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Abstract

Nitric oxide (NO) plays a fundamental role in vascular homeostasis including

modulating vasomotor tone, platelet adhesion and aggregation. The majority of coronary

risk factors, as well as the presence of overt ischaemic heart disease have been associated

with anomalies of NO-mediated biological effect, including impaired endothelium

mediated vasodilatation, nett increases in platelet aggregation, and increased activation of

neutrophils. Although in many circumstances NO release is impaired, it is increasingly

apparent that in most of these pathological states there is associated reduction in tissue

responsiveness to NO. This impaired responsiveness may be mediated by either

"scavenging" of released NO by free radicals such as superoxide (O2-) or by dysfunction

of the NO/soluble guanylate cyclase second messenger system. This phenomenon of

"tissue NO resistance", which occurs both in vasculature and in platelets, carries

independently adverse prognosis and also implies reduction in the therapeutic efficacy of

the NO donors such as organic nitrates, which are commonly utilised in treatment of

unstable coronary artery disease and myocardial infarction. A variety of agents have

been shown to improve responsiveness to NO, including ACE inhibitors, perhexiline and

possibly statins.

The current studies examine various aspects of NO responses, including: the

methodology for assessment of vascular NO responses, and identification of factors

responsible for poor responsiveness and pharmacological modulation of these responses.

The first study investigated the utility of pulse wave analysis for measurement of

responses to glycerol trinitrate (GTN) administered both orally and intravenously, in

patients with coronary artery disease and in controls. The second component of the work
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investigated whether oxidative stress, an important factor in the pathogenesis of coronary

artery disease and postulated to be involved in impaired responsiveness to NO' was

associated with the presence of stable or unstable coronary artery disease. subsequently,

the effects of two drug treatments, perhexiline and the ACE inhibitor ramipril' were

investigated for potential effects on NO responsiveness and oxidative stress markers in

vasculature, platelets and neutrophils'

These studies demonstrated that in normal subjects that oral administration of

greater than 200pg of GTN induces near-maximal responses as measured by changes in

augmentation index (AIx, by pulse wave analysis), which may obscure the detection of

changes in sensitivity to GTN. Intravenous infusion of GTN at the rate of 5pg/min

(lower end of clinically utilised infusion rates) produced a similar magnitude of reduction

in AIx, in patients with stable angina pectoris. This technique was also utilised during the

transition from low dose intravenous GTN to oral ISDN (10mg) to minimise potential

..Iebound,,phenomenon(reboundvasoconstrictionfollowingwithdrawalofvasodilator

therapy) and it was found that this regimen is associated with no loss of vasodilator

effect, as measured bY AIx'

Investigation of the possible potentiation of vascular and extra vascular No

responsiveness by perhexiline in patients with stable angina pectoris' demonstrated that

perhexilinehasnoeffectonapparentarterialstiffnesseitheraloneorincombinationwith

intravenous GTN and that in this patient cohort with normal platelet function perhexiline

also has no effect on platelet NO responsiveness' However, the study also demonstrated
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that in vivo administration of low infusion rates of GTN inhibits neutrophil 02- release' and that

this effect is potentiated by pre-treatment with perhexiline'

oxidative stfess, as a potential source of differential NO responsiveness between patient

groups was examined utilising two different mafkers, malondialdehyde (MDA' a lipid

peroxidation product) and ex vivo neutrophil superoxide release' for comparison between three

patientgroups.Thestudydemonstratedthatbothacutecoronarysyndromes(ACS)and

(marginally) stable angina pectoris (sAP) are associated with incremental oxidative stress' This

study also demonstrated that there was no correlation between levels of the two markers in

individual patients and therefore it was concluded that no single estimate of either superoxide

release or of MDA would prove of value as a correlate of extent of ongoing ischaemia in

individual Patients.

Ramipriltherapyinpatients,whoareathighriskofcardiovascularevents(asdelineated

in the HOPE trial), was associated with improved function of the NO system in vasculature and in

platelets.Thisstudydemonstratedthatramiprilsensitisesplateletstotheanti-aggregatoryeffects

of No but that this effect occufs predominantly in those patients with poor initial responses to

NO. However it failed to demonstrate a decrease in oxidative stress' utilising MDA as a marker'

or sensitisation of the platelet soluble guanylate cyclase system during ramipril treatment'

The experiments described in this thesis therefore demonstrate that two agents with

differential regional effects on oxidative stress exert NO-potentiating effects: perhexiline

predominantlyinneutrophilsandramiprilinplatelets(andpresumablyalsoin

blood vessels). on the other hand, conventional measures of oxidative stress provide only

arbitrary value as regards either degree of haemostatic disturbance' and are unlikely to be of value

forindividualpatientcategorisationorassignmentoftherapeuticpriorities.
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Addenda

Insert on Pg 14, line 1l- following (.Rufü et al., 1993)'': Furthermore, it has been

demonstrated that PKG can reduce intracellular calcium concentration and hence inhibit

contraction via phosphorylation of several proteins involved in intracellular calcium

regulation. Phosphorylation of phospholamban (Raeymaekers et al' 1988) leads to

activation of sarcoplasmic reticulum calcium ATPase (sERcA) (comwell et al'

lggl)which results in rapid uptake of calcium into the sR, thereby decreasing

intracellular calcium concentration. Phosphorylation of 1'4'5-inositoltriphosphate (IP¡)

receptor associated cGMP kinase substrate (IRAG) inhibits IP¡ induced release of

calcium from the sarcoplasmic reticulum (schlossmann et al' 2000)' which also

contributes to decreased intracellular calcium concentration' Activation of calcium

dependant pota^ssium channels by NO has been demonstrated both directly and viaPKG

and results in hyperpolarisation of the cell, r¡¡hich both counteracts the membrane

depolarising signal @olotina et al. 1994;Li et al. 1998) and inhibits voltage gated

calcium channels.

Insert on Page 20r line L6:

1.2.3.3 Effects ofNO on aPoPtosis

NO also plays an important role in regulation of cellular apoptosis' High concentratlons

of No (such as those seen during iNOS activation or during in vitro exposure) and

resultant peroxynitrite formation are known be important in immune mediated

cytotoxicity @rapier et al. 1988), and have been shown to stimulate apoptotic pathways

(Messmer et al. 1995), however, NO has also been associated wift inhibition of

apoptosis. Several mechanisms have been suggested to mediate this effect including both

direct S-nitrosylation of cysteine residues of caspa^se enz'ymes and cGMP dependant

inhibition of caspases and suppression of cytochrome c release from the mitochondria

(Kim et al.l997;Li et al' 1997;Rossig et al' 1999)'

Insert on page 3lr line 13 after 6'second higher peak" and substitute the following

for the rest of the paragraph: The second peak results from reflection ofthe incident



wave from the conductance vessels, uihich is a product both of the stiffiress of these

vessels and the speed with uhich the pressure wave is reflected' The difference between

the incident and reflected waves is known as the augmentation index (AIx) Therefore

changes in AIx reflect changes in stiffiress of conductance vessels and/or the speed with

which the wave is reflected, however these parameters are inherently linked and both

contribute to measured arterial stiffüess'

Inseft pageTlrline 20, after "anginine tablet)": placed under the tongue for l0

minutes, as compafed to a 500¡rg sublingual tablet held under the tongue for 3 minutes as

in (wilkinson et al. 2oo2). Replace "This dose" with: This 300pg dose

Insert on page ggr line 5 fotlowing "systolic blood pressure of 24+4mmHg":

(decrease of 17+14mmHg mean arterial pressure (MAP)) Insert on page 99, line 7'

between,.systolic BPr 3.3+lmmHg" and "AIxr l-5+15yo' P=NS)"':MAP, 3f2mmHg'

Insert on page 1l5r line 14 aftf,*ttacute coronary eYents.tt: (Brennan et a]' 2003)

demonstrated that among patients presenting with acute chest pain, elevation of plasma

myeloperoxidase concentrations predicts risk of infarction and of other adverse events'

Add to the figure legend to figure 5.1 (page 126): median values outlined'

Insert on page 153, line 5 after "activity or expnession": In the current study' effects

of ramipril were examined only in relatively short-term follow-up: it remains

questionable whether the effects seen after 3 months afe repfesentative of those

associated with long-term treatment, as in the HOPE study.

Insert in table 6.1, Pg 154 between DBP(SD) and HR(SD):

NSI 03 (14)103 (13)MAP (SD)
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F'igure 1.3: Effects of administration of GTN on both radial and central pressure

waveforms, recorded via applanation tonometry (from (Jiang et al' 2002))'
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Corrigenda

Correct references for page 3lr line 2 arc (Karamanoglu et al' 1993; Takazawa et al'

1996; Fetics et al. 1999)

Change page A4line 18, from "more eflicient" to "less efñcient".

Change pageT1rline L2 from'heart rate variability'to 'changes in heart rate'

Change legend to F'igure 4.2 onpage 107, to "solid line: control, dashed line:

perhexiline."

Exchange table 3.3, page 85 for this version:

Table 3.3. Characteristics of patients with unst¿ble angina pectoris/non-Q-wave

infarction (UApNQAMI) compared with those with stable anginapectoris. P values

greater than 0.1 and shown as NS.

Patient Cohort UAP^{QAMI

(n:16)

SAP

(n:10)

P values

Age

Gender M:F)
%NQAMI

69+10

9.7

44

59+13

6:4

0

0.036

NS

Coronary Risk Factors (%)

Smoking

Hpertension

Diabetes Mellitus

Hyp erchole sterolaemia

12.5

56

37.5

75

20

50

l0

70

NS

NS

NS

NS

Concurrent Ph armacoth et aPY (%o)

AsPirin

HeParin

ACE inhibitor

ß-adrenoceptor antagoni st

Calcium channel antagonist

Statin

100

81

40

3l

8l

50

100

0

40

20

70

70

NS

NS

NS

NS

NS



Exchange table 4.1,, page 111, for this version:

Table 4. I : Charactenstlcs of patients in control and perhexiline groups. All p values

greater than 0.1 are shown as NS. t: significant stenosts : <50Yo stenosts m a maJor

epicardial vessel

-t 0 6 (3s%) 0.004
2 to (4s%) s Qe%) NS
1 e (4r%) 6 (3s%) NS
0 3 (t4%) 0 NS

Number of

vesselst

Ca antagontst 14 (64%) 13 (76%) NS

ACE inhibitor/AT I recePtor

antagonrst
1o (46%) e (s3%) NS

Aspirin 2t (es%) 17 (r0o%) NS
p -AdrenocePtor antagonrst 8 (36%) ïYo)3(1 NS

Statin t6 (73%) tl(6s%\ NS
Drug Treatnent

Diabetes Mellitus 4 (18%) 3 (18%) NS
ls (82%) 13 (76%) NS

Hypertension t2 (ss%) ro (5e%) NS
Current smoking s (23%) s Qe%) NS

Male gender 13 (se%) lo (se%) NS
Age(+SEM) 57Ð.6 62+0.6 NS
Risk Factors

Control GrouP

n:22

Perhexiline GrouP

r=17
P values



Exchange table 5.1, page 125, for this version

Table 5.1. Patient cha¡acteristics. All three groups were comPared with resPect to age and

gender, but only sAP and ACS were compared with respect to other factors' * All

patients in the ACS group also received intravenously infused CíIN (2'5-10¡rg/min)'

Patients with SAP were studied before and after infusion of GTN' 3 8% of ACS patients

also received intravenous N-acetylcysteine. P values greaterthan 0'1 are shown as NS'

inhibitor/All receptor antagorust
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1.1. The endothelium and' vasculør homeostøsís

At its most basic, the role of the circulatory system is primarily to transport blood

around the body. This function is carried out utilising a pump, the heart' and a system of

pipes, blood vessels. However on closer examination the system is not so simple and the

blood vessels have a much more complex role in maintenance of vascular homeostasis'

Highpressuresatwhichbloodispumpedfromtheheart,requiresarteriestobe

strong but able to stretch to absorb and transfer pressure' Diflerent demands in different

tissuesalsorequirebloodvesselstodilateandconstricttoenabledistributionofblood

throughout the arterial tree, yet the necessity for transport from blood to tissues requires

them to also be Permeable

The elastic characteristics of arteries are determined largely by their structure and

the level of dilatation and constriction is determined by release of endogenous mediators

of smooth muscle tone. Both components are important for normal function of arteries'

Disruption to one or both elements creates the potential for a loss of normal function' for

example, hypertension may develop due to loss of elasticity of blood vessels with age or

hypotension may occur due to release of vasoactive mediators during sepsis'

The vascular endothelium is also an important component of the innate immune

system. Under normal conditions the endothelium produces anti-inflammatory cytokines

(which may include nitric oxide), inhibits adhesion of inflammatory cells and platelets

and produces anti-oxidants to limit oxidative stress' upon activation by the presence of

foreign antigens or by mechanical damage, the endothelium expresses receptors which

stimulate adhesion of inflammatory cells and platelets and also secretes pro-aggregatory
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andstimulatorycytokines.ThispÏocessisdesignedtoprotecttheintegrityofthe

vascular endothelium; however there is a significant body of evidence suggesting that

activation of this system may contribute to vascular pathology such as that seen in

atherosclerosis, resulting in loss of vascular homeostasis'

1.2 Physiotogy of nítríc oxide (I'{O)

1.2.1 Synthesis, mechanisms of action and degradation of NO

Intheendothelium'NoisproducedfromL-arginineinareactioncatalysedby

endothelial No synthase (eNoS) (Palmer et al', 1988a; Palmer et al., 1988b). No is then

rapidlydegradedviaareactionwithsuperoxide(o2-),whichleadstotheformationof

peroxynitriteandtolossofbiologicaleffectofNo.Vascularsmoothmusclecell

relaxation and subsequent vasodilatation occurs when NO binds to the haem-iron domain

intheN-terminaldomainoftheenzymesolubleguanylatecyclase(sGC),which

catalyses the conversion of guanosine tri-phosphate (GTP) to cyclic guanosine

monophosphate (oGMP) and activates signal transduction pathways that lead to smooth

musclerelaxation(Rapoportetal.,1983)'Theprecisecellularpathwaysleadingto

smooth muscle relaxation down-stream of oGMP are still not completely understood'

HoweveritisknownthatNostimulatesanincreaseintheintracellularconcentrationof

cGMP which activates a family of enzymes known as the cGMP dependent protein

kinasesorproteinkinaseG(PKG)(Pfeiferetal.,1998)'Theseenzymesrelaxsmooth

muscle by modulating intracellular calcium concentration either by preventing entry or
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by stimulating removal of calcium from within cells. Contraction of smooth muscle cells

occufs via receptor activated generation of inositol 1,4,5-triphosphate, which induces

release of calcium from intracellular stores. This in turn activates voltage gated calcium

channels to stimulate calcium influx. Increased intracellular calcium concentration

activates Caz*lcalmodulin dependant myosin light chain kinase which phosphorylates

myosin light chain kinase and activates myosin light chain ATPase, leading to

contraction (Alioua et al., 1995; Archer et al., 1994; Fukao et al., 1999 Zhou et al',

1996). The intracellular mechanism by which oGMP and PKG are able to inhibit this

process remains unclear, however it has been demonstrated that PKG can inhibit

hydrolysis of phosphatidyl inositol4,5 bisphosphate to its active form, inositol 1,4,5

triphosphate (Rapoport et al., 1989; Ruth et al', 1993)'

It has also been suggested that PKG may be involved in regulation of thin

filaments by phosphorylation of thin filament binding proteins such as VASP

(vasodilatory-stimulated phosphoprotein) (Reinhard et al., 1995) and heat shock protein

20 (Beall et al.,1997), leading to disruption of cross bridge formation. It is likely that a

combination of these mechanisms is involved in smooth muscle relaxation in response to

NO. VASp phosphorylation has also been utilised as an index of levels of activation of

the No/cGMP pathway, although this pathway is not exclusively activated by cGMP

(Reinhard et al., 1995).
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1.2.2 Endothelium dependant vasodilatation

Early investigations demonstrated the presence of a layer of cells lining the inside

of blood vessels; however the function of this layer was unknown' The importance of

NO in modulating vascular tone was discovered during investigations which

demonstrated the dependence of vasodilatation in response to acetylcholine (ACh) on the

presence of intact endothelium. This suggested that responses were reliant on a

vasoactive intermediate released from the endothelium (Furchgott andZawadzki' 1980)

andactingontheoutermusclelayertoinducerelaxation.Thisintermediatewasinitially

termed endothelium derived relaxing factor (EDRF)' EDRF release has subsequently

been demonstrated from a variety of different vessels including both arteries and veins of

varying sizes and in response to stimuli including: altered flow (shear stress) and

chemical mediators such as acetylcholine, bradykinin, and substance P (lgnarro et al''

1988a).

EDRFwasidentifiedasNo(Ignanoetal.,1988b;Palmeretal.'1987)in

experiments which demonstrated that responses to ACh were initiated by activation of

soluble guanylate cyclase (sGC) and subsequent elevation of intracellular cyclic

guanosine monophosphate levels (oGMP) (Rapoport et al', 1983), a mechanism of action

which had already been demonstrated for organic nitrates (see figure 1'1)'
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Figure 1.1. Schema of production and action of NO

1.2.3 Effects outside smooth muscle cells

As well as regulation of smooth muscle tone, NO has been found to be important

in many other haemostatic functions. These include modulation of interactions between

platelets and inflammatory cells and between these cells and the endothelium'

l.2.3.l Platelets

The role of platelets in the circulation is to initiate thrombus formation. Platelets

become activated in response to agonists such as collagen, collagen-related peptides,

prostaglandins and ADP, this signal leads to activation of P-selectin on the platelet

surface, which binds to integrins expressed on other platelets, leukocytes or on
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endothelial cells (Mickelson et al., 1996; Schafer et al',2004a)' Binding of integrins is

followed by fibrinogen binding between platelets at the site of vascular injury' This then

stimulates cross-linking and further platelet aggregation and clot formation' Platelet-

leukocyte aggregates have also been shown to enhance the inflammatory response at the

site of vascular injury

In normal arteries activation and subsequent aggregation of platelets is inhibited

at least in part by NO which is released both from normal endothelium and platelets

(Radomski et al.,1987). However, in the presence of atherosclerosis, not only is the

endothelium dysfunctional in the sense that NO release is impaired' but it is also

damaged and therefore expresses pro-inflammatory and aggregatory stimuli' To add to

this pro-aggregatory state, there is considerable evidence that platelets from patients with

coronary artery disease and also from asymptomatic individuals with some coronary risk

factors are hypo-responsive to the anti-aggregatory effects of NO' This is superficially

paradoxical, as originally vasomotor lesponsiveness to NO was assumed to be "intact" in

patients with coronary artery disease (Ludmer et al., 1986); only recently has vasomotor

hypo-responsiveness to NO been shown to be associated with endothelial dysfunction

(Adams et al., 1998; Schachinger et al., lggg). Therefore, the combination of the pro-

aggregatory environment in atherosclerotic vessels, impaired release of anti-aggregatory

NO from dysfunctional endothelium and impaired plateiet responsiveness contributes to

increased risk of thrombotic events. Indeed, a recent study has demonstrated that

impaired responsiveness of platelets to NO is associated with poor outcomes in patients

following acute coronary syndromes (Willoughby et al'' 2005)'
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1.2.3.2 Infl ammatorY cells

The endothelium is an important part of the immune system' Endothelial cells

express selectins (particularly P and E-selectins) in response to inflammatory stimuli'

These selectins interact with those expressed on leukocytes and platelets thereby

stimulating expression of other adhesion molecules, the pz-integrins CD11/CD18 and cell

adhesionmolecules(CAMs)suchasintracellularadhesionmolecule-1(ICAM-1)'which

is expressed on endothelial cells and binds to receptors on leukocytes' This binding of

receptors stimulates both cell types and stimulates the release of pro-inflammatory

cytokines such as interleukins, leukotrienes and tumor necrosis factor (TNF) which

further amplifies the inflammatory response and stimulates the recruitment of phagocytes

such as macrophages (Granger et al., 2}}4;Krieglstein and Granger' 2001)' once f,rrm

adhesion has occurred, leukocytes ale then able to migrate through the endothelium to the

sight of the inflammatory stimulus where exocytosis of granules' containing cytotoxins

such as the oz- radical, hypochloric acid (produced by myeloperoxidase) and hydrogen

peroxide, which facilitate microbial killing. While this system is an importantpart of the

immune system, dysfunction of this system has been implicated in the development of

atherosclerosis and also in plaque instability (Naruko et al',2002; van der Wal et al''

1993; van der Wal et al,1994)'

In normal endothelium, this process is tightly regulated' However in patients with

coronary risk factors a number of factors contribute to dysregulation of this system'

Presence ofcardiovascular risk factors is associated with increased oxidative stress' due

in part to increased expression of NAD(P)H oxidase (Guzik et al', 2000)' Increased
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oxidative stress stimulates production of NFrB and APl leading to increased expression

of selectins, CAMs and CD40, which allows binding of inflammatory cells and platelets.

This begins a self perpetuating cycle of inflammation and oxidative stress (Clapp et al.,

2004; Granger et a1.,2004). Oxidised LDL produced in the presence of oxidative stress

accumulates in macrophages and causes conversion to foam cells which accumulate in

atherosclerotic plaques, weakening them and increasing risk of plaque rupture. In

addition, histological studies have demonstrated an increased number of neutrophils in

culprit lesions following myocardial infarction, when compared to non-culprit lesions

(Naruko et a1,2002). Increased expression of CDl lb/CDl8 on neutrophils has been

associated with risk factors for atherosclerosis, including: diabetes(Shurtz-Swirski et al.,

2001), high insulin (Okouchi et aL,2004) and high glucose (Mohanty et al., 2000),

increased homocysteine (Pruefer et a1.,1999), hypercholesterolaemia (Stokes et al.,

2006), unstable angina (Lindmark et al., 2001), correlated with presen ce of 2 or more

traditional coronary risk factors (Berliner et al,, 2000). Moreover, neutrophil activation

has also been shown to correlate with presence of endothelial dysfunction (Pruefer et al.,

r99e).

