occur in 10-25% of cases without prior symptoms.

At least one mechanism for this inability to predict future acute events in patients with
coronary artery disease is that such events are unrelated to prior severity of a coronary
stenosis. Acute coronary events, which include the diagnoses of unstable angina, acute
myocardial infarction, and some cases of sudden death, are related to a sudden
disruption, fissure or erosion of an atherosclerotic plaque with the formation of an
intracoronary thrombus that partially occludes (a majority of patients with unstable
angina) or totally occludes (most patients with myocardial infarction or sudden death)
the coronary artery. These so called vulnerable plaques, prone to thrombosis, usually
contain a large lipid core and a thin fibrous cap with an abundance of inflammatory
cells.”?® ?* These inflammatory cells are generally macrophages capable of degrading
the fibrous cap and expressing tissue factor, which contributes to the formation of
thrombus. Several angiographic studies in which more than one angiogram was
performed on patients who subsequently developed acute syndromes have shown that a
majority of these syndromes appears to develop from lesions that on the first angiogram
were classified as non-significant stenosis.’*® Ambrose et al. found less than 50%
narrowing in 48% of subsequent infarctions on serial angiography,” while in a study by
Little et al the incidence was 66%.2*° A recent angiographic study found progression of
coronary disease on a second angiogram in 89% of patients with an acute syndrome and
74% of the lesions caused less than 50% stenosis on the first angiogram.”® Although
these studies have selected out a population of patients in whom serial angiography was
performed, the results differ significantly from patients who had been restudied and
found to have a new total occlusion but without an intervening infarction. In this latter
group, a severe lesion with greater than 70% narrowing is found in the majority of
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patients on the first angiogram. In addition to these retrospective studies, angiographic
studies performed after successful thrombolysis often show moderate coronary stenoses
of the infarct related artery. Brown et al found less than 50% or 60% stenosis in 66% of
lesions after myocardial infarction, similar to the incidence reported by other

investigators.?*'

In a recent post-mortem study in which Mann and Davies performed
angiography post-mortem to assess the stenoses of so called lipid rich vulnerable
plaques, there was no correlation between percentage diameter stenosis and the presence
of these lesions.”* These pathological data support the concept that stenosis severity is
not an important determinant of future acute coronary events. Angiographic studies,
because of the nature of angiography, will underestimate the degree of atherosclerosis in
comparison to either pathological studies or the use of newer techniques like
intravascular ultrasound. The concept that certain high grade stenotic lesions remain
stable over long periods of time is a valid concept, while lesions progressing to acute
coronary syndromes are often not severely obstructed before disruption. It is these less
than severely stenotic lesions that lead to infarction when an occlusive thrombus forms
as collateral vessels cannot be acutely recruited to prevent or limit the extent of
myocardial necrosis. These minor or silent plaques are also more frequently seen in
patients with multivessel disease and may partially explain why long term mortality is
higher with multivessel rather than single vessel disease.”?> The more plaques present,
the higher is the chance that one or more might be sites for future acute coronary events.
While angiography is limited in it’s ability to help predict the site or future development
of acute coronary events, new invasive and non invasive techniques are available to
detect the different characteristics of coronary lesions that may further add to our ability
to predict future events. Angiography the traditional gold standard, can only detect
advanced lesions and provide a measure of the degree of stenosis, which has limited
prognostic value. Other techniques like intravascular ultrasound or angioscopy , can
identify the presence of thrombotic lesions or even lipid rich , vulnerable plaques.
However the ability to predict subsequent acute events has not been fully evaluated.
Ultra-fast computerised tomography is useful in measuring the calcium content of
coronary arteries. This non-invasive test may be useful for predicting the presence of
CAD but clinical studies have yet to confirm that there is good correlation between
calcium content and plaque vulnerablility. Furthermore, on the basis of intravascular
ultrasound data, unstable (acute) lesions are less likely to be calcified than stable
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coronary lesions. Magnetic Resonance Imaging techniques in the future may be able to
image vulnerable plaques by characterising the various components of the plaque in
terms of lipid, fibrous, and thrombotic material.**

Fourthly, I have discussed above the 2 processes of medial rearrangement and
destruction, which will result in coronary angiography tending to underestimate the
amount of intimal disease to a wide and unpredictable degree. Consequently, many
angiographically normal coronary arteries will contain advanced plaques. Despite this,
The CASS Registry Study showed that the seven year survival of patients with normal
or near normal (<50% stenosis) coronary angiograms were 96% and 92%
respectively.”* This result from the CASS registry is extremely important and has
formed part of the reasoning for grouping together patients with ‘“clean” coronary
arteries and those with minor disease as prognostically they fall into the same category
of being “extremely good”. Erikssen et al. reported a 7 year follow-up study of 36
apparently healthy middle-aged men with a positive stress test and normal coronary
angiograms. Of the 36, 3 had a sudden cardiac death and 4 were diagnosed as having
developed a cardiomyopathy within the 7 years of follow-up. The investigators
concluded that patients with a positive stress test could not be assured of a good
prognosis on the basis of a normal coronary angiogram. Clearly, the data from the large
CASS registry of 20 000 (in contrast to 36) does not support that conclusion. There
were a total of 843 who had an exercise stress test. Among the patients with a strongly
positive response who were observed over 7 years, there were only 3 deaths. The ECG
response to exercise was not predictive of survival, no matter how strong the response.
This was true in subgroup analysis of those with and without minimal disease. Of note
was that a history of hypertension recorded at study entry and a history of smoking were

associated with increased mortality over the 7 years.

