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Thesis Summary

Background

The phenomenon of platelet hyper-aggregability, documented in several cardiovascular

disease states, is a factor that predisposes subjects towards pathological thrombotic events.

Moreover, decreased platelet responsiveness to exogenously donated nitric oxide, implying

reduced sensitivity to both nitric oxide donors and to endogenous sources of nitric oxide, with

the resultant failure to regulate platelet function, may also contribute to the pathological

complications associated with coronary artery disease (CAD).

The series of studies described herein were designed to firstly examine the phenomenon of

platelet hyper-aggregability and attenuated platelet responsiveness to donors of nitric oxide in

a series of patient cohorts. The first series of experiments was also designed to examine what

role superoxide plays within each phenomenon. In doing so a whole blood superoxide

detection method was established. Following on from these initial investigations, a study was

then undertaken to examine potential determinants of reduced platelet responsiveness to nitric

oxide. Finally, the thesis examined the anti-aggregatory and vasomotor effects of acute and

chronic nitrate pharmacotherapy in a cohort of subjects with mild to moderate stable angina

pectoris (SAP). As the final investigation was performed in a randomized fashion, an

examination of the effects of nitrate pharmacotherapy on the phenomenon of reduced platelet

responsiveness to nitric oxide was performed, along with an examination of the phenomenon

of nitrate tolerance development following chronic nitrate exposure. An examination of the

incidence of possible platelet h¡'per-aggregability upon acute nitrate withdrawal, as a means

of explaining the phenomenon of "rebound" ischaemia, was also performed.
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Studies æamining the phenomena of plarcla hyper-aggregøbi@ and hypo-
responsiveness to donors of nitric oxide; involvement of superoxide

Background

It has previously been demonstrated that platelets from patients with SAP are hyper-

aggregable to ADP and hypo-responsive to the anli-aggregatory effects of the nitric oxide

donors nitroglycerine and sodium nitroprusside. The mechanism/s behind platelet hyper-

aggregability towards ADP and hypo-responsiveness to nitric oxide can be viewed

simplistically as an imbalance between effects of those agents that govern platelet activation

and of those that inhibit platelet function. Superoxide, a known scavenger of nitric oxide,

may therefore play some part in both phenomena. The current study examined further the

phenomena of platelet hyper-aggregability towards ADP and hypo-responsiveness to donors

of nitric oxide in a series of samples from normal volunteers and patients with SAP or acute

coronary syndromes (ACS). The current study also examined the role of superoxide within

each phenomenon. In order to do this the current investigation was separated into three

distinct, but yet related studies.

Study #1

Platelets from patients with SAP or an ACS were demonstrated to be hyper-aggregable in

response to ADP and hypo-responsive to the anti-aggregatory effects of SNP or NTG.

Investigating the role of superoxide within the phenomenon of platelet hlper-aggregability,

the addition of superoxide dismutase (SOD)/catalase to a whole blood sample obtained from

either a SAP or ACS subject, significantly inhibited the extent of ADP-induced platelet

aggregation. Moreover, this effect was only observed in those samples obtained from patients

and not in samples from normal volunteers (NV), suggesting a role for superoxide in the

phenomenon of platelet hyper-aggregability.

Administration of SOD/catalase to whole blood samples was then demonstrated to have no

overall effect on the extent of platelet responsiveness to SNP, in samples from either patients

or NVs. However, when subjects were categorized according to history of angina (SAP/ACS

versus NV) a significant inverse relationship was observed between baseline SNP

responsiveness and the degree of change in SNP responsiveness post SOD/Catalase

administration, a relationship that was absent from the NV cohort. The relationship between

baseline SNP responsiveness and the extent of change in SNP responsiveness post
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administration of SOD/catalase was shown to be bidirectional within the angina pectoris

cohort. i.e. a restoration of platelet responsiveness to SNP was observed post SOD/catalase

administration in those subjects with a "poor" initial SNP responsiveness, with deterioration

in SNP responsiveness post SOD/catalase administration within those subjects with "good"

baseline SNP responsiveness. From these results it was concluded that superoxide plays a

critical role in not only subjects with an attenuated responsiveness to SNP, but also in those

patients with a normal SNP response.

Study #2

As initial observations suggested a role for superoxide in the regulation of platelet

aggregation in samples from patients, along with evidence of its involvement in the

phenomenon of platelet hypo-responsiveness to nitric oxide, a method of detecting and

quantifying the extent of whole blood superoxide was developed. Utilizing lucigenin-derived

chemiluminescence (LDCL) superoxide was detected prior to and post induction of platelet

aggregation in whole blood samples. Furthermore, the extent and rate of superoxide

generation post induction of platelet aggregation was shown to correlate with the extent of

platelet aggregation. A lag period between the induction of platelet aggregation and the

commencement of the aggregation-associated generation of superoxide, was also observed

and found to be a function of the concentration of platelet agonist used and the extent of

platelet aggregation detectable prior to the aggregation-associated increase in LDCL.

Study #3

In whole blood samples obtained from a series of subjects that included NVs and patients

with either SAP or ACS, the extent of baseline and aggregation-associated LDCL was found

to be significantly greater within the cohorts of ACS patients compared to that of SAP or

NVs. The extent of baseline or aggregation-associated LDCL was not related to the extent of

platelet aggregation and platelet responsiveness to nitric oxide across all the subject cohorts

examined. 
'When the extent of LDCL (baseline or aggregation-associated) was expressed

relative to platelet aggregationlSNP responsiveness, blood from ACS patients were shown to

release significantly greater amounts of superoxide per unit aggregation compared to their

SAP counterparts.
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Conclusions

Platelets from patients with SAP or ACS are hyper-aggregable to ADP (1pM) and hypo-

responsive to the anti-aggregatory effects of SNP (10pM) compared to normal volunteers.

Addition of SOD/catalase significantly inhibits the extent of platelet aggregation in whole

blood samples obtained from SAP and ACS patients, an effect that was observed in

patients only. The extent of inhibition of aggregation post superoxide scavenging was

demonstrated not to be a function of the extent of platelet aggregation, suggesting that

superoxide production stimulates platelet aggregation in all patients with acute/chronic

ischaemic heart disease, but is not necessarily a major determinant of the extent of

individual hy,per- aggregability.

o

a

a

Mean platelet responsiveness to SNP remained unaffected by the addition of

SOD/catalase across all subject cohorts examined. However, baseline platelet

responsiveness to SNP within those subjects with a history of angina pectoris was shown

to be inversely correlated with the degree of change in SNP responsiveness post

administration of SOD/catalase, a relationship that was absent from the NV cohort. These

results may imply a role for superoxide in the phenomenon of platelet hypo-

responsiveness to donors of nitric oxide.

Utilizing lucigenin-derived chemiluminescence, superoxide was detected in an

unstimulated whole blood sample. Induction of platelet aggregation initiated further

release of superoxide in a platelet aggregation dependent fashion.

The extent of baseline and aggregation-associated LDCL were found to be significantly

greater within ACS patients compared to those obtained from SAP and NVs, emphasizing

the potential for release of superoxide at the sites of vascular injury where platelet

aggregation plays an integral part in thrombus formation,

No significant relationship was found between the extent of platelet aggregation/platelet

responsiveness to SNP compared to either the extent of baseline or aggregation-

associated LDCL. These results suggest that the mechanism/s behind both phenomena are

o
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more complex than an excess superoxide scavenging available nitric oxide equals platelet

hl,per-aggregability andlor platelet hypo-responsiveness to donors of nitric oxide.

Studies exumining the determinants of platelet hypo-responsiveness to donors
of nitric oxide

Bøckground

Having confirmed that platelets from patients with SAP and ACS are h¡'po-responsive to the

anti-aggregatory effects of nitric oxide, the second study was designed to examine the

possible clinical determinants of platelet hypo-responsiveness to donors of nitric oxide in a

number of subject cohorts that included NVs, non-ischaemic patients (1.üP), SAP and ACS

patients.

Study

Platelets from patients with SAP or an ACS were demonstrated to be hyper-aggregable

towards ADP and hypo-responsive to the anti-aggregating effects of SNP compared to a

series of control subjects that included NVs and patients who were initially hospitalized for

unspecified chest pain but subsequently found to be free of CAD (NIP). When examining

differences in the extent of platelet aggregation across the subject cohorts, a gender-

dependent differential anti-aggregatory was observed between patients receiving/not

receiving aspirin. The extent of platelet responsiveness to SNP was related to the extent of

platelet aggregatíon but not found to be related to age or the number of coronary risk factors.

Utllizingunivariate and multivariate analysis, presence of ACS, as distinct from SAP or NVs,

was associated with significant attenuation of platelet responsiveness to nitric oxide.

Pharmacotherapy with either perhexiline or statins was associated with an improvement in

platelet responsiveness to nitric oxide, an effect that was absent with the use of various other

anti-anginal medications. Furthermore, platelet responsiveness to SNP within those subjects

with triple vessel disease reflected a response that was similar to that observed within the

ACS subject cohort. These results imply a link between the severity of ischaemia and the

extent of platelet responsiveness to donors of nitric oxide at least in the SAP population.
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a

Conclusions

By multivariate analysis, ACS was a determinant of significantly reduced responsiveness

to the anti-aggregatory effects of nitric oxide.

The extent of nitric oxide resistance was not correlated with any classical risk factors for

CAD, but rather improvement in responsiveness may be observed with the use of

perhexiline or statins.

A retrospective observation was made regarding a gender-dependent differential anti-

aggregatory effect between patients receiving/not receiving aspirin, with female patients

apparently hypo-responsive to aspirin.

o

Studies evaluating the anti-aggregutory snd arterial vasomotor efficts of
prophyluctic nitrate pharmøcotherapy

Background

Organic nitrates along with nitric oxide exert potent anti-aggregatory effects in vivo, effects

that have also been demonstrated at an ex vivo level, generally with the use of high dose

nitrate regimens. The current study was designed to investigate the anti-aggregatory effects of

two commonly utilized nitrate preparations, SR isosorbide 5-mononitrate (ISMN) and

transdermal-nitroglycerine (TD-NTG). Platelet responsiveness to nitric oxide donors and the

effects on platelet aggregability following acute nitrate withdrawal were also examined

during both acute and chronic nitrate exposure in a cohort of SAP patients.

Study

In a randomized crossover study of ISMN (120mg) versus TD-NTG (l5mgl24hrs), neither

nitrate regimen was shown to induce any significant change in platelet response to ADP,

NTG or SNP as measured ex vivo, or in the levels of superoxide as detected by LDCL.

Furthermore, there rù/as no evidence of platelet hyper-aggregability during the "nitrate-free"

periods. Utilizing applanation tonometry, both nitrate preparations were demonstrated to

markedly reduce the augmentation index AI(x) at 4 and 8-hrs post acute dosing, an effect that

persisted during chronic dosing but with evidence of partial tolerance development.
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a

Conclusions

Neither nitrate regimen examined in the current study was demonstrated to induce any

detectable change in platelet aggregation, probably reflecting a lack of sensitivity of the

technology used, rather than a lack of effect of each nitrate in vivo.

Neither nitrate regimen was demonstrated to alter ADP-induced platelet aggregation, nor

platelet responsiveness to either NTG or SNP, during chronic pharmacotherapy or nitrate-

free periods, providing evidence for safety of both nitrate regimens.

a

a Both nitrate regimens were demonstrated to induce similar effects on pulse wave

reflection, a process that is subject to attenuation during acute/chronic nitrate exposure,

but which does not exhibit the"zero-hour" phenomenon.
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Chapter 1: Overview

This chapter firstly describes the discovery, production and regulation of the potent platelet

anti-aggregatory agent, nitric oxide. The chapter then examines normal platelet function with

attention being given to the role of nitric oxide. This chapter will then discuss various

models/methods that are used to assess both platelet and endothelial function.

Having discussed a number of phenomena that surround normal vascular function, this

chapter will then examine various disturbances of endothelial/platelet function in relation to

ischaemic heart disease. Particular attention will be paid to the phenomenon of "endothelial

dysfunction" and pathological platelet aggregation. V/ithin this context this chapter will then

examine the utility limitations of nitrate pharmacotherapy, both at the vascular and platelet

level, with specific reference being given to the phenomena of both nitrate tolerance

induction and nitrate I nitnc oxide resi stance.

This chapter will then outline the rationale for undertaking a series of studies that involve

elucidation of potential mechanisms, determinants and clinical implications of platelet hyper-

aggregability, hypo-responsiveness to nitric oxide and nitrate tolerance induction in subjects

with acute and chronic ischaemic heart disease.
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Section A:

Normal Vascular Physiology-

Nitric Oxide

tA.ll Endotheliøl-derived relaxing føctor and nitric oxide

Îl.l.ll Discovery of EDRF

Furchgott and Zawadzki, were the first investigators to recognize that vascular relaxation

induced by acetylcholine was dependent on the presence of the vascular endothelium.

Exposure of muscarinic receptors on endothelial cells to acetylcholine stimulated the release

of a potent vasodilator initially termed endothelial-derived relaxing factor (EDRF) (Furchgott

andZawadzki, 1980).

[A.1.2] Identification of endothelíum deríved relaxing føctor as nítric oxide or a nitric

oxide compound

Following the identification and initial charactenzation of EDRF, it was observed that EDRF

and nitric oxide possessed similar biological and chemical properties, leading to the proposal

that EDRF was indeed nitric oxide. Utilizing porcine aortic endothelial cells Palmer et al

(1987), demonstrated that bradykinin, in a concentration-dependent fashion, stimulated the

release of nitric oxide in amounts sufficient to account for the relaxation attributed to EDRF.

These observations were also confirmed by Ignarro et al (1987a/b) and by Radomski et al

(1987b), who also demonstrated that nitric oxide functioned as a potent inhibitor of platelet

aggregation, similar to EDRF.

Despite the above evidence indicating that EDRF was nitric oxide, controversy over its

chemical identity still exists. Relaxation generated following EDRF addition to canine

coronary artery segments differed significantly between the proximal and distal arteries.

Contrasting this, nitric oxide evoked the same degree of relaxation irrespective of coronary

location (Hoeffner et al., 1989). By adding either nitric oxide or EDRF over a series of

smooth muscle preparations obtained from the vasculature, tracheal, gastrointestinal and

uterine, Shikano et al (1987), demonstrated a differential selectivity between the relaxant

effects of EDRF and nitric oxide. Moreover, studies utilizing cultured bovine aortic
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endothelial cells demonstrated that the amount of nitric oxide released under basal conditions,

or in response to either bradykinin or the calcium ionophore A23187, is insufficient to

account for the vasorelaxant activities of EDRF that is derived from the same source (Myers

et al., 1990). It was concluded that the biological efficacy of EDRF resembled that of S-

nitroso-Z-cysteine or other S-nitroso-thiols rather than that of nitric oxide (Myers et al.,

1990). Nitrosothiol physiology is discussed further in section 4.1.5.

[4.1.3] Reøctíviþ

Nitric oxide is a relatively stable radical that readily diffuses across cellular membranes to

interact with its intracellular target. Nitric oxide has a{ single electron within the 2p-n anti-

bonding orbital, but unlike other oxygen based radicals that either readily donate or accept

electrons to form stable adducts, nitric oxide can react specifically with transition metals such

as iron in heme-containing proteins (guanylate cyclase and haemoglobin) (Stamler et al.,

1992c; Wink et a1.,1996).

As nitric oxide has an unpaired electron it rapidly reacts with other radical species that

include the hydroxyl radical, nitrogen dioxide, alkyl, alkoxy and alkyl peroxide radicals

(Stamler et al., 1992c). Lately much research interest has been focused on the reaction of

nitric oxide with the oxygen free radical superoxide, resulting in the formation of

perox¡mitrite (Butler et al., 1995). Perox¡mitrite is a powerful oxidant that has been

implicated in a number of protein oxidation reactions including oxidation of sulfhydryl

groups (Loscalzo and'Welch,1995). Formation of peroxynitrite from the scavenging of nitric

oxide by superoxide has been suggested to serve as a central mechanism behind "endothelial

dysfunction," a phenomenon thought directly responsible for the initiation of various

cardiovascular risk factors. A discussion on the role of perox¡mitrite in the phenomenon of

endothelial dysfunction and its role in platelet hypersensitivity is covered within this chapter

(section C.3.2.3 and C.12.1.4 respectively). For a detailed review discussing the involvement

of peroxynitrite in various cardiac disease states see Ronson et al (1999).

[A. 1. 4] NitroxyUnitro sonium

Nitric oxide can also exist in redox isoform states of the nitrosonium cation (NO) and the

nitroxyl anion (NO), each of which has different biological roles/function. The oxidized form

of nitric oxide, the nitrosonium cation, is the key species in the process of nitrosation. A
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process in which the NO* group is often transferred to a sulphur or nitrogen atom through

intermediate carriers including ^S-nitrosothiols an N-nitrosamines (Hughes, 1999). One such

example of this nitrosation was postulated by Jía et al (1996), in which a cysteine located

within the B-subunit of S-nitroso-haemoglobin is nitrosylated in the lung.

The nitroxyl anion has been shown to be produced by nitric oxide synthase (NOS) itself

(Pufahl et al., 1995; Schmidt et al., 1996) along with being generated from azide by

peroxidase (Tatarko and Bumpus, 1997), by the decomposition of ,S-nitrosothiols in the

presence of thiols (Arnelle and Stamler, 1995), by the decomposition of peroxyritrite (Khan

et a1.,2000), despite evidence to the contrary (Martinez et a1.,2000; Merenyi et a1.,2000),

and by the reduction of nitric oxide by ferricytochrome c (Sharpe and Cooper, 1998). A few

research groups have demonstrated that the nitroxyl anion is a potent relaxant of vascular

smooth muscle preparations, that is accompanied by an increase in cGMP content (Fukuto e/

al., 1992; Li et al., 1999b), implying a potential transformation of the nitroxyl anion into

nitric oxide. Further to this Nelli e/ al (2000), have demonstrated that copper ions have the

ability to promote the rapid oxidation of nitroxyl to nitric oxide. In a series of parallel studies

utilizing Angeli's salt (a donator of nitroxyl anion) and ^S-nitroso-N-acetyl-D, L-penicillamine

(SNAP) that liberates nitric oxide in the presence of copper ions, Nelli et al (200I),

demonstrated an enhancement in rat aorta relaxation to both agents in the presence of copper

sulphate. However, this phenomenon was said to occur because of a reduction in the

destruction of nitric oxide by superoxide rather than an enhanced nitric oxide generation.

However, relaxation to Angeli's salt was blocked by proadifen, suggesting a role for

cytochrome Pqso.

[A. 1. 5] S-nitrosothíols

Nitric oxide as well as its redox isoforms, nitrosonium cation and the nitroxyl anion, or an

oxidized derivative NzO¡, react readily in the presence of oxygen with sulphydryl containing

proteins to form nitroso-thiol adducts. These include ,S-nitroso-N-acetyl-D, Z-penicillamine

(SNAP), S-nitroso-glutathione (GSNO) and S-nitroso-cysteine (SNC) (Butler et al., 1995).

Following on from the observations of Myers et al (1990), Stamler et al (1992a), determined

that concentrations of free nitric oxide in plasma \¡/ere significantly less than those of 
^1-

nitroso-thiols and that nitric oxide also circulates as an adduct of serum albumin and other

proteins. This discovery gave rise to the hypothesis that ,S-nitroso-thiols serve as the primary
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redox form of nitric oxide in plasma, such that it functions as a stable reservoir allowing

maintenance and delivery of nitric oxide to various tissues (Stamler et al.,l992b). For recent

reviews on the chemical properties, biological function and clinical potential of ,S-nitroso-

thiols see Gaston and Hogg (Gaston, 1999; Hogg, 2000).

tA.2l Biochemistry

[A.2.1] Synthesis of nítric oxide

Investigations further characterizing EDRF's function suggested that the amino acid L-

arginine was the substrate responsible for nitric oxide generation within vascular endothelial

cells (Palmer et al., 1988a; Palmer et al., 1988b). Generation of nitric oxide from porcine

aortic endothelial cells induced by bradykinin and the calcium ionophore 423187 was

increased when the endothelial cells were co-cultured with I-arginine. This enhancement of

nitric oxide production was absent when the endothelial cells were co-cultured with the

sterically inactive D-arginine, suggesting that L-arginine serves as the substrate for the

enz¡rme(s) catalyzing nitric oxide production. Studies using ttN-labell"d Z-arginine then

supported this hypothesis (Palmer et al., 1988a), with specific enzyme systems responsible

for nitric oxide production being identified soon after.

[A.2.2] Nítric Oxide Synthase

To date three isoforms of nitric oxide synthase (NOS) have been identified as being an

enzyme responsible lor catalyzing the conversion of L-aryinine to Z-citrulline, all of which

contain regions homologous to cytochrome P45¡ reductase (Bredt et al., 1991). These have

been designated Type I (neuronal; nNOS), type II (inducible; iNOS) and type III (endothelial

derived; eNOS) respectively (Forstermann et al., 1994). Distribution/localizatíon and factors

that influence the regulation of these NOS isoforms and hence nitric oxide formation are

discussed below.

All three NOS isoforms catalyze a fle-electron oxidation of one of two terminal guanidino

nitrogens of L-arginine to form the N'-Hydroxyl-Z-Arginine intermediate; further oxidation

results in the formation of Z-citrulline and nitric oxide. Multiple co-factors are required for

NOS function, including nicotinamide adenine dinucleotide phosphate (NADPH), flavine

adenine dinucleotide (FAD), flavin mononucleotide (FMN) iron protoporphyrin IX (heme),
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and tetrahydrobiopterin (BHa), with the flavins and biopterin being bound to all three

isoforms (Forstermann et al., 1994; Gross and Wolin, 1995; Lloyd-Jones and Bloch,1996).

NOS are composed of two distinct functional domains, which together provide the machinery

required for nitric oxide production. The C-terminal end contains the NADPHÆAD and

FMN fragments representing the reductase region of NOS, whilst the N-terminal region

represents the oxygenase domain and contains binding sites for heme, L-arginine and BHa

(Griffith and Stuehr, 1995).

Initial investigations describing the function of NOS determined that eNOS is activated when

calmodulin binds reversibly in response to elevated Ca2* lBusse and Mulsch, 1990; Mayer et

al., 1989; Mulsch et al., 1989). Abu-Soud and Stuehr (1993), whilst examining nNOS

function concluded that the calmodulin binding region acts as a hinge between the C-terminal

and N-terminal domains. Calmodulin binding aligns the oxygenase and reductase domains of

NOS and allows electron transfer from FMN to heme thereby facilitating electron transfer

that leads to nitric oxide formation.

iNOS induced in cytokine activated macrophages was also shown to readily transfer

NADPH-derived electrons onto heme via FMN due to its constitutively bound calmodulin

(Abu-Soud and Stuehr, 1993). This suggests that unlike nNOS and eNOS, the oxygenase and

reductase domains of iNOS are perrnanently aligned allowing constant flow of electrons from

NADPH to heme and thus explaining the high-output of nitric oxide from this isoform

(Alderton et a1.,2001; Griffith and Stuehr,1995).

[A.2.2.1] Co-føctors

As a regulatory mechanism controlling the generation of nitric oxide, the presence of the co-

factors heme, BH+ and the substrate L-arginine are required for successful monomer

dimerization. In the absence of heme, monomers of all three isoforms of NOS are unable to

bind BH+ and L-arginine and fail to catalyze the production of nitric oxide. Addition of BHa

to an assay mixture of nNOS was demonstrated to increase the affinity of the NOS isoform to

L-arginine. BH¿ and L-arginine were shown to stabilize the NOS dimer and prevent its

monomerization (Kotsonis e/ al., 2000).
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In the absence of or in low concentrations of the substrate L-arginine or co-factors such as

BH¿, NOS is capable of catalyzing the uncoupled reduction of molecular oxygen to produce

superoxide. Initially, porcine nNOS was shown to generate the ROS hydrogen peroxide in the

presence of low concentrations of Z-arginine (Heinzel et al., 1992). The observation of a

release of ROS from the NOS enzyme was then confirmed in nNOS transfected human

kidney cells, where superoxide was shown to combine with nitric oxide to form peroxynitrite

(Xia et al., 1996). Miller et al (1997), whilst examining the function of nNOS suggested that

superoxide generation originates both from the oxygenase and the reductase domains of the

enzyme in a C**lcalmodulin dependent mechanism, an observation that was later confirmed

by Vasquez-Yivar et al (1999). Depletion of cytosolic L-arginine in macrophages was also

demonstrated to trigger superoxide formation from iNOS (Xia and Zweier,1997).

Pre-incubation of iNOS with diphenyleneiodonium (DPI), a flavoprotein inhibitor, abolished

the superoxide signal generated in an L-arginine deficient system, suggesting that superoxide

generation occurs at the flavin binding site in the reductase domain in iNOS (Xia et al.,

1998a).

In contrast to nNOS and iNOS, superoxide generation from eNOS appears to be governed by

an alternative mechanism. Both Vasquez-Vivar et al (1998), and Xia et al (I998b),

demonstrated that eNOS generates superoxide upon activation in systems that are deficient in

BH+ rather than L-arginine. Pretreatment of eNOS with imidazole or cyanide which binds to

the heme region of NOS prevents superoxide generation, suggesting that superoxide derived

from eNOS originates from the oxygenase domain rather than the reductase domain of NOS

(Xia et al., 1998b). Reasons for these isoform specific differences in the regulation of

superoxide generation remain unclear.

Conversely BH¿ has been suggested to inhibit the genêration of superoxide from NOS by

stimulating the formation of a heme-peroxo species that facilitates the oxidation of Z-arginine

to generate N'-hydroxy-L-arginine (Vasquez-Vivar et al.,1999), but also has been suggested

to be a direct scavenger of superoxide (Kotsonis et a1.,2000; Vasquez-Vivar et a1.,1998;Xia

et al., 1998b). Xu, addressing the question of whether NOS catalyzes the synthesis of

superoxide suggested the direct interactions among NADPH, FAD, FMN, BH+ and

calmodulin were responsible for superoxide formation (Xu, 2000).
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What if any, physiological role superoxide has following generation from eNOS has been

addressed: - superoxide was shown to up-regulate the production of TNFc¿ in U937

transfected cells in a mechanism that is independent of nitric oxide that is formed from eNOS

(Wang et a|.,2000). Determination of whether this phenomenon occurs in vivo has yet to be

established.

tA.3l Vøscular and perivascular distribution of nitric oxide, nitric oxide

congeners ønd øgents øffecting nitric oxide's uction

[A.3.1] Nitric Oxíde Synthøse

[A.3.1.1] Endothelial nitric oxide synthase (eNOS)

Endothelial NOS was initially characterized as a membrane associated protein that was then

identified in cultured and native bovine aortic endothelial cells (Pollock et a1.,1991). It was

also initially isolated within a cytosolic fraction (Forstermann et al., 1991). Utllizing a

monoclonal antibody directed against eNOS, endothelial cells isolated from the macro/micro

vascular beds of both arterial and venous samples, were shown to contain eNOS, with the

enzyme being associated closely with the plasma membrane and membranes of cytoplasmic

vesicles (Pollock et aL.,1993).

[A.3. 1. 1. IJ Platelet eNOS

Radomski et al (1990), were the first to identify that platelets contain NOS which was

activated following induction of platelet aggregation. Collagen (0.01-3.0pg/ml) induced

platelet aggregation was potentiated following NOS inhibition by Àf-mono-methyl-Z-

arginine (¿-NAME) and inhibited by the NOS substrate L-arginine, confirming that platelets

themselves contained NOS, that when activated modulates platelet function. Identification of

platelet eNOS was subsequently confirmed by many groups (Chen and Mehta,1996; Mehta

etal.,1995; SaseandMichel, 1995; Wallerath etal.,1997) aswastheactivationofplatelet

eNOS following induction of platelet aggregation (Berkels et a|.,1997).

[A.3. 1. 1.2] eNOS Reguløtion

As endothelial nitric oxide is a physiologically significant vasodilator and inhibitor of platelet

aggregation, as well as having a multitude of other effects, the up and down-regulation of

eNOS has important consequences for vascular homeostasis. Studies initially chaructenzing
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eNOS from bovine aortic endothelial cells, showed a marked increase in eNOS protein

expression following exposure of the cultured endothelial cells to 24-hrs of shear stress

(Nishida et al., 1992). Shear stress induced eNOS expression in both and human aortic

endothelial cells was also demonstrated by Uematsv et al (1995), who illustrated an

accompanied enhancement in nitric oxide generation. Interestingly, activation of eNOS by

fluid shear stress has also been shown to occur by a mechanism that does not require an

intracellular increase in free Ca2*, previously assumed to be integral to enzyme system

activation (Fisslthaler et al., 2000).

TNF-o, present in atherosclerotic lesions (Barath et a1.,1990), was demonstrated to decrease

the extent of eNOS expression in human umbilical vein endothelial cells in a concentration

and time dependent fashion through increasing the rate of mRNA degradation (Yoshizumi e/

al., 1993). In contrast, transforming growth factor-B1 GGF-Þr), also present in human

atherosclerotic lesions (Nikol et a1.,1992), known to inhibit endothelial cell proliferation and

regeneration (Frater-Schroder et al., 1986), that can also be released from aggregating

platelets (Heimark et al., 1986), increases eNOS mRNA protein content and nitric oxide

generation in a concentration-dependent fashion (Inoue et a|.,1995).

Oxidized low-density lipoprotein (ox-LDL) regulates eNOS expression and hence nitric

oxide production by causing a time-dependent decrease in eNOS mRNA levels via post-

transcriptional mRNA degradation (Liao et a1.,1995). Contrasting this observation, Hirata et

al (1995), demonstrated that low concentrations of ox-LDL may up-regulate eNOS mRNA

and protein levels isolated from bovine aortic endothelial cells following 24-hrs of exposure.

The discrepancy between these two studies can be explained by the concentrations of ox-

LDL used, with large concentrations of ox-LDL (100 ¡tg/mL) being shown to decrease eNOS

mRNA levels at24-hrs (Hirata et a1.,1995).

[A.3.1.2] Inducíble nitríc oxìde synthase (LNOS) and neuronal nitríc oxide synthase

(nNoS)

A discussion on the distribution/regulation/function of both iNOS and nNOS falls outside the

scope of the current study. However, for a comprehensive review of the literature concerning

the functional significance of iNOS and or nNOS see the following reviews by Bredt (1999),
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Hecker et al (1999), Rao (2000), Taylor and Geller (2000), V/ang et al (1999), and Wort et al

(2001).

[A"3.2] Superoxide

In the vasculature, identification of the primary sources of ROS has recently shifted from

research centering on xanthine oxidase, to a specific membrane-associated enz¡rme system

(NAD(P)H oxidase) that catalyzes the one electron reduction of molecular oxygen to

superoxide using either NADPH or NADH as the electron donor as indicated in the chemical

reaction below.

Oz -F e- Ð Oz'-

2Oz+ NADPH + 2Oz- + NADP + H-

[A.3.2.1] Components of NAD(P)H oxídase

The most extensively examined NAD(P)H enzyme system has been that of the neutrophil,

where reactive oxygen species (ROS) stemming from superoxide, play a critical role in host

defense against microbial infection (Babior, 1999; Deleo and Quinn,1996; Hampton et al.,

1998). The core phagocyte NADPH oxidase eîzyme located within the membranes of the

secretory vesicles and specific granules, is a membrane-spanning flavocytochrome b556,

composed of a complex of two sub-units p22nho' and, gpglpho' Qthox: phagocyte oxidase)

(Babior, 1999; Jones et a\.,2000). The gpglph" contains the binding sites for heme, FAD and

NADPH, all necessary components required to facilitate electron transfer from NADPH to

molecular oxygen to form superoxide.

The neutrophil NADPH oxidase enzyme system also consists of three more sub-units,

p$Vho',p47pno' and.p6'7Pho' that exist as a complex in the cytosol at rest. Phosphorylation of

p47pno' or activation by arachidonic acid results in the migration of the cytosolic complex to

the plasma membrane whereupon it binds to the cytochrome bssa to form the active oxidase

(Ago et al., 1999). Cross et at (2000), determined that the p4Úho* functions to promote the

eîzyme activation by increasing the affinity of p4TPhox for the flavocytochrome b556.

Activation of the enzyme complex also requires the involvement of two guanine nucleotide

binding proteins (G-proteins), Rac 2 andRaplA. Genetic defects in any one of the major sub-
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units of the enzyme system results in a loss of enzyme function predisposing subjects to

severe microbial infection, a syndrome known as chronic granulomatous disease (Segal et al.,

2000). For a schematic representation of the assembled phagocyte NAD(P)H oxidase eîzyme

system see Figure 1.1.

[A. 3. 2. 2] D istribution and function of non-phagocyte NAD (P)H oxidase

Forms of NAD(P)H oxidase have now been identified in several non-phagocytic cell types

including fibroblasts (Meier et al.,1993; Pagano et al., L997), vascular smooth muscle cells

(Fukui et al.,1995; Gorlach et a1.,2000), and endothelial cells (Gorlach et al.,2000; Jones e/

al., 1996), suggesting an additional role for ROS generated from NAD(P)H apart from

microbial defense. The amount of ROS generated in the eîzyme systems of the above

mentioned cell types is significantly lower, with slower kinetics compared to that of the

burst-like production observed from activated neutrophils (Gorlach et al., 2000).

Explanations for the observed differences in levels and rates of ROS production have been

speculated to include different sub-units (Suh e/ al., 1999), reduced levels of expression

(Gorlach et a1.,2000) or different sub-unit locations (Bayraktutan et a1.,2000).

Following the notion of sub-unit differences between phagocyte and non-phagocyte

NAD(P)H oxidase enzyme systems, Suh e/ at (1999), identified a homologue of Epglnno',

mox-l that is present in VSMC's found in the colon, prostate and uterus of human subjects. It

is said that mox-l functions in VSMC's the same way gp9lpfr" functions in phagocytes,

though it preferentially utilizes NADH rather than NADPH as the substrate (Griendling et al.,

1994). Shiose et al (2001), described the cloning of human oDNA that encodes a novel

NAD(P)H oxidase which exhibits partial homology to the phagocyte Epglpnor. Designated

NOX 4, it contains the binding sites for heme, FAD and NAD(P)H required for superoxide

generation. However, unlike Epglnno*, NOX 4 expression is restricted to adult and fetal

kidneys, suggesting the existence of specific NAD(P)H oxidase with tissue specific functions

(Shiose et al., 2001). Further to this, a series of novel Epglpno* homologues have been

identified in non-phagocyte cells (Nox 1, Nox 3, Nox 5) (Lambeth et a1.,2000; Lassegue e/

al., 2001; Szocs et al., 2002). In a more recent investigation Sorescu et al (2002),

demonstrated that non-atherosclerotic and atherosclerotic human coronary arteries show clear

evidence of constant superoxide production throughout the intima, media and adventitia

tissue. Within an atherosclerotic specimen the most intense superoxide staining was observed
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within the shoulder region of a lesion with the level of expression of gpglPho' and p22nho"

correlating strongly with lesion severity. For a schematic representation of an assembled

NAD(P)H oxidase enzyme system located within a VSMC see Figure 1.1.

Phagocyte Vascular smootlt
muscle cell

o2-
Cy'tochrome br*

H+ 02
o2

NAD(P)H NAD(P)* NAD(P)H NAD(Pr

Fígure 1.1 Assembled phagocyte and non-phagocyte NAD(P)H oxídase enzyme systems

Structural components of neutrophil smooth m t) NAD(P)H
oxidase (Griendling et al., e cytosolic and p47h ted from the
cytosol to the membrane interact wi (gpgl"o' r neutrophil
NAD(P)H oxidase) to facílitate enzyme activation and the electron transfer from NAD(P)H to molecular oxygen to produce
superoxide. Nox (originally referred to as Mox and identiJìed by Suh et al., I 999) functions as a gpg lphox like sub-unit within
vascular smoolh muscle cells. This figure was adapted from (Griendling et al., 2000).

Normal Platelet Function: Role of Nitric Oxide

Platelet Physiology

tA. 4] Platelet Ultrø-structure

Platelets are small (0.5 - 1.0¡-rm thick, and 1.5 -2.5¡tm in diameter) discoid anuclear cells

formed from megakaryocytes by fragmentation within the bone marrow (Hourani and

Cusack, l99l).

Bundles of microtubules under the platelet surface membrane and an extensive network of

short actin filaments, maintain the discoid shape of a resting platelet. Rearrangement of these
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bundles of microtubules, short actin filaments and myosin is essential in the mechanism of

platelet shape change (section 4.7) (Blockmans et a1.,1995).

Platelets have a plasma membrane rich in glycoproteins that serve as anchors and

agonist/antagonist specific receptors (Hourani and Cusack, 1997). Numerous organelles are

dispersed within the platelet cytoplasm including mitochondria, lysosomes, peroxisomes and

glycogen particles. Depending on the level of platelet activation, the contents of two major

tl.pes ofsecretory granules are released.

[A.4.1] a-Granules

a-Granules, which are the most prominent in size and number, are rich in platelet activating

factor 4 (PAF-4), B-thromboglobulin, platelet derived growth factor (PDGF), fibrinogen,

fibronectin, thrombospondin, plasminogen activator inhibitor-I, P-selectin and von

V/illebrand factor (vWÐ (Blockmans et al., 1995; Hourani and Cusack, L99l), all of which

play a vital role in either platelet activation, aggregation and leukocyte recruitment.

cr-Granules also contain glycoprotein (GP) IIb/IIIa (Cramer et a|.,1990).

[A.4.2] Dense body grønules

Dense body granules contain C**, ADP and serotonin (5-HT), the latter two are weak

agonists that are released upon platelet activation, thereby promoting recruitment of more

platelets to a developing thrombus and affecting vascular tone (Hourani and Cusack, 1991).

Dense body granules have been shown to also contain adhesion molecules originally

localized within the cr-granules, including P-Selectin (Israels et al., 1992), GPIIb/IIIa and

GPIb-IX-V (Youssefian et al., 1997), suggesting an inter-relationship between the organelles.

Dense body granules also release Ca2*, which becomes sequestered to the dense tubular

system (DTS), upon platelet activation. The DTS is the equivalent of the smooth endoplasmic

reticulum of other cells and is the site where enzymes involved in prostaglandin synthesis are

located (Blockmans et a|.,1995) (see section 4.10.1). The DTS lies in close contact with the

channels of the Open Canalicular System (OCS), a network of channels leading from the

interior of the platelet to the outer surface membrane. Upon platelet activation granule

contents are released into the surrounding area through this OCS.
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The specific sequence of platelet adhesion, activation, shape change, aggregation and release

of the contents of the secretory granules that recruit more platelets to platelet aggregates,

occurs prior to the development of a potentially occlusive thrombus. Described in the

following selections are some of the pathways and mechanisms by which platelets form these

potentially occlusive thrombi.

tA.sl Plutelet Adhesion
'When 

a blood vessel is damaged exposing the sub-endothelial microfilaments to platelets, the

formation of a haemostatic plug occurs in order to minimize blood loss (Blockmans et al.,

1995). Platelet adhesion, the process that describes the phenomenon of platelet to non-platelet

attachment, occurs prior to platelet activation/aggregation/granule secretion and is mediated

by the interaction of the platelet surface membrane receptor complex GPIb-IX-V and the

insoluble von V/illebrand factor (vV/Ð (Gralnick et a1.,1996).

[A. 5. 1] GPIb/IX/V receptor complex

Glycoprotein Ib (GPIb) forms a complex with GPIX and GPV on the platelet outer surface

membrane, generating the principal receptor for the sub-endothelium vWf and therefore

facilitating the anchoring of platelets to the sites of vascular injury (Andrews et al., 1999b).

This GPIb-IX-V/vV/f interaction is said to only occur under flow conditions of high shear

stress such as that occurs in the regions of advanced atherosclerotic lesions (Clemetson , 1997;

Ikeda et al., l99l; Kroll et al., 1996). vWf binds to platelet GPIb with the resultant

interaction leading to protein kinase C activation, increases in intra-cellular Ca2* (see section

4.8) (Kroll et al., l99I), facilitating the release of stored ADP from the dense granules

(Moake et a1.,1988). At low shear, platelet adhesion to the endothelium occurs via alternative

integrin complexes that include GPIa-IIa, GPIV and GP VI all of which are readily expressed

on the outer platelet surface membrane ('Watson and Gibbins, 1998).

Along with binding vV/f within the N-terminal domain of GPIbo other regions, the GPIb-IX-

V receptor complex has the ability to bind to the potent platelet agonists a-thrombin

(Andrews et al., 1999b) and filamin (Clemetson, 1997). Subjects with the genetic disorder

Bernard-Soulier syndrome have a low or absent platelet surface expression GPIb-IX-V and

consequently have a reduced responsiveness to thrombin (Lopez et al., 1998). The exact

significance of these interactions remains to be determined, but may facilitate further



Chapter I 46

anchoring and platelet spreading, when GPIb-IX-V interacts with filamin (Clemetson, 1997)

and further platelet activation and recruitment of platelets to form platelet aggregates, when

GPIb-IX-V interacts with cr-thrombin (Andrews e/ al.,I999b).

[A.5.2] Von Willebrøndfactor (vWfl

Von V/illebrand factor (vWÐ is a large multimeric glycoprotein that is synthesized

exclusively in endothelial cells and megakaryocytes and is found in platelet u-granules,

plasma and the sub-endothelium (Blockmans et al., 1995; Weiss, 1991). Along with other

functions such as delivery of Factor VIII (Lip and Blann, 1997), vWf plays a critical role in

platelet adhesion to the sub-endothelium via its interaction with GPIb and platelet aggregate

formation post shape change of the GPIIb/IIIa receptor (see section 4.9.1) (Savage et al.,

reez).

[A.5.2.1] vWf ønd íschaemìc heørt dísease

Several studies to date have illustrated an association between v'Wf levels and the presence of

ischaemic heart disease (IHD) (Haines et al., 1983). In a number of prospective

investigations, high concentrations of vWf were demonstrated to be an independent risk

factor for subsequent re-infarctiorVdeath (Jansson et al., l99l; Thompson et al., 1995),

athero-thrombotic events (Cortellaro et al., 1992), or restenosis post percutaneous

transluminal coronary angioplasty (PTCA) (MontalescoL et a1.,1995), presumably reflecting

a level of platelet activation now known to play an integral part in these pathologies.

Abnormal levels of v'Wf have also been demonstrated to be associated with four of the major

risk factors for atherosclerosis. Specifically levels of vWf are significantly higher in patients

with hypertension (Blann and Waite, 1996), diabetes (Jager et al., 1999),

hypercholesterolaemia (Blann et al., 1999: Seligman et al.,2000) and in smokers (Blann e/

aL.,1997).

tA.6l Mechanisms of Platelet Activøtion

Following anchoring of platelets to the sub-endothelium, platelets are activated by a large

variety of pharmacological and physiological stimuli, which exert their effects through

specific platelet plasma membrane receptors.
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[A. 6. 1] Strong/Weak Agonists

The interaction of an agonist and its specific receptor, some of which are described below,

causes a rapid rise in intracellular C**, diacylglycerol (DAG) and inositol 1,4,5-

trisphosphate (IP3) formation (see section 4.8). Platelet shape change, GPIIb/IIIa receptor

exposure, formation of platelet aggregates and granule secretion results. Some platelet

agonists, e,g. thrombin and collagen, induce all of the above responses and therefore have

been denoted as "strong" agonists (Holmsen, 1989). Horvever, ADP and 5-HT stimulate

shape change and platelet aggregate formation, without the liberation of the contents of the

secretory granules. These are denoted as "weak" agonists. Acting syrergistically with the

constituents of the dense granules and a-granules (ADP, 5-HT, prostaglandins and

thromboxanes liberated from arachidonate), high concentrations of weak agonists produce

platelet responses similar to those observed with strong agonists (Holmsen, 1989). The

interaction of platelet agonists with their specific receptors is described in the following

sections.

[A.6.2] Thromhín Receptor

The serine protease thrombin is a powerful platelet agonist that readily induces platelet shape

change, release of granule contents and activation of GPIIb/IIIa to facilitate the formation of

platelet aggregates. Thrombin mobilizes P-selectin and the CD-40 ligand to the platelet outer

membrane whereupon the ligands serve as an attachment point for leukocytes (Henn et al.,

1ee8).

Thrombin signaling on cellular surfaces is mediated through the G-protein coupled protease-

activated receptor (PAR) (Coughlin, 1999). Of the four PARS that have been identified,

PAR1 and PAR4 have been localized on human blood platelets (Kahn et al., 1998). In a

series of experiments evaluating the roles of PAR1 and PAR4 in thrombin induced platelet

aggregation, monoclonal antibodies directed against PAR1 blocked platelet activation at low

concentrations but not high concentrations. In contrast, antibodies directed against PAR4

were demonstrated to have no effect on platelet activation by thrombin, suggesting that PAR1

mediates platelet activation at low concentrations and PAR4 at high concentrations (Kahn er

al., 1999). PAR4 has also been demonstrated to be activated by the neutrophil granule

protease cathepsin G (Sambrano et a|.,2000), suggesting a mechanism by which platelets and

neutrophils interact at the sites of vascular injury or in the peripheral circulation.
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PARI and PAR4 have been demonstrated to have distinct molecular signaling characteristics.

Activation of PAR1 triggers a rapid rise in intra-platel et C** , whereas activation of PAR4

triggers a significantly prolonged release of Ci* (Shapiro et al., 2000), implying a

mechanism by which thrombin can specify the tempo of platelet activation.

Thrombin, recognizes a specific region (Arg4l-Ser 42 lor PARI) in the amino-terminal

domain of the receptor (Coughlin, 2000). Thrombin cleaves the sequence at this site

unmasking a new amino terminus beginning with the sequence SFLLRN. This then functions

as a tethered ligand that docks with the body of the receptor initiating the trans-membrane

signaling via G-protein dependent processes (Vu et al., 1991). Furman et al (1998b),

demonstrated that the tethered ligand causes platelet surface expression of P-selectin

(reflecting o-granule secretion), activation of the GPIIb/IIIa receptor complex and binding of

fibrinogen to the complex forming platelet aggregates. Thrombin has also been shown to

cleave PAR4 at ARG-47lGly-48 resulting in the production of a GYPGQV tethered ligand

that binds to the PAR4 receptor (Xu et a1.,1998).

[A. 6. 3] Adenosíne di-phosphate receptor

Despite evidence for quite sometime that ADP activates platelets (Born, 1962; Gaarder et al.,

196l), the precise molecular mechanisms behind this activation remained obscure. ADP

induces anumber of platelet intra-cellular events, including arupid Ca2* influx (Sage et al.,

1989; Sage et al., 1990), mobilization of intra-cellular Ca2* stores (Hallam and Rink, 1985)

and inhibition of adenylate cyclase (Hall and Hourani, 1994), the biochemistry of which will

be explained below.

Initial experiments attempting to identify the ADP receptor suggested that ADP works via

more than one receptor. The thienopyridines, ticlopidine and clopidogrel, have been shown to

be specific ADP receptor antagonists (see section C.15). However, these compounds were

shown not to block ADP-induced shape change or intra-cellular Ca2* mobilization (Gachet et

al., 1995).Initial experiments on platelets from patients with a poor responsiveness to ADP

Q.{urden et al., 1995), led to the proposal of a two-receptor model (Gachet et al., 1997;

Hourani and Hall, 1994) of ADP-induced aggregation. A model that has now been updated

too a three receptor model (Daniel et a1.,1998).
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Cellular receptors through which extra-cellular purine nucleotides elicit a physiological

response have been classified as P2 receptors and are divided into two functional subtypes.

P2X receptors are ligand-gated ion-channels and P2Y receptors are G-protein coupled

receptors (Fredholm et al., 1994). Within human platelets, theP2X1, P2Yr and now the P2Yn

have been identified (Barnard and Simon, 2001), all having a role in initiating the signal

transduction required for ADP-induced platelet aggregation. Initially Mackenzie et al (1996),

identified aP2Xt receptor in human platelets that mediates a rapid influx of C** upon ADP

binding.

Daniel et al (1998), and Jin et al (1998), have provided evidence for the existence of two

separate G-protein coupled ADP receptors, one linked to the inhibition of adenylyl cyclase,

originally designated P2T¡c or P21 but now known asP2Yn, and another receptor that is

coupled to the direct activation of phospholipase C (P2Y1). The P2Yr receptor alone has been

demonstrated to mediate ADP-induced platelet shape change. However, signaling events

from both the P2Yr and the PZYz have also been demonstrated to be essential for ADP-

induced platelet aggregation (Jin and Kunapuli, 1998). More recently Goto et al (2002),

investigating the functional significance of the P2Y n receptor, demonstrated that it was

involved in mediating platelet activation following exposure of platelets to conditions of

shear with the binding of vWF to GPIbo. A schematic representation of the platelet ADP

receptors is shown in Figure 1.2 and has been reviewed recently by a number of investigators

(Hoylaerts et a1.,2000; Cattaneo and Gachet,200l; Gachet, 2001).
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Figure 1.2 Proposed model of the pløtelet ADP receptor mediated aggregatíon

Three purinergic receptors on the platelet surface conlribute separately to the complex process of ADP-induced platelet
aggregation. The P2X1 receptor is responsibleþr rapid influx of Ca2* into the plalelet cytosol. The P2Y1 receptor is thought
to be responsiblefor the mobilization of calciumfrom internal slores requiredfor aggregation. The P2Y72 is the site at which
the thienopyridines function to inhibit platelet aggregation.

[A.6.4] Thromboxøne A2 Receptors

As described in sectionC.l3.2, and shown in Figure 1.7, platelets have the ability to convert

arachidonic acid to the potent platelet agonists prostaglandin Gz (PGGz), prostaglandin H2

(PGH2) and thromboxane Az GxA¿), which amplify signals from such platelet activators as

thrombin, collagen, ADP, and PAF (FitzGerald, 1991).

Analogues of TxA2 and PGHz have indistinguishable effects on platelets and vascular tissue,

suggesting a common receptor. Despite the suggestion of the existence of separate platelet

endoperoxidase and TxA¿ receptors (Carmo et a1.,1985), most research has centered on the

identi fic ation/characte r tzation o f the TxA2Æ GH2 receptor.

Studies utilizing TxA¿/PGH2 agonists and antagonists, and the assessment of their rank-order

of potency, indicated that there arc at least two tissue specific classes of TxA.2/PGHz

receptors in both platelets and vascular smooth muscle cells. Saussy et al (1986), utilizing a

competitive TxAzlPGH2 antagonist was one of the first to localize the TxAz/PGH2 receptor in
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human platelet membrane. Brass et al (1987), demonstrated that the TxA¿ receptor is linked

via a G-protein to phospholipase C (PL-C). Utilizing a monoclonal antibody that recognizes

Go, Shenker et al (1991), demonstrated that pretreatment of platelet membranes with this

antibody caused a marked inhibition of TxA2 receptor stimulated GTPase activity,

reconfirming the results of Brass et al (1987).

Studies utilizing the radiolabelled TxAz analogue 12sI BOP, provided further evidence for the

existence of two separate classes of TxA.2 receptors in platelets, by demonstrating sites with

both low and high afninity for this ligand (Dorn, 1989). Takahara et al (1990), utilizing a

novel TxAz/PGH2 receptor antagonist (GR32191), discovered the existence of two separate

receptor systems that mediated separate effects. Dissociation of [3H] GR32191 from human

platelets demonstrated two separate binding sites, one that was rapidly dissociated, and a site

that was bound irreversibly. The site at which ¡3U1 CR:2191 was shown to bind irreversibly

controlled phospholipase activation and hence platelet aggregation. However, platelet shape

change and Ci* mobilization remained unaffected. These results were then further delineated

by Dorn and DeJesus, who demonstrated that platelet shape change and aggregation were

independently coupled to separate TxAz/PGH2 receptor subtypes (Dorn and DeJesus, 1991).

Two isoforms of the human TxA¿ receptor have been identified, one from the placenta (TPo)

and the other identified originally in the endothelium (TPB), both of which have been

detected in human platelets utilizing polymerase chain reaction (PCR) (Hirata et al., 1996).

These two isoforms have been shown to have the same agonist-induced activation of PL-C

but distinct effects on adenylyl cyclase activity. TPcr was shown to activate adenylyl cyclase

whilst TPB inhibited its formation (Hirata et al., 1996). Habib et al (1999), utilizing isoform

specific monoclonal antibodies, found that TPB protein could not be detected, suggesting that

TPB was expressed at very low levels in human platelets with the TPcr, being the predominant

TxAz receptor. Upon agonist induced activation the Goo and other G-proteins (Grr) (Kinsella

et al 1997) and (G"r¡) (Djellas et al 1999) that is dissociated from the TxA2 receptors, is

required to initiate phosphorylation of PLC or platelet shape change.

As a counter-regulatory mechanism against uncontrolled platelet activation, most platelet

agonists induce cAMP activation, which inhibits platelet activation/aggregation. It has been

demonstrated that oAMP induces protein kinase A-dependent phosphorylation of the Ga13
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protein both in vitro and in vivo (Manganello et al., 1999). Thus this provides a counter-

regulatory mechanism to platelet activation/aggregation through inhibition of the TxA.2

mediated second messenger signaling system.

[A. 6.4. 1] Clinicsl significønce

Dorn et al (1990), observed that patients with an acute myocardial infarction (MI) have an

increased number of platelet TxAz/PGH2 receptors compared to control subjects without a

history of IHD. These patients also exhibited an increase in the maximal velocity of U446I9

(a TxA2 mimetic) induced platelet aggregation, the magnitude of which positively correlated

with the platelet TxAz/PGH2 receptor numbers. Transient elevations in excretion of TxB2

(stable metabolite of TxA2) have been observed in patients with ischaemic heart disease

(IHD) and in patients following thrombolysis (Fitzgerald et al., 1988; Fitzgerald et al.,1986;

Kerins et a1.,1989). However, the most convincing evidence for the functional importance of

TxA2 in the pathogenesis of ACS is provided by the observation that aspirin, an inhibitor of

TxA¿ÆGHz formation and hence an inhibitor of platelet aggregation, shows a benefit in both

unstable angina pectoris (UAP) (The RISC Group, 1990) and acute MI patients (ISIS-2,

1988). See also section C.13 for a further discussion on aspirin's primary and secondary

event protection prop erties.

[4.6. 5] Other Receptors

A number of other pro-aggregants including adrenaline, collagen, serotonin and platelet-

activating factor (PAF) act independently or synergistically with other platelet agonists to

illicit platelet activation. For a series of reviews summarizing their involvement in the

phenomenon of platelet activation/aggregation see the following reviews by Alberio and Dale

(1999), Blockmans et al (1995), Hourani and Cusack (1991), Moroi and Jung (1997), Siess

(1 989),'Watson and Gibbins (1 998).

tA.7l Platelet Shøpe Change

One of the first responses of platelets to stimuli is a rapid change of shape from a flat smooth

ellipsoid form to a spherical form containing pseudopods that project out of the platelet

membrane surface to give a "spiny sphere" configuration (Holmsen, 1989). A number of

intra-platelet biochemical steps are required prior to the rearangement of the microtubular
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bundles and short actin filaments that govern platelet shape change. Below is a discussion

summarizing some of these processes.

[A.8] Biochemistry of Platelet Activøtion ønd Aggregation

Platelet activation is a complex process with many signal-transducing and effector

mechanisms being involved. Following binding of an agonist to a cell membrane bound

receptor, platelets become activated through a series of intracellular second messenger

systems whose actions are governed by a number of heterotrimeric guanine nucleotide

binding regulatory proteins (G-proteins). To date it is known that platelets have three

functionally distinct G-proteins, with many different sub-types for each functional class. Gp

couples are thought to stimulate phosphoinositide-specific phospholipase C, whereas Gs and

G¡ couples are thought to activate and inhibit adenylyl cyclase, respectively (Brass et al.,

1993). Each of these G-proteins comprise a-Þ-y sub-units in which the cr-sub-unit forms the

guanine nucleotide binding site, with the py portions helping to anchor the G-protein to the

cellular membrane (Kroll and Schafer, 1989). The B-y G-protein sub-units also mediate the

activation of phospholipase A¿ and the ion gated channels within a platelet. Upon receptor

binding, a Gpo-GTP sub-unit dissociates from the heterotrimeric sub-unit and activates the

phosphoinositide-signaling pathway common to many cellular systems (Kroll and Schafer,

1989). A schematic representation of the platelet phosphoinositide-signaling pathway is

shown in Figure 1.3.

[A. 8. 1 ] B íochemical Pløtelet Activøtion

Two intracellular biochemical pathways play a central role in platelet activation by most but

not all agonists. The c¿-GTP sub-unit activates PL-C which catalyses the breakdown of

phosphotidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol I,4,5-

trisphosphate (IP¡) (Blockmans et al., 1995; Kroll and Schafer, 1989; Siess, 1989).

Rittenhouse (1983), reconfirming the results of Billah et al (1980), was able to demonstrate in

human platelets and in the presence of Ct*, thaT PL-C was the enzyme responsible for the

hydrolysis of PIP2. Products of PIP2, DAG and IP3, then take divergent pathways affecting

platelet activation.

DAG activates Protein Kinase C (PKC) and promotes its translocation from the cytoplasm to

the platelet membrane. IP3 binds to a specific IP¡ receptor on the dense tubular system



Chapter I 54

promoting mobilization of stored Ct* and, influx of external Ca2*, raising the cytosolic free

calcium concentration through the platelet ion channels. IP3 was demonstrated to dose

dependently induce the rapid release of stored Ca2* 1O'Rourke et at., 1985). Fast release of

Ca2* from Ca2* stores in platelets occurs post agonist stimulation but is also followed by a

pafüal back Ca2* sequestration and extrusion from the platelets via a Na*/Ca2* exchanger

(Valant and Haynes, 1993) or plasma membrane Ca2*-ATPase (Rosado and Sage, 2000).

Calcium mobilization resulting from its release then leads to the activation of phospholipase

Az.

Billah et al (7980) and Rittenhouse-Simmons (1981) were the first to demonstrate PLAz

activity within platelets. Platelets were then discovered to contain multiple isoforms of PLAz,

which vary in their specific activity for different phospholipid substrates (Chang et a\.,1987).

PLA2 hydrolyses phosphatidylcholine and phoshatidylethanolamine with the consequent

liberation of arachidonic acid (AA). This is then converted by cyclo-oxygenase to the

prostaglandin cyclic endoperoxides, PGGz and PGH2. Thromboxane s¡mthase then rapidly

converts PGH2 to TxAz. For a schematic representation of the biochemical pathways

involved in platelet activation see Figure 1.3.



Chapter I 55

Thrombin

I
Gp- linked receptor

I

Gq- linked receptor

TxA,

I

t
Phospholipase C

l, ooo
PIP, <- .-; 

IPr

-------) PKC

Ca2* release

GPIIb/IIIa
expression

I
Phospholipase A,

Cell membrane Prostanoid biosynthesis

I
Further platelet

Fibrinogen binding
& aggregation

acttvatlon TxB,

Fígure 1.3 Agonìst índuced platelet activatìon

Via agonist specific platelet receptors, activation of phospholipase C results in the production of DAG and IPjfrom PIP2.
DAG activates protein kinase C that phosphorylates intra-platelet proteins resulting in granule secretion and expression of
GPII\/IIIa. IP j induces the release of Ca2* from the dense lubular system that activates phospholipase A2. Phospholipase ,i2
cleaves arachidonic acidfrom the cell surface membrane phospholipids to generate thromboxane A2 through the actions of
cyclo-oxygenase and liporygenase. DAG, diacylglycerol; PIP2, Phosphotidylinosítol 4,S-bisphosphate; IPj, Inositol 1,4,5-
trisphosphate; TxA2, Thromboxane A 2. This figure was adapted from (Body, I 996).

tA.g] Platelet Aggregation

Platelet aggregation is the process by which activated platelets adhere to each other, an event

that is mediated by binding of adhesive proteins such as fibrinogen and vV/t to the platelet

glycoprotein IIb/IIIa (GPIIb/IIIa) receptor.

[A. 9. 1 ] Glycoproteín IIb/IIIø (GPIIb/IIIa)

The platelet integrin c¿rmÞ¡ (GPIIb/IIIa) consists of a two-chain c sub-unit bound non-

covalently to a single-chain p sub-unit, with each sub-unit spanning the platelet membrane

(Shattil et al., 1998). Initial studies utilizing monoclonal antibodies that block platelet

aggregation by preventing a platelet-fibrinogen interaction indicated that there were

approximately 40 000 to 80 000 GPIIb/IIIa receptors per platelet (Coller et a1.,1983; V/agner
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et al., 1996). Platelet ultra-structural studies further revealed the presence of a pool of

GPIIb/IIIa within the a-granule, the membranes of the open canicular system (Cramer et al.,

1990) and the dense granule membranes of platelets (Youssefian et al.,1997). Upon exposure

to platelet agonists these pools of GPIIb IIIIa are translocated to the platelet outer surface

membrane where they bind ligands that include fibrinogen, fibrin (formed from thrombin

cleavage of fibrinogen (Parise, 1999)), vV/f and others, resulting in platelet cross-linking and

the initial formation of platelet aggregates (Coller, 1995).

[A.9. 2] Recognition S equences

Several extra-cellular binding domains for various plasma adhesive proteins within the

GPIIb/IIIa receptor have been charactenzed with much clinical interest being focused on one

binding domain in particular (see section C.l4).

[A.9. s] Arg-Gty-Asp (RGD)

Haverstick et al (1985), investigating the role of the cell-binding domain of fibronectin in the

interactions of fibronectin with platelets, found that small peptides containing the arginine-

glycine-aspartic acid (RGD) sequence completely inhibited thrombin induced platelet

aggregation. Peptides containing this RGD sequence were also shown to be effective at

inhibiting adhesion of platelets on fibrinogen and vWf substrates. Utilizing monoclonal

antibodies that were previously shown to immunoprecipitate both GPIIb and GPIIIa (Coller

et al., 1983), Plow et al (1985), inhibited the binding of fibrinogen, fibronectin, v'Wf and

thrombospondin to platelets by > 85o/o, suggesting a related mechanism of binding of these

adhesive proteins to activated platelets.

A tetrapeptide analogue of the cell attachment site for fibronectin (Arg-Gly-Asp-Ser) was

shown to inhibit platelet aggregation induced by ADP, collagen or thrombin (Gartner and

Bennett, 1985). These peptides were then demonstrated to prevent fibrinogen binding to ADP

stimulated platelets further suggesting commonality in the platelet-binding site of various

adhesive proteins. These initial studies implied that platelets have a receptor capable of

recognizing the RGD sequence found in various adhesive proteins. This hypothesis was then

confirmed by Pytela et al (1986), who demonstrated that platelet GPIIb/IIIa was responsible

for the recognition of the RGD sequence found in fibrinogen, fibronectin, and vitronectin.
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Parker and Gralnick (1986) then demonstrated that the platelet GPIIb/IIIa receptor complex

was also the major binding site for vWf released from an activated platelet.

As these initial studies into the mechanisms behind platelet aggregation found that peptides

containing the RGD sequence were potent inhibitors of platelet aggregation (irrespective of

the agonist used to induce platelet activation) several RGD containing synthetic peptides have

been developed for potential clinical use (see section C.14).

tA.10] Mechønism of Platelet Inhibition

Activation of platelets is counter-regulated by biochemical processes that attenuate or prevent

agonist-induced platelet activation/aggregation. These processes are mostly governed by the

actions of cyclic AMP and cyclic GMP, both of which are induced by various prostanoids

and nitric oxide/metabolites respectively.

[A.10.1] Prostønoids

Of all the prostanoids that can be derived from arachidonic acid through the actions of

cycloxygenase, only three products, prostaglandin 12 (PGI2), prostaglandin D2 (PGD2) and

prostaglandin Er (PGE1) demonstrate potent anti-aggregatory effects on platelets, with much

of the research interest focusing on the former.

[A. 1 0. 1. 1] Prostøcyclin (PGI)

PGI2 (prostacyclin) is one of the most potent endogenous inhibitors of platelet aggregation

and therefore is a critically important regulator of platelet function. PGIz is thirty times more

active than PGEr and 10 times more active than PGD2 at inhibiting the extent of platelet

aggregation (Whittle et a1.,1985). As described in section C.13.2, PGIz is synthesized from

arachidonic acid and is primarily derived from the vascular endothelium and released in

response to stimulation by bradykinin, thrombin, histamine, ATP and TxA2 (Body, 1996).

Much of prostacyclin's effect on platelets was originally described in the 1970's. Moncada et

al (1976), were the first to describe that blood vessel microsomes from pig or rabbit aorta

contain an er:zyme that transforms PG endoperoxide to an unstable product that relaxes some

blood vessels and prevents platelet aggregation. Arachidonic acid injected into the ear vein of

rabbits, resulted in sudden death and was partly due to the formation of occlusive thrombi in
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the microvascular bed of the lung. PGIz infused intravenously, reduced the mortality of

rabbits given AA (l.5mg/kg) (Bayer et al., 1979). Similar anti-thrombotic and ex vivo anti-

aggregatory effects of PGIz were then reconfirmed in other models of thrombus formation

(IJbatuba et a1.,1979). The efficacy of PGI2 in preventing coronary artery (circumflex or left

anterior descending) occlusion was shown to correlate with the degree of ex vivo inhibition of

ADP-induced platelet aggregation (platelet-rich plasma samples) (Aiken et al.,1979).

The direct clinical utility of PGIz is limited. PGI2 is chemically and metabolically unstable,

being rapidly metabolized in vivo to the pharmacologically inactive 6-keto-PDG1o (Oliva and

Nicosia, 1987). Given PGIz has been shown to be a powerful anti-platelet agent, several

analogues of PGIz have been s¡mthesized including cicaprost, iloprost and carbacyclin

(Armstrong, 1996), with iloprost demonstrating a significant anti-aggregatory effect in

subj ects with hypercholesterolaemia (Oliva et al., I 989).

[A. 1 0. l. 2] Cyclic adenosine 3' 5' -monophosphøte (cAMP)

The inhibitory effect of PGI2, PGEI and PGDz on platelets \¡/as shown to be correlated with

an activation of the adenylate cyclase system leading to a rise in intra-platelet cAMP

(Gorman et a1.,1977; Tateson et a1.,1977; Whittle et a1.,1985).

PGIz/PGEr, PGDz as described above, exert their anti-platelet effects by binding to a Gs-

protein linked receptor that is coupled to adenylyl cyclase. Adenylyl cyclase then catalyzes

the conversion of ATP to oAMP, which in tum activates cAMP-dependent protein kinases

(Body, 1996;' Kroll and Schafer, 1989).

oAMP itself decreases thrombin binding to platelets (Lerea et al., 1987) and inhibits PLC

mediated DAG and IP3 formation, integral to platelet activation (Knight and Scrutton, 1984).

Pre-incubation of platelets with PGDz or PGEr with the resultant stimulation of adenylyl

cyclase and cAMP formation, inhibits the subsequent Ca2* response generated following

exposure of platelets to a number of agonists (Feinstein et al., 1983; Zavoico and Feinstein,

1984). cAMP dependent protein kinases phosphorylate the vasodilator-stimulated

phosphoprotein (VASP) in a mechanism of action that is shared with the cGMP dependent

pathway of inhibition of platelet aggregation. Phosphorylated VASP then promotes Ca2*

retention in a mechanism that is not well understood (Body, 1996).
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Evidence exists suggesting that inhibition of platelet aggregation via the cAMP dependent

pathway may also involve a Caz* independent pathway. Originally proposed by Pannocchia

and Hardisty and developed further by Manganello et al (1999), cAMP was demonstrated to

phosphorylate the TxA2 receptor effectively preventing further platelet activation

(Pannocchia and Hardisty, 1985).

A fundamental difference between the actions of prostacyclin and another anti-platelet agent

nitric oxide, is that prostacyclin acts only to inhibit already activated platelets and therefore

has no effect on platelet adhesion (Body, 1996). This mechanism of action is in contrast to

nitric oxide, which inhibits both adhesion and aggregation of activated platelets.

[A.11] Nitric oxide

Numerous studies to date have demonstrated that platelet aggregation is significantly

inhibited by the actions of nitric oxide. In a series of elegant studies performed by Radomski

and Moncada, endogenous nitric oxide, released from porcine endothelium following

treatment with bradykinin, inhibited human platelet aggregation (Radomski et al., 1987c;

Radomski et al., 1987d). Nitric oxide was then shown to be a potent inhibitor of platelet

adhesion under flow conditions (de Graaf et al., 1992), with nitric oxide released from

activated platelets serving to inhibit further recruitment of platelets to a growing thrombus

(Freedman et a1.,1997). Many other studies to date have also demonstrated considerable anti-

platelet effects of nitric oxide (Gries et a1.,1998; Korbut et a1.,1995; Langford et a1.,1996;

Michelson et al.,1996b; Nong et a1.,1997;Yao et al.,1992; Yoshimoto et al.,1999).

Given that the biological effectiveness of organic nitrates is mediated principally via nitric

oxide (Geiger et al., 1992) (see section D.1.3), an understanding of its mechanism of action

within a platelet is essential.

[4.11.1] Mechanism

Nitric oxide binds to the heme iron complex of soluble guanylate cyclase resulting in a

deformation of the porphyrin ring (Ignarro et al.,1999). This change in conformational shape

results in increased enzyme activity that intem catalyzes the formation of cyclic guanosine 3',

5'-monophosphate (cGMP) from guanosine triphosphate. Confirmation that the anti-platelet
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properties of nitric oxide are mediated primarily via a guanylate cyclase/cGMP dependent

process, came from a study in which the guanylate cyclase inhibitor IH-|t,2,4] oxodiazolo

[4,3-a] quinaxalin-l (ODQ) was demonstrated to attenuate the anti-aggregatory action of

nitric oxide (Moro et al., 1996). It was also noted that ODQ did not affect the action of

prostacyclin or that of a cGMP mimetic, implying a cGMP dependent mechanism was

primarily responsible for the inhibition of platelet aggregation by nitric oxide (Moro et al.,

1996).

oGMP in turn increases the activity of cGMP-protein kinases (cGMP-PK). Along with having

a number of effects that include an interaction with phosphoinositide 3-kinase and the

thromboxane receptor (see 4.12), cGMP-PK phosphorylate the vasodilator-stimulated

phosphoprotein (VASP) (Butt et al.,1994; Wang et a1.,1998).

As described in the above sections, platelet activation results from phospholipase C

activation, production of DAG and IP3 eliciting the release of C** from intracellular stores.

This then induces phospholipase Az production, protein kinase C activation promoting

granule secretion and fibrinogen receptor expression. Nitric oxide stimulation of cGMP-PK

inhibits agonist induced production of both DAG and IP3 along with enhancing sequestration

of Ct* within the intracellular stores, thereby effectively inhibiting platelet activation (Body,

1996).In a more recent study examining the effects of nitric oxide on platelets, Trepakova e/

al (1999), demonstrated that nitric oxide inhibits platelet cation influx indirectly, by

promoting sarcoplasmic/endoplasmic reticulum Ca2* ATPase dependent refilling of the Ca2+

stores. Other effects of oGMP also include the inhibition of cAMP phosphodiesterase

activity, thereby increasing the amount of available oAMP (Maurice and Haslam, 1990).

In an interesting investigation examining the intravascular significance of the nitric

oxide/cGMP-PK signaling pathway in vivo, Massberg et al (1999), utilizing cGMP-PK-

deficient mice, demonstrated that platelet cGMP-PK but not endothelial or smooth muscle

cGMP-PK, was essential to prevent intravascular adhesion and aggregation of platelets after

ischaemia. Results obtained by Massberg et al (1999) and Horstrup et al (1994), led to the

postulation that oGMP-PK dependent phosphorylation of VASP was essential to prevent

platelet activation. However, deletion of the VASP gene was demonstrated not to significantly

alter mice platelet function, but rather to inhibit the release of Ca2* from IP3 sensitive stores

in both wild type and VASP-deficient platelets (Aszodi et al., 1999; Hauser et al., 1999).
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These results therefore suggested that one of the major mechanisms by which cGMP-PK

functions may be via limiting the releas e of C** from IP3 sensitive stores.

Wang et al (1998), investigating the role of nitric oxide in preventing TxA2 stimulation of

platelets, demonstrated that cGMP, via oGMP-PK, prevents TxAz receptors from coupling to

and activating their cognate G proteins via phosphorylation at an unidentified region of the

receptor. In vivo phosphorylation of TxA2 receptors by oGMP-PK was observed when using

"P-labeled platelets that were exposed to 8-Br-cGMP, further indicating that the TxAz

receptor itself serves as a substrate for oGMP-PK (Wang et al., 1998). For a schematic

diagram delineating the pathway of nitric oxide's function in platelets see Figure 1.4.
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Figure 1.4 Biochemical mechønísm of platelet inhibitíon by nitric oxìde and/or
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[A.11.1.1J cGMP independent effects of nítric oxíde

Initially thought to function solely via a cGMP dependent mechanism, it is now known that

nitric oxide may inhibit platelet function via mechanisms that are independent of oGMP. A

number of examples in endothelial cells, myocytes, and neutrophils, have shown nitric oxide

functioning independently of oGMP (Heller et al., 1999b; Sandirasegarane and Diamond,

1999; 'Ward et a1.,2000). However, at a platelet level only a few studies have demonstrated a

cGMP independent anti-aggregatory effect of nitric oxide. Brune and Lapetina, whilst

investigating the anti-aggregatory properties of sodium nitroprusside (SNP), found that SNP

increased ADP-ribosylation of a 34kDa protein, independent of its effects on guanylate

cyclase and the production of cGMP (Brune and Lapetina, 1989). Pawloski et al (7998),

utilizing ,S-nitroso-haemoglobin demonstrated that both cell-free and intra-erythrocytic S-

nitroso-haemoglobin inhibited platelet aggregation, an effect that was dependent on the

oxidation state of the heme within the hemoglobin and independent of intra-platelet cGMP.

Mafünez et al (2001), investigating the role of matrix metaloproteinase-2 (MMP-2) in

platelet activation/adhesion demonstrated a synergistic inhibition of platelet adhesion to

fibrinogen when phenanthroline (MMP-2 inhibitor) and SNAP were added to a platelet

suspension prior to thrombin administration. This inhibition of platelet function was

independent of cGMP with no enhanced platelet cGMP generation being detected.

Potential mechanism/s behind cGMP-independent inhibition of platelet function by nitric

oxide are unknown at present. However, Boulos et al (2000) whilst investigating the effects

of peroxynitrite (generated from the interaction of nitric oxide and superoxide) on platelet

function, demonstrated that it readily diffuses into the platelet cytosol and inhibits

arachidonic acid-induced platelet aggregation by direct nitration of the COX tyrosine

residues.

[A.12] Effects of S-nitrosothiols on plateletfunction

As outlined briefly in section 4.1.5, ^S-nitrosothiols are stable nitric oxide derivatives of

thiols, which have been shown to mimic some of the biological properties of authentic nitric

oxide (Gruetter et al., 1980; Ignarro and Gruetter, 1980). In the presence of copper ions, 
^S-

nitrosothiols rapidly release nitric oxide with the concomitant oxidation of the remaining thiol

to its corresponding disulfrde ('Williams, 1996). Utilizing ,S-nitroso derivatives of N-acetyl

penicillamine, cysteine, and B-D{hioglucose, Mellion et al (1983), demonstrated a
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concentration dependent inhibition of platelet aggregation that was also accompanied by a

marked increase in intra-platelet cGMP levels. Moreover, the addition of methemoglobin, a

scavenger of nitric oxide, pafüal|y reversed the anti-aggregatory effects, attenuated the

accumulation of cGMP, and inhibited the activation of guanylate cyclase by S-nitrosothiols

(Mellion et a1.,1983).

Howard et al (1998), examining the transport of Z-arginine across human platelets

determined that platelets contain an ,S-nitroso-glutathione/glutathione disulphide/Cu2*

dependent regulatory mechanism for successful uptake of L-arginine. L-arginine transport

into platelets remained unaffected by either authentic nitric oxide or nitrosonium cation, but

was almost 4.7-foldgreater with the combination of ,S-nitroso-glutathione plus Cu2*.

More recently Tsikas et al (1999), whilst examining the effect of ,S-nitroso-cysteine (SNC) on

human platelet aggregation and oGMP formation, demonstrated that SNC potently inhibited

both collagen and arachidonic acid-induced platelet aggregation. The addition of ODQ was

demonstrated to inhibit SNC-induced formation of cGMP but not to reverse the inhibition of

collagen or AA-induced aggregation, implying SNC might function by cGMP-independent

mechanisms.

Plateletll eukocyte Interactions

[A. 1 3] Platelet/leukocyte attachment and signijicance

Several in vivo studies have demonstrated that leukocytes and platelets co-localize at sites of

hemorrhage and within atherosclerotic lesions (Marcus, 1994; Ross, 1999). This interaction is

said to occur via platelet P-selectin and P-selectin glycoprotein ligand-l (PSGL-l) on

leukocytes under static and shear conditions (Rinder et al.,l99la; Rinder et a1.,1991b). This

initial tethering is then followed by firm adhesion that is dependent on the leukocyte integrin,

Mac-l (Diacovo et al., 1996; Evangelista et al., 1996). Utilizing an in vitro flow model,

Sheikh and Nash demonstrated that unstimulated neutrophils rolled steadily over a surface

that was coated with platelets. Upon neutrophil stimulation with fMLP, neutrophils

underwent a concentration dependent transition from rolling to stationary attachment that was

itself blocked if the setup was perfused with antibody against CD18/CD1lb (Mac-1) (Sheikh

and Nash, 1996).



Chapter I 64

Simon et al (2000), in a novel series of experiments identified a direct interaction between the

leukocyte integrin Mac-l and platelet GPIbcr. Neutrophil adhesion to platelets was inhibited

by monoclonal antibodies to Mac-l and GPIba, along with demonstrating decreased basal

and agonist-stimulated leukocyte-platelet aggregates in blood samples from patients with

Bemard-Soulier syndrome compared with normal control subjects.

The physiologic importance of a platelet-leukocyte interaction has received considerable

attention because of the pro-inflammatory consequences of such an interaction. The binding

of platelets to leukocytes influences a number of key cellular responses, such as neutrophil

activation, upregulation of cell adhesion molecules, integrin activation, chemokine activation

and a respiratory burst that is responsible for production of various ROS (Ott et al., 1996;

V/eyrich et al., 1996; V/eyrich et al., 1995). However, the impact of leukocytes on platelet-

mediated functions remains controversial with a number of in vitro studies demonstrating a

potentiation (Del Maschio et al., 1990; Faraday et a1.,2001; Pratico et al., 1993; Selak et al.,

1988) or an inhibition of platelet activity/activation (Nagata et al., 1993; Salvemini et al.,

1989a; Schattner et aL.,1994; Valles et al.,1993).

Platelet/Endothelium Interactions

[A. 14] Platelet/endothelium üttuchment ünd signijicance

As described in section 4.5, one of the first events following blood vessel injury is adhesion

of platelets to the areas denuded of endothelium via attachment of platelet surface membrane

receptor complexes with a number of proteins that include vWf, ñbronectin, fibrinogen and

thrombospondin. Apart from their critical role in haemostasis and thrombus development,

platelets through their direct interaction with the endothelium are involved in various

inflammatory mechanisms said to result in atherogenesis development.

Gawaz et al (2000), examining the platelet endothelium interaction demonstrated that

thrombin activated platelets induce the secretion of monocyte chemotatic protein-1 (MCP-1)

and increase the expression of ICAM-I in cultured endothelial cells via an IL-l dependent

mechanism. Only IL-l and not various platelet-derived products such as PF4, PGFB and

PDGF were demonstrated to have significant effects on MCP-I or ICAM-I generation in

endothelial cells. These observation were also reconfirmed even with a transient interaction

of thrombin activated platelets with endothelial cells (10-20 minutes) (Dickfeld et al.,200Ia),
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further emphasizing the importance of limiting the interaction of platelets with the

endothelium in an atherogenesis setting.

Section B:

Assessment of Platelet and Endothelial Function

[8. 1 ] Mo dels for evalu atio n of pløt elet functio n

[8. 1. l] Platelet activøtion/øggregatíon techniques

Platelets play an integral role in both haemostasis and thrombus and as such, methods that

accurately measure platelet function have been developed for both research and clinical use.

[8. 1. 1. 1 ] Optical (turbido metric) platelet øggregometry

Born, in 1962, whilst investigating the induction of platelet aggregation by adenosine,

described a method of assessment of platelet function that involved examining the changes in

light transmittance through a platelet-rich plasma sample (Born, 1962). Briefly, platelet rich

plasma (PRP) samples are stirred in a cuvette at 37oC between a light source and a photocell

within aî aggregometer. Upon the addition of a platelet agonist, platelets aggregate and the

transmission of light increases. From its inception, this method of assessment of platelet

function has been utilized extensively. However, there is now evidence to suggest that this

optical turbidometric method of analysis of platelet function is insensitive to pre-existing

micro-aggregates or insensitive to the development of micro-aggregates post agonist

administration (reviewed by Harrison, 2000). A new aggregometer has been developed that

utilizes a combination of laser light scattering and aggregometry to effectively monitor the

formation of platelet micro-aggregates (Ozaki et aL.,1994).