Infusion of NOS inhibitors in small mesenteric vessels has been shown to produce

similar pathophysiological effects of those seen with ischaemia/reperfusion injury,

characterised by increases in the number of adherent leukocytes. This can be reversed by

administration of L-arginine, but not by the inactive analogue D-arginine (Amdt et al.,

1993; Kubes et al., 1991; Kurose et al., 1995). These studies therefore suggest that

endothelium derived NO inhibits adhesion of leukocytes and is supported by studies
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comparing adhesion of neutrophils to arterial versus venous grafts, which show that

fewer neutrophils adhere to segments of internal mammary artery than to saphenous vein'

an effect that was reversible by administration of N(ro)-nitro-L-arginine methyl ester (L-

NAME) (Chello et al., 1998; Secco et al., 2003)'

Several studies have suggested that NO (either from the endothelium or from NO-

donors such as nicorandil ) inhibits activities of neutrophils (Czapski et al., 2002; Muller

et a1.,2004; Seth et al.,1994). The mechanism by which these effects of NO occurs is

uncertain; however there is some evidence to support the hypothesis that it is at least

partly mediated by gGMP. Shear stress responses of neutrophils (pseudopod retraction,

and suppression of CD18 expression) have been demonstrated to be dependant on cGMP

rise induced either by endothelium derived NO of a NO donor (Fukuda et al., 2000), but

other studies (Wanikiat et al., 1997) have demonstrated that oGMP analogues have no

effect on adhesion or migration. Studies utilising the oGMP elevating agent YC-1 have

demonstrated inhibition of Oz- release from neutrophils, and conversely, stimulation of

neutrophils by oGMP lowering agents (Wang et al',2002)'

1.3 Pøthophysíology of endothelium and nitríc oxide

Soon after the role of NO as a modulator of vascular tone was described, it

became evident that this regulatory system was impaired in some groups of patients

Endothelial dysfunction was first described in atherosclerotic sections of the human

coronary blood vessels which exhibited paradoxical vasoconstriction in response to

acetylcholine, but intact dilator response to NO donors (Ludmer et al., 1986)' This
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suggested that endothelial release of NO was impaired in the presence of atherosclerotic

lesions. Further studies in both animal models of atherosclerosis (Jayakody et al., 1987)

and in human vessels (Forstermann et al., 1988; Mclenachan et al', 1991; Nabel et al',

1990;Zeiher et al., 1991) supported this observation. However, it was not clear whether

endothelial dysfunction was a product of the pathology of these vessels or whether

endothelial function was impaired prior to development of significant lesions and

possibly contributed to development of atherosclerosis'

Traditionally, endothelial dysfunction is defined as abnormal responses to

endothelium dependant agents in the presence ofintact response to exogenous sources of

NO. However a number of more recent studies have reported impaired responses to both

endothelium derived NO and to NO donors (Adams et al., 1998; Schachinger et al',

1999). These studies of endothelial dysfunction used a single high dose (200-300pg,

(Forstermann et al., 1988;Ludmer et al., 1986; Mclenachan et al., 1991; Nabel et al.'

1990;Zeiher et al., 1991) of endothelium independent vasodilators such as GTN to assess

endothelium independent vasodilator responses, and were therefore only able to detect

changes in maximal response, rather than a shift in the dose response curve'

More recent studies using lower doses of GTN have demonstrated that in the

presence of endothelial dysfunction, responsiveness to NO donors may also be impaired

suggesting moïe generalised vasodilator dysfunction. De novo hyporesponsiveness to

NO donors, loosely termed "Nitrate resistance" was f,trst described in patients with severe

congestive hear failure, where 25-50% of these patients failed to achieve target reduction

in left ventricular filling pressure in response to nitrate therapy irrespective of the dose
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(Armstrong et al., 1980; Elkayam et al., 1985; Roth et al., 1987). This phenomenon was

thought to be due to high tissue pressure which led to an inability of vessels to dilate

(Abrams, 1991). This idea was supported by the observation that diuretic therapy could

improve nitrate responsiveness. Subsequent studies have demonstrated NO resistance in

the absence of severe CHF thereby suggesting the involvement of other mechanisms.

Impaired responsiveness to NO donors has been demonstrated in patients with

atherosclerosis (Liao et al., 1991), coronary artery disease (Celermajer et al.,1992;

Forstermann et al., 1988; Zhang et al., 2000) and risk factors for coronary artery disease,

including hypercholesterolemia (Creager et al., 1990; Duffu et aL,1999; Sorensen et al',

lg94), cigarette smoking (Celermajer et al., 1992; Zeiher et al., 1995), and diabetes

(Clarkson et al, 1996; McVeigh et al., 1994; Watts et al., 7996; Williams et a1., 1996).

NO resistance has also be demonstrated in platelets where from patients with coronary

artery disease (Chirkov et al., 7999) and type 2 diabeteslobesity (Giugliano et al., 1995).

NO resistance in coronary arteries (Schachinger et al., 2000) and in platelets (Willoughby

et al., 2005) is associated with poor patient outcomes.

Studies investigating the progression of atherosclerosis in human coronary

arteries are impractical due to the invasive nature of vascular function testing; therefore

this led to investigation of vasodilator function in peripheral blood vessels (most

commonly the brachial artery) and demonstration that patients with impaired coronary

artery endothelial function also had widespread vasodilator dysfunction (Teragawa et al.,

2005). Studies of brachial artery reactivity meant that endothelial function could be
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tested more easily by measuring responses to either infusion of acetylcholine or by

altering shear stress

Peripheral vessel studies demonstrated that responses to both acetylcholine and

shear stress are impaired in the pfesence of coronary artery disease (Celermajer et al''

1992) andthat poor vessel responsiveness to acetylcholine in this group is associated

with increased incidence of cardiovascular events (Heitzer et al'' 2001)' Endothelial

dysfunction is also associated with coronary risk factors including: hypertension (Panza

eta1.,1990),hypercholesterolaemia(celermajeretal.,lgg2;Creageretal''1990;

Sorensen et al., 1994; Verbeuren et al., 1986; zeiher et al.' 1993), diabetes mellitus

(Clarkson et a|., |996; McVeigh et al., 1992;Watts et al', 1996) and cigarette smoking

(celermajer et al., 1992; Zeiher et al., 1995). These studies support the hypothesis that

endothelial dysfunction can occur in the absence of atherosclerotic plaques, and it has

been suggested that endothelial dysfunction may contribute to the development of

atherosclerosis

1.3.1 Biochemical pathophysiology of impaired NO responsiveness

The mechanism(s) of development of impaired No responsiveness remain poorly

understood.Therearethreelikelymechanismswhichleadtoreducedbioavailabilityof

NO; impaired formation, increased clearance and down-stream impairment' including the

production of endogenous inhibitors and inactivation of signal transduction pathways'
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Initially it was thought that endothelial dysfunction was caused by depletion of

intracellular stores of L-arginine, the substrate for the eNoS enzyme, leading to

,'uncoupling" of eNOS. While studies investigating the effect of supplementation of L-

arginine have failed to consistently improve responsiveness to endothelium dependant

vasodilators (Angdin et a|.,2001;cross et a1.,2001;Kawano etal' 2002; Quyyumi'

1998; Sato et al., 2000), another mechanism of uncoupling has been investigated'

Tetrahydrobiopterin (BH¿), a metabolite of folate, is an essential cofactor for No

production of No via eNOS. Supplementation of folate has been beneficial in reversing

endothelial dysfunction (Assanelli eta1.,2004; Doshi et al',2003; Doshi etal''2002;

Tiefenbacher et al., 2000; woo et a1.,2002;woo et al.,1999)' Horvever, effects of folate

or endothelial dysfunction are further complicated by its' homocystine lowering effects'

Homocystine is known to impair endothelial function and many studies suggest that the

benefit of folate supplementation reflects homocystine lowering effects rather than BH4

mediated effects (Bennett-Richards et a|', 2002; Doshi et a|., 2002).

uncoupling of eNoS has two important consequences' Not only does uncoupled

eNOS fail to produce NO, but it is also becomes a source of Oz- (Heitzer et al'' 2000)' an

oxygen radical which reacts with No to reduce available No and produce the toxic

peroxynitrite radical (Gryglewski et al., 1986; Kasten et al', 1995;Langenstroer and

Pieper, 1992; Wolin et al., 1990). while uncoupling of Nos is one source of oz-' there

are several other potential sources of Oz-'

Noresistanceinbothplatelets(Chirkovetal.,|999)andvasculature(Laursenet

al., 1997;Rajagopalan et al., 1996) is associated with increased Oz- release' 02- release
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from isolated blood vessels (internal mammary artery and saphenous vein) also correlates

with the number of cardiovascular risk factors (Guzik et al', 2000)' There are a number

of potential sources of Oz- within blood vessels including: NAD(P)H oxidase' xanthine

oxidase, electron transport chain, nitric oxide synthase and cyclooxygenases' However

increased oz- in the presence of coronary risk factors appears to occurs predominantly via

NAD(P)H oxidase (Rajagopalan et al', 1996; Wang et al'' 1998)'

NAD(P)H oxidase is a multi-subunit Oz- producing enzyme, which was originally

described in phagocytes where the enzyme is not assembled until the cell is stimulated'

and then upon activation the eîzymeis assembled and produces large amounts of Oz- to

facilitate microbial killing. since then it has been found to be widely expressed in a

variety of cell types within the cardiovascular system including those which comprise the

vessel wall including endothelial and smooth muscle cells and also in phagocytes' and

also in many other tissues outside the cardiovascular system' Phagocytic NAD(P)H

oxidase consists of two membrane bound subunits, gpglphox (also known as NOX 2)

and p22phox and several cytosolic subunits, including Rac2, p4Tphox and p67phox'

which are translocated to the cell membrane upon stimulation of the enzyme. In other

tissues the basic structure of the enzyme appears to be similar to the phagocyte enzyme

with the exception of the gpglphoxa{oX 2 subunit (Sorescu et al',2002)' several

homologues of this subunit have been identified; however the relative expression of these

homologues in different tissues remains highly controversial' It appears that NOX 4 is

the predominant homologue expressed in the vasculature (Ago et al',2004; Paravicini et

a1.,2002;sorescu et a1.,2002). The vascular enzyme differs from and the phagocytic
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enzyme in that it does not require stimulation in order to be assembled' and produces

much lower levels of oz-. The purpose of this enzyme in the vasculature is not well

understood, however it is known that low levels of oz- stimulate intracellular signalling

pathways such as the TGF-p pathway (Cucoranu et al., 2005; Rocic and Lucchesi, 2005;

Sturrock et al., 2006).

The precise mechanism(s) by which NAD(P)H oxidase derived oz- release is

increased is unknown, however one potential contributor is angiotensin II' Incubation of

isolated blood vessels with angiotensin II increases oz- release (Beny et al'' 2000) and

increases expression of NOX-1, NOX-4 (Wingler et al', 2001) andp2¿Phox (Fukui et al''

1997).

02.ma}alsocontributetoimpairedfesponsestoNoviadirecteffectsonthe

enzyme sGC, responsible for initiating down stream signal transduction' Increased levels

ofoz-(Kojdaetal.'1998;Mulscheta|.,1997)andincreasedoxidisedlow-density

lipoprotein (Galle et al., 1992) have been shown to cause desensitisation of sGC'

However, some studies have found that sGC expression (Bauersachs et al'' 1998) or

activity (watanabe et al., 1998) is reduced independent of oz- effects'

studies using isolated arteries from animal models of hypercholesterolaemia

(Cooke et al., 1991; Miller et al', 1998; Verbeuren et al., 1986) and spontaneous

hypertension (Bauersachs et al., 1998; Laursen et al.,1997) have demonstrated reduced

responsiveness to NO donors and also to an NO-independent stimulator of sGC (Mulsch

et al.,1997) suggesting that dysfunction occurs down stream of sGC;howevet' this has

not been confirmed in other studies'
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Understandingendothelialdysfunctioninthepresenceofatherosclerosisisnot

only important for our understanding of pathogenesis of the disease' but also has clinical

implications. NO is an important endogenous regulator of vascular tone' therefore when

thissystemisimpairedinarteriesalreadynarrowedbyatherosclerosistheabilityofthese

arteries to dilate and increase blood flow in response to increased demand is impaired'

Therefore development of an understanding of the mechanisms of development of

endothelial dysfunction and consequently potential strategies for reversal is of utmost

importance

1.4 Methodological cons¡derations ín assessment of endothelíøl ønd

ptatelet functio n and infl ømmøtion

1.4.1 Techniques for measurement of oxidative stress

The term "oxidative stress" is used broadly to describe states in which levels of

endogenously produced oxidants, particularly reactive oxygen species such as C,2- ' àre

increased, implying an imbalance in oxidant-antioxidant homeostasis' Of particular

interest is the fact that oxidative stress can be variably mediated by a considerable

number of reactive oxygen species as well as non-oxygen derived free radicals' It is

generallyacceptedthatoxygenradicals,particularlyoz-isamajorcontributorto

oxidative stress. Elevated Oz- levels have been widely demonstrated in association with

hyporesponsiveness to NO (Bauersachs et al., 1998; Ellis et al'' 2000; shinozaki et al''

2000; Sydow and Munzel, 2003). There are many potential sources of oz- within the

vasculature, including: NAD(P)H oxidase, xanthine oxidase, uncoupled eNoS,
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cytochrome p450 and the mitochondrial electron transport chain' All of these enzymes

have been found in blood vessels, and are capable of producin E Oz- , however studies

utilising inhibitors of these enzyme systems suggest that the most likely source of

increased production in the presence of coronary risk factors is NAD(P)H oxidase (Berrl'

et al., 2000).

Measurement of "oxidative stress" is complicated by the lack of easily accessible

direct measures. Three different types of measures of oxidative stress can be utilised'

Firstly, the ability of potential sources of oxidants to be activated by a stimulus such as

measuring the capacity of NAD(P)H oxidase to produce 02- upon stimulation' secondly'

the depletion of endogenous anti-oxidants such as reduced glutathione (Ceconi et al''

1988; Curello et al., 1987) can be measured and thirdly levels of proteins and lipids

modified by oxidants can be measured. For example, assay of malondialdehyde can

provide an indication of lipid peroxidation (Arstall et a1', 1995; Lapenna and Cuccurullo'

19e3).

1.4.2 Techniques for testing of vascular reactivity/endothelial function

Early studies utilised ex vivo exposure of explanted segments of artery or vein

from animal models or taken from patients at the time of coronary artery bypass grafting'

Responses were measured to agents such as ACh in organ bath or myograph setups

(Jayakody et al., |987; Ludmer et a1', 1986)' This approach has the advantage of being

able to investigate the effects of many single agents in a simplif,red environment in a

1
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single experiment. However it does mean that many animals are needed to allow

measurement of effects of treatments over time and in humans, does not allow for serial

sampling or comparison of responses to normal subjects' Most studies of this type have

utilised segments of vessels that appear "normal" as controls, however' as mentioned in

the previous section, it has been demonstrated that these vessels do not necessarily

behave as normal vessels.

Some studies have utilised quantitative angiography in order to measure responses

to ACh at the time of angiography. This technique involves injecting endothelium-

dependant vasodilators directly into the coronary arteries at the time of angiography and

imaging the artery before and after injection. Response is then measured' usually by a

blinded observer (Mclenachan et al., 1990; schachinger et al', 2000; Tiefenbacher et al"

2000). This technique is also limited by inability to recruit truly normal subjects for

comparison with Patient grouPs

involving drug treatment.

It is also diff,rcult to obtain follow-up data for trials

Demonstration that .endothelial dysfunction' could be observed in large vascular

beds other than the coronaries allowed for the development of techniques which utilised

peripheral vessels such as the brachial artery (Anderson et al',1995; Takase et al''2006;

Teragawa et al., 2005), which is more easily accessible'

The most common methods for measurement of endothelial function utilise either

a flow meter inserted into the brachial artery or an ultrasound probe placed on either the

brachial or radial arteryto measure changes in vessel diameter' Response to intra-arterial

infusion of endothelium dependant and/or independent vasodilators such as acetylcholine
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and GTN respectively are then measured as changes in flow or vessel diameter

(Celermajer et al., |992; Creager et al., 1990; Panzaet al., 1990; Watts et a1., 1996). A

variation of this technique utilises measurement of responses to reactive hyperaemia'

known as flow mediated dilatation (FMD). Reactive hyperaemia is induced by inflation

of a cuff and subsequent release, stimulating endothelial release of No due to shear stress

under increased flow (Cross et al., 2001; Varin et al.' 2000; Zhang et al'' 2000)' FMD is

often preferred as it does not involve infusion of endothelium dependant vasodilators and

does not require arterial cannulation. However there is considerable evidence that other

mediators are also released in response to hyperaemia and therefore it is necessary to

measure responses in the presence and absence of a NoS inhibitor to establish what

proportion of the response is due to NO release. Another important limitation of this

technique is that ultrasound results are subjective and the size of the signal is very small

and therefore subject to inaccuracy'

1.4.3 Arterial ComPliance

More recently a technique known as pulse wave analysis has been utilised' for

measurement of 'apparent arterial stiffrtess'. Apparent arterial stiffness measures the

overall stiffness of large arteries in vivo, by examining the way in which the pulse wave

is modified as it travels through the vascular tree. This is achieved by mathematical

transformation of the pressure waveform recorded in the radial artery, to a representation

of the ascending aortic waveform. The most commonly used system (Sphygmocor)
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utilises a transfer function derived by o'Rourke and colleagues (Cross et al', 2001; Varin

et al., 2000 ;Zhanget al., 2000). There has been some controvefsy regarding the

accuracy and necessity for this transfer function, with some suggesting that measures

derived using this system offer no more information than brachial sphygmomanometer

readings (Cameron et al., 1998). Both initial studies by the designers of the system and

subsequent studies by others, have demonstrated that derived central measurements are

more representative of centrally recorded measures than traditionally utilised

sphy gmomanometer Pressures'

Asseeninfigurei^.2,inanormalhealthyvolunteerthiswaveformis

characterised by a single round pressure peak, the incident wave' which is caused by the

left ventricular contraction, however in the trace from a patient with hypertension there is

an initial pressure peak, but this is followed by a second higher peak, created by the

reflection of the incident wave from the conductance vessels. The difference between the

incident and reflected waves is known as the augmentation index (AIx)' the size of this

reflected wave is proportional to the stiffness of the conductance vessels'

Thisreflectedwavearrivesattheascendingaortaaftertheclosureoftheaortic

valve and therefore is not represented in peripheral sphygmomanometer blood pressure'

but does contribute to the pressure in the ascending aorta and therefore afterload on the

left ventricle and to the potential for development of hypertrophy (O'Rourke and Kelly,

1993). Several studies have now demonstrated that measures of arterial stiffüess are

better predictors ofcardiovascular risk than brachial blood pressure alone (Benetos et al''

1997; Franklin et al., 1999;Hitai et al', 1989)'
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Arterial stiffness measured using this technique is a product of both elasticity of

arteries and the balance of vasodilator and constrictor substances in the system at the

time. Therefore, drugs that alter vascular tone should affect AIx' At the commencement

of the current studies, few studies had examined the effects of vasoactive drugs on AIx'

However there have been some studies published subsequently including the use of the

p2 agonist, salbutamol, which has been used to stimulate endothelial release of No for

measurement of endothelial function, and GTN which has been used as control in these

studies (Wilkinson etal.,2002a; Wilkinson et al'' 2002b)'

Reflected wave

Augmentation Increased arterial
stiffness

Incident wave rìaìÒ
¡l

a

At.
I

taa.at t' Pulse Pressure

Normal

Figure 1.2: Central pulse presswe waveform derived via applanation tonometry

1.4.4 Assessment of platelet function

The central function of platelets is to aggregate in response to appropriate

physiological stimuli. The aggregability of platelets in vivo is determined both by levels

of endogenous activators and inhibitors of aggregation and also by the ability of the
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platelets to respond to these stimuli. Therefore when considering techniques for

measurement of platelet function, it is important to measure aggregatory responses to the

chosen agonist as well as the ability of anti-aggregatory agents to inhibit this activation'

Aggregation of platelets occurs in stages. Activation results in a change from the

typical discoid shape to a more rounded shape with pseudopod projection' Further

stimulation results in progressive release of different types of granules beginning with

dense granule secretion, followed by secretion of a and finally lysosomal granules; which

are only released at very high agonist concentrations' This process is essentially

concentration dependant and is also able to ampliff itself through release of pro-

aggregatorychemokines from granules, however different agonists are able to stimulate

with different potencies (Boyd and Davis, 1988; Gewirtz et al',1985)' Thrombin and

collagen are considered "strong agonists" as they can induce release ofü granules

without the need for positive feedback from dense granule release (Koike and Holmsen,

1937). Agonists such as adenosine diphisphate (ADP) and adrenaline cannot give

maximal stimulation (even at maximum receptor occupancy) without induction of the

positive feedback mechanism. This gives rise to the so-called biphasic response' the first

induced by the agonist and the second additive response induced by dense granule

release. once maximal stimulation (the "release reaction") occurs' the reaction is

irreversible. This is of particular importance when investigating the effects of anti-

aggregatoryagents,whichareabletomodulateaggregabilityearlyinthereaction.

Thereareamultitudeoftechniquesavailableforassessmentofdifferentaspects

ofplateletfunction.Earlystudieswereconductedusingturbidometrictechniquesin
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platelet rich plasma. This procedure involves separation of platelet rich plasma from

whole blood and then uses the change in light transmittance as platelets aggregate to

measure aggregation in response to various physiological agonists (Ingerman-wojenski

et al., 1983). This technique can only be performed in platelet rich plasma and therefore

the platelets are not in contact with other blood components' Consequently' this

technique can only give information about the platelets themselves and not the interaction

of platelets with other cell types. Alternatively, impedance aggregometry can be

performed in whole blood and therefore is more closely representative in vivo conditions'

Impedance aggregometry involves placement of an electrode' consisting of two wires

between which an electrical current is passed, into the blood. Upon addition of an

agonist, platelets aggregateonto the electrode and increase electrical resistance' this

increase can then be measured. whole blood impedance aggregometry measures

response of platelets in the presence of other blood components, such as factors released

from white blood cells that may also impact on platelet function in vivo (Steen and

Holmsen, 1985). Therefore in the clinical setting it is able to give a more complete

picture of effects of disease state and drug treatment on platelets and their environment;

however it cannot be used to elucidate the specific cell type that is affected'

More recently the technique of flow cytometry has been utilised to assess platelet

and inflammatory cell function. Flow cytometry utilises labelled monoclonal antibodies

directed against cell activation markers which are expressed on the surface of activated

cells. The labelled antibodies bound to activated cells can be counted and expressed as a

percentage of the total cell population. Originally this technique could only be used in
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isolated cells and could only measure one marker per sample; however recent refinements

of this technique mean that it has become possible to use whole blood and to measufe

several different markers in each run expanding its utility' Commonly used markers of

platelet activation are surface expression of p-selectin and VASP (vasodilator-stimulated

phosphoprotein) phosphorylation. P-selectin is a cell adhesion molecule expressed by

platelets and inflammatory cells and is involved in binding of platelets to other cell types

and to other platelets. P-selectin expression is used as a marker of activation of platelets'

and is decreased in response to NO. VASP is a protein that is phosphorylated by both

cGMp and cAMp dependant protein kinases (at different sites) therefore phosphorylated

vASp is used as a marker of activity of the oGMP pathway and No bioavailability

(Schafer eta1.,2003; Schafer et al',2004b)'

1.4.5 Relationship between oxidative stress, endothelial function and platelet

function

oxidative stress, endothelial dysfunction and both platelet hyperaggregability and

hyporesponsiveness to NO have all been associated with coronary risk factors and with

the presence of coronary artery disease. While the reaction between NO and Oz- to

produce peroxynitrite, is an important physiological mechanism for the degradation of

NO and therefore regulation of vascular tone, increased Oz- associated with coronary risk

factors and atherosclerosis can lead to depletion of No' This depletion ofNo may

contribute to decreased response to both endogenous and exogenous sources, leading to
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endothelial dysfunction and impaired responses to NO donors in vasculature and tn

platelets and activation of inflammatory cells as seen below in figure 1.3.

