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Abstract
Endothelial dysfunction may serve as a mechanism to explain the vasoconstriction, 

inflammation, thrombosis and abnormal flow regulation in atherosclerosis, and play 

a role in the development of atheroma, and pathophysiology of its complications.

This thesis describes experiments to characterise the mechanisms of endothelial 

dysfunction that could contribute to the pathogenesis of human atherosclerosis and 

its complications, in three main areas:

1. Mechanisms of flow-mediated dilatation
■\

The role of endothelial nitric oxide (NO) in flow-mediated dilatation (FMD) was 

investigated in healthy volunteers and hypercholesterolaemic patients. FMD to 

transient-flow stimuli was found to be NO-dependent and reduced in 

hypercholesterolaemia. In contrast, FMD to sustained-flow stimuli was largely NO- 

independent and preserved in these patients. These data suggest a second mechanism 

of FMD exists in humans, which is preserved in certain atherosclerosis risk groups.

2. The effect of acute inflammation on endothelial function

Vascular inflammation has been implicated as a precipitant of endothelial 

dysfunction and consequent cardiovascular events in humans. The effect of a mild 

inflammatory stimulus (typhoid vaccination) on conduit and resistance vessel 

endothelial function was determined. Vaccination caused endothelial dysfunction, 

which was prevented by prior treatment with an anti-inflammatory dose of aspirin. 

These data implicate acute inflammation as a possible mechanism of endothelial



dysfunction in humans and a link between inflammation and acute cardiovascular 

risk.

3. The effect of ischaemia-reperfusion on endothelial function

Arterial thrombosis leading to ischaemia and infarction is a complication of 

atherosclerosis. Reperfusion strategies are complicated by ischaemia-reperfusion 

injury. A novel model for assessing the effect of ischaemia-reperfusion on 

endothelial function was developed. This indicated that 20 minutes of forearm 

ischaemia caused endothelial dysfunction and activated circulating neutrophils. Local 

and remote ischaemic preconditioning abolished endothelial dysfunction during 

experimental ischaemia-reperfusion and reduced myocardial infarction in a porcine 

model. Limiting endothelial dysfunction in ischaemia-reperfusion could improve the 

outcome of reperfusion strategies.
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1.1 Aims and scope of this thesis

This thesis explores three areas of relevance to the further understanding of the 

contribution of endothelial dysfunction to the pathogenesis of atherosclerosis: the 

role of endothelial nitric oxide (NO) in flow-mediated dilatation (FMD) in early 

atherosclerosis, and the effects of acute inflammation and ischaemia-reperfiision on 

endothelial function.

Atherosclerosis and its complications are a major cause of morbidity and mortality 

worldwide. There is a long pre-clinical phase in this disease with the lesions of 

atherosclerosis present from a young age. The clinical complications of 

atherosclerosis are diseases of middle age. The reasons that individuals develop 

atherosclerosis, and why some present with its clinical complications remain unclear. 

One major factor involved in the development of atherosclerosis is endothelial 

dysfunction. Endothelial dysfunction has also been implicated in precipitating 

ischaemic complications of atherosclerosis, and determining the extent of injury 

following such complications.

Patients with risk factors for atherosclerosis in the preclinical phase, and those with 

established atherosclerosis have evidence of endothelial dysfunction of the epicardial 

coronary arteries and peripheral conduit vessels. Furthermore, the coronary and 

peripheral resistance vessels also demonstrate endothelial dysfunction. These 

abnormalities are present before obstructive atherosclerosis has developed. 

Moreover, endothelial dysfunction can be reversed by treatments that modulate risk 

factors (such as lipid lowering therapy), and may predict important clinical 

outcomes.
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This thesis will present data from human studies that investigate endothelial function 

in experimental models representing different stages of atherosclerosis; specifically, 

the studies described investigate aspects of the role of the endothelium in the 

preclinical (presymptomatic) phase, the precipitation of ischaemic complications of 

atherosclerosis and the determination of tissue damage resulting from ischaemic 

complications.

Role o f endothelial nitric oxide in flow-mediated dilatation in early atherosclerosis 

Reduced NO-bioactivity has been implicated in the pathogenesis of atherosclerosis in 

many studies, but other endothelial dilator pathways might be involved. Clearly, it is 

important to define the mechanisms of endothelial dysfunction, as an essential 

prerequisite to therapeutic intervention. Much of what is understood about 

endothelial dysfunction in humans comes from studies of FMD in peripheral conduit 

vessels, yet uncertainties remain about precisely what is being measured by this 

technique. The contribution of NO to flow mediated vasoreactivity of the vasculature 

is discussed (section 1.3) as a prelude to its investigation in Chapter 3.

The effect o f acute inflammation on endothelialfunction

Chronic endothelial dysfunction appears to predict the development of 

atherosclerosis. Whether the précipitants of acute events also cause deterioration in 

endothelial function is unclear. Acute inflammation is an important risk factor for the 

development of the cardiovascular complications of atherosclerosis, and one would 

predict that it causes endothelial dysfunction if this is an important mechanism. The 

studies in Chapters 5 and 6 investigate the relationship between acute systemic 

inflammation and endothelial dysfunction in humans.
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The effect o f ischaemia-reperfusion on endothelial function

Nitric oxide (NO) has anti-atherogenic properties and is also involved in the 

pathophysiology of the complications of atherosclerosis. The major clinical 

syndromes such as stroke and myocardial infarction are characterised by ischaemia, 

and subsequent reperfusion. The role of the vascular endothelium in these syndromes 

is understood in animal models, but its role in humans is less well defined. The 

studies described in Chapter 7 and 8 explore a human model of ischaemia- 

reperfiision injury and the effects on endothelial function.

Aim o f this thesis

The aims of this thesis are to investigate:

1. The role of endothelial nitric oxide in flow-mediated dilatation in early 

atherosclerosis

2. The effect of acute inflammation on endothelial function

3. The effect of ischaemia-reperfusion on endothelial function.

14



1.2 Atherosclerosis and the endothelium

1.2.1 Pathogenesis of atherosclerosis

Cardiovascular and cerebrovascular diseases cause over 15 million deaths every year 

- one third of the global total (Tunstall-Pedoe et a l, 1994; Reddy, 1998). The 

incidence of circulatory diseases is increasing in developing countries, partly because 

lifestyles (and the attendant risk factors) are becoming similar to those common in 

industrialised countries.

Post-mortem studies have demonstrated that abnormalities of atherosclerosis are 

present as early as 6 months of age (Stary, 1989; Enos et al, 1953; McGill, et al, 

1995). Advanced lesions begin to appear from the fourth decade and are the 

predominant lesion type in middle-aged and older persons. It has been shown in 

recent intra-vascular coronary ultrasound studies that nearly 17% of donor hearts 

from individuals aged less than 20 years of age have detectable atherosclerosis, and 

this proportion is nearly 50% in donors over 50 years old (Tuzcu et al, 2001). Serial 

studies in heart transplant recipients have confirmed that such atheroma can regress 

over time, supporting the concept that the process is dynamic in nature (Tsutsui et 

a/., 2001).

The lesions of atherosclerosis are divided histologically into precursor lesions and 

advanced lesions (Stary et a l, 1995; Stary, 1989). Precursor lesions (Types T-TTT) 

consist of small lipid deposits, or macrophages containing lipid droplets, in the 

intima. They appear as yellow streaks, which may be raised, on the vessel wall and 

have been described as ‘fatty streaks’. These may progress to the advanced Type IV
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lesions, which have a dense extracellular lipid core, and Type V lesions, in which 

intimai lipid deposits are thickened by fibrous tissue.

The deposition of macrophages in the intima is the earliest abnormality found in 

arteries (Masuda & Ross, 1990; Katsuda etal., 1992). These cells are filled with lipid 

in the form of cholesterol ester and might regulate local lipid levels in the vessel 

wall. Immunochemistry, Northern blot analysis of messenger ribonucleic acid 

(mRNA) and in-situ hybridisation have shown the presence of major 

histocompatibility complex, cluster of differentiation (CD) antigens, and cytokines in 

macrophages from human specimens, and animal models of early atherosclerosis (de 

Boer et al, 1999). As lesions progress, the number of smooth muscle cells also 

increases (Stary & Malinow, 1982). These cells accumulate lipid but are also the 

source of the collagen and extracellular matrix, which form the plaque.

The early lesions of atherosclerosis do not thicken the arterial wall appreciably and 

therefore do not narrow the lumen or obstruct or modify blood flow. The advanced 

fibrous plaques protrude into the lumen of the vessel, although there can be an 

extensive extra-luminal remodelling of the vessel wall before the lesion obstructs the 

lumen (Glagov et a l, 1987). In the latter stages, these plaques may undergo 

calcification and ulceration, leading to haemorrhage or thrombosis. Such lesions are 

usually located in the abdominal aorta and near the ostia of major branches. The 

coronary vessels are particularly susceptible to the process, but the carotid, cerebral 

and basilar vessels may also be affected.
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Atherosclerotic plaques are dynamic structures and their clinical effects are related to 

the physical obstruction to blood flow, but they also provide a focus for thrombosis 

or embolism if they rupture. There is growing evidence that plaques change rapidly, 

and that non-occlusive plaques may be more likely to fissure and rupture to 

precipitate acute obstruction to blood flow leading to myocardial infarction or stroke. 

Studies using intra-vascular coronary ultrasound in patients have highlighted that 

plaques that chronically occlude the coronary lumen differ from those that cause 

acute occlusion. These studies have shown that plaques located within the intima and 

media are more likely to be associated with unstable acute coronary syndromes, and 

less likely to cause luminal stenosis (Vamava & Davies, 2001). Such plaques also 

have a greater number of inflammatory cells (Varnava et a l, 2002).

Current theories about the pathogenesis of atherosclerosis begin with Virchow’s 

inhibition hypothesis, which proposed that the cellular proliferation seen in the 

intima was a form of ‘low-grade inflammation’ or reaction to infiltration of proteins 

and lipids from the blood. The von Rokitansky encrustation theory proposed that 

small thrombi composed of platelets, fibrin, and leukocytes collect over sites of 

endothelial injury and then organise with smooth muscle proliferation (von 

Rokitansky, 1852; Virchow, 1856). Ross’s early response-to-injury hypothesis (Ross 

et a l, 1977) proposed that an area of denuded endothelium has increased 

permeability to plasma constituents and allows the adhesion of platelets, monocytes 

and leukocytes to the endothelium. Factors released from these cells such as platelet- 

derived growth factor (PDGF) or tissue growth factor p (TGF-p) from macrophages, 

are potent stimuli to smooth muscle proliferation and increase connective tissue 

production, thus promoting the development of atherosclerosis. Macrophages
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become converted to lipid-filled foam cells, perpetuating the inflammatory response 

and expanding the lesion. The central role for endothelial denudation was revised 

more recently as it became clear that developing lesions in experimental models have 

an overlying intact endothelium, and it is now thought that endothelial dysfunction is 

sufficient to initiate atherosclerosis (Ross, 1999).

1.2.2 The healthy endothelium

The endothelium, a single layer of cells lining the luminal surface of blood vessels, is 

a direct interface between circulating blood and local tissue and regulates vascular 

tone, cell adhesiveness, and coagulation, by generating local mediators. These 

mediators include vasodilators, of which the most important are nitric oxide (NO), 

prostacyclin (PGI2), and endothelium derived hyperpolarising factor (EDHF). The 

endothelium, also generates a number of locally acting vasoconstrictors, including 

thromboxane (TX) and endothelin (ET).

Nitric oxide

Nitric oxide is produced from the amino acid L-arginine, by the enzyme endothelial 

nitric oxide synthase (eNOS), and released in response to stimuli that act on the 

endothelial cell surface (Fleming & Busse, 2003). When bound to caveolin in the 

endothelial plasma membrane, the enzyme is inactive, but an increase in endothelial 

intracellular calcium results in calmodulin formation, which displaces the caveolin 

and activates the enzyme (Venema et al, 1995). Stimuli that increase calcium 

include receptor-mediated agonists, such as acetylcholine (ACh) and bradykinin 

(BK), and physical stimuli, such as shear stress.
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Shear stress is tangential force generated by viscous blood flowing over the 

endothelial surface. It varies in a pulsatile manner, and increases as blood flow 

increases. In the arterial circulation changes in shear stress induce endothelial 

dependent vasodilatation as an early response (Davies, 1995). This is predominantly 

through increased NO production, as shear can activate eNOS by serine 

phosphorylation through a calcium-independent mechanism (Fleming & Busse, 

2003). ^

The activity of the eNOS enzyme requires the presence of co-factors such as reduced 

nicotinamide adenine dinucleotide phosphate (NADPH), flavine adenine 

dinucleotide (FAD), and tetrahydrobiopterin (BH4). BH4 has been shown to stabilise 

the dimeric form of eNOS, to act as an electron donor and as an allosteric regulator 

of eNOS activity (Cosentino & Luscher, 1999). NO is a gas and diffuses to adjacent 

smooth muscle where it increases soluble guanylate cyclase (sGC) activity. Under 

basal conditions sGC is a dimer containing two haem molecules. NO binds to haem, 

which initiates a conformational change resulting in increased activity of the enzyme 

(Ignarro, 1990). The product of sGC is cyclic 3’,5’ guanosine monophosphate 

(cGMP), which reduces intracellular calcium within the smooth muscle cell, and so 

causes smooth muscle relaxation (Fiscus, 1988).

It is possible to competitively block the production of NO with arginine analogues 

such as N^-monomethyl-L-arginine (L-NMMA), and this has permitted studies of 

the functions of NO in humans. For example, L-NMMA infusion into the brachial 

artery of healthy volunteers causes a reduction in forearm blood flow, demonstrating 

the fundamental role of NO in the regulation of basal vascular tone (Vallance et al.
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1989). Similar studies have been performed in the coronary, pulmonary and systemic 

vasculature, and have demonstrated the importance of endogenous NO production in 

the regulation of blood flow in humans in different vascular beds (Quyyumi et al, 

1995b; Stamler a/., 1994; Celermajer a/., 1994).

Prostaglandins

Endothelial cells produce a range of prostaglandin molecules, particularly 

prostacyclin and thromboxane A]. Prostacyclin is a vasodilator that binds to specific 

receptors on the target cell to activate adenylate cyclase and increase cyclic AMP 

(cAMP) levels. In smooth muscle this causes relaxation and inhibits aggregation in 

platelets; in contrast thromboxane A2 has vasoconstrictor properties and aggregates 

platelets (Vallance, 1992). Prostaglandins also contribute to vascular tone in the 

coronary vasculature (Duffy et a l, 1999).

The precursor for prostaglandins is arachidonic acid, which is released from 

membrane lipids by phospholipase A. Arachidonic acid is metabolised by cyclo- 

oxygenase (COX) -  also known as prostaglandin H synthase (Davidge, 2001). There 

are two isoforms of COX (1 and 2), and these differ by a single amino acid 

substitution in the active enzyme site. COX-1 is constitutively expressed, whereas 

COX-2 is induced by inflammatory cytokines and growth factors.

COX-1 activity is inhibited by aspirin, which acetylates serine 530, and is 170-fold 

more potent at inhibiting COX-1, compared to COX-2. Infusion of arachidonic acid 

into veins in healthy humans causes vasodilatation, and aspirin can inhibit this effect 

(Bhagat et a l, 1995). In healthy humans, aspirin reduces blood flow in forearm 

resistance vessels, suggesting basal prostanoid dilator activity (Duffy et a l, 1998).
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Endothelium-derived hyperpolarising factor (EDHF)

EDHF is a compound that causes hyperpolarisation of smooth muscle cells and 

endothelium-dependent vasorelaxation (Feletou M & Vanhoutte PM, 1996). 

Although NO and prostacyclin also hyperpolarise vascular smooth muscle, the 

activity of EDHF is not affected by NOS or COX inhibitors in many types of vessel 

(Feletou & Vanhoutte, 1999; Campbell & Harder, 1999). However, inhibiting 

calcium activated potassium channels, and inwardly rectifying potassium channels in 

the smooth muscle cells blocks the hyperpolarisation. The exact identity of EDHF is 

uncertain, and there may be more than one type of EDHF responsible for 

hyperpolarisation in different blood vessels. For example, EDHF activity has been 

ascribed to potassiums ions in the subendothelial space, cytochrome-P450, 

metabolites of arachidonic acid and myoendothelial gap junctions (Beny & Schaad, 

2000, Campbell etal. 1996).

It has not been easy to characterise EDHF because of the toxicity to humans of many 

of the potassium channel blockers that have been used to block EDHF in animals. 

However, barium and oubain, which have been proposed as inhibitors of potassium 

mediated EDHF-like vasodilatation, reduce dilatation to potassium in the human 

forearm, providing indirect evidence of EDHF-like activity (Dawes et a l, 2002). 

Cytochrome-P450 inhibitors have also been implicated in potassium mediated 

vasodilatation in the human forearm (Halcox et a l, 2001).

Endothelins

The endothelins are a group of three peptide hormones that are potent 

vasoconstrictors and also stimulate smooth muscle proliferation and the production
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of cytokines in vitro. Human endothelial cells are the major source of endothelin-1 

(ET-1). Endothelins act through two receptor subtypes (ETa and ETb) and are 

coupled to phospholipases and protein kinase C. Depending upon the concentration 

and the receptor subtype activated, endothelins can also stimulate NO release 

(Miyauchi T & Masaki T, 1999). Infusing endothelin into the forearm vasculature 

reduces blood flow in healthy subjects, and antagonists of endothelin increase 

forearm blood flow, suggesting basal release (Clarke et a l, 1989; Haynes & Webb, 

1994). Endogenous ET-1, acting through the ETa receptor, contributes to 

maintenance of basal coronary artery tone and may have a role in regulating coronary 

collateral blood flow in humans (Kyriakides et a l, 2000).

Regulation o f circulating cells and cell adhesion

The endothelium also regulates the function of circulating cells by releasing locally 

active mediators or expressing molecules on the endothelial surface that act as 

receptors for complementary molecules on the circulating cell surface. In the healthy 

artery, the leukocytes, platelet and red blood cells do not adhere to endothelium or 

migrate into the local tissues since the endothelium provides an efficient barrier. 

Cell-cell adhesion is dependent on the interaction of three major families of cell 

adhesion molecules: the selectins, the integrins and the immunoglobulin superfamily.

The selectins are glycoproteins that are involved in the early interaction between 

cells. Some selectins can be detected in the circulation, but their major role is in cell

cell binding (Smith, 1993). P-selectin is found in the alpha granules of platelets and 

also within the Weibel-Palade bodies in endothelial cells. Endothelial cells also 

express E-selectin and leukocytes express L-selectin. P-selectin is stored and can be
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rapidly expressed on the cell surface following stimulation but E-selectin is not 

stored and requires transcription-dependent protein synthesis. Cytokines, bacterial 

toxins, and oxidants are able to upregulate the expression of P- and E-selectin on 

endothelial cells. A major ligand for all three selectins is a specific sialyl-Lewis^ -  

type glycoprotein on circulating neutrophils and platelets.

Integrins are heterodimeric proteins made up of a  and P subunits, pi integrins have a 

common p subunit (CD29), which is linked to specific a  subunits, pi integrins are 

involved in the adhesion of eosinophils, lymphocytes, monocytes and natural killer 

cells to activated endothelial cells. The P% integrins consist of a common p subunit 

(CD 18), which may be linked to one of four a  subunits (CD 11 a, CD 11b, C D llc or 

CD lid ). These are expressed on leukocytes only and are important in regulating 

monocyte, lympocyte and neutrophil traffic across the endothelium. The ligands for 

integrins depend upon the a  subunit and are in two major groups: the 

immunoglobulin supergene family and large matrix proteins, such as fibronectin, 

thrombospondin, fibrinogen and complement components (Diamond & Springer, 

1994).

The immunoglobulin superfamily of adhesion molecules include intercellular 

adhesion molecules-1 and -2  (ICAM-1, ICAM-2), vascular cell adhesion molecule-1 

(VCAM-1), platelet-endothelial adhesion molecule-1 (PECAM-1) and mucosal 

addressin cell adhesion molecule (MAdCAM-1). ICAM-1 is expressed on many cell 

types, including endothelial cells. Cytokines such as tumour necrosis factor alpha 

(TNF-a), tumour necrosis factor gamma (TNF-y), interleukin-1 (DL-l) and 

interleukin-4 (IL-4) increase its expression on endothelial cells, and promote the
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adhesion of leukocytes. VCAM-1 is not normally expressed on endothelial cells, but 

after stimulation by cytokines there is marked upregulation and enhanced binding of 

monocytes and lymphocytes. The upregulation can be rapid, through effects on cell 

stores, or changes in transcription of adhesion molecules and de-novo protein 

synthesis. These endothelial adhesion molecules regulate the transmigration of 

circulating cells such as platelets, leukocytes and monocytes (Simon et a l, 1995).

Locally active mediators influence the interaction between the endothelium and 

circulating cells. TNF-a, platelet activating factor, and IL-1 (Tsao et al, 1995) are 

pro-adhesive substances which upregulate adhesion molecule expression on 

leukocytes and/or the endothelium, whilst NO is a powerful anti-adhesive molecule, 

acting both to vasodilate and to reduce expression of adhesion molecules (Panes & 

Granger, 1998, Z&hQx et al, 1995).