[8. 1, 1. 2] Impedance platelet aggregometry

Given that the traditional method of assessment of platelet function via the optical

turbidometric method involves utilizing PRP or a washed platelet preparation, contributions

from other blood constituents that may affect platelet function are absent. Therefore Cardinal

and Flower, developed an aggregometer that quantifies platelet function within a whole blood
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sample via changes in electrical impedance (Cardinal and Flower, 1980). Briefly, whole

blood is stirred at 37oC between two platinum wire electrodes set at a fixed distance (Mackie

et al., 1984). Platelets when exposed to an agonist aggregate around these electrodes

increasing the electrical impedance. In a comparative study Mascelli et al (7997),

demonstrated that during and after 12-hrs of GPIIb/IIIa receptor antagonist treatment, the

extent of inhibition of aggregation utilizing both the impedance and turbidimetric platelet

aggregometry were correlated with the amount of GPIIb/IIIa receptor blockade, a relationship

however that was lost for the turbidimetric platelet aggregometry at 36-hrs post GPIIb/IIIa

receptor antagonist administration. Like the turbidimetric method of assessment of platelet

function, impedance platelet aggregometry is also suspected to be insensitive to pre-existing

micro-aggregates or insensitive to the development of micro-aggregates post agonist

administration (Harrison, 2000). Despite these limitations whole blood impedance

aggregometry still remains a popular and reliable method for assessment of platelet function

(Elwood etal., 1990; Chirkov etal., 1993; Diodati eta1.,1995/1998)andassuchservesas

the method of assessment of platelet function used throughout the experimental sections of

this thesis.

[8.1.1.3] The røpid platelet function øssay (RPFA)

The rapid platelet function assay (RPFA) provides a simple and rapid means of monitoring

the efficacy of GPIIb/IIIa receptor antagonist pharmacotherapy and is based on the principle

that fibrinogen-coated beads agglutinate in whole blood in proportion to the number of

GPIIb/IIIa receptors (Frelinger and Hillman, 1998; Harrison, 2000). A citrated whole blood

sample is added to a cartridge that contains fibrinogen-coated beads and a platelet agonist.

Platelet activation/aggregation coÍrmences resulting in fibrinogen binding to exposed

GPIIb/IIIa receptors not already blocked by the receptor antagonist being examined.

[8.1.1.4] The cone ønd pløte(let) analyzer (CPA)

As the classical methods of assessment of platelet aggregation (turbidimetric and impedance

aggegometry) do not mimic totally all the physiological processes that occur in vivo (i.e.

platelet adhesion) a number of other techniques that evaluate platelet function have been

developed. The cone and plate(let) analyzer is a system that examines the level of platelet

adhesion to an extracellular matrix under shear induced flow conditions and is dependent

upon the presence of GPIb, vWf and GPIIb/IIIa (Kenet et a1.,1998; Varon et al.,1997;Yaron
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et al., 1998). The analyzer consists of a cone and plate device in which a whole blood sample

(150-250¡-rl) is subjected to artenal flow conditions for a period of 2 minutes. An image

analyzer monitors platelet adhesion/aggregation upon the extracellular matrix. In an

examination comparing the effectiveness of monitoring GPIIb/IIIa receptor blockade, Osende

et al (2001), demonstrated that the CPA was better correlated with the percentage of free

GPIIb/IIIa receptors than was RPFA or platelet aggregometry.

[8. 1. 1. 5] Other methods

A number of other devices that assess platelet function by either shear induced platelet

activation such as the PFA-100 or the high shear filterometer or instruments that examine the

global haemostasis (the clot signature analyzer (CSA) and the thrombotic status analyzer),

have also been developed over recent years (see Harrison et a1.,2000 for a summary). Of the

aforementioned devices, the PFA-100 has been extensively used. It functions by exposing

whole blood samples to high shear within a capillary. It then monitors the drop in flow rate as

the platelets within the whole blood sample form a haemostatic plug within an aperture of a

membrane that is coated with collagen and either ADP or adrenaline. The test has been

particularly useful in evaluating platelet function in patients with von V/illebrand disease

(Favaloro et a1.,200I; Harrison,2000), and may also examine the contribution of systemic

inflammation on platelet function (Homoncik et a1.,2000). The test has also been used to

examine the effectiveness of GPII/IIa pharmacotherapy during PTCA (Madan et a1.,200I),

despite several limitations being raised when using it to assess platelet function in subjects

with congestive heart failure (Serebruany et a|.,2001).

[8.1.2] Measures of pløtelet activøtion

A number of biochemical tests have now been developed to measure the degree of platelet

activation in vivo.

[8. 1. 2. 1] Actívøtion markers

One method of assessing in vivo platelet activation is to measure platelet specific release

products with examples including PAF-4 (Jafn et al., 1993) and B+hromboglobulin (Hughes

et al., 1982; Kjeldsen et al., 1987; Rossi et al., 1998), that are released from platelet ø-

granules upon platelet activation/aggregation (Blockmans et al., 1995). Other platelet

activation assays have quantified the extent of the stable metabolites of thromboxane Bz in
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either plasma or urine (de Boer et al., 1982; FitzGerald et al., 1983; Nidorf et al., 1989;

Zahavi et al., 1989). More recently the use of soluble P-selectin as a marker of platelet

activation has also been performed by a number of investigators. P-selectin is an a-granule

membrane protein that is translocated to the platelet membrane surface upon platelet

activation and are cleaved by specific enzymes to produce a soluble platelet activation marker

that can be quantified (Blockmans et a1.,1995; Michelson et al.,1996a).

Utilizing flow cytometric analysis, a number of platelet specific, cell surface activation

markers have also been utilized to determine a level of in vivo platelet activation. Such

activation markers include P-selectin (Holmes et al., 2001 Ritchie et al., 2000), CD63

(Chakhtoura et al., 2000; Hagberg and Lyberg, 2000), and CD40L (Hermann et al., 2001;

Lee et al., 1999). It is also now possible to assess activation dependent changes in the

conformation of the GPIIb/IIIa receptor complex using PAC-I (Moshfegh et a1.,2000; Rossi

et a|.,2001) and LIBS (ligand-induced binding sites) (Dickfeld et a|.,2001b). Other methods

also include binding of secreted proteins such as thrombospondin (Griesshammer et al.,

1999) and exposure of phosphatidyl serine (factor Va and VIIIa binding, annexin V) (Furman

et a1.,2000; Nomura et a1.,2000; Poley and Mempel, 2001).

tB.2] Assessment of endothelial function
Endothelial dysfunction as described in section C.2 is associated with a number of disease

states that include atherosclerosis, hypertension and diabetes. The assessment of endothelial

function has developed into an important diagnostic and research tool. A number of invasive

and non-invasive techniques for the assessment of endothelial function have evolved over the

past fifteen years, some of which are described below.

[8.2. 1] Intra-coronøry studies

Infusion of acetylcholine into the coronary circulation as pioneered by Ludmer et al (1986),

has served as the "gold standard" for examination of coronary endothelial function.

Traditionally the coronary artery diameter is measured using quantitative angiography before

and after intra-coronary administration of acetylcholine. In arteries with preserved endothelial

function, acetylcholine infusion stimulates the release of nitric oxide resulting in

vasodilatation. However, in subjects with atherosclerosis, as described in section C.2, a

paradoxical vasoconstrictor effect results, the phenomenon of which is now said to be an



Chapter I 69

early manifestation of endothelial dysfunction (Zelher et al., 1991). This technique has now

provided insight into potential risk factors for endothelial dysfunction in coronary arteries

(Yita et al., 1990), and in predicting long-term atherosclerotic disease progression and

cardiovascular event rates (Schachinger et a1.,2000; Suwaidi et a|.,2000).

[8. 2. 2] Impedønce plethysmogrøphy

Venous occlusion pletþsmography is a widely used technique for the semi-invasive

assessment of limb blood flow and hence seryes as a tool for the assessment of endothelial

function. This technique uses infusion of acetylcholine or methacholine (Bruning et al.,1996)

to assess endothelium-dependent endothelial function, usually in the brachial artery and

determines the increase in blood flow in the forearm following short-term occlusion. A

mercury in-silastic strain gauge is placed at the upper third of the forearm. Venous occlusion

is then achieved by a blood pressure cuff applied proximal to the elbow (Lind et a1.,2000).

Decreased changes in blood flow post venous occlusion have been shown to be related to the

extent of coronary atherosclerosis (Andercoî et al., 1995b) along with the occurrence of

various cardiovascular risk factors such as hypertension, hypercholesterolaemia, aging, male

sex, diabetes mellitus and smoking (Celermaj er et al., 1994; Celermajer et a1.,1993; Clarkson

et a1.,1996; Gilligan et a1.,1994; Taddei et al.,1993; Zelher et a1.,1995). In a more recent

study, a direct comparison between the increase in blood flow induced by infusion of

methacholine and the degree of flow-mediated dilatation as measured by brachial ultrasound

(below) was performed. A significant correlation was observed between both methods

regarding the degree of endothelium-independent vasodilatation evoked by the nitric oxide

donor SNP. However, no correlation was found between the two methods regarding the

evaluation of endothelium-independent vasodilatation (Lind et a1.,2000), casting doubt as to

what both techniques were actually measuring.

[8.2. 3] Brachial ultrøsound

Celermajer et al (1992), whilst investigating potential determinants of endothelial

dysfunction was one of the first to described a non-invasive way of assessing the extent of

flow mediated dilatation within the brachial or femoral artery. The technique is based on the

principle that increases in blood flow, and thereby shear stress, induces an increase in nitric

oxide release causing vasodilatation. Upper-arm occlusion for 5 minutes results in a reactive
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hyperemia after the pressure cuff is released with a resultant increase in shear stress that

causes flow mediated dilatation (Anderson, 1999). Anderson et al (1995b), described a

correlation between brachial artery flow mediated dilatation and the coronary artery response

to acetylcholine administration. Numerous research groups are now using this technique for

assessment of endothelial function in a variety of disease states and pharmacological

interventions (Clarkson et a1.,2001; Dogra et a1.,200I; Gokce et al., 1999; Hamabe et al.,

2001), with the potential for it to be used as a screening test for CAD (Schroeder et a1.,1999).

[8.2.4] Pulse wøve analysis

Pulse wave analysis employs applanation tonometry to record peripheral pressure waveforms

(brachiallcarotid), from which the augmentation index AI(x), central pressure waveform in

systole, ejection duration, the timing of wave reflection and heart rate can all measured. The

AI(x) is the ratio of the augmentation pressure (difference in pressure between the early and

late systolic shoulders) and the pulse pressure expressed as a percentage and is a measure of

the systemic arterial stiffrress and wave reflection (V/ilkinson et al.,1998a; Wilkinson et al.,

2000). Arterial stiffness is known to increase with age (O'Rourke et a1.,2001), hypertension

and is also enhanced in subjects with diabetes mellitus (Lehmann et ql., 1992),

atherosclerosis (Wada et a1.,1994), and end stage renal disease (London et a1.,1990), and as

such is becoming more widely accepted as a means of quantifying endothelial function.

Further to this, V/ilkinson et al (2002), recently demonstrated a significant linear relationship

between the extent of vascular responsiveness to albuterol and the change in forearm blood

flow during acetylcholine infusion as measured by venous occlusion pletþsmography of the

brachial artery.
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Section C:

Disturbances of Endothelial/Platelet Function;
Relationship to Ischaemic Heart Disease

tC.ll Normal endothelial function
The vascular endothelium is a one cell thick lining of the vessel wall that plays an integral

role in vascular homeostasis through the release of a number of growth factors, vasoactive,

thromboregulatory and signal transduction molecules. In addition to its vasodilatory

properties, a healthy endothelium is anti-atherogenic due to its anti-platelet, and anti

leukocyte properties. This localized vascular control depends on a balance between

vasodilators (nitric oxide and prostacyclin), and vasoconstrictors such as angiotensin II and

endothelin (Anderson, 1999).

Acetylcholine, bradykinin and substance P, along with increases in blood flow, elicit the

endothelium dependent dilation of both large and small vessels (Crossman et al., 1989;

Drexler et a1.,1989; Groves et a1.,1995). Vallance et al (1989), utilizing Z-Àf-monomethyl-

L-arginine (¿-NMMA) in human subjects, was the first to present evidence demonstrating a

continuous release of endothelium derived nitric oxide that influences the degree of blood

flow implying that the vasculature remains in a partial dilated state. As described in section

4.11, nitric oxide is anti{hrombotic through its potent anti-aggregatory and anti-adhesive

properties. It also has potent anti-inflammatory properties (Libby, 1995; Ross, 1999).

Disturbances in the endothelial mediated production of nitric oxide is thought to be the

initiating event in atherosclerosis development and is important in the pathophysiological

manifestations of the disease process as well.

tC. 2] Endothelial dysfunction

Endothelial damageldysfunction resulting from a mechanical or biochemical stimulus, is now

thought to result from an imbalance between vasodilator/vasoconstrictor factors, between

anti-and pro-coagulant mediators, and/or growth promoting and inhibiting factors (Raitakari

and Celermajer, 2000). Endothelial dysfunction, a term often used to denote an impairment of

endothelium-dependent vasodilatation, is now thought to be an important component of the
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pathogenesis of atherosclerosis, myocardial ischaemia and heart failure (Anderson, 1999;

Ross, 1993). Ludmer et al (1986) observed that while acetylcholine infusion readily produces

vasodilatation in normal coronary artery segments, it induced a paradoxical vasoconstrictive

response in segments with varying degrees of atherosclerosis. This observation of a

paradoxical vasoconstriction (or attenuation of vasodilator response) has been observed in a

multitude of other conditions that include diabetes mellitus, hypercholesterolaemia, smoking,

hypertension, heart failure and others (Kato et al., 1997; Quy¡rmi et al., 1992a; Zelher et al.,

1ee1).

[C.2.IJ Association with coronary risk

Endothelial dysfunction may precede the clinical evidence of atherogenesis. Confirming

results obtained by Zelher et al (1991), Reddy et al (1994), observed an impaired endothelial-

dependent vasodilatation in patients with hypercholesterolaemia but without intra-vascular

ultrasound defined evidence of atherosclerosis. Healtþ young adults with a family history of

premature CAD were found to have an impaired endothelium-dependent dilatation in the

brachial circulation, even in the absence of other cardiovascular risk factors (Celermajer et

al.,1992; Clarkson et a1.,1997). By multivariate analysis, serum cholesterol, male gender, a

positive family history, age and total number of coronary risk factors were found to be

independent predictors of a reduced coronary acetylcholine responsiveness in subjects with

angiographically defined normal coronary arteries (Yita et al., 1990).In a more recent study

examining the brachial artery endothelial function of patients undergoing bypass surgery,

Gokce et al (2002), demonstrated that age, renal insufficiency and a lower brachial artery

flow-mediated dilation were independent predictors of a major event within 30 days post

surgery.

tc.3l Mechanism/s of endothelial dysfunction

Potential mechanisms responsible for endothelial dysfunction can be simplistically viewed as

those that involve an increased vasoconstrictor function andlor those that relate to a reduced

vasodilator influence (Cooke, 2000), with much of the recent research behind endothelial

dysfunction being focused on the latter. Of the causes of a reduced vasodilator influence, a

dysfunction within the NOS pathway has been the most extensively studied.
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tC.3.I] Reduced sensitivity to nítríc oxide

The idea of a reduced sensitivity towards nitric oxide as an explanation behind the

phenomenon of endothelial dysfunction can also be viewed as attenuation (resistance) of its

effectiveness. Evidence demonstrating a resistance towards nitric oxide at the vascular and

platelet level will be discussed in detail later in this chapter (section E).

[C.3.2] Reduced synthesis of nítric oxide

Evidence exists for and against a reduced synthesis of nitric oxide serving as the candidate

for the mechanism behind endothelial dysfunction. Whether this reduction results from a lack

of sub-units required for successful production by NOS (see section C.3.2.1) or results from a

direct inhibition of the enzyme system, many studies have been performed addressing this

potential mechanism.

[C.3.2.1] Attenuøted L-ørginine transportatíon or reduced NOS sub-unít availability

The lipid component of ox-LDL lysophosphatidylcholine has been demonstrated to inhibit Z-

arginine transport in bovine endothelial cells (Kikuta et a|.,1998). These results added weight

to the findings of Jay et al (7997), who demonstrated a marked attenuation of an agonist-

stimulated release of nitric oxide following exposure of human endothelial cells or vascular

smooth muscle cells to ox-LDL. Further evidence of a possible impairment in Z-arginine

transportation, serving as the mechanism behind endothelial dysfunction, comes from an

investigation by Kaye et al (2000), in which subjects with congestive heart failure were

shown to have a significantly reduced clearance of [3H] L-arginine compared to control

subjects. This attenuated clearance of ltiHl t-arginine in the heart failure subjects was shown

to be associated with a significant reduction in the expression of the cationic amino acid

transporter CAT- 1, partly responsible for Z-arginine transportation.

[C.3.2.2] Inhibition of NOS by asymmetricøl dimethyl-L-ørginíne (ADMA)

Asymmetric dimethyl-arginine (ADMA) and N-monomethyl-arginine (NMA), synthesized in

many cells including vascular endothelial cells, are endogenous competitive inhibitors of

NOS, with the former being the predominant plasma species (Cooke, 2000). Yallance et al

(l992alb) and subsequently others demonstrated that endogenous ADMA antagonized

endothelium dependent vasodilatation (Calver et al., 1993). Plasma levels of ADMA were
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found to be elevated in patients with chronic renal failure, a condition associated with

accelerated atherogenesis (Vallan ce et al., 1992a).

Following on from these observations, plasma levels of ADMA were found to be elevated in

subjects with pre-eclampsia (Fickling et a|.,1993), congestive heart failure (Feng et al.,1998;

Usui et al., 1998), hypertension (Matsuoka et al., 1997; Surdacki et al., 1999) and

hypercholesterolaemia (Boger et al., 1998), all risk factors or disease states previously

demonstrated to be associated with endothelial dysfunction. Plasma levels of ADMA have

been demonstrated to be acutely elevated following ingestion of a high fat meal in patients

with NIDDM" This increase in ADMA was demonstrated to occur in association with an

acute reduction in the vasodilator response of the brachial artery (Fard et al., 2000). As

ADMA is a competitive inhibitor of L-arginine induced activation of NOS, a more

appropriate approach may be ADMA:arginine ratios.

Given ADMA is elevated in many disorders associated with atherosclerosis, it has been

speculated to represent the pathway by which endothelial dysfunction occurs. The exact

mechanisms by which this may result, remain unclear. Pre-incubation of endothelial cells

with ADMA has been demonstrated to increase the adhesiveness of the endothelial cells to a

monocytoid cell line (Boger et a|.,2000), the binding of which is required for atherosclerosis

initiation. Moreover, in haemodialysis dependent end-stage renal failure patients, plasma

ADMA was a significant factor in predicting overall mortality and cardiovascular events

(Zoccali et a1.,2001).

[C.3.2.3] Reduced half lift of nitric oxide

Acute and chronic oxidative stress to the vascular endothelium is said to be a serious

causative factor of vascular endothelial dysfunction by accelerated inactivation by ROS

(Harrison, 1997). The reaction of superoxide and nitric oxide occurs at a rate of

6.7x10emol/L-1s-1 and is faster than the reaction between superoxide and superoxide

dismutase (Thomson et al., 1995). Given that atherosclerosis, cigarette smoking,

hypertension, hypercholesterolaemia, diabetes mellitus and heart failure are associated with

both elevated levels of ROS and a depressed endothelial function, several research groups

have examined the above hypothesis (Bauersachs et a1.,1999; Bouloumie et a1.,1997; Indik

et al., 2001; Zalba et al., 2000).
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Potential sources of ROS that have received particular attention in recent years have been the

NAD(P)H oxidase, xanthine oxidase and NOS enzyme systems. A number of investigators

have determined that the predominate substrate driving superoxide production within

endothelial cells and VSMC's is NAD(P)H oxidase (Cai and Harrison, 2000; Zalba et al.,

2000). Each enzyme system's role will be discussed separately (see section C.4 for NAD(P)H

oxidase, C.5.1 for xanthine oxidase andC5.2 for NOS).

[C.3,2.4] Evidence øgainst reduced synthesis of nítrìc oxìde

Evidence against reduced synthesis of nitric oxide in the phenomenon of endothelial

dysfunction is limited but does exist. In a study performed by Bauersachs et al (1999), rats

with heart failure resulting from MI and demonstrating endothelial dysfunction showed a

marked up-regulation of eNOS and soluble guanylate cyclase expression in their aortas.

Habib et al (1994), investigating the extent of basal nitric oxide produced in heart failure

subjects, demonstrated an increase in production of nitric oxide, as measured by the

responsiveness to ¿-NMMA, and suggested that it may serve as a defense mechanism in

developing heart failure. Furthermore, 'Winlaw et al (1994), also reported an increase in

endogenous nitric oxide production in subjects with heart failure that was later shown to

correlate with New York Heart Association functional class (Winlaw et a1.,1995).

The results obtained from a study by Bouloumie et al (1997) go some way to explain the

discrepancies between studies that show high levels of NOS activity and endothelial

dysfunction to those that subscribe to the reduced levels of nitric oxide hypothesis. Two

weeks after aortic banding of Sprague-Dawley rats, neither endothelial dysfunction nor

changes in vascular endothelial cell eNOS expression/activity were detected. However,

vascular superoxide levels were significantly elevated. At six weeks post banding a reduced

endothelial vasodilator responsiveness was observed with a coffesponding increase in eNOS

expression/activity and superoxide production that together resulted in the enhanced

appearance of nitrotyrosine residues (reflecting incremental peroxynitrite formation). This

would suggest that the development of endothelial dysfunction is associated with an

overproduction of both nitric oxide and superoxide that may lead to the formation of

peroxynitrite (Bouloumie et al., 1997).
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tc.3.3l Angiotensin II

The renin-angiotensin-aldosterone system via induction of various vasoconstrictive agents,

such as angiotensin II (AngII) and endothelin, is also known to participate in the phenomenon

of endothelial dysfunction. Given the potentency of Ang II as a vasoconstrictive agent,

stimulation and release of Ang II functionally arÍagonizes endothelium-dependent

vasodilatation (Schmidt-Ott et a1.,2000). Moreover, because of the suppression of bradykinin

production, Ang II further limits the generation of nitric oxide by the endothelium (Sato e/

al., 1999). A further discussion on the therapeutic benefits of limiting Ang II effectiveness

via ACE inhibition or angiotensin receptor antagonism in respect to restoring endothelial

function is found in section C.6.3.

Apart from counteracting the vasodilatory properties of nitric oxide, Ang II induces the

production of superoxide via an NAD(P)H oxidase dependent mechanism, independent of its

haemodynamic effects (Rajagopalan et al., 1996), thereby generating superoxide that

scavenge nitric oxide and therefore limiting its effectiveness. A separate discussion on the

role of Ang II induced superoxide production via NAD(P)H oxidase is in section C.4.3.1.

tc.4l Pathophysiology oÍ NAD(P)H oxidase

[C.4.1] Endothelium

Several studies have identified superoxide as a potential second messenger for a variety of

cellular processes within the vasculature, with much attention being focused lately on its role

in the initiation, development and complications associated with endothelial dysfunction and

atherosclerosis (Meyer and Schmitt, 2000).

[C. 4. 2] Genetic polymorphisms

In terms of NAD(P)H oxidase per se and its involvement in the development of

atherosclerosis, recent interest has focused on an association of the polymorphism in the

CYBA gene that encodes p22nt'o*, with the progression of atherosclerosis. The CYBA C2427

polymorphism results in a substitution of tyrosine for histidine at residue 72 of p22tno',

leading to modulation of the enzyme.

In subjects from the prospective lipoprotein and coronary artery study (LCAS) a significant

association between the CYBA 242T polymorphism and accelerated progression of coronary



Chapter I 77

atherosclerosis was observed on post hoc analysis (Cahilly et a|.,2000). On the other hand, in

a study by Guzik et al (2000a), investigating the functional significance of this polymorphism

on vascular superoxide production, it was demonstrated that the 242T allele was associated

with a significantly reduced vascular NAD(P)H oxidase activity and superoxide level.

Schachinger et al (2001) examined the vasodilator function of the epicardial arteries and its

relationship to the presence of the C242T p22pno' polymorphism, and revealed that the CC

genotype is independently associated with a reduced endothelium-dependent vasodilator

response, compared with patients with the C242T polymorphism. Results of that study also

showed a trend towards an impaired responsiveness to nitroglycerine (NTG) in subjects

carrying the CC genotype of the C242T p22pno' gene. Further investigations into the

signihcance of these polymorphism are required in-order to clarify these and other

discrepancies (Cai et a1.,1999;Li et al.,1999a; Stanger et al.,2001).

Adding further uncertainty to the role of NAD(P)H oxidase and hence superoxide in the

initiation or progression of atherosclerosis, an investigation performed by (Kirk et a1.,2000)

demonstrated no difference in the extent and rate of atherosclerotic lesion development in

mice deficient in gpglpno* compared to wild type controls when fed a high fat diet.

[C.4. 3] Stímuli for NAD(P)H oxidase

[C.4. 3. 1] Angiotensín II

A number of groups have now demonstrated that Ang II stimulates the activity of membrane-

bound NAD(P)H oxidase in both endothelial cells and VSMC's with the resultant production

of superoxide (Griendling et al., 1994; Pagano et al., 1997; Rajagopalan et al., 1996).

Warholtz et al (1999), utilizing an animal model of hypercholesterolaemia, demonstrated that

hypercholesterolaemia was associated with an increase in ATr receptor expression, a reduced

endothelial function and increased NAD(P)H oxidase dependent superoxide production.

Treatment of cholesterol fed rabbits with an AT1 receptor antagonist reduced the degree of

plaque formation, decreased NAD(P)H oxidase activity and improved endothelial function,

implying an essential role for Ang II mediated (NAD(P)H oxidase dependent) endothelial

dysfunction (V/arnholtz et al., 1999). A number of investigators have demonstrated the

importance of NAD(P)H oxidase subunits, especially Epglnno*,p67nr'o', nox-1 (mox-1), nox-

4, in Ang II stimulated superoxide generation (Bendall et a1.,2002; Cifuentes et a1.,2000;

Lassegue et a1.,2))I;Mollnau et a1.,2002; 'Wang 
et a1.,2001; V/ingler et a1.,2001).
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[C.4.3.2] Others

Thrombin, platelet derived growth factor (PDGF), TNF-o and laminar sheer stress have also

been demonstrated to stimulate NAD(P)H oxidase dependent superoxide generation in

vascular smooth muscle cells (De Keulenaer et al., 1998; Holland et al., 1998; Li et a|.,2002;

Marumo et a1.,1997).

[C.a.4J Associatíon of NAD(P)H oxidase wìth endothelial dysfunction

In a landmark investigation by Ohara et al (1993), excess of endothelial derived superoxide

was detected in aortic segments obtained from rabbits fed a high fat diet, and was also

associated with a reduced acetylcholine-induced relaxation. Chronic treatment of these

rabbits with either superoxide dismutase (Mugge et al., l99l) or probucol (Keaney et al.,

1995) was shown to restore or preserve endothelial function, suggesting that superoxide

released from the endothelium of hypercholesterolaemic vessels attenuates endothelial nitric

oxide release andlor vascular responsiveness to nitric oxide. (Nguyen-Khoa et al., 1999;

Warnholtz et al., 1999). More specifically, a number of investigators have also shown an

association between the reduced vascular responsiveness to acetylcholine and an upregulation

of NAD(P)H oxidase, with a resultant increase in superoxide (Zalba et a1.,2000).

tc.s] Other sources of reactive oxygen species

In mammalian cells, enzymalic sources of ROS include the mitochondrial respiration chain,

lipoxygenase, cyclooxygenase, peroxidases, haemoproteins and endothelium derived

hyperpolarizing factor synthase (Cai and Harrison, 2000; Fleming et a1.,2001). Although

many of the aforementioned sources could potentially produce ROS that inactivate nitric

oxide; two other erzyme systems will be discussed below.

rc. 5. 1l Xsnthíne oxidase

The xanthine oxidoreductase is a molybdoenzyme capable of catalyzing the oxidation of

hypoxanthine and xanthine in the process of purine metabolism (Moriwaki et al., 1999).

Xanthine oxidoreductase has the ability to exist in two separate but interconvertable forms.

Either as xanthine dehydrogenase or xanthine oxidase, of which both forms can generate

superoxide (Moriwaki et al., 1999).
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One of the first investigators to postulate that superoxide derived from xanthine oxidase may

modulate the bioavailability of nitric oxide came from Ohara et al (1993). As discussed

before, rabbits fed a high cholesterol diet were found to have high superoxide levels, amounts

of which were subsequently normalized following pre-incubation of the segments with

oxypurinol. More recently, allopurinol pharmacotherapy has been shown to improve

endothelial function in subjects with diabetes as assessed by venous occlusion

plethysmography (Butler et a1.,2000). This result contrasts that obtained by O'Driscoll, in

which endothelium dependent responses to acetylcholine remained unaffected in

hypercholesterolaemic subjects chronically treated by allopurinol, implying that an

alternative source of superoxide may be responsible for the postulated oxidative stress

induced endothelial dysfunction (O'Driscoll et al., 1999). In humans with

hypercholesterolaemia, administration of oxypurinol was demonstrated to improve an

impaired endothelium dependent vasodilatation that was not observed in subjects with

hypertension alone (Cardillo et al.,l99l).

A potential explanation for some of the inconsistencies observed in some of the above

investigations is the demonstration that xanthine oxidase may exist in a molybdenum-

deficient form in many tissues. The modified enzyme is unable to utilize xanthine as a

substrate and as such is not inhibited by oxypurinol or allopurinol, but rather utilizes NADH

as a substrate to produce superoxide (Sanders et al.,1997).

[C.5.2] Endotheliøl deríved nitric oxide synthase

Another alternative source of vascular ROS that has received recent attention is eNOS. As

described in section A.2.2.1, in the absence or low concentrations of the substrate Z-arginine

or co-factors such as BHa, NOS is capable of catalyzing the uncoupled reduction of

molecular oxygen to superoxide (Vasquez-Yivar et al., 1998). Utilizing spontaneously

hypertensive rats that have high levels of vascular superoxide, Kerr et al (1999),

demonstrated a reduction in the amount of aortic superoxide generation following treatment

with Z-NAME or removal of the endothelium. More recently, using transgenic BHa deficient

mice, Cosentino et al (2001), demonstrated that endothelium-dependent relaxation to

acetylcholine was inhibited by catalase and enhanced by superoxide dismutase, suggesting

that BHa deficiency leads to eNOS dysfunction with the subsequent formation of ROS,
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influencing endothelium-dependent relaxation; similar observations were made by Shinozaki

et al (1999).

Pharmacotherapy for Endothelial Dysfunction

Experimental evidence now exists that endothelial dysfunction in a variety of disease states

can be attenuated via a number of pharmacotherapeutic interventions.

[C. 6. 1] fnturventions targetíng nílric oxide, NO S pro ductíon/regulatíon

[C. 6. I. 1] L-arginine/tetrøhydrobiopterin supplementation

Attempts to limit endothelial dysfunction through diet supplementation with L-arginine have

been inconclusive. Diet supplementation with Z-arginine has been shown to improve agonist

mediated endothelium dependent vasodilatation in subjects with CHF (Hambrecht et al.,

2000), in hypercholesterolaemic patients (Creager et a1.,1992) but not in subjects with CAD

alone (Blum et a1.,2000), or young subjects with type I diabetes mellitus (Mullen et al.,

1998b). These inconsistencies may be explained by the results obtained by Thorne et al

(1998), who demonstrated a significant improvement in flow mediated dilatation of

hypercholesterolaemic subjects and current smokers, but not in control or diabetic patients

following L-arginine infusion, implying that endothelial dysfunction in diabetic patients does

not result from an impaired utilization of Z-arginine.

Despite the lack of conclusiveness in the results regarding the effectiveness of Z-arginine

supplementation for the amelioration of endothelial dysfunction, L-arginine dietary

supplementation has been shown to attenuate some processes involved in atherosclerosis

initiation. Monocyte adhesiveness to human or bovine aortic endothelial cells is diminished

in subjects with hypercholesterolaemia (Chan et a1.,2000; Theilmeier et al., 1997) or proven

CAD (Adams et al.,1997) following dietary L-arginine supplementation.

Combinations of other nitric oxide s¡mthase co-factors required for successful nitric oxide

generation such as tetrahydrobiopterin either alone (Heitzer et al., 2000; Maier et al., 1998;

Verma et a1.,2000) or in combination with L-arginine (Jiang et a1.,2000) have also been

demonstrated to improve the extent of endothelial function in human saphenous vein

preparations and in animal models of advanced atherosclerosis. In insulin-resistant rats, oral

supplementation with BHa (t0mglkglday) for 8 weeks reversed the impaired endothelium
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dependent artenal relaxation. Furthermore, BHa pharmacotherapy was associated with a two-

fold increase in eNOS activity and a 70o/o reduction in endothelial superoxide production

compared to control rats (Shinozaki et al.,2000).

[C.6. 1.2] Cholesterol lowering

A number of studies to date (but not all) have demonstrated that endothelial dysfunction is

improved following cholesterol lowering, especially with the use of statins. Reduction of fat

intake in hypercholesterolaemic monkeys resulted in improved endothelial function (Harrison

et ql., 1987). This initial study was then reconfirmed in human subjects with

hypercholesterolaemia but normal coronary arteries (Leung et al.,1993), and in subjects with

a moderately elevated total cholesterol, > 6mmol/L (O'Driscoll et al., I997b). Additional

improvement in vasomotor responsiveness to acetylcholine was observed with a combination

of a statin and anti-oxidant compared to statin treatment alone (Anderson et al., 1995a).

Cholesterol reduction was demonstrated to reduce the number of ischaemic episodes in

subjects with CAD (Andrews et al., 1997), via a mechanism that involves improvement in

endothelial function (Dupuis et al., 1999 Huggins et al., 1998). Lundman et al (1997), in

seven healthy males without risk factors for CAD, demonstrated that transient elevations of

triglyceride were associated with decreased flow mediated dilatation of the brachial artery.

However, transient moderate hypertriglyceridaemia through consumption of a high fat meal

did not impair endothelial function of the forearm resistance vessels (Gudmundsson et al.,

2000). Contrary to the above positive studies, a randomized placebo controlled trail

demonstrated no signif,rcant effect of six months of cholesterol-lowering therapy with

simvastatin on coronary endothelial vasomotor function in patients with CAD and mildly

elevated cholesterol levels (Yita et a1.,2000).

Despite the uncertainty arising from the use of cholesterol lowering pharmacotherapies at

improving endothelial function, several groups have examined a potential mechanism that

may involve a nitric oxide dependent pathway. Laufs et al (1998) demonstrated that treatment

of human saphenous vein preparations with HMG-CoA reductase inhibitors resulted in an up-

regulation of eNOS expression. An up-regulation of eNOS expression and/or activity was

then reconfirmed by Kaesemeyer et al (1999) and Hernandez-Perera et al (1998) who also

demonstrated that addition of atorvastatin or simvastatin to bovine aortic endothelial cells

results in an inhibition of pre-pro ET-1 mRNA and ET-1 protein expression via prevention of
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LDL oxidation. This improvement in endothelial function following HMG-CoA reductase

inhibition was also shown to be independent of fibrinogen, soluble L-selectin, P-selectin and

ICAM-1 concentrations (Rauch et a1.,2000), but dependent on caveolin abundance (Feron er

a1.,2001).

Sumi e/ al (2001), utilizing rabbits fed a high cholesterol diet, demonstrated an up-regulation

of eNOS mRNA expression (determined by competitive RT-PCR) and a decrease of

superoxide production in vascular endothelial cells (quantified using an analogue of

lucigenin, 2-methyl-3, 7-dlhydroimidazol lI,2-alpyrazine-3-one) in rabbits which were

randomized to l2-weeks of fluvastatin. Fluvastatin treatment was also shown to improve

endothelium dependent responses to acetylcholine and to increase the tissue cGMP

concentrations of the aortas without facilitating a significant reduction in serum cholesterol

(Sumi et al., 2001). This result parallels the findings of Wassmann et al (200I), in which

statin pharmacotherapy improved endothelial dysfunction, and profoundly reduced Ang II-

induced vasoconstriction in spontaneously hypertensive rats. Angiotensin type 1 (ATr)

receptor, eNOS, and p2Zphox mRNA expression were also significantly inhibited by

atorvastatin (Wassmann et al., 2001).

[C.6.2] Interventions that reduce nítríc oxide cleørance

Clearance of nitric oxide by superoxide has been a mechanism postulated to explain the

phenomenon of endothelial dysfunction and as such a number of pharmacotherapeutic

interventions have been examined to limit this clearance.

[C. 6. 2. 1] Antioxídant pharmøcotherapy

[C.6.2.1.1] Vita.mins

Numerous investigations have suggested that acute supplementation with water/lipid-soluble

anti-oxidant vitamins, either vitamin C or E, improves endothelial function in subjects with

cardiovascular risk factors that include hypercholesterolaemia (Ting et al., 1997), smoking

(Raitakari et a1.,2000), hypertension (Natali et a|.,2000; Solzbach et al., 1997), and diabetes

(Cinar et a1.,2001; Skyrme-Jones et a1.,2000; Ting et al., 1996). Both vitamin C and E

supplementation have also been shown to ameliorate endothelial dysfunction in subjects with

vasospastic angina (Hirashima et a1.,2000; Motoyama et a|.,1998).
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Levine et al (1996), demonstrated an acute improvement in the brachial artery flow-mediated

dilatation of patients with CAD following a single oral dose of ascorbic acid with similar

improvements being observed by others (Gokce et al., 1999; Ting et al., 1996). However,

adding confusion to the hypothesis are the results obtained by a series of separate

investigations in which no obvious benefit in stroke/\4l prevention from vitamin C

administration was observed (Ascherio et al.,1999; Klipstein-Grobusch et al.,1999).

Keaney et al (1993), reported that when rabbits were fed o-tocopherol or B-carotene in

conjunction with a high cholesterol diet, the development of endothelial dysfunction was

prevented; these results were confirmed by others (Andersson et al., 1994; Keegan et al.,

1995; Klemsdal et al., 1994). However, contrary to the beneficial results observed with

vitamin C, there was no improvement in endothelial function following long term vitamin E

supplementation in male subjects post MI (Elliott et a1.,1995), and no observed restoration of

normal endothelial function in male smokers (Neunteufl et a1.,2000).

Despite the above negative studies, the beneficial effects of anti-oxidant pharmacotherapy

with vitamin C and E have been thought to arise from an enhanced bioavailability of vascular

nitric oxide. By scavenging superoxide, vitamin C may theoretically decrease the extent of

nitric oxide consumption. However, it has been reported that only high, supra-physiological

concentrations of vitamin C (>lmM) are capable of scavenging superoxide (Jackson et al.,

1998). Supplementation of human umbilical vein endothelial cell culture with vitamin C

increased ionomycin-stimulated eNOS activity, via a mechanism that may enhance the

affinity of eNOS for tetrahydrobiopterin (Heller et al., 1999a). Other mechanisms vitamin C

effects may include a direct reduction of nitrite to nitric oxide (May, 2000) and release of

nitric oxide from both low-molecular weight,S-nitrosothiols and,S-nitroso-albumin (Scorza et

al.,1997).

[C. 6. 2. 1. 2J Other antí-oxídants

Alternative anti-oxidant interventions demonstrated to improve endothelial function include

the acute administration of glutathione (GSH). GSH was demonstrated to improve vascular

responsiveness to acetylcholine in patients with angiographically defined atherosclerosis or a

number of coronary risk factors, and depressed endothelial function (Prasad et al., 1999).

These results reconfirm the observations made by Kugiyama et al (1998) in which GSH was

83
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also demonstrated to improve acetylcholine responsiveness of epicardial coronary arteries of

patients with a number of risk factors for atherosclerosis.

[C.6.3] Angiotensin-converting enzyme (ACE) inhibition/angiotensin receptor antagonísts

Angiotensin-converting enzyme inhibitors were proven effective in the treatment of

hypertension and congestive heart failure and showed a benefit in preventing adverse

cardiovascular events in subjects with CAD without elevated blood pressure or heart failure

(Lonn et al., 1994;'Weir and Dzan), 1999; Yusuf et a1.,2000). A number of studies to date

have also demonstrated an improvement in endothelial dependent vasodilatation following

treatment with ACE inhibitor (Antony et al., 1996; Finta et al., 1993; O'Driscoll et al.,

1997a), despite no benefit being demonstrated by Mullen et al (I998a) in type I diabetic

patients.

ACE inhibitors exert a myriad of effects on the cardiovascular system through intemrption of

the renin-angiotensin-aldosterone system. Ang II is a powerful vasoconstrictor that not only

counteracts nitric oxide, but also stimulates mitogenesis, resulting in smooth muscle cell

hyperplasia and collagen deposition that increases arterial wall mass and a reduction in left

ventricle compliance (Weir and Dzau, 1999). Ang II, as described in section C.4.3.1,

stimulates the generation of ROS in a NAD(P)H oxidase dependent fashion, but also

stimulates the release of noradrenaline, endothelin-l and promotes the breakdown of

bradykinin (O'Keefe et a1.,2001).

In the TREND (Trial on Reversing Endothelial Dysfunction) study, chronic therapy with

quinapril in patients with CAD was demonstrated to improve coronary vasodilatory response

to acetylcholine (Manciní et al.,1996), results of which have been confirmed by others using

ATRBs (Prasad et al., 2000; Schiffrin et a1.,2000). Anderson et al (2000), utilizing high-

resolution ultrasound to assess endothelium dependent brachial artery flow-mediated

dilatation, demonstrated a significant improvement in endothelial function following

quinapril treatment. No significant improvement was observed with losartan, enalapril or

amlodipine and was only observed in subjects with an ID and II ACE genotype (Anderson e/

al., 2000), suggesting that there are differences between these drugs in their ability to

improve endothelial function.
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For a series of specific reviews discussing the actions of Ang II and the benefits associated

with ACE,inhibitor/ATRB pharmacotherapy regarding restoration of endothelial function and

overall clinical benefit see the following reviews by Mancini (2000), O'Keefe et al (200I),

Raij (2001) and Tabibiazar et al (2001).

[C.6.4] Summøry

As described above, the phenomenon of endothelial dysfunction can be explained

mechanistically in a number of ways, and as such a number of pharmacotherapeutic

interventions are available that limit its progression. A schematic diagram (Figure 1.5)

summarizes some of the potential mechanisms and pharmacotherapeutic interventions.
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Patholo gtcal Platelet Aggregation :

tc.7l Evidencefor a role of pløtelets in curdiovasculør disease ststes

To aid in the discussion about the role of platelets in the pathogenesis of CAD some of the

pathophysiological aspects of atherosclerosis will firstly be described.

I C. 7. 1 ] L e s ío n ín ítiatio n/develop m ent

Atherosclerosis is a progressive disease that is characleized by the accumulation of low-

density lipoprotein (LDL) within the subendothelial matrix and secondary inflammatory

changes (Ross, 1999). Early lesions consist of cholesterol-engorged macrophages called

"foam cells" that can be found in the early decades of life especially in the aortas (PDAY,

1993; Napoli et al., 1997). Fatty streaks rich in foam cells serve as the precursors of more

advanced lesions that contain lipid rich necrotic debris, smooth muscle cells that have

migrated from the medial layer and a number of immune effector cells such as T-

lymphocytes and others. For a recent discussion on the mechanisms and implications of

atherosclerotic lesion development see the following reviews by Berliner et al (1995), Lusis

(2000), Navab et al (1996) and Ross (1999).

[C.7.2] Advanced atherosclerotic lesion and plaque rupture

There are two mechanisms by which thrombus formation at or near the sites of an

atherosclerotic lesion can occur. One involves endothelial erosion, in which removal of the

endothelium exposes areas of the sub-endothelium connective tissue of the plaque to

circulating platelets (Arbustini et al., 1999). Alternatively thrombus formation at the site of

an atherosclerotic lesion can also occur by plaque disruption (fissuring), where the thin

fibrous caps of the lesion tears exposing the highly thrombogenic lipid core to circulating

platelets (Davies, 2000). By histological examination of advanced atherosclerotic lesions that

had either nearly ruptured or ruptured, Davies et al (1993), identified a higher number of

monocyte/macrophages, rather than vascular smooth muscles within the advanced lesions.

These immune effector cells were then identified to reside at or near the sites of plaque

rupture or erosion (shoulder regions) (van der Wal et al., 1994). Therefore, via either

mechanism, thrombus formation is a reflection of an enhanced inflammatory activity within

the atherosclerotic plaque (Ross, 1999).
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The CD40-CD40 ligand-signaling pathway, which mediates a host of inflammatory responses

(Laman et al., 1997), has been suggested to function as a critical mediator of plaque

instability. Originally thought to be expressed only on activated CD4* helper T lymphocytes,

CD40-CD40L has now been localized on activated endothelial cells (Karmann et al.,1995),

vascular smooth muscle cells and monocyte derived macrophages (Mach et al., I997b).

Hakkinen et al (2000), using a double immuno-staining technique, demonstrated that the

normal human intima was free of CD40 and CD40L immunoreactivity. In samples obtained

from fatty streaks and advanced atherosclerotic lesions, co-localization of CD40 and CD40L

was observed in CD3* T-lymphocytes, CD68* monocyte derived macrophages and smooth

muscle cells. This observation was reconfirmed by others (Bruemmer et a1.,2001).

Macrophages isolated from rabbit aortic lesions were initially demonstrated to contain

interstitial collagenase (MMP-l) and stromelysin (MMP-3), whereas alveolar macrophages

were not. Release of collagenase, stromelysin and gelatinase occurred with or without

stimulation by phorbol ester or bacterial lipopolysaccharide (LPS), suggesting constitutive

production of these MMP's (Galis et al., 1995). Rather than concluding that MMP's were

expressed constitutively in macrophages isolated from atherosclerotic lesions, Schonbeck er

al (1997) demonstrated that stimulation of CD40 in isolated human VSMC's by either

membranes of activated T-lymphocytes or recombinant CD40L was responsible for the

regulation of the expression of the matrix degrading enzymes interstitial MMP-I, MMP-3,

gelatinase-3 (MMP-9) and activated gelatinase A (MMP-2). Reconfirming this work,

monocytes and macrophages were also demonstrated to stimulate the release of MMP-I,

MMP-3 and tissue factor following exposure to CD40L (Mach et al.,1997a).

Disruption of the CD40-CD40L signaling utilizing a monoclonal antibody directed against

the CD40L has resulted in a reduction in the size of aortic atherosclerotic lesions in mice

deficient in aLDL receptor (Mach et a1.,1998), and decreased expression of MMP-3 within

the atherosclerotic plaques (Schonbeck et al., 1999). Recently treatment of transgenic mice

with a monoclonal antibody directed against CD40L has also been demonstrated to reduce

further evolution of an established atherosclerotic lesion (Schonbeck et a|.,2000).
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[C.7,3] Other factors contributing to plaque instabiliþ ønd rupture

Apart from factors that derive from the direct interaction of the CD40-CD40L such as the

generation of matrix metalloproteinases as outlined above, interactions between monocyte

derived macrophages and vascular smooth muscle cells have also been demonstrated to

enhance plaque instability, potentially leading to rupture. Through the actions of monocyte

derived prostaglandins, monocytes were shown to inhibit VSMC secretion of pro-collagen

(Fitzsimmons et al., 1999). Following direct cell-to-cell contact between monocytes and

VSMC, an enhanced MMP-I production resulted (Zhu et al., 2000). Various cytokines

including IL-IP, TNF-cr and INF-y released from various inflammatory mediators within

atherosclerotic lesions have also been demonstrated to be cytotoxic to VSMC's, inducing

apoptosis (Weissberg, 2000) and thus, potentially contributing to plaque instability.

Mechanical forces such as those generated from blood flow across a vulnerable plaque may

play a key role in determining the extent of lesion stability (Gutstein and Fuster,7999).

Utilizing computer modeling, Richardson et al (1989) documented an increased level of

stress occurs at the shoulder regions of the fibrous cap. However, in those subjects with a

reduced lipid pool, the point of maximum stress was found to be over the center of the

plaque.

Thus, due to generation of factors that include matrix metalloproteinases, cytokines and

chemokines, an inhibition of VSMC proliferation and the inducement of apoptosis, a general

weakening of the fibrous cap results, leaving the atherosclerotic plaque prone to rupture or

erosion. For a schematic representation of the events that contribute to plaque instability and

rupture see Figure 1.6.
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Figure 1.6 Pløque erosion/rupture leading to thrombus formation
An increased number of immune-effector cells including monocyte derived macrophages and T-lymphocytes, produce
proteases (collagenases, gelatinases, stromelysin and cathepsins) that degrade the extracellular malrix proteins of the

fibrous plaque. Erosíon and rupture ofthe plaque usually occurs al the lesion's edge. Circulating blood platelets are then
exposed to the contents ofthe lipid core ofthe lesion, resulting in thrombusformation. Adaptedfrom (Lusis,2000).

[C.7.4] Implications oÍ plaque rupture

Upon plaque disruption, circulating blood platelets are exposed to the contents of the highly

thrombotic lipid core. The coagulation cascade ensues leading to the formation of a

thrombus, initially within the ruptured plaque itself (Falk, l99l). The thrombus may then

expand into the arterial lumen thereby restricting distal blood flow. Thrombi that project into,

but do not occlude the lumen, are said to be responsible for unstable angina (Theroux and

Fuster, 1998). Thrombi that continue to develop, leading to total occlusion of the lumen, in

the absence of sufficient collateral blood flow, serve as the basis of acute MI (Fuster et al.,

1992). Moreover, the flow of blood continues over an exposed thrombus dislodging activated

platelet aggregates that are s,wept down stream from the initial thrombus, potentially resulting

in distal micro-emboli (Falk, 1991).

Despite the potential for the development of a totally occlusive thrombus, the majority of

episodes of plaque disruption do not cause major events (Davies, 2000). Large proportions of

plaque rupturing episodes are not noticed, as the developing thrombus does not suffrciently

occlude the lumen to cause ischaemia. Davies (1995), determined that approximately 70% of

ox-LDL
ROS

SMC
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haemodynamically significant stenosis of large coronary arteries (> 50% diameter determined

angiographically), have had an episode of plaque rupture and lesion healing.

The dynamic process of plaque rupture, platelet aggregation, thrombus formation and lesion

healing emphasizes the importance of therapeutic interventions that limit inflammation and

strengthen plaque caps. It also highlights the importance of limiting platelet function in

patients prone to plaque rupture. Various agents that limit the extent of platelet

function/activation and the various mechanisms by which these anti-platelet agents function,

are discussed in the following sections. Particular reference is given to the anti-platelet

properties of organic nitrates.

tc.8l Evidence of platelet hyper-øggregübility

Much of the evidence for platelet hyper-aggregabilítylactivity associated with atherosclerotic

states comes from studies performed on subjects with SAP in which enhanced platelet hyper-

aggregability was observed post exercise. Evidence also comes from studies in which platelet

hyper-aggregability was observed in subjects with risk factors for atherosclerosis. Additional

evidence of platelet hlper-aggregability has stemmed from investigations into long-term

effects of oral GPIIb/IIIa receptor blockade. Some of this evidence is examined below along

with possible mechanisms behind the phenomenon.

[C.8.1] Stable ønginø pectorís

Moderate and strenuous exercise is known to enhance platelet aggregability in both healtþ

subjects (Andrews et al.,l999a; Kestin et al.,1993; Kishi et a1.,1992;Li et a1.,1999c; Piret

et al., 1990) and patients with SAP (Tokuue et al., 1996; Wallen et al., 1997;'Winther and

Rein, 1990). However, with SAP patients, there is also debate as to what extent exercise-

induced ischaemia and coronary atherosclerosis contribute to the enhanced platelet

aggregability. Some investigations have reported increases in platelet aggregability markers

(such as PAF-4 or p-thromboglobulin) post exercise (Green et a1.,1980; Mehta and Mehta,

1982), but results are not uniform in this regard (Mathis et a1.,1981; 
'Wennmalm 

et a|.,1990).

Diodati et al (1994) demonstrated that platelets became activated across an atherosclerotic

bed following rapid atnal pacing and a consequent increase in coronary blood flow.

However, his increase in platelet reactivity was only demonstrated in those subjects that had a

haemodynamically significant narrowing of a major coronary artery, suggesting that the
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mechanism behind platelet hyper-aggregability following exercise may be partially shear

stress related (Diodati et a1.,1994).

In a comprehensive study performed by Furman et al (1998a), unstimulated peripheral blood

samples from patients with SAP were found to contain increased numbers of surface P-

selectin positive platelets compared with platelets obtained from a series of normal volunteers

QtVs). Moreover, in SAP patients compared to control subjects an increased platelet surface

expression of P-selectin in response to stimulation with various agonists was observed. These

results indicate an increased presence of circulating degranulated platelets in patients with

SAP. Furtherrnore, monocyte-platelet aggregates were more likely to form in samples from

patients with SAP than in control subjects, in response to in vitro stimulation with either

ADP, adrenaline, or thrombin receptor agonist peptide (Furman et a1.,1998a).

tC.S.2] Unstable øngina pectoris ønd myocardial inførctíon

Evidence of enhanced platelet activation in subjects with UAP or an acute MI comes from a

series of studies in which indices of platelet activation such as thromboxane 82, PAF-4 and B-

thromboglobulin were found to be elevated in these subjects (de Boer et a1.,1982; Fitzgerald

et a|.,1986; Hamm et al.,1987 Hirsh et a|.,1981; Hughes et al.,1982). Significantly higher

levels of these platelet activation markers were observed in subjects with a recent onset of

UAP compared to those patients whose anginal pain occurred more than 96-hrs previously

(Hirsh et a|.,1981).

UAP patients and patients with progressive angina without rest pain were both shown to be

hyper-aggregable in response to arachidonic acid compared to healtþ control subjects

(Grande et a1.,1990). Utilizing impedance aggregometry, the response to ADP, PAF-4 and

collagen for subjects with UAP or MI was similar to that of subjects with no CAD (Nidorf et

al., 1989). However, in agreement with results obtained from the studies outlined above,

aggregation in response to collagen resulted in a greater release of TXBz in subjects

diagnosed with an MI compared to UAP and control subjects, an abnormality that persisted

for 2-4 months (Nidorf er a1.,1989).

Further evidence demonstrating platelet activation during and after an ACS comes from

results obtained in the Thrombolysis in Myocardial Infarction-l2 (TIMI-I2) tnal, that was
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designed to evaluate the effects of the oral GPIIb/IIIa receptor antagonist sibrafiban in

patients post ACS (Ault et al., 1999). In a subset of patients enrolled in the initial study

(n:901329), a significant degree of spontaneous platelet activation was observed in those

subjects at enrolment compared to two cohorts of controls, one being healthy NVs and

another consisting of patients admitted to an emergency unit for various acute medical

problems not involving cardiovascular disease (Ault et al., 1999). The extent of platelet

activation following exposure of platelets to ADP (1 or 5¡rM) for 5 minutes was not different

from those of the control group either at baseline, or 28 days post study enrolment. However,

when compared to either control group, the extent of spontaneous platelet activation and the

response to ADP remained significantly higher within the study cohort at day 28, implying

that elevated platelet activation persists for a considerable period post an ACS despite the

presence of a GPII/IIIa receptor antagonist.

tc.gl Evidence that coronary ørtery disease is associated with platelet hyper-

aggregability

As discussed in the sections C.l3-C.15, several large scales clinical trials with various anti-

platelet agents that include aspirin (Baigent et al., 1998), GPIIb/IIIa antagonists (Chan and

Moliterno, 2001; Chew and Molitemo, 2001; Coller, 200I:' McKay and Boden, 2001) and

ADP receptor antagonists (Jarvis and Simpson, 2000) have demonstrated an improved

clinical outcome in patients with an ACS. These results provide inferentially supportive

evidence for a significant role for enhanced platelet activation in the pathogenesis of

UAP/acute MI. However, evidence of an association between CAD and platelet reactivity in

the general population is limited or inconclusive.

[C.9.1] Epídemiology

In one of the first large scale studies performed by Meade et al (1985), (958 subjects) there

v/as a trend towards a significantly higher degree of platelet aggregability in male subjects

who had a history of IHD andlor documented electrocardiographic (ECG) abnormalities

compared to those without. In the Caerphilly collaborative heart disease study (Elwood et al.,

1990; Elwood et a\.,1991), the extent of platelet aggregation induced by collagen, thrombin

and ADP determined in both PRP and in whole blood preparations were correlated against

the prevalence of angina, history of MI and ECG evidence of IHD. Significant associations
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between the degree of platelet responsive to ADP, a history of MI and to a lesser degree

evidence of myocardial ischaemia by electrocardiography, was observed.

However, in the first re-examination of the Caerphilly cohort (phase II) frve years after the

first examination, no measures of platelet aggregation were found to be significantly

predictive of a future clinical event (Elwood et al., 1998). In a post hoc examination of the

data, atrend towards a significant association between the secondary response to ADP and an

early IHD event was noted when events were grouped according to their time post

aggregation assessment (Elwood et al., 1998). Reasons for the discrepancies between the

studies performed in the early 1990's (Elwood et al.,1990; Elwood et a|.,1991) compared to

the late 1990's (Elwood et al., 1998) on the same Caerphilly cohort remain undefined as

exclusion criteria and experimental conditions were similar. Interestingly, it was more

recently observed that neither primary nor secondary platelet aggregation was predictive of a

subsequent MI in 2000 males of the Caerphilly Cohort study of Heart Disease, Stroke and

Cognitive Decline (Elwood et a1.,2001).

In a retrospective examination of a smaller cohort of healtþ male subjects (n : 150),

Thaulow et al (1991), found no significant association between the extent of platelet

aggregation induced by ADP, adrenaline or collagen and the incidence of future coronary

heart disease mortality. However, this study did reveal that subjects with an extent of ADP-

induced platelet aggregation above the median level, had a significantly higher IHD mortality

than those below the median level, implying that enhanced platelet reactivity may increase

the risk of cardiovascular death. These results were in agreement with the observations made

by Trip et al (I990b), who also confirmed that platelet activity as determined by the

incidence of spontaneous platelet aggregation, in subjects that had survived a recent MI, was

a predictor of future coronary events and mortality.

In an investigation that examined subjects with IHD only, platelet responsiveness to thrombin

was shown to be predictive of CAD progression determined by repeat quantitative

angiography (Lam et al., 1994). Moreover, these subjects were also shown to have a

significantly worse prognosis than those with no disease progression do. Platelet hyper-

activity was concluded to be not a consequence of CAD per se, but rather a determinant of

disease progression (Lam et al., 1994).
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tc.10l Risk føctors for øtherosclerosis ønd platelet hyper-aggregøbility

rc.10.11 Diabetes

In patients with diabetes, CAD tends to be more extensive and severe, with cardiovascular

related deaths being three times more common in diabetic patients than in non-diabetic

patients (Stamler et al., 1993). Furthermore, diabetic patients without a documented history

of a previous MI have the same degree of risk of MI as non-diabetic patients with a previous

history of infarction (Haffirer et a1.,1998). The mechanisms accounting for this incremental

risk remain poorly understood. However, there is some evidence to suggest that a hyper-

aggregable state may at least in part contribute to the increased risk.

Platelets from patients with type II diabetes have increased platelet activation compared to

non-diabetic subjects as demonstrated by an increased adhesion to an extra-cellular matrix

(Knobler et a1.,1998). These results are in agreement with the observations made by Iida et

al (1993) and others (Davi et al., 1990; Mandal et al., 1993:' Tomaselli et al., 1990), in which

platelets from diabetic rats or humans were found to be hyper-aggregable or have an

increased degree of activation. Along with platelet hyper-aggregability a significant degree of

spontaneous platelet aggregation has been observed in platelet samples obtained from type II

diabetics compared to age matched non-diabetic subjects (Iwase et al., 1998). In an

interesting investigation Oskarsson and Hofrneyer (1996), demonstrated an impaired ability

of platelets from patients with diabetes to mediate vasodilatation of pre-constricted normal

rabbit carotid artery segments compared to platelets from non-diabetic control subjects.

Moreover, normal platelets incubated with a high D-glucose solution also lost their ability to

mediate dilation in a concentration-dependent and time-dependent manner, suggesting that

the impaired vasodilating capabilities of diabetic platelets may be mediated by elevated

glucose concentrations.

Perhaps the most compelling evidence for a significant role of platelets in the pathogenesis of

diabetes mellitus comes from the observed benefit with use of GPIIb/IIIa receptor antagonists

during acute ischaemic episodes for subjects with diabetes (Bhatt et a|.,2000; Lincoff, 2000;

Marso et a|.,1999).
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I C. 1 0. 2] Hyp er cho lester olaemia

Initial studies demonstrated platelet hyper-aggregability to a range of agonists, including

ADP, adrenaline and collagen, in samples from subjects with familial hypercholesterolaemia

compared to samples obtained from healthy controls (Carvalho et al., 1974). Furthermore,

patients with hypercholesterolaemia were demonstrated to have elevated levels of P-

thromboglobulin and other markers of platelet activation compared to age matched control

subjects. Aoki et al (1997b), demonstrated that platelet-dependent thrombin generation was

increased in patients with hypercholesterolaemia, a phenomenon that was also observed in

patients with hypercholesterolaemia plus hypertriglyceridaemia compared to patients with

hypertriglyceridaemia alone and to control subjects.

[C.10.2.1] ox-LDL servíng øs ü pro-aggregant

Initial observations of a platelet dysfunction in subjects with hypercholesterolaemia led to a

series of experiments that demonstrated that ox-LDL serves as a pro-aggregant (Aviram,

1989; Aviram et a1.,1989). Platelets exposed to ox-LDL alone, undergo immediate platelet

shape change and pseudopodia formation (Zhao et a1.,1995), a transformation that enhances

adhesion of platelets to endothelial cells under flow condition (Dardik et a|.,2000).

In a study assessing the effect of various forms of low-density lipoprotein, ox-LDL was

demonstrated to increase the degree of platelet activation compared to native LDL (Katzman

et al.,1994). This observation was reaffirmed by V/eidtmanÍL et al (L995), who demonstrated

irreversible platelet aggregation following treatment of platelets with mildly oxidized LDL

rather than highly oxidized LDL. Tornvall et al (1999), demonstrated that pre-incubation of

platelets with native and ox-LDL did not modify the degree of platelet aggregability in

platelet-rich plasma or washed platelets but increased aggregation markedly in whole blood.

In a series of studies addressing the mechanism/s by which ox-LDL serves as a pro-

aggregant, Siess and colleagues hypothesized that the lysophosphatidic acid (LDA) formed

during oxidation of LDL may serve as the active moiety of both mildly and minimally

modified LDL responsible for platelet activation (Siess et al., 1999). Antagonists of LDA

were demonstrated to prevent both mildly and minimally modified LDL induced platelet

activation. Further to this, lovastatin has been demonstrated to prevent ox-LDL activation of

platelets via a mechanism that involves a LDA dependent pathway (Essler et a1.,2000).
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[C.10.3] Hypertension

Hypertension, another known risk factor for CAD, is also associated with a platelet hyper-

aggregable state. In aî investigation performed by Kjeldsen et al (1987), plasma

concentrations of Bthromboglobulin in untreated males with essential hypertension were

found to be significantly higher than in healtþ normotensive men. Plasma P-

thromboglobulin in the hl.pertensive group correlated significantly with the total serum

cholesterol and LDL suggesting that subjects with untreated essential h¡rpertension have an

increased blood platelet release reaction that is related at least in part to the concentration of

atherogenic blood lipids. In agreement with these observations, a number of other

investigations have observed an increased platelet activity in subjects with essential

hl,pertension (Lande et a1.,1988; Lande et a1.,1987; Lechi et a1.,1989; Thomas et al., 1992;

'Winther et a|.,1991).

Dockrell et al (1999), utilizing platelets from the offspring of parents known to have

hypertension, demonstrated that the presence of high blood pressure was associated with a

potentiation of the primary phase of platelet aggregation by endothelin-l. These results

suggested that enhanced platelet sensitivity to the potent vasoconstrictor appears to exist in

the familial predisposition to hy,pertension. In subjects with essential hypertension, platelet

aggregability towards ADP and serotonin, and plasma B{hromboglobulin concentration were

increased compared to subjects with less severe hypertension (V/orld Health Organization

Class I) and normotensive subjects (Tomoda et al.,1999).

A number of studies have indicated that platelet dysfunction in subjects with essential

hypertension can be normalized following anti-hypertensive pharmacotherapy. Islim et al

(1992), determined that the degree of platelet activation in subjects with essential

hypertension, treated with either B-adrenergic antagonists or diuretics, was not significantly

different from the activation observed in untreated hypertensive subjects. However, treatment

with ACE inhibitors was associated with a significantly lower plasma B{hromboglobulin

compared to control subjects. Moser et al (1997), whilst comparing the anti-platelet

properties of captopril, enalapril and fosinopril observed no significant anti-aggregatory

effect, but did observe a significantly decreased level of TXBz generated from platelets in

hypertensive subjects that had been treated with fosinopril. Furthermore, the utilization of

C** antagonists for the management of hypertension has also demonstrated some anti-
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platelet properties (Osmialowska et al., 1990) despite evidence to the contrary (Birkebaek er

a1.,1988).

[C.10.4] Smoking

Smoking is strongly associated with CAD and has also been shown by some, but not all, to

increase the extent of platelet aggregation (Inoue et a1.,200I; Taylor et a1.,1987). Smokers

have also been demonstrated to have more small spontaneous platelet aggregates and more

medium and large aggregates induced by adrenaline (1-5pM) than non-smokers (Fusegawa

and Handa, 2000) reconfirming results from a previous investigation where similar

observations were made (de Padua Mansur et al.,1997).

rc.I11 "Sick platelet behøvior"

Sick platelet behavior whether manifesting itself as platelet h1,per-aggregability or hyper-

reactivity to platelet agonists, can be viewed simplistically as resulting from an imbalance

between the pro-aggregatory and the anti-aggregatory mediators that govern platelet function.

The formation and function of particular ROS and their possible role in the phenomenon of

platelet hyper-aggregability are discussed below.

[C.12] Mechanisms

[C.12.1] Reactive oxygen species servìng øs pro-aggregants

Numerous groups over many years have investigated the hypothesis that ROS including

superoxide, hydrogen peroxide and others, serve as pro-aggregants that arc responsible for

platelet hlper- aggregability.

[C.12.1.1] Superoxide

As described earlier superoxide can be generated in a number of ways. One electron

reduction of molecular oxygen occurs to produce superoxide in many enzymatic processes.

Altematively superoxide can be generated through the specific enzpe system of NADPH

oxidase located within neutrophils or other cellular sources (see section A3.2).
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Ozte-)Oz'-

2Oz + NADPH + 2Oz-+ NADP + H-

As it was demonstrated that superoxide limits the effectiveness of nitric oxide/EDRF

(Gryglewski et al., 1986; Rubanyi and Vanhoutte, 1986) and that NO/EDRF serves as a

principal inhibitor of platelet function (Radomski et al., I987b; Radomski et al., 1987c),

several studies have examined the effects of superoxide on platelet function. The addition of

pyrogallol (a superoxide generator) to a platelet suspension was demonstrated to enhance

thrombin stimulated platelet aggregation and adhesion to a gelatin coated plastic (Salvemini

et al., 1989b). Moreover, the addition of the superoxide scavenger superoxide dismutase

(SOD) significantly inhibited thrombin-stimulated platelet aggregation and platelet adhesion.

However, the addition of catalase serving as a scavenger of hydrogen peroxide (HzOz) failed

to affect any of the experimental parameters, indicating superoxide rather than hydrogen

peroxide, enhances the extent of platelet aggregability and adhesiveness.

Following on from these initial observations the flavoprotein inhibitor diphenyleneiodonium

(DPI) was shown to inhibit thrombin-induced platelet aggregation in a concentration

dependent fashion, presumably through its inhibition of NAD(P)H oxidase and therefore

superoxide generation (Salvemini et a1.,1991). Interpretation of this result is complicated by

the non-specific nature of DPI as it was subsequently shown to inhibit all flavoprotein

containing enzymes including NOS (Stuehr et a|.,1991) and xanthine oxidase (Doussiere and

Vignais, 1992).

Superoxide apart from having direct effects on platelets also influences platelet aggregability

through its ability to form other ROS. The various other ROS generated from superoxide and

their ability to mediate platelet hyper-aggregability is discussed below.

[C. I 2. 1.2J Hydrogen peroxíde

In much the same way as superoxide, the interaction of HzOz ànd platelets in vitro has been

extensively examined, as it is formed readily from the spontaneous dismutation of the

superoxide anion, a reaction that is catalyzedby superoxide dismutase:
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2Oz'- + zIH* + H2Oz* Oz

Throughout the literature the contribution hydrogen peroxide plays in platelet homeostasis

remains uncertain with several investigations reporting that it readily serves as a powerful

anti-aggregatory agent (Clark and Klebanoft 1980; Ohyashiki et al., l99l; Rodvein et al.,

1976) whilst others have suggested that it has a pro-aggfegant function (Del Principe et al.,

1e8s).

Platelets primed with sub-threshold concentrations of AA or collagen underwent platelet

aggregation, TXA.2 production and serotonin release following the addition of SOD, the effect

of which was abolished following addition of catalase, implying a role for hydrogen peroxide

in the triggering of platelet activation (Iuliano et al., 1991). These results were then

reconfirmed when it was demonstrated that exposure to hydrogen peroxide triggers platelet

activation via a cycloxygenase dependent pathway (Pratico et a1.,1991; Pratico et a1.,1992).

As platelets and polymorphonuclear leukocytes, specifically neutrophils, interact very

closely, especially in subjects with CAD (Nagata et al.,1993; Ott et a1.,1996),Pratico et al

(1993) demonstrated that activation of human neutrophils by fMLP induces platelet

aggregation in platelets that had been primed with sub-threshold concentrations of AA or

collagen, via aHzOz dependent pathway. Furthermore, this effect was shown to be enhanced

by the addition of SOD and blockedby calalase, indicating that hydrogen peroxide already

known to be generated and released from human neutrophils (Test and Weiss, 1984; Wymann

et a\.,1987), activates primed platelets.

In a comprehensive investigation that summarizes the effects of hydrogen peroxide on

platelet function Ambrosio et al (1994), demonstrated that low concentrations of hydrogen

peroxide promoted platelet activation/aggregation in a cyclooxygenase dependent pathway.

However, the addition of hydrogen peroxide in higher concentrations inhibits platelet

aggregation,via a oGMP dependent mechanism.
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[C. 1 2. 1. 3] Ilydroxyl radicøl

Evidence throughout the literature also exists suggesting that the hydroxyl radical that is

formed from hydrogen peroxide via either the Haber-Weiss reaction or Fenton reaction

(Kehrer, 2000), can also induce platelet hyper-aggregability (see chemical reactions below).

Oz- * HzOz ) Oz + OH + OH- [Haber-weiss reaction]

Fe2* -f HzOz + Fe3* + OH + OH- [Fenton reaction]

Following removal of hydroxyl radicals, platelet aggregation was significantly inhibited in

response to a range of platelet agonists (Violi et al.,1988). The pro-aggregant effect observed

with hydrogen peroxide for platelets primed with sub-threshold concentrations of agonists

has also been demonstrated to be mediated via the hydroxyl radical generated from hydrogen

peroxide in an extra-cellular Fenton-like reaction (Iuliano et al., 1994). Furthermore, human

platelets exposed to 15 or 30 minutes of anoxia and then reoxygenation were shown to

undergo spontaneous platelet aggregation, an effect that was blocked following the addition

of the hydroxyl radical scavenger mannitol (Leo et al.,1997).

These results not only illustrate the potential of the hydroxyl radical to function as a pro-

aggreganl, but also reinforce the importance of hydrogen peroxide and superoxide as

mediators of platelet aggregation.

[C. 1 2. 1.4] Peroxynitrite

As attention has been focused on the regulation of nitric oxide by superoxide and its

association with CAD (Ronson et al., 1999), several investigators have examined the actions

of peroxynitrite on platelets as it is readily formed from the interaction of NO and 02 -. As has

been demonstrated for superoxide, hydrogen peroxide and hydroxyl radical, peroxynitrite

also acts as a pro and anti-aggregant (Brown et al.,1998; Moro et al.,1994). Several reports,

but not all, have demonstrated that peroxynitrite inhibits platelet aggregation (Mondoro et al.,

1997; Moro et al.,1994;Yin et al.,1995) whilst others have demonstrated that it potentiates

platelet aggregation in washed platelet preparations (Moro et al., 1994). Platelets contain or

generate appreciable amounts of nitric oxide (Freedman and Keaney,1999; Freedman et al.,

1997; Radomski et al., 1990; Sase and Michel, 1995), superoxide (Caccese et al., 2000;
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Freedman and Keaney,1999; Leoncini et a1.,1991) and SOD (Marcus et al.,1977), implying

the formation of peroxynitrite may occur in both the resting and stimulated state.

In an investigation by Boulos et al (2000), a theoretical rate of platelet derived peroxynitrite

formation has been determined (-2x10as-1), which is faster than the rate of reaction between

superoxide and SOD (-1.2x104s-t;. These results imply that in activated platelets, significant

amounts of superoxide will react with nitric oxide to form peroxynitrite rather than hydrogen

peroxide through its reaction with SOD. Adding evidence to the notion that platelets produce

peroxynitrite Tannous et al (1999), demonstrated the presence of peroxynitrite in platelets

obtained from IDDM subjects, speculating that it may relate to the platelet dysfunction

associated with diabetes.

[C.12.2] Products of reøctive oxygen species

[C. 1 2. 2. 1] Clinical ímplications

Evidence for a significant role of ROS mediating platelet activation in vivo comes from a

series of investigations that determined a significant reduction of cyclic flow variations

following administration of superoxide dismutase alone (Yao et al., 1993) or in combination

with catalase (Ikeda et al., 1994). Infusion of xanthine plus xanthine oxidase (Ikeda et al.,

1994) or hydrogen peroxide (Yao et al., 1993) was also shown to induce the cyclic flow

variations indicative of thrombus formation. Products generated through of the actions of

various ROS such as isoprostanes have also been shown to induce platelet hyper-

aggregability (Pratico et al., 1996).

Indirect evidence that ROS are involved in activation of platelet in vivo comes from a series

of observations made in NIDDM and IDDM patients. In both types of diabetic subjects,

urinary excretion of 8-epi-PGF26¿ wâs found to be twice that of healtþ age matched control

subjects (Davi et a1.,1999b). 8-epi-PGF2o a member of the F2-isoprostane family, is formed

following the attack of cell membrane phospholipids or circulating LDL by ROS, and have

been found to correlate with the amount of TxBz (Davi et al.,l999b; Patrono and FitzGerald,

1997; Pratico, 1999; Roberts and Morrow, 1997). Moreover, platelet aggregation is induced

by 8-epi-PGFzo if prior to isoprostane exposure the platelets had been exposed to sub-

threshold concentrations of various platelet agonists (Pratico et a|.,1996).
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Reduction of 8-epi-PGFzo formation through improved metabolic control or vitamin E

supplementation has also been demonstrated to reduce the extent of platelet activation (Davi

et a1.,1999b). These results may go some way to explaining the results obtained by Szuwart

et al (2000), who demonstrated a reduction in platelet adhesion to endothelial cells following

vitamin E administration. This was despite recent doubts being raised over the effectiveness

of vitamin E utilization in the reduction in the extent of oxidative stress (Patrignani et al.,

2000). More recently Iuliano et al (2001), have demonstrated a transient increase in coronary

sinus Fz-isoprostane formation post PTCA suggesting localized oxidative stress that may

serve as a basis for vessel re-stenosis post PTCA or stent implantation.

Pharmacomodulation of Platelet Function

Inhibition of Platelet Aggregation: Clinical Strategies

[C.13] Aspirin

[C.13.1] Hístory

It has long been known that platelets exposed to aspirin have a diminished degree of

aggregation in response to a range of platelet agonists (O'Brien, 1968; Zucker and Peterson,

1968). Roth e/ al (1975) and Roth and Majerus (1975), demonstrated that acetylation of

prostaglandin synthase was responsible for the observed anti-aggregatory effects of aspirin.

[C.13.2] Prostønoid Structure ønd Function

Cyclic prostanoids such as prostaglandins and thromboxane are the products of the

metabolism of arachidonate by prostaglandin H synthase, also known as cyclo-oxygenase

(COX-1/2) (Bjorkman, 1998; Smith and DeV/itt,1995; V/illiams and DuBois, 1996). Cyclo-

oxygenase converts arachidonate to prostaglandin Gz, then further catalyzes a peroxidation

reaction to form prostaglandin Hz (PGH). After the biosynthesis of PGHz, the endoperoxide

is converted to one of a series of potential prostanoid products, depending on its location.

Within platelets and neutrophils PGHz may be converted into the potent platelet agonist and

vasoconstrictor thromboxane-A2 (TxA2) by TxA synthase. V/ithin the vascular endothelium

PGHz is converted into the potent anti-aggregatory and vasodilating agent prostacyclin

(PGI2), by prostacyclin synthase. TxA2 is now thought to be primarily synthesizedby platelet
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COX-I, whereas PGI2 biosynthesis is largely meditated by the COX-2 isoform (Catella-

Lawson and Crofford, 2001). For a schematic representation of prostanoid formation and the

action of aspirin, see Figure 1.7.

Membrane phospholipids
I

l<-- Phospholipase-A,t
Arachidonate

I

+ ASPIRIN

I . NSArDPÇc, t t/
I .---"- cox-r/-2t

PGH2

I

+
TxA,

TxB,

I

+
PGI2

+ +
PGF2

I

+
PGI2

I
Kidney

PGE2

I
PGD2

I

I
6 keto PGF,.

I
Platelets Stomach Endothelium

Figure 1.7 Prostønoíd biosynthesis

Prostanoids are synthesized from arachidonate by the actions of cyclo-oxygenase. Cyclo-oxygenase then converts

arachidonate to prostaglandin G2 and then to prostaglandin H2. Prostaglandin H2 is then converted to proslaglandin Ev D¡
F2d, 12 or thromboxane A2. @daptedfrom (Bjorkman, 1998). Not all prostanoids shown.

[C.13.3] Mechanism of Action

The two cyclo-oxygenase enzymes (COX-1, COX-?), also referred to as prostaglandin G/H

synthase isozymes (PGH synathase I &. 2), both exhibit cyclo-oxygenase and peroxidase

activities. Both COX-I and COX-? enzymes are inhibited by aspirin through irreversibly

acetylating a hydroxyl group of a single serine residue at position 529 within COX-I and

position 516 for COX-2 (Vane and Botting, 1995; Williams and DuBois, 1996). When

blocked by the actions of aspirin, both COX-L|-2 are incapable of producing PGH2, the

necessary precursor of a number of prostaglandins and thromboxane. COX-2 on the other

hand is capable of converting arachidonate to 15-,R-hydroxyeicosatetraenoic acid (15-R-

HETE) (Bjorkman, 1998).

Platelets are extremely sensitive to aspirin. Patrono et al (1980) illustrated a time and dose

dependent inhibition of platelet production of TxB2 following administration of aspirin
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(100mg) in 45 healtþ subjects. These results were later confirmed by others with even lower

doses of aspirin producing a similar effect (Kallmann et al., 1987; Patrignani et al., 1982).

Aspirin (7Smglday) was demonstrated to completely block TxB2 production in -80% of IHD

patients who had recently undergone coronary artery bypass graft surgery (Ratnatunga et al.,

1992).

[C.13.4] Secondary Prevention of Ischaemic Events

In a prospective, randomized, double blind placebo controlled trial the RISC study group

examined the effects of low dose aspirin administration in 796 males with either UAP or a

non-Q-wave MI, and showed a reduction in the risk of both an MI and death after 5 days of

therapy (The RISC Group, 1990). These benefits of aspirin utilization were then reconfirmed

for the medium (3 months) (The RISC Group, 1990b) and long term (1 year) (Wallentin,

1991). Similar reductions in event rates for UAP and non-Q-wave MI patients were observed

in other trials utilizing higher doses of aspirin (Cairns et al., 1985; Lewis et al., 1983). The

Second International Study of Infarct Survival (ISIS-2) examining the efficacy of aspirin

(160mg/day) utilization post MI in -17 000 MI patients, demonstrated that aspirin utilization

during the first 24-brs of an infarct and for 1 month subsequently, significantly reduced the

incidence of five week cardiovascular mortality, nonfatal re-infarction and non-fatal stroke

(ISIS-2, 19S8). This early benefit was maintained in the long term with neither a loss nor gain

in benefit of aspirin randomization following 10 years follow-up (Baigent et al., 1998).