Oxidative stress in the presence of endothelial dysfunction has been well

established and some studies have demonstrated improvement of endothelial function

with antioxidant therapy (Clapp et a1.,2004; Ellis et al., 2000; Gruhn et al., 2001; Heitzer

et al., 2001; Levine et a1.,1996; Wingler et al., 2001). Inflammatory cells contribute to

oxidative stress by release of oxygen radicals and it has recently been demonstrated that

inflammatory cells may directly impair endothelial function (Sugano et a1.,2005).

Regulation of inflammatory cell function by NO (particularly from NO donors) remains

poorly understood, however some studies have demonstrated NO inhibits parameters of

inflammatory cells activation (Chello et al., 1998; Clancy et a1.,1992; Dikshit and

Sharma, 2002; Lee et al., 2000; Secco et a1.,2003). Studies using NOS inhibitors

(Fukuda et al., 2000) and comparing adhesion to arterial versus venous grafts (Chello et

al., 1998) have demonstrated that endothelium derived NO inhibits adhesion to the

endothelium, and therefore we can hypothesise that more adhesion would occur it the

presence of endothelial dysfunction. The role of the link between endothelial dysfunction

and platelet function is less well established (Dinerman and Mehta, 1990; Forstermann et

al., 1989; Senano et al., 2005); however shared mechanisms and risk factors have been

demonstrated.
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Figure 1.3. Schema of the role of No/ oz- balance in regulating inflammation in

endothelial and inflammatory cells from(Granger et al., 2004).

1.5 Therapeutíc approøches to endothetiøtfunction and nitríc oxide

res¡stønce: The relevance of oxid.øhìve stress

1.5.1 ,,replacement of NO',- The positives and negatives of No donors

Nitroglycerine (glyceryl trinitrate; GTN) is an organic nitrate commonly used in

the treatment of stable and unstable angina as well as acute coronary syndromes and heart

failure. Nitrates are extremely effective in controlling acute angina and improve early

(but not late) mortality following infarction.
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organic nitrates were utilised long before their mechanism of action was

understood. However, in the late 1970's it was demonstrated nitrates activate sGC

(Katsuki et al.,1977). Once EDRF was identified as nitric oxide and thus capable of

activating sGC (Murad et al., 1985), it was proposed that nitrates may act by release of

NO. This was later supported by studies suggesting NO release from GTN in vascular

smooth muscle and endothelial cells (Feelisch and Kelm, 1991)' In general' studies have

not clearly demonstrated that the radical released from GTN is authentic No (Kleschyov

et al., 2003), however it appears that it is either NO or a closely related molecule'

No is released in a thiol dependant manner from GTN via enzymatic degradation

to l,2or 1,3 GDN. The reaction in which 1,2 GDN is produced appears to be associated

with the biological effect of GTN and presumably No release, with levels of this reaction

correlating with cGMP production and vasodilatation (Brien et al', 1988)'

Theenzymesystem(s)involvedinbioconversionofGTNtoproduce

pharmacologically active No is still not known. However, there are a number of

candidate enzyme systems. One candidate enzyme system is glutathione-S-transferase'

Several isoforms of this enzyme are capable of bioconversion of GTN particularly the p

isoform of the enTymeand have been found in vascular smooth muscle (Kenkare et al''

1994; Nigam et al., 1996). However, it is not clear whether No produced via this

enzyme is capable of exerting a pharmacological effect (Kurz et al', 1993; Lau et al"

lgg2). Studies using inhibitors of glutathione-S-transferase have failed to consistently

demonstrate inhibition of GTN induced relaxation (Nigam et al.,1993; Yeates et al',

1989) and GTN response in humans who lack the active isoform of this enzyme have
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were nofïnal (Haefeli et al., 1993) providing little support for involvement in production

of vasoactive NO

In 1990 a 160kd enzyme capable of producing No from GTN was located on the

cell membrane of bovine coronary artery smooth muscle cells (chung and Fung, 1990)

The activity of this enzyme was increased by the presence of reduced sulphydryl groups

but the enzyme was not glutathione-S-transferase (Chung et al', 1992; Chung and Fung'

1 990). These data therefore corïespond to those of Ignarro and colleagues (Ignarro et al',

1981) who demonstrated that sGC activation by GTN is sulphydryl dependent. Howevef,

the identity of this en^ymeremains uncertain and it has not been characterised further'

Bioconversion via the cytochrome P450-NADPH-cytochrome P450 reductase

system has been demonstrated in a number of different tissues including rat hepatic

microsomes (McDonald and Bennett, 1990; Servent et al., 1989), rat aortic microsomes

(Bennett etal.,1992a;McGuireetal., 1998)andratlungfibroblasts(Schroder,1992).

NO released via this enzyme system has also been shown to stimulate the formation of

oGMP (Bennett et alT1992a). Studies using inhibitors of cytochrome P450 enzymes

have produced mixed results, possibly due to the lack of inhibitors for specific enzyme

isoforms of the enzyme. The flavoprotein inhibitor diphenyleneiodonium (DPI) inhibits

.-DNA expression of rat liver cytochrome P450 reductase and activity of aortic and

hepatic microsomal NADPH-cytochrome P450 reductase (McGuire et al., 1998). Some

studies using DPI demonstrated reduced vascular relaxation to GTN and c GMP

accumulation (McGuire et al., 1994; McGuire et al., 1998; Ratz et al',2000), but others

did not (De la Lande et al., 1996). Therefore, overall this evidence suggests that "NO-
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producing: GTN bioconversion" occurs either via the sulphydryl dependent, membrane

bound enzyme and/or via cytochrome P450 dependent bioconversion.

A recent paper has suggested that the enzyme aldehyde dehydrogenase (especially

mitochondrial aldehyde dehydrogenase-2) may be involved in the bioconversion of GTN

to form biologically active NO (Chen et a1.,2002b). However, subsequent studies

investigating the role of this enzyme system in bioconversion and also in the

development of nitrate tolerance (reduced responsiveness following continuous therapy

with nitrates) have brought into question the relative contribution of this enz]¡me system

(DiFabio et aL,2003; Mackenzie et al., 2005). Interestingly, GTN is a potent inhibitor of

several enzymes which have been proposed as bio-activators, including aldehyde

dehydrogenase (Towell et al., 1986) and cytochrome p450 (Bennett et al., 1992b;

Schroder, 1992). This finding is of considerable clinical interest'

Utility of nitrates is limited by their loss of effectiveness over time, known as

nitrate tolerance. Nitrate tolerance was originally defined as loss of anti-anginal efficacy

with long term nitrate therapy (Abrams, 1980; Lee et al., 1978). This led to the

introduction of intermittent nitrate therapy, which involved the use of a nitrate free period

in order to minimise the extent of nitrate tolerance. However this regimen was often

associated with onset of angina during the nitrate free period known as rebound or the

"zero hour phenomenon". This phenomenon was attributed to an increase in

endogenously produced vasoconstrictors in response to chronic nitrate induced

vasodilatation, resulting in "pseudotolerance" (nett vasoconstriction) upon withdrawal of

nitrates. In practice it is impossible to distinguish between pseudotolerance and "true"
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tolerance in vivo. The only way to measure true tolerance is by examining GTN

responses ex vivo; however the relevance of ex vivo vessel studies to in vivo conditions,

particularly given the complex nature of the dilator/constrictor relationships is

questionable.

There are two potential mechanisms for development of nitrate tolerance. Both

increased Oz- and therefore scavenging of NO and impaired bioconversion have been

demonstrated in both humans and in animal models of nitrate tolerance (Forster et al.,

l99l; Laursen et al., 1996; Sage et al., 2000). The relative contribution of these two

mechanisms to development is controversial and difficult to investigate as the specific

enzyme(s) responsible have not been fully described' Sage et al (Sage et al., 2000)

demonstrated that GTN tolerance induced by 24 hours of GTN infusion in humans

essentially reflects impaired GTN biotransformation and is therefore nitrate-specific.

Chirkov et al (Chirkov et a1., 1997) observed similar changes in platelets.

The clinical utility of nitrates as a replacement for endogenous NO is limited in two

important ways: the patients are already hypo-responsive to NO donors (Celermajer et al.,

1992; Chirkov et al., 1999; ForsteÍnann et al., 1988; Liao et al., l99l;Zhang et al., 2000)

and overcoming this by using higher doses of nitrates increases the risk of both true

nitrate tolerance and pseudotolerance. Therefore, given these limitations, are nitrates still

clinically relevant? There is little doubt that nitrates are effective in acute management of

angina, and the recent AAHeFT study of heart failure in African-Americans (Taylor et

a1.,2004) demonstrated that in this population, the combination of nitrates and

hydralazine is effective in reducing mortality. There is also the potential that in the future
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nitrate tolerance will be able to be limited, increasing the therapeutic utility of these

agents

1.5.2 Angiotensin converting enzyme inhibitors

Angiotensin converting enzyme inhibitors (ACEi) are anti-hypertensive agents,

which notably but not exclusively inhibit the conversion of angiotensin I to angiotensin

II. Angiotensin II in turn is a potent vasoconstrictor, inducer of Oz- release from blood

vessels via induction of NAD(P)H oxidase (Berrl'et al., 2000; V/ingler et al., 2001;

Zhang et al., 1999) and pro-aggregatory agent. ACE is also involved in the breakdown of

bradykinin, an endothelium dependant vasodilator; therefore ACE inhibitors have the

added benefit of increasing vasodilatation by increasing levels of bradykinin. ACE

inhibitors (Wiemer et al., 1997) have been consistently shown to inhibit Oz- release from

vessels and are currently the only agents shown to improve both cardiovascular outcomes

(Latini et a1.,2000; Yusuf et al., 2000b) and endothelial dysfunction (Cashin-Hemphill et

al., !999; Schlaifer et al., 1999). It has been postulated that this improvement in

endothelial function may be caused by inhibition of angiotensin II induced Oz- release via

NAD(P)H oxidase (Berrf'et al., 2000; Wingler et al', 2001)'

Few studies have examined the effects of ACE inhibition on responsiveness to

NO donors despite their theoretical benefit. Conversely, a study examining potential

determinants of platelet NO responsiveness did not show ACE inhibitor therapy to be

associated with improved responsiveness to nitrates, although this may be due to the
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small number of patients receiving ACE inhibitor therapy (Chirkov et al., 1999). A

subsequent study in cardiac failure has shown improved NO responsiveness in patients

treated with ACE inhibitors (Chirkov etaL,2002)

1.5.3 Other treatments for endothelial dysfunction

Traditionally endothelial dysfunction is defined as impaired release of NO from

the endothelium. Attempts to reverse endothelial dysfunction by supplementation of L-

arginine (substrate for eNOS) to prevent uncoupling of eNOS or with antioxidants to

decrease levels of Oz- have had variable results. Endothelial function in a variety of

conditions can be transiently improved by either of these treatments (Cooke et al.,l99l;

Drexler et al., 1991 ;Heitzer et al., 1996;Keaney et al., 1995; Levine et al., 1996; Ting et

al,1997) however, they do not appear to reduce myocardial ischaemia or cardiovascular

risk (Quy¡rmi, 1998; Stephens et al., 1996; Yusuf et al., 2000a) associated with

endothelial dysfunction. Supplementation of tetratrydrobiopterin (with sepiapterin), a co-

factor required for NO production via eNOS and a scavenger of 02- (Schmidt et a1.,1992)

also improves endothelial function in animal models (Gruhn etal.,200l; Hong et al.,

2001; Shinozaki et al., 2000; Tiefenbacher, 2001; Tiefenbacher et al., 2000), and in some

human studies (Heitzer et al., 2000; Tiefenbacher et a1.,2000).

HMG-CoA reductase inhibitors or statins are used clinically as cholesterol

lowering agents. However large clinical trials investigating the role of statins and

cholesterol lowering in modiffing cardiovascular risk demonstrated that statins had
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beneficial effects that could not be solely attributed to their cholesterol lowering effects.

These so-called "pleiotropic effects" include reduction in cardiovascular risk (Byington et

al., 1995; Goldberg et al., 1998), reduction in some markers of oxidative stress and

reduction in Oz- release from blood vessels (Wassmann et a1.,2002) and possibly

improvement in endothelial function(John et a1.,2001; John et al., 1998; Tiefenbacher et

al., 2004). Multivariate analysis of factors affecting platelet responsiveness to NO in

patients with unstable angina (Chirkov et al., 2001) found that statin therapy was a

predictor of normalised platelet responsiveness to NO.

1.5.4 Perhexiline: a rsMetabolic" anti-ischaemic agent with anti-inflammatory

effects

Perhexiline is a prophylactic anti anginal agent that has been shown to cause a

decrease in utilisation of long chain fatty acids and an increase in lactate utilisation

(Jeffrey et al., 1995) and to inhibit the mitochondrial enzyme CPT-I in isolated cardiac

mitochondria (Kennedy et a1.,1996). This enzyme is involved in the transport of long

chain fatty acids into the mitochondria. Long chain fatty acid metabolism has been

estimated to require 10-15% more oxygen than that of glucose to produce an equivalent

amount of ATP (Leidke, 1981) and so may be more efficient during reduced blood flow.

A recent study in isolated perfused rat hearts supported this, finding that perhexiline

improved diastolic function during ischaemia (Kennedy et al., 2000) however, this has

not been investigated in humans. Recently, in vitro exposure to perhexiline has been
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shown to exhibit 02- release (via NAD(P)H oxidase) from isolated neutrophils

(Willoughby et al., 2002).

Currently perhexiline is the only agent definitely shown to affect NO resistance.

Platelet studies have shown that treatment of patients with both stable and unstable

angina with perhexiline improves nitrate responsiveness in platelets. However the effect

of perhexiline on vascular responses to NO has not been tested.

Perhexiline was first utilised as an anti-anginal agent in the early 1970's when

doses of 200-400mg/day were shown to increase exercise tolerance and decrease anginal

frequency in stable angina (Dernier and Colen, 1977;Hitchcock et al.,1977; Masoni et

aL,1975; Morledge, 1973; Pepne et al., 1974; Souza,1973; Teo et al., 1983) and when

added to optimal other therapies in refractory angina (Cole et al., 1990; Horowitz and

Mashford, 1979). These doses however, lead to toxicity in some patients and in 1981 it

was reported that perhexiline is subject to saturable Mickaelis-Menton hepatic

metabolism (Horowitz et al., 1981) via the cytochrome P450 2D6 enzyme system (Shah

et al., 1982). Genetic polymorphism within this enzyme system, particularly within

caucasian populations, determines the rate at which perhexiline is metabolised

(hydroxylated), resulting in slow hydroxylators achieving toxic levels and rapid

hydroxylators not reaching or maintaining adequate levels (Cooper et al., 1984). This

necessitated the definition of the therapeutic range (Horowitz et al., 1986) of 0.15-

0.6mg/L in plasma (tissue levels are higher due to the lipophilic structure (Amoah et al.,

1986; Cooper et al., 19S7) and a titration protocol involving rapid loading over three days

at which time levels are measured and doses adjusted.
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Perhexiline was originally developed as a coronary vasodilator (Hudak et al.,

1970) and has been shown to dilate coronary vessels in some animal models at high

concentrations; however this effect has not been demonstrated in humans. Perhexiline

does have some L-type Ca2+ channel antagonist effects (Fleckenstein-Grun et al., 1978)

but only at concentrations (EC5s: 4.3x107M) greater than those utilised clinically. It is

significantly less potent than other Ca2+ antagonists including verapamil, nifedipine and

diltiazem (Barry et al., 1985) and has been shown to have no vasodilator or negative

ionotropic effects at therapeutically relevant concentrations (Vaughan-williams, 1980).

This observation has been supported by the observation that perhexiline is more clinically

efficacious than other Ca2+ antagonists (Cole et al., 1990; Horowitz and Mashford,

teTe).

Vaughan-Williams et al (Vaughan Williams, 1980) were the first to observe that

perhexiline increased tissue phospholipids concentration, suggesting metabolic

involvement in the mechanism of action. In theory this postulated mechanism appeared

sound. As reviewed by Grynberg and Demaison (1996), in the heart, fatty acids

oxidation accounts for approximately 60-100% of oxygen utilisation, with 0-20% of

oxygen utilisation being accounted for by glucose/lactate metabolism. As glucose/lactate

metabolism requires less oxygen to produce equivalent amounts of ATP (l glucose

molecule requires 12 oxygen molecules to produce 38 ATP, while 1 palmitate molecule

requires 46 oxygenmolecules to produce 130 ATP), then a theoretical improvement of

15-20% could be expected by a shift in metabolism. This mechanism of action for

perhexiline was supported by work in isolated perfused rat heart,
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demonstrating that perhexiline decreased palmitate utilisation and increased lactate

utilisation and that this shift resulted in an increase in cardiac ouþut with no change in

oxygen utilisation (Jeffrey et al., 1995). Subsequent studies in hepatocytes and

cardiomyocytes demonstrated that perhexiline alters substrate utilisation by direct

inhibition of p-oxidation (Deschamps et a1.,1994; Unger et al., 2005), via inhibition

carnitine palmitoyl transferase-l (CPT-l), which is responsible for uptake of fatty acids

into mitochondria and therefore the rate limiting step in fatty acid oxidation in

mitochondria (Kennedy et al., 1996).
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1.6 Scope of the present study

The current studies seek f,rrstly to examine the utility of pulse wave analysis for

measurement of responses to GTN administered both orally and intravenously, in patients

with coronary artery disease and in controls. The second part of the work seeks to

investigate factors which may affect the efficacy of nitrate drugs. Oxidative stress is

known to play an important role in the pathogenesis of coronary artery disease and has

been postulated to be involved in impaired responsiveness to NO. These studies

examined the effects of two drug treatments which may influence both NO

responsiveness and oxidative stress on levels of oxidative stress markers and on NO

responsiveness in various tissues. They also investigated whether levels of oxidative

stress markers were elevated in patients with symptomatic coronary artery disease and in

controls.
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2.1 Patient ìnclusíon criteria

Three main categories of subjects were used in these studies: including: normal

volunteers, patients with stable angina and unstable angina/non-Q wave myocardial

infarction and patients who would have been eligible for the HOPE trial (Yusuf et al.,

2000b).

All experimental protocols involving patients and normal subjects were approved

by the Ethics of Human Research Committee of the Queen Elizabeth Hospital and

informed consent was obtained prior to study entry in all subjects.

2.1.1 Normal subjects

These subjects had no known cardiovascular risk factors (except family history)

and were not taking any regular medications. For some studies speciflrc age groups r¡/ere

selected.

2.1.2 Stable angina patients

These patients were defined as having Canadian class II to III angina. Patients

included in the studies described in this thesis were awaiting elective coronary

angiography for investigation of chest pain. Stable angina patients receiving long-term

prophylactic nitrate therapy were excluded.
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2.1.3 Unstable angina/non-Q-wave myocardial infarction patients

Patients had a history of prolonged spontaneous chest pain with or without ST

segment changes on ECG within the24hours prior to blood sampling' Criteria for

diagnosis of non-Q-wave myocardial infarction 1ilere those of the European Society for

Cardiology (Collinson et al., 2003).

2.1.4 IIOPE tYPe Patients

Eligible patients were men and women aged > 50 years who have a history of

symptomatic coronary artery disease, stroke, peripheral vascular disease, or diabetes plus

one other risk factor (hypertension, elevated total cholesterol level, low high density

lipoprotein cholesterol levels, cigarette smoking or documented mircoalbuminuria)'

Exclusion criteria: patients were excluded if they had heart failure, were receiving

treatment including ACE inhibitor, angiotensin receptor antagonist or ADP receptor

antagonist (as the major endpoint for the larger study involved platelet aggregation to

ADP), had uncontrolled hypertension or overt renal dysfunction, had had a myocardial

infarction or stroke within four weeks of study entry or had less than 4 ohms of ADP

( 1 pM)-induced platelet aggregation.
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2.2 Blood collectíon

All blood was collected after patients and volunteers had been rested quietly in a

supine position for at least 20 minutes. Blood was then collected via venesection from an

antecubital vein using a winged infusion set (to allow multiple syringes to be collected)

or needles no smaller than2l gauge. Blood was collected into plastic syringes, using

minimal pressure in order to minimize activation of platelets and white blood cells.

Blood was then transferred into tubes containing the appropriate anti-coagulant (either

Na-EDTA or acid citrate as described in the protocols below) by gently expelling blood

down the side of the tubes. Blood and anti-coagulant were then mixed by repeated gentle

lnverslon.

2.3 Neutrophíl superoxíde releøse

2.3.1 Isolation of neutrophils

Whole blood was combined with Na-EDTA (4.5yo,pH7.Q in a ratio of I mL of

anti-coagulant to 5mL of blood. Blood was then centrifuged at 150g for l0 minutes to

separate platelet rich plasma from the red blood cell layer (RBC) and bufff coat. Plasma

was aspirated and retained. RBC layer (including bufff coat) was then diluted with

Hanks'balanced salt solution (HBSS, pH 7.38) to make up to the original blood volume

and the solution gently mixed. Approximately 4 mL of Lymphoprep density gradient

was then under laid beneath the RBC layer and different cells were separated by

centrifugation (5509 for 30 minutes). The upper layers (see figure 2.1) containing
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remaining plasma, lymphocytes and monocytes were then removed, being careful not to

disturb the buffu coat, which sits on top of the RBC layer and contains the neutrophils.

Neutrophils were then separated by lysis of RBC utilising salt lysis, with a buffer

containing: 155mM NH¿CI, l00pM Na2EDTA, 10mM NaHCO:. Following addition of

lysis buffer tubes were repeatedly gently inverted until red blood cells were lysed, which

is recognized by change ofcolour and appearance ofcell suspension from opaque red to

shiny, very dark red/black). The neutrophils were then pelleted by centrifugation at 5009

for l0 minutes, and this step was repeated to ensure all RBC are removed. During the

second lysis the colour of the cell suspension does not change so tubes were inverted for

Buffer and plasma

Lymphocytes and monocytes

Lymphoprep

Bufû coat containing ---.}
neutrophils

RBC

Figure 2.1: Cell layers as seen at the end of centrifugation across Lymphoprep density

gradient.
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approximately 2 minutes prior to centrifugation at 5009 for 10 minutes to pellet the

neutrophils. Neutrophils were then washed in HBSS to remove remaining lysis buffer

by removing lysis buffer and then re-suspending cells in HBSS followed by pelleting of

neutrophils. Neutrophil were then resuspended in 500uL of HBSS and cells counted

using a counting chamber (Neubauer improved). Neutrophils were then diluted in the

subjects' own platelet-free plasma (prepared by centrifugation of plasma from the first

spin at 5509 for 10 minutes to remove platelets) at a concentration of 1.7x106 cells/ml.