Coagulation andfibrinolysis

Thrombosis is central to the progression of atherosclerosis and the process of acute 

arterial occlusion leading to acute coronary syndromes or stroke. Thrombus 

formation is a balance between the coagulation and fibrinolytic factors present in 

blood (Triplett, 2000). Primary haemostasis involves platelet aggregation which 

leads to the production of thrombin, activation of the coagulation pathway and fibrin 

formation (Dahlback, 2000). Under normal physiological conditions the endothelium 

is anticoagulant but endothelial dysfunction may produce a pro-coagulant state.

The endothelium regulates the activity of thrombin, which converts fibrinogen to 

fibrin, as well as the activity of other enzymes in the coagulation cascade, resulting 

in anticoagulant effects. Endothelial cells express a serine-protease inhibitor
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antithrombin (previously known as antithrombin III), which is a relatively weak 

inhibitor, but its action is enhanced by heparin-like molecules expressed on the 

surface of endothelial cells (Sagripanti & Carpi, 2000). The second endothelial 

anticoagulant pathway is the protein C system. Endothelial cells bind thrombin via 

thrombomodulin receptors. Once thrombin is bound, the complex activates protein C 

which breaks down coagulation cofactors and inactivates plasminogen activator 

inhibitor 1 (PAI-1). Endothelial cells also synthesise tissue factor pathway inhibitor, 

which inactivates the extrinsic pathway (Sagripanti & Carpi, 2000).

Fibrinolytic pathways digest fibrin and reduce clot formation. The balance between 

tissue-type plasminogen activator (tPA) and PAI-1 determines blood fibrinolytic 

activity. tPA converts plasminogen to plasmin and PAI-1, which inhibits the activity 

of tPA, is the principal determinant of the conversion of plasminogen to plasmin 

(Tsikouris et al., 2002). Under basal conditions, the endothelium produces little PAI- 

1 and the lytic pathway is most active (Pothula et a l, 2000). NO inhibits platelet 

aggregation, and the expression of adhesion molecules such as the fibrinogen 

receptor (Ilb/IIIa). NO also enhances the activity of the fibrinolytic pathway by 

stimulating the release of tPA. In animal models, inhalation of NO prolongs bleeding 

time, although this effect has not been demonstrated in humans (Krejcy et a l, 1995).

Endothelial cells also synthesise factors promoting coagulation, such as von 

Willebrand factor (vWF), fibronectin and thrombospondin. These form an important 

part of the primary haemostatic response, initiating the activation of platelets and the 

coagulation cascade.
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1.2.3 Endothelial dysfunction in atherosclerosis

Endothelial ‘injury’ can disturb normal endothelial vasomotor function, promote the 

adhesion and transmigration of monocytes and platelets, and favour thrombosis. The 

following sections will review the abnormalities of the endothelium that have been 

described in atherosclerosis.

In animal models of atherosclerosis, there are distinct morphological changes of the 

endothelium, including loss of the normal orientation of endothelial cells in the 

direction of flow, retraction of endothelial cells from adjacent cells and rounded 

appearance of cells. At the subcellular level there is an increase in cytoplasmic 

filaments on the abluminal surface (Stary, 1990). Human data are difficult to obtain 

because there are is a delay in fixation following death and some changes may be 

induced by fixation itself. Importantly, an intact endothelium is found in early lesions 

but changes are described in more advanced lesions. Autopsy studies are consistent 

with the data from experimental models.

Animal studies

Experimental animal models of atherosclerosis (induced by feeding high cholesterol 

diets) have demonstrated impaired endothelium-dependent relaxation of conduit 

vessels vessels at an early stage of atherosclerosis, prior to significant anatomical 

changes developing (Verbeuren et a l, 1990; Bossaller et a l, 1987; Jayakody et al, 

1987). In the majority of these studies, responses to endothelium-independent 

vasodilators were preserved although some studies showed that even these responses 

could become impaired at a chronic stage. In addition, these models also showed 

enhanced responses to vasoconstrictor agonists during the development of
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atherosclerosis’ These functional abnormalities are found in the presence of a 

structurally normal endothelium, and are present very early following cholesterol 

feeding. Even 10 minutes of exposure of blood vessels to a high concentration of 

purified low density lipoprotein (LDL) can inhibit agonist stimulated endothelium- 

dependent relaxation (Andrews et a l, 1987). Similar studies have also demonstrated 

endothelial dysfunction in the resistance vessels in these models of atherosclerosis 

(Reddick et a l, 1994; Bonthu et al, 1997).

Human studies

Human studies have demonstrated reduced endothelium-dependent dilatation in 

peripheral conduit vessels of young patients with high cholesterol, diabetes, a family 

histoiy of heart disease or smokers (Stary, 2000; Celermajer et al, 1992; Clarkson et 

al, 1996a; Clarkson et al, 1996b) and in the resistance vessels of patients with high 

cholesterol and hypertension (Stroes et al, 1997; Panza et a l, 1993). The methods 

used to study these are described in detail in Chapter 2. Young subjects without 

manifest atherosclerosis have abnormal endothelium-dependent vasodilator function, 

which can be detected as early as the first decade of life. In these risk factor groups, 

clinical interventions that reduce future cardiovascular events, such as lipid lowering 

therapy and administration of angiotensin-converting inhibitor, also improve the 

vasodilator function of peripheral arteries (Mullen et al, 1998).

The conduit arteries of patients with established atherosclerosis also show impaired 

endothelium-dependent responses to flow (FMD) that correlates with extent of 

coronary atherosclerosis (Anderson et al, 1995). Invasive coronary studies in 

patients demonstrate that responses to ACh, substance P, serotonin and histamine
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(receptor-mediated dilators) are reduced in arteries with atherosclerosis. Infusion of 

acetycholine may even cause vasoconstriction in ‘angiographically normal’ arteries 

in patients with risk factors for atherosclerosis (Ludmer et a l, 1986; Quyyumi et al, 

1995c). These vessels retain the ability to respond to the endothelium-independent 

vasodilator glyceryl-trinitrate (GTN).

Epicardial coronary vessels also dilate in response to increased flow, but dilatation is 

reduced in patients with atherosclerosis (Lefroy et a l, 1993; Quyyumi et a l, 1995a; 

Egashira et a l, 1996). There is a temporal sequence of abnormality, with reduced 

response to acetylcholine and serotonin initially, followed by substance P and then 

flow. This suggests that different mechanisms may be affected at different stages of 

atherosclerosis (Drexler & Zeiher, 1991).

Abnormal endothelium-dependent vasodilatation is an important aspect of the defect 

identified in experimental models and human studies at all stages of atherosclerosis 

and its complications. This may result from a deficiency of NO or other vasodilator 

mediators, or enhanced vasoconstrictor mechanisms.

Ahnormalities in the L-arginine/NOpathway

As described above, animal models of atherosclerosis exhibit reduced eNOS activity 

within the vasculature. Moreover, eNOS inhibition accelerates atherosclerosis in 

animals, an effect that can be reversed by supplementation with arginine (Bouchard et 

al, 2000; Naruse et al, 1994).

Whole body NO production has been shown to be reduced in patients with hypertension 

(Forte et al, 1997). In humans, the constrictor response to L-NMMA has been used to 

assess the NO pathway in patients with early atherosclerosis (cardiovascular risk
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groups) and with established atherosclerosis (Vallance, 1996). In comparisons with 

healthy controls, a diminished response to L-NMMA has been taken as evidence for 

reduced NO bioactivity (Calver et al, 1994). Endothelium-dependent dilatation in 

humans is not wholly attributable to NO (particularly in the resistance vasculature) 

and so endothelial dysfunction measured by the response to endothelium-dependent 

agonists does not specifically reflect the NO pathway. NO appears to be involved in 

the dilator mechanism of FMD, which is universally reduced in early and established 

atherosclerosis.

The abnormalities in vasoreactivity may be the result of defects at several points in 

the process by which NO is generated. These include defects in: (a) the signal 

transduction mechanisms in the endothelial cell, (b) defects in the mechanism by 

which NO is produced, (c) or an increase in mechanisms that cause breakdown of 

NO (Harrison, 1997).

Abnormal signal transduction

Experimental data from porcine models of atherosclerosis show that the 

endothelium-dependent responses are impaired at an early stage of atherosclerosis 

due to an abnormality in the pertussis toxin sensitive Gi protein. As atherosclerosis 

progresses, the responses to bradykinin and ADP become impaired as a result of 

abnormality in Gq subunit (Shimokawa et al, 1991). In human vessels Gia expression 

is affected by ageing, hypertension, and hypercholersterolaemia (Tsutsui et al, 

1994). The exact mechanisms by which eNOS is activated remain poorly defined, as 

do the effects of risk factors and disease on these mechanisms.

29



Reduced production of NO

Abnormalities of the provision or utilisation of L-arginine, the substrate for eNOS, 

may account for reduced NO Circulating L-arginine concentrations are several-fold 

higher than necassary for eNOS to function, and therefore reduced absolute levels are 

unlikely to be an important mechanism. However, there are circulating endogenous 

L-arginine analogues, which act as competitive antagonists and may reduce the 

availability of L-arginine. These accumulate in experimental models of 

atherosclerosis, in patients with hypercholesterolaemia and those with renal failure 

(Vallance a/. , 1992, Bogere^a/., 1998).

L-arginine is broken down by the enzyme arginase I. This is present on endothelial 

cells but can also be induced by lipopolysaccharide and interferon, and may deplete 

levels of L-arginine (Buga et a l, 1996). In animal models, L-arginine 

supplementation can retard the progression of atherosclerosis (Cooke et al, 1992) 

but such studies have not been performed in humans. Although L-arginine 

supplementation can restore conduit and resistance vessel endothelium-dependent 

dilatation in humans with risk factors for atherosclerosis, it has little effect in patients 

with established coronary atherosclerosis (Walker et a l, 2001). The exact 

mechanisms responsible for these effects are not known.

The expression and activity of eNOS may also influence NO production. In 

endothelial cells in culture, shear stress up-regulates eNOS expression, whilst TNF- 

a, hypoxia, and high LDL concentration reduce its expression (Holland et a l, 1986). 

It is also possible that polymorphic variants of eNOS differ in their function: 

population-based studies have suggested that specific polymorphisms of NOS may
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increase the risk of developing atherosclerosis, and this may reflect a functional 

difference in these polymorphisms (Hingorani et a l, 1999).

eNOS dimer is stabilised by BH4, and there are several other mechanisms by which 

this co-factor can alter enzyme activity. In the presence of a reduction in BH4, 

eNOS-dependent NO production is reduced and superoxide production is increased. 

In isolated humans vessels from patients with diabetes, BH4 reduces endothelial 

superoxide production (Guzic et a l, 2002). BH4 infused directly into the forearm 

circulation restores receptor mediated endothelium-dependent dilatation in patients 

with hypercholesterolaemia (Stroes et al, 1997).

NO is a free radical and reacts with superoxide to produce peroxynitrite. Superoxide 

is the major oxidant radical produced under physiological conditions as part of 

normal cellular metabolism and either reacts with free radical species, or is broken 

down by superoxide-dismutase (SOD) to produce hydrogen peroxide and oxygen. 

The hydrogen peroxide is then further metabolised to oxygen and water by catalase 

(Freeman a/., 1995).

The major source of superoxide in the vasculature is NAD(P)H oxidase. NAD(P)H 

oxidase is expressed in endothelial cells, and smooth muscle cells (Kapadia et al, 

1998). In isolated cell models, it can be shown that agonists, shear stress and 

compounds such as angiotensin II, TNF-a, thrombin, and IL-1 are potent stimulators 

of this system. The functional importance of NAD(P)H oxidase has been shown in 

human isolated vessels; a polymorphism of one component has been associated with 

reduced superoxide production (Guzik et al, 2 0 0 0 ).
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Defect in other endothelial pathways in atherosclerosis

Abnormal endothelium dependent vasodilatation may also result from defects in other 

vasodilator or vasoconstrictor pathways, and like NO, the actions of these molecules 

are not restricted to their effects on vascular tone alone.

Thromboxane is a potent vasoconstrictor, platelet-aggregating agent, and activator of 

adhesion molecule expression on monocytes. In animal models of atherosclerosis, 

thromboxane levels are increased and prostanoid synthesis is inhibited. Selective 

thromboxane antagonists inhibit atherosclerosis in these models (Pratico et al, 

2001). In patients with hypercholesterolaemia, or those with established 

atherosclerosis, aspirin improves impaired endothelium-dependent dilatation (Husain 

et a l, 1998; Noon et al, 1998). These data suggest that the activity of vasoconstrictor 

prostanoids may be increased in human atherosclerosis.

EDHF

The uncertainties about the identity of EDHF have precluded any clear 

demonstration of altered bioactivity in humans in cardiovascular disease. In patients 

with hypertension, the response to bradykinin is inhibited by oubain to a greater 

degree than in a control group. It has been suggested that, in the presence of reduced 

NO vasodilatation, EDHF activity is upregulated in this group (Taddei et al, 1999). 

However, methodological difficulties have also restricted a comprehensive analysis 

of EDHF in human cardiovascular disease. •
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Endothelin

In humans, it is not clear if increased endothelin-mediated constriction contributes to 

reduced endothelium-dependent dilatation in disease states. Although circulating 

levels of endothelin- 1 are elevated in patients with heart failure, there are no 

differences in the response to forearm blood flow following infiision of selective 

antagonists between patients and control subjects (Love et a l, 2000). In patients with 

hypertension, there is no clear relationship between circulating endothelin levels and 

blood pressure. However, the response to endothelin blockade is greater in 

hypertensive patients compared to controls (Taddei et al, 1999). Similar findings 

have been reported in obese and diabetic subjects (Mather et al, 2002). There is thus 

evidence for increased endothelin activity in risk factor groups and an association 

with impaired endothelium-dependent dilatation.

Endothelial dysfunction predicts clinical manifestations o f atherosclerosis 

The clinical manifestations of atherosclerosis are the result of the effects of lesions 

on blood flow through the artery. In the coronary circulation these may be clinically 

silent, cause stable angina pectoris, unstable angina, myocardial infarction or sudden 

death. The acute complications of atherosclerosis are caused by plaque rupture and 

superimposed thrombosis with partial or complete occlusion of blood flow leading to 

myocardial ischaemia, depending upon the extent and duration of occlusion and the 

state of collateral circulation (Fuster & Chesebro, 1986; DeWood et al, 1980; Davies 

& Thomas, 1984).
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Several clinical studies have now shown that the endothelial function of the coronary 

arteries is a better predictor of a major cardiac event (death, myocardial infarction, 

coronary artery bypass surgery or angioplasty) than measures of atherosclerosis 

(Schachinger et a l, 2000, Suwaidi et al, 2000, Halcox et al, 2002). However, these 

studies are small and the event rate is low. In one study, 157 patients without 

obstructive coronary atherosclerosis were followed up for a mean period of 28 

months and coronary endothelial function assessed and response to ACh was an 

independent predictor of event rate (Suwaidi et al, 2000). In a longer term follow-up 

study, coronary endothelial function (assessed as response to ACh) was also found to 

predict cardiovascular event rate, independent of other cardiovascular risk factors 

and the degree of atherosclerosis at a mean follow-up of over 7 years (Schachinger et 

a l, 2 0 0 0 ).

Since there is a close relationship between coronary and peripheral endothelial 

function, this has also been investigated as a prognostic marker. In a study of 225 

newly diagnosed hypertensive subjects, peripheral artery endothelial function, 

assessed by response to intra-arterial agonist infusion, provided an independent 

marker of future cardiovascular events (Perticone et al, 2001). Another study 

investigated brachial artery endothelial function in 187 patients prior to vascular 

surgery and found impaired FMD predicted cardiovascular events at 30-day follow- 

up (Mehta et a l, 2 0 0 1 ). These studies suggest that endothelial function is a predictor 

of acute coronary syndromes, consistent with the hypothesis that these are not 

dependent upon the degree of atherosclerosis alone, but upon the functional state of 

the coronary circulation and its endothelium. Endothelial fimction in the peripheral 

circulation may provide a suitable surrogate to assess this.
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Figure 1-1: Endothelial function and atherosclerosis
The progression o f atherosclerosis is associated with background endothelial 
dysfunction. There may he transient periods where there is greater dysfunction (*). 
Acute inflammation could cause such transient endothelial function, and contribute 
in precipitating the acute clinical complications o f atherosclerosis The major 
clinical complications o f atherosclerosis are characterised by plaque rupture, and 
thrombosis; this may itself further disturb endothelial function (***),

Summary

This section has described the clinical impact of atherosclerosis and discussed 

current theories about its pathogenesis. The healthy endothelium is a regulator of 

vascular tone, cell-cell interactions, thrombosis and fibrinolysis. Under physiological 

conditions, these properties of the endothelium are potentially anti-atherogenic 

Endothelial dysfunction is a key component of current theories of atherogenesis, and 

may contribute to its complications. The next sections will focus upon the specific 

aspects of endothelial dysfunction studied in this thesis.
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1.3 Role of endothelial nitric oxide in flow-mediated dilatation in 

early atherosclerosis

Conduit arteries dilate in response to an increase in blood flow (Nabel et a l, 1990; 

Anderson & Mark, 1989). This physiological response is dependent on the presence 

of an intact endothelium (Holtz et a l, 1984; Smiesko et a l, 1985), and forms the 

basis of the measurement of FMD in vivo as an assessment of endothelial function. 

Abnormalities of FMD have been demonstrated in patients with clinical coronary 

artery disease and in younger subjects with risk factors for atherosclerosis (section 

1.2).

Endothelial cells are sensitive to shear stress and respond by synthesising factors that 

regulate vascular smooth muscle tone (Davies, 1995) Endothelium-derived 

vasodilators that have been identified include NO and prostacyclin. In humans, 

dilatation of conduit arteries in response to reactive hyperaemia (RH) is reduced by 

inhibitors of NO synthesis, suggesting an important role for NO in FMD (Joannides 

et a l, 1995). However, a number of studies have suggested that, under different 

physiological conditions, FMD occurs by mechanisms that are independent of NO 

production. In animals and human coronary arteries, FMD in response to a sustained 

flow increase, induced by distal infusion of adenosine, appears resistant to the effects 

of inhibition of NO synthesis (Canty & Schwartz, 1994; Shiode e ta l, 1996).

These data suggest heterogeneity of the endothelial response to blood flow, whereby 

the characteristics of the flow stimulus might be important in determining the 

mechanisms of the subsequent dilatation. Characterising the biology of these
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responses in humans has important implications for understanding the regulation of 

vascular tone and interpreting the results of endothelial function tests that use flow as 

a stimulus.

However, it is unclear whether NO is responsible for FMD in response to a wide 

range of flow changes, and whether these mechanisms are affected differentially in 

various stages of the atherosclerosis process. This area is investigated in detail in 

Chapter 3 where novel protocols were developed to change blood flow in conduit 

vessels in humans in vivo, and pharmacological tools were used to probe the 

mechanisms of vasodilatation to different flow stimuli in healthy individuals and 

those with risk factors for atherosclerosis.
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1.4 The effect of acute inflammation on endothelial function

Inflammation and atherosclerosis

There is considerable evidence to support the concept that inflammation is important 

in the pathogenesis of atherosclerosis. The response-to-injury hypothesis emphasises 

the importance of the endothelium in the process of atherosclerosis. ‘Injury’ alters 

the phenotype of the endothelium to promote cell adhesion, migration of 

inflammatory cells and promote thrombosis. The expression of adhesion molecules 

on endothelial cells and inflammatory cells is increased initially and promotes 

monocyte and T-cell migration across the endothelium. These cells release a range of 

cytokines, hydrolytic enzymes and growth factors, which lead to smooth muscle 

proliferation and focal necrosis. In this model, inflammation initiates and propagates 

the process of atherosclerosis.

Animal studies

A range of animal models have been used to demonstrate that a variety of risk factors 

initiate inflammation and atherosclerosis. For example, diet induced 

hypercholesterolaemia causes monocyte adhesion to the endothelium within 7-14 

days, and within months these lesions progress with a large number of lipid-laden 

macrophages. These macrophage scavenger cells have a similar role in this situation 

to their role at sites of injury, which is to ingest the ‘injurious’ agent. However, with 

continuing insult, these responses become fibroproliferative, and the smooth muscle 

cells proliferate with excessive connective tissue formation.
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Although it is clear that local inflammation occurs within atherosclerosis, the role of 

systemic inflammation and infection as a driving process is less clear. Two recent 

studies have addressed this question. In one model Apo-E knockout mice infected 

with herpes virus demonstrated accelerated atherosclerosis, and a rabbit model using 

a high-cholesterol diet to induce atherosclerosis, showed markedly enhanced 

atherosclerosis in animals with a superimposed systemic inflammatory response 

initiated with endotoxin (Alber et a l, 2000; Lehr et al, 2001). Studies in animal 

models have also implicated infection as a cause of endothelial dysfunction, prior to 

the morphological changes of atheroma (Hatsukami et a l, 2000)

Human studies

Epidemiological and observational data have suggested that, in individuals in the 

long preclinical phase of atherosclerosis, there are elevations in circulating 

inflammatory markers. Cohort studies show that circulating levels of C-reactive 

protein (GRP), interleukin- 6  (IL-6 ) and intracellular adhesion molecule-1, serum 

amyloid A, E-selectin, P-selectin, TNF-a, fibrinogen, von Willebrand factor, PAI-1, 

or evidence of prior infection with common pathogens are associated with 

atherosclerosis and that these are independent predictors of future atherosclerotic 

complications (Ridker, 1994; Ridker, 1998; Ridker, 2000d; Ridker et a l, 2000c; 

Ridker et a l, 2000b; de Lemos et a l, 2000; Eikelboom et a l, 1999; Kiechl et al, 

2001; Oishi et a l, 2000). Infection may drive the chronic inflammatory process and 

epidemiological studies show a relationship between serological evidence of 

infection, atherosclerotic burden and subsequent cardiovascular events (Danesh et 

a l, 1999; Danesh e ta l, 2000).
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Endothelial function and inflammation

Cross-sectional studies have demonstrated that serum levels of GRP show inverse 

correlation with forearm blood flow responses to acetylcholine in a cohort with 

established coronary artery atherosclerosis (Fichtlscherer et a l, 2000). Furthermore, 

this relationship was independent of classical risk factors and endothelial function 

improved as CRP levels reduced with treatment. Although it remains unclear 

whether this is an effect of CRP itself, or reflects some other inflammatory process, 

these findings provide evidence that inflammation is associated with endothelial 

dysfunction, which may provide the setting for the development of atherosclerosis or 

its complications.