Moreover, the combination of aspirin with streptokinase was shown to be significantly better

than either agent alone.

Aspirin utilization has also demonstrated benefit in preventing further vascular events in

patients who have had a transient ischaemic attack or ischaemic stroke. In an overview

analysis of 31 randomized trails, daily doses of aspirin ranging from 300-1500mg/day,

reduced the risk of subsequent stroke, MI, or vascular death by -22% (Antiplatelet Trialists'

collaboration, 1988). These benefits were also observed with a lower dosing regimen (The

SALT Collaborative Group, 1991).

tC.I3.5] Aspirin Utílízation ín Prímary Preventíon of Ischaemìc Events

As aspirin was shown to demonstrate a significant protective effect in the secondary

prevention of an ischaemic event, the possible benefit of its use in primary prevention has
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also been examined in a series of randomized trials. In the Physicians' Health Study (Steering

Committee of the Physicians' Health Study Research Group, 1988), a randomized double

blind placebo controlled trial of aspirin use on alternate days (325mg) was examined in

-22,000 men. The subjects randomized to receive aspirin had a 44o/o reduction in the risk of

MI. This included significant benefits for aspirin on both nonfatal and fatal events (Steering

Committee of the Physicians' Health Study Research Group, 1988). However, the observed

benefit in aspirin use was apparent only amongst those subjects 50 years and older (Steering

Committee of the Physicians'Health Study Research Group, 1989) with the protective effect

becoming apparent soon after initiation of therapy (Ridker et al., 1991a). Despite the

observed benefit, no significant reduction in mortality from all cardiovascular causes was

associated with aspirin utilization. Interpretation of this study must be made with caution, as

the subject population was not truly representative. Only 88 cardiac deaths out of -22,000

subjects studied was recorded representing a cardiovascular mortality 88oá less than

expected. Furthermore, this selective study group may have made lifestyle changes that

lowered the likelihood of them having serious CAD.

The fact that the physicians were examined within the Physicians Health study may also

serve as a potential reason why the British Doctors Trial failed to show a significant

difference between the treatment groups for the combined endpoint (MI, stroke and total

cardiovascular mortality) (Peto et a1.,1988). Despite the limitations of both investigations, an

overview of these two trials of primary prevention demonstrated an overall reduction in non-

fatal MI by 33% a result that was highly significant (Hennekens et al., 1989; Hennekens e/

al.,1988).

In the Swedish Angina Pectoris Aspirin Trial (SAPAT), -2000 SAP patients were

randomized to receive aspirin (75mg) or placebo on a background of sotalol. Following a

mean follow up of 4 years, aspirin randomization was associated with a 34%o reduction in the

primary outcome event of MI andlor sudden death. A significant reduction in the incidence of

first MI was associated with aspirin randomization (Juul-Moller et al., 1992). These results

confirmed the observations made by (Ridker et al., 1991b) in a small cohort of chronic SAP

patients from the Physicians Health study.

Some patients with other cardiovascular conditions may also benefit from the anti-

aggregatory effect of aspirin as suggested in a comprehensive overview (Antiplatelet
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Trialists' Collaboration, 1994). In an overview of 46 randomized trials, they demonstrated

that anti-platelet therapy (chiefly aspirin alone or aspirin plus dipyridamole) greatly reduced

the risk of vascular occlusion in a wide range of patients.

[C. 1 4] Glycoprotein IIb/IIIø receptor sntagonists

As described in section 4.9, the final step in the process of platelet activation is the Ca2*

dependent transformation of the GPIIb/IIIa receptor complex to reveal previously cryptic

binding sites for fibrinogen, fibronectin and vitronectin. Over the last fifteen years there has

been a large emphasis on the development of antagonists that interfere with the binding of

fibrinogen to the GPIIb/IIIa receptor, with three therapeutic classes of GPIIb/IIIa receptor

antagonists being developed. Monoclonal antibodies, synthetic peptide and non-peptide

receptor antagonists and disintegrins have undergone various levels of basic experimental and

clinical investigation, with the monoclonal antibody Abciximab being the most extensively

studied.

[C.14.1] Abciximab (c783 Fab)

Coller et al (1983), were the first to successfully develop a monoclonal antibody that was

capable of preventing the binding of fibrinogen to platelets. In order to limit any

immunogencity that may develop from administration of the 7E3 antibody, the F" (Fragment

crystallizable) region was removed by pepsin to produce an F(ab')2 fragment (Faulds and

Sorkin, 1994).Initial in vitro and ex vivo studies on platelets obtained from humans and dogs

demonstrated that 7E3 was capable of completely inhibiting platelet aggregation induced by

ADP (2-5¡rM) (Coller, 1985; Coller and Scudder, 1985). In a collaboration with Folts, Coller

et al (1986), using the cyclic blood flow variation model (CFV) of thrombus formation,

demonstrated that infusion of 7E3-F(ab')2 resulted in complete abolition of the cyclic flow

variations and a restoration of blood flow within l0 minutes, in all the dogs studied. Unlike

administration of aspirin with the CFV model, epinephrine infusion (0.5 or 1.Omg/kg/min) or

a series of other provocative challenges, failed to restore the CFV following 7E3-F(ab')2

infusion, implying long-term protection from thrombus formation. Mickelsoî et al (1989),

using the CFV model of thrombus formation confirmed the results obtained by Coller et al

(1986), but also demonstrated that 7E3-F(ab')2 not only inhibited ex vivo platelet aggregation

but also minimized the amount of platelet deposition on damaged vascular endothelium.
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[C. 1 4. 1. IJ Ischaemic heart diseøse

Utilizing chimeric 7E3Fab, Anderson et al (199211994a) were one of the first investigators to

show that inhibition of GPIIb/IIIa with cTE3Fab was a valid treatment for prevention of

abrupt closure of a coronary artery during percutaneous transluminal coronary angioplasty

(PTCA). Tcheng et al (1994), in patients with a moderate to high risk of sustaining an

ischaemic complication, demonstrated a dose dependent inhibition of platelet aggregation and

GPIIb/IIIa receptor blockade. A bolus dose of 0.25mglkg was found to result in blocking >

80% of the GPIIb/IIIa receptors and a reduction to < 20o/o aggregation compared to samples

prior to treatment. In a randomized placebo controlled study of 60 patients with an ACS,

Simoons et al (1994), demonstrated that a 0.25mglkg bolus followed by 1Omg/min for 18 to

24-hrs of c7E3Fab, reduced the recurrence of further ischaemic episodes.

Following on from these initial investigations, a multitude of large clinical trials have been

performed demonstrating the effectiveness of cTE3Fab in different clinical settings. The

evaluation of c7E3 for the Prevention of Ischaemic Complications (EPIC) trial was the first to

demonstrate the importance of GPIIb/IIIa blockade in high-risk patients with UAP or

evolving MI, with pronounced and sustained benefit being demonstrated (The EPIC

Investigators, 1994; Lincoff et al., 1997; Topol et al., 1994; Topol et al., 1997). Subsequent

large-scale trials such as EPILOG and EPISTENT extended the findings of EPIC to lower

risk patients undergoing PTCA/stent implantation (The EPILOG Investigators,1997; Lincoff

et al.,I999a;Lincoff et al.,1999b; Topol et al.,1999).

[C.14.2] Tiro!ìban

Tirofiban, a potent anti-platelet agent, inhibits the binding of fibrinogen to the activated

GPIIb/IIIa receptor complex. In vitro administration of Tirofiban dose-dependently inhibited

platelet aggregation induced by ADP, collagen, arachidonic acid, thrombin and the

thromboxane analogue U466I9 (Peerlinck et al., 1993). These in vitro anti-aggregatory

effects were then reconfirmed ex vivo in both dogs (Lynch et aI., 1995), healtþ volunteers

(Banett et al., 1994; Peerlinck et al., 1993) and in high-risk IHD patients undergoing

coronary angioplasty (Kereiakes et al., 1996). On the basis of these initial investigations a

series of multi-center trials such as PRISM, PRISM-PLUS and RESTORE, were performed

in patients undergoing coronary intervention, as well as in subjects with UAP/non-Q wave
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MI (The RESTORE investigators, 1997; PRISM investigators, 1998a; PRISM-PLUS study

investigators, 1998).

[C. 1 4.3] Other GPIIb/IIIa receptor antøgonísts

The synthetic peptide Eptifibatide, developed from a 73 amino acid peptide Barbourin, found

in the venom of the southeastern pigmy rattlesnake Sistrurus barbouri, is another GPIIb/IIIa

receptor antagonist and is the only disintegrin derivative to undergo extensive clinical

investigation for its anti-platelet/thrombotic properties (Scarborough, 1999). Its anti-

aggregatory properties have been extensively examined in healtþ subjects (Charo et al.,

1992), patients undergoing elective PTCA (Harrington et al.,1995; Tcheng et a1.,1995) and

in patients with UAP or MI (Ohman et al., 1997; Schulman et al., 1996). Following on from

these initial investigations, Eptifibatide has also undergone extensive clinical evaluation in

such trials as IMPACT-II and PURSUIT (IMPACT-II, 1997; The PURSUIT Trial

Investigators, 1998).

As described above, intravenous administration of GPIIb/IIIa antagonists at the point of care

has demonstrated a significant clinical benefit. It was initially thought that an extension of the

platelet inhibitory effect beyond the initial hospitalization should enhance the long-term

clinical outcome of these patients. Therefore a series of potent orally active GPIIb/IIIa

inhibitors have been developed including xemilofiban, orbofiban, roxifiban and sibrafiban.

These agents have all undergone a series of major clinical trials with disappointing results

(The SYMPHONY investigators, 2000; Au'lt et a1.,1999; Cannon et a1.,2000; Holmes et al.,

2000; O'Neill et al., 2000): a 3l%o relative increase in mortality with the use of oral

GPIIb/IIIa inhibitors (from l.3Vo to 1.7%) (Chew et a1.,2001).

tC.I5l ADP receptor øntügonists

Ticlopidine and its structural analogue clopidogrel are thienopyridine derivatives that are a

class of anti-platelet agents that function as ADP receptor antagonists (Quinn and Fitzgerald,

1999). Both ticlopidine and clopidogrel are inactive in vitro and require biotransformation

with clopidogrel being metabolized to its active component by cytochrome Pa56 1A subfamily

(Savi er al.,1994).
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rc.l5.11 Mechanism of Actíon

Di Minno et al (1985), in a comprehensive study involving healthy subjects, demonstrated

that ticlopidine (500mg) inhibited ex vivo platelet aggregation to a variety of platelet agonists

including ADP, epinephrine, A23I87, collagen, arachidonic acid and thrombin via a

mechanism independent of the GPIIb/IIIa complex. Addition of the ADP scavenger apyrase,

added in vitro to a washed human platelet preparation obtained prior to ticlopidine or

clopidogrel administration, demonstrated a similar anti-aggregatory effect of

ticlopidine/clopidogrel treatment alone, suggesting that they both selectively inhibit platelet

responses to ADP (Cattaneo et al., 1991; Weber et al., 1999). Ticlopidine has no effect on

Ca2* influx or intracellular mobilization (Hardisty et al., 1990). Platelet shape change in

response to ADP and other platelet agonists such as collagen and arachidonic acid was also

demonstrated to be unaffected by ticlopidine (Di Minno et a1.,1985) or clopidogrel (Humbert

et al., 1996), adding further confusion to not only the mechanism of action for the

thienopyridine derivatives, but also to the identification of the ADP receptor.

Using flow cytometry analysis of intracellular VASP (vasodilator-stimulated phosphoprotein)

phosphorylation, Schwarz et al (1999), confirmed that the anti-aggregatory effect of

ticlopidine and clopidogrel occurred via the P2Ya6 ADP receptor. Phosphorylation of VASP,

a cytoskeleton and integrin-associated platelet protein, correlates with inhibition of binding of

soluble fibrinogen to the platelet GPIIb/IIIa receptor and inhibition of platelet aggregation

(Horstrup et al.,1994). Reconfirming the hypothesis that VASP phosphorylation was a useful

marker for inhibition of platelet aggregation Schwarz et al (1999), demonstrated a time

dependent increase in VASP phosphorylation when platelets were treated with SNP

(100pM). Ticlopidine and clopidogrel pretreatment showed an attenuation of the inhibitory

effect of ADP on prostaglandin E1-stimulated, cAMP-mediated VASP serine 239

phosphorylation.

The clinical utility of ticlopidine and clopidogrel has been extensively examined, especially

in the prevention of coronary stent thrombus (Bertrand et al., 1998; Leon et al., 1998; Urban

et al., 1998) with ticlopidine utilization being shown to be beneficial in the prevention of

adverse outcomes in stroke patients (Hass et al., 1989). However, several studies have also

demonstrated that both ticlopidine and clopidogrel are capable of inducing thrombotic
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thrombocytopenic purura, casting doubt on the safety of each agent (Bennett et a1.,2000;

Bennett et a1.,1998; Ellie et al., 1992; Kupfer and Tessler, 1997;Page et al.,l99l).

Effects from Other Cardiac Drugs on Platelet Function

tC.16l ACE Inhibitors

In a study by Moser et al (1997), the anti-platelet effects of equivalent anti-hypertensive

doses of captopril, enalapril, and fosinopril were assessed in subjects with stage I-II essential

hypertension. ADP, adrenaline or thrombin-stimulated platelet aggregation remained

unchanged from baseline and between each ACE inhibitor. However, compared with

baseline, fosinopril and captopril decreased the TxBz concentration, whereas enalapril

consistently increased TxBz concentrations. Moser et al (1997) concluded that different ACE

inhibitors have distinct effects on platelet TxBz formation, but no effect on platelet

aggregation. In patients with an acute MI, captopril infusion resulted in a 30o/o reduction in

the level of platelet surface GPIIb/IIIa receptor expression (Zurbano et al.,1999), suggesting

a reduction in the degree of platelet activation compared to patients not treated with ACE

inhibitors.

Contrary to the above example and therefore casting some doubt on the direct anti-platelet

properties of ACE inhibitors, Gow et al (199I), observed no significant anti-platelet effect

following both acute and chronic administration of captopril in patients with congestive heart

failure. These results are in agreement with the results obtained from Birkebaek et a/ (1988)

and Gupta et aI (1991), who also demonstrated that captopril or quinapril in therapeutic doses

did not affect platelet activity in patients with mild to moderate essential hl,pertension.

Apart from the benefits observed regarding survival rates in subjects \ /ith heart failure (The

CONSENSUS trial study group, 1987; The SOLVD Investigators, I99l; Kjekshus et al.,

1992), benefits from the use of ACE inhibitors post MI have also been demonstrated in a

number of large-scale clinical investigations. Such studies include the Survival of Myocardial

Infarction Long-term Evaluation (SMILE) trial were patients were randomized to zofenopril

or placebo, in which the combined endpoint of death and the incidence of heart failure were

significantly reduced in the zofenopril treated patients (Ambrosioni et a1.,1995). Other major

trials to show a similar benefit include the SAVE, GISSI, ISIS-4 and HEART trials (GISSI-3,

1994; Pfeffer et al., 1992; Pfeffer et al., 1997; Rutherford et al., 1994). In the Heart
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Outcomes Prevention Evaluation (HOPE) study, treatment with ramipril (lOmg/day) was

demonstrated to prevent cardiovascular events or stroke in a broad range of subjects without

baseline left ventricular dysfunction, or chronic heart failure, or CAD (Yusuf er a1.,2000).

The mechanism behind the benefits observed in the aforementioned clinical trails

multifactorial with one or more postulated mechanism occurring at anyone time: blockade of

angiotensin II production, inhibition of bradykinin breakdown, suppression of endothelin

secretion and inhibition of superoxide production, just to name a few (Khalil et a1.,2001).

However, given that a number of studies have demonstrated a direct effect of ACE inhibitors

on platelet function, it is not unreasonable to assume the benefits observed through their use

may stem from their anti-platelet properties.

tc.17l Statins

It is known that platelets from patients with hypercholesterolaemia are more sensitive to

aggregating agents than platelets from normal subjects. For a specific review of the literature

regarding the effects of ox-LDL and the presence of hypercholesterolaemia on platelets see

section C.10.2.I, where it is implied that a reduction in ox-LDL through the actions of statins

indirectly attenuates platelet hyper-responsiveness to various agonists. A number of large

trials have demonstrated considerable benefit from statin utilization (Scandinavian

Simvastatin Survival Study, 1994; Scandinavian Simvastatin Survival Study, 1995; Jukema

et al., 1995; Sacks et al., 1996; WOSCOPS, 1998). However, these benefits suggest an

improvement in the vasculature rather than a direct anti-platelet mechanism. An example of

this comes from a study in which simvastatin pharmacotherapy was demonstrated to reduce

the degree of platelet aggregation and TxB2 production following four to twenty four weeks

of treatment, whereas a lipid lowering effect can be observed in as little as two weeks of

therapy (Davi et a1.,1989; Notarbartolo et a1.,1995).

[C. 1 8] Calcium Antagonists

L-type Ca2* channel antagonists are in widespread use for the management of CAD, with the

main mechanism of action being an inhibition of Ca2* fluxes across plasma membranes

resulting in negative inotropy and coronary/peripheral vasodilatation (Abernethy and

Schwartz, 1999). As described in section 4.8, platelet function is governed by the transport of

Ci*, and through inhibition of this action, several calcium antagonists have been
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demonstrated to posses anti-platelet properties (Han et a1.,1983; Johnson et a1.,1986; Mehta

et a1.,1983; Pumphrey et a1.,1983; Ware et a1.,1986; Winther et a1.,1990), despite evidence

to the contrary (Rostagno et a1.,1990).

In a study performed by Lacoste et al (1994), the degree of platelet thrombus formation and

the extent of platelet aggregation in response to thrombin were significantly decreased

following oral verapamil pharmacotherapy in subjects with SAP. This was then confirmed by
'Wallen et al (1995). In contrast to the above results Beaughard et al (1995), was unable to

demonstrate any benefit in utilizing diltiazem, nifedipine or verapamil in inhibiting cyclic

flow variations induced in dogs.

The role of C*t antagonists in the management of cardiovascular disease has been

controversial, with some clinical studies showing little benefit and others demonstrating a

significant reduction in the rate of events post MI in the absence of heart failure (Boden et al.,

l99l; Furberg et al., 1995; Gibson et al., 1986; Goldbourt et al., 1993). In a more recent

investigation Boden et al (2000), demonstrated that diltiazem (300mg/day), on a background

of aspirin, in patients with MI who had first received thrombolytic therapy, serves as an

effective secondary prevention measure against reinfarction, perhaps functioning at least in

some part via its anti-platelet properties. These results are in agreement with the observations

made by the DAISY study investigators in which intravenous diltiazem in unstable angina

reduced both short term and l-year cardiac event rates (Gobel et al., 1995; Gobel et al.,

199S). With regards to verapamil, the DAVIT II study demonstrated a significant reduction in

the incidence of a major cardiac event post MI, a result that was reaffirmed in a meta-analysis

of data obtained from a number of clinical trails (DAVIT II, 1990; Pepine et al., 1998).

Furthermore, the anti-platelet properties of Ct* antagonists may have also contributed to the

beneficial effects of Ct* antagonist utilization post coronary angioplasty (Hoberg et al.,

ree4).
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Section D:

Pharmacotherapy with Organic Nitrates and Other Nitric

Oxide Donors: Effects on Vasomotor and Platelet Function

tD. 1l Nitrøte pharmøcotherapy

[D. 1. 1 ] Nitrovasodiløtors

Ever since the first descriptions of the therapeutic use of nitrates for the treatment of angina

pectoris (Brunton, 1867; Murrel, 1879), organic nitrates have been in widespread use in the

management of IHD and congestive heart failure (Abrams, 1996). Nitrovasodilators include

not only the organic nitrate esters but also a wide variety of non-nitrate donors of nitric oxide,

a list of which is shown in Table 1.2.

Table 1.2 : Nítrovasodilators

A list ofvarious nitrovasodilators was adaptedfrom Fung (1992), Abrams (1996) and lgnaruo et al (2002)

[D. 1.2] Organic nitrate preparatíons

Amongst the various organic nitrates that have been utilized in the management of IHD and

congestive heart failure, three preparations stand out: NTG, ISDN and ISMN.

[D. 1. 2. 1 ] Nitroglycerine (NTG)

Nitroglycerine (glyceryl trinitrate) has been utilized in the management of myocardial

ischaemia for greater than one hundred years (Abrams, 1996). The American Heart

Association and the American College of Cardiology guidelines designate intravenous NTG

as a class I indication for use in anterior or complicated ST segment elevation MI (Abrams,

113

,S-nitrosothiolsNitroglycerine [NTG]
Sodium nitroprusside [SNP]Isosorbide dinitrate IISDN]

Isosorbide 5 -mononitrate IISMN] No(NO)ates
Mannitol hexanitrateErythritol tetranitrate

HydroxylamineP entaerythrito I tetranitrate
MolsidomineNicorandil

Nott-nitrufe nitric oxide donorsOrganic nitrøtes
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2000). A meta-analysis of reported data has suggested an improvement in the survival of

patients receiving intravenous NTG in ACS (Yusuf et a1.,1988) despite data being obtained

from a time when thrombolytics, aggressive anti-platelet agents and other beneficial

interventions were not common practice. Following delivery of NTG via various routes

including intravenous, transdermal and sublingual, NTG is rapidly converted to the

metabolites I,2 and 1,3-glyceryl dinitrate from which nitric oxide is liberated.

[D. 1. 2. 2] Isosorbide di-nítrøte (ISDN)

Another organic nitrate, ISDN is rapidly metabolized in the liver to the two metabolites,

isosorbide 2-mononitrate and the commercially available isosorbide 5-mononitrate (ISMN)

with approximately 600/o of the di-nitrate being converted to the 5-form (Abrams, 1995).

[D. 1. 2. 3] Isosorbíde mono-nítrøte (ISMN)

As outlined above, isosorbide 5-mononitrate is a metabolite of ISDN. Contrasting to the di-

nitrate, ISMN does not undergo significant hepatic metabolism and is therefore extensively

bio-available (Abrams, 1995). However, in the fourth international study of infarct survival

(ISIS-4), oral ISMN (60mg/daÐ utilization in subjects with an acute MI was demonstrated to

have no significant effect on mortality at 5 weeks (ISIS-4, 1995). This dose of ISMN is

without effect in SAP, largely because of tolerance induction (Chrysant et al., 1993).

Furthermore, in ISIS-4, ISMN was demonstrated to reduce infarct mortality within 24-hrs

supporting the safety of early nitrate use post 1li4I: l.l7o/o for ISMN vs 2.l6Yo for placebo (p <

0.01).

Despite some negative investigations NTG, ISDN and ISMN are in widespread use for the

treatment/management of subjects with angina and congestive heart failure (Horowitz,2000).

The chemical structures of these three commonly utilized organic nitrate preparations along

with their bioactive metabolites including ISMN are shown in Figure 1.8.
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Figure 1.8 Chemicsl structures of the nitroglycerine (glyceryl trí-nitrate) and

ìsosorbide dínitrate ølong wíth their respect¡ve metabolítes

All organic nitrate preparations are pro-drugs that require enzymatic metabolism in order to generate the bioactive nitric
oxide.

[D.1.3] Functíonal aspects of orgøníc n¡trøtes

[D.1.3.1] Vasculøture

The haemodynamic and hence anti-anginal actions of organic nitrates are mediated largely

through their capacity to dilate the capacitance veins and conductive arteries (Parker and

Parker, 1998). Peripheral venodilation results in less blood returning to the right heart

resulting in a reduction in preload that manifests itself as a decrease in ventricular filling

pressures, wall tension and systemic blood pressure (Abrams, 1996).

Nitrates also induce arterial (rather than arteriolar) vasodilatation resulting in an improved

vascular compliance, an effect that may be seen with very low concentrations of organic

nitrates. The reduction in right and left ventricular preload and afterload caused by nitrate

vasodilatation decreases cardiac work and lowers the myocardial oxygen requirements,

preventinglalleviating myocardial ischaemia. For a generalized review of the role of nitrates

in the vasculature see the following references (Abrams, 1995; Abrams, 1996).
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NTG and the other organic nitrates have minimal vasodilator capacity in the smaller, distal

vessels of the microcirculation. Reasons for this selectivity of function remain undefined.

However, there is some suggestion that the enzymels responsible for nitrate bioconversion

may be absent in these vessels (Harrison and Bates, 1993). Furthermore, both nitric oxide and

,S-nitrosothiols retain activity as dilators of arterioles (Harrison and Bates, 1993).

Organic nitrates are also coronary dilators, with significant effects on epicardial vessels as

well as collaterals (Feldman et al., 1982; Feldman et al., 1979). These effects probably are of

minor importance in the relief of exertional angina, but may be critically important in patients

with vasospastic angina or threatened acute MI (Horowítz, 2000). Nitrates possess a number

of extra-vascular effects including various anti-platelet properties, some of which are

discussed below.

[D.1.3.2] Platelets

To date, numerous studies have demonstrated that nitrates possess considerable anti-platelet

properties. A number of early studies demonstrated a potent anti-aggregatory effect of NTG

in vitro (Schafer et al., 1980) and in vivo (Lam et a1.,1988), although only at concentrations

well above the therapeutic range. This was in contrast to other studies in which intravenous

and sublingual NTG was shown to have no or limited ex vivo effect on platelet aggregation in

PRP preparations (Fitzgerald et al., 1984; Mehta and Mehta, 1980). Reasons for an absence

of a discemable anti-platelet effect following nitrate treatment may include sub-optimal

infusion duration (Stamler and Loscalzo, l99l), suggesting that only high concentrations of

NTG elicit a significant anti-platelet effect. An example illustrating this comes from a study

by Folts et al (1991), utilizing an open-chest dog model in which administration of 10-15

pglkglmin NTG was demonstrated to reduce cyclic platelet thrombus formation, compared

with 5pg/kg/min having no effect.

In UAP and acute MI patients, therapeutic concentrations of nitrates were demonstrated to

significantly inhibit the extent of platelet aggregation assessed ex vivo (Diodati et a1.,1990).

When platelet aggregometry experiments were performed on blood samples that had been

preserved at room temperature for 30 minutes or had been obtained from subjects that had

discontinued their NTG treatment 15 minutes prior to collection, the anti-platelet properties

of NTG were absent, indicating a labile effect. Following on from earlier observations
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(Diodati et al., 1992; Diodati et al., 1994), platelet hyper-aggregability induced during the

passage of blood across the coronary circulation following rapid atrial pacing in patients with

SAP was inhibited by therapeutic doses of NTG or SNP (Diodati et a1.,1995).

The above ex vivo observations lend further support to a multitude of other investigations

where NTG and other nitrovasodilators such as SNP, ISDN, ISMN and S-nitroso-glutathione

were demonstrated to possess potent anti-platelet properties (Aoki et al., 1997a; Chen et al.,

1996; Chirkov et a|.,1992; Chirkov et al.,1993; De Caterina et al.,1984; De Caterina et al.,

1990; Hebert et al., 1997; Hines and Barash, 1989; Karlberg et al., 1992; Langford et al.,

1994; Langford et al.,1996; Werns et a1.,1994; 
'Wolfram 

et a|.,1996).

In a study performed by Salvemini et al (1993), the anti-aggregatory properties of NTG were

absent when platelets were exposed to its metabolites, 1,2-GDN or 1,3-GDN. However,

aggregation was inhibited when platelets were exposed to 1,2-GDN or 1,3-GDN in the

presence of smooth muscle cells or endothelial cells, the effects of which were abrogated by

co-incubation with oxyhaemoglobin indicating that the anti-aggregatory effects were due to

NO release. Despite not addressing whether nitric oxide released from the co-incubated

endothelial cells or smooth muscle cells was contributing to the anti-platelet effects, the study

provided additional evidence that the metabolites of NTG require bioconversion to nitric

oxide to elicit its anti-aggregatory affect.

tD. 2l Nitrate Tolerunce

The major limitation to widespread therapeutic nitrate utilization is the potential for the rapid

development of tolerance to some or all responses to organic nitrates following sustained

pharmacotherapy (Horowitz, 2000). Evidence demonstrating nitrate tolerance in both animals

and humans is extensive. However, the exact mechanisms behind the phenomenon remain

poorly defined.

tD,2.1l Evídence for tolerønce inductíon: Ischaemíc heart disease

Continuous administration of organic nitrates in all forms, have demonstrated an attenuation

of efficacy within a short period of time. In a series of patients with SAP, Thadani et al

(1982), demonstrated a marked attenuation in the effectiveness of ISDN pharmacotherapy

following 1 week of 4 times-a-day treatment with a range of doses. These observations were

I17
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then reconfirmed by a number of other investigators, utilizing ISDN but also NTG patches,

ISMN and intravenous NTG (Steering Committee, Transdermal Nitroglycerine Cooperative

Study, l99l; Muiesan et al., 1986; Parker and Fung, 1984; Sage et a1.,2000; Thadani et al.,

1987 ; Zimnn et al., 1988).

[D.2.2] Congestìve Heørt Føilure

In addition to tolerance in patients with chronic and acute IHD, progressive attenuation of the

haemodynamic effects of nitrates have been demonstrated in patients with congestive heart

failure using various nitrate preparations including continuous and intermittent intravenous

NTG (Dakak et al., 1990; Dupuis et al., 1990; Gogia et al., 1995; Makhoul et al., 1990;

Packer et al.,1987), transdermal-NTc (TD-NTG) (Jordan et a1.,1986; Packer et a1.,1986),

and ISDN (Elkayam et a1.,1991).

[D. 2. 3] Platelet øggregation

Demonstration of nitrate tolerance at the platelet level is limited, with only a number of

studies addressing the phenomenon specifically. In a landmark investigation performed by

Chirkov et al (1997), tolerance towards NTG at a platelet level was demonstrated following

24-hrs of a low infusion rate of NTG (spg/min) and even after a single sublingual dose

(300¡rg) in SAP patients. Tolerance toward NTG was also demonstrated not to be associated

with cross tolerance to SNP, or related to a down-regulation of platelet guanylate cyclase.

These results therefore suggest that bioconversion of NTG to nitric oxide is the most probable

site of tolerance induction.

Other investigators have also described tolerance to the anti-platelet effects of nitrates.

Continuous administration of NTG in dogs resulted in a loss of the coronary vasodilator

responsiveness and a progressive increase in thrombin stimulated ex vivo platelet activity

(Fink et al., 1999). This enhancement of platelet activity was initially observed in 1997 in

which continuous NTG infusion alone resulted in an increase in thrombin stimulated intra-

platelet Ca2* and increased thrombin-induced platelet aggregation (Fink and Bassenge,1997).

Somewhat contrasting to the results obtained by Chirkov et al (1997), impairment in both the

unstimulated and SNP-stimulated platelet oGMP concentrations was also observed, implying

apartial soluble guanylate cyclase inactivation (Fink et al.,1999).
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In a study performed by Herbert et al (7997), investigating the phenomenon of nitrate

tolerance at both the vascular and platelet level, persistent inhibition of thrombin induced

platelet aggregation and platelet deposition on porcine aortic media was observed, despite

haemodynamically induced tolerance caused by NTG (0.8mg/h).

tD.3l Proposed mechanism/s of nitrøte tolerønce

Evidence now exists suggesting that there is no single cause for nitrate tolerance (potential

mechanisms of which are examined below) with the phenomenon not necessarily reflecting a

diminution in nitric oxide's effectiveness. Conceptually therefore, the phenomenon is now

viewed as involving two separate components of one problem:

o "True tolerance": diminution in nitric oxide's efficacy and

o "Pseudotolerance": that involves activation of vasoconstrictor mechanisms that counteract

and obscure the vasodilator effectiveness of nitric oxide.

[D.3. 1] Historicøl perspective

It was initially suggested by Needleman and Johnson (1973) that tolerance towards NTG

results from a reduction in the availability of vascular sulfhydryl groups necessary for nitrate

biotransformation (or receptor interaction as concluded in 1973). Tolerance towards NTG in

rabbit thoracic aortic segments was found to be time and dose dependent. Furthermore, an

improvement in vascular responsiveness in tolerant vascular strips post administration of

dithiothreitol was observed implying an interaction with sulflrydryl compounds, an

observation that was also confirmed ex vivo (Needleman and Johnson, 1973).

Although initially postulated as the mechanism behind nitrate tolerance, a number of other

mechanisms covering both "true tolerance and pseudotolerance", including the phenomenon

of an impaired nitric oxide release, increased nitric oxide clearance, increased production of

vasoconstrictors, plasma volume expansion and inactivation of soluble guanylate cyclase,

have also been suggested.
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[D.3.2] True tolerance

[D,3.2.1] Impaired nìtric oxíde releøse

[D. 3. 2. l. I ] Attenuated bìo-conversíon

As described in section D.1.2.1, NTG is a prodrug that undergoes bioconversion to 1,2-

glyceryl dinitrate (1,2-GDN) and 1,3-glyceryl dinitrate (1,3-GDN), an event that occurs prior

to its pharmacological effects (Brien et a|.,1988). Fung and Poliszcuk (1986), demonstrated

that tolerance towards NTG was accompanied by a reduced production of the 7,2-glyceryl

dinitrate metabolite. These results confirmed the results obtained by Brien et al (1986), in

which NTG-induced relaxation of rat aorta and tissue metabolite concentrations were

significantly less for NTG{olerant tissue compared with non-tolerant tissue. In cultured rat

lung fibroblasts and porcine kidney epithelial cells re-exposed to NTG after prolonged

exposure (0.1mM for 3-hrs), a marked attenuation of NTG biotransformation resulted. In

nitrate tolerant preparations there was no formation of 1,2-GDN after exposure to NTG

(Bennett et al., 1939). Sage et al (2000) demonstrated ex vivo that SAP patients randomized

to receive 24-hrs of NTG pharmacotherapy prior to elective CABG surgery had a reduced

amount of 1,2-GDN in segments of saphenous vein compared to patients not treated with

nitrates. This degree of 1,2-GDN loss paralleled attenuated NTG responsiveness, further

indicating that a reduced bioconversion of NTG maybe responsible for nitrate tolerance

induction. The observations of Sage et al (2000) have also been confirmed by Omura et al

(2001).

The lack of cross-tolerance to other nitric oxide releasing vasodilators such nitroprusside,

which readily donate nitric oxide without undergoing bioconversion (Ignano et al., 2002),

also suggests that an impaired bioconversion of NTG is partly responsible for tolerance

induction.

[D. 3. 2. 1, 2] Bioconversion en4yme

A decrease in the activity of the enzyme that mediates the formation of nitric oxide from

NTG has been suggested to be responsible for nitrate tolerance induction. Multiple

biotransformation mechanisms have been identified, with several candidate enzymes being

suggested (Bennett et al., 1994). An undefined microsomal protein isolated from bovine

coronary arteries was demonstrated to mediate the formation of nitric oxide from NTG
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(Chung et al., 1992). Both vascular p isotype of glutathione-S-transferases (Kenkare et al.,

1994; Nigam et al., 1996; Tsuchida et al., 1990) and the rat aortic cytochrome P+so

(McDonald and Bennett,19931' McGuire et a1.,1994) have also been demonstrated to mediate

the denitration of NTG despite doubts raised by a number of other investigators (De la Lande

et a1.,1996;Kurz et a1.,1993).

In an investigation addressing the role of NADPH-cytochrome P+so reductase (CPR) dunngin

vivo nitrate tolerance induction, CPR expression as assessed by NADPH-dependent

cytochrome c reductase activity of aortic microsomes, immunoblotting, and northern

analysis, was demonstrated to remain unchanged in aorta from NTG-tolerant rats (Ratz et al.,

2000b). However, Minamiyama er al (2001) demonstrated that the appeffance and

disappearance of Pa5s parallels the conversion of NTG to nitric oxide in a rat model of nitrate

tolerance.

Perhaps the most compelling evidence demonstrating a decrease in the activity of an enzyme

that mediates the bioconversion of NTG serves as a mechanism responsible for nitrate

tolerance induction, is the recent observations of Chen et al (2002), in which the

mitochondrial aldehyde dehydrogenase (mtALDH) demonstrated to be responsible for the

bioconversion of NTG to I,2-glyceryl dinitrate, was significantly inhibited in tolerant tissue.

[D. 3. 2. 1. 3] S uffhydryl hypothesìs

Depletion of reduced sulftrydryl groups required for the biotransformation of NTG to nitric

oxide is one of the most extensively studied hy'potheses addressing the mechanism behind

nitrate tolerance induction. Most of the evidence against a reduced sulfhydryl store

hypothesis as an explanation for nitrate tolerance come from observations that thiol groups

are not depleted in NTG tolerant tissue and that sulftrydryl containing drugs augment vascular

responses to NTG in the presence and absence of nitrate tolerance (Boesgaard et al., 1994;

Fung et al., 1988; Munzel et al., 1989). These observations suggest that depletion of tissue

sulftrydryl groups is not a major mechanism by which tolerance induction occurs.

Attenuation of tolerance induction via sulfhydryl addition has been postulated to occur via

potentiation of nitrate effects. Nitrates interact with sulfhydryl donors extracellularly leading
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to production of ,S-nitroso-thiols or nitric oxide that function as potent anti-platelet agents and

vasodilators (Fung et a1.,1988).

[D.3.2.2] Increøsed nitríc oxide cleørance

Enhanced formation of the superoxide radical or alternative ROS stemming from the vascular

endothelium with resultant increased clearance of nitric oxide, has also been postulated as a

potential mechanism behind the development of nitrate tolerance.

This hypothesis was originally proposed following an investigation in which significantly

higher concentrations of superoxide (as determined by LDCL) were found in rabbit aortas

that had been made tolerant following TD-NTG treatment (Munzel et al., 1995b). Pre-

treatment of tolerant aorta with superoxide dismutase (SOD 600U/ml), significantly enhanced

the maximal relaxation responses to NTG, SIN-I, and acetylcholine, whilst reducing the

degree of chemiluminescence and hence superoxide.

In an attempt to identify the potential sources of superoxide, Dikalov et al (1998a), utilizing

spin trapping techniques that are more specific to superoxide and other ROS than lucigenin,

demonstrated a doubling in the degree of superoxide production from vascular smooth

muscle cells, endothelial cells and washed platelets following exposure to NTG. Furthermore,

the rate of ROS formation detected by spin traps in tolerant smooth muscle cells, treated for

24-brs with 0.01mM NTG, was significantly higher than that of control (Dikalov et al.,

1998b). Membrane associated NAD(P)H oxidase and CUZnISOD activity were significantly

increased and decreased respectively, in homogenates of segments obtained from in vivo

tolerant rabbits. In contrast, both NAD(P)H oxidase and CvZn|SOD activity were found to be

unaltered in segments made tolerant in vitro, suggesting different levels of importance of

superoxide in the mechanism of tolerance induction (Munzel et a1.,1999). Reconfirming the

results observed earlier (Munzel et al., 1995b), the addition of tiron functioning as a

superoxide scavenger, effectively restored the vasorelaxant response to NTG in in vivo

tolerant aortic rings, but not the reduced response to NTG in in vitro tolerant rings (Munzel el

al.,1999).
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Studies demonstrating cross-tolerance to non-nitrate sources of nitric oxide both in vitro

(Rapoport et al., 1987) and in vivo (Lawseî et al., 1996) also support the hypothesis of

superoxide scavenging of nitric oxide as a mechanism behind nitrate tolerance.

[D. 3. 2. 2. 1 J Evidence øgainst sup eroxide involvement

Evidence against superoxide involvement in the phenomenon of nitrate tolerance is about as

extensive as the evidence supporting its involvement. Segments of rabbit aorta (Hussain et

al., 1996) or human intemal mammary artery (Sage et a1.,2000) exposed to short term

elevated levels of superoxide (levels approaching that was observed in tolerant segments),

showed an unchanged NTG responsiveness. Despite the notion that a short term exposure to

elevated levels of superoxide in vitro may not reflect the in vivo situation (i.e. prolonged

exposure to potentially higher concentrations of superoxide), results demonstrating a lack of

cross tolerance to non-nitrate sources of nitric oxide in vitro (Du et al., l99l1' Kowaluk and

Fung, 1990) or in vivo (Bauer and Fung, l99l; De la Lande et al., 1999) also add evidence

against nitric oxide inactivation by superoxide during nitrate tolerance development.

Utilizing rat aortamade tolerant in vitro, Laight et al (1997) demonstrated no change in NTG

responsiveness following pretreatment of segments with a variety of ROS scavengers. NTG

induced in vitro tolerance was associated with a significant increase in 3-nitrotyrosine

formation, indicative of peroxynitrite formation. Addition of free tyrosine to the segment

incubation medium failed to alter tolerance development, but abolished 3-nitrotyrosine

formation suggesting peroxynitrite formation is not involved in tolerance induction (Mihm e/

al.,1999).

Plasma lipid peroxidation products and 8-iso-PGF2 a, both serving as markers of oxidative

stress, were also demonstrated to be unchanged following acute and sustained therapy with

TD-NTG (Milone et al., 1999b), suggesting further that nitrate therapy and tolerance

induction is not associated with increased free radical production. Despite the utilization of

DPI, an inhibitor of flavoprotein containing enzymes that includes NOS, Ratz et al (2000b),

demonstrated that increased superoxide due to increased NAD(P)H oxidase activity also does

not account for the development of in vivo tolerance to NTG in rats.
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[D. 3. 2. 2. 2J S up eroxíde summøry

As conflicting results have been obtained in studies examining the degree of cross-tolerance

to non-nitrate nitric oxide sources, attenuation of tolerance induction following anti-oxidant

pharmacotherapy (see below), and altered responsiveness to NTG following aortic segment

exposure to elevated levels of superoxide, the exact role of superoxide within the

phenomenon of nitrate tolerance, still remains undefined.

[D.3.2.3] fnvolvement of nitric oxíde synthase

Munzel et al (2000a), investigating the role of eNOS in the phenomenon of nitrate tolerance

demonstrated that Wistar rats treated with NTG (lOpg/kg/min for 3 days) induced nitrate

tolerance and marked up regulation in vascular eNOS expression that was associated with

elevated levels of superoxide. The source of the elevated levels of vascular superoxide was

hypothesized to result from an uncoupling of the NOS enzyme (Munzel et a1.,2000a) and

may result from a depletion in intracellular L-arginine (Abou-Mohamed et al., 2000;

Kaesemeyer et al., 2000).

However, the observations of Wang et al (2002) cast doubt on the involvement of eNOS in

the phenomenon of nitrate tolerance, where the vascular effects of NTG (2}mglkg,3 times a

day for 3 days) was examined in eNOS knockout mice. In both the eNOS knockout and wild

type mice, NTG induced tolerance v/as clearly evident. Furthermore, vascular tolerance did

not lead to changes in eNOS protein expression in the wild type mice indicating the absence

of any significant role for eNOS in the phenomenon of nitrate tolerance.

[D. 3. 3] Pseudotolerance

A decrease in blood pressure caused by NTG pharmacotherapy initiates a baroreflex

stimulation that leads to the release of various vasoconstrictor agents that reduce the

vasodilating effects of nitrates, an effect known as pseudotolerance. Administration of

nitrates is associated with increases in plasma concentration of catecholamines, aldosterone,

vasopressin and plasma renin activity (Munzel et al.,I996a).

In a rabbit model of in vivo tolerance induction, Munzel et al (1995a), reported that tolerance

towards NTG was associated with increased contractile sensitivity to a :.aîge of

vasoconstrictive agents that included angiotensin II, serotonin, phenylephrine and phorbol
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ester, a direct protein kinase C activator. Perhaps more interestingly, constrictions caused by

endothelin-l (ET-l) were paradoxically decreased in nitrate-tolerant vessels with ET-l

immuno-reactivity being observed in tolerant but not in control aortas. Enhanced

vasoconstriction was mimicked in control vessels through the addition of sub-threshold

concentrations of ET-1, suggesting ET-1 sensitizes vascular smooth muscle cells to a number

of vasoconstrictors during tolerance induction.

Vasoconstriction induced by ET-l occurs primarily through the ETa receptor on vascular

smooth muscle cells resulting in activation of protein kinase C (Giannessi el al., 2001;

Schiffrin, 2001). Chronic ETa receptor blockade with 2D2574 had no effect on NTG induced

relaxation, decrease in NTG induced oGMP accumulation or on the decrease in NTG

biotransformation which occur in aortas from tolerant rats (Ratz et al., 2000a). It was

concluded that elevated levels of ET-l observed post tolerance induction do not mediate

tolerance, but rather occur as a consequence of vascular changes that are employed during

chronic nitrate exposure. This study contrasts the observations made by Kurz et al (1999), in

which co-administration of bosentan (a nonselective ET receptor antagonist) to tolerant

rabbits resulted in a significantly increased sensitivity to NTG in aortic rings made tolerant to

NTG. In this study NTG treatment caused a persistent increase in plasma renin activity.

Following 72-Ivs of NTG treatment ACE activity had returned to control values with ATr

receptor mRNA expression being significantly above that of control, resulting in increased

vasoconstriction (Kurz et al., 1999).

[D.3.3.1] Plasma volume expansion

Dupuis et al (1990), whilst investigating the mechanisms of nitrate tolerance in subjects with

congestive heart failure, demonstrated an extra-vascular to intra-vascular volume shift

occurring within the first hour post commencement of a l.5¡rg/kg/min NTG infusion. This

study results confirmed results obtained by other investigators (Parker et al.,l99l;Parker et

al., 1992; Parker and Parker, 1993) and led to the development of a hypothesis for nitrate

tolerance induction in which nitrate-induced expansion of plasma volume reverses the effects

of nitrates on ventricular preload (Parker and Parker, 1998).

As with a number of possible hypotheses addressing the phenomenon of nitrate induced

tolerance, the role plasma volume expansion remains unclear. Attempts to attenuate tolerance
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development through diuretic pharmacotherapy have generated conflicting results. Treatment

with hydrochlorothiazide had no effect on the development of tolerance to TD-NTG, but

interestingly, diuretic therapy alone improved exercise capacity in patients with SAP (Parker

et a1.,1996). Treatment of subjects with captopril has been demonstrated to limit (Stork et al.,

1997) and/or not affect nitrate tolerance (Dakak et a1.,1990). However, delineating the ACE

inhibitor function from the diuretic properties of the drug is required to prove a diuretic effect

on nitrate tolerance. Sussex et al (1994) and Mohanty et al (1995) also demonstrated a

reduced degree of tolerance induction to nitrates with the co-administration of diuretics

further confounding the role of plasma-volume expansion in the phenomenon of nitrate

tolerance.

[D.3.4] Other hypotheses

Several other hypotheses addressing the mechanism of nitrate tolerance have also been

suggested but not followed as thoroughly as the mechanisms outlined above. These include

the idea of a desensitization of guanylate cyclase and an increased phosphodiesterase activity

that correlate with a decrease in oGMP accumulation (Axelsson and Andersson, 1983;

Bennett et a1.,1988; Schroder et a1.,1988; 'Waldman et a1.,1986). More recently Mulsch ¿r

al (2001), utilizing a rat and rabbit models of in vivo nitrate tolerance demonstrated that

treatment of both rat or rabbit with NTG leads to a marked increase in expression of soluble

guanylate cyclase, but also a down regulation of cGMP-dependent protein kinase, as detected

by a reduction in the basal phosphorylation of the oGK-I substrate VASP following tolerance

induction. Similarly Kim et al (2001), demonstrated a marked increase in oGMP

phosphodiesterase expression in tolerant rat aortas. Moreover, administration of the

phosphodiesterase-specific inhibitor vinpocetine partially restored the sensitivity of the

tolerant vasculature to subsequent NTG exposure.

Regarding the phenomenon of nitrate tolerance at the level of platelets specifically, NTG (40-

400 pmol/L) was shown to significantly attenuate platelet eNOS activity (Chen and Mehta,

t997). This effect was demonstrated by a reduction in the rate of conversion of Z-arginine to

Z-citrulline, whilst having no effect on eNOS protein levels as detected by western analysis,

prompting Chen and Mehta to suggest a negative feedback regulation of eNOS may also

serve as a contributor to the phenomenon to nitrate tolerance, at least at the platelet level.
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tD. 4] Str ategies th at minimize tru eþ s eudotolerunce

[D.4.1] Regímen based

[D.4.1.1] Low dose and intermittent dosing regimens

There are now a number of studies demonstrating that the induction of nitrate tolerance can

be minimized by the use of dosing regimens that give an extended nitrate-free interval

(Chrysant et al., 1993; DeMots and Glasser, 1989). A strategy that provides an interval of

low nitrate exposure during a 24-hr period has also been demonstrated to be somewhat

successful in limiting nitrate tolerance induction during chronic therapy (Cowan et al.,1987;

Ferratini et al., 1989; Parker et al., 1995). Despite the demonstration of a benefit in

intermittent nitrate therapy over continuous therapy, withdrawal of nitrates may be associated

with "rebound" myocardial ischaemia or the "zero hour" phenomenon that may result in

increased episodes of ischaemia (DeMots and Glasser, 1989; Parker and Parker, 1998).

Furthermore, nitrate-free intervals are unsuitable for monotherapy of ACS where the risk of

ischaemia is not solely dependent on exercise-induced increases in heart rate (Horowitz,

2000).

[D.4.2] Co-therøpy

[D.4. 2. 1] N-acetyl cysteine

Several studies have reported that thiol supplementation in the form of N-acetylcysteine

(NAC) augments the haemodynamic effects of NTG in both tolerant and non-tolerant

subjects (Horowitz et a1.,1983; l:|l4ay et al., 1987; Packer et al., 1987;Pizzulli et al., 1997;'

Winniford et al., 1986). Co-infusion of nitrates and NAC has been also demonstrated too

partially prevent tolerance induction (Boesgaard et al.,1992; Horowitz et a|.,1988; Shaffer er

a1.,1992). Contrary to the above studies, other investigators have failed to show potentiation

or reversal of NTG tolerance with sulftrydryl donors (Dupuis et al., 1990; Munzel et al.,

1989; Parker et a1.,1987).

N-acetylcysteine's effects have traditionally been explained as the restoration of depleted

thiol reserve. However, evidence now suggests that NAC restores the beneficial effects of

nitrate administration via a thiol independent mechanism. Boesgaard et al (1993b), whilst

investigating how intra/extracellular changes in sulftrydryl group concentration affect

haemodynamic responsiveness to NTG in vivo, demonstrated that the hypotensive effect
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following NTG chronic infusion remains unaffected in the presence of high intracellular

concentrations of cysteine and glutathione.

The exact mechanism by which NAC reduces tolerance remains unclear. However, there is

some evidence suggesting that it may function as an anti-oxidant (Aruoma et al., 1989;

Benrahmoune et a|.,2000) or have properties similar to that of an ACE inhibitor (Boesgaard

et al., 1993a). Recently a number of studies have demonstrated that NAC inhibits NFrB,

previously demonstrated to play a functional role in oxidative stress responses and apoptosis

(Fernandez et al., 1999;Kim et a|.,2000). Despite these recent studies, a connection between

a potentiation of true tolerance by NAC via a NFrB dependent mechanism has not been

made to date.

[D. 4. 2. 2] Antì-oxidants

In much the same way as anti-oxidant utilization is hypothesized to attenuate endothelial

dysfunction (section C.6.2.1.1), anti-oxidant pharmacotherapy has also been demonstrated to

reduce the degree and incidence of nitrate tolerance induction. 'Watanabe et al, on a number

of occasions has demonstrated that vitamin utilization (either C or E) in NVs, patients with

IHD or congestive heart failure attenuates nitrate tolerance induction ('Watanabe et al.,1997b;

Watanabe et a1.,1998b; Watanabe et a1.,1998c). Partly reaffirming'Watanabe's observations,

vitamin-C combined with NTG was demonstrated to fully maintain the NTG-induced

changes in the blood pressure, compared to NTG treatment alone, following prolonged

exposure (Bassenge et a1.,1998).

Changes in vascular tolerance in NTG-treated subjects were paralleled by att upregulation of

the activity of isolated platelets, which was also reversed by vitamin-C administration

(Bassenge et al., 1998). Vitamin-C co-administration with NTG reduced the degree of

vascular superoxide formation compared to NTG treatment alone (Dikalov et a1.,1999). Co-

administration of the carvedilol metabolite 8M910228 or vitamin-C with NTG suppressed

the degree of oxidative stress and reduced the increased platelet activity and impaired nitrate-

induced vasorelaxation that results from continuous NTG utilization (Fink et al., 1999).

However, Milone et al (1999b) were unable to demonstrate any change in the haemodynamic

or venous effects of NTG with vitamin C use.
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[D.4.2.3] High dose ACE inhibítors

As the release of various vasoconstrictive agents to counteract the vasodilator effects of nitric

oxide serves as one of the postulated mechanisms of nitrate tolerance (pseudotolerance), a

number of groups have employed high dose ACE inhibitor pharmacotherapy in an attempt to

limit its development.

Several studies have demonstrated an improved coronary vasodilator responsiveness

following the combination of captopril and nitrates when compared to nitrate utilization alone

(Meredith et a1.,t993;Pizzulli et a1.,1996), whilst other groups have demonstrated a failure

of captopril to prevent tolerance induction, especially in subjects with congestive heart failure

(Dakak et al., 1990). Apart from its ACE inhibitor activity, captopril contains a sulfhydryl

moiety. In a comparative investigation examining the efficacy of captopril and enalapril for

the prevention of nitrate tolerance, captopril but not enalapril was demonstrated to attenuate

nitrate tolerance induction in vitro, similar to that achievable by NAC. These results suggest

that the sulfhydryl group contained within captopril or the diuretic properties, function to

prevent nitrate tolerance rather than the ACE inhibitor activity (Lawson et a1.,1991).

Contrary to the above hypothesis, treatment with non-SH ACE inhibitors that include

enalapril (Katz et al., l99l; Munzel and Bassenge, 1996;'Watanabe et al., 1997a) and more

recently ramipril (Berkenboom et al.,1999) have also shown to attenuate nitrate tolerance.

The exact mechanisms by which ACE inhibition prevents/attenuates nitrate tolerance remains

undefined. Attenuation of superoxide formation via direct/indirect inhibition of NAD(P)H

oxidase sub-unit assembly has also been postulated as one mechanism by which ACE

inhibitors limit nitrate tolerance. NAD(P)H oxidase enzyme activity is upregulated by

angiotensin II as demonstrated in tissue culture (Griendling et al., 1994) and in vivo

(Rajagopalan et a1.,1996) (see also section C.4.3.1 and C.6.3). Kurz et al (1999), in a study

investigating the effectiveness of losartan (AT¡ receptor antagonist) in attenuating nitrate

tolerance induction, demonstrated that in vitro pre-incubation of losartan did not alter

vascular superoxide production. This was in contrast to the ex vivo results in which losartan

inhibited the degree of vascular superoxide production in both tolerant and control vessel

preparations. It was therefore concluded that losartan functions to limit tolerance induction by

preventing AT¡ receptor stimulation and hence release of angiotensin may stimulate
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NAD(P)H oxidase rather than directly inhibiting the assembly of vascular NAD(P)H oxidase

sub-units (Kurz et a1.,1999).

However, Milone et al (1999a) also examining the efficacy of losartan in attenuating nitrate

tolerance, failed to demonsftate any prevention of haemodynamic or vascular tolerance to

TD-NTG in humans partly agreeing with the observations of Cotter et al (1998) and adding

further confusion to the role of ACE inhibition in nitrate tolerance development.

[D.4.2.4] Hydrølizine

The co-administration of hydralizine with nitrates has showed some benefit in reducing

nitrate tolerance induction despite a lack of recent research. In patients with chronic heart

failure due to left ventricular systolic dysfunction, the concomitant use of oral hydralizine

was demonstrated to prevent the early development of nitrate tolerance (Gogia et a1.,1995).

These results were supported by the observations of Munzel et al (I996b) who demonstrated

an absence of nitrate tolerance induction in rabbits treated with NTG and hydralizine

compared to NTG alone. V/ithin this investigation the mechanism for prevention of tolerance

induction was suggested to be via a reduction in the extent of vascular superoxide generation.

Alternative mechanisms include an enhancement of available sulftrydryl-containing

compounds (Unger et al., l9g3) or via direct inhibition of p22phox mRNA expression a sub-

unit required for production of vascular and polymorphonuclear derived superoxide (Fukui et

al.,1997).

[D.4. 2. 5] Other co-therøpy

Addressing the hypothesis that continuous NTG utilization causes a reduction in the bio-

availability of L-aryinine required for nitric oxide production by NOS, Parker et al (2002),

investigated the therapeutic benefit of co-administration of Z-arginine in preventing/limiting

tolerance to TD-NTG. In a cohort of SAP patients it was observed that L-aryinine (700 mg)

use was associated with a significant increase in the treadmill walking time prior to the onset

of moderate angina during chronic but not acute administration of TD-NTG (O.4mglh).

Similarly it has also been suggested that the combined use of nitrates and folic acid may also

prevent nitrate tolerance induction (Gori et a1.,2001).
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tD.4.3l Tolerant resistønt nitríc oxide sources

In a study performed by Fink and Bassenge (1991), pentaerythryl-tetranitrate was

demonstrated to display minimal tolerance development relative to NTG, an observation that

has been recently confirmed (Jurt d a1.,2001; Mullenheim et a1.,2001). Nicorandil has also

been suggested to have a decreased propensity to induced tolerance relative to NTG

pharmacotherapy over 24-Itrs in subjects with heart failure (Larsen et al., 1997) and is

suggested to function through its potassium channel opening function rather than its nitrate

activity (Tsutamoto et a\.,1995). A number of other non-nitrate nitric oxide donors have also

been recently developed as potential anti-ischaemic agents including molsidomine and

linsidomine thought not to readily develop tolerance relative to NTG (Hínz and Schroder,

1999; Sutsch et a|.,1997).

[D.4.4] Summary

Attenuation of the clinical utility of organic nitrates is a major concern in the management of

both subjects with IHD and congestive heart failure. Evidence exists both supporting and

refuting a number of hypotheses regarding induction of nitrate tolerance, suggesting that it is

a complex and multi-factorial phenomenon that involves a number of potential mechanisms.

Section E:

Combined Dysfunction of the Endothelium and

Platelets. The Concept of Reduced Responsiveness to

the Anti-Platelet and Vasodilator Properties of

Nitric Oxide (Nitric Oxide Resistance)

tE.ll Phenomenon

Initially suggested in subjects with severe congestive heart failure (Armstrong et a1.,1980),

reduced responsiveness to nitric oxide released from an organic nitrate and hence initially

termed "nitrate resistance," has also been used to describe an apparently analogous
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phenomenon demonstrated at the platelet level (see below). From these initial observations,

reduced responsiveness to NTG has been utilized to characteize the phenomenon of reduced

responsiveness both to exogenous sources other than NTG, and to endogenous sources of

nitric oxide. The basis for the extension of the definition has been studies utilizing non-nitrate

sources of nitric oxide such as SNP. The phenomenon therefore reflects nitric oxide

resistance per se, rather than nitrate resistance. Evidence describing this phenomenon within

the vasculature and at a platelet level along with a series of potential mechanisms is discussed

below.

[8.1.1] Nitric oxide resistance at the vascular level

Many of the early studies delineating the phenomenon of "nitrate resistance" as it was called

then, were performed on subjects with moderate to severe congestive heart failure

(Armstrong et al., 1980; Kulick et al., 1988; Packer et al., 1986). In an investigation

examining the haemodynamic effects of ISDN in subjects with congestive heart failure, over

half of the subjects examined remained unresponsive to 40mg ISDN (as measured by a <

20o/o deqease in the mean pulmonary artery wedge pressure after t hour). Approximately

25Yo of the initial non-responders to 40mg ISDN remained unresponsive following increases

up to 120mg (Kulick et a1.,1988). These results clearly illustrated haemodynamic resistance

to the effects of ISDN within these patients and supported a series of observations of

resistance to NTG either given intravenously or sublingually in subjects with congestive heart

failure (Armstrong et al., 1980; Elkayam et al., 1985; Magrini and Niarchos, 1980). It

remains possible that a component of this "nitrate resistance" was imposed by elevated

intrapericardial pressures, and thus is not entirely related to vasomotor effects of organic

nitrates.

Resistance, to organic nitrates, demonstrated in subjects with congestive heart failure (Katz et

al., 1992;Katzetal., 1993) andinanimalmodelsof heartfailure(V/ang etal.,1994),has

also been demonstrated in human atherosclerotic coronary segments (ForsterTnann et al.,

19SS) and in patients with type II diabetes mellitus (Leung et a1.,1993).
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[8.1.2] Further evidence of nítríc oxide resistønce ønd risk fcrctors for coronary ørtery

disease

The phenomenon of nitric oxide resistance closely resembles that of endothelial dysfunction,

i.e. diminution or absence of vasodilator responsiveness. Analogously, subjects with classical

risk factors for CAD such as hypercholesterolaemia and diabetes as well as animal models of

these risk factors have also demonstrated vascular resistance to the effects of nitric oxide.

Forearm blood flow responses to SNP were observed to be less in hlpercholesterolaemic

patients compared to control subjects (Creager et al., 1990; Adams et al., 1998). Aortic

vessels (V/atanabe heritable hyperlipidaemic rabbits) with extensive atherosclerotic lesions,

also exhibited attenuated responsiveness to NTG compared to segments devoid of

atherosclerotic lesions (Kolodgie et a|.,1990) confirming results observed in human subjects

(Berkenboom et a1.,7989; Lundman et a1.,1997)

Resistance to the vascular effects of nitric oxide has also been demonstrated in experimental

models of diabetes by some investigators (Martinez-Nieves and Dunbar,1999), whilst others

observed no resistance (Huvers et a1.,1999; Koltai et al.,1997:' Van Buren et a|.,1998). The

differences between the studies remain unresolved but may lie in the observation that normal

endothelial function is still present at the early stages of diabetes (Brands and Fitzgerald,

1993). However, it should also be mentioned that some studies of endothelial dysfunction

have failed to explore dose-response relationships for nitric oxide donors, preferring instead

to examine only single large doses (Hamabe et a1.,2001; Komatsu et a1.,2002). Thus shifts

in vascular responsiveness may have been missed.

Whilst investigating possible reasons for an increased prevalence of essential hypertension in

Afücan Americans, Cardillo et al (1999) demonstrated attenuated forearm vasodilator

response to both SNP and acetylcholine in normotensive African Americans compared to

Caucasian subjects. These results provide evidence of resistance to the effects of nitric oxide,

with attenuated response to either exogenous or endogenous sources of nitric oxide

contributing to the development of risk of vascular events closely associated with CAD.
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[8.1.3] Nìtric oxíde resistance and íts relationshíp to endothelíal dysfunction

In an investigation utilizing quantitative angiography and intra-coronary ultrasound, vessel

segments exhibiting a paradoxical vasoconstrictor response to acetylcholine suggestive of

localized endothelial dysfunction, also demonstrated significantly reduced vasodilator

capacity to NTG (Schachinger and Zeiher, 1995). An inverse correlation between NTG

induced vasodilator capacity and local atherosclerotic plaque load was also noted. Moreover,

coronary endothelial vasodilator dysfunction as measured by acetylcholine provocation

testing and to a lesser degree NTG vasodilator capacity have recently been demonstrated to

be an independent predictor of atherosclerotic disease progression and cardiovascular event

rates (Schachinger et a1.,2000). As other investigators have shown an association between

impairment of responses to nitric oxide donors and a paradoxical response to endothelium-

dependent vasodilators (Adams et al., 1998; Schachinger and Zeiher, 19951, Zeihe.r et al.,

1995), the abnormality in vasodilator function is not only confined to endothelial dependent

mechanisms. It may also comprise of impairment in smooth muscle dilator function.

Moreover, they must share some coÍtmon mechanisms.

[8.1.4] Nitric oxide resistønce øt the platelet level

As described in section C.8, platelets frompatients with angina pectoris, and from subjects

with risk factors for CAD, are hyper-aggregable to a range of platelet agonists. Platelets from

these subjects may also display a diminished degree of responsiveness to the anti-aggregatory

effects of nitric oxide donors, a phenomenon apparently analogous to that of vascular nitrate

resistance.

Examples of a reduced responsiveness to nitric oxide released from NTG or SNP initially

came from a series of studies examining the anti-aggregatory properties of insulin. Insulin

both in vitro and in vivo has been demonstrated to have potent anti-aggregatory properties

mediated through a nitric oxide/cGMP dependent mechanism (Hiramatsu et a|.,1987; Trovati

et al., 1988; Trovati et al., 1986; Trovati et al., 1997; Trovati et al., 1994; Trovati et al.,

1996).In obese subjects with and without NIDDM and in subjects with hypertension, insulin-

induced anti-platelet effects were demonstrated to be significantly attenuated (Touyz and

Schiffrin, 1994; Trovati et al., 1995). Platelet responsiveness to NTG and nitroprusside

(although the latter data were not reproduced in the article) was subsequently demonstrated to

be significantly reduced in the insulin-resistant states of obesity alone and obesity with



Chapter I 135

NIDDM confirming the presence of a nitric oxide resistance phenomenon at the platelet level

(Anfossi et a1.,1998).

To date potential restoration of platelet responsiveness to nitric oxide following

administration of insulin has not been investigated. However, normalization of impaired

platelet anti-aggregatory effect to prostaglandin EtlIz in patients with an ACS was evident

following bolus injections of insulin (0.lUlkglTdays). Subjects treated with saline only

demonstrated no restoration in platelet responsiveness to prostaglandin (Kahn et a1.,1992).

Further evidence confirming the phenomenon of nitric oxide resistance at the platelet level

comes from experiments performed by Woods et al (1993), in which platelets from patients

with untreated essential hypertension also demonstrated a reduced anti-aggregatory effect of

nitric oxide compared to control subjects. Moreover, platelets from patients with SAP

exhibited reduced sensitivity to the anti-aggregatory effects of NTG in vitro (Chirkov et al.,

1993). Approximately 100-fold higher concentrations of NTG were required to achieve 50%

reversal of aggregation compared to concentrations used on samples from control subjects. At

the time of study enrollment no patient had received nitrates for a period of 24-hrs prior to

sampling, eliminating the possibility that nitrate tolerance may serve as the explanation for

the observed results (Chirkov et a|.,1993).

In a study reaffirming the above observations and utilizing a more direct donor of nitric oxide

than NTG, Chirkov et al (1996) demonstrated an attenuated anti-aggregating and cGMP-

stimulating effect of SNP in platelets from patients with SAP compared to a cohort of NVs.

tE.2] Mechønism/s

Is there a distinction between endothelial dysfunction and nitric oxide resistance? Many

hl.potheses addressing the mechanisms of both endothelial dysfunction and nitrate tolerance

induction have also been used to explain the mechanisms underlying nitric oxide resistance.

However, specific studies addressing the mechanisms of resistance are somewhat limited

with most of the research addressing the phenomenon occurring at a vascular level. A number

of mechanisms have been proposed and are outlined in an early review by Abrams (1991).

These mechanisms include mechanical compression of the peripheral vasculature, salt and

water infiltration of blood vessels rendering them unable to further dilate, a decreased bio-
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availability of the nitric oxide, and excessive neurohormonal activation that results in a

marked vasoconstriction (Abrams, 1991). However, this review failed to consider the critical

haemodynamic phenomenon of diastolic ventricular interaction, and did not explore possible

biochemical aberrations.

As a potential mechanism to explain the phenomenon of a significantly reduced

haemodynamic response to ISDN in a cohort of heart failure subjects, Kulick et al (7988),

observed a significantly higher right atrial pressure in those heart failure subjects that were

unresponsive to low dose ISDN (aOmg). Again this finding is consistent with diastolic

ventricular interaction (Atherton et al., 1997).

[8.2.1] The lìnk generated from diabetes and insulin

As discussed above and in addition to its metabolic effects, in vitro and ex vivo administration

of insulin restores platelet responsiveness to both nitric oxide and prostacyclin in subjects

with insulin resistant conditions such as obesity and NIDDM (Anfossi et a1.,1998; Touyz and

Schiffrin, 1994; Trovati et a1.,1995). Insulin has been demonstrated to increase blood flow in

skeletal muscle by a nitric oxide dependent mechanism (Steinberg et al., 1994).In normal

volunteers, insulin at physiological concentrations was demonstrated to rapidly decrease

wave reflection of the aorta (as determined by applanation tonometry), reflecting increased

distensibility or vasodilatation of large arteries (Westerbacka et a|.,1999).

[8.2.2] Reactíve oxygen species

Studies examining the role of superoxide or other ROS in the phenomenon of nitric oxide

resistance are limited despite extensive evidence suggesting its involvement in the

phenomena that it most closely resembles i.e. endothelial dysfunction and nitrate tolerance.

Of the studies performed examining superoxides involvement in nitric oxide resistance, its

function in the phenomenon at the platelet level has not been addressed previously and

therefore serves as one of the major residual issues that this thesis will address.

Platelets obtained from two children with a history of arterial thrombosis were hyper-

aggregable in response to ADP, but also hypo-responsive to the anti-platelet effects of nitric

oxide. Plasma from both children was deficient in glutathione peroxidase (GSH-Px); addition

of exogenous GSH-Px led to a restoration of the platelet responsiveness to nitric oxide
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(Freedman et al., 1996). These results suggest that impaired metabolism of ROS reduces the

bio-availability of nitric oxide and provides a further impetus to examine the role of

superoxide in the phenomenon of nitric oxide resistance at least at the platelet level. Further

evidence of a significant contribution from ROS to the phenomenon of nitric oxide resistance

comes from a study by Haramaki et al (2001), where the degree of platelet responsiveness to

NTG was examined in chronic smokers and non-smokers. The extent of platelet

responsiveness to NTG within the chronic smoker cohort was found to be significantly less

than that of non-smokers. Moreover, the levels of intra-platelet reduced glutathione were

significantly less in the chronic smokers compared to the non-smokers suggesting a

heightened level of oxidative stress may play a role within the phenomenon of a reduced

platelet responsiveness to NTG (Haramaki et a1.,2001).

Section F:

Major Residual Issues

Despite being two separate phenomena, the combination of platelet hyper-aggregability and

decreased platelet responsiveness to nitric oxide in subjects with (or risk factors for) also

implies reduced platelet sensitivity to endogenously available nitric oxide. Resultant failure

of regulation of platelet aggregability may result and as such represents a potential

contribution to the increased risk of ischaemic events observed in such subjects.

Within this context the thesis was designed to explore further the phenomena and potential

mechanisrn/s behind platelet hlper-aggregability and nitric oxide resistance, and the interplay

between these phenomena in context of angina management with nitrates.
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Section G:

Scope of the Current Study

This thesis investigates further the phenomena of platelet hyper-aggregability, hypo-

responsiveness to nitric oxide and the anti-platelet tolerance inducing effects of organic

nitrate utilization.

Specific objectives of this work include: -

To study further the phenomena of platelet hyper-aggregability and platelet hypo-

responsiveness to nitric oxide in subjects with both acute and chronic ischaemic heart

disease.

To examine the role of superoxide in the phenomenon of platelet hypo-responsiveness to

nitric oxide.

o

o

o To assess the clinical determinants of a reduced responsiveness to nitric oxide at the

platelet level.

To investigate the effects of both acute and chronic nitrate exposure on platelet function,

along with examining any potential relationship to vascular reactivity in subjects with

chronic SAP.

In order to achieve the above objectives this body of work is divided into three components: -

Chapter 2 addresses the phenomena of platelet hyper-aggregability and hypo-

responsiveness to nitric oxide. The chapter also assesses the role of superoxide within

these phenomena.

Chapter 3 examines the clinical determinants of reduced responsiveness to nitric oxide at

the platelet level.

a

o
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Chapter 4 examines the inter-relationships between platelet hyper-aggregability, nitrate

tolerance induction, platelet hlpo-responsiveness to nitric oxide and vascular reactivity in

the clinical setting of both acute and chronic exposure of nitrates in chronic SAP patients.



Chapter 2

Pl atel et hyper- aggre gability
and hypo-responsiveness
to donors of nitric oxide;

involvement
of the superoxide anion
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l2.Il Chapter Overview

This chapter describes the observations of platelet hyper-aggregability and hypo-

responsiveness to donors of nitric oxide in whole blood samples obtained from patients with

acute and chronic symptomatic ischaemic heart disease. It addresses the h¡ipothesis that the

superoxide anion by its reaction with nitric oxide, limiting the bioavailability of nitric oxide,

is responsible for the phenomena of platelet hyper-aggregability and reduced responsiveness

to nitric oxide.

The chapter also describes a method for quantifying superoxide within whole blood samples,

prior to and post induction of platelet aggregation.

The chapter then addresses the relationship between both platelet hyper-aggregability and

hypo-responsiveness to donors of nitric oxide, and elevated levels of superoxide in blood

samples obtained from patients with SAP and ACS.

[2.1.1] Summary of the study examining the phenomenø of pløtelet hyper-

aggregøbility and hypo-responsiveness to donors of nitric oxide.

Objectives: To investigate the mechanisms underlying the phenomena of platelet hyper-

aggregabllity in response to ADP and of reduced responsiveness of platelets to the anti-

aggregatory effects of the nitric oxide donors SNP and NTG, in patients with ischaemic heart

disease.

Methods: In blood samples obtained from a series of NV (n: 37), patients with either SAP

(n: 43) or an ACS (n: 47), the anti-aggregatory effects of SNP (1O¡tM) and NTG (100pM)

on ADP (1¡rM)-induced platelet aggregation were examined. Via the addition of

SOD/catalase (300U/mL), the putative role of superoxide in the phenomena of platelet hyper-

aggregability and hypo-responsiveness to donors of nitric oxide was also examined,

Results: Platelets from patients with SAP and ACS were hyper-aggregable in response to

ADP (lpM) compared to those obtained from NVs (ANOVA F : 5.18, p < 0.01). In vitro

administration of SNP and NTG inhibited the extent of platelet aggregation in patients to a
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lesser degree in comparison to responses obtained from NVs (SNP: ANOVA F : 5.93, p <

0.01; NTG: ANOVA F:6.1, p < 0.01). Addition of SOD/catalase to blood samples obtained

from patients inhibited the extent of ADP-induced platelet aggregation (paired analysis SAP ¡

: 4.4, p < 0.01). However, the extent of platelet aggregation was not correlated with the

degree of change in platelet aggregation post SOD/catalase administration, suggesting the

presence of superoxide is independent of platelet hyper-aggregability (regression analysis;

angina pectoris r: -0.32, p:0.15, run test p:0.79; NV r: -0.11, P :0.73, run test p :

0.S7). Administration of SOD/catalase did not overall significantly affect platelet

responsiveness to SNP in samples from NV, SAP and ACS patients (ANOVA F :0.027,p:

0.S7). However, in those subjects with a history of angina (SAP/ACS patients), a significant

inverse relationship existed between the initial platelet responsiveness to SNP and the extent

of change in SNP responsiveness post administration of SOD/catalase (regression analysis: r

: -0.55, p : 0.0085, run test p : 0.74). Moreover, this relationship was absent within the NV

cohort (regression analysis: r:0.32,p:0.28, runtest p:0.29) indicating aheterogeneity of

effect of superoxide between normals and patients regarding platelet responsiveness to SNP.

Conclusions.' Platelets from patients with SAP or an ACS are hyper-aggregable in response

to ADP and significantly less responsive to the anti-aggregating effects of both SNP and

NTG. These phenomena may reflect, at least in part, an inactivation of the released nitric

oxide by superoxide, thereby contributing to the observed platelet h1,per-aggregability

associated with angina pectoris.
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[2.1.2] Summary of a study examining the development of a detection method

for superoxide in whole blood samples.

Objectives: To examine levels of superoxide within whole blood samples prior to and post

induction o f p latelet aggr egation.

Methods: In blood samples obtained from a series of NVs and utilizing the luminescent

component of a lumi-aggregometer, levels of superoxide prior to and post induction of whole

blood ADP-induced platelet aggregation were examined utilizing lucigenin (bis-N-

methylacridinium nitrate) as a probe.

Results: In whole blood samples, superoxide was detected prior to and post induction of

platelet aggregation utilizing lucigenin (12.5pM). The extent and rate of superoxide

generation post induction of platelet aggregation positively correlated with the extent and rate

ofplatelet aggregation (extent of LDCL; Spearman rank: 0.67,p < 0.01;rate of aggregation-

associated LDCL r : 0.61, p < 0.01). A lag period between the induction of platelet

aggregation and the commencement of the aggregation-associated generation of superoxide

was also observed and found to be a function of the concentration of ADP used (ANOVA F:
5.4,p < 0.01), the extent of aggregation detectable prior to the increase in LDCL (r:0.76,p

< 0.01) and the extent of aggregation-associated LDCL (r: -0.29, p :0.025).

Conclusíons.' Superoxide was detected in an unstimulated whole blood sample. Induction of

platelet aggregation initiated further generation of superoxide in a platelet aggregation-

dependent fashion. These results emphasize the potential for release of superoxide at the

sites of vascular injury where platelet aggregation plays an integral part in thrombus

formation.
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[2.1.3] Summary of a study exømíning the extent of LDCL in subjects with

coronury ørtery diseøse; relationship to platelet aggregabihty and hypo-

responsiveness to donors of nitric oxide

Objectives.. To compare the levels of LDCL þre- and post platelet aggregation) across

cohorts of NVs and SAP, ACS patients. To examine the relationship between platelet

aggregability, platelet hypo-responsiveness to a donor of nitric oxide and the superoxide

content in a whole blood sample pre- and post induction of aggregation.

Methods: In samples obtained from a series of NVs (n:21), patients with either SAP (n :

30) or ACS (n : 25), extent of platelet aggregation in response to ADP (1pM) and its

inhibition by SNP (10pM) was compared with the extent of LDCL prior to and post platelet

aggregation.

Results: Utilizing two separate concentrations of lucigenin, the extent of baseline and

aggregation-associated LDCL was significantly greater in ACS patients than in the SAP and

NV subject cohorts (lucigenin (125pM) baseline LDCL ANOVA F :7.1, p < 0.01;

aggregation-associated LDCL ANOVA F : 3.26, p : 0.047; lucigenin (12.5pM) baseline

LDCL ANOVA F : 6.2, p < 0.01 aggregation-associated LDCL ANOVA F : 11.1, p <

0.01). With both concentrations of lucigenin, no significant relationship was observed for the

SAP and ACS patient cohorts between (1) the extent of platelet aggregation and

baselineiaggregation-associated LDCL or (2) responsiveness to SNP and

baseline/aggregation-associated LDCL. However, when the extent of LDCL was expressed

relative to aggregation or SNP responsiveness, ACS patients generated signif,rcantly greater

amounts of superoxide per unit aggregation, compared to SAP patients.

Conclusíons; ACS patients generate significantly greater amounts of superoxide than

SAP/NfV. As they also release significantly greater amounts of superoxide per Ohml%

inhibition of aggregation, an excess of superoxide at the site of thrombus formation may

contribute to the pathological nature of ACS.
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Table 2.1 Abbreviations used in this chapter

12.21Introduction

[2.2.1] Pløtelets / øctívation / aggregation

Platelets are non-nucleated megakaryocyte derived disk shaped cells (George, 2000) that are

responsible for the formation of the primary haemostatic plug at sites of vascular injury and

the development of pathological thrombi at the sites of atherosclerotic plaque rupture

(Davies, 1995). In a series of active processes (reviewed in sections 4.4-4.9 of chapter 1),

platelets adhere to particular proteins within the sub-endothelial matrix, become exposed to

various platelet agonists, and undergo platelet activation and shape change to form platelet

aggregates.

Limiting the activation and extent of platelet aggregation in particular conditions

characterized by thrombus formation has been a subject of great interest following the

discovery that platelet aggregation is a major component of the pathogenesis of UAP and

acute MI (Davies, 1995; Stamler and Loscalzo, l99l).
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[2.2.2] Efficts of nítric oxíde on platelet aggregation

Authentic nitric oxide / EDRF

Not long after the discovery that endothelial derived relaxing factor (EDRF) possessed a

number of physiological properties that are relatedlidentical to those of nitric oxide (Ignarro

et al., I987a; Ignarro et al., 1987b; Palmer et al., 1987) Radomski et al, demonstrated that

authentic nitric oxide and EDRF are potent inhibitors of platelet aggregationladhesion

(Radomski et al., 1987a; Radomski et al., 1987b; Radomski et al., 1987c). For a fuither

summary see section 4.11 of chapter l

In vítro

The effects of nitric oxide donors on platelets have been studied extensively in vitro over the

last thirty years. Despite developments in the understanding of how NTG and other nitric

oxide donors affect platelets, a number of inconsistencies remain between various studies. It

has long been recognized that the in vitro administration of NTG or other organic nitrates to a

platelet suspension causes inhibition of platelet aggregation, but only at supra-

pharmacological concentrations (Fitzgerald et al., 1984; Loscalzo, 1985; Mehta and Mehta,

1980; Schafer et al.,1980).