2.3.2 Measurement of superoxide release

Superoxide release from neutrophils was measured using lucigenin (bis-N-

metþlacridinium nitrate, lOpM final) a chemiluminescent probe, which reacts with

released superoxide to produce a luminescent product. Intensity of luminescence

produced was measured using a Packard luminometer (6100 Pico-lite luminometer,

Packard, Illinois). 294uL of cells and 3uL of lmM lucigenin (to give final concentration

of l0¡rM) were added to glass tubes and pre-warrned and dark adapted in the

luminometer at37"C for 15 minutes. Basal levels of superoxide were than measured for

I minute at 20 second intervals using a Packard luminometer. Cells were then stimulated

with the chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine (fMLP, range of

concentrations from 0.125¡rM to lpM) and chemiluminescence was then measured in

arbitrary units at 20 second intervals for 5 minutes. Results \¡/ere expressed as area under

the curve x 106, calculated using GraphPad Prism Version 4. Reproducibility of the assay
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was assessed by repeat sampling in 17 patients, 3 days apart, the mean change was

-0.92+0.5 x106 units, a co-efficient of variationlT.3%.

2.4 Platelet aggregutíon studíes

2.4.1 Blood preparation

Platelet aggregation was measured using impedance aggregometry in whole blood

(Gewirtz et al., 1985). Venous blood (9mL) was combined with acid citrate

anticoagulant buffer (9mL of blood combined with lml- of 2 parts 0.1M citric acid to 3

parts 0.lM trisodium citrate) and blood left to rest for 10 minutes prior to assay. Blood

was then diluted 2 foß with 0.9% saline into plastic cuvettes to a final volume of I mL

and diluted blood was pre-warrned at37oC in a heating block for 7 minutes prior to

assay.

2.4.2 Measurement of aggregation

Cuvettes containing pre-wanned, diluted blood were placed into a dual channel

impedance aggrcgometer (Model 560, Chronolog) and electrodes consisting of nvo

wires between which electric current is passed were placed into the cuvettes. Samples

were stirred using siliconised stir bars at 800 rpm. The nitric oxide donor, sodium

nitroprusside (SNP 10pM, made up in 0.9% saline) or saline control were added to

samples 1 minute prior to induction of aggregation. Aggregation was induced using

2
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adenosine 5'-diphosphate (ADP, lpM) and monitored by measurement of increases in

electrical impedance caused by platelets aggregating between the two wires of the

electrodes using a dual channel impedance aggregometer attached to a data acquisition

system (Aggrolink version 4.71 model 810C4, Pennsylvania). Maximal aggregation

within 7 minutes of induction,was measured in ohms. For determination of inhibition of

aggregation percentage inhibition by SNP was established by expressing the difference

between maximal aggregation in the presence and absence of NO donor as a percentage

of maximal aggregation.

2.5 Determination of Malondialdehyde

The MDA assay utilised in this study was the modified TBARS method previously

developed by (Arstall et al., 1995) to minimise the potential for non-specific results.

EDTA was used as the anti-coagulant, since as chelating agent it is able to limit auto

oxidation. Two pre-treatment steps, aimed at minimizing the levels of potential sources

of interference were included. The purity of TBA-MDA adduct produced by this

modified protocol has been assessed using HPLC (as described in the PhD thesis of MA

Arstall, Studies in myocardial ischaemia and infarction: effects of N-acetylcysteine on

oxidative stress and myocardial salvage, submitted at the University of Adelaide, 1995).
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2.5.1 Blood collection and storage

Blood was collected into lOmL polypropylene tubes containing 400¡rL of Na-

EDTA (4.5%Na-EDTA, pH 7.a) and cooled on ice until centrifugation at 28009 for 10

minutes. Plasma was then aspirated into 1.5mL polypropylene tubes and stored at -80oC

until assay.

2.5.2Standardcurveandqualitycontrolsamplepreparation

Blood was collected as above from several normal volunteers' Plasma was

pooled and divided for preparation of quality òontrols and the remainder divided into

780¡rL aliquots and stored at -80oC until use. MDA stock (10¡rM) was prepared by

hydrolysis of 1,1,3,3-tetraethoxypropane by stirring in 0.15¡rM orthophosphoric acid for

t hour. High (0.5pM) and low (0.1pM) quality controls were then made up and stored in

800uL aliquots at -80"C until assay'

2.5.3 Plasma extraction

Plasma samples, standards and quality controls were extracted to remove potential

sources of products other than MDA that may react with thiobarbituric acid (TBA)'

Plasma samples, standards and quality controls were thawed at 4oC, centrifuged at 80009

to remove cryoprecipitate (not necessary for standards and quality controls as they had

already been freeze thawed). An aliquot (s00pl) was then taken from the supernatant for



58

Chapter 2

assay. Following the removal of cryoprecipitate, samples, standards and quality controls

were treated in an identical manner'

Acid precipitation was used to remove plasma proteins from the sample'

Perchloric acid (200pL of 2.3M) was added and tubes mixed using a vortex mixer'

perchloric acid reacts with plasma protein to form an insoluble precipitate which was

removed by centrifugation at 80009 for 5 minutes, followed by aspiration of supernatant'

Supernatant was then combined with chloroform (500¡rL), which was used to extract

lipids from plasma sample. Extracted plasma was then used for the TBA reaction as

described below.

2.5.4 Thiobarbituric acid reaction

A 4hmMsolution of TBA was prepared and dissolved by sonication. Extracted

plasma was divided into three 200¡rL aliquots and added to l0 mL polypropylene tubes

containing 750pL of 0.15¡rM orthophosphoric acid, 250¡tL of TBA and 300pL of milli-Q

water. The tubes were then boiled (with perforated caps) for t hour, after which tubes

were cooled on ice. once cool, 3.5mL of 70Yo chloroform/3Oo/o methanol was added to

remove unbound TBA and the upper, non-chloroform layer transferred to disposable

cuvettes for measurement of fluorescence intensity (excitation l,: 530nm, slit width 5,

emission 7u;54|nm,slit width 10, integration time: 5sec) using a Perkin Elmer LS 50 B

luminescence sPectrometer.
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2.5.5 Calculation of MDA concentration

A standard curve was constructed between 0 and l¡rM in normal plasma. Zero

concentration was determined utilising a sample of the sam'e plasma as the curve, spiked

with water only. This reading was subtracted from all points in the standard curve to

account for endogenous MDA. Background fluorescence from unbound TBA was

measured utilising an aqueous blank, which was subtracted from all patient samples'

MDA concentrations were then determined using adjusted fluorescence values from the

linear regression line. Inter-assay variability was determined by examining the variation

in MDA concentration calculated from QC's, the inter-assay cv was under 10% for both

the high and low QC (9'S% andS'ZYo respectively)

2.6 Putse wuve ønølysís viø øpplanation tonometry

Pulse wave analysis is a non-invasive method for determination of arterial stiffrress' The

technique involves recording peripheral (in this work all readings were taken at the radial

artery) arterial wave forms using a micromanometer tipped probe (where from)' The

probe is placed over the point at which the radial pulse can be felt on the dominant arm

and gentle pressure is applied in order to flatten the artery against the bone (known as

applanation tonometry) allowing the probe to record the pressure' Pressure waveforms

are then recorded using a computer and software package (Sphygmocor version 7' Atcor

medical, Sydney). The software then takes an average of the waveforms recorded and

calibrated using brachial artery blood pressure (recorded by sphygmomanometer)' A

validated mathematical transfer function (Karamanoglu et a1.,1993; Segers et al', 2001)
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is then used to derive a representation of the central waveform. From the derived wave

form augmentation index is calculated by measuring the difference between the hrst and

second systolic peaks, known as the augmentation pressure, which is then expressed as a

percentage of total pulse pressure. At least three recordings were made at each time

point. The reproducibility of the technique was tested by calculating the change in AIx

over three days in patients with no changes in their medication, the mean change was

1.5+1.4 units, a 7Yo change with respect to baseline.

2.7 Møterials

2.7.1 Drugs

Glyceryl trinitrate (GTN) for infusion was obtained from Mayne Pharma

(Victoria, Australia). Vials contained 50mg of GTN/10mL (3 mL ethanol,3mL

propylene glycol and remainder water). Lower doses of GTN given sublingually during

dose response experiments were made up from vials, and were then diluted in sterile

distilled water. Dilutions were prepared immediately prior to use and stored on ice.

Perhexiline and glyceryl trinitrate sub-lingual tablets were manufactured by

Sigma Pharmaceuticals (Melbourne, Australia) and ramipril by Aventis Pharmaceuticals

(Macquarie Park, Australia).
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2.7.2 Chemicals

2.7 .2.1 Anticoagulants

Ethylenediamine tetra-acetic acid (disodium salt, Na-EDTA) was obtained from

BDH chemicals and made up to 4.5Yo in glass distilled water and the pH adjustedto 7 .4

Solution was then stored at 4"C until use.

Citrate anticoagulant was made up of two parts 0.lmM citric acid to three parts

0.lmM tri sodium citrate. Solution was stored at 4"C until use.

2.7.2.2 Neutrophil superoxide release

Isolation of neutrophils

Hanks' balanced salt solution was purchased from Gibco (NY, USA) as a 10

times solution which was then made up according to manufacturers instruction in glass

distilled water and sodium bicarbonate (0.35gll-) added. The pH of the solution was then

adjusted to 7.38. Once made up the solution was only used for two days and the pH was

readjusted before use on the second day.

Lymphoprep : a sodium diafrzoate/polysucrose containing density gradient

(density:1.007, osmolality:290), was obtained from Axis-Shield, Oslo, Norway and was

used without dilution. Unused portion was stored at 4oC until use.
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Lysis buffer was made up of 155mM NI{4c1, 100¡rM Na2EDTA, lOmM NaHCor

all chemicals were purchased from BDH chemicals. Buffer was made up using glass

distilled water and was only used for two days once made up.

Measurement of superoxide release

N-formyl-methionyl-leucyl-phenyl alanine (fMLP) was purchased from Sigma

Chemical Company (St Louis, Mo, USA), and made up to lOmM in ethanol and stored at

-20"C. Further dilutions were then made immediately prior to use in HBSS and stored on

ice.

bis-N-methylacridinium nitrate (lucigenin) was purchased from Sigma Chemical

Company (St Louis, Mo, USA) and made up in HBSS on the day of experiment.

2.7 .2.3 Platelet aggregation

Adenosine 5'-diphosphate were obtained from Sigma Chemical Company (St

Louis, Mo, USA) and was made up in0.9%o saline. Aliquots were then stored at -20"C

and thawed immediately before use.

Sodium nitroprusside (sodium nitroferricyanide) from Sigma Chemical Company

(St Louis, Mo, USA) and was made up in0.9Yo saline on the day of each experiment.

0.9% saline from Baxter (Toongabbie, Australia).
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2.7 .2.4 Malondialdehyde

1,1,3,3-Tetraethoxypropane (TEP) was purchased from Sigma Chemical

Company (St Louis, Mo, USA) and was used as the MDA standard. The standard was

prepared by acid hydrolysis in 0.15M phosphoric acid for one hour (with stirring).

Standard was made up on the day of use and then fuither diluted in milli-Q water

immediately before use.

Orthophosphoric acid (85% pure stock) was obtained from BDH. It was made up

to 0.15M in Milli-Q water and stored at room temperature.

Chloroform was obtained from Asia Pacific Specialty chemicals, NSIW, Australia.

Perchloric acid(600/o pure stock) was obtained from BDH and made to 2.3Minmilli-Q

water and stored at room temperature until use.

2-Thiobarbituric acid was obtained from Sigma Chemical Company (St Louis,

Mo, USA) and made up to 42mM in Milli-Q water. The suspension was dissolved using

a sonicating bath, for no longer than 3 minutes.
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3.1 Summary

The rate of reflection of the peripheral pulse wave is affected by compliance of

small arteries (Yaginuma et al., 1986). Thus measures of arterial wave reflection may be

utilised as surrogate estimates of "arterial stiffness", a parameter which may result not

only from fixed structural changes but also from increased arterial tone. Peripheral

arterial pressure waveforms have been studied for many years, however the ability to

transform these waveforms mathematically to investigate central waveforms non-

invasively is relatively new. Pulse wave analysis in its current form has been utilised to

compare arterial stifftress in different patient groups, and a technique has been developed

for measurement of endothelial function (Hayward et a1.,2002; Wilkinson et al',2002a).

However the effects of endothelium-independent vasodilators such as GTN on this

parameter have not been extensively studied. These studies aim to examine effects of

GTN on augmentation index in normal subjects and in patients with stable angina

pectoris (SAP) and to examine the impact of transition from intravenous GTN to oral

ISDN as a means for circumvention of "rebound". 'W'e found that in normal subjects,

single doses of GTN as low as l2¡tg induced substantial falls in AIx and that infusion of

5pg/min GTN in patients \ /ith SAP induced a20+7%o fall in AIx. The magnitude of

vasodilator effect of low infusion rates of GTN is approximately equivalent to that of oral

isosorbide dinitrate (ISDN, 10mg). Thus transition from low dose GTN infusion to oral

ISDN in patients with ACS is not associated with significant "rebound" vasoconstriction

as measured by changes in AIx.
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3.2 Introduction

GTN infusion is often used as a component of treatment for the management of

acute coronary syndromes such as unstable angina pectoris (UAP) or acute myocardial

infarction (AMÐ. There is considerable evidence that intravenous infusion of GTN is

associated with amelioration of ischaemic pain (Mikolich et al., 1980; Theroux et al.,

2000).

Traditionally, nitrates were thought to resolve ischaemic pain mainly via dilation

of veins and resultant reduction in pre-load with some selective dilation of large coronary

arteries (Elkayam and Aronow,1982). Some studies demonstrated that nitrates also

dilated arterioles at high doses (LeWinter and Sobel, 1996; Parker and Parker, 1998).

These conclusions were drawn primarily from studies demonstrating minimal changes in

brachial or radial artery blood pressure. Studies utilising pressure measurements in the

ascending aorta demonstrated that GTN had little effect on the magnitude of the first peak

of the pressure waveform, as would be expected if venodilation and pre-load reduction

was the primary mechanism, but showed a marked effect on the second systolic peak of

the waveform, which represents a reduction in early wave reflection from conduit arteries

(Kelly et al., 1990). More recent studies have also demonstrated measurable responses to

GTN on wave reflection and hence on conduit arteries measured using augmentation

index as a non-invasive parameter of pulse wave reflection (Jiang et a1.,2002; Kelly et

a1.,2001; Pauca et al., 2005). An important limitation of these studies is that they utilise

only a single large dose of GTN, for example, the early work of Kelly and colleagues

(Kelly et al., 1990) utilised 300 and 600¡19 GTN doses. While most recent studies have
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used doses lower than 600pg (typically 250-300pg), no study has investigated the dose

response relationship for sublingual GTN'

In general responses to GTN observed in these studies are relatively large' as

summarised in table 3. I . Thus it is clear that these results are not indicative of threshold

GTN effects and are poor indications of GTN responsiveness. The only dose-ranging

response relationship study utilis ed2.5 and 15mg GTN patches (which deliver between

100 and 600pglhr) and individuals with various cardiovascular conditions (Jiang et al''

2002). While the difference in delivery mode does not allow accurate extrapolation of

these results to sub-lingual administration, this study demonstrates that even the lowest

dose induces significant changes in augmentation index' This suggested that studies

utilising single "high" doses may be unable to detect changes in sensitivity to GTN'

which may have contributed to failure of some studies of endothelial dysfunction

(Forstermann et al., 1988; Ludmer et al', 1986;Mclenachan et al', 1991;Nabel et al''

1990;Zetber et al., 1991) to detect significant hyporesponsiveness to GTN' irrespective

of the methodology used for measurement of GTN response'

The question of the size of vessels dilated by GTN and the size of the vessels

reflected by augmentation index measurement is of particular importance when

considering responsiveness to GTN. Some studies have demonstrated that different

vessels have differential susceptibility to the development of nitrate tolerance (Gori et al''

2004;Gori et al., 2003). If that is the case, this technique may have limited utility for

detection oftolerance and,/or pseudotolerance as regards "overall" vascular

responsiveness to GTN'
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There are many limitations to the utility of organic nitrates. Infusion rates of

1g¡.rglmin or greater of GTN for more than 24hrs have been shown to induce some degree

of tolerance to the haemodynamic effects of GTN (Jugdutt and'Warnica, 1988; Sage et

al., 2000). In order to minimise the development of tolerance, it has been recommended

that infusion rates of GTN be kept as low as possible in both UAP and AMI (Horowitz,

lgg¡),especially as the tolerance-limiting option of intermittent nitrate administration is

unsuitable for management of patients immediately after presentation with acute coronary

syndromes (Thadani, IggT). The majority of patients in recent clinical studies have been

treated with GTN infusion rates of approximately 5pg/min (Arstall et al., 1995; Beltrame

et a1.,2002; Horowitz and Henry, 1987).

Prolonged administration of organic nitrates may also induce pseudotolerance,

dehned as attenuation of response without diminution of underlying biochemical effect of

released nitric oxide. Pseudotolerance appears to be mediated by both increased

secretion of a variety of constrictor neurohormones (Pepine et al., 1997) and increased

vascular responsiveness to vasoconstrictors (Hebert and Lam, 2000)' The clinical

manifestations of pseudotolerance during nitrate administration are confined to loss of

therapeutic effect and are therefore indistinguishable from those of true tolerance.

However, where nitrate therapy is intemrpted, this leaves unopposed reactive

vasoconstriction and pseudotolerance may lead to paradoxical worsening of ischaemia.

This was first documented in the munitions industry in association with sudden cessation

of exposure to large doses of GTN (Ben-David, 1989; Lund et al., 1968). "Rebound

phenomena" have been documented after a sudden cessation of GTN infusion (Figueras
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et al., 1991) and in patients receiving intermittent nitrate therapy who were found to be

more prone to angina during "nitrate-free" periods (DeMots and Glasser,1989; Ferratini

et al., 1989). The same phenomenon also induced increases in frequency of

asymptomatic ischaemia during nitrate-free periods (Freedman et al., 1995) and decreases

in anginal threshold just prior to GTN patch re-application: termed the "zero hour

phenomenon" (DeMots and Glasser, 1989).

The risk of rebound phenomena has led most clinicians to recommend transition

from intravenous GTN to long-acting nitrate therapy after initial stabilisation of patients

presenting with ACS. However, to date only one study (Lin and Flaherty, 1985) has

evaluated the effrcacy of such a transition in preventing clinically evident recurrence of

ischaemia. In contrast, Figueras et al (1991) demonstrated that abrupt cessation of GTN

infusion in a group of five patients with unstable angina pectoris, without immediate

transition to cutaneous or oral long acting nitrate therapy was associated with immediate

precipitation of ischaemia in a high proportion of patients.

The major objectives of the current studies were:

1) To examine the dose-response characteristics of GTN on augmentation index

(AIx) in normal subjects (ie. those not expected to exhibit hyporesponsiveness to

NO or NO donors)

2) To test the hypothesis that low infusion rates of GTN in common clinical use,

induce significant falls in apparent arterial stiffness in patients with stable angina

pectoris.
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3) To examine the impact of transition from low dose intravenous GTN to oral ISDN

as a means for circumvention of "rebound" measured by change in AIx.

3.3 Methods

3.3.1 Measurement of augmentation index (AIx)

Applanation tonometry was conducted as described in chapter 2.6. Apparent

arterial stiffness was measured serially utilising applanation tonometry. Pulse pressure

waveforms were recorded from the radial artery of the dominant arm and the

corresponding central waves were derived via a validated transfer funbtion (Karamanoglu

et al., 1993; Segers et a1.,2001). Augmentation index (AIx) was then recorded, with data

corrected for heart rate variability. At least three recordings were made at each time

point and brachial artery blood pressure was also recorded at each time point using the

opposite arm to allow for calibration of the Sphygmocor software.

3.3.2 Experimental protocol

3.3.2.1Measurement of vascular responses to GTN in normal subjects

A pilot study was conducted using 300¡rg (ll2 of a standard 'anginine' tablet).

This dose induced substantial falls in AIx and moderate reductions in brachial systolic

blood pressure (see table 3.2), and also induced severe headaches and symptomatic
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hypotension in some subjects. The large change in AIx observed was consistent with the

hypothesis that near-maximal responses were elicited.

Dose response curves were therefore constructed in 5 further normal subjects.

Doses of GTN from I2¡t"g to 150pg were administered (as 50pL of solution squirted

under the tongue and held for at least 30 seconds without swallowing) in random order

with both the volunteer and the person performing applanation tonometry blinded as to

specific doses. Readings were taken at baseline, I minute, 2 minutes, 3 minutes, 5

minutes and l0 minutes. Due to differences in the time course of response between

individuals (see hgure 3.1), overall responses were measured using area under ô AIx

response/time curve. A period of 20 minutes was allowed between doses to minimise the

possibility of residual drug effect at the time of subsequent doses.

3.3.2.2 Assessment of responses to GTN infusion in patients with stable

angina pectoris

Initial studies were performed to determine that infusion of GTN at normal

clinical rates in the absence of tolerance/pseudotolerance induced reductions in AIx and

to determine the magnitude of this effect. Patients with stable angina pectoris (SAP)

undergoing diagnostic cardiac catheterisation plus/minus coronary angioplasty were

evaluated in order to determine the magnitude of the blood pressure and AIx change

induced by infusion of GTN (Spg/min). AIx was determined approximately I hour prior

to initiation of GTN infusion and repeated after 2 hours of GTN administration
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(5pg/min). Criteria for patient selection were stable sinus rhythm and no prophylactic

nitrate therapy. GTN was infused intravenously utilising polyethylene non-adsorbant

tubing.

3.3.2.4 Evaluation of effect of transition from intravenous GTN to oral

isosorbide dinitrate

Patients with acute coronary syndromes (unstable angina or non-Q-wave acute

myocardial infarction; ACS) in whom no further chest pain had occurred for at least 12

hours were evaluated during transition from GTN infusion (24-48 hours at2.5-5p"glmin

mean 3.6¡rglmin) to oral isosorbide dinitrate (initial dose 1Omg twice daily). No patient

had received co-infusion of N-acetylcysteine, which potentiates GTN effect (Horowitz et

al., 1983; Winniford et al., 1986). While it would have been ideal to establish the

magnitude of acute haemodynamic response to GTN in the ACS cohort, this was in

practice impossible due to sublingual GTN administration at presentation.

AIx was measured 30-60 minutes prior to cessation of GTN infusion, and

repeated 2-4 hours post administration of first 1Omg dose of oral ISDN.

3.3.3 Statistical methods

For normal subjects individual dose response curves for each sublingual GTN

dose were constructed for each subject and the ECso and maximal response determined

J
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using Prism Graphpad software. Characteristics of the two patient groups studied were

compared utilising non-paired t-tests for continuous data and Fisher's exact test for

categorical data. Magnitude of changes in AIx was analysed utilising paired t-tests.

Results are expressed as mean t SD.