Acute coronary syndromes

The incidence of acute coronary events is increased following inflammatory 

processes, including respiratory tract infections and surgery and elevated 

inflammatory markers in otherwise healthy individuals and patient groups are 

predictive of future acute vascular events (Milazzo et al, 1999; Rossi et a l, 2002; 

et al, 1995).

Studies in patients with coronary artery disease support the importance of 

inflammation in the transition to unstable coronary syndromes. Patients presenting 

with unstable angina have elevated levels of inflammatory cytokines on admission 

(CRP, IL-6 , SAA) and the levels of these cytokines correlate with risk developing of 

a further event during the admission (Liuzzo et al, 1994). Levels of these markers at 

discharge predict the risk of further events in a short follow-up period. Similar 

studies on patients with variant angina did not demonstrate the same association.
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suggesting that it was not ischaemia per se that was responsible for the elevation in 

cytokines (Liuzzo eta l, 1996)

More direct evidence for coronary plaque inflammation is available from 

atherectomy studies. In one such study, specimens from 110 patients were studied by 

immunohistochemistry for macrophages, CD-3 positive lymphocytes and smooth 

muscle cells. Patients who developed unstable angina pectoris in the follow-up 

period had a greater number of macrophages and T-lymphocytes than those who did 

not (Meuwissen et a l, 2001). Plaques from patients with unstable angina also have 

greater inflammatory cell infiltration and activation (Piek et a l, 2000).

An elegant study by Rothwell et al tested the hypothesis that irregular plaques should 

occur in multiple vascular beds in some individuals more frequently than would be 

expected by chance, suggesting a systemic cause of instability. These investigators 

studied carotid angiograms and concluded that individuals with ‘irregular plaques’ 

were more likely to have irregular plaque on the contralateral carotid, previous 

myocardial infarction and a non-stroke vascular death on follow-up. Whilst such 

clustering of unstable plaques suggests a systemic cause (Rothwell et a l, 2000), no 

markers of inflammation were measured in this study.

These clinical studies suggest that a systemic process may occur which shifts the 

balance from stable atherosclerosis to an ‘unstable’ picture, with greater probability 

of plaque rupture and superimposed thrombus formation. Associated with these 

changes, is abnormal tissue perfusion due to vasoconstriction.

There are several mechanisms by which inflammation could precipitate acute events: 

(a) transient endothelial dysfunction secondary to inflammation could destabilise a
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coronary plaque, causing spasm, thrombosis, and an acute coronary syndrome, (b) 

acute inflammation might also have direct pro-coagulant effects, which, in the 

presence of endothelial dysfunction could contribute to acute thrombotic 

complications, including myocardial infarction, (c) inflammation may directly 

influence the nature of the immune cell activity within a plaque, and initiate plaque 

rupture and thrombosis.

The fibrous cap is made up of smooth muscle cells and collagen. The collagen gives 

the cap strength, and T lymphocytes within the plaque can signal smooth muscle 

cells to reduce collagen production, and stimulate macrophages to increase 

production of collagen degradation enzymes such as matrix metalloproteinases 

(Gidron et a l, 2002). Circulating cytokines might have similar effects on the cellular 

components of plaques (Libby et a l, 1995). Another process that may be important 

in causing weakness in the fibrous cap is smooth muscle cell death. Plaques isolated 

from patients with unstable angina show a reduced number of smooth muscle cells 

and a greater proportion of cell death by apoptosis in these plaques compared to 

those with stable angina (Bauriedel et al, 1999). Enzymes that regulate or stimulate 

apoptosis (e.g. caspases) are expressed to a high degree in atherosclerotic plaques in 

animal models and, in isolated cell systems, incubating smooth muscle cells with 

leukocytes or monocytes causes smooth muscle cell death by apoptosis (Boyle et al, 

2001). These mechanisms may resemble a local inflammatory state with cells of the 

immune system releasing mediators that promote vascular smooth muscle cell death 

thinning the cover of the lipid core and promoting the risk of plaque rupture and 

acute thrombosis.
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If the hypothesis that acute systemic inflammation is an important process in the 

transition from stable to unstable atherosclerosis is true and the endothelium is an 

important component of this then it would be expected that inflammation would 

cause endothelial dysfunction. This concept has been studied directly in humans in 

vivo, using the dorsal hand vein as a model system. TNF-a, IL-ip, IL- 6  and 

endotoxin cause venous endothelial dysfunction, and aspirin and hydrocortisone 

protect the endothelium in this model (Bhagat et al., 1999). However, there is no 

direct evidence that acute systemic inflammation causes endothelial dysfunction of 

the arterial vasculature in vivo.

The studies in Chapter 4 and Chapter 5 describe an investigation into the role of 

systemic inflammation in endothelial dysfunction. In these studies a low-grade 

systemic inflammatory stimulus was induced by typhoid vaccination, and its effects 

on endothelial function were defined. This model was then further studied to define 

the mechanisms of inflammation induced endothelium dysfunction.

43



1.5 The effect of ischaemia-reperfusion on endothelial function

Therapies, such as thrombolysis or acute angioplasty, re-establish blood flow to 

ischaemic tissues after acute arterial occlusion in unstable angina, acute myocardial 

infarction, and stroke. These treatments are essential to prevent ischaemic cell death 

but the process of reperfiision allows infiltration of inflammatory cells into the tissue 

and this may contribute to further tissue injury. Tissue injury following ischaemia- 

reperfusion is a composite of damage caused by ischaemia and the additional damage 

caused by reperfusion.

1.5.1 Ischaemic injury

Reduced oxygen supply to tissues during ischaemia prevents mitochondrial 

respiration, depleting cells of intracellular adenosine triphosphate (ATP) with 

subsequent build up of anaerobic metabolites, increased adenosine monophosphate 

(AMP) and adenosine. ATP dependent membrane ion pump activity is reduced, 

leading to increased intracellular calcium and the leakage of intracellular ions and 

enzymes to the extracellular space.

Increased generation of reactive oxygen species (ROS) might also contribute directly 

to cell damage during ischaemia (Kumar et al, 1996; Vermeiren et a l, 2000). ROS 

(including superoxide, hydrogen peroxide and hydroxyl radicals) are formed as part 

of normal metabolism by a variety of enzymes, including mitochondrial proteins. In 

the electron transport chain free electrons may react with oxygen to produce ROS 

(McIntyre et a l, 1999). These are normally removed by antioxidant mechanisms in 

the cytoplasm such as superoxide dismutase, catalase, glutathione peroxidase and
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free radical scavengers. Although neutrophils and tissue phagocytes produce large 

amounts of ROS, the endothelium is also another important source.

During ischaemia, there is not only loss of antioxidant molecules from the cytoplasm 

but the calcium-sensitive second messenger systems that regulate these enzymes 

become disrupted. ROS levels therefore increase and cause failure of cell membrane 

integrity, damage to intracellular proteins, disruption of cytoskeletal elements, cell 

swelling, and ultimately cell death via necrosis or apoptosis (Pohlman & Harlan, 

2000).

1.5.2 Reperfusion injury

Cell death during reperfiision occurs in part because of persistent effects of 

ischaemia but also secondary to reperfiision injury. This is a complex inflammatory 

reaction in tissue after a period of ischaemia, where the recruitment of inflammatory 

mediators, cytokines and the cellular components of the defence mechanism 

themselves cause and amplify tissue injury.

There is activation of the complement system during reperfiision and products such 

as C3a and C5a are potent chemotactic agents. The C5-9 membrane attack complex 

can cause direct cell damage (Ward, 1971). Administration of monoclonal antibodies 

against C5a or soluble C5a scavengers reduces the extent of myocardial infarction in 

animal models (Amsterdam et a l, 1995; Buerke et a l, 1998). Other chemokines that 

have been implicated in the process of reperfiision injury are platelet activating factor 

(PAF), TNTa, IL-1, IL-6 , Interleukin- 8  (IL-8 ) and the anti-inflammatory Interleukin- 

10 (IL-10) (Montrucchio et a l, 1989; Meldrum et a l, 1998; Suzuki & Toledo- 

Pereyra, 1994; Kukielka e ta l, 1995; Yang e ta l, 2000).
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Animal models also indicate an important role for neutrophils in reperfiision injury. 

Neutrophil-depletion, selective blockade of neutrophil adhesion molecules, or 

neutrophil adhesion molecule knockout, protects against reperfusion injury in animal 

models (Litt et a l, 1989; Zhao et al, 1997). In tissues, neutrophils undergo a 

respiratory burst, releasing phagocytic contents including myeloperoxidase and 

superoxide, which contribute to tissue injury (Hansen, 1995; Jordan et a l, 1999).

Platelets are potentially important in several aspects of reperfusion injury. There is 

evidence of platelet activation and adhesion to blood vessels during reperfusion, 

which might exacerbate tissue injury by causing microvascular thrombosis and 

spasm (Lefer et a l, 1998; Lefer, 2000). Furthermore, the mediators that are released 

are able to activate other inflammatory cells such as neutrophils and monocytes, and 

they may adhere to such cells to promote their transmigration through the vessel. 

Animal models show that platelet depletion or synthetic peptides which block P- 

selectin interactions reduce ischaemia-reperfusion injury (Seko et al, 1996).

1.5.3 Role of the endothelium in ischaemia-reperfusion injury

Endothelial dysfunction has been described following ischaemia-reperfusion of 

diverse tissues (including liver, kidney and heart) in a variety of species (Winn & 

Ku, 1992; Maxwell & Gavin, 1991; Kirkeboen et a l, 1990; McKean & Mendenhall, 

1996; Maxwell & Lip, 1997; Pannangpetch & Woodman, 1996; Weight et a l, 1998; 

Mankad et a l, 1997). Animal data suggests that the endothelium is relatively 

resistant to the effects of the ischaemic insult but that it is damaged during 

reperfusion. This damage is characterised by reduced dilator responses to mediators, 

such as acetylcholine and bradykinin, and increased expression of adhesion
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molecules (Hearse et a i, 1993; Quillen et a i, 1990). These changes might amplify 

endothelial and tissue injury by promoting neutrophil and platelet activation and 

adhesion. In addition to the increased infiltration of activated inflammatory cells, 

endothelial dysfunction of resistance vessels causes abnormal tissue perfusion, which 

may further exacerbate tissue injury.

NO in ischaemia-reperfusion

HOCL

Preconditioning
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endothelium Arg NO
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Figure 1-2: NO in ischaemia-reperfusion injury

NO produced from the endothelium reduces cellular adhesion molecule (CAMs) 
expression on endothelial cells and neutrophils, reduces neutrophil production of 
ROS, reduces platelet aggregation and endothelial permeability. These roles are 
affected when there is endothelial dysfunction and NO is reduced.
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A reduced vasodilator capacity occurs, even in the presence of structurally normal 

endothelial cells. This mainly reflects reduced NO activity, although other regulators 

of vascular tone have not been systematically studied. The reduction in NO may be 

due to reduced substrate or cofactor provision (L-arginine or BH4 reduction), or may 

reflect increased breakdown by ROS, as has been shown in animal models (Lefer, 

1995; Tiefenbacher et a l, 1996; Dhalla et a l, 2000). Reduced NO activity initiates 

potentially deleterious processes leading to tissue injury (Lefer & Lefer, 1996).

In addition to the direct effects of ischaemia on endothelial cells, the presence of 

inflammatory cytokines (such as TNF-a and IL-1) can directly disrupt endothelial 

cell function and promote expression of adhesion molecules (such as P-selectin, 

ICAM- 1  and VCAM-1). Adhesion of activated inflammatory cells to the 

endothelium at reperfusion may result in further endothelial cell damage, and death 

by necrosis or apoptosis.
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Figure 1-3: Mechanisms o f endothelial injury in ischaemia-reperfusion
Ischaemia may cause direct damage, hut the major mechanisms are thought to he 
due to the direct actions o f inflammatory cytokines on the endothelium, and the 
effects of inflammatory cells (predominantly neutrophils).

1.5.4 Evidence for ischaemia-reperfusion injury in humans

Although restoring flow in the conduit artery is an essential component of therapy in 

stroke and myocardial infarction, recent studies have examined the possibility that 

this alone may not be sufficient to restore perfusion of tissues, and that subsequent 

impaired tissue perfusion may reflect microvascular endothelial dysfunction 

(Michaels et a i, 2 0 0 0 ; Mukherjee & Moliterno, 2 0 0 0 ; Roe et ai, 2001).

In patients presenting with acute myocardial infarction, the coronary vasodilator 

response to endothelium-dependent agonists is impaired early after infarction and for 

nearly six months following (Uren et a i, 1994). Although the major reduction in 

endothelial function was in the infarct-related artery, other coronary vessels were 

affected, suggesting a diffuse process in the resistance vasculature in these patients.
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It is impossible to define whether this dysfunction is the result of infarction or causal. 

Several indirect indices have been used to assess microvascular function in the 

context of acute myocardial infarction, including myocardial contrast 

echocardiography. Echolucent contrast is injected, either directly into the infarct 

related coronary artery or intravenously, to assess perfiision at the microvascular 

level and this is regarded as an index of microvascular function. These studies have 

shown that approximately 40% of patients have abnormal microvascular function 

following successful recanalisation of the epicardial conduit artery (Ito & Iwakura, 

1998; Czitrom a/., 1999).

The clinical relevance of such findings has been shown in studies using surrogate 

markers of tissue level reperfusion, such as ST segment resolution and magnetic 

resonance perfusion studies, in patients following thrombolysis for acute infarction. 

These have consistently shown reduced improvement in left ventricular function and 

increased mortality in the patients with impaired microvascular function (Feldman et 

al, 2 0 0 0 ).

Several interventional trials have used adjuvant therapy at reperfusion to modulate 

the processes of reperfusion injury. Drugs such as vasodilators, oxygen free radical 

scavengers or agents that modulate inflammatory cell function have been studied in 

animal models and a small number of human studies.

The use of adenosine at primary angioplasty for acute myocardial infarction has been 

shown to reduce infarct size in animal studies and to reduce left ventricular 

dysfunction in humans (Maheffy et a l, 1999). Adenosine is a potent vasodilator, 

reduces neutrophil adhesion to the endothelium and reduces neutrophil oxidative
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burst capacity (Cronstein et a l, 1985; Cronstein et al, 1986; Burkey & Webster, 

1993; Wollner et a l, 1993; Bullough et a l, 1995; Zhao et al, 1996). Although small- 

scale trials of corticosteroids have shown benefit in reducing the extent of 

inflammation following bypass surgery or size of myocardial infarction, this has not 

been translated into clinical benefit (Hafezi-Moghadam et al, 2002). Large-scale 

human trials of complement activation inhibitors and adhesion molecule antibodies 

in acute myocardial infarction do not show a reduction in the extent of myocardial 

infarction (Faxon et al, 2002) Human studies using agents to block myocardial 

sodium/hydrogen exchange channels have also failed to show overall clinical benefit, 

although certain subgroups may gain benefit (Theroux et a l, 2000). Many of these 

studies are difficult to interpret because the patient populations studied are 

heterogeneous and often highly selected. Furthermore, the outcomes that are 

examined may be subject to confounding, including prior extent of coronary disease 

and perfusion of the myocardium by collaterals. However, to date no agent has been 

shown to significantly modulate reperfusion injury in a large-scale human trial.

There are no human in vivo models to define the effects of acute ischaemia- 

reperfusion on endothelial function directly. Such studies are difficult in the coronary 

or cerebral circulations but the ability to define a model in humans would allow the 

biology of this process to be unravelled, with the potential to investigate therapeutic 

options. The studies described in Chapter 6  characterise a human model of 

endothelial ischaemia-reperfusion injury.
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1.5.5 Ischaemic preconditioning

One innate protective mechanism, which promotes cell survival and preserves 

function to various pathological stresses, is called preconditioning. Exposure of the 

cell to sublethal injury causes the recruitment of endogenous mechanisms that protect 

the cell from further insults. At present, the defence mechanisms that are upregulated 

are poorly understood. However, cells become resistant to a wide variety of 

physiological insults when preconditioned. Numerous physiological stresses can 

induce this protective preconditioned state (Domenech & Macho, 1998).

Ischaemic preconditioning utilises sub-lethal ischaemia to induce protection from 

subsequent lethal ischaemia. In animal models of coronary occlusion this can reduce 

infarct size by up to 75% (Murry et a l, 1986). In addition to a direct effect on 

ischaemic tissues, ischaemic preconditioning of the endothelium and immune cells 

may also occur preventing endothelial injury and neutrophil activation and indirectly 

reducing tissue injury (Hiasa et a l, 2001).

Ischaemic preconditioning begins within minutes of the preconditioning stimulus and 

lasts for up to 2 hours afterwards. The mechanism of early ischaemic preconditioning 

has been investigated in a variety of animal models. It is triggered by a number of 

stimuli generated during hypoxia, including endogenous opiates, adrenaline, 

bradykinin, free radicals and adenosine. This is species dependent; adrenergic agents 

and opiates are important in the rat whereas adenosine and bradykinin stimulate 

ischaemic preconditioning in the rabbit (Cohen et a l, 2000).
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These triggers act on cell surface receptors to initiate a cascade of second 

messengers, including activation of phospholipases C and D, generation of 

diacylglycerol and stimulation of protein kinase C (PKC). PKC regulates many 

cellular processes that could be involved in preconditioning, including cell 

metabolism, ion transport and gene expression. In some species, PKC-induced 

preconditioning is blocked by inhibitors of protein tyrosine kinases (e.g. genistein), 

suggesting that tyrosine kinases are distal in the preconditioning pathway to PKC. A 

third group of kinases, the mitogen activated protein kinases (MAPK) appear to act 

distal to the tyrosine kinase cascade (Cohen et ai, 2000).

brac^kinin

adenosine
oxygen radicals

PLC

PLD PKC

TK

MAPK

K.-tp channel

mitochondrion

Figure 1-4: Mechanisms o f preconditioning

Stimulation of membrane receptors activates phospholipases C and D (PLC and 
PLD) which cause downstream activation o f protein kinase C (PKC), tyrosine 
kinases (TK) and mitogen activated protein kinases (MAPK). The mechanisms by 
which these regulate K-A TP channels are unclear.
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The end effectors of preconditioning remain uncertain but could include ATP- 

sensitive potassium channels ( K a t p ) .  A consensus is emerging that the mitochondrial 

K a t p  channels are involved in preconditioning; activation of these channels by 

diazoxide mimics and inhibition by glibenclamide or 5-hydroxydecanoate blocks 

ischaemic preconditioning. It is not clear how activation of mitochondrial K a t p  

channels might cause preconditioning; and some data suggests that K a t p  channels 

might principally be involved in the early triggering rather than late effector phase of 

preconditioning (Pain et a l, 2000).

The mitochondrial permeability transition pore (MPTP) is non-specific channel on 

the inner mitochondrial membrane. Opening of this pore leads to cell death through 

either apoptosis or necrosis. This channel remains closed during ischaemia, but opens 

during the first few minutes of reperfusion. High mitochondrial calcium, ATP 

depletion, acidosis and oxidative stress provide the stimulus for this channel to open. 

Blocking this channel has been shown to reduce ischaemia-reperfusion injury in 

experimental models. It has recently been shown that activation of the K a t p  channel 

inhibits opening of the MPTP, and so this may act as final effector mechanism in 

preconditioning (Hausenloy et al, 2002)

Most studies have focussed on myocyte ischaemic preconditioning, and the biology 

of endothelial preconditioning is less well understood. Adenosine is a well- 

characterised trigger for preconditioning in the myocyte, and also preconditions 

endothelial cells. There are several adenosine receptor subtypes and specific subtypes 

may regulate different aspects of preconditioning. In animal models, agonists of the 

Al and the A3 adenosine receptors induce preconditioning of coronary vasculature
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(Sheth et a l, 1997). However, the predominant receptor on coronary endothelial cells 

is the A2 A subtype, which mediate protection against anoxia-reperfiision injury (Zhou 

e ta l, 1996).