In a study performed by Chirkov et al (1993), the in vitro anti-platelet properties of NTG

were investigated in blood samples from NV and patients with SAP. The in vitro anÍi-

aggregatory effectiveness of NTG was found to be concentration-dependent with a 1.4 + 0.3

x 10-6M concentration being associated with a 50olo reversal of platelet aggregation.

Moreover, this in vitro antí-platelet effect was associated with an elevation of cGMP,

agreeing with results from other investigators (Mellion et al., 1981). Furthermore, NTG

added post induction of platelet aggregation caused marked disaggregation, an effect that was

concentration dependent and consistent with the observations made using SNP and NTG in

NVs (Chirkov et al.,l99l; Chirkov et al.,1992;' Chirkov et a1.,1993). For a further summary

see section D.1.3.2 of chapter 1

In vivo / ex vivo

Despite the inconsistencies inthe concentration of nitric oxide donors used ln vitro,alarge

number of studies have demonstrated that NTG inhibits platelet aggregation in vivo and ex
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vivo. Larn et at (1988), utilizing tttln-labeled platelets demonstrated that NTG significantly

inhibited platelet deposition on porcine carotid artery preparations injured by balloon

angioplasty, compared to control preparations.

Through the use of the "Folts" model of coronary thrombosis (Folts et al., 1982), the in vivo

effects of organic nitrates have been examined by a number of investigators (Folts et al.,

l99l; Rovin et al.,1993). The Folts model of coronary thrombosis permits to study periodic

acute platelet thrombus formation (t associated coronary vasoconstriction) in stenosed canine

coronary arteries that have undergone mechanical intimal damage (Folts, I99Ia; Folts,

1991b). Platelet thrombus formation at the sites of intimal damage produces cyclical

reductions in blood flow; inhibition of these cyclical flow reductions by various anti-platelet

agents is related to their in vivo potency. However, the model is not one of "pure" platelet

aggregation, given that cyclic flow reductions may also be modulated in part by associated

changes in coronary vasomotor tone (Lam et a1.,1988).

Folts e/ al (1982), utilizing the canine model of coronary thrombosis were unable to

demonstrate a change in the frequency of the cyclical reductions in blood flow when NTG

was applied topically, proximal to the stenosis, despite causing a transient fall in the systemic

blood pressure. Golino et al (1990), utilizing the same model, also failed to demonstrate any

significant change in the cyclical reductions in blood flow when NTG was administered

intravenously (5¡rg/kglmin). However, intra-coronary administration of NTG at high rates

(2l¡tglkglmin) significantly inhibited cyclical flow reductions, suggesting higher

concentrations of nitric oxide donors were required to produce an effect. Folts e/ al (1991),

using NTG infused intravenously at 10-15¡rglkglmín, demonstrated a significant reduction in

cyclic flow reductions, an effect that was observed without any significant change in

coronary blood flow in normal arteries. Furthermore, and akin to the in vitro results, pre-

treatment of dogs with N-acetyl cysteine (100mg/kg) for 30 minutes prior to NTG

administration potentiated NTG effects (Folts et al.,1991).

Platelet hyper-aggregabilityheactivity induced by rapid atrial pacing (section 2.2.4 of this

chapter) in subjects with a significant narrowing within a coronary artery, was significantly

inhibited following pretreatment of subjects with a lO-minute infusion of either NTG or SNP

(titrated for each subject to achieve a l0o/o decrease in the mean arterial blood pressure)
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(Diodati et a1.,1992).In a study examining the anti-aggregatory effects of intravenous NTG,

Karlberg et al (1992) demonstrated that aggregation time increased with increasing

concentrations of intra-venously administered NTG.

Therefore, investigations described above, along with those described in section D.1.3.2,

provide evidence to support the view that nitric oxide, either endothelially derived or

exogenously donated, has significant anti-platelet properties in vivo.

Mechønism of disparity between Ín vivo and ín vitro effects of nitric oxide

In a study addressing the inconsistencies between the anti-aggregatory effects of NTG i¡z

vitro compared to ex vivo, Loscalzo demonstrated that the administration of //-acetylcysteine

markedly potentiated the platelet inhibitory effects of NTG (Loscalzo, 1985). The idea that

the anti-platelet properties of NTG were dependent on the availability of reduced thiols,

effectively increasing the rate of bioconversion of NTG and hence nitric oxide liberation, was

then reconfirmed in ex vivo experiments (Stamler et al., 1988). Utilizing a multiple agonist

approach to examine the anti-aggregatory effect of a number of compounds Willo:ugl'by et al

(1996) demonstrated that the NTG concentration-response curve was shifted markedly to the

left when multiple agonists were used to induce platelet aggregation, compared to ADP

alone. Therefore two mechanisms are possibly contributing to a reduced potency of NO

donors in vitro: (I) thiol depletion and (II) reduced concentration of some components of

"multiple agonist"-induced aggregation in most in vitro models.

[2.2.3] Mechanism of inhibítion

Nitric oxíde

As described in section 4.11 of chapter 1, nitric oxide derived from endothelial cells and

platelets or from exogenous sources, suppresses platelet activation via a number of ways. It is

now well established that nitric oxide (Moro et a1.,1996; Nguyen et a1.,1991) via the direct

interaction with guanylate cyclase, stimulates oGMP production (Nguyen et al., 1991) in

human platelets. This leads to activation of cGMP-dependent protein kinase (Geiger et al.,

lgg2) and promotion of sarcoplasmic/endoplasmic reticulum Ca2*-ATPase (SERCA)

dependent refilling of Ca2* stores, preventing platelet aggregation (Trepakova et al., 1999).
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As described in section 4.8.1 of chapter 1, platelet activation is associated with the activation

of the phosphoinositide 3-kinase pathway. Studies performed by Zhang et al (1996),

suggested that the pS5ÆI3-kinase is integral to the activation of GPIIb/IIIa and hence platelet

aggregation. Pigazzi et al (1999), utilizing S-nitroso-glutathione as a source of nitric oxide

demonstrated that it prevents stimulation of Pl3-kinase associated with tyrosine-

phosphorylated proteins and the p85ÆI3-kinase that is associated with LYN following

platelet activation with thrombin receptor-activating peptide.

Furthermore, nitric oxide or peroxynitrite (formed via the interaction of nitric oxide with

superoxide), is also capable of inhibiting platelet function through its direct actions on

platelet l2-lipoxygenase and cyclooxygenase-l (Boulos et a1.,2000; Fujimoto et a1.,1998).

Inhibition of cyclooxygenase-l effectively reduces the amount of TxAz production by

inhibiting the conversion of arachidonic acid to the prostaglandins Gzl}Jz.

[2. 2.4] Pløtelet hyper-aggregability

Acute coronary syndrome

Increased platelet aggregability and the systemic secretion of platelet products (TxA2) has

been demonstrated by a number of investigators in subjects with an acute MI or UAP (Becker

et al., L994;Fitzgerald et al., 1986; Holmes et a1.,2000; Langford et al., 1996). The apparent

increase in platelet reactivity in subjects with ACS may account in part for the propensity of

these subjects to have progressive or recurrent thrombosis (At:,lt et al., 1999; Holmes et al.,

1999;Trip et al.,1990a). See also section C.8.2 of chapter 1.

Stable angínø pectoris

As described in section C.8.1 of chapter 1, the phenomenon of platelet hyper-

aggregability/reactivity is not limited to subjects experiencing an ACS. Chirkov et al (1993),

whilst investigating the anti-platelet properties of NTG demonstrated that platelets from

patients with SAP who had not received prophylactic nitrates for at least 24-fus prior to

sampling, were significantly hyper-aggregable to ADP compared to blood samples from a

cohort of NVs. The mechanisms responsible for increased platelet aggregability/activation

remain uncertain but may be explained in part by the observations made by Diodati et al

(1992). Marked platelet activation was demonstrated across the coronary vascular bed in

response to rapid atrial pacing in patients with SAP and significant coronary stenosis, a result
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that was absent either at rest or in subjects without significant disease. These observations

were later confirmed by Tokuue et al (1996). However, it is questionable whether localized

coronary venous evidence of platelet activation following tachycardia-induced ischaemia can

account for finding of hyper-aggregability in peripheral venous samples, especially in the

absence of recent symptomatic ischaemia. Interestingly, analogues data have been presented

to suggest that this is indeed the case for neutrophil activation in patients with unstable

coronary syndromes (Buffon et a1.,2002).

[2.2.5] Plstelet hypo-responsíveness towards nitric oxide / nìtro-vasodìløtors

Chirkov et al (1993), whilst investigatingthe in vitro and ex vivo anti-aggregatory effects of

NTG, observed that platelets from patients with SAP exhibited significantly reduced

sensitivity to the disaggregatory effects of NTG administered in vitro. Mean concentration of

NTG associated with 50Yo reversal of platelet aggregation in PRP samples obtained from

healthy volunteers was 1.4 + 0.2 x 10-6M, contrasting to that in samples obtained from a

series of SAP patients ll.2 + 0.3 x 10-4M] (Chirkov et al., 1993). Moreover, the relative

increase in intra-platelet oGMP post administration of NTG was significantly less in platelets

obtained from SAP patients compared to that of samples from NVs (Chirkov et al., 1993).

See also section E.1.4 of chapter 1.

The aforementioned results by Chirkov et al (1996) were obtained with NTG as the primary

nitric oxide donor. These results were then confirmed utilizing a more direct donor of nitric

oxide, SNP. Concentrations of SNP required to induce 50olo reversal in the extent of platelet

aggregation were significantly greater in a cohort of SAP patients compared to that of a

cohort of NVs. Moreover, SNP produced less pronounced elevation of the intra-platelet

cGMP concentration within samples from subjects with SAP compared to controls. However,

this decrease in oGMP production was not related to an impairment of the platelet guanylate

cyclase (Chirkov et a1.,1996). The above findings are of particular importance as aggregation

experiments were performed in PRP with presumably far lower concentrations of superoxide

than those present in whole blood samples.

Investigations by others have also demonstrated reduced platelet responsiveness to the anti-

aggregatory effects of nitric oxide donors in platelets from patients with hypertension (Woods
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et al.,1993), diabetes/obesity (Anfossi et a1.,1998; Giugliano et a|.,1995) or post vigorous

exercise in healthy NVs (Sakita et a1.,1997).

The frequent association of platelet hyper-aggregability (section 2.2.4) with the phenomenon

of an attenuated platelet responsiveness to donors of nitric oxide (Chirkov et al., 1993; 1996)

and therefore endogenous sources, might contribute to an increased risk of platelet

aggregation and intravascular thrombus formation observed in subjects with symptomatic and

asymptomatic IHD.

Excessive production of ROS has been implicated in the pathogenesis of atherosclerosis and

endothelial dysfunction by a number of investigators (Griendling et al., 1994; Griendling er

al., 20Q0; Guzik et a1,,2000b; Guzik et a1.,2000c; Halliwell, 1989; Kunsch and Medford,

1999). Possible mechanisms for the observed platelet hyper-aggregability and also for platelet

hypo-responsiveness to donors of nitric oxide might include the scavenging of nitric oxide by

the ROS superoxide.

[2. 2. 6] Superoxíde : Mechanisms of formation

The superoxide anion, the primary source of many ROS, is formed by the univalent reduction

of the triplet-state molecular oxygen ('Or), in a process that is mediated by enzyme systems

that include NAD(P)H oxidase (reviewed in section A.3.2.1 of chapter 1), nitric oxide

slmthase, xanthine oxidase, lipoxygenase, cyclooxygenase, peroxidases and other

haemoproteins (Babior,1999; Droge, 2002; Cai and Harrison, 2000). Superoxide can also be

generated non-enzymatically by the semi-ubiquinone compound of the mitochondrial

electron transport chain (Raha et a1.,2000; Raha and Robinson, 2000).

[2.2.7] Superoxíde: Elfects on pløtelet physíology

There is extensive evidence within the literature illustrating ROS, especially superoxide, have

a potent pro-aggregant function (Caccese et al., 2000; Iuliano et al., l99l; Leo et al., 1997;

Pratico et a1.,1993) (see review, Chapter l, sections C.12.1.1). Furthermore, evidence exists

demonstrating that neutrophils are a major source of superoxide that may influence platelet

behavior (Pratico et al., 1993). In a feedback dependent mechanism, platelet activation

triggers release of superoxide from neutrophils (Nagata et al., 1993; Tsuji e/ al., 1994),

further potentiating the extent of platelet aggregation. Moreover, platelets have the ability to
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produce superoxide themselves (Caccese et a1.,2000; Freedman and Keaney, 1999; Marcus

et al., 1977). 
'Western blot analysis of proteins derived from platelets demonstrated the

presence of p22nhox and. p67nho' (Seno et al., 2O0l), components of the NAD(P)H oxidase

enzymatic system responsible for superoxide generation.

[2.2.8] Detection systems for superoxide

Numerous techniques to date have been developed to quantifli ROS; for reviews see Nakano,

Tarpey and Fridovich, and Togashi (Nakano, 1998; Tarpey and Fridovich, 2001; Togashi el

al., 2000). However, quantitation of superoxide is fraught with a number of important

limitations. The survival of intra-cellularly formed superoxide is modulated by the actions of

cytoplasmic and mitochondrial superoxide dismutases. Extracellularly, the balance between

superoxides formation from plasma membrane-bound oxidases (NAD(P)H oxidase, xanthine

oxidase; reviewed in section A3.2 and C.4 of chapter 1) or release from anion channels and

its degradation into other ROS, is also altered by extracellular-SOD and other anti-oxidants

that include nitric oxide. The rate constant of superoxide reacting with SOD is 2.4 x 1OeM-ls-r

and2 x 1010M-1s-1 when reacting with nitric oxide to form perox¡mitrite (Boulos et a\.,2000).

Some superoxide detection systems are therefore required to compete with the

aforementioned intracellular and extracellular superoxide scavengers' in-order to facilitate a

correct estimation of the levels of superoxide.

Superoxide detection systems can be categonzed into methods that either detect the actual

presence of superoxide, or those that detect where it once was ("foot printing"). A description

of some of the commonly utilized techniques is provided below.

[2.2.8.1] Cytochrome c reduction

Reduction of ferricytochrome c by superoxide to produce ferrocytochrome c and oxygen has

been used to measure quantities and rates of superoxide formation in a multitude of cell

systems and enzyme preparations (Leoncini et al.,1991; Levine et a1.,1981; Rubanyi et al.,

1991). However, like most superoxide detection techniques, several problems exist. Apart

from superoxide, various other compounds, including ascorbate, gluthathione and the

byproducts of an interaction between xanthine oxidase and quinones have been demonstrated

to reduce ferricytochrome c (Tarpey and Fridovich, 2001). Therefore, measurements of

superoxide made by cytochrome c reduction are potentially subject to falsely elevated results.
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Conversely, reduced cytochrome c caî be re-oxidizedby cytochrome oxidases, peroxidases

and other ROS such as hydrogen peroxide and peroxynitrite, fuither complicating the

analysis of superoxide generation as detected by cytochrome c reduction (Thomson et al.,

1e9s).

[2.2.8.2] Electron-spin resonance and spín trøpping

An alternative approach to the quantification of superoxide and other ROS is the use of

electron-spin resonance (ESR), which examines the magnetic properties of the unpaired

electrons within the ROS molecule (Tarpey and Fridovich, 2001). Like many detection

techniques, quantification of ROS by ESR is confounded by their low concentrations and

short half-lives. However, these limitations are overcome by the addition of molecules known

as spin traps, that readily react with the respective radical species to form more stable

products that have characteristic ESR signatures (Tarpey and Fridovich, 2001).

5,5-dimetþlpyrroline-N-oxide (DMPO), a superoxide spin trap, has been used by

investigators examining the role of superoxide in the metabolism of NTG (Dikalov et al.,

1998a), superoxide from nitric oxide s¡mthase (Xia et al., 1998b), and assessed the anti-

oxidant properties of particular compounds (Ide et al., 1999; Ikeda et a1.,2001). However,

much like many other reputed quantifiers of superoxide, a number of compounds are capable

of interfering with DMPO to give false estimates of the levels of superoxide. In the presence

of ferric ions, DMPO has the ability to detect hydroxyl radicals (Makino et al., 1990). More

recently a molecule that has a greater specificity for superoxide has been developed (5-

diethoxyphosphoryl-5-methyl-1-pynoline-N-oxide (DEPMPO)) and used by a number of

investigators (Jackson et al., 2002; Sorescu et al., 2001; Vasquez-Vivar et al., 1997).

However, Rouboud et al (L997) compared the efficiency of superoxide trapping by DEPMPO

to that of the cytochrome c reduction method. When total superoxide production was >

20¡tM, cytochrome c detected approximately 100% of the superoxide produced, while

DEPMPO trapped only 60 to 70Yo.

Thus, like a number of other techniques that quantiõ/ ROS, spin traps also have the potential

for a broader reactivity with a number of compounds, effectively influencing the result. The

considerable cost associated with ESR spectrometers is another important limitation to the



Chapter 2 154

widespread use of ESR/spin trapping as a technique for the detection and quantification of

ROS.

[2. 2. 8.3] Chemilumínescence reøctíons

Over the years several compounds have been developed and used for the chemiluminescence

detection of superoxide. Such compounds include lucigenin (ózs-N-metþlacridinium nitrate),

luminol, coelenterazine12 - (4 - hydroxybenzyl) - 6 - (4 - hydroxyphenyl) - 8 - benzyl -3,7

dihydroimidazol lI,2-ul pyrazin-3-onel and its analogs CLA (2-methyl-6-phenyl-3, 7-

dihydroimidazol ll,2-ul pyrazin-3-one) and MCLA [2-methyl-6- (4-methoxyphenyl)-3,7-

dihydroimi dazo ll,2 - ul pyr azin-3-onel .

Lucigenin

Lucigenin derived chemiluminescence relies upon the univalent reduction of lucigenin'* to

lucigenin*, followed by the reaction of lucigenin* with superoxide to yield an unstable

dioxetane (Liochev and Fridovich, 1998). Decomposition of the unstable dioxetane to

acridone then leads to a quantifiable light emission (Faulkner and Fridovich, 1993).

LDCL has been widely used to assay the formation of superoxide from a variety of cellular

preparations that include neutrophils (Ellis er a1.,2000; Gyllenhammar, 1987), macrophages,

platelets (Caccese et al., 2000; Leo et al., 1997) and vascular tissue (Bhunia et al., 1997).

Lucigenin has also been used to assess the involvement of superoxide in various disease

conditions, nitrate induced tolerance (Munzel et al., 1995b) atherosclerosis (Sumi et al.,

2001; Warnholtz et al.,1999) and endothelial dysfunction (Bauersachs et a1.,1999), and also

a measure of intracellular superoxide dismutase activity (Liochev and Fridovich,IggT).

Like many other systems that are designed to quantify ROS, LDCL has a number of

limitations with the most notable being the theoretical ability of the reduced lucigenin to act

as a redox-cycling compound capable of reducing oxygen to superoxide and hence

overestimating the rate of superoxide production (Liochev and Fridovich, 1998; Tarpey and

Fridovich, 2001; Vasquez-Vivar et a1.,1997).

Given the enormous interest in finding and utilizing an inexpensive probe for the detection

and quantification of superoxide, a number of investigators have countered the
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aforementioned claims by illustrating an absence (or minimization) of "redox cycling" of

lucigenin when used at low concentrations (typically < 20¡.rM) (Li et al.,1999d), or none at

all irrespective of the lucigenin concentration, due to its relative reduction potential

(Afanas'ev,2001). According to Afanas'ev et al (2001), lucigenin is unable to take part in

"redox cycling" with molecular oxygen because of its positive one-electron reduction

potential, directly counteracting the arguments put forward by Spasojevic et al (2000).

Moreover, rather than overestimating the rate of superoxide production due to "redox

cycling", as described by Liochev and Fridovich (1998), Afanas'ev et al (2001) demonstrated

that the reduced form of lucigenin decreases superoxide production due to competition with

one-electron reduction of dioxygen to superoxide ion.

Despite the legitimate caveats associated with the use of LDCL as a method for the

quantification of superoxide, numerous investigators are still utilizing this methodology (Brar

et a1.,2002; Hathaway et al., 2002; Lí et a1.,2002; Wassmann et a1.,2002). However, the

majority of investigators tend to use lower concentrations of lucigenin than those associated

with the initially described methodology, approximately 5-1O¡rM (Skatchkov et a\.,1999).

Other compounds

In the quest to develop a luminescence agent that fails to undergo "redox cycling",

coelenterazine, a lipophilic luminophore, originally isolated from the coelenterate Aequorea,

has been introduced and claimed to be better than other superoxide detecting luminescent

probes (Tarpey and Fridovich,200l; Tarpey et al., 1999; Teranishi and Shimomura, 1997).

Superoxide-stimulated chemiluminescence occurs upon oxidation of the coelenterazine to the

acetamidopyrazine anion. The use of coelenterazine as a probe for superoxide has been

limited thus far (Hink et al., 200I; Souza et a1.,2000), but like so many other superoxide

detection systems, coelenterazine is not entirely specific for superoxide, as it has also been

demonstrated to detect peroxynitrite (Tarpey et a1.,1999), the reaction product resulting from

the interaction of superoxide and nitric oxide.

[2.2.8.4] Protection by superoxíde dísmutase

A role for enhanced generation of superoxide within particular disease states has been

inferred by a number of investigators when the addition of the superoxide scavenger
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superoxide dismutase or alternative scavengers of superoxide, alters the effect seen in the

absence of the antioxidant (Tarpey and Fridovich, 2001).

Superoxide dismutase exists as two separate classes of enzymes, one consisting of SODs with

Cu2* and Zt?* at the active site (EC-SOD), whereas the other comprises of SODs with either

Mn2* or Fe3* at the catalytic center, with the former being the mammalian cytosolic SOD

(Beyer et al.,l99l; Fridovich, 1995).

Examples throughout the literature in which extracellular SOD was added to a cellular

preparation in order to assess the role of superoxide within that system include studies

attempting to determine the mechanism of tolerance towards NTG (MunzeI et al.,I995b) and

endothelial dysfunction (Bauersachs et al., 1999; Mugge et al., 1991). Similar experiments

have been performed utilizing SOD-mimetics (Haj-Yehia et al., 1999). For example,

treatment of streptozotocin-induced diabetic rats with tempol reduced vascular concentrations

of superoxide, malondialdehyde and 8-epi-prostaglandin F2o. It also was demonstrated to

restore vascular responses to acetylcholine and NTG in diabetics rats to levels observed

among control rats (Nassar et a1.,2002).

A number of problems are associated with using this method of assessing the role of

superoxide. Results generated through the use of superoxide dismutase may be misleadingly

negative. Many of the studies have utilized CuZn-SOD that is only capable of functioning as

an extracellular scavenger of superoxide and is unable to gain access to intracellular sites of

superoxide production such as mitochondria.

Overcoming some of these logistic problems, a number of investigators have deliberately

used models of over-expression of SOD in order to assess its protective effects against

superoxide, in conditions were superoxide is said to play a significant pathological role. In a

rat model of hypertension, over-expression of EC-SOD but not Mn-SOD resulted in

improvements in the levels of detectable nitric oxide (Fennell et al., 2002). In isolated

endothelial cells over-expression of EC-SOD was shown to prevent endothelial cell mediated

oxidation of LDL (Takatsu et a|.,2001).
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[2.2,8.5] Enhancement of effect by inhibition of superoxide dismutøse

Similar to the method outlined above, enhanced production/concentration of superoxide has

been inferred when diminished superoxide dismutase activity results in an alteration in the

variable being examined (Tarpey and Fridovich, 2001). Examples in the literature include

studies utilizing various metal chelators such as diethyldithiocarbamate. Addition of

diethyldithiocarbamate to aortic rings of hypercholesterolaemic rabbits, greatly enhanced

LDCL (Mugge et al., 1994). The addition of agents that inhibit SOD has also been used to

determine if inhibitiort of CuZn-SOD mimics the mechanism of nitrate tolerance, implying a

functional role for superoxide within the phenomenon (Munzel et al.,1999).

[2. 2. 8. 6] Mslondiøldehyde ønd ísoprostane ('foot printíng ")

ROS react with a number of biological molecules that include proteins, lipids, nucleic acids

and carbohydrates (Meagher and FitzGerald, 2000). The interaction of ROS with lipids

resulting in lipid peroxidation and the formation of a semi stable end product seryes as an

alternative method for the detection and quantification of oxidative stress.

Mølondialdehyde

A widely used index of lipid peroxidation is the measurement of malondialdehyde (MDA) by

the thiobarbituric acid-reacting substance (TBARS) assay (Halliwell and Chirico, 1993).

Examples of its use include as a measure of oxidative stress post MI (Arstall et al., 1995), in

subjects with CAD (Buczynski e/ al., 1993), the extent of lipid peroxidation in

hypercholesterolaemic patients (Chirico et al., 1993) and has been used to examine the

effectiveness of ACE-inhibition (Napoli et al., 1999). Despite its use as a measure of lipid

peroxidation, a number of important limitations are associated with the TBARS assay

(Gutteridge, 1986). Aldehydes other than malondialdehyde have the ability to form

chromogens that have the same absorbance at 532nn, artificially elevating the level of MDA

(Kosugi et a1.,1987). Furthermore, amino acids and bilirubin are also reactive towards TBA

(Meagher and FitzGerald, 2000). Finally, malondialdehyde production is not just a reflection

of the extent of lipid peroxidation, but it is also a blproduct of cycloxygenase activity in

platelets (Hamberg et al.,1975), questioning further the clinical utility of MDA as an index

of lipid peroxidation.
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fsoprostønes

In much the same way as malondialdehyde is a marker of lipid peroxidation and general level

of oxidative stress, so too are a group prostaglandins isomers, the isoprostanes. The clinical

implications of their formation are reviewed in section C.12.2.I of chapter l Isoprostanes are

formed via the interaction of ROS with esterified arachidonate, with the most extensively

studied being the 8-epiPGFzcr or 8-isoPGFzo. Given the measurement of the F2 sub-group

isoprostanes has been accepted as a sensitive and specific index of the extent of lipid

peroxidation (Pratico et al., 2001), these isoprostanes have been used by a number of

investigators to asses in vivo oxidant stress in several human disease states (Davi et al.,

1999a; Mehrabi et a1.,19991' Moore et al.,1995; Patrono and FitzGeraId,1997; Roberts and

Morrow, 1997), and even post coronary angioplasty (Iuliano et a1.,2001).

Moreover, isoprostanes are not simply markers of the extent of lipid peroxidation and hence a

level of oxidative stress:- they have also been demonstrated to possess potent biological

effects that include potentiation of platelet activation/adhesion (Minuz et a1.,1998). A dose-

dependent increase in platelet adhesion to fibrinogen- and plasma-coated micro-wells by 8-

epi-PGF2o (1 to 1000 nmol/L) was observed when resting platelets and thrombin-stimulated

human platelets were used. The expression of glycoprotein IIb/IIIa was also significantly

increased post exposure to 8-epi-PGF2" (Minuz et a|.,1998).

Other lipíd peroxidation products

By no means are malondialdehyde and 8-isoprostane F2o the only lipid peroxidation products

that have been used to assess the overall level of oxidative stress. Measurements of a variety

of other aldehydes and conjugated dienes have also been used to assess the role of lipid

peroxidation and hence ROS in particular disease states. For comprehensive reviews see

Meagher and FitzGerald (2000), Subbanagounder et al (2000).

[2.2.9] Unresolved issues

The experiments performed within this chapter where designed to address a number of

unanswered questions. Are the phenomena of platelet hyper-aggregability and reduced

platelet responsiveness to the anti-aggregatory effects of nitric oxide donors, initially

observed within a cohort of SAP patients, also present in subjects with an ACS? What is the

effect of removal of the extracellularly generated superoxide on platelet activity? Utilizing
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LDCL as a method for the quantification of superoxide, what is the relationship between

superoxide, platelet hyper-aggregability and hypo-responsiveness to SNP?

The experimentøl work descrìbed in thís chapter consists of three sections:

Section l: A description of platelet hyper-aggregability and nitric oxide hypo-responsiveness

in whole blood samples obtained from patients with acute and chronic ischaemic heart

disease. This section also examines the effects of superoxide scavengers on platelet

aggregation and responsiveness to nitric oxide.

Section llz Development of a detection system that assesses whole blood levels of superoxide

prior to and post induction of platelet aggregation.

Section lll: Examination of the relationship between the extent of platelet aggregation,

platelet responsiveness to SNP and superoxide content in whole blood samples obtained from

normal volunteers and patients with SAP or ACSs.

12.31 Platelet hyper-a ggregability and hypo-responsiveness to

donors of nitric oxide; the role of the superoxide anion

[2.3.1] Introduction

Plat elet hyp er-ag gre g øbílþ

Platelets have a critical role in normal haemostasis and thrombotic disorders (George, 2000).

Formation of a platelet plug at the site of a ruptured atherosclerotic lesion is a component of

the physiological mechanism behind UAP and acute MI (Davies, 1994). Platelet hyper-

aggregability has been documented in several cardiovascular disease states (Ault et a1.,1999;

Chirkov et al., 1996; Chirkov et al., 1995; Diodati et al., 1992;Eto et al., 1998) and has been

proposed as a factor predisposing subjects towards future thrombotic events (Grande et al.,

1990; Meade et al., 1985). It remains uncertain whether platelet hyper-aggregability is



Chapter 2 r60

correlated with the inflammatory reaction, which seems to antedate the appearance of

symptoms in patients with acute coronary syndromes.

Platelet hypo-responsìveness to nitrìc oxide

One of the major limiting factors for the clinical utility of organic nitrates has been the

induction of nitrate tolerance through continuous nitrate pharmacotherapy (Glasser, 1999;

Munzel et al.,1996a; Parker, 1992), the phenomenon and potential mechanism/s of which are

described in detail within section D .2-D.4 of chapter 1 . The phenomenon of nitrate tolerance

has been documented largely at the vascular level (Bassenge and Zanzinge1l992;Munzel et

al., 1996a; Sage et a1.,2000) and to a lesser degree at a platelet level (Chirkov et al., 1997).

Interestingly, a poor haemod¡mamic responsiveness to nitrates may also occur on a de novo

basis (independent of any prior nitrate pharmacotherapy), a phenomenon which was

described originally in patients with heart failure (Armstrong et al., 1980; Magrini and

Niarchos, 1980) but now has also been documented in subjects with CAD (Forstermann et

al., 1988) and in those with risk factors for CAD (Leung et al., 1993).

Whilst investigating the in vitro and ex vivo anti-aggregatory effects of NTG, a diminished

disaggregatory effect of NTG (and then also SNP) was observed in PRP samples from SAP

patients (Chirkov et al., 1993; 1996). The extent and potential mechanism/s of this

phenomenon, which is apparently analogous to that of nitrate resistance described within the

vasculature of subjects with heart failure or CAD, has not been investigated to date.

As described within section 4.11 and D.1.3.2 of chapter 1, the anti-aggregatory effects of

NTG and other nitrovasodilators are mediated via the actions of nitric oxide, which through

its interaction with platelet guanylate cyclase leads to the generation of oGMP; cGMP

dependent protein kinases that are responsible for C** retention and platelet inhibition

(Anderson et al., 1994b). While the effects of nitric oxide liberated from NTG occur largely

via enzymatic thiol-dependent bioconversion, SNP is considered to be a more direct donor of

nitric oxide (Ignarro et a1.,2002). Given the studies performed by Chirkov et al., (1993;

1996) demonstrating a significantly reduced sensitivity of platelets from patients with SAP to

both SNP and NTG, the phenomenon of platelet hypo-responsiveness to NTG/SNP reflects a

reduced sensitivity to nitric oxide rather than to organic nitrates. Moreover, it was

demonstrated that a decrease in platelet sensitivity to the anti-aggregatory effects of NTG and
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SNP was also associated with a decrease in intra-platelet cGMP accumulation in response to

these nitric oxide donors (Chirkov et al., 1996; Chirkov et al., 1993), indicating a reduced

supply or effectiveness of nitric oxide may serve as the mechanism behind the phenomenon.

Role of superoxide

Superoxide readily reacts with nitric oxide, diminishing the bioavailability of nitric oxide.

This interaction has served as a basis for a number of hypotheses addressing the mechanism/s

behind such phenomena as nitrate tolerance (Munzel et al., 1995b) and endothelial

dysfunction (Cai and Harrison, 2000; Guzik et a|.,2000c; V/arnholtz et a1.,2001). It may be

hypothesized that a decreased platelet responsiveness to SNP and NTG relates to an increased

clearance of nitric oxide by superoxide, concentrations of which or byproducts thereof, are

known to be elevated within various cardiovascular disease states (Cai and Harrison, 2000;

Meyer and Schmitt, 2000; Miller et al., 1998; Pratico, 1999; Warnholtz et al., 1999). An

additional component of the postulated role of superoxide as a modulator of nitric oxide

effects is its production in association with the biological effects of some organic nitrates

(Dikalov et a1.,1998), molsidomine (Munzel et a1.,1995) and dysfunctional NOS (Munzel et

a|.,2000).

Experimentøl study

The following study was designed to investigate further the phenomena of platelet h1,per-

aggregability and h1,po-responsiveness to donors of nitric oxide. In blood samples obtained

from a cohort of NVs, patients with SAP or ACS (UAP/|{QAMI), the whole blood anti-

aggregatory effects of both SNP and NTG were examined. Possible interactions between

superoxide and the extent of platelet hyper-aggregability and platelet responsiveness to the

nitric oxide donor SNP were also determined by examination of the effects of a

superoxide/hydrogen peroxide scavenger (superoxide dismutase/catalase).
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[2.3.2] Cuwent study hypothesis

This study was designed to test the following null hypotheses in a cohort of subjects that

included healthy normal volunteers, patients with SAP or an ACS:-

Primary:

o Platelets from patients with SAP or ACS are not hyper-aggregable in response to ADP or

hypo-responsive to the anti-aggregatory efficts of SNP or NTG compared to those from

normal volunteers.

Secondary:

c Addition of the superoxide radical scavenger, superoxide dismutase in combination with

catalase, does not inhibit platelet aggregation or normalize platelet responsiveness to

SNP in blood samples obtainedfrom patients with SAP or ACS.

t2.3.31 Methods

[2.3.3.1] Subjects

Studies were performed on blood samples obtained from the following groups

Healtþ NVs (n :37; 16 males and2l females) aged22 to 76 years;46 + 12 yearc (mean

t S.D) the majority of whom (80%) were not taking medication that may influence

platelet aggregation. The remaining 20% of NVs were receiving aspirin pharmacotherapy

at the time of blood collection.

a

Patients with SAP (n:44;27 males andlT females aged 39 to 78 years; 65 + 10 years

(mean t S.D)) undergoing elective cardiac cathenzation and coronary angiography. In all

cases at least one haemodynamically significant (> 50%) stenosis was present in a major

coronary artery.

ACS patients (n: 47;29 males and 18 females aged39 to 83 years; 68 + 10 years mean *
S.D)) who were admitted for treatment of prolonged chest pain occurring at rest and were

studied during the first few hours after admission. Eventual diagnosis was UAP (n : 3a)

or non Q-wave acute myocardial infarction (NQAMD (n: 13).
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For all patients a background medication profile was recorded at the time of recruitment with

the clinical characteristics of the study cohort being displayed in Table 2.2. No patient was

receiving an ADP or glycoprotein IIb/IIIa receptor antagonist at the time of study enrolment.

Numbers of subjects used in individual experiments are indicated below (Results: Section

2.3.4). The study was approved by the North'Western Adelaide Health Service Ethics of

Human Research Committee with informed consent being obtained prior to study entry.

[2.3.3.2] Blood Samplíng

Blood samples from patients undergoing cardiac catheterization were drawn prior to the

commencement of the procedure,via a femoral artenal sheath. Blood samples obtained from

other patients and NVs was by venesection from an antecubital vein. It has been shown

previously that there is no arteriovenous difference in platelet function (Chirkov et al.,1993;

Diodati et a|.,1995). Blood was collected in plastic tubes containing 1:10 volume acid citrate

anticoagulant (2 parts of 0.1M citric acid to 3 parts of 0.1M tri-sodium citrate) in order to

minimize deterioration of platelet function during experiments (Kinlough-Rathbone et al.,

1e83).

[2. 3. 3. 3] Platelet Aggregation Studies

All experiments commenced within 5-10 minutes following blood collection. 'Whole blood

platelet aggregation studies were performed using a dual-channel impedance aggregometer

(Model 560, Chrono-Log). Tests were performed at 37oC and a constant stirring speed of

900rpm. Samples of whole blood were diluted 2-fold with physiological saline (09% NaCl)

to a final volume of lml- and pre-warmed for 5 minutes at 37oC. Aggregation was induced

with adenosine 5'-diphosphate (ADP) (final concentration of lpM). Platelet aggregation was

monitored continuously for 7 minutes with the responses being recorded for electrical

impedance in Ohms (RO-3 Rikadenki chart recorder). These methods have previously been

described (Chirkov et al., 1999; V/illoughby et al., 1998). SNP (1O¡rM) and NTG (100pM)

were added to samples 1 minute prior to the addition of ADP. SOD and catalase (final

concentration of 300U/mL for both enzymes) were added immediately before SNP or NTG

and 1 minute prior to the addition of ADP. The duration of incubations was estimated as

those optimal in preliminary experiments (data not shown). The anti-aggregatory effects of

the agents studied were noÍnalizedto the extent of ADP-induced aggregation. In control tests
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physiological saline was added in appropriate volumes. Each test was performed in at least

triplicate, with mean values calculated.

[2.3.3.4] Chemicals

Adenosine 5'-diphosphate (ADP) sodium salt, sodium nitroprusside (SNP), superoxide

dismutase (SOD) (from bovine erythrocytes), catalase (from bovine liver) were purchased

from Sigma (St.Louis, MO, USA). Physiological saline (0.9% NaCl) was purchased from

Baxter Healthcare (Old Toongabbie, NS'W, Australia). NTG was purchased from Fisons

(Thornleigh, NSW, Australia).

[2. 3. 3. 5] Statístícal Analysís

Gaussian distributions of data were determined by the Kolmogorov-Smirnov test. Evaluation

of the differences in platelet responsive to ADP, SNP and NTG between NVs and the cohorts

of studied patients, was made utilizing ANOVA followed by Bonferroni's post hoc multiple

comparison test. Differences between SAP and ACS patients for the numbers of subjects with

particular coronary risk factors and pharmacotherapy with common anti-anginal medications

were performed using Fisher's exact test. Significance of correlation was determined by

regression analysis with linearity determined by a run test. Differences between correlation

curves were examined by analysis of co-variance (ANCOVA). Statistically significant

differences were limited to p < 0.05 or p < 0.01 with the results being expressed as a mean +

S.E.M unless otherwise indicated. Statistical analysis was performed using a combination of

Excel (Microsoft Office 98), Graph Pad Instat 3.0a, Graph Pad Prism 3.0a a Macintosh

version by Software MacKiev and GB-Stat 6.5 for Windows 2000.

[2.3.4] Results

[2. 3.4. IJ ClÍnical characteristics

The clinical characteristics of the SAP (n : 44) and the ACS (n : 47) patients examined in

this study are summarizedin Table 2.2.Propofüons of male subjects, subjects with diabetes,

hypertension, hypercholesterolaemia and the numbers of current smokers were similar across

the cohorts examined.
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Mecliccttíon proJìle

Almost all patients with SAP or ACS were on multiple anti-anginal pharmacotherapy prior to

study enrollment. There were no significant differences in the numbers of subjects that were

being treated with aspirin, ACE inhibitors, statins, Ca2* an!"agonists and B-adrenoceptor'

antagonists for the SAP and ACS patient cohorts. A significantly greater proportion of ACS

patients were receiving prophylactic nitrate pharmacotherapy compared to the SAP (100% vs.

61%; Fishers exact test p < 0.01). Perhexiline pharmacotherapy was significantly more

frequent in the SAP patients than the ACS patients (4lo/o vs.6%; Fishers exact test p < 0.01).

The results summarizing comparisons between SAP and ACS patients with regards to

numbers of coronary risk factors and specihc anti-anginal pharmacotherapy are summarized

in Appendix Table 1.

Taltle 2.2 Clinical characterístìcs of the SAP and ACS patients

S.D standard deviation; Diabetes non-insulin dependent diabetes mellitus. *Significant differences between the subject
cohorls. For a further summary on the dffirences in proportions of risk factors or anti-anginal phannacotlterapies see

Appendix table L In the SAP cohort, I0 (23%o) of patients were receiving captopril and were thereþre counted as receit,ittg
a SH-donor on top of ACE inhibition.

271t7 29118

65+10 68+10
16 (36) 14 (30)
2s (s7) 22 (47)
23 (s2) 18 (38)
4 (10) 10 (21)

n 38 (86) 3e (83)
27 (6r) 47 (100) *

14 (32) 10 (21)
r0 (23) ls (32)

18 (41) * 3 (6)

n ro (23) 8 (17)
24 (ss) 2e (26)

tx 13 (30) 10 (21)

Stahle Angínu
Pectoris
(n =44)

Acute Coronury
Syrudrome

(n:47)
Clinícal Determínants
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[2.3.4.2] Platelet response to ADP

Platelet response to ADP (1pM) for the cohorts of subjects examined was assessed according

to gender and aspirin pharmacotherapy with the results summarized in Table 2.3. Firstly, each

subject cohort was examined to see if the data conformed to a Gaussian distribution. V/ithin

the NV subgroup, both the male and female subjects taking aspirin contained insufficient

numbers to assess normality. However, data from those NVs not taking aspirin were normally

distributed (Kolmogorov-Smirnov: Males no ASA KS : 0.11, p : ns; Females no ASA KS :
0.15, p : ns). V/ithin the SAP subject populations there were also insufficient numbers of

subjects within the male and female subgtoups not receiving aspirin and within the female

ACS cohort not on aspirin to examine normality. However, data within all the other

subgroups were shown to be normally distributed (Kolmogorov-Smirnov; SAP: Females

ASA KS : 0.15, p : ns; Males ASA KS :0.12, p : ns. ACS patients Females ASA KS :
0.15, p : ns, Males ASA KS : 0.11, p : ns, no ASAKS : 0.11, p : ns).

Tøble 2.3 Pløtelet øggregøhilíty ín response to ADP

Samples obtained from NVs, SAP patients and ACS patients. Patient groups were separated according to gender and to
those receiying or not receiving aspirin pharmacotherapy (+ ASA). Numbers of subjects are indicated in parentheses. Data

þrfemale SAP patients not receiving aspirin is displayed as the mean r S.D because of the low sample size.

Having established that the data for the majority of the subject populations conformed to a

Gaussian distribution, a 3-way ANOVA was performed in order to assess the differences in

platelet aggregability across the subject populations, across genders and between those

subjects receiving and not receiving aspirin. As displayed within the 3-way ANOVA

contingency table, there was a significant difference in platelet aggregability between the

subject groups (Bartlett's statistic : 19.3, p : 0.056). Platelets from female subjects were

significantly more aggregable than those obtained from their male counterparts. Platelets

from subjects treated with aspirin tended to be significantly less aggregable than those not

treaded with aspirin. There was also no significant interaction between aîy of the

determinants. Utilizing Bonferroni's post hoc multiple comparison test, it was found that

No ASA ASA No ASA ASA No ASA ASA
9.9 + 1.0

(1 3)
7.8 r 1.0

(3)
t3.7 X1.0

(4)
8.6 r 0.7

(23)
14.2 !.4.1

(s)
10.910.9

(24)
11.8 + 1.0

(16)
tt.3 ! r.2

(4)
12.5 ! t7.6

(2)
11.7 r 0.8

(15)
17.3 + 4.0

(3)
14.0 r 1.0

(1s)

lYormul Volunteers Stable Anginct
Pectoris Patients

Acute Coronary
Syndronre Patients
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male SAP patients treated with aspirinlilere significantly less aggregable than female ACS

patients that were treaded with aspirin (p < 0.05). No other significant differences between

any other combination of determinant was found.

Table 2.4 Platelet aggregøbilíty across subject populøtíons, genders ønd aspirin
pharmøcotherapy, three-way ANOVA contingenqt table

Subject group: NVs, SAP patients and ACS patients

Platelet aggregability in ACS patients

Platelet response to ADP (lpM) in the cohort of ACS patients was assessed according to the

final diagnosis of either UAP or a NQAMI. There were insufficient numbers of ACS patients

enrolled in this study to separate platelet response to ADP according to both gender and

aspirin pharmacotherapy for each subject cohort. Accordingly ACS patients were categonzed

by disease state and aspirin pharmacotherapy only (results summarized in Table 2.4). By 2-

way ANOVA there was no significant difference in platelet response to ADP within the ACS

cohort for patients diagnosed with UAP vs NQAMI (F : 0.03, p : 0.87) or between subjects

treatedwith/without aspirin (F:2.6, p:0.11; Bartlett's statistic:5.96, p:0.11). There

was also no significant interaction between these two determinants (Disease state x aspirin

pharmacotherapy F : 0.19, p : 0.66).

s.18 0.007
4.90 0.028
6.05 0.015

0.42 0.66

0.39 0.68

0.86 0.35

0.37 0.69
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Table 2.5 Platelet aggregabìlþ in response to ADP

ín UAP and NQAMI patìents

Blood samples were obtained from ACS patients and were characterized according to final diagnosis (UAP or NQAMI) and
aspirinpharmacotherapyeASA).UAPvsNQAM((p:0.87,F:0.025)and*aspirin(p=0.ll,F:2.6)interaction(p:
0.19 F:0.66).

[2.3.4.3] Inhibitíon of Platelet Aggregation by sodíum nítroprusside and nitroglycerine

In vitro addition of either SNP (10pM) or NTG (100pM) inhibited platelet aggregation in

blood samples obtained from NVs, patients with SAP and in ACS, but to different extents. A

representative aggregogram depicting whole blood platelet aggregation in response to ADP

(1pM) and platelet responsiveness to SNP (10pM) and NTG (100pM) from a male normal

volunteer is shown in Figure 2.3.1.

rû

Normal

Control

N',t'{;

nltn

I
H

7-

F.{
14

(,

$NP

{

)

0

Figure 2.3.1 Platelet aggregahílity and responsíveness to donors of nítric oxìde

Representative aggregation tracingfor the degree of inhibition of ADP (lpM) induced aggregation by SNP (l}pM) and
NfG (l00pM) in whole blood samples obtainedfrom a male NV.

1s.0 + 3.s (6) t6.4 + 6.7 (2)

r2.3 + 0.8 (28) 11.6 + 1.4 (11)

Llnsfable Angina Pectoris
Putietús

No rt Q-wüve Myocardictl
In.furctiott PuÍients
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Platelet responsíveness to SNP

Having already established that there was a significant difference in platelet aggregability

across the genders that are also influenced by a variable aspirin pharmacotherapy, platelet

responsiveness to SNP was also assessed across the genders and for aspirin use.

Firstly and as displayed in Appendix Table 2,the majority of data populations conformed to a

Gaussian distribution as determined using the Kolmogorov-Smirnov test. Then utilizing a 3-

way ANOVA it was found that platelet responsiveness differed significantly between the

disease states only. There was no significant difference between the genders, between those

who were receiving and not receiving aspirin and across the various interactions of the three

determinants. For a further summary of the levels of significance for each determinant see

Appendix Table 3 (Bartlett's statistic : 13.9, p : 0.23). Utilizing Bonferroni's post hoc

multiple comparison test there were no significant differences between any combination of

determinant.

Given there was no significant influence on platelet responsiveness to SNP by gender and

aspirin use, the results were pooled for each of the three subject populations. Pooled

populations of data conformed to a Gaussian distribution (Kolmogorov-Smirnov: NV KS :
0.12, p: ns; SAP KS : 0.095, p : ns; ACS KS : 0.13, p : ns). The standard deviations

between each subject cohort were also not significantly different (Bartlett's statistic :1.47,p

:0.47).

SNP inhibited whole blood platelet aggregation by 51 t 3.2% in samples obtained from the

cohort of NVs. Mean platelet responsiveness to SNP in both the SAP and ACS patient

cohorts (41.5 + 3.2 and 30.6 + 2.9 respectively) was significantly attenuated compared to that

of the NV population (l-way ANOVA: F : 9.8, p < 0.01). Platelet responsiveness to SNP

within the SAP cohort was significantly greater than that of ACS patients (p < 0.05 by

Bonferroni's post hoc multiple comparison test) and significantly less than the mean platelet

responsiveness obtained from the cohort of NVs (p < 0.05 by Bonferroni's post hoc multiple

comparison test). Figurc 2.3.2 illustrates the differences in platelet responsiveness to SNP

(1O¡rM) between the subject cohorts.
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Figure 2.3.2 Platelet responsiveness to SNP

Inhibition of ADP-induced platelet aggregation by SNP (f0pM) in whole blood samples obtainedfrom a cohort of NVs,
patients with SAP and patients with ACS. Numbers of subjecls analyzed in each group are indicaled within the bars l-way
ANOVA, F:9.8,p < 0.01. Bonferuoni'sposthocmultiplecomparisontest: ** p < 0.01, * p < 0.05 vs. platelet
responsiveness fo SNP in NVs.

Pløtelet respons¡veness to NTG

The in vitro addition of NTG (100¡tM) was also shown to reduce the extent of platelet

aggregation in whole blood in samples obtained from the cohorts of subjects examined. The

influence of aspirin pharmacotherapy on platelet responsiveness to NTG (100pM) was not

assessed as there were insufficient numbers of SAP subjects not receiving aspirin.

Accordingly platelet responsiveness to NTG (100¡tM) was examined across the disease states

(NVs, SAP patients and ACS patients) and gender. Utilizing the Kolmogorov-Smirnov test,

all subject populations with sufficient numbers to perform the test, conformed to a Gaussian

distribution. NVs female KS : 0.21, p: ns, males n : 4 (insufficient numbers); SAP patients

female KS : 0.19, p : ns, males Ir : 3 (insufficient numbers); ACS patients females n: 4

(insufficient numbers), males KS :0.23, p : ns.

By 2-way ANOVA there was a significant difference between the disease states and genders

regarding platelet responsiveness to NTG (100pM). There v/as no significant interaction

between the two determinants (2-way ANOVA: Disease state F :6.7, p < 0.01; Gender F :
13.4,p < 0.01; Disease state x Gender F:0.19, p:0.83; Bartlett's statistic:3.48, p :063).
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Utilizing Bonferroni's post hoc multiple comparison test, platelets from female ACS patients

were found to be significantly less responsive to the anti-aggregatory effects of NTG

(100¡rM) than those of their male counterparts (35.4 + 4.7 (5) vs. 56.8 t 4.4 (8) respectively,

p < 0.01 by unpaired r-test). Results summarizing platelet responsiveness to NTG across the

subject cohorts and between the genders are shown in Figure 2.3.3.

! Males

@ Females

SAP ACS

Figure 2.3.3 Platelet responsíveness to NTG

Inhibition of ADP-induced platelet aggregation by NTG (l00pM) in whole blood samples obtained from a series of NVs,
patients with SAP and ACS. Platelet responsiveness to NTG was separated according to gender þr each cohort of subjects
examined. Numbers of subjects examined in each category are indicated within the bars. 2-way ANOVA; Disease st(lte F :
6.1, p < 0.01, Gender F: 13.4, p < 0.01; Disease state x Gender F:0.19, p: 0.83. Bonferroni's post hoc multiple
comparison test: *p < 0.01 vs male platelet responsiveness to NTG (l00p@.

[2.3.4.4] Mechønism(s) of platelet hypo-responsiveness to donors of n¡tric oxide

Attenuated platelet responsiveness to nitric oxide may reflect increase clearance of nitric

oxide by superoxide. To examine possible involvement of superoxide in the phenomenon of a

reduced responsiveness to nitric oxide, the extra-cellular scavenger of superoxide, SOD, was

used. In order to prevent any interference from hydrogen peroxide (H2O2), which is generated

during SOD-catalyzed dismutation of superoxide (Fridovich, 1995), catalase was added in

combination with soD.

In a series of initial experiments to determine concentrations of SOD and catalase to utilize,

the effect of SOD/catalase (90Units/ml or 300 Units/ml each) on the extent of ADP (lpM)

induced platelet aggregation was examined in six subjects (2 SAP and 4 ACS patients). Data

within each experimental cohort \ /as demonstrated to conform to a Gaussian distribution

(Control KS :0.19, p: ns; SODlcatalase 90U/ml KS : 0.23,p: ns; SoD/catalase 300U/ml

KS : 0.17 , p: ns). All data populations were effectively matched for paired analysis (control
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versus SOD/catalase 90U/ml, 300U/ml, p < 0.01). As shown in Figure 2.3.4 upper panel,

SOD/catalase (90 Units/ml for each enzyme) had no significant effect on the extent of ADP

(lfrM) induced platelet aggregation þaired /-test t: 1.57, p:0.18). In the same

experimental samples, 300 Units/ml for each enzyme, significantly inhibited the extent of

ADP (l¡rM) induced platelet aggregation þaired /-test t :7.8, p < 0.01). Therefore 300

Units/ml for each enzyme was utilized in all subsequent experiments.

Control SOD90/CAT90
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Fígure 2.3.4 Efþct of SoD/catalase on extent of ADP-induced platelet aggregation

Extent of ADP-induced (LpM) platelet aggregation in the presence of superoxide dismutase and catalase (SOD/CAT,

90U/mL upper panel and 300 Units/mL for each enzyme, lower panel) in six subjects (2 SAP patients and 4 ACS palienls)
Upper panel p : 0.l7,lower panel p < 0.01 (paired t-test).

[2.3.4.5] Mechanism(s) of action

[2. 3.4. 5. 1] Aggregabilìty

The effects of SOD in combination with catalase (3O0Units/ml each) added I minute prior to

the addition of ADP (lpM) were examined in 13 NVs (7 females, 6 males), 7 patients with

SAP (3 females, 4 males) and 15 ACS patients (6 females, 9 males). Data within each subject

cohort was found to be normally distributed (NV: control KS 0.13, p : trs, SOD/catalase KS

'1.
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:0.13, p: ns; SAP: control KS :0.21, p: fls, SOD/catalase KS :0.25, p : ns; ACS: control

KS : 0.11, p : ns; SOD/catalase KS : 0.15, p : ns).

By 3-way repeated measures ANOVA (repeated measures was used as the control to

SOD/catalase platelet aggregability comparison was paired) there was a significant difference

in aggregability between genders and a trend towards a significant difference across the

control to SOD/catalase treatment arm (Table 2.6; Bartleft's statistic : 4.2, p : 0.18).

Interestingly there \¡/as no significant difference in platelet aggregability between the three

subject populations, unlike that observed within section 2.3.4.2 ,table 2.3.

Table 2.6 Three-way repeated meøsures ANOVA contingency tøble

Control/treatment : plalelet aggregability with ADP (l pM) alone and treatment : plalelel aggregability in contbinatiou
with SOD/catalase (j}}U/mL). Subjects NVs, SAP patients and ACS patients.

Utilizing Bonferroni's post hoc multiple comparison test there were no significant differences

between any combination of points. However, by treating each subject population separately

it was observed that the addition of SOD/catalase prior to induction of aggregation caused a

number of different effects.

[2.3.4. 5.2] Normal volunteers

By 2-way repeated measures ANOVA there was no significant difference in the extent of

platelet aggregability between the genders. However, there were significant differences in the

extent of aggregation between the control and treatment arms with a trend towards a

significant interaction between the two determinants (2-way repeated measures ANOVA:

Gender F : 0.09, p : 0.76; control/treatment group F : I2.4, p < 0.01; gender x

control/treatment group F:3.17, p:0.098; Bartlett's statistic: 1.89, p:0.59). Utilizing

t3.3 < 0.01

0.072

0.72 0.49

0.48

4.48 0.02

0.42 0.65

1.47 0.24
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Bonferroni's post hoc multiple comparison test, the extent of platelet aggregability in the

presence of SOD/catalase for males was significantly reduced compared to their female

counterparts, a result that goes some way to explain the significant change in platelet

aggregability post SOD/catalase administration within this subject cohort. For a further

illustration see Figure 2.3.5 upper panel.

[2.3.4.5.3] Stable anginø pectorìs pøtìents

By 2-way repeated measures ANOVA, and as described for the NV cohort, there \¡/as no

significant difference in platelet aggregability between the genders within the SAP cohort of

patients. However, there was a significant difference in platelet aggregability post

administration of SOD/catalase, with no significant interaction between the two determinants

(2-way repeated measures ANOVA: Gender F : 1.85, p : 0.23; ControVtreatment group F :
15.8, p:0.011; genderx control/treatment group F:0.0009, p:0.98; Bartlett's statistic:

5.09, p : 0.16). Utilizing Bonferroni's post hoc multiple comparison test there were no

significant differences between any combination of data points. For a further illustration see

Figure 2.3.5 mtddle panel.

[2.3.4.5.4J Acute cotonary syndrome subjects

By 2-way ANOVA and unlike the results obtained for the NVs and SAP patient cohorts,

there was a significant difference in platelet aggregability between the genders and between

the two determinants of the ACS subject population. However, there was no overall

significant difference between the control and treatment group regarding the effects of

SOD/catalase on platelet aggregability (2-way repeated measures ANOVA: gender F : 6.4, p

:0.027; control/treatment group F :0.12, p:0.73; gender x controVtreatment group F : 9.9,

p < 0.01; Bartlett's statistic : 7.3, p : 0.063). Utilizing Bonferroni's post hoc multiple

comparison test there was also no significant difference between any combination of data

points.
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Figure 2.3.5 Effect of SOD/catølase on the extent of ADP-induced

platelet aggregation

The extent of ADP (l pM)-induced platelet aggregation in the presence of SOD/catalase (j}ÌU/mL) þr a cohort of NVs
upper panel; SAP patients, middle panel; ACS patients, lower panel. Upper panel: NVs Gender F = 0.09, p : 0.76;
control/treatmentgroupF:12.4,p<0.01;genderxcontrol/treatmentgroupF:i.17,p:0.098;Middlepanel;SAP
patients Gender F: 1.85, p = 0.23; Control/treatment group F: /,5.8, p:0.011; gender x control/treatment group F:
0.0009,p:0,98;Lowerpanel:ACSpatientsgenderF:6.4,p:0.027; control/treatmentgroupF:0.12,p:073;
gender x control/Íreatment group F : 9.9, p < 0.01. Solid line -- males; Dotted line : females.
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[2.3.4.5.5] Inter-relatíonship between platelet aggregability and the degree of change post

administrøtíon of S O D/catalsse

Having demonstrated that the addition of SODlcatalase has a significant in vitro anti-

aggregatory effect on platelets from patients with SAP or an ACS, the relationship between

change resulting from SOD/catalase administration compared with initial platelet

aggregability, was examined. This relationship was examined in order to test the hypothesis

that platelet hyper-aggregability is associated with high superoxide concentrations.

Considering patients with a history of angina (SAP/ACS) separately from the NV cohort no

significant correlation was observed with the angina or NV cohort regarding the initial extent

of platelet aggregation or change in aggregation post administration of SOD/catalase

(regression analysis "angina"'. r : -0.32, p : 0.15, run test p : 0.79; NV r : -0.1 1, p : 0.73,

run test p : 0.87; Figure 2.3.6: left panel : angina patients, right panel : NVs). This result

suggests that superoxide has no role in the phenomenon of platelet hyper-aggregability, but

rather a more general role in the regulation of platelet function in all patients with SAP or

ACSs, as a significant inhibition of aggregation with SOD/catalase was only observed in

these groups (Figure 2.3.5).
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Figare 2.3.6 Extent of ADP-índuced platelet aggregatíon coweløted wíth change in pløtelet

aggregation post øddìtion of SoD/cøtølase

The relationship between the extent of platelet aggregability and change in aggregability post SOD/catalase administration
was examined in subjects with a history of angina (eft panel) and NVs (right panel). Regression analysis "angina" ¡ : -

0.j2,p:0l5,runtestp:0.79;NVsr:-0.i,1,p:0.73,runtest:0'ST.Dottedlineindicateszero.
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[2.3.4.5.6J Platelet responsiveness to SNP

Data populations representing the degree of platelet responsiveness to SNP (lOpM) alone or

in combination with SOD/catalase (300U/mL each enzyme) were firstly examined to see if
they conformed to a Gaussian distribution. This was performed for all three subject groups

(NVs n: 13, SAP î: J, ACS n: 15) with all data populations being normally distributed.

(NVs: SNP KS :0.24,p : ns; SNP + SOD/catalase KS :0.19, p: ns; SAP patients: SNP KS

:0.26,p:ns; SNP+SOD/catalaseKS:0.23,p:ns;ACSpatients:SNPKS:0.16,p:ns;

SNP + SOD/catalase KS :0.14, p : ns).

Having established that the data obtained conform to Gaussian distribution, a 2-way repeated

measures ANOVA was performed. As displayed in Figure 2.3.1, there was no significant

difference in platelet responsiveness to SNP post administration of SOD/catalase. However,

there was a significant difference between the three subject populations, with no significant

interaction between the two determinants (2-way repeated measures ANOVA: treatment

group F : 0.027,p : 0.87; disease state F : 12.8,p < 0.01; treatment group x disease state F

: 0.45, p : 0.64). Utilizing Bonferroni's post hoc multiple comparison test, platelet

responsiveness to SNP within the ACS subject population was significantly less than that of

the SAP subject cohort (p < 0.05).

n sNp

@ SttP + SOD/catalase

NV SAP ACS

Figare 2.3.7 Elþcts of SoD/catøløse on platelet responsíveness to SNP

The fficts of SoD/catalase in combination with SNP (lqpM) compared to SNP alone was examined in a series of NVs, SAP
patients and ACS patients. 2-way repeated measures ANOVA: treatment group F = 0.027, p : 0.87 ; disease state F : 12.8,

p<0.01;treatmentgroupxdiseasestateF:0.45,p:0.64.Treatmentgroup:SNPaloneorSNPincombinationwith
SOD/catalase
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[2.3.4.5.7J Inter-relølionship between SNP responsiveness and the degree of change in

SNP responsíveness post S OD/catalase administration

After demonstrating that the addition of SOD/catalase had no significant effect overall on the

extent of platelet responsiveness to SNP in a raîge of subject cohorts, the ability of

SOD/catalase to restore platelet responsiveness to SNP within a platelet sample was

examined further. Accordingly baseline SNP responsiveness was examined to see if it

correlated with change in platelet responsiveness to SNP post administration of

SOD/catalase.

Treating patients with angina (SAP/ACS) separately from the cohort of NVs, a significant

correlation was observed in the angina cohort between the baseline SNP responsiveness and

the change in SNP responsiveness post administration of SOD/catalase (regression analysis: r
: -0,55, p:0.0085, run test p:0.74; upper left panel of Figure 2.3.8). This result implies a

bidirectional effect (lower panel of 2.3.8) of superoxide in determining the extent of platelet

responsiveness to SNP. That is, inhibition of the NO response in subjects with a poor initial

platelet responsiveness to SNP, but a relative augmentation in subjects with a normal platelet

responsiveness to SNP (Unpaired r-test t : 2.7, p : 0.012). Data from the cohort of NVs

demonstrated no correlation between baseline SNP responsiveness and change in SNP

responsiveness post SOD/catalase administration (regression analysis: r: 0.32, p : 0.28, run

test p : 0.29; upper right panel), indicating possible heterogeneity of superoxide's effect

between patients with angina and NVs. However, only 4 NV subjects had initial SNP

responses < 50 o/o inhibition.
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Fígure 2.3.8 Platelet responsiveness to SNP coweløted with

change post SoD/catøløse ødministratíon

The relationship between platelet responsiveness to SNP (l0pM) and delta SNP responsiveness post SOD/catalase
administration was examined in patients with angina (SAP/ACS) upper left panel and NV's upper right panel. Lower panel;
Bidirectional effect of superoxide (Unpaired t-test t = 2.7,p = 0.012). Regression analysis angina patients: r: -0.55, p -
0.0085, run test p : 0.74; NV's r : 0.32, p : 0.28, run test p: 0.29). Dotted line: zero.

[2.3.5] Discussion

In the curent study, platelets from patients \Mith SAP or ACS were hyper-aggregable towards

ADP (1¡rM) compared with those from a cohort of NVs. Furthermore, the addition of

SOD/catalase to a platelet suspension from either SAP or ACS patients significantly inhibited

platelet aggregation, a phenomenon that was not observed within the cohort of NVs.
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Comparing the extent of platelet aggregation with the degree of change in platelet

aggregation post SOD/catalase administration, no significant relationship existed for all

subjects examined. These results suggest that superoxide plays a role in platelet aggregation

in subjects with a history of angina rather than in the phenomenon of platelet hyper-

aggregability as such.

The current study has also demonstrated that the in vitro anti-aggregatory effects of both SNP

(10¡rM) and NTG (100prM) were significantly attenuated in both the SAP and ACS patient

cohorts. This apparent platelet hlpo-responsiveness towards donors of nitric oxide,

representing a resistance towards their anti-aggregatory effects, was overall found not to be

affected by scavenging of the superoxide radical. However, when the subject populations

were divided into those with/without angina, a significant inverse relationship existed within

the angina cohort for the extent of platelet responsiveness to SNP and the extent of change in

SNP responsiveness post superoxide scavenging. A relationship that was not observed in the

NV cohort. These results imply a significant role for superoxide in the phenomenon of nitric

oxide resistance, such as was apparent among subjects with a history of angina pectoris.

PI atelet hyp er-ag g reg ability

Phenomenon

As illustrated in Table2.3, platelets from patients with either SAP or an ACS were hyper-

aggregable to ADP (1pM), despite treatment with a number of anti-anginal agents known to

possess anti-aggregatory effects. Furthermore, females and those subjects not undergoing

aspirin pharmacotherapy were also hyper-aggregable compared to their male or aspirin

consuming counterparts. A result that is agrees with the observations of others (Swahn and

'W.allentin, 
1987). There was also no significant difference between subjects with a final

diagnosis of either UAP or NQAMI regarding the extent of platelet response to ADP (lpM).

Mechanism/s

In the current study we examined whether platelet h1,per-aggregability, observed within the

cohort of SAP and ACS patients, resulted from the actions of superoxide/þdrogen peroxide.

As described in section C.l2 of chapter l, there is considerable evidence throughout the

literature demonstrating that ROS are associated with platelet hyper-aggregability (Iuliano e/

aL.,1997; Iuliano et al., 1994; Iuliano et al.,l99l;Leo et al., 1997; Pratico et a|.,1991).
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In the current study scavenging of superoxide/þdrogen peroxide by SOD/catalase caused a

significant inhibition of platelet aggregation within the SAP and ACS subject cohorts. The

addition of SOD/catalase had no significant effect on the extent of platelet aggregation within

the NV subject cohort (upper panel of Figure 2.3.5).By 2-way repeated measures ANOVA a

significant difference between the control and treatment groups was observed. However,

given there was no significant gender-related differences in the extent of platelet aggregation

for this subject cohort, a paired /-test was performed with no difference between the control

and SOD/catalase treatment arms being found (paired /-test t :0.94, p :0.079).

The addition of SOD/catalase to whole blood samples obtained from SAP patients was

demonstrated to cause a significant inhibition of aggregation (middle panel of Figure 2.3.5).

By 2-way repeated measures ANOVA a significant difference between the control and

treatment groups was observed, a result that was confirmed using a paired /-test on the data

from both male and female subjects (paired t-test t: 4.4, p < 0.01). Data demonstrating this

phenomenon formed part of the published results (Chirkov et al., 1999) demonstrating that

the addition of SOD/catalase to a whole blood sample obtained from SAP patients causes a

-25% inhibition of platelet aggregation.

Unlike the results observed within the SAP patient cohort and by 2-way repeated measures

ANOVA, there was no significant difference between the control and SOD/catalase treatment

arms for the ACS patients (Lower panel of Figure 2.3.5).

Given the hypothesis that superoxide, serving as a pro-aggregant, was responsible for the

phenomenon of platelet hyper-aggregability, one may assume that the extent of platelet

aggregation would be a function of the degree of inhibition of platelet aggregation post

addition of SOD/catalase. Combing the subject cohorts into those subjects with/without a

history of angina pectoris (Figure 2.3.6), neither population showed a relationship between

the baseline extent of platelet aggregation and the extent of change in platelet aggregation

post administration of SOD/catalase. This result implies that superoxide is not directly

involved in the phenomenon of platelet hyper-aggregability but rather it plays a critical role

in platelet function in subjects with a history of angina pectoris, given that a significant

inhibition of platelet aggregation with SOD/catalase was observed within the SAP and ACS

patients (Figure 2.3.s),but not in the NV cohort.
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Evidence throughout the literature suggests that platelets, apart from being affected by

superoxide from various sources (Pratico et a1.,1993), have the ability to generate superoxide

(Freedman and Keaney, 1999), whether by a NAD(P)H oxidase (Seno et al., 2001) or

arachidonic acid (Caccese et a1.,2000) dependent mechanisms. It therefore remains possible

that components of the generation of superoxide, inducing platelet hyper-aggregability, are

intra-platelet in origin. This hypothesis may therefore explain an absence of a significant

relationship between the extent of platelet aggregation and the degree of change in platelet

aggregability post (extracellular) superoxide scavenging. Investigating this hypothesis was

beyond the scope of the current study. As described in the introduction of this chapter, EC-

SOD scavenges superoxide only at an extra-cellular level (Fridovich, 1995). Given

SOD/catalase was demonstrated to significantly inhibit the extent of platelet aggregation

within samples obtained from subjects with CAD but not in NVs, the results suggest that

extra-cellular superoxide plays a role in the phenomenon of platelet hyper-aggregability.

Determination of the relative importance of superoxides function at an intra-platelet

compared to an extracellular level in the phenomenon of platelet hyper-aggregability would

require the utilization of a relatively selective intracellular superoxide "scavenging" system.

I n dir e ct effe ct s of s up er oxide c au s in g p I ate I et hyp er - ag g r e g ab ility

Rather than viewing superoxide as having direct effects on platelets (either intra or extra-

cellular) causing hyper-aggregability, the hypothesis that increased production of superoxide

may scavenge endogenously derived (EDRF/|{O) nitric oxide, effectively shifting the balance

in favor of a pro-aggregatory environment, may also serve as a potential mechanism for

platelet hyper-aggregability. An examination of this hypothesis is not possible with the

current experimental design. However, there is evidence within the literature that removal of

nitric oxide induces platelet hyper-aggregability and comes from experiments in which the

NOS inhibitor Z-Nc-nitro-arginine metþl ester (¿-NAME) was added to a platelet

preparation effectively depriving the platelet of nitric oxide (Freedman et a1.,1997). Platelets

from NVs pre-incubated with ¿-NAME were significantly more aggregable than control

platelets (Freedman et al., 1997). Despite not examining the potential mechanisms behind a

decreased nitric oxide release from activated platelets (oxidative stress was postulated as a

mechanism within the discussion), Freedman et al (1998) also demonstrated that impaired

platelet production of nitric oxide predicts the presence of an ACS.
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As described within section C.12.1.4 of chapter 1, superoxide reacts with nitric oxide to

generate peroxynitrite in a reaction that is faster than that with SOD, effectively removing

nitric oxide from the system. However, evidence in the literature suggests that peroxynitrite

can serve as both a pro-or anti-aggregant (Brown et a1.,1998; Moro et al.,1994; Moro et al.,

1995;Yin et al.,1995).

Platelet hypo-responsiveness to donors of nitríc oxide (nitric oxide resístønce)

On two separate occasions Chirkov et al (1993,1996) demonstrated a diminished ability of

NTG and SNP to cause the reversal of platelet aggregation in samples obtained from patients

with SAP in comparison to NVs. In the current study and utilizing whole blood samples from

patients with SAP, the extent of platelet responsiveness to both SNP and NTG was

significantly attenuated compared to that of NVs, when either nitric oxide donor was added

prior to induction of platelet aggregation. Data from the SAP and NV cohorts was used to

form part of a published study (Chirkov et al., 1999). Extending these published observations

further, the degree of in vitro platelet responsiveness to both SNP and NTG for platelets from

ACS patients was also found to be significantly attenuated compared to that of platelets

obtained from a cohort of NVs (Figure 2.3.3).

Role of superoxide ín platelet hypo-responsiveness to donors of nitríc oxíde

The hl.pothesis that superoxide scavenges nitric oxide resulting in platelet hyper-

aggregability may also serve as a potential mechanism for the phenomenon of platelet hypo-

responsiveness to nitric oxide. Reduced responsiveness to nitric oxide due to the actions of

superoxide has also served as a hypothesis explaining a dysfunction at the vascular level

(Indik et a1.,2001; Lopez-Lopez et a1.,2001:' MacCarthy et a1.,2001).

Within a cohort of NVs the addition of SOD/catalase in combination with SNP (10pM) to

whole blood samples had no significant effect on the extent of inhibition of platelet

aggregation (Figure 2.3.7).In blood samples from patients with SAP or ACS the addition of

SOD/catalase also had no overall effect on the extent of platelet responsiveness to SNP

(Figure 2.3.7). However, in SAP/ACS patients a significant inverse relationship rù/as found

between the degree of baseline SNP responsiveness and the extent of change in SNP

responsiveness post SOD/catalase administration (Figure 2.3.8). Thus, a 'þoor" baseline

platelet responsiveness to SNP was restored following superoxide scavenging, a phenomenon
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that was not observed within the cohort of NVs. Moreover, in those patients with a history of

angina pectoris and a normal baseline SNP responsiveness, the administration of

SOD/catalase caused a reduction in the anti-aggregatory effects of SNP, implying a

bidirectional effect of superoxide removal that produces no overall effect when each patient

population is examined individually (Figure 2.3.7). Data from both the SAP and NV cohorts

was used to form the basis of a published study demonstrating that the addition of

SOD/catalase to samples from SAP subjects only, significantly increased the extent of the

anfi-aggregatory effect of SNP (Chirkov et al.,1999).

Altern at iv e m e ch anis m/s

A decrease in the extent of platelet responsiveness to both SNP and NTG as demonstrated

herein may also be explained by a defect within the nitric oxide/cyclic GMP pathway that

govems the regulation of platelets.

As described in section 4.11.1 of chapter 1, the generation and decomposition of intra-

platelet oGMP is dependent on platelet guanylate cyclase and on cyclic nucleotide

phosphodiesterases (Waldman and Murad, 1987). Chirkov et al (1999), whilst investigating

the phenomenon of a reduced platelet responsiveness to SNP, demonstrated that the amount

of intra-platelet cGMP generated post administration of SNP in platelet samples obtained

from SAP patients, was significantly less than that of results from NV, results that were in

agreement with previous observations (Chirkov et a1.,1996). This reduction in cGMP within

platelets from patients with SAP was then demonstrated not to be a reflection of an increase

in phosphodiesterase activity. Inhibition of phosphodiesterase activity with the use of IMBX

did not restore the impaired oGMP response to SNP in platelets from patients with SAP

(Chirkov et a1.,1999).

Investigating further the phenomenon of reduced platelet responsiveness to donors of nitric

oxide, Chirkov et al (1999) went on to examine the interaction of guanylate cyclase with

nitric oxide utilizing the guanylate cyclase inhibitor lH-11,2,41 oxodiazolo 14,3,u)

quinoxalin-l-one (ODQ). ODQ (lpM) significantly reduced the anti-aggregatory effects of

both NTG and SNP in whole blood samples from NVs, an observation that was not witnessed

in blood samples from patients with SAP. These results were therefore interpreted to imply a

decrease in the sensitivity of guanylate cyclase to nitric oxide in platelets from SAP patients.
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A possible problem with this conclusion emerged with the discovery that ODQ was not a

selective inhibitor of guanylate cyclase as once thought (Feelisch et al., 1999). In a

comprehensive examination of the effects of ODQ on heme-containing enzymes that

included guanylate cyclase, Feelisch et al (1999) demonstrated that, apart from its guanylate

cyclase inhibitory effects, ODQ inhibited both basal and stimulated endothelial nitric oxide

production. The extent of this inhibition was virtually identical with that observed with the

NOS inhibitor L-NAME. Moreover, there is a suggestion that ODQ may be metabolically

converted to a more potent NOS inhibitor. Within the same series of experiments Feelisch e/

aI (1999), demonstrated that ODQ also affected NTG and SNP-mediated vasorelaxation by

inhibiting their reductive bio-activation via the cytochrome P+so enzyme system.

Counteracting these arguments for non-specificity of ODQ effects is evidence that ODQ

(lpM) alone failed to have any significant effect on the extent of ADP-induced platelet

aggregation in platelet samples from either SAP patients or NVs (Chirkov et al., 1999).

Moreover, concentrations of ODQ required to elicit a significant reduction in NOS activity

were found to be >30pM (Feelisch et al.,1999).

cGMP-índependent effects of nitric oxide

Within the study performed by Chirkov et al (1999), the addition of ODQ (lpM) in

combination with either SNP or NTG was demonstrated to reduce the anti-aggregatory effect

significantly but not completely. These results therefore suggest that a cGMP-independent

effect of nitric oxide may be an important component of the anti-platelet actions of nitric

oxide donors. As mentioned in section 4.11.1.1 of chapter 1, nitric oxide has the ability to

inhibit platelet function independent of its interaction with guanylate cyclase/cGMP.

Nitric oxide, through its interaction with superoxide, forms peroxynitrite that readily diffuses

across the platelet cytosol and inhibits the formation and function of cyclooxygenase-l and2

by a nitrotyrosine-dependent mechanism (Boulos et al., 2000). As described in section

C.13.3, aspirin permanently acetylates both the cyclo-oxygenase-ll2 enzymes within

platelets, thereby preventing the formation of TxAz (Vane and Botting, 1995). The results

shown in the current study demonstrated that the use of aspirin, a known inhibitor of cyclo-

oxygenase-Il2, was not a significant determinant of platelet responsiveness to nitric oxide

either donated from SNP or NTG. It therefore seems unlikely that a significant contribution
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of a dysfunction within the COX-712 pathway of cGMP-independent effects of nitric oxide

serves as a major mechanism of a reduced responsiveness to nitric oxide at the platelet level.

[2.3. 6] Study Limitations

The current study has a number of important limitations. Firstly the in vitro administration of

either nitric oxide donor (SNP/¡{TG) and the apparent attenuation in platelet responsiveness

towards these agents does not necessarily reflect accurately the extent of platelet resistance

towards nitric oxide or donors there of in vivo.

The numbers of subjects utilized within this study were insufficient to delineate the relative

contribution of common coronary risk factors and prescribed anti-anginal medications in the

phenomena of platelet hyper-aggregability and platelet hypo-responsiveness to donors of

nitric oxide. The latter forms the basis for a multivariate analysis performed within chapter 3

of this thesis. Potential risk factors that may influence the extent of platelet aggregation

include hypercholesterolaemia (Aoki et al.,1997b), diabetes (Davi et a|.,1990; Mandal et al.,

1993), smoking (Fusegawa et al., 1999; Fusegawa and Handa, 2000) and hypertension

(Lande et al.,l98l; Thomas et a1.,1992), all possible determinants that were evenly matched

across the subject cohorts. Elevation of homocysteine levels may also be associated with

impairment of tissue responses to nitric oxide (Tawakol et al., 2002). The use of nitrates was

not surprisingly more extensive within the ACS subject cohort. Despite this and evidence that

organic nitrates are potent inhibitors of platelet function (Loscalzo, 1992), platelets from ACS

patients tended to be significantly more aggregable than those from their SAP counterparts.

Perhexiline use within the SAP subject cohort was also more coÍrmon than in the ACS

patient population. A direct anti-aggregatory effect of perhexiline has not been reported to

date. However, there is evidence of increased bioavailability of nitric oxide with perhexiline

therapy (Willoughby et a1.,2002).

The technique of ADP-induced whole blood impedance aggregometry precluded recruitment

of ACS patients who were undergoing pharmacotherapy with either ADP or GPIIb/IIIa

receptor antagonists. This was an important limitation of this study and one that effectively

biased the ACS-subject population towards ACS patients that were being treated less

aggressively.
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Another important limitation of this study is the technique that scavenges superoxide and

hydrogen peroxide through the use of SOD and catalase. A method used by many to assess

the role of superoxide within particular disease states/conditions (Bauersachs et al., 1999;

Munzel et a1.,1995b), the addition of SOD/catalase is not an accurate method/measure of the

relative contribution of superoxide. A more direct method of assessing the

amount/contribution of superoxide to the above phenomena is explored within the following

section of this chapter.

[2.3.7] Conclusions

Results reported in this chapter have demonstrated that platelets from patients with SAP or an

ACS are hyper-aggregable and hypo-responsive to the anti-aggregatory effects of nitric

oxide. Decreased platelet responsiveness to an exogenous source of nitric oxide implies

diminution of responsiveness to endogenous nitric oxide. In turn diminution of

responsiveness to nitric oxide may provide a potential basis for local or global increases in

platelet aggregability associated with acute myocardial ischaemia and/or acute redox stress.
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12.41Superoxide detection in whole blood

t2.4.11 Introduction

Reactíve oxygen species

As described within chapter 1 section A.3.2 and C.3 evidence now exists suggesting that

ROS play a functional role in the progression of the various cardiovascular disease states.