3.4 Results

3.4. 1 Subj ect/patient characteristics

Normal subjects (n:5) were recruited on the basis that they were not taking any

regular medications and had no known cardiac risk factors. The mean age of this group

was 2&*3 yeas and there were 2 males and 3 females. Patient characteristics for the SAP

and ACS groups are shown in table 3.3. As would be expected, only the ACS group

included patients treated with heparin: 44o/o of this group had NQAMI. All ACS patients

were receiving either non-dihydropyridine calcium antagonists or B-adrenoceptor

antagonists throughout the treatment period. In other respects, the two groups were

similar, but mean age was greater in the UAP/Ì.{QAMI group. The ACS patients had

been treated with intravenous GTN for 24-48 hours. The transition from GTN to ISDN

was well tolerated with no patient experiencing further angina in the first24 hours of

ISDN therapy. In 2 of the patients with SAP receiving GTN, infusion rates were reduced

to25pglmin due to development of symptomatic hypotension.
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3.4.2 Responses to GTN in normal volunteers

As shown on table 3.2,pilotstudies demonstrated that 300pg of GTN, although a

lower dose than those given in many previous studies (Greig et al., 2005; 'waring et al',

2006; Westerbacka et a1.,2004; 
'Wilkinson et a1.,2002b) induced large decreases in AIx

(z}tg%)and moderate falls in systolic blood pressure (7+3mmHg). Therefore, dose

response curves were constructed using much lower doses of GTN (see figure3 '2' table

3.4). From these data, the calculated L,D5s for GTN was27t22pg. Responses measured

via AIx were detectable at much lower doses than those required to induce significant

changes in brachial systolic artery blood pressure. Indeed changes in systolic blood

pressure were minimal at lower GTN doses; 100pg doses induced a 1614To fall in AIx

but only 6+4 mmHg reduction in systolic BP.

3.4.3 Effects of GTN infusion on AIx in patients with sAP

prior to initiation of GTN infusion heart rate-adjusted AIx was 23+l0o/o in this

group of patients, consistent with the greater age (Mitchell et al', 2004) of these patients

than the normal subjects. Two hours after initiation of GTN infusion (5¡rg/min), AIx had

fallen to 3tl4o/o(p<0.01, fig 3.3) and systolic blood pressure fell by 20+19mmHg. In

two patients infusion rate was reduced to 2.5p"glmin before measurement of AIx due to

development of hypotension with 5¡rg/min. Changes in AIx in these patients were 15 and

l8% respectivelY.
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3.4.4 Effects of transition from intravenous GTN to oral ISDN in patients

with UAP/NQAMI

Prior to cessation of GTN infusion, the mean value of adjusted AIx in this group

of patients was 8t4%. Transition to oral low dose ISDN therapy was associated with a

fuither reduction in AIx to 5X6Vo (p:0'05, Fig 3'a)'

3.5 Discuss¡on

This study extends from evaluation of the dose-response characteristics of GTN in

normal subjects, through to its use in patients with stable/unstable coronary artery

disease. The common theme is the use of GTN induced reductions in Aix as a measure

of GTN effect in vivo.

This is a development of considerable importance. There has always been great

diffrculty in deriving reproducible and non-invasive measures of GTN haemodynamic

effect in humans. Measures such as changes in regional arterial flow are best addressed

via local GTN infusion (Bloch et al., 1995; Fallen et al.,1995; Gross and warltier' 1977)

while GTN doses sufficient to induce measurable falls in systolic blood pressure often

induce adverse symptoms (Fletcher et a1., 1988; Hsi et al', 2005; wainwright et al''

lee3).
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The current study has three main conclusions:

1)Demonstrationthatinnormalsubjects,singledosesofGTNaslowasl2pg

induced substantial falls in AIx, while the EDso is approximately 27¡tg'

Furthermore, while 300¡rg of GTN induced agreater degree of hypotension'

there was relatively little incremental effect on AIx'

2) Infusion of 5pg/min GTN in patients with SAP induced a20L7o/o fall in AIx'

without a significant fall in systolic blood pressure'

3) The magnitude of vasodilator effect of low infusion rates of GTN (5 pg/min) is

approximatelyequivalenttothatoforallsDN(1Omg).Thustransitionfrom

low dose GTN infusion to oral ISDN in patients with ACS is not associated

with significant "rebound" vasoconstriction as measured by changes in AIx'

Since the demonstration that afterload reduction potentially represents an

importantcomponentofthetherapeuticeffectsofnitrovasodilators(Kellyetal''1990;

Yaginuma et al., 1986), various techniques have been utilised for study of this effect'

Until recently, the most common technique involved direct intra-arterial recording of

waveforms utilising high fidelity transducers at the time of angiography (Fitchett et al',

1g88; Gundel et al., 1981; Latson et al., 1988; Merillon et al'' 1984; Pepine etal''1979)'

Given the invasive nature of this technique it is not useful for studies in normal subjects

or long term and/or multiple sampling studies. Since the introduction of pulse wave

analysis, several studies (chen et al., 1997; Kass et al.' 2001) have demonstrated that

effective afterload reduction in response to GTN, via delay of wave reflection can be

J
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measured non-invasively by examination of AIx and that these findings agree with those

from traces recorded invasivelY.

Evaluation of responsiveness of vessels to GTN has traditionally been confined to

local responses of the brachial or coronary artery to single doses administered as part of

protocols measuring endothelial function, to demonstrate that endothelium independent

vasodilation is intact. However, some recent studies have demonstrated that this is not

the case (Celermajer et al., 1992; ForsterTnann et al., 1988; Liao et al., 1991;Zhangetal.,

2000). These findings along with the finding that impaired responsiveness to NO at both

the vascular (Schachinger et al., 2000) and platelet (Willoughby et al., 2005) level are

associated with poor prognostic outcomes, has generated increasing interest in whether

there may be a change in sensitivity of vessels to NO rather than a change in the

magnitude of maximal response.

At the time of commencement of these studies little was known about the ability

of this technique to measure responsiveness to GTN. We have demonstrated that very

low doses of GTN can produce measurable effects in both patients and in normal

subjects. It has also recently been demonstrated by our group that this technique can be

used to measure induction of nitrate tolerance (Holmes et aL,2005). However it is not

known whether pseudotolerance can be detected via wave reflection. Given that

pseudotolerance is caused by increased circulating levels ofendogenous vasoconstrictors,

the impact of this phenomenon on \ryave reflection is currently uncertain.

The components of the study performed in normal subjects raise several

additional issues. First, EDso values for sublingual GTN were of the order of 25pg,
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associated with 5pg/min GTN intravenously is similar to that of usual cutaneous

prophylactic therapy. These data, like those in previous studies (Horowitz et al., 1983) of

vasodilator effects of infused GTN, demonstrate the utility of this dosage regimen

regarding haemodynamic effects, and argue against the routine usage of higher infusion

rates (on the grounds of greater risk of tolerance (Henry et al., 1989)).

Ideally, the infusion rate of GTN in these patients might have been prolonged in

order to document whether there was any measurable attenuation of GTN effect over 24

hours. This is of relevance if the AIx values (mean 3%) induced by GTN in the SAP

patients are compared to those in the ACS patients (mean 8%) who received GTN

infusion for greater than24 hours. Unfortunately systematic evaluation of tolerance

induction was logistically impossible in both groups.

The final part of the study investigated the effect of transition from low dose

intravenous GTN to administration of oral ISDN in patients with UAPA{QAMI. This

study demonstrated that this treatment regimen is associated with no loss of

haemodynamic nitrate effect as measured by AIx fluctuation. This is an important

finding because: firstly, there is a need to validate regimens suitable for transfer from

GTN infusion which protect against the occurrence of "rebound" ischaemia, and

secondly, haemodynamic data for ISDN have previously been obtained using larger

doses, which are frequently poorly tolerated (Cohn et al., 1986).

The majority of cases of clinically documented "rebound" during nitrate therapy

have not specified the prior GTN infusion regimen (for example Figueras et al(1991)). It

is likely that "rebound" is particularly prominent after abrupt cessation
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of high-dose nitrate infusion, just as rebound ischaemia observed in munitions workers

also follows withdrawal from prolonged exposure to high levels of GTN (Ben-David,

1989; Lund et al., 1968,). It is therefore routine clinical practice to reduce GTN infusion

rates prior to transition to oral nitrate therapy. In the current study, the AIx values prior

to transition were similar to those seen in SAP patients immediately after institution of

GTN infusion. This suggests that there had been relatively little attenuation of nitrate

effect during the infusion period. However this could not be ascertained definitely

without estimation of pre-therapy AIx, a practical impossibility in ACS patients. The

pre-GTN value of AIx is likely to have been somewhat higher in the ACS group than that

in the SAP group, given that AIx increases with age (O'Rourke, 1990). While the precise

value cannot be determined, it is clear that AIx would have been markedly reduced by

GTN at the time of initial measurement.

The only previously reported detailed study of transition from intravenous GTN

was conducted by Lin and Flaherty (1985). In a group of 10 patients with UAP, treated

with84t74pg/min (range l0-200¡tglmin) GTN ¡ov J$+26 hrs, transition to low dose

cutaneous GTN (5 or l}mgl24hours) was not associated with recurrence of chest pain or

major blood pressure fluctuation. The issue therefore is to achieve transition to cutaneous

or oral nitrate therapy with similar haemodynamic effects to those of intravenous GTN.

Oral ISDN has been utilised extensively in the management of stable and unstable

angina pectoris for many years. Despite the availability of 1Omg tablets most patients

have been treated with far higher doses (Parker et al., 1985). The inherent problem with

ISDN therapy, as with all nitrates utilised in ACS treatment, is that the extent of tolerance
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induction increases with dose and with lack of nitrate-free period. Hence 6-hourly

administration of ISDN, a common practice in early studies (Parker et al., 1985), is no

longer recommended (Parker et al., 1987).

A major limitation of the current study was that AIx was utilised as the only

index of haemodynamic nitrate effect. Recent investigations have established the clinical

importance of arterial dilation as a component of clinical efficacy of GTN, via reduced

arterial stiffiress (Kelly et al., 1990). However it remains possible that the relative

potencies of GTN and ISDN might vary if other measures of nitrate effect (eg. coronary

dilatation, venodilatation, inhibition of platelet aggregation) had been utilised. Some

caution is also required when comparing the magnitude of effect of GTN in studies with

different modes of administration, as blood levels of GTN in the circulation or more

importantly in the vessels from which responsiveness is being measured have not been

measured and absorption may differ according to administration. A further limitation of

the study is that AIx was not measured during the interval following ISDN washout,

however no patient developed rebound angina.

3.6 Conclusions

The current study establishes firstly, that previous investigations utilising doses of

greater than 200pg of sublingual GTN to evaluate effects of this agent on apparent

arterial stiffness were utilising near-maximal doses of the drug. Indeed, as 50% maximal
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responses occur with approximately 25¡rg of GTN, evaluations of responsiveness should

either use doses of this magnitude or, as here, construction of dose-response curves. The

second conclusion from these studies is that infusion of GTN at the rate of 5¡rg/min,

which is at the lower end of clinically utilised infusion rates, produces large falls in AIx,

however, as dose response curves were not constructed it cannot be determined whether

or not this response is maximal. Thirdly, we can conclude that in patients with ACS,

transition from low dose intravenous GTN to oral ISDN (10mg) is associated with no loss

of vasodilator effect, as measured by AIx. This suggests that there is no evidence of

"rebound" phenomenon with this regimen.
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Author Agent/Regimen Subjects Baseline
AIx

Response

Kelly et al,

1991

GTN/infusion at

3.30.300ue/min
Normal males, aged

25-45
5% J with max dose

was 15%

Pauca et al,
2001

GTN/infusion rate
increased to reduce
SBP to 100mmHg

Coronary artery
disease

23% J, tsw

Hayward et

at,2002
GTN/250pg
sublingual

Normal males mean
age 25 and patients
with CAD vs age
matched controls

Young
norm, 500/0,

older norm
84 vs CAD
63%

tr' tsw in young
normal and,630/o in
older normals vs
23%inCAD

Wilkinson
eT a1,2002

GTN/500pg
sublingual

Normals, mean age
32

Not given Iay nN

Westerbacka
et aL,2004

GTN/500pg
sublingual

Normals mean age 26
and normals mean
age 50

Young 0.5,
older
25.2%

J uy to in young
group and 16 in
older sroup

Greig et al,
2005

GTN/500¡.rg
sublingual

Normals, mean age

35

2% J, tz"l"

Wamig et

at,2006
GTN/500pg
sublingual

Hypertensive vs
controls

Not given I Ay"

Other vasoa ctive agents
Stokes et
al,2003

ISMN/60mg single
dose

Treated hypertensive
divided into those
with and without
ACEi treatment

37 without
ACEi and
30 with
ACEi

JtS in those with
ACEi and 12 in
those without

Wilkinson
et al,200l

L-NMMA/O.1,0.3,
1.0 and
3.Om9/kg/min

Normal aged2l-42 0% I vy zsv"

Wilkinson
eT. aL,2002

Salbutamol400pg
+ L-NMMA
l.Ome/ke/min

Normals meanage32 Not given J 10, halved in the
presence ofL-
NMMA

Hayward et

al,2002
Salbutamol/400pg Normal males mean

age 25 and patients
with CAD vs age
matched controls

Young
norm 500/0,

older norm
84 vs CAD
63%

J tz in young
normals and by 13

in older normals vs
2% inCAD

Wilkinson
et al,200l

Angiotensin IIl 1-
1Ong/krVmin and
noradrenoline I 00n
glkelmin

Normal, mean age 30 0% Arr l by 9-33%
and NAD by 0-
l6Yo, dose
dependently

Kelly et al,
l99l

Angiotensin IIl
7 5ll50l30}nglmin

Normal males aged
23-45

5% laysw

Table 3.1. Utility of pulse-wave analysis for examination of augmentation index responses to

GTN, modulators of endothelial NO release and vasoconstrictor agents. Summary of

previously published studies.
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Subject number Max change in SBP

(mmHg)

Max change in AIx

I -10 -24

2 -4 -r4

J -9 -18

4 -8 -34

5 -5 -10

Average (SD) -1(3) -20(e)

Table 3.2. AIx and systolic blood pressure response of 6 normal individuals to a single

300¡rg dose of sub-lingual GTN.
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Patient Cohort UAP/I.{QAMI

(n:16)

SAP

(n=10)

Age

Gender (M:F)

% NQAMI

69+10

9:7

44

59+13*

6:4

0

Coronary Risk Factors (%)

Smoking

Hypertension

Diabetes Mellitus

Hypercholesterolaemia

t2.5

56

37.5

75

20

50

10

70

Concurrent Pharmacoth eruPY (%:o)

Aspirin

Heparin

ACE inhibitor

ß-adrenoceptor antagonist

Calcium channel antagonist

Statin

100

81

40

31

81

50

100

0

40

20

70

70

Table 3.3. Characteristics of patients with unstable angina pectoris/non-Q-wave

infarction (UAP/NfQAMI) compared with those with stable angina pectoris 't' p<0.05
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Subject Age Systolic
BP

Baseline
AIx

Max reduction in Alx
Dose (pg) Response

EDso

(pe)

1 31 122 0 12.5
25
50
100
150

9

5

t2
9

9

15

2 30 1t7 t4 t2.5
25
50
100
1s0

4
10

13

t7
13

27

J 30 87 -13 T2

25
50

5 2

10

9

15

t2
1

I
00
50

66

4 25 98 -16 t2.5
25
50
100
150

T4

13

15

I9
t9

l4

5 26 104 7 12.5 15

t2
l7
18

15

25
5

I
1

0
00
50

l1

Mean (SD) 28(3) 106(14) -1.6(r3) t2.5
25
50
100
150

8(6)
10(3)
1 3(3)
r6(4)
t4(4)

27(22)

Table 3.4. Dose response curve to sub-lingual GTN in normal subjects. Although

maximal reductions in AIx are provided as absolute changes, calculation of ED50 was

performed on the basis of area under the response-time curve.
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Figure 3.2. Dose response curves to GTN in normal subjects (n:5), shown as

peak effect (left) and as area under the curve (right)'
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Figure 3.3. Effect of 2hr GTN infusion (5pg/min) on augmentation index in patients

s
Xl-t 0

with stable angina pectoris. 't' p<0'05 vs before GTN'
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Figure 3.4. Augmentation index during transition from intravenous to oral nitrates in

patients with acute coronary syndromes (p:0'05)'



9l

chap ter 4z Interactions between

perhexiline and glyceryl trinitrate



92

Chapter 4

4.1 Summary

Perhexiline, a "metabolic" anti-anginal agent currently under investigation in

management of chronic heart failure and ACS improves platelet NO responsiveness in

patients with impaired NO responsiveness. The current study investigated possible

interactions between perhexiline and GTN on arterial stiffness, on neutrophil superoxide

release (Oz-) and on platelet NO responsiveness. Patients (n:39) with stable angina

pectoris, awaiting cardiac catheterisation were randomised to blinded addition of

perhexiline or unchanged drug therapy; all patients received GTN infusion for 2 hours.

Vasomotor responses to perhexiline alone and in combination with GTN were examined

using changes in augmentation index (AIx, via applanation tonometry). Neutrophil 02-

release was measured ex vivo utilising lucigenin mediated chemiluminescence and

effects of perhexiline on inhibition of platelet aggregation by the NO donor sodium

nitroprusside (SNP) were also measured. Perhexiline alone did not affect AIx, Oz-

release or ex vivo platelet SNP response. GTN decreased AIx (p<0.01) and Oz- release

(p<0.05). The magnitude of inhibition of Oz- release was significantly enhanced by

perhexiline pre-treatment (p<0.05); while perhexiline had no effect on magnitude of

vasomotor response to GTN. Therefore it can be concluded that perhexiline exerts no

effects on arterial stiffness and does not potentiate GTN response and that in patients with

normal platelet function perhexiline does not affect platelet NO responsiveness. We can

also conclude that in vivo low dose GTN inhibits neutrophil Oz- release; this effect is

potentiated by pre-treatment with perhexiline. These "anti-inflammatory" effects of GTN

may contribute to utility in ACS and CHF.



93

Chapter 4

4.2 Introductíon

Nitric oxide (NO) plays a fundamental role in vascular homeostasis including

modulating vasomotor tone, platelet adhesion and aggregation. The majority of coronary

risk factors (clarkson et al., 1996; Creager et al., 1990; Dufff et al., T999; Liao et al.,

1991; McVeigh et al., 1994; Sorensen et al., 1994; Watts et al., 1996; Williams et al.,

1996; Zeiher et al., 1995), as well as the presence of overt ischaemic heart disease

(Celermajer et al., 1992; Forstennann et al., 1988) have been associated with anomalies

of NO-mediated biological effect, including impaired endothelium mediated

vasodilatation, impaired platelet responsiveness (Chirkov et al., 2001) and increased

activation of neutrophils (Sugano ef a1.,2005). Although in many circumstances NO

release is impaired, it is increasingly apparent that in most of these pathological states

there is associated reduction in tissue responsiveness to NO (Chirkov et al., 2001;

Mcveigh et a1.,1994). This impaired responsiveness may be mediated by either

"scavenging" of released NO by free radicals such as the Oz- (Laursen et al., 1997) or by

dysfunction of the NO/soluble guanylate cyclase second messenger system (Mulsch et

al,,7997). This phenomenon of "tissue resistance to NO", which occurs both in

vasculature (Celermajer et al., 1992; Schachinger et al., 2000) and in platelets (Chirkov et

a1.,1999), carries independently adverse prognostic implications (Schachinger et al.,

2000; Willoughby et a1.,2005) and also implies reduction in the therapeutic efficacy of

the organic nitrates, which act as NO donors.

A variety of agents have been shown to ameliorate NO resistance, including ACE

inhibitors (Chirkov et a1.,2004) and possibly statins (Stepien et a1.,2003). More recently
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we have shown that under some circumstances the "metabolic" anti-ischaemic agent

perhexiline also potentiates NO responsiveness in platelets. In a study of patients with

stable and unstable angina patients who were unresponsive to conventional therapy,

perhexiline reversed platelet NO resistance, an effect which was correlated with anti-

anginal effects. In the same study, perhexiline inhibited neutrophil 02- release in vitro

(Willoughby et al., 2002).

These findings raise a number of important issues, related both to NO and to the

role of perhexiline as a putative modulator of NO effects. Specifically, perhexiline has

been considered as essentially hemodynamically inert (apart from very weak calcium

antagonist properties (Barr:, et al., 1985; Fleckenstein-Grun et al., 1978)), and does not

appear to increase incidence ofheadaches in organic nitrate-treated patients. It therefore

appeared possible that the effects of perhexiline might include a platelet-selective

interaction with NO. It also appeared that the effect of perhexiline on neutrophil 02-

release might be subject to interactions with NO, given that high concentrations of NO

donors also suppress Oz- release in vitro (V/anikiat et al., 1997).

We therefore performed a clinically based blinded study to test, in a population of

patients with stable anginapectoris, the following hypotheses:

l. That perhexiline exerts neither direct nor NO-potentiating effects on

vasomotor tone.

2. That perhexiline inhibits neutrophil 02- release in vivo, and that this

effect is potentiated by therapeutically infused NO donors.

4
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That the effects of perhexiline include potentiation of platelet

responsiveness to NO donors in a population with mild ischaemic

symptoms.

4.3 Methods

4.3.1 Patient Selection

Patients were considered for entry on the basis of clinical diagnosis of either chest

pain of uncertain aetiology or of stable angina pectoris (Canadian Class II or III) not

requiring long-term prophylactic nitrate therapy. In all cases elective cardiac

catheterisation was planned. Exclusion criteria (apart from long acting nitrate therapy)

were treatment with perhexiline or other "metabolic" anti-anginal agents, utilisation of

thienopyridine anti-aggregatory agents, previous adverse reactions to organic nitrates,

clinically significant hepatocellular disease or findings of hemodynamically significant

left main coronary stenosis.

4.3.2 Experimental protocol

The protocol is outlined in figure 4.1. Patients (n:39) were randomised to receive

perhexiline (400mg/day) or no additional therapy 3 days prior to catheterisation, with

blinding of all study personnel to treatment regimen; this 3 day pre-treatment facilitates

attainment of therapeutic perhexiline levels (Horowitz et al., 1986). Intravenous infusion

of GTN (5pg/min) utilizing non-adsorptive delivery tubing and glass reservoir was
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commenced immediately prior to angiography and continued for at least 2 hours. Pulse

wave analysis was performed and neutrophil Oz- release measured prior to randomisation,

immediately prior to catheterisation and after two hours of GTN infusion. Platelet studies

were performed prior to randomisation and immediately prior to catheterisation. To

investigate the possibility of an effect of the angiogram itself, a comparison group (n:6)

underwent angiography with no additional treatment: neutrophil Oz- release was

measured before and two hours after angiography.

4.3.3 Applanation Tonometry

Apparent arterial stiffness was measured serially as described in chapter 2.6,

utilising applanation tonometry, in which radial artery pressure wave forms are recorded.

Pulse wave analysis (Sphygmocor version 7, Atcor Medical, Sydney, NSW, Australia)

was then used to generate corresponding central waveforms via a validated transfer

function. Augmentation index (AIx), a measure of systemic arterial stiffness

(Vlachopoulos et al., 2001), was determined from the central waveform by expressing the

difference between the first and second systolic peaks as a percentage on the total pulse

pressure; measures of AIx were coffected for heart rate.

