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ABSTRACT
The relationship between elevated plasma levels of low- 

density lipoproteins and the development of atherosclerosis 
is well established and recent evidence suggests that 
oxidation of LDL is a key process in atherogenesis. Clinical 
and experimental studies have shown that, in isolated blood 
vessels from hypercholesterolemic and atherosclerotic animals 
and humans endothelium-dependent relaxations (EDR) are 
inhibited whereas contractile responses to some agonists are 
potentiated. This study investigated the effects of human LDL 
and oxidized LDL (OXLDL) on EDR and contractile responses in 
isolated rabbit aortic rings.
LDL (2 mg protein/ml) caused an immediate, reversible 

attenuation of EDR elicited by acetylcholine (ACh) and A23187 
in tissues pre-contracted with noradrenaline (NA) and 
serotonin (5-HT) but not in aortic rings contracted to PE. The 
inhibition was abolished by the addition of the anti-oxidants 
probucol and ascorbic acid, indicating that an oxidative 
interaction between LDL and NA or 5-HT may play a role. 
Relaxations to nitric oxide (NO), the proposed mediator of 
EDR, were also attenuated in the presence of LDL, but 
endothelium-independent relaxations evoked by glyceryl 
trinitrate were unaffected indicating that LDL may directly 
inactivate NO but does not inhibit activation of vascular 
smooth muscle soluble guanylate cyclase.



OXLDL also inhibits EDR but the extent and reversibility of 
the inhibition is dependent on the donor of the plasma from 
which the LDL was prepared. The inhibition of EDR by OXLDL 
requires 30 mins pre-incubation and is independent of the 
agonist used to pre-contract the tissues. High-density 
lipoproteins (HDL) and serum albumin decreased the inhibition 
of EDR by OXLDL, indicating that the transfer of lipid 
components from the OXLDL may be involved. All preparations 
of OXLDL reversibly attenuated NO-evoked relaxations and 
caused a reversible decrease in sensitivity to GTN.
LDL and OXLDL can also modulate contractile responses and 

in the presence of all preparations of LDL and OXLDL 
contractile responses to NA were reversibly attenuated whereas 
contractions to 5-HT were potentiated.
In conclusion, both LDL and OXLDL can modulate EDR and 

contractile responses and thus, may contribute to the 
alterations in vascular reactivity observed in 
hypercholesterolemia and atherosclerosis.
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CHAPTER ONE
GENERAL INTRODUCTION

1.1 ATHEROSCLEROSIS
Atherosclerosis is a major cause of death in the United 

States and Western Europe but the cause and pathogenesis of 
the disease remain unclear. It is a principal factor in 
stroke, thrombosis and myocardial infarction but these 
clinical manifestations are the final stages of a complex 
series of events which include damage to vascular cells and 
disruption of the homeostatic mechanisms which normally 
maintain blood flow and vascular tone.
1.1.1 MORPHOLOGY OF ATHEROSCLEROTIC LESIONS
(Reviewed by Steinberg et al.. 1989? Woolf, 1990; Steinberg 
and Witztum, 1990)
Morphologically, atherosclerosis is characterized by fatty 

or fibrous accumulations, termed plaques, on the luminal 
surface of arteries which, by themselves or in association 
with platelets, can lead to occlusion of vessels.

In experimentally induced atherosclerosis, one of the 
earliest events is the adherence of circulating monocytes to 
the endothelium and their penetration into the sub-endothelial 
space (Gerrity, 1981a? 1981b). Once in the intima the
monocytes differentiate into macrophages and rapidly 
accumulate cholesteryl esters derived from low-density 
lipoproteins (LDL) to form the "foam cells" characteristic of



the first macroscopically visible lesion, the "fatty streak" 
(Fowler et al.. 1979).
Development of the fatty streak is accompanied by the 

formation of microthrombi in the blood vessel wall, deposition 
of fibrin and the migration of some vascular smooth muscle 
cells from the intima into the sub-endothelial space (Geer, 
1965). Morphological changes to the endothelium including 
swelling, vacuolisation and disruption have been observed in 
hypercholesterolemic rabbits (Ingerman-Wojenski et al. . 1983) 
although, other studies have shown the endothelial layer 
overlying fatty streaks to be morphologically intact (Davies 
et al.. 1976; Bondjers et al.. 1977; Taylor et al.. 1989).
As the fatty streak becomes established, smooth muscle cells 

become the more dominant cell type, secreting the connective 
tissue matrix which is a major component of fibrous plaques 
and later lesions (Burk and Ross, 1979). The release of 
cytokines (Hansson et al. . 1989) and growth factors such as 
platelet-derived growth factor (PDGF? Ross et al. . 1974), 
stimulates cell proliferation and growth of the lesion. 
Fibrin fibrils form a cap over the surface of the lesion and 
calcification and crystalization of cholesterol deposits may 
occur. Eventually, rupture of the plaque due to necrosis of 
connective tissue at the base, may result in the release of 
cytotoxic components into the circulation, possibly leading 
to thrombosis (Falk, 1983? Davies and Thomas, 1984).



The development of atherosclerotic lesions is focal with the
r

highest incidence occuring in areas where blood flow is slowed 
or divided, such as branch points (Goldstein et al. . 1983; 
Packham and Mustard, 1986), where turbulence and alterations 
in shear stress may encourage endothelial damage and increase 
permeability of the vascular wall to lipid (Caro et al..1971; 
Zarins et al.f 1983).
1.1,2 RISK FACTORS FOR THE DEVELOPMENT OF ATHEROSCLEROSIS

It is now well established that hypercholesterolemia is an 
important contributory factor to the development of coronary 
heart disease (see for example Kannel et al. . 1979) and
intensive lipid lowering regimes have been shown not only to 
slow the progression of coronary atherosclerosis (Tyroler, 
1987a) but, in some cases, to lead to regression of 
established lesions (Blankenhorn et al.. 1987).
More specifically, clinical and experimental studies have 

shown that elevated plasma levels of LDL, the major carrier 
of cholesterol in the plasma, are associated with accelerated 
atherogenesis (Goldstein and Brown, 1977; Steinberg, 1983; 
Faggiotto and Ross, 1984; Faggiotto et al. . 1984; Tyroler,
1987a; 1987b) and that the cholesterol which accumulates in 
atherosclerotic lesions is derived from circulating LDL 
(Newman and Zilversmith, 1962). However, probably the most 
convincing evidence for the role of LDL in the development of 
atherosclerosis comes from studies of individuals with 
Familial Hypercholesterolemia Type Ila [FH(IIa)], an autosomal



dominant monogenic trait which results in non-functional or 
absent LDL receptors and therefore elevated plasma LDL levels 
(Reviewed by Brown and Goldstein, 1986). FH homozygotes 
generally have a 6-fold increase in plasma LDL levels and 
frequently experience heart attacks before the age of 20 
(Goldstein et al.. 1983). Further evidence also comes from an 
animal model of FH(IIa), the Watanabe Heritable hyperlipidemic 
rabbit (WHHL) which also has a single gene defect leading to 
massive hypercholesterolemia and atherosclerosis (Watanabe, 
1980; Goldstein et al.r 1983).
However, hypercholesterolemia is not the only causative 

factor in the development of atherosclerosis, and at any given 
level of plasma cholesterol there is considerable variation 
in the expression of the disease (Piper and Orrild, 1956). 
Other major risk factors which have been implicated in the 
development of coronary heart disease include hypertension 
(Robertson and Strong, 1968), cigarette smoking (Stamler, 
1979) and diabetes (Kannel and McGee, 1979), although it is 
possible that a minimum degree of hypercholesterolemia is a 
pre-requisite for the adverse effects of these factors to 
become significant (Steinberg and Witztum, 1990).
1.1.3 THEORIES OF THE DEVELOPMENT OF ATHEROSCLEROSIS
The interactions between the cells of the vessel wall, 

plasma lipoproteins and platelets, and their role in the 
formation of atherosclerotic lesions have been extensively 
studied for many years. Originally, it was thought that the



initiating event in atherogenesis was the loss of endothelial 
cells from the arterial surface, as described in the "Response 
to Injury" hypothesis (Ross and Glomset, 1976a? 1976b; Ross, 
1986). This theory compares the formation of atherosclerotic 
lesions to the inflammatory response of arteries to mechanical 
endothelial denudation (Stemerman and Ross, 1972). It 
emphasizes the role of platelet aggregation at injured sites 
and the accompanying release of PDGF which stimulates smooth 
muscle cell proliferation (Ross et al.. 1974). Later studies 
have shown however, that early lesions develop under a 
morphologically intact endothelial layer (Davies et al. . 1976? 
Bondjers et al. . 1977? Faggiotto and Ross, 1984? Taylor et 
al.. 1989) and the fat-laden foam cells of early lesions have 
been shown to derive from circulating monocytes rather than 
migrating smooth muscle cells as first thought (Fowler et al. . 
1979? Gerrity et al. . 1979; Gerrity, 1981a? 1981b).
Another hypothesis is the "Lipid Infiltration" theory 

(reviewed by Steinberg, 1987) which proposes that 
hypercholesterolemia is the major cause of atherosclerosis. 
This hypothesis suggests that cholesterol-carrying 
lipoproteins induce or favour the progression of 
atherosclerosis as a result of increased uptake into the 
artery wall or, by causing endothelial damage.
These two complementary theories have now been combined into 

a "Unified Hypothesis" (Steinberg, 1983) which recognizes that 
atherosclerotic lesions are very complex in structure and may



be generated by several different pathways. It provides links 
between the "Lipid Infiltration" theory, which may be 
sufficient to account for the development of fatty streaks, 
and the "Response to Injury" hypothesis, which may account for 
the progression to more advanced lesions (Figure 1). Reviews 
of the "Unified Hypothesis" (Steinberg, 1989? Steinberg and 
Witztum, 1990) have emphasized the potentially atherogenic 
properties of oxidatively modified LDL and this will be 
described in more detail in section 1.5.1.
Although atherogenesis is a complex process, it is clear 

from morphological studies that early events include the 
accumulation of LDL by macrophages to form foam cells, 
endothelial dysfunction or damage, smooth muscle cell 
proliferation and the adherence and aggregation of platelets. 
The following sections will describe the normal properties and 
functions of lipoproteins and the vascular endothelium. The 
potential interactions of these two components of the vascular 
system in the initiation and progression of atherosclerosis 
will then be discussed.



FIGURE 1 THE UNIFIED HYPOTHESIS OF ATHEROGENESIS
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1,2 THE PLASMA LIPOPROTEINS
The plasma lipoproteins are non-covalently bonded lipid- 

protein complexes which play an essential role in the 
transport of cholesterol and triglycerides between the liver 
and extra-hepatic tissues. There are four functionally 
distinct classes of lipoproteins which are distinguished 
physically on the basis of flotational densities in high salt 
media and which also exhibit a high degree of heterogeneity 
within each class (Hatch and Lees, 1968). However, only LDL 
and high-density lipoproteins (HDL) will be discussed in this 
thesis.
Plasma lipoproteins have essentially two functions :

(i) To supply cholesterol to extrahepatic cells to 
satisfy the requirements of membrane synthesis and 
steroidogenesis.
(ii) To transfer cholesterol from cells to the liver for 
excretion.

1.2.1 LIPOPROTEIN STRUCTURE 
(Reviewed by Scanu and Spector, 1986)
Plasma lipoproteins have a common structural organization 

which facilitates the transport of cholesterol and 
triglycerides in the plasma in a soluble form to prevent 
deposition in the vasculature. The lipoprotein particles 
consist of a central oily core of cholesteryl esters 
surrounded by an amphipathic coat of phospholipids such as 
phosphatidylcholine, phosphatidylethanolamine and



sphingomyelin. Embedded in the phospholipid layer are the 
apoproteins and some free fatty acids and cholesterol. Each 
class of lipoprotein contains a characteristic profile of 
apoproteins which perform a variety of functions, not only as 
specific receptor ligands, but also in the maintenance of 
lipoprotein structure and as enzyme co-factors.

Cl-V->o\c2StX3̂ o\ J Ot~ ^ornn
is responsible for suppression of 3-hydroxy-3-methylglutaryl 
CoA reductase (HMG-CoA reductase), the
rate-limiting enzyme in cholesterol biosynthesis.
LDL (density 1.019-1.063 g/ml) is just one component of the 

lipoprotein system responsible for the transport of 
cholesterol and triglyceride around the body but it is has 
been strongly implicated, both by epidemiological and 
experimental studies, in the development of atherosclerosis 
and coronary heart disease (Goldstein and Brown, 1977).
Each LDL particle has a single molecule of apoprotein B-100 
(apo-B-100), an amphipathic, glycosylated protein with a 
relative molecular mass of 513-14 kDa (Yang et al.. 1986). 
LDL also contains vitamin E (a-tocopherol) and B-carotene, 
both of which are antioxidants.

HDL (density 1.063-1.21 g/ml) . can be sub-divided into 
four classes, HDLi, HDL2a, HDL2b and HDL3 which differ in size 
and lipidiprotein ratio (Anderson et al.. 1976). However, in 
the experiments described in this thesis pooled samples of 
total HDL were used. The major apoproteins carried by HDL



particles are A-I, A-II, C-I, C-II, C-III, and E, which is 
carried by HDI^.

In contrast to LDL, epidemiological studies have established 
that plasma levels of HDL are inversely correlated with the 
risk for coronary heart disease (Miller, 1980). The mechanism 
underlying the protective action of HDL is unclear although 
the facilitation of reverse cholesterol transport from 
peripheral tissues to the liver may play a role (Glomset, 
1968). In support of this hypothesis, recent studies in 
cholesterol-fed rabbits have shown that HDL can inhibit the 
development of fatty streaks (Badimon et al. . 1989) and can 
induce regression of established lesions by removal of 
cholesterol and other lipids from the artery wall (Badimon et 
al.f 1990).
HDL has also been shown to scavenge free radicals (Chander 

and Kapoor, 1990), reduce the cytotoxicity of LDL (Hessler et 
al., 1979), and to inhibit the oxidative modification of LDL 
by cultured cells (Parthasarathy et al. . 1990). However, these 
actions may also be mediated by the removal of lipids from 
cells and other lipoprotein particles.
1.2.2 LIPOPROTEIN METABOLISM
There are 2 separate pathways mediating the metabolism of 

cholesterol of dietary and hepatic origin as shown in Figure 
2 (Reviewed by Goldstein et al. . 1983; Scanu and Spector,
1986).
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FIGURE 2 THE EXOGENOUS AND ENDOGENOUS PATHWAYS
OF LIPOPROTEIN METABOLISM
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The exogenous pathway concerns the transport of dietary 
triglycerides and cholesterol esters to the liver and the 
endogenous pathway mediates the transport of cholesterol 
between the liver and extra-hepatic tissue.
1.2.3 RECEPTOR-MEDIATED ENDOCYTOSIS OF LDL
Receptor-mediated endocytosis is the term applied to the 

uptake of LDL following binding to specific high affinity 
receptors on the cell surface (Reviewed by Brown and 
Goldstein, 1986). The LDL receptor was first identified in 
fibroblasts (Brown and Goldstein, 1974? Goldstein and Brown, 
1974) and has now been demonstrated in most mammalian cells, 
although the degree of expression varies with the cholesterol 
requirements of the cell. The receptor, which plays a pivotal 
role in determining plasma levels of LDL, has been identified 
as a single chain transmembrane acidic glycoprotein with a 
relative molecular mass of 160,Ooo (Schneider et al. . 1982? 
Cummings et al. . 1983) comprising of 5 distinct structural 
domains (Russel et al.. 1984? reviewed by Catapano, 1989) and 
which is specific for lipoproteins containing apo-B or apo-E.

Following binding of LDL to the receptor, the LDL-receptor 
complexes accumulate in clathrin-coated pits on the cell 
surface (Anderson et al.. 1982) which facilitate membrane
translocation of the lipoprotein within endocytic vesicles, 
directing their migration across the cytoplasm to lysosomes 
where they are degraded (Brown et al. f 1983). Within lysosomes 
the apo-B moiety is broken down by proteases and the



cholesterol is liberated for cellular use. The receptor is 
then re-cycled back to the plasma membrane (Brown and 
Goldstein, 1974).

Free cholesterol stimulates cholesterol esterification 
(Goldstein et al.. 1974), suppresses the activity of HMG-CoA 
reductase, the rate limiting enzyme in cholesterol 
biosynthesis (Brown et al.. 1973; Goldstein and Brown, 1973) 
and down-regulates the transcription of the LDL-receptor gene 
(Brown et al.. 1975; Russell et al.. 1983). Thus, the overall 
effect is to regulate the amount of cholesterol accumulated 
by the cell by a negative feedback mechanism.
Receptor-independent, low affinity, non-saturable binding 

sites also take up LDL by a combination of fluid and 
adsorptive endocytosis (Spady et al.. 1987). However, in vivo 
studies have shown that 2/3 of LDL clearance normally occurs 
through the high affinity receptor (Goldstein and Brown, 1977; 
Shepherd et al. . 1979; Thompson et al. . 1981) and under
conditions of high plasma cholesterol LDL accumulates in the 
plasma rather than being cleared and degraded by cells.

1.3. THE VASCULAR ENDOTHELIUM
Until recently, the endothelial cells which line all blood 

vessels were considered simply as a semi-permeable barrier to 
protect the vessel wall (Florey, 1966). It has since become 
apparent that the endothelium is a complex endocrine organ 
with high metabolic activity, which is central to the function



of the vascular system. The endothelium participates in a 
number of homeostatic and cellular functions such as 
regulation of vessel tone, blood coagulation and leukocyte and 
platelet reactivity (Gerlach et al.. 1985).
The role of the endothelium in haemostasis and control of 

vascular reactivity will be outlined briefly and the 
biochemistry and physiological actions of endothelium-derived 
relaxing factor (EDRF) will then be discussed in more detail.
1.3.1 STRUCTURE OF THE ENDOTHELIUM
The vascular endothelium is a single, continuous layer of 

thin, flattened, rhomboidal cells, orientated in the direction 
of blood flow (Chambers and Zweifach, 1947). The luminal 
surface of this layer is covered by a glycoprotein coat, and 
is made up of a complex of projections and caveolae which 
greatly increase the surface area and promote the formation 
of a cell free layer of plasma over the endothelial surface. 
These structures also provide a wide range of specialised 
microenvironments which facilitate the binding, transport and 
processing of circulating molecules (reviewed by Ryan, 1986; 
Simionescu and Simionescu, 1986).
Junctions between endothelial cells range from "tight”, as 

seen in cerebral blood vessels (Betz and Goldstein, 1986), to 
"fenestrated", as in the glomerular capillaries of the kidney 
(Staehelin and Hull, 1978). Gap junctions or "myo-endothelial 
bridges" also exist between the endothelium and underlying 
smooth muscle cells and may be important for interactions



between these two cell types (Spagnoli et al.. 1982).
1.3.2 METABOLIC FUNCTIONS OF THE ENDOTHELIUM
Endothelial cells have an important metabolic function with 

respect to vasoactive substances (Gerlach et al. . 1985)
although activity differs between vessels. For example, 
prostacyclin (PGI2) is metabolized via 15-hydroxyprostaglandin 
dehydrogenase in the aorta (Sun and Taylor, 1978) but not in 
the pulmonary vasculature (Dusting et al. . 1978). The lungs 
contain approximately half of the endothelial cells present 
in the body and, as they receive the entire cardiac output, 
they are central to maintaining and regulating the delivery 
of active substances to target organs (Vane, 1964? Bakhle and 
Vane, 1974).

The metabolic role of the endothelium is fulfilled by a wide 
variety of enzymes present in the cells. For example, the 
outer surface contains angiotensin-converting enzyme (Ryan et 
al. r 1976) which catalyses the formation of the potent 
vasoconstrictor angiotensin II from the inactive precursor 
angiotensin I. The same enzyme also inactivates the 
vasodilator agent bradykinin (BK). Endothelial monoamine 
oxidases (MAO) breakdown biogenic amines such as serotonin (5- 
HT) and noradrenaline (NA; Reviewed by Shepro and Durham, 
1986).
The endothelium also synthesizes a large number of 

vasoactive substances such as PGI2 (Moncada et al. f 1976), 
adenosine (Pearson and Gordon, 1985) and endothelin



(Yanagisawa et al. . 1988). The production of these substances
is modulated by changes in the concentration of intracellular

3'5-
messengers such as calcium (Ca2+) and ̂ cyclic adenosine 
monophosphate.
1./.3 THE ENDOTHELIUM AND BLOOD COAGULATION

In relation to the soluble coagulation system, the 
endothelium has both pro- and anti-coagulant roles (Reviewed 
by Fajardo, 1989). Platelet activity is inhibited by the 
presence of an intact endothelial surface and both PGI2 and 
EDRF released from the endothelium are potent anti-aggregatory 
agents (Moncada et al.. 1976; Palmer et al.. 1987; Radomski 
et al.. 1987a). EDRF also prevents the adhesion of platelets 
to the endothelial surface (Radomski et al.. 1987b).

However, platelets can adhere to the basal lamina and stroma 
which may become exposed if the endothelium is denuded 
(Povlishok and Rosenblum, 1987) leading to aggregation and the 
release of vasoactive substances such as adenosine nucleotides 
(ADP and ATP), thromboxane A2 and PDGF (Jaffe, 1987). In 
addition, damaged endothelial cells can synthesize most of 
the factors involved in the initiation of coagulation (Jaffe 
et al. . 1974; Colucci et al. . 1983) and so promote clot
formation in response to injury.
Thus, an intact endothelium presents both a physical and 

chemical barrier between circulating platelets and the pro- 
aggregatory matrix of the intimal layers of the vessel wall.



1.4 EDRF
The obligatory role of the endothelium in the vasodilation 

evoked by many substances was first demonstrated in 1980, when 
it was shown that acetylcholine (ACh) can evoke relaxations 
of isolated rabbit aortic rings only when an intact 
endothelium is present (Furchgott and Zawadzki, 1980). This 
observation resolved the long standing paradox that ACh caused 
vasodilatation in vivo (Shepherd, 1963; Mellander and 
Johansson, 1968) and yet contracted isolated vascular smooth 
muscle preparations (Furchgott, 1955; Vanhoutte, 1977). Since 
1980, many agents such as melittin (Forstermann and Neufang,
1985), 5-HT (Cocks and Angus, 1983) and the calcium ionophore 
A23187 (Furchgottt, 1983) have been shown to elicit 
endothelium-dependent relaxations (EDR) of isolated blood 
vessels and endothelial cells are now recognized as playing 
an important role in the modulation of vascular smooth muscle 
tone (Reviewed by Furchgott, 1983; 1984; 1990; Vanhoutte and 
Houston, 1985; Vanhoutte et al. . 1986). However, many agents 
only elicit EDR in specific vessels and may cause contraction 
or endothelium-independent relaxations in other preparations. 
For example, 5-HT evokes endothelium-independent contractions 
of many isolated blood vessels but can also elicit EDR in 
canine (Cocks and Angus, 1983) and porcine (Houston et al..
1985) coronary arteries.
In addition to chemical stimuli, EDRF is also released by



changes in flow (Rubanyi et al. . 1986), electrical stimulation 
(Frank and Bevan, 1983) and mechanical distortion (Lansman et 
al. . 1987).
The humoral, non-prostanoid nature of EDRF was demonstrated 

by the use of sandwich preparations which demonstrated that 
EDR elicited by ACh were mediated via the release of a 
diffuseable substance from the endothelium which could evoke 
a relaxation response in an endothelium-denuded denuded tissue 
(Furchgott and Zawadzki, 1980). The activity of this agent was 
not affected by cyclo-oxygenase inhibitors such as 
indomethacin and thus prostanoids are not involved in this 
response.
Superfusion bioassay cascades, in which the perfusate from 

either intact vessels (Forstermann et al.. 1984; Griffith et 
al. , 1984a; 1984b; Rubanyi et al. . 1985) or a column of
cultured endothelial cells on microcarrier beads (Cocks et 
ah, 1985; Gryglewski et al. . 1986) induced relaxations in
endothelium-denuded arterial strips or rings, have been used 
to investigate the effects of physical and chemical 
manipulation on the generation, stability and actions of EDRF. 
These studies have demonstrated that EDRF has a very short 
half-life of 4-6 secs in physiological solutions (Forstermann 
et al. . 1984; Griffith et al. . 1984a; 1984b) which is
increased by superoxide dismutase (SOD). It was therefore 
suggested that EDRF is inactivated by the superoxide anion 
(02"; Gryglewski et al. . 1986; Rubanyi and Vanhoutte, 1986).



Relaxation of vascular smooth muscle by EDRF is mediated by 
haem-dependent activation of soluble guanylate cyclase leading 
to an increase in cyclic guanosine monophosphate (cGMP? 
Holzmann, 1982; Diamond and Chu, 1983; Rapoport and Murad, 
1983a). The mechanism by which increases in cGMP evoke 
relaxations is unclear although proposals include the 
inhibition of inositol triphosphate (IP3) generation 
(Rapoport, 1986), stimulation of intracellular calcium (Ca2+) 
sequestration (Lincoln, 1983), inhibition of receptor operated 
Ca2+ channels (Godfraind, 1986), activation of cGMP-dependent 
protein kinases (Rapoport et al. . 1983a), stimulation of Ca2+- 
ATPase (Fiscus, 1988) and increased potassium permeability 
causing hyperpolarization (Komori and Suzuki, 1987). However, 
it has been reported that endothelium-dependent relaxants 
induce cGMP-dependent protein phosphorylation of aortic smooth 
muscle proteins (Rapoport et al. . 1983a; 1984; Rapoport and 
Murad, 1983b; Lincoln, 1983) and thus may inhibit development 
of tone by decreasing phosphorylation of myosin light chains 
of the vascular smooth muscle (Rapoport et al.. 1983b).
Haemoglobin selectively inhibits EDRF-mediated responses and 

the accompanying increase in cGMP (Martin et al.. 1985a;
1985b) although the mechanism for this action is unclear as 
it can bind EDRF (Martin et al. . 1986b), inhibit activation 
of soluble guanylate cyclase (Murad et al. . 1978; Martin et 
al. . 1985a; 1985b) and generate 02', which would inactivate
EDRF (Misra and Fridovitch, 1972).



Methylene blue also attenuates EDRF-mediated relaxations and 
the accompanying increases in cGMP (Gruetter et al. . 1979; 
1980; 1981a; 1981b; Holzman, 1982; Ignarro et al.. 1984a;
1986c; Martin et al. . 1985a; 1985b). Like haemoglobin, this 
compound may have a complex mechanism of action as it can both 
directly inhibit soluble guanylate cyclase (Murad et al.. 
1978; Gruetter et al. . 1979; 1980; 1981b) and generate free 
radicals (McCord and Fridovitch, 1970; Wolin et al.. 1990).
1,4.1 PHYSIOLOGICAL ROLE OF EDRF 
(Reviewed by Moncada et al.. 1989)
The ability of the endothelium to generate a powerful 

vasodilator, which controls vessel diameter and plays a 
decisive role as a determinant of blood flow, is an important 
mechanism in phenomena such as autoregulation, hyperaemia, 
flow-dependent dilation and blood pressure regulation.
The physiological stimulus for EDRF release in the vascular 
system is unclear but in vitro it is released under basal 
conditions and by stimuli such as changes in oxygen tension, 
changes in flow, thrombin, platelet products, such as 5-HT and 
ADP, and neurotransmitters, such as NA and ACh (Reviewed by 
Furchgott, 1983; Martin et al.. 1986a; Vanhoutte et al..
1986).
fî  Basal EDRF release
The endothelium continually releases EDRF to regulate basal 

levels of cGMP and blood vessel tone (Rapoport and Murad,



1983a). The first indication that EDRF may be released basally 
came from the demonstration that cGMP levels were higher in 
endothelium-intact than denuded tissues (Rapoport and Murad, 
1983a; Martin et al. . 1985a; 1986a; 1986b; Ignarro et al. . 
1986d; 1987c). It was then demonstrated that exposure of
endothelium intact tissues to inhibitors of guanylate cyclase 
causes an increase in basal tone and a potentiation of 
contractile responses (Griffith et al.. 1984a; 1984b).
Additionally, in rat and rabbit aortic rings, endothelium 
removal was shown to potentiate contractile responses (Martin 
et al. . 1985a; 1986a), and in bioassay systems, basal EDRF 
release was demonstrated directly (Griffith et al. . 1984a; 
1984b; Rubanyi et al.. 1985; Ignarro et al.. 1987a).
(ii) Flow-mediated dilatation
Studies in the perfused rabbit ear have illustrated the 

interdependence of different vessels within an intact vascular 
bed and demonstrated that flow-mediated EDRF release amplifies 
locally induced changes in resistance, co-ordinates changes 
in vessel calibre and reduces the pressure needed to drive 
increases in flow (Griffith et al.. 1987; 1989).
(iii) Receptor-mediated EDR
Although many agents have been shown to elicit EDR of 

isolated blood vessels in vitro the physiological significance 
of many of these observations is unclear.
For example, ACh was the first agent shown to evoke EDR in 

isolated rabbit aortic rings (Furchgott and Zawadzki, 1980)



but, in vivo, high plasma levels of cholinesterases ensure 
that activation of endothelial muscarinic receptors is 
unlikely. However, in thin walled arterioles, transmural 
diffusion of ACh from adventitial nerves may occur leading to 
stimulation of EDRF release, but in larger vessels it is 
unlikely that the neurotransmitter would reach the 
endothelium. Localization of choline acetyl transferase in 
endothelial cells (Parnavelas et al.f 1985) suggests that ACh 
may be released from the endothelium itself to modulate 
vascular tone.