9.2.5 Quantitative Angiography
Using edge detection methods, a variety of algorithms have been created for detecting

and tracing the vessel wall and calculating the percentage of stenosis by comparing the
maximum or “normal” vessel diameter with the minimum diameter of a lesion.**
Absolute measurements are possible with this method by using the known diameter of
the angiographic catheter as a scaling device. For the most accurate calculations

possible, the arterial segment of interest is magnified and the distortions related to
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image acquisition are corrected. Measurements of experimental and clinical stenoses
using this method have been accurate and precise.”* Such measurements are not
completely operator-independent however, and therefore may not be entirely objective.
For instance, frame-to-frame variability in the measured vessel diameter can be
demonstrated, apparently related to the degree of opacification and projection of the
lesion in a rapidly moving artery. Other pitfalls in this method include a normal
biological variability in vessel diameter, crossing vessels or arterial branches, eccentric
lesions, and diffusely diseased arteries. The selection of the arterial segment considered
normal by the operator or computer program significantly influences the calculated
percentage of stenosis.*’

Quantitative angiography is an improvement on visual assessments, however, in many
centres this remains a research tool, and visual methods remain the cornerstone of
making clinical judgements about patients with CAD.

Our reason for using the visual method as well as the more basic angiographic grading
of normal, single, double or triple vessel disease is as follows. Firstly, it is still clinically
the most widely used method upon which clinical judgements are based. Secondly, as
we have shown above the largest mortality data (from the CASS registry) was based on
these simple visual assessments and grading system. Consequently, most of the

research performed in this area has been based on similar assessments.
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10.0 DISCUSSION 2-GENDER DIFFERENCES

The “classical” cardiovascular risk factors (cholesterol, hypertension, diabetes, smoking
and family history) do not fully account for CAD risk. Furthermore, they do not
account for the gender differences in prognosis in those with proven CAD.?'°. Women
who present with MI have been shown to have a poorer prognosis than men who present
similarly. .*'® Fibrinogen, FVII:C, PAI-1 and vWF have been shown in large studies to
predict acute coronary events.”* 7> 7% 7% 19% 217 The question arises as to whether sex
differences between these haemostatic parameters could explain the differences in
disease presentation and prognosis.

As in the CASS study*”, we found that nearly half of the female patients
undergoing coronary angiography had insignificant coronary disease or apparently
normal coronary arteries compared to only 20% in our male subjects. This indicates the
need for other non-invasive markers that may better predict the presence of significant
coronary atheroma

As expected, women presenting for angiography were older and had higher
plasma cholesterol levels than men. They were also more likely to be hypertensive,*'®
¥ and less likely to smoke cigarettes. In the whole study group and in those subjects
with atheroma, females had higher levels of both fibrinogen and factor VII with no
differences in vVWF concentrations. PAI-1 concentrations were elevated in females with
atheroma compared to both men with atheroma and to females with normal coronary
angiography. vWF was also increased in females with atheroma compared to those
without, whilst factor VII did not appear to be related to the presence of atheroma.
These results indicate that elevated factor VII and fibrinogen in females is gender rather
than disease related, whilst PAI-1 and vWF appear to be associated with underlying
atheroma rather than gender.

Higher levels of fibrinogen in women than men have been described in the
healthy general population notably in the Scottish Heart Health Study of 8824 subjects,
9 and our findings in this study would support the view that in women, fibrinogen
reflects gender rather than the presence of atheroma. By contrast, in men, fibrinogen
appears to be related to the presence of coronary disease. The ECAT study”** reported
no sex difference in fibrinogen levels in subjects who had been investigated for CAD by
angiography. Fibrinogen is an acute phase protein, and circulating levels are affected by
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a number factors including age, smoking, BMI, and cholesterol ** It is unclear from the
ECAT study whether adjustments were made for these possible confounders nor did the
study look at men and women separately. In our study after adjusting for a large
number of possible confounders the sex differences in fibrinogen remained. The reason
for these sex differences is not immediately apparent, although it is possible that sex
hormones play a role. If fibrinogen is not associated with the presence of atheroma in
women, it may not influence the differences in prognosis between the sexes in subjects
with evidence of CAD.

Previous studies that have investigated sex differences in the fibrinolytic system

250; 251

in healthy populations have yielded conflicting results. Large cross-sectional

studies suggest that PAI-1 levels are similar in men and women, >*

and our study
finding in the total population is in agreement with this. As in the ECAT study we have
found higher PAI-1 levels in women with significant coronary stenosis than men. A
recent study reported higher PAI-1 levels in diabetic women compared to diabetic
men.?”® Suppression of fibrinolysis through raised PAI-1 is related to the syndrome of
insulin resistance'” and it has been suggested that sex-specific interference of the
haemostatic system in association with insulin resistance may be the explanation for this
finding.

Insulin resistance without clinical diabetes appears to be a factor in coronary
artery disease, although our results imply that increased PAI-1 in females is related to
atheroma, either causally or secondary to the underlying disease.