4.3.4 Neutrophil 02- production

This was assessed as described in chapter 2.3. Briefly, venous blood was anti-

coagulated with EDTA. Plasma was separated by centrifugation and retained. Red blood
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cell layer and bufff coat was diluted with Hanks'balanced salt solution (HBSS) and

neutrophils were separated by centrifugation across Lymphoprep density gradient (Axis-

Shield, Oslo, Norway). Hypotonic lysis (155mM NH+CI, 100¡rM Na2EDTA, 10mM

NaHCO3) was used to remove red cells and isolated neutrophils were washed in HBSS

and re-suspended in platelet free plasma at 1.7x106 cells/ml. Neutrophils were

stimulated with the chemotactic peptide I ¡rM fMLP. Oz- release was measured at 37"C

by lucigenin (1OpM) mediated chemiluminescence at 20 second intervals for 5 minutes

using a luminometer (6100 Pico-lite luminometer, Packard, Illinios) . Data are expressed

as area under the curve (0-5 minutes).

4.3.5 Platelet Aggregation Studies

Platelet studies were conducted as described in chapter 2.4. Briefly, citrated

venous blood was diluted 2 fold with 0.9% saline. Aggregation in response to adenosine

5'-diphosphate (ADP, lpM) was measured using a dual channel impedance

aggregometer (Model 560, Chronolog) and recorded as maximal aggregation (in ohms).

Inhibition of aggregation by sodium nitroprusside (SNP) was determined by measuring

maximal aggregation to ADP after I minute pre incubation with SNP and results were

expressed as percent inhibition of maximal aggregation by SNP.
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4.3.6Data AnalYsis

Normally distributed data were analysed by two-way ANOVA. Where raw data

were not normally distributed data, changes ovel time (which were nofinally distributed)

were compared between the two gfoups by t-tests' and changes within groups were

analysed using 1-sample t-tests. Patient characteristics were compared using Fisher's

exact test for categorical data or Student t-tests for continuous data'

4.5 Results

4.5.1 Patient Characteristics

As seen in table 4.I,patients in both groups were well matched for risk factor

prohle and drug treatment. The majority of patients were receiving one prophylactic

anti-ischaemic agent (either B-adrenoceptor antagonist or non-dihydropyidine calcium

antagonists). Most patients were also treated with statins and 49o/o were receiving either

ACE inhibitors or ATI antagonists. The majority of patients had limited coronary artery

disease, with patients randomized to perhexiline having a higher (p<0.05) incidence of 3

vessel disease. All patients had well preserved left ventricular systolic function and

normal pulmonary capillary wedge pressures'

plasma perhexiline concentrations after 3 days of treatment were 0.32+0'01pgiml

(therapeutic range 0.15-0.6 ¡tglmL (Horowitz et al., 1986). All patients tolerated both

perhexiline and GTN without symptomatic side-effects over the study period.

4
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4.5.2 Vascular studies

The effects of GTN infusion and its interaction with perhexiline therapy are

summarised in f,rgure 4.2. As previously described (see chapter 3) GTN, even at this low

infusion rate, induced a marked fall in AIx (p<0.01, F:251.8). This was paralleled by a

mean decrease in systolic blood pressure of 24+4mmHg. However there was no

significant effect of perhexiline alone on AIx or on systolic blood pressure (mean change

in perhexiline group: systolic BP, 3.3+1mmHg, AIx, 1.5+1.5%, p:NS), nor was there a

significant interaction between AIx response to GTN and perhexiline therapy (see ltgure

4.2), consistent with the hypothesized "non-vasoactive" pharmacology of perhexiline.

Furthermore, in patients with less than median responses to GTN (ie. relatively NO

resistant at the vascular level) there was also no evidence of potentiation of GTN effect

by perhexiline.

4.5.3 Neutrophil 02- Release

Changes in fMlP-stimulated neutrophil 02- release during GTN infusion are

summarised in figure 4.3. Raw data are expressed as area under the Oz- release: time

curve from 0-5 minutes in arbitrary units x 106 and median data (inter-quartile range) are

reported as data were not normally distributed. Perhexiline treatment for 3 days had no

significant effect on Oz- release (control: 5.0S (2.8-10.0) to 3.76 (2.7-6.8), perhexiline:

3.635 (2.54-7 .28) to 4.510 (1.97-9.99)). However GTN induced a significant inhibition

of Oz- release (see figure 4.3, p<0.05, one sample t-test). The mean decrease in
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neutrophil Oz- release induced by GTN was approximately 3 times greater in the

perhexiline group than in the control group. Furthermore (frg 4.4) there was a correlation

of borderline signihcan ce (r2:0.24, p:0.053) between the magnitude of GTN effect on

neutrophil Oz- release and plasma perhexiline level. Administration of contrast agents

and heparin without GTN during angiography (n:6) did not affect neutrophil oz- release

(mean delta of 0.92+0'55, P:NS)'

4.5.4 Platelet Studies

platelet responsiveness to NO was measured ex vivo as previously described

(Chirkov et al., 1999) by measuring inhibition of ADP-induced aggregation by SNP,

before and after three days of perhexiline treatment. Platelet responsiveness to SNP was

unchanged during the three day study period in either the perhexiline treated or control

group (2-way ANOVA, control: 47.0r5.8%to 52.1+7.1olo, perhexiline: 57.8+5'8% to

62.8+5.8yo,see figure 4.5). This result was not affected by changes in extent of

aggregation as there was no significant change in the extent of aggregation in either

group during the study period (control: 9t0.7 ohms to 8+0.7 ohms, perhexiline: 8.7+0.8

ohms to 8.0+1.0 ohms). Patients randomized to perhexiline exhibited relatively well

preserved platelet responses to SNP (mean inhibition of aggregation by SNP in normal

volunteers is 66+I9o/o(Chirkov et aL,1999)) although SNP responsiveness tended to be

lower than in patients not receiving perhexiline, this was not significant.
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4.6 Discussion

These investigations were undertaken primarily to establish whether perhexiline,

while exerting no vasomotor effects, potentiates non-vasomotor effects of GTN' Indeed

the results revealed no evidence that perhexiline exerts clinically significant vasomotor

effects, either alone or in combination with GTN. However, perhexiline, while not

affecting neutrophil Oz- release in monotherapy, markedly potentiated the effects of a

clinically low infusion rate of GTN in suppressing 02- release' Perhexiline exerted no

effects on platelet responsiveness to the No donor sNP in the population tested' A

further critically important finding was related to the effect of GTN on neutrophil oz-

release: 5pg/min GTN, representing a very low clinical infusion rate (Arstall et al', 1995)'

suppressed Oz- release by approximately 20Yo'

The finding that perhexiline lacks intrinsic or No-potentiating effects on AIx was

consistent with previous clinical experience with the drug: neither development of

hypotension nor precipitation ofheadaches in nitrate treated patients are recognised side

effects of the drug. Nevertheless, perhexiline does exert vasodilator effects in vitro in

some animal models (Fleckenstein-Grun et al., 1978; Klaus and Guttler,1978), probably

via its weak L-type calcium antagonist effects. It is likely that these vasodilator and NO

potentiating effects do not occur at the perhexiline concentrations attained in this study'

However, it cannot be excluded that these effects were not seen in the current study due

to the magnitude of effect of the GTN dose utilised on AIx (as discussed in chapter 3)'

This is of particular importance given that the platelet data demonstrate that this cohort

have relatively intact responsiveness to NO donors'
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The lack of significant potentiation of SNP-induced inhibition of platelet

aggregation by perhexiline was unexpected. Willoughby et al (2002) have previously

shown that perhexiline potentiates SNP and GTN effects on platelet.aggregation in

cohorts of patients with both stable and unstable angina. The lack of significant effect in

the current study probably reflects the relatively normal baseline platelet function in the

current study group, whereas the previous cohort was markedly hypo-responsive to NO

donors prior to initiation of perhexiline therapy. The lack of platelet NO resistance may

also suggest that vascular responses to NO were intact. This would not only affect abilify

to detect potentiation of platelet NO responsiveness, but may also impair our ability to

detect potentiation of responses to endogenous NO in vasculature via changes in AIx.

This is the first in vivo human study to document the effects of GTN or any other

organic nitrate in suppressing 02- release from neutrophils. This is potentially a most

important f,rnding, which may improve understanding of the therapeutic potential of all

agents releasing or potentiating NO, not just organic nitrates. The observed suppression

of Oz- release was detected ex vivo, and cannot be attributed to "scavenging" of released

Oz- by the NO'radical, given the very short half life of GTN. While inhibition of

superoxide release has previously been demonstrated in arterial segments taken from

rabbits fed a high-cholesterol diet and treated with isosorbide mononitrate (Muller et al.,

2004), the biochemical mechanism(s) of this effect were not evaluated. Previous

investigators have raised the possibility that NO may exert "anti-inflammatory" effects,

and it has been shown that high concentrations of NO inhibit NAD(P)H oxidase, a major

source of Oz- release (Klaus and Guttler, 1978). It remains to be determined whether the
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currently observed NO effect is modulated by activation of soluble guanylate cyclase

(although there is some evidence that activation of soluble guanylate cyclase inhibits

activation and Oz- release from neutrophils (Wang et al., 2002)), and whether this acute

GTN effect is potentially subject to tolerance induction. Clinically, the finding is of

particular interest as regards the management of acute coronary syndromes, in which

inflammatory response plays a pivotal role (Buffon et al., 2002). Disturbance of coronary

artery plaques (during angioplasty) has been shown to result in activation of neutrophils

in vivo (van der Wal et aL,1994) and neutrophil infiltrate has been found at the site of

ruptured plaques (Naruko et a1.,2002). Activation of inflammatory cells has also been

shown to contribute to impairment of endothelial function (Sugano et al., 2005).

Interestingly, low dose isosorbide mononitrate, which has no benefìcial effect on 35 day

mortality post myocardial infarction in the ISIS4 study, markedly reduced day I mortality

(1995) via an unknown mechanism. Furthermore, these findings may be relevant in

explaining the efficacy of combination of isosorbide dinitrate with the NAD(P)H oxidase

inhibitor hydralazine in patients with chronic heart failure(Taylor et al., 2004), a

condition characterised by activation of inflammatory processes (Ellis et al., 2000).

As regards potentiation of effects of GTN on neutrophil 02- release by

perhexiline, only fragmentary mechanistic data are currently available. Perhexiline

inhibits 02- release from neutrophils in vitro (Kennedy et a1.,2006; Willoughby et a1.,

2002), but the interaction with GTN AIO has not been investigated in this system.

Irrespective of the underlying mechanism(s) of this interaction, these findings are very
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relevant to the evolving role of this agent in management of acute myocardial ischaemta

(Philpott et aL,2004) and possibly heart failure (Lee et al., 2005a).

4.7 Limìtations ønd future directions

A number of important issues have not been addressed in the current study.

Neutrophil studies did not examine mechanisms of responses to GTN or perhexiline,

concentration response relationships or potential attenuation of GTN effect due to nitrate

tolerance. It would also be of interest to compare the interaction between perhexiline and

GTN in a population with a high prevalence of platelet NO resistance (such as patients

with severely symptomatic stable angina or unstable angina (Willoughby et al., 2002)) in

order to evaluate the relative extents of the perhexiline-GTN interactions in platelets and

neutrophils. Furthermore, it remains possible that perhexiline might exert vasomotor

effects at the level ofthe large arteries, venous circulation and /or other vessels not

represented by changes in AIx. Vascular studies may also have been affected by lack of

NO resistance, which was not measured in this study. Given the findings in chapter 3,

the dose of GTN used may have been too high (although we have not examined dose

response to intravenous GTN) to detect changes in sensitivity and only changes in

maxima would have been detectable.
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4.8 Conclas¡ons

The current study has demonstrated that perhexiline is vasoactively inert both as

monotherapy and when combined with intravenous GTN, and that in this patient cohort

with normal platelet function that perhexiline has no effect on platelet NO

responsiveness. However the study also demonstrates for the first time that in vivo

administration of low infusion rates of GTN inhibits neutrophil 02- release, and that this

effect is potentiated by pre-treatment with perhexiline.
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Figure 4.1. Schema: Experimental protocol'
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Table 4.lz Characteristics of patients in control and perhexiline groups. t: significant

stenosis : <50Yo stenosis in a major epicardial vessel, x: p<0.05

Control Group n=22 Perhexiline Group n=17

Risk Factors

Age(+SEM) 57+.0.6 62+0.6

Male gender 13 (se%) t0 (se%)

Current smoking s (23%) s (2e%)

Hypertension t2 (ss%) l0 (se%)

Hypercholesterolemia 18 (82%) 13 (76%)

Diabetes Mellitus 4(r 8%) 3 (1 8%)

Drug Treatment

Statin 16 (73%) tl (6s%)

B-Adrenoceptor antagonist 8 (36%) 3 (l 8%)

Aspirin 2r (es%) 17 (t00%)

ACE inhibitor/ATl receptor

antagonist
r0 (46%) e (s3%)

Ca antagonist 14 (64%) 13 (76%)

Number of

Stenosed/occluded vesselst

0 3 (r4%) 0

1 e (41%) 6 (3s%)

2 t0 (4s%) s (2e%)

J 0 6 (3s%)*
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5.1 Summary

Increased oxidative stress both predisposes and contributes to acute myocardial

ischaemia. However, only a limited number of studies have examined whether various

biochemical parameters of oxidative stress are abnormal in plasma of patients with

symptomatic ischaemia. The current study investigated whether acute coronary

syndromes (ACS, unstable angina/non-Q-wave myocardial infarction, are associated with

increased stimulated neutrophil superoxide (O2-) release and/or elevation of plasma

malondialdehyde (MDA) concentrationss compared to stable angina (SAP) or to absence

of ischaemia, and whether there is a correlation between changes in these two markers of

oxidative stress.

14 normal subjects, 30 SAP and29 ACS patients were studied. FMlP-stimulated

neutrophil 02- release \¡/as measured in neutrophils isolated from whole blood by

centrifugation across a density gradient and expressed as area under the lucigenin

enhanced chemiluminescence: time curve. Plasma MDA was measured using a modified

TBARS assay.

Neutrophil oz- release did not vary significantly between groups, although

elevation beyond the normal range occurred somewhat more frequently in the SAP and

ACS patients. After correcting for nitrate effects, 02- release was significantly greater

(p<0.01) in ACS that in SAP.

MDA levels were significantly greater in both ACS and SAP patients (p<0.05 and

p<0.01 respectively) than in normal subjects. However there was no significant

correlation between Oz- release and MDA concentration within any patient group.
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Within the ACS group, only number of coronary risk factors (p:0.41, p:0.03) was

signif,rcantly associated with increased Oz- release on backwards stepwise multiple

logistic regression analysis.

In conclusion, while this study demonstrates that ACS (and marginally SAP) are

associated with incremental oxidative stress, various markers of such stress show poor

instantaneous correlation either with each other or with clinical parameters in individual

patients.
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5.2 Introduction

A large number of recent investigations have drawn attention to the relationship

between inflammatory change and both active (Buffon ef a1.,2002; Naruko et at,2002;

van der Wal et al.,1994) and potential (John et al., 2000) myocardial ischaemia. Implicit

in the putative role of inflammation in modulating ischaemic events is its association with

incremental oxidative stress (see Griendling et al (2000) for review). Oxidative stress

results in depletion of endogenous antioxidant molecules and also in formation of

complexes formed by interaction between oxidant species and proteins, lipids,

carbohydrates and DNA.

Generation of oxidant stress occurs locally, within ruptured plaques and

aggregating platelets. However there is increasing evidence that a generalized state of

both inflammation (for example, demonstrated by increases in concentration of CRP and

Amyloid A (Ehlers et a1.,2002 Liuzzo et al.,1994)) and oxidative stress (for example,

depletion of glutathione peroxidase (Ceconi et al., 1988; Kratnov et al', 2005)) is

associated with incremental risk of acute coronary events. A major component in the

induction of inflammatory response may be activation and release of superoxide (Oz-)

from neutrophils mainly via NAD(P)H oxidase. While increased neutrophil activation

and Oz- release has been reported widely as a marker of oxidative stress (Biasucci et al.,

1996; Dinerman et al.,l99O; Mehta et al., 1989) there are many other potential markers,

and it is not clear to what extent this parameter of free radical release correlates with

markers of the release or effect of free radicals, such as the generation of modified

compounds.
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Various products of free radical interaction with biological compounds can be

utilised to assess levels of oxidative stress. Assay of modified lipids has frequently been

utilised, given the relative stability of many of these compounds. We have previously

developed an assay which measures plasma concentrations of malondialdehyde (MDA),

via a refinement of the relatively non-specific TBARS reaction (Arstall et al., 1995), and

demonstrated a transient increase in plasma MDA concentrations after acute ST elevation

myocardial infarction, which was attenuated by therapy with N-acetylcysteine.

The objectives of the current study were firstly to examine whether the presence

of stable or unstable symptomatic myocardial ischaemia (excluding S-T elevation AMI)

is associated with either increased neutrophil 02- generating capacity or elevated plasma

levels of MDA relative to normal values, and also to identiff the clinical determinants of

levels of these two markers of oxidative stress. Secondly, we sought to determine

whether there is a correlation between extent of neutrophil 02- generation and plasma

MDA levels.

5.3 Methods

5.3.1 Patient inclusion criteria

Three groups of subjects were compared:

1) Normal volunteers over the age of 40 years, with no known cardiovascular risk

factors, not receiving any regular medication within the 2 weeks prior to

recruitment.
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2) patients with stable angina pectoris (SAP): Canadian class I-II angina, undergoing

diagnostic coronary angiography for investigation of chest pain. Patients

requiring prophylactic nitrate therapy were excluded, as the major objective of

evaluation of the cohort was evaluation of the haemodynamic, anti-aggregatory

and neutrophil function effects of short-term administration of nitroglycerine

(GTN, see chapter 4).

3) Patients with unstable angina/non-Q-wave myocardial infarction (acute coronary

syndromes, ACS): Admitted to the coronary care unit for ACS and studied within

24hrs of index chest Pain.

Patients with SAP continued previously prescribed non-nitrate anti-ischaemic

medication. Patients with ACS received intravenous GTN infusion, together with

heparin/aspirin.

5.3.2 Neutrophil 02- release

Oz- release was assessed via lucigenin mediated chemilumiscence as described in

chapter 2.6. Briefly, venous blood was anti-coagulated with Na-EDTA. Plasma was

separated by centrifugation and retained. Red blood cell layer and buffu coat were

diluted with Hanks'balanced salt solution (HBSS) and neutrophils were separated by

centrifugation across Lymphoprep density gradient (Axis-Shield, Oslo, Norway)'

Hypotonic lysis (155mM NHqCl, 100¡rM Na2EDTA, 1OmM NaHCOg) was used to

remove red blood cells and isolated neutrophils were washed in HBSS and re-suspended
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in platelet free plasma at 1.7x106 cells/ml-. Neutrophils were stimulated with the

chemotactic peptide fMLP (1pM). Oz- release ìwas measured at 37oC by lucigenin (bis-

N-methylacridinium nitrate, 10¡rM) mediated chemiluminescence at 20 second intervals

for 5 minutes using a luminometer (6100 Pico-lite luminometer, Packard, Illinios). Data

are expressed as area under the curve (0-5 minutes).

5.3.3 Malondialdehyde assay (MDA)

This method was conducted as described in chapter 2.5. Briefly, blood was anti-

coagulated with Na-EDTA. Blood was centrifuged and plasma aspirated and stored at -

70"C until assay. Plasma was extracted firstly by precipitation of proteins with

perchloric acid followed by extraction with chloroform (to remove lipids). Extracted

plasma was added to tubes containing thiobarbituric acid (TBA, 42mM) and

orthophosphoric acid (0.15M). Samples were then boiled for t hour, after which

unbound TBA was removed by extraction with 70:30 chloroform: methanol.

Fluorescence intensity was measured at excitation 1" of 530nm and emission l" of 547nm

using a Perkin Elmer LS 508 luminescence spectrometer. Readings were corrected for

an aqueous blank and concentration of MDA determined from a standard curve

constructed in normal plasma spiked with standard (1,1,3-tetraethoxypropane hydrolysed

in 0.15M orthophosphoric acid to form MDA)'
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5.3.4 Statistical Analysis

Categorical data were analysed using Fischer's exact test and continuous data by

1-way ANOVA (or Kruskall-Wallis test for non-norrnally distributed data, normality was

determined using the D'Agostino & Pearson omnibus normality test). These statistics

were calculated using Graphpad Prism V 4. Correlation between levels of the two

markers of oxidative stress was analyzed using linear regression and determinants of

MDA levels and neutrophil Oz- release were evaluated by backwards stepwise multiple

logistic regression analysis using SPSS . Data are expressed as mean + SEM unless

otherwise stated and the limit of statistical significance was set at p<0.05.

5.4 Results

5.4.1 Subject characteristics

The individuals evaluated were: 14 normal subjects, 30 patients with SAP and32

patients with ACS (Table 5.1). These three groups were well matched for age and gender

distribution. Patients with ACS were evaluated 12+1 hours after index episode of chest

pain and 50Yohadnon-Q-wave myocardial infarction as the index diagnosis. Baseline

pharmacotherapy was similar between the SAP and the ACS groups with the exception of

intravenously infused GTN and N-acetylcysteine (NAC).
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5.4.2 NeutroPhil 02- release

At baseline, levels of neutrophil Oz- release did not differ significantly between

groups (figure 5.1 ANOVA: K-W 2.35,p:0.31). However, there was a trend for mean

higher values in ACS patients than in normals (normal: 3.8, SAP: 3'8 (median) and ACS:

7.06).

If the proportion of patients with elevation of neutrophil Oz- release beyond the

normal range (that is, two standard deviations above the mean for normal subjects (ie

>7.63units) is considered, there was an excess of these elevated levels among patients

with SAP (20%) and ACS (28)'

In view of the results of the experiments outlined in chapter 4, it was appreciated

that the differences betrveen patients with SAP and ACS might result in part from

infusion of GTN in the latter group. Therefore a secondary comparison was undertaken

between these two groups, examining Oz- release in the presence of GTN infusion in both

cases (see figure 5.2). Dataare summarised in figure 5.2,inwhich sAP patient who

received perhexiline were excluded (given the actions of perhexiline in potentiating GTN

effect: see chapter 4). Neutrophil 02- release was significantly greatgr in the ACS than

the SAP group (unpaired t-test: means: ACS 7.06 vs SAP 3.08, p<0.001)'

5.4.3 MDA

MDA levels within the ACS group were not normally distributed. Therefore

between group analysis was performed using the non-parametric ANOVA (Kruskal-

Wallis test). There was a significant difference between the groups (K-W:l 1'46,
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p:0.003) and Dunn's post tests demonstrated that MDA levels were significantly greater

in both the SAP and the AcS groups than in normal subjects (p>0'05 and 0'01

respectively, figure 5.3).

5.4.4 Correlations between 02- release and MDA levels

There \¡/as no correlation between levels of the two markers of oxidative stress in

ant subject group. Data for the ACS patients are shown frgure 5.4.