EDR evoked by agents such as 5-HT and ADP released from 
aggregating platelets has been demonstrated in isolated 
coronary arteries from dogs (Cohen et al.f 1983a; Houston et 
al.r 1985), pigs (Shimokawa et al. . 1987; 1988b) and humans 
(Forstermann et al. . 1988a). Thus, in vivo. EDR elicited in 
response to platelet aggregation may promote the flushing away 
of the aggregate as it forms, preventing occlusion of the 
vessel.
Receptor-mediated stimulation of EDRF release and vascular 

relaxation may also occur as part of the response to adverse 
stimuli such as shock and haemorrhage. Release of vasopressin 
from the posterior pituitary in response to these stimuli 
evokes EDR in cerebral vessels but causes vasoconstriction of 
peripheral vessels (Katusic et al. r 1984), favouring the 
redistribution of blood flow to the cerebral circulation.



(iv) Modulation of platelet reactivity by EDRF
EDRF can inhibit platelet aggregation in vitro (Azuma et 

al.. 1986; Furlong et al.. 1987; Radomski et al.. 1987c), ex- 
vivo (Hogan et al.. 1988) and in vivo (Bhardwaj et al.. 1988; 
Humphries et al.. 1990), can cause disaggregation of
aggregated platelets (Radomski et al. . 1987a) and inhibit
platelet adhesion to endothelial cell surfaces (Radomski et 
al.. 1987b).
Subthreshold levels of EDRF and PGI2 can act synergistically 

to prevent platelet aggregation (Radomski et al.. 1987a) and 
it has been suggested that the very low concentrations of PGI2 
found in the plasma may have a role in regulating platelet 
aggregation if acting on a background of EDRF release form the 
endothelium (Moncada et al. . 1988). There is no synergy
between EDRF and PGI2 in preventing platelet adhesion 
(Radomski et al.. 1987b).
Thus, under normal conditions, the endothelium can exert an 

inhibitory effect on platelet reactivity and on vascular 
responses to platelet products. However, endothelial cell 
injury or dysfunction may potentiate platelet aggregation, 
potentiate vasoconstriction in response to platelet-derived 
products such as 5-HT and promote intra-luminal thrombosis.
1.4,2 IDENTIFICATION OF EDRF
After the demonstration of EDR in isolated blood vessels, 

the chemical identity of the labile, non-prostanoid mediator 
was sought.



At a symposium in 1986 it was first proposed that EDRF may 
be nitric oxide (NO? Published as Furchgott, 1988; Ignarro et 
al., 1988c). This proposal was based on a comparison of their 
chemical and pharmacological properties (summarized in Table 
1) and was confirmed by the demonstration that cultured 
porcine aortic endothelial cells release NO in sufficient 
amounts to account for the biological activity of EDRF (Palmer 
et al.f 1987).
There is now a vast body of evidence to support the proposal 

that EDRF is NO (EDNO? Reviewed by Ignarro, 1989a; 1989b;
Angus and Cocks, 1989; Long and Berkowitz, 1989; Marin and 
Sanchez-Ferrer, 1989) and the release of NO has now been
demonstrated in preparations such as isolated perfused rabbit 
hearts (Amezcua et al. . 1988), rabbit aorta (Chen et al. .
1989) and bovine intrapulmonary artery and vein (Ignarro et 
al., 1987a; 1987b; 1988a; 1988b).
1-4.3 REGULATION OF EDRF SYNTHESIS AND RELEASE
The observation that the calcium ionophore A23187 causes EDR 

of isolated blood vessels (Furchgott et al. . 1981; Furchgott, 
1983) and stimulates the release of EDRF from the perfused 
rabbit aorta (Griffith et al. . 1984a) and cultured cells
(Cocks et al.f 1985) led to the suggestion that an increase 
in intracellular Ca2+ may be an early step in the release of 
EDRF. Later experiments performed in Ca2+-free buffer 
demonstrated that Ca2+ influx is essential for EDRF synthesis 
and/or release (Long and Stone, 1985; Griffith et al.. 1986)



TABLE 1 COMPARISON OF THE PHARMACOLOGICAL AND CHEMICAL
PROPERTIES OF EDRF AND NO

1. Chemically unstable with a half life of 3 to 5 secs under 
assay conditions

2. Spontaneous inactivation in the presence of oxygen or 
superoxide anion

3. Chemical stabilization by SOD or acidic pH
4. React identically with sulfanilic acid and ozone
5. Very lipophilic? readily permeates biological membranes
6. High affinity for and reactivity with haem iron to form 

nitrosyl-haem adduct
7. Biological actions rapidly terminated by haemoglobin and 

myoglobin
8. Haem-dependent activation of soluble guanylate cyclase 

which is inhibited by methylene blue
9. Stimulation of cGMP formation in vascular tissue and 

platelets
10. Vasodilation of artery and vein
11. Inhibition of platelet aggregation and adhesion to

the endothelial cell surface



whereas endothelium-independent responses to sodium 
nitroprusside are unaffected (Holzmann, 1982? Rapoport and 
Murad, 1983b).

In contrast, there is some evidence which implicates the 
mobilization of intracellular Ca2+ stores in EDRF release, 
rather than Ca2+ influx (Loeb et al. . 1986? Luckhoff and Busse,
1986).
Numerous investigations have indicated that agents which 

interfere with phospholipid and polyunsaturated fatty acid 
(PUFA) metabolism, such as quinacrine and 5,8,11,14- 
eicosatetraynoic acid, inhibit EDRF-mediated relaxations 
(Reviewed by Furchgott, 1983), although the non-selective 
effects of some of these agents (Moncada et al.. 1986) causes 
problems in the interpretation of these results. However, it 
has been suggested that the cleavage of phospholipids with the 
formation of free fatty acids and lysophosphatides and/or the 
accompanying free radical generation may play a role in 
triggering the formation and/or release of EDRF (Ignarro, 
1989a? Angus and Cocks, 1989).
Furthermore, phorbol esters, which activate protein kinase 

C, inhibit receptor-mediated EDRF release from isolated blood 
vessels (Weinheimer et al.. 1986? Lewis and Henderson, 1987? 
Cherry and Gillis, 1988? Rubanyi et al. . 1989) and cultured 
endothelial cells (Weinheimer et al.. 1986? Lewis and
Henderson, 1987? Smith and Lang, 1990). These agents also 
inhibit agonist-induced increases in endothelial cell



intracellular Ca2+ (Ryan et al. . 1988) and IP3 (Brock and
Capasso, 1988) levels. Thus, activation of protein kinase C 
by the endogenous agonist diacylglycerol may be a possible 
regulatory mechanism in EDRF production.
Additionally, pertussis toxin, an inhibitor of G-proteins, 

significantly inhibits EDR evoked by 5-HT and the a2-agonist 
UK14304, but not ADP, A23187 or BK (Flavahan et al.. 1989). 
As this toxin does not decrease activation of soluble 
guanylate cyclase by endothelium-independent agents (Ignarro 
and Kadowitz, 1985), this finding indicates that there may be 
two pathways leading to EDRF production, only one of which 
involves G-proteins (Flavahan et al.. 1989).
Finally, a negative feedback system has been proposed as an 

inhibitory control mechanism for the release of EDRF. This is 
based on the observation that increases in cGMP in endothelial 
cells inhibit the activation of the phosphoinositol pathway 
which is responsible for stimulating increases in 
intracellular Ca2+ (Collins et al. . 1986? Lewis et al. . 1988). 
Increase in cGMP elicited by atrial natwuretic peptide (ANP? 
Martin et al.r 1988) and 8-bromo-cGMP inhibit the release of 
EDRF from cultured endothelial cells (Busse et al. . 1988?
Evans et al.. 1988) and intact isolated blood vessels (Hogan 
et al. . 1989) suggesting that EDRF may inhibit its own release 
by increasing endothelial cell cGMP levels.



1.4.4 BIOSYNTHESIS OF EDNO
After the demonstration of EDNO release from endothelial 

cells (Palmer et al.. 1987) it was shown that cultured cells 
synthesize NO from the of L-arginine
(Palmer et al.. 1988a; 1988b) as occurs in activated 
macrophages which produce NO as a cytotoxic agent (Iyengar et 
al. . 1987; Hibbs et al. . 1987a; 1987b; 1988? Marietta et al. . 
1988; Stuehr et al.. 1989).

The arginine analogue NG- monomethyl-L-arginine (L-NMMA), an 
inhibitor of NO generation in macrophages (Hibbs et al.. 
1987b), was shown to inhibit the release of NO from cultured 
endothelial cells (Palmer et al. . 1988a) and from the perfused 
rabbit aorta (Rees et al. . 1989a). This inhibition could be
reversed by L- but not D-arginine demonstrating the 
stereospecificity of the enzyme.

Other L-arginine analogs such as N-imino-ethyl-L-ornithine 
(Mulsch and Busse, 1990), L-NG-nitro-arginine (Moore et al. . 
1990) and NG-nitro-L-arginine-methyl-ester (Rees et al. . 1990) 
have now also been described as inhibitors of both NO 
generation and EDRF-mediated relaxations.

Shortly after the proposal that NO was formed from L- 
arginine, endothelial cell homogenates were shown to form L- 
citrulline from L-arginine by an NADPH-dependent mechanism 
which is inhibited by L-NMMA (Palmer and Moncada, 1989). 
Additionally, in L-arginine-depleted endothelial cell cytosol, 
L-arginine-dependent increases in cGMP were found to require



NADPH, and were accompanied by the formation of L-citrulline 
from L-arginine (Moncada and Palmer, 1990). Both the formation 
of L-citrulline and the increases in cGMP were inhibited by 
Ca2+ chelators, indicating that the enzyme, now called NO 
synthase, is Ca2+-dependent (Mayer et al. . 1989; Moncada and 
Palmer, 1990). Furthermore, NO synthesis in endothelial 
cytosol was inhibited by calmodulin-binding peptides and 
antagonists, suggesting that the Ca2+-dependent stimulation of 
NO synthase in endothelial cells is mediated by calmodulin 
(Busse and Mulsch, 1990).
The NO synthase in endothelial cells is termed the 

constitutive enzyme whereas in macrophages, the enzyme may be 
induced in vitro by exposure to endotoxins and cytokines 
(Hibbs et al. . 1990; Curran et al. . 1989; Knowles et al. .
1990; Werner-Feimayer et al. . 1990). This inducible enzyme 
differs from the constitutive form in that it is Ca2+- 
independent and requires, tetrahydrobiopterin, as well as 
NADPH as a cofactor.
The mechanism by which the basic guanidino nitrogen of

L-arginine is oxidized to NO in endothelial cells is unclear. 
However, in macrophages, the initial step is the oxidation of 
the terminal guanidino N-atom of L-arginine by oxygen-derived 
free radicals, followed by oxidation to yield a nitroso- 
compound (Marietta et al.. 1988).
However, the observation that L-arginine can be converted 

to NO does not prove that NO is not derived from another
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endogenous precursor. For example, some studies have shown 
that the dipeptide L-arginyl-L-alanine can serve as an
alternative substrate for NO production (Ignarro et al. . 1989) 
and various basic polypeptides containing arginine, lysine or 
ornithine can evoke EDR of bovine intrapulmonary artery and 
vein via the release of NO, possibly by acting as alternative 
sources of basic amino nitrogen atoms for NO formation
(Ignarro et al. . 1989). Prolonged exposure to these agents 
results in the development of tolerance to other relaxants 
which has been attributed to de-sensitization of the enzyme 
for NO generation (Ignarro et al.. 1989).
1.4.5 EDNO METABOLISM
The biological half-life of EDRF under bioassay conditions 

is identical to the half-life of NO superfused over vascular 
strips (Palmer et al.. 1987; Ignarro et al.. 1987a). The
biological inactivation of NO in oxygenated physiological salt 
solution can be accounted for by spontaneous oxidation of NO 
to nitrite (N02") :

2N0 + 02 -----► 2N02"
At least 90% of NO is converted to N02_ with little or no
formation of nitrate (N03“; Feelisch and Noack, 1987; Kelm et
al. . 1988). The half-life of NO varies inversely as a function 
of oxygen tension and 02“ concentration (Forstermann et al. . 
1984; Rubanyi et al. . 1985; Gryglewski et al. . 1986) and
directly with NO concentration in aqueous solution, with 
concentrations in excess of 300 mM having a half-life of over



30 secs (Ignarro, 1990b).
02" causes rapid and nearly complete inactivation of EDRF 

(Moncada et al. . 1986; Gryglewski et al. . 1986; Rubanyi and 
Vanhoutte, 1986; Ignarro et al. . 1988b) which is reduced in 
the presence of SOD (Gryglewski et al. . 1986; Rubanyi and
Vanhoutte, 1986; Ignarro et al. . 1988b). However, it is
unlikely that 02‘ contributes significantly to the biological 
inactivation of EDNO in vivo as the ubiquitous distribution 
of SOD would make it unlikely that enough 02" could accumulate, 
although pathophysiological conditions could however provide 
a role for 02“ (Ignarro, 1990b).
1.4.6 EVIDENCE THAT EDRF IS NOT NO
Several lines of evidence suggest that EDRF may not be free 

NO but an unstable NO-releasing compound with the same 
bioreactivity as free NO, such as a nitrosothiol (Angus and 
Cocks, 1989; Myers et al.. 1990). For example, NO and EDRF are 
reported to be differentially retained by anionic exchange 
resins (Long et al. . 1987; Shikano et al. . 1988), EDRF, but 
not NO, shows stability during chromatography and 
lyophilization (Angus and Cocks, 1989) and, following passage 
through a haemoglobin-agarose column, authentic NO but not 
EDRF gives a NO-haemoglobin signal detectable by electron 
paramagnetic resonance (Rubanyi et al.. 1990).

S-nitrosothiols are unstable compounds which spontaneously 
decompose with the liberation of NO. The pharmacology of these 
thiols is essentially that of NO as they activate soluble



guanylate cyclase (Ignarro et al. . 1980; Mellion et al. . 1983) 
by a haem-dependent mechanism (Mellion et al. . 1983), elevate 
vascular (Ignarro et al. . 1981; Ignarro and Kadowitz, 1985) 
and platelet (Mellion et al.. 1983) cGMP levels, relax artery 
and vein (Ignarro et al.. 1981; Ignarro and Kadowitz, 1985), 
inhibit platelet aggregation (Mellion et al. . 1983) and elicit 
vasodilator responses in vivo (Ignarro et al.. 1981).
Recently, it has been suggested that NO is synthesized and 

released under basal conditions but that endothelium-dependent 
relaxants trigger the release of a labile nitroso compound 
(Rubanyi et al.. 1989; Ignarro, 1990b).
1.4.7 MULTIPLE EDRFs
The term EDRF may refer to several agents released together 

or individually from the endothelium, of which NO is just one. 
For example, several studies have shown that ACh-evoked EDR 
is accompanied by endothelium-dependent hyperpolarization of 
the vascular smooth muscle (Bolton et al.. 1984; Feletou and 
Vanhoutte, 1988; Komori et al.. 1988), whereas NO causes
vascular relaxation and increases in cGMP with no change in 
membrane potential (Huang et al.. 1988; Komori et al.. 1988), 
suggesting the release of a hyperpolarizing factor from the 
endothelium. However, recent studies indicate that NO can 
evoke both relaxation and hyperpolarization of vascular smooth 
muscle (Tare et al. . 1989). Additionally, L-NMMA, the specific 
inhibitor of NO synthase, has been shown to inhibit both ACh- 
evoked relaxation and the accompanying hyperpolarization



indicating that NO produced by endothelial cells can mediate 
both responses (Tare et al.. 1990a; 1990b).

In conclusion, although there is now a vast body of evidence 
to suggest that EDRF is free NO or an unstable nitrosothiol, 
the term EDRF will be used to describe the mediator of EDR 
throughout the rest of this thesis.
1.4.8 EVIDENCE OF EDRF ACTIVITY IN VIVO 
(Reviewed by Marshall and Kontos, 1990)
There is substantial evidence of EDRF release in large 

vessels in vivo. For example, the dilatation of canine femoral 
arteries in response to substance P, ACh and increases in 
blood flow are abolished by endothelial damage (Angus et al. . 
1983; Pohl et al. . 1986a; 1986b) as are ACh-evoked relaxations 
of the canine iliac artery (Young and Vatner, 1987). Responses 
to the nitrovasodilator glyceryl trinitrate (GTN) are 
unaffected by endothelial removal (Angus et al. . 1983; Pohl 
et al.. 1986a; 1986b) and 5-HT-evoked contractions of canine 
coronary arteries are potentiated in denuded vessels, due to 
the abolition of the antagonistic basal EDRF release (Lamping 
et al.. 1985).
The discovery that at least one EDRF released from the 

endothelium is NO which is synthesized from L-arginine has led 
to the use of inhibitors of the L-arginine:NO pathway to 
demonstrate basal and stimulated EDNO production in vivo.
For example, L-NMMA administered to anaesthetized guinea-pigs 
(Aisaka et al.. 1989a), rabbits (Rees et al.. 1989b) and rats



(Whittle et al.. 1989; Gardiner et al.. 1990a? 1990b) elicits 
a dose-dependent pressor response which is prevented by L- but 
not D-arginine. Additionally, in conscious rats, the L-NMMA- 
evoked hypertensive response is accompanied by a decrease in 
vascular conductance in renal, mesenteric and hindquarter 
vascular beds (Gardiner et al. . 1990a). This decrease in
conductance is sustained if the infusion of L-NMMA is 
maintained for up to six hours (Gardiner et al. . 1990b),
suggesting that not only is NO critical for the maintenance 
of vascular patency in these vascular beds but also that the 
regulatory systems are unable to reaccommodate.
L-NMMA has also been used to demonstrate that the synthesis 

of NO from L-arginine does contribute to the hypotensive 
effect of ACh in anaesthetized guinea pigs and that the 
concentration of circulating L-arginine may influence the 
duration of hypotension under normal conditions, and the 
magnitude in states of hypertension (Aisaka et al. . 1989b).

In humans, infusion of L-NMMA into the brachial artery or 
dorsal hand veins inhibited the vasodilation responses to ACh 
and BK but not GTN (Vallance et al. . 1989a; 1989b). In the 
brachial artery, but not in the dorsal hand veins, L-NMMA 
induced direct vasoconstriction suggesting a continuous 
release of NO maintains dilator tone on the arterial side of 
the circulation but not on the venous side (Vallance et al.f 
1989b).



In conclusion, these investigations demonstrate that, as in 
vitro f L-NMMA inhibits NO biosynthesis in vivo and it is now 
evident that EDRF plays a vital role in the homeostatic 
regulation of arterial blood pressure and in the maintenance 
of a continuous vasodilator tone in resistance vessels (Rees 
et al. . 1989b).
1.5, OXIDIZED LDL AND ATHEROSCLEROSIS
(Reviewed by Heinecke, 1987? Jurgens et al.. 1987? Steinberg 
et al. . 1989? Steinbrecher et al. . 1990? Steinberg and
Witztum, 1990)
An hypothesis for the development of early atherosclerotic 

lesions, fatty streaks, based solely on the presence of 
elevated plasma levels of LDL and the oxidative modification 
of LDL particles within the vessel wall has recently been 
proposed (Reviewed by Steinberg et al. r 1989). This hypothesis 
is based on the potentially atherogenic properties of oxidized 
LDL (OXLDL), as shown in Figure 3, and discussed below :
(i) Oxidative modification of LDL and uptake by macrophages
One of the earliest events in atherosclerosis is the 

accumulation of cholesteryl esters in foam cells derived 
predominantly from macrophages (Gerrity, 1981a? 1981b) and it 
is possible that this is a key step in the pathogenesis of the 
disease. Although elevated plasma LDL levels are an important 
risk-factor for the development of atherosclerosis (Goldstein 
and Brown, 1977), the mechanism by which increased plasma LDL 
levels lead to cholesterol accumulation in macrophages was not



FIGURE 3 MECHANISMS BY WHICH OXLDL MAY CONTRIBUTE TO 
ATHEROGENESIS
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readily apparent as cultured macrophages do not accumulate 
cholesteryl esters even when incubated with high 
concentrations of native LDL (Goldstein et al. . 1979; Fogelman 
et al.. 1980). However, chemical modifications of LDL, such 
as acetylation, which neutralize the positively charged 
residues on the apo-B moiety essential for recognition by the 
classical high-affinity LDL receptor, were found to result in 
the rapid uptake of LDL particles by macrophages. This uptake 
is mediated via a specific, saturable receptor termed the 
"acetyl-LDL receptor" or "scavenger receptor" (Goldstein et 
al. , 1979; Brown and Goldstein, 1983), which does not
recognize native LDL and is not regulated by cellular 
cholesterol levels.
These findings gave rise to the suggestion that analogous 

modifications of LDL may occur in vivo thus facilitating foam 
cell formation. Exposure to cultured endothelial cells 
(Henriksen et al.. 1981; 1983; Morel et al.r 1984), vascular 
smooth muscle cells (Morel et al. . 1984; Heinecke et al. .
1986) or to monocytes-macrophages and neutrophils 
(Parthasarathy et al.. 1986a) was shown to generate modified 
LDL particles which are rapidly internalized by macrophages, 
at least partly by the same receptor as acetyl-LDL (Henrickson 
et al. . 1981; 1983; Morel et al. . 1984; Heinecke et al. .
1986).
These findings demonstrated that the 3 major cell types of 

the vessel wall are capable of modifying LDL in vitro to a



form which is rapidly taken up by macrophages. Therefore, if 
these modifications were to occur in vivo they could provide 
a mechanism for foam cell formation within the vascular wall.

Oxidative modification of LDL is a lipid peroxidation 
process in which polyunsaturated fatty acids (PUFA) contained 
in the LDL lipids are rapidly converted to lipid 
hydroperoxides which can then breakdown further, yielding an 
array of low molecular weight fragments such as ketones, 
aldehydes and alkanes (Esterbauer et al. . 1987), some of which 
form covalent bonds with the apo-B moiety (Steinbrecher et 
al. , 1987). This lipid-protein conjugation is crucial in
generating a form of apo-B which is recognized by the 
scavenger receptor (Jurgens et al.. 1986? Parathasarathy,
1987).
Oxidative modification of LDL by cultured cells results in 

a number of compositional and structural changes summarized 
in Table 2.
Cell-mediated oxidative modification is dependent on the 

presence of trace amounts of transition metal ions in the 
media and it has now been shown that oxidative modification 
can be carried out by the incubation of LDL with transition 
metal ions, such as Cu2+, in the absence of cells (Steinbrecher 
et al. . 1984; 1987? Parthasarathy et al.. 1986a). This method 
was used in the work described in this thesis and has been 
shown to generate OXLDL particles similar to those obtained 
by exposure to cultured cells (Steinbrecher et al.. 1984?



TABLE 2 PROPERTIES OF CELL-MODIFIED LDL

1. Increased net negative charge as evidenced by increased 
electrophoretic mobility on agarose gel (Henriksen et al. . 
1983; Steinbrecher et al.. 1984).

2. Increased density and fragmentation of the apo-B moiety 
with decreased histi'.dine, lysine and proline content
(Parthasarathy et al.. 1986a).

3. Increased thiobarbituric acid reactive substances (TBARS) 
content and hydrolysis of phosphatidylcholine (PC) to 
lysophosphatidylcholine (LPC; Steinbrecher et al. . 1984? 
Morel et al.. 1984; Parthasarathy et al.. 1986a? Heinecke 
et al.f 1986).

4. Increased uptake by macrophages in vitro (Henriksen et al. . 
1983? Morel et al.. 1984? Heinecke et al.. 1986).

5. Derivatization of lysine groups on apo-B-100 and generation 
of fluorescent adducts due to the covalent bonding of lipid 
oxidation products to the apo-B-100 moiety (Henriksen et 
al.f 1983? Steinbrecher et al.. 1984? 1987? Heinecke et 
al.. 1986).
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1987).
fii1) Recruitment and retention of monocvtes and macrophages 
OXLDL, but not native LDL, is a potent chemoattractant for 

circulating monocytes (Quinn et al. . 1985; 1987; 1988) and
minimally oxidized LDL stimulates the production of specific 
monocyte chemotactic proteins such as MCP-1 by cultured
endothelial and vascular smooth muscle cells (Berliner et al. f
1990) .
Furthermore, OXLDL potentiates the self-aggregation and 

adherence of human monocytes to endothelial cells accompanied 
by differentiation of the monocytes into macrophages
(Frostegard et al.. 1990). Therefore, OXLDL may play a role 
in the recruitment of monocytes to sites where oxidation of 
LDL is occuring in the vessel wall and their transformation 
to macrophages. LPC formed during LDL oxidation, is a potent 
and specific chemoattractant for monocytes (Quinn et al..
1988) and so has been proposed as the active agent in OXLDL.
Additionally, OXLDL is also a potent inhibitor of both basal 

and stimulated macrophage motility (Quinn et al. . 1985) and 
thus, may also play a role both in the retention of
monocyte/macrophages in the vessel wall.
(iii) Cvtoxicity of OXLDL
There is abundant evidence that OXLDL is cytotoxic to

cultured fibroblasts and endothelial cells (Henriksen et al.. 
1979; Hessler et al. . 1979? Morel et al. . 1983) and so may 
contribute to atherogenesis in vivo by disrupting endothelial



integrity and injuring vascular smooth muscle cells (Jurgens 
et al. , 1987? Steinberg et al. . 1989). This may be 
particularly important in the evolution of the fatty streak 
to more advanced lesions.
There are several possible mechanisms for the cytotoxic 

effects of OXLDL and most of them are attributable to the 
lipid components as many fatty acids and oxidation products, 
such as lipid hydroperoxides and 2-alkenals, have potentially 
cytotoxic effects (Jurgens et al. . 1987? Esterbauer et al. .
1987) .
1,5,1 EVIDENCE FOR OXIDATIVE MODIFICATION OF LDL IN VIVO
Oxidative modification of LDL probably does not occur to any 

great extent in the circulation as it is prevented by 
antioxidants present in the plasma. However, fragments of apo- 
B (Schuh et al. . 1978), increased levels of lipid peroxides 
(Yagi, 1987) and a low level of modified LDL immunoreactivity 
(Salmon et al.r 1987) have been reported in human plasma 
indicating that some oxidation of LDL can take place. Also the 
isolation of an electronegative fraction of LDL from human 
plasma which has a reduced phospholipid content and is rapidly 
internalized by macrophages has been reported (Avogarro et 
al.r 1988).
Several lines of evidence suggest that OXLDL is generated 

in vivo within the artery wall. Firstly, LDL extracted from 
the atherosclerotic plaques of human and rabbit vessels shows 
evidence of changes compatable with oxidation such as



fragmentation of apo-B, increased density and electrophoretic 
mobility, and increased LPC content relative to normal plasma 
native LDL (Hoff and Gaubatz, 1982? Yla-Herttula et al. . 1988? 
1989? Daugherty et al. . 1988). Additionally, immunoreactivity 
with monoclonal antibodies to modified residues found in the 
apo-B of OXLDL (Haberland et al. . 1988? Palinski et al. . 1989) 
and to OXLDL itself (Palinski et al.. 1989) has been shown in 
atherosclerotic lesions of rabbits and humans. Furthermore, 
monoclonal antibodies to human OXLDL reacts with 
atherosclerotic lesions of rabbits but not with normal 
arterial tissue (Boyd et al. . 1989) and monoclonal antibodies 
raised to rabbit arterial plaque homogenate are specific for 
OXLDL (Mowri et al.. 1988).
However, although the demonstration of the presence of OXLDL 

in atherosclerotic lesions in vivo supports the hypothesis 
that LDL oxidation may be involved in atherogenesis, it does 
not prove that it has a pathogenically important role. More 
convincing evidence has come from studies with probucol, a 
lipid-lowering drug with powerful antioxidant properties 
(Parthasarathy et al. . 1986b). In both cholesterol-fed and 
WHHL rabbits, probucol can inhibit the rate of development of 
aortic atherosclerosis (Tawara et al. . 1986? Carew et al. . 
1987? Kita et al. . 1987? Steinberg et al. . 1988) independently 
of the drugs lipid-lowering effect (Carew et al. . 1987) and 
can reduce the uptake of 125I-tyramine cellobiose-labelled LDL 
in the perfused rabbit carotid artery (Wiklund et al.. 1989).