The presence of superoxide and its reaction with nitric oxide to form peroxynitrite,

effectively removing nitric oxide from the system, is now thought to contribute the

phenomenon of endothelial dysfunction (Britten et al., 1999; Harrison, 1997; Kanani et al.,

1999). ROS also play an integral role in the development of atherosclerosis, via oxidation of

low-density lipoprotein (Jimi et al., 1998) and are also thought to be responsible for the

vascular smooth muscle cell proliferation associated with atherosclerosis development

(Griendling and Ushio-Fukai, 1998). The generation and actions of ROS are also thought to

play major roles in ischaemia/reperfusion injury (Fenari et al., 1998) and necrosis and/or

apoptosis in cardiac myocytes (Anversa et a1.,1998).

Important ROS in mammalian cell systems include the superoxide anion (Oz -), the hydroxyl

radical (OH ), hydrogen peroxide (HzOz), peroxynitrite (ONOO-), hypochlorous acid (HOCI)

and lipid radicals (Cai and Harrison, 2000; Droge, 2002; Iuliano et a1.,1997; Salvemini and

Botting, 1993; Wattanapitayakul and Bauer, 2001). As the superoxide anion influences the

subsequent formation of other ROS, a large amount of research interest has specif,rcally

focused on its role in various cardiovascular conditions/disease states.

Sources ofreactive oxygen species ín cardiovascular disease states

Potential enzymatic sources of superoxide include mitochondrial respiration, lipoxygenase,

cyclooxygenase, cytochrome P456's, xanthine oxidase, nitric oxide synthase and the

NAD(P)H oxidase enzyme system (Cai and Harrison, 2000; Droge, 2002).

As summarized in section A.3.2.1 of chapter 1 the activation of the NAD(P)H oxidase

eîzyme system, found in phagocytic cells (Babior, 1999) but also in the endothelium

(Griendling et a1.,2000) and its subsequent generation of superoxide, has been implicated in

the pathogenesis of endothelial dysfunction and vascular hypertrophy (Griendling et al.,

1994; Rajagopalan et al., 1996; Wang et al., 2001; Zhang et al., 1999). Superoxide derived
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from the endothelium may also play arole in the development of nitrate tolerance (Munzel et

al., 1995b). Released due to high intra-arteriolar pressure, superoxide reduces nitric oxide-

mediated shear stress induced dilatation (Huang et a1.,1998). Moreover, in a canine model of

in vivo platelet function Yao et al (1993) demonstrated a reduction in the frequency of

cyclical flow variations following treatment with recombinant human copper-zinc

SODihuman, manganese SOD or catalase. Infusion of xanthine-xanthine oxidase and/or

hydrogen peroxide was demonstrated to induce these cyclical flow variations. Thus

superoxide and nitric oxide exert opposite effects on cyclic platelet deposition in this model.

Platelets and superoxide

It was previously thought that platelets themselves produce superoxide in a continuous

fashion that was independent of activation/aggregation (Marcus et al., 1977). Baseline levels

of superoxide, as detected by cytochrome c reduction and a nitroblue tetzolium assay, did not

change upon exposure of platelets to various agonists. Freedman and Keaney (1999)

determined that superoxide was released from platelets in an aggregation-dependent fashion,

with Caccese et al (2000) recently demonstrating that superoxide and hydroxyl radical are

released by aggregating platelets.

Numerous studies have investigated the influence of superoxide and other ROS on platelet

adhesion/activation and aggregation (section C.12.1 of chapter 1). Salvemini et al (1989b)

demonstrated that platelet activation is enhanced by incubation of platelets with sources of

superoxide that included pyrogallol. Other ROS, such as hydrogen peroxide and hydroxyl

radical, have also been shown to influence platelet activation/aggregation. Leo et al (1997)

also demonstrated that platelets subjected to experimental models of ischaemia/reperfusion

associated with oxidative stress undergo spontaneous aggregation.

D etection systems (Lucigenín)

Superoxide readily reacts with nitric oxide to form peroxynitrite with a rate constant of 2 x

1010M-1s-1. It also reacts with superoxide dismutase to generate HzOz at arate constant of 2.4

x 10eM-1s-1 (Boulos et a1.,2000). Given superoxide's limited life span, superoxide detection

systems, as summarized within section 2.2.8 of this chapteÍ, are required to compete with

compounds that readily scavenge superoxide from cellular systems.
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One such superoxide detecting compound that has been utilized by a number of investigators

is the luminescent agent bzs N-methylacridinium nitrate (lucigenin) (Caccese et a1.,2000;

Gyllenhammar,l9ST; Liochev and Fridovích,1997; Munzel et a1.,1995b). Despite a number

of controversies regarding its potential to undergo "redox cycling" and therefore elevating the

level of superoxide (Liochev and Fridovich, 1998; Spasojevic et a1.,2000; Tarpey et al.,

1999; Vasquez-Vivar et al., 1997), LDCL is still regarded widely as a reliable method of

quantifying superoxide (Afanas'ev ,2001 Li et al., 1999d).

Superoxide detection by lucigenin depends upon the reaction of superoxide with the reduced

mono-cation radical of lucigenin (Faulkner and Fridovich, 1993). The å¡s-acridinium is

reduced to the corresponding radical that is capable of reacting with superoxide to yield

dioxetane which readily decomposes into two acridone compounds, one of which is

electronically excited and emits a photon upon returning to a ground state (Faulkner and

Fridovich, 1993).

In the previous section of this chapter the superoxide anion was demonstrated to play an

important role in the phenomenon of whole blood platelet hyper-aggregability and to a lesser

degree in hypo-responsiveness to nitric oxide. Most investigations examining the putative

role of superoxide in modulating platelet function have been performed in isolated platelet

preparations where contributions of superoxide from extra-platelet sources are largely

excluded (Ambrosio et a1.,1994; Freedman and Keaney,1999).

Utilizing lucigenin as a probe for superoxide the current study demonstrated:- 1) the presence

of superoxide in an unstimulated whole blood sample; 2) generation and release of

superoxide post induction of platelet aggregation. This study thereby highlights a method

that allows further investigation of superoxide on platelet function in various clinical

situations.
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[2.4.2] Curuent stady hypothesis

This study was designed to test the following null hypotheses in blood samples obtained from

a cohort of normal volunteers.

Primary:

o The administration of lucigenin to a whole blood sample obtained from a normal

volunteer is associated with no detectable LDCL.

Secondary:

o Induction of platelet aggregation post administration of lucigenin fails to change the

degree of detectable LDCL.

There is no relationship between platelet aggregability and luminescent paramelers

191
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[2.4.3] Methods

[2.4.3.1] Subjects

Studies were performed on blood samples obtained from NVs not taking any medication that

may influence platelet aggregation. Numbers of subjects used in individual experiments are

indicated below (Results: Section 2.4.4). The study rwas approved by the North Western

Adelaide Health Service Ethics of Human Research Committee. Written informed consent

was obtained prior to study entry.

[2.4. 3. 2] Blood Sømpling

Blood samples from NVs were collected and prepared according to the method described in

section 2.3.3. All experiments were coÍrmenced within 5-10 minutes following blood

collection.

[2.4. 3. 3 ] Preparation of platelets

For platelet-rich plasma studies, blood was centrifuged at 2509 for 10 minutes at room

temperature (RT) to obtain PRP. Platelet poor plasma (PPP) was prepared by further

centrifugation of the remaining blood at 25009 for 20 minutes. Platelet counts were
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performed on the STKS Coulter Counter (Coulter Electronics Inc) and the PRP was adjusted

with PPP to a constant count of 250 000/pL.

'Washed platelets were prepared by a method described previously (Iida et al., 1993). Briefly,

PRP was washed twice by centrifugation at 8009 for 15 minutes (RT) in a solution containing

36mM citric acid, 5mM glucose, 5mM KCl, 90mM NaCl and prostaglandin Er (PGEr) lpM,

pFI 6.5. The final platelet pellet was then re-suspended in modified Tyrode's solution

consisting of 11.9mM NaHCO3, 0.555mM glucose, 2.68mM KCl, 137mM NaCl, 0.416mM

NaHzPO¿, lmM MgCIz and 5mM Hepes, pH 7 .35.

Blood samples devoid of platelets were prepared as follows. PRP was isolated as described

above from a series of 10mL whole blood samples. The remaining red blood cell

(RBC)/leukocyte fraction was further spun at 25009 for 10 minutes to remove any remaining

PRP. PPP was then prepared from the PRP fraction as also described above. To the remaining

RBC/leukocyte fraction either normal saline or PPP was added up to a final volume of 1Omls.

[2.4. 3.4] Preparøtíon of neutrophíls

Following removal of platelet-rich plasma, neutrophils were isolated by Lymphoprep density

centrifugation. Briefly, HBSS was added in an equal volume to that of PRP removed.

Lyrnphoprep was then underlain and spun at 5009 for 30 minutes at RT. The neutrophil and

RBC containing fraction was then washed twice with warm (30"C) lysis buffer containing

155.2mM NHaCl, 100¡rM Na2EDTA dihydrate, 10mM NaHCO3, p}J7.3 and spun at 5009 for

10 minutes at room temperature. Neutrophils were then further washed twice with HBSS.

Neutrophil counts were performed on the STKS Coulter Counter (Coulter Electronics Inc).

[2.4.3.5] Platelel Aggregatíon ønd Chemìlumínescence assay for superoxìde

Platelet aggregation and LDCL were monitored simultaneously using the dual channel Lumi-

aggregometer (Model 560, Chrono-Log, Haverstown, PA, USA) equipped with a computer

interface system (aggrollink revision 4.71, Chrono-Log, Havestown, PA, USA) and a 486

IBM computer. Tests were performed at 37"C with a constant stirring speed of 900rpm.

Samples to be tested were diluted2-fold in physiological saline (0.9% NaCl) for whole blood

and platelet-rich plasma, or modified Tyrode's for washed platelet preparations and HBSS for

neutrophil preparations, to the final volume of 1mL and pre warmed for 5 minutes at 37oC. In
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the whole blood samples lucigenin was added and chemiluminescence was monitored

continuously until reaching a plateau approximately one-minute post lucigenin

administration. Platelet aggregation for both whole blood and platelet-rich plasma was

induced with either adenosine 5'-diphosphate (ADP) or adrenaline (final concentration as

indicated).

[2.4.3.6] Aggregøbility ønd LDCL parømeters

Platelet aggregation and LDCL were continuously monitored for 7 minutes. Platelet

aggregation was recorded as electrical impedance in Ohms. LDCL was recorded in mV

(milli-volts), as the maximum plateau amplitude 1 minute post lucigenin administration, and

the maximum amplitude of the LDCL signal 7 minutes post platelet agonist addition

(Baseline and aggregation-associated superoxide generation respectively; Figure 2.4.1). The

rate of LDCL generation post induction of platelet aggregation was determined as the

maximal slope of the luminescence curve post induction of platelet aggregation. The lag

period between the induction of platelet aggregation and the commencement of the

aggregation-associated increase in superoxide was recorded in seconds.

[2.4.3.7] Vølidøtion of the LDCL assøy

Superoxide detection by lucigenin was verified by administration of superoxide dismutase

(SOD) (300Units/ml). In control tests physiological saline (09% NaCl) was added in

appropriate volumes. The effect of lucigenin on platelet aggregation was evaluated as a

percentage, comparing the extent of maximal aggregation in the presence and absence of a

range of concentrations of lucigenin.

[2.4.3.8] Chemicals

Adenosine 5'-diphosphate (ADP) sodium salt, superoxide dismutase (SOD) (from bovine

erythrocytes), catalase (from bovine liver) was purchased as indicated in Section 2.3.3. bis-

N-metþlacridinium nitrate (lucigenin) was purchased from Sigma (St.Louis, MO, USA).

[2. 4. 3.9] Statístícal Analysis

All data was firstly assessed for "normality" lutllizing the Kolmogorov-Smimov method. Log

transformations of data were performed on non-Gaussian data. Differences between standard
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deviations were examined utilizing Bartlett's statistic. Differences in the magnitude of the

LDCL signal/rate and the lag period prior to the aggregation-associated release of superoxide

for different concentrations of ADP was performed utilizing ANOVA followed by

Bonferroni's post hoc multiple comparison test. Significance of correlation was determined

by linear and non-linear regression analysis. Run tests were performed in order to assess

linearity. Differences between regression curves were assessed using analysis of co-variance

(ANCOVA). Statistically signifrcant differences were limited to p < 0.05 with results being

expressed as a mean + S.E.M unless otherwise indicated. Statistical analysis was performed

using the computer programs outlined in section 2.3.3.6 of chapter 2.

t2.4.41 Results

[2.4.4.1] Influence of lucigenìn on the extent of platelet aggregation

Initially a series of experiments were performed to address the possible effects of lucigenin

on the extent of ADP (1pM) induced platelet aggregation. Lucigenin's effect on the extent of

platelet aggregation over a range of concentrations (12.5 - 250pM) was assessed in samples

obtained from normal NVs (7 males, 3 females). Lucigenin was shown to both potentate and

inhibit the extent of ADP (1pM) induced aggregation for certain concentrations of lucigenin.

Data representing the effect of lucigenin on the extent of platelet aggregation were found to

conform to a Gaussian distribution (Kolmogorov-Smirnov 12.5pM KS : 0.42, p : ns;

insufficient numbers (n : 4) to test for normality within the 20 to 250pM data populations;

Bartlett's statistic : 5.89, p : 0.21). By l-way ANOVA there was a non-significant trend

towards a variability in platelet responsiveness towards lucigenin over a range of lucigenin

concentrations (l-way ANOVA F :2.57, p : 0.075). Given the controversies regarding the

use of lucigenin at high concentrations (Skatchkov e/ al., 1999) and the observation that

lucigenin at 12.5¡rM was shown to have less variable effects on the extent of platelet

aggregation in these subjects and was also shown to detect both baseline and aggregation-

associated superoxide release (below), this concentration of lucigenin was therefore used in

all subsequent experiments in this section.

[2.4.4,2] Superoxide detectìon in whole blood pre and post platelet øggregatíon

When examining the effect of variable concentrations of lucigenin on ADP (lpM) induced

platelet aggregation, lucigenin was shown to detect a baseline superoxide level ("Baseline
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LDCL" Figure 2.4.1). The addition of ADP (l¡rM) 1 minute post lucigenin administration

and following attainment of a steady state LDCL signal, induced both platelet aggregation

and an aggregation-associated increase in superoxide ("Aggregation-associated LDCL"

Figure 2.4.I). The addition of adrenaline (lpM) as an alternative platelet agonist, initiated

both platelet aggregation and an aggregation-associated increase in superoxide, similar to that

observed following ADP (lpM) administration (n : 3 utilizing lucigenin (125¡,rM)). The

aggregation-associated increase in LDCL peaked at approximately the same time of maximal

aggregation (7 min for ADP lpM). This aggregation-associated increase in superoxide level

was shown to decay back towards baseline levels approximately 25 minutes post induction of

platelet aggregation. As depicted in Figure 2.4.1, there was a consistent lag period of

approximately 30 seconds between the induction of platelet aggregation and the

coÍrmencement of the aggregation-associated increase in LDCL.
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Figure 2.4.1 Superoxide detection in whole blood pre and post platelet aggregøtion

Representative tracings þr baseline and aggregation-øssociated superoxide generation in a whole blood sample obtained
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[2.4.4.3] Vølìdation of the superoxide detection and release post induction of whole blood

pløtelet øggregation

In order to validate that the LDCL signals detected post lucigenin administration and

induction of platelet aggregation were produced by superoxide, superoxide dismutase (SOD

300U/mL) was added to whole blood samples at various times throughout the reaction. As

illustrated in the upper panel of Figure 2.4.2 there was no significant effect of SOD on the

extent of ADP (lpM) inducedplatelet aggregation following the addition of SOD either 1

minute prior to the addition of lucigenin (solid line) or at the point of maximal release of

superoxide post induction of platelet aggregation (approximately 7-minutes post ADP

addition; dotted line). Confirming the hypothesis that extracellular superoxide was

responsible for the observed increases in LDCL, the addition of SOD 1 minute prior to the

administration of lucigenin or induction of platelet aggregation completely suppressed the

baseline and aggregation-associated LDCL signals (solid line) (lower panel of Figure 2.4.2).

Furthermore, the administration of SOD at the point of maximal aggregation-associated

LDCL caused an immediate reduction in LDCL, to a level of that approaching the baseline

LDCL signal (dotted line).
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Fígure 2.4.2 Inhíbitíon of baseline ønd aggregation-assocíated

superoxide generution by SOD

Upper panel: Efnects of SOD (i)îU/mL) on the extent of platelet aggregation when administered either prior to addition of
lucigenin or at the point of maximal aggregation-associated LDCL (dotted line) (7-minutes post induction of platelet
aggregation). Lower panel: Effects of SOD on LDCL either prior to administration of lucigenin that results in no significant
LDCL signal or at the point of maximal aggregation-associated LDCL (dotted line), that results in a reduction of the LDCL
signal. The "control" LDCL trace refers to the baseline and aggregation-associated LDCL generated in the presence of
lucigenin and ADP but the absence of SOD.
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[2. 4. 4. 4] Relatíonshíp between baselíne ønd aggregatíon-øs sociøted LD CL

In a series of blood samples from eight males and four females, the relationship between the

extent of baseline LDCL (lucigenin 12.5¡-rM) and aggregation-associated LDCL (1pM) was

examined. Given samples from both genders were examined and that the relationship

between the baseline and the extent of aggregation-associated LDCL may differ significantly

between subjects, the data were firstly analyzedby ANCOVA to determine if the relationship

differed si gni fic antly b etween the individuals.

Utilizing ANCOVA there was no significant difference between subjects regarding the

relationship between the baseline and aggregation-associated LDCL despite a trend towards

one (ANCOVA F : 1.98, p:0.077). Accordingly all the data were pooled and subsequently

found to conform to a Gaussian distribution (Kolmogorov-Smirnov; Baseline LDCL KS :

0.L2,p: ns; Aggregation-associated LDCL KS :0.16, p : ns)'

By regression analysis and as displayed in Figure 2.4.3 the extent of baseline LDCL

correlated moderately with aggregation-associated LDCL (regression analysis r : 0.54, p <

0.01, run test p : 0.095).
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Fìgure 2.4.3 Reløtionshíp between the extent of baselíne and

øggr egøtio n-øs s o ciøted LD C L

The relationship between the extent of baseline and aggregalion-associated LDCL was examined in samples from twelve

NVs (8-male/4 female). By regression analysis r : 0.54, p < 0.01, run lest p : 0.095.
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[2.4,4.5] The relatíonshíp between the extent of platelet aggregøtion and the degree of

øggregatìon-as socíated increas e in LD CL

Within a series of blood samples obtained from five NVs (4-males/l female) the relationship

between the extent of platelet aggregation in response to a range of concentrations of ADP

(0.5, 1, 2.5 and 5.0¡rM) and aggregation-associated LDCL was examined. The extent of

platelet aggregation and aggregation-associated LDCL with each concentration of ADP was

assessed at least in duplicate. As blood deteriorated with time, it was possible to process only

four concentrations of ADP.

Data representing the extent of platelet aggregation and aggregation-associated LDCL were

pooled according to the concentration of ADP used to initiate aggregation and then assessed

for normality. Utilizing the Kolmogorov-Smirnov method all data populations representing

either aggregability or LDCL conformed to a Gaussian distribution apart from the pooled

population of ADP (0.5pM) induced platelet aggregation. (Kolmogorov-Smirnov:

Aggregability 0.5¡rM ADP KS : 0.39, p < 0.01; lpM ADP KS : 0.25, p: ns; 2.5¡rM ADP

KS : 0.17,p : ns; 5.0pM ADP KS : 0.19, p : ns. LDCL 0.5pM ADP KS : 0.I2,p : ns;

1pM ADP KS :0.18, p : ns; 2.5¡rM ADP KS :0.15, p : ns; 5.0¡"rM ADP KS : 0.31, p :

ns).

Given that the data for the ADP (0.5pM)-induced platelet aggregation failed to conform to a

Gaussian distribution, the total data population, representing the extent of platelet aggregation

to all ADP concentrations, underwent a log transformation. Post log transformation data for

each ADP concentration conformed to a Gaussian distribution (Kolmogorov-Smirnov:

Aggregability ADP 0.5¡rM KS : 0.32,p: ns; ADP 1.OpM KS : 0.17,p: ns; ADP 2.5pM

KS : 0.19, p : ns; ADP 5pM KS : 0.27,p: ns).

The relationships between the extent of platelet aggregation and aggregation-associated

LDCL for each concentration of ADP used did not significantly differ (ANCOVA F : 1.1, p

: 0.35). Accordingly, all the data were pooled (n : 64). Upon pooling data representing the

log transformed extent of platelet aggregation and the extent of aggregation-associated LDCL

did not conform to a Gaussian distribution (Kolmogorov-Smirnov; log transformed extent of

platelet aggregation KS : 0.21, p < 0.01; Aggregation-associated LDCL KS : 0.18, p :

0.037). Accordingly a Spearman rank correlation test for non-parametric data was performed
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and as illustrated in Figure 2.4.3 a significant exponential relationship existed between the

extent of log transformed platelet aggregation and aggregation-associated LDCL (Spearman

rank:0.67,p <0.01).
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The extent ofplatelet aggregalion and aggregation-associated LDCL generated utilizing a range ofconcentrations ofADP
(0.5 - 5.ÌpM) were examined in a series of blood samples obtainedfrom a cohort of NVs (Spearman rank: 0 67, p < 0.01).

A g g r eg ab ility an d ag g r e g atio n- as s o c ìste d LD C L : - AD P ( 1 pM)

Having demonstrated that aggregation-associated LDCL is directly related to the extent of

platelet aggregation, this relationship was examined further for the ADP (l¡rM) data

population only. Utllizing ANCOVA the relationship between the extent of platelet

aggregation aîd aggregation-associated LDCL for each of the five subjects analyzed were

found not to significantly differ from each other (ANCOVA F : 0.52, p:0.72). Accordingly

aII data were then pooled. By regression analysis, the extent of platelet aggregation was

strongly correlated with aggregation-associated LDCL utilizing ADP (lpM) (Figure 2.4.4)

(regression analysis r:0.79, p < 0.01, run test p:0.7).
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Figure 2.4.5 The extent of pløtelet aggregation and aggregation-øssoc¡øted LDCL

þItithin the ADP (1¡tnl sub-population of data the relationship between the extent of platelet aggregation and aggregalion-
associated LDC was examined. By regression analysis a significant positive relationship existed between the extent of
platelet aggregation and aggregalion-associated LDCL (regression analysis r: 0.79, p < 0.01).

[2.4.4.6] The relationship between the extent of aggregøtion-øssociøted LDCL ünd the rüte

of superoxide generøtíon.

Utilizing the aggro/Link (revision 4.7.1 Chrono-Log, Haverstown PA, USA) the rate of

superoxide generation could be determined (measured as the maximal slope of the LDCL

curve post ADP administration). Accordingly the relationship between the extent of

aggregation-associated LDCL and the rate of its generation was examined within the cohort

of five NVs. As indicated earlier (section 2.4.4.4), the aggregation-associated LDCL was

initiated by the addition of ADP in a range of concentration (0.5 - 5.0¡rM). Therefore the

relationship between the extent of aggregation-associated LDCL and the rate of its generation

for the five NVs was firstly analyzed according to ADP concentrations used.

Data representing the extent of aggregation-associated LDCL and the rate of its generation

conformed to a Gaussian distribution (Kolmogorov-Smirnov: Aggregation-associated LDCL

shown in section 2.4.4.4; Rate of aggregation-associated LDCL 0.5pM ADP KS : 0.22, p :

ns; lpM ADP KS :0.15, p : ns; 2.5pM ADP KS :0.14, p : ns; 5.0pM ADP KS :0.16, p :

ns).
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The relationship between the extent of aggregation-associated LDCL and the rate of its

generation for each concentration of ADP used were shown not to significantly differ

(ANCOVA F : 0.29, p : 0.83). Upon pooling that data from each ADP sub-population

however, data representing the extent of aggregation-associated LDCL were shown not to

conform to a Gaussian distribution (Kolmogorov-Smirnov, pooled population of aggregation-

associated LDCL data KS : 0.18, p : 0.04; Rate of generation KS :0.1, p : ns). Accordingly

a log transformation of the pooled aggregation-associated LDCL data was performed (KS

post log transformation : 0.14, p : ns).

Using non-linear regression analysis, the relationship between the log extent of aggregation-

associated LDCL and the rate of its generation conformed to a sigmoid curve (upper panel of

Figure 2.4.6).

Aggregøtíon-assocìated LDCL and rate of generøtìon:- ADP (1F.M)

Having demonstrated that aggregation-associated LDCL strongly correlates with the rate of

its generation this relationship was examined further within the ADP (lpM) sub-population.

rJtllizing ANCOVA, the relationship between the extent of aggregation-associated LDCL and

the rate of its generation for each of the five subjects analyzed was not significantly different

(ANCOVA F :3.4, p : 0.065), therefore data from each subject were pooled. By regression

analysis the extent of aggregation-associated LDCL induced by ADP (lpM) was shown to

strongly correlate with the rate of its generation (regression analysis r:0.95, p < 0.01, run

test p :0.077). For a further summary see the lower panel of Figure 2.4.6.
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Fígure 2.4.6 Aggregøtion-assocíøted LDCL ønd its relationshíp to røte of generøtion

Aggregation-associated LDCL strongly correlates with the rate of its generation: Upper panel: The relationship between the

extent of aggregation-associated LDCL and the rate of its generation was assessed in blood samples obtainedfromfive NVs
utilizing a range of concentrations of ADP (non-linear regression analysis). Lower panel: within the ADP (l pM) sub-
population, a. strong inter-relationship between the extent of aggregation-associated LDCL and the rate of its generalion
was þund (regression analysis r : 0.9 5, p < 0.0 I, run test p : 0.07 7).

[2.4.4.7J Platelet aggregøtion and íts relatíonship to the rate of aggregation-associated

LDCL generattion.

Having established that there was a close relationship between the extent of aggregation-

associated LDCL and the rate of its generation, the relationship between the extent of platelet

aggregation and the rate of aggregation-associated LDCL was examined.

J0
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The data populations representing the rate of aggregation-associated LDCL for each

individual ADP concentration were previously shown to conform to a Gaussian distribution.

However, the extent of platelet aggregation within the ADP (0.5pM) sub-population was not

Gaussian (Kolmogorov-Smirnov 0.5pM ADP KS : 0.39, p < 0.01). Accordingly, a log

transformation of all the platelet aggregation data was performed.

For each concentration of ADP used, the relationships between the extent of log transformed

platelet aggregation and the rate of aggregation-associated LDCL generation were not

significantly different (ANCOVA F :2.26, p : 0.092). Accordingly all the data regarding the

relationship between the extent of platelet aggregation and the rate of the aggregation-

associated LDCL generation for each ADP concentration were pooled. However, upon

pooling the data, the distribution of log-transformed data was no longer Gaussian

(Kolmogorov-Smirnov KS -- 0.21, p : 0.011). Utilizing the original aggregability datathat

were shown to conform to a Gaussian distribution upon pooling, the relationship between the

extent of platelet aggregation and the rate of aggregation-associated LDCL was examined

utilizing regression analysis (Kolmogorov-Smirnov pooled aggregability data (un-

transformed) KS :0.14, p : ns; rate of LDCL generation KS : 0.1, p : ns). As displayed in

the upper panel of Figure 2.4.1 the extent of platelet aggregation correlated with the rate of

aggregation-associated LDCL generation (regression analysis r: 0.61, p < 0.01, run test p :
0.41).

Plutelet aggregation and rate of aggregøtìon-assocíated LDCL:- ADP (1pM)

The relationship between the extent of platelet aggregation and the rate of aggregation-

associated LDCL was then analyzed further within the ADP (1pM) sub-population of data.

Firstly, data representing both the extent of platelet aggregation and the rate of aggregation-

associated LDCL were previously shown to conform to a Gaussian distribution. Secondly,

utilizing ANCOVA it was observed that the relationship between the extent of platelet

aggregation and the rate of aggregation-associated LDCL for each subject was not

significantly different (ANCOVA F : 0.96, p : 0.a8). The extent of platelet aggregation

induced by ADP (1pM) correlated with the rate of aggregation-associated LDCL generation

(lower panel of Figure 2.4.7) (regression analysis r:0.7'7, p < 0.01, run test p : 0.79).
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0.24, p : ns; 5.0¡rM ADP KS : 0.24, p : ns). Data representing the rate of aggregation-

associated LDCL generation were previously shown to conform to a Gaussian distribution.

The relationships between the rate of platelet aggregation and the rate of the aggregation-

associated LDCL for each concentration of ADP used did not significantly differ from each

other (ANCOVA F : 0.79, p : 0.5). Accordingly all data across each concentration of ADP

were pooled. The rate of platelet aggregation correlated with the rate of aggregation-

associated LDCL generation (upper panel of Figure 2.4.8) (regression analysis r : 0.48, p <

0.01, run test p:0.99).

Røte of pløtelet aggregøtion und røte of aggregøtìon-øssociated LDCL:- ADP (1pM)

This relationship between the rate of platelet aggregation and the rate of aggregation-

associated LDCL was explored further in the ADP (l¡tM) sub-population of data. Utilizing

ANCOVA it was demonstrated that the relationship between the rate of platelet aggregation

and the rate of aggregation-associated LDCL for each individual subject (n : 5) was not

significantly different (ANCOVA F:1.27, p:0.35). Using regression analysis the rate of

platelet aggregation induced by ADP (lpM) correlated with the rate of aggregation-

associated LDCL generation (lower panel of Figure 2.4.8) (regression analysis r : 0.74, p <

0.01, run test p :0.65).
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Lag period 0.5pM ADP KS :0.13, p: ns; 1.0¡tM ADP KS : 0.11, p : ns; 2.5¡rM ADP KS :

0.13, p : ns; 5.0pM ADP KS : 0.24, p : ns). The differences between the standard

deviations of each data population were not significantly different (Bartlett's statistic : 0.91,

p:0.53).

tJtllizing l-way ANOVA, a significant difference in the lag period existed across the

concentrations of ADP used (l-way ANOVA F : 5.4, p < 0.01). Utilizing Bonferroni's post

hoc multiple comparison test, the lag period between the induction of platelet aggregation and

the commencement of the aggregation-associated LDCL was significantly greater within the

ADP (0.5pM) group than both the ADP (2.5pM) (t :3.3, p < 0.05) and ADP (5.0pM) (r :

3.6,p < 0.01) data populations. For a further summary see Figure 2.4.9.

*
120

100

Ø

E80o()
C)
Ø

;60o
!oo40
è¡)
d

Fì

2Q

0

0.5 1.0 2.s 5.0

ADP [pM]

Fígure 2.4.9 Concentration of ADP and the løg period

Duration of the lag period between the induction of platelet aggregation and the commencement of the aggregation-
associated increase in LDCL is related to the concentration of ADP used to initiate aggregation. I -way ANOVA F : 5 .4, p <
0.01. Bonferroni's post hoc multiple comparison test ADP 0.5pM p < 0.05 vs 2.5ttM, p < 0.01 vs 5.0¡tM.

Having established that a lag period exists between the induction of platelet aggregation and

the commencement of the aggregation-associated LDCL, the duration of which is a function

of the concentration of ADP used, the lag period was examined further to see if it correlated
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with:- 1) the extent of platelet aggregation prior to commencement of the aggregation-

associated LDCL and2) with the maximal extent of aggregation-associated LDCL.

Løg period and extent of pløtelet aggregatíon

Firstly the extent of platelet aggregation prior to the commencement of the aggregation-

associated increase in LDCL was expressed as a percentage of the final degree of platelet

aggregation for each concentration of ADP used. The relationship between the duration of the

lag period and the extent of platelet aggregation prior to commencement of the aggregation-

associated increase in LDCL was not significantly different for each concentration of ADP

(ANCOVA F : 1.16, p : 0.33). Accordingly all data were pooled and demonstrated to

conform to a Gaussian distribution (Kolmogorov-Smirnov; lag period KS : 0.1, p : ns;

aggregation KS:0.15, p: ns).By regression analysis a significant positive relationship

existed between the duration of the lag period and the extent of platelet aggregation prior to

the commencement of the aggregation-associated LDCL/(upper panel of Figure 2.4.10)

(regression analysis r:0.76, p < 0.01, run test p : 0.56). The longer the lag period the greater

the extent of platelet aggregation prior to the commencement of the aggregation-associated

LDCL.

Lag period and extent of øggregøtíon-associøted LDCL

Having demonstrated that the duration of the lag period was influenced by the concentration

of ADP and was correlated with the extent of platelet aggregation prior to the increase in

LDCL, we also examined whether the lag period was correlated with the extent of post

aggregation-associated LDCL. Utilizing ANCOVA the relationship between the lag period

and the extent of aggregation-associated LDCL for each of the four concentrations of ADP

used were not significantly different (ANCOVA F : 0.96, p : 0.42). Accordingly all the data

for the ADP concentration were pooled and found to conform to a Gaussian distribution

(Kolmogorov-Smimov; lag period KS : 0.096, p : ns; Extent of aggregation-associated

LDCL KS : 0.054, p : ns). By regression analysis, an inverse relationship existed between

the lag period and the extent of aggregation-associated LDCL (lower panel of Figure 2.4.10)

(regression analysis r: -0.29,p:0.025, run test p:0.76). The shorter the lag period the

greater the extent of aggregation-associated LDCL.
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Chapter 2

Figure 2.4.11, the addition of ADP (lpM) induced platelet aggregation in the PRP and

washed platelet preparation but not in the PPP preparation, as expected.

PPP
PRP

211

70
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50

40

30

20

l0
0

É

J
nJ

ADP

/
WP

a ô 1234567
Time (min)

PRP
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-2-r01234só7

Tirue (min)

Fígure 2.4.11 Luminescence and aggregatìon cuwesfor PRP/PPP and

w øs h ed platelet prep aralio n s

A representative diagram ofthe LDCL and platelet aggregation curves generatedfrom various blood preparations. Upper
panel: LDCL traces for a series of platelet preparations that included platelet-rich plasma (PRP), plalelet-poor plasma
(PPP) and washed platelet preparations (IVP). No aggregation-associated increases in LDCL were observed in any
pqeparations. Lower panel: Aggregation traces for the series of platelet preparations that included PRP, PPP and WP

preparations. Platelet aggregation post addition of ADP (l pM) was only observed within the PRP and IIP preparations as

expected.

[2.4.4.11] Further identiJìcation oÍthe source of superoxìde

In a separate series of experiments platelets were removed from a whole blood sample to

determine the influence of platelets on the release of the aggregation-associated superoxide

generation. Addition of lucigenin to a sample devoid of platelets detected baseline superoxide

signal -25% greater than that of whole blood samples. No differences in the baseline

superoxide levels were observed for the two methods of re-suspension of the RBC/leukocyte
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fraction (normal saline or PPP; upper panel of Figure 2.4.12). Addition of ADP (lpM) 1-

minute post lucigenin administration failed to induce platelet aggregation (lower panel of

Figure 2.4.12) as well as an aggregation-associated increase in superoxide in both samples

devoid of platelets (lower panel Figure 2.4.12).

Control

RBC/leukocyte
fíaction

*- lucigenin

-2-l o I 2 3 4 5 6 7

îime (min)
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-2-t 0 I 2 3 4 5 6 7

Time (mìn)

Figure 2.4.12 Luminescence and øggregat¡on curves Írom a series of platelet prepørütions

(Jpper panel: Representative LDCL traces for preparations devoid of platelels, RBC/leukocyle fraction was re-suspended in
either normal saline or PPP, compared to control whole blood samples. Lower panel: Aggregation traces þr preparations

devoid of platelets. As expected no ADP (1pM) induced aggregation was observed within the RBC/leukocyte preparation.

[2.4.4. I 2] Neutrophil preparøtíons

A number of studies have demonstrated that platelets and neutrophils readily interact with

each other (Moon et al., 1990; Nagata et al., 1993; Salvemini et al., 1989a). Utilizing the

luminescence methods developed within the current study pure neutrophil preparations were

examined for their ability to mediate LDCL.

As depicted in Figure 2.4.13, addition of lucigenin to a neutrophil preparation (final

concentration 3 x106/ml) caused an immediate increase in LDCL, similar to that which was

ADP

J
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observed within a whole blood or PRP/PPP preparation, a signal that was inhibited by the

addition of SOD (300U/mL). Addition of either ADP or adrenaline in a range of

concentrations (0.5-20¡rM), 1 minute post lucigenin administration to a neutrophil

preparation failed to induce any additional release of superoxide (Figure 2.4.13: LDCL trace

A (ADP (5frM) shown)). As a control for neutrophil capacity to release superoxide, the

addition of ÍMLP (1pM) 1 minute post lucigenin administration to the neutrophil preparation

stimulated an immediate release of superoxide that peaked sharply at approximately 3-

minutes post fMLP addition and decayed to a level approaching the baseline LDCL signal.

Furthermore, the extent of superoxide release following ÍMLP (lpM) addition was

significantly diminished by pre-incubation with SOD within the neutrophil preparation.

700
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Fìgure 2. 4. 1 3 Lumines cence curve generated from neutrophil prep arøtion s

A representative diagram of the LDCL signal generated from the addition of either A) ADP (5 pM), or B) ÍMLP (l pM) l
minute post lucigenin addition to a neutrophil preparation. C) Inhibition of baseline and|MLP (1 pM) induced release of
superoxide by SOD (300U/mL). The luminescence curves were representative of results obtained in three separate
experiments. Inhibition of the baseline LDCL by SOD is not shown.

[2.4.5] Discussion

In the current study, a LDCL based method of assessing the amount of detectable superoxide

within an unstimulated/stimulated whole blood sample was established. LDCL within a

whole blood sample was observed post administration of lucigenin. Addition of ADP induced

both platelet aggregation and an aggregation-associated increase in LDCL, a luminescent

signal that was blocked and/or inhibited by the addition of the extracellular superoxide

-2-10t234567
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scavenger superoxide dismutase. Delineating the properties of these luminescence signals, it

was observed that the extent of the aggregation-associated LDCL was a function of baseline

LDCL. The extent of platelet aggregation was found to correlate with the extent of

aggregation-associated LDCLlthe rate of aggregation-associated LDCL generation indicating

a role for superoxide in the aggregation process.

Mechanism of superoxide generation (Bøseline and øggregatìon-associated LDCL)

Baseline LDCL

In the current study addition of lucigenin to an unstimulated whole blood sample obtained

from a NV detected the presence of superoxide. This baseline lucigenin signal was shown to

plateau out soon after its administration (Figure 2.4.1). Addition of superoxide dismutase

prior to and post administration of lucigenin either prevented or inhibited the luminescent

signal (Figure 2.4.2), indicating that it was superoxide in origin. The extent of baseline LDCL

was demonstrated to correlate with aggregation-associated LDCL.

Previous methods used to detect the generation of ROS by leukocytes in particular have used

various stimulants, such as Bacto latex particles, opsonized zymosan, PMA and N-formyl-

methionyl-leucyl-phenylalanine (ÍMLP; section 2.4.4.12) (Christiansen, 1988;

Gyllenhammar, 1987; Tosi and Hamedani, 1992). In most of these studies the leukocytes

were stimulated and therefore the measured amounts of ROS were not representative of an in

vivo rcsting state. The method of adding lucigenin to a whole blood sample and detecting

"inherent" superoxide using the luminescent component of a dual char¡rel Lumi-

aggregometer as outlined herein, indicates that there is a component of superoxide generation

and release in the absence of specific leukocyte stimulation. Moreover, as a baseline LDCL

signal was detected within whole blood and PRP sample, spontaneous release of superoxide

occurs at a baseline physiological state, in accordance with the observations made by Lu et al

(1ee6).

Sources

Baseline increases in LDCL and attainment of a steady state LDCL level implies continuous

generation and release of superoxide. While it is possible that this release occurred ex vivo as

anafüfaú of blood sampling andlor handling, efforts were made to minimize such a problem.
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Within whole blood samples, potential sources of superoxide that may generate superoxide in

quantities sufficient for detection within whole blood include the leukocytes. To date a

number of studies have demonstrated spontaneous superoxide generation in neutrophil

preparations (Tortorella et aL,2000; Szuster-Ciesieiska et al,200l). As illustrated in Figure

2.4.13, pure neutrophil preparations released superoxide in a spontaneous fashion similar to

that observed within a whole blood preparation.

V/ithin a series of blood element isolation experiments it was also observed that alternative

sources of superoxide independent of neutrophils might very well have contributed to the

observed baseline LDCL. Addition of lucigenin to a PRP suspension demonstrated an

immediate increase in detectable LDCL, an observation that was demonstrated within a PPP

preparation too (Figure 2.4.11). Within a PRP sample, potential sources of superoxide that

might be responsible for the baseline LDCDL include platelets themselves (Seno et al,200I)

despite evidence they need to be activated first (Freedman and Keaney, 1999). However,

similar increases in baseline LDCL were observed within PPP samples casting doubt that

platelets serve as the primary source of baseline LDCL. Rather, the results suggest a

product/s found in plasma contribute significantly to the observed increases in baseline

LDCL. Supporting this hypothesis was the observation that no significant baseline LDCL

was observed within washed platelet preparations. Although not being assessed in the current

study, potential sources of superoxide that may be responsible for the baseline LDCL signals

found in plasma, include xanthine/xanthine oxidase (Aslan et al,200l; Desco et aL,2002).

Aggreg atío n- as s o cíated LD C L

Following the establishment of a plateau in the luminescent signal post administration of

lucigenin (Figure 2.4.1), induction of platelet aggregation by ADP was demonstrated to

induce a significant increase in the luminescent signal (Figure 2.4.1), an effect that was

termed as aggregation-associated LDCL. Like the baseline increase in LDCL, the

aggregation-associated luminescent signal was either abolished or significantly inhibited by

the administration of SOD, indicating the presence of extra-cellular superoxide (Figure

2.4.2). The aggregation-associated increase in LDCL was also demonstrated to correlate with

the extent of platelet aggregation (Figure 2.4.4), the rate of LDCL generation (Figure 2.4.6)

and the rate of platelet aggregation (Figure 2.4.7)
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Sources/mechanisms

Experiments performed in the cunent study suggest that an interaction between platelets and

ry-"tr"phy might be the principal mechanism behind the phenomenon of an aggregation-

associated LDCL signal. In sample preparations devoid of leukocytes (i.e. PRP; Figure

2.4.II) no significant aggregation-associated LDCL was associated post induction of platelet

aggregation. In samples devoid of platelets (Figure 2.4.12) no significant increase above the

baseline LDCL was observed following administration of ADP. As illustrated in Figure 2.4.I,

a lag period was observed between the induction of platelet aggregation and the

commencement of the aggregation-associated increase in LDCL, the period of which was

shown to be a function of the concentration of ADP used. Moreover, the addition of ADP to a

pure neutrophil preparation was not associated with any significant increase in LDCL beyond

that of the baseline signal (Figure 2.4.13). Therefore, it seems likely that the aggregation-

associated LDCL results primarily from an agent released from platelets that interacts with

neutrophils to stimulate superoxide production and release. Moreover, aggregation-associated

LDCL may result from a direct interaction between platelets and neutrophils.

Agreeing with this hypothesis behind the phenomenon of the aggregation-associated LDCL

are the results obtained by Nagata et al (1993), who demonstrated that adhesion of activated

platelets (thrombin) to monocytes and neutrophils induces release of superoxide in a P-

selectin dependent fashion. Membranes prepared from activated platelets induced superoxide

production, an effect that was not reproduced when the supernatant of activated platelets was

used. Utilizing anti-P-selectin, anti-sialyl-Lewis X antibody or recombinant P-selectin,

superoxide generation from the addition of activated platelets to a preparation of neutrophils

was significantly inhibited (Nagata et al., 1993). Confirming the observation of Nagata et al

(1993), Ott et al (1996) revealed that binding of purified platelet membranes to neutrophils

caused a dose-dependent increase in CDllb surface expression, a decrease in neutrophil L-

selectin expression and release of superoxide as detected by cytochrome c reduction, all

indicative of neutrophil activation.

Evidence from investigations performed by others describing a close relationship between

platelets and neutrophils also adds weight to the hypothesis that an interaction between

activated platelets and neutrophil/monocytes serve as the primary mechanism of the

aggregation-associated LDCL. Throughout the literature there is extensive evidence that
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platelets and neutrophils influence the actions of one another (Carulli et al., 1995;Dallegn et

al.,1989; McGarrity et a|.,1988a; McGarrity et a1.,1988b; Moon et a1.,1990; Pratico et al.,

1993; Spisani et al., 1992; Tsuji er al., 1994; Valles et al., 1993). Moreover, circulating

degranulated platelets and monocyte-platelet aggregates have been shown to be more

prominent in subjects with SAP than control subjects. Furthermore, they were more sensitive

to ADP and more readily formed monocyte-platelet aggregates when stimulated with ADP

compared to samples from NVs (Furman et al.,1998a).

Pløtelets as s superoxide source

Freedman and Keaney demonstrated superoxide generation from aggregating platelets

activated by ADP (strM) (Freedman and Keaney, 1999).In the current study the addition of

ADP in a range of concentrations, I minute post administration of lucigenin, initiated both

platelet aggregation and aggregation-associated LDCL (Figure 2.4.1). However, induction of

platelet aggregation by ADP in a PRP preparation, did not produce any increase in the LDCL

signal over the baseline LDCL signal (Figure 2.4.11). Reasons for the absence of detectable

superoxide within a PRP preparation lie in the differences between the two studies. Freedman

and Keaney utilized a concentration of platelets that was significantly higher than that used

herein (Freedman and Keaney, 1999). Therefore, the absence of an aggregation-associated

LDCL signal post induction of platelet aggregation in a PRP preparation and the requirement

of significantly more platelets (and a higher concentration of lucigenin to detect superoxide)

implies that the contribution of superoxide generated from aggregating platelets alone, is

significantly less than that released in whole blood.

Sources of superoxide within platelets may theoretically result from a dysfunction of the

nitric oxide synthase (NOS) enzpe system. Despite extensive evidence demonstrating that

platelets contain NOS (Chen and Mehta, 1996; 'Wallerath et al., 1997), there are no

investigations to date demonstrating that a dysfunction of NOS (uncoupling, section A.2.2.1

of chapter 1) described within cell systems that are deficient in NOS cofactors (Vasquez-

Vivar et al., 1998), functions as a source of platelet-derived superoxide. However, more

recently Seno e/ al (2001), utilizing western blotting techniques demonstrated that platelets

possess p22pno' and.p6JPho', components of the phagocyte like NAD(P)H oxidase superoxide-

generating system (summarized in section A.3.2.1 and Figure 1.1 of chapter 1). The

physiological importance of this enzyme in platelets remains uncertain.
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[2.4. 6] Study Limitutions

Direct comparisons between the amounts of superoxide within a whole blood sample and the

quantities generated from a PRP sample fall outside the scope of the current study and cannot

be made accurately utilizing this method of detection of superoxide. The rates of photon

scatter and hence detectable luminescence are different between a whole blood sample and a

platelet-rich plasma preparation.

Identification of the true source of superoxide baseline and aggregation-associated LDCL

beyond the scope of the current study. It seems possible not only neutrophils (as primary

source) and platelets but also compounds residing in plasma may affect the levels of

detectable LDCL.

As with many techniques that assess the amount of ROS within a sample remote from its

source, reliable estimations of the amount of superoxide detected ex vivo may not relate to the

amounts of detectable superoxide in vivo. Contributions from alternative sources of

superoxide such as the vascular endothelium (Griendling et a1.,2000), or that results from

shear stress (De Keulenaer et a1.,1998; Huang et a1.,1998), along with various anti-oxidants

(nitric oxide derived from the vascular endothelium) compounds and actions that are absent

from a donated blood sample, theoretically influence the amounts of detectable superoxide,

Apart from release of superoxide, nitric oxide has also been demonstrated to be generated

post induction of platelet aggregation (Freedman and Keaney, 1999; Freedman et al., 1997;

Freedman et al., 1998). Despite not assessing nitric oxide generation, it is theoretically

possible that the baseline and aggregation-associated increases in LDCL would be influenced

by the presence of nitric oxide through its ability to react with superoxide to form

peroxynitrite.

[2.4.7] Conclusions

In a simple and sensitive method superoxide can be detected prior to and post induction of

platelet aggregation within a whole blood sample. Superoxide generation post induction of

platelet aggregation was shown to be platelet aggregation dependent and associated with the

extent and rate of aggregation. As this observation was made in whole blood, an experimental

model most reflecting in vivo conditions, this method of superoxide monitoring may provide
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a clearer insight into the physiological and pathological roles played by superoxide. Such

pathological phenomena include platelet hyper-aggregability and reduced platelet

responsiveness to nitric oxide. Their relationship to baseline and aggregation-associated

LDCL forms the basis of the third section of this chapter.
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12.51 Superoxide release as measured by lucigenin-derived
chemiluminescence in subjects with coronary artery disease:
its relationship to platelet hyper-aggregability and hypo-
responsiveness to nitric oxide

t2.5.11 Introduction

Moduløtíon of pløteletfunction by reactíve oxygen specíes

It is now well accepted that ROS play an integral role in the pathogenesis of many

cardiovascular disease conditions. Examples include hypercholesterolaemia (Warnholtz et

al., 2001), atherosclerosis (Miller et al., 1998; Schachinger and Zelher, 2000; Singal et al.,

1998), hypertension, diabetes and heart failure (Indik et a1.,2001).

As discussed in sectionC.I2.l of chapter 1, platelet function can be modulated by the actions

of various ROS. In section I of the current chapter, addition of SOD/catalase inhibited the

extent of platelet aggregation in samples from SAP and ACS patients. Despite not

demonstrating a significant relationship between the extent of platelet aggregation and

change in platelet aggregation post administration of SOD/catalase (Figure 2.3.6), the results

suggested that superoxide has an important role in the regulation of platelet function in these

subjects.

Influence of reactive oxygen species/oxídøtìve stress on pløtelet responsíveness to nitric

oxide

In a study performed by Haramaki et al (2001), platelets from long term smokers (>13 years)

were found to be resistant to the anti-aggregatory and cGMP-elevating effects of NTG. Intra-

platelet concentrations of reduced glutathione, a known anti-oxidant, were significantly less

in smokers compared to non-smokers (Haramaki et a1.,2001). Moreover, the ratio of intra-

platelet reduced glutathione to oxidized glutathione, was signihcantly reduced in long-term

smokers compared to nonsmokers. FurtherTnore, administration of NAC potentiated the anti-

aggregatory effects of NTG, but only in the non-smoking subjects. No potentiation of the

inhibitory effect of NTG by NAC was observed within the nitrate-resistant smoking

population (Haramaki et a1.,2001). Reasons for this paradoxical finding within the nitrate-

resistant smoking cohort remain uncertain.
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In section I of the current chapter and utilizing samples from subjects with SAP or an ACS, a

significant relationship was observed between the extent of platelet responsiveness to SNP

and the degree of change in SNP responsiveness post SOD/catalase administration (Figure

2.3.8), suggesting that superoxide plays a significant role in the phenomenon of reduced

platelet responsiveness to nitric oxide.

Experímentøl study

As described in section 2.2.8.4 of the current chapter, a number of problems are associated

with using SOD for the assessment of the role of superoxide within particular phenomena. In

section II of this chapter a simple method of assessing the levels of superoxide within a whole

blood sample utilizing lucigenin was developed in order to assess further the role of

superoxide in the phenomena of platelet hyper-aggregability and platelet hypo-

responsiveness to donors of nitric oxide. Therefore, in a series of blood samples obtained

from a cohort of NVs, SAP patients and ACS patients, the extent of baseline and aggregation-

associated LDCL were examined. Moreover, the relationships between the extent of platelet

aggregationldegree of platelet responsiveness to SNP and the baseline and aggregation-

associated LDCL were also examined.

[2.5.2] Current study hypothesis

This study was designed to test the following null hypotheses in blood samples from a cohort

of subjects that included healthy normal volunteers, patients with SAP or an ACS.

Primary:

o Utilizing two separate concentrations of lucigenin there is no significant dffirence in the

extent of baseline or aggregation-associated LDCL within blood samples obtained from

cohorts of NVs, SAP patients and ACS patients.

Secondary:

o Tltere is no significant relationship between the extent of platelet aggregation induced by

ADP and I) the extent of baseline LDCL, 2) the extent of aggregation-associated LDCL

among NI/, SAP and ACS patients.
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There is no significant relationship between the degree of platelet responsiveness to SNP

and 1) the extent of baseline LDCL 2) the extent of aggregation-associated LDCL among

SAP and ACS patients.

[2.5.3] Methods

[2.5.3.IJ Subjects

Studies were performed on blood samples obtained from the following groups

a Healtþ NVs (n : 2l; 14 males and 7 females) aged 26 to 67 years; (mean + S.D), 42 +

11 years not taking medication that may influence platelet aggregation.

a Patients with SAP (n : 33; 20 males and 13 females aged 49 to 81 years; (mean + S.D),

67 + 9 years) undergoing elective diagnostic cardiac catheterization and coronary

angiography. In all cases at least one haemodynamically significant (> 50%) stenosis was

present in amajor coronary artery.

a ACS patients (n : 25;20 males and 5 females aged 37 to 88 years; (mean + S.D), 66 +t2

years).

For all patients studied a background medication profile \ryas recorded at the time of

recruitment with the clinical characteristics of the study cohort being displayed inTable 2.7.

Numbers of subjects used in individual experiments are indicated below (Results: Section

2.5.4). No patient was receiving an ADP or glycoprotein IIb/IIIa receptor antagonist at the

time of enrolment. The study was approved by the North Western Adelaide Health Service

Ethics of Human Research Committee with informed consent being obtained prior to study

entry.

[2. 5.3.2] Blood Sampling

Blood samples from the subjects enrolled in this study were collected and prepared according

to the method described in Section 2.3.3. All experiments were commenced within 5-10

minutes following blood collection.
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[2. 5. 3. 3] Platelet aggregatíon studies

Whole blood platelet aggregation studies were performed according to the method described

in section 2.3.3. Responses to ADP (frnal concentration lpM) and SNP (10¡rM) were

assessed for each sample studied. Platelet aggregation was monitored continuously for 7

minutes with the responses being recorded for electrical impedance in Ohms using

aggro/Link 4.7I (Clvono-Log, Haverstown, PA, USA).

[2. 5. 3.4] LDCL pørameters

Platelet aggregation and lucigenin derived chemiluminescence (LDCL) was performed

according to the method outlined in section 2.4.3 atilizing lucigenin at 12.5 and 125pM.

Baseline and aggregation-associated superoxide generation (expressed in mV) was assessed

for each sample.

[2.5.3.5] Chemicøls

Adenosine 5'-diphosphate (ADP) sodium salt and physiological saline were obtained as

indicated in section 2.3.3,lucigenin as indicated in section 2.4.3.

[2. 5.3. 6] Statistical Anølysis

The anti-aggregatory effect of SNP was noÍnalized to the extent of ADP- induced

aggregation. Differences between SAP and ACS patients regarding specific risk factors and

anti-anginal pharmacotherapy were examined using Fisher's exact test. All data were

analyzed for Gaussian distribution utilizing the Kolmogorov-Smirnov test. Log

transformations of data were performed on non-Gaussian data or they were assessed using the

Kruskal-Wallis test followed by a Dunn's post hoc multiple comparison. Mann Whitney U-

test was performed on non-parametric unpaired data. Differences between the standard

deviations were assessed utilizing Bartlett's statistic. Differences in the magnitude of the

LDCL signals across the groups studied were evaluated úllizing ANOVA followed by

Bonferroni's post hoc multiple comparison. Degrees of significance for correlation were

determined by linear and non-linear regression analysis. Statistical analysis was performed

using the computer programs outlined in section 2.3.3.6 of chapter 2. Statistically significant
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differences were limited to p < 0.05 with the results being expressed as a mean + S.E.M

unless otherwise indicated.

[2.5.4] Results

[2. 5.4. 1] Clinicøl Chøracterístìcs

The clinical characteristics of the cohorts of subjects examined in this study are summarized

in Table 2.7. The proportions of male subjects, those with hypertension and current smokers,

were all well matched between patient cohorts. However, there was significantly more ACS

patients with diabetes and significantly fewer subjects with hypercholesterolaemía, compared

to the SAP patient cohort. For a further sunmary of the levels of significance between the

two patient cohorts regarding the proportion of subject's with/without coronary risk factors,

see Appendix table 4.

Medication profile

All SAP and ACS patients were on multiple anti-anginal pharmacotherapies prior to study

enrollment. As summanzed in Appendix table 4, there were no significant differences in the

numbers of subjects being treated with aspirin, ACE inhibitors, statins, C** antagonists and

B-adrenoceptor antagonists for the SAP and ACS cohorts. Not surprisingly, significantly

more ACS patients were receiving nitrates compared to the SAP subject cohort. There was

also a trend towards more SAP patients being treated with perhexiline (Fishers exact test p :

0.067). No patient was receiving GPIIb/IIIa or ADP receptor antagonist treatment.
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Table 2.7 Clinícal characterìstícs of the SAP and ACS patients
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or anli-angittal pharntacolherapies see Appendix table 4.

[2.5.4.2] Platelet response to ADP

Platelet response to ADP (1pM) for each subject cohort examined was separated according to

gender and is summarized in Table 2.8. In section I of chapter 2 the influence of aspirin

pharmacotherapy on platelet response to ADP (lpM) was assessed for each gender.

However, in the current investigation, there were no female ACS patients not receiving

aspirin. The extent of platelet aggregation was accordingly examined across the three disease

states and between the genders only.

Within each disease state the extent of platelet aggregation for each gender was found to

conform to a Gaussian distribution. Kolmogorov-Smimov test NV Females KS : 0.29, p :

ns, Males KS : 0.I7, p : ns; SAP Females KS : 0.1, p : ns, Males KS : 0.11, p : ns; ACS

Females KS : 0.29, p: ns, Males KS : 0.17 , p: ns. By 2-way ANOVA and confirming the

results that were observed in section I of chapter 2, fherc were significant differences between

the disease states and across the genders regarding the extent of platelet aggregation in

response to ADP (1pM), with no significant interaction between the two determinants (2-way

ANOVA; Disease state F: 3.8, p < 0.05, Gender F :9.4, p < 0.01; Disease state x Gender F
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: 0.36, p : 0.69). Utilizing Bonferroni's post hoc multiple comparison test platelet response

to ADP (1pM) was significantly less in the male NV subject group compared with the female

ACS patients (p < 0.01).

Tøble 2.8 Platelet øggregation in rcsponse to ADP

Blood samples were obtainedfrom NVs, SAP patients and ACS patients. Subject groups were separaled according to gender

with the numbers of subjects being indicated in parentheses. Data displayed above is the Mean + S.E.M.

[2. 5. 4. 3] Platelet hypo-responsíveness to sodium nitroprusside

Platelet responsiveness to in vitro SNP (10¡rM) was examined within a series of SAP (n:29)

and ACS (n: 24) patients. Data representing platelet responsiveness to SNP for both cohorts

conformed to a Gaussian distribution (Kolmogorov-Smirnov; SAP KS : 0.13, p : ns; ACS

KS : 0.11, p : ns). However, significant differences between the standard deviations of each

cohort, were observed (F:3.4, p < 0.01). Therefore, utilizing aMann-WhitneyU-test, the

extent of platelet responsiveness to SNP was found to be significantly less in the ACS cohort

compared to SAP patients (Mann Whitney U-test; p : 0.021) (Figure 2.51).
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[2.5.4.4] Dilþrences Ûn LDCL øcross dísease states

Having established that lucigenin administration to a whole blood sample is capable of

detecting superoxide prior to and post induction of platelet aggregation (section II of this

chapter), differences in the luminescent parameters between the cohorts of NVs, and patients

with SAP or ACS, were examined. This component of the investigation was performed using

two different concentrations of lucigenin (125pM and 12.5pM) as recruitment and

examination of subjects utilizing the higher concentration of lucigenin began prior to release

of a series of publications casting doubt over the validity of high concentrations of lucigenin

to quantify superoxide (Liochev and Fridovich, 1998; Skatchkov et a|.,1999:' Vasquez-Vivar

et al., 1997). Furthermore, recruitment also began prior to the completion of the results that

make up section II of this chapter. However, given the assertion that the use of lucigenin is a

reliable detector of the presence of superoxide (Afanas'ev, 2001; Afanas'ev et al., 1999;

Afanas'ev et al., 2001; Li et al., 1999d) we included the data obtained with lucigenin

(12spM).

Bøselíne LDCL (lucigenin 125ltM)

Utilizing lucigenin (125pM), the extent of baseline LDCL was examined in a series of blood

samples obtained from NVs (n: l2), patients with SAP (n: 18) and ACS patients (n: 1a).

All data populations examined conformed to a Gaussian distribution (NVs KS : 0.25, p : ns;

SAP KS :0.23, p : ns; ACS KS :0.22, p : ns). However, significant differences within the

standard deviations between the subject populations were found (Bartlett's statistic : 36.5, p

< 0.01). Consequently a log transformation of the data was performed (Bartlett's statistic post

log transformation : 1.56, p : 0.45, with all subject populations remaining normally

distributed).

By 1-way ANOVA a significant difference was found in the log transformed baseline LDCL

between the relative subject populations (l-way ANOVA F:'7.1, p < 0.01). Utilizing

Bonferroni's post hoc multiple comparison test, baseline LDCL from the ACS subject

population was significantly greater than that of the SAP (r:3.7, p < 0.01), with a trend

towards a significant difference between the ACS and NV population (t:2.486, p : ns; /crir:

2.49I). For a further summary see the upper panel of Figure 2.5.2.
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Bøselíne LDCL (lucigenin I 2. 5 lt*t)

Similar to the above study, but utilizing lucigenin (12.5pM), baseline LDCL was also

examined within a cohort NVs (n : 9), SAP patients (n : 15), and ACS patients (n : 11). As

demonstrated above, data from each subject population was shown to conform to a Gaussian

distribution but to contain significant differences between the standard deviations of the

subject groups (Kolmogorov-Smirnov; NV KS : 0.27, p: ns; SAP KS : 0.I2, p: ns; ACS

KS p :0.18, p : ns; Bartlett's statistic: 19.1, p < 0.01). Accordingly a log transformation of

all the data was performed (Bartlett's statistic post log transformation:2.9,p:0.23).

By l-way ANOVA on the log transformed data, a significant difference in baseline LDCL as

detected by lucigenin (12.5pM) was observed across the subject cohorts (l-way ANOVA F :

6.2, p < 0.01). LDCL signals for all subject cohorts were significantly lower when utilizing

lucigenin (12.5¡rM) compared to lucigenin (125¡rM), for the simple reason of a lower

concentration of the luminophore. Utilizing Bonferroni's post hoc multiple comparison test,

baseline LDCL in the ACS group was significantly greater than both the NV (t : 3.2, p <

0.01) and SAP (r : 2.9, p < 0.05) subject groups. There was no significant difference in

baseline LDCL between the NV and SAP subject groups (t : 0.74, p : ns). For a further

summary of the differences between the subject cohorts regarding baseline LDCL as detected

by lucigenin (l2.5pM) see the lower panel of Figure 2.5.2.
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Figure 2.5.2 Baseline LDCL

Baseline LDCL in blood samples obtained from NV, SAP and ACS patients þr two separate concentrations of lucigenin
(l25pMupperpanel,andl2.5pMlowerpanel).Upperpanel: l-wayANOVAonlogtransformeddataF:7.1,p<0.01,*p
<0.0lvsSAP.Lowerpanel:l-wayANOVAonloglransformeddataF:6.2,p<0.01;#p<0.05vsSAP,*p<0.0lvsNVs
by Bonferroni's post hoc multiple comparison test. Numbers of subjects are indicated within the bars. unlransþrmed dala
shown.

Aggregøtion-ass o c¡ated LD CL (lucigenin 1 2 5 ltM)

Aggregation-associated LDCL utilizing lucigenin (125pM) rwas examined in the same

subjects as baseline LDCL. Data from all subject cohorts conformed to a Gaussian

distribution (NVs KS: 0.27,p: ns; SAP KS:0.28,p:0.063, ACS KS:0.33, p:0.087).

However, significant differences within the standard deviations between the subject

populations \Mere found (Bartlett's statistic : 8.0, p : 0.018). Accordingly a log

transformation of the data was performed.

By 1-way ANOVA on log transformeddata, a slight but significant difference in the extent of

aggregation-associated LDCL across the subject populations (1-way ANOVA: F : 3.26, p :

0.047). rJtilizing Bonferroni's post hoc multiple comparison test, there were no significant

(e) Ë (rs) (1 1)
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difference between any combination of subject groups. For a further sunmary see the upper

left panel of Figure 2.5.3.

Aggregation-as sociated LD CL (lucìgenin 1 2. 5 ltM)

Within the same subject cohorts that were examined for baseline LDCL using lucigenin

(12.5pM), differences in aggregation-associated LDCL was also examined. All data within

each subject population was shown to be Gaussian (NV KS : 0.12,p: ns; SAP KS : 0.16, p

: ns; ACS KS : 0.16, p : ns). However, as demonstrated with the baseline LDCL data,

significant differences in the standard deviations between each subject group were observed

(Bartlett's statistic : 30.3, p < 0.01). Accordingly a log transformation of the data was

performed (Bartlett's statistic post log transformation:2.0, p : 0.36).

By l-way ANOVA on the log transformed data, significant differences in aggregation-

associated LDCL (lucigenin 12.5pM) was observed across the subject cohorts, (l-way

ANOVA F: 11.1, p < 0.01). Utilizing Bonferroni's post hoc multiple comparison test,

aggregation-associated LDCL within the ACS subject group was significantly greater than

that of both the NV (t : 4.7, p < 0.01) and SAP (t :2.9, p < 0.05) subject cohorts. There was

no significant difference in the degree of aggregation-associated LDCL between the NV and

SAP subject groups (t:1.2,p: ns). For a further summary see the lower panel of Figure

2.5.3.
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Figure 2. 5, 3 Aggregatíon-øssocíøted LD CL

Aggregation-associated LDCL within blood samples obtained from NV, SAP and ACS patients for two separale

concentrations of lucigenin (l25pM upper panel, and I2.5pM lower panel). Upper panel:1-way ANOVA on log transþrmed
dataF:i.26,p:0.047.Lowerpønel:l-wayANOVAonlogtransþrmeddataF=ll.1,p<0.01 *p<0.01 vsSAPand
NVs utilizing Bonfetoni's post hoc multiple comparison test. Numbers of subjects are indicated within the bars. Non-
transþrmed data shown.

[2.5.4.5] The extent of aggregøtion ønd íts reløtíonship to baseline LDCL

Having established that there were significant differences between the subject cohorts

regarding the extent of baseline and aggregation-associated LDCL, the relationship between

the extent of platelet aggregation and the luminescence parameters rwas examined.

Lucigenin (125ltM)

The relationship between the extent of platelet aggregation and baseline LDCL as determined

utilizing 125¡tM lucigenin, was examined inNVs (n: l2), SAP (n: 18) and ACS patients (n

: l4). All data populations confonned to a Gaussian distribution (NV aggregation KS : 0.23,

*

()^
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o^ç9> 80*Eõ
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Ollg€xãSi "rfoSÞov
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p : ns; SAP aggregation KS : 0.25, p : ns; ACS aggregation KS : 0.18, p : ns;

luminescence data shown in 2.5.4.4).

Treating each subject cohort separately, the extent of platelet aggregation in response to ADP

(lpM) correlated with baseline LDCL in samples from the NV cohort only (regression

analysis: NV r : 0.62, p : 0.03, run test p : 0.65, top left panel of Figure 2.5.4; SAP patients

r:0.01, p:0.96, run test p:0.57, middle left panel; ACS patients r:0.12, p :0.96, run

test p : 0.34, bottom left panel).

Lucigenín (12.5qtM)

The relationship between the extent of ADP (1pM)-induced platelet aggregation and baseline

LDCL was examined in a cohort of NVs (n:9), patients with SAP (n: 15) and ACS (n:
1l) utilizing lucigenin (12.5pM). All data populations conformed to a Gaussian distribution

(Kolmogorov-Smirnov: NV aggregation KS : 0.17, p : ns; LDCL KS : 0.13, p : ns, SAP

aggregation KS : 0.14,p: ns, LDCL KS :0.16, p : ns; ACS aggregation KS :0,11, p: ns,

LDCL KS :0.16, p : ns).

Treating each of the subject cohorts separately, no significant relationship between the extent

of platelet aggregation and baseline LDCL was observed for all subject groups (regression

analysis: NV r : -0.26,p:0.49, run test p : 0.93, top right panel of Figure 2.5.4; SAP r: -

0.37,p:0.l7,runtestp:O.29,middlerightpanel;ACSr:0.38,p:0.24,runtestp:0.83,

bottom right panel).
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Figure 2.5.4 Platelet aggregahílíty and baselìne LDCL

The relationship between the extent o{platelet aggregation ADP (l pM) and baseline LDCL was examined in NVs, SAP and

ACS patients, utilizing two different concentrations of lucigenin (l25pM left panels and 12.5¡tM right panels). Lefl pønels

(I2sttM lucigenín): A signiJicant relationship between the extent of platelet aggregation and baseline LDCLwas observed

withintheNVcohortonly(regressionanalysis:NVr:0.62,p:0.034,runtestp:0.65,upperleftpanel; SAPr:001,p
=0.96,runtestp:0.5T,middleleftpanel; ACSr:0.12,p:0.69,runtestp=0.34,bottomleftpanel).Rìghtpanels
Q2.5pM lucígenin): No significant relationship was observed between the extent of platelet aggregation and lhe baseline

LDCLfor all subject cohorts examined (regression analysis: NV r: -0.26, p:0.49, run test p: 0.5, upper right panel;
SAP r: -0.37, p : 0.17, run test p: 0.29, middle right panel; ACS r: 0.38, p : 0.24, run test p : 0.83, bottom right
panel).

[2.5.4.6] The extent of aggregation and its reløtionshíp to the øggregatíon-associøted

LDCL

Lucìgenín (125ltM)

The relationship between the extent of platelet aggregation arrd aggregation-associated LDCL

was also examined. All data populations (aggregability and LDCL) conformed to a Gaussian

distribution. Kolmogorov-Smirnov test: NV LDCL KS:0.25, p: ns; SAP LDCL KS :0.27,

p:0.029; ACS LDCL KS : 0.3, p : ns). Aggregability data shown in2.5.4'5.
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Treating each subject cohort separately, the extent of platelet aggregation strongly correlated

with the degree of aggregation-associated LDCL data for the NV cohort, a relationship that

was not observed within the SAP and ACS populations (regression analysis: NV r: 0.71,p <

0.01, run test p :0.73, upper left panel of Figure 2.5.5; SAP r : 0.I4, p : 0.55, run test p :

0.027, middle left panel; ACS r : -0.11, P : 0.69, run test p : 0.71, bottom left panel).

Lucìgenin (12.51tM)

The relationship between the extent of platelet aggregation and aggregation-associated LDCL

was also examined using lucigenin (12.5pM). All data populations regarding the extent of

platelet aggregation and aggregation-associated LDCL, conformed to a Gaussian distribution

(Kolmogorov-Smirnov test: NV LDCL KS : 0.27, p: ns; SAP LDCL KS : 0.12, p : ns;

ACS LDCL KS :0.18, p : ns; aggregability data shown in2.5.4.5).

No significant relationship was observed for any subject cohort for platelet aggregation and

the extent of aggregation-associated LDCL (regression analysis: NV r : -0.074, p : 0.85, run

test p:0.50, upper right panel of Figure 2.5.5; SAP r: -0.28,p:0.29, run test p:0.76,

middle right panel; ACS r: 0.43, p : 0.18, run test p:0.97, bottom right panel).

Summary : Extent of øggregation versus baseline/aggregatíon-assocíøted LD CL

In the majority of cases no significant relationship was observed for the comparison between

the extent of platelet aggregation and baselinelaggregation-associated LDCL. An exception to

this conclusion was the significant relationship between the extent of platelet aggregation and

baseline/aggregation-associated LDCL within the NV cohort (lucigenin (125¡rM)). The

relationship between the extent of platelet aggregation and baseline LDCL parallels the

relationship between platelet aggregation and aggregation-associated LDCL.
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Fígure 2. 5. 5 Aggregabilíty and aggregution-as so ciated LD CL

The relationship between the extent of platelet aggregation ADP (l pM) and aggregation-associated LDCL was examined in

NVs, SAP and ACS patients, utilizing two dffirent concenlrations of lucigenin (l25pM upper panel and 12.5/tM lower
panel). Left panels (125/tM lucígenin): A significant relationship between the extent of platelet aggregation and
aggregation-associated LDCL was observed within the NV cohort only (regression analysis: NV r : 0.71, p < 0.01, run lesl
p=0.T3,upperleftpanel; SAPr:0.14,p:0.55,runtestp:0.027,middleleftpanel;ACSr=0.12,p:0.69,runtestp:
0.71, bottom left panel). Right panels (12.5pM lucígenin): No significant relationship was observed between the extent of
platelet aggregation and the aggregation-associated LDCLfor all subject cohorts examined (regression analysis: NV r -- -
0.074,p=0.85,runtestp:0.50,upperrightpanel;SAPr:-0.28,p:0.29,runtestp--0.T6,middlerightpanel; ACSr:
0.43, p : 0.18, run test p : 0.97, bottom right panel).

[2.5.4.7J Platelet respons¡veness to SNP and its relatíonshíp to bøseline LDCL

Within section I of the current chapter, a significant relationship was observed between the

extent of baseline SNP responsiveness and the degree of change in SNP responsiveness post

administration of SOD/catalase. This result suggests that superoxide is involved in the

phenomenon of attenuated platelet responsiveness to SNP. Having examined whether the
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extent of platelet aggregation was related to the baseline and aggregation-associated LDCL,

the relationship between platelet responsiveness to SNP (10pM) and the luminescent

parameters was examined in a series of patients with SAP or ACS.

Lucígenín (125pM)

The relationship between SNP responsiveness and the extent of baseline LDCL (lucigenin

125pM) was examined within a series of blood samples obtained from SAP (n : 12) and

ACS patients (n: 72). Data from all patient populations (platelet responsiveness to SNP and

LDCL) conformed to a Gaussian distribution (Kolmogorov-Smimov test: SAP SNP KS :

0.20, p: ns; LDCL KS : 0.33, p : ns; ACS SNP KS : 0.12, p: ns, LDCL KS : 0.21, p :
ns). Treating each patient group separately and as illustrated in Figure 2.5.6, there was no

significant relationship between platelet responsiveness to SNP and the extent of baseline

LDCL (regression analysis: SAP r :0.52, p : 0.084, run test p:0.42, upper left panel; ACS

r:0.44, p : 0.15, run test p:0.17, bottom left panel).

Lucigenín ( 1 2. 5 /.tll[)

As with the results described above, the relationship between platelet responsiveness to SNP

(10pM) and the extent of baseline LDCL detected using lucigenin (12.5pM), was also

examined in a cohort of SAP (n: 15) and ACS patients (n: 11). All data within the two

patient cohorts conformed to a Gaussian distribution (SAP SNP KS :0.14, p: trs, LDCL KS

:0.12, p : ns; ACS SNP KS :0.18, p : ns, LDCL KS :0.18, p: ns).

Treating each subject group separately, there was no significant relationship between platelet

responsiveness to SNP (10¡rM) and baseline LDCL (regression analysis SAP r : 0.21, p :

0.45, run test p :0.76, upper right panel of Figure 2.5.6; ACS r : -0.45,p:0.12, run test p :

0.52, bottom right panel of Figure 2.5.6).
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Fígure 2.5.6 Platelet responsíveness to SNP ønd baseline LDCL

The relationship between SNP responsiveness and baseline LDCL was examined in SAP and ACS patients, utilizing two
dffirent concentrations of lucigenin (125pM upper panel and I2.5ttM lower panel). Left panels: No signiJicant relalionship
was observed between platelet responsiveness to SNP and baseline LDCL for cohorts of SAP and ACS patients utilizing
l25pMlucigenin(regressionanalysis:SAPr:0.52,p=0.084,runtestp--0.42,upperleftpanel; ACSr:0.44,p:0.1j,
run test p : 0.17, bottom left panel). Ríght panels: No significant relationship between plalelel responsiveness to SNP and

the extent of baseline LDCL was observed for a cohort of SAP and ACS patients utilizing I2.5pM lucigenin (regression

analysisSAPr=0.21,p=0.45,runtestp:0.T6,upperrightpanel;ACSr:-0.45,p--0.12,runtestp:0.52,bottom
right panel).

[2.5.4.8] Pløtelet respons¡veness to SNP and its reløtionship to aggregøtion-øssociøted

LDCL

Lucígenin (l25ltM)

The relationship between SNP responsiveness and the extent of aggregation-associated

LDCL (lucigenin 125pM) was examined within a series of blood samples obtained from SAP

(n: 12) and ACS (n: 12) patients. All data populations (platelet responsiveness to SNP and

LDCL) conformed to a Gaussian distribution (Kolmogorov-Smirnov test: SAP SNP KS :
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0.20,p: ns, LDCL KS :0.32, p: ns; ACS SNP KS:0.11, p:ns, LDCL KS :0.26,p:

ns).

Treating both patient cohorts separately, no significant relationship was observed between

platelet responsiveness to SNP and the extent of aggregation-associated LDCL (regression

analysis: SAP r: -0.058, p : 0.86, run test p : 0.61, upper left panel of Figure 2.5.7; ACS r:
0.24,p:0.44, p : 0.78, bottom left panel of Figure 2.5.7).

Lucigenin (12.5pM)

Like the examinations performed above, the relationship between SNP responsiveness and

the extent of aggregation-associated LDCL as detected utilizing lucigenin (l2.5pM), was

examined in a cohort of SAP (n : 15) and ACS patients (n : 11). All data within both patient

cohorts was shown conform to a Gaussian distribution (Kolmogorov-Smirnov; SAP SNP KS

: 0.14,p : trS, LDCL KS : 0.16, p : ns; ACS SNP KS : 0.18, P : fls, LDCL KS : 0.16, p :

ns).

No significant relationship was observed between platelet responsiveness to SNP (10¡-rM) and

the extent of aggregation-associated LDCL (12.5pM) in either patient population (regression

analysis; SAP r : 0.4I, p : 0.13, run test p : 0.29, upper right panel of Figure 2.5.7; ACS

patients r: -0.18, p : 0.6, run test p:0.52, bottom right panel of Figure 2.5.7).

Summøry: Platelet responsíveness to SNP versus baseline/øggregation-assocìated LDCL

In samples from SAP or ACS patients no significant relationship was observed between the

extent of SNP responsiveness and baseline/aggregation-associated LDCL utilizing either

concentration of lucigenin. However, a non-significant trend towards a positive relationship

between platelet responsiveness to SNP and baseline LDCL was observed in the SAP patient

cohort (125pM lucigenin). This result is at odds with the observations of section I (current

chapter) and is thus assumed to have resulted from chance alone given the absence of any

other significant relationship between SNP responsiveness and LDCL.
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as a function of the extent of platelet aggregation, was consistently greater in the ACS patient

populations compared to the SAP cohorts (Baseline LDCL (125¡-rM lucigenin) SAP vs ACS

patients ANCOVA F : 8.34, p < 0.01, left upper panel of Figure 2.5.8; Baseline LDCL

(l2.5pM lucigenin) SAP vs ACS patients ANCOVA F : 4.69, p : 0.041, right upper panel;

Aggregation-associated LDCL (12.5¡rM lucigenin) SAP vs ACS patients ANCOVA F : 8.56,

p < 0.01, bottom right panel). This relationship holds true for all comparisons apart from the

relationship between the extent of platelet aggregation and aggregation-associated LDCL

(lucigenin 125¡rM) (Aggregation-associated LDCL (125¡rM lucigenin) SAP vs ACS patients

ANCOVA F : 2.24, p : 0.14, lower left panel of Figure 2.5.8). Despite the difference

between the patient cohorts failing to reach statistical significance the regression line

representing the ACS patient cohort (dotted line) remained above that representing the SAP

patient population (solid line).
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Figure 2.5.8 Platelet øggregøbility and LDCL (SAP and ACS patíents)

ACS patients release superoxide in greater amounts per Ohm ofplatelet aggregation compared lo SAP patients. Left panels

125pM lucígenin: extent of platelet aggrega!íon versus baseline LDCL (SAP vs ACS ANCOVA; F =8.34, p < 0.01, upper

panel); extent of platelet aggregationversus aggregation-associated LDCL (SAP vs ACS ANCOVA; F:2.24, p:014
bottom panel). Rìght panels 12.5ltM lucigenín: exîenf of platelel aggregation versils baseline LDCL (SAP vs ACS

ANCOVA; F : 4.69, p :0.041, upper panel); extent of platelet aggregation versus aggregalion-associated LDCL (SAP vs

ACS ANCOVA; F : 8.59, p < 0.01, bottom panel), Key:- open circles dotted line = ACS patients; closed diamonds solid line
: SAP patients.

t
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LDCL ìn ACS patients ISNP responsìveness)

Having demonstrated that ACS patients release greater amounts of superoxide per Ohm

compared to SAP patients, the relationship was also examined using the extent of SNP

responsiveness.