5.4.5 Determinants of elevation of markers in individual patients

Given the findings that MDA levels were elevated in both SAP and ACS patients'

while Oz- release was increased only in ACS patients (taking into account the GTN effect

(see f,rgure 5.2). The ACS cohort was utilised to attempt to identifu possible determinants

of increases of oxidative stress in individual patients, via backwards stepwise multiple

logistic regression. Variables entered into the model were: interval between index pain

and sampling, presence/absence of biomarkers of infarction (cK/troponin rise), treatment

with NAC, treatment with ACE inhibitor/All receptor antagonist and number of coronary

risk factors. Only the number of coronary risk factors (p:0'41, p:0'03) was signif,rcantly

(and directly) correlated with neutrophil 02- release. None of these factors were

significant correlates of MDA levels'
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5.5 Discussion

Oxidative stress, detected in either the SAP or ACS group in the current study,

might have represented both a precipitant and a result of the ischaemic process'

Analogous with inflammation, extent of oxidative stress in individual patients might be

postulated as a marker of short or medium term outcome' However' for this to be the

case, it would be necessary for incremental stress to be easily detectable. The current

study demonstrates that:

1. SAp is associated with only borderline increases in oxidative stress markers'

Z. ACS is associated with more obvious increases in markers of oxidative stress,

but the extent of increase is not associated with the presence/absence of

infarction.

3. There was no correlation between values of the two markers examined in

individual Patients'

Neutrophil Oz- release did not differ significantly between groups at baseline.

However all patients with ACS were receiving GTN, which suppresses neutrophil Oz-

release (see chapter 4) and possibly MDA formation. In the presence of GTN, Oz- release

was significantly greater in the ACS that the SAP patient gloup.

The differences between groups were somewhat similar utilising MDA as a

marker: although there was a trend for the highest levels to occur in the ACS patients

(figure 5.3), statistical analysis showed significant elevation in both the ACS and SAP

groups, relative to normal subjects.



123

Chapter 5

The utilisation of a patient group with relatively mild angina (class II and III with

42o/ohav\ngonly I major coronary vessel with greater than 50% stenosis) and high

proportion on optimal medical treatment may be of relevance as regards the Oz- data'

Thus, these results may not reflect the entire clinical spectrum of SAP, especially in

untreated patients, but do suggest that systemic oxidative stress is limited. This point is

further supported by studies which included both coronary sinus sampling and peripheral

sampling and found that activation of neutrophils and increased Oz- release can only be

demonstrated in coronary sinus samples (De Servi et al., 1995; Kowalski et al', 1997).

While patients with ACS had evidence of incremental oxidative stress, there was

no significant correlation between neutrophil 02- release and MDA levels. Furthermore,

only the total number of coronary risk factors was predictive of neutrophil 02- release and

none of the putative modulators of MDA levels were significant predictors of this

parameter. A similar study was reported by Huraux et al (1999), utilising ex vivo Oz-

release from intemal mammary arteries. In that study, total number of coronary risk

factors and hyperlipidaemia were correlates of incremental Oz- release. However in the

current study, the majority of patients with hyperlipidaemia had been treated with statins,

which may exert anti-oxidant effects (Wassmann et a1.,2002). It therefore appears that

within the spectrum of ACS patients receiving nitrate therapy, systematic increases in

markers of oxidative stress will be limited and show little relationship to either activity of

ischaemia or pharmacotheraPY.

50% of the patients in the ACS group were receiving NAC, which reduces Oz-

release from neutrophils (Kharazmi et al., 1988; Sadowska et al',2006), and which we
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have previously shown to suppress MDA in STEMI patients (Arstall et al', 1995)'

However, the administration of NAC in ACS patients in the current study was not

randomized: it was utilised for management of patients with recurrent or prolonged chest

pain within the group. Therefore any potential effects of NAC on either oz- release or

MDA may have been obscured by selection bias. This may also have affected results by

limiting oxidative stress in the most severe patients'

The major limitations of the current study were: firstly, the inability to study ACS

patients prior to the administration of nitrates, which was a virtually inevitable problem

and secondly, the lack of methodology for comparing oxidative stress within the coronary

circulation with systemic values. For example, it is possible that sampling of coronary

sinus blood would have provided greater evidence of the heterogeneity between groups

and individual patients, as it has for markers of platelet activation (van den Berg et al.,

1989) and neutrophil myeloperoxidase content (Buffon et a1.,2002)'

5.6 Conclusíons

The study demonstrates that both ACS and (marginally) SAP are associated with

incremental oxidative stress. However, different measures of oxidative stress provide

markedly different results as regards magnitude of disturbance in individual patients, to

the extent that no single estimate of either Oz- release nor of MDA, a product of free

radical effect, would prove of value as a correlate of extent of ongoing ischaemia in

individual patients.



t25

Cha 5

ACS

n:32

SAP

n:30

Normal

n=\4

60È160+253+3

606357er (o/o male)

47

50

31

75

0

0

0

0

Risk Factors (%)

moking

ertension

iabetes Mellitus

ercholesterolemia

100

25

4l

38

69

100

43

30

60

63

0

0

0

0

0

PhørmøcorheraPY (%)

inhibitor/AII recePtor

drenoceptor anta gonist

m channel antagonist

Table 5.1. Patient characteristics * All patients in the ACS group also received

intravenously infused GTN (2.5-1Opg/min). Patients with SAP were studied before and

after infusion of GTN. 3 g% of ACS patients also received intravenous N-acetylcysteine'
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Figure 5.1. Neutrophil oz- release as area under the chemiluminescence time curve rn:

normal subjects, patients with stable angina (sAP), prior to administration of

nitroglycerine and patients with acute coronary syndromes (ACS). There was no

significant difference between any groups. Patients with ACS were all receiving

intravenous GTN+NAC (K-W 2.35, p:0'31)'
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Among SAP, only those treated with GTN alone (ie those without perhexiline) are

considered, p<0.00 1, unpaired t-test.
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(Kruskall-'wallis: K-w: 11.46, p:0.003 *) and post-hoc analysis demonstrated that MDA

levels were significantly greater in SAP and ACS groups than in normal subjects (Dunn's

post tests, p<0.05*t and 0.01t respectively).
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6.1 Summøry

In general, trials designed to reduce incidence ofcardiovascular events via redox

active medications have yielded disappointing results. In the HOPE trial, ramipril, which

inhibits angiotensin converting enzyme (ACE) and thus potentially obviates the

NAD(P)H oxidase stimulating effects of angiotensin II (AII), improved cardiovascular

outcomes, while vitamin E supplementation was without beneficial effect.

In the PLATELET-HOPE study, we sought to determine whether the effects of

ramipril might reflect improvements in platelet responsiveness to nitric oxide (NO), and

whether these changes might be related to reductions in redox stress and endothelial

dysfunction. One hundred and nineteen patients whose characteristics were compatible

with the HOPE study entry criteria were treated with ramipril or placebo in a double-

blind trial of three months duration. Platelet responsiveness to the NO donor sodium

nitroprusside (SNP), corrected for extent of aggregation, was utilised as the primary

endpoint. Asymmetric dimethyl arginine (ADMA) was measured as a marker of

endothelial dysfunction, while pulse-wave analysis was used to quantitate changes in

apparent arterial stiffness (measured as augmentation index: AIx). Plasma

malondialdehyde (MDA) concentrations were utilised as indices of oxidative stress.

Ramipril significantly (p<0.001) improved aggregation-corrected SNP response,

while also reducing AIx (p:0.02) and ADMA (p:0.05). There was no significant

difference in MDA concentration. Prospectively dehned stratification of the patients on

the basis of pre-ramipril responsiveness to SNP revealed platelet function improved only
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in those who were initially NO resistant. Within the sub-population there was no effect

of ramipril on either ADMA or MDA levels.

It is concluded that ramipril sensitises platelets to NO, but that this effect is

essentially limited to the NO resistant (ie high risk) subset of the population. Despite the

theoretical effect of ramipril in inhibiting 02- release and thus reducing redox stress; this

effect was not documented in the current population.
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6.2 Introduction

Angiotensin converting enzyme (ACE) inhibitors are well established in the

treatment of heart failure, arterial hypertension, post-acute myocardial infarction and high

risk coronary artery disease. Various studies have demonstrated ACE inhibitors also

reduce the incidence of fatal and non-fatal atherothrombotic-related complications,

including reductions in mortality in patients with either chronic heart failure

(CONSENSUS (Swedberg and Çekshus, 1988), SOLVD (1992) or evidence of heart

failure after acute myocardial infarction (SAVE (Rutherford et al., 1994), AIRE(1993).

The ramipril arm of the recent Heart Outcomes Prevention Evaluation (HOPE)

study (Yusuf et al., 2000b) demonstrated that high dose ramipril (1Omg/day) reduced the

rates ofdeath from cardiovascular events in a "high risk" patient population (at least 55

years old, with a history of coronary artery disease, stroke, peripheral vascular disease, or

diabetes plus at least one other cardiovascular risk factor (including hypertension,

elevated total cholesterol levels, low high-density lipoprotein cholesterol levels, cigarette

smoking or documented microalbuminuria). The HOPE study also demonstrated that

rates of myocardial infarction, stroke, cardiac arrest, heart failure and complications

relating to diabetes were significantly reduced with ramipril therapy. Furthermore, the

EUROPA study (Fox, 2003) reported a20o/o reduction in risk of the combined endpoint

of cardiac arrest, myocardial infarction or death from cardiovascular disease in

perindopril-treated patients.

However, not all ACE inhibitor trials have demonstrated beneficial effects. The

recently reported Prevention of Events with Angiotensin Converting Enzyme Inhibition
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(PEACE) study showed no beneficial effects of trandipril: the reason(s) for this negative

result remain speculative (Pfeffer et al', 2001)'

Irrespective of results, none of these studies were designed to provide mechanistic

data regarding potential beneficial effects of ACE inhibitors' However, many potentially

beneficial effects of ACE inhibitors have been demonstrated, and may contribute to

improved outcomes. There are two main categories of demonstrated effects which may

contribute to the beneficial effects of ACE inhibitors, these can be divided into:

haemodynamic improvement, such as blood pressure reduction and improvement of

endothelial function, and non-haemodynamic effects including inhibition of cellular

growth factors (Soejima et a1.,1999; We et a1.,2002; Youn et al', 1999), ventricular and

vascular remodeling (Ali et al., 1998; Beckwith and Munger,1993; Sihm et al', 1995)

and superoxide release via NAD(P)H oxidase (Berrl' et al'' 2000; wingler et al'' 2001)'

NAD(P)H oxidase inhibition is an indirect effect of ACE inhibition, via reversal

of AII induced upregulation of the NAD(P)H oxidase subunits. while upregulation of

NOX-I, NOX-4 (Wingler et al., 2001) andp2LPhox (Fukui et a1.,1997) have been

demonstrated in animal models and in human smooth muscle cell preparations (Touyz et

a1.,2002;Touyz et al., 2005), at present there is no evidence of direct in vivo effects on

activity or expression ofNAD(P)H oxidase of either angiotensin II or of ACE inhibitors'

The role of anti-oxidant mechanisms is also brought in to question by the failure of

several large trials utilising anti-oxidant therapy' notably the vitamin E arm of the HOPE

trial to demonstrate any beneficial effect on outcomes (Yusuf et al., 2000a)'
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The question of mechanisms of risk reduction is also complicated by the finding

that while ACE inhibitors treatment does reduce AII levels acutely (Johnston et al.,

1981), that this effect is often not sustained presumably due to induction of other

pathways such as the chymase pathway (Chen et a1.,2005). Despite this, the benef,rcial

effects of ACE inhibitor therapy on cardiovascular end-points persist.

Chirkov et al (1999) have previously demonstrated that patients with either stable

angina or acute coronary syndromes exhibit increased platelet aggregability and

decreased platelet responsiveness to the anti-aggregatory effects ofnitric oxide donors

("NO resistance"), a phenomenon which is in part due to increased oxidative stress'

Specihcally, in patients with stable angina, increased whole blood superoxide content has

been causally implicated in NO resistance. Platelet NO resistance is an independent

predictor of cardiac death or cardiovascular-related readmission during long-term follow-

up (Willoughby et al., 2005). Furthermore, in patients with congestive heart failure

(NYHA class II-IV) platelet NO responsiveness was markedly increased by short-term

perindopril therapy (Chirkov et a1.,2004). These data suggest that improvement in

platelet function via limitation of NO resistance may contribute to the beneficial effect of

ACE inhibitors in preventing acute thrombotic events (eg as in the HOPE and EUROPA

studies).

We conducted a randomised, double-blind, parallel group trial to examine the

efhcacy of ramipril (1Omg/day) versus matched placebo in modulating platelet NO

responsiveness in patients at high cardiovascular risk. In addition we examined the

effects of ramipril on apparent arterial stiffness, endothelial function as measured via
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plasma concentrations of asymmetric dimethyl arginine (ADMA) a marker of endothelial

dysfunction (Mittermayer et al., 2005; Perticone et a1.,2005) and oxidative stress

measured via plasma MDA concentrations (Arstall et al, 1995). The study investigated

the effect of ramipril over a 3 month period.

6.3 Methods

6.3.1 Subjects

A total of one hundred and nineteen patients (mean age 67:.8 (SD) years) who

were at high cardiovascular risk were enrolled in the study. The study was approved by

the Ethics of Research Committee of the Queen Elizabeth Hospital and written informed

consent was obtained prior to study entry.

6.3.1.1 Inclusion criteria

Inclusion criteria were similar to that of the HOPE study (Yusuf et al., 2000b).

Eligible patients included men and women aged > 50 years who had a history of

symptomatic coronary artery disease, stroke, peripheral vascular disease, and/or diabetes

plus one other risk factor (hypertension, elevated total cholesterol level, low high density

lipoprotein cholesterol levels, cigarette smoking or documented mircoalbuminuria).
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6.3.1.2 Exclusion criteria

Patients were excluded if they had heart failure, were taking an ACE inhibitor,

angiotensin receptor antagonist or ADP receptor antagonist (the latter due to resultant

problems with assessment of platelet function), had uncontrolled hypertension or overt

nephrology, had suffered a myocardial infarction or stroke within four weeks prior to

study entry. Furthermore, all patients who had initial ADP-induced aggregation

responses of less than 4 ohms were excluded due to resultant difÏrculty in measuring

inhibition of aggregation.

6.3.2 Study design

As shown in figure 6.1, potentially eligible patients (n:202) attended a screening

session where blood samples were collected for the measurement of platelet aggregation.

Patients who had more than 4 ohms of ADP-induced aggregation (n:119) at screening

were randomised to receive ramipril or matched placebo. Ramipril was initiated at

5mg/day. After 1 week of therapy all patients had a return visit where ramipril was up-

titrated to 1Omg unless contraindicated (ie. signifìcant cough, symptomatic hypotension).

All investigations performed at baseline were repeated after 4 and 12 weeks.

6.3.3 Criteria for withdrawal

Criteria were firstly, inability to tolerate doses of ramipril of 5mg or greater, and

occurrence of a major cardiovascular event during therapy. Patients were withdrawn
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from the study due to: 2 new cardiovascular events, 5 withdrew at their own volition, 2

due to cough, 1 due to dizziness and 1 did not disclose that they were receiving ACE

inhibitor therapy. There were more withdrawals in the ramipril group (9) than in the

placebo group (2: 1 opted out and I new cardiovascular event).

6.3.4 Endpoints

The prospectively defined primary endpoint of the study was platelet

responsiveness to the NO donor sodium nitroprusside, expressed alone or corrected for

changes in ADP-induced aggregation if necessary after 12 weeks therapy.

Secondary endpoints were:

1. Changes in ADP-induced aggregation

2. Changes in augmentation index (AIx), a measure of apparent arterial stiffness

which is responsiveness to NO bioavailability (Wilkinson et a1.,2002a).

3. Plasma ADMA concentrations.

4. Plasma MDA concentrations.

5. Changes in intra-platelet cyclic guanosine monophosphate (cGMp).

6. Changes in all of the above parameters in the subset of the population who

exhibited NO resistance at the platelet level at baseline.
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6.3.3 Platelet Function

Platelet studies were conducted as described in chapter 2.4. Briefly, citrated

venous blood was diluted 2 fold with 0.9% saline. Aggregation in response to adenosine

5'-diphosphate (ADP, I pM) was measured using a dual channel impedance

aggregometer (Model 560, Chronolog) and recorded as maximal aggregation (in ohms).

Inhibition of aggregation by sodium nitroprusside (SNP, lO¡rM) was determined

by measuring maximal aggregation to ADP after 1 minute pre incubation with SNP and

results were expressed as percent inhibition of maximal aggregation by SNP.

6.3.4 Pulse wave analysis

Pulse wave analysis was used to determine AIx (SyphymoCor software) as described in

chapter 2.6.Briefly, a micromanometer probe (SPT-3018; Millar Instruments, Texas,

USA) was used to obtain recordings of the peripheral pressure waveforms by flattening,

the radial artery of the dominant arm. Data were collected directly into the SyphymoCor

system and after 20 sequential waveforms had been acquired, an average peripheral

waveform was generated. The waveform was then scaled from brachial artery blood

pressure. The corresponding central (ascending aortic) waveform was derived from the

radial artery waveform using a validated transfer function; from this augmentation and

AIx was then derived.
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6.3.5 Asymmetric Dimethyl Arginine

Plasma concentrations of the endogenous nitric oxide (NO) synthase inhibitor

ADMA, its inactive stereo-isomerNc,nc-¿imethyl-L-arginine (SDMA) and of arginine,

the substrate of NO synthase, were measured by T. Heresztyn via a previously published

HPLC method (Heresztyn et al., 2004).

6.3.6 Malondialdehyde (MDA)

This method was conducted as described in chapter 2.5. Briefly, blood was anti-

coagulated with Na-EDTA. Blood was centrifuged and plasma aspirated and stored at -

70'C until assay. Plasma was extracted firstly by precipitation of proteins with

perchloric acid followed by extraction with chloroform (to remove lipids). Extracted

plasma was combined with thiobarbituric acid (TBA, 42mM) and orthophosphoric acid

(0.15M). Samples were then boiled for t hour, after which a further extraction with

70:30 chloroform: methanol was undertaken in order to minimise interferance by

unbound TBA. Fluorescence intensity was measured at excitation l" of 53Onm and

emission L of 547nm using a Perkin Elmer LS 508 luminescence spectrometer. Readings

were corrected for an aqueous blank and concentration of MDA determined from a

standard curve.

6.3.7 Intra-platelet cGMP determination

Platelet-rich plasma (0.5 ml) was incubated at 37oC with SNP (10 ¡rmol/L) for 1 min.

Inhaplatelet oGMP content was assayed as described previously (Chirkov et al., 1999).
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Briefly, after incubation plasma was filtered through GF/C Glass Microfibre Filters

(Whatman, UK) for harvesting the platelets. Filters with absorbed platelets were rinsed with

physiological saline and placed into 0.5 ml of 4 mM EDTA for further extraction of cGMP

in a boiling water bath for 5 min. After centrifugation of samples at 3000 g for 10 min,

oGMP concentration in supernatant was estimated using "cGMp [t"I] assay system"

(Amersham).

6.3.5 Statistical analysis

All data were analysed according to intention to treat, and the primary hypothesis

was analysed via analysis of covariance of the ADP:SNP response relationship. Baseline

characteristics of the placebo and ramipril groups were compared utilizing non-paired t-

test (all parameters examined being normally distributed).

The change in AIx, MDA, ADMA and cGMP from baseline to 3 months was compared

between placebo and ramipril groups using non-paired t-tests.

As regards the issue of subset analysis:

1. "NO resistant" patients: The presence of baseline NO resistance was

defined as a baseline SNP response of less than 32Yo representing a

response greater than two standard deviations below the mean expected

in normal volunteers (as described in (Willoughby et a1.,2005)). Data

from the subset of patients were analysed in the same way as for the

entire cohort, and compared with data from the remainder of the patient

population.
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2. Data after 4 weeks treatment: In view of the prospective decision to

utilise only 12 week data for the primary end-point analysis, we utilised

week 4 data only for the secondary end-point of examination of time-

course of all significant effects of ramipril. Analysis was via repeat

measures ANOVA with post-hoc Dunnett's test for multiple

comparisons.

All statistical analysis was performed utilizing SPSS (Version l2). Data are

expressed as mean + SEM, unless otherwise stated.

6.4 Results

6.4.L Subject characteristics

Baseline demographic characteristics of those patients eligible for study entry are

summarised in Table 6.1. Placebo and Ramipril groups were generally well matched

with regards these parameters. As regards baseline pharmacotherapy (table 6.2),there

was agreater use of statin therapy within the placebo groups (p:0.02 vs ramipril group).

Study medication \ryas generally well tolerated.

6.4.2 Platelet a g gre gation

Baseline platelet responsiveness to ADP (1 pM) was similar between groups

(7 .6+2.6 vs 7 .4+2.4 Ohms, placebo vs ramipril groups respectively p:0.66). There was a



t44

Chapter 6

progressive minor reduction in the extent of aggregation to ADP over the 3 month period'

This reduction tended to be greater (p:0.2) in the placebo, than in the treated individuals

(figure 6.2).

6.4.3 Platelet NO responsiveness

Mean platelet responsiveness to SNP for the total cohort was 44-8+2.6 %o

inhibition of aggregation. There was no significant difference in NO responsiveness

between groups at study entry (47.3+3.7o/ovs 42.4+3.7 % inhibition of aggregation,

placebo vs ramipril group, p:0.35). Using response of less than32Yo as criteria for

platelet resistance, a total of 49 patients (28 in the ramipril group and2l in the placebo

group) were NO resistant.

Due previous studies demonstrating that SNP response is dependant on ADP

response (Chirkov et al., 2001) and to the reduction in ADP response with time, which

tended to be greater in the ramipril group (see figure 6.2), all SNP data for the entire

patient group were analysed relative to ADP response'

The change in SNP: change in ADP response relationship over three months of

ramipril vs placebo therapy is depicted in figure 6.3. For placebo-treated patients, mean

SNP response did not vary significantly irrespective of ADP response. However, in

ramipril-treated patients, there was a markedly inverse relationship between SNP and

ADP responses. This SNP-ADP response relationship was signif,rcantly different
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(p<0.001) for ramipril vs placebo treated groups, with sensitisation to SNP by ramipril

per unit ADP response.