Thus, these investigations suggest that the anti- 
atherosclerotic action of probucol may be attributed to the 
antioxidant activity of the drug. However, it has yet to be 
shown that probucol does inhibit LDL oxidation in vivo, and 
it is possible that probucol may be acting via a direct action 
on macrophages to inhibit the uptake of OXLDL (Yamamoto et 
al. . 1986) or may increase the rate of cholesterol efflux from 
lipid-laden foam cells (Goldberg and Mendez, 1988).
The mechanism by which in situ modification of LDL in the 

arterial intima may lead to foam cell formation is not well 
established. Clearly if extensive oxidative modification 
occurs then uptake via the macrophage scavenger pathway may 
occur and it has been reported that modified LDL isolated from 
human atherosclerotic plaques is susceptible to degradation 
by the scavenger pathway in cultured macrophages (Yla- 
Herrtuala et al.. 1989). Also, a recent study has shown that 
macrophage-derived foam cells isolated from rabbit 
atherosclerotic lesions rapidly degrade OXLDL, promote 
oxidation of LDL and contain oxidation-specific lipid-protein 
adducts indicating that in vivo, arterial wall macrophages 
express receptors for modified LDL and are capable of 
oxidizing LDL even when maximally loaded with cholesterol 
(Rosenfeld et al.. 1991).
However, another study has shown that LDL isolated fom human 

atherosclerotic plaques is internalized by macrophages via a 
low affinity, non-scavenger receptor-mediated mechanism



(Morton et al.. 1986) and extracts of atherosclerotic plaques 
have been shown to modify LDL in vitro leading to an increase 
in non-saturable degradation in macrophages (Hoff and O'Neil,
1988). The latter study suggests that the modification of the 
LDL by plaque components may not be due exclusively to 
oxidation and processes such as the formation of complexes 
with proteoglycans may play a role in the modification of the 
apo-BlOO moiety (Hoff and O'Neil, 1988).

In conclusion, it appears that oxidation of LDL does occur 
in vivo, particularly in atherosclerotic plaques, although it 
has yet to be established if there is a causal relationship 
between oxidative modification of LDL and atherogenesis in 
humans.

1.6 ATHEROSCLEROSIS AND VASCULAR REACTIVITY
As described in section 1.3, the endothelium plays a vital 

role in the modulation of vascular tone and the release of 
EDRF is vital to this function. Clinical and experimental 
studies have shown that in hypercholesterolemia and 
atherosclerosis, vascular reactivity is altered with an 
attenuation of EDR and potentiation of some vasoconstrictor 
responses.
The effects of hypercholesterolemia and atherosclerosis on 

EDR and vasoconstriction and the possible pathophysiological 
consequences will now be discussed.



fa) EDR
Numerous experimental studies have now demonstrated 

impairment of EDR io isolated arteries of
hypercholesterolemic and atherosclerotic rabbits (Sreeharan 
et al. . 1986; Verbeuren et al.. 1986; 1990; Bossaller et al.. 
1987a; 1987b; Jayakody et al. . 1987; 1988; Osborne et al. .
1989), monkeys (Armstrong et al.. 1982; Frieman et al.. 1986; 
Harrison et al. . 1987) and pigs (Shimokawa et al. . 1987;
Yamamoto et al.. 1987; Cohen et al.. 1988; Shimokawa and
Vanhoutte, 1989). Furthermore, in isolated atherosclerotic 
human coronary arteries EDR evoked by several agonists are 
depressed (Bossaller et al.f 1987b; Berkenboom et al.. 1987; 
1989; Forstermann et al.. 1988b) and vasoconstriction rather 
than vasodilation is observed in response to ACh in 
atherosclerotic human coronary vessels in vivo (Ludmer et al. .
1986).
The observation that EDR are attenuated in isolated vessels 

from hypercholesterolemic animals which do not show the
macroscopic changes associated with atherosclerosis suggests 
that exposure to hypercholesterolemia alone is sufficient to 
alter vascular reactivity (Cohen et al.. 1988; Shimokawa and 
Vanhoutte, 1989; Merkel et al. . 1990). Additionally, clinical 
studies have shown that the endothelium-dependent dilator ACh 
induces coronary vasoconstriction in hypercholesterolemic 
patients with angiographically normal coronary vessels 
indicating that endothelial dysfunction may occur without
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angiographic changes and may be a precursor of detectable 
coronary disease (Horio et al. . 1986; Werns et al. . 1989; Vita 
et al.. 1990).
However, as atherosclerosis develops, the degree of 

impairment of EDR increases suggesting that other mechanisms 
may be involved (see for example, Verbeuren et al. . 1986;
1990; Shimokawa and Vanhoutte, 1989).
The attenuation of EDR observed in the presence of 

hypercholesterolemia and atherosclerosis could be due to 
several factors which will now be discussed; 
fi) Selective inhibition of endothelial receptor activity
This proposal arose from the observation that ACh-evoked EDR 

are inhibited in atherosclerotic human coronary arteries and 
rabbit aorta, whereas responses to histamine, substance P and 
A23187 are preserved (Bossaller et al. . 1987b). Similar
results were obtained in atherosclerotic iliac arteries from 
monkeys (Frieman et al.. 1986) and coronary arteries from
hypercholesterolemic pigs (Yamamoto et al. . 1987b; Cohen et 
al. . 1988) suggesting that hypercholesterolemia and
atherosclerosis cause selective inhibition of the activo&oiof 
some endothelial cell receptors.
However, many other investigations have demonstrated 

attenuation of both receptor-mediated and independent EDR in 
isolated vessels from hypercholesterolemic animals, indicating 
that general impairment of endothelium-mediated responses 
rather than a selective inhibition of endothelial receptor



function is responsible (Jayakody et al.. 1985; Verbeuren et 
al.. 1986; 1990; Habib et al.. 1986; Harrison et al.. 1987; 
Forstermann et al. . 1988b; Guerra et al. . 1989; Shimokawa and 
Vanhoutte, 1989). 
fii) Loss of endothelial cells
In cholesterol-fed monkeys, endothelial denudation in the 

iliac artery has been observed after 4 months of cholesterol 
feeding (Faggiotto et al. . 1984) and in WHHL rabbits a gradual 
inhibition of EDR with a corresponding loss of endothelial 
cells has been observed (Kolodgie et al.r 1990), suggesting 
that endothelial damage or denudation may be responsible for 
the inhibition of EDR in atherosclerosis.

In contrast, many studies have shown that the endothelium 
is still present even in severely atherosclerotic vessels 
(Jayakody et al. . 1985; Frieman et al. . 1986; Verbeuren et 
al.. 1986; 1990), although morphological abnormalities such 
as vacuoles, shape changes and surface projections have been 
observed. These changes may be accompanied by attenuation of 
EDR, thus reflecting functional changes in addition to the 
structural modifications (Jayakody et al.. 1988; 1989).

Finally, the attenuation of EDR observed in vessels without 
morphological changes, as described earlier (Cohen et al. , 
1988; Jayakody et al. . 1988) indicates that the structural 
changes associated with atherosclerosis are not necessary for 
functional impairment. 
fiii) Decreased EDRF production



Bioassay studies have shown that the relaxation responses 
and increases in cGMP in endothelium-denuded detector tissues 
are smaller when superfused via an atherosclerotic donor 
vessel than via a normal tissue, indicating a decrease in EDRF 
release from the diseased donor vessel (Sreeharan et al. . 
1986; Goodwin et al.. 1987; Jayakody et al.. 1989; Guerra et 
al. . 1989).

In contrast, other investigations have demonstrated that 
intraluminal EDRF release from the atherosclerotic rabbit 
aorta, is normal, except in severely diseased tissues, and 
EDRF release may still be evoked even when EDR were completely 
abolished (Verbeuren et al.. 1986; 1990).
Therefore, a decrease in EDRF production may not be wholly 
responsible for the attenuation and eventual abolition of EDR 
observed in atherosclerotic vessels and it is possible that 
a step subsequent to EDRF release is also affected.
(iv) Attenuation of vascular smooth muscle responsiveness
The endothelium-independent nitrovasodilator GTN and EDRF 

both elicit vascular relaxation via the activation of soluble 
guanylate cyclase. Many studies have shown that in 
atherosclerotic tissues in which EDR are attenuated, GTN- 
evoked relaxations are preserved (Jayakody et al.. 1985;
Frieman et al. . 1986; Sreeharan et al. . 1986; Bossaller et 
al.. 1987b; Harrison et al.. 1987; Guerra et al.. 1989)
However, in severely atherosclerotic human coronary arteries 

and rabbit aortic tissue, decreases in sensitivity to GTN and



ANP have been observed, suggesting that as the disease 
progresses the responsiveness of the vascular smooth muscle 
may become impaired (Forstermann et al. . 1988b? Berkenboom et 
al. . 1989? Verbeuren et al.. 1986? 1990).
This proposal is supported by the finding that 

atherosclerotic rabbit aortic rings are less responsive to 
EDRF than normal tissues (Verbeuren et al. . 1990). However, 
the decrease in sensitivity to exogenous NO was greater than 
the reduction in GTN-evoked relaxations, suggesting that an 
increase in the rate of destruction of EDRF may also 
contribute (Verbeuren et al.. 1990). 
fv) Increased rate of EDRF inactivation
The intima of atherosclerotic vessels is markedly thickened, 

increasing the distance between the endothelium and the 
underlying vascular smooth muscle. As EDRF has a very short 
half-life the increase in distance could increase inactivation 
of EDRF before it reaches the site of action.
Several investigations have shown that regression of 

atherosclerotic lesions, which involves the resorption of 
intimal lipids and inflammatory cells, can be achieved in 
cholesterol-fed animals by return to a normal diet (Adams and 
Morgan, 1977? Armstrong et al.. 1970; 1982? Harrison et al.. 
1987). However, following regression, the intimal area remains 
enlarged compared to that of normal vessels due to the 
proliferation of smooth muscle c?>lls (Armstrong et al. . 1982) 
and thus the observation that EDR are restored following



regression of lesions (Harrison et al.. 1987) suggests that
the increased distance caused by the intimal thickening does
not provide a distance barrier to the diffusion of EDRF. 
However, it is possible that the intima of atherosclerotic 
vessels acts as a functional barrier as EDRF is very 
lipophilic and may bind to intimal lipids before reaching the 
underlying vascular smooth muscle. Alternatively, EDRF may be 
inactivated by free radicals produced by inflammatory cells 
which also form part of atherosclerotic lesions.

In contrast, other studies have shown that after the
regression of atherosclerotic lesions, endothelium-dependent 
vasodilation remains impaired possibly indicating a persistant 
functional abnormality in the endothelium (Armstrong et al.. 
1982? Jayakody et al.f 1987; 1989)
In summary, there are several possible mechanisms by which 

the atherosclerotic process could interfere with EDR. In 
tissues with minimal lesions, the presence of lipid and
inflammatory cells within the intima may provide a functional 
barrier between the site of EDRF release and the site of 
action. However, as the disease progresses, both the release 
of EDRF and the responsiveness of the smooth muscle are 
attenuated and thus together, these factors could lead to a 
complete absence of EDR in atherosclerotic arteries.
(b) Contractile responses
Clinical and experimental studies have shown that responses 

to various vasoconstrictor agents may be potentiated by



hypercholesterolemia and atherosclerosis. For example, in 
patients with atherosclerosis, coronary vasospasm can be 
provoked by several stimuli, such as ergonovine, which do not 
induce a pathological response in normal subjects (Schroeder 
et al. . 1977; Cipriano et al. . 1979; Waters et al. . 1983; 
Kaski et al. . 1986). Similarly, in miniature swine with 
experimentally induced atherosclerosis, coronary vasospasm can 
be provoked by infusion of histamine and 5-HT, both of which 
produce endothelium-dependent dilation of normal porcine 
coronary vessels (Shimokawa et al.. 1983; 1985a; 1985b).
Several mechanisms by which hypercholesterolemia and 

atherosclerosis may enhance blood vessel contractility have 
been proposed :
(i) Increase in the cholesterol content of vascular cell 
membranes

Increasing the cholesterol content of cell membranes 
augments cation permeability (Wiley and Cooper, 1975) and has 
been shown to inhibit responses mediated by activation of 13- 
adrenoceptors in erythrocyte membranes (Lurie et al.. 1985). 
However, membrane changes would be expected to alter responses 
to a variety of stimuli and so the specific changes in 
sensitivity to contractile agonists observed in many studies 
suggest that this mechanism does not play a large role (see 
for example, Yokoyama et al. . 1983; Heistad et al. . 1984;
Lopez et al.. 1989a; 1989b; Merkel et al.. 1990).



(ii) Increase in receptor number
Radioligand binding studies have demonstrated that there is 

an increase in the number of serotonergic and adrenergic 
receptors in the atherosclerotic rabbit aorta which may 
account for the increase in sensitivity to 5-HT and NA 
observed in some studies (Nanda and Henry, 1982). However, 
whereas many studies demonstrate potentiation of 5-HT-evoked 
contractions in vessels of both hypercholesterolemic and 
atherosclerotic animals (see for example, Yokoyama et al. . 
1983; Shimokawa et al.f 1983; 1985a; 1985b; Heistad et al.. 
1984; Verbeuren et al.. 1986; Wines et al.. 1989) reports of 
changes in sensitivity to NA are mixed and in some cases a 
decrease in contractile responses has been observed 
(Rossendorf et al. . 1981; Verbeuren et al. . 1986; Wines et 
al.. 1989).
fiii) Release of contracting factors
It has been suggested that enhanced vasoconstrictor 

responses of atherosclerotic vessels may be due to the release 
of an endothelium-derived contracting factor which is a 
product of the cyclo-oxygenase pathway (Miller and Vanhoutte, 
1985; Liischer and Vanhoutte, 1986; Shimokawa and Vanhoutte,
1989). This proposal is supported by the observation that 5- 
HT-induced contractions of atherosclerotic porcine coronary 
arteries are potentiated in an endothelium-dependent manner 
and the endothelium-dependent component of the contractile 
response is prevented by indomethacin, a cyclo-oxygenase



inhibitor (Shimokawa and Vanhoutte, 1989). Furthermore, the 
attenuation of 5-HT and ADP-evoked EDR in the same 
atherosclerotic vessels was also prevented by inhibitors of 
cyclo-oxygenase. However, in other studies, enhancement of 
contractile responses was observed in both the presence and 
absence of endothelium (Verbeuren et al.. 1986).
(iv) Endothelial Dysfunction
As described in the preceding section, EDR are attenuated 

in both hypercholesterolemic and atherosclerotic animals and 
humans and several investigations have reported that 
endothelial denudation enhances responses to contractile 
agonists due to the removal of the inhibitory influence of 
basal EDRF release (Cohen et al. . 1983b; Cocks and Angus,
1983; Martin et al. . 1985a; 1985b). Additionally, in many
vessels, agents such as ACh and 5-HT, elicit both EDR and 
endothelium-independent contractions. Thus, endothelial 
dysfunction and the resultant expression of the direct 
activation of the smooth muscle may lead to the potentiation 
of contractile responses to these agents by removal of the 
endothelium-dependent component of their action (see for 
example Lamping et al. . 1985; Shimokawa and Vanhoutte, 1989).
(c) Pathophysiological implications
Patients with atherosclerosis are prone to spontaneous 

vasospasm (Schroeder et al.. 1977) which can lead to
myocardial ischemia and sudden death (Maseri et al. . 1978). 
Spasm occurs not only in association with atherosclerotic



lesions but also in angiographically normal arteries (Horio 
et al. . 1986; Werns et al. . 1989; Vita et al. . 1990)
suggesting that alterations in vascular reactivity may preceed 
structural alterations.
A direct link between attenuation of EDR and coronary 

vasospasm in humans remains to be determined although the 
occurance of spasm related to coronary angioplasty 
demonstrates the important inhibitory effect of an intact 
endothelium on vascular smooth muscle contractility (Dorros 
et al.f 1983). Additionally, the finding that intracoronary 
injection of the endothelium-dependent relaxant ACh causes 
vasoconstriction in atherosclerotic coronary arteries (Ludmer 
et al. . 1986) also implicates endothelial dysfunction in the 
enhanced contractility of diseased vessels.
An important role for platelets has also been implicated in 

vasospasm as the endothelium plays a critical role in the 
mediation of vasodilatation to platelet products (Cohen et 
al.. 1983a; Houston et al.. 1985; Shimokawa et al.. 1987) and 
thus endothelial dysfunction may alter vascular responses to 
aggregating platelets in a direction which would favour 
vasoconstriction.

In conclusion, the release of EDRF under basal conditions 
and in response to various stimuli, plays a vital role in 
vascular homeostasis. Therefore, endothelial injury or 
dysfunction caused by hypercholesterolemia or atherosclerosis 
may have potentially pathological consequences (Reviewed by



Vanhoutte and Shimokawa, 1989).
1.6.1 THE ROLE OF LIPOPROTIENS
In hypercholesterolemia the vascular endothelium is exposed 

to elevated circulating levels of LDL and previous studies in 
this laboratory have linked the attenuation of EDR observed 
in hypercholesterolemic and atherosclerotic animals and humans 
with LDL (Andrews et al.. 1987; Andrews, 1987; Dunn, 1989).
These investigations demonstrated that, in isolated rabbit 

aortic rings, LDL inhibited EDR evoked by ACh, ATP and A23187 
without altering endothelium-independent relaxations elicited 
by SNP. The inhibitory effect was irreversible and time- 
dependent, taking 30 mins to reach maximum (Andrews et al.. 
1987). Additionally, relaxations evoked by NO, generated from 
acidified nitrite, were also inhibited in the presence of LDL 
suggesting that a direct interaction between LDL and EDRF may 
contribute to the inhibition of EDR (Dunn, 1989). Oxidative 
modification of LDL was found not to alter the inhibitory 
effects of LDL (Dunn, 1989).
However, LDL used in these studies, was prepared in the 

presence of thimerosal (0.25 mM) which itself is a potent 
endothelium-dependent relaxant (Forstermann et al.. 1986a)
which can cause refractoriness to endothelium-dependent 
relaxants (Jacobs et al. . 1989). During the course of the work 
presented in this thesis it was discovered that when LDL was 
prepared in the absence of thimerosal, markedly different 
results were obtained and in fact, much of the irreversible



inhibition of EDR previously attributed to LDL was due to the 
presence of thimerosal. This discovery has led to the re
investigation of the effects of LDL and OXLDL on EDR.

1.7 AIMS
As described in previous sections, the endothelium plays a 

vital role in the control of vascular tone in vivo. 
Alterations in vascular responses both to contractile agonists 
and endothelium-dependent relaxants have been described both 
in vivo and in isolated vessels from hypercholesterolemic and 
atherosclerotic animals and humans. An attenuation of EDR may 
lead to an enhanced contractile state, hypertension and 
enhanced movement of blood proteins and cellular constituents 
into the vascular wall, thus promoting further damage.
Clinical and experimental studies have shown that elevated 

plasma levels of LDL are particularly significant for the 
development of atherosclerosis and have implicated a role for 
oxidative modification of LDL following accumulation in the 
vessel wall. Previous studies have linked LDL to alterations 
in vascular reactivity and the aims of this thesis were to 
extend these investigations by examining ;
1. The effects of native LDL, prepared in the absence of 

thimerosal, on EDR.
2. The influence of oxidative modification of LDL on the 

inhibition of EDR.
3. The effects of LDL and OXLDL on vascular contraction.



CHAPTER TWO

MATERIALS AND METHODS

2.1 MATERIALS

Chemicals
Chemicals for density solutions, Krebs and other buffers were 
of Analar grade and were obtained from BDH.
Phenylephrine, calcium ionophore A23187, noradrenaline, L- 
arginine, phospholipase A2 (Naja naja), bovine serum albumin 
(fatty acid free) and 5-hydroxytryptamine creatine sulphate 
were supplied by the Sigma Chemical Company.
Ascorbic acid was from BDH.
Acetylcholine and glyceryl trinitrate were supplied by the 
Pharmacy, Royal Free Hospital.
Probucol was supplied by Merrel Dow.
Other suppliers are named in the text where appropriate. 
Solvents
All solvents were from BDH or Fisons and were of either Analar 
or HPLC grade.
Animals
New Zealand White rabbits (2.7-3.0 kg, 6 months-old) were 
supplied by the CBU, RFH.
Nitric Oxide
Nitric Oxide gas was supplied by Cambrian Gases.



2.2 BUFFERS AND DENSITY SOLUTIONS

Buffers
Acid-Citrate-Dextrose (ACD)
113.8 mM glucose, 29.9 mM trisodium citrate, 72.6 mM NaCl, 2.8 
mM citric acid, pH 6.4.
Modified Tvrode/s Buffer fMTB)
137 mM NaCl, 2.7 mM KC1, 11.9 mM NaHC03, 4.2 mM NaH2P0.2H20, 
0.3 mM EDTA, pH 7.4.
Tris Buffer for preparation of PLA,-LDL 
100 mM Tris, 2 mM CaCl2.6H20, pH 7.4.
Buffers for HDL preparation
Buffer 1; 50 mM NaCl, 5 mM Tris, pH 7.4.
Buffer 2? 95 mM NaCl, 5 mM Tris, pH 7.4.
Buffer 3? 290 mM NaCl, 5 mM Tris, pH 7.4.
Buffer 4; 600 mM NaCl, 5 mM Tris, pH 7.4.
Krebs' Buffer
118 mM NaCl, 4.8 mM KC1, 2.5 mM CaCl2.6H20, 1.2 mM MgS04.7H20, 
1.2 mM KH2P04, 2.4 mM NaHC03, 11 mM glucose, 0.3 mM EDTA, pH 
7.4.

Density solutions
Stock solutions of density 1.006 g/ml : 195 mM NaCl, 1 mM 
NaOH, 0.34 mM EDTA. All other density solutions were prepared 
from this stock solution by the addition of solid NaBr as 
determined by the equation below :



M = V ( p2 - p1 )
1 - ( v x pa ) 

where : M = mass of NaBr to be added (g)
V = initial volume (ml)
Pi and p2 = initial and final densities (g/ml) 
v = partial specific volume of NaBr 
= 0.2434

The densities of all solutions were checked using a Paar 
densitometer to measure the refractive index.

2.3 ISOLATION OF LIPOPROTEINS
2.3.1 Collection of blood
Venous blood was collected from apparently healthy 

*
volunteers into sterile plastic universal tubes (Sterilin) 
containing ACD anticoagulant (5:1, v/v). Sterile polypropylene 
syringes for the withdrawl of blood were from Plastipak 
(Becton Dickinson Ltd.) and butterfly needles (21 gauge) were 
from Venisystems.
Immediately after collection, the blood was centrifuged at 

1800 g for 20 mins at 20°C in a Centra-7R bench centrifuge 
(International Eguipment Co., USA.) to separate the blood 
cells from the plasma. Normally, 120 ml of whole blood was 
collected from each donor which gave approximately 70 ml of 
plasma (plus anticoagulant).

-2.\ -
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2.3.2 Preparation of LDL
The method used for the isolation of LDL (1.019-1,063 g/ml) 

was based on that of Chung et al. (1980), using discontinuous 
gradient ultra-centrifugation in a vertical rotor. LDL was 
prepared separately from the plasma of each donor. The density 
of the plasma was adjusted to 1.3 g/ml by the addition of 
solid NaBr (31 g per 70 ml of plasma) and 10 to 15 ml were 
layered under 0.9% (w/v) saline in polypropylene centrifuge 
tubes. The tubes were capped or heat-sealed before being 
placed in a vertical rotor (Beckman VTi50) and spun at 200,295 
g for 2.5 hrs at 16°C in a Kontron Centrikon T-2070 or a 
Beckman XL-70 ultracentrifuge.
Following centrifugation the lipoprotein fractions were 

banded in the tubes with VLDL and chylomicrons at the top, LDL 
in the middle and HDL in the lower part of the tube. The 
yellow LDL band was carefully removed and transferred to clean 
tubes to which 6.5 ml of a solution of density 1.151 g/ml was 
added. The tubes were filled up with a solution of density 
1.063 g/ml, capped or heat-sealed, and placed in a fixed angle 
rotor (Kontron TFT 70-38 or Beckman 70Ti). The tubes were then 
spun at 200,000 g for 12 hrs at 16°C to give a clearly defined 
band of LDL at the top of the tube which was carefully 
removed.
The HDL-containing fraction from the first spin was further 

purified as detailed below.



2.3.3 Preparation of HDL
20 ml aliquots of the HDL containing fraction of plasma was 

placed in clean tubes. 10 ml of a solution of density 1.21 
g/ml and 5 ml of a solution of density 1.0 63 g/ml were added 
and the tubes centrifuged at 200,000 g for 20 hrs in a fixed 
angle rotor (Kontron TFT 70-38 or Beckman 70Ti). The HDL 
fraction was then removed and respun with a solution of 1.21 
g/ml atasc^QDog for 40 hrs in a fixed angle rotor (Kontron TFT 
70-38 or Beckman 70Ti).
Contaminating apo-B containing lipoprotein (LDL) was removed 

from the HDL by Heparin-Sepharose chromatography (Weisgraber 
and Mahley, 1980). This method makes use of the observation 
that apo-B, the major apoprotein of LDL and VLDL, and apo-E, 
carried by VLDL and the HDL subfraction HDLi, bind to heparin 
but can be differentially displaced by changes in the ionic 
strength of the eluting buffer.
Heparin-sepharose (Pharmacia LKB) was packed into a glass 

column (1 x 30 cm; Pharmacia LKB) and was equilibrated with 
NaCl-Tris buffer (Buffer 1; section 2.2) containing 25 mM 
MnCl2 for 12 hrs at 4°C before use. The HDL fraction was 
dialysed against Buffer 1 for 12 hrs before the addition of 
MgCl2 to give a final concentration of 25 mM. Approximately 
20-30 mg of lipoprotein were then applied to the column in a 
volume of 2-4 ml before the tubing was rinsed with column 
buffer and the sample allowed to equilibrate with the column 
for 2-4 hrs.
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The column was operated at a rate of 25 ml/hr using a LKB 
2120 Varioperpex II peristaltic pump (Pharmacia LKB) and 3.5 
ml fractions were collected by a LKB 2112 Redirac fraction 
collector (Pharmacia LKB). The UV absorbance of collected 
fractions at 280 nm was measured in a Pye Unicam SP6-500 UV 
spectrophotometer.
Following equilibration, the column was eluted with buffer 

1 (containing 2.5 mM MgCl2) until fraction 12 had been 
collected. At this point the NaCl concentration was increased 
to 95 mM (Buffer 2? section 2.2) and elution continued until 
fraction 29 had been collected. The NaCl concentration was 
then raised to 290 mM (Buffer 3; section 2.2) and the final 
increase in NaCl concentration (600 mM; Buffer 4; section 2.2) 
was made at fraction 40. On the basis of absorption at 280 nm, 
the fractions were combined into appropriate pools and 
dialysed overnight against MTB. Recovery of protein applied 
to the column averaged 93 ± 2.5% (n=10).
This method resulted in the separation of 3 distinct 

fractions as shown in the elution profile in Figure 4.
As shown by Weisgraber and Mahley (1980) Fraction 1, which was 
unretarded by the column and eluted with the void volume 
contained HDL minus apo E containing particles, whereas 
Fraction II, the first bound subfraction, contained HDL with 
apo E and Fraction III, the second bound fraction, contained 
lipoproteins with the apo B moiety, LDL and VLDL.
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Figure 4.
Elution profile of Heparin-Sepharose affinity column 
chromatography of HDL
20-30 mg lipoprotein applied to the column which was operated 
at a rate of 25 ml/hr and 3.5 ml fractions collected. The 
unbound lipoproteins (Fractions 8-16) were eluted in the 
column void volume with Buffer 1 (50 mM NaCl containing 2.5 
mM MgCl3). The column was then eluted in a step wise manner to 
release 2 distinct fractions which had bound to the column and 
were dissociated by increasing the ionic strength of the 
eluting buffer to 95 and 290 mM NaCl respectively.
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Fractions I and II were combined and concentrated, as desribed 
below, for use in the organ bath studies and Fraction III was 
discarded.
2.3.4 Concentration of Lipoproteins
LDL and HDL samples were concentrated by centrifugation at 
8000 rpm at 4°C in a Sorval RC-5B refrigerated centrifuge 
(Dupont Instruments, USA) in tubes containing nitrocellulose 
ultrafiltration membranes (Diaflo, Amicon Corp., USA) which 
retain the lipoproteins but allow the buffer to pass through. 
The LDL and HDL were concentrated to a volume of 2 to 4 ml 
before being placed in 2 cm wide dialysis tubing (Scientific 
Industries International Incorporated, UK) and dialysed for 
12 hrs against MTB at 4°C.
Finally, both the LDL and HDL samples were transferred to 

plastic eppendorf vials, spun in a Sorvall microspin 24S mini
centrifuge (Dupont Instruments, USA.) at 13,000 rpm for 5 
mins. and then filtered through a sterile 0.2 juM filter 
(Acrodisc, Gelman Sciences, UK.) to remove any impurities. The 
protein concentration was determined as described below 
(section 2.3.5) and the lipoproteins were stored at 4°C until 
use.
LDL prepared by this process showed no significant oxidation 

as measured by the assays described in section 2.4 and was 
defined as native LDL (LDL).