Bradykinin acts upon membrane receptors to stimulate preconditioning. In an 

isolated guinea-pig heart model, ischaemic preconditioning is abolished by blocking 

bradykinin B2 receptors (Sheth et a l, 1997). In an in-vivo rat heart model, blockade 

of B 1 receptors, but not B2 receptors, was involved in vascular preconditioning 

(Bouchard et al, 1998). It remains unclear whether the endogenous B2 receptor or 

the inducible B1 receptor is responsible for endothelial preconditioning, and it is 

likely that this depends upon the species and model studied.

The second messenger systems that are responsible for ischaemic preconditioning 

have not been fully characterised in endothelial cells. The K a t p  channels are thought 

to be distal effectors in the process of preconditioning. In the rat coronary circulation, 

the K a t p  channel blockers such as glibenclamide attenuate endothelial ischaemic 

preconditioning (Bouchard & Lamontagne, 1996). K a t p  channels on the plasma 

membrane in the myocardium and the vasculature differ, and there is increasing 

evidence that the mitochondrial K a t p  channel may be more important then those on 

the plasma membrane.

The key role of circulating cells in reperfusion injury has been illustrated in several 

ways. The damaged endothelium serves to promote leukocyte adhesion and 

transmigration. Recent studies have shown that preconditioning can reduce this 

process. In an in vivo canine model ischaemic preconditioning protected against loss 

of endothelium-dependent dilatation, and reduced the adhesion of neutrophils
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(Vinten-Johansen et a l, 1999). In isolated cell models preconditioning reduces the 

expression of adhesion molecules caused by anoxia (Beauchamp et a l, 1999).

Human studies

In order that the potential benefit of ischaemic preconditioning can be realised in 

clinical practice, its mechanism needs to be delineated in humans in vivo. This is of 

particular importance given the mechanistic uncertainties in the animal literature that 

probably reflect species and methodological differences. Human studies of 

preconditioning of isolated cardiac muscle and cultured myocytes demonstrate that 

early and late preconditioning occur in vitro, and involve PKC and K a t p  channels 

(Shirai et a l, 1998; Speechley-Dick et al, 1995). Methodological difficulties and 

concerns about safety have prevented characterisation of preconditioning in humans 

in vivo. Although studies using repetitive ischaemic stimuli (balloon inflation during 

coronary artery angioplasty or exercise testing), suggest that ischaemic indices are 

reduced during the second period of myocardial ischaemia compared to the first 

period (consistent with a preconditioning effect), it remains uncertain to what extent 

this might also be explained by recruitment of collateral blood vessels with repeated 

ischaemic stimuli (Tomai et a l, 1994). One large clinical study has used nicorandil 

(a K a t p  channel opener) to treat patients with angina and provided novel data about 

the potential role of K a t p  channels and preconditioning in these patients. This study 

demonstrated a significant reduction in the composite end-point of coronary heart 

disease death or non-fatal myocardial infarction or unplanned hospital admission. 

The authors suggest that the most plausible explanation is a preconditioning action of 

the agent (The IONA study group, 2002). This is the most direct evidence for the 

importance of K a t p  channels and preconditioning in a large clinical trial, although
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the study did not investigate the mechanisms of benefit directly, and it is possible 

that such benefits may relate to its vasodilator anti-anginal actions alone since the 

major contributor to the end-points was reduction in angina related unplanned 

hospital admission (Duerden, 2002; Kojda, 2002).

There is indirect evidence from observational studies that coronary vascular 

endothelial preconditioning may be important in the clinical situation. Pre-infarction 

angina may act to precondition the heart, and in clinical studies, patients who suffer 

this have smaller infarct size, better in hospital survival and lower rates of arrhythmia 

(Tomai et al, 1999). In a recent study it was shown that the incidence of no-reflow 

was reduced in such patients, and that they had superior myocardial perfusion 

(Karila-Cohen et a l, 1999). The precise role of the coronary circulation in these 

observations is not clear, but understanding the biology of this process in humans in 

vivo is important to address these issues.

Studies of endothelial function in ischaemia-reperfusion are described in Chapters 6 

and 7. A novel model of human ischaemia-reperfusion injury was defined and the 

role of ischaemic preconditioning in modulating endothelial ischaemia-reperfusion 

injury was studied.
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CHAPTER 2: 

GENERAL METHODS
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2.1 Human forearm model

In the studies described in this thesis, the human upper limb vasculature has been 

studied. The human forearm provides an easily accessible perfiised vascular bed that 

is suitable for the assessment of conduit and resistance vessel function. By 

cannulating the brachial artery at the antecubital fossa, it is possible to infuse 

pharmacological agents and assess receptor mediated endothelial function and 

smooth muscle fimction in the radial artery and the resistance vessels of the forearm 

skeletal muscles. Additionally, it is possible to block or stimulate chemical mediators 

by infusing specific antagonists or agonists. This model has been used to assess 

endothelial function in a wide range of patients.

2.2 Methods to change blood flow in conduit vessels

In investigations of the mechanisms of FMD of conduit vessels in early 

atherosclerosis the nature of the flow stimulus itself may be important. Several novel 

methods were developed to increase blood flow in the vessel to investigate the 

influence of the nature of the flow stimulus upon the mechanism of vasodilatation. 

These are described in detail in Chapter 3.

2.3 Model of acute systemic inflammation

An acute inflammatory response is a complex reaction involving cytokines and 

inflammatory cells. Previous human studies have used endotoxin to induce a 

systemic inflammatory response. However, whilst this generates a powerful 

response, there are associated haemodynamic changes, and this makes assessment of 

endothelial dysfunction difficult. A milder inflammatory response is generated by
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vaccination. Typhoid vaccination was selected to produce a low-grade inflammatory 

response that occurred over several days, and which would allow detailed profiling 

of the vascular responses induced by low-grade inflammation.

2.4 Forearm model of ischaemia-reperfusion injury

By inflating a blood pressure cuff to above systolic pressure it was possible to 

achieve circulatory arrest in the forearm. This provided the ability to induce a simple, 

reproducible, and physiologically relevant ischaemic insult, in a perfused vascular 

bed in vivo, and study the vascular biology of this process. The protocol was 

developed as described in Chapter 6.

Neurologists have used upper limb ischaemia to study the effects of ischaemia upon 

nerve conduction since 1959 (Steiness, 1959). Several patient groups have been 

studied, including patients with diabetes, renal failure, hepatic failure, 

hypercalcaemia and sleep apnoea syndrome. Forearm ischaemia times have been 20 

to 30 minutes, and there have been no reported complications of this procedure. 

Animal studies have shown that a minimum period of 10 minutes is necessary to 

cause endothelial dysfunction.
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2.5 Assessment of endothelial function in humans in vivo

The major functions of the endothelium can be classified into three main categories, 

regulation of vascular tone, regulation of circulating cell functions and regulation of 

haemostasis. There is no single technique with which to assess all the functions of 

the endothelium. Furthermore, endothelial function in veins may differ from that in 

arteries, and the endothelium in arterial resistance vessels may respond differently to 

that in the conduit vessels.

The role of the endothelium in the regulation of vascular tone is the most 

comprehensively understood aspect of endothelial biology, and has become the basis 

for the assays of endothelial function used. In this thesis, I have used venous 

occlusion plethysmography and FMD to assess resistance vessel and conduit vessel 

endothelial function respectively.

The interaction of circulating cells with the endothelium is an important process, but 

there are no techniques to directly examine this aspect of vascular biology in humans 

in vivo. In this thesis, I have used flow cytometry to study the expression of adhesion 

molecules expressed on the surface of circulating inflammatory cells to indirectly 

investigate the interactions between circulating cells and the endothelium.

2.5.1 Venous occlusion plethysmography

Venous occlusion plethysmography was used to assess endothelial function of the 

resistance vessels in the human forearm in vivo. This technique is now a well- 

established method that is widely used in clinical research.
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The basic principle of this technique is to measure the rate of increase in forearm 

volume occurring when the venous outflow is temporarily obstructed. Following 

venous occlusion, arterial blood continues to enter the forearm and the arm 

consequently expands as blood accumulates in the venous system. The rate of blood 

flow is represented by the initial linear rate of rise in forearm volume. Forearm 

volume is derived from changes in forearm circumference, which is measured using 

mercury-in-silastic strain gauges.

Pharmacological agents can be directly administered into the arterial bed after 

cannulation of the brachial artery, by infusion of agents through the cannula. The 

doses of drugs required to elicit a physiological effect are one hundred to one 

thousand fold lower than cause systemic effects. The brachial artery supplies 

predominantly forearm skeletal muscle. The responses of the circulation in the hands 

are different and more closely reflect the changes in skin blood flow and therefore, in 

order to exclude this problem and reduce the variability of data, the hands are 

excluded from the circulation during measurement periods by inflating wrist- 

occluding cuffs to supra-systolic pressure. The effects of dilator or constrictor agents 

on skeletal muscle blood flow can then be directly examined. In these studies the 

blood flow in the non-cannulated arm is also measured. This acts as a 

contemporaneous control, and helps to take into account any changes in blood flow 

due to non-specific systemic effects such as changes in overall sympathetic tone. 

Since blood flow may be altered by either a change in resistance of the forearm 

vessels, or the perfusion pressure, in order to make comparisons about resistance it is 

important that perfusion pressure (blood pressure) does not differ between 

measurements.
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Data analysis and presentation

Comparison of blood flow responses to a specific drug in a single subject measured 

on multiple occasions, or between groups of subjects is possible provided that there 

are no major changes in basal blood flow, forearm volume or perfusion pressure 

(mean arterial blood pressure). Using this method, it is possible to express the data as 

absolute blood flow (after measurement of forearm volume), as percentage change in 

absolute blood flow, or as absolute or percentage change in the ratio of blood flow 

measured simultaneously in both arms. The later method provides an adjustment for 

non-specific systemic effects that may change resting blood flow (Chin-Dusting et 

al, 1999; Benjamin a/., 1995; Petrie a/., 1998).

Detailed protocol

Subjects were studied in a quiet, temperature-controlled laboratory. Mercury-in- 

silastic strain gauge plethysmography was used to measure forearm blood flow in 

both arms (Benjamin et al, 1995). Drugs were administered in saline (sodium 

chloride 0.9% (w/v)) and infused using an infusion pump (Harvard) at 0.5 ml/min 

through a 27-G needle inserted into the non-dominant brachial artery (Cooper's 

Needle Works, UK). During recording periods, the hands were excluded from the 

circulation by inflation of wrist cuffs to 200mmHg. Upper-arm congesting cuffs were 

inflated to 40 mmHg for 10 seconds in every 15-second cycle. After the insertion of the 

needle into the brachial artery, measurements of blood flow were made for 5 minutes in 

every 10 minutes to establish resting control values of forearm blood flow. 

Measurement of forearm circumference was made by mercury-in-rubber strain gauges 

connected to a plethysmograph and personal computer software (Maclab, UK). The 

strain gauges were calibrated at the start of each experiment. Forearm blood flow was
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expressed as ml (flow)/100 ml (forearm volume)/minute. The ratio of the blood flow in 

the infused arm compared to that in the control arm was calculated for each 

measurement period. The ratio of forearm blood flow (infused/control arm) measured in 

response to drugs is expressed as a percentage of the ratio (infused/control arm) 

measured during the control period. Forearm blood flow responses were measured in 

response to infiision of the endothelium-dependent dilator agents or endothelium- 

independent dilator agents.

2.5.2 Flow mediated dilatation

Flow mediated dilatation was used to assess endothelial function of the conduit 

vessels in the human forearm in vivo. This technique is now a well-established 

method that is widely used in clinical research.

The basic principle of this technique is to measure the change in arterial diameter 

induced by a change in blood flow. In humans in vivo it is possible to study the 

radial, brachial, femoral and tibial arteries. High-resolution vascular ultrasound is 

used to image the vessel in longitudinal section. The operating parameters of the 

ultrasound machine are adjusted to make clear differentiation between the vessel 

lumen and the arterial wall. Once a stable clear image is obtained, the transducer 

position is fixed using a stereotactic clamp. This means that it is possible to correct 

for small movements in the coronal and sagittal plane, and maintain the image of the 

vessel being studied.
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Measurement o f arterial diameter

There are a number of methods available to measure arterial diameter, and these have 

evolved since the first description of the technique in 1990. In the original 

description of the technique vessel diameter was measured using on screen B-mode 

calipers, which were manually placed at the M-lines of the anterior and posterior 

walls, at a single point in the artery. This method is labour intensive and time 

consuming. In order to limit the analysis time researchers analysed specific time 

points within the study rather than the complete study. To overcome these 

limitations, quantitative ultrasound techniques have been developed. Arterial 

diameter can be measured using customised edge detection software, similar to that 

used in quantitative coronary angiography. Ultrasound acquired end-diastolic images 

of the vessel are subject to analog to digital conversion. Proprietary commercial 

digital edge detection software (Information Integrity, Boston, USA) is used to 

calculate the internal diameter of the vessel over a 2-3 cm segment of the vessel. 

Images are acquired at 3-5 second intervals and the internal diameter of the vessel 

measured for each image. This provides the ability to measure a longer segment of 

the artery than previous methods. Secondly, this method allows continuous 

assessment of vessel diameter throughout an experimental protocol, and allows a 

comprehensive description of the change in vessel diameter.

Measurement o f blood flow

Blood flow velocity is estimated using pulsed wave Doppler with the cursor set at 70 

degrees to the longitudinal axis of the artery. The Doppler signal is derived as the 

velocity-time profile for a single pulse. The integral of this profile is the velocity-
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time integral, and equates to the average distance moved by a red cell in one cardiac 

beat. Volumetric blood flow can be calculated by multiplying the velocity-time 

integral (corrected for angle) by the heart rate, and the vessel cross sectional area.

Changing blood flow in a vessel

Blood flow in the vessel that is being studied can be manipulated in several ways, but 

the vast majority of studies have used reactive hyperaemia to cause a brisk and 

transient increase in blood flow. A blood pressure cuff is inflated to supra-systolic 

pressure for a period of time (normally five minutes). On release of the cuff there is 

sudden and transient increase in blood flow. This increases shear stress is believed to 

activate the endothelium to release vasodilators, and this causes relaxation of the 

perivascular smooth muscle and dilatation of the vessel. In the studies described in 

this thesis the occluding cuff was always placed distal to the segment of the artery 

being studied . Placing the cuff proximal to the study segment gives larger dilatation, 

but the resulting dilatation may be related to non-endothelial mechanisms (Mannion 

et a l, 1998). Measuring the response to a small dose of sublingual systemic GTN is 

used to assess smooth muscle endothelium independent dilatation.

In the studies described in Chapter 3 of this thesis, novel methods were developed to 

change blood flow in the radial and brachial artery. I developed protocols to increase 

blood flow by hand warming and also by infusion of vasodilator agents distal to the 

segments of artery being studied.

Data analysis and presentation

The increase in blood flow is the stimulus to endothelium-dependent arterial 

dilatation. For the blood flow response that follows reactive hyperaemia, which is a
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short lived transient increase in blood flow, it is possible to express several 

parameters: absolute volume flow, ratio of peak to baseline absolute volume flow, 

percentage change in volume flow between baseline and peak, or as area under the 

curve for the whole flow profile as it returns to baseline values. These parameters can 

also be expressed for the velocity-time integral alone.

Comparison of the arterial dilatation responses in a single subject measured on 

multiple occasions, or between groups of subjects is possible provided that there are 

no major differences in basal blood flow, or arterial diameter. Using this method it is 

possible to express the data as absolute peak dilatation, or as peak percentage change 

from baseline diameter. It is also possible to plot the whole time course of the 

dilatation, and express the area under the curve for the whole dilatation profile.

Detailed protocol

Pulsed wave Doppler was used to measure blood flow velocity expressed as the 

velocity time integral (VTI) for a single cardiac cycle. The VTI was multiplied by 

heart rate (bpm) and vessel cross sectional area (cm^) to derive radial artery blood 

flow (ml/min).

Vessel diameter in the non-dominant arm was measured using high-resolution 

vascular ultrasound (Acuson Aspen, 7.0 MHz linear array transducer). Longitudinal, 

ECG-gated end-diastolic images were acquired every 3 seconds, using customised 

software, and arterial diameter over a 1-2 cm segment was determined for each 

image, using an automatic edge-detection algorithm (Information Integrity, Boston, 

USA).
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Conduit artery diameter and blood flow were measured in response to different flow 

stimuli (see Chapter 3), and the dilator response of the radial artery to administration 

of sublingual GTN (25 meg) was used to assess endothelium-independent dilatation.

2.6 Assessment of neutrophil function

In the studies in this thesis, I studied activation of the neutrophils ex vivo using flow 

cytometry, in the experimental model of ischaemia-reperfiision. These studies were 

carried out in collaboration with Dr. M. Peters.

2.6.1 Flow Cytometry

The basis of this technique is to measure the optical and fluorescence characteristics 

of single particles as they pass through a beam of laser light. Incident light is 

reflected depending upon the size of the cells and their internal characteristics. These 

light signals are detected in photomultiplier tubes and digitised. The simplest plot is 

of side scatter versus forward scatter. The physical properties of the cells are derived 

from the forward and side scatter plot. In whole blood, this allows different cell 

populations to be defined.

Several aspects of neutrophil function can be measured using flow cytometry 

including: calcium mobilisation, changes in cytoskeletal proteins, changes in 

adhesion molecules, changes in aggregation, changes in phagocytosis, changes in 

granularity, and changes in oxygen radical production (van Eaden et a l, 1999; 

Brown & Wittwer, 2000).

These techniques are complex and require isolation and processing of the 

neutrophils, and this may itself activate neutrophils. I wished to use a method where
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artificial processing was minimal, and therefore assessed neutrophil adhesion and 

aggregation of neutrophils. Peters described the methods used to analyse these 

neutrophil functions in whole blood. This method is reliable and reproducible, 

allowing simultaneous assessment of neutrophil adhesion and aggregation (Peters et 

al, 1997).

Data analysis and presentation

In these studies, the neutrophil population was defined on side scatter and forward 

scatter features and adhesion and aggregation were investigated. Neutrophil adhesion 

was assessed as the level of expression of C D llb (a-chain of the integrin adhesion 

molecule CDl lb/CD 18, Mac-1) and measured by fluorescence intensity of 

fluorescein isothiocyanate (FITC) conjugated IgGl monoclonal antibody directed 

against C D llb (Serotec), expressed as the median fluorescence intensity (MFI) of 

the total neutrophil population.

Neutrophil aggregation with platelets was determined as the percentage of the total 

neutrophil population that was aggregated with platelets, and therefore staining 

positive for CD42b (a component of the platelet von-Willebrand factor receptor). 

Events staining positive for both neutrophil and platelet antigens (i.e.CDllb and 

CD42b) were considered to represent aggregates of platelets and neutrophils 

(platelet/neutrophil complexes, PNC). Expression of CD42b was determined by 

staining with IgG2a R-phycoerythrin (PE) conjugated CD42b antibody. Results 

were compared to isotype- matched antibody staining and considered positive if the 

fluorescence intensity exceeded that of 98% of the isotype-matched control 

antibodies.
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Detailed protocol

Venous blood was drawn from the antecubital veins and 50 \û (heparinised; 

lOunits/ml) was added to saturating concentrations of monoclonal antibodies. After 

10 minutes at room temperature 200 pi of ‘FACSlyse’ was added, and samples were 

incubated for a further 10 minutes before the addition of 250 pi of 0.2% 

formaldehyde in phosphate buffered saline. Samples were analysed by flow 

cytometry within one hour of collection on Becton Dickinson FASCalibur, with 

FITC fluorescence at 515nm and PE fluorescence at 580nm measured. A minimum 

of 5,000 neutrophil events was counted on each sample.

2.7 Assessment of systemic inflammation

2.7.1 Cytokine measurements:

In order to characterise the nature of the inflammatory response generated in the 

studies described in Chapter 4 and 5, circulating cytokines were measured.

Data analysis and presentation

In these studies, systemic inflammation was assessed by measurement of IL-6, TNF- 

a, IL-1 and receptor antagonist (IL-lra), and CRP.

Detailed protocol

These measurements were made by Dr. M. Allen, Immunobiology Unit, Great 

Ormond Street Hospital, London. Plasma, obtained by centrifugation, was placed in 

aliquots and stored at -70°C for the using commercially available enzyme-linked 

immunosorbent assay (ELISA) antibody pairs (Cytoset, Biosource International, 

Belgium). Preliminary experiments optimised manufacturers guidelines to achieve a
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lower detection limit of 3pg/mL for IL-6, TNF-a, and lOpg/mL for IL-lra. Levels of 

CRP were measured using ELISA antibody pairs, with a lower detection limit of 

lOng/mL. All samples were analysed in duplicate, by an individual blinded to the 

experimental protocol.

2.8 Drugs and reagents

The following drugs were used in the experiments described in this thesis: 

acetylcholine (Clinalfa AG, Switzerland), aspirin (Laboratories Synthelabo, France), 

atropine (Antigen Pharmaceuticals Ltd, Ireland), bradykinin (Clinalfa AG, 

Switzerland), lignocaine (Antigen Pharmaceuticals Ltd), L-NMMA (Clinalfa AG, 

Switzerland), phentolamine (Ciba, UK), propranolol (Zeneca Pharma, UK), 

verapamil (Knoll Ltd., Maidenhead, UK) and 0.9% saline (Baxter Healthcare Ltd, 

U.K.).