251

In the Framingham Offspring Study,”’ postmenopausal women and men of
similar age did not differ significantly in their PAI-1 levels. However, healthy women
with higher oestrogen levels, or those on hormone replacement therapy (HRT) had
lower PAI-1 levels than other women not on HRT. In the present study, we made no
assessment of the sex hormone levels, nor did we assess the use of HRT in our female
population. However, examination of the age group in the female population suggests
that the majority of the women would be postmenopausal. Furthermore, the use of HRT
in this population at the time of recruitment was 3%. Despite this there was a
substantial difference in PAI-1 levels to indicate that hormonal status does not fully
account for the observed gender difference.

The majority of studies of VWF in healthy white subjects, and those with
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angina,” show no sex differences, and this was our finding in the total study population
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and in the subgroup with significant coronary stenosis. However, vVWF levels were
related to the presence of CAD in women but not in men. Hence, despite the similarity
in the levels of vWF between the sexes, VWF levels may contribute to the differences in
prognosis.

Higher levels in FVII:C in women than men have also been described in the
general population,”* and as with fibrinogen, our finding in the total study population
and in the subgroup with significant atheroma would not therefore be unexpected.
Raised FVII:C levels have been described in women but not men in a small study of
subjects with unstable angina compared to a normal control population.’* The ECAT
study also found higher circulating levels of FVII:C in women compared to men with
significant coronary stenosis®’. These findings with our observation that FVIL:C levels
were similar in women regardless of the presence of atheroma indicates that the
increased levels reflect gender rather than atheroma . In a recent report among diabetic

subjects women had higher levels of FVII:C than men.*”

A gender-specific influence of
insulin resistance on the coagulation system was suggested. As with circulating PAI-1,
a contribution of insulin resistance on the gender difference in circulating FVII:C cannot
be excluded. FVII:C levels may therefore not contribute to the differences in prognosis
between the sexes.

The importance of haemostatic factors on the pathogenesis of CAD in women
has gained further support by the recent finding that Factor V Leiden increases the risk
of myocardial infarction in young women.(quote246) However, the authors make it
clear that the finding is unlikely to be applicable to populations of older women (as in
our study population) in whom the overall baseline risk is higher. We have not
measured Factor V Leiden in our study and are therefore unable to comment further on
this finding.

In conclusion, we haQe shown in this study that in patients undergoing
angiography for investigation of chest pain, women have a worse classical risk factor
profile, and increased levels of fibrinogen, FVII:C and PAI-1 compared to men.
However, in women with atheroma only PAI-1 and vWF levels were related to the
presence of CAD which may be part of the explanation for the poorer prognosis in
women than their male counterparts.

In the search for non-invasive markers of CAD, large prospective trials are

needed to evaluate the role of circulating levels of these coagulation and fibrinolytic
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factors and whether they may provide an additional means of predicting the likelihood
for the presence of significant atheroma, particularly in women. This may be of use in
selecting female patients who require a coronary angiogram. It may help reduce the
number of female patients who present with chest pain and are subsequently found to
have a normal coronary angiogram. The evidence for an association of PAI-1 with the
presence of significant disease is growing, and the striking differences of PAI-1 levels in
our study between females with and without significant stenosis raises the possibility
that PAI-1 may fulfil such a role as a non-invasive marker at least in women. A
prospective study is now underway to examine this.

The present study has some limitations. Firstly, it is retrospective, and therefore
unable to yield sensitivity, specificity and predictive values for the possible non-
invasive markers. Secondly, we have not measured insulin resistance which may be the
explanation for some of the differences seen. Thirdly, the lack of data on the use of
HRT presents a further limitation, as HRT use has been shown to influence fibrinolytic
factors. Further studies are underway to address this. This study supports the growing
body of evidence that the coagulation and fibrinolytic system needs to be considered in
the assessment of risk factor profiles in patients (especially in women) who present for

the assessment of chest pain.
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11.0 DISCUSSION 3-ACE

The angiotensin converting enzyme I/D polymorphism has been implicated in the
pathogenesis of ischaemic heart disease after the original description by Cambien et al
relating a higher prevalence of the DD genotype in low risk patients with myocardial
infarction.”® This has however, been called into question by recent studies, notably the
large prospective American Physician's Health Study”® which showed no
preponderance of the DD genotype in patients with coronary events. These studies were
not however, designed to evaluate the presence or extent of coronary atheroma by
angiography or otherwise. Hence the degree of atheroma in both cases and controls is
unknown. If the ACE genotype were related to the degree of atheroma rather than
thrombosis, this could explain the wide variation in the control population for whom the
degree of atheroma is unknown. Two studies have attempted to distinguish whether the
ACE gene is related to coronary atheroma or thrombosis,”?” '** these have also yielded
conflicting results. Our study investigated the prevalence of the DD genotype and its

relation to coronary atheroma and thrombosis.

11.11 ACE and Mi
We found no association between the ACE genotype and a history of MI either in the

total study population, or in any of the subgroups who were at low risk of an MI by
classical risk factors (smoking, hypertension, diabetes mellitus, hypercholestrolaemia,
family history) and low BMI. This is in keeping with the American Physician's Health
Study and other retrospective studies'*?. In contrast however, recent work by Gardemann

et a]’®

in support of the original report by Cambien, found an association between the
ACE genotype and MI, but in common with Cambien, only after sub-group analysis.
Lindpainter, has pointed out that such sub-group analysis has to be viewed with great
caution®™ hence throwing into question the associations that have been made.
Furthermore, no adequate explanation has been given for the phenomenon whereby,
gene-environment interaction should act independently and in a non-additive manner to

other known and classic risk factors®®

. Gardemann points out that it is a common
observation that there is a group of patients who develop MI without classical risk
factors. However, the definition for low risk that have been used in these studies
include; low BMI<25kg/m2or 26kg/m2 (Gardemann and Cambien respectively), low

apoB<1.25g/1, low cigarette consumption(less than 5 pack years, and non-hypertensives
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(a difficult group to evaluate because of antianginal medication). These definitions are
rather arbitrary, and not particularly classical (as usually defined). Our results suggest

that the DD genotype does not confer an increased risk on MI and hence on thrombosis.