2.3.5 Protein Assay
The protein concentration of all LDL and HDL samples was 

determined by a modification (Markwell et al.. 1978) of the 
Lowry method (Lowry et al.. 1951) using Folin-Ciocalteau
reagent (BDH). Bovine serum albumin (BSA fraction V, Sigma) 
was used as a standard and the concentration of the standard 
stock solution was checked by measuring the absorption at 279 
nm against distilled water on a Pye Unicam SP6-500 UV 
spectrophotometer. The concentration of the standard solution 
was then calculated using the following equation :

BSA conc. (mg/ml) = absorbance at 279 nm x 13/9 
A typical standard curve is shown in Figure 5. All samples 

and standards were prepared in triplicate and the absorbance 
was read at 660 nm against distilled water on a SP6-300 (Pye 
Unicam, UK) or a DU-70 (Beckman) spectrophotometer.

2.4 CHARACTERIZATION OF T.DT. AND QXT.nT.
2.4.1 Preparation of modified LDL
Before modification, LDL was dialysed for 12 hrs at 4°C 

against EDTA-free MTB. 
fa’I Cu2*-oxidized LDL fOXLDL’i
Oxidized LDL (OXLDL) was prepared by incubating native LDL 

(5 to 10 mg protein /ml) with 5 /iM Cu2S04.5H20 at room 
temperature for 24 hrs. The Cu2+ ions were then removed by 
extensive dialysis against several changes of MTB containing 
EDTA (0.3 mM). This method was based on that of Steinbrecher
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Figure 5
Bovine serum albumin (BSA) standard curve for protein assay
The protein concentration of all LDL samples was determined 
as described in section 2.3.5 and expressed as mg LDL 
protein/ml.
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et al. (1984) and Parthasarathy et al. (1985). All OXLDL was 
filtered before use as described above (section 2.3.4).
(b̂  Preparation of PLA.-treated LDL
Lysophosphatidylcholine (LPC) is generated from 

phosphatidylcholine during the oxidation of LDL (Steinbrecher 
et al. . 1984). To examine the possible contribution of LPC to 
the effects of OXLDL, LDL containing increased levels of LPC 
but without the other biochemical changes associated with 
oxidative modification was prepared by treatment of LDL with 
PLA2. LDL (1 mg protein/ml) was incubated with 10 U/ml of PLA2 
(Naja naja venom) in 100 mM tris buffer containing 2 mM CaCl2 
for 2 hrs at 37°C (Yokoyama et al. . 1990). In some experiments 
the enzyme used was bound to agarose and was removed by 
spinning at 13,000 rpm for 5 mins in a Sorvall microspin 24S 
minicentrifuge (Dupont Instruments, USA). Control incubations 
were carried out in the absence of the enzyme and all LDL was 
filtered before use as described above (section 2.3.4).
2.4.2 Measurement of oxidation
Oxidation of LDL is a lipid peroxidation process in which 

PUFAs contained in LDL lipids are converted to lipid 
hydroperoxides. Further breakdown yields an array of fragments 
such as ketones, alkanes and aldehydes (Esterbauer et al. .
1987) .

LDL oxidation can be followed by measuring the increase in 
lipid peroxides, conjugated dienes and aldehydes or changes 
in the apo-B structure due to binding of lipid breakdown



products, as assessed by fluorescence spectroscopy.
In this study, the following methods were used to compare

the oxidative state of LDL and OXLDL preparations before use
in the organ bath experiments.
(i) Lipid Hydroperoxide assay
The major initial reaction products of lipid peroxidation

are lipid peroxides and their quantitation serves as a direct
index of oxidative status. This assay is based on the
oxidative capacity of lipid peroxides to convert iodide to
iodine, which can be measured photometrically at 365 nm (El-
Saadani et al. . 1989) and makes use of a commercially
available colour reagent from a cholesterol determination kit
(CHOD-iodide; Merck, Darmstadt). Hydrogen peroxide standards
(12-59 /iM) were prepared in 250 /il (in triplicate) using a
0.88 mM stock solution. To determine the lipid peroxide
content of LDL samples, 150 /il of LDL (containing 0.15 mg
protein) was mixed with 50 /il BHT (final concentration 20 /iM)

*
and 50 /il EDTA (final concentration 24 /iM) . 500 /il of the
CHOD-iodide colour reagent was then added to both the 
standards and the LDL samples and all tubes incubated in the 
dark at room temperature for 30 mins. Absorbance of both 
standards and samples was then measured at 365 nm, against the 
colour reagent as a blank, on a DU-70 spectrophotometer 
(Beckman Instruments).
A typical standard curve is shown in Figure 6.

CWOD-ic3ai_-ai«V<tcg«B-rfc.
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Figure 6
Typical standard curve to determine the level of lipid 
peroxides in LDL.
Hydrogen peroxide (H202) was used to set the standard curve. 
The concentration of lipid peroxides was determined as 
described in section 2.4.2 (i) and expressed as nmol per mg 
LDL protein.
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The lipid hydroperoxide values of OXLDL samples were
significantly increased compared to the levels in the LDL
preparations from which they were prepared. However, no
significant differences were found between lipid hydroperoxide
values of 8 preparations of both LDL and OXLDL from 6

*
different donors (2, 4, 5, 7, 10 and 13). The mean lipid
hydroperoxide content of LDL was 5.7 ± 0.9 nmol/mg LDL protein 
(n=8) and for OXLDL the mean value was 293.1 ±6.1 nmol/mg LDL 
protein (n=8).
(ii) Thiobarbituric acid reactive substances (TBARS) assay 
This colorimetric assay is used to assess LDL oxidation by 

detection of the formation of aldehydes from PUFAs as TBARS, 
and is based on the reaction of malondialdehyde (MDA), a 
breakdown product of lipid peroxides, with thiobarbituric acid 
(TBA)• MDA (0.244 M) was freshly hydrolysed from l,1,3,3- 
tetraethoxypropane (Sigma; 100/il) incubated in a glass tube 
with 0.1 M HC1 (4.9 ml) for 30 mins at 37°C. The hydrolysis 
was indicated by the development of a yellow colour. This 
stock solution was diluted to 10 /uM with distilled water and 
a standard curve constructed of 0 to 10 /iM MDA in 0.5 ml. LDL 
samples (25, 50 and 100 jug protein) were also prepared in 0.5 
ml volumes, in triplicate. 1.5 ml of 20% aqueous 
trichloroacetic acid (TCA) was added to each tube, followed 
by 1.5 ml of 0.67% TBA in 0.05 M NaOH. The tubes were then 
vortexed and incubated at 70°C for 30 mins. The development of 
a pink colour indicated the presence of TBARS. The samples
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were then centrifuged for 10 mins at 1000 g at room 
temperature in an Centra-7R bench-top centrifuge 
(International Equipment Co., USA) to precipitate the protein. 
The clear supernatant was removed and the absorbance at 532 
nm was measured in a DU70 spectrophotometer (Beckman 
Instruments).
A typical standard curve is shown in Figure 7.

Oxidation caused a significant increase in the level of TBARS 
but no significant differences were found between the TBARS 
levels of 8 LDL and OXLDL preparations from 4 different donors 
(7, 9, 12 and 13). The mean TBARS value for LDL was 4.8 ± 1.7 
nmol MDA equivalents/mg LDL protein (n=8) and for OXLDL the 
mean value was 44.6 ± 5.0 nmol MDA equivalents/mg LDL protein 
(n=8).
(iii) Measurement of Conjugated Diene formation
The peroxidation of PUFAs in LDL lipids is accompanied by 

an increase in UV absorption at 234 nm (Esterbauer et al. .
1988) due to the conversion of PUFAs with isolated double 
bonds (18:2, 20:4) into fatty acid hydroperoxides with
conjugated double bonds (dienes; Esterbauer et al.. 1989). 
Therefore, the formation of conjugated dienes during oxidation 
can be monitored by scanning LDL samples over the wavelength 
range 200-300 nm and measuring the increase in absorbance at 
234 nm.
In this study, 2.5 juM Cu2+ was added to LDL (0.25 mg 

protein/ml) and the absorbance of the sample measured at 20
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Figure 7
Typical standard curve to determine the level of TBARS in LDL 
MDA, freshly hydrolysed from 1,1,3,3-tetraethoxypropane 
(Sigma), was used to set up the standard curve. The 
concentration of TBARS in LDL samples was determined as 
described in section 2.4.2 (ii) and expressed as nmol MDA 
equivalents per mg LDL protein.

86



rain intervals in a DU70 spectrophotometer (Beckman 
Instruments). The blank cuvette contained LDL (0.25 mg 
protein/ml) with 2.5 mM EDTA to prevent oxidation.
Time-courses of diene formation, as measured by increasing 

absorbance at 234 nm, in 3 LDL samples (0.25 mg protein/ml) 
from different donors during oxidation with 2.5 /iM Cu2+ are 
shown in Figure 8. The maximum value for absorption at 234 nm, 
which was reached after 4-6 hrs, was not significantly 
different between LDL preparations, indicating that the same 
final level of conjugated dienes present was reached. The 
maximum absorbance value after 6 hrs was 2.4 ± 0.13 (n=36 
preparations of LDL from 10 different donors).
To quantify the differences in the rate of diene formation 

between LDL samples from different donors, the time taken to 
reach the half maximal absorption level, described as half- 
time, was chosen as a measure of the susceptability of LDL to 
oxidation.
The half-time values for diene formation in individual LDL 

preparations were determined from the plot of increase in 
absorbance at 234 nm versus time as shown in Figure 8. 
Significant differences were found in the half-time values of 
LDL preparations from 8 individual donors as shown in Table
3.
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Figure 8
! Time course of diene formation in LDL preparations from 3

donors during oxidation
Cu2+ (2.5 /iM) added to LDL (0.25 mg protein/ml) and sample 

I scaned every 20 mins over the wavelength range 200-300 nm in
} a DU-70 spectrophotometer (Beckman Instruments). The samples
| were blanked against LDL (0.25 mg protein/ml) containing 2.5
| mM EDTA.
i
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TABLE 3 THE HALF-TIME VALUES FOR CONJUGATED DIENE
FORMATION BY LDL PREPARATIONS FROM DIFFERENT DONORS

Donor Half-time
(n=4) (mins)
2 40 + 4.5
4 45 ± 1.7
5 54 ± 3.2
6 69 + 3.9
7 120 ± 5.1
10 135 + 4.3
12 155 + 7.3
13 160 ± 4.6

Half-time values showed significant variations between many 
donors (ANOVA, p< 0.001) except, 2 and 4, 12 and 13.
(iv) Fluorescence Spectroscopy
LDL has several emission maxima when excited at 350 nm,

which are partly dependent on the protein concentration of the
sample. At a concentration of 5 mg protein/ml, LDL has an
emission maxima at 550 nm which, on oxidation, shifts to 420
nm and a previous study has shown that the ratio of the
fluorescent intensity at 420 nm to that at 550 nm correlates
to the production of TBARS (Dunn, 1989? Dunn et al.. 1988).
The shift in the fluorescence spectrum is due to the
modification of the apo-B moiety by the binding of lipid
peroxidation products (Steinbrecher et al.. 1987; Jurgens et
al.r 1987) and therefore this method was used to assess the



integrity of the apo-B moiety in LDL preparations from 
different donors and to compare the modification of the apo- 
B following exposure to Cu2+.
In this study, the fluorescence spectrum of LDL (5 mg 

protein/ml) was scanned over the emission wavelength range 
350 to 600 nm with a fixed excitation wavelength of 350 nm in 
a Perkin Elmer MPF-44B fluorescence spectrophotometer. This 
method was based on that of Roller et al. (1986), but the
excitation wavelength was modified to coincide with the 
observed maximal excitation peak of LDL (Dunn, 1989).
The temperature was maintained at 37°C, the baseline was set 
with MTB and the chart recorder was calibrated to give 25% 
maximal fluorescence with 0.1 /ig/ml quinine sulphate (emission 
450 nm, excitation 350 nm). All LDL samples were scanned 
immediately after isolation and after oxidative modification.

Figure 9 shows a typical fluorescence spectrum of a freshly 
prepared LDL sample (5 mg protein/ml) and the spectrum of the 
same sample following oxidation, demonstrating the shift in 
the emission maxima from 550 nm to 420 nm. The fluorescence 
spectra of all LDL and OXLDL preparations were not 
significantly different and the mean 420/550 peak ratio for 
the oxidation of 30 preparations of LDL from 12 donors was 4.9 
± 1.1 indicating that the degree of apo-B modification during 
oxidation does not appear to differ between LDL preparations.
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Figure 2
Fluorescence spectrum of freshly prepared LDL and OXLDL 
LDL (5 mg protein/ml) and OXLDL (5 mg protein/ml) were scanned 
in a Perkin Elmer MPF-44B fluorescence spectrophotometer over 
the emission wavelength range 350-600nm (slit width 5 nm) with 
a fixed excitation wavelength of 350 nm (slit width 5 nm). The 
baseline was set with MTB and the chart recorder calibrated 
to give 25% maximal fluorescence with 0.1 /jg/ml quinine 
sulphate.
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fv) Measurement of the LPC content of LDL
LPC is generated from phosphatidylcholine during oxidative 

modification of LDL. Therefore, the LPC content of 
preparations of LDL, OXLDL and PLA2-LDL was determined as 
another index of oxidation.
Lipid extraction
Lipid was extracted from total LDL by the method of Bligh 

and Dyer (1959). 0.5-5 mg LDL was added to 2 ml CHCl3:MeOH 
(2:1, v/v) in a glass tube, vortexed and incubated at room 
temperature for 60 mins. 2 ml distilled water was then added, 
vortexed and incubated for 12 to 18 hrs at room temperature 
after which time, separation of the sample between the 
solvents was clearly visible. The top clear, aqueous layer was 
discarded and the bottom yellow, organic layer was carefully 
removed to a clean tube using a glass pipette. Care was taken 
not to disrupt the white, semi-solid pellet of protein formed 
at the interface between the two layers. The organic phase 
was evaporated to dryness under nitrogen.
Separation of LDL lipids by Thin Layer Chromatography (TLC) 
This procedure is based on the method of Skipski et al. 

(1964). TLC plates pre-coated with silica gel G (Schleicher 
& Schull, Gmbh) were activated by heating to 60°C for 60 mins, 
and then allowed to cool at room temperature. 100 ml of the 
solvent mixture chloroform/methanol/acetic acid/water 
(75/45/12/8; v/v) were allowed to equlibrate in a covered tank 
for 60 mins.



Samples and standards (30 fj,g PC, LPC and mixture? Sigma)
were suspended in chloroform (50 /xl) and were applied to the
TLC plates as eliptical spots. The spots were dried under a
flow of nitrogen and the plates placed in the solvent tank to
develop. The solvent was run until the front approached the
top of the plate (approx. 60 mins) and then the plates were
air dried before staining in an iodine-saturated tank. The
spots were marked with pencil and then scraped into clean
glass tubes using a scalpel blade. Silica gel from above the
solvent front was also removed and used as a control.
Phosphate assay
The PC and LPC content of the sections removed from the TLC

plates was measured as inorganic phosphorous (Pi). KH2P04 was
used to construct a standard curve of 0-20 /xg Pi in a volume
of 0.5 ml. 0.5 ml of 72% perchloric acid (Analar; BDH) was
added to tubes containing standards, control and sample areas
of silica gel and the tubes heated until clear in a heating
block (180°C for 20 mins). 2.5 mis of distilled water was
added to tubes containing standards and 3.5 ml was added to
the other tubes. 0.5 ml of ammonium molybdate followed by 0.5

CI 09cD
of ascorbic acid was added to each tube and mixed. Colour was 
develop ed by heating tubes to 37°C for 10 mins and absorbance 
was read at 797 nm. A typical standard curve is shown in 
Figure 10.
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Figure 10
Typical standard curve to determine the Pi content of LDL and 
OXLDL samples
KH2P04 was used to construct standard curve and the Pi of PC 
and LPC samples separated by TLC was determined as described 
in section 2.4.2 v ). PC and LPC content of samples expressed 
as /imol Pi per mg LDL protein.
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Measurement of the PC and LPC content of LDL and OXLDL 
samples from 9 donors demonstrated that oxidation causes at 
least a 3-fold increase in LPC content and a 3-fold decrease 
in PC content. Although there was considerable variation in 
the concentrations of both PC and LPC in all preparations, 
there were no significant differences between 2-3 preparations 
from each of 9 different donors.
LDL contained 31.6 ± 11.3 fig of PC/mg LDL protein and 5.9 

± 2.2 fig of LPC/mg LDL protein (n=9). In OXLDL, the PC content 
was reduced to 9.4 ± 5.7 /xg/mg LDL protein and the LPC content 
was increased to 21.6 ± 2.5 fig/mg LDL protein (n=9). PLA2-LDL 
contained 0.96 ± 0.6 fig of PC/mg LDL protein and 34.9 ± 4.9 
fig LPC/mg LDL protein (n=6).
2.5 VASCULAR REACTIVITY STUDIES
The effect of LDL and OXLDL on vascular reactivity was 

assessed using rabbit aortic rings suspended in organ baths 
containing oxygenated Krebs' buffer.
2.5.1 Preparation of rabbit aortic rings
New Zealand White rabbits (6 months old, 2.7-3 kg body weight) 
were killed by cervical dislocation. The thoracic aorta was 
carefully removed and transferred to oxygenated Krebs buffer 
at room temperature. The vessel was rapidly cleaned of 
adhering fat and connective tissue and cut into 2 mm wide 
transverse rings. For some experiments the endothelium was 
removed by gently rubbing the luminal surface of the ring with 
a buffer-soaked pipe cleaner.



2.5.2 Organ Bath Studies
This method is based on that of Furchgott and Zawadzki 

(1980). The aortic rings were suspended between metal hooks 
at 2 g tension in oxygenated Krebs' buffer at 37°C (Figure 
11). One hook was fixed in position and the other was attached 
via a Grass FT03 force displacement transducer to a model 7 
Grass polygraph amplifier and chart recorder. Alternatively, 
LKB or Rikadenki flat-bed chart recorders were used in 
conjunction with a pre-amplifier. In each experiment 8 to 10 
tissues were set up simultaneously.
Tissues were washed and allowed to equilibrate for 60 mins 

after which time the tension was reset to 2 g. A further 30 
min equilibration period was then allowed before the 
experiment was started.
A contraction of approximately 2 g was induced by addition 

of NA (0.03-0.05 /iM) , PE (0.05-0.1 /iM) or 5-HT (0.1 /iM). Once 
a stable plateau was achieved the tissues were relaxed with 
a bolus dose of ACh (1 /iM) to asses the integrity of the 
endothelium. In endothelium-intact tissues the mean maximal 
relaxation to ACh was 95.1% ± 4.6 (n=152) and in denuded
tissues the mean maximal relaxation to ACh was 6 ± 5.2 (n=78). 
Following washout and equilibration, tissues were re
contracted and relaxed to cumulative doses of ACh, the calcium 
ionophore A23187 or to the endothelium-independent relaxants 
GTN or NO. Alternatively, in experiments in which the effects 
of lipoprotein on contractile responses were to be examined,
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Figure 11
Organ bath system for isometric tension recording studies with 
isolated rabbit aortic rings
2 mm wide thoracic aortic rings suspended between two hooks, 
one connected to transducer, the other fixed in position. 
Organ bath contains Krebs' buffer maintained at 37°C by 
thermostatically controlled water jacket and bubbled with 95% 
oJ  5% coa.
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tissues were contracted with cumulative doses of KC1, NA or 
5-HT. The protocol for these experiments was then as described 
for relaxing agents.
Following contraction and relaxation the tissues were washed 

and allowed to equilibrate for 30 mins before the addition of 
lipoprotein. An equivalent volume of MTB was added to 1 or 2 
baths in each experiment and for the rest of this thesis these 
will be referred to simply as controls.
The contraction/relaxation cycle was then repeated in the 

presence of the lipoprotein. In some experiments the tissues 
were contracted immediately after the addition of lipoprotein, 
but in others the tissues were pre-incubated with the 
lipoprotein for up to 2 hrs. After washout to remove the 
lipoprotein the tissues were equilibrated for a further 30 
mins before the contraction/relaxation cycle was repeated in 
order to determine the reversibility of any effects. The 
tissues were contracted to the same level of tone (2 g) in 
each contraction/relaxation cycle and all drug additions were 
made to bath volumes of 2 or 5 ml.
2.5.3 Expression of Results
Results are expressed as % relaxation of induced tone or % 
inhibition of maximal relaxation, ie. the relaxation in the 
presence of the lipoprotein as a % of the relaxation in the 
abscence of the lipoprotein for a given dose of the agonist:

% inhibition of = % relaxation during exposure to LDL
maximal relaxation % relaxation before exposure to LDL



Data is expressed as mean ± S.E.M. for n separate experiments 
carried out with different lipoprotein preparations and 
analysed by Students t-tests for unpaired samples where p<0.05 
was considered significant.
Values of half-times and % inhibition of maximal relaxation 

obtained with preparations from the same donor and those from 
different donors were tested for significance by two-way 
analysis of variance (ANOVA) with the donor as the independent 
variable.
2.5.4 Drugs
All drugs were prepared in Krebs' buffer unless otherwise 
stated in the text.
2.5.5 Preparation of Nitric Oxide solutions
Solutions of Nitric oxide were prepared in degassed water 
using the following procedure. Double distilled water was 
boiled for 15 mins and then placed on ice and bubbled with 
helium for 30 mins. The degassed water was then transferred 
to a gas bulb, under vacuum, which had been sealed at one end 
with a rubber septum (Phase Separations Ltd.) and heat-shrink 
tubing (RS Components Ltd.). The water was then bubbled with 
helium for a further 15 mins before the bulb was sealed. 
Nitric oxide gas was added to the solution of degassed water 
in the sealed gas bulb using a gas tight syringe. After 
preparation, the nitric oxide solutions were kept on ice.
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CHAPTER THREE
NATIVE LDL AND VASCULAR RELAXATION

3.1 INTRODUCTION
Previous studies in this laboratory showed that native LDL 

caused a time-dependent, irreversible inhibition of EDR in 
isolated rabbit aortic rings and the initial aim of this work 
was to further investigate the mechanisms underlying the 
inhibitory effect. However, the LDL used in the previous 
studies contained the vasoactive agent thimerosal which was 
shown to inhibit EDRF-mediated relaxations itself (Jacobs et 
al.. 1989).
Therefore, the effects of freshly isolated LDL, prepared in 

the absence of thimerosal, on EDR were re-investigated using 
the methods described in Chapter 2.
3.2 RESULTS
3.2.1 LDL AND VASCULAR TONE
No change in basal tone was observed when intact or denuded 

aortic rings were exposed to LDL (0.1-2 mg protein/ml) for up 
to 30 mins. For example, Figure 12a shows the addition of 2 
mg/ml of LDL to an uncontracted tissue.

Furthermore, LDL (0.1-2 mg protein/ml) did not evoke 
changes in tone when added to pre-contracted aortic rings. 
Figure 12b shows the addition of 2 mg/ml of LDL to a tissue 
pre-contracted with NA (0.05 /uM).
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Figure 12
Addition of LDL to resting and pre-contracted tissues
(a) Addition of LDL (2 mg protein/ml) to basal tone
(b) Addition of LDL (2 mg protein/ml) to tissue pre-contracted 

with NA (0.05 /iM)



3.2.2 THE EFFECT OF LDL ON ACh-EVOKED RELAXATIONS
(i) The influence of pre-incubation on the actions of LDL
As shown in Figure 13a, ACh evokes dose-dependent EDR of NA-

contracted rabbit aortic rings. Relaxations of control tissues
were unchanged, even after 30 mins pre-incubation with MTB as
shown in the ACh dose-response curves in Figure 14a.

In the presence of LDL (2 mg protein/ml) ACh-evoked
relaxations of NA-contracted tissues were attenuated, (Figure
13b) , but sensitivity to the relaxant was restored on washout
(Figure 13c). This is shown as a reversible rightward shift
in the ACh dose-response curve in Figure 14b. However,

C p < c> • cds}
although LDL significantly^increased the EC50 value for ACh 
from 50 ± 1.5 nM (n=26) to 270 ± 12 nM (n=26), there was no 
significant decrease in the maximal level of relaxation 
attained, which was 94.6 ± 2.6% (n=26) before LDL treatment 
and 90.1 ± 3.7% (n=26) during exposure to LDL.

Pre-incubation of LDL (2 mg protein/ml) with tissues for 
30 mins did not significantly enhance the degree of 
attenuation of ACh-evoked relaxations causing a similar 
increase in the ECS0 value from 48.5 ± 1.9 nM to 230 ± 21 nM. Cn = v)
The immediate onset of the inhibitory effect of LDL was

demonstrated in tissues in which LDL was added to the NA-
contracted rings immediately before the first dose of ACh.
Figure 15b shows the ACh-evoked relaxations of a rabbit aortic 
ring following the addition of LDL (2 mg protein/ml) to the 
contracted tissue. The decrease in sensitivity is similar to
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Figure 13
ACh-evoked relaxations of NA-contracted aortic rings in the 
presence and absence of LDL (2 mg protein/ml)
Tissue pre-contracted with NA (0.03 /xM) and relaxed to 
cumulative doses of ACh (5 nM-5 /iM)
(a) Control
(b) In the presence of LDL (2 mg protein/ml)
(c) After washout
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Figure 14
Dose-response curves to ACh in tissues pre-contracted with NA 
in the presence and absence of LDL (2 mg protein/ml)
Aortic rings pre-contracted with NA (0.03 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 fiM). Following washout and 
recovery, LDL (2 mg protein/ml), or an equal volume of MTB, 
added to tissues and contraction/relaxation cycle repeated. 
After further washout and recovery, rings re-contracted and 
rechallenged with ACh (n=26).
(a) Control tissues
(b) LDL (2 mg protein/ml)
Students t-test compared to control : * p<0.05.
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Eiqure 15
Inhibition of ACh-evoked relaxations following the addition 
of LDL to the pre-contracted tissue
Aortic ring pre-contracted with NA (0,03 fiM) and relaxed to 
cumulative doses of ACh (5 nM-5 fiM).
(a) Control
(b) LDL (2 mg protein/ml) added to pre-contracted tissue 

immediately before the first dose of AChC c) Washout

1Q5.



that observed when the LDL was added prior to the pre
contraction as shown in Figure 13b.