As indicated in sections 2.5.4.712.5.4.8 there was no significant relationship between platelet

responsiveness to SNP and baseline/aggregation-associated LDCL as quantified using either

125 or 12.5pM lucigenin. However, like the results demonstrated for platelet aggregability,

ACS patients consistently release significantly greater amounts of superoxide compared to

SAP patients when the extent of baselinelaggregation-associated LDCL'\¡/as expressed as a

function of SNP responsiveness.

Baseline LDCL (l25pM lucigenin) SAP vs ACS patients ANCOVA F : 13.6, p < 0.01,

upper left panel of Figure 2.5.9. Baseline LDCL (12.5¡tM lucigenin) SAP vs ACS patients

ANCOVA F : 5.65, p : 0.026, upper right panel. Aggregation-associated LDCL (125¡rM

lucigenin) SAP vs ACS patients ANCOVA F:11.58, p < 0.01, bottom left panel.

Aggregation-associated LDCL (12.5¡rM lucigenin) SAP vs ACS patients ANCOVA F :12.2,

p < 0.01).
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Figure 2.5.9 Platelet responsiveness to SNP and LDCL (SAP and ACS patients)

ACS patients release superoxide in greater amounls compared to SAP patients when either baseline or aggregation-
associated LDCL is expressed as a function of responsiveness to SNP. Left panels 125¡tM lucígenín: Platelet
responsiveness to SNP versus baseline LDCL (SAP vs ACS ANCOVA F : 13.6, p < 0.01 upper panel); platelet
responsiveness to.SNP versus aggregation-associated LDCL (SAP vs ACS ANCOI/A F: 11.6, p < 0.01 bottom panel);

Right pønels 12.51tM lucigenin: Platelet responsiveness to SNP versus baseline LDCL (SAP vs ACS ANCOVA F : 5.7, p :
0.026 upper panel). Platelet responsiveness /o .9NP versus aggregation-associated LDCL (SAP vs ACS ANCOVA F : 12.2, p
< 0.01 bottom panel). Key:- open circles dotted line: ACS patients; closed diamonds solid line = SAP patients.

[2.5.5] Discussion

The current study is the first investigation examining the relationship between the phenomena

of platelet hyper-aggregability and hypo-responsiveness to donors of nitric oxide with the

presence of superoxide anion as detected utilizing LDCL. The results can be summarized as

follows: -

Platelets from patients with an ACS were demonstrated to be hyper-aggregable towards

ADP (1¡rM) and hypo-responsive to the anti-aggregatory effects of SNP (10¡rM), an

observation that concurs with previous results.

a

The extent of baseline and ag$egation-associated LDCL in samples obtained from ACS

patients were demonstrated to be significantly greater than that of samples obtained from

a



a
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SAP patients and NVs, indicatinga heightened level of oxidative stress is occurring in

these subjects.

No significant relationship was observed between the extent of platelet aggregation and

the baselinelaggregation-associated LDCL for the SAP and ACS patients, nor was there a

significant relationship between SNP responsiveness and the baseline LDCL and

aggregation- associated LDCL.

When the extent of platelet aggregation or % inhibition of aggregation by SNP was

expressed as a function of baseline or aggregation-associated LDCL, ACS patients were

demonstrated to release significantly greater amounts of superoxide per unit

aggregation/% itlhtbition of aggregation, compared with SAP patients.

Lacigenín derìved chemìluminescence as ø meøsure of extracellulør superoxide;

relationship to øngina pectoris

As summarized within the introduction to this chapter (section 2.2.8), there are a number of

techniques that have been used to quantify the extent of ROS production (Briheim et al.,

1984; Smith and V/eidemarn, 1993). Caldefie-Chezet et al (2002) demonstrated that the

amount of ROS detected by luminol and 2'-7'-dichlorofluorescin diacetate (DCFH-DA)

following neutrophil stimulation with PMA, were significantly correlated. Both luminol and

DCFH-DA function as ROS probes that readily permeate cell membranes (Bass et a1.,1986;

Rest, 1994; Rothe and Valet, 1990). Furthermore, Caldefie-Chezet et al (2002) determined

that the extent of LDCL and cytochrome c reduction (extracellular superoxide probe), were

significantly correlated. However, no correlation was observed between results obtained

using LDCL and DCFH-DA, indicating that lucigenin does not permeate cells, but rather

reflects extracellularly derived superoxide (Caldefie-Chezet et al., 2002). Therefore the

results of the current study suggest that differences between patient populations observed

herein (baseline and aggregation-associated LDCL (Figure 2.5.212.5.3)), reflect the amount of

superoxide that is generated and then released extracellularly.

Irrespective of what concentration of lucigenin (125¡tMll2.5pM) was utilized to examine the

levels of whole blood superoxide, blood samples from ACS patients were demonstrated to

a
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contain significantly greater amounts of superoxide at baseline and generated during platelet

aggregation, compared to SAP patients and NV (Figures 2.5.212.5.3). Moreover, when the

extent of platelet aggregation or the degree of SNP responsiveness was expressed as a

function of baseline or aggregation-associated LDCL, ACS patients were shown to release

significantly greater amounts of superoxide per Ohrn/% inhibition of aggregation compared

to SAP patients (Figures 2.5.812.5.9).

Agreeing with the results observed herein, but utilizing altemative techniques to quantify the

extent of oxidative stress, Dubois-Rande et al (1994), demonstrated that plasma

malondialdehyde levels were significantly higher in those subjects admitted with an ACS

compared to those with SAP or NVs. The observation of elevated levels of ROS within

subjects with an ACS compared to SAP patients, are also in accordance with observations

made by other investigators (McMurray et a1.,1992; Kostner et al.,1997).

Throughout the literature a number of investigators have suggested that the use of elevated

concentrations of lucigenin is associated with artifactual increases in the concentration of

superoxide, due to "redox cycling" (Liochev and Fridovich, 1998; Vasquez-Vivar et al.,

1997). As such, lower concentration of lucigenin or alternative detection methods, have been

reconìmended (Skatchkov et al., 1999).In the current study two concentrations of lucigenin

were utilized to examine both baseline and aggregation-associated LDCL in whole blood

samples obtained from a number of subjects. Across all the cohorts examined a -lO-fold

difference in LDCL was observed when either the extent of baseline or aggregation-

associated LDCL was compared for lucigenin used at 125 or 12.5¡,rM (Figure 2.5.212.5.3).

Furthermore, the proportion of LDCL between the subject cohorts, were similar. The extent

of LDCL in ACS is -2-fold greater than SAP or NV irrespective of which concentration of

lucigenin was used. Therefore these results suggest that the contribution to an artifactual

elevation in the amount of detectable LDCL with elevated concentrations of lucigenin due to

"redox cycling", is negligible.

Acute coronary syndromes and inflømmøtìon

MI is associated with an inflammatory reaction, a response that is now known to involve the

humoral and cell-mediated arms of the immune system (Frangogiannis et al., 2002). A

number of markers of systemic inflammation have been demonstrated to correlate with
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subsequent risk of MI and may also be predictive of outlook in specific high-risk populations,

such as those with diabetes (Buffon et al., 1999; de Beer et al., 1982; Festa et a1.,2000;

Liuzzo et al.,1999; Rader, 2000; Retterstol et a1.,2002; Ridker et a1.,1997).

IJtllizíng neutrophil myeloperoxidase content as an index of neutrophil activation in samples

from a series of different patient cohorts Buffon et al (2002) recently documented a

pronounced neutrophil activation within patients with UAP as neutrophils transversed the

coronary vascular bed. However, this level of neutrophil activation was not observed in

patients with SAP, patients with acute variant angina or in control subjects (free of significant

CAD), a result that concurs with the observations made within the current study. Interestingly

and perhaps more importantly, neutrophil activation across the coronary circulation was not

confined to the vascular bed in which the culprit lesion was located. This result was

interpreted as representing a widespread inflammatory process occurring throughout the

coronary vasculature.

Utilizing either concentration of lucigenin, baseline LDCL within the ACS subject cohort

was elevated compared to that of the SAP and NVs (Figure 2.5.2). This result agrees with the

hypothesis put forward by Buffon et al (2002) that a widespread inflammatory process occurs

within those patients with an ACS. Like that demonstrated for the baseline LDCL data, the

extent of aggregation-associated LDCL for the ACS subject population was significantly

greater than that of the SAP and NV cohorts (Figure 2.5.3). Therefore, not only are ACS

patients experiencing a widespread inflammatory process represent by an increased baseline

LDCL, or a reduced level of myeloperoxidase as described by Buffon et al (2002), they also

have the ability to release significantly greater amounts of superoxide upon platelet

activation, a process that occurs readily in subjects with an ACS.

Potential mechanisms behind an increased ability of ACS patients to produce increased levels

of superoxide compared to SAP patients were not explored within the current study.

However, it has been reported that an ACS is associated with an enhanced inflammatory

response (Liuzzo et al., 1999). Concurring with the observations made herein, Takeshita et al

(1997), utilizing luminol-dependent chemiluminescence demonstrated that whole blood

chemiluminescent counts in ACS patients were twice that of SAP patients. Moreover, there

was no significant difference in the numbers of polymorphonuclear leukocytes between the

ACS and SAP cohorts (Takeshita et al., 1997). Therefore these results suggest that an
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absolute difference in immune effector cells capable of generating superoxide does not pre-

determine the ability of ACS subjects to generate more superoxide than that of SAP patients.

An examination of the immune effector cell profiles for each subject cohort was not

performed in the current study.

Coronøry risk factors/dis eøse states and superoxide

Throughout the literature, risk factors for CAD have been associated with elevated levels of

ROS. Superoxide production is increased in animal models and human subjects with

hypercholesterolaemia (Miller et a1.,1998; Mugge et al., 1994; Ohara et al., 1993; 
'Warnholtz

et a1.,1999; White et al.,1996), hypertension (Fukai et al.,1999;Ker et al.,1999;Pagano et

al., 1997; Rajagopalan et al., 1996) and heart failure (Ellis et a1.,2000). Moreover, an altered

endothelium-dependent vascular relaxation has also been associated with an enhanced

degradation of nitric oxide by superoxide in animal models of hypertension, diabetes,

cigarette smoking and heart failure.

Herein the baseline and aggregation-associated LDCL parameters for ACS patients were

greater than levels obtained from patients with SAP and NVs (Figures 2.5.212.5.3). The

proportion of subjects with specific risk factors for CAD between the SAP and ACS were

well matched apart from there being significantly more subjects with diabetes in the ACS

subject cohort and significantly fewer with hypercholesterolaemia compared to the SAP

patient cohort (Table Z.TlAppendix table 4). Given a number of investigations have

demonstrated that diabetes is associated with elevated levels of ROS (Hink et al., 2001;

Keegan et al., 1995; Mayhan, 1997; Nassar et a1.,2002), one can not totally rule out that the

observed differences between the ACS and SAP patients cohorts regarding the extent of

baseline and aggregation-associated LDCL, results from difference in proportion of subjects

with diabetes mellitus.

Countering the argument that the proportion of subjects with diabetes is the sole reason

behind the observed differences between the ACS and SAP patients regarding the extent of

LDCL, the difference in the proportion of SAP patients with hypercholesterolaemia

compared to ACS patients. Throughout the literature hypercholesterolaemia has long been

associated with elevated levels of ROS (Cai and Harrison, 2000; Croft et al., 1990; Davi et

a\.,1997; Miller et a\.,1998; White et al., 1996). Within this investigation both the ACS and



Chapter 2 247

SAP patient groups were evenly matched regarding the use of statins. The study was

therefore unable to determine the effect of statin use on the luminescent parameters

examined.

Anti-angínøl pharmacotherøpies and s uperoxíde

As summarizedin Table 2.7,both the SAP and ACS subject cohorts were well matched

regarding the use of various medications. Differences between the subject cohorts were

observed only with the use of prophylactic nitrates. Identification of particular

pharmacotherapeutic determinants that may influence the extent of LDCL was not possible

with the current study design due to insufficient numbers. Therefore, one cannot exclude the

possibility that the observed differences between the ACS and SAP subject populations

regarding the extent of LDCL resulted from differences in nitrate use. A number of

investigators have demonstrated that exposure to NTG and other organic nitrates results in

enhanced superoxide formation, a phenomenon that has been proposed as a mechanism of

nitrate tolerance (Dikalov et al., 1999; Dikalov et al., 1998a; Munzel et al., 1996a).

Moreover, prevention andlor reversal of nitrate tolerance has been demonstrated by some

investigators with the use of scavengers or inhibitors of superoxide formation (Berkenboom

et al.,1999;Fink et al.,1999).

Countering the argument that differences in LDCL between the ACS and SAP subject groups

resulted from differences in the use of nitrates are in the differences in the use of N-

acetylcysteine (trend towards significantly more ACS patients being treated with NAC

compared to SAP patients). Known to potentate the effects of NTG at the platelet (Chirkov

and Horowitz,1996; Loscalzo, 1985) and vascular levels (Horowitz et a1.,1983; Mehra et al.,

1994; V/inniford et al., 1986), N-acetyl cysteine has also been suggested to function as an

anti-oxidant (Aruoma et a1.,1989; Cabassi et a1.,2001). Therefore one may assume that the

differences between the luminescent parameters across the two subject groups, would be

theoretically less significant.

Delineating the exact contribution of organic nitrates and N-acetyl cysteine use towards the

observed differences in luminescent parameters between the SAP and ACS patients is beyond

the scope of the current study. Furthermore, differences between subjects receiving and not

receiving AcE-inhibition (proportions of SAP and ACS patients were evenly matched) and
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its effect on the luminescent parameters were also unable to be examined because of the

current study design.

Platelet øggregabílìty and s uperoxide

Within section II of this chapter, the extent of whole blood platelet aggregation was

demonstrated to be associated with LDCL. Most notably, the extent of platelet aggregation

was correlated with the extent of aggregation-associated LDCL. Within the current study this

relationship was examined further by determining whether the extent of platelet aggregation

was correlated with the baseline and aggregation-associated LDCL in NVs, SAP and ACS

patients.

Bøselíne LDCL

Utilizing lucigenin at either concentration, the extent of platelet aggregation was not

significantly correlated to the extent of baseline LDCL, with the exception of the NVs

examined using lucigenin (125pM). V/ithin the literature there is evidence demonstrating that

platelets primed with sub-threshold concentrations of platelet agonists are activated and

undergo aggregation following exposure to superoxide (Pratico et al., 1993) and other

reactive species (Ambrosio et al., 1994; Iuliano et al., 1994; Iuliano et al., 1991).

Furthermore, platelets that have been exposed to anoxia followed by reperfusion generate

superoxide and hydroxyl radical which in turn activate the arachidonic acid pathway of

platelet activation (Leo et al.,1997). Given the extent of baseline LDCL was shown to be an

inhibitable superoxide signal (section 2.4.4.3) and that lucigenin quantifies the extent of

extracellularly released superoxide (Caldefie-Chezet et aL.,2002), absence of any relationship

between the extent of platelet aggregability and the baseline-LDCl within the patient cohorts

for both lucigenin concentrations (NVs also with 12.5¡rM lucigenin) suggests a minor role for

baseline-LDCl and hence extracellularly derived superoxide in the phenomenon of platelet

hyper-aggregability. This observation is in accordance with the results of section I of the

current chapter in which there was no significant relationship between the extent of platelet

aggregation and the degree of change in aggregation post administration of SOD/catalase.

Given the differences in mean LDCL between the subject groups, this emphasizes an

important role for superoxide in regulation of platelet aggregation in SAP/ACS patients,

rather than hyper-aggregability as such.
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Ag greg øtio n-as s o ciated LD CL

Within section II of this chapter, the extent of platelet aggregation was correlated with

aggregation-associated LDCL for a small cohort of NVs. The extent of platelet aggregation

was also related to the rate of aggregation-associated LDCL. Despite these initial

observations, a number of conflicting results were documented when the relationship between

aggregabllity and the extent of aggregation-associated LDCL ìù/as examined further in

different subject cohorts. In a series of subjects that included NV, SAP and ACS patients no

significant relationship was observed between the extent of platelet aggregation and

aggregation-associated LDCL (Figure 2.5.5). The only exception to this observation was the

NV cohort, where the extent of aggregation-associated LDCL was examined using lucigenin

(125pM). As no other significant relationship was observed across the subject cohort using

either concentration of lucigenin, it was concluded that the NV (lucigenin 125¡-rM) result

occurred through chance alone.

Reasons for observed differences in results between section II and the current study are

multiple. One important difference exists between the subjects used to develop the technique

(section II) and the subjects examined within the current section. Most if not all SAP and

ACS patients examined within this section were receiving multiple anti-anginal medications

at the time of study enrollment (Table 2.7). No subjects examined within section II were

receiving medications that might influence platelet or superoxide function. It therefore

remains a possibility that the anti-anginal medications used by the SAP and ACS patients

cloud any potential relationship. A number of anti-anginal medications used by the patients

within the current have anti-oxidant properties with examples including ACE-inhibitors and

statins (Berkenboom et al., 1999; Hornig et a1.,2001; Kalinowski et a1.,2002). Complicating

the relationship even further, a number of anti-anginal medications and CAD risk factors

have shown pro-oxidant properties (Ohara et al., 1993; Dikalov et al., 1999; Guzik et al.,

2000; Schoonmaker et a1.,2000).

Despite the use of particular anti-anginal pharmacotherapeutics or CAD risk factors, one

would then assume that the relationship between the extent of platelet aggregation and the

aggregation-associated LDCL would hold true for the NV subject cohort. No such

relationship rwas observed when using lucigenin (12.5pM) as the probe. Reasons for this

inconsistency may simply lie in insufficient numbers of NVs with a large spread of platelet
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aggregability. Therefore specific studies are required to examine the possible clinical

determinants of both the baseline and aggregation-associated LDCL.

Alternative explanations for an absence of any significant relationship between the extent of

aggregation and aggregation-associated LDCL may simply lie in the differences between the

concentrations of lucigenin used to examine the extent of aggregation-associated LDCL. As

discussed before and at the time of commencement of this study, a high concentration of

lucigenin was being utilized. This concentration was changed following the publication of a

number of studies suggesting that higher concentrations of lucigenin may artificially elevate

the level of superoxide (Skatchkov et al., 1999; Vasquez-Vivar et al., 1997) and thus give

higher estimations of the level of superoxide generated post platelet aggregation. Given the

observations of Afanas'ev et al (1999, 2001a, 20001b), it was decided to include the

experiments that utilized lucigenin (125¡tM) in order to obtain the maximum understanding

of superoxides role in the phenomenon of platelet hyper-aggregability. As discussed above,

the proportion of LDCL (baseline/aggregation-associated) for all subjects were similar when

comparing the extent of LDCL detected using either concentration of lucigenin. It therefore

seems unlikely that a difference in concentration of lucigenin should serve as a reason for the

absence of any significant relationship between platelet aggregability and aggregation-

associated LDCL.

Pløtelet responsiveness towards nitrìc oxide ønd its reløtíonshìp to superoxide

V/ithin section 2.3.4.4, a relationship between baseline SNP responsiveness and the extent of

change in SNP responsiveness post SOD/catalase administration was observed. These results

imply a role for superoxide in the phenomenon of a reduced responsiveness to nitric oxide.

To further investigate this potential mechanism, the relationship between platelet

responsiveness to SNP and the extent of baselinelaggregation-associated LDCL was

examined in a series of SAP and ACS patients. Utilizing two concentrations of lucigenin, no

significant correlation was found between the extent of platelet responsiveness to SNP and

baseline LDCLI aggregation-associated LDCL (Figure 2.5.6 and 2.5.7).

Given the results observed in section I (Figure 2.3.8) and III (Figure 2.5.212.5.3) of this

chapter, it seems unlikel), that superoxide has no role in the phenomenon of hypo-

responsiveness to nitric oxide. Rather, one of the most likely explanations for an absence of
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any significant relationship between the extent of platelet responsiveness to SNP and both

LDCL parameters, is heterogeneity of the subject cohorts examined. Patients enrolled within

the current study had multiple risk factors for CAD and were receiving multiple anti-anginal

medications at the time of blood sampling. Such heterogeneity within the subject population

may very well have obscured the relationship between the extent of platelet responsiveness to

SNP and both luminescent parameters. The clinical determinants of not only the luminescent

parameters but also platelet hypo-responsiveness to donors of nitric oxide are required. The

latter forms the basis of the following chapter.

Pløtelet hyp o-respon sivenes s to nitric oxíde : mechanistic implication s

Within section I of the current chapter, platelets from patients with ACS were more resistant

to the anti-aggregatory effects of SNP than those from SAP and NV subjects. Within section

III of this chapter, both baseline and aggregation-associated LDCL levels were elevated

within samples from ACS patients compared to SAP and NV. These results therefore suggest

that an excess superoxide augments platelet responsiveness to nitric oxide via alternative

mechanism/s apart from a direct scavenging of nitric oxide. Such mechanisms may include

the progressive oxidation of guanylate cyclase thus limiting the nitric oxide/cGMP dependent

pathway of inhibition of aggregation or augmentation of a cGMP independent pathway of

inhibition of platelet aggregation (discussed in section 2.3.5 of the current chapter).

[2. 5.6] Study Limitøtions

A number of limitations exist within the current investigation, not least of which is the

unmatched subject cohorts enrolled in the study. Differences in coronary risk factors and

pharmacotherapies between the ACS and SAP patients reduces the probability that

differences between the subject groups regarding the luminescent parameters results from

differences in disease state alone. Despite this observation, the study was designed to

examine the relationship between the extent of superoxide within a whole blood sample and

the phenomena of platelet h1,per-aggregability and hypo-responsiveness to donors of nitric

oxide, within discreet subject populations. Like the limitations associated with section II of

this chapter there was a significant age difference between the NV and the patient cohorts.

However, this was inevitable because of the intent to minimize the recruitment of subjects to

the NV subject cohort that may have had undiagnosed CAD. The numbers of subjects
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recruited to each patientÀ[V cohort were insufficient to examine potential determinants that

may influence the extent of the luminescence parameters examined.

In much the same way as C:uz*lzrf*superoxide dismutase functions at an extracellular level to

scavenge superoxide, it has now been proved that lucigenin functions only at an extracellular

level (Caldefte-Chezet et a1.,2002). Given it is still implied that superoxide plays a functional

role in the regulation of platelet aggregation in SAP and ACS patients along with platelet

hypo-responsiveness to donors of nitric oxide, the failure to demonstrate any signif,rcant

correlation between the luminescent and platelet parameters may suggest that the effects of

superoxide largely function at an intra-platelet level.

Another important limitation is the method used herein to assess the level of superoxide.

Concentrations of superoxide detected at an ex vivo level may be no reflection of the degree

of superoxide that is available in vivo. Within a whole blood sample contributions of

superoxide from various other sources, including the vascular endothelium (Griendling et al.,

2000) are unfortunately absent. A true assessment of the involvement of superoxide in the

phenomenon of platelet hyper-aggregability and platelet hy'po-responsiveness to nitric oxide,

taking into consideration vascular sources of superoxide would only be feasible utilizing a

"Folts" model of in vivo platelet function (Folts, l99la). To date no investigation has

demonstrated a reduced responsiveness to the anti-platelet effects of nitric oxide utilizing this

model. However, the importance of endogenously derived nitric oxide (Yao et al., 1992) and

superoxide (Yao et al., 1993) in the phenomenon of cyclical flow reductions has been

examined.

t2.5.71 Conclusíons

The extent of LDCL within a whole blood sample either prior to or post platelet aggregation

obtained from either an SAP and ACS patients was found to be greater than that obtained

from a NV. Despite this, no significant relationship was observed between the extent of

platelet aggtegationldegree of platelet responsiveness to SNP and any of the luminescence

parameters. The extent of platelet aggregation and the degree of platelet responsiveness to

SNP for SAP and ACS patients does not correlate with the extent of detectable LDCL, either

prior to or post platelet aggregation.
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12.61Chapter Summary

Overall the series of experiments that make up this chapter have established a number of

firsts.

Section L. Agreeing with the results published by Chirkov et al (1999) and extending the

observations to include ACS patients, platelets from patients with acute and chronic

ischaemic heart disease are hyper-aggregable towards ADP and h1'po-responsive to the anti-

aggregatory effects of either SNP or NTG. Further to these observations, superoxide plays an

important regulatory role in platelet aggregation for SAP and ACS patients along with

serving as a potential mechanism for the attenuated platelet responsiveness to SNP commonly

observed within these patients.

Sectíon 11: V/ithin this section a method of detecting superoxide within a whole blood sample

prior to and post platelet aggregation utilizing LDCL is described.

Sectíon 111: V/ithin this section the extent of both baseline and aggregation-associated LDCL

was examined with ACS patients having elevated LDCL compared to samples from NVs or

SAP patients. Despite the clear difference in the luminescence variables across the subject

cohorts examined, no significant relationship was observed between the extent of platelet

aggregation and either the baseline or aggregation-associated LDCL, a result that was also

observed when the degree of platelet responsiveness to SNP was compared with the

luminescent parameters for the SAP and ACS patients. These results suggest that the amount

of superoxide present within a whole blood sample prior to induction of platelet aggregation,

or released following platelet activation plays a minor role in the phenomena of platelet

hyper-aggregability anüor reduced responsiveness to the anti-aggregatory effects of nitric

oxide.
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Results from experiments within this chapter have contributed to a manuscript and a number

of abstracts that were presented in a series of national and international meetings.
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Chapter Overview

This chapter addresses possible determinants of a reduced platelet responsiveness to donors

of nitric oxide in patients with acute and chronic ischaemic heart disease, the phenomenon of

which was initially described by Chirkov et al (1993, 1996, L999) and examined within

section I of chapter 2. Within this context the chapter's purpose, results and conclusions are

summarized below.

t3.11 Summary of the study examíning the determinønts of pløtelet hypo-

responsiveness to donors oÍ nitric oxide.

Objectíves: Examination of the determinants of nitric oxide resistance at the platelet level in a

number of subject cohorts that include normal volunteers (NV), NIPs, SAP and ACS patients.

Methods: The extent of ADP (lpM) -induced whole blood platelet aggregation and degree of

responsiveness to SNP (1OpM) and NTG (100¡tM) was assessed in a series of NVs (n : 43),

patients with non-ischaemic chest pain (NIP, n: 35), patients with SAP (n : 82) and ACSs

(n:135). Possible determinants of nitric oxide resistance for SAP and ACS patients were

then examined utilizing univariate and multivariate analysis.

Results: Platelets from patients with SAP and ACS were significantly more aggregable than

those obtained from a cohort of NV or NIPs (3-way ANOVA F : 7.53, p < 0.01).

Furthermore, platelets from patients with SAP and ACS exhibited a significant attenuation in

responsiveness to SNP (2-way ANOVA F : 19.8, p < 0.01) and NTG (2-way ANOVA F :

6.5, p < 0.01). Following multivariate analysis on data obtained from'patients with SAP and

ACS, an attenuated response to SNP (representing nitric oxide resistance at the platelet level)

was significantly more frequent in patients with ACS (odds ratio (OR) 2.3:l). Platelet

responsiveness to donors of nitric oxide was also closely correlated to the extent of platelet

aggregation, but not related with age or number of coronary risk factors. Coronary risk

factors (male gender, >

hypercholesterolaemia and smoking) were not significantly associated with an abnormal

platelet responsiveness to SNP. Pharmacotherapy with various anti-anginal medications

(aspirin, nitrates, ACE inhibitors, SH-donors, C** antagonists and p-adrenoreceptor

antagonists) were also not significantly associated with variability in platelet responsiveness
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to SNP. Platelet hypo-responsiveness to SNP was demonstrated to be significantly less

coÍlmon in subjects that were treated with perhexiline (OR: 0.3:1) or statins (OR: 0.45:1).

However, platelets from SAP patients with triple vessel disease were significantly less

responsive to SNP than those with stenoses in one or two vessels.

Conclusions.. Patients with SAP and ACS exhibited an increase in platelet aggregability in

response to ADP and hypo-responsiveness to the anti-aggregatory effects of NTG and SNP.

Nitric oxide resistance in platelets was not correlated with any coronary risk factor examined

but was strongly associated with ACS and with extensive coronary disease among patients

with SAP. Pharmacotherapy with perhexiline andlor statins may improve platelet

responsiveness to donors of nitric oxide.

Table 3.1 Abbreviøtions used in thís chøpter

Nicotinamide adenine
dinucleotide phosphateAngiolensin converting enzyme

Acute coronary syndrome Non-ischaemic pat¡ent

Adenos ine di-phosp hate
Non Q-wave acute myocardial

infarction

Analysis ofcovariance Nitroglycerine

Analysis ofvariance Normal volunteer

Aspirin Odds ratio

Coronary artery disease Oxidized low density Iipoprotein

Pravaslatin or Alorvaslalitl
Evaluation and Infection Therapy

C arn it in e palm itoy h ran sferas e- I P revention of Re-Infarction by
Early Treatment with cerivastatin

C-reactive protein
Plalelet Receptor Inhibition in

Ischaemic Syndrome
Management

Stable angina pectorisEndothelial nitric oxide synthase

Kolmogorov-Smirnov Standard error ofthe mean

Sodium nitroprussideGuanos ine tri-phosphate

Myocardial Ischaemia Reduction
w ith A ggre s s ive C ho I e st ero I

lowering

Tissue inhibitor of
metalloproteinase

Matrix metalloproteinase Unstable angina pectoris
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Determinants of nitric oxide resistance

t3.2] Introduction

[ 3. 2. I ] E n dot h eli al dy sfu n ct io n/n ítr íc oxi de r e s ist an c e

The concept of endothelial dysfunction, initially introduced to describe impairment in the

vascular responsiveness towards endothelium-dependent vasodilating agents, has been

recently extended to encompass a loss, diminution or imbalance in other vascular functions,

such as the anti-inflammatory and anti-thrombogenic properties of the vascular endothelium

(Anderson, 1999; Raitakari and Celermajer,2000; Ross, 1993).

Traditionally, subjects with risk factors for and/or (Reddy et al., 1994; Zelher et al., 799I),

established CAD (Ludmer et al., 1986), as well as those with heart failure (Treasure et al.,

1990), demonstrate paradoxical vasoconstrictive responses to endothelium dependent

vasodilating agents whilst still retaining intact vascular smooth muscle cell responsiveness to

other agents.

In 1980, Armstrong et al obsewed that in some patients with chronic heart failure, pulmonary

capillary wedge pressure fell by less than 25o/o despite the infusion of NTG at very high rates.

This phenomenon was designated "nitrate resistance" (Armstrong et a|.,1980; Packer et al.,

1986). In retrospect, part of the basis for this phenomenon may be mechanisical i.e. diastolic

ventricular interaction (Atherton et al., 1997). However, numerous investigators since 1980

have provided evidence for the existence of hypo-responsiveness to NTG and other nitric

oxide donors at the level of vascular smooth muscle in such patients. "Nitrate resistance",

initially poorly understood (Abrams, 1991), has now been demonstrated to occur in both the

systemic (Katz et a1.,1992) and coronary vascular beds (Schachinger andZelher,1995).

In a study examining the responsiveness of the coronary arteries to exogenously and

endogenously donated nitric oxide, Schachinger et ql (2000) observed that diminished

coronary vasodilatation to acetylcholine combined with resistance to the vascular effects of

NTG, was associated, on multivariate analysis, with long term adverse cardiac events. Other

investigators have also demonstrated that impairment of responses to nitric oxide donors in

other vessels may be associated with paradoxical repossess to endothelium-dependent

vasodilators, such as acetylcholine (Adams et a|.,1998).



Chapter 3 259

In parallel with similar studies demonstrating impaired vascular responsiveness towards

NTG, resistance to the antí-aggregatory effects of various nitric oxide donors has also been

observed in platelets from subjects with CAD (Chirkov et a1.,1993; Chirkov et a1.,1996) and

in some disease states or conditions that are risk factors for CAD development (Anfossi et al.,

1998; Haramaki et a1.,2001; Woods et a1.,1993)'

t3.2.21 Anti-aggregatory properties of nitric oxìde

As described within chapter 1 (4.1 1 and D.1.3 .2), the physiological effects of organic nitrates

(i.e. nitric oxide) are not only limited to vascular relaxation, but also include the inhibition

and reversal of platelet activationlaggregation (Chirkov et al., 1993; Geiger et al., 1992;

Gries et a1.,1998; Langford et al., 1996; Nong et al., 1997; Radomski et al., 1987c; Sneddon

and Vane, 1988; Yoshimoto et a1.,1999).

A detailed description of the nitric oxide dependent pathways involved in inhibition of

platelet activationlaggregation is described in chapter 1 (section 4.11). However, viewed

simplistically, nitric oxide binds to the heme moiety of guanylate cyclase which catalyzes the

conversion of guanosine tri-phosphate (GTP) to cyclic guanosine mono-phosphate (cGMP)

(Anderson et al., 1994b). oGMP then activates oGMP dependent protein kinases, promoting

the re-uptake of Ca2* within various intra-platelet stores, resulting in inhibition of platelet

activ ation/ag gregation (B o dy, 19 9 6).

[3. 2. 3 ] Platelet hyper-øggregøbílíty

Flatelet hypo-responsiveness to exogenous nitric oxide donors in patients with angina

pectoris reflects an impaired physiological response to endogenous nitric oxide, and as such

represents a theoretical mechanism by which these patients suffer from an increased risk of

thrombotic events. Platelet hyper-aggregability documented in patients with SAP (Chirkov er

al.,1993; Diodati et a1.,1994) and UAP (Arút et al.,1999; Grande et a1.,1990), or in subjects

with risk factors for CAD (de Padua Mansur et al., 1997; Mandal et al., 1993), might

theoretically result from attenuation of the anti-aggregatory effects of nitric oxide that

function to counter balance pro-aggregatory mediators. Evidence of platelet hyper-

aggregability in particular disease states or in subjects with risk factors for CAD and the

mechanism/s and implications behind this phenomenon, are summarized within chapter 1

(section C.8).
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[3.2.4] SignìJìcance

Viewing the phenomena of platelet hyper-aggregability and hypo-responsiveness to nitric

oxide together, the impairment in responsiveness towards nitric oxide in patients with CAD

implies a theoretical pro-thrombotic disease state. Indeed, those in most need of nitrate

therapy may be the least likely to respond adequately, irrespective of prior nitrate exposure

(nitrate tolerance). Hence these subjects may be the most likely to develop thrombotic

complications associated with the condition.

Within this context the following investigation \ryas designed to examine further the

phenomenon of nitric oxide resistance at the platelet level, in a series of NVs and patients

with acute and chronic ischaemic heart disease. Identification of the potential clinical

correlates of nitric oxide resistance at the platelet level was undertaken. Common coronary

risk factors, extent of fixed CAD, intensity of angina, current medication and the presence of

an ACS were all examined as possible correlates of poor platelet responsiveness to nitric

oxide.

t3. 3] Study llypotheses

This study was designed to test the following null hypotheses in 3 cohorts of subjects that

included NVs, NIPs, patients with SAP or an ACS.

Primary:

o Platelet hypo-responsiveness to SNP in blood samples obtained from a cohort of SAP and

ACS patients does not vary with symptomatic status, a series of coronary risk factors or

commonly us ed anti-anginal pharmacotherapy.

Secondary:

o In blood samples from SAP and ACS patients, platelet responsiveness to SNP is not

correlatedwith the number of coronary riskfactors, qge or the extent offixed coronary

artery disease.

In blood samples obtained from SAP patients, platelet responsiveness to SNP is not

correlated with anginal severity.

a
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t3.41 Methods

[3.4.1] Subjects

Studies were performed on blood samples obtained from the following groups:

Healthy normal volunteers (NV) (n : 43i 23 males and 20 females aged 23 to 76 years;

mean 46) not taking any medication that may influence platelet function.

a

a

a

a

NIPs (n: 351 17 males and 18 females aged 35 to 77; mean 54) who had presented with

chest pain but were found to have normal coronary arteries and no haemodynamically

significant valvular heart disease, at cardiac catheterization and coronary angiography.

Patients with SAP (n:82;57 males and25 females aged 39 to 76; mean 64) undergoing

elective diagnostic cardiac cathetenzation and coronary angiography. In all cases at least

one haemodynamically significant (>50%) stenosis was present in a major coronary

artery.

ACS patients (n : 153; 95 males and 58 females aged 37 to 98 years; mean 67) were

admitted for treatment of prolonged chest pain occurring at rest and were studied during

the first few hours after admission; eventual diagnosis was UAP (n:98) or NQAMI (n:
55), based on the presence/absence of transient elevation of creatine kinase and/or

troponin I levels.

For all patients a background medication profile was recorded at the time of recruitment with

the clinical characteristics of the study cohort being displayed in Table 3.2. No patient was

receiving ADP- or glycoprotein llb/Illa-receptor antagonists at the time of recruitment. The

numbers of subjects used in the individual experiments are indicated below (Results: Section

3.5). The study was approved by the North Western Adelaide Health Service Ethics of

Human Research Committee, with informed consent being obtained prior to study entry.

[3.4.2] Blood Sampling

Blood samples were collected from both patients and healthy NVs according to the methods

outlined in section 2.33 of chapter 2.
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[3.4.3] Platelet øggregation studies

Platelet aggregation studies in whole blood samples were examined utilizing a dual-channel

impedance aggregometer (Model 560, Chrono-Log, Haverstown, PA, USA). Platelet

aggregation studies were performed according to the method described in section 2.3.3 of

chapter 2.

[3.4.4] Chemicals

Chemicals utilized within this study were the same as described in section 2.3.3 of chapter 2"

[3.4. 5] Statístical Analysis

C øtegorízation of coronary ris k factors

Male gender was considered as a risk factor and therefore all comparisons of platelet ADP

responses were stratified according to gender. Plasma cholesterol level greater than 5 mmol/L

was considered a coronary risk factor. Smokers were defined as subjects who were current

smokers. Hypertension was defined as systolic blood pressure greater than 140 mm Hg or

diastolic blood pressure greater than 90 mm Hg.

Statístícal Analysís

Statistical analysis was performed using the computer programs outlined in section 2.3.3.6 of

chapter 2. Differences between proportions of subjects with particular risk factors or

medications v/ere examined using Fisher's exact test. Gaussian distributions of data were

determined by the Kolmogorov-Smirnov test. Homogeneity of variance was examined using

Bartlett's test. Comparisons of platelet responses between NVs and patients were made

utilizing ANOVA followed by Bonferroni's post hoc multiple comparison test. Differences

between non-parametric data populations were assessed using the Kruskal Wallis test

followed by Dunn's post hoc multiple comparison tests. Univanate analysis of the effects of

each coronary risk factor and therapy on nitric oxide responsiveness'\¡/as performed with 1-

way ANOVA for categorical variables. Possible interactions among risk factors, therapies

and platelet responsiveness to SNP were examined by stepwise multiple regression analysis

(multivariate analysis). For the purpose of this analysis, nitric oxide resistance was

categorized as h1.po-responsiveness of platelets to SNP to an extent of 2 standard deviations

(SD) below the mean response documented in healthy NVs. Significance of correlation was
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determined by regression analysis with linearity determined by a run test. Comparisons

between regression curves were made by ANCOVA. Differences between regression curves

post ANCOVA was assessed using the TukeyÆkamer post hoc analysis. Non-parametric

regression analysis was performed using Spearman rank correlation. Statistically significant

differences were limited to p < 0.05 or p < 0.01 unless otherwise indicated. Results are

expressed as mean + S.E.M unless otherwise stated.

t3.51 Results

[3. 5. l] Clínícal characterístics

The clinical characteristics of the study cohort of NIPs (n:35), SAP patients (n: 82) and

ACS patients (n: 153) examined in this study are summarizedinTable3.2.

Riskføctors

Of the coronary risk factors examined (male gender, age equal to or over 70, diabetes

mellitus, systemic hypertension, hypercholesterolaemia and smoking) the median 125rhl75rh

percentiles) number of coronary risk factors was I (ll2) in NIPs, 3 (213) in patients with SAP

and 3 (2/3) in ACS patients. Utilizing a Kruskal V/allis test, significant differences in the

numbers of coronary risk factors was observed across the three subject cohorts (Kruskal

Wallis: KW : 92.9, p < 0.01). Utilizing Dunn's post hoc multiple comparison test there was

no significant difference in the number of risk factors between the SAP and ACS patient

cohorts but there was between the SAP and NIP and between the ACS and NIP subject

groups (p < 0.01).

There were no significant differences between SAP and ACS groups regarding the numbers

of subjects with particular risk factors. However, the proportion of subjects > 70 years of age

and the numbers of current smokers within the ACS cohort tended to be greater compared to

the SAP subjects (Fisher's exact test: p : 0.054 and p : 0.079 respectively) (see Appendix

Table 5 for summary). Apart from the numbers of male subjects within the ACS cohort and

the numbers of current smokers, both the SAP and ACS patient populations had a

significantly greater proportion of subjects with particular coronary risk factors compared to

the cohort of NIPs (see Appendix Table 6 for summary).
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Medicution

Almost all patients with SAP or an ACS were on multiple anti-anginal pharmacotherapy at

the time of study enrolment. The numbers of cases in respect to therapy with aspirin, nitrates,

ACE inhibitors, sulphydryl donors (SH) (N-acetyl-cysteine or captopril), perhexiline, statins,

C** antagonists and B-adrenoceptor antagonists for patients with SAP and ACS patients

were sufficient for multivariate analysis.

The proportion of ACS patients being treated with nitrates was significantly greater than that

of SAP patients (Fishers exact test: p : 0.019, Appendix Table 5). The proportion of SAP

patients being treated with aspirin tended to be greater than ACS patients (Fishers exact test:

p : 0.054, Appendix Table 5). Apart from SH donor, ACE inhibitor and perhexiline

pharmacotherapy, a significantly greater proportion of subjects in both the SAP and ACS

subject cohorts were receiving aspirin, nitrates, statin (ACS only), and B-adrenoceptor

antagonist (SAP only) therapy compared to the NIP cohort (results summarized in Appendix

Table 6).

Table 3.2 Clinicøl chørscteristics of the pøtient cohorts

Statistical comparisons between subject cohorts regarding the clinical delerminants and medicalion profiles are summarized

in Appendix Table 5/6. SH-donors within lhe SAP cohort equals captopril only.
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[3. 5.2] Platelet aggregøbility

Platelet response to ADP (lpM) was examined in a series of blood samples obtained from

NVs, NIPs with normal coronary arteries at coronary angiography, patients with SAP and

ACS patients. As with the platelet aggregation studies performed in chapter 2 sections 2.3

and2.5 a low concentration of ADP (1pM), which has been shown not to induce the release

of thromboxane Ae (Kinlough-Rathbone et al., 1983), was utilized. A summary of the mean

platelet responses for each clinical condition and classified according to gender and aspirin

utilization is displayed in Table 3.3.

Table 3.3 Platelet aggregabilìty ín response to ADP

Samples were obtained from NVs, NIPs, SAP and ACS patients. All subjects were categorized according lo clinical
condition, aspirin utilization and gender. Numbers of subjects are índicated in parentheses with the data representing lhe
mean x S.E.M.

As displayed within Appendix Table 7 and utilizing the Kolmogorov-Smirnov method for the

assessment of distribution of data, the extent of platelet response to ADP (1pM) within each

subject group OIV, NIP, SAP and ACS) across both genders and between those subjects

utilizing aspirin or not, were demonstrated to conform to a Gaussian distribution.

Gender-related differences and variable aspirin pharmacotherapy across the cohorts of

subjects examined potentially complicate assessment of platelet responses to ADP (Meade e/

al., 1985). Therefore platelet responsiveness towards ADP (lpM) was firstly analyzed

according to clinical condition and gender. By 2-way ANOVA a significant difference in

platelet responsiveness towards ADP (lpM) was observed across the clinical conditions and

between genders (Bartlett's statistic : 9.09, p : 0.24). No significant interactions between

these two determinants were observed (See Table 3.4 for summary).

-ASA -ASA +ASA ASA +ASA -ASA +ASA

7.7 +0.7
(23)

8.0 + 1.3

(1 1)
6.7 + 1.3

(6)
l2.l + 0.9

(e)
8.1 + 0.5

(48)
12.3 + t.0

(26)
9.3 + 0.5

(68)

10.1+
1.1 (6)

Il.3 +2.2
(4)

13 + 1.0
(21)

12.7 + I.I
(16)

9.9 +0.6
(20)

9.2+ l.l
(r2)

12.8 + 0.7
(41)

¡lCSSAPNIPNV
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4.52 < 0.01
21.86 < 0.01

0.6320.s7

Determìttuttts

Table 3.4 Platelet response to ADP
Two-wøy ANOVA contingency table

Samples þr all subjects listed within Table 3.3 were analyzed according to their clinical condition (Disease State) and
gender. No signiJìcant interaction between these lwo determinants was observed'

In order to determine the influence of aspirin pharmacotherapy upon platelet responsiveness

towards ADP (1pM), aspirin utilization was included as a determinant. Given that no NV was

receiving aspirin at the time of study enrolment, this population was omitted from the

analyses. Platelet responsiveness towards ADP (1pM) for samples obtained from NIPs, SAP

and ACS patients were then analyzed accordingly with levels of significance being displayed

within Table 3.5 (Bartlett's statistic: 11.6,p:0.39). In much the same way as the results

shown in Table 3.4, a significant difference in platelet responsiveness towards ADP (lttM)

was noted across the clinical conditions (disease state) and between genders. Aspirin

utilization per se was not found to significantly influence platelet aggregability towards ADP

(1pM) within this cohort of subjects (ANOVA: F :1.73, p:0.19). Interestingly a significant

interaction between aspirin utilization and gender was noted. Utilizing Bonferroni's post hoc

multiple comparison test, a number of significant differences in the extent of platelet

aggregability were observed. For a summary see Appendix Table 8.

Tøble 3.5 Platelet response to ADP
Three-way ANOVA contingency tøble

Samples were obtained from NIPs, SAP patients and ACS patients. Numbers and mean platelet responsiveness towards ADP
(1pM) are as shown in Table 3.3. Platelet responsiveness towards ADP (1pM) in NVs was omittedfrom this analysis as no

NV was receiving aspirin at the time of study enrolment'

7.53 < 0.01
1.73 0.19
8.25 < 0.01

0.2s 0.78
0.02 0.98
6.41 0.01

0.56 0.57

Determitrants
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Concentrating on the phenomenon of differential inhibition of platelet aggregation by aspirin

across the genders (Table 3.5) and as displayed in Figure 3.1, aspirin was significantly more

effective in males than females. This was only observed within the SAP/ACS populations.

NIP male no ASA vs NIP male ASA unpaired /-test /: 0.65, p:0.52; NIP female no ASA

vs NIP female ASA r : 0.47, p : 0.64; SAP male no ASA vs SAP male ASA t : 3.44, p <

0.01; SAP female no ASA vs SAP female ASA r:0.7,p 0.49; ACS male no ASA vs ACS

male ASA t:2.81, p < 0.01; ACS female no ASA vs ACS female ASA r: 0.1, p:0.92).

NIP male no ASA

NIP male ASA

NIP female no ASA

NIP female ASA

SAP male no ASA

SAP male ASA

SAP female no ASA

SAP female ASA

ACS male no ASA

ACS male ASA

ACS female no ASA

ACS female ASA

¡l€

0246810121416

Extent of aggregation (Ohms)

Figure 3.1 Dffirentíal ínhibition of pløtelet aggregation by aspirin

Aspirin use was associated with a significant inhibition ADP-induced platelet aggregation in male SAP/ACS subjects only.

No signilìcant inhibition of ADP-induced platelet aggregation was observed within the female SAP/ACS subiects. (numbers

of subjects shown in the bars). * p < 0.01.

Platelet aggregøb¡l¡ty in ACS patients

Platelet response to ADP (lpM) in ACS patients was then analyzed according to the final

diagnosis of UAP or NQAMI, gender and aspirin pharmacotherapy. Mean platelet response



Chapter 3 268

to ADP (lpM) for these categories are summarized in Table 3.6. All data populations

conformed to a Gaussian distribution (Kolmogorov-Smirnov: UAP; Males -ASA KS : 0.29,

p : ns; Males +ASA KS : 0.06, p : ns; Females -ASA KS : 0.18, p : ns; Females +ASA

KS :0.19, p : ns: NQAMI patients Males-ASA KS : 0.25,p: ns; Males +ASA KS : 0.25,

p: ns; Males -ASA KS :0.09, p : ns; Females -ASA KS :0.21, p : ns; Females +ASA KS

:0.13, p : ns).

Tøble 3.6 Platelet aggregabílity
in response to ADP(ACS patients)

Samples were obtained from ACS patients with either UAP or a NQAMI and were categorized according to aspirin

utilization and gender. Numbers of subjects are indicated in parentheses with the data represenling the mean + S.E.M. See

Tabte 3,5 þr 3-way ANOVA summary. -ASA : no aspirin, +ASA : aspirin pharmacotherapy.

In order to determine if the clinical condition (UAP/¡{QAMI), gender and aspirin utilization,

influences platelet responsiveness towards ADP (lpM) in samples from subjects with an

ACS, a 3-way ANOVA was performed (Bartlett's statistic :4.04,p:0.77). As summarized

in Table 3.4 no significant difference in platelet responsiveness towards ADP (lpM) was

observed between subjects diagnosed with UAP or a NQAMI. However, there was a

significant difference in aggregability between genders and a trend towards a significant

reduction in platelet responsiveness towards ADP (1pM) due to aspirin utilization. A number

of significant interactions between the determinants were also observed. Both disease state

and aspirin utilization significantly interacted with gender. Evaluation of the interactions

revealed a significant disease state-gender interaction. Utilizing Bonferroni's post hoc

multiple comparison test, male NQAMI patients not receiving aspirin were significantly less

aggregable than their UAP counterparts (p < 0.01). No other significant differences were

observed regarding the disease state-gender interaction. As previously observed the aspirin

utilization-gender interaction was significant, with lower ADP responses in males treated

with aspirin.

+ ASA - ASA + ASA- ASA
11.1 + 1.5 (12) 6.9 +0.7 (2r)13.3 + r.4 (14) 10.3 + 0.7 (48)
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1.s6 0.2r
3.65 0.058

< 0.01

4.37 0.038
0.024

0.28 0.61

Determittctttts

Tahle 3.7 Platelet response to ADP (ACS patients)
three-way ANOVA contingency table

Platelet aggregability in response to ADP (lpM) in samples obtained from ACS palients. Each sample was classified

according to thefinal diagnosis of either UAP or a NQAMI, aspirin utilizalion and gender. Responsiveness and numbers of
subjects used in each category are displayed in Table 3.6.

[3.5.3] Inhibitíon of platelet aggregation by sodìum nitroprusside and nitroglycerine

Pløtelet respons¡veness to sodíum nìtroprusside

SNP (10¡rM) significantly inhibited platelet aggregation in samples from all the cohorts of

subjects examined, but to varying degrees, consistent with the results displayed in section I of

chapter 2.Initially all subjects were analyzed according to their clinical condition and gender

and conformed to a Gaussian distribution (Kolmogorov-Smirnov: Male NV KS : 0.19, p :

ns; Female NV KS : 0.17,p : ns; Male NIP KS : 0.18, p : ns; Female NIP KS : 0.13, p :

ns; Male SAP KS : 0.07,p : ns; Female SAP KS : 0.15, p : ns; Male ACS KS : 0.09, p :

ns; Female ACS KS :0.I2, p: ns).

Following a 2-way ANOVA a significant difference in platelet responsiveness to SNP was

observed across the cohorts of subjects examined (Bartlett's statistic:4.94, p:0.67). There

was no significant gender-related difference regarding platelet responsiveness to SNP,

confirming the preliminary observations made in chapter 2 section 2.3.4.3. No significant

interaction between the two determinants was also observed. Utilizing Bonferroni's post hoc

multiple comparison test a number of significant differences were observed (Appendix Table

9). For a summary of the degrees of significance see Table 3.8.
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Tøble 3.8 Platelet responsiveness to SNP
two-way ANOVA contíngency table

Platelet responsiveness to SNP was assessed according to disease state (NV,NIP, SAP, ACS) and gender. A significant
dffirence in inhibition of aggregation by SNP was apparent between the subject cohorls with no significant role þr gender
within the populations examined. For a Jìnal summary of platelet responsiveness to SNP for all the subject cohorts examined
see Figure 3. 1 .

In order to confirm the results obtained in chapter 2 section 2.3.4.3 where aspirin utilization

was also shown not to influence platelet responsiveness to SNP, platelet responsiveness to

SNP in samples obtained from NIP, SAP and ACS patients was further analyzed, according to

aspirin utilization. Platelet responsiveness to SNP from the NV population was omitted from

this analysis as no NV was receiving aspirin at the time of study enrolment. All data

populations with sufficient numbers to perform the test were demonstrated to conform to a

Gaussian distribution (Appendix Table 10).

A summary of the results from the 3-way ANOVA is displayed in Table 3.9 and confirming

the results shown in Table 3.8 and chapter 2 section 2.3.4.3 where a significant difference in

platelet responsiveness to SNP was found only across the disease states examined and not due

to aspirin utilization or gender (Bartlett's statistic : 1 1.3, p : 0.42). The interactions between

the examined determinants were also not significant. Utilizing Bonferroni's post hoc multiple

comparison test platelet responsiveness to SNP within the NIP subject cohort not receiving

aspirin was demonstrated to be significantly greater than that of female SAP patients

receiving aspirin (p < 0.01), male ACS patients receiving (p < 0.05) and not receiving aspirin

(p < 0.01), and female ACS patients not receiving aspirin (p < 0.05).

19.88 < 0.01
0.09 0.76

0.46 o.7r
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17.95 < 0.01

0.20 0.82
0.89 0.41
1.23 0.27
1.61 0.20

Determitutttts

Table 3.9 Platelet responsiveness to SNP
three-way ANOVA contingency table

Platelet responsiveness /o SNP in NIP, SAP and ACS patients was analyzed according to disease state, aspirin utilízation
and gender. Responsiveness to SNP within the cohort of NVs was omittedfrom this analysis as no NV was receiving aspirin
at the time of study enrolment.

Given that there \'r'as no significant influence of gender or aspirin utilization on platelet

responsiveness to SNP within the cohorts of subjects examined, these results were pooled and

analyzed by l-way ANOVA (Kolmogorov-Smirnov: NrV KS:0.089, p:ns; NIP KS:
0.068,p:ns;SAPKS:0.12,p:ns;ACSKS:0.74,p:ns;Bartlett'sstatistic:l.I7,p:
0.76).

In accordance with the results initially shown in chapter 2 (section 2.3.4.3) platelet

responsiveness to SNP was significantly attenuated in samples obtained from patients with

SAP and ACS patients compared to the NV and NIP cohorts (l-way ANOVA: F : 16.6, p <

0.01). Utilizing Bonferroni's post hoc multiple comparison test a number of differences

between each subject cohort were observed (NIP vs NV t:0.41, p : ns; SAP vs NV /: 5.0,

p < 0.01; sAP vs NIP t:4.4,p < 0.01;ACS vs NV t:6.8,p < 0.01;ACS vs NIP t:5.7,p <

0.01; ACS vs SAP t : 1.7, p : 0.09).

The mean platelet responsiveness to SNP did not differ significantly between the cohort of

SAP and ACS patients despite there being a trend towards a significant difference (Unpaired

/-test: p:0.09).
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Fígure 3.2 Inhibition of platelet aggregation by SNP

Inhibition of ADP (l pM) induced plalelet aggregation by SNP (lÌpM), in whole blood samples obtained from NVs, NIPs,

and patients with SAP and ACS patients. Numbers of subjects indicated within the bars. Overall I -way ANOVA F : I 6.6, p
< 0.01; * p . 0.01 vs. N.V and NIP by Bonferroni's post hoc multiple comparison test.

Platelet responsiveness to nítroglycerine

NTG inhibition of platelet aggregation also varied among the subjects examined. NTG

responsiveness for all the cohorts of subjects was analyzed according to disease-state and

gender, to see if each sub-group conformed to a Gaussian distribution. (Kolmogorov-

Smirnov: Male NV KS : 0.32,p: ns; Female NV KS :0.16; Male NIP KS :0.24, p: ns;

Female NIP KS :0.16, p: ns; Male SAP KS : 0.25,p: ns; Female SAP KS :0.17, p: ns;

Male ACS KS :0.11, p: ns; Female ACS KS :0.11, p: ns).

By Z-way ANOVA a significant difference across the cohorts of subjects was noted. No

gender-related differences in platelet responsiveness to NTG were found. However, a

significant interaction between the clinical condition and gender was observed (Bartlett's

statistic :2.17, p : 0.95). Interestingly this disease-state gender interaction was not observed

when assessing platelet responsiveness to SNP (Table 3.8). For a summary of the degrees of

significance see Table 3.10.



Chapter 3 273

6.46 p < 0.01
0.45 0.51

0.013.78

Determitrunts

Tøhle 3.10 Pløtelet responsìveness to NTG
two wøy ANOVA contingency table

Platelet responsiveness towards NTG was analyzed according to disease state (NV, NIP, SAP and ACS) and gender

In order to determine whether aspirin utilization influences platelet responsiveness to NTG,

results from NIP, SAP and ACS patients were analyzed by 3-way ANOVA (Each sub-group

with sufficient numbers to perform the test were demonstrated to conform to a Gaussian

distribution Appendix Table 11). As with the analysis regarding platelet responsiveness

towards ADP and SNP, responsiveness towards NTG within samples obtained from NV was

omitted from this analysis as no NV was receiving aspirin at the time of study enrollment.

As summarized in Table 3.11, aspirin utilization did not influence platelet responsiveness

towards NTG in NIP, SAP and ACS patients (Bartlett's statistic : 12.2, p : 0.34).

Confirming the results observed in Table 3.10, disease-state did influence platelet

responsiveness towards NTG, with gender playing no significant role. Platelet responsiveness

towards NTG was also found not to be influenced by aspirin utilization. The interaction

between aspirin utilization and gender tended towards significance, with a probability of

0.081. However, interpretation of this trend must be done with caution, as there were low

numbers of both male and female SAP patients not receiving aspirin. No significant

interaction was observed between disease-state and gender, casting doubt on the importance

of the significant interaction observed using a 2-way ANOVA and data from all subject

cohorts (Table 3.10).
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4.01 0.021
t.2t 0.27
0.47 0.49

1.51 0.23
1.51 0.23
3.1 I 0.08
1.97 0.14

Determitrunts

Tøble 3.11 Pløtelet responsiveness to NTG
three way ANOVA contíngency table

Platelet responsiveness towards NTG was analyzed in samples obtained from NIP, SAP and ACS patienls. A significant

dffirence in platelet responsiveness lowards NTG was observed across the subiects examined with a trend towards a
significant interaction between aspirin utilization and gender.

Given that neither gender nor aspirin was found to significantly influence platelet

responsiveness towards NTG within the cohorts of subjects examined, these results were

pooled and are displayed in Figure 3.3. (Kolmogorov-Smirnov: pooled data NV KS : 0.16, p

: ns; NIP KS:0.15, p: ns; SAP KS:0.09, p: ns; ACS KS:0'079, p: ns; Bartlett's

statistic :2.17, p:0.54). By l-way ANOVA platelet responsiveness towards NTG within

the NV and NIP cohorts was significantly greater than that of the SAP and ACS patients (1-

way ANOVA: F : 5.85, p < 0.01). Ulilizing Bonferroni's post hoc multiple comparison test

platelet responsiveness towards NTG within the cohorts of NV and NIP were significantly

greater than that of SAP (NV vs SAP r :3.4, p < 0.01, NIP vs SAP r: 3.0, p < 0.05) and

ACS patients (NV vs ACS t:2.86, p < 0.05, NIP vs ACS r:2.5 p:rrsit¿¡¡¡:2.67).The

difference between the NIP and ACS subject cohorts was not significantly different despite a

trend towards a significant difference.
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Figure 3.3 Inhibition of platelet aggregation by NTG

Inhibition of ADP (l pM) induced platelet aggregation by NTG (100/tM), in whole blood samples obtained from NVs, NIP,

and patients with SAP and patients with an ACS. Numbers of subjects indicated within the bars Overall by one way

ANOVA; F:5.85,p<001,*p<0.05,'**p<0.0lvsNVandNIPbyDunnett'smultiplecomparisontest.

Pløtelet responsiveness to SNP and NTG ín ACS pøtients

ACS patients can be further classified according to the final diagnosis of either UAP or

NQAMI. In order to determine if platelet responsiveness to SNP and NTG varied according

to this final diagnosis, the following series of analyses was performed.

Sodium nitroprusside

Platelet responsiveness to SNP within the cohort of ACS patients was classified according to

the final diagnosis of UAP or NQAMI, gender and aspirin utility. Data representing each sub-

group conformed to a Gaussian distribution (Appendix Table 12). Following a 3-way

ANOVA there were no significant differences between the determinants of an SNP response

within the ACS (Table 3.12) with no significant interactions between the determinants

(Bartlett's statistic : 13.7, p : 0.055).Utilizing a Bonferroni's post hoc multiple comparison

test there were no significant differences between any combination of determinants.
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0.009 0.92
0.81 0.37
0.05 0.82

0.3s 0.55
0.11 0.74
0.0r 0.92
0.27 0.60

Determinsnts

Table 3.12 Platelet responsiveness to SNP (ACS patìents)
three-wøy ANOVA contingency table

Platelet responsiveness to SNP within ACS patienls lhat have been analyzed according to lhe Jìnal diagnosís of either
UAP/NQAMI, gender and aspirin utilization.

Nitroglycerine

As shown in Tables 3.10/11, a significant interaction (disease state/gender) and a trend

towards an interaction (aspirin úllization/gender) were noted regarding platelet

responsiveness to NTG in samples from NV, NIP, SAP and ACS patients. Accordingly,

platelet responsiveness to NTG within the cohort of ACS patients that had been further

classified according to the final diagnosis of UAP or a NQAMI, was also analyzed according

to aspirin utilization and gender. Data representing platelet responsiveness to NTG within

each of the aforementioned sub-groups followed a Gaussian distribution (Appendix Table

13).

As shown in Table 3.11, a significant difference between subjects diagnosed with UAP or

NQAMI was observed (Bartlett's statistic : 10.9, p : 0.14). No significant difference in

platelet responsiveness to NTG was observed between those treated or not treated with

aspirin, or between genders. Unlike the results displayed in Table 3.lllI2 no significant

interaction or trend towards an interaction between the disease state and gender, or aspirin

utilization was observed. Utilizing Bonferroni's post hoc multiple comparison test male

NQAMI patients not receiving aspirin were significantly more responsive to NTG than the

male UAP patients receiving aspirin (p < 0.05).
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5.47 0.022
2.33 0.13
0.02 0.88

0.76 0.39
0.37

0.42

Determitutttts

Tøble 3.13 Platelet responsiveness towards NTG (ACS patients)
three-way ANOVA contingency table

Platelet responsiveness towards NTG within the ACS subject cohort was classified according to the final diagnosis of UAP
or a NQAMI. Aspirin utilization and gender was also included wilhin the analyses.

Given that no significant difference in platelet responsiveness to SNP and NTG was found as

regards to gender or aspirin, these results were pooled. A figure summarizing platelet

responsiveness to SNP and NTG within the ACS subject cohorts classified according to the

final diagnosis of either UAP or NQAMI is displayed within Figure 3.4. The pooled data

populations representing platelet responsiveness to SNP was shown to follow a Gaussian

distribution (Kolmogorov-Smirnov: UAP KS :0.12, p : ns; NQAMI KS :0.076, p: ns) but

to contain significant differences between the standard deviations (F: 1.97,p:0.0178).

Accordingly a log transformation of the data was performed (KS post log transformation

UAP KS :0.09, p : ns; NQAMI KS :0.16, p: ns) to create equivalent standard deviations

(F : I .29, p: 0.18). By unpaired analysis on log transformed data there was no significant

difference in the extent of platelet responsiveness to SNP between those subjects with a final

diagnosis of UAP or a NQAMI (unpaired /-test t :0.24, p:0.81). Within the NTG data

populations each sub-group was demonstrated to conform to a Gaussian distribution and to

have non-significantly different standard deviations (Kolmogorov-Smirnov UAP KS :0.11,

p : ns; NQAMI KS : 0.12, p: 0.46). Utilizing unpaired analysis platelet responsiveness to

NTG was significantly less in the UAP subject cohort compared to those subjects with

NQAMI (unpaired /-test t :3.I, p < 0.01).
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Figure 3.4 Platelet responsiveness to SNP and NTG ín ACS patients

Platelet responsiveness to SNP (l}pM) and NTG (l00pM) in subjects with an ACS; patienls wilh UAP and palients wilh a

NQAM|. Numbers of subjects studied are indicated within the bars. Unpaired t-tesî * p < 0.01 vs. NQAMI.

In an attempt to identify the mechanism/s behind a significant difference in NTG

responsiveness between UAP and the NQAMI patients, the clinical characteristics of the

patient cohort were examined. The proportion of males and patients with diabetes,

hypertension, high cholesterol, and current smokers, were well matched across the two

patient cohorts. The proportion of patients treated with nitrates, SH-donors (NAC/captopril),

perhexiline, statins, Ct* antagonists and B-blockers were also well matched. However, there

were significantly greater UAP patients being treated with aspirin and significantly fewer

UAP patients receiving ACE-inhibitors (Fishers exact test: aspirin UAP (68%) vs NQAMI

(41%) p : 0.022: AcE-inhibition UAP (12%) vs NQAMI (32%) p : 0.048). Given aspirin

use was shown not to be a significant determinant of NTG-responsiveness within the

ANOVA (Table 3.13), it therefore seems unlikely that an absolute difference in aspirin use

between the two patient cohorts would serve as the mechanism behind attenuated platelet

responsiveness to NTG in UAP patients compared to NQAMI subjects.
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t3.5.4] Inter-rela.tìonship between aggregability and platelet responsíveness to nitric oxide

Pløtelet øggregabilíty veßus SNP responsíveness

In order to exclude the possibility that the observed reduced degree of platelet responsiveness

to SNP within SAP and ACS patients is not an epi-phenomenon of an increase in the extent

of platelet aggregability, the relationship between platelet aggregation and platelet

responsiveness to SNP was examined across all subject cohorts.

Platelet aggregabllity versus SNP responsiveness for each clinical condition was assessed

according to gender. By ANCOVA, no gender-related differences were observed between

platelet aggregability and SNP responsiveness for each of the clinical conditions examined

(NV, NIP and SAP patients) (Appendix Table 14). Therefore these results were pooled

despite there being a trend towards a significant difference between genders within the SAP

cohort (ANCOVA: F : 3.39, p : 0.068). Data for ACS patients can also be analyzed

according to the final diagnosis of either UAP or a NQAMI and then by gender alone. The

relationship between platelet aggregability and SNP responsiveness was examined. No

gender-related differences regarding the relationship between platelet aggregability and SNP

responsiveness were found within the UAPA.IQAMI subsets nor within the pooled ACS

subject populations (Appendix Table 14).

Given that no gender-related differences were observed regarding the relationship between

platelet aggregability and SNP responsiveness, the data were then analyzed according to the

final clinical condition of a NV, NIP, SAP or ACS. As displayed within the "normal" þooled

population of NV/Ì.üP) subset of Table 3.14, a trend towards a significant negative

correlation between the extent of platelet aggregation and SNP responsiveness was observed

for the cohort of NV (regression analysis: r: -0.32, p:0.09, run test p:0.a3). This result

was unlike that observed for the cohort of NIP in which no significant correlation was

observed. By ANCOVA these two subject populations were not significantly different from

each other and hence were pooled (ANCOVA: F :0.87, p : 0.35).

A signihcant negative correlation between the extent of platelet aggregation and SNP

responsiveness was observed for both populations of SAP and ACS patients. These two

populations of patients were not significantly different from each other and were also

accordingly pooled (ANCOVA: F : 0.04, p : 0.84). The pooled data populations of NVA{IP
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and patients (SAP/ACS) conformed to a Gaussian distribution (Kolmogorov-Smirnov:

Patients Aggregation KS : 0.045, p : ns; SNP responsiveness KS : 0.064, p : ns; NVA{IP

Aggregation KS : 0.08, p : ns; SNP responsiveness KS :0.13, p : ns).

As displayed in Table 3.14 and Figure 3.5, a trend towards a significantly negative

correlation between the extent of platelet aggregation and SNP responsiveness was observed

for the pooled population of NVs (regression analysis: r: -0.26, p :0.07, run test p:0.2).

For the pooled patient populations a highly significant correlation was noted (regression

analysis: r: -0.41, p < 0.01, run test p : 0.4). These two subject cohorts ("normals" NV/NIIP

and "patients" SAP/ACS) were then found to be significantly different from each other

(ANCOVA: F : 50.9, p < 0.01). As displayed in Figure 3.5 the extent of platelet aggregation

within patients with acute or chronic IHD predicts platelet responsiveness to SNP, a

relationship that is not observed within the pooled normal subject cohort.

Table 3.14 Platelet aggregabílíty versus SNP responsiveness
regression and ANCOVA summary table

Platelet aggregability versus platelet responsiveness to SNP was initially analyzed according to gender for each clinical
condition (Appendix Table I4). By ANCOVA the data populations for NV/NIPs and SAP/ACS did not significantly dffirent
and were therefore pooled. By regression analysis a trend towards a significanl negative coruelation between plalelet
aggregability and SNP responsivenes.r erisfs for the pooled normal subject population. A highly signiJìcant negative

correlation exists for the pooled patient population exists. By ANCOVA both populalions were signiJìcanlly dffirent from
each other. See Figure 3.5 for afurther summary.

-0.32 3.02 0.09NV
-0.13 0.34 0,56

0.87 0.35 Pooled
NIPS

< 0.01SAP -0.44 18.3

-0.38 20.27 < 0.01
0.04 0.84 Pooled

ACS
-0.26 3.41 0.071Normals

39.90 < 0.01
50.94 < 0.01 Figure 3.5

Patients -0.41

Rcg r c s s io rt ct tt ol)t s is ANCOVA Surtnnur¡,
Oulconte
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Figure 3.5 Aggregabílìty versus SNP responsíveness: Comparíson of normøl subjects and

pøtíents wìth øngina pectoris

The relationship betvveen the extenl ofplatelet aggregalion in response to ADP (l¡tfuf) versus responsiveness to SNP (10¡tM)
was assessed in normal subjects (pooled population of NV and NIPs) and patients (pooled populalion of SAP and ACS
patients). By regression analysis r: -0.26, p = 0.071 þr normals (solid line) and r = -0.41, p < 0.01 for patients (dotted
line). ANCOVA revealed the existence of two separate populations F : 50.9, P < 0.01.

Relationship between pløtelet aggregøbílity ønd NTG respons¡veness

The platelet aggregability and NTG responsiveness relationship was firstly analyzed

according to gender. Within the NV, NIP and female SAP patient cohorts no significant

differences between aggregability and NTG responsiveness where noted. (See Appendix

Table 15 for the regression and ANCOVA summary). Of the cohorts of subjects examined,

male SAP patients were the only subject population that demonstrated a significant negative

correlation for platelet aggregability versus responsiveness towards NTG (regression

analysis: r: -0.73, p < 0.01, run test p : 0.11).

V/ithin the ACS subject populations categorized according to the final diagnosis of either

UAP or NQAMI, no gender-related differences were observed and genders were therefore

pooled. However, within this pooled population of ACS patients (UAP/NfQAMI patients) a

significant difference between the relationships of aggregability and NTG responsiveness was

noted for UAP and NQAMI patients (ANCOVA:F:7.42, p < 0.01, Appendix Table 15).
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Table 3.15 summaizes the regression and ANCOVA analysis for each clinical condition. No

significant correlation between platelet aggregability and NTG responsiveness was observed

for the data populations of NV and NIPs. By ANCOVA these subject populations were

determined not to be significantly different from each other and were accordingly pooled and

designated "normals". Unlike the results observed for the normals, patients with SAP showed

a significant negative correlation between the extent of platelet aggregation and NTG

responsiveness (regression analysis: r: -0.47, p < 0.05, run test p:0.87). ACS patients

diagnosed with NQAMI demonstrated a trend towards a significant negative correlation for

the relationship between platelet aggregability and NTG responsiveness (regression analysis:

r: -0.32, p:0.068, run test 0.32, Appendix Table 15 and Table 3.15). Data from all the

pooled subject populations conformed to a Gaussian distribution (Kolmogorov-Smirnov: NV

Aggregation KS : 0.09, p : îs, NTG responsiveness KS : 0.09, p : ns; SAP patients

Aggregation KS : 0.12, p : fls, NTG responsiveness KS : 0.09, p : ns; UAP patients

Aggregation KS : 0.11, p : ns, NTG responsiveness KS :0.12, p : ns; NQAMI Aggregation

KS : 0.13, p : ns, NTG responsiveness KS :0.08, p : ns).

Tøble 3.15 Platelet øggregabìlíty versus NTG responsiveness
regressíon ønd ANCOVA summary tøble

Platelet aggregability versus platelet responsiveness towards NTG was inilially analyzed according to gender for each

clinical condition with no gender-related differences being observed (Appendix Table I 5). By ANCOVA the data populations

þr NV/NIPs did not significantly different and were thereþre pooled. lVithin the ACS subject population, the relationship
between aggregability and NTG responsiveness þr subjects with UAP or NQAMI (MI) were significantly different from each

other and thereþre were treated independently. Figure 3.6 summaries the analysis further.

-0.10 0.14 0.7rNV
-0.49 3.r 0.11

0.04 0.85 Pooled
NIPS
SAP -0.47 7.54 0.01

-0.32 3.56 0.07UAP
MI -0.11 0.47 0.50

4.18 0.02
Separate

populationsACS

Normals -0.09 0.26 0.61

0.01SAP -0.47 7.54

3.56 0.07UAP -0.32
-0.11 0.47 0.s0

6.24 < 0.01 Figure 3.6

MI

ANCOI/A Summury

OuÍcome
p
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By ANCOVA a significant difference between the four subject cohorts (normals, SAP, UAP

and NQAMI patients) was noted (ANCOVA: F : 6.24, p < 0.01) with each population being

significantly different from each other (Tukey/Kramer post hoc analysis: p < 0.01). For a

further summary see Figure 3.6.
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Figure 3.6 Aggregability versus NTG responsíveness: Compørison of normal subjects and

patients wíth øngina pectoris

The relationship between the extent ofplatelet aggregation in response to ADP (1 pM) versus responsiveness towards NTG

Q00pM) was assessed in normal subjects (pooled populations of NV and NIP) solid line, SAP patients (dotted), UAP
patients (dashed) and NQAMI patients (dotted and dashed). By regression analysis r : -0 09, p : 0.61 for normals; r : -

0.47,p<0.05forSAPpatients; r:-0.32,p:0.0TforUAPpatients; r:-0.11,p=0.5forNQAMIpatients.
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[ 3. 5. 5 ] (Jnív ariate and m ultiv arìøte øn aly sìs

Inhibition of aggregation by SNP did not significantly differ between the samples obtained

from NVs and NIPs. Mean (t S.E.M.) percentage inhibition of aggregation by SNP in

platelets from NVs was 66 + 3 and in NIPs was 64 t 5 respectively (unpaired /-test: p :

0.67).

As the mean platelet response to SNP in the cohort of NVs was 66 t 19 % (Mean t SD);

responses of < 28%o inhibition of aggregation, corresponding to > 2 standard deviation below

a "loroI" SNP responsiveness, were treated as nitric oxide resistant for the multivariate

analysis.

Determinants of inter-individual variability in platelet responsiveness to the anti-aggregatory

effects of nitric oxide in the cohort of patients with SAP and ACSs were investigated by both

univariate and multivariate analysis. Both univariate and multivariate analyses \¡/ere

performed with platelet responsiveness only to SNP, as SNP functions as a more direct donor

of nitric oxide than NTG which requires enzymatic thiol-dependent bioconversion to release

nitric oxide (Noack and Feelisch, 1991).

On univariate analysis mean platelet responsiveness to SNP was significantly greater in those

subjects who were treated with perhexiline (p < 0.01). Hl,percholesterolaemia and treatment

with statins was also associated with an increased platelet responsiveness to SNP upon

univariate analysis (p : 0.04 and p : 0.02 respectively). The coronary risk factors, including

male gender, age > 70 years, diabetes mellitus, hypertension and smoking did not

significantly affect the platelet responsiveness to SNP. Anti-anginal pharmacotherapy with

aspirin, nitrates, ACE inhibition, SH donors, C** antagonists and B-adrenoceptor antagonists

also did not significantly affect platelet responsiveness to the anti-aggregatory effects of SNP.

Results assessing the influence of coronary risk factors and anti-anginal pharmacotherapy on

platelet responsiveness to SNP by univariate analysis are shown in Figure 3.7.
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Fígure 3.7 Univarìate analysís of coronary rískføctors øndpharmacotherapywíth

responsiveness to SNP

Samples were obtained from patients with SAP and ACS patients. Abbreviations used for hypertension (I!D, high

choîesterol (H.Chol), otlirin (ASA), ACE inhibitors (ACE Inhib), perhexiline (Pex), and Ca 2*-antagonists (Ca2*). *p .
0.05,**p<0.01.

Upon multivariate analysis, the presence of ACS (as distinct from SAP; p : 0.012) and the

absence of pharmacotherapy with either perhexiline (p : 0.018) or a statin (p : 0.021), were

the only significant correlates of nitric oxide resistance at the platelet level (< 28% inhibition

of aggregation by Sl.tP). The observation of a significant increase in platelet responsiveness

to SNP in hypercholesterolaemic patients upon univariate analysis did not attain significance

upon multivariate analysis. Odds ratios, confidence intervals and p values for the significant

correlates of nitric oxide resistance are shown in Table 3.16.

Table 3.16 Multivariate ønalysis of patient characterístics

SigniJicant cotelates of impaired (<28%o) platelet responsiveness to SNP in blood samples obtained from a cohort of
patients with SAP (n = 82) or ACS (n = 153). CI = conJìdence intental.

*

d.
o

bo,-c)-:^lrYôoJ5ÞoÉ(no
cH()
O q-i
ãO
ô'.o.È O\+)vp
d.

È

60

50

40

30

20

10

0

I Yes

nNo

4 ËË eÃ ËFË'4rr¡!v)'bãA A E O ¿

FÚ89
ñ9dHsot-r'5

-O \J .='dh:2.ÃÉrts
l-r (r)

lr(.)€
o
o
(l)

Cd

1.18,4.46 0.0122.29
0.11, 0.88 0.0180.31

0.22,0.90 0.0210.45

Determinunt Odcls rutio 95% CI



Chapter 3 286

[3.5.6] Relatíonship between age and pløtelet responsiveness to SNP and NTG

The possibility of an age-dependent relationship for platelet responsiveness to both SNP and

NTG was also examined. This putative relationship was examined in the cohorts of NV, NIP,

and patients with SAP and ACS patients.

Age and SNP responsíveness

Initially, an age-dependent relationship for platelet responsiveness to SNP was assessed

according to gender for each subject cohort. Following ANCOVA no gender-related

differences were observed for the relationship between age and SNP responsiveness and

therefore the results were pooled for each clinical condition (Appendix Table 16).

As shown in Table 3.17, no significant correlation between age and SNP responsiveness was

observed for NV, NIP, SAP and ACS patients. The relationship between age and SNP

responsiveness for NV and NIP and SAP and ACS patients were determined not to be

significantly different from each other and were accordingly pooled (Table 3.17 for

ANCOVA results). These pooled populations conformed to a Gaussian distribution, apart

from the sub-group of data representing patient's age. (Kolmogorov-Smirnov: patients Age

KS : 0.115, p < 0.01, SNP responsiveness KS : 0.065, p : ns; Normal subjects Age KS :

0.098, p : fls, SNP responsiveness KS : 0.I2, p : ns). A log transformation of the data

representing the patient's age failed to make the data population Gaussian, therefore a

Spearman rank correlation was performed on the original data population. No significant

relationship between age and the extent of platelet responsiveness to SNP was observed

within the patients examined (Spearman rank correlation: r: -0.048, p : 0.49) corresponding

to the result that was observed for NV and NIP (regression analysis: r : -0.07, p : 0.59, run

test p : 0.14).