11.1.2 ACE and Coronary Atheroma
We found no association between the ACE genotype and either the presence or extent of

coronary atheroma. This is in keeping with previous angiographic studies"” '**

except a
small (n=245) Japanese study which found an increase in the prevalence of the DD
genotype with an increase in the number of vessels diseased.'” Foy et al have reported
allele frequencies of 0.3 and 0.7 for the deletion and insertion alleles respectively in
Pima Indians, similarly, Lee et al reported identical allele frequencies in a Chinese
population.?” This is very different from that reported in Caucasian populations with
allele frequencies of 0.53 and 0.47 for deletion and insertion alleles respectively,'** '
allele frequencies not dissimilar to that in our study (Table 4). These differences
suggests that ethnicity may play an important role. Further support for ethnic differences
comes from the study in Black Americans in which the ACE genotype was not even
related to plasma levels.”® There is no evidence from ours and other studies that in

Caucasians the ACE I/D polymorphism plays an important role in the formation of

atheroma.

11.1.3 ACE Genotype, Coronary Atheroma And Coronary Thrombosis
The formation of atheroma and thrombosis are different pathological processes, and it is

therefore possible for the ACE genotype to have differential effects on the two
processes. A hypothesis whereby pre-existing atheroma may be necessary for the effect
of the ACE genotype on coronary thrombosis to become evident was put forward by
Ludwig et al in a study of a US white population.”’ They found no relationship between
the ACE gene and MI in the total study population, but in a sub-group of patients with
>60% stenosis in any major vessel the DD genotype became significantly related to MI.
In our study although there was a strong relationship between the presence and extent of
atheroma with MI, we found no relationship between the ACE genotype in the subgroup
with atheroma. If Ludwig's hypothesis was correct, it would be expected that the
prevalence of the DD genotype in MI patients would increase with an increase in the

number of vessels diseased, but this was not the case either in our study or in Ludwigs.
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Furthermore, there is increasing evidence that infarct-related arteries tend to have
stenosis of less than 50%, these smaller plaques having a higher lipid content and

therefore more likely to rupture leading to coronary thrombosis®

In a recent meta-analysis using data on over 8500 subjects, Samani et a/ found an
association between the ACE D allele and MI risk.®® They suggested from their
analysis that the increased risk associated with the D allele was unlikely to make a
useful contribution to the risk stratification of an individual; it’s main value was in
elucidating the mechanism of the association. The authors were careful to point out
several limitations of such a meta-analysis. The most important in this author’s view
was selection bias in favour of positive studies. This was only partially addressed by the
use of the funnel plot analysis. Samani and his colleagues’ main contribution with this
analysis was to stop this area of molecular biological research from sudden death after
the publication of the American Physician’s Health Study, and that the later was not the
last word on the relationship between the ACE gene polymorphism and CAD.

11.1.4 ACE Activity And Atherothrombosis
In keeping with most of the previous studies ACE activity was strongly related to

genotype.'?% '** There was no relationship however between ACE activity and coronary
atheroma. Indeed there was a trend towards lower ACE levels in subjects with evidence
of more extensive coronary atheroma. Support for this finding comes from a study by
Bonithon-Kopp**® in which significantly higher ACE activity was found in subjects with

evidence of carotid wall thickening but with no evidence of plaque'*

Conversely,
subjects with plaque tended to show lower ACE levels. In the report by Gardemann,
plasma ACE activity was not related to atheroma. In the other two angiographic

studies,’*” 1%

no data was given on the relationship between plasma levels and coronary
atheroma. A conclusion that may be drawn from ours and the other studies is that one
cannot exclude the possibility that circulating ACE activity may be related to early

structural changes to the arterial wall but is not related to coronary atheroma.
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11.1.5 ACE Activity And Mi
In view of the strong relationship between the presence of coronary atheroma and MI,

and the fact that both share similar risk factors, it is perhaps not surprising (from the
above discussion ) that a non-significantly negative relationship was found between
ACE and MI independent of age. It is seductive to speculate from these non-significant
findings that plasma ACE activity may be of some pathological importance in the early
phase of the atherothrombotic process, but declines in established disease. Gardemann
found no relationship between ACE and MI, regardless of age. This is at variance with
the report from Cambien in which ACE activity was an independent risk factor for MI
only in the subgroup younger than 55 years.”” It is difficult to reconcile these findings,
one possible explanation may be that the cases in Cambiens under 55 age group had a
preponderance of single vessel disease or non-significant coronary atheroma, the
subjects with the highest ACE activity in our group.