In all further experiments described in this chapter LDL was 
added to the baths immediately before the tissues were pre
contracted and relaxed.
(ii) LDL concentration
The threshold concentration for the attenuation of ACh- 

evoked relaxations of NA-contracted tissues by LDL was 0.5 mg 
protein/ml, although the rightward shift in the ACh dose- 
response curve observed at this concentration was not 
significant as shown in Figure 16.
Maximal inhibition of ACh-evoked EDR by LDL was observed at 

an LDL concentration of 2 mg protein/ml, although at higher 
concentrations excessive frothing in the organ baths disturbed 
the recording of responses. Therefore, all further experiments 
were carried out with 2 mg protein/ml of LDL. 
fiii^ LDL prepared from different donors
No significant differences were found in the extent of 

inhibition of ACh-evoked EDR of NA-contracted tissues caused 
by LDL prepared from the plasma of different donors. Table 4 
shows EC50 values and the % maximal relaxation of induced tone 
in the presence and absence of LDL (2 mg protein/ml) prepared 
from 12 different donors.
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Figure 16
ACh dose-response curves in the presence and absence of LDL 
(0.5 mg protein/ml)
Aortic rings pre-contracted with NA (0.03 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 /iM). Following washout and 
recovery, LDL (2 mg protein/ml) added to tissues and 
contraction/relaxation cycle repeated. After further washout 
and recovery, rings re-contracted and re-challenged with ACh 
(n=4).
Students t-test compared to control : * p<0.05.
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TABLE 4
MAXIMAL RELAXATION AND EC.» VALUES FOR ACh IN THE 
PRESENCE OF LDL PREPARED FROM INDIVIDUAL DONORS

DONOR CONTROL
(n = 3-4) 

EC50 (nM) Maximal
Relaxation

49 ± 4.5 92.8 ± 4.9

IN PRESENCE 
OF LDL 
(n = 3-4)

ECS0 (nM) > Maximal 
Relaxation

230 ± 24* 93.4 ± 3.9

52 ± 4.2 96.0 ± 3.2 250 ± 30 * 92.3 ± 3.7

68 ± 5.6 95.4 ± 4.1 310 ± 32 * 91.4 ± 1.4

44 ± 3.9 93.0 ± 3.7 225 ± 24 * 91.3 ± 1.4

40 ± 4.5 93.7 ± 2.6 221 ± 32 * 94.2 ± 2.3

44 ± 2.6 94.2 ± 3.1 220 ± 42 * 91.9 ± 4.9

55 ± 7.0 95.5 ± 1.2 290 ± 48 * 92.3 ± 3.7

49 ± 5.2 91.0 ± 4.1 246 ±32 * 92.4 ± 2.5

54 ± 4.9 90.0 ± 2.6 285 ± 29 * 93.5 ± 1.9

10 51 ± 4.2 92.0 ± 2.3 260 ± 33 * 92.9 ± 2.4

11 48 ± 5.1 94.3 ± 4.2 239 ± 39 * 95.1 ± 1.7

12 49 ± 3.8 96.3 ± 1.5 242 ± 44 * 93.9 ± 2.5
In the presence of all preparations of LDL there was a 

significant increase in the EC50 value for ACh, Students t-test 
compared to control * p<0.05. There was no significant
difference in the inhibition of ACh-evoked relaxations caused 
by LDL preparations from different donors (ANOVA).
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(iv) The effect of Indomethacin. SOD and L-arqinine on the 
attenuation of ACh-evoked relaxations by LDL
Pre-incubation of tissues with the cyclo-oxygenase inhibitor 

indomethacin (50 /iM? dissolved in 10% ethanol) for 15 mins 
did not alter the sensitivity to ACh of NA-contracted tissues 
as shown in Figure 17a. Also, indomethacin did not reduce or 
potentiate the reversible decrease in sensitivity to ACh of 
NA-contracted tissues caused by the presence of LDL. Figure 
17b shows the ACh dose-response curves of NA-precontracted 
tissues in the presence and absence of LDL and/or 
indomethacin. The EC50 value for ACh in the presence of LDL was 
239 ± 41 nM (n=4) and in the presence of LDL with indomethacin 
the EC50 value was 246 ± 29 nM (n=4). This finding indicates 
that cyclo-oxygenase products produced by the endothelium do 
not play a role in the mediation of ACh-evoked relaxations of 
the rabbit aorta or in the inhibition of these responses 
observed in the presence of LDL.

S‘‘0rr\CX
The 02“ scavenger, SOD (20 U/ml), caused a small, non

significant potentiation of ACh-evoked relaxations, as shown 
in the ACh dose-response curves in Figure 18a. SOD did not 
significantly increase the maximal level of relaxation which 
was 96 ± 3.3% (n=4) in controls and 98.3 ± 1.7% (n=4) in the 
presence of SOD. Additionally, SOD had no effect on the 
decrease in sensitivity to ACh of NA-precontracted tissues 
caused by the presence of LDL, as shown in Figure 18b.
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Figure 17
ACh dose-response curves in the presence and absence of LDL 
(2 mg protein/ml) and indomethacin (50 /iM)
Aortic rings pre-contracted with NA (0.03 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 /iM). Following washout and 
recovery, indomethacin (50 /iM) added to baths and incubated 
for 15 mins LDL (2 mg protein/ml) or an equal volume of MTB 
then added to tissues and contraction/relaxation cycle 
repeated immediately. After further washout and recovery, 
tissues re-challenged with NA and ACh (n=4).
(a) Indomethacin
(b) LDL and indomethacin
Students t-test compared to control : * p<0.05.
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Ficnire 18
ACh dose-response curves in the presence and absence of LDL 
(2 mg protein/ml) and SOD (20 U/ml)
Aortic rings pre-contracted with NA (0.03 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 /iM). Following washout and 
recovery, SOD (20 U/ml) and either LDL (2 mg protein/ml) or 
an equal volume of MTB added to tissues and
contraction/relaxation cycle repeated. After further washout 
and recovery, tissues re-challenged with NA and ACh (n=4).
(a) SOD
(b) LDL and SOD
Students t-test compared to control : * p<0.05.
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L-arginine is the substrate for the biosynthesis of EDRF, 
the mediator of ACh-evoked relaxations (section 1.4). L- 
arginine (100 /tM) did not potentiate ACh-evoked relaxations 
of pre-contracted, rabbit aortic rings, even after 30 mins 
pre-incubation (Figure 19b) and did not elicit relaxations of 
endothelium-intact pre-contracted tissues, as shown in Figure 
19c. Also, pre-incubation of L-arginine (100 /iM) with tissues 
for up to 30 mins did not prevent the attenuation of ACh- 
induced responses of NA pre-contracted tissues caused by LDL 
(Figure 20).
These findings indicate that the availability of L-arginine 

is not rate-limiting for EDRF production in the rabbit aorta. 
Furthermore, the attenuation of ACh-evoked relaxations by LDL 
is not reversed by L-arginine.
(v) The influence of HDL and Albumin on the attenuation of 
ACh-evoked relaxations by LDL

Epidemiological studies have shown that plasma HDL levels 
are inversely correlated with the incidence of coronary heart 
disease and are thought to be in some way protective against 
the development of atherosclerosis. HDL can remove cholesterol 
and fatty acids from cells and other lipoproteins and is 
responsible for reverse cholesterol transport from extra- 
hepatic cells to the liver (section 1.2).

In these experiments the ability of HDL and serum albumin 
(fatty acid free) to prevent the inhibitory action of LDL on
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Figure 19
L-arginine and ACh-evoked relaxations
Tissues pre-contracted with PE (0.05 /iM) and relaxed to 
cumulative doses of ACh (5 nM-3 /iM)
(a) Control
(k) L-arginine (100 /iM) added to bath 30 mins before the 

tissue was pre-contracted
(c) Addition of cumulative doses of L-arginine (10-100 /iM) 

to endothelium-intact pre-contracted tissue
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Figure 20
The influence of L-arginine (100 /iM) on the attenuation of 
ACh-evoked relaxations by LDL (2 mg protein/ml)
Tissues pre-contracted with NA (0.05 /iM) and relaxed to 
cumulative doses of ACh (5 nM-3 /iM)
(a) Control
(b) LDL (2 mg protein/ml)
(c) L-arginine (100 /iM) added to bath 30 mins before the 

addition of LDL
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ACh-evoked relaxations of NA-precontracted tissues was 
assessed.
HDL (0.5-5 mg protein/ml) and albumin (0.5-20 mg protein/ml) 

do not alter the sensitivity of rabbit aortic rings to ACh- 
evoked relaxations. Figure 21 shows dose-response curves to 
ACh in the presence and absence of HDL (2 and 5 mg protein/ml) 
and serum albumin (fatty acid-free? 2 and 5 mg protein/ml).
When HDL or albumin (0.5-5 mg protein/ml) were added to the 

organ baths before, or simultaneously with, LDL (2 mg 
protein/ml) the degree of inhibition of ACh-evoked relaxations 
caused by LDL was unaltered. In control tissues the EC50 value 
for ACh was 49 ± 3.5 nM (n=4) and in the presence of LDL this 
was significantly increased to 245 ± 29 nM (n=4). In the 
presence of LDL and HDL the EC50 value for ACh was 251 ± 38 nM 
(n=4) and in the presence of LDL and albumin the EC50 value was 
255 ± 32 nM (n=4).
(vi) The influence of Probucol on the inhibitory effect of 
LDL
Probucol is a lipid-lowering drug with strong anti-oxidant 

properties which has been shown to inhibit the oxidation of 
LDL in vitro and to prevent the development of atherosclerosis 
in vivo (section 1.5). The ability of probucol to prevent the 
attenuation of ACh-evoked relaxations of NA-contracted tissues 
in the presence of LDL (2 mg protein/ml) was examined. 
Probucol (10 /iM? dissolved in 10% ethanol) was added to the 
LDL before addition to the organ baths.
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Ficrure 21
ACh dose-response curves in the presence and absence of HDL 
and serum albumin (2 and 5 mg protein/ml)
Aortic rings pre-contracted with NA (0.03 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 /iM). Following washout and 
recovery, HDL or serum albumin (2 or 5 mg protein/ml) added 
to tissues and contraction/relaxation cycle repeated. After 
further washout and recovery, rings re-contracted and re
challenged with ACh (n=4).
(a) HDL
(b) Serum albumin
Students t-test compared to control : * p<0.05.
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Probucol (10 juM) had no effect on ACh-evoked relaxations 
when added to the organ bath as shown in Figure 22a. However, 
when probucol (10 /uM) was added together with LDL the 
inhibitory effect of LDL on ACh-induced responses was 
abolished. Figure 22b shows ACh dose-response curves in the 
presence of LDL alone and LDL with probucol.
These findings suggest that the inhibitory effect of LDL on 

ACh-evoked relaxations of NA-contracted tissues may be due to 
oxidation of either LDL, ACh or the contractile agonist. 
fvii) The effect of Ascorbic acid on the attenuation of ACh- 
evoked relaxations by LDL
The effect of the anti-oxidant ascorbic acid, on the 

attenuation of ACh-evoked responses by LDL was also assessed. 
Ascorbic acid (10 mM) was added to the LDL before addition to 
the organ bath.
Ascorbic acid (10 mM) had no effect on ACh-induced responses 

as shown in Figure 23a. However, ascorbic acid prevented the 
decrease in sensitivity to ACh in the presence of LDL (2 mg 
protein/ml). Figure 23b shows the ACh dose-response curves of 
NA-contracted tissues in the presence and absence of LDL 
and/or ascorbic acid.
This finding also suggests the involvement of oxidation in 

the inhibitory effect of LDL on ACh-evoked relaxations.
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ACh dose-response curves in the presence and absence of LDL 
(2 mg protein/ml) and probucol (10 /iM)
Aortic rings pre-contracted with NA (0.03 jiM) and relaxed to 
cumulative doses of ACh (5 nM-10 /iM). Following washout and 
recovery, LDL (2 mg protein/ml) and/or probucol (10 /iM) added 
to tissues and contraction/relaxation cycle repeated. After 
further washout and recovery, rings re-contracted and re
challenged with ACh (n=4).
(a) Probucol control
(b) LDL and probucol
Students t-test compared to control : * p<0.05.
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Figure 23
ACh dose-response curves in the presence and absence of LDL 
(2 mg protein/ml) and ascorbic acid (10 mM)
Aortic rings pre-contracted with NA (0.03 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 /iM). Following washout and 
recovery, LDL (2 mg protein/ml) and/or ascorbic acid (10 mM) 
added to tissues and contraction/relaxation cycle repeated. 
After further washout and recovery, rings re-contracted and 
re-challenged with ACh (n=4).
(a) Ascorbic acid control
(b) LDL and ascorbic acid
Students t-test compared to control : * p<0.05.
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fviii) Oxidation of LDL
The observation that inhibition of ACh-evoked EDR in NA- 

contracted tissues is prevented by both ascorbic acid and 
probucol suggests the involvement of an oxidative process. In 
order to determine whether LDL becomes oxidized within the 
organ bath either by exposure to the vascular tissue or by the 
oxygen bubbling, LDL was removed from the bath after the 
contraction/relaxation cycle and scanned in a fluorescence 
spectrophotometer to determine whether oxidative modification, 
as assessed by changes in the fluorescence spectrum, had 
occured (Section 2.4.2).

As shown in Figure 24, LDL at a concentration of 2 mg 
protein/ml has an emission maxima at 465 nm when excited at 
350 nm. Following incubation in the organ bath, the 
fluorescence spectrum of LDL showed no significant change

C Lv. rx̂)
^ compared to the spectrum of a sample of the same LDL 
preparation which had not been exposed to the potentially

C SaO\ >' cX \. C
oxidizing conditions in the organ bath^. This indicates that 
incubation in the organ bath for approximately 30 mins does 
not cause modification of the LDL apo-B-100 moiety.

Thus it is unlikely that oxidation of the LDL plays a role 
in the inhibitory effect on ACh-evoked relaxations. 
fix) Differential effects with contractile agonists

In tissues pre-contracted with 5-HT (0.5 /iM) , the addition 
of LDL (2 mg protein/ ml) also caused a reversible, 
significant, rightward shift in the dose-response curve to
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Figure 24
The fluorescence spectrum of LDL (2 mg protein/ml) before and 
after exposure to the potentially oxidizing conditions in the 
organ bath
LDL (2 mg protein/ml) scanned in a Perkin-Elmer MPF-44B 
fluorescence spectrophotometer over the emission wavelength 
range 350—600 nm (slit width 5 nm) with an excitation 
wavelength of 350 nm (slit width 5 nm). he baseline was set 
with MTB and the chart recorder calibrated to give 25% maximal 
fluorescence with 0.1 fig/m 1 quinine sulphate.
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ACh as shown in Figure 25a. However, in contrast to the effect 
observed in NA-contracted rings, there was also a significant

t<=> U"\cz- ĉ > <̂ 0 -\
decrease in maximal level of relaxation^in the presence of the 
LDL. Before LDL treatment the maximal relaxation was 94 ± 1.9% 
(n=4) and in the presence of LDL it was reduced to 7 2.8 ± 2.3%
(n=4).
When PE (0.05-0.1 /iM) was used to induce tone in aortic 

rings, the addition of LDL had no effect on ACh-evoked 
relaxations as shown in Figures 25b and 26b. However, if a 
subthreshold dose of 5-HT (5 nm) was added to the bath before 
the addition of LDL and PE, ACh-evoked EDR were attenuated to 
the same extent as in 5-HT-contracted tissues, as shown in 
Figure 26c.
3.2.3 THE EFFECT OF LDL ON A23187-EVOKED RELAXATIONS

In rabbit aortic rings ACh causes EDR by activation of 
endothelial muscarinic receptors which evokes the release of 
EDRF. In order to determine whether the reversible attenuation 
of ACh-evoked relaxations by LDL is due to an action on these 
endothelial receptors or the mechanism coupling receptor 
activation to EDRF release, the calcium ionophore A23187 was 
used to evoke receptor-independent EDR.

Figure 27a shows EDR of a rabbit aortic ring, pre-contracted 
with NA (0.03 /iM) , elicited by cumulative doses of A23187 (1 
nM-0.5 /iM). In the presence of LDL (2 mg protein/ml) there is 
a decrease in sensitivity to lower concentrations of A23187 
although the maximal level of relaxation is not reduced.
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Figure 25
Dose-response curves to ACh in tissues pre-contracted with 5- 
HT or PE in the presence and absence of LDL (2 mg protein/ml)
Aortic rings pre-contracted with 5-HT (0.3 /iM) or PE (0.05-
0.1 juM) and relaxed to cumulative doses of ACh (5 nM-10 /iM). 
Following washout and recovery, LDL (2 mg protein/ml) added 
to tissues and contraction/relaxation cycle repeated. After 
further washout and recovery, rings re-contracted and re- 
challenged with PE or 5-HT and ACh
(a) Tissues pre-contracted with 5-HT (n=4)
(b) Tissues pre-contracted with PE (n=9)
Students t-test compared to control : * p<0.05.
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Figure 26
Influence of 5-HT on the attenuation of ACh-evoked relaxations
in the presence of LDL (2 mg protein/ml)
Tissue pre-contracted to PE (0.07 /iM) and relaxed to
cumulative doses of ACh (0.05-5 nM)
(a) ACh-evoked relaxations of PE-contracted tissue in the 

presence of a sub-threshold concentration of 5-HT (5 nM)
(b) ACh-evoked relaxations of PE-contracted tissue in the 

presence of LDL (2 mg protein/ml)
(c) ACh-evoked relaxations of PE-contracted tissue in the 

presence of LDL (2 mg protein/ml) and 5-HT (5 nM)
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Ficmre 27
A23l87-evoked relaxations of NA-contracted aortic rings in the 
presence and absence of LDL (2 mg protein/ml)
Tissue pre-contracted with NA (0.03 /iM) and relaxed with 
cumulative doses of A23187 (1 nM-0.5 nM)
(a) Control
(b) In the presence of LDL (2 mg protein/ml)
(c) After washout
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This effect is reversed on washout of the LDL (Figure 27c) . 
The degree of attenuation of A23187-evoked EDR in the presence 
of LDL is similar to that observed with ACh indicating that 
LDL does not specifically inhibit receptor-mediated responses. 
(Figure 27c).
3.2.4 LDL AND NO-EVOKED RELAXATIONS
As described in section 1.4, EDRF released from the rabbit 

aorta has been identified as NO or a NO-releasing compound, 
which elicits relaxation of vascular smooth muscle via
activation of soluble guanylate cyclase leading to an increase 
in cGMP. Dose-dependent, transient relaxations of pre
contracted rabbit aortic rings can be induced by the addition 
of exogenous NO to the organ bath as shown in Figure 28a. N0- 
evoked relaxations are independent of the endothelium and the 
maximal relaxation evoked by NO in endothelium intact tissues 
was 93.7 ± 2.8% (n=4) and in denuded tissues was 91 ± 5.6% 
(n=9) .

To determine whether the attenuation of EDRF-mediated 
relaxations in the presence of LDL could be accounted for by 
direct interaction with NO the effect of LDL on relaxations
evoked by exogenous NO was assessed.
As shown in Figure 28b, NO-evoked relaxations of

endothelium-denuded, PE-contracted tissues are attenuated in 
the presence of LDL (2 mg protein/ml), although responses are 
restored on washout (Figure 28c). This attenuation is shown 
as a significant rightward shift in the dose response curve
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Figure 23.
NO-evoked relaxations in the presence and absence of LDL (2 
mg protein/ml)
Endothelium-denuded tissue pre-contracted with PE (0.05 /iM) 
and relaxed with increasing doses of NO (13 nM-2.5 /iM)
(a) Control
(b) In the presence of LDL (2 mg protein/ml)
(c) After washout

127



to NO in the presence of LDL and which is reversed on washout 
(Figure 29). The inhibition of NO-evoked relaxations by LDL 
was immediate, was independent of the agonist used to pre
contract the tissue, and did not reduce the maximal level of 
relaxation. Before LDL, treatment the maximal relaxation 
evoked by NO was 85.9 ± 6.5% (n=9) and in the presence of LDL 
the maximal response was 85.6 ± 5.5% (n=9).
SOD (20 U/ml) significantly potentiated the relaxations 

evoked by exogenous NO in endothelium-denuded tissues as shown 
by the dose-response curves to NO in the presence and absence 
of SOD in Figure 30a. The maximal level of relaxation 87.9 ± 
2.2% (n=4), and in the presence of SOD the maximal NO-evoked
relaxation was 92 ± 2.9% (n=4).
However, SOD did not prevent the attenuation of NO-elicited 

relaxations of endothelium-denuded tissues observed in the 
presence of LDL, as shown in the dose-response curves in 
Figure 30b.
Figure 31 shows an overlay of the ACh and NO dose-response 

curves in the presence and absence of LDL. The shift in the 
two dose-response curves in the presence of LDL is of a 
similar magnitude suggesting that the attenuation of ACh- 
evoked relaxations by LDL may be due to direct interaction of 
LDL with NO or inhibition of NO-activation of soluble 
guanylate cyclase. However, as described in section 3.2.2, 
the attenuation of ACh-evoked relaxations by LDL is dependent 
on the agonist used to precontract the tissues whereas the
* ĈZ. cx^O«-»' (jCQtcz "3- M "TJ P5 NO t
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Figure 29
NO dose-response curves in the presence and absence of LDL (2 
mg protein/ml)
Endothelium-denuded aortic rings pre-contracted with PE (5 nM) 
and relaxed to increasing doses of NO (13 nM- 1.3 juM) . 
Following washout and recovery, LDL (2 mg protein/ml) added 
to baths and contraction/relaxation cycle repeated. After 
further washout and recovery, rings re-challenged with PE and 
NO (n=9).
Students t-test compared to control : *p<0.05.
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Figure 30
Dose-response curves to NO in the presence and absence of SOD 
(20 U/ml) and LDL (2 mg protein/ml)
Endothelium-denuded aortic rings pre-contracted with PE (5 nM) 
and relaxed to increasing doses of NO (13 nM- 1.3 /iM). 
Following washout and recovery, LDL (2 mg protein/ml) and/or 
SOD (20 U/ml) added to baths and contraction/relaxation cycle 
repeated. After further washout and recovery, rings re
challenged with PE and NO.
(a) SOD (n=4)
(b) LDL and SOD (n=4)
Students t-test compared to control : *p<0.05
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Figure 31
Comparison of dose-response curves to ACh and NO in the 
presence and absence of LDL (2 mg protein/ml)
Endothelium-intact tissues pre-contracted with NA (0.03 /iM) 
and relaxed to cumulative doses of ACh (5 nM-10 /iM), and 
endothelium-denuded aortic rings pre-contracted with PE (5 nM) 
and relaxed to increasing doses of NO (13 nM- 1.3 /iM). 
Following washout and recovery, LDL (2 mg protein/ml) added 
to baths and contraction/relaxation cycle repeated. After 
further washout and recovery, rings re-challenged with 
contractile and relaxing agents.
Students t-test compared to control : * p<0.05.
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inhibition of NO-evoked responses is independent of the 
contractile agonist.
3.2.5 LDL AND GTN-EVOKED RELAXATIONS
The nitrovasodilator GTN evokes endothelium-independent 

relaxations of rabbit aortic rings via direct activation of 
the enzyme soluble guanylate cyclase to cause increases in 
cGMP within the vascular smooth muscle cells. NO also evokes 
relaxation via this pathway and is thought to be an 
intermediate in the action of GTN. Therefore, to determine 
whether the inhibitory action of LDL on responses evoked by 
EDRF and exogenous NO could be mediated by action on soluble 
guanylate cyclase the effect of LDL on GTN-evoked relaxations 
was assessed.

Cumulative additions of GTN (1 nM-0.3 /iM) caused dose- 
dependent relaxations of pre-contracted rabbit aortic rings 
which were unaltered by the presence of an intact endothelium. 
Figure 32a shows dose-response curves to GTN in endothelium- 
intact and denuded tissues. In the presence of an intact 
endothelial layer the maximal relaxation to GTN was 96.5 ± 
1.8% (n=4) and in endothelium-denuded aortic rings the maximal 
response was 95.5 ± 2.5% (n=4).

In the presence of LDL (2 mg protein/ml) there was no change 
in sensitivity to GTN in PE-contracted tissues and Figure 32b 
shows dose-response curves to GTN in endothelium-denuded 
aortic rings in the presence and absence of LDL (2 mg 
protein/ml). Pre-incubation of the tissues with the LDL did
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Figure 32
(a) GTN dose-response curves in endothelium intact and 
denuded tissues
Aortic rings pre-contracted with PE (5 nM) and relaxed to 
cumulative doses of GTN (1 nM-0.3 /iM)
(b) Dose-response curves to GTN in the presence and absence 
of LDL (2 mg protein/ml)
Endothelium-denuded aortic rings pre-contracted with PE (5 nM) 
and relaxed to cumulative doses of GTN (1 nM-0.3 /iM) .
Following washout and recovery, LDL added to the bath and the 
contraction/relaxation cycle repeated. After further washout 
and recovery, tissues re-challenged with PE and GTN Coat ̂ c x
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not alter this result and after 30 mins exposure to LDL the 
maximal relaxation to GTN was 98 ± 2.1% (n = 4), compared to
96.5 ± 3.9% (n=4) in control tissues.
These findings indicate that LDL (2 mg protein/ml) does not 

directly affect activation of soluble guanylate cyclase in 
the vascular smooth muscle.

3.3 DISCUSSION AND CONCLUSIONS
Exposure to hypercholesterolemia causes alterations in the 

reactivity of isolated blood vessels from several species (see 
Shimokawa and Vanhoutte, 1989; Merkel et al.. 1990), but the 
mechanisms underlying this observation are unclear. The 
investigation described here examined whether freshly isolated 
human LDL can modulate vascular reactivity and thus contribute 
to the alterations in EDR observed in vessels exposed to 
hypercholesterolemia.

This study has shown that LDL, at a concentration comparable 
to that found in hypercholesterolemic plasma (2 mg 
protein/ml), can reversibly attenuate EDR elicited by both 
receptor-mediated (ACh) and receptor-independent (A23187) 
stimuli in isolated rabbit aortic rings pre-contracted with 
NA and 5-HT, but not PE. This result indicates that LDL does 
not cause selective inhibition of EDR mediated by endothelial 
receptors and therefore must act at a site distal to the 
activation of these receptors.
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The observation that attenuation of EDR in the presence of 
LDL was dependent on the agonist used to pre-contract the 
tissue suggests a specific interaction between LDL and NA and 
5-HT. NA is readily oxidized in physiological salt solutions 
(Hughes and Smith, 1978) and recently it has been shown that 
5-HT oxidation can be triggered by chain reactions involved 
in lipid peroxidation and that LDL particles contain all of 
the factors required for the oxidation of the indole ring of 
5-HT (Reyftmann et al.. 1990).
The involvement of an oxidative process in the attenuation 

of EDR by LDL is supported by the observation that the 
addition of ascorbic acid or probucol to the LDL before 
addition to the organ bath completely abolishes the inhibitory 
effect. Both ascorbic acid and probucol are anti-oxidants 
which may prevent the breakdown of NA and 5-HT. Oxidation of 
LDL during exposure to the potentially oxidizing conditions 
of the organ bath was not detected.
The reason for the lack of inhibition of EDR in tissues pre

contracted with PE is unclear.
The presence of indomethacin (50 /iM) in the organ bath did 

not prevent the attenuation of EDR by LDL, indicating that 
cyclo-oxygenase products do not play a role in the inhibitory 
effect. In the presence of SOD (20 U/ml), ACh-evoked EDR were 
slightly potentiated but the attenuation of EDR following the 
addition of LDL was not affected, indicating that 0/ may play 
a role in the destruction of EDRF within the organ bath, but
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it is not involved in the inhibition of EDR by LDL
As described in section 1.4, EDRF activity can be accounted 

for by the release of NO from the endothelium. NO is produced 
in endothelial cells from L-arginine by the action of NO 
synthase. In the experiments described in this chapter, L- 
arginine (100 /iM) did not elicit relaxations of endothelium- 
intact, pre-contracted rabbit aortic rings and did not 
potentiate ACh-induced relaxations, indicating that in these 
tissues L-arginine availability is not rate-limiting for EDRF 
production. This is in contrast to other studies which have 
reported the occurunce of L-arginine-evoked relaxations and 
a potentiation of ACh-evoked EDR in the rabbit aorta (Palmer 
et al. . 1988a). In addition, L-arginine could not prevent the 
attenuation of ACh-evoked relaxations in the presence of LDL 
indicating that a^reversible inhibition of NO biosynthesis is 
not involved. Several studies have recently shown that the 
attenuation of EDR in hypercholesterolemic rabbits can be 
reversed by infusion of L-arginine suggesting that L-arginine 
deficiency may be a critical factor leading to depressed EDR 
(Girerd et al .. 1990).