For both the pooled normal and patients populations no significant correlation between age

and SNP responsiveness was found. However, both populations was found to be significantly

different from each other (ANCOVA: F :3I.2, p < 0.01). For a further summary see Figure

3.8.
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Table 3.17 Age vetsus SNP responsiveness
Regressíon and ANCOVA summøry table

Age versus platelet responsiveness to SNP was initially analyzed according to gender for each clinical condition (see

Appendix Table 16 for a summary) By ANCOVA the data populations for NV/NIP and SAP/ACS patients did not
significantly different and accordingly these subject populations were pooled. By regression analysis neither normal subjects

nor patients showed any signiJìcant relalionship between age and responsiveness to SNP. However, by ANCOVA these

populations were found to be significantly di/ferent from each other. See Figure 3.8 for a further summary.
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Figure 3,8 Age vercus platelet responsiveness to SNP

The relationship between age and platelet responsiveness to SNP (l0ltM) was assessed in both normal subjects (pooled
population of NV and NIP) and in patients (pooled population of SAP and ACS patients). By regression analysis r: -0.07, p
: 0.59 þr normal subjects (solid line) and r = -0.048, p : 0.49 Spearman rank coruelation for patients (dotted line). By
ANCOVA these two subject populalions were significantly dffirentfrom each other (F: 31.2, p < 0.01).
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Age and NTG responsiveness

As with "age" versus "SNP responsiveness", a possible age-dependent relationship for NTG

responsiveness was assessed according to gender for each subject cohort. As shown in

Appendix Table 17, there was no significant correlation between age and NTG

responsiveness for each gender within the subject cohorts. Therefore the relationship between

age and NTG responsiveness was assessed on a pooled population of male and female

subjects.

As illustrated in Table 3.18, a significant negative correlation between age and NTG

responsiveness was observed for the NIP cohort (regression analysis: r: -0.61, p < 0.05, run

test p :0.94). By ANCOVA this population of NIP and NV along with the patients cohorts

were found not to be significantly different from each other and were accordingly pooled.

The data from the pooled populations of normals and patients were then shown to conform to

a Gaussian distribution (Kolmogorov-Smirnov: NVA{IP Age KS : 0.15, p : ns, NTG

responsiveness KS:0.08, p: ns; Patients KS:0.11, p: ns, NTG responsiveness KS:
0.07,p: ns).

As shown in Table 3.18, a significant negative correlation between age and NTG

responsiveness was found for the pooled "normal" subject cohort (regression analysis: r : -

0.39, p : 0.03, run test p : 0.72). In contrast, no age-related relationship to NTG

responsiveness was found for the pooled patient population (regression analysis: r : -0.08, p

: 0.37, run test p : 0.35). By ANCOVA these two subject populations tended (p : 0.059)

towards being significantly different from each other.

Given that there was only a trend towards a significant difference between the NVA{IP and

SAP/ACS subject groups, all the data were pooled to examine further the relationship

between age and platelet responsiveness to NTG (100pM). The pooled populations were

found to conform to a Gaussian distribution (Kolmogorov-Smirnov: Age KS : 0.1, p : ns;

NTG responsiveness KS : 0.07, p : ns). By regression analysis and as displayed within

Figure 3.9 there was a significant correlation between age and platelet responsiveness to NTG

(100¡rM) (regression analysis: r: -0.3, p < 0.01, run test p : 0.89).
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Table 3.18 Age versus NTG rcsponsìveness
regression and ANCOVA summøry table

Age versus platelet responsiveness towards NTG was initially analyzed according to gender for each clinical condition (see

Appendix Table 17 for a summary). By ANCOVA the data populations were not significantly dffirent from each other and

were accordingly were pooled. By regression analysis a signifi.cant relationship between age and platelet responsiveness

towards NTG was observed þr the pooled normal subject population. By ANCOVA bolh subject populations did not

significantly dffirentfrom each other (F = 3.64, p : 0.059). For afurther summary see Figure j.9.
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Figure 3.9 Age versus platelet responsìveness to NTG

The relationship between age and platelet responsiveness to NTG (l00pM) was assessed in normal subjects (pooled

population ofNV and NIP) and palients (pooled population ofSAP and ACS patients). By regression analysis a significant

negative relationship betyveen age and plalelet responsiveness lowards NTG existed for the pooled population ofdata (r =-
0.3 p < 0.01, run test p : 0.89).
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[3.5.7] Total number of coronøry risk factors and platelet responsìveness to SNP and NTG

Individual coronary risk factors may synergistically influence platelet responsiveness to SNP

and NTG. Therefore the relationship between the total number of coronary risk factors

present and platelet responsiveness to SNP and NTG for samples obtained from patients with

SAP and ACS patients was evaluated. For both SNP and NTG, the total number of risk

factors, clinical condition and gender were included in the analysis.

Sodíum nitroprusside

Data populations representing platelet responsiveness to SNP for both the SAP and ACS

patients, genders and numbers of risk factors conformed to a Gaussian distribution (Appendix

Table 18). By 3-way ANOVA the total number of coronary risk factors was demonstrated not

to significantly influence platelet responsiveness to SNP (Bartlett's statistic : I2.7, p : 0.62).

No significant interactions between the determinants were observed, further supporting the

results shown in Table 3.12. See Table 3.19 for a summary. Subjects with no coronary risk

factors (SAP n : 1; ACS n : 2) or subjects with five coronary risk factors (SAP n : 0; ACS n

:2) were omitted from this analysis due to insufficient numbers. Figure 3.10 summarizes the

relationship between the number of coronary risk factors and inhibition of platelet

aggregation by SNP for both SAP and ACS patients. Utilizing Bonferroni's post hoc multiple

comparison test there were no significant differences between any combination of points.

Table 3.19 Coronøry riskfactors ínJluencÍng platelet responsíveness to SNP
three-way ANOVA contìngency table

Platelet responsiveness to SNP in subjects with SAP and ACS patienls was assessed according to the number of coronary
riskfactors,diseasestateandgender.Subjectswilhzero(¡=ISAP;n=2ACS)andfive(n:0SAP;n:2ACS)coronary
riskfactors were omitted from the analysrs.

0.89
0.80
0.11 0.74

0.83 0.48
0.24 0.86
0.t2 0.73

0.48 0.69

Determittstxts
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Figure 3.10 Coronary riskfactors as a determínant

of platelet responsiveness to SNP

Relationship between the number of coronary risk factors and platelet responsiveness to SNP (l0pM) in samples from
patients with SAP and patients with an ACS. Numbers of subjecls are indicated in parentheses. By lhree-way ANOVA that
included the number ofcoronary riskfactors, disease state (SAP/ACS) and gender as potential determinants, no significant
dffirence between the determinants were þund. See Table 3.19'

Nitroglycerine

Data populations representing platelet responsiveness to SNP for both the SAP and ACS

patients, genders and numbers of risk factors conformed to a Gaussian distribution (Appendix

Table 19; Gaussian distributions observed in those data populations with sufficient numbers

to perform analysis). In much the same way as the results observed for SNP, no significant

difference between the number of coronary risk factors, disease state and gender, was

observed regarding NTG responsiveness (Table 3.20) (Bartlett's statistíc : 14.6, p : 0.a7).

No significant interactions rwere also observed. However, there was a trend towards a

significant difference between those with SAP as compared to ACS patients regarding

platelet responsiveness to NTG. This analysis, similar to that for SNP responsiveness, was

performed on limited data as no subject included in the analysis has zero or five coronary risk

factors. Utilizing Bonferroni's post hoc multiple comparison test and much the same as
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demonstrated for SNP responsiveness, there were no significant differences between any

combination ofpoints. See Figure 3.11 for a further summary.

Table 3.20 Coronary riskfactors influencíng platelet responsiveness to NTG
three-way ANOVA contìngency tøble

Platelet responsiveness towards NTG in SAP and ACS patients was assessed according to the total number of coronary risk

factors, disease state and gender. No SAP or ACS subject had zero orJìve coronary riskfactors. See Figure 3.ll for a

further summary.
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Figure 3.11 Coronøry r¡skfactors as a determinsnt oÍ

platelet respons¡veness to NTG

Relationship between coronary riskfactors and plalelel responsiveness to NTG (l00pM) and in samplesfrom patients wilh
SAP and patients with an ACS. Numbers of subjects are indicated in parenlheses. Gender was also included as a polential
determinant with the results of the three-way ANOVA being displayed in Table 3.20. No subject analyzed had zero orfive
coronary riskfaclors.
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t3.5.81 Extent of coronary ørtery disease and platelet responsiveness to SNP

An interaction between the extent of coronary disease and platelet responsiveness to SNP was

also examined. This interaction was examined in both SAP and ACS patients who were

recruited at the time of coronary cathetenzation allowing reliable determination of the extent

of fixed CAD (number of vessels with significant stenosis; > 50yo narrowing). Patients at the

time of recruitment who were being treated with perhexiline were excluded from this

investigation as perhexiline has been demonstrated to improve platelet responsiveness to SNP

(Willoughby et al., 2002).

Stable anginø pectoris patìents

Data representing platelet responsiveness to SNP in subjects with either l, 2 or 3-vessel

disease conformed to a Gaussian distribution (Kolmogorov-Smimov test: l-vessel KS :0.28,

p:ns;2-vesselsKS:0.15,p:ns;3-vesselsKS:0.13,p:ns).However,thedifferences

between the standard deviations of each population were significant (Bartlett's statistic : 7 .2,

p:0.027). A log transformation of the data was performed and also demonstrated significant

differences between the groups (Bartlett's statistic post log transformation : 24.5, p < 0.01).

Therefore utilizing a Kruskal Wallis test for non-parametric data, a significant difference

between the groups existed (Kruskal V/allis test: KS :7.8, p:0.02). Utilizing Dunn's post

hoc multiple comparison test, subjects with significant stenosis in three major vessels were

significantly less responsive to SNP than those subjects with signal vessel disease (Dunn's

multiplecomparisontest: 1vs2,p:ns;1vs3,p<0.05;2vs3,p:ns).SeeFigure3.I2fora

further summary.

Acute coronøry syndrome subiects

As ACS patients could be categorized according to the final diagnosis of either UAP or

NQAMI, this potential determinant was included in the analysis for the ACS subject data. All

data populations were demonstrated to conform to a Gaussian distribution (Kolmogorov-

Smirnov: MI l-vessel KS :0.17, p: ns; 2-vessels KS :0.16, p: ns; KS :0.14, p: ns; UAP

l-vessel KS : 0.25,p: ns; 2-vessels KS -- 0.24, p: ns; 3-vessels KS : 0.23,p: ns). By

two-way ANOVA, the number of major vessels with a significant stenosis and the disease

state were not significant determinants of platelet responsiveness to SNP. No significant

interaction between these two determinants was observed (Bartlett's statistic :7.17, p:
0.21). Given this result, the data for both those patients with a final diagnosis of MI or UAP



Chapter 3 294

were pooled. Pooled populations of data also conformed to a Gaussian distribution

(Kolmogorov-Smirnov test: l-vessel KS :0.1'1, p: ns; 2-vessels KS:0.16, p: ns; 3-

vessels KS : 0.1, p : rs); there were no significant differences between the standard

deviations (Bartlett's statistic :0.43, p : 0.81). By l-way ANOVA, there was no significant

difference between platelet responsiveness to SNP for ACS patients with l, 2 or 3-vessel

CAD (l-way ANOVA: F : 0.82, p : 0.44).Utilizing Bonferroni's post hoc multiple

comparison test, there were no significant differences between any combination of number of

vessels(Bonferroni'smultiplecomparisontest1vs2t:0.27,p:ns;1vs3t:L05,p:ns;

2 vs3 t: l.I,p : ns). For a further summary see Figure 3.12.

Tøhle 3.21 Numbers of vessels wíth ø sígnílìcant stenosis ønd
íts reløtíonshíp to SNP responsíveness ín ACS pøtienls

two-way ANOVA contíngency tøhle

Platelets responsiveness to SNP in platelets from ACS patients with a Jìnal diagnosis of either UAP or a NQAMI obtained
prior to catheterization were equated to the extent of CAD.

An examination of a possible relationship between the extent of coronary artery disease and

platelet responsiveness to NTG was not performed due to insuffrcient numbers.

0.5 0.61
0.3 0.86

1.03 0.36
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Figure 3.12 Extent of coronary artery dísease and platelet responsiveness to SNP

Extent of CAD and platelet responsiveness to SNP (lÌpM) in blood samples obtained from patients with SAP and ACS
patients. Numbers of subjects studied are indicated within the bars. Subiects being treated with perhexiline at the time of
study enrolment were omittedfrom this analysis. For SAP patienls by one way ANOVA F = 4.76 and p < 0.05. *p < 0.01

versus I vessel, by Dunnett's multiple comparison test. For ACS patients see Table 3.21.

[3.5.9] Severíty of angina and platelet rcspons¡veness to SNP

Severity of angina, as assessed according to the Canadian Cardiovascular Society

classification of angina (Campeau,l976), and platelet responsiveness to SNP in patients with

SAP, was then examined. SAP patients being treated with perhexiline v/ere excluded from

this investigation as it has been shown previously that perhexiline potentiates platelet

responsiveness to SNP (V/illoughby et a1.,2002).

Within the cohort of SAP patients that were classified according to angina severity there were

insufficient numbers of subjects with a score of 0 and I to perform the Kolmogorov-Smirnov

test. Accordingly these subgroups were omitted from the analysis. Data within grovps 2,3,4

were demonstrated to conform to a Gaussian distribution (Kolmogorov-Smirnov:

Cardiovascular classification group 0 KS : N/A; I KS : N/A; 2 KS : 0.13, p : ns; 3 KS :

0.17,p: ns; 4 KS : 0.093, p : ns), and shown not to have significant differences between the
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standard deviations of each sub-group (Bartlett's statistic : 2.2, p : 0.33). By l-way

ANOVA, there was no association between the severity of angina and platelet responsiveness

to SNP (l-way ANOVA: F : 0.69, p : 0.60). Utilizing Bonferroni's post hoc multiple

comparison test there were no significant differences between each of the three severity of

angina classes. See Figure 3.13 for a further summary.
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Figure 3.13 Anginø severity and platelet responsíveness to SNP

Severity of angina as measured by the Canadian Cardiovascular Society classification of angina and platelet responsiveness

to SNP (10pM) in blood samples obtained from patients with SAP. Numbers of subiects studied are indicated within lhe
bars. By t -way ANOVA, angina severily was nol related to SNP responsiveness within the SAP cohort (F = 0.69, p :0.602).

t3.61 Discussion

Results presented in section I of chapter 2 and the previous observations of Chirkov et al

(199316), provided evidence that platelet from patients with SAP differ from those obtained

from normal subjects in two separate respects: - 1) they are hyper-responsive to the pro-

aggregant ADP and 2) demonstrate attenuated responsiveness to the anti-aggregatory effects

of both NTG and SNP. The observed "resistance" to SNP, a more direct donor of nitric oxide

than NTG (Ignarro et a1.,2002), should thus be regarded as nitric oxide rather than nitrate

resistance, implying reduced responsiveness to either endogenously, or exogenously donated

sources of nitric oxide.

The current study has extended these initial observations and addressed a number of

additional questions. 1) V/as the observed platelet hypo-responsiveness towards donors of

nitric oxide related in any way to the ischaemic process (stable vs. UAP/ACS) 2) V/as it
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related to the extent of CAD or severity of angina? 3) Was it ameliorated by treatment of

myocardial ischaemia or influenced by the type or number of coronary risk factors?

[3. 6. 1 ] Pløtelet aggregabilìty

Consistent with the results observed within section I of chapter 2 and in keeping with the

hypothesis for a major role of thrombus formation in the pathophysiology of an acute

ischaemic condition (Davies, 1995), platelets from patients with SAP or an ACS were

significantly more aggregable to ADP (1pM) than platelets obtained from a cohort of NVs or

NIPs (Table 3.31415). This phenomenon of platelet h¡,per-aggregability persisted in the

combined presence of a number of anti-platelet agents that included organic nitrates, aspirin

and others (patients receiving GPIIb/IIIa or ADP receptor antagonists were excluded from the

study as ADP was used as an inductor of aggregation). FurtheÍnore, platelets from female

subjects were also significantly more aggregable than those of male subjects irrespective of

the clinical condition, a result that is consistent with the observations obtained by others

(Haque et a1.,2001; Meade et a1.,1985; Taylor et a1.,1987) and may relate to differences in

activity of the GPIIb/IIIa receptor (Faraday et al.,1997).

D iffe r e n t i ø I effe c t s of ø sp ir í n p h ør m a c o t h e r apy

Our post hoc subgroup analysis of the platelet aggregability data indicated that the effect of

aspirin on the extent of inhibition of platelet aggregation differs between males and females

across the SAP and ACS populations. Despite not being a randomized or paired comparison,

aspirin use was shown to have no significant anti-aggregatory effect in females. A differential

effect of aspirin use between genders has been demonstrated in a number of clinical trials. In

the "Hypertension Optimal Treatment (HOT)" study, Kjeldsen et al (2000) demonstrated that

the effect of low dose aspirin (75mg daily) at preventing MI was influenced by gender.

Benefits from aspirin use at preventing MI were only observed in males and not in females þ
: 0.001). It was suggested that absence of a significant effect from aspirin in females was due

to a low incidence of MI in the studied females. However, given the results observed within

the current study, the failure of aspirin to significantly inhibit platelet aggregation in females

only, may serve as a mechanism for the results observed by Kjeldsen et al (2000). In the

aspirin versus placebo arm of the "Second international study of infarct suryival" (ISIS-2)

trial, male patients receiving aspirin had a lower odds ratio than female patients, representing

fewer vascular deaths. Considerable overlap in the confidence intervals between both male
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and female patients was demonstrated, thus making any difference between genders non-

significant. However, the direction of benefit from aspirin use was clearly associated with

male rather than female patients (ISIS-2 collaborative group, 1988).

[3.6,2] Platelet responsíveness towørds nítríc oxíde

As demonstrated in Figures 3.113.2, platelets from patients with either SAP or an ACS

manifest a significantly reduced responsiveness to the anti-aggregatory effects of nitric oxide.

This confirms and extends the initial observations made by Chirkov et al (1993,1996), to

include those subjects with acute ischaemic heart disease, a result that agrees with the

observations made in section I of chapter 2. In contrast to the results obtained from these

acute and chronic IHD patients are the results from patients admitted for evaluation of chest

pain but then discovered to be free of fixed CAD. Termed NIPs, they demonstrated a platelet

responsiveness towards nitric oxide that was similar to that observed from a cohort of NVs.

This series of results provides the first evidence of a link between the phenomenon of nitric

oxide resistance at the platelet level and the presence of symptomatic myocardial ischaemia.

Consistent with this hypothesis is the observation that SAP patients with a significant lesion

in three major coronary arteries are significantly less responsive to SNP compared to those

with a major stenosis in only one vessel (Figure 3.12). Moreover, the number of major

vessels that contained a significant stenosis was found not to be a significant determinant for

platelet responsiveness to SNP within the ACS patient population. Platelet responsiveness to

SNP within these subjects was at a level consistent with a response observed for SAP patients

who have significant stenoses in three major vessels, implying a link between ischaemia and

responsiveness towards nitric oxide at the platelet level. This relationship was not examined

for responsiveness to NTG due to insufficient numbers.

As illustrated in Figure 3.4, platelets from patients with UAP were significantly less

responsive to the anti-aggregatory effects of NTG (100¡rM) compared to samples from

patients with a NQAMI. An examination of the clinical characteristics for both patient

cohorts demonstrated that both patient populations \ryere well matched, apart from a disparity

in the use of aspirin and ACE-inhibitors. Significantly greater numbers of UAP patients were

undergoing aspirin pharmacotherapy and not receiving ACE-inhibitors compared to the

NQAMI cohort.
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As illustrated in Table 3.13, aspirin utilization was not a significant determinant for platelet

responsiveness to NTG. It therefore is unlikely that a significant difference in the frequency

of aspirin use would serve as a mechanism for attenuated platelet responsiveness to NTG

within the UAP cohort.

Evidence demonstrating a potentiation of responsiveness to organic nitrates by ACE-

inhibitors is more extensive than aspirin, but no less convincing due to a number of

controversies. As discussed in section D.4.2.3 of chapter 1, high dose ACE-inhibitor

pharmacotherapy has been used to limit nitrate tolerance (pseudo-tolerance) induction, by

several investigators, with varying degrees of success (Dakak et al., 1990; Pizzullo et al.,

1996). Debate as to what role the sulftrydryl moiety has within captopril and the ability of

AcE-inhibitors/ATr receptor antagonists to reduce superoxide via direct/indirect inhibition of

NAD(P)H oxidase, remains undefined. Doubt over the clinical significance of this difference

in the frequency of ACE-inhibitor use serving as a mechanism behind a differential response

to NTG between the two cohorts occurs when the extent of platelet responsiveness to NTG

was examined according to AcE-inhibitor use. AcE-inhibitor use was found not to be a

significant determinant of platelet responsiveness to NTG when examined using ANOVA (F

: 21.7, p : 0.15). Differences between the disease states were still apparent, with no

difference between the genders or any significant interactions between the determinants,

being observed.

Despite no significant difference between the groups regarding the proportion of subjects

treated with organic nitrates, differences in the dosing regimens or preparations, may serve as

a simple explanation for the observed difference in the extent of platelet responsiveness to

NTG across the cohorts examined. The UAP patient cohort may simply be more tolerant to

the anti-aggregatory effects of NTG than the NQAMI patient cohort. A record of the dosing

regimen for each patient was not recorded.

Decreased platelet responsiveness to exogenously donated nitric oxide implies reduced

platelet sensitivity to endogenous sources of nitric oxide in vivo. Given that endogenously

derived nitric oxide is critical to the in vivo regulation of platelet aggregability (Moncada and

Higgs, 1991), then coupling the phenomena of platelet hyper-aggregability and hypo-

responsiveness to donors of nitric oxide may contribute to an increased risk of platelet

aggregation and intravascular thrombus formation observed in subjects with acute and
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chronic IHD (Diodatí et a1.,1990). A significant negative relationship between the extent of

platelet aggregation and platelet responsiveness to SNP (Figure 3.5) was observed. Given

platelet responsiveness to donors of nitric oxide was found to be independent of age (Figures

3.713.8), the significant negative relationship between platelet aggregability and

responsiveness to nitric oxide suggests either a common mechanism influencing both

phenomena and/or that the two phenomena are linked via "physiological antagonism". The

issue of "one phenomenon or two" has recently been explored via ANCOVA in patients with

aortic stenosis (Chirkov et al., 2002). Potential mechanisms describing the phenomena of

platelet hyper-aggregability and a reduced responsiveness to nitric oxide were examined

within chapter 2.

[3. 6. 3] Clinical determínønts

Evaluation of the clinical determinants of a poor platelet responsiveness towards nitric oxide

yielded evidence on both univariate and multi-variate analyses (see Figure 3.7 and Table

3.16), that conventional risk factors for CAD and a number of commonly utilized anti-anginal

pharmacotherapies (apart from hypercholesterolaemia and treatment with perhexiline and

statins), did not markedly modulate this phenomenon.

Platelet level

Apart from the observations made by Chirkov (Chirkov et al., 1993; Chirkov et al., 1995;

Chirkov et a1.,1996; Chirkov et al.,1999; Ellis e/ a1.,2001), there are only a few studies that

have demonstrated a reduced platelet responsiveness to donors of nitric oxide at a platelet

level in samples from subjects with risk factors for CAD. In platelets from patients with

hypertension, Woods et al (1993) demonstrated that the concentration of SNP required to

inhibit Ca2* mobilization induced by U46619 was significantly greater in platelets from

hypertensive patients than in those from normotensive controls. In a study examining the

anti-platelet properties of NTG in diabetic subjects, Anfossi et al (1998) demonstrated that

the ICso NTG concentrations were significantly higher in insulin-resistant patients compared

to normal subjects. This relationship was established when platelet responsiveness to NTG

was examined in lean NIDDM patients compared to obese NIDDM patients. More recently

Haramaki et al (2001), demonstrated that platelets from chronic smokers were significantly

less responsive to the anti-aggregatory effects of NTG compared to platelets from non-
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smokers. Moreover, it was demonstrated that reduced platelet responsiveness to NTG was a

function of the level of intra-platelet glutathione (Haramaki et a1.,2001).

Vasculør level

This is the first study to examine the clinical determinants of an attenuated responsiveness

towards donors of nitric oxide at the platelet level. However, determinants of the apparently

analogous phenomenon within the vasculature, have also been described. In terms of classical

risk factors, Schachinger et al (2000) demonstrated that the predictive value of coronary

endothelial vasodilator dysfunction (as distinct from classical endothelial dysfunction) was

independent of the classical risk factors apart from hypertension. In a study examining

potential mechanisms behind the higher prevalence of hl,pertension in African Americans

compared to caucasians, Cardillo et al (1998) examining healtþ subjects demonstrated a

significant attenuation in the forearm vasodilator responsiveness post SNP administration

within the African American subject cohort. In another vascular investigation, forearm blood

flow responses to SNP were demonstrated to be profoundly impaired in hypertensive patients

compared to normotensive controls, with the maximal flow responses inversely correlating

with mean artenal blood pressure (Preik et al., 1996), results that were also observed in

hypertensive rats (Huang and Koller, 1996). In a more recent investigation examining the

potential mechanisms behind pre-eclampsia, Suzuki et al (2000) demonstrated a marked

reduction in the extent of SNP induced relaxation of the human omental resistance arteries of

females with pre-eclampsia compared to normotensive pregnant females.

Reløtíonship to ìschøemic heart disease

As shown in Table 3.16, the diaguosis of an ACS, as distinct from SAP, was found to be a

significant determinant of attenuated platelet responsiveness to SNP on multivariate analysis,

with an odds ratio of 23:1. Although worsening severity of angina amongst the patients with

SAP was associated with diminished platelet responsiveness to SNP, platelets from SAP

patients with triple vessel disease were significantly less responsive to SNP than those with

stenosese involving only one or two vessels, implying that extent of ischaemia (and

potentially of redox stress) may contribute to the phenomenon.

301
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[3. 6. 4] Phørmøcotherapy

Pharmacotherapy with the prophylactic anti-anginal agent perhexiline was associated with

augmented platelet responsiveness to nitric oxide on both univariate (Figure 3.7) and

multivariate analyses, with an odds ratio for the elimination of nitric oxide resistance of 3.2:l

(Table 3.16).

[3, 6.4. I ] Perhexílíne maleate

Clinícøl efficøcy

Ever since the early 1970's a number of investigators have demonstrated that perhexiline is

efficacious in reducing the degree/severity of anginal episodes in symptomatic patients.

Horowitz and Mashford demonstrated a reduction in the frequency of attacks in patients

suffering from severe angina pectoris (Horowitz and Mashford, 1979), confirming the results

obtained from a series of other investigators (Armstroîg et al., L974; Brown et al., 1976;

rüallace, 1978). More recently, Cole et al (1990), in a randomized double blind placebo

controlled trial, found that 65% of subjects randomized to perhexiline showed an

improvement in measures of anginal frequency and severity. Stewart et al (1996)

demonstrated that perhexiline exerts an incremental anti-anginal effect over those of other

anti-anginal agents in patients with a UAP or a NQAMI. Perhexiline pharmacotherapy in

patients with aortic stenosis improved symptomatic status over three months of therapy

(Unger et al.,1997)"

Mechanism of action

Cølcium øntagonist

At one stage perhexiline was proposed to function as an L{ype Caz* antagonist

(Fleckenstein-Grun et al., 1978). A study performed by Barry et al (1985), comparing the

effectiveness of a number of calcium channel antagonists at inhibiting myocyte contractility

and calcium influx in cultured chick embryo ventricular myocfes, demonstrated that

perhexiline was significantly less effective at inhibiting myocyte contractility (i.e. was a

weaker L-channel calcium antagonist) than a range of commonly utilized calcium channel

antagonists that included verapamil, diltiazem and nifedipine.
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Cørnitíne palmítoyltransþrøse-7 (CPT-I) inhibition

Whilst testing the hypothesis that perhexiline promotes a shift in cardiac metabolism from

fatty acid utilization towards increased utilization of carbohydrates and thus effectively

sparing oxygen, Kennedy et al (1996) demonstrated that perhexiline dose dependently

inhibits the enzyme carnitine palmitoyltransferase-l (CPT-l). CPT-I is a mitochondrial

enzyme responsible for long chain acyl camitine formation, which provides access of long

chain fatty acyl-CoA to the site of B-oxidation in the mitochondrial matrix (Murthy and

Pande, 1987). In both rat heart and liver specimens perhexiline inhibited CTP-I more

effectively than amiodarone, an agent that also inhibits mitochondrial B-oxidation of fatty

acids (Fromenty et al.,1990).

Elþcts on myocardium and coronary vøsculature

In a more recent study, Kennedy et al (2000) demonstrated that perhexiline (2pM) improved

the diastolic function during ischaemia in a LangendorfÊperfused rat heart (60 minutes of

low-flow (95% flow-reduction) followed by 30 minutes of reperfusion). Moreover, Kennedy

et al (1999), whilst examining the coronary vasodilator properties of perhexiline,

demonstrated that it has endothelium dependent vasodilator properties that are independent of

nitric oxide, prostacyclin and endothelial derived hyperpolarizing factor generated by the

actions of bradykinin. To date identification of the mechanism by which perhexiline

functions as a coronary small vessel vasodilator in this setting has not been elucidated. There

is no evidence that perhexiline exerts any significant vasomotor effects in humans.

Antí-platelet prop ertie s

Studies demonstrating a direct anti-platelet effect of perhexiline are limited with only a

number of investigations addressing this question specifically. Perhexiline has previously

been shown to inhibit aggregation induced by a range of platelet agonists, an effect not

correlated with its Ca2* antagonist properties (Ono and Kimura, 1981). Utilizing platelets

obtained from both normal subjects and patients with SAP, V/illoughby et al (1998)

examined the platelet CPT-I and anti-aggregatory effects of perhexiline, amiodarone and

tnmetazidine in comparison with etomoxir and hydroxyphenylglyoxylate, both specific CPT-

I inhibitors. All compounds were demonstrated to inhibit platelet derived CPT-I. However,

only perhexiline, amiodarone and trimetazidine demonstrated a significant in vitro anti-

aggregatory effect with perhexiline being the most potent, suggesting they exert this effect
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independent of their CPT-I inhibitory functions (Willoughby et al., 1998). However, the

clinical significance of this anti-aggregatory effect is unclear. Specifically, it has recently

been demonstrated that perhexiline in both SAP and ACS patients, in doses that have no

detectable anti-aggregatory effect, improved ex vivo platelet responsiveness to SNP to that

reflecting responses observed in normal subjects. Despite not being conducted under

randomized or blinded conditions, ACS patients not being treated with perhexiline

demonstrated no improvement in platelet responsiveness to SNP (V/illoughby et a1.,2002).

Perhexiline summüry

As outlined above, perhexiline utilization has demonstrated many clinical benefits via

mechanisms that remain to be fully elucidated. It is possible that perhexiline may interact

directly with the determinants of a poor platelet responsiveness to nitric oxide, namely via an

interaction with platelet soluble guanylate cyclase and/or various nitric oxide clearance

mechanisms. The exact mechanisms by which perhexiline augments platelet responsiveness

to nitric oxide falls outside the scope of the current study, but has been evaluated by

V/illoughby (1999).

[3. 6. 4. 2] Støtín utilizatìon and hypercholesterolaemia

The interaction between hypercholesterolaemia, statin pharmacotherapy and platelet

responsiveness to SNP is complex. Upon univariate analysis (Figure 3.7),

hlpercholesterolaemia and statin pharmacotherapy were associated with significantly

augmented platelet responsiveness to SNP. Following multivariate analysis (Table 3.16),

statin utilization rwas found to be a significant determinant of improved platelet

responsiveness to SNP, with an odds ratio of 0.45:1. An improvement in platelet

responsiveness towards nitric oxide following statin utilization, in much the same way as

perhexiline pharmacotherapy, has not been previously documented.

Throughout the literature there is now considerable evidence demonstrating that the use of

statins is associated with an increased benefit at a secondary (and possibly primary)

prevention level (Scandinavian Simvastatin Survival Study, 1994; Downs et al., 1998;

Kjekshus and Pedersen,1995; Morris et al.,1994; Sacks et a1.,1996; Shepherd et a|.,1995),

the potential mechanism/s of which are discussed below.



Chapter 3 305

Anti-platelet/thrombotic øctions of statin s

One of the suggested mechanisms behind the observed benefit of statin utilization has been

the direct and indirect effect of statin use on platelet function. As discussed within chapter 1

(section C.10.2), hypercholesterolaemia, and more importantly ox-LDL, augments platelet

activation/aggregation (Carvalho et al., 1974; Davi et al., 1992). Utilizing an annular

perfusion chamber and de-endothelialized abdominal rabbit aortae, Badimon et al (1991),

demonstrated a significantly greater platelet deposition in samples obtained from

hypercholesterolaemic rabbits. With platelets from patients with SAP, platelet thrombus

deposition on strips of porcine aortic media were demonstrated to be significantly higher in

subjects with hypercholesterolaemia compared to normocholesterolemic subjects (Lacoste e/

al., 1995). Following 10 weeks of pravastatin pharmacotherapy within the

hypercholesterolaemic subjects, platelet deposition, along with serum cholesterol

concentrations, were reduced significantly. In a more recent study and with the use of a

tubular perfusion chamber developed by Badimon et al (1987), that assesses the ex vivo

platelet mediated thrombus formation on porcine aortic media, Thompson et al (2002),

demonstrated a significant attenuation in platelet mediated thrombus formation in samples

from subjects that had undergone treatment with either pravastatin or simvastatin (compared

to placebo treatment in which platelet mediated thrombus formation was significantly

potentiated).

Pløque stability

The modification of the contents of an atherosclerotic plaque leading to plaque stabilization

has also been suggested as another potential mechanism by which statins function (Koh,

2000; Waters, 2001; Waters and Hsue, 2001). In a comprehensive histochemical

investigation, Crisby et al (2001), demonstrated that the atherosclerotic lesions in subjects

treated with pravastatin (a0mg/d) compared to no statin pharmacotherapy, contained

significantly less lipid and oxidized LDL, fewer macrophages and T-lymphocytes, less matrix

metalloproteinase 2 (l|l4il'4P-z) immunoreactivity, greater tissue inhibitor of metalloproteinase

1 (TIMP-l) immunoreactivity and a higher collagen content, results that agree with the

observations of others (Bellosta et al., 1998; Fukumoto et al,, 2001; Kurata et al., 2001;

Shiomi et a1.,2001).
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Statin use ønd endotheliøl dysfunction

As discussed within section C.6.L2 of chapter l, statin use in subjects with

hypercholesterolaemia and/or multiple coronary risk factors in most, but not all studies, show

an improvement in endothelial function (Anderson et al., 1995a; Egashira et al., 1994;

O'Driscoll et al., 1997b; Treasure et a1.,1995). The mechanism/s of this effect of statin use

on endothelial function remains unresolved, but may include reductions in the direct and

indirect effects of superoxide and/or ROS, along with stimulation of nitric oxide production

(see below).

Reøctíve oxygen species

In cultured vascular smooth muscle cells and in spontaneously h¡'pertensive rats the influence

of atorvastatin on the generation of ROS and the expression of the NAD(P)H oxidase sub-

units was recently examined (Wassmann et al., 2002). In vitro, atorvastatin significantly

reduced ROS production, down-regulated nox-l expression and racl GTPase translocation

required for NAD(P)H oxidase activation. In vivo, in spontaneously hypertensive rats,

treatment with atorvastatin reduced the vascular mRNA expression of p22Pho', nox-l and

catalase. Expression of SOD, gluthathione peroxidase, gpglpho', p4thor, p47pno' and p67nho'

remained unchanged ('Wassmann et al., 2002), suggesting that the vasoprotective effects of

statins are related to their cellular anti-oxidant properties.

Nitric oxide stímulation

Laufs et al (1998), utilizing human saphenous vein endothelial cells treated with ox-LDL,

demonstrated a significant decrease in eNOS mRNA expression and protein formation post

ox-LDL exposure. Both simvastatin and lovastatin upregulated eNOS mRNA expression by

>3-fold and completely prevented its down-regulation by ox-LDL. Utilizing an experimental

protocol similar to the one outlined above, 'Wassmann et al (2001) demonstrated in

spontaneously hypertensive rats, that 30 days of treatment with atorvastatin caused a

significant reduction in systolic blood pressure, an upregulation of vascular eNOS expression

and activity and a reduction of vascular ROS, an observation that concurs with the results of

others (Amin-Hanj ani et a1.,2001; Laufs et a|.,2000; Mital et a|.,2000; Mueck et a1.,2001).
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Reduction of inflammatìon øt the sítes of an atherosclerotic lesion

Described within section C.7 of chapter 1 and as reviewed by a number of authors,

inflammation plays a pivotal role in not only atherosclerotic lesion initiation/development,

but also in lesion rupture (Berliner et al., 1995; Libby et a1.,2002; Maseri, 1997;Plutzky,

200I; Ross, 1999; Schonbeck and Libby, 2001). Throughout the literature there is

considerable evidence demonstrating an increased cardiovascular risk associated with

increased basal levels of cytokines, adhesion molecules and acute-phase inflammatory

markers that include C-reactive protein or serum amyloid A (Danesh et a1.,2000; Haverkate

et a1.,1997; Hwang et a1.,1997; Koenig et al.,1999; Ridker et al.,200la; Ridker et a1.,1998;

Ridker et a1.,2000a; Ridker et a1.,2000b). Data from the Cholesterol and Recurrent Events

(CARE) trial demonstrated a significant increase in median CRP levels over the 5 year follow

up period in subjects randomized to placebo, directly contrasting to the pravastatin cohort in

which a significant reduction in CRP was observed (Ridker et a1.,1999). Following on from

this initial retrospective observation, a number of other investigators have now prospectively

demonstrated a reduction in CRP due to statin utilization (Albert et a1.,2001; Ridker et al.,

2001b)

t3.T Limitations oÍthe Study

Despite the observed correlation between the level of extent of fixed CAD and platelet

responsiveness to SNP, the Canadian Cardiovascular Society Classification class of angina

within the population of SAP patients enrolled within this study did not correlate with platelet

responsiveness to SNP. Given that the majority of subjects that were enrolled within this

study were moderately or severely symptomatic, the recruitment of SAP patients with a

Canadian Cardiovascular Society class of angina score of zeÍo or one, would have been

largely fortuitous. Therefore, the comparison between the Canadian Cardiovascular Society

class of angina and platelet responsiveness to SNP was largely under-powered to demonstrate

a relationship between ischaemia and platelet responsiveness to nitric oxide. Further to this

and for the same reasons as outlined above, the lack of recruited patients with either zero or

five coronary risk factors, made the comparison between the number of risk factors and

platelet responsiveness to SNP and NTG under-powered. Given that impetus for both of these

comparisons stemmed from the univariate and multivanate findings, future experiments

addressing these particular questions might be useful.
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Other forms of pharmacotherapy, which might modulate platelet responsiveness to nitric

oxide, have not been fully explored. For example, ACE inhibitors may inhibit expression of a

number of components of the NAD(P)H oxidase enzyme system in phagocytes and the

endothelium, and thus may potentate nitric oxide responses. Our failure to observe this in a

non-randomized non-standardized study design does not exclude the potential existence of

such an interaction.

Recent investigations emphasized the likelihood that inflammatory changes within the

vasculature underlie plaque destabilization (Buffon et a1.,2002). Furthermore, elevation of

CRP protein levels may contribute directly to endothelial dysfunction. In retrospect, it is

regrettable that within the current study no routine measures of CRP levels were made, as this

would have permitted evaluation of a possible relationship between inflammation and platelet

dysfunction.

As ADP-induced whole blood platelet aggregation was utilized as the model for the

assessment of platelet responsiveness to nitric oxide, subjects treated with either GPIIb/IIIa or

ADP receptor antagonists could not be assessed within this investigation.

Finally, it must be mentioned that the finding that the impact of aspirin pharmacotherapy on

ADP responses appears to be diminished in females, a potentially very important observation,

was not pursued in this series of experiments. The failure to evaluate this further results from

the incidental nature of the observation: it remains of great priority to test this issue in a

prospective design.

t3.81 Conclusions

The results of the current study further emphasize the importance of variable platelet

responsiveness to nitric oxide in patients with angina pectoris. It appears that platelet

resistance to the anti-aggregatory effects of nitric oxide is a characteristic of patients with

severe SAP or an ACS and is therefore likely to contribute to the poor responsiveness to

organic nitrates and hence the adverse clinical course of ischaemia observed in these subjects.

Moreover, attenuated platelet responsiveness to nitric oxide may also contribute to platelet

hyper-aggregability in patients with angina pectoris. Herein a diagnosis of ACS was found to

be a significant determinant of reduced platelet responsiveness to SNP. Given that platelets
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from patients with ACS have a markedly reduced degree of nitric oxide synthesis/release

during aggregation that serves as a predictor of an adverse outcome (Freedman et al., 1998),

then further elucidation of the mechanisms behind nitric oxide resistance and development of

therapeutic measures for this anomaly is critical.

The finding in the current study that pharmacotherapy with perhexiline and with statins was

associated with a lower incidence of an attenuated platelet resistance to nitric oxide, provides

additional impetus towards investigations of both of these agents in the prophylaxis and

treatment of chronic and acute ischaemic syndromes.

t3.91 Chapter Summary

The results of the current study highlight further the importance of impaired platelet

responsiveness to nitric oxide in subjects with both chronic and acute ischaemic syndromes.

Platelets from patients with SAP and ACS exhibit increased platelet aggregability and

significantly decreased platelet responsiveness to both SNP and NTG. The extent of this

reduction in platelet responsiveness to nitric oxide was not correlated with any risk factors for

CAD or age, but rather was partly related to ischaemia within the SAP cohort but also may be

related to the mechanism of ACS (plaque rupture) with reduced platelet responsiveness to

nitric oxide being particularly prominent in ACS patients. For patients in general, the reduced

responsiveness to the anti-aggregatory effects of nitric oxide may also be in part a function of

platelet aggregability further suggesting a close interplay between these two phenomena.

By both univariate and multivanate analyses, the current study at the very least established

that pharmacotherapy with statins and with perhexiline are associated with a lower incidence

of platelet resistance to nitric oxide. An examination of the mechanism/s behind perhexiline

and statins action in attenuating nitric oxide resistance falls outside the current scope of this

thesis. However, the influence of organic nitrate pharmacotherapy (commonly utilized to

alleviate symptoms of myocardial ischaemia) on ex vivo platelet responsiveness towards

NTG and SNP was assessed in subjects with mild to moderate SAP (Chapter 4).



Chapter 3 310

Results from experiments within this chapter have contributed to a manuscript and a number

of abstracts that were presented in a series of national and international meetings.

Chirkov Y.Y., A.S. Holmes, S.R. Willoughby, S. Stewart, R.D. 'Wuttke, P.R. Sage and

J.D. Horowitz, 2001, Stable angina and acute coronary syndromes are associated with

nitric oxide resistance in platelets, Journal of the American College of Cardiology, 1851-

7.
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J.D. Horowitz, Determinants of platelet responsiveness to nitric oxide donors in the

presence and absence of ischaemic heart disease. 47th Annual Scientific Meeting of the

Australian and New Zealand Cardiac Society, Wellington,1999.
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presence and absence of ischaemic heart disease. XXI't Congress of the European Society

of Cardiology, Barcelona, 1999.
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Chapter Overvlew

This chapter addresses the interaction between acute and chronic nitrate pharmacotherapy on

platelet aggregation and platelet responsiveness to SNP and NTG, in patients with SAP.

Furthermore, this chapter will address the effect of acute and chronic nitrate therapy on the

haemodynamic changes that result from its use and the interrelationship between the above

mentioned platelet parameters. Within this context the chapters' pu{pose, results and

conclusions are summarized below.

[4.1J Summary of the study evøluating the antí-aggregatory ønd arterial vasomotor effects

of prop hylactic n itr øte p h ørm ac oth erapy

Background: Organic nitrates and nitric oxide exert potent anti-aggregatory effects in vivo,

effects that have also been demonstrated ex vivo, generally via the utllization of high dose

nitrate regimens.

Objectivesi (1) To examine the ex vivo anti-aggregatory effects, effects on platelet

responsiveness to nitric oxide donors and the effects on platelet aggregability utilizing SR

isosorbide 5-mono-nitrate and transdermal-nitroglycerine during both acute and chronic

pharmacotherapy, in patients with SAP. (2) To correlate the nitrate effects on platelet

function and arterial wave reflection.

Methods: Patients with chronic SAP (n : 3a) were effolled in a blinded randomized

crossover study of isosorbide 5-mononitrate (ISMN: l20mg) versus intermittent transdermal-

NTG (TD-NTG: l5mgl24-hrs). Platelet response to ADP (lpM), inhibition of aggregation by

both NTG (100¡rM) and SNP (1OpM) and whole blood superoxide content, as detected using

LDCL, were measured at 0, 4,8 and 24-hrs at the end of the "run in" phase (no prophylactic

nitrate pharmacotherapy), after initial dosing for 7 days and following 14 days of therapy

with each nitrate (0,4,8-hrs only). The effects of each nitrate regimen on pulse wave

reflection were also assessed in 12 of the 34 subjects using applanation tonometry techniques,

with derivation of arate-corrected augmentation index AI(x).

Results: Neither ISMN nor TD-NTG was shown to induce any significant changes in platelet

response to ADP (lpM), NTG (100¡rM) or SNP (10pM), or in the levels of superoxide
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during any time period. Furthermore, there was no evidence of platelet hyper-aggregability

during the "nitrate-free" periods. Conversely, both nitrate preparations were demonstrated to

markedly reduce AI(x) at 4 and 8-hrs after acute dosing (ANOVA F : 29.2, p < 0.01).

Persistence of effects during chronic nitrate therapy was also observed (ANOVA F : 5.9, p <

0.01), but with evidence of an attenuation of effectiveness (ANOVA F : 5.6, p : 0.018),

implying tolerance development at the vascular level. There was no significant difference

between the nitrate regimens regarding either initial extent of change in AI(x) or extent of

attenuation of response.

Conclusions: (1) Neither nitrate regimen induces aîy detectable change in platelet

aggregation as assessed by the current ex yivo technology used herein. This probably reflects

a lack of sensitivity of this technology, rather than a lack of actual effects of each nitrate in

vivo. (2) Neither nitrate regimen alters ADP-induced aggregation, or platelet responsiveness

to nitric oxide, during chronic therapy or during nitrate-free periods. This provides evidence

for safety of both regimens as regards potential precipitation of ACSs, and argues against

"feed-back inhibition" of the nitric oxidelgtanylate cyclase cascade by administered nitric

oxide donors. (3) Both nitrate regimens induce similar extents of long-acting deceleration of

wave reflection, a process which is subject to attenuation during chronic administration, but

which does not exhibit the"zero-hour" phenomenon.

313
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Table 4.1 Abbreviations used in this chapter

Prophylactic nitrate pharmacotherapy: Evaluation of the anti-

aggregatory and artetial vasomotor effects

t4.21 Introduction

[4.2.1] Biologicøl effects of organic nitrates

Vas o diløt atio n -p er ip h er al øn d c o ton øry

The clinical effectiveness of organic nitrates in the management of patients with angina

pectoris and/or acute and chronic heart failure has long been established (reviewed by

(Darius, 1999; Horowitz, 2000)) and has often been primarily attributed, at least in the

context of SAP (Bassenge and Stewart, 1986), to their vasodilator properties on the

peripheral veins and arteries. Vasodilatation of the peripheral veins and arteries results in a

reduction in ventricular preload and afterload causing a reduction in cardiac work and

myocardial oxygen demand, thereby alleviating myocardial ischaemia (Abrams, 1995).

LDCL Lucigenin derived
chemiluminescence

Angiotensin converting
enzyme

ACE

Myocardial iffirctionMIAdenos ine di-phosphateADP

NIDDM Non-insulin dependent
diahetes mellitus

Augmentation indexAI(x)

NitroglycerineAnalysis of covarianceA}[COVA

PVD Peripheral vasculor
disease

Analysis of varianceANOVA

Stable angina pectorisBeats per minuteBPM
SD Standard devicttionChr onic c ardiac failureCCF

Standard error ofthe
mean

Cyclic guanosine mono-
phosphate

cGMP

SNP Sodium nitroprussideHoursHrs

SR-ISMN Slow /sus tainecl r el eus e

is os orbicle mono-nitrale
Insulin dependent
diabetes mellitus

IDDM

Trctnsdermal
nitroglycerine

[sosorbide dinitrateISDN

UAP Unstable angina pectorisIs os orbide mono -nitr at eISMN
Kolmogorov-SmirnovKS

Abbreviation DeJinition Abbreviation Dejinítían
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Within the coronary vascular bed, NTG causes coronary vasodilatation mainly of large and

intermediate sized vessels (>100¡r in diameter), but with little effect on vessels < 100p in

diameter (Sellke et al., 1990). Organic nitrates cause vasodilatation of coronary stenoses

although to a lesser extent than native vessels, further contributing to the anti-ischaemic

properties of these agents (Brown et a1.,1981; Gage et al., 1986; Rafflenbeul and Lichtlen,

1983; Sievert et a1.,1989). Nitrates also dilate collateral vessels (Abrams, 1992; Ohno et al.,

1991), and exhibit increased vasodilator responsiveness in subendocardial versus epicardial

vessels (Gross et al., 1985), thus reducing the probability of diverting coronary flow from

ischaemic areas (i.e. inducing coronary "steal"). Moreover, NTG reverses myocardial

"hibernation" (Jugdutt et al., 1997), thus increasing myocardial work and oxygen demand.

Finally, the arterial vasomotor effects of organic nitrates were also originally thought to be

clinically trivial. However, recent studies have shown that relatively low doses of NTG

reduced arterialwave reflection, and hence left ventricular afterload (O'Rourke et a|.,2001).

Anti-aggregatory

In addition to their vasodilator effects, the inhibitory function of organic nitrates on platelet

activationJaggregation may also contribute to the anti-ischaemic efficacy of these agents. To

date a number of investigators have demonstrated that organic nitrates exeft potent anti-

aggregatory effects. Inhibition of platelet adhesion/aggregation has been demonstrated in

vitro (Schafer et a\.,1980), in vivo in a number of animal models (Hebert et a1.,1997 Lam et

a|.,1988) and ex vivo in man (Chirkov et al.,1993; Diodati et al.,1990; Lacoste et al.,1994),

utilizing intravenous, sublingual and TD-NTG, ISMN and ISDN (Bút et al., 1995; Chirkov

et a|.,1993; De Caterina et a|.,1988; Diodati et a|.,1990; Drummer et a|.,1991; Ivanova et

al., 1993; Lacoste et al., 1994; Sinzinger et al., 1992; Yoshimoto et al., 1999).

Despite evidence of significant anti-aggregatory effects, some studies have demonstrated no

significant anti-aggregatory effects in humans, despite the administration of

haemodynamically effective doses of nitrates (Muikku et al., 1995; Wallen et al., 1994).

Further to this, the available data on the anti-aggregatory effects of nitrates are limited

regarding direct comparisons between the extents of the antí-aggregatory effects for various

nitrate preparations. Furthermore, there is little information as to whether the anti-

aggregatory effects of long-acting nitrate preparations are maintained during chronic
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administration. That is, whether they are subject to the phenomenon of nitrate tolerance or a

"rebound" in platelet aggregability upon nitrate withdrawal.

As outlined in sections D.2-D.4 of chapter 1, there are several potential mechanisms whereby

haemodynamic and clinical responses to nitrates during chronic therapy may be less marked

than initial responses ("nitrate tolerance/pseudotolerance"). This phenomenon has led to

abandonment of continuous nitrate administration as a therapeutic modality in SAP.

However, many studies have revealed residual clinical efficacy during chronic therapy of

regimens designed to include a"nitrate-free period" (section D.4.1.1 of chapter 1).

[4.2.2] Chronic antí-anginøl pharmacotherøpy with organic nitrøtes

Clinical efficacy in stable angina

Within subjects with SAP, an intermittent application of TD-NTG is capable of improving

exercise tolerance (DeMots and Glasser, 1989; Parker et al., 1995). Chrysant et al (1993),

examining the efficacy of sustained release-ISMN in a large cohort of SAP patients

demonstrated a significant increase in mean total exercise time of approximately 30 to 50

seconds, 4 and 12-hrs post drug administration, an effect that was sustained over 42 days for

the higher ISMN investigated (120 and240mg).

Evidence regarding the therapeutíc efficacy of ISMN ønd TD-NTG (intermittent use) as

pr op hyl actíc anti-øng in al ag ent s

ISMN

As described above, Chrysant et al (1993) demonstrated a signif,rcant increase in the mean

total exercise time to angina compared to placebo at 4 and 12-hrs following drug

administration during chronic therapy. The benefits in prolonging exercise time with either

l20mg or 24\mglday chronic dosing regimens were continued with the development of only

limited nitrate tolerance. Furthermore, the higher daily doses of SR-ISMN (120mg and

24}mglday) were found to be superior to the lower doses (30mg or 60mg/day) regarding an

increase in treadmill walking time to moderate angina (Chrysant et al., 1993). Wisenberg er

al (1989), utilizing a lower ISMN dosing regimen (60mg/day) also demonstrated a

prolongation in exercise time, an effect that was sustained following chronic exposure

without significant tolerance induction.
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TD-NTG

Soon after the introduction of TD-NTG for the prophylactic management of angina pectoris,

a number of investigators demonstrated a rapid and significant loss of efficacy during

continuous use (Parker and Fung, 1984; Reichek et al., 1984), despite increases in dosing

regimens (Steering Committee, Transdermal Nitroglycerine Cooperative Study, 1991).

Overcoming tolerance development by suggesting an intermittent dosing regimen (12-hr

nitrate-free period) Cowan et al (1987), demonstrated a significant ST-segment reduction at

maximum workload with the TD-NTG used in an intermittent fashion compared to

continuous use. In a more comprehensive examination of the efficacy of intermittent TD-

NTG use, deMotts and Glasser (1989) demonstrated that following chronic administration (2

to 4 weeks), treadmill walking time to an anginal episode was significantly prolonged with

the use of 15 or 20mgl24-hrs (12-hr application) rather than 5 or llmgl24-hrs ISMN or

placebo.

V/ithin the aforementioned studies, higher doses of ISMN (e.g. 240mg124-IÍs) and TD-NTG

(e.g.20mgl24-hrs (12-hr application)) were both associated with a higher incidence of nitrate

related side effects, without any detectable improvement in efficacy beyond that of the mid

range doses of ISMN (l20mgl24-hrs) and TD-NTG (l5mgl24-Iirs (12-hr application))

(DeMots and Glasser, 1989; Parker et a|.,1995). The latter "medium" doses of nitrates were

therefore used within the current study.

Evíden ce for anti-øggregatory effe cts

Despite initial investigations suggestinglhat the concentrations of organic nitrates required to

produce a clinically significant anti-aggregatory effect were well beyond pharmacologically

achievable concentrations in vivo (Loscalzo, 1985; Mehta and Mehta, 1980), studies have

now demonstrated that organic nitrates indeed produce significant anti-platelet effects at

therapeutically achievable doses (Diodati et al., 1990; Karlberg et al., 1992). However, much

of the evidence for signific ant ex vivo anti-platelet effects of organic nitrates has been derived

only from acute studies.

De Caterina et al (1984), whilst studying the effects of intravenous infusion of ISDN (1,25

I25pglml for 10 minutes) in a cohort of SAP patients (n : 11), reported a significant decrease

in ADP and adrenaline-induced platelet aggregation. Similarly 'Wolfram et al (1996),
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demonstrated potent anti-aggregatory effects of TD-NTG and ISDN following exposure for

90 and 150 minutes.

At a more chronic level of exposure Hebert et al (1997), demonstrated that the amount of

platelet deposition on porcine aortic media following 48-hrs of TD-NTG pharmacotherapy

(0.8mg/h) remained significantly inhibited despite the induction of haemodynamic tolerance.

Utilizing NTG in a dosing regimen known to induce haemodynamic tolerance in rats

(l0¡rg/min for 8-hrs) Booth et al (1996), demonstrated a prolongation in bleeding time

implying the anti-aggregatory effects of NTG are not diminished during nitrate tolerance

induction at a vascular level.

t4.2.31 Pulse wave analysís ønd the vasomotor efficts of organíc nítrøtes

As summarized in section B.2 of chapter l, established methods for assessment of

"endothelial function" rely on measuring endothelium-dependent (acetylcholine, reactive

hyperemia) and endothelium-independent responses (NTG, SNP), of vessels in vivo.

Analysis of the aortic pressure waveform allows the assessment of the systolic pressure

augmentation that results from a reflection of pressure from the periphery of the circulation to

the aortic root (Asmar, 1999). The magnitude of this reflection can be quantified as an AI(x),

which is defined as the increment expressed as a percentage, in pressure from the first

systolic shoulder to the peak pressure of the aortic pressure waveform (Kelly et a1.,1989), the

magnitude of which at least in part is determined by the pulse wave velocity (Kelly et al.,

2001). Given the pulse wave velocity is inversely related to arterial distensibility (Bramwell

and Hill, 1922), the AI(x) has been proposed as a means of quantifying aortic distensibility or

"arterial stiffness" (O'Rourke and Mancia,7999; Wilkinson et a|.,1998a).

A reduction in aortic distensibility as measured by changes in AI(x), occurs with increasing

age (CameÍoî et a1.,7998; Murgo et a1.,1980), in patients with CAD (Cameron et a1.,1996;

Dart et al., l99I; Gatzka et a|.,1998; H:irai et a|.,1989; Safar, 1999; Stefanadis et a|.,1990)

and can be reduced by exercise training (Cameron and Dart, 1994). Pulse wave analysis has

also been a useful tool in the management/diagnosis of predominately systolic hypertension

and heart failure, but not as a diagnostic tool for atherosclerosis or severity of diabetes

(O'Rourke et al., 2001; Safar, 2000).
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Recently Wilkinson et al (2002), in a comprehensive study examining the usefulness of radial

artery pulse wave analysis as a means of assessing vasomotor endothelial function,

demonstrated a marked reduction in the AI(x) with albuterol or NTG (sublingual 500pg)

administration in a cohort of NVs. It was postulated, but not demonstrated, that the effects of

albuterol were mainly endothelium-dependent. Importantly, a significant linear relationship

was demonstrated between the extent of vascular responsiveness to albuterol (as measured by

applanation tonometry) and the change in forearm blood flow during acetylcholine infusion

(as measured by venous occlusion plethysmography of the brachial arhery), suggesting that

pulse-wave analysis provides a non-invasive means of assessing endothelial function in vivo

(Wilkinson et al., 2002).

t4.2.41 "Rebound" and the "zero hour" phenomenon

NTG and other organic nitrates are effective anti-anginal agents, but their clinical

effectiveness is potentially limited both by the development of tolerance (Abrams, 1986;

Thadani et a1.,1936) and of the "rebound" phenomenon upon nitrate withdrawal (Fenatini er

al., 1989; Figueras et al., l99l; Frishman, 1992). A number of studies have demonstrated that

intermittent nitrate pharmacotherapy is superior to continuous therapy at limiting tolerance

development (Cowan et al., 1987). However, intermittent therapy may be associated with

"rebound" myocardial ischaemia during the nitrate free period, usually manifesting as an

increase in angina at rest or even MI (Fenatini et a1.,1989; Lange et al.,1972; Waters et al.,

198e).

Similar to the phenomenon of "rebound", myocardial ischaemia during a nitrate free period is

the phenomenon of a decreased exercise capacity prior to nitrate administration, compared to

subjects treated with placebo (Parker and Parker, 1998). Known as the "zero-hour"

phenomenon, it was originally described in a study on SAP patients, in which the exercise

capacity of subjects just prior to TD-NTG application failed to increase (DeMots and Glasser,

1939). This result contrasts to the placebo treatment arm where the time spent walking on a

treadmill was significantly increased just prior to placebo administration (DeMots and

Glasser, 1989). Despite not demonstrating nitrate tolerance or "rebound" myocardial

ischaemia during a l0-12-hr nitrate free period, SAP patients treated with TD-NTG

demonstrated a reduced exercise capacity (treadmill walling time) prior to nitrate application,

compared to control (Parker et al., 1995). It has been postulated that this phenomenon and
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that of "rebound" are representative of pseudotolerance: increased vasoconstrictor tone

mediated by increased secretion of endothelin-1, catecholamines and angiotensin II, which is

normally algebraically opposed by nitric oxide, but which may persist briefly after nitric

oxide donors are withdrawn. Perhaps the most spectacular examples of this phenomenon

have been documented in association with munitions industry exposure to NTG (Ebright,

r9r4).

In contrast to the results observed with the use of NTG or TD-NTG, clear cut "rebound" in

myocardial ischaemia has not been demonstrated with the use of ISMN (Chrysant et al.,

1993; Cleophas et a1.,200Q; Olsson et a1.,1992; Parker, 1993; Thadani et al.,1994).

[4.2.5] Summary

In the current study; (a) the ex vivo anti-aggregatory effects of SR isosorbide 5-mono-nitrate

and TD-NTG during both acute and chronic pharmacotherapy in blood samples from patients

with SAP (b) effects on platelet responsiveness to nitric oxide donors (c) effects on platelet

aggregation (d) and the relationship of the nitrate effects on platelet function and arterial

wave reflection, were examined.

t4.31 Cuwent study hypothesis

This study was designed to test the following hypotheses in a cohort of mild to moderate SAP

patients.

Primary:

o That S/R isosorbide-S mono-nitrate and intermittent transdermal-NTG (120mg and

l5mg/24hours respectively) Itave identical fficts in inhibiting ex vivo platelet

aggregation both acutely and chronically in patients with SAP.

Secondary:

o That neither nitrate preparation afficts platelet aggregation response to ADP, nor

platelet responsiveness to nitric oxide, as measured utilizing the "direct" nitric oxide

donor, sodium nitroprusside.
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That the effects of ISMN and TD-NTG on arterial wave reflection, as measured by

cltanges in augmentation index, are identical over a 24-hr dosing period.

That individual platelet and vasomotor responsiveness to organic nitrates are coruelated

acutely and chronically

That the "zero-hour" phenomenon does not vary signfficantly between ISMN and TD-

NTG.

That whole blood superoxide generation does not vary during chronic therapy with either

ISMN or TD-NTG.

a

a

a

a

t4.41 Methods

[4.4.1] Subjects

Studies were performed in 34 patients with mild to moderate SAP (Canadian cardiovascular

class II-[I), (n : 34: 19 males and 15 females aged 52 to 80; mean + S.D. 67 .8 + 7.5), with

severity on assessment unlikely to preclude 1 week without prophylactic nitrate

pharmacotherapy and a worsening of anginal symptoms to Canadian cardiovascular class IV

(Clinical determinants are summ arized in T able 4.2).

For all patients a background medication profile was recorded at the time of recruitment with

the clinical characteristics of the study cohort being displayed in Table 4.3. No patient

received an ADP or glycoprotein IIb/IIIa receptor antagonist at any time throughout the

study. The study ,was approved by the North Westem Adelaide Health Service Ethics of

Human Research Committee, with informed consent being obtained prior to study entry.

[4.4.2] Patient exclusion criteria

Clinicøl pørameters

Patients were excluded from the trial if they had previously not tolerated long-acting nitrates.

Patients being treated with sulftrydryl-containing agents such as captopril, gold salts,

penicillamine, were also excluded. Patients that had an acute MI within the 3 months prior to

study involvement were also excluded. Current participation in any other study involving
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investigational pharmacotherapy and a known bleeding diathesis were also grounds for trial

exclusion.

Exp erim e ntal p ør am et er s

During the "no nitrate" assessment phase of the trial, an aggregation response of < 3.0 ohms

with ADP (1.5pM) was also grounds for trial exclusion as the responsiveness to the anti-

aggregatory effects of nitric oxide donors would be difficult to quantitate.

Criteria for withdrøwal from the triøl

During trial involvement a number of criteria were set out for possible withdrawal from the

investigation. These criteria included an intolerance of the trial medication, a requirement for

intravenous nitrate infusion or addition of agents with known anti-platelet effects (ADP and

GPIIb/IIIa receptor antagonists) and also a cardiac emergency requiring adjustment of nitrate

dose.

[4. 4. 3] Nitrate pharmøcotherapy protocol

Run-in phase

The trial structure is summarizedín Figure 4.2. Seven days prior to the initial active treatment

phase patients enrolled within the study stopped all prophylactic nitrate use but were allowed

to continue using all other non-nitrate prophylactic anti-anginal medication. A diary

documenting angina episodes and NTG use was also kept. On day 7 of the trial, patients were

admitted for the initial "no nitrate" phase (approximately 0750-hrs). Blood samples for

assessment of platelet function were then obtained throughout the day. Having met all

minimal platelet aggregability criteria (see above), patients progressed to the active treatment

phases of the trial.

Active treatment phases

Following the initial "no nitrate" assessment phase, patients were randomized to receive

either TD-NTG 7.5mg124-hrs for the l't week (acute phase) and then l5mgl24-brs for the 2nd

and 3'd weeks (12-hr application) of the trial (chronic phase), or SR isosorbide mono-nitrate

60mgs mane for the l't week followed by 120mg mane for the 2"d and.3'd weeks. At the end

of each chronic phase, patients crossed over to receive the other nitrate preparation.
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Pøtient assessment periods

Each patient at the end of the acute phases of the trial was assessed following a 24-fu nitrate

free period (day 15 and day 36). Following blood sampling at O-hrs (0800-hrs) each patient

received the first high dose nitrate preparation. If well tolerated, this therapeutic regimen was

then continued for 2 weeks, whereupon each subject returned for further assessment on the

final day of the chronic phase of each nitrate preparation (day 28 and day 49). Diaries

documenting anginal episodes and additional nitrate use were also kept. For a flow diagram

depicting the phases of the trial with assessment periods see Figure 4.2.

[4.4.4] Blood sømpling

All blood samples were obtained from the peripheral venous system following 10 minutes of

physical inactivity. Blood samples were taken prior to administration of the trial medication

(g-hrs) and were repeated 4, 8 and 24-hrs (acute phase only) which coresponded to

approximately 0800, 1200,1600 and 0800-hrs.

As displayed within the Figure 4.2, blood samples were taken at the end of the nitrate free

"run in" phase, corresponding to day 7, at the commencement of the maximally tolerated trial

treatment with a nitrate free period of 24-hrs prior to evaluation (day 15 drug #1, day 36 drug

#2), and during the final day of the active treatment (day 28 drug #1, day 49 drug#2).

[4.4. 5] Investigøtíons

All platelet aggregation and whole blood superoxide estimations were performed by

laboratory personal blinded to the active treatment phases.

Aggregability

Platelet aggregation studies in whole blood samples from the trial patients were examined

utilizing a dual-channel impedance aggregometer (Model 560, Chrono-Log, Haverstown, PA,

USA). Platelet aggregation studies were performed according to the method described in

section 2.33 of chapter 2, with platelet aggregation being induced with ADP (1-1,5¡rM).
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Superoxide

'Whole blood superoxide was detected by LDCL and quantified using the method outlined in

section 2 of chapter 2. Initially, a high concentration of lucigenin (125pM) was used to

estimate superoxide generation in the whole blood samples prior to aggregation (baseline

LDCL) and aggregation-associated LDCL (n : 10). However, as described previously,

doubts were raised over the suitability of high lucigenin concentrations for the detection of

superoxide (Liochev and Fridovich, 1998; Skatchkov et al., 1999; Vasquez-Vivar et al.,

1997). Therefore, in 16 subjects, whole blood superoxide was monitored using 12.5¡rM

lucigenin. Throughout the current chapter baseline LDCL is denoted "pre-aggregation

LDCL" in order to minimize confusion with the "baseline" (no-nitrate) phase of the study.

[4. 4. 6] IIøemodyn amic s

All haemodynamic variables were performed and recorded by a technician blinded to the

platelet and luminescent results. Subjects (n : 12) were studied in a quiet, temperature

controlled room at aII time points throughout the trial. Radial artery waveforms were

recorded using a Millar micromanometer tipped pressure transducer (Millar SPT 3018,

Millar instruments) coupled to a Sphygmocor pulse wave velocity system (Model SCOR-Vx;

PWV Medical) from the wrist of the dominant arm. A series of radial artery pressure waves

were recorded over a period of eight seconds. A central waveform was generated using a

convolutional algorithm and generalized transfer function as previously described

(Karamanogltt et al., 1993; O'Rourke et a1.,2001; Wilkinson et al., 1998b). From the

generated central waveform, an AI(x) corrected for a heart rate of 75bpm was calculated as

the difference between the second and first systolic peaks (V/ilkinson et a1.,2002). Systolic

blood pressure was recorded in duplicate in the dominant arm using an automatic digital

blood pressure monitor (HEM-705CP; Omron, Japan). A computerized reporl on an analysis

of a radial artery and the synthesized aortic pressure wave is depicted in Figure 4.1.
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Figure 4.1 A representatìve sphygmocardiogram

A sphygmocardiogram obtained from a male patient during the "no nilrates" period of the trial. An average radial arlery
pressure wave (lower left panel) is used to generate an ascending aortic pressure wave (lower right panel), lhrough the use

of a convolutional algorithm and a generalized transfer function'
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[4.4.7] Chemicals

Chemicals ulllízedwithin this study are described in section2.3.3 of chapter 2

[4.4.8] Støtistical Anølysis

Differences between proportions of subjects with particular risk factors or medications were

examined using Fishers exact test. Differences between proportions across treatment phases

was examined using Friedman's ANOVA for matched non-parametric data followed by

Wilcoxon matched paired signed rank test. Gaussian distributions of data were determined by

the Kolmogorov-Smirnov test. Homogeneity of variance was assessed using Bartlett's or

Levene's F-test. Differences between standard deviations were examined by Bartlett's test.

Log transformations were performed on data that failed ANOVA assumptions. Comparisons

between variables were made utilizing ANOVA (repeated measures where appropriate)

followed by Bonferroni's post hoc multiple comparison test. Significance of correlation was

examined by regression analysis with linearity determined by a run test. Comparisons

between regression curves were made by ANCOVA. Statistical analysis was performed using

the computer programs outlined in section 2.3.3.6 of chapter 2. Statistically significant

differences were limited to p < 0.01 unless otherwise indicated. Results are expressed as

mean + S.E.M unless otherwise stated.
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Study enrolment
Cessation of prophylactic nitratc therapy

Continuation of all other anti-anginal medication

Drug#2
SR Isosorbide 5-mono-nitrate 60mgs

I week

Drug #l
Transdermal NTG 7. 5mg/24hrs

1 week

Drug#2
SR Isosorbide 5-mono-nitrate 120mgs

2nd -3rd weeks

Drug #1

Transdermal NTG I 5mg/24hrs
2nd-3rd weeks

Randomization

Crossover

Day 7 No nitrate sampling period
0,4,8,24t'rs

Day 15, 36 Acute sampling period
0,4,8,24hrs

Day 28,49 Chronic sampling period
0,4,8 hrs

Figure 4.2 Schemøtic rcpresentation oÍthe nitrste trestment regimen

Following I week cessation of prophylactic nitrate pharmacotherapy, the cohort of SAP patients underwent randonùzed

crossover trial investigating the platelet anti-aggregatory properties of S/R isosorbide 5'mono-nilrate and intermittenl

transdermal NTG as outlined in the above schema.

t4.51 Results

[4. 5. U Clinical charøcteristics

Thirty-four patients, with mild to moderate SAP completed the 7-week protocol. One subject

voluntarily withdrew from the investigation on personal grounds and in 2 subjects platelet

aggregation \¡/as below 3 ohms (see section 4.4.2; patient exclusion criteria). The clinical

characteristics of those subjects who completed the study are shown inTable 4.2.
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Table 4.2 Clinicøl determinønts of the study cohort

S D : standard deviatiou, MI : myocardial infarclion; UAP : unstable angina pecforis, NIDDM - tton-íttsulin dependent

diabetes ntellitus; IDDM - insulin-dependent diabetes mellitus; PVD - periplteral vascular disease; CCF : congestive

cardiac failure

Medicatiotts

As shown in Table 4.3, most subjects prior to study effolment were receiving a number of

non-nitrate prophylactic anti-anginal medications. All subjects were required to continue all

non-nitrate prophylactic anti-anginal medication, unchanged throughout the duration of the

trial period. Thirly of the thir-ty-four patients were receiving low dose aspirin on a regular

basis.

Table 4.3 Medicatíon profile of the study cohort

t4.5.21 Adverse effects of the nitrate prepørstíons

Both nitrate preparations were well tolerated with no major adverse events during the

investigation period and no acute events requiring hospitalization). Ten subjects experienced

67.8 +7.5
1e (s6)
7 (2t)
12 (3s)
32 (e4)
23 (68)
t6 (47)
18 (53)
14 (4t)
8 (23)
1 (3)
2 (6)
s (1s)
3 (e)

Clinical Determinants n (%o)

30 (88)
23 (68)
13 (38)
20 (se)
7 (2r)
2t (62)

3 (e)

Medìcations n (%)
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mild headaches that were relieved by paracetamol. One subject experienced daily exertional

dyspnea when on either ISMN or TD-NTG throughout both the acute and chronic phases of

the trial.

[4. 5. 2. 1] Anginal frequency

Throughout the trial a number of subjects experienced anginal episodes requiring relief

through the use of either additional NTG spray or sublingual NTG. A depiction of the raw

and median data with the 25th/75th quartile values for angina frequency and additional nitrate

consumption, is shown in Figure 4.3.

Utilizing Friedman's ANOVA for matched non-parametric data there was no significant

difference in angina frequency or additional nitrate consumption across the phases of the trial

("no nitrates"/acute/chronic) for each nitrate preparation examined (ISMN/TD-NTG)

(Friedman ANOVA: Angina frequency ISMN; Chi-square :0.74, p :0.68, TD-NTG; Chi-

square : 0.015, p : 0.99: Nitrate use ISMN; Chi-square : 0.19, p : 0.91, TD-NTG; Chi-

square : 0.37, p : 0.83). Utilizing 'Wilcoxon matched-paired signed-rank test, differences

between treatment with either ISMN/TD-NTG regarding angina frequencylnifrate use was

also found not to be significant (Wilcoxon matched paired signed rank test: Angina

frequency: Acute ISMN vs Acute TD-NTG z: -0.48, p:0.63; Chronic ISMN vs Chronic

TD-NTG z: -0.48, p : 0.68. Nitrate consumption: Acute ISMN vs Acute TD-NTG z: -0.15,

p : 0.87; Chronic ISMN vs Chronic TD-NTG z: -0.35, p: 0.72).
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Figure 4.3 Angina pectorís episodes und additional nítrctte consumption during trial

The frequency of anginal episodes and nitrate consumption used to relieve angina was recorded t,hroughout all phases of the

tr¡oi ("io niiraies"/acute/ihronic). Raw data with box plots and whiskers (median with 25't'/75'h quartiles and range) open

circles ("no nitrates"), closed diamonds (Acute nitrates), open triangles (chronic nitrates) Upper panels. No signiftcanl

dffirence in anginal episodes during all phases of the trialfor bolh ISMN treatmenl (left: Friedman ANOVA, Chi-square :
0.24, p : 0.68) or TD-NTG (right: Friedman ANOVA; Chi-square -- 0.74, p : 0.9) Lower panels' No significant difference

in additional nitrate use during all phase of the trialfor both ISMN (left: Friedman ANOVA; Chi-square : 0 37, p : 0 83)

or TD-NTG (right. Friedman ANOVA; Chi-square : 0.19, p : 0.9).

Baseline Acute Chronic
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[4. 5. 3 ] Pløtelet and lumìnes cent investigations

[4. 5. 3. 1 ] Diurnal vøriøbility

Pløtelet response to ADP

Of all the SAP patients enrolled within this investigation (n : 34), blood samples from 2

patients required the addition of ADP (1.5pM) rather than 1.0pM, in order to reach the

minimum degree of platelet aggregability defined in section 4.4.2 for successful study

participation.

The majority of patients were already undergoing aspirin pharmacotherapy at the time of

enrollment (88%). Platelet response to ADP at the zero hour "no nitrate" collection in those

subjects not treated with aspirin (n : 4) was not significantly different from that in subjects

undergoing aspirin pharmacotherapy (n: 30), and therefore data were pooled.

As well as a variable aspirin intake, gender-related differences within the subject cohort can

potentially complicate the assessment of platelet aggregability (Faraday et al., 1997 Meade

et a\.,1985). Therefore platelet response to ADP was assessed according to gender across the

24-tff period. Firstly, both male and female subject populations were demonstrated to

conform to a Gaussian distribution (Appendix Table 20). Therefore by 2-way repeated

measures ANOVA (Figure 4.4), there was no significant diurnal variability in platelet

response to ADP, despite there being a significant difference between male and female

subjects, with the latter being significantly more aggregable than former (2-way repeated

measures ANOVA; Time F : 0.55, p : 0.65; Gender F : 50.7, p < 0.001, time x gender F :

0.73, p : 0.54l' Bartlett's statistic : 5.29, p : 0.62). Utilizing Bonferroni's post hoc multiple

comparison test and apart from the obvious gender differences that were all highly

significant, there were no significant differences between the time points within the gender

populations regarding platelet aggregation. Interestingly platelet aggregability at the zero

hour time point for both genders were not significant different from each other, whereas they

were at the eight-hr collection point.
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Figure 4.4 Díurnal variøbìlity in pløtelet response to ADP

Variability in platelet response to ADP during the "no nitrate" phase was analyzed according to time and gender. By two-

way repeated nxeasures ANOVA no significant diurnal variability in platelet response to ADP was observed despile an

obvious and significant gender difference in the extent of platelet aggregation. (2-way repeated measures ANOVA, Time F :
0.55, p : 0.65; Gender F : 50.7, p < 0.001, Time x Gender F : 0'73, p = 0.54).
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Diurnal variabilþ in platelet responsiveness to NTG

At the end of the "run in" phase (7 day of a nitrate free period), platelet responsiveness to

NTG (100¡rM) was examined to discern any significant diurnal variability. Given the extent

of whole blood platelet responsiveness to NTG (100¡-rM) was demonstrated to be independent

of gender (section 3.5.3 of chapter 3) data herein were analyzed on the pooled results from

both male and female subjects. Platelet responsiveness to NTG (100pM) for each time point

conformedtoaGaussiandistribution(O-hrsKS:0.08,p:ns;4-hrsKS:0.1,p:ns; 8-hrs

KS : 0.1 1, p : ns; 24-hrs KS : 0.09, p : ns) with homogeneity of variances across the 24-hr

time period (Levene's test: F : I.72, p:0.16). In much the same \May as demonstrated for

platelet response to ADP and as shown in Figure 4.5, no significant diurnal variability in

platelet NTG responsiveness was observed (l-way repeated measures ANOVA; Time, F :

2.23,p:0.088).

4 8 24

Time (hrs)

Figure 4.5 Diurnøl vøriability ín pløtelet responsiveness to NTG

Variability in platelet responsiveness to NTG (l00pM) (expressed as a(% inhibition of ADP-induced aggregation) during the

"no nitrate" collection phase was analyzed across 24-hrs with no significant diurnal variability being observed. (l-way
repeated measures ANOVA; Time, F = 2.23, p : 0.088).
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Diurnal vøríability in platelet responsíveness to SNP

Platelet responsiveness to SNP (10pM) during the initial "no nitrate" examination phase of

the trial was also examined. Platelet responsiveness to SNP (10pM) for each time point

conformed to a Gaussian distribution (0-hrs KS : 0.72, p: ns; 4-hrs KS : 0.1, p : ns; 8-hrs

KS : 0.16, p : ns; 24-brs KS : 0.13, p : ns) with homogeneity of variance across the 24-l'r

time period (Levene's test: F : 0.089, p : 0.96). By l-way repeated measure ANOVA (Time:

F :2.64, p : 0.053) there was a trend towards, diurnal fluctuation in platelet responsiveness

to SNP across the "no nitrate" collection phase of the study. This trend is clearly illustrated in

Figure 4.6 and reflects a significant difference in platelet responsiveness to SNP (10¡rM)

between the 8-hr and24-hr collection time point (Bonferroni's post hoc multiple comparison

test / : 2.7, p < 0.05). However, there was no significant difference between the zero and

eight-hr data, suggesting that this difference may be spurious.

4 24

Time (hrs)

Figure 4.6 Diurnøl variøbility ín pløtelet responsiveness to SNI

Variability in platelet responsiveness lo Sly'P (l1pM) (expressed as a % inhibition of ADP-induced aggregation) during the

"no nitrate" collection phase was analyzed across the 0,4,8 and 24-hr time period with a trend towards, diurnal variability
being observed within the patient cohort (l-way repeated measures ANOVA F : 2.64, p : 0 053)
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Diurnal vøriøbílity in whole blood superoxide

A number of investigators have examined the role of superoxide generation post organic

nitrate administration and have suggested that it plays a significant role in the phenomenon of

nitrate tolerance (Munzel et a1.,1995; Dikalov et a1.,1998; Dikalov et al.,1999). Moreover,

as indicated in section I of Chapter 2, therc may also be a role for superoxide in the

phenomenon of platelet hyper-aggregability and hypo-responsiveness to nitric oxide.