2.9 Statistical methods

Data was analysed using commercially available computer software (GraphPad 

Prism version 3.00 for Windows, GraphPad Software, San Diego California USA). 

Data was tested for normality and group data were compared using Student’s t-test, 

or Wilcoxon test for non-parametric data. Data where more than two variables were 

compared was analysed using analysis of variance (ANOVA). In all studies a 

probability value of less than 5% was considered significant.
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CHAPTER 3:

ROLE OF ENDOTHELIAL NITRIC OXIDE 

IN FLOW-MEDIATED DILATATION IN 

EARLY ATHEROSCLEROSIS
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3.1 Background

As described in section 1.3 the response of conduit vessels to an increased blood 

flow is vasodilatation, but the mechanisms of this response are complex and not 

completely defined. Nevertheless, the technique that measures dilatation in response 

to increased flow (FMD) has become an established method to assess endothelial 

function and NO bioactivity in humans in vivo (section 2.5).

The studies described in this chapter examined the relationship between conduit 

artery blood flow and dilatation to determine how the dynamic characteristics of the 

flow stimulus influence the mechanisms of conduit artery dilatation in healthy 

humans, and how these are disturbed in patients at risk of atherosclerosis. These 

studies were carried out with Dr. M. Mullen, Vascular Physiology Unit, Great 

Ormond Street Hospital, London.
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3.2 Experimental protocols

The protocol was approved by the University College London Hospitals Research 

Ethics Committee and all participants gave written informed consent. Healthy 

volunteers aged 18—45 years were recruited from staff members. No subjects had a 

history of cardiovascular disease. All were non-smokers, on no vasoactive 

medication.

3.2.1 Measurement of conduit artery diameter and blood flow

Experiments were carried out in a temperature-controlled laboratory (23±1°C). As 

outlined in section 2.5, high-resolution ultrasound was used to image the radial artery 

of the non-dominant arm. Blood flow, at the same site as vessel diameter was being 

measured, was recorded continuously throughout the study using pulsed wave 

Doppler. Systemic blood pressure was measured, in the contralateral arm at regular 

intervals throughout each study, using an automated sphygmomanometer (Dinamap, 

USA).

3.2.2 Assessment of role of vasoactive mediators in radial artery FMD

Radial artery blood flow was manipulated using a number of methods developed 

specifically for this study, and dilatation in response to different flow stimuli assessed in 

the absence and presence of inhibitors of potential endothelial derived mediators. The 

brachial artery was caimulated at the antecubital fossa, under local anaesthesia, using a 

27 G needle. Vehicle (0.9% saline), or drugs (see below) dissolved in vehicle, were 

infused intra-arterially at 0.5 ml/min to perfuse the radial artery. All pharmacological 

inhibitors were pre-infused for at least 10 minutes before assessing their effect on FMD.
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3,2,2.1 Protocol 1: Role o f NO and prostaglandins in FMD induced by reactive 

hyperaemia after five minutes o f wrist cu ff inflation.

Reactive hyperemia was induced by inflation of a distal pneumatic cuff to 300mmHg 

for 5 minutes followed by its deflation (Figure 3-1). Radial artery FMD in response 

to this brief blood flow stimulus was measured before and after intra-arterial infusion 

of the NO synthase inhibitor N^monomethyl-L-arginine (L-NMMA) (4pmol/min; 

preinfused for 10 minutes; n=8) or administration of the cyclooxygenase inhibitor 

aspirin (600mg PC, n=6).

L-NMMA
Pneumatic

cuff

Figure 3-1: Methods o f stimulating increased blood flow (I)
Blood flow and vessel diameter were measured using vascular ultrasound, and the 
effect o f pharmacological inhibitors on flow-mediated responses was determined 
from the actions of L-NMMA (via the brachial artery, proximal to the segment o f 
artery being studied) or oral aspirin. Inflation of the wrist cuff for 5 or 15 minutes 
restdted in reactive hyperaemia o f differing duration in the proximal radial artery.
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s.2.2.2 Protocol 2: Role o f NO in FMD induced by reactive hyperaemia after

five minutes andfifteen minutes o f wrist cu ff inflation

Sequential 5 and 15-minute cuff inflations were used to induce brief and more 

sustained episodes of transient reactive hyperaemia (Figure 3-1). Radial artery 

dilatation in response to these stimuli was assessed before and after L-NMMA as 

above (n=8).

3.2.2.3 Protocol 3: Role o f NO, prostaglandins and local autonomic system in

FMD induced by hand warming

Hand warming (from 22°C to 45°C) was used to cause a sustained increase in radial 

artery blood flow (Figure 3-2). FMD in response to this sustained flow stimulus was 

assessed during intra-arterial infusion of saline followed by infusion of L-NMMA (4 

|imol/min; n=8 and Ibpmol/min; n=5), L-NMMA (4 |xmol/min) together with aspirin 

(10 mg/min; n=7) and during local autonomic blockade (intra-arterial infusion of 

atropine 350ng/min, propanolol 40|ig/min and phentolamine 25 |ig/min; n=7). 

Dilatation in response to hand warming was initially assessed before and two hours 

after administration of aspirin (1200mg PO, n=6), but in subsequent studies aspirin 

and L-NMMA were co-infused into the brachial artery.
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L-NMMA

water
hath

Figure 3-2: Methods o f stimulating increased blood flow (II)
Blood flow and vessel diameter were measured using vascular ultrasoimd, and the 
effect o f pharmacological inhibitors onflow-mediated responses determined from the 
actions of infused drugs via the brachial artery (proximal to the segment o f artery 
being studied). Warming o f the hand to 42-45°C caused sustained hyperaemia in the 
radial artery.

3.2.2.4 Protocol 4: Role o f NO in FMD induced flow increase induced by

infusion o f acetylcholine into the hand

A stepwise increase in sustained blood flow was induced in the radial artery by an 

incremental infusion of acetylcholine (10, 100, 500 and 1000 nmol/minute; each dose 

for 5 minutes, n=6) into the radial artery at the wrist (Figure 3-3). Radial artery blood 

flow and dilatation in response to this stimulus were assessed during infusion of 

saline followed by L-NMMA (4pmol/min) via the brachial artery.
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L-NMMAACh

Figure 3-3: Methods o f stimulating increased blood flow (III)
Blood flow and vessel diameter were measured using vascular ultrasound. Infusion 
o f L-NMMA via the brachial artery was used to assess the contribution of NO to 
dilatation. Infusion of an incremental dose of acetylcholine into the radial artery at 
the wrist was u.sed to increase blood flow to the hand and cause a stepwise and 
sustained increase in radial artery blood flow.

3.2.2.5 Protocol 5: Assessment o f effect o f hypercholesterolaemia on FMD

Brachial artery FMD in response to transient (reactive hyperaemia, induced by a 5 

minute cuff occlusion) and sustained (incremental infusion o f  acetylcholine at doses 

o f  10, 100 and 1000 nmol/min; each dose for 5 minutes) hyperaemia was assessed in 

9 hypercholesterolaemic subjects and 9 controls (Figure 3-4).
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ACh

Figure 3-4: Methods o f stimulating increased blood flow (IV)
Blood flow and vessel diameter were measured using vascular ultrasound. Inflation 
of a forearm cuff for 5 minutes or infusion of acetylcholine into the brachial artery 
was u.sed to cause transient or sustained increa.ses respectively in brachial artery 
blood flow.

3.2.3 Data analysis

Blood flow and radial or brachial artery diameter were expressed as described in 

section 2.5.2. VTI (m) was determined at baseline (mean of at least 2 measurements 

during the first minute of each study) and at pre-specified time points (every 5 

seconds for the first 15 seconds, every 15 seconds during reactive hyperaemia and 

every minute during steady state hyperaemia) during the increased blood flow. 

Baseline vessel diameter (mm) was defined as the mean of all measurements during 

the first minute of each study. Dilatation (maximal after reactive hyperaemia and 

mean of one minute during steady state conditions) was expressed as a percentage 

change from the baseline diameter. The time course of blood flow velocity or 

dilatation were analysed by measuring the area under the time curve (AUC).
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3.3 Results

None of the interventions to alter blood flow in the radial artery had any effect on 

systemic haemodynamics as assessed by heart rate and blood pressure, or flow and 

radial artery dilatation in the contra-lateral arm (data not shown).

3.3.1 Mechanism of radial artery dilatation following reactive hyperaemia

Inflation of the occluding cuff almost completely abolished radial artery blood flow 

and was associated with a significant reduction in radial artery diameter of - 

3.9+1.1%. After a 5-minute period of distal forearm ischaemia, peak VTI was 

maximal within 15 seconds (0.23+0.0Im) and returned to baseline by 1 minute. In 

response to this stimulus, radial artery diameter increased by 5.3+1.2% (maximal at 

69.3+8.1 seconds after release of the cuff, AUC 438+163 units). L-NMMA had no 

effect on radial artery VTI at rest, during cuff inflation or reactive hyperaemia 

(Figure 3-5). Similarly, L-NMMA had no significant effect on arterial constriction 

observed during cuff inflation but attenuated FMD (maximal dilatation 0.7+0.7% 

P=0.006, AUC 251+102 units P<0.001; Figure 3-5). Oral aspirin had no significant 

effect on resting radial artery blood flow or FMD in response to a 5-minute cuff 

occlusion (4.7+0.5% vs. 4.9+0.5%, P=NS) respectively.

These data suggest that FMD in response to reactive hyperaemia following 5 minutes 

of cuff occlusion is predominantly NO dependent.
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Figure 3-5: Effect o f L-NMMA on radial artery FMD
(a) L-NMMA had no effect on radial artery blood flow, at baseline, during cuff 
inflation or reactive hyperaemia. (b) L-NMMA significantly attenuated FMD in 
response to reactive hyperaemia.

The second study compared the effects of L-NMMA on FMD in response to reactive 

hyperaemia following 5 and 15 minute of wrist cuff occlusion. Following the 15 

minute cuff occlusion, peak VTI was not significantly increased compared to the 

standard 5 minute cuff occlusion (0.20+0.05 vs. 0.25+0.04, P=0.05), but the duration 

of reactive hyperaemia was prolonged, resulting in a significant increase in the AUC 

of blood flow (17.5+3.5 vs. 11.7+3.5 units, P=0.006; Figure 3-6). This resulted in a 

significantly enhanced maximal radial artery dilatation from 5.4+0.7% to 9.6+0.7% 

( f  <0.001; Figure 3-6) and AUC of the dilatation/time response curve from 522+102 

to 1374+162 units (P<0.001). L-NMMA attenuated maximal FMD following the 5-
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minute cuff occlusion (2.0±0.6, P=0.02) but, in contrast, had no effect on maximal 

radial artery dilatation following the 15 minute cuff occlusion (9.6+0.7% vs. 

9.5±1.1% P=0.8; Figure 3-6) or the AUC of the time/dilatation response curve 

(1254+186 units during L-NMMA, P=0.4).

These data suggest that FMD of the radial artery in response to sustained flow 

stimuli in NO independent, and contrasts with the role of NO in response to transient 

stimuli.
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Figure 3-6: Effect o f L-NMMA on radial artery FMD (II)
15 minutes o f hand ischaemia resulted in a more prolonged reactive hyperaemia (a) 
and a significantly increased FMD of the radial artery (h) compared to 5 minutes o f 
ischaemia. L-NMMA had no effect on reactive hyperaemia, but reduced FMD in 
response to 5 minutes o f ischaemia with no effect on FMD in response to 15 minutes 
of hand ischaemia.
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3.3.2 Mechanism of FMD in response to sustained hyperaemia

In order to corroborate the results of the data from protocols 1 and 2, I used hand 

warming to induce a sustained increase in radial artery blood flow. This increased 

blood flow (expressed as VTI) from 0.02±0.01m to O.ll+O.Olm. Despite the 

relatively low peak blood flow velocity achieved, compared to that produced by 

reactive hyperaemia, this sustained stimulus resulted in a mean radial artery 

dilatation of 9.7±1.8%. Infusion of L-NMMA (4pmol/min) had no significant effect 

on radial artery blood flow or dilatation to this sustained flow stimulus (dilatation 

11.2±2.8; Figure 3-7). A further 10-minute infusion of L-NMMA at lôpmol/minute, 

to compensate for the dilutional effect of the increase in blood flow, also had no 

effect on dilatation associated with hand warming (dilatation 10.2±2.0%). Inhibition 

of cycloxygenase with oral aspirin had no significant effect on blood flow or radial 

artery dilatation following hand warming (8.0±1.9% vs. 7.42+3.5%; P=0.7; n=6,). 

Intra-arterial aspirin (lOmg/minute) co-infused with L-NMMA (4 |imol/minute) also 

had no effect on radial dilatation during hand warming (9.1+1.6% vs. 9.8+2.6%; 

P=0.7; n=7).

These data support the concept that dilatation to sustained flow is NO independent. 

Moreover, lack of effect of oral and high dose intra-arterial aspirin exclude a role for 

prostacyclin in this dilatation. Combination of NOS and COX blockade do not affect 

dilatation to sustained flow implying that the lack of effect of either on its own was 

not compensated for increased activity of the other pathways.
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Figure 3- 7: FMD o f radial artery with hand warming
Hand warming caused a gradual and sustained increase in blood flow in the radial 
artery (a) This was associated with temporally associated radial artery 
vasodilatation (b) L-NMMA had no effect on hyperaemia or FMD.

Local autonomic blockade, abolished the constrictor response of the radial artery 

during the cold pressor test (n=3; data not shown), but had no significant effect on 

radial artery blood flow in response to hand warming or the consequent radial artery 

dilatation (FMD 8.3+1.8% before and 10.9±1.8% after autonomic blockade; P=0.1, 

n=7). These data suggest that dilatation in response sustained flow is independent of 

autonomic neural control.

To further explore the mechanism of conduit artery dilatation to sustained flow, 

acetylcholine was infused into the distal radial artery to cause a dose-dependent
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increase in blood flow. This was associated with radial artery dilatation up-stream 

from the site of infusion. Infusion of L-NMMA into the brachial artery significantly 

reduced blood flow in response to acetylcholine (necessitating higher doses of radial 

artery acetylcholine to produce the same blood flow), but had no effect on radial 

artery dilatation in response to equivalent flow stimuli (Figure 3-8). These data 

confirmed that the FMD in response to sustained flow was NO independent at a wide 

range of flows.

10 1

8 -

6 -

2 -

0 -

I

y A

I---------
.-y

X
X" 
 1

, / r
IF

■ saline 
O L-NMMA

T— '— I— '— I— «“ “ T— '— r— '— I— r 1
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

VTI (m)

Figure 3-8: FMD o f radial artery with distal infusion o f acetylcholine
An incremental infusion of acetylcholine, via the radial artery, resulted in a graded 
increase in blood flow (VTI). This was associated with a stepwise dilatation o f the 
proximal radial artery that was quantitatively and temporally related to the increase 
in blood flow. Infusion of L-NMMA had no effect on the relationship between radial 
artery blood flow and dilatation.
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These data suggest two mechanisms of dilatation of conduit vessels: an NO 

dependent pathway in response to transient increase in flow and an NO independent 

mechanism to sustained flow. To investigate if these pathways were differentially 

affected in patients with risk factors for atherosclerosis, I studied dilatation to 

transient and sustained flow stimuli in patients with hypercholesterolaemia, and 

compared this with matched controls.

3.3.3 Characterisation of FMD in response to transient and sustained flow 

increases in patients with hypercholesterolaemia

There were significant differences in total and LDL cholesterol levels between the 

hypercholesterolaemic and control groups but other parameters were comparable 

(Table 1). There were no significant differences in resting brachial artery blood flow, 

diameter or the degree of reactive hyperaemia induced by 5-minute forearm cuff 

inflation. However, brachial artery dilatation in response to reactive hyperaemia was 

significantly lower than in controls (4.6+0.6% vs. 7.2+0.7%, P=0.04).

Distal infusion of acetylcholine increased brachial artery blood flow in a dose- 

dependent manner, which was similar in both groups and resulted in an equivalent 

step-wise dilatation of the brachial artery in both groups (Figure 3-9). There was no 

difference in the slopes of the flow/dilatation response curves between 

hypercholesterolaemic subjects and controls.
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Table 1: Characteristics o f subjects studied in Protocol 5 - Assessment o f effect o f 
hypercholesterolaemia on FMD.

Controls HC P

No (%male) 9(78) 9(78)

Age (years) 33 ±1.7 38 ±1.7 0.08

Total cholesterol (mmol/1) 4.35 ±0.28 6.96 ± 0.45 <0.001

LDL cholesterol (mmol/1) 2.30 ±0.21 4.81 ±0.51 <0.001

HDL cholesterol (mmol/1) 1.75 ±0.17 1.66±0.13 0.69

Triglyceride (mmol/1) 0.66 ±0.08 1.03 ±0.09 0.01

Baseline diameter (mm) 4.11 ±0.16 4.45 ± 0.28 0.34

Basal VTI (m) 0.058 ±0.010 0.075 ±0.014 0.32

Peak VTI (m) 0.406 ±0.038 0.333 ±0.017 0.78

RHauc 12.61 ±1.72 12.47 ± 1.23 0.95

FMDmax (%) 7.2 ±0.7 4.6 ± 0.6 0.04

FMDauc 637 ± 107 298 ± 127 0.06

VTI = velocity time integral, RHaug = area under the curve of the reactive 
hyperaemic flow envelope, FMDmax = maximal flow-mediated dilatation, FMDauc 
= area under the curve of flow-mediated dilatation.

Data is mean ± SE. Groups were compared using independent Students t-tests.
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Figure 3-9: Brachia! artery FMD in hypercholesterolaemia
Infusion of incremental doses o f acetylcholine into the forearm resulted in a dose 
dependent, steady state, increases in brachial artery blood flow in both controls and 
subjects with hypercholesterolaemia. This was associated with a stepwise dilatation 
of the brachial artery. In contrast to the response to reactive hyperaemia this was not 
different in subjects with hypercholesterolaemia compared to controls.
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3.4 Discussion

This series of experiments demonstrate that, under normal physiological conditions, 

different types of flow stimulus elicit different mechanisms of conduit artery 

dilatation in humans. Dilatation, in response to transient increases in blood flow, is 

largely mediated by synthesis of NO, whilst sustained dilatation during a prolonged 

flow change is unaffected by L-NMMA, indicating a NO-independent mechanism.

Pharmacological blockade of physiological pathways was used to probe the 

mechanisms that regulate radial artery diameter under different blood flow 

conditions. Previous studies have demonstrated a role for NO in radial artery 

dilatation in response to reactive hyperaemia (Joannides et a l, 1995). This finding 

was confirmed in the present study in which FMD following a brief episode of 

reactive hyperaemia was almost completely abolished during infusion of L-NMMA, 

an effect that was not explained by any change in the flow stimulus.

In contrast, L-NMMA did not alter basal radial artery diameter, or the dilator 

response to a sustained flow stimulus caused by a prolonged episode of reactive 

hyperaemia, local hand warming, or an incremental infusion of acetylcholine into the 

hand. The dose of L-NMMA used has previously been shown to cause near maximal 

inhibition of NO-mediated dilatation in the forearm, and increasing the dose of L- 

NMMA four-fold, during hand warming, did not alter the response.

It is possible that non-flow related mechanisms, such as local ischaemia, vasoactive 

metabolites or neuronal mechanisms might be responsible for dilatation during 

sustained flow. However, a number of different methods for inducing a sustained
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flow stimulus, which were unlikely to have identical collateral effects to cause 

endothelium-independent dilatation, also caused dilatation. There was a close 

temporal association between changes in blood flow and arterial diameter during 

these protocols. In addition, using distal infusion of acetylcholine, at incremental 

doses, established a clear relationship between sustained flow and dilatation over a 

range of different flow intensities. There were no effects of any flow stimulus on 

systemic haemodynamics, blood flow or dilatation in the contra-lateral radial artery. 

These observations strongly suggest that the radial artery dilatation observed was a 

direct consequence of changes in luminal blood flow.

L-NMMA had no effect on dilatation in response to sustained flow regardless of the 

method used to induce the increase in blood flow. Therefore NO-independent 

mechanisms mediate arterial dilatation in response to a sustained flow stimulus. The 

effects of L-NMMA on radial artery tone under resting conditions support these 

findings. Reduced blood flow, during cuff inflation, resulted in significant radial 

artery constriction, implying the presence of tonic FMD (in response to normal 

resting sustained flow conditions). However, in the 31 studies where L-NMMA was 

infused into the radial artery, no constriction was apparent. Although it is possible 

that these methods did not detect a small effect of L-NMMA, these data suggest that 

such basal FMD is independent of NO synthesis.

The mechanism(s) of dilatation in response to sustained flow is at present unclear, 

but might involve endothelial or non-endothelial dependent pathways. There was no 

affect of aspirin on dilatation in response to any of the flow stimuli used, suggesting 

a minimal role for vasoactive prostanoids in FMD. Similarly, pharmacological

91



blockade of the autonomic nervous system had no effect on radial artery FMD in 

response to hand warming, consistent with animal studies showing that FMD is 

preserved following surgical or pharmacological denervation (Lie et a l, 1970). 