In contrast to LDL, pre-incubation of aortic rings for 30 
mins with HDL (0.5-5 mg protein/ml) or albumin (0.5-5 mg 
protein/ml) did not alter sensitivity to ACh, indicating that 
the attenuation is not a general property of plasma proteins. 
Also neither HDL nor albumin altered the attenuation of ACh- 
evoked relaxations in the presence of LDL.
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Relaxations elicited by exogenous NO are inhibited in the 
presence of LDL, suggesting that LDL inactivation or 
sequestration of NO by LDL may contribute to the attenuation 
of ACh-evoked EDR observed in the presence of LDL. However, 
in contrast to the inhibition of ACh-elicited responses, the 
attenuation of NO-evoked relaxations in the presence of LDL 
was independent of the agonist used to pre-contract the 
tissues and so a direct interaction between NO and LDL cannot 
fully explain the observed inhibition of ACh-evoked EDR.
The nitrovasodilator GTN elicits endothelium-independent 

relaxations of vascular smooth muscle by direct activation of 
soluble guanylate cyclase. Therefore, the observation that 
relaxations elicited by GTN were unaffected by exposure to LDL 
for up to 30 mins indicates that LDL does not inhibit 
activation of this enzyme. Similarly, many studies have 
reported that GTN-evoked relaxations are unaffected by 
exposure to hypercholesterolemia (Frieman et al. . 1986;
Bossaller et al.. 1987b).
Studies with cultured cells have shown that the high 

affinity LDL receptor is fully saturated atLDL concentrations 
of 0.025rvrfg protein/ml (Reichl et al.. 1978), much lower than 
the threshold concentration for the inhibitory effects 
described here. Therefore, it is unlikely that this receptor 
is involved in the inhibitory effects of LDL on EDR.
Exposure of either resting or pre-contracted tissues to LDL 

(0.1-2 mg protein/ml) for up to 30 mins did not change the
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tone indicating that LDL does not have a direct contractile 
action and that inhibition of basal EDRF release does not 
contribute to the observed effects.
Several recent in vitro studies have investigated the 

effects of LDL on EDR (Boulanger et al.. 1989; Bassenge and 
Galle, 1989; Tomita et al. . 1990; Galle et al. . 1991), but
varying results have been obtained. For example, in isolated 
porcine coronary arteries, as in the study presented here, LDL 
was shown to immediately and reversibly inhibit EDR without 
affecting endothelium-independent responses to sodium 
nitroprusside (Tomita et al. . 1990). Similarly, OXLDL were 
shown to inhibit EDR in isolated rabbit aortic rings (Galle 
et al. . 1991). However, in the same study, ACh-evoked
endothelium-dependent dilation of perfused rabbit femoral 
artery segments was not affected by luminal exposure to LDL 
(1 mg protein/ml) for 1 hr (Galle et al.. 1990). In contrast 
to the current investigation, the inhibition of EDR by LDL in 
these studies, was not dependent on the agonist used to pre
contract the tissues.
Additionally, in bioassay, LDL was shown to inactivate EDRF 

released from cultured endothelial cells (Galle et al.. 1990) 
although reports on the effects of LDL on EDRF formation are 
mixed (Bassenge and Galle, 1989; Boulanger et al. . 1989; Galle 
et al. . 1990). The reasons for the differences in the results 
between various studies is unclear although it should be noted 
that the inclusion of agents such as anti-biotics differs
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between investigations and in many studies the oxidative state 
of the LDL preparations was not assessed.
The results presented here demonstrate that freshly isolated 

human LDL can reversibly attenuate EDR evoked by receptor- 
mediated and receptor-independent stimuli. The mechanisms 
underlying this effect are unclear as although LDL can 
directly inhibit relaxations evoked by exogenous NO, the 
inhibition of EDR by LDL is dependent on the presence of 5-HT 
or NA indicating the involvement of an alternative mechanism 
to NO sequestration or inactivation. In vivo. platelets are 
a major source of 5-HT which is released on aggregation and 
thus, in thrombosis, the interaction between 5-HT, LDL and 
EDRF-mediated responses may become significant.

In conclusion, it may be proposed that LDL contribute to the 
attenuation of EDR reported in vessels exposed to 
hypercholesterolemia but which do not show the gross 
morphological changes associated with atherosclerosis.
The profile of changes in vascular reactivity reported in 
these vessels is similar to the alterations caused by exposure 
to LDL with the attenuation of EDR evoked by both ACh and 
A23187 but no change in sensitivity to endothelium-independent 
responses to GTN (see for example Verbeuren et al. .
1986? 1990? Shimokawa and Vanhoutte, 1989).
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CHAPTER FOUR 
OXIDIZED LDL AND VASCULAR RELAXATION

4.1 INTRODUCTION
In atherosclerotic blood vessels, EDR are widely reported 

to be severely impaired and in some cases, completely 
abolished. The aim of this study was to investigate the 
effects of OXLDL on EDR to assess whether the accumulation of 
OXLDL within the artery wall may contribute to the alterations 
in vascular reactivity.
4.2 RESULTS
4.2.1 OXLDL AND VASCULAR TONE
No change in basal tone was observed when intact or denuded 

aortic rings were exposed to OXLDL (0.1-2 mg protein/ml) for 
up to 30 mins. For example, Figure 33a shows the addition of 
2 mg/ml of OXLDL to an uncontracted tissue.
Furthermore, OXLDL (0.1-2 mg protein/ml) did not evoke 

changes in tone when added to pre-contracted aortic rings. 
Figure 33b shows the addition of 2 mg/ml of OXLDL to a tissue 
pre-contracted with PE (0.05 /iM).
4.2.2 INHIBITION OF ACh-EVOKED EDR BY OXLDL
(i) Time-dependence of the inhibition of ACh-evoked EDR by 
OXLDL

In contrast to the immediate attenuation of EDR observed in 
the presence of LDL, the inhibition of ACh-evoked relaxations 
by OXLDL was time-dependent and required a 30 min pre-
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Addition of OXLDL to resting and pre-contracted tissues
(a) Addition of OXLDL (2 mg protein/ml) to basal tone
(b) Addition of OXLDL (2 mg protein/ml) to tissue pre
contracted with PE (0.1_ /iM)
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incubation period before maximal inhibition was observed. 
Figure 34 shows the time course for the inhibition of maximal 
relaxation in the presence of OXLDL (2 mg protein/ml) prepared 
from three donors (1, 2 and 9; 4 preparations from each). The 
onset of the inhibitory effects was about 20 mins after the 
addition of OXLDL to the organ bath and maximal inhibition was 
observed at 30 mins. Figure 34 also shows the differences in 
the degree of inhibition caused by preparations of OXLDL from 
different donors which will be discussed in more detail in 
section 4.2.2 (iii). Extending the incubation period to 60 
mins did not further enhance the inhibition of ACh-evoked 
relaxations caused by OXLDL, and therefore, all experiments 
were carried out using a 30 min pre-incubation period, unless 
otherwise stated.
fii) OXLDL concentration and inhibition of EDR
The inhibition of ACh-evoked relaxations by OXLDL was 

concentration dependent and the threshold concentration for 
all preparations was 0.5-0.75 mg protein/ ml, despite the 
great variation in the extent of inhibition caused by OXLDL 
preparations from different donors. Figure 35 shows the 
relationship between LDL protein concentration and the extent 
of inhibition of ACh-evoked relaxations caused by OXLDL 
preparations from different donors (1, 9, and 13; 1
preparation from each). The inhibition of EDR was maximal at 
an OXLDL concentration of 2 mg protein/ml and so this 
concentration was used routinely unless otherwise stated. At
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Figure 34
Time course for the inhibition of maximal relaxation by 
preparations of OXLDL (2 mg protein/ml) from 3 donors (lf 2 
and 9)
Tissues pre-contracted with PE (0.05-0.1 juM) and relaxed to 
cumulative doses of ACh (5 nM-10 /xM). Following washout and 
recovery, OXLDL (2 mg protein/ml) added to the baths and 
incubated for up to 60 mins before the contraction/relaxation 
cycle was repeated. The degree of inhibition is expressed as 
% inhibition of maximal relaxation at each time point. Values 
are the mean of 4 preparations from each donor.
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Figure 35
Relationship between concentration and the inhibition of 
maximal relaxation by OXLDL from 3 donors (1, 9 and 13)
Tissues pre-contracted with PE (0.05-0.1 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 /iM). Following washout and 
recovery, OXLDL (0.5-2 mg protein/ml) added to the baths and 
incubated for 30 mins before the contraction/relaxation cycle 
was repeated. The degree of inhibition is expressed as % 
inhibition of maximal relaxation caused by each concentration 
of OXLDL (1 preparation from each donor).
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protein concentrations above 2 mg protein/ml, excessive 
frothing occured in the organ baths which disturbed the 
recording of responses.
The influence of a lower concentration of OXLDL (0.1 mg 

protein/ml; donors 2 and 3), pre-incubated with the tissues 
for longer periods, was also investigated. However, no 
inhibition of EDR was observed after 2 hrs pre-incubation 
and the EC50 values for ACh before and after exposure to OXLDL 
were 50 ± 5.2 nM (n=4) and 47.6 ± 4.2 (n=4) respectively. 
fii) OXLDL preparations from individual donors
As described above, OXLDL was found to inhibit ACh-evoked 

relaxations of pre-contracted rabbit aortic rings. However, 
the extent and the reversibility of this effect was dependent 
on the donor of the plasma from which the OXLDL was prepared. 
OXLDL from each donor was found to behave in a characteristic, 
reproducible manner with respect to both inhibition of EDR and 
rate of oxidation as measured by conjugated diene formation 
(Chapter 2).
Figure 36 shows ACh-evoked relaxations of aortic rings pre

contracted with PE (0.1 /iM) in the presence of OXLDL (2 mg 
protein/ml) prepared from two individual donors which 
inhibited EDR to different extents. In the presence of OXLDL 
from donor 1 ACh-evoked relaxations were almost completely 
inhibited (Figure 36b), whereas in the presence of OXLDL from 
donor 9 (Figure 36c) maximal relaxation was only inhibited by
45.5 ± 2.9% (n=4).
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Figure 2£
ACh-evoked relaxations of PE-contracted tissues in the 
presence and absence of OXLDL (2 mg protein/ml; donors 1 and 
9)
Tissues pre-contracted with PE (0.1 /iM) and relaxed to 
cumulative doses of ACh (5 nM- 3 fXM.).
(a) Control
(b) In the presence of OXLDL from donor 1
(c) In the presence of OXLDL from donor 9
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OXLDL prepared from a number of donors displayed a spectrum 
of inhibitory behaviour ranging from a small, reversible 
decrease in sensitivity to ACh, with no inhibition of the 
maximal level of relaxation, to total, irreversible inhibition 
of ACh-evoked EDR. Examples of ACh dose-response curves in the 
presence and absence of OXLDL (2 mg protein/ml) preparations 
from different donors are shown in Figure 37. Figure 37fc* shows 
the reversible, decrease in sensitivity to ACh observed in the 
presence of OXLDL from donors 12 and 13 (4 preparations from 
each donor), whereas Figure 37> shows the large, irreversible, 
inhibition of maximal relaxation caused by OXLDL from donors 
4 and 6 (4 preparations from each donor).
The effects of OXLDL (2 mg protein/ml) preparations from 13 

donors on ACh-evoked EDR are summarized in Table 5. The values 
for % inhibition of maximal relaxation following pre
incubation with OXLDL and after washout demonstrate both the 
significant variation in the extent of inhibition of EDR 
caused by different preparations of OXLDL and in the 
reversibility of these effects.
Unlike the attenuation of EDR observed in the presence of 

LDL, the inhibition caused by OXLDL was independent of the 
agonist used to pre-contract the tissues, therefore PE (0.05- 
0.1 nM) was used for all experiments as it was found to 
produce a more stable level of tone.
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Figure 37
The influence of OXLDL preparations from different donors on 
ACh-evoked EDR
Tissues pre-contracted with PE (0.05-0.1 /iM) and relaxed to 
cumulative doses of ACh (5 nM-5 /iM). Following washout and 
recovery, tissues pre-incubated with OXLDL (2 mg protein/ml) 
for 30 mins before contraction/relaxation cycle repeated. 
After further washout and recovery, tissues re-challenged with 
PE and ACh
(a) OXLDL from donors 4 and 6
(b) OXLDL from donors 12 and 13
Students' t-test compared to control ; * p<0.05.
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TABLE 5 INHIBITION OF ACh-EVOKED RELAXATIONS BY
OXLDL (2 mg protein/ml^ PREPARED FROM DIFFERENT DONORS

DONOR % INHIBITION OF MAXIMAL RELAXATION
IN THE AFTER

PRESENCE OF OXLDL WASHOUT

1 (n=4) 100 * 100*
2 (n=6) 96.5 ± 2.5 * 89.5 ± 3.9 *
3 (n=3) 93 .9 ± 2.9 * 86. 3 + 4.2 *
4 (n=6) 84.0 + 4.7 * 82.3 ± 3.5 *
5 (n=3) 84.0 ± 3.9 * 35.6 + 4.3 *
6 (n=4) 79.1 ± 4.8 * 72.5 ± 3.6 *
7 (n=6) 47.2 + 2.5 * 2.0 + 2.4
8 (n=4) 46.3 + 2.6 * 2.1 ± 2.0
9 (n=4) 45.5 + 2.6 * 1.9 + 1.4
10 (n=4) 41.7 ± 2.1 * 1.5 ± 1.9
11 (n=7) 13 .0 ± 5.7 * 3.2 + 3.1
12 (n=8) 6.3 ± 5.4 2.9 ± 3.0
13 (n=6) 5.8 ± 4.3 1.7 + 1.5

Students t-test compared to control : * p<0.05.
Values for % inhibition of maximal relaxation in the presence 
of OXLDL, show significant variations between many of the
donors (ANOVA, p<0.001). Exceptions are 1 and 2, 2 and 3, 3
and 4, 3 and 5, 4 and 5, 4 and 6, 5 and 6, 7 and 8, 7 and 9,
8 and 9, 8 and 10, 9 and 10, 12 and 13.
Numbers will be used in text to refer to OXLDL preparations 
from individual donors.
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fiv) The effect of indomethacin. SOD and L-arainine on the 
inhibitory actions of OXLDL
The impairment of EDR in atherosclerotic porcine coronary 

arteries has been shown to be partly due to the release of an 
endothelium-derived vasoconstrictor product of cyclo-oxygenase 
(Shimokawa and Vanhoutte, 1989). Therefore, to investigate 
whether cyclo-oxygenase products contribute to the OXLDL- 
induced inhibition of ACh-evoked EDR experiments were carried 
out in the presence of the cyclo-oxygenase inhibitor 
indomethacin. However, pre-incubation of tissues with 
indomethacin (50 /iM) for 15 mins prior to the addition of LDL 
did not significantly decrease the inhibition of ACh-evoked 
relaxations caused by OXLDL (2 mg protein/ml) from two donors 
(3 preparations from donor 5; 4 preparations from donor 7). 
In the presence of OXLDL, the maximal level of relaxation 
evoked by ACh was inhibited by 84 ± 3.9% (n=3) and 49.6 ± 3.2% 
(n=4), and in the presence of indomethacin and OXLDL the 
values for % inhibition of maximal relaxation were 82.9 ± 3.6% 
(n=3) and 46.5 ± 4.2% (n=4) respectively.
EDRF is rapidly inactivated by 02' and therefore, to 

investigate whether the accelerated destruction of EDRF by the 
generation of 02" could contribute to the inhibition of EDRF- 
mediated relaxations by OXLDL, experiments were carried out 
in the presence of the free radical scavenger SOD (20 U/ml). 
As shown in section 3.3.2, SOD slightly potentiated ACh-evoked 
relaxations of pre-contracted aortic rings (Figure 18a).
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However, the presence of SOD within the organ bath did not 
reduce the inhibition of ACh-evoked relaxations caused by
OXLDL (2 mg protein/ml) from two donors (2 and 7; 4
preparations from each) . In the presence of OXLDL from the two 
donors, the maximal level of relaxation was inhibited by 95.4 
± 23% (n=4) and 49.6 ± 3.2% (n=4). In the presence of SOD and 
OXLDL, the values for inhibition of maximal relaxation were
94.9 ± 3.5% (n=4) and 46.2 ± 2.7% (n=4).
L-arginine is the proposed substrate for the formation of 

NO, the mediator of EDR. Recently it has been suggested that 
the attenuation of EDR observed in blood vessels of 
hypercholesterolemic and atherosclerotic animals may be due 
to inhibition of L-arginine metabolism or mobilization and 
infusion of L-arginine has been shown to restore sensitivity 
to endothelium-dependent relaxants in the perfused hindlimb 
and cerebral vessels of cholesterol-fed rabbits (Cooke et al. , 
1991; Girerd et al. . 1990). As shown in section 3.2.2, in this 
study L-arginine did not evoke EDR and did not potentiate ACh- 
evoked relaxations of pre-contracted rabbit aortic rings. Pre
incubation of L-arginine (100 /iM) in the organ bath for up to 
30 mins did not prevent the inhibition of ACh-evoked 
relaxations by OXLDL (donor 8; Figure 38b) and addition of L- 
arginine to pre-contracted tissues after the inhibition of 
ACh-evoked relaxations had been observed did not restore EDR 
responses (donor 4? Figure 38c).
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L-arginine and the inhibition of ACh-evoked EDR by OXLDL 
Tissues pre-contracted with PE (0.05 /iM) and relaxed to 
cumulative doses of ACh (5 nM-5 /iM). Following washout and 
recovery, OXLDL (2 mg protein/ml; donors 4 and 8) added to 
baths and pre-incubated for 30 mins before 
contraction/relaxation cycle repeated.
(a) Control
(b) Tissue pre-incubated with L-arginine (100 /iM) before the 

addition of OXLDL (donor 8).*
(c) L-arginine (100 /iM) added to tissue after inhibition of 

ACh-evoked relaxations in the presence of OXLDL had been 
observed (donor 4).
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fv'l The influence of Probucol and Ascorbic acid on the 
inhibitory actions of OXLDL
The presence of the anti-oxidant ascorbic acid (10 mM) and 

the lipid-lowering drug probucol (10 /iM) , which also has 
strong anti-oxidant properties, in the organ bath prevented 
the inhibitory effects of LDL (section 3.2.2). However, 
neither of these agents significantly altered the inhibitory 
effects of OXLDL on ACh-evoked EDR.

In the presence of OXLDL (2 mg protein/ml? donors 7 and 10; 
4 preparations from each) the maximal level of relaxation was 
inhibited by 47.6 ± 4.5% (n=8) and in the presence of ascorbic 
acid and OXLDL 45.3 ± 4.3 % (n=8) inhibition of maximal
relaxation was observed. Similarly, in the presence of OXLDL 
(2 mg protein/ml? donor 2? 4 preparations) and probucol (10 
/iM) the maximal response to ACh was inhibited by 96.8 ± 3.6% 
and following exposure to OXLDL alone 95.4 ± 3.6% inhibition 
of maximal relaxation was obtained.
(vi^ The influence of HDL and albumin on the inhibition of 
EDR by OXLDL

In this study the influence of HDL and the plasma protein 
albumin on the inhibitory action of OXLDL was investigated. 
As shown in section 3.2.2, HDL (0.5-5 mg protein/ml) and serum 
albumin (0.5-5 mg protein/ml; fatty acid free) alone had no 
effect on ACh-evoked relaxations of pre-contracted aortic 
rings (Figure 21).
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The influence of HDL and albumin on the inhibitory actions 
of OXLDL were examined by the addition of HDL (0.5-2 mg 
protein/ml) or albumin (Fatty acid free; 0.5-2 mg protein/ml) 
to the organ baths immediately before the addition of OXLDL. 
The lipoproteins were then incubated with the tissues for 30 
mins. Both HDL and albumin reduced the inhibitory effects of 
OXLDL, however, the degree of reduction depended on the 
inhibitory potency of the OXLDL preparation. Figure 39a shows 
ACh dose-response curves in the presence of HDL (0.5-2 mg 
protein/ml) and OXLDL preparations which at a concentration 
of 2 mg protein/ml inhibited the maximal level of relaxation 
by 79.1 ±4.8% (donor 6; 4 preparations). In the presence of
increasing concentrations of HDL the ability of the OXLDL to 
inhibit ACh-evoked relaxations was reduced and at a HDL 
concentration of 2 mg protein/ml, the inhibitory effects of 
the OXLDL were completely abolished. At the lower 
concentration of 1 mg protein/ml, OXLDL inhibited maximal 
relaxation by 49 ± 2.4 (n=4). This was completely prevented 
by HDL at a concentration of 1 mg protein/ml (Figure 39b).
The plasma protein serum albumin also reduced the inhibitory 

effects of OXLDL. Figure 40a shows that albumin (2 mg 
protein/ml) completely abolished the inhibition of ACh-evoked 
relaxations caused by preparations of OXLDL (2 mg protein/ml; 
donor 13; 4 preparations) which caused a significant right
ward shift in the ACh dose-response curve but did not reduce 
the maximal level of relaxation.
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Ficmre 39a
The influence of HDL on the inhibition of ACh-evoked EDR by 
OXLDL
Tissues pre-contracted with PE (0.05 /iM) and relaxed to 
cumulative doses of ACh (5 nM-5 /iM). following washout and 
recovery, HDL (0.5-2 mg protein/ml) and OXLDL (2 mg 
protein/ml; donor 6? 4 preparations), added to baths and pre- 
incubated for 30 mins before contraction/relaxation cycle 
repeated (n=4)
Students t-test compared to control : * p<0.05.
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Figure 39b
The influence of HDL on the inhibition of ACh-evoked EDR by 
OXLDL
Tissues pre-contracted with PE (0.05 /iM) and relaxed to 
cumulative doses of ACh (5 nM-5 /iM) . following washout and 
recovery, HDL (1 mg protein/ml) and OXLDL (1 mg protein/ml? 
donor 6? 4 preparations), added to baths and pre-incubated for 
30 mins before contraction/relaxation cycle repeated (n=4) 
Students t-test compared to control : * p<0.05.
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However, the same concentration of albumin (2 mg protein/ml) 
reduced but did not reverse the effects of a more potent OXLDL 
preparation (2 mg protein/ml; donor 4; 4 preparations) which 
inhibited the maximal ACh-evoked relaxation by 84 ± 4.7% (n=4; 
Figure 40b).
4.2.3 OXLDL AND A23187-EVOKED RELAXATIONS
To determine whether the inhibition of EDR by OXLDL is 

specific for receptor-mediated EDR, the effect of OXLDL on 
A23187-evoked relaxations was assessed.
Figure 41a shows EDR evoked by the addition of cumulative 
doses of the calcium ionophore A23187 to a rabbit aortic ring 
pre-contracted with PE (0.1 /iM). Following 30 mins pre
incubation with OXLDL (2 mg protein/ml; donor 1), there is 
almost complete inhibition of A23187-evoked relaxations 
(Figure 41b) which is not reversed by removal of the OXLDL 
(Figure 41c). OXLDL from this donor also caused complete, 
irreversible inhibition of ACh-evoked relaxations as shown in 
Figure 36b and Tables (Section 4.2.2).
4.2.4 OXLDL AND NO-EVOKED RESPONSES
NO is the proposed mediator of ACh and A23187-evoked EDR in 

rabbit aortic rings. To determine if a direct interaction 
between NO and OXLDL could contribute to the inhibition of 
EDR, the effect of OXLDL (2 mg protein/ml) on relaxations 
evoked by exogenous NO was investigated.
NO elicits transient, dose-dependent relaxations of pre

contracted aortic rings as shown in Figure 28, which are
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Ficrure 40
The influence of serum albumin on the inhibition of ACh-evoked 
EDR by OXLDL
Tissues pre-contracted with PE (0.05 /iM) and relaxed to 
cumulative doses of ACh (5 nM-5 /iM). Following washout and 
recovery, .albumin (2 mg protein/ml) and OXLDL (2 mg 
protein/ml; donors 4 and 13? 4 preparations from each), added 
to baths and pre-incubated for 30 mins before 
contraction/relaxation cycle repeated (n=4)
(a) OXLDL (2 mg protein/ml? donor 13) and albumin (2 mg 
protein/ml)
(b) OXLDL (2 mg protein/ml? donor 4) and albumin (2 mg 
protein/ml)
Students t-test compared to control : * p<0.05.
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Figure 41
OXLDL and A23187-evoked relaxations
Tissue pre-contracted with PE (0.1 #iM) and relaxed to 
cumulative doses of A23187 (1 nM-0.5 jjM)
(a) Control
(b) After 30 mins exposure to OXLDL (2 mg protein/ml; donor 

1)
(c) After washout
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independent of the presence of endothelium (section 3.2.4).
In the presence of OXLDL (2 mg protein/ml; donors 2, 7, 9 

and 12; 1 preparation from each donor) there was an
attenuation of NO-evoked relaxations of endothelium-denuded 
aortic rings, which is shown as a significant rightward shift 
in the dose-response curve in Figure 42a. The maximal level 
of relaxation before exposure to OXLDL was 89 ± 3% (n=4) and
85.5 ± 3% (n=4) in the presence of OXLDL. Sensitivity to NO 
was completely restored after washout.

SOD (20 U/ml) significantly potentiated the relaxations 
evoked by exogenous NO as shown in Figure 30. However, SOD did 
not significantly change the attenuation of NO-evoked 
responses in the presence of OXLDL as shown in Figure 42b. 
The inhibition of NO-evoked responses by OXLDL was immediate 
and no significant differences were observed in the inhibitory 
effects of OXLDL preparations from different donors. 
Therefore, although a direct interaction between OXLDL and the 
lipophilic mediator of EDR, NO, may contribute to the 
inhibition of EDR, it cannot account for the time-dependence 
of the inhibitory effects or for the differences in the 
inhibitory potency of OXLDL preparations from individual 
donors.
4.2.5 OXLDL AND GTN-EVOKED RESPONSES
Responses elicited by exogenous NO and EDRF are mediated by 

activation of soluble guanylate cyclase leading to increases 
in cGMP levels in vascular smooth muscle (Arnold et al. . 1977;
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Figure 42
NO dose-response curves in the presence and absence of OXLDL 
(2 mg protein/ml) and SOD (20 U/ml)
Endothelium-denuded aortic rings pre-contracted with PE (0.05 
/iM) and relaxed to increasing doses of NO (13 nM-2 /iM). 
Following washout and recovery, OXLDL (2 mg protein/ml) alone 
or with SOD (20 U/ml) added to the baths and 
contraction/relaxation cycle repeated. After further washout 
and recovery, rings were re-challenged with PE and NO (n=4)
(a) OXLDL
(b) OXLDL and SOD
Students t-test compared to control : *p<0.05

161



Diamond and Chu, 1983). In order to determine whether the 
inhibition of these responses by OXLDL could be due to an 
action on soluble guanylate cyclase, the effect of OXLDL on 
relaxations evoked by the nitrovasodilator GTN was assessed. 
As shown in section 3.2.5, cumulative doses of GTN (1 nM- 0.03 
/iM) elicit dose-dependent relaxations of pre-contracted rabbit 
aortic rings which are independent of the endothelium.
OXLDL (2 mg protein/ml; donors 4, 5, 8 and 10? 1 preparation 
from each donor) caused an immediate decrease in sensitivity 
to GTN in endothelium-denuded and intact tissues, which is 
shown as a significant rightward shift in the dose-response 
curve in Figure 43.