Other ACE polymorphisms

One of the candidate regions for an active site influencing ACE levels is the ACE gene
promoter. The promoter region has previously been characterised and found to contain
sequences obligatory for transcriptional activity in the 132-bp region upstream of the
transcriptional site and negative regulatory elements further upstream.’®® Ten novel
polymorphisms have been identified in the ACE gene®* including six in the 5’ region,
three in the coding sequence and one in the 3’untranscribed region. None have as yet
been identified as being functional. In our unit, Foy C et al used single strand
conformational polymorphism (SSCP) analysis QUOTE " {Orita, Suzuki, et al. 1989 ID:
1836}" as a means of detecting point mutations in the 5’region of the transcription start
site. Two common two-allele polymorphisms were identified and characterised by direct
sequencing. These were later found to correspond to two of the recently identified ACE
gene polymorphisms (A-240T and T-93C). A commingling analysis between the T-93C
and the I/D polymorphisms have provided further evidence in support of the I/D
polymorphism either being in linkage disequilibrium with an active site elsewhere or
alternatively having an effect together with a further functional site’®. The six
polymorphisms studied included the following: T-5491C, A-240T, T-93C, T1237C, I'D
and 4656(CT),;, . These were related to circulating ACE levels and to MI .

All the polymorphisms were associated with ACE levels when analysed individually by
one way ANOVA.. A-240T accounted for the greatest variability in ACE levels with an
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R? of 14%. After adjusting for the effects of the A-240T polymorphism, none of the
other polymorphisms assumed significance.

An association of two of the promoter region polymorphisms with a history of MI was
found. The TT genotype of the A-240T polymorphism appeared to be protective against
MI. This finding, although supported by the work of Bohn et al (see Table 1) is at
variance with Samani’s meta-analysis.

The wide variation in circulating ACE concentrations between individuals appears to be
universal across populations. The genetic variants responsible for such a range may be
maintained in populations because of an unidentified protective effect of higher ACE
levels. This possibility is suggested by the study of Schachter as discussed previously.
Alternatively, rather than being protective against MI, the haplotype containing the T
and D alleles may be associated with fatal MI and therefore presents at a reduced
frequency in survivors of MI. This hypothesis is supported by Evans’ study alluded to
above (Tablel). The fact that all genotypes remained in Hardy-Weinberg equilibrium
however, (when split according to a previous history of MI), militates against this
possibility.

These findings may of course reflect the play of chance statistical associations either
due to the small patient groups or to multiple testing ( despite the use of bonferonni
correction). Clearly much larger prospective studies are needed to reduce these

possibilities.

11.1.6 Study Limitations
A major limitation in our study as with all retrospective study of this nature is that many

of the cases were recruited some months after their MI, raising the possibility of
selection by mortality as discussed. I have discussed the problems associated with our
control group and the use of the visual method in assessing coronary angiography on
pages 103-112. Furthermore, any conclusions drawn from such a relatively small study
have to be viewed with caution.

In conclusion, the results of this study suggests that neither the ACE I/D polymorphism
nor ACE activity are independent risk factors for atheroma or thrombosis. The
possibility that ACE activity may be involved in early structural changes declining after
the atherothrombotic process is established remains speculative. Furthermore, other

ACE polymorphisms (in particular the A-240T) may have a protective role for future
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coronary events. Other large prospective studies with greater numbers of coronary

events are needed to help clarify this controversial area of cardiovascular research.
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12.0 DISCUSSION 4 PAI-1

Circulating levels of PAI-1 may determine vascular risk through two separate though
related mechanisms. Fibrin deposition is an invariable feature of atherosclerotic
plaques®® and high local levels of PAI-1 may theoretically result in increased fibrin
deposition and encourage plaque formation or growth. Data showing increased
circulating PAI-1 levels in subjects with coronary atheroma supports this possibility.”
Distinct from this, acute myocardial infarction is usually associated with thrombosis at
the site of a ruptured atherosclerotic plaque.”*’ By inhibiting fibrinolysis, elevated
levels of PAI-1 may contribute to a prothrombotic state increasing the likelihood of
coronary thrombosis and occlusion. The work of Hamsten and others supports a role for
elevated PAI-1 levels in coronary thrombosis™®® *® The possible influence of PAI-1
levels on atherogenesis and occlusive thrombosis should be distinguished. However, as
there is some evidence that PAI-1 release is increased from atherosclerotic lesions''

165150

and as a part of the acute phase response it is possible that the elevated levels of

PAI-1 seen in previous studies may result from, rather than lead to atherogenesis or
thrombosis. Furthermore an underlying association between PAI-1 levels and coronary
disease may be hidden by the confounding effect of the close correlation between levels

of PAI-1 and other established cardiovascular risk factors, particularly those that occur

in association with insulin resistance.” '

The emerging evidence that circulating levels of PAI-1 relate to genotype at a common
polymorphism in the promoter of the PAI-1 gene®” '*% 1% 2% hag opened the possibility
of using PAI-1 genotype as a surrogate measure of pre-morbid PAI-1 levels to tease
apart the cause and effect limbs of the PAI-1- coronary disease relationship. Previous
studies examining the association between genotype and coronary disease have not
distinguished between atherogenesis and occlusive coronary thrombosis. In this study
we have examined the relationship between both PAI-1 genotype and PAI-1 levels with
both coronary atheroma as visualised by angiography and with previous coronary

thrombosis as assessed by WHO criteria.