Alternative mechanisms that have not been tested might involve the release of 

endothelium-derived hyperpolarizing factors, activation of potassium channels or 

stimulation of sensory nerves. It is also possible that under physiological conditions, 

NO contributes to conduit artery dilatation in response to a sustained flow stimulus, 

but that during reduced NO synthesis alternative mechanisms compensate. Combined 

infusion of L-NMMA and aspirin did not affect dilatation excluding the possibility of 

a short term interaction between the NO and prostaglandin pathways, but further 

experiments with blockade of multiple pathways will be needed to test this 

hypothesis.

These findings suggest that a physiological role of the NO pathway is to provide a 

mechanism to limit the degree to which shear stress is elevated in response to rapid 

changes in blood flow and imply that there is adaptation of the response of the NO 

pathway. Whether this occurs because of reduced NO production or desensitisation 

to the effects of NO is unclear, but understanding how the pathway habituates might 

have implications for understanding how activity of the NO pathway is reduced in 

cardiovascular disease. If the NO pathway has a similar role in resistance vessels, 

then it might provide a mechanism for the rapid buffering of variations in blood flow 

and pressure. Consistent with this hypothesis is the observation that inhibition of NO 

production in experimental animals and humans increases blood pressure variability 

(Nafz et a l, 1996).
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These data are relevant to the design and interpretation of endothelial function tests 

that use flow as a stimulus. The non-invasive measurement of FMD in peripheral 

conduit arteries is a method that has been widely adopted as an in vivo assessment of 

endothelial function. Correct interpretation of these studies, however, will depend on 

a detailed knowledge of the physiology of FMD and the mechanisms that are 

responsible for disturbing this physiology. Furthermore, these data indicate that 

accurate definition of the flow stimulus is important, and peak flow alone may be an 

inadequate description of the stimulus. Abnormalities of FMD in response to brief 

periods of reactive hyperaemia are likely to reflect reduced NO bioactivity. In 

contrast, dilatation following the use of more intense flow stimuli (e.g. after placing 

the occluding cuff on the upper arm or using prolonged periods of ischaemia), might 

be largely determined by NO-independent mechanisms.

Consistent with previous reports, FMD following a brief period of reactive 

hyperaemia was significantly impaired in patients with hypercholesterolaemia 

compared to controls (Bottcher et al, 2001). In contrast, no abnormality of dilatation 

in response to a sustained flow stimulus was apparent. These data suggest a selective 

abnormality of the NO pathway in hypercholesterolaemia with preservation of non- 

NO mediated responses. This abnormality may reflect impaired sensing or 

transduction of the flow stimulus. Previous reports of impaired agonist-mediated NO 

synthesis in hypercholesterolaemia would favour an effect distal to flow transduction 

mechanisms (Chowienczyk et a l, 1992). Further experiments will be required to 

determine whether FMD in response to sustained flow is preserved in other risk 

factor groups and patients with established cardiovascular disease, and this may 

provide a method to assess non-NO mediated flow induced vasodilator mechanisms.
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CHAPTER 4:

THE EFFECT OF INFLAMMATION ON 

ENDOTHELIAL FUNCTION OF THE 

ARTERIAL VASCULATURE
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4.1 Background

As described in detail in Chapter 1, epidemiological and observational studies have 

suggested an association between inflammation and risk of cardiovascular disease. 

Two patterns of association have emerged - a link between chronic low-grade 

inflammation and the slow process of atherogenesis, and an association between an 

acute systemic inflammatory response and a transiently increased risk of an acute 

cardiovascular event.

Changes in endothelial activity may underpin the link between inflammation and the 

risk of an acute cardiovascular event. Loss of the normal vasodilator, antiplatelet and 

antithrombotic properties of the vascular endothelium might tip the balance in favour 

of vasospasm, thrombosis and inflammation, and contribute to the transition between 

“stable” and “unstable” atheroma. Local administration of certain pro-inflammatory 

cytokines impairs endothelium-dependent dilatation in human veins in vivo. The 

studies described in this chapter tested the hypothesis that a mild systemic 

inflammatory response (generated by the administration of typhoid vaccine) impairs 

endothelium-dependent dilatation in the arterial circulation.
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4.2 Experimental protocols

4.2.1 Subjects

The protocol was approved by the University College London Hospitals Research 

Ethics Committee. All clinical studies were performed in a temperature-controlled 

laboratory (24-26°C). Male and female subjects (aged 22 to 37 years) were included 

who stated that they were healthy, taking no medication, and had not received 

typhoid vaccination in the previous six months.

4.2.2 Generation of an inflammatory response

Salmonella typhi capsular polysaccharide vaccine 0.025 mg (Typhim Vi, Pasteur 

Merieux MSD, Maidenhead, UK) was injected into the gluteus muscle at OSOOh on 

the morning of day 2 of the study.

4.2.3 Assessment of endothelial function

Resistance vessel function and brachial artery flow-mediated dilatation were assessed 

in the non-dominant forearm as described in sections 2.5.1 and 2.5.2

4.2,3.1 Resistance vessel studies

Venous occlusion plethysmography studies were performed on six subjects. These 

initial studies were performed by Dr. Aroon Hingorani (University College London). 

Forearm blood flow responses to intra-brachial infusions of four vasodilator drugs -  

bradykinin, ACh, GTN and verapamil - measured on three occasions at 1600h on 

three consecutive days; 16 hours before, and 8 hours and 32 hours after vaccine 

administration. The needle was removed at the end of each study period.
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Measurement of basal blood flow was made over a 15 minute period prior to the 

infusion of drugs. The order of drug infiisions was varied between studies but, due to 

its long duration of action, verapamil was always infused last. Saline was infused for 

15 minutes between each drug infusion, and blood flow recordings were then made 

for a further two minutes to ensure that flow had returned to baseline values prior to 

the next drug infusion.

Cumulative dose-response curves were constructed to bradykinin (20, 40 and 80 

pmol/min, each dose for 3 minutes), ACh (25, 50 and 100 nmol/min, each dose for 3 

minutes) GTN (4, 8 and 16 nmol/min, each dose for 3 minutes) and verapamil (20, 

40 and 80 nmol/min, each dose for 3 minutes).

4.2.3.2 Conduit vessel studies

In 12 subjects, measurements of FMD and GTN dilatation were made serially 16 

hours prior to vaccination and again 8 hours after vaccination.

4.3 Results

4.3.1 Systemic response to vaccination

Body temperature did not change significantly - 36.5 (±0.06)°C at baseline and 36.7 

(±0.05)°C at 8 hours (p=NS). In the 8 hours following administration of capsular 

polysaccharide typhoid vaccine, total white cell count rose from 4.0 (±0.3) xlO^/L at 

baseline to 6.1 (±0.5) xlO^/L at 8 hours (p<0.01). There was a progressive rise in 

the serum level of EL-6 from 2.1 (±0.4) pg/mL pre-vaccine to 5.8 (±3.2) pg/mL 8 

hours post vaccine (p<0.01) and the level of EL-Ira rose from a baseline value of
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188.0 (±35.9) pg/ml to peak at 593.6 (±198.0) pg/ml 3 hours following vaccination, a 

191% increase from baseline (p<0.05). There was no rise in the plasma level of IL-1 

or TNF-a (data not shown) at the time points studied. Two subjects experienced 

local discomfort at the injection site and two subjects reported generalised myalgia 

and headache.

Table 2: Serial changes in inflammatory indices and cytokine levels following 
vaccination

Time (hr) Baseline 1 2 • 3 4 5 6 7 8

Temperature 36.5 36.5 36.6 36.6 36.6 36.6 36.6 36.7 36.7

CC) (.06) (.07) (.06) (.07) (.09) (.09) (.06) (.07) (.05)

White count 4.0 3.9 4.1 4.5 4.7 5.3* 6.0* 5.8** 6.1**

(xlO^/L) (0.3) (0.2) (0.3) (0.4) (0.4) (0.4) (0.6) (0.4) (0.5)

IL-6 2.1 2.8 2.6 3.2 3.4 3.0 3.4 3.9 5.8

(pg/mL) (0.4) (0.8) (0.9) (0.8) (1.5) (1.0) (1.8) (2.6) (3.2)

IL-6 18.7 46.3 104.0* 77.7** 50.3** 51.4** 45.2** 96.2**

(% change) (20.7) (55.5) (70.3) (59.0) (37.9) (53.0) (70.5) (82.0)

IL-lra 188.0 192.5 422.9 593.6 330.6 413.0 306.2 290.6 185.1

(pg/mL) (35.9) (23.3) (239.2) (198.0) (120.5) (132.0) (94.9) (113.0) (11.7)

IL-lra 9.4 93.1 191.3* 61 111.8 58.3* 46.7 29.2**

(% change) (9.09) (81.9) (53.2) (29.6) (57.8) (22.2) (19.8) (1.2)

(values expressed as mean and (sem)).

*p<0.05 compared to baseline. **p<0.01 compared to baseline.
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4.3.2 Resistance vessel responses

Vaccine study

Vaccination had no effect on blood pressure or resting heart rate, nor did it alter 

baseline forearm blood flow measured by venous occlusion plethysmography. Mean 

baseline blood flow (ml/lOOml forearm/min) was 4.72 (±0.64) pre-vaccination, 4.70 

(±0.70) 8 hours post-vaccination, and 4.04 (±0.54), 32 hours post-vaccination 

(p=NS). Prior to vaccination all subjects showed a dose-dependent increase in 

forearm blood flow to the endothelium-dependent vasodilators bradykinin and ACh 

(Figure 4-la and 4-lb), and to the endothelium-independent vasodilators GTN and 

verapamil (Figure 4-lc and 4-Id). When the dilator response was reassessed 8 hours 

following vaccination, there was a selective and marked blunting of the response to 

bradykinin (p<0.01; by repeated measures ANOVA; Figure 4-la) and an impaired 

response to ACh (p=0.04; by repeated measures ANOVA; Figure 4-lb). There was 

no significant change in the response to GTN (Figure 4-lc) or to verapamil (Figure 

4-Id). Thirty-two hours after vaccination, the response to bradykinin and ACh had 

returned to normal (Figure 4-la and b) and the responses to GTN (Figure 4-lc) and 

verapamil (Figure 4-Id) were again unchanged.

Control study

When forearm blood flow studies were performed twice (24 hours apart) in five non

vaccinated subjects, the responses to bradykinin, ACh and GTN were unchanged 

over the 24 hour period. There was a significant reduction in the response to 

verapamil on day 2 (p=0.01 by two-way ANOVA), although individual dilator 

responses to this drug proved to be more variable than for the other agents.
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Figure 4-1: Forearm blood flow (FBF) responses before and after vaccination
FBF responses to (a) bradykinin (BK); (b) ACh; (c) GTN; and (d) verapamil in 
vaccinated subjects (n=6; p values by repeated measures ANOVA).
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4.3.3 Conduit artery responses

Baseline brachial artery diameter and blood flow velocity-time index did not change 

during the study. However, when compared to pre-vaccination values, there was a 

significant impairment in FMD by 8 hours following vaccination (mean FMD was 

6.5 ±0.5% pre vaccination vs. 5.0 ±0.5% 8 hours post vaccination, P<0.05; Figure 4- 

2). In contrast, there was no difference in the GTN response at these two time points 

(9.5 ±0.7 vs. 9.5 ±0.9, P=NS; Figure 4-2).
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Figure 4-2: FMD and GTN responses before and after vaccination
Mean (±sem) o f the maximal dilatation o f the brachial artery in response to: (a) flow 
and (b) sublingual GTN in 12 subjects measured at baseline and 8 hours following 
vaccination showing significant attenuation o f the response to flow but preserved 
response to GTN (p values by paired t-test).
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4.4 Discussion

Intramuscular injection of capsular polysaccharide typhoid vaccine produced a mild 

systemic inflammatory response in healthy volunteers that was associated with 

profound, but temporary, suppression of endothelium-dependent relaxation in the 

forearm circulation. These findings demonstrate that even a relatively mild systemic 

inflammatory response is associated with significant alteration in endothelial 

function of a type commonly thought to be associated with increased cardiovascular 

risk.

Capsular polysaccharide typhoid vaccine was used to initiate a systemic 

inflammatory response. 8 hours following vaccination there was a mild leucocytosis 

but no change in blood pressure or heart rate. Over this time the plasma 

concentration of the pro-inflammatory cytokine IL-6 increases. These results are 

similar to those reported previously with the whole cell typhoid vaccine and suggest 

that IL-6 may be an important cytokine contributing to the response seen after this 

type of vaccination.

Forearm arteriolar vasodilation was assessed in healthy volunteers, before and at 

various times after vaccination with each study performed at the same time of day. 

Dilator dose-response curves were constructed to local intra-arterial infusion of 

agents whose dilator action is dependent on a functional vascular endothelium 

(bradykinin and ACh), and to agents whose action is to relax directly vascular 

smooth muscle (GTN and verapamil). Bradykinin and ACh have been used widely 

to probe the ability of the endothelium to generate vasodilator factors and both agents 

work in part through stimulation of nitric oxide generation in this vascular bed. In the
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present study, responses to bradykinin 8 hours after vaccination were suppressed by 

nearly 65%. Suppression of endothelium-dependent dilation was not seen in non

vaccinated individuals studied on consecutive days and the magnitude of change seen 

following vaccination was as at least as great as the changes reported in the presence 

of classical cardiovascular risk factors. The effect of vaccination was specific for 

agonists working through the endothelium, since responses to the NO donor drug 

GTN, and the calcium channel blocker verapamil were unaltered. In the case of 

bradykinin, the defect in endothelium-dependent relaxation had returned to normal 

by 32 hours.

In non-vaccinated subjects, the responses to bradykinin, ACh and GTN were 

unchanged over 24 hours. The dilator response to verapamil was depressed on day 2 

of the study in these subjects. The more marked inter-subject variability in the 

response to verapamil might account for this observation but it was clear that 

vaccination did not suppress the dilator response to this agent.

Following vaccination, the attenuation in endothelium-dependent vasodilatation in 

resistance vessels in response to pharmacological stimuli was mirrored by an 

attenuated dilatation of conduit vessels to a physical stimulus (flow). This 

attenuation in response occurred in the absence of any change in the response to a 

submaximal dilator dose of sublingual GTN.

These results demonstrate that vaccination with capsular polysaccharide typhoid 

vaccine temporarily, but profoundly, impairs the ability of the arterial endothelium to 

produce endogenous vasodilators in response to agonist and physical stimuli.
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The mechanism(s) by which inflammation may impair endothelium-dependent 

relaxation are not fully understood. One possibility is that certain cytokines induce de 

novo expression of the inducible isoform of nitric oxide synthase (iNOS) in the 

vessel wall (an isoform implicated in the high-output NO production seen in 

inflammation and sepsis) and this high output of NO coupled with generation of 

superoxide causes endothelial damage. This is unlikely to be the explanation of 

these findings since expression of iNOS would be expected to cause vasodilatation 

and neither blood pressure nor resting forearm blood flow changed significantly after 

vaccination. Furthermore, it has been shown previously that the conversion of ^̂ N- 

arginine to ^^NO] (a breakdown product of NO) does not increase following 

administration of whole cell typhoid vaccine to healthy volunteers.

An alternative possibility is that the cytokines caused a decrease in expression of the 

constitutive endothelial isoform of NOS. However, this is unlikely to be the sole 

mechanism since in previous studies in human veins: (i) there is no decrease in 

mRNA encoding eNOS following cytokine administration and (ii) the defect was not 

confined to NO-mediated dilatation but also included prostanoid-mediated dilatation. 

A third possibility is that there is an increase in vasoconstrictor mediators such as 

prostanoids following inflammation.

Systemic inflammation far more severe and long-lasting than the insult produced by 

vaccination occurs in a wide variety of infective disorders and after iatrogenic 

procedures such as abdominal surgery. There is growing evidence that acute 

systemic inflammation is associated with an increase in the risk of cardiovascular 

events, which may persist for days or weeks. There is also evidence that unstable
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angina is associated with inflammation, which might precede the onset of the 

syndrome. These data demonstrate that even a relatively mild inflammatory 

response leads to major changes in endothelial regulation of vascular tone in the 

arterial circulation.
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CHAPTER 5:

MECHANISMS OF INFLAMMATION 

INDUCED ENDOTHELIAL DYSFUNCTION
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5.1 Background

In Chapter 4 a model of vaccine-induced inflammation was described and its effects 

on arterial endothelial function are defined. This defect in vaccine-associated 

endothelial dysfunction may reflect abnormalities of the L-arginine/NO pathway 

through several potential mechanisms (as described in Chapter 1). It is also possible 

that this reduction in vasodilator response is due to an increase in vasoconstrictor 

prostanoids induced by inflammation.

Aspirin is widely used in the secondary prevention of coronary heart disease and 

stroke. It is assumed that its beneficial effects are due to its anti-platelet actions. 

However, aspirin has potent anti-inflammatory properties, and may also directly 

affect vascular (as well as platelet) prostanoid production. It is possible that reduction 

in the production of vasoconstrictor mediators is an important action of aspirin, and 

in certain risk factor groups aspirin improves endothelial dependent vasodilatation 

(Husain et a l, 1998; Noon et al, 1998).

The studies described in this chapter test the hypothesis that aspirin protects the 

arterial endothelium from vaccine induced inflammation, and explored whether the 

observed effects resulted from inhibition of vascular prostanoid synthesis or through 

modulation of the inflammatory response.
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5.2 Experimental protocols

5.2.1 Subjects

The protocol was approved by the University College London Hospitals Research 

Ethics Committee and all participants gave written informed consent. Subjects (aged 

21 to 24 years) were included who stated that they were healthy, taking no 

medication, and had not received typhoid vaccination in the previous six months.

The methods used to generate an inflammatory response, blood sampling and 

assessment of vascular function were identical to that described in Chapter 4. 

However, for this series of studies only resistance vessel endothelial function was 

assessed. In the previous study, bradykinin and GTN were the most reproducible 

agents, with the least variability. These agonists were therefore selected for use in 

this study.

5.2.2 Study 1: Effect of ora! aspirin (1.2g) pre-treatment on vaccine induced 

endothelial dysfunction

12 individuals were studied in this protocol. The study design was double-blind 

randomised placebo-controlled. After the initial forearm blood-flow study 

(bradykinin and GTN) on day 1, a random number table was used to allocate subjects 

to either 1.2g active aspirin (n=6) or matched placebo (n=6). Aspirin (or matched 

placebo) were self administered at 0600h on day 2 of the study, 2 hours prior to 

vaccination. Aspirin and placebo were prepacked by University College London 

Hospitals pharmacy, and the investigator conducting the vascular study was blind to 

the treatment allocation of the volunteer. The second forearm blood-flow study
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(bradykinin and GTN) was performed 8 hours following vaccination. In one 

individual who received placebo the intra-arterial needle dislodged on the second day 

following the dose response curve to bradykinin. Therefore for this group the GTN 

data includes five individuals.

5.2.3 Study 2: Effect of local intra-arterial aspirin on established vaccine 

induced endothelial dysfunction

In a second open label study, forearm blood flow responses to bradykinin were 

compared before and at 8 hours after vaccination in 5 individuals. After the second 

dose response curve to bradykinin, aspirin (Aspergic) was infused at lOmg/min for 

15 minutes (total dose ISOmg) directly into the brachial artery, and 15 minutes later 

the forearm blood flow response to bradykinin was measured for a third time.
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5.3 Results

In the 8 hours following administration of capsular polysaccharide typhoid vaccine, 

pulse rate, temperature or baseline blood flow did not change significantly in any 

group (data not shown).

5.3.1 Study 1: Effect of oral aspirin (1.2g) pre-treatment on vaccine induced 

endothelial dysfunction

5.3.1.1 Endothelial function in response to vaccination

Placebo group- Prior to vaccination there was a dose-dependent increase in forearm 

blood flow to bradykinin and to GTN. At 8 hours following vaccination, the response 

to bradykinin was reduced, whereas the response to GTN were preserved (Figure 5- 

1, panel (a) and (b)).

Oral aspirin group- Prior to vaccination there was a dose-dependent increase in 

forearm blood flow to bradykinin and to GTN. In contrast to the placebo group, in 

this group, at 8 hours following vaccination forearm blood flow responses to 

bradykinin and GTN were maintained at pre-vaccination levels (Figure 5-1, panel 

(c) and (d)).
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Figure 5-1: Effect o f oral aspirin pre-treatment on vaccine associated endothelial 
dysfunction.
Upper panel: Forearm blood flow responses to incremental doses of: (a) Bradykinin 
(BK) (n=6) and (b) GTN (n^5) in vaccinated subjects who received placebo, at 
baseline (m j and 8 hours after (^) vaccination (p values by repeated measures 
ANOVA). Lower panel: Forearm blood flow responses to incremental doses of: (c) 
BK (n=6) and (d) GTN (n=6) in vaccinated subjects who received aspirin, at 
baseline (m) and 8 hours after (^) vaccination (p values by repeated measures 
ANOVA).
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5.3.1.2 Cytokine response to vaccination

In the placebo group the level of IL-lra rose to a peak at 3 hours and remained 

elevated until 8h following vaccination. At the 3 hours time point this corresponded 

to a 30 fold increase from baseline values. In contrast, in the group treated with a 

single oral dose of aspirin the concentration of IL-Ira following vaccination did not 

differ from baseline. The change in IL-Ira differed between the aspirin and placebo 

groups (p<0.05, two-way ANOVA, Figure 5-2a).