In the presence of OXLDL the maximal level of relaxation 
elicited by GTN was reduced from 95.5 ± 2.4% (n=4) to 89 ± 
3.1% (n=4), and the EC50 value was increased from 7 ± 0.9 nM 
to 26 nM ± 2.5 nM. The attenuation of GTN-evoked relaxations 
was completely reversed on washout and was not potentiated by 
pre-incubation of the OXLDL for 30 mins.
Thus, in contrast to LDL, an attenuation of vascular smooth 

muscle activity may contribute to the inhibition of EDR caused 
by OXLDL, although it cannot account for the time-dependence 
of the inhibition of EDR by OXLDL. Additionally, OXLDL 
preparations from different donors attenuated GTN-evoked 
relaxations to the same extent despite the different 
inhibitory effects of these preparations on ACh-evoked EDR.
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Figure 43
The influence of OXLDL on GTN-evoked relaxations
Endothelium-denuded aortic rings pre-contracted with PE (0.05 
/iM) and relaxed to cumulative doses of GTN (1 nM-1 /iM). 
Following washout and recovery, OXLDL (2 mg protein/ml) added 
to baths and contraction/relaxation cycle repeated. After 
further washout and recovery tissues re-challenged with PE and 
GTN (n=4)
Students t-test compared to control : * p<0.05.
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4.2.6 THE RELATIONSHIP BETWEEN THE RATE OF OXIDATION OF LDL
AND THE INHIBITION OF ACh-EVOKED EDR BY OXLDL

The oxidative modification of LDL by incubation with Cu2+ can 
be monitored by the change in absorbance at 234 nmdue to the 
formation of conjugated dienes (Esterbauer et al.. 1989). In 
this study, this method has revealed great variation in the 
susceptibility of LDL preparations from different donors to 
oxidation (Chapter 2). As differences were also found in the 
ability of OXLDL preparations from individual donors to 
inhibit EDR, these two factors were examined together.
The susceptibility to oxidation of LDL preparations 

isolated from the plasma of 8 donors was assessed by 
measurement of the half-time of conjugated diene formation as 
described in section 2.4.2. The ability of the same 
preparations of OXLDL to inhibit ACh-evoked EDR was measured 
as the % inhibition of maximal relaxation. Table 6 shows the 
% inhibition of maximal relaxation and the half-time for 
conjugated diene formation for the different donors. A 
negative trend in the susceptibility to oxidation of LDL from 
donors 2 to 13 (shown by increasing half-times) was paralleled 
by a similar trend in the inhibition of EDR (shown as 
decreasing value for % inhibition of maximal relaxation), i.e. 
the preparations which oxidized most readily were the most 
potent at inhibiting EDR.
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TABLE 6 THE RETATIONSHIP BETWEEN RATE OF LDL
OXIDATION AND INHIBITION OF EDR

DONOR HALF-TIME % INHIBITION OF
MAXIMALRELAXATION

(mins)

2 (n=4) 40 + 4.5 97.0 ± 2.5*
4 (n=3) 45 + 1.7 93.0 + 4.1*
5 (n=3) 54 + 3.2 84.0 ± 3.7*
6 (n=3) 69 + 3.9 79.0 ± 1.9*
7 (n=3) 120 ± 5.1 51.3 ± 3.0*
10 (n=4) 135 ± 4.3 41.7 ± 2.1*
11 (n=4) 155 + 7.3 19.5 ± 4.9*
12 (n=4) 160 ± 4.6 10.5 ± 5.4*

Students t-test compared to control : * p<0.05

Values of half-time and %I R^ showed significant variation 
between donors (ANOVA, p<0.001). Exceptions are :
(a) For both parameters, 2 and 4
(b) For half-time only, 11 and 12
(c) For %I of R̂ * only, 4 and 5, 5 and 6
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4.2.7 PLA.-LDL AND ACh-EVOKED RELAXATIONS
As described previously, during oxidative modification of 

LDL, PC is converted to LPC which has been proposed as the 
inhibitory component of OXLDL. In order to determine whether 
LPC can contribute to the inhibitory effects of OXLDL, LDL was 
treated with PLA2 to generate LDL particles with a high LPC 
content but without the other biochemical changes associated 
with oxidation (PLA2-LDL; Yokoyama et al. . 1990).

PLA2-LDL (0.1 mg protein/ml) caused an immediate decrease in 
sensitivity to ACh which was partially reversed on washout. 
The maximal level of relaxation before PLA2-LDL treatment was
94.5 ± 6.1% (n=25) and in the presence of PLA2-LDL, this was 
reduced to 30.9 ± 3.2% (n=25). After washout, the maximal
response was 65.2 ± 4.3% (n=25). Dose-response curves to ACh 
in the presence and absence of PLA2-LDL (0.1 mg protein/ml) 
are shown in Figure 44.
The inhibition of ACh-evoked relaxations by PLA2-LDL was 

independent of the contractile agonist used to pre-contract 
the tissues and no significant differences were found in the 
inhibition caused by PLA2-LDL prepared from different donors, 
therefore all results were pooled.
LDL (0.1 mg protein/ml) incubated at 37°C in the absence of 

enzyme and PLA2 (2 U/ml) alone had no effect on ACh-evoked 
EDR, even after 30 mins pre-incubation as shown in Figure 45.
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Figure 44
The influence of PLAa-LDL (0.1 mg protein/ml) on ACh-evoked 
relaxations
Aortic rings pre-contracted with PE (0.05 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 /xM). Following washout and 
recovery, PLA2-LDL (0.1 mg protein/ml) added to baths and 
contraction/relaxation cycle repeated. After further washout 
and recovery tissues re-challenged with PE and ACh (n=25) 
Students t-test compared to control : * p<0.05.
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Figure 45
The influence of PLA2 (2 U/ml) and LDL (0.1 mg protein/ml) 
incubated in the absence of enzyme on ACh-evoked relaxations 
Aortic rings pre-contracted with PE (0.05 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 /iM) . Following washout and 
recovery, PLA2 (2 U/ml) or LDL (0.1 mg protein/ml) added to 
baths and contraction/relaxation cycle repeated. After further 
washout and recovery tissues re-challenged with PE and ACh 
(n=25)
(a) L ^ C O ' l ^  probzi^/rwO
(b) PL.̂ 2. (2.U/r~sOStudents t-test compared to control : * p<0.05.
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(a) The influence of pre-incubation on the inhibition of ACh-
evoked EDR by PLA.-LDL

In contrast to the time-dependent nature of the inhibition 
of EDR by OXLDL, the inhibition of ACh-evoked relaxations by 
PLA2-LDL was immediate and was not potentiated by pre
incubation. With no pre-incubation PLA2-LDL (0.1 mg

CC30~A'=aCZcsA CX ^  c o r v t  d ( Z c n 2 c > S «  .£  <3 K - j t o  P N O ' czktxzzX

protein/ml inhibited the maximal relaxation by 67.2 ± 3.3 
(n=25). ^fter pre-incubation of the PLA2-LDL with the
tissues for 60 mins the maximal response was reduced by
67.5 ± 2.1% (n=4).
fb') Concentration dependence of inhibition by PLA,-LDL 
The threshold concentration for inhibition of ACh-evoked EDR 
by PLA2-LDL was 0.01 mg protein/ml and maximal effects were 
observed at 0.1 mg protein/ml. In the presence of 0.01 mg 
protein/ml of PLA2-LDL, the maximal relaxation to ACh was 
inhibited by 51.4 ± 3.3% (n=4) and at a concentration of 0.05 
mg protein/ml there was 56.2 ± 3.2% inhibition of the maxiaml 
response.
(c) Albumin and the inhibitory effects of PLA.-LDL

As shown in Figure 46, albumin (0.1 mg protein/ml) 
completely prevented the inhibition of ACh-elicited EDR caused 
by PLA2-LDL (0.1 mg protein/ml). In the presence of PLA2-LDL 
the maximal response to ACh was reduced by 66.9 ± 1.9 (n=8) 
but in the presence of PLA2-LDL and albumin (0.1 mg 
protein/ml) the maximal relaxation was inhibited by only 0.6 
± 1.1 (n=4).
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Figure 46
The influence of albumin (0.1 mg protein/ml) on the inhibition 
of ACh-evoked relaxations by PLA2-LDL (0.1 mg protein/ml)
Aortic rings pre-contracted with PE (0.05 /iM) and relaxed to 
cumulative doses of ACh (5 nM-10 /iM) . Following washout and 
recovery, PLA2-LDL (0.1 mg protein/ml) alone, or together with 
albumin (0.1 mg protein/ml) added to baths and 
contraction/relaxation cycle repeated. After further washout 
and recovery tissues re-challenged with PE and ACh (n=25) 
Students t-test compared to control : * p<0.05.

170



4.2.8 LPC AND INHIBITION OF ACh-EVOKED EDR BY OXLDL
LPC has been proposed as the factor responsible for the 

inhibition of EDR by OXLDL (Kugiyama et al. . 1990;
Yokoyama et al. . 1990). Therefore, to determine whether
differences in LPC content could account for the variation in 
the ability of OXLDL preparations from individual donors to 
inhibit EDR, the LPC content of OXLDL preparations from 
different donors was compared (section 2.4.2).
Table 7 shows the % inhibition of maximal relaxation caused 
by preparations of OXLDL from 8 donors (2, 4, 5, 6, 7, 10, 11 
and 12? 3-4 preparations from each donor) and the LPC content 
(/imol/mg protein) of the same preparations. The inhibition of 
ACh-evoked EDR caused by the different preparations varied 
from 10.5-97% and significant differences were found between 
donors (ANOVA, p<0.001). However, the LPC content of all OXLDL 
preparations was not significantly different (mean value 0.22 
± 0.025 /imol/mg? n=28) indicating that the LPC content of 
OXLDL preparations was not related to the ability to inhibit 
EDR. For example, OXLDL prepared from the plasma of donor 2 
inhibited maximal relaxation by 97 ± 2.5% (n=4) whereas OXLDL 
from donor 12 only caused 10.5 ± 5.4% (n=4) inhibition. The 
LPC content of OXLDL from donor 2 was 0.20 ± 0.045 /imol/mg 
(n=4 preparations) and the LPC content of OXLDL from donor 12 
was 0.25 ± 0.051 /imol/mg (n=4 preparations). Additionally, 
PLA2-LDL prepared from the plasma of different donors did not 
differ significantly with respect to inhibition of EDR, and
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TABLE 7 THE RELATIONSHIP BETWEEN LPC CONTENT
AND INHIBITION OF EDR

DONOR LPC CONTENT %I OF R....
(/imol/mg protein)

2 (n=4) 0.20 ± 0.045 97.0 + 2.5*
4 (n=3) 0.17 ± 0.056 93 .0 + 4.1*
5 (n=3) 0.21 ± 0.057 84.0 + 3.7*
6 (n=3) 0.26 ± 0.083 79.0 + 1.9*
7 (n=3) 0.23 ± 0.040 51.3 + 3.0*

10 (n=4) 0.25 ± 0.080 41.7 + 2.1*
11 (n=4) 0.18 ± 0.057 19.5 + 4.9*
12 (n=4) 0.25 ± 0.051 10.5 ± 5.4*

Students t-test compared to control : * p<0.05

the mean LPC content of PLA2-LDL was 0.35 ± 0.05 /imol/mg 
(n=10).
Comparison of the LPC concentration present in PLA2-LDL (0.1 

mg protein/ml) and OXLDL (2 mg protein/ml) prepared from one 
donor (donor 6) shows that although the lipoproteins inhibit 
EDR to a similar extent, the LPC concentration within the bath 
in the presence of PLA2-LDL was approximately 15 times lower 
than in the presence of OXLDL. PLA2-LDL (0.1 mg protein/ml; 
0.035 /imol LPC/ml) inhibits maximal relaxation by 65.4 ± 2.1% 
and OXLDL, (2 mg protein/ml; 0.52 /imol LPC/ml) inhibited 
maximal relxation by 79 ± 1.9%.
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4.3 DISCUSSION AND CONCLUSIONS
The earliest gross lesion of atherosclerosis is the fatty 

streak, characterized by intimal accumulation of macrophage- 
derived foam cells and most studies of the role of OXLDL in 
the atherosclerotic process have focused on scavenger receptor 
activity and foam cell formation (see for example Henriksen 
et al..1983; Steinbrecher et al. . 1984). However, it is now 
clear that OXLDL can exert both inhibitory and stimulatory 
effects on many cellular functions such as expression of 
growth factors (Fox et al. . 1987) and production of PGI2
(Triau et al. r 1988), and may act in a similar manner to 
cytokines in activating inflammatory and immune responses 
(Berliner et al.. 1990).
Many investigations have demonstrated that EDR are inhibited 

in atherosclerotic blood vessels from both animals and humans 
(see for example, Verbeuren et al. . 1986? Shimokawa and
Vanhoutte, 1989) and in this study the possible role of OXLDL 
in the alteration of vascular reactivity in atherosclerosis 
was examined.

OXLDL inhibited EDR in isolated, pre-contracted rabbit 
aortic rings, but the extent and reversibility of this 
inhibition was dependent on the donor of the plasma from which 
the LDL was isolated. The inhibitory effects ranged from a 
small, reversible decrease in sensitivity to the endothelium- 
dependent relaxant ACh to complete, irreversible inhibition 
of EDR, but all preparations of OXLDL from each donor were
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found to behave in a characteristic, reproducible manner. 
Following this observation, the mechanism underlying the 
inhibition of EDR by OXLDL was further investigated by 
examining the possible sites of action for the inhibition and 
the nature of the inhibitor.

ACh-evoked EDR are mediated by activation of endothelial 
muscarinic receptors and some studies have suggested that 
atherosclerosis causes selective impairment of endothelial 
receptor function (Bossaller et al. . 1987b). However, many
other investigations have demonstrated attenuation of both 
receptor-mediated and receptor-independent EDR in isolated 
atherosclerotic blood vessels (see for example, Verbeuren et 
al. . 1986? Shimokawa and Vanhoutte, 1989). In this study,
OXLDL was shown to inhibit both ACh- and A2 3187-evoked EDR

S  <2jL<ZC.bi ̂£2.
indicating that OXLDL not cause^endothelial cell receptor
dysfunction and that the site of action of OXLDL is subsequent 
to receptor activation.

The proposed mediator of EDR in the rabbit aorta is NO 
(section 1.4) and it has been suggested that the decreased EDR 
observed in atherosclerotic vessels may be due to increased 
inactivation of NO before it reaches the vascular smooth 
muscle (Lopez et al. . 1989a? 1989b). In the presence of OXLDL, 
relaxations of pre-contracted rabbit aortic rings evoked by 
the addition of exogenous NO were inhibited. This inhibitory 
effect was immediate, and, like the inhibition of ACh-evoked 
EDR by OXLDL, was not prevented by SOD indicating that 02',
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which is a potent inactivator of NO (Gryglewski et al. , 1986), 
was not involved. Also, the degree of inhibition of NO-evoked 
relaxations caused by all OXLDL preparations was almost 
identical to that caused by LDL, indicating that direct 
sequestration or inactivation of the lipophilic mediator by 
the lipoprotein particles may be responsible and that this is 
a general property of all LDL preparations. In agreement with 
this finding, a recent bioassay study has also shown that LDL 
and OXLDL can directly inactivate EDRF released from cultured 
endothelial cells (Galle et al. . 1991). However, this
mechanism cannot account for the great variation observed in 
the degree of inhibition of EDR by different preparations of 
OXLDL reported in this study, or for the time-dependence of 
this effect.

EDR relaxations are mediated by activation of soluble 
guanylate cyclase. Many studies have demonstrated that 
responses to the nitrovasodilator GTN, which also evokes 
vascular relaxation by activation of soluble guanylate 
cyclase, are unaltered by atherosclerosis indicating that 
smooth muscle function is unimpaired by the disease (Jayakody 
et al. r 1985? Freiman et al.. 1986? Bossaller et al.. 1987b). 
However, with severe atherosclerosis a decrease in sensitivity 
to GTN, shown as a significant right-ward shift of the dose- 
response curve has been observed, although the maximal level 
of relaxation was unaltered (Berkenboom et al.. 1989?
Verbeuren et al.. 1986? 1990). In this study, OXLDL was found
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to cause a similar decrease in sensitivity to GTN which was 
overcome at higher concentrations of the relaxant, suggesting 
that the OXLDL may contribute to the attenuation of vascular 
smooth muscle responsiveness to this agent in atherosclerotic 
vessels. Furthermore, OXLDL was recently shown to inhibit the 
activation of partially purified soluble guanylate cyclase by 
both nitrovasodilators and NO (Schmidt et al.. 1990),
indicating that a direct interaction between the lipoprotein 
and enzyme may occur. However, in these experiments OXLDL was 
incubated directly with the enzyme and the extent of 
inhibition of guanylate cyclase was much greater than the 
attenuation of GTN-evoked responses reported in 
atherosclerotic blood vessels or observed in the study 
presented here. All OXLDL preparations tested in this study 
caused an immediate inhibition of GTN-evoked responses, 
indicating that the decrease in sensitivity to GTN is mediated 
by a different mechanism to the inhibition of EDR.

It has been suggested that the attenuation of EDR in 
atherosclerosis may be due to decreased production or activity 
of EDRF and concomitant production of vasoconstricting factors 
(Luscher and Vanhoutte, 1986). In support of this hypothesis, 
the attenuation of EDR in isolated coronary vessels from 
atherosclerotic pigs has been shown to be partly due to the 
release of an endothelium-derived constrictor product of 
cyclo-oxygenase (Shimokawa and Vanhoutte, 1989) . Additionally, 
a recent study has shown that OXLDL itself can induce
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endothelium-dependent contractions which may contribute to the 
observed impairment of vascular relaxation (Simon et al.. 
1990). In the investigation described here, the inhibition of 
EDR caused by OXLDL was unaffected by indomethacin, excluding 
a role for cyclo-oxygenase-derived vasoconstricting agents. 
Furthermore, OXLDL was not found to cause contractions in 
either endothelium-denuded or intact tissues indicating that 
enhanced vasoconstriction does not contribute to the 
inhibition of EDR by OXLDL.
L-arginine is the substrate for EDRF formation in 

endothelial cells. In vitro studies have shown that depletion 
of L-arginine stores causes inhibition of EDRF-mediated 
responses which can be reversed by addition of exogenous L- 
arginine (Gold et al. f 1989). Furthermore, it has been 
recently shown that attenuation of EDR in blood vessels of 
hypercholesterolemic rabbits can be reversed by infusion of 
L-arginine, suggesting that inhibition of L-arginine 
metabolism or conversion to EDRF may contribute to the 
impairment of vascular responses in atherosclerosis (Girerd 
et al.. 1990).

In the present study however, OXLDL-induced inhibition of 
EDR in isolated aortic rings was not prevented by pre
treatment with L-arginine and addition of L-arginine to 
tissues in which ACh-evoked relaxations were already inhibited 
did not restore responses, indicating that in this tissue 
OXLDL does not cause reversible inhibition of L-arginine
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availability. This is in contrast to the finding that in 
porcine coronary arteries, OXLDL inhibits EDRF formation by 
activation of endothelial scavenger receptors leading to 
inhibition of L-arginine mobilization (Tanner et al.. 1991).
In contrast to LDL, plasma levels of HDL are considered to 

be protective with respect to the development of 
atherosclerosis, but the mechanism underlying this protective 
action is unclear. To facilitate reverse cholesterol 
transport, HDL is able to readily remove lipid from both cells 
and other lipoprotein particles, and has been shown to inhibit 
both LDL oxidation (Parthasarathy et al. r 1990) and the 
cytotoxic effects of OXLDL on cultured cells (Hessler et al.. 
1979) by removal of lipid peroxidation products. The plasma 
protein albumin is also able to remove lipid components from 
cell membranes and lipoproteins and in this study both HDL and 
albumin (fatty acid-free), which had no effect on EDR alone, 
were shown to reduce the inhibition of ACh-evoked EDR caused 
by OXLDL. This finding indicates that the inhibition of EDR 
by OXLDL may be caused by a lipid component of OXLDL which is 
readily transferred between the lipoprotein particles and the 
endothelial cells. This process could involve the scavenger 
receptor present on endothelial cells (Nagelkerke et al.. 
1984) which avidly binds OXLDL, as has been proposed in the 
porcine coronary artery (Tanner et al.. 1991).
The concentrations of HDL (0.5-2 mg protein/ml) which 

prevented the inhibitory effect of OXLDL overlap with the
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normal plasma concentrations and thus this action may 
contribute to the protective effects of HDL in vivo. The 
concentrations of albumin used in these experiments are in 
fact lower than in normal plasma levels, although in vivo 
fatty acids are bound to albumin which may reduce the capacity 
to bind the inhibitory lipid components of OXLDL.
The variation in the inhibitory effects of OXLDL 

preparations from different donors may reflect the variation 
in LDL composition with respect to anti-oxidants, fatty acids 
and phospholipids which has been described in other studies 
(Esterbauer et al.. 1990). LDL oxidation can be monitored by 
the change in absorbance at 234 nm due to the formation of 
conjugated dienes from PUFAs (Esterbauer et al. . 1989) and
this method has revealed great variation in the susceptibility 
to oxidation of LDL preparations from different donors 
(Chapter 2). The rate of oxidation, as quantified by the half- 
time of conjugated diene formation, appears to be related to 
the degree of inhibition of ACh-evoked EDR by OXLDL, with the 
preparations of OXLDL which oxidize most rapidly causing the 
greatest inhibition of EDR. The half-time value reflects the 
rate of turnover of conjugated dienes and lipid hydroperoxides 
within the LDL. The relationship between this value and the 
inhibition of EDR may be due to the production of inhibitory 
factor(s) initiated by the turnover of lipid hydroperoxides. 
Thus, preparations which are more susceptible to oxidation 
would have a shorter half-time value and a higher resultant
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concentration of the inhibitory factor(s).
A recently published study has also demonstrated great 

variation in the rate of oxidation of LDL from different 
donors and shown that it is positively correlated to the 
presence of denser sub-fractions within the LDL preparations 
(deGraaf et al.. 1991). In the study presented here, "total" 
LDL was used and it could be postulated that the variation 
found between LDL preparations from individual donors with 
respect to both susceptibility to oxidation and inhibition of 
EDR, may reflect the presence of different amounts of the 
various sub-fractions. Additionally, another investigation has 
also demonstrated variation in the rate of oxidation of LDL 
preparations from different subjects and suggested that 
oxysterols may play a role in the cellular effects of 0XLD1 
(Jialal et al.. 1991).
During oxidative modification of LDL, PC is converted to 

LPC, an endothelium-dependent relaxant of vascular smooth 
muscle (Saito et al.. 1988). LPC can also inhibit EDR and has 
been proposed as the factor responsible for the inhibition of 
EDR by OXLDL (Yokoyama et al.f 1990; Kugiyama et al.. 1990). 
In this study LDL particles containing elevated levels of LPC, 
generated by treatment with the enzyme PLA2, caused immediate, 
reversible inhibition of ACh-evoked EDR which was independent 
of the donor of the LDL. Whilst confirming that LPC may 
contribute to the inhibitory actions of OXLDL, this finding 
demonstrates that LPC cannot account for the greater,
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irreversible inhibition of EDR caused by some preparations of 
OXLDL and thus, is not the only factor responsible for the 
inhibition of EDR by OXLDL. Further evidence for this 
conclusion comes from the measurements of the LPC content of 
various preparations of OXLDL which show that prepartions 
which differ significantly in the ability to inhibit EDR 
contain very similar levels of LPC and thus LPC content is not 
related to inhibitory potency. Additionally, many preparations 
of OXLDL cause less inhibition of EDR than PLA2-LDL despite 
the fact that the LPC concentration within the organ bath is 
much higher than that which causes the inhibition of EDR by 
PLA2-LDL. This suggests that the LPC in OXLDL is not as freely 
available as in PLA2-LDL and thus does not readily transfer 
from the OXLDL particle to the endothelium.
Recently, reports of the effects of OXLDL on vascular 

reactivity have come from other laboratories, although the 
results have varied from complete abolition of EDR (Kugiyama 
et al.. 1990; Yokoyama et al.. 1990) to much lesser effects 
(Galle et al. P 1990; Tanner et al. . 1991). In porcine coronary 
arteries OXLDL was shown to inhibit EDRF generation (Tanner 
et al. . 1991) although in another report OXLDL was found not 
to reduce EDRF production (Galle et al.. 1991).
However, comparison of these studies is difficult because 

of the use of different methods for the isolation and 
modification of the lipoproteins. OXLDL, is not a clearly 
defined, homogenous entity, as shown by the variation in the
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effects of OXLDL preparations treated in the same manner 
described in this chapter, and the composition is dependent 
on both the original composition of the LDL (Esterbauer et 
al. . 1987) and the point at which the oxidation is terminated 
(Esterbauer et al.. 1990). Additionally, many of the studies 
report vasoactive effects of OXLDL at concentrations much 
lower than those used in the investigation described here 
(Simon et al. . 1990; Galle et al. . 1990; Kugiyama et al.,
1990). For example, in isolated porcine coronary arteries 
OXLDL at concentrations of 30-300 /ug protein/ml were reported 
to inhibit EDRF formation (Tanner et al.. 1991) and
endothelium-dependent contractions of the same tissue were 
reported to be caused by OXLDL at concentrations as low as 1 
jug protein/ml (Simon et al. . 1990). The reason for differences 
in the active concentration of OXLDL is unclear although in 
the study described here OXLDL was dialysed immediately after 
oxidative modification possibly leading to the loss of water 
soluble oxidation products which may be retained in other 
studies. Also, most investigations are carried out with LDL 
isolated from pooled plasma which, as shown here, may 
introduce donor-dependent variations in activity. Furthermore, 
in many studies, the OXLDL was incubated with the tissues for 
much longer periods which may lead to non-specific cytotoxic 
effects rather than selective inhibition of EDR.

In conclusion, the results presented in this chapter 
demonstrate that OXLDL can inhibit EDR evoked by both
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receptor-mediated and receptor-independent pathways, and thus 
may contribute to the attenuation of EDR observed in 
atherosclerosis.

The site of action of OXLDL is unclear. Direct 
inactivation of EDRF and inhibition of soluble guanylate 
cyclase may contribute to the inhibition of EDR by OXLDL but 
cannot fully account for the time-dependence of the effect 
or the donor-dependent variation in the extent of inhibition. 
This suggests that an action on the endothelium to inhibit 
EDRF generation or release may also be involved.
The inhibitory factor(s) generated during oxidation remain 

to be identified, although the reduction of the inhibition by 
HDL and albumin suggest the involvement of a lipid component 
generated during oxidative modifcation of the lipoprotein 
particles. Finally, LPC may contribute to the inhibition of 
EDR by OXLDL, it cannot account for the variation in the 
inhibitory effects of OXLDL preparations from individual 
donors.
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CHAPTER FIVE
LIPOPROTEINS AND CONTRACTILE RESPONSES

5.1 INTRODUCTION
Vasospasm, an excessive and transient narrowing of blood 

vessels, plays an important pathogenic role in angina and in 
a wide spectrum of ischemic heart disease (Maseri et al. . 
1978). Hypercholesterolemia and atherosclerosis may contribute 
to the development of vasospasm by augmenting responses to 
vasoconstrictor stimuli and/or suppressing the production of 
protective vasodilatory substances such as EDRF.
The aim of this study was to examine the effects of LDL and 

OXLDL on the contractile responses of isolated rabbit aortic 
rings to assess whether these lipoproteins may contribute to 
the altered responses to contractile agonists observed in 
hypercholesterolemia and atherosclerosis.