133



12.1.1 PAI-1 genotype and PAI-1 levels.
In keeping with previous studies we found an association between PAI-1 promoter
(4G/5G) genotype and PAI-1 levels after adjusting for BMI and triglyceride with the
highest circulating levels in 4G/4G subjects, intermediate levels in 4G/5G heterozygotes
and lowest levels in 5G/5G subjects suggesting a codominant gene effect * '*% %% 2% We
have also repeated the finding of others that the relationship between fasting PAI-1 and
triglyceride levels is influenced by PAI-1 promoter genotype with a steeper regression
slope in the 4G/4G group® ** Additionally we found a similar influence of genotype
on the regression slope of PAI-1 on BMI although in this case the slope was steeper in
the 5G/5G group. These interactions of both TG and BMI with genotype remained both
independent and significant in a regression model. While the interaction of triglyceride
with genotype fits with the finding of higher levels of PAI-1 in the 4G/4G group it is
unclear exactly what the statistical interaction between BMI and the 5G/5G genotype
tells us about the regulation of PAI-1. In a similar study in Pima Indians interaction
between PAI-1 genotype and BMI was observed but with a steeper regression slope in
the 4G/4G group.”” Clearly ethnic differences or chance may account for these findings
and further studies will be required to confirm significant interaction between BMI and
genotype in relationship to PAI-1 levels.
12.1.2 Associations with coronary atheroma

The proportions in the various angiographic groups were similar to that reported in the
ECAT study,” and identical to data from the CASS registry **

This study found the expected relationship between the presence of coronary stenosis
with age, BMI, hypertension, cigarette smoking and cholesterol levels. However, the
relationship between PAI-1 levels and the presence of stenosis in one or more coronary
arteries was weak falling just above standard levels of significance and there was no
trend in PAI-1 levels in relation to the extent of coronary disease. In this latter respect
our results are in agreement with those of the larger ECAT study,” To our knowledge
this is the first study to investigate the relationship between the extent of coronary

atheroma and PAI-1 promoter genotype and we found no evidence of an association
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with the frequency of the potentially deleterious 4G/4G genotype, being similar in each
angiographic class. This suggests that genotype and thus pre-morbid PAI-1 levels do not
influence the generation of coronary atheroma. If this is the case, then the relationship
between PAI-1 levels and the presence of coronary atheroma that others have shown
may have resulted from production of PAI-1 in response to or triggered by the presence
of atheroma. An alternative explanation for the results is that within those patients
without significant coronary stenosis a number may have had microvascular coronary
disease (25) and that PAI-1 genotype may influence the development of microvascular
disease in the same way as macrovascular disease. However, there are no previous data
to support or refute this and the majority of the patients with ‘clean’ coronary arteries
are likely to have suffered from either coronary vasospasm or non-cardiac chest pain.
12.1.3 Associations with coronary thrombosis

As would be expected a history of myocardial infarction was more frequent with male
sex, cigarette smoking and increased number of stenosed coronary arteries as well as
being related to cholesterol levels, BMI and age. While there was only a trend to higher
levels of PAI-1 in the MI group, we found a significant association between PAI-1
genotype and history of MI which remained after adjusting for the other risk factors. A
single measurement of PAI-1 levels is unlikely to reflect lifelong levels since it is an
acute phase reactant. Genotype which does not change may act as an effective marker
for lifelong exposure to differing levels. This could explain why we have been able to
demonstrate a relationship between genotype and a history of MI, while showing only a
trend between PAI-1 levels and a history of MI.

Our findings concur with the results of two small and restricted studies which found the
4G/4G genotype to be more frequent in young male survivors of MI'® and in NIDDM
patients with a history of ischaemic heart disease’® On the other hand our results differ
from those of the large four centre ECTIM study in which no association between PAI-1
genotype and MI was found®® The differences between our study and ECTIM are
important for while they may reflect the play of chance they may also suggest the way

in which PAI-1 genotype affects the processes causing coronary disease.
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12.1.4 PAI-1 genotype, coronary atheroma and coronary thrombosis

In ECTIM, subjects who had survived a myocardial infarction were compared to control
subjects recruited from the general population in the three French centres and Belfast*”
While these subjects were apparently healthy the frequency of significant though
asymptomatic coronary disease in this control group is not known. The ECTIM study
was not designed to be able to distinguish the influence of genotype on coronary
thrombosis from that on atherogenesis. In contrast to this our study examined both
coronary atheroma and thrombosis finding no relation on PAI-1 genotype to extent of
atheroma but finding an association with previous coronary thrombosis. A hypothesis
whereby pre-existing coronary atheroma may be necessary for the effect of PAI-1
genotype on coronary thrombosis to become evident, presumably through altered PAI-1
levels, is supported by the finding that the relationship between genotype and MI
strengthened when only those patients with significant coronary artery stenosis were
examined. Furthermore this influence of PAI-1 genotype on PAI-1 levels leading to a
prothrombotic state could all take place at the local level. PAI-1 production is increased
at and around atherosclerotic plaques™' so the rate of both basal and stimulated PAI-1
gene transcription may be influenced by PAI-1 promoter genotype through molecular
mechanisms being elucidated. This would account for the weak association that we
found between history of myocardial infarction and levels of PAI-1 in the systemic
circulation.