In the placebo group, there was no rise in TNF-a at the time points studied. 

However, in the aspirin treated group TNF-a increased, peaking at 4 hours following 

vaccination. This response was significantly different between the groups studied 

(p<0.05, two-way ANOVA, Figure 5-2b).

There was a progressive increase in IL-6 in both the placebo and aspirin groups. 

There was a peak five fold increase at 4 hours following vaccination, with no 

difference between the groups (f=ns, two-way ANOVA, Figure 5-2c). CRP levels 

did not change in the 8 hours following vaccination (data not shown).
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Figure 5-2: Effect o f oral aspirin pre-treatment on vaccine associated cytokine 
responses.
(a) IL-lra responses are attemmted, (b) TNF-a responses enhanced and (c) IL-6 
response unchanged following aspirin ( k )  compared to placebo (m).
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5.3.2 Study 2: Effect of local intra-arterial aspirin on established vaccine 

induced endothelial dysfunction

As expected, 8 hours following vaccination, there was a marked blunting o f  the 

response to bradykinin (p<0.01; by repeated measures ANOVA). Intra-arterial 

infusion o f  aspirin (lOmg/min for 15 minutes) had no effect on basal blood flow and 

did not restore the attenuated response to bradykinin (Figure 5-3).
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Figure 5-3: Effect o f intra-arterial aspirin on FBF response to bradykinin 
following vaccination.
Forearm blood flow responses to incremental doses of: (a) Bradykinin (BK) before 
(m) and 8 hours after /♦) vaccination and (b) 8 hours after vaccination /♦) and 
following intra-arterial aspirin (O) (n^5; P values by repeated measures ANOVA).
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5.4 Discussion

These experiments confirm the findings of the study in Chapter 4, that mild systemic 

inflammation impairs endothelium-dependent dilatation in healthy humans, and 

provides direct evidence that pretreatment with an anti-inflammatory dose of aspirin 

protects from inflammation induced endothelial dysfunction. These effects were 

associated with an alteration in the cytokine response to vaccination with a reduction 

in IL-lra levels following vaccination, and an unexpected enhancement of the TNF- 

a  responses following pre-treatment with aspirin. This vasculoprotective effect of 

aspirin does not appear to be due to inhibition of vascular prostanoid synthesis since 

locally infused aspirin did not restore endothelial function in vaccinated subjects. 

The abrogation of the cytokine response to inflammatory stimuli might provide a 

novel mechanism by which aspirin can modulate endothelial function.

Forearm arteriolar vasodilatation was assessed in both study groups, before and afi;er 

vaccination, with each study being performed at the same time of day. In the group 

that received placebo the responses to bradykinin 8  hours after vaccination were 

profoundly suppressed. However, in the group treated with an anti-inflammatory 

dose of aspirin, the responses to bradykinin were maintained following vaccination.

It has been shown that certain pro-inflammatory cytokines (TNF-a, IL-ip) induce 

endothelial dysfunction in humans, at least in the venous system (Bhagat et al, 

1999). In this study, in the 4 hours following vaccination, the plasma concentration 

of the pro-inflammatory cytokine IL- 6  increased but there was no change in the 

concentration of CRP or TNF-a. The concentration of the endogenous IL-lra was
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elevated at 3 hours following vaccination. This cytokine response mirrors that in the 

study described in Chapter 4. IL-lra is synthesised in response to IL-lp generation 

and serves as a marker of activation of the IL-1 system (Dinarello, 2000). IL-lra may 

also derive from the vessel wall itself (Dewberry et a l, 2000). It is recognised that 

significant local cellular or tissue generation of cytokines can occur without a 

corresponding increase in circulating levels, but these cytokine measurements 

confirm a systemic response was generated. The aspirin studies give insight into 

which of the likely candidate cytokines might contribute to the vaccine induced 

endothelial dysfunction.

Administration of a conventional anti-inflammatory dose of aspirin two hours prior 

to vaccination diminished the increase in IL-lra, but had no effect on IL-6 . 

Interestingly, aspirin caused a significant increase in the TNF-a response. This 

phenomemon has been observed in experimental studies previously. In whole blood 

models aspirin increases lipopolyaccharide induced TNF-a in plasma, and TNF-a 

mRNA in monocytes (Osnes et a l, 2000). Indeed, administration of oral aspirin to 

healthy volunteers also causes an increase in TNF-a production by 

lipopolysaccharide-stimulated monocytes (Osterud et a l, 1992). Prostaglandin E] 

reduces TNF-a production in isolated cell models, and therefore inhibition of 

cyclooxygenase may be the mechanism by which aspirin increases TNF-a levels 

(Shinomiya et a l, 2001). Although TNF-a induces endothelial dysfunction in 

various models, the observation that there is no increase in this cytokine in the 

placebo treated group, and that there is an increase seen after aspirin, in the absence
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of endothelial dysfunction, suggests that TNF-a is not the major mediator of 

vaccine-induced endothelial dysfunction.

Elevation of IL- 6  is of particular interest in relation to cardiovascular risk, and IL- 6  

is presumed to be an important, if not the principal stimulus to the synthesis of CRP, 

levels of which are predictive of the risk of cardiovascular events (Ridker et al, 

2000c; Ridker et a l, 2000a). However, these experiments show that aspirin protects 

endothelial function without modulating systemic IL-6 . Furthermore, in the hand 

vein model IL- 6  alone did not induce endothelial dysfunction (Bhagat et al, 1999).

It is not possible to define which specific cytokine is responsible for endothelial 

dysfunction in the vaccine model, but the data suggest that EL-1 may be important. It 

induces endothelial dysfunction in humans, increases in response to vaccination and 

its rise is prevented by aspirin given in doses that prevent vaccine induced 

endothelial dysfunction. Furthermore, IL-lra levels are increased in patients with 

angina and polymorphic variation in IL-lra is associated with coronary artery disease 

(Francis et al, 1999; Gabriel et al, 2000). Studies with IL-1 antagonists would be 

required to test the causality of these associations.

In the second study, I investigated whether the effect of aspirin was due to a direct 

effect on vascular prostanoid production. In hypercholesterolaemic subjects and 

patients with coronary artery disease, acute administration of aspirin reverses 

endothelial dyfunction in the forearm bed (Noon et a l, 1998; Husain et a l, 1998). 

However, a dose of aspirin that has been shown previously to almost completely 

abolish prostanoid production in the forearm, did not modify the impaired bradykinin
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response produced by inflammation (Duffy et ah, 1998). This suggests that 

inflammation is not simply increasing the production of vasoconstrictor prostanoids.

Systemic inflammation occurs in a wide variety of infective disorders and after 

iatrogenic procedures such as abdominal surgery. There is growing evidence that 

acute systemic inflammation is associated with a transient increase in the risk of 

cardiovascular events which may persist for days or weeks (Vallance et a l, 1997). 

There is also evidence that unstable angina is associated with inflammation, which 

might precede the onset of the syndrome (Biasucci et al, 1999).

Specifically this study raises the possibility that the protective effects of aspirin on 

endothelial function contribute to the efficacy of this drug in reducing cardiovascular 

risk in these situations. Furthermore, the finding that high-dose aspirin only works if 

given before the inflammatory insult is of potential therapeutic importance, as 

regards the timing and dose of aspirin that may be necessary in the clinical setting to 

reduce cardiovascular events induced by inflammation.
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CHAPTER 6:

EFFECT OF ISCHAEMIA-REPERFUSION 

ON ENDOTHELIAL FUNCTION AND 

MODULATION BY LOCAL ISCHAEMIC 

PRECONDITIONING
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6.1 Background

As described in detail in Chapter 1, ischaemia-reperfusion causes local injury, 

secondary to the effects of ischaemia and an acute inflammatory response that 

involves complement, inflammatory cytokines, neutrophils and platelets (Hearse et 

al, 1993).

Animal studies indicate that there are various strategies to reduce ischaemia- 

reperfusion injury, including ischaemic preconditioning (Thourani et a l, 1999). 

However, in humans it remains unclear if endothelial dysfunction occurs during 

ischaemia-reperfusion injury, and whether inflammatory cell activation can be 

assessed. This is of particular importance given that the mechanistic uncertainties in 

the animal literature probably reflect species and methodological differences. 

Furthermore, it remains unknown whether it is possible to induce preconditioning of 

the human endothelium in vivo.

The studies in this chapter describe an experimental model of endothelial ischaemia- 

reperfusion injury in humans in vivo, and examine the role of preconditioning.
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6.2 Experimental protocols

The protocol was approved by the University College London Hospitals Research 

Ethics Committee and all participants gave written informed consent. 31 healthy 

volunteers: 17 male, 14 female; mean age 33 years (range 26-52) were recruited.

6.2.1 Ischaemia-reperfusion of the forearm vascular bed

The effects of ischaemia-reperfusion on endothelial function of the radial artery and 

forearm resistance vessels were investigated. The non-dominant forearm was made 

ischaemic by inflating a 1 2 cm wide cuff placed around the upper arm to a pressure of 

200mmHg for twenty minutes (section 2.4).

6.2.2 Ischaemic-preconditioning of forearm

Ischaemic preconditioning was induced by three 5-minute periods of upper cuff 

inflation to 200mmHg separated by 5 minutes prior to ischaemia-reperfusion.

6.2.3 Assessment of resistance vessel endothelial function

Mercury-in-silastic strain gauge plethysmography was used to measure forearm 

blood flow in both arms as described in section 2.5.1. Forearm blood flow responses 

were measured in response to infusion of the endothelium-dependent dilator ACh (25 

nmol/min, 50 nmol/min and 100 nmol/min; each dose for 3 minutes) or the 

endothelium-independent dilator, GTN (4 nmol/min, 8  nmol/min and 16 nmol/min; 

each dose for 5 minutes).
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6.2.4 Assessment of conduit vessel endothelial function

The effect of ischaemia-reperfusion on FMD of the radial artery was assessed as 

described in detail in section 2.5.2. Using this vessel avoided movement artefact of 

the brachial artery caused by inflation of an upper arm occluding cuff. Radial artery 

diameter and blood flow were measured for 1 minute (baseline), during 5 minutes of 

reduced blood flow (induced by inflation to SOOmmHg of a pneumatic cuff placed at 

the wrist, distal to the segment of artery being imaged), and for 5 minutes during 

reactive-hyperaemia after release of the wrist cuff. The dilator response of the radial 

artery to administration of sublingual GTN (25 meg) was used to assess 

endothelium-independent dilatation.

6.2.5 Assessment of neutrophil activation and platelet-neutrophil complexes

Neutrophil adhesion molecule expression and platelet-neutrophil complexes (PNC) 

were investigated as described in section 2 .6 .

6.2.6 Experimental protocols

6.2.6.1 Protocol 1: Effect o f ischaemia-reperfusion on resistance and conduit

vessel function

Measurement of basal blood flow was made after a 25 minute rest period. Resistance 

vessel endothelial or smooth muscle function was assessed prior to ischaemia and at 

15 minutes, 30 minutes or 60 minutes following reperfusion (in a single study a 

maximum of two time points were studied). FMD of the radial artery, or dilation of 

the radial artery in response to sublingual GTN were assessed in separate studies, 

before ischaemia and at 15 minutes and 60 minutes following reperfusion.
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6.2.6.2 Protocol 2: Effect o f ischaemic preconditioning on the response o f  

forearm vessels to ischaemia-repetfusion

Endothelial function in resistance and conduit vessel was assessed before and 10 

minutes after ischaemic preconditioning. 1 0  minutes later, the ischaemia-reperfiision 

protocol was started, and endothelial function was assessed 15 minutes following 

reperfusion.

6.2.6.3 Protocol 3: The effects o f ischaemia-reperfusion on neutrophil 

activation

Expression of neutrophil activation markers and PNC in circulating blood was 

measured before ischaemia and 15 minutes and 30 minutes following reperfijsion. 

Venous blood from the ischaemic arm reflected local effects of ischaemia- 

reperfusion, and from the control arm reflected systemic effects.
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6.3 Results

All subjects tolerated the procedure without complications. The ischaemia- 

reperfusion protocol had no effect on blood pressure, heart rate, or basal blood flow 

at 15 minutes reperfusion.

6.3.1 Effect of ischaemia-reperfusion on resistance vessel function

ACh and GTN caused dose-dependent increases in forearm blood flow prior to 

ischaemia-reperfusion. Compared with control, the response to ACh was 

significantly blunted at 15 minutes (n=10; p= 0.009; Figure 6 -la), 30 minutes (n=10; 

p=0.04; Figure 6 -lb) and 60 minutes (n=12; p=0.03; Figure 6 -lc) following 

reperfusion. The response to GTN was unaffected by ischaemia-reperfusion at 15 

minutes (n=10) and 30 minutes (n=6 ), but a small reduction was observed at 60 

minutes (n=10) following reperfusion (n=12; p=0.02; Figure 6-2 a-c).

6.3.2 Effect of ischaemia-reperfusion on conduit vessel function

Baseline radial artery diameter and blood flow did not change during the conduit 

vessel study. The reactive hyperaemia flow stimulus after cuff release was 

unchanged following ischaemia. However, peak FMD (% dilatation; absolute 

dilatation in mm) was reduced after 15 minutes of reperfusion (7.7±1.5%; 

0.181+0.04 mm before and 3.5+0.9%; 0.083+0.02 mm after reperfusion; n=10; 

p=0.005 for both), but had returned to baseline values by 60 minutes (7.7+2.0%; 

0.145+0.03 mm; p=0.98 and p=0.13 respectively). Peak GTN dilatation was 

unchanged (10.4+1.6%; 0.27+0.02 mm before 13.0+1.9%; 0.35+0.03mm at 15 

minutes and 10.8+0.9%; 0.3+0.03mm at 60 minutes; n=7; p=0.1 and p=0.76 for
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percentage dilatation; and p=0.07 and p=0.46 for absolute change relative to 

baseline; Figure 6-3). The AUC of the %dilatation/time curves after wrist cuff 

release was 953+25l%seconds before and 334±117%seconds after 15 minutes 

reperfusion (n=10; p=0.04; Figure 6-4).
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Figure 6-1: Effect o f ischaemia-reperfusion on resistance vessel endothelial 
function.

Forearm blood flow responses to incremental doses o f ACh at (a) 15 minutes, (b) SO 
minutes, and (c) 60 minutes o f reperfusion, compared with baseline responses (p 
values by repeated measures ANOVA).
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6.3.3 Effect of ischaemic preconditioning on the response of forearm vessels 

to ischaemia-reperfusion

Preconditioning did not alter baseline blood flow or diameter (data not shown), and 

had no effect on the dilatation of the resistance vasculature to ACh (n=7; p=0.7; 

Figure 6-5) or FMD of the radial artery (n=10; 8 .5+1.5%; 0.21+0.03mm before and 

7.0+1.6 %; 0.17±0.03mm following ischaemic preconditioning; p=0.1 for both, 

Figure 6-5). In the preconditioned arm, ischaemia-reperfusion had no effect on the 

response to ACh (n=7; p=0.7; Figure 6-5a), or FMD of the radial artery at 15 minutes 

reperfusion (n=1 0 ; 7.8+0.8 %; 0.2+0.01mm at 15 minutes reperfusion; p=0.5; Figure 

6-5b) relative to baseline. FMD responses after ischaemia-reperfusion alone were 

significantly different from baseline, and from ischaemia-reperfusion preceded by 

ischaemic preconditioning (one-way ANOVA; p<0.05).
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6.3.4 The effects of ischaemia-reperfusion on neutrophil function

Ischaemia-reperfusion and neutrophil function in the non-ischaemic (control arm)

At baseline, the MFI for CD l ib  expression was 25±3 units in the control arm (n=6 ). 

15 minutes following reperfusion there was a significant increase in neutrophil 

CD 11b expression (44±5 units; p=0.02; Figure 6 -6 a), but by 30 minutes of 

reperfusion this was not significantly raised above baseline values (37+7; p=0.2). 

PNC showed a similar pattern; at baseline, PNC were 21+2% in the control arm 

(n=8 ). At 15 minutes following reperfusion there was a significant increase in the 

PNC in venous blood from the control arm (34+4%; p=0.02; Figure 6 -6 b) and this 

had returned to baseline values by 30 minutes (22±3%; p=0.5).

Ischaemia-reperfusion and neutrophil activation in the ischaemic (study arm)

At baseline, the MFI for CD 11b expression was 26±2 units in neutrophils from 

venous effluent in the ischaemic arm (n=6 ). At 15 and 30 minutes following 

reperfusion there was no significant change in CD 11b expression in neutrophils from 

the ischaemic arm (34+6 units and 24+2 units; p=0.29 and p=0.7; Figure 6 -6 a). The 

pattern for PNC was similar; at baseline, the PNC were 24+2% in the ischaemic arm 

and at 15 and 30 minutes reperfusion there was no change in PNC compared to 

baseline (29+3% and 23+35; p=0.17 and p=0.7; Figure 6 -6 b).
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Figure 6-6: Effect o f ischaemia-reperfusion on neutrophil function
(a) CDllh expression and (b) PNC, in venous blood from the control and ischaemic 
arm at baseline (BL), 15 minutes and 30 minutes following reperfusion.
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Ischaemic preconditioning and neutrophil activation in the non-ischaemic (control 

arm)

The ischaemic preconditioning stimulus itself did not change C D llb  expression in 

venous blood from the control arm (25±1 before and 25+2 after ischaemic 

preconditioning; n=8 ; p=0.8). 15 minutes after reperfusion, when there had been 

prior ischaemic preconditioning, C D llb expression in blood from the control arm 

was similar to baseline values (28+1; p=0.15), and significantly smaller than that 

observed without ischaemic preconditioning (28+1 versus 44+5, p=0.01; Figure 6 - 

7a). However, the effects of ischaemic preconditioning on PNC generation were less 

prominent: baseline PNC were 26+3% in the control arm, and ischaemic 

preconditioning had no effect on PNC in venous blood from the control arm (24±2%, 

p=0.6). At 15 minutes after reperfusion there was an increase in PNC in blood from 

the control arm, that failed to reach statistical significance (31+3%; p=0.06), but the 

level of PNC generated was similar to that observed without ischaemic 

preconditioning (31+3% versus 34+5%, p=0.6; Figure 6-7b).

Ischaemic preconditioning and neutrophil activation in the ischaemic (study arm) 

There were no changes in C D llb  or PNC levels in venous blood from the ischaemic 

arm during the ischaemic preconditioning protocol.
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Figure 6-7: Effect o f ischaemic preconditioning on neutrophil function
(a) CDllh expression and (b) PNC following ischaemia-reperfusion (IR). CDllb  
expression 15 minutes following reperfusion was significantly reduced by prior 
ischaemic preconditioning (IPC). PNC were not significantly reduced by IPC.
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6.4 Discussion

These studies demonstrate that a brief and clinically relevant period of ischaemia 

followed by reperfusion causes a profound reduction in endothelium-dependent 

dilatation of human conduit and resistance vessels in-vivo. In addition, there is an 

increase in the number of activated neutrophils and PNC in the systemic circulation 

following ischaemia-reperfusion injury, but no increase in the numbers of activated 

neutrophils or PNC in the venous blood draining the reperfused arm. Ischaemic 

preconditioning of the endothelium by brief periods of forearm ischaemia that 

preceded ischaemia-reperfusion prevented both endothelial dysfunction and 

activation of neutrophils in the circulating blood.

Endothelial dysfunction has previously been characterised in animal models of 

ischaemia-reperfusion. In this human study, both resistance and conduit vessel NO- 

dependent endothelial function was impaired whilst smooth muscle responses were 

largely unchanged. Dilatation to agonist (ACh) and physical (blood flow) stimuli was 

reduced indicating that the endothelial defect following ischaemia-reperfusion is not 

specific for the muscarinic receptors, and demonstrates that the mechanisms of FMD 

in the blood vessel wall are also impaired by ischaemia-reperfusion. In the later 

stages of reperfusion there was a small reduction in the dilator response to GTN in 

resistance but not conduit vessels. Whilst this might reflect the relatively small 

sample size, similar findings have been reported in one animal model (Tiefenbacher 

et a l, 1996), suggesting that ischaemia-reperfusion injury of small arteries might not 

be restricted to the endothelium.
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The mechanisms of endothelial dysfunction and reduced NO bioavailability in 

ischaemia-reperfusion injury are unclear. Data from studies in animals suggest that 

there might be reduced substrate or co-factor for nitric oxide (NO) synthesis (Huk et 

al, 1997; Tiefenbacher e ta l, 1996). Alternatively, increased free radicals (including 

superoxide) generated by neutrophils might inactivate NO (Munzel et a l, 1999). 

Irrespective of the mechanism, reduced bioavailability of NO might augment the 

local inflammatory response, through loss of its anti-inflammatory properties. 

Endothelial dysfunction might itself predispose to vasoconstriction, platelet 

adherence and aggregation leading to microvascular obstruction, and thrombosis in 

larger vessels. This would limit the extent of reperfusion after ischaemia and 

contribute to the “no-reflow” phenomenon, best-characterised in humans following 

acute coronary revascularisation by angioplasty.