5.2 RESULTS
5.2.1 THE INFLUENCE OF THE ENDOTHELIUM ON CONTRACTILE 
RESPONSES IN THE RABBIT AORTA

Cumulative doses of PE (3 nM-3 /iM) , KC1 (5-30 mM) , NA (5 nM- 
10 /iM) and 5-HT (0.05-30 /iM) evoke endothelium-independent 
contractions of rabbit aortic rings. Removal of the 
endothelium did not significantly alter sensitivity to the 
contractile agents as shown in the EC50 and maximal 
contractions values in Table 8.
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TABLE 8 THE INFLUENCE OF ENDOTHELIUM ON CONTRACTILE
RESPONSES IN THE RABBIT AORTA

ENDOTHELIUM ENDOTHELIUM
INTACT DENUDED

PHENYLEPHRINE (n=8)
EC50 (nM) 22.9 ± 1.4 24.312.6

MAXIMAL
CONTRACTION (g) 5.14 ± 0.5 5.10 ± 0.4
KC1 (n=8)

EC50 (mM) 11.410.1 11.110.2
MAXIMAL

CONTRACTION (g) 5.37 1 0.3 5.57 1 0.5
NORADRENALINE (n=6)

EC50 (nM) 38.1 1 2.7 35.714.0
MAXIMAL

CONTRACTION (g) 4.36 1 0.4 4.70 1 0.3
5-HT (n=8)

EC50 (/iM) 0.94 1 0.05 0.94 1 0.07
MAXIMAL

CONTRACTION (g) 4.66 1 0.3 4.70 1 0.5
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5.2.2 THE EFFECT OF LDL AND OXLDL ON PE- AND KC1-EVOKED
CONTRACTIONS

LDL (2 mg protein/ml) and OXLDL (2 mg protein/ml) did not 
alter contractions elicited by PE and KC1 in endothelium 
intact or denuded tissues, even after 30 mins pre-incubation.
Figures 47 and 48 shows dose-response curves to PE and KC1 

in endothelium-denuded tissues following 30 mins pre
incubation with the LDL and OXLDL. There was no change in 
sensitivity to the contractile agonists in the presence of the 
lipoproteins and the maximal level of contraction was 
unaltered.
5.2.3 THE EFFECT OF LDL AND OXLDL ON NA-EVOKED CONTRACTIONS

LDL (2 mg protein/ml) and OXLDL (2 mg protein/ml) caused an 
immediate decrease in sensitivity to NA in endothelium-denuded 
tissues which was completely reversed on washout. Figure 49 
shows tension recordings of NA-evoked contractions of 
endothelium-denuded aortic rings in the presence and absence

o y  CTDL. .
Addition of LDL to the organ bath caused a small, 

attenuation of NA-evoked contractions although the maximal 
level of induced tone was unaltered (Figure 49a). Before 
exposure to LDL, the maximal level of contraction was 4.7 ± 
0.4 g (n=6) and in the presence of the lipoprotein the maximal 
response was 4.6 ± 0.4 g (n=6). The decrease in sensitivity

to NA in the presence of LDL is shown in Figure 50a as a 
right-ward shift in the NA dose-response curve which is
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Figure 47
PE dose-response curves in the presence and absence of LDL 
and OXLDL (2 mg protein/ml; 30 mins)
Endothelium-denuded aortic rings contracted with cumulative 
doses of PE (3 n-1 /iM) until maximal level of induced tone 
was attained. Following washout and recovery, LDL or OXLDL (2 
mg protein/ml) added to the baths and cumulative additions of 
PE repeated. After further washout and recovery, tissues re
challenged with PE.
(a) LDL (2 mg protein/ml? n=4)
(b) OXLDL (2 mg protein/ml? n=4)
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Figure 48
KCI dose-response curves in the presence and absence of LDL 
and OXLDL (2 mg protein/ml; 30 mins)
Endothelium-denuded aortic rings contracted with cumulative 
doses of KCI (5-30 mM) until maximal level of induced tone was 
attained. Following washout and recovery, LDL or OXLDL (2 mg 
protein/ml) added to the baths and cumulative additions of KCI 
repeated. After further washout and recovery, tissues re
challenged with KCI.
(a) LDL (2 mg protein/ml? n=4)
(b) OXLDL (2 mg protein/ml? n=4)
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Figure 49
The influence of LDL and OXLDL on NA—evoked contractions 
Cumulative doses of NA. (5 nM-10 fiM) added to endothelium- 
denuded tissues in the presence (broken line) and absence 
(solid line) of LDL and OXLDL. Lipoproteins added to organ 
bath immediately before the lowest concentration of NA.
(a) LDL (2 mg protein/ml)
(b) OXLDL (2 mg protein/ml)
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reversed on washout.
In the presence of OXLDL, there was a greater attenuation 

of NA-evoked contractions as shown by the significant shift 
in the dose-response curve in Figure 50b. The EC50 value for 
NA increa sed from 35.7 ± 4.0 nM (n=6) to 260 ± 24 nM (n=6) 
in the presence of OXLDL, although the maximal level of 
contraction was unaltered. The maximal level of induced tone 
before the addition of OXLDL was 4.65 ± 0.3 g (n=6) and in the 
presence of OXLDL the maximum response was 4.6 ± 0.3 g (n=6).
The effects of both LDL and OXLDL on NA-evoked contractions 

in endothelium-denuded tissues were not potentiated by pre
incubation for up to 30 mins.

In contrast, in endothelium-intact aortic rings, 30 mins 
pre-incubation of the lipoproteins with the tissues was
required before a similar decrease in NA-evoked responses was 
observed. For example, the EC50 value for NA in endothelium 
intact tissues was 38.1 ± 2.7 nM (n=6). Following addition of 
OXLDL, this value was slightly increased to 42.9 ± 5.6 nM 
(n=6) and after 30 mins exposure to OXLDL the EC50 value was 
significantly increased to 262 ± 18 nM (n=6).

In atherosclerotic vessels vasoconstrictor cyclo-oxygenase 
products may be released (Miller and Vanhoutte, 1985? Luscher
and Vanhoutte, 1986; Shimokawa and Vanhoutte, 1989). The

•fcl'-v.o.b
observation A LDL and OXLDL must be pre-incubated with 
endothelium-intact tissues before the attenuation of NA
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NA dose-response curves in -the presence and absence of LDL 
and OXLDL (2 mg protein/ml)
Endothelium-denuded aortic rings contracted with cumulative 
doses of NA (5 nM-10 fiM) until maximal level of induced tone 
was attained. Following washout and recovery, LDL or OXLDL (2 
mg protein/ml) added to the baths and cumalative additions of 
NA repeated. After further washout and recovery, tissues re
challenged with NA.
(a) LDL (2 mg protein/ml; n=6)
(b) OXLDL (2 mg protein/ml; n=6)
Students t-test compared to control : *p<0.05.
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responses occurs, could indicate the release of a contracting 
factor from the endothelium which must be overcome before the 
attenuation of NA-evoked responses is observed. To determine 
whether cyclo-oxygenase products play a role in the effect of 
LDL and OXLDL on NA-elicited contractions, experiments were 
carried out in the presence of the cyclo-oxygenase inhibitor 
indomethacin (50 /iM).
Pre-incubation of indomethacin with tissues for 15 mins did 

not alter responses to NA in endothelium-intact aortic
rings and did not affect the decrease in sensitivity to NA 
observed in endothelium-intact aortic rings. For example, the 
EC50 value for NA in endothelium-intact tissues immediately 
following the addition of OXLDL was 42.9 ± 5.6 nM (n=6) and 
in the presence of indomethacin and OXLDL this value was 41.6 
± 4.2 nM (n=4).
NA is readily oxidized in physiological solutions (Hughes 

and Smith, 1978). Therefore, to investigate whether the 
attenuation of NA-evoked contractions in the presence of LDL 
and OXLDL could be due to accelerated degradation of the 
contractile agonist, experiments were carried out in the 
presence of the anti-oxidant ascorbic acid. As shown in the 
dose-response curves in Figure 51, the presence of ascorbic 
acid (10 mM) prevented the attenuation of NA-elicited 
contractions of endothelium-denuded aortic rings in the 
presence of LDL (Figure 51a) and OXLDL (Figure 51b) 
indicating, that the decrease in sensitivity to NA observed

192



(a)
120 i

F100 -

80-

60-
CONTROL 
LDL (2 mg/ml) 
LDL + AA

40-

20 -

9 -8  -7 6 -5  -4
log [NA] M

(b )
120 -

P  100 -

2  
2  80- h- Z
O 60- O

40- CONTROL 
OXLDL (2 mg/ml) 
OXLDL+ AA20 -

9 8 7 6 5 4
log [NA] M

Figure 51
The influence of ascorbic acid (10 mM) on the attenuation of 
NA-evoked contractions caused by LDL and OXLDL (2 mg 
protein/ml)
Endothelium-denuded aortic rings contracted with cumulative 
doses of NA (5 nM-10 /iM) until maximal level of induced tone 
was attained. Following washout and recovery, ascorbic acid 
(10 mM) and LDL or OXLDL (2 mg protein/ml) added to the baths 
and cumalative additions of NA repeated. After further washout 
and recovery, tissues re-challenged with NA.
(a) LDL (2 mg protein/ml) and ascorbic acid (n=4)
(b) OXLDL (2 mg protein/ml) and ascorbic acid (n=4)
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in the presence of the lipoproteins may be due to enhanced 
oxidative degradation of the agonist rather than a direct 
inhibition of contractile responses.
5.2.4 THE EFFECT OF LDL AND OXLDL ON 5-HT-EVOKED CONTRACTIONS 

In the presence of LDL and OXLDL (2 mg protein/ml) there was 
an immediate increase in sensitivity to 5-HT in endotheliumn- 
denuded aortic rings which was completely reversed on washout. 
Figure 52 shows tension recordings of 5-HT-evoked contractions 
in the presence of LDL and OXLDL.

In the presence of LDL (Figure 52a) there was a small, non
significant increase in sensitivity to 5-HT, as shown by the 
decrease in the EC50 value from 0.94 ± 0.07 /iM (n=8) to 0.89 
± 0.03 /iM (n=4), but the maximal level of induced tone was 
unchanged. The maximal contraction before exposure to LDL was 
4.66 ± 0.18 g (n=8) and in the presence of LDL the maximum 
response was 4.72 ± 0.19 g (n=4). The slight potentiation of 
5-HT responses in the presence of LDL is shown as a small, 
non-significant left-ward shift in the 5-HT dose-response 

Following the addition of OXLDL, there was a significant, 
reversible, potentiation of 5-HT-evoked contractions (Figure 
52b). This increase in sensitivity to 5-HT is shown as a 
significant, leftward shift in the dose-response curve in 
Figure 53b. The maximal level of contraction induced by 5-HT 
was also increased in the presence of OXLDL. The maximal level 
of induced tone before exposure to OXLDL was 4.7 ± 0.13 g 
(n=8), which was increased to 5.29 ± 0.2 g (n=4) in the
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Figure 52
The influence of LDL and OXLDL on 5-HT-evoked contractions 
Cumulative doses of 5-HT (50 nM-50 /iM) added to endothelium- 
denuded tissues in the presence (broken line) and absence 
(solid line) of LDL and OXLDL. Lipoproteins added to organ 
bath immediately before the lowest concentration of 5-HT.
(a) LDL (2 mg protein/ml)
(b) OXLDL (2 mg protein/ml)
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5-HT dose-response curves in the presence and absence of LDL 
and OXLDL (2 mg protein/ml)
Endothelium-denuded aortic rings contracted with cumulative 
doses of 5-HT (50 nM-50 /iM) until maximal level of induced
tone was attained. Following washout and recovery, LDL or
OXLDL (2 mg protein/ml) added to the baths and cumalative
additions of 5-HT repeated. After further washout and 
recovery, tissues re-challenged with 5-HT.
(a) LDL (2 mg protein/ml? n=4)
(b) OXLDL (2 mg protein/ml; n=4)
Students t-test compared to control : *p<0.05.
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presence of OXLDL.
The effects of both LDL and OXLDL on 5-HT-evoked 

contractions in endothelium-denuded tissues were not 
potentiated by pre-incubation for up to 30 mins.

In contrast, in endothelium-intact aortic rings, 30 mins 
pre-incubation of LDL and OXLDL with the the tissues was 
required before increases in 5-HT-evoked responses were 
observed. Figure 54 shows dose-response curves for 5-HT-evoked 
contractions of endothelium-intact tissues after 30 mins pre
incubation with LDL and OXLDL. In these tissues the 
potentiation of contractile responses by LDL was not 
significantly different from the increase in sensitivity 
observed in endothelium-denuded tissues. This is shown by the 
small, non-significant decrease in the EC50 value from 0.94 ±
0.05 juM (n=8) to 0.87 ± 0.6 fiM (n=4) with no alteration in the 
maximal contraction (Figure 54a). However, the potentiation 
of 5-HT-evoked contractions by OXLDL in these tissues was 
smaller than observed in denuded tissues and there was no 
significant increase in the maximal response (Figure 54b).
These findings may indicate that the release of EDRF from 

the endothelium, which opposes vascular contraction, must 
first be overcome before the potentiation of contractile 
responses is observed. However, basal EDRF release is low in 
the rabbit aorta and endothelium removal was found not to 
potentiate contractile responses.
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5-HT dose-response curves in the presence and absence of LDL 
and OXLDL (2 mg protein/ml)
Endothelium-intact aortic rings contracted with cumulative 
doses of 5-HT (50 nM-50 /iM) until maximal level of induced 
tone was attained. Following washout and recovery, tissues 
incubated with LDL or OXLDL (2 mg protein/ml) for 30 mins 
before cumalative additions of 5-HT repeated. After further 
washout and recovery, tissues re-challenged with 5-HT.
(a) LDL (2 mg protein/ml; n=6)
(b) OXLDL (2 mg protein/ml? n=6)
Students t-test compared to control : *p<0.05.
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5.2.5 PLA.-LDL AND 5-HT-EVOKED CONTRACTIONS
As shown in Chapter 4, LPC generated during the oxidative 

modification of LDL, may contribute to the inhibition of EDR 
by OXLDL. To determine whether LPC can contribute to the 
increase in sensitivity to 5-HT observed in the presence of 
OXLDL, the effect of PLA2-LDL on 5-HT-evoked contractions was 
assessed.

In contrast to OXLDL, PLA2-LDL (0.1 mg protein/ml) did not 
potentiate 5-HT-evoked contractions in endothelium-denuded 
aortic rings, as shown in the dose-response curves in Figure 
55a. Additionally, in endothelium-intact tissues . responses 
to low concentrations of the agonist were attenuated although 
there was no decrease in the maximal level of induced tone 
(Figure 55b). This indicates that although LPC may contribute 
to the inhibition of EDR by OXLDL, it cannot account for the 
increase in sensitivity to 5-HT observed in the presence of 
OXLDL.
5.3 DISCUSSION AND CONCLUSIONS
Augmented vasoconstrictor responses have been reported in 

hypercholesterolemia and atherosclerosis (Henry and Yokoyama, 
1980; Shimokawa et.al.. 1985a; 1985b; Heistad et al. . 1984) 
but the mechanism underlying these observations is unclear.
The vascular endothelium plays a vital role in the 

regulation of vascular tone and as EDR are attenuated in both 
hypercholesterolemic and atherosclerotic tissues it has been 
suggested that endothelial dysfunction may play a role in the
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5-HT dose-response curves in the presence and absence of PLA2- 
LDL (0.1 mg protein/ml)
Endothelium-intact and .denuded aortic rings contracted with 
cumulative doses of 5-HT (50 nM-50 /iM) until maximal level of 
induced tone was attained. Following washout and recovery, 
PLA2-LDL (0.1 mg protein/ml) added to baths before cumalative 
additions of 5-HT repeated. After further washout and 
recovery, tissues re-challenged with 5-HT (n=4).
(a) . Endothelium-denuded tissues
(b) Endothelium-intact tissues
Students t-test compared to control : *p<0.05.
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hypersensitivity of these vessels to contractile agents. 
Several studies have shown that removal of the inhibitory 
influence of the endothelium potentiates agonist-induced 
contractile responses of isolated blood vessels. For example, 
in the rat aorta responses to PE, NA and clonidine are 
enhanced by endothelium removal (Cohen et al.. 1988) and 5- 
HT-evoked contractions are potentiated in denuded porcine 
coronary arteries (Cohen et al.. 1988). However, in this
study, as in other investigations of the rabbit aorta 
(Furchgott, 1983? Verbeuren et al.. 1986), contractile
responses to 5-HT, PE, KC1 and NA were unaffected by 
endothelium removal reflecting the low level of basal EDRF 
release in this tissue and the absence of an endothelium- 
dependent component to the action of the agonists studied.

In vitro exposure to cholesterol has been shown to 
potentiate KCl-evoked contractions of isolated canine coronary 
vessels (Yokoyama and Henry, 1979; Ibengwe and Suzuki, 1986) 
and it has been suggested that increases in the cholesterol 
content of vascular smooth muscle membranes during exposure 
to hypercholesterolemia may facilitate Ca2+ influx, thus 
potentiating tension development (Yokoyama and Henry, 1979? 
Ibengwe and Suzuki, 1986). However, the occurence of such a 
mechanism would be expected to potentiate contractile 
responses to all agonists dependent on extra-cellular Ca2+ and 
cannot account for the selective alterations in contractility 
observed.
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Furthermore, most investigations of isolated blood vessels 
from hypercholesterolemic animals have shown no change in the 
sensitivity to KC1 in tissues in which responses to other 
contractile agents are altered, indicating that the 
contractile machinery is unaffected (Henry and Yokoyama, 1980; 
Wines et al.. 1989). Similarly, in the experiments described 
here, the exposure of tissues to LDL and OXLDL did not change 
the sensitivity of isolated rabbit aortic rings to KC1 
although responses to 5-HT and NA in the same tissues were 
altered indicating that the lipoproteins do not interfere with 
the contractile process.

In vivo studies have shown that contractile responses to the 
non-selective a-adrenoceptor agonist NA are potentiated by 
exposure to hypercholesterolemia (Rosssendorff et al.. 1981? 
Heistad et al. r 1984) and in ligand-binding studies on aortic 
tissue from hypercholesterolemic rabbits, an increase in the 
number of a-adrenoceptors has been detected (Nanda and Henry, 
1982). However, in the isolated aorta from 
hypercholesterolemic rabbits, contractions to the ax- 
adrenoceptor agonist PE are unaltered (Henry and Yokoyama, 
1980? Yokoyama et al. f 1983) and contractile responses to NA 
and the cu2-adrenoceptor agonist clonidine are decreased 
(Verbeuren et al.P 1986? Wines et al.. 1989). Similarly, in 
the present study, PE-evoked contractions were also unchanged 
in endothelium-intact and denuded tissues following exposure 
to LDL and OXLDL for up to 30 mins, whereas NA-evoked
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contractions were attenuated in the presence of both LDL and 
OXLDL.

Furthermore, in endothelium-intact aortic rings, the 
attenuation of NA responses by LDL and OXLDL required 30 mins 
pre-incubation for maximal effect, indicating that the 
endothelium in some way opposed the attenuation of NA-evoked 
contractions caused by the lipoproteins. In coronary 
atherosclerosis, the release of endothelium-derived 
vasoconstrictor products of cyclo-oxygenase may occur (Miller 
and Vanhoutte, 1985? Luscher and Vanhoutte, 1986) and in 
isolated coronary arteries endothelium-dependent contractions 
to 5-HT were observed, which were prevented by the cyclo- 
oxygenase inhibitor indomethacin (Shimokawa and Vanhoutte, 
1989). Thus, the above finding could indicate the release of 
an endothelium-derived contracting factor by the lipoproteins 
which opposes the inhibition of NA-evoked contraction. 
However, in the presence of indomethacin NA-evoked 
contractions and the attenuation of these responses in the 
presence of the lipoproteins were unaltered, indicating that 
cyclo-oxygenase products do not play a role in NA-induced 
contractions of rabbit aortic rings or in the time-dependence 
of the suppression of these responses by LDL and OXLDL 
observed in endothelium-intact tissues.
The catecholamine NA is readily oxidized in physiological 

solutions and this process is prevented by the presence of 
the anti-oxidant ascorbic acid (Hughes and Smith, 1979). The
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observation that the decrease in sensitivity to NA in the 
presence of LDL and OXLDL was prevented by the addition of 
ascorbic acid 0-0 to the organ bath suggests that the
attenuation of NA-evoked contractions in the presence of the 
lipoprotein may be due to enhanced breakdown of the 
contractile agonist rather than a direct inhibition of the 
contraction process. However, the role of the endothelium in 
delaying the degredation of NA, as observed in endothelium- 
intact tissues is unclear.
In contrast to NA-elicited responses, 5-HT-evoked 

contractions are widely reported to be potentiated in both in 
vivo and in vitro studies of atherosclerosis (see for example, 
Yokoyama et al. . 1983; Verbeuren et al. . 1986) and there is 
evidence that hypersensitivity to 5-HT may occur before the 
development of the morphological changes associated with 
lesion formation indicating that exposure of the vasculature 
to hypercholesterolemia alone may be sufficient to induce the 
effect (Wines et al. . 1989; Merkel et al. . 1990). In many
vessels, 5-HT elicits both EDR and endothelium-independent 
contractions and endothelial dysfunction leading to decreased 
EDRF production is thought to contribute to the increased 
sensitivity to the contractile actions of this agent in these 
vessels (Cohen et al.. 1988? Shimokawa and Vanhoutte, 1989).

However, in the rabbit aorta 5-HT does not elicit EDR and 
thus the increased sensitivity observed in this vessel is due 
to other mechanisms. In the presence of LDL a small, non
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significant increase in sensitivity to 5-HT was observed, but 
in the presence of OXLDL there was a significant potentiation 
of 5-HT responses. As with the attenuation of NA-evoked 
contractions, in endothelium-denuded aortic rings the 
potentiation of 5-HT contractions was immediate whereas in 
endothelium-intact tissues, a 30 mins pre-incubation period 
was required before the effect was observed. This may indicate 
that the inhibitory influence of EDRF must be first overcome 
before an increase in sensitivity to 5-HT is evident, although 
as stated previously, basal EDRF release in this tissue is 
low and endothelium removal was not found to potentiate 
contractile responses in the absence of lipoproteins. 
Alternatively, the presence of the endothelium may simply 
present a diffusion barrier to the lipoproteins thus delaying 
their action.
PLAj-LDL, which has an increased LPC content did not 

potentiate 5-HT-elicited contractions in denuded aortic rings, 
and caused a significant depression of responses to low doses 
of the agonist in endothelium-intact tissues. This indicates 
that although LPC may mediate, at least in part, the 
attenuation of EDR, it does not contribute to the significant 
increase in sensitivity to 5-HT in the presence of OXLDL.
A recent study from another laboratory has also shown that 

lipoproteins can potentiate contractile responses of isolated 
arteries, independently of the impairment of endothelial 
function. OXLDL, but not LDL, was shown to reversibly enhance
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the contractile responses of perfused rabbit femoral arteries 
to 5-HT, NA, PE and K+ (Galle et al. . 1990). As in the present 
study, the potentiation of contraction was greater in 
endothelium-denuded than intact tissues. Additionally, EDR 
were preserved in tissues in which contractile responses were 
augmented, indicating that the site of action is at the smooth 
muscle rather than the endothelium.

However, whereas the OXLDL preparations used in the 
experiments described in this thesis do not alter vascular 
tone (Figure 33, Chapter 4), OXLDL used in the study by Galle 
et al. (1990) evoked endothelium-independent vasoconstriction. 
Furthermore, in contrast to the selective alteration of 
responses described in this chapter, and in isolated vessels 
from atherosclerotic animals (Heistad et al.. 1984? Merkel et 
al.. 1990), Galle et. al. (1990) reported potentiated
contractile responses to all of the agonists studied and the 
underlying mechanism was proposed as OXLDL-induced increases 
transmembrane Ca2+ influx. Furthermore, in another study, also 
in porcine coronary arteries, OXLDL evoked endothelium- 
dependent contractions mediated by a lipid hydroperoxide 
product (Simon et al. (1990).
The reason for the differences between the results of the 

investigation described here and those of other groups are 
unclear although it should be noted that the lipoproteins used 
in that study were prepared in the presence of the anti
bacterial agents chloramphenicol and phenyl methyl sulfonyl
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fluoride, which were not included during the preparation of 
LDL used for experiments described in this thesis.

In conclusion, the results presented here demonstrate that 
LDL and OXLDL can alter contractile responses to NA and 5-HT, 
but do not effect contractions evoked by KC1 and PE. The 
attenuation of NA-evoked contractions may be due to 
accelerated oxidative breakdown of this agonist in the 
presence of the lipoproteins whereas the potentiation of 5- 
HT-elicited responses by OXLDL may be due to a direct effect 
of the lipoprotein on vascular smooth muscle. The alterations 
in responses rabbit aortic rings to contractile agents caused 
by the presence of LDL and OXLDL are similar to the selective 
changes in contractlity reported in the isolated aorta from 
hypercholesterolemic rabbits (Verbeuren et al. . 1986),
indicating a possible role for LDL and OXLDL.
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CHAPTER SIX 
GENERAL DISCUSSION 

Atherosclerosis is the result of abnormal interactions 
between plasma lipoproteins, platelets, monocyte/macrophages 
and cells of the vessel wall. Events leading to the 
development of atherosclerotic lesions involve localized 
damage to the vascular endothelium allowing, or caused by, the 
invasion of LDL and platelets. Recently, oxidative 
modification of LDL has been the focus of much attention, and 
a model of atherogenesis based solely on elevated plasma LDL 
levels and the oxidation of LDL within the vessel wall has 
been proposed (Reviewed by Steinberg et al.. 1989).
Experimental studies have shown that EDRF-mediated 

relaxations are attenuated in isolated vessels from 
hypercholesterolemic and atherosclerotic animals and humans 
(see for example, Verbeuren et al.. 1986; Forstermann et al.. 
1986b). Additionally, attenuated ACh-evoked EDR (Ludmer et 
al. r 1986) and increased sensitivity to vasoconstrictor agents 
has been described in the coronary circulation of

Os.
hypercholesterolemic patients with angiogrphically normalA

arteries (Yasue et al. . 1990) indicating that
hypercholesterolemia-induced alterations in vascular 
reactivity may preceed the development of detectable disease.
The results presented in this thesis demonstrate that both 

LDL and OXLDL, can directly attenuate EDR and OXLDL can 
potentiate contractile responses to 5-HT. The profile of
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changes in vascular responses caused by these lipoproteins is 
similar to that reported in hypercholesterolemia and 
atherosclerosis and therefore it is proposed that both LDL and 
oxidatively modified LDL contribute to the observed 
alterations in vascular reactivity.

Figure 56 shows the possible role of LDL and OXLDL in the 
alterations in vascular reactivity caused by 
hypercholesterolemia and atherosclerosis.

In hypercholesterolemia the cells of the vasculature are
exposed to high circulating levels of LDL which, in this study
have been shown to attenuate both receptor-mediated and

s
receptor-independent EDR. Direct inactivation or sequestration 
of NO, the proposed mediator of EDR by LDL may contribute to 
this effect, and as NO is a potent inhibitor of platelet 
aggregation, this may also lead to the potentiation of 
platelet activity.
This study has also shown that the inhibition of EDR by LDL 

is dependent on the agonist used to pre-contract the tissue,
i.e. 5-HT and NA. The physiological relevence of this 
observation is unclear. In vivo plateletaggregation with the 
resultant release of 5-HT may contribute to the inhibition of 
EDR observed in hypercholesterolemia. Additionally, 
potentiation of 5-HT-evoked contractions by OXLDL was also 
demonstrated in this study and therefore platelet aggregation 
in hypercholesterolemic plasma may lead to both inhibition of 
EDR and increased contractility in atherosclerotic vessels .
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Figure 56
THE POSSIBLE MECHANISMS BY WHICH LDL AND OXT.DT. 
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In atherosclerosis, EDR are progressively inhibited as the 
degree of lesion formation increases and the accumulation of 
OXLDL within the vessel wall may contribute to the greater 
attenuation of EDR observed in these vessels. The mechanism 
of action of OXLDL appears to be distinct from that of LDL, 
requiring a pre-incubation period and possibly the transfer 
of a lipid component from the lipoprotein to the endothelium. 
However, a porportion of the observed inhibition may be 
accounted for by inactivation of NO and inhibition of soluble 
guanylate cyclase activation. In atherosclerotic vessels, 
OXLDL is immobilized within the sub-endothelial space and thus 
may form a barrier to the diffusion of EDRF from the 
endothelium to the underlying smooth muscle and may also OXLDL 
inhibit the activation of soluble guanylate cyclase.
Furthermore, this study has shown great variation in the 

ability of OXLDL preparations from different individuals to 
inhibit EDR, which may be related to the susceptibility of the 
LDL to oxidation. Differences in the rate of oxidation of LDL 
in vivo may contribute to the variation in the development of 
atherosclerosis between individuals deemed to be equally at 
risk by analysis of other contributory factors such as 
cholesterol levels, smoking and hypertension.

In conclusion, both LDL and OXLDL, at pathophysiological 
concentrations, can modulate vascular reactivity and may 
contribute to the alterations in EDR and contractile responses 
observed in hypercholesterolemia and atherosclerosis. EDR in
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isolated blood vessels from hypercholesterolemic animals, 
which do not show overt signs of atherosclerosis, have been 
shown to be moderately attenuated whereas in atherosclerotic 
vessels EDR are severely impaired and may be completely absent 
(Verbeuren et al. . 1986; 1990; Shimokawa and Vanhoutte, 1989). 
This profile of altered reactivity is similar to that obtained 
with LDL and OXLDL in this study. Therefore, it is suggested 
that in the early stages of hypercholesterolemia the high 
circulating levels of LDL may cause modest impairment of EDR, 
whereas at a later stage, OXLDL accumulated within the vessel 
wall may contribute to the greater attenuation of EDR observed 
in these vessels.
Thus, inhibition of EDR by LDL and OXLDL may be added to the 

large body of data which indicates that these lipoproteins may 
play a number of roles in the development of atherosclerosis, 
ranging from foam cell formation to cellular activation, and 
the clinical consequences of this disease.
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