In order to investigate the time couÏse of this effect, we also performed an

ANCOVA analysis on the change in SNP: change in ADP response relationship at 4

weeks (figure 6.3), which demonstrated a similar relationship at this time point

(p<0.001), suggesting that the platelet effects of ramipril occur in the first 4 weeks and

are then maintained through to the week 12 time-point'

6.4.4 Blood pressure and pulse \ilave analysis

Three months of ramipril therapy marginally reduced systolic blood pressure

(-5.2+2.3 vs -11.7+3.0 mmHg, placebo vs ramipril group, p:0.07). Diastolic blood

pressure was significantly reduced by ramipril therapy (-1.8+1'3 vs -6'2+l'3 mmHg'

placebo vs ramipril group, p:0.03). Mean arterial pressure was also significantly reduced

(Table 6.2). There was no significant change in heart rate in either the placebo and

ramipril groups. We also examined the effect of ramipril therapy on arterial stiffness, as

measured by AIx. At study entry there was no difference in AIx between the placebo and

ramipril groups (23.7+l.2Yovs24.g+1.2o/orespectively). After 3 months therapy' there

was no change in AIx in the placebo group (+0.7+1 .3o/o), and AIx was significantly

decreased in the ramipril group (-3.9+1 .6,p:0.02, table 6'3)'
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6.4.5 ADMA

ADMAlevelswereelevatedintheramiprilgroup(0'59+0.0ipM)comparedto

the placebo group (0.55+0'01 pM, p<0'01) at baseline' Changes in plasma

concentrations of ADMA, utilised as a marker of endothelial dysfunction, are

summarised in f,rgure 6.4. ADMA concentrations rù/ere differentially reduced in patients

receiving ramipril therapy at 12 weeks (P=0.05, figure 6.4)' However the difference in

change in ADMA concentrations between groups was small: approximately lYo of mean

values for the patient group studied. In order to establish to time course for this effect on

ADMA, we performed a secondary analysis of changes in ADMA concentrations in the

first four weeks in the placebo and ramipril groups. There was no signif,rcant difference

in the magnitude of the change between baseline and week 4 between groups (see figure

6.4). This suggests that the change in ADMA, while only marginally significant' requires

more than 4 weeks of theraPY'

6.4.s MDA

Baseline MDA concentrations were not different between groups at baseline

(placebo: 0.36+0.03pM vs ramipril: 0.39+0.0apM). on univariate analysis, the

following parameters were examined as possible correlates of differential MDA

concentration: age, gender, cholesterol, body mass index, baseline aggregation response'

and baseline platelet SNP response. None of these were associated with significant

deviation of concentrations from those of the group mean.
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Treatment with ramipril was associated with a small mean reduction in MDA

concentrations of the order of 10%, but did not reach statistical significance relative to

placebo (figure 6.5, Mann-Whitney test, p:0'25)'

6.4.6 Platelet cGMP

There was no difference between oGMP levels in placebo and ramipril groups at

baseline. There was also no significant change ovet l}weeks in either group and

therefore there was no difference in the magnitude of change between groups (table 6'3)'

6.4.7 ADP-induced aggregation subgroups

TherewasnodifferenceintheextentofADP-inducedaggregationbetween

treatment groups amongst normal NO responders groups or impaired NO responder

groups at baseline. ADP-induced aggregation was reduced after 3 months of therapy in

those with normal responders in both treatment groups but not in the impaired responder

subgroups (see figure 6.6). In normal No responders change in ADP response \ilas

-1.7+0.5 vs -0.2+0.6 ohms (placebo vs ramipril group, p:0.05), while for impaired No

responders change in ADP response was -0'6+0.4 vs -1.7+0'5 ohms (placebo vs ramipril

group, p:0.1)'
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6.4.8 Impaired vs normal platelet NO responsiveness

Subject groups were divided into those patients who had a normal, greater than

32% inhibition of aggregation by SNP or impaired NO respon se <32 % inhibition by

SNp at study entry. Utilising these criteria, 38 subjects in the placebo group were

classified as having a normal response, and2I as having an impaired response. In the

ramipril group 32 subjects had a normal response while 28had impaired responses.

There was no significant difference in the NO responsiveness between ramipril and

control groups in either subgroup at baseline (see figure 6.7). However at week 12, NO

responsiveness was increased compared to placebo in the poor responders (p<0'002),

while NO responsiveness was unchanged in the normal responders (p:0.4). As described

above, extent of aggregation is a determinant of SNP responsiveness; therefore we

performed 2 separateANcovAs in order to examine the effect of ramipril on the

relationship between change in ADP and change in SNP response in both the impaired

responder and normal NO responder groups (Figure 6.8). There was a significant change

in ADP: change in SNP relationship between the placebo and ramipril groups for subjects

with an impaired NO responsiveness at study entry (P<0.001), but no difference in the

normal responder group. This result demonstrates that improvement in NO

responsiveness is dependant on impaired responsiveness at baseline'
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6.4.9 Biochemical marker in normal and impaired NO responders.

At baseline there was no difference between any parameters, in any group, with

the exception of plasma ADMA levels being higher in the impaired ramipril group than

in the impaired placebo group. There \ryere no differential effects of ramipril on ADMA

or MDA in either the normal or impaired NO responder groups (see table 6.4).

6.5 Díscussion

The primary endpoint of the current study was the effect of ramipril on platelet

responsiveness to NO. Given the dependence of NO responsiveness on initial

aggregation response, the study utilised the relationship between change in SNP response

and change in ADP response to demonstrate by analysis of co-variance that treatment

with ramipril causes a non-parallel upward shift in this relationship. The secondary

endpoints of the study utilised biochemical markers (markers of oxidative stress,

endothelial function and soluble guanylate cyclase activity) and subset analysis (impaired

vs normal NO responders) to investigate mechanisms that may modulate this effect.

Apparent arterial stiffrress, a NO sensitive parameter measured by AIx, was

decreased after 12 weeks in the ramipril group and ADMA, a marker of endothelial

dysfunction, was marginally reduced by 12 weeks of ramipril therapy. The potential

impact of oxidative stress on changes in NO responsiveness was also examined by

evaluation of MDA, a measurement of lipid peroxidation. The current study showed no

effect of ramipril on MDA levels. Intra-platelet cGMP, utilised as a measure of potential

sensitisation of soluble guanylate cyclase, was also unaffected by ramipril therapy.
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Investigation of changes in SNP responsiveness in those who had the lowest

responses at baseline ("NO resistant"cohort) revealed that the greatest ramipril induced

sensitisation response occurred in this group, indeed, in those with normal responses at

baseline, the relationship between change in aggregation and change in SNP was not

significantly different from that in the placebo group'

This study adds to current knowledge by demonstrating that ramipril alters the

relationship between ADP response and SNP response, and that it sensitises platelets

from those with poor responsiveness to the anti-aggregatory effects of NO' Currently

there are no analogous studies in this population although it has been demonstrated in a

similar group that captopril and ramipril inhibit platelet aggregation induced by thrombin

and captopril also inhibited ADP induc ed aggregation (Skowasch et al', 2006)' A small'

short term study in patients with congestive heart failure during treatment with

perindopril demonstrated improvement in platelet NO responsiveness (Chirkov et al.'

2004). While this study utilised patients who were commencing perindopril as a

component of therapy, and as such was not randomised or blinded and there was no

control group it did utilise a group with poor baseline responsiveness to NO donors'

Another important feature of the latter group was the low rate of statin use, while in the

current cohort more than 80% of the subject were treated with statins, which may

sensitise platelets to NO (Chirkov et a1.,1999). In another study, addition of ramipril to

simvastatin therapy did not produce significant additional benefit over simvastatin alone

on endothelial function, MDA or inflammatory markers (Koh eta1.,2004). This may
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have been a factor in lack of improvement of platelet NO responses in the current cohort

given the high rate of statin utilisation.

Apparent arterial stiffness, measured via AIx, was significantly reduced by

ramipril therapy in the current study. This result was as expected given that ACE

inhibition reduces the concentration of angiotensin II, a potent vasoconstrictor which has

well established effects on AIx (Kelly et al., 2001; Wilkinson et al., 2001), and both

ramipril (Ahimastos et al., 2005) and the angiotensin II receptor blocker valsartan

(Klingbeil et a1.,2002) have been shown to decrease AIx. While it is likely that this

result reflects reduced vasoconstriction, it is also possible that ramipril treatment

improves vasodilator responses to endothelium derived NO. While AIx is not a direct

measure of endothelial function, there is evidence that AIx is sensitive to changes in NO

release (Wilkinson et a1.,2002b). In this regard there was also a marginal differential

reduction in levels of ADMA, a marker of endothelial dysfunction' It has been

previously demonstrated that ACE inhibition reduces ADMA levels (Chen etal.,2002a;

Delles et a1.,2002; Napoli et a1.,2004). While ADMA is commonly known as an

endogenous NOS inhibitor, there is some evidence that ADMA concentrations may also

be affected by oxidative stress via redox sensitivity of dimethylarginine

dimethylaminohydrolase, the eîzyme responsible for ADMA clearance (Jia et al', 2005).

However, the direct measure of oxidative stress utilised in this study, MDA, was

unaffected by ramipril treatment. Previous studies have demonstrated reduction in MDA

during treatment with ACE inhibitors. However these studies were conducted in patients

with hypertension, who were receiving treatment with only one or two anti-hypertensive
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agents (Mak et al., 1990;Napoli eta1.,2004), as mentioned above' it is likely that

background treatment of the current cohort my have contributed to the underestimation of

ramipril effect. Despite the widely held belief that reduction in oxidative stress is a major

component of the beneficial effect of ACE inhibitors, it must be emphasised that there are

a multitude of large trials utilising anti-oxidant therapy, including the vitamin E

component of the HOPE trial (Yusuf et al., 2000a), which show no benef,rt with anti-

oxidant therapy. It may be that measures of "systemic oxidative stress" are missing more

important and possibly specific localised effects. In vitro studies, have demonstrated that

angiotensin II exerts direct actions on NAD(P)H oxidase (Berry et al', 2000; Wingler et

al., 2001). NAD(P)H oxidase is a major source of superoxide anion production within

the vasculature and is found in both the vessel wall and in phagocytes. It may have

therefore, been beneficial to measure NAD(P)H oxidase activity rather than MDA'

However direct measurement of NAD(P)H oxidase activity in vessels requires access to

tissue samples, and while given the magnitude on the current study it was impractical to

measure neutrophil superoxide release in all patients'

Overall, the results of the current study suggest that therapy with ramipril induces

a relatively small increase in platelet NO responsiveness, which is most likely of little

clinical relevance. However, given the much greatü magnitude of the effect in patients

with poor initial responses to NO, addition of ramipril therapy may be of beneht in this

group.
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6.6 Limitqtions

The major limitation of the current study is the lack of measurement of

angiotensin II levels, particularly as there is some evidence that the angiotensin lowering

effect of AcE inhibitors may be diminished after 3 months (Farquharson and struthers,

2002;van de wal et a1., 2006). Another important limitation is the lack of a more direct

measure of superoxide production or NAD(P)H oxidase activity or expression'

6.7 Conclusions und clínical implications

The major conclusion of the current study is that ramipril sensitises platelets to

the anti-aggregatory effects of NO but that this effect occuls predominantly in patients

with poor initial responses to NO. As regards mechanisms of this effect, we have failed

to demonstrate a decrease in oxidative stress during ramipril treatment, utilising MDA as

a marker. In terms of clinical implications, this f,rnding suggests that ramipril therapy

may be of greater benefit in the NO resistant subset of patients. This could be tested by

dividing the HOpE cohort on the basis of clinical parameters associated with platelet

.,NO resi stance" and examining differential effe ctivness.

The effect of ramipril on platelet function also suggests that ACE inhibitor therapy may

have additional utility in the prevention of thrombus formation, for example, as adjunct

therapy following angioplasty or stenting'
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Placebo

(n=59)

Ramipril

(n:60)

p-value

Male (%) 38 (64) 3s (s8) NS

Aee (SD) 66.4 (e.7) 67.2 (10.6) NS

Height (SD) 166.8 (12.0) 16s.1 (18.1) NS

Weight (SD) 81.s (18.7) 81.3 (le.s) NS

BMr (SD) 2e.6 (e.0) 30.2 (e.4) NS

sBP (SD) 144.7 (23.2) 14s.3 (24.s) NS

DBP (SD) 82.6 (8.e) 80.6 (12.7) NS

HR (SD) 68 (8.e) 66 (11.0) NS

Past MI (%) 28 (48) 20 (33) NS

CABG (%) t4 (24) 23 (38) NS

PCr (%) 31 (s3) 22 (37) 0.09

Diabetes (7o) e (1s) ls (2s) NS

Hypertension (%) 26 (44) 21 (3s) NS

Cholesterol tevel (SD) 4.2 (o.e) 4.s (0.e) 0.05

Smoker (7o) te (32) t2 (20) 0.1s

Creatinine level (SD) 0.092 (0.01s) 0.094 (0.019) NS

Table 6.1. Patient Demographics at study entry: clinical parameters and coronary risk

factors. All p-values greater than 0.10 have been designated as non-significant (NS)'

Abbreviations: BMI, body mass index, SBP, systolic blood pressure' DBP, diastolic blood

press1ffe, HR, heart rate, CABG, coronary artery bypass surgery' PCI, percutaneous

coronary intervention
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Table 6.2. Pharmacotherapy at baseline (%). All p-values greater than 0'10 have been

designated as non-significant CNS)'

Placebo

(n:59)

Ramipril

(n:60)

p-value

Aspirin (%) sl (86) s4 (eo) NS

Statin (%) s7 (e7) 4e (82) 0.02,'

B-adrenorecePtor

antagonist (7o)

e (1s) t6 (27) NS

Calcium antagonist (7o) 41 (6e) 31 (s2) 0.06

Nitrate (%) 22 Q7',) 21 (3s) NS

Warfarin (7o) s (8) 2 (3) NS

Perhexiline (7o) | (2) 4 (7) NS
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Parameter

A Placebo group
N=57

A RamiPril GrouP
N:51

p-value

MAP (mmHg) -0.71L2.4 -8.1+1.8 0.02

SBP (mmHg) -5.2+2.3 -11.7+3.0 0.07

DBP (mmHg) -1.8+1.3 -6.2+1.3 0.03

HR (bpm) 1.112.0 2.2+1.2 NS

AIx (%) 0.7+1.3 -3.9+1.6 0.02

MDA (pM) 0.006+0.021 -0.042+0.036 NS

ADMA (PM) 0.007r0.001 -0.016+0.001 0.05

Intranlatelet
ccMÞ þM/loe

-3.1+5.7 -3.0+5.8 NS

Table 6.3. Effect of ramipril on measured parameters
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Table 6.4. Change in levels of biochemical markers in subjects who had normal (>32%)

or impaired (=32%) SNP response at baseline with 12 weeks of ramipril or placebo'

Normal responders Impaired resPonders

placebo ramipril placebo ramipril

ADMA (pM) 0.012+0.011 -0.013i0.012 0.004+0.011 -0.002+0.011

MDA (pM) -0.008+0.02 -0.027+0.05 -0.04+0.04 -0.06È0.05
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future directions
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7.1 Summøry of results

The studies in this thesis examine aspects of nitrate pharmacology and NO

physiology in subjects ranging from normal volunteers to patients with acute coronary

syndromes. The major findings of the studies were as follows:-

1. [n normal subjects, utilisation of sublingual GTN doses greater than 200¡rg for

evaluation of effects of GTN on apparent arterial stiffness induced near-maximal

responses, which may obscure the detection of changes in sensitivity. Indeed, as 50olo

maximal responses occured with approximately 25pg of GTN, future evaluations of

responsiveness should either use doses of this magnitude or ideally, construction of dose-

response curves. Investigation of responses to intravenously infused GTN at the rate of

5pg/min, an infusion rate at the lower end of clinically utilised regimens, produced large

falls in AIx in patients with stable angina pectoris. Again this suggests near-maximal

responses, as the magnitude of this effect approached that of the higher sublingual doses.

While initial responsiveness to GTN could not be measured in patients with acute

coronary syndromes due to pre admission use of sublingual GTN, we can conclude that

in patients with ACS, transition from low dose intravenous GTN to oral ISDN (10mg) is

associated with no loss of vasodilator effect, as measured by AIx. This suggests that

there is little likelihood of occurrence of "rebound" phenomena with this regimen.

2. Investigation of the possible potentiation of NO re was

undertaken on the basis of a previous study from our group in which treatment with

perhexiline significantly improved NO responses in platelets fiom patients with

refractory angina. The current study demonstrated that perhexiline has no effect on
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apparent arterial stiffness either alone or in combination with GTN. [n this patient cohort

with normal platelet function perhexiline also had no significant effect on platelet NO

responsiveness. However the study also demonstrated that in vivo administration of low

infusion rates of GTN inhibits neutrophil Oz- release, and that this effect is potentiated by

pre-treatment with perhexiline.

3. In order to assess oxidative stress as a potential source of differential NO

responsiveness between patient groups, two different markers oxidative stress were

utilised for comparison between three patient groups. The study demonstrated that both

ACS and, to a marginal extent, SAP are associated with incremental oxidative stress.

However, the study also demonstrated that different measures of oxidative stress

provided markedly different results as regards magnitude of disturbance in individual

patients. This led to the conclusion that no single estimate of either superoxide release or

of MDA, a product of free radical effect, would prove of value as a correlate of extent of

ongoing ischaemia in individual patients.

4. [n contrast to the perhexiline study, the ACE inhibitor ramipril improved platelet NO

responsiveness in patients at high risk of cardiovascular events, such as those recruited in

the HOPE trial. Ramipril is a pharmacological agent which has been associated with

both improved function of the NO system in vasculature and reduction of oxidative

stress, but has not been tested previously with respect to its effects on platelet NO

response. In particular, the current study demonstrated that ramipril sensitises platelets to

the anti-aggregatory effects of NO but that this effect occurs predominantly in patients

with poor initial responses to NO. With respect to mechanisms of this effect, this study
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failed to demonstrate either a decrease in oxidative stress (utilising MDA as a marker) or

sensitisation of the soluble guanylate cyclase system during ramipril treatment. The

delineation of protective effect of ramipril on platelet function however, raises the

possibility of future novel roles for this ACE inhibitor therapy in short term prevention of

thrombus formation such as following angioplasty or stent insertion.

These studies have examined two agents, perhexiline and ramipril, with

apparently complementary effects in heart failure and increasingly common utilisation in

myocardial ischaemia. The effects of these agents on tissue function suggest that

limitation of oxidative stress may be region selective (for example in neutrophils for

perhexiline and in platelets for ramipril). More importantly, a previous study of the

effects of perhexiline on platelet responsiveness to NO showed reversal of NO resistance

in patients with refractory angina, and lower baseline responses to NO than those seen in

chapter 4 (Witloughby et a1.,2002). These data, combined with the current studies

suggest that the improvement of NO responsiveness may be related to the baseline

responsiveness, and therefore platelet studies may represent a potential method for

assessment of patients who may benefit most from therapy with these drugs.

7.2 Future directions

1. Demonstration that perhexiline is a non-vasoactive agent that reduces superoxide

release from neutrophils, suggests that it may have additional clinical utility in conditions

associated with increased inflammatory cell activation and oxidative stress such as
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myocardial infarction, diabetes and unstable coronary artery disease and chronic heart

failure. [n fact, a recent study has demonstrated therapeutic benefit of perhexiline in

chronic heart failure (Lee et al., 2005) including improvement in VOz max, ejection

fraction and quality of life. While these changes might be attributed to the metabolic

effect of perhexiline (Kennedy et al., 1996), currently there are no studies of the

relationship between the "metabolic" effects of perhexiline and inhibition of superoxide

release. However another inhibitor of fatty acid oxidation, trimetazidine, has been

demonstrated to have anti-inflammatory effects (Tritto et al., 2005; Williams et al.,

1993). While the mechanism by which perhexiline affects superoxide release has not

been investigated, the intriguing possibility is that perhexiline may selectively interfere

with activity of the phagocytic NAD(P)H oxidase (Kennedy et al., 2006). This could be

tested by investigation in knockout animal models.

2. These studies have contributed to the understanding of another potential

mechanism of action of ACE inhibitors. The finding that ramipril therapy improves NO

responsiveness has relevance to both primary and secondary prevention in groups at high

risk of thrombotic events. At present, ramipril or the other ACE inhibitors tend to be

utilised in all patients perceived to be at high risk for occurance of acute myocardial

ischaemia. However, if platelet responsiveness to NO is a major therapeutic target,

treatment might be individualised, and response to treatment categorised individually.

Furthermore, information is currently lacking as to whether angiotensin receptor

antagonists also protect against the development of acute ischaemia. This could be

addressed in two possible ways: firstly by performing an analogous study with an
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angiotensin receptor antagonist or by ex vivo administration a of bradykinin receptor

antagonist such as HOE140 (Alla et al.,1993; Wifth et al., 1991) to determine the

contribution of bradykinin to reversal of NO resistance by ramipril.

3. The relationship between vascular NO bio-availability and oxidative stress is

complicated, particularly with respect to the interplay between the sources and effects of

both agents. NO acts as a protective agent in the vasculature, by dilating arteries to

minimise damage resulting from high intra-arterial pressures and by inhibiting

inflammatory cell/platelet adhesion. In the presence of endothelial dysfunction,

particularly when accompanied by increased oxidative stress, this defence system is

impaired. GTN has traditionally been used as a vasodilator: evidence from this thesis and

other studies has demonstrated that the beneficial effects of therapy with GTN may

extend beyond vasodilation. Effects on the relationship between platelets, inflammatory

cells and the endothelium have all been shown to be affected by supplementation of NO

via GTN therapy.

There is also emerging evidence that NO may be involved in production and

mobilisation of endothelial progenitor cells (EPC) which are involved in angiogenesis

(Ozuyaman et al., 2005) and appear to be important in functional improvement and

infarct size limitation following coronary occlusion (Massa et al., 2005; Numaguchi et

a1.,2006). This area of therapeutics is more unexplored than novel: it has already been

demonstrated that day one mortality is reduced by organic nitrates in the ISIS-4 trial

(ISIS-4, 1995) and that the largely unexplained effects of combined therapy with ISDN

and hydralazine improve survival in African-American patients with chronic heart failure
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(Taylor et a1.,2004). However there is a need to investigate whether the "anti-

inflammatory" effects of organic nitrates are also relevant outside neutrophils and

whether they are subject to tachyphylaxis (ie tolerance) and whether these effects mediate

the abovementioned clinical benefits.

4. While the importance of increased levels of superoxide in the vasculature,

particularly with respect to vessels affected by atherosclerosis is rarely doubted, the

relative importance of different markers of oxidative stress in the absence of a direct

measure is debatable. In these studies, it has been demonstrated that there is no

correlation between the two markers utilised and as discussed in chapter 5, this is most

likely due to either measurement of different aspects of the oxidative stress or a

difference in the time course of elevation of these markers (neutrophil Oz- release is a

source and MDA a product of oxidative stress), particularly in the systemic circulation.

However this does raise the issue of how to measure oxidative stress for assessment of

patients who will benefit from therapies aimed at reducing oxidative stress. At present, it

appears that no single measure is of use for oxidative stress measurement in risk

assessment in individual patients. liir"r"nt this is not a clinical issue. However, it is f;

possible that precise characterisation of oxidative stress in individual patients might

facilitate development of therapeutics with redox-active agents. At present, this seems a

remote possibility.

Finally, it should be pointed out that the critical experiments in chapters 4 and 6

evaluated novel aspects of the pharmacology of "old" drugs (GTN, perhexiline and

ramipril), shedding new light on their clinical efficacy. [t is a sad reality of
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pharmacological investigation that critically important drug effects are often discovered

late, so that neither the spectrum of clinical utility nor of potential toxicity is appreciated

when the drug is first released. These studies provide a compelling basis for extension of

initial evaluation of all cardioactive drugs to include assessment of drug effects on 02-

release and on oxidative stress.
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