Activation of neutrophils and platelets has been implicated in the endothelial 

dysfunction and tissue damage associated with ischaemia-reperfusion, as evidenced 

by the protective effects of neutrophil depletion, or specific blockade of neutrophil or 

platelet adhesion molecules in animal models of ischaemia-reperfusion. In addition, 

release of pro-inflammatory cytokines (IL-6 , IL-8 , IL-IO) from tissues injured by 

ischaemia-reperfusion causes systemic activation of neutrophils, and might 

predispose to distant organ dysfiinction following ischaemia-reperfusion (Oz et al, 

1995; Yang et a l, 2000). In the present study, there was evidence for activation of 

peripheral neutrophils (assessed by surface C D llb  expression) following 

reperfusion, consistent with a systemic response. Moreover, expression of activation 

markers was associated with increased neutrophil adhesiveness, shown by the 

increase in PNC. Despite systemic activation of circulating cells (in the control arm),
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there was no increase in the number of activated neutrophils or PNC in venous 

effluent from the ischaemic arm. These findings are most likely explained by 

sequestration of activated cells after reperftision, consistent with adherence of 

inflammatory cells and aggregates of inflammatory cells to the vascular endothelium, 

a precursor to tissue infiltration. The data also suggest that the systemic changes 

were not mediated simply by an excess of neutrophils draining the affected arm.

The involvement of the endothelium in the pathogenesis of ischaemia-reperfusion 

injury has led to the investigation of strategies to prevent endothelial dysfunction. In 

this study, the preconditioning stimulus itself did not directly alter endothelial 

function, but prevented endothelial dysfunction in both conduit and resistance vessels 

in response to ischaemia-reperfusion. Furthermore, ischaemic preconditioning 

reduced expression of C D llb on neutrophils in the systemic vasculature following 

ischaemia-reperfusion. We were unable to demonstrate such a marked effect of 

ischaemic preconditioning on PNC generation. Whilst we could show an attenuation 

of the increase in PNC formed, these were not significantly different from levels that 

were generated without prior ischaemic preconditioning. Whether this reflects 

differential sensitivity of platelets or neutrophil/platelet adhesive mechanisms to 

ischaemic preconditioning remains to be determined.

These data support the hypothesis that strategies to preserve endothelial function may 

protect local tissue function and limit reperfusion injury, perhaps by modulating 

inflammatory cell recruitment. Clinical observational data support a role for 

ischaemic preconditioning as a determinant of the outcome of arterial occlusion in 

humans. Reduced cardiac infarct size and improved reperfusion following coronary
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thrombolysis are linked with episodes of unstable angina prior to myocardial 

infarction (Ishihara et a l, 1997; Andreotti et a l, 1996). The ability to reproduce this 

phenomenon in an experimental model in humans, opens the possibility of 

identifying underlying mechanisms and testing pharmacological approaches to 

preventing ischaemia-reperfusion injury.
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CHAPTER 7:

REMOTE PRECONDITIONING OF THE 

ENDOTHELIUM IN HUMANS I N  V I V O  AND 

IN EXPERIMENTAL MYOCARDIAL 

INFARCTION
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7.1 Background

The mechanisms of ischaemia-reperfusion syndromes, and the role of the 

endothelium in modulating these are described in detail in Chapter 1. The studies in 

Chapter 6  describe a human model of ischaemia-reperfusion injury, and demonstrate 

that local ischaemic preconditioning of the endothelium is possible.

In 1993, the concept of remote ischaemic preconditioning was introduced. It was 

observed that ischaemic preconditioning, by short-lived episodic occlusion of the 

circumflex coronary artery, subsequently led to protection against myocardial 

infarction, during prolonged occlusion of the left anterior descending coronary 

artery, in an animal model using dogs (Przyklenk et al., 1993) Another form of 

remote preconditioning is where ischaemia of one organ can induce a protected state 

in a distant organ (Gho et al, 1996). The magnitude of its effect appears to approach 

that of local preconditioning. A reduction in infarct size of 65% was reported in one 

study in which rabbits were preconditioned remotely, by inducing ischaemia of the 

lower limb (Birnbaum et a l, 1997).

As with local preconditioning, the mediators and mechanisms of remote 

preconditioning remain to be fully elucidated, and may vary depending on the 

stimulus. They presumably include humoral agents, since effluent from ischaemic 

myocardium can precondition a ‘naive’ acceptor heart (Dickson et a l, 1999).

Remote preconditioning of the heart and other organs, has so far only been described 

in animal, mostly rodent, models. Interestingly however, in a human study of aortic 

cross clamping to precondition the heart prior to valve replacement surgery, it was 

noted that the increase in leukocyte numbers, thromboxane B2 and
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malonedialdehyde levels in pulmonary venous blood from the lung was attenuated by 

preconditioning of the heart. There was also less lung injury histologically, and a 

lower lung leukocyte count compared with control patients without myocardial 

preconditioning (Li et a l, 2001). These data may represent inadvertent remote 

preconditioning of the lungs. Given the importance of the endothelium in amplifying 

ischaemia-reperfusion injury, remote preconditioning may prevent endothelial 

dysfunction in ischaemia-reperfusion. There is no experimental data to address these 

mechanistic issues of systemic protection induced by remote tissue ischaemia.

If remote preconditioning is to be used clinically then the organ used to induce the 

preconditioning state needs to be easily accessible, and easily subjected to tolerable 

periods of ischaemia. In humans, short periods of the upper and lower limbs can be 

easily achieved and may provide a simple and effective way to induce 

preconditioning in distant organs.

In the studies described in this chapter, I tested the hypothesis that short periods of 

limb ischaemia are able to induce remote preconditioning and reduce ischaemia- 

reperfusion injury in vivo. I applied the human model of endothelial ischaemia- 

reperfusion injury (as described in Chapter 6 ) to test whether skeletal muscle 

ischaemia is able to induce systemic preconditioning against ischaemia-reperfusion 

induced endothelial dysfunction in humans. Furthermore, I used an experimental 

model of myocardial infarction to characterise whether simple skeletal muscle 

ischaemia could be used to protect against myocardial infarction.
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7.2 Experimental protocols

7.2.1 Study 1: Assessment of remote preconditioning of the human 

endothelium by distant skeletal muscle ischaemia

7.2.1.1 Subjects and study design

14 healthy volunteers: mean age 33 years (range 26-52), who gave informed-signed 

consent were recruited. Subjects were randomised to remote preconditioning and 

control groups. Studies were approved by the University College London Hospitals 

Research Ethics Committee and performed in a temperature-controlled laboratory 

(24-26°C).

7.2.1.2 Induction o f ischaemia-reperfusion and remote preconditioning

The previously described model of human perfused forearm endothelial ischaemia- 

reperfusion injury was used (chapter 6 ). The non-dominant forearm was made 

ischaemic by inflating a 1 2 cm wide blood pressure cuff placed around the upper arm 

to a pressure of 200mmHg for twenty minutes. Remote ischaemic preconditioning 

was induced by three cycles of 5 minutes cuff inflation and 5 minutes rest, with the 

blood pressure cuff placed on the dominant (opposite) arm prior to ischaemia- 

reperfusion. Endothelial function was assessed at baseline and at 15 minutes 

following ischaemia-reperfusion.

7.2.1.3 Assessment o f resistance vessel endothelial function

Mercury-in-silastic strain gauge plethysmography was used to measure forearm 

blood flow in both arms as described in Chapter 2. Forearm blood flow responses
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were measured in response to infusion of the endothelium-dependent dilator ACh (25 

nmol/min, 50 nmol/min and 100 nmol/min; each dose for 3 minutes).

7.2.2 Study 2: Experimental model of myocardial infarction

7.2.2.1 Animals and Study Design

This series of experiments were performed in Skejby University Hospital, Arhus, 

Denmark, in collaboration with Dr K.E Sorenson. Seventeen, 15-kg Danish Landrace 

pigs, treated according to the principles stated in the Danish law, were randomised to 

either remote preconditioning or sham procedure (control) prior to myocardial 

infarction. The remote preconditioning stimulus was achieved by simple tourniquet 

occlusion of hind-limb blood flow, with four cycles of 5 minutes occlusion followed 

by 5 minutes rest, immediately prior to occlusion of the left anterior descending 

(LAD) artery. Vascular Doppler confirmed circulatory arrest in the limb.

7.2.2.2 Induction o f myocardial infarction

Animals were pre-anaesthetised with midazolam and pentobarbital, intubated and 

ventilated at 4.5 L/min with a 50/50 mixture of atmospheric air and oxygen, 

Anaesthesia was maintained with an infusion of pentobarbital. Alterations to the 

ventilation or electrolytes to maintain physiological levels of oxygenation, 

electrolytes and ventilation, were guided by hourly blood gas measurements. 

Temperature was kept between 36.5°C and 38.0°C by using a heating blanket. 

Heparin was administered to maintain anticoagulation.

A standard 6 F angioplasty guide catheter was used to introduce an angioplasty guide- 

wire into the LAD. A 2mm angioplasty balloon was positioned immediately distal to
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the first diagonal, and inflated to achieve vessel occlusion for 40 minutes. 

Angiography was used to confirm LAD occlusion, distal to the first diagonal. After 

40 minutes, the balloon was deflated and reflow confirmed by repeat angiography. 

Reperfusion occurred over the next 120 minutes, after which median sternotomy was 

performed. A suture was applied immediately distal to the first diagonal, and the 

heart was perfusion stained with intra-atrial injection of sodium fluoresceine, prior to 

sacrifice and excision of the heart. During ischaemia and reperftision animals were 

paced atrially at 10 beat/min greater than the resting heart rate. Blood pressure was 

maintained at above SOmmHg using inotropic support with adrenaline as needed 

(two animals in the control group and one animal in the preconditioning group). 

Ventricular fibrillation was treated with DC cardioversion.

7.2.2.3 Assessment o f myocardial infarction and area at risk

The right ventricle was dissected from the excised heart. The left ventricle was cut 

into 5mm slices, perpendicular to the septum from the apex to the base. All slices 

were weighed. The area at risk was marked with a glow needle on each slice under a 

Woods lamp. Viable myocardium was stained bright red by incubating the slices in 

1% 2,3,5-triphenyItetrazolium chloride (Sigma) at pH 7.4 and a temperature of 37°C 

for 15 minutes. All slices were photographed, both before and after staining and 

stored on S-VHS videotapes for later analysis. For each slice area at risk, area not at 

risk and infarct size were assessed by computer planimetry, on an IBM personal 

computer. The mass-ratio of the area at risk to the left ventricular (LV) mass, and the 

infarct size to the area at risk, were calculated. This was performed in a blinded 

manner.
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7.2.3 Calculations and statistics

Forearm blood flow was measured and analysed as described in Chapter 2. The 

extent of myocardial infarction was corrected for area at risk and expressed as a 

percentage.
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7.3 Results

7.3.1 Study 1: Effect of remote preconditioning on ischaemia-reperfusion 

injury in resistance vessels

All subjects tolerated the procedure without complications. The ischaemia- 

reperfusion protocol had no effect on blood pressure, heart rate, or basal blood flow 

at 15 minutes reperfusion (data not shown). ACh caused a dose-dependent increases 

in forearm blood flow prior to ischaemia-reperfusion. Compared with baseline, the 

response to ACh was significantly blunted at 15 minutes (n=7; p=0.03; ANOVA, 

Figure 7-la) following reperfusion in the control group. In the remote 

preconditioning group there was no reduction in the response to ACh (p=0.52, 

ANOVA, Figure 7-lb).
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Figure 7-1: Effect o f remote preconditioning on vascular responses to ischaemia- 
reperfusion in humans
(a) Ischaemia-reperfusion injury causes endothelial dysfunction at 15 minutes o f 
reperfusion (n=7, p<0.05, repeated measures ANOVA). (h) Remote preconditioning 
prevents endothelial dysfunction following 15 minutes reperfusion (n=7, p<0.05, 
repeated measures ANOVA).

149



7.3.2 Study 2: Effect of remote preconditioning on myocardial infarction

There were no significant differences in the overall left ventricular mass, the mass of 

area at risk, or the ratio of area at risk relative to the left ventricular mass between the 

two groups. In the control group, 40 minutes of LAD occlusion caused transmural 

myocardial infarction in 53±8% of the area at risk (n=8 ). However, in the remote 

preconditioning group there was a significant reduction in the extent of myocardial 

infarction with only 26±9% of the area at risk showing infarction (n=9, p<0.05, 

unpaired t-test. Figure 7-2). The mass of myocardial infarction was also significantly 

lower in the remote preconditioning group compared to the control group (3.5g 

versus 7.5g, p<0.05).
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Figure 7-2: Effect o f remote preconditioning on myocardial infarction (animal 
model)
Remote preconditioning by four episodes o f 5 minutes o f ischaemia in the lower limb 
causes a significant reduction in the extent o f myocardial infarction in the area at 
risk compared to a control group (p<0.05).
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7.4 Discussion

This study shows that a brief and clinically practical period of limb ischaemia 

induced remote preconditioning of human arterial vessels in-vivo. Moreover in an 

animal model, hind-limb ischaemia induced remote ischaemic preconditioning 

reducing myocardial infarct size. These results suggest that this simple technique 

might have potential to reduce tissue damage in vital organs at risk of clinical 

ischaemia-reperfusion injury.

The studies in Chapter 6  demonstrated that ischaemic preconditioning by the 

ipsilateral arm prevents endothelial dysfunction in the human forearm after 

ischaemia-reperfusion. In the present study, ischaemia of the contralateral arm 

prevented ischaemia-reperfusion induced endothelial dysfunction. This implies that 

in humans, ischaemic preconditioning has systemic effects to protect distant organs 

undergoing ischaemia-reperfiision injury. To determine if remote preconditioning 

might protect the myocardium during ischaemia-reperfusion injury, I used an in vivo 

experimental model of myocardial infarction. Remote preconditioning of the hind- 

limb reduced the magnitude of myocardial infarction after reperfusion.

Previous studies in animals have indicated that remote preconditioning appears to 

involve release of adenosine, bradykinin or norepinephrine, and activation of K a t p  

channels, and in this regard bears mechanistic resemblance to local preconditioning. 

In addition to humoral factors, remote preconditioning may also involve the 

autonomic nervous system. There is increasing evidence that endothelial dysfimction 

and reduced NO bioavailability are important components of ischaemia-reperfusion 

injury (by promoting vasoconstriction, platelet adherence and aggregation and
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thrombosis in larger vessels), limiting the extent of reperfusion after ischaemia and 

amplifying ischaemia-reperfusion injury. Remote ischaemic preconditioning might 

therefore reduce tissue injury by limiting endothelial damage during ischaemia- 

reperfusion as was seen in the present study.

Clinical data support a role for local ischaemic preconditioning as a determinant of 

the outcome of arterial occlusion in humans. The data from the experimental model 

suggest that remote preconditioning may produce similar benefits. Unlike previous 

animal models, the stimulus used may easily be transferred into the clinical arena. 

These data provide support for further clinical studies using limb ischaemia to induce 

a preconditioned state in the heart and other organs.
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CHAPTER 8: 

CONCLUSION
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In this thesis, I have investigated endothelial function in experimental models 

reflecting different phases of atherosclerosis. The aims were to investigate the role of 

endothelial NO in FMD in early atherosclerosis, to study the effect of acute 

inflammation on endothelial function and to characterise the effect of ischaemia- 

reperfusion on endothelial function.

8.1 Role of endothelial nitric oxide in flow-mediated dilatation in 

early atherosclerosis

The studies described in Chapter 3, showed that FMD of human conduit vessels is a 

complex physiological response involving several vasodilator mechanisms which is 

dependent upon the nature of the flow stimulus. Short-lived transient increases in 

flow cause vasodilatation primarily through the L-arginine/NO pathway, but 

sustained flow induces vasodilation through non-NO mechanisms. Furthermore, in 

the clinical study with hypercholesteroaemic patients with impaired NO mediated 

FMD, the responses to a sustained flow stimulus were preserved.

Future studies

These data have described novel methods to increase blood flow in conduit vessel 

and thereby investigate non-NO mediated vasodilatation in humans. The exact nature 

of the vasodilator mechanism responsible for dilatation in response to sustained flow 

remains unclear, and this provides an area for investigation in future studies. There 

are several vasodilator mechanisms that may be important in the response to 

sustained flow, including EDHF. It is also possible that dilatation to sustained flow is 

influenced by changes in vasoconstrictor mechanisms. By using the novel methods 

that have been developed it will be possible to use selective pharmacological
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blockers to investigate these aspects.

The significance of this vasodilator mechanism in clinical states remains undefined. 

Although these studies have shown that this dilator pathway is preserved in 

hypercholesterolaemic patients, at an early stage of atherosclerosis, it would be 

important to understand whether other risk factors, or patients with more advanced 

atherosclerosis have abnormalities of the response to sustained flow mediated 

dilatation, and whether this is important in other vascular beds. Understanding these 

aspects of the vascular biology of atherosclerosis may develop upon our knowledge 

of the role of non-NO mechanisms in atherosclerosis.

8.2 The effect of acute inflammation on endothelial function

The studies described in Chapter 4 focussed upon the role of acute systemic 

inflammation in inducing endothelial dysfunction. These studies established that a 

mild systemic inflammatory stimulus induced by vaccination causes reversible 

endothelial dysfunction of conduit and resistance vessels for several hours. The 

mechanism by which this inflammatory stimulus caused endothelial dysfunction was 

further investigated in Chapter 5. I used aspirin as an anti-inflammatory agent and 

also to block vasoconstrictor prostanoid synthesis in the forearm. This demonstrated 

that aspirin could prevent inflammation induced endothelial dysfunction at anti

inflammatory doses, but not by blocking vasoconstrictor prostanoid synthesis. 

Interestingly, although aspirin prevented the generation of IL-lra, it had no effect on 

IL- 6  or CRP and enhanced the production of TNF-a, highlighting the uncertainties 

about the nature and mechanism of inflammation induced endothelial dysfunction.
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Future studies

The potential mechanisms for inflammation induced endothelial dysfunction are 

unclear, and may involve either reduced NO production or increased breakdown. 

Understanding the exact mechanism may have implications for reversing this. Thus, 

studies dissecting out the potential pathways of reduced NO bioactivity, may help to 

define the nature of endothelial dysfunction in this setting. This would involve 

studies using substrate (L-arginine) and cofactor (BH4) supplementation, or using 

antioxidants (vitamin C) to address the question of whether there is increased NO 

breakdown.

In addition to this approach, this model may also be used to investigate the role of 

other therapies in modulating endothelial function. The studies in Chapter 6  suggest 

that anti-inflammatory doses of aspirin may protect against endothelial dysfunction. 

Given that HMG CoA reductase inhibitors also reduce cardiovascular events, it may 

be that these agents also protect against inflammation-induced endothelial 

dysfunction.

It is possible that endothelial dysfunction may follow surgery or infection, and 

contribute to the outcome of these clinical events. These data suggest that COX 

inhibitors (such as aspirin) might protect the endothelium and reduce the incidence of 

cardiovascular events during clinical inflammation. However, this hypothesis will 

need to be tested in a clinical study. Recent studies indicate that patients with 

reduced FMD in the pre-operative period are at high risk of cardiovascular events 

following vascular surgery.
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8.3 Effect of ischaemia-reperfusion on endothelial function.

The studies in Chapter 6  describe the effects of short periods of ischaemia- 

reperfusion on endothelial function in humans. These data confirm animal data, and 

highlight the potential importance of the endothelium following clinical ischaemia- 

reperfusion syndromes. The data on neutrophil activation supports the concept that 

endothelial dysfunction following ischaemia-reperfusion is associated with enhanced 

adhesion of these cells to the endothelium. This short period of ischaemia produced 

profound endothelial dysfunction and a systemic inflammatory response.

The model was then used to define whether it was possible to precondition the 

endothelium against ischaemia-reperfusion injury. The studies confirmed that both 

local and remote ischaemic preconditioning could reduce ischaemia-reperfusion 

injury of the human endothelium. Moreover, in experimental ischaemia-reperfusion 

remote preconditioning reduced the size of myocardial infarction. This animal model 

did not itself address whether endothelial remote preconditioning was important in 

this setting, and the findings may reflect remote preconditioning of the myocardium 

alone. Nevertheless, the data support the concept that lower limb ischaemia is a 

powerful way to induce remote preconditioning.

Future studies

These studies raise several important questions. The mechanism of endothelial 

dysfunction following ischaemia-reperfusion remains unclear but has potential 

implications for clinical ischaemia-reperfusion syndromes, where it is increasingly 

recognised that there is microcirculatory dysfunction following reperfusion. In 

addition, the preconditioning experiments show that it is possible to modulate
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endothelial injury following ischaemia-reperfusion. Defining the mechanism of this 

injury has obvious implications, but the fascinating finding that the endothelium can 

be protected by a remote ischaemic stimulus raises the possibility that ischaemia- 

reperfiision injury can be modulated systemically. Understanding whether 

endothelial protection contributes to the reduction in myocardial infarction induced 

by remote preconditioning is an important question which will be addressed in future 

work. Clearly it is important to investigate if such endothelial dysfunction occurs in 

clinical ischaemia-reperfusion syndromes, so that these finding may be translated. 

This could be further studied in patients undergoing coronary artery bypass surgery.

8.4 Conclusion

The studies described in this thesis have investigated endothelial function in human 

in vivo experimental models pertinent to several stages of atherosclerosis. These 

studies have demonstrated the potential importance of the endothelium in these 

processes. The major focus of future work should be to translate the findings in these 

models to the clinical arena.
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