In conclusion, our findings suggest that genotype at the PAI-1 promoter polymorphism
is an independent risk factor for myocardial infarction in patients being investigated for
chest pain or suspected coronary disease and particularly in subjects known to have
significant coronary artery stenosis. The results indicate that this effect is mediated by
involvement of the PAI-1 gene in the pathogenesis of coronary thrombosis with greatest
risk in those subjects possessing the 4G/4G genotype. Our findings also support the
hypothesis that elevated levels of PAI-1 may predate the development of disease and
indicate that PAI-1 genotype may serve as a useful marker of future risk. Prospective

longitudinal studies are warranted to confirm these findings.
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13.0 SUMMARY

In most industrialised countries IHD is the commonest cause of death. 60% of all fatal
MI occurs in the first hour of the attack. Hence intervention as well as prevention of MI
is of major public health importance. In order for this to happen we need to understand
the pathophysological processes that result in atheroma and thrombosis. The
atherothrombotic process results from a complex interaction between various circulating
proteins (intermediate phenotype) and environmental risk factors

One major problem in the study of these circulating proteins revolves around differences
in their levels in subjects studied. This is due to the fact that they are affected by acute
phase reactions, and possibly by the atherothrombotic process itself. Consequently,
whether the finding of raised levels of circulating proteins associated with CAD are due
to cause or effect is unknown. The candidate gene approach is one way of dealing with
this problem. These are genes that are thought to influence (or regulate) circulating
proteins involved in the atherothrombotic process. Because these genes do not change,
their study will go some way to answer whether an intermediate phenotype causes the
disease or results from it figure 10. This is important, as it may be possible to intervene
both at the level of the gene (by altering the regulation of transcription) and it’s protein
product (intermediate phenotype). Furthermore, if risk factors act in concert to produce
a high risk group; the study of such interactions will be highly informative in our
selection of groups worthy of close attention.

In all these respects plasminogen activator inhibitor-1 (PAI-1) presents itself as an
intermediate phenotype of some importance. It plays a key role in fibrinolysis as its
main inhibitor. Raised levels of PAI-1 therefore, could lead to a prothrombotic state.
Furthermore, PAI-1 has a close relationship with features of the insulin resistance
syndrome, all of which have been associated with the risk of [HD. Several studies
linked raised levels of PAI-1 to the atherothrombotic process but failed to tease apart the
cause and effect limbs, especially as PAI-1 is an acute phase protein. The discovery of
the PAI-1 4G/5G polymorphism in the promoter region of the gene, and the finding that
it influenced circulating PAI-1 levels paved the way for a study of the relationship of the
PAI-1 genotype with the clinical phenotype — coronary stenosis and myocardial

infarction.
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MI (THROMBOSIS) CORONARY STENOSIS (ATHEROMA)

ENVIRONMENTAL CLINICAL PHENOTYPE
RISK FACTORS
(Smoking, high cholesterol
hypertension)
A
INTERMEDIATE PHENOTYPE
(e.g. CIRCULATING LEVELS OF PAI-1 & ACE)
v
Insulin resistance syndrome
BMI
TG < > GENOTYPE (PAI-1&ACE)

Figure 14 Proposed mechanism for gene /environment interaction

and atherothrombosis

At the time this study was conducted, two small and restricted studies had shown an
association between the 4G/4G genotype and MI. The ECTIM Study had reported a
negative finding but confirmed the relationship between the 4G/4G genotype and the
highest levels of circulating PAI-1. These studies however, did not attempt to tease
apart the influence PAI-1 genotype and atheroma on the one hand and thrombosis on the
other. A further major limitation had to do with the choice of an apparent normal
control group who may well have had atheroma not as yet clinically apparent.

Although a study using coronary angiography has some limitations it is currently the
gold standard for investigating subjects with known or suspected CAD. Subjects with

normal or near normal coronary angiograms are prognostically distinct from those with
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evidence of significant coronary atheroma. Although the emerging evidence suggests
that it is small (non-significant) plaques which (because of their nature rather than size)
rupture to cause acute coronary syndromes, subjects with multiple and significant
lesions tend to have more such plaques. This explains why long term mortality studies
shows that subjects with multi-vessel disease have a higher long term mortality than
those with single- vessel disease, and much higher than those with “normal” coronary
arteries.

This study confirmed the relationship between genotype and levels. Of greater
importance was the finding of a relationship between the 4G/5G polymorphism and MI,
a relationship which was stronger in subjects with pre-existing significant atheroma.
This suggests that the presence of atheroma may be necessary for
PAI-1 to exert its influence on the atherothrombotic process and has biological
plausibility. It may also explain the difference between ECTIM and this study.

The review of atherothrombosis shows the complex interaction of various proteins, and
highlights the possibility of gene-environment interactions. Clinical studies have
reported a genotype-specific response of PAI-1 to triglyceride. Recent work suggests
that a triglyceride-responsive motif exists in close proximity to the 4G/5G site that
interferes with the binding of transcription factors. This study confirmed the genotype-
specific response of PAI-1 to triglyceride. The emerging evidence indicates that the
effects of the PAI-1 gene may be mediated through interactions with environmental risk
factors of the insulin resistance syndrome. This gene/environment interaction may be
critical to our understanding of the differences between past, present and future studies.
For example, since this study was performed, the American Physicians Health study has
reported their findings. They found no relationship between the 4G/5G genotype and
374 subjects with first MI and 121 with venous thromboembolism compared to control
subjects. The subjects under study are a notoriously health conscious population with
low rates of smoking, relatively low BMI and lipid levels. The study does not report on
triglyceride levels, but the low levels of other features of the insulin resistance
syndrome suggests that these subjects may have had low levels of TG. If this is the case
the crucial gene/environment interaction between PAI-1 and TG may not have been
evident as a causative factor in atherothrombotic risk.

These gene/environment interactions are likely to be the explanation (at least in part) for
the stark differences between individuals and populations with regard to the importance
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of different risk factors.

The interaction between BMI and PAI-1 genotype found in this study highlights the
imperfections in our understanding in this area. Its close association with TG would
lead us to expect results different from what was seen. Other studies are awaited to
either confirm or refute this finding.

One of the striking features of IHD is the difference between the sexes with regard to
epidemiology, presentation and prognosis. Whether differences in the haemostatic
systems are gender-specific and could account for some of these differences is
unknown. This study indicates that levels of PAI-1 may explain some of those gender
differences. In particular, the difference in PAI-1 between women with and without
coronary stenosis suggests a possible interaction between the female hormonal milieu
and PAI-1 in the chain of events leading to atherothrombosis. This needs further
confirmation. Of particular clinical interest is the seductive suggestion that PAI-1 may
act as a non-invasive marker of significant coronary atheroma. The cost-savings, as
well as the risks associated with coronary angiography make PAI-1 even more
compelling for future study.

The RAS presents attractive candidates for cardiovascular pathology. Its role in
vasoconstriction, smooth muscle cell proliferation, sodium and water homeostasis and
finally in stimulating the release of PAI-1 is clear. Circulating and tissue ACE are
under genetic influence.

Whilst there is biological plausibility for a relationship between the ACE ID
polymorphism and atherothrombosis, several of the studies seem to have generated
more heat than light. This study demonstrated the expected relationship between the
ACE polymorphism and circulating levels but did not find any relationship between the
genotype and clinical phenotypes. Indeed such trends as existed was in the other
direction, such that subjects with minimal disease had a greater preponderance of the
supposed deleterious deletion as well as the higher levels of ACE.

This could merely be the play of chance. It could highlight a major limitation in all
such retrospective data namely the phenomenon of allele drop-out. On the other hand
these results could be telling us something of the pathogenesis of early lesions. Perhaps
ACE is involved in the early intimal — medial wall changes through its effect on smooth
muscle proliferation, as suggested in one study. However this is purely speculative.
The temptation to confine the ACE gene polymorphism to the “archives of medicine”,
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however, has been tamed by the recent meta-analysis from Samani et a/. While this
study suffers from publication bias as well as other problems common to meta-analysis

its main contribution has been to give validity to future work in this area.

13.1 SUMMARY OF FUTURE WORK

IHD is largely thought to be a disease of the 20" Century. It is likely that this is the
result of significant environmental changes or more correctly changes in gene
environment reactions. The genetics of PAI-1 and its regulation by triglyceride presents
us with an example of how genes may interact with the environment to enhance the
atherothrombotic process.

It has been postulated that the PAI-1 4G/5G promoter polymorphism may be important
only in the context of high triglycerides and insulin resistant states. Future work in this
area would have to include a large prospective study involving several thousand patients
with and without the insulin resistant syndrome. The relationship between PAI-1 and
the atherothrombotic process in each group could be elucidated. If the above hypothesis
is correct, there would be a strong relationship between PAI-1 and coronary events in
subjects with insulin resistant syndrome compared to the general population. This study
is now underway.

Further studies are needed to increase our understanding of the regulation of PAI-1 and
the role of TG and BMI. The possibility that PAI-1 may serve as a non-invasive marker
of significant coronary atheroma (especially in women) requires a large prospective
study which is currently being undertaken. Furthermore, whether the different PAI-1
genotypes respond differently to thrombolytic therapy will be of some clinical interest.
Since this study was undertaken, other ACE gene polymorphisms have been identified
which are thought to be of greater importance than the ID polymorphism. Further work
to elucidate how these interact are underway. Angiotensin-II receptor polymorphisms
and their role in the atherothrombotic process are under intense scrutiny.

In such a polygenic disease as CAD various genes are probably regulated by other
genes, just as the various environmental factors that have been shown to contribute to
CAD influence each other. This concept of gene/gene, gene/environment and

environment/environment interactions are of great importance to our understanding of
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the pathogenesis of CAD and need further study.

13.1.1 Clinical Inplications
It is unlikely that any single polymorphism will have great predictive value for complex,

multi-factorial disorders such as CAD. However, there is emerging evidence to suggest
that knowledge of genetic polymorphisms may improve our understanding of
mechanisms of disease. For example, the recently discovered Factor XIII Val 34 leu®” is
associated with the formation of weaker fibrin clot and therefore protection from
myocardial infarction.

Knowledge of genotype may also provide insight into appropriate pharmacological
therapies. An example of this is the use of ACE inhibitors in coronary artery restenosis
depending on ACE genotype.?”

The predictive value of a single case control study is limited. However, attempts are
currently underway to harness the findings of the Human Genome Mapping Project. It is
likely that large patient cohorts as proposed by the Medical Research Council will
overcome some of the constraints associated with case control studies. Ethical concerns
have been raised by the media which may impede the rapid progress that could be
achieved by such studies. However, these studies may more reliably associate genotype
(and environmental factors) with the subsequent development of thrombotic vascular

disorders.
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