Therefore superoxide was examined in order to determine the influence of both acute and

chronic nitrate pharmacotherapies on superoxide generation in whole blood. As described

with the methods section "baseline LDCL" is denoted as 'þre-aggregation LDCL" for the

current investigation in order to prevent confusion between the luminescence variable and the

"baseline" treatment phase of the trial.

Pre-aggregøtion LDCL

Data obtained from the 16 subjects over the initial "no nitrate" period of the trial for the pre-

aggregation LDCL assumed a Gaussian distribution (0hrs KS :0.12, p : ns; 4hrs KS :0.14,

p: ns; Shrs KS :0.18, p : ns; 24L'rs KS :0.19, p: ns).However, heterogeneity of variance

was observed (Bartlett's statistic : 20.2, p < 0.01) and a log transformation of the data was

performed (Bartlett's statistic post log transformation : 6.9, p : 0.074). By 1-way ANOVA

no significant diumal variability in the pre-aggregation LDCL was found as detected by

12.5¡rM lucigenin (F : 1.75, p : 0.I7). A summary of the pre-aggregation LDCL is

illustrated in the left panel of Figure 4.7.

Ag gr e g atio n -as s o ciat ed LD C L

Aggregation-associated LDCL (12.5¡rM lucigenin) for all data populations over the 24-how

"run in" "no nitrate" period of the trial was also demonstrated to conform to a Gaussian

distribution(OhrsKS:0.16p:ns;4hrsKS:0.22p:ns; ShrsKS:0.23p:ns; 24hrsKS

: 0.16 p : ns). Like the other luminescence variables heterogeneity of variance was observed

(Bartlett's statistic :11.9, p:0.0078) and a log transformation of the data was performed

(Bartlett's statistic post log transformation : 3.6, p: 0.31). By 1-way ANOVA there was a

non-significant trend towards a significant diumal variability in aggregation-associated

LDCL (F:2.3, p:0.088). A summary of the aggregation-associated LDCL detected by

12.5¡rM lucigenin is illustrated in the lower right panel of Figure 4.7 . Utllizing Bonferroni's

multiple comparison test, the trend towards a significant diurnal variability comes from a
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slight difference between the 4-hr and 24-I'r sampling time points (Bonferroni's multiple

comparison test / : 2.58, t"ri¡:2.74).

Pre-aggregation LDCL Aggregation-associated LDCL
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Figure 4.7 Diurnal variability ín whole blood superoxide

Diurnal variability in whole blood superoxide level (pre-aggregation LDCL (left) and aggregation-associated LDCL (right))

during the "no nitrate" phase of the study, was examined in 16 subjects utilizing lucigenin (I2.5pM). No significant diurnal
varíability in the pre-aggregation LDCL was observed (log lransþrmed data; l-way ANOVA F : 1.75, p : 017). No

signiJicant diurnal variability in (12 5pM lucigenin) aggregation-associated LDCL was also observed (log transformed

data; l-way ANOVA F : 2.3, p : 0.088) though a trend towards a significant variability was observed.

[4, 5. 3. 2] Acute nitrøte pharmøcotherøpy

Acute anti-aggregütory effects of ISMN and TD-NTG

Following a 24-hr nitrate free period and having already been treated for 7 days with either

60mg ISMN or 7.5mg124-hrs (12-hr application) TD-NTG, each patient retumed for the next

series of investigations designed to examine the acute anti-aggregatory effects of both nitrate

preparations. Immediately following the zero hour blood collection (approximately 8am),

each subject received their first dose of either ISMN (120mgs) or TD-NTG (l5mg/12-hr

application) with further blood samples being taken at 4,8 and24-I'ts.

Firstly, normality in the data populations for each gender and nitrate preparation during the

acute phase of the trial was examined using the Kolmogorov-Smirnov test. All subject

populations for platelet aggregability were found to conform to a Gaussian distribution and
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contain homogeneous variances (Bartlett's statistic : 15.9, p : 0.38; Appendix Table 2l). A

repeated measures ANOVA was not performed as data from two subjects on separate

occasions were not collected.

ISMN

IJtllízing 3-way ANOVA (Figure 4.8 (upper panel) and Table 4.4), therc was no significant

anti-aggregatory effect following the acute administration of ISMN (120mg) compared to the

"no nitrate" platelet response to ADP across the genders over the 24-l'r time period. Platelets

from female patients were significantly more aggregable than their male counterparts (3-way

ANOVA F :82.7, p < 0.01). There was no significant change in platelet aggregability across

the time period, along with no significant interaction between the determinants. Utilizing

Bonferroni's post hoc multiple comparison test and apart from the obvious gender

differences, there were no significant differences in platelet aggregability across the 24-fus

within each gender sub-group.

TD-NTG

The absence of any significant anti-aggregatory effect was also observed with acute

administration of TD-NTG (15mg112-lir application). By 3-way ANOVA and as illustrated in

the lower panel of Figure 4.8 (Table 4.4), there was no significant difference in aggregability

between the treatment phase ("no nitrates"/TD-NTG), or across the time period (Bartlett'

statistic :19.9, p:0.17). Gender was the only determinant that remained significant, with

female patients remaining more aggregable than their male counterparts (F :73.6, p < 0.01).

Utilizing Bonferroni's post hoc multiple comparison test, there were no significant

differences in platelet aggregabllity across the 24-hrs within either gender.
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Figure 4.8 Acute elþcts of ISMN and TD-NTG on ADP-indwced aggregøtion

The anti-aggregatory fficts of ISMN (upper panel) and TD-NTG (ower panel) were examined auoss the time period of
0,4,8 and 24-hrs and according to gender, Levels ofsigniJicance are shown in Table 4.4. Either l20mg ISMN or l5mg/24-

hrs TD-NTG was administered immediately following zero hour blood sampling depending on initial randomization. Each

patient had already undergone 7 days of nitrate treatment with either 60mg ISMN or 7 5mg TD-NTG, with a 24-hr nitrate

free period just prior to acute phase blood sampling. Gender-related dffirences in platelet aggregability remained wilhout

any significant anti-aggregatory effect of either nitrate preparation being observed. Levels of statistical signiJìcance are

summarized in Table 4.4.

24
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Table 4.4 Anti-aggregatory effect of acute nitrate phørmøcotherapy:-
Three-way ANOVA contingency table

3-way ANOVA examining the sigttificance and interactions of time, lreatmenl groups ("no nitraÍes"/acLtte n¡lrate
pharnncotherapy) and gender þr each nitrate preparation regarding platelel response lo ADP during acute nitrote
treattlrcnt

Changes in platelet respotxsiveness to nítric oxide clonors during acute nitrate

pharmøcotherapy:-

Nitroglycerine

Data representing platelet responsiveness to NTG (100pLM) for both nitrate treatment

regimens were demonstrated to confotm to a Gaussian distribution and have homogeneous

variances across the 24-hr time period (ISMN; 0-hrs KS : 0.13, p : ns; 4-hrs KS : 0.08, p :

ns; 8-hrs KS:0.09, p:îs;24-hrs KS:0.06, p: ns; Bartlett's statistic :2.8,p:0.42),

(TD-NTG; O-hrs KS : 0.1, p : ns; 4-hrs KS : 0.09, p : ns; 8-hrs KS : 0.I2,p : ns; 24-hrs

KS : 0.09, p : ns; Bartlett's statistic : 1.9 p : 0.57). By 2-way ANOVA and as summarized

in Figure 4.9, no significant change in platelet responsiveness towards NTG was observed

following the acute treatment with either l20mg ISMN or l5mgl24-hrs TD-NTG. (2-way

ANOVA; Time F :1.6, p:0.17;Treatment group F:0.34, p:0.71; Time x treatnent

group F : 0.48, p:0.82; Bartlett's statistic : 8.1, p : 0.71). AZ-way ordinary ANOVA was

performed as estimations of platelet responsiveness to NTG at the 24-hr collection time point

for 2 subjects during separate treatment regimens were not performed.

F p F p
1.10 0.36 0.44 0.72

0.6s 0.42 0.63 0.43

82.7 < 0.01 73.6 < 0.01

0.01 0.99 0.07 0.97Time x Treatment
0.53 0.66 0.79 0.50Time x Gender
0.24 0.62 0.08 0.76Treatment x Gender

Time x Treatment x Gender 0.35 0.78 0.49 0.69

TD.NTGISMN
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Figure 4.9 Influence of acute nítrate ødmínístrøtìon on platelet responsíveness to NTG

Acute administration of either l20mg ISMN or lSmg TD-NTG had no significant effect on platelet responsiveness to NTG
(100¡tM). (2-way ANOVA; Time F -- 1.6, p:0.17; Treatment group F:0.34, p:0 71; Time x Treatment group F - 0 48, p
= 0 S2). For each subject, nitrate preparations were administered immediately post the zero hour blood sampling point

Sodium nitroprussíde

The degree of change in platelet responsiveness to SNP, a more direct donor of nitric oxide

than NTG (Ignarro et a|.,2002), during acute administration of both nitrate preparations, was

also examined. Having already established that the degree of platelet responsiveness to SNP

(10¡.rM) during the "no nitrate" phase conforms to a Gaussian distribution, normality in SNP

responsiveness for each nitrate preparation along with a standard deviation assessment was

performed.(ISMN;O-hrsKS:0.07,p:ns;4-hrsKS:0.09,p:ns; 8-hrsKS:0.19,p:ns;

24-hrsKS : 0.07, p : ns. Bartlett's statistic : 1.26, p : 0.74). (TD-NTG; 0-hrs KS : 0.09, p

:ns; 4-hrsKS:0.1,p:ns; 8-hrsKS:0.08,p:ns;24-brsKS:0.09,p:ns.Bartlett's

statistic : 0.13, p : 0.99). By 2-way ANOVA and as shown in Figure 4.10, no significant

change in platelet responsiveness to SNP was observed following acute administration of

either nitrate preparation. (2-way ANOVA; Time F : 0.41, p : 0.74; Treatment group F :

0.06, p :0.94; Time x Treatment group F: 1.03, p :0.987; Bartlett's statistic :3.34,p:

0.98). As with the assessment of the effects of platelet responsiveness to NTG (100pM) an

ordinary ANOVA was performed (rather than a repeated measures ANOVA) because of

missing data from two subjects.
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Figure 4.10Influence of øcute nitrate ødministratÍon on pløtelet responsiveness to SNP

Acute administration of either l20mg ISMN or I 5mg TD-NTG þllowing a 24-hrs non-nitrate period had no signiJicant effect

on platelet responsiveness to SNP (l|pM) Each nitrate preparalion was adminislrated immediately post zero hr blood

sampling(2-wayANOVA; TimeF:0.41,p:0.74;TreatmentgroupF:0.06,p:0.94;TimexTreatmentgroupF:1.03,
p:098).

Acute efþcts of nítrate pharmacotherapy on superoxíde production

The acute administration of ISMN (120mg) and TD-NTG (15mglIz-hr application) was

examined for their effects on whole blood superoxide as detected by LDCL.

Pre-aggregøtion LDCL

The acute effects of nitrate administration on superoxide levels were analyzed using lucigenin

(12.5¡rM). Pre-aggregation LDCL data for both acute nitrate treatment regimens were found

to be normally distributed, with the ISMN treatment phase containing heterogeneous

variances(ISMN: 0-hrsKS:0.18,p:ns;4-hrsKS:0.23,p:ns; 8-hrsKS:0.26,p:ns;

24-Irs KS : 0.21.,p: ns; Bartlett's statistic: 10.3, p :0.016). (TD-NTG; O-hrs KS : 0.18, p

: ns; 4-hrs KS : 0.17,p: ns; 8-hrs KS :0.18, p : ns;24-hrs KS : 0.15, p: ns; Bartlett's

statistic : 6.6, p : 0.08). Therefore as the "no nitrate" and ISMN phases both contained

significant differences in the standard deviations across the sampling time points, a log

transformation of all the data was performed before ANOVA. By 2-way ANOVA a

significant difference between the treatment groups was observed (2-way ANOVA;

0
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Treatment group F:3.48, p:0.033; Time F: 1.95, p:0.12;Treatment group x Time F:
0.69, p :0.66; Bartlett's statistic:11.4, p:0.a1). By Bonferroni's multiple post hoc test,

there was no significant difference between data points for control and treatment, despite a

significant difference between the treatment groups observed within the ANOVA. For a

further summary of the acute nitrate effects on pre-aggregation LDCL, see the left panel of

Figure 4.1 1.

Ag gr e g øtio n - as s o ciøted L D CL

Data representing the extent of aggregation-associated LDCL for both acute nitrate treatment

regimens were found to conform to a Gaussian distribution and not to contain any significant

standard deviations across the sampling time points within each treatment regimen (ISMN: 0-

hrsKS:0.19,p:ns; 4-hrsKS:0.12,p:ns;8-hrsKS:0.23,p:ns; 24-brsKS:0.15,p:

ns; Bartlett's statistic :0.54, p :0.9) (TD-NTG; O-hrs KS :0.16, p : ns; 4-hrs KS :0.23,p

:ns;8-hfsKS:0.18,p:ns;24-hrsKS:0.19,p:ns: Bartlett'sstatistic:2.6,p:0.a6).

Hov/ever, as the "no nitrate" data demonstrated a significant difference between the standard

deviations of the time points, all data points for the acute phase of the trial underwent a log

transformation. By 2-way ANOVA and as shown in Figure 4.11 right panel, there was a non-

significant trend towards a difference between the treatment groups, There was also a

significant difference in aggregation-associated LDCL over the 24-l'tr time period with no

signif,rcant interaction between either determinant (2-way ANOVA; Treatment group F :2.4,

p:0.098; Time F:4.8, p < 0.01; Treatment group x Time F:0.46, p:0.83; Bartlett's

statistic : 8.87, p : 0.63). For a further summary of the acute nitrate effects on aggregation-

associated LDCL see the lower right panel of Figure 4.11.

Summary

Results representing the effects of acute nitrate pharmacotherupy on both pre-aggregation and

aggregation-associated LDCL can be summarized as follows:-

o Data representing both the pre-aggregation and aggregation-associated LDCL tended to

be lower during the acute TD-NTG pharmacotherapy phase than the ISMN treatment

phase.

o LDCL values tended to be the lowest at the 4-hr time-point (cf, significant time

variability po st-aggregation)
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Figure 4.11 Acute ødministration of nitrates and its effects on

whole blood saperoxide generation

Fígure legend: Open circle dotted line: LDCL during the "no nitrate" phase of the study. Closed diamond solíd line -
Acute TD-NTG treatment phase. Open triangle solíd line : Acute ISMN treatment phase, left, pre-aggregation LDCL 2-way

ANOVA:- Treatmenl F: 3.48, p:0.033; Time F: 1.95, p:0.12; Treatment x Time F:0.69, p:066; right
aggregation-associatedLDCL; TreatmentF:2.4,p:0.098; TimeF=4.8,p<001;TreatmentxTimeF:0.46,p:084.

[4. 5. 3. 3] Chronic nitrøte pharmøcotherapy

A nt i- ag g r e g et o ry effe ct s

Having completed the acute phase sampling period of the trial for the first nitrate preparation,

each subject then took each nitrate for an additional two weeks in order to examine the

chronic nitrates effects on platelet responses to ADP. On the final day of chronic nitrate

treatment (Day 28149) each patient had blood samples taken at 0,4 and 8-hrs, with all subjects

being instructed to take his/her final nitrate dose immediately following the zero hour

collection.

ISMN

Like the "no nitrate" artd acute phases of the trial, platelet response to ADP for each gender

during the chronic phase of the investigation confoÍned to a Gaussian distribution (Appendix

Table 22). By 3-way repeated measures ANOVA and as displayed in Figure 4.12, there was

no significant variation in ADP response following chronic administration of l20mg ISMN
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(Bartlett's statistic : I0.2, p:0.51). A repeated measures ANOVA was utilized, as all data

across the time periods were accounted for.

In much the same way as demonstrated for the acute administration of ISMN, gender

differences in aggregability remained, with blood samples from females being significantly

more aggregable than those from male subjects. There \¡/ere no significant differences

between the treatment groups ("no nitrate"/chronic ISMN) and cross the 8-hr time course.

There were also no significant interactions between any of the determinants. The levels of

significance and degree of interaction between these variables are displayed within Table 4.5.

ADP-responses were similar in magnitude to those during the corresponding acute phase

(Figure 4.8).
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Fígure 4.12 Chronic efficts of ISMN pharmacotherapy on ADP-induced aggregøtion

The anti-aggregatory effects of chronic ISMN pharmacotherapy were examined across the period (8 hrs) and gender

Platelets from female subjects were considerably more aggregable than male subjects, with chronic ISMN pharmacotherapy

having no significant anti-aggregatory effects (Table 4.5)-

(t)
H
H

o
+.ì

bo
c.)ti
äo
öo
Cü

({-.t

o
Ð
0.):)
Xr!

-+- Males: baseline

-o- Females: baseline
--+- Males: chronic
--o- Females: chronic

80



Chapter 4 345

TD-NTG

Similar to the results for ISMN, the data populations regarding platelet response to ADP

during the chronic phase of the study also conformed to a Gaussian distribution and were

effectively matched (Appendix Table 22). By 3-way repeated measures ANOVA and as

illustrated in Figure 4.13, chronic administration of TD-NTG had no significant effect on

ADP responses (Bartlett's statistic:8.41, p:0.67). Mirroring the results observed for the

chronic administration of ISMN, platelets from female subjects were significantly more

aggregable than platelets from male subjects. (See Table 4.5 for the levels of significance and

the interactions between each variable).
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Figure 4.13 Chronic efþcts of TD-NTG pharmacotherøpy on ADP-induced aggregation

The anti-aggregatory effects of chronic TD-NTG pharmacotherapy were examined across the time period (B-hrs) and

gender. Platelets from female patients were significantly more aggregable than males with chronic TD-NTG

pharmacotherapy having no signiJìcant anti-aggregatory effects (Table 4-5).
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Table 4.5 Effict of chronic nitrøte pharmøcotherøpy on ADP responses:-
three-way ANOVA contingency table

3-way repeated measures ANOVA examining lhe significance and interactiotts of time, treatnrcnt groups ("no

nitrate"/chronic nitrate pharmacotherapy) and gender for each nitrate preparalion regarding platelet response lo ADP

during chronic nitrate lreatment. See also Figure 4 1 2 and Figure 4 I 3

Differences between treatment phases and nitrúte preparations

Aggregøbility

As shown in section 4.5.3.2, platelet response to ADP for either gender remained unchanged

across all periods of the investigation. For the purpose of establishing if there was any

signihcant difference across the treatment phases and between the nitrate preparations

regarding their effects on plateleL aggregability, the extent of platelet aggregation across the

respective time periods were pooled for each subject. The pooled data population

representing the extent of aggregability was demonstrated to conform to a Gaussian

distribution and to contain homogeneous variances (Appendix Table 23).By 3-way ANOVA,

no significant differences were observed for platelet aggregability across the treatment phases

and between the nitrate preparaÍions, further confirming the absence of any significant anti-

aggregatory effect of these nitrate preparations (Bartlett's statistic : 7.83, p : 0.35).

However, gender-related differences in platelet aggregability observed throughout each stage

of the trial remained. For a further summary see Table 4.6.

F p F p
r.74 0.18 1.05 0.3s

0.28 0.59 1.58 0.2\
48.1 < 0.01 57.2 < 0.01

0.08 0.920.10 0.90Tíme x Treatment
0.70 0.490.59 0.57

0.01 0.89 0.47 0.49Treatment x Gender
0.16 0.84 0.26 0.77Time x Treatment x Gender

TD.NTGISMN
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0.810.05

0.003 0.95

37.5 < 0.01

0.10 0.75

0.05 0.83

0.58 0.44

0.03 0.86

Determinunt

Table 4.6 Differences úcross phøses und between nítrate treøtments
(pløtelet response to ADP):- three-wøy ANOVA contingency table

Dffirences across the nitrate treatment phases and between the nitrate preparation of ISMN or TD-NTG were analyzed by

3-way ANOVA.

Changes in platelet responsiveness to nitric oxide donors during chronic nitrate

pharmacotherapy:-

Nitroglycerine

The influence of chronic administration of either nitrate preparation on platelet

responsiveness to NTG (100¡rM) was also examined. Data populations for platelet

responsiveness to NTG during the chronic phase of the trial, conformed to Gaussian

distribution and were effectively matched (ISMN; O-hrs KS :0.09, p : ns; 4-hrs KS :0.12,p

:ns;8-hrsKS:0.05,p:ns:Levene'sF-test;F:4.9,p<0.01).(TD-NTG;O-hrsKS:0,15,

p:ns; 4-hrsKS:0.07,p:ns;8-hrsKS:0.12,p:ns:Levene'sF-test;F:5.6,p<0.01).

As displayed in Figure 4.14, no significant difference in platelet responsiveness to NTG

(100¡rM) was observed between the treatment groups or across the time period (2-way

repeatedmeasuresANOVA: TreatmentgroupF:0.66,p:0.51;TimeF:0.82,p:0'47;

Time x Treatment group F :0.94, p:0.46; Bartlett's statistic:0.9, p : 0.94).
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--G - Baseline
--a- Chronic TD-NTG
--*- Chronic ISMN

4 8

Time (hrs)

Figure 4.14 Efficts of chronic nítrate pharmacotherapy on pløtelet responsíveness to NTG

Chronic administration of either l20mg ISMN or l5mg TD-NTG for 2 weeks had no signiJicant fficl on platelet

responsiveness to NTG (l00ltM). Each nitrate preparation was administered immediately post zero hour blood sanrpling (2-

wayrepeatedmeasuresANOVA; TreatmentgroupF:0.66,p:0.51;TimeF:0.82,p:0.4T,TimexTreatmentgroupF:
0.94, p : 0.46)

Differences belween treatment phøses and nitrste preparatíons

Platelel responsiveness to NTG

Differences in platelet responsiveness to in vitro NTG (100¡rM) across all phases of the trial

and between each nitrate regime were also examined. Given no significant differences in

platelet responsiveness to NTG across time was observed throughout the trial periods, NTG

responses for each subject at all time points \Mere pooled and analyzed according to treatment

phase (acute/chronic) and therapy. The pooled data population representing the extent of

platelet responsiveness to NTG was demonstrated to conform to a Gaussian distribution and

to contain homogeneous variances (Appendix Table 24). By 2-way ANOVA, there was no

detectable difference in platelet responsiveness to NTG across the treatment phases and

between the nitrate preparations (2-way ANOVA; Treatment phase F : 0.94, p : 0.33;

TherapyF:0.03,p:0.85; TreatmentphasexTherapyF:0.I2,p:0.73;Bartlett'sstatistic

:0.95, p :0.81).

o60Fz'o 50€
(/) 

-Ê I 40
a).Ë>-o'øE 30

o,

Eð 20
P
C)

E10s
o-

0

0



Chapter 4 349

Changes in platelet responsiveness to nitric oxide donors during chronic nitrate

pharmøcotherøpy:-

Sodium nitroprusside

Changes in platelet responsiveness to SNP (1O¡tM) following chronic administration of either

ISMN or TD-NTG was also examined. Platelet responsiveness to SNP for each nitrate

treatment regimen was demonstrated to be normally distributed and to be effectively matched

between the time points examined (ISMN: 0-hrs KS : 0.18, p : ns; 4-hrs KS : 0.1, p : ns; 8-

hrsKS:0.1,p:ns: Levene'sF-test; F:10.3,p<0.01)(TD-NTG;O-hrsKS:0.12,p:ns;

4-hrs KS:0.1, p:ns; 8-hrsKS:0.07,p:ns: Levene'sF-test; F:4.3, p < 0.01). Inmuch

the same way as demonstrated forNTG responsiveness and as illustrated in Figure 4.15, no

significant effect on platelet responsiveness to SNP (10pM) was observed during chronic

nitrate pharmacotherapy (2-way repeated measures ANOVA; Treatment group F : 1.6, p :

0.17; Time F :0.32,p:0.73; Time x Treatment group F : 1.6, p : 0.16; Bartlett's statistic :

0.62,p:0.9).
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Figure 4.15 Chroníc nitrøte phørmacotherøpy: effects on pløtelet responsiveness to SNP

Chronic administration of either l20mg ISMN or 15mg TD-NTG for 2 weeks had no significant effect on platelet

responsiveness to SNP (l|pM). Each nitrate preparation was administered immediately post zero hour blood sampling (2-

way repeated measures ANOVA; Treatment group F = 1.6, p:0.17; Time F:0.j2, p:0.73; Time x Treatment group F:
1.6,p:0.16).
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Differences between treatment phases ønd nítrate preparations

Pløtelet responsiveness to SNP

Platelet responsiveness to SNP (10¡rM) was examined across the treatment phases and

between the nitrate preparations used throughout the trial. Results for patient platelet

responsiveness to SNP across all time periods was pooled, given no overall significant

deviations in platelet responsiveness to SNP were noted. Platelet responsiveness to SNP was

then analyzed according to treatment phase (acute/chronic) and nitrate preparation only. The

pooled data population representing the extent of platelet responsiveness to SNP conformed

to a Gaussian distribution and contained homogeneous variances (Appendix Table 25).By 2-

way ANOVA, no significant difference was observed in platelet responsiveness to SNP

across the acute and chronic phases of the trial or between the two nitrate preparations (2-way

ANOVA; Treatment phase F : 0.08, p:0.77; Therapy F :0.79, p : 0.38; Treatment phase x

therapy F : 0.002, p:0.96; Bartlett's statistic :1.4, p : 0.7).

Chronic efficts of nitrate phørmøcotherapy on superoxíde production:-

The effects of chronic nitrate pharmacotherupy with ISMN (120mg) and TD-TN (l1mglI2-llr

application) on whole blood superoxide were also examined.

Pre-aggregøtion LDCL

The effects of chronic nitrate pharmacotherapy on whole blood superoxide were examined

utilizing lucigenin (12.5¡.rM). Data at each sampling time point for either nitrate preparation

conformed to a Gaussian distribution and contained homogeneous variances (ISMN: O-hrs

KS : 0.23, p : ns; 4-hrs KS : 0.15, p : ns; 8-hrs KS : 0.17,p : ns; Bartlett's statistic : 0.59,

p : 0.7Q (TD-NTG: O-hrs KS : 0.21,p : ns; 4-hrs KS : 0.19, p : ns; 8-hrs KS : 0.17, p :

ns; Bartlett's statistic : 4.1, p : 0.12). By 2-way ANOVA ("no nitrate" data previously

shown to be normally distributed and to contain non-significantly different standard

deviations across the time period) no significant difference between the treatment groups or

across the 8-hr time period was observed for pre-aggregation LDCL. There was no significant

interaction between the two determinants (2-way ANOVA; Treatment group F : 0.21, p :

0.81; Time F : 0.6, p:0.54; Treatment group x Time F :1.4,p:0.23; Bartlett's statistic:

5.3, p : 0.12).For a further summary of the effects of chronic nitrate pharmacotherapy on

pre-aggregation LDCL see Figure 4.16 left panel.
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A g gr eg at io n-as s o ciøt e d LD C L

Like that of the pre-aggtegation LDCL, aggregation-associated LDCL (12.5¡rM lucigenin)

was noÍnally distributed and to have non-significantly different standard deviations across

the chronic phase of the trial point (ISMN: O-hrs KS : 0.15, p : ns; 4-hrs KS : 0.18, p : ns;

8-hrs KS :0.23, p : ns: Bartlett's statistic :2.35, p : 0.3) (TD-NTG: 0-hrs KS : 0.19, p :

ns; 4-hrsKS:0.16,p:ns;8-hrsKS:0.19,p:ns:Bartlett'sstatistic:2.6,p:0.28).8y2-

way ANOVA ("no nitrate" data previously shown to be normally distributed and to contain

homogeneous variances across the time period) and as illustrated in Figure 4.16 lower right

panel, there was no significant difference between the treatment groups or across the eight-hr

time course. No significant interaction was also observed between the two determinants (2-

way ANOVA; Treatment group F : 1.3, p:0.27; Time F :1.9, p : 0.15; Treatment group x

Time F : 0.38, p : 0.81; Bartlett's statistic : 11.8, p : 0.16).

Pre-aggregation LDCL Aggregation-associated LDCL
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Figure 4.16 Chronìc nitrate administratíon:- efficts on whole blood superoxide

Open circle dotted line: LDCL during the "no nitrate" phase of the study. Closed diamond solid line: chronic TD-NTG

treatment phase. Open triangle solid line -- chronic ISMN phase. Left panel pre-aggregalion LDCL 2-way ANOVA;

Treatment group F:0.21, p:0.81, Time F:0.6, p:0.54, Treatment group )c time F: 1.4, p:0.23; right panel

aggregation-associated LDCL; Treatment group F : 1.i, p:0.27; Time F: 1.9, p: 0.15; Treatment group x Titne F =
0.38,p:081
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Summøry : Luminescence variøbles

As illustrated within Figure 4.ll and Figure 4.16 the effects of acute and chronic nitrate

pharmacotherapy on both the pre-aggregation and aggregation-associated LDCL were

essentially similar, with only a trend towards a lower LDCL during acute TD-NTG treatment.

Dffirences between treøtment phøses and nitrøte preparations regarding luminescence

parameters

Pre-aggregation LDCL

Differences between the treatment phases and nitrate regimens across the 8-hr time period

were also examined for the pre-aggregation LDCL, utilizing (12.5pM) lucigenin. All data

conformed to a Gaussian distribution (Appendix Table 26) and contained homogeneous

variances (Bartlett's statistic :6.2, p: 0.86). By 3-way ANOVA, no significant difference in

pre-aggregation LDCL was observed (Appendix Table2T).

Ag gr eg øtio n- as s o ciøt ed LD C L

The effect of the treatment phases and nitrate preparations over the 8-hr time period was also

examined for the aggregation-associated LDCL (12.5¡tM lucigenin). All subset data

populations conformed to a Gaussian distribution (Appendix Table 28) and contained

homogeneous variances (Bartlett's statistic : 13.3, p : 0.27). As described within Appendix

Table 29, there was no significant difference in the extent of aggregation-associated LDCL

across the treatment phases, between the two regimens (non-significant trend towards a

difference) for the 8-hr time period. There were also no significant interactions between any

determinants.

LDCL datø: lucigenín (125pM)

At the start of the current investigation, superoxide in whole blood was monitored using

lucigenin (125¡.rM) in 10 patients. As a number of emerging concems in the literature stated

that "high" concentrations of lucigenin might compound the problem of in vitro generation of

superoxide by "redox cycling" (Vasquez-Vivar et a1.,7997; Liochev et a1.,1998; Skatchkov

et a1.,7999), we opted to change to methodology with lucigenin at 12.5¡t'M.

Results for the 10 patients in whom both the pre-aggregation and aggregation-associated

LDCL was determined with lucigenin (125pM) were generally similar to those obtained



Chapter 4 3s3

utilizing 12.5¡.rM. However, LDCL values were considerably greater. A comparison of zero-

hr data in the absence of nitrate therapy is given in Table 4.7.

Table 4.7 Dilferences in LDCL at the zero hr time poíntfor two concentrations of

lucigenin

Mean t S.E.M LDCL data determined for pre-aggregation and aggregation-associaled LDCL at the zero hour time poinl þr
two concentrations of lucigenin. Proporlional increments in LDCL were similar with both lucigenin concentrations when

comparing the pre-aggregation and aggregation-associated LDCL data.

These data therefore suggest that the incremental concentration of lucigenin was associated

with about a7-fold increase in LDCL, but no artifactual exaggeration of the 4-fold increase in

sup eroxi de generation seen follow ing aggr e gation.

[4.5.3.4] Potential "rebound" ín platelet aggregation

The "zero hour" phenomenon, representing a reduced exercise capacity prior to nitrate

administration during chronic intermittent pharmacotherapy (DeMots and Glasser, 1989), or a

"rebound" in anginal symptoms following the withdrawal of nitrates (Ferratini et al., 1989;

Figueras et a|.,1991), has only been documented previously at a presumptive vascular level.

However, the data of Figueras et al (1991), for patients with UAP might imply "rebound" at

the level of platelet aggregability. A 24-fu nitrate-free period prior to commencement of the

chronic phase of the investigation allowed us to examine the hypothesis that a nitrate-free

interval during acute pharmacotherapy is associated with platelet hyper-aggregability.

Accordingly, for each nitrate preparation platelet aggregability at the zero hour during the

acute phase (24-fu nitrate free period prior to sampling) of the investigation, was compared

with the extent of aggregability at the zero hour of the chronic phase of the trial.

Firstly and as illustrated in Figure 4.I7 (upper left panel), platelet response to ADP during the

TD-NTG treatment phase was analyzed according to the treatment phase and gender. No

75tt7 277 !49

10 r 1.0 42+5

Pre-uggregation
LDCL

Post-aggregütiot,
LDCL
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"rebound" in platelet aggregability during the TD-NTG treatment phase of the study was

observed despite a continuation of the gender differences in platelet aggregability (TD-NTG;

2-wayrepeatedmeasuresANOVA,TreatmentphaseF:0.014,p:0.9;GenderF:19.3,p<

0.01; Treatmentphase x GenderF :0.47,p:0.49; Bartlett's statistic: 1.8, p:0.6).

A number of investigators have failed to demonstrate any significant "rebound" in

myocardial ischaemia ot a "zeto hour" effect with the use of ISMN (Chrysant et al., 1993;

Parker, 1993). However, there is tentative evidence for the existence of this phenomenon in

some patients treated with ISMN (Rehnqvist et a1.,1988). Therefore platelet responsiveness

during the ISMN treatment phase of the study was also examined for the presence of the

"zero hour" effect. As illustrated in Figure 4.17 (upper right panel), no significant "rebound"

in platelet aggregability was observed following a nitrate free period for each gender (ISMN;

2-way repeatedmeasuresANOVA; TreatmentphaseF:0.004, p:0.94; GenderF:21.2,p

< 0.01; Treatment phase x Gender F:0.68, p:0.41; Bartlett's statistic: 1.65 p:0.65).

Gender differences remained with no significant interactions between the two determinants.

Differences between the two nitrate regimens regarding their tendency to induce a "rebound"

in platelet aggregabílity were examined by assessing the change in aggregability for each

gender and nitrate used. For each nitrate used, delta aggregability was assessed using a 1-

sample /-test. No significant change from zero was observed with either nitrate preparation

(TD-NTG KS : 0.17,p: ns; ISMN KS : 0.078, p : ns) (l-sample /-test:- TD-NTG t:0.29,
p :0.76; ISMN t:0.059, p : 0.95). For a further summary of the differences between both

nitrate regimens and genders see the lower panel of Figure 4.17.
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TD-NTG ISMN

Acute Chronic Acute Chronic Acute Chronic Acute Chronic

TD-NTG ISMN

Fígure 4.77 "Rebound" in pløtelet aggregøbility

A "rebound" in platelet response to ADP was examined during both nitrate treatment phases wilh no signiJicant "rebound"
beingobservedforeitherpreparation.Opencircles:females; closeddiamonds:males Upperpanels:Lelt; TD-NTG; 2-
wayANOVA,TreatmentphaseF=0.17,p:0,68; GenderF:4.3,p--0.04;TreatmentphasexGenderF:0.04,p:0.83
Right;ISMN; 2-wayANOVA,TreatmentphaseF:0.62,p:0.43; GenderF:7.13,p=0.01;TreatmentphasexGenderF
: 0.18, p : 0.67. Lower panel; No significant changefrom zero was observedfor either nitrale preparation (l-sample ttest
TD-NTG t : 0.29, p = 0.76; ISMN t : 0.059, p = 0.95).
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[4. 5.4] Vasomotor investigations

In a sub-group of trial patients (n : 12; 8 males and 4 females) and in addition to the blood

samples taken for the platelet parameters, the acute and chronic effects of ISMN and TD-

NTG on selected haemodyramic variables were also examined.

[4.5.4.IJ Systolic blood pressure

Diurnal vøriability in systolic blood pressure

Systolic blood pressure was monitored throughout the "no nitrate" phase of the study (0,4,8

and 24-Itrs) in order to determine if there was diumal variability in systolic blood pressure in

the absence of prophylactic nitrate use. Systolic blood pressure readings from these subjects

conformed to a Gaussian distribution and contained homogeneous variances (O-hrs KS :

0.14,p:ns; 4-hrsKS:0.14,p:ns;8-hrsKS:0.27,p:ns;24-brs:0.19,p:ns; Bartlett's

statistic :3.4, p : 0.3a). A repeated measures ANOVA was not performed as the 24-hr

reading from one of the subjects was not performed. By l-way ANOVA, no significant

diurnal variation was observed in the systolic blood pressure of the 10 subjects with SAP (1-

way ANOVA F: 1.65,p:0.19).

A cut e nitr ate p h arm øcoth e røpy

The acute effects of both nitrate preparations on systolic blood pressure were examined.

Systolic blood pressures during the acute phase of either nitrate treatment conformed to

Gaussian distribution and contained homogeneous variances (ISMN: O-hrs KS :0.12, p : ns;

4-hrs KS :0.19, p : ns; 8-hrs KS :0.1, p : ns; 24-hrs KS :0.2, p : ns; Bartlett's statistic :

0.9, p : 0.82) (TD-NTG: O-hrs KS : 0.19, p: ns; 4-hrs KS :0.25, p : ns; 8-hrs KS :0.14,p

: ns;24-hrs KS : 0.21, p: ns; Bartlett's statistic : 3.4, p : 0.33). By 2-way ANOVA, there

were no significant differences between the treatment groups but there was a significant

decrease in the systolic blood pressure across the 24-hrs time period of the acute phase of the

trial (2-way ANOVA; Treatment group F : 0.95, p : 0.38; Time F : 3.78, p : 0.012,

Treatment group x Time F: 1.8, p:0.81; Bartlett's statistic:8.I7, p:0.69). However,

there was a trend for systolic blood pressure at the 4 and 8-hr time points to be lower

following nitrate administration than in its absence. For a further summary of the effects of

acute nitrate pharmacotherapy on systolic blood pressure see Figure 4.18.
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Figure 4.18 Acute elfects of nìtrøte pharmucotherüpy on systolic blood pressure

Acute administration of either I20mg ISMN or l5mg TD-NTG had no significant effect on systolic blood pressure For each

subject examined, nitrates were administraled ímmediately post the zero hour blood colleclion lime points No signiJicanl
dffirence between the trealment groups but rather a significanl reduction in syslolic blood pressure over time, was

observed.(By2-wayANOVA.-TreatmentgroupF:0.95,p=0.38; TimeF:378p:0012;TreatmentgroupxTimeF-
t.8,p:01).

C hro níc nitr øt e p h ar møcoth er øpy

Following 2 weeks of either l20mg ISMN or l5mgl24-hrs (12-hr application) TD-NTG, the

chronic effects of nitrate pharmacotherapy on systolic blood pressure was also examined.

Systolic blood pressure as demonstrated for the acute phase of the trial were also shown to

conform to a Gaussian distribution and to contain homogeneous variances during the chronic

phaseofthetrial(ISMN: 0-hrsKS:0.1,p:ns; 4-hrsKS:0,16,p:ns; 8-hrsKS:0.19,p

: ns; Bartlett's statistic : 0.15, p : 0.93) (TD-NTG: O-hrs KS : 0.09, p : ns; 4-hrs KS :

0.15, p:ns;8-hrs KS:0.11, p:ns; Bartlett's statistic :1.9, p:0.37). By2-way ANOVA,

chronic pharmacotherapy with either nitrate preparation had no significant effect on systolic

blood pressure (2-way ANOVA; Treatment group F: 1.85, p:0.16; Time F :1.77,p:

0.17; TreatmentgroupxTimeF:0.38,p:0.82; Bartlett's statistic:5.86, p:0.67). There

was no significant decrease in blood pressure over the 8-hr time course directly contrasting to

the results observed during acute administration of the nitrate preparations. For a further

0

0
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summary of the effects of chronic nitrate pharmacotherapy on systolic blood pressure, see

Figure 4.19.
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ligure 4.19 Chroníc effects of nitrate pharmøcotherøpy on systolic blood pressure

Chronic administration of either I 20mg ISMN or l 5mg/24-hrs (l 2-hr application) for a period of 2 weeks had no signijìcant
eJfect on systolic blood pressure. For each subiect examined, nitrates were administered immediately post Lhe zero hour
bloodcollectionpoint(By2-wayANOVA,TreatmentgroupF:1.8,p:0.16,TimeF:1.78,p:0.lT,Treatmentgroupx
Time F -- 0.38, p: 0.82).

Dffirences between treatment phases and nìtrate prepørations: systolíc blood pressure

Having established that there were no statistically significant acute or chronic effects of either

ISMN/TD-NTG on systolic blood pressure over the respective time periods, potential

differences between the trial treatment phases (acute/chronic) and nitrate preparations

(ISMN/TD-NTG) on systolic blood pressure for the 8-hr time period were then examined. All

data populations were demonstrated to conform to a Gaussian distribution (Appendix Table

30) and to contain homogeneous variances (Bartlett's statistic :6.3, p:0.85). As indicated

in Table 4.8 there was no significant difference in systolic blood pressure between the

acute/chronic phases or between the two nitrate preparations. However, there were significant

differences in systolic blood pressure over time. Utilizing Bonferroni's post hoc multiple

comparison test the mean systolic blood pressure at the zero hour of the acute ISMN phase of

the trial was significantly greater than that of the 4-hr blood pressure reading.
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0.29 0.58

9.70 < 0.01

1.90 0.16

0.79 0.45

0.01 0,91Phase x Trealment

Time x Treatment 1.56 0.21

0.33 0.72Phase x Time x Tre(rtment

Determitmnts

Table 4.8 Dilþrences øcross phøses and between nitrøte treatments
(systolic blood pressure) three-wcry ANOVA contingency table

The dffirences itt syslolic blood pressure belween treatfttent phases (acute/chronic) for bolh nilrale preparatiotts
(ISMN/TD-NTG) were examined by j-way ANOVA (Barlletl's stcttistic : 6 3, p : 0.85).

[4.5.4.2J Heørt rate

Diurnal variøbility

Along with changes in systolic blood pressure, changes in heart raÍ.e post nitrate

administration were examined with each nitrate preparation. Firstly, diurnal variability in

heaft rate was examined. Data representing hearl rate was shown to conform to a Gaussian

distribution and to contain homogeneous variances (0-hrs KS : 0.25, p : ns; 4-hrs KS :0.17,

p:ns; 8-hrs KS :0.22, p:ns; 24-hrs:0.I4, p:ns; Bartlett's statistic :0.96, p:0.81).

Utilizing a 1- way ANOVA, no signihcant diurnal variability in heart rate was observed (1-

way ANOVA:- F :0.14, p:0.94).

Acute nitrate pharmacotherøPY

Acute administration of either nitrate preparation was examined for the effects on heafi rate.

Data representing heart rate conformed to a Gaussian distribution and contained

homogeneous variances during the acute phase of the investigation (ISMN: O-hrs KS :0.19,

p: ns; 4-hrs KS :0.12, p: ns; 8-hrs KS :0.14, p: ns; 24-hrs KS:0'17,p: ns, Bartlett's

statistic : I.25,p:0.74) (TD-NTG: O-hrs KS :0.17, p : ns; 4-hrs KS : 0.11, p : ns; 8-hrs

KS : 0.15, p : ns; 24-ltrsKS : 0.11, P : ns; Bartlett's statistic : 0.74,p : 0.85).
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As illustrated in Figure 4.20, the acute administration of either nitrate preparation had no

significant effect on heart rate (2-way ANOVA:- Treatment group F : 0.17, p : 0.84; Time F

:0.34,p:0.78;TreatmentgroupxtimeF:0.1,p:0.99;Bartlett'sstatistic:6.1,p:0.86).
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Figure 4.20 Acute effects of nitrate pharmacotherapy on heart røte

Acute administration of either l20mg ISMN or l5mg TD-NTG had no significant efect on heart rate. For each subject

examined, nitrates were administrated immediately post the zero hour blood collection time points. (2-way ANOVA'-
TreatmentgroupF:0.17,p:0.84;TimeF=0.34,p:0.78; TreatmentgroupxTimeF:0.1,p:0.99).

C hro nic nitrat e p h ar m acoth eraPY

Chronic administration of either nitrate preparation was also examined for the effects on heart

rate. Data representing heart rate conformed to a Gaussian distribution and contained

homogeneous variances during the acute phase of the investigation (ISMN: 0-hrs KS : 0. i 1,

p : ns; 4-hrs KS : 0.13, p : ns; 8-hrs KS : 0.16, p : ns; Bartlett's statistic : 0.152,p : 0.96)

(TD-NTG: O-hrs KS:0.098, p: ns;4-hrs KS:0.11, p: ns; 8-hrs KS:0.19, p: ns;

Bartlett's statistic : 0.18, p : 0.91).

As illustrated in Figure 4.21, chronic treatment with either nitrate preparation had no

significant effect on heart rate (2-way ANOVA:- Treatment group F : 0.36, p : 0.69; Time F

:0.29,p:0.75; Treatment group x time F :0.12,p:0.97; Bartlett's statistic :5.7,P:

0.e1).
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Figure 4.21 Chronic effects of nitrate phørmøcotherapy on heart røte

Chronic administration of either I 20mg ISMN or I 5mg/24-hrs (l 2-hr application) for a period of 2 weeks had no signiJicant

effect on heart rate. For each subject examined, nitrates were administered immediately post the zero hour blood collection
point(2-wayANOVA,TreatmentgroupF:0.37,p:0.69,TimeF:0.29,p:0.T5,TreatmentgroupxTimeF:0.12,p-
0.e7)

[4.5.4.3] Effects on Augmentation ìndex

Diurnal variøbility

Of the 34 subjects enrolled within the trial, diurnal variability in the AI(x) was examined in

10 subjects. Immediately following blood sampling at zero hour (approximately 8am), 4, 8

and24-ïts, the AI(x) of 10 subjects was examined. AI(x) af each sampling time point during

the "no nitrate" period of the trial conformed to a Gaussian distribution and contained

homogeneous variances (0-hrs KS:0.11, p:ns;4-hrs KS:0.16, p: ns; 8-hrs KS:0.18, p

: ns;z4-Iirs KS : 0.I2, p: ns. Bartlett's statistic :2.4, p : 0.5). As illustrated in Figure 4.22

and by l-way ANOVA, no significant diumal variability in AI(x) was observed (l-way

ANOVA; F : 0.88, p : 0.46). A repeated measures ANOVA was not performed as the 24-hr

sample was not obtained in one subject.

80
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Figure 4.22 Diarnal variøbility in AI(x)

Variability in AI(x) in l0 subjects during the "no nitrate" collection phase. No significant diurnal variabilily in AI(x) was

observed (1-way ANOVA; F : 0.88, p : 0.46).

A cut e nitrate p h arm acoth erapy

The acute administration of either I20mg ISMN or l5mgl24-hrs TD-NTG following a24 -br

nitrate free period and 7 days of either 60mg ISMN or 7.5mg124-hrs TD-NTG was examined

for effect on the AI(x) in 12 of the 34 enrolled subjects. AI(x) was shown to conform to a

Gaussian distribution and to contain homogeneous variances during the acute phase of the

investigation(ISMNO-hrsKS:0.13,p:ns;4-hrsKS:0.25,p:ns; 8-hrsKS:0.23,p:

ns; 24-hrs KS : 0.24,p: ns. Bartlett's statistic : 0.85, p :0.8a). GD-NTG 0-hrs KS : 0.16,

p : ns; 4-hrs KS :0.21, p : ns; 8-hrs KS : 0.13, p : ns; 24-brs KS : 0.I7, p: ns. Bartlett's

statistic : 1.9,p : 0.58).

As illustrated in Figure 4.23 addition of either nitrate preparation caused a significant

reduction in the AI(x) relative to "no nitrates" (2-way ANOVA; Treatment group F:9.1, p <

0.01; Time F :29.2, p < 0.01; Treatment group x Time F:8.4, p < 0.01; Bartlett's statistic:

7.86, p : 0.72). Utilizing Bonferroni's post hoc multiple comparison test a number of

significant differences were observed, with the most notable being the AI(x) for 4 and 8-hrs

"no nitrates" being significantly higher than that recorded for both nitrate preparations (p <

s
X

5

0
40



Chapter 4 s63

0.01). There was no significant difference in AI(x) at the zero and 24-br time points between

all treatment groups. There was also no significant difference between the AI(x) for TD-NTG

and ISMN treatment groups at 4-hrs post nitrate administration.
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Figure 4.23 Acute nitrøte effects on AI(x)

Acute administration of either ISMN (l20mg) or TD-NTG I5mg (12-hr application) immediately post the zero hour blood
collection time point caused a significant reduction in the AI(x) that remains throughout 4 and B-hrs (2-way ANOVA,'

TreatmentgroupF:9.2,p<0.01;TimeF:29.2,p<0.01;TreatmentgroupxTimeF-8.4,p<0.01).

C hro n í c nitr ate p h ar m acoth er apy

Administration of either ISMN or TD-NTG immediately post the zero hour collection to

subjects that had received pharmacotherapy with either nitrate preparation for a period of 2

weeks still demonstrated a pronounced and significant reduction in the AI(x). AI(x)'s were

demonstrated to conform to a Gaussian distribution and to contain homogeneous variances

(ISMN 0-hrs KS :0.27, p: ns; 4-hrs KS :0.77, p: ns; 8-hrs KS :0.13, p: ns; Bartlett's

statistic :1.7,p:0.42). (TD-NTG O-hrs KS:0.22, p: ns; 4-hrs KS :0.23, p:ns; 8-hrs

KS : 0.14, p : ns. Bartlett's statistic :2.2, p : 0.34).

Administration of either nitrate preparation immediately post the zero hour blood collection

time point caused a significant reduction in the AI(x) relative to "no nitrate" values (Figure

4.24:2-wayANOVA:TreatmentgroupF:20.0,p<0.01,TimeF:5.9,p<0.01,Treatment

groupxTimeF:4.78,p<0.01;Bartlett'sstatistic:9.14,p:0.33).UtilizingBonferroni's

post hoc multiple comparison test, no significant differences in AI(x) were observed at the

zero hour time point. Interestingly, at the 4-hr time point, AI(x) for the TD-NTG treatment
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phase was not significantly different from that of "no nitrates", contrasting to that of ISMN

that was signif,rcantly different (p < 0.05). At the 8-hr time point, only during the TD-NTG

treatment phase was the AI(x) significantly lower than that of "no nitrates" (p < 0.05),

contrasting this time to the ISMN treatment phase that was not significantly different from

"no nitrates".
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Figure 4.24 Chronic nitrate pharmacotherøpy:- effects on AI(x)

Chronic treatment with either ISMN (l20mg) or TD-NTG l5mg (12-hr application) immediately post the zero hour blood
collection time point caused a signifi.cant reduction in the AI(x) that remains throughout 4 and thrs By 2 way ANOVA;
TreatmentgroupF:20.0,p<0.0l,TimeF--5.9,p<00l,TreatmentgroupxTimeF:4.8,p<0.01.
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"Rebound" in AI(x)

A 24-hr nitrate-free period þrior to the commencement of the chronic phase of the trial)

allowed us to examine whether a nitrate-free period during chronic nitrate pharmacotherapy

was associated with a "rebound" in the AI(x). Therefore for each nitrate preparation, the

AI(x) at the zero hour during the acute phase (24-l1r nitrate free period prior to sampling) of

the trial were compared with those at the zero hour of the chronic phase of the investigation.

As illustrated in Figure 4.25 left panel, there was no significant change in AI(x) during the

TD-NTG treatment phase of the trial (paired r-test t : 1.4, p : 0.18). Analogous results were

observed during the ISMN treatment phase, with no significant change in AI(x) being evident

(right panel of Figure 4.25,paired r-test t: 1.5, p:0.16).

TD-NTG ISMN

50

30

10

Acute Chronic Acute Chronic

Figure 4.25 "Rebound" in AI(x)

Potential "rebound" in the AI(x) was examined during both nitrate treatment phases with no significant "rebound" being

observed for either nitrate preparation. Right panel TD-NTG paired t-test t : I .4, p : 0 I 8; left panel ISMN paired r-tesr t
:1.5,p:0.16.
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Differences between the nitrøte therapies/treatment phases regørding AI(x)

For the purposes of establishing if there was any significant difference across the treatment

phases and between each nitrate preparation regarding AI(x), a 3-way ANOVA was

performed using the 0, 4 and 8-hr time points (Bartlett's statistic : 8.6, p : 0.65). As

illustrated in Table 4.9 and Figure 4.26,nitrate administration caused a significant reduction

in the AI(x) over time. There was also a significant difference between the acute and chronic

treatment phases for both nitrate preparations, indicating tolerance induction. However, there

were no significant differences between the nitrate preparations in reducing the AI(x) post

administration, both acutely and chronically. Moreover, the triple interaction determinant (p:
0.07) raised the possibility that the effects of ISMN were associated with slightly more

marked tolerance induction. Utilizing Bonferroni's post hoc multiple comparison test, there

were no significant differences between the AI(x) values for each nitrate preparation and

phase, at all the examined time points.

Table 4.9 Three-way ANOVA contingency table

Dffirences across the nitrate treatment phases and between each nitrate preparation were analyzed by j-way ANOVA using
the time points 0, 4 and 8 hrs only.

75.8 < 0.01

0.12 0.72
5.60 0.018

1.15 0.31

1.70 0.18

0.02 0.88

2.64 0.07

Determinunt
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Fígure 4.26 Dffirences between therapies ønd treatment phases

By j-way ANOVA (Table 4.6), administration of either nitrate preparation (ISMN or TD-NTG) showed a signiJicant
reduction in the AI(x). The effectiveness of reducing the AI(x) was no dffirent between each nitrate preparation bul was

different between phases of administration, indicatingtolerance development (3-way ANOVA; Time F:75.8, p < 0.01;

TherapyF:0.12,p:0.72;TreatmentphaseF:5.6,p:0.018:interactionsarelistedinTable4.6).

[4.5.5] Platelet and lumínescence variahles in those subjects who had vasculør parameters

examined

A discussion and an analysis of the aggregation/LDcl- results obtained with subjects that had

vascular parameters assessed (n : l2), can be found within the appendix chapter of this

thesis. Briefly, the platelet aggregation and luminescence results within this cohort of subjects

were similar to those of the total patient cohort. No significant anti-aggïegatory effect was

observed during both the acute and chronic phases of the trial for either nitrate preparation.

Furthermore, the extent of platelet responsiveness to both NTG (100pM) and SNP (10pM)

remained unchanged during the different trial phases, a result that parallels the luminescence

data. For further colnmentary and analysis see the Appendix chapter of this thesis.
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[4. 5.6] AI(x) vs,SNP responsiveness

In order to determine if there was any significant correlation between the vascular

responsiveness to nitric oxide and platelet responsiveness to nitric oxide, a potential

relationship between the AI(x) and platelet responsiveness to SNP at the zero hour of the "no

nitrate" collection phase of the trial, was examined. In 10 subjects and as illustrated in Figure

4.27, no significant inter-relationship between AI(x) and platelet SNP (1OpM)

responsiveness was observed (regression analysis r: -0.13, p:0.72; run test p :0.17).
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Figure 4.27 AI(x) versus platelet responsiveness to SNP

The AI(x) was not correlated with platelet responsiveness lo .lNP (1 0ltM). Regression analysis r : -0 I 3, p : 0 72; run lest p
:0.17.
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[4.5.7] Platelet and vasculør responsiveness to nitroglycerine

Platelet responsiveness to NTG was compared to the 4-hourly AI(x) values during the acute

phase of the trial for the TD-NTG preparation in-order to examine the relationship between

platelet responsiveness and vascular responsiveness to NTG.

As illustrated in Figure 4.28, there was a trend towards a significant relationship between

platelet responsiveness to NTG (100pM) and the %o change in AI(x) at 4-hrs post acute TD-

NTG administration (Regression analysis, platelet NTG responsiveness vs TD-NTG AI(x) r:
0.54,p: 0.086, run test p : 0.91).

o

o

o

25 50 75 100

Platelet responsiveness to NTG
(% inhibition of aggregation)

Figure 4.28 Acute platelet responsiveness to NTG (100ltM) versus AI(x)

A trend towards a signiJìcant relationship existed between platelet responsiveness to NTG (l00pM) and the %, change in

AI(x) at 4-hrs post acute TD-NTG administration (regression analysis, r : 0.54, p : 0.086, run test p - 0.91).
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[4.5.8] Relatíonship between the percentage føll in AI(x) and platelet responsiveness to

NTG

Having examined the relationship between platelet responsiveness to NTG and the change in

AI(x) at 4-hrs post acute administration of TD-NTG we then wanted to establish if there was

a relationship between the fall in AI(x) post nitrate administration and platelet responsiveness

to NTG (100pM) at the O-hr time point. As illustrated in Figure 4.29, there was no significant

relationship between the absolute fall in AI(*) post TD-NTG administration and the extent of

platelet responsiveness to NTG (100¡rM) at the O-hr time point (regression analysis, r:0.16,

p : 0.61, run test p : 0.18).

a oo

o
20

-10 0 10 20 30 40

Absolute reduction in AI(x) at 4-hrs

Figure 4.29 Reløtionshíp between øhsolute reduction in AI(x) at 4-hrs

ønd the degree of pløtelet responsiveness to NTG

No signiJicant relationship was observed between the absolute fall in AI(x) post TD-NTG administration and the extent of
platelet responsiveness to NTG (l00pM) at the zero-hr lime point (regression analysis r = 0.16, p = 0.61, run lest -- 0 l8).
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[4.5.9] Acute pløtelet NTG responsiveness vs acute platelet superoxide

At 4-hrs post administration of either ISMN or TD-NTG a relationship between the degree of

platelet responsiveness to NTG (100pM) and whole blood superoxide, was examined.

Platelet responsiveness to NTG vs pre-aggregation LDCL

Utilizing samples from a sub-population of the study cohort, the relationship between the

extent of platelet responsiveness to NTG (100pM) at the 4-hr time point post administration

of either nitrate preparation, and the degree of pre-aggregation LDCL as detected by

lucigenin (12.5¡rM) was examined. By regression analysis, no significant correlation was

evident (regression analysis ISMN r: -0.31, p: 0.24,run test p:0.96; TD-NTG r: -0.07, p

: 0.79, run test p : 0.2). Utilizing ANCOVA both populations of data from each nitrate

treatment regimen were found to be significantly different from each other (ANCOVA F :

4.9, p: 0.035). For a summary of the relationship between platelet responsiveness to NTG

and the pre-aggregation LDCL see the lower left panel of Figure 4.30.

Pløtelet responsiveness to NTG vs sggregatíon-øssociøted LDCL

As was demonstrated above for the pre-aggregation LDCL data, no significant correlation

between the degree of platelet responsiveness to NTG and aggregation-associated LDCL was

found for either nitrate preparation (regression analysis ISMN r:0.1, p:0.7, run test p:
0.23; TD-NTG r : 0.02,p:0.93, run test p : 0.94). By ANCOVA both data populations for

each nitrate preparation v/ere found to be significantly different from each other (ANCOVA

F :4.3,p:0.047). For a further summary see the lower right panel of Figure 4.30.
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Figure 4.30: Relationship between acute platelet responsíveness to NTG and whole blood

superoxìde levels

Solid diamonds : ISMN; Open triangles : TD-NTG. Left; platelet NTG responsiveness and pre-aggregation LDCL
(regressíon analysis ISMN r: -0.31, p: 0 24, run test p: 0.96; TD-NTG r: -0.07, p : 0.79, run test p: 0.2). Right;
platelet NTG responsiveness and aggregation-associated LDCL (regression analysis ISMN r:0.1, p - 0.7, run test p -
0.2i; TD-NTG r: 0.02, p : 0.93, run test p : 0.94).
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t4.5.101 Reløtionshíp between nítrøte elþcts on AI(x) and whole blood superoxide during

the acute phuse ødministration of ISMN and TD-NTG

The degree of change in AI(x) 4-hrs post administration of either nitrate preparation was

examined to see if it correlated with the degree of whole blood superoxide.

Pre-øggregøtion LDCL

As shown in the upper panel of Figure 4.31, no significant relationship between the degree of

change in AI(x) and the pre-aggregation LDCL was observed for either nitrate preparation

(regressionanalysislsMN: r:0.007,p:0.98,runtest:0.93; TD-NTGt:0.07,p:0.84,

run test p : 0.88). By ANCOVA both data populations were not significantly different from

each other (ANCOVA F :0.024, P:0.88).

Ag gr egation- as s o c isted LD CL

Delta AI(x) at four hours post administration of both nitrate preparations were also correlated

with the degree of aggregation-associated LDCL (lower panel of Figure 4.31). No significant

correlation was found between delta AI(x) and the aggregation-associated LDCL for either

nitrate preparation (regression analysis ISMN: f :0.2, p : 0.6, run test p : 0.5; TD-NTG r:
0.015, p : 0.96, run test p : 0.6a). By ANCOVA both data populations were not significantly

different from each other (ANCOVA F: 0.14, p :0.9).
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Fígare 4.31 Relatíonship between delta AI(x) and whole blood superoxíde

Upper panel: No signiJicant coruelation between delta AI(x) and pre-aggregation LDCL (regression analysis ISMN: r :
0.007, p: 0.98, tun test:0.93; TD-NTG: r: 0.07, p: 0.84, run test p : 0.88). Lower pønel: No signiJìcant coruelation

between detta AI(x) and aggregation-associated LDCL (regression analysis ISMN. r - 0.2, p : 0.6, run lesl: 0.5; TD-

NTG. r : 0.01 5, p : 0.96, run test p : 0.64).
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t4.61 Discussion

Organic nitrates are in widespread use for the treatment/management of patients with SAP,

ACSs and heart failure (Darius, 1999; Horowitz, 2000). In addition to their vasodilator

properties the therapeutic effects of organic nitrates are related, at least in patients with ACS,

to their potent anti-aggregatory effects (Stamler and Loscalzo,l99l).

t4.6.11 Anti-pløtelet efficts of orgønic nítrates ex vívo

In the present study, we investigated the putative anti-aggregatory effects of both acute and

chronic administration of either ISMN (120mg) and TD-NTG (l5mgl24l'rs-l2br application)

in patients with mild to moderate SAP utilizing ex vivo methodology. Acute (Figure 4.7) or

chronic (Figure 4.1114.12) administration of either nitrate preparation showed no significant

anti-aggregatory effect. Unlike a number of previous studies examining the anti-aggregatory

effects of NTG (as outlined in section D.\.3.2 of chapter 1), this is the first study examining

both the acute and chronic anti-aggregatory effects ISMN and TD-NTG.

TD-NTG

It is now widely accepted that NTG along with other organic nitrate preparations possess

potent anti-platelet properties, initially demonstrated in vitro with high concentrations (Mehta

and Mehta, 1979; Rolland et al., 1984; Saxon and Kattlove, 1976) but now shown at an ex

vivo level with therapeutically achievable transdermal dosing regimens (De Caterina et al.,

1989; Diodati et a1.,1990; Diodati et al.,1995; Karlberg et a1.,1992; Wolfram et al.,1996).

S t u die s d e m o n str øtin g s ig n ifi c an t ant í- ag g r e g ato ry effe ct s

Andrews et al (1994), investigating the anti-aggregatory effects of TD-NTG were the first to

demonstrate a significant anti-aggregatory effect from TD-NTG in healthy volunteers, one

and two hours post a single application (0.6mg/hr), The anti-platelet properties of TD-NTG

were demonstrated both at a platelet-rich plasma and whole blood level, with the most potent

of effects being observed within the former platelet preparation. In contrast to the methods

that were used within the current study, Andrews et al (1994) added a cGMP

phosphodiesterase inhibitor (MB 22948, 100pM) to each blood/platelet sample in order to

amplify the anti-aggregatory properties of TD-NTG. The addition of a oGMP

phosphodiesterase inhibitor to a blood sample was not performed within the current study and
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therefore serves as a possible reason as to why no significant anti-aggregatory effect was

observed post TD-NTG administration at either an acute or chronic level.

Lacoste et al (1994), examining the anti-aggregatory effects of TD-NTG (0.6mglhr) in a

cohort of SAP patients, also demonstrated a significant anti-aggregatory effect of TD-NTG 3-

hrs post administration, a result that was demonstrated without the addition of a oGMP

phosphodiesterase inhibitor. Furthermore, TD-NTG was demonstrated to decrease thrombus

deposition on pig aorta, both at high and low shear rates, further indicating a significant anti-

aggregatory effect. However, unlike the current study in which all subjects were required to

continue with their current anti-anginal medications, the study by Lacoste et al (1994),

required all participating subjects to discontinue their anti-anginal and anti-platelet drugs >2

weeks prior to study commencement (exception, B-adrenoceptor antagonists).

S t u die s d e m o n st r atin g n o s ig n ífi c ant øntí- øg g r e g øt o ry effe ct

Apart from the aforementioned studies, a number of previous investigators have

demonstrated no significant ex vivo anti-aggregatory effect of TD-NTG (Giugliano et al.,

1995; Hogan et a1.,1989). More recently Bath et al (200I), examining the ability of TD-NTG

to lower blood pressure and its anti-platelet properties in subjects with acute stroke,

demonstrated a significant reduction in systolic blood pressure post nitrate administration but

no significant change in heart rate, platelet aggregation or expression of glycoproteins Ia, Ib,

IIIa and P-selectin.

ISMN

To date there is limited data examining the ex vivo anti-platelet properties of ISMN alone or

compared to those of NTG or ISDN, a lact that partly provided the impetus for the current

investigation. Wolfram et al (1996), examining the ex vivo anti-aggregatory effects of TD-

NTG (64mg), ISDN (120mg) and ISMN (50mg) in a cohort of healthy subjects demonstrated

that all these nitrate preparations rwere equipotent haemodynamically 90 and 150 minutes post

administration. Interestingly, significant ex vivo anti-aggregatory effects were observed for

the TD-NTG and ISDN, but not for the ISMN preparation, an observation that concurs with

the results of Drummer et al (1991).
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Current study results: lack of significant ønti-aggregatory effect

In summary, the balance of evidence in the literature supports the view that both TD-NTG

and ISMN demonstrably inhibit platelet aggregation at an ex vivo leveI. A number of possible

reasons exist why we did not observe any significant anti-aggregatory effect with either

nitrate preparation throughout all phases of the current study. These can be categorized as

either clinical or experimental.

Clinical

Most, but not all studies examining the anti-aggregatory properties of TD-NTG/ISMN have

been performed on healthy subjects or SAP patients who have had all other anti-

anginallplatelet medications withdrawn prior to study commencement. However, the current

study was designed to investigate both the acute and chronic incremental effects of TD-

NTG/ISMN in subjects with mild to moderate SAP on a background of anti-anginal/platelet

medications, a study design that reflects clinical reality. Therefore, it is possible that the

absence of any significant anti-aggregatory effect following TD-NTG/ISMN administration

may have been due to the lack of significant incremental effects over those of the

concomitant medications each subject was receiving.

Throughout the literature a number of hypotheses have been generated addressing the

discrepancy between the concentrations of organic nitrates required to cause an anti-

aggregatory effect in vitro compared with ex vivo/in vivo. One such hlpothesis includes the

synergistic action of NTG and prostacyclin at inhibiting platelet aggregation (Stamler and

Loscalzo, 1991). De Caterina et al (1998), observed that the ICso for prostacyclin-induced

inhibition of platelet aggregation was significantly reduced following ISDN administration, a

result that concurs with the observations of others (Anfossi et al., 1993; Klockenbusch and

Schror, 1993; Schror et al., 1988; Willis et al., 1989). Moreover, Salvemini et al (1996),

examining the role of prostacyclin in nitric oxide-dependent inhibition of platelet

aggregation, demonstrated in vitro that nitric oxide released from NTG activates cyclo-

oxygenase (COX) in endothelial cells leading to release of prostacyclin. The addition of

endothelial cells þreviously shown to release prostacyclin in response to administration of

therapeutically relevant concentrations of nitric oxide donors), caused a ten-fold shift to the

left of the concentration-response curve for NTG-induced inhibition of thrombin induced

platelet aggregation. Furthermore, the addition of indomethacin was demonstrated to inhibit
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the prostacyclin-mediated component of the inhibition of platelet aggregation, to a level that

was achieved with the nitric oxide donor alone, implying an important role for

CO)lprostacyclirVcAMP in the anti-aggregatory effects of nitric oxide donors (Salvemini el

al.,1996).

In the current study, 88% of subjects were receiving aspirin throughout the trial. Reductions

in prostacyclin release resulting from the use of aspirin and hence a reduction in the

effectiveness of TD-NTG/ISMN may serve as a reason for the absence of any significant

anti-aggregatory effect. However, it seems unlikely that this hypothesis would function as the

sole reason why no significant anti-aggregatory effect was observed as nitrate administration

caused profound reductions in the AI(x) (Figure 4.2314.24):- prostacyclin would presumably

potentate the vasodilator and anti-aggregatory effects of nitrate to similar extents.

Examination of the hypothesis that aspirin reduces the ex vivo anti-aggregafory effects of

organic nitrates was beyond the scope of the current investigation. However, this hypothesis

does warrant further examination given some of the aforementioned evidence and the

observation that indomethacin pretreatment of human umbilical arteries significantly

attenuates NTG induced vascular relaxation in vitro (Klockenbusch and Schror, 1993). One

may speculate that alterations in the AI(x) post nitrate administration may have been even

more pronounced if these subjects were not receiving aspirin.

Many of the subjects in the current study also continued to receive prophylactic anti-anginal

treatment with other agents (notably non-dihydropyridine calcium antagonists in 68% of

subjects) throughout the protocol. Calcium antagonists have moderate anti-aggregatory

effects (section C,18 of chapter 1). No clinical studies have been performed to date to

determine whether these effects are additive over those of organic nitrates.

Experimental

The findings of a series of experiments examining the anti-aggregatory effects of NTG in

subjects with UAP or acute MI, performed by Diodati et al (1990) may also serve as a

potential reason for the absence of any detectable anti-aggregatory effect of TD-NTG/ISMN

administration. For each subject, acute NTG infusion was titrated to achieve a l0o/o decrease

in the mean artenal blood pressure (mean infusion rate 1.19 + 0.2¡tglkg/min). This dosing

regimen caused a significant inhibition of ADP or thrombin-induced platelet aggregation, but
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represents a far greater tate of NTG systemic administration than occurred in the current

study. Specifically, in the study of Diodati et al (1990), approximately 5mg of NTG would

have been infused intravenously per hour (assuming mean subject weight of 70Kg) compared

with approximately 0.6mglhr released into the skin for the TD-NTG preparation utilized in

the current study. Furthermore, Diodati et al (1990) examined platelet function at the bedside.

If platelet samples were left at room temperature for a period of 25 minutes prior to

experimentation, the anti-aggregatory effect of NTG was not detected. In the current study,

assessment of platelet function was performed 10 to 30 minutes post sampling. V/hile a

longer "lag time" between venesection and assessment of aggregation does not necessarily

preclude detection of effects, previous "positive" studies of this type, for example in platelet-

rich plasma (Chirkov et al.,1993) have followed administration of large doses of NTG.

Finally, it has previously been shown (Willoughby et al., 1996) that the anti-aggregatory

effects of NTG in vitro are markedly potentiated when platelet aggregation is induced by a

mixture of platelet agonists rather than by ADP alone. It was speculated that this multi-

agonist induced aggregation more closely mimics in vivo circumstances than ADP alone. The

multi-agonist model was not utilized in the current study, but might have facilitated detection

ofNTG effects.

Summary

V/ithin the current study, both acute and chronic administration of either TD-NTG/ISMN was

not shown to have significant ex vivo anti-aggregatory effects despite profound effects on the

vasomotor responses. There are two possible reasons;

Firstly, the vasomotor effects of the nitrate preparations far exceed their anti-aggregatory

effects.

Secondly, it remains probable that the methodology utilized herein (", vivo

aggregometry) is sub-optimal for detection of the anti-aggregatory effects occurring ln

vtvo.

t4. 6. 2l "Rebound" platelet hyper-aggregability

The mechanism/s involved in the phenomenon of "rebound" in ischaemic events upon nitrate

withdrawal or during a nitrate-free interval are unclear. Some investigations have suggested a

a

o
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heightened sensitivity to vasoconstrictors may serve as a potential mechanism (Hebert and

Lam, 2OOO). As discussed in chapter 1 (section D.3.3), the development of tolerance to

organic nitrates is associated with activation of vasoconstrictor mechanisms

(renin/angiotensin system) (Munzel et al., I995a), effectively counteracting the vasodilator

properties of organic nitrates, a phenomenon also referred to as pseudotolerance. Utllizing a

dog model, Munzel and Bassenge (1996) demonstrated "rebound" vasoconstriction of the

anterior circumflex artery upon sudden withdrawal of chronic NTG, a phenomenon that was

limited by ACE inhibition (enalapril Imglkgl24-hrs). Moreover, there is also a suggestion

that catecholamines may play some role in the phenomenon of "rebound". Holdright et al

(1993) demonstrated no "rebound" during intermittent TD-NTG pharmacotherapy in patients

with SAP that were undergoing a B-adrenergic pharmacotherapy. No clinically based studies

have evaluated the role of platelets in "rebound". However, Figueras et al (1991) observed

that cessation of NTG infusion in patients with unstable angina frequently caused rapid re-

emergence of ischaemia; this might well reflect incremental platelet aggregation.

No "rebound" platelet hyper-aggregability during the nitrate-free interval was observed

within the current study. This is the first investigation in human subjects examining possible

"rebound" in platelet aggregability during a nitrate free period with nitrate

preparations/doses, analogous with that previously demonstrated to illicit the "zero hour"

phenomenon of a reduced exercise capacity prior to nitrate administration (DeMots and

Glasser, 1989).

Only one study to date (pig model), has investigated the hypothesis that acute withdrawal of

NTG (TD-NTG 0.8mg/h for 48-hrs) was associated with platelet hypersensitivity (Hebert and

Lam, 2000). Platelet thrombus formation on aortic media and the extent of whole blood

platelet aggregation was significantly inhibited following chronic exposure to TD-NTG (48-

hrs). However, two hours post nitrate withdrawal both platelet deposition and the extent of

platelet aggregation remained significantly decreased. This result contrasted to the mean

arterial pressures that were significantly elevated when compared to the "no nitrate"

pressures, Moreover, following two hours post withdrawal of NTG treatment, Hebert and

Lam (2000) demonstrated a super-sensitive response to a bolus angiotensin II, manifesting as

a significant increase in mean arterial pressure compared to pressures during the "no nitrate"

phase, suggesting that augmented responsiveness of the vessel wall to vasoconstrictors rather
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than platelet hl,per-activity is a mechanism behind the "rebound" phenomenon post nitrate

withdrawal.

[4.6.3] Sensitivity to nitric oxide donors

Nitrate tolerønce

The continuous use of organic nitrates usually results in the development of nitrate tolerance

with evidence of its development being more readily observed at the vascular rather than the

platelet level. Throughout the literature there are only a limited number of studies addressing

the phenomenon at the platelet level. Baines et al (1994), utilizing anaesthetized mini-pigs

demonstrated a significant attenuation in the preload effects of NTG, a result that paralleled a

fall in platelet oGMP. This result was in concordance with the observations of Bassenge and

Fink (1996), where vascular changes were demonstrated to parallel platelet changes. Chirkov

et al (1997), examining the phenomenon of nitrate tolerance at the platelet level in a cohort of

patients with SAP, demonstrated a significant rightward shift in the concentration-response

curve following sublingual administration of a single dose of NTG (300pg). Significantly

greater concentrations of NTG added in vitro were required to reverse ADP-induced platelet

aggregation, indicating tolerance development. Within the same study, the extent of platelet

responsiveness to NTG added in vitro (100pM) was significantly diminished following

intravenous infusion of NTG (5pg/min for 24hrs) compared to platelet responsiveness to

NTG prior to infusion (Chirkov et al.,1997).

In the current study, the extent of platelet responsiveness to in vitro NTG (100pM) remained

unchanged during both the acute and chronic treatment phases of ISMN/TD-NTG

pharmacotherapy (Figure 4.914.14). However, with applanation tonometry as a means of

assessing the vasomotor function of each nitrate preparation, a significant attenuation in the

AI(x) was observed following chronic administration of either nitrate preparation (Figure

4.24), indicating nitrate tolerance development at the vascular level. Platelet responsiveness

to in vitro NTG (100¡rM) in subjects assessed via applanation tonometry, were similar to

those subjects in whom the vascular responsiveness to ISMN/TD-NTG were not assessed

(Appendix).

Interestingly, the monitoring of systolic blood pressure and heart rate throughout all phases of

the trial did not demonstrate haemodynamic tolerance (Table 4.8 and Figures 4.2014.2I).
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Therefore, pulse wave analysis during chronic nitrate exposure may serve as a more sensitive

means of assessing nitrate effect, rather than changes in blood pressure.

A number of studies to date have examined the effects of organic nitrates and other sources of

nitric oxide donors on AI(x) (Chowienczyk et al., 1999; O'Rourke and Mancia, 1999;

Wilkinson et a1.,2002). The current study is the first to demonstrate tolerance development

following chronic exposure to ISMN/TD-NTG in a cohort of SAP patients as detected by

pulse wave analysis. It is also akin to the observations of others in which tolerance

development to NTG and other nitrovasodilators and the augmentation thereof, was assessed

using more invasive techniques (venous occlusion plethysmography) (Gori et al., 2001;

Milone et al.,1999b; Watanabe et a1.,1998a).

Pl atel et v u s o m oto r int er-r elation s hip

The current study is the first investigation examining the possible relationship between the

development of tolerance at the platelet and vascular level in humans with mild to moderate

SAP. Whilst demonstrating marked haemodynamic tolerance in rats following prolonged

NTG administration, Booth et al (1996) was unable to demonstrate a reduction in platelet

gGMP or rat bleeding time. Akin to these results, Hebert et al (1997) demonstrated persistent

inhibition of platelet deposition on porcine aortic media utilizing a dosing regimen that

resulted in marked haemodynamic tolerance (TD-NTG; 0.8mg1fu148-hrs). Moreover, no

significant correlation was observed between the extent of platelet responsiveness to in vitro

NTG (100pM) and AI(x) 4 hrs post administration of TD-NTG during the acute phase of the

trial (Figure 4.28). This reinforces the observation that tolerance development at the platelet

level does not parallel tolerance development at the vascular level.

Nitrøte tolerance and superoxide

Several studies to date have reported that sustained exposure to NTG results in increased

superoxide generation (Dikalov et al., 19991' Dikalov et al., 1998a; Munzel et al., 7996a;

Munzel et a1.,2000b; Munzel et al., 1995b). These observations lead to the development of

the "oxidative stress" hypothesis as a means to explain the phenomenon behind nitrate

tolerance development (Section D.3.2.2 of chapter 1). As such, one of the purposes of the

current investigation was to examine changes in whole blood superoxide levels during both

acute and chronic exposure to ISMN/TD-NTG.
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Acute (Figure 4.11) or chronic (Figure 4.16) administration of either nitrate preparation was

demonstrated not to cause any significant change in the extent of pre-aggregation or

aggregation-associated LDCL. Furthermore, there was no significant relationship between the

extent of platelet responsiveness to NTG and the degree of either pre-aggregation or

aggregation-associated LDCL (Figure 4.30), suggesting that acute administration of organic

nitrates in the dose utilized, is not associated with a sudden rise in superoxide.

Concluding that superoxide has no role in the phenomenon of organic nitrate tolerance

induction, utilizing the results observed herein, must however be made with caution as no

significant tolerance towards either nitrate preparation was observed at the platelet level. One

is unable to totally rule out involvement of superoxide in the phenomenon of nitrate tolerance

as the luminescent variables assessed herein were also demonstrated to be intimately

associated with platelet aggregation (section II chapter 2) and independent of any vascular

source of superoxide. FurtheÍnore, superoxide was not assessed in all subjects. Despite these

limitations, tolerance towards both nitrate preparations was observed at a vascular level with

no significant changes in the luminescent variables (Appendix Figure 4).

Utilizing platelet samples from 10 normal male volunteers McVeigh et al (2002), recently

demonstrated that 3 days of continuous TD-NTG (10mgl24hrs) resulted in a significant

increase in platelet derived superoxide (detected using 20¡tM lucigenin). This increase was

accompanied by an increase in platelet NADH oxidase activity (McVeigh et al., 2002).

Utilizing applanation tonometry, a significant effect of NTG was apparent on pulse waveform

morphology after 3 day of NTG exposure despite evidence of tolerance induction, a result

that is in concordance with our observations. Moreover, the traditional haemodynamic

parameters measuring NTG efficacy, systolic/diastolic blood pressure and heart rate remained

unchanged following chronic exposure to NTG. Results that are in concordance with our

observations. However, no significant change in LDCL was observed following the acute or

chronic administration of TD-NTG or ISMN. Reasons for this discrepancy lie in the

differences between the two studies. All experiments performed by McVeigh et al (2002)

were undertaken on a cohort of male NVs not receiving any concurrent medications.

Furthermore, the non-intermittent dosing regimen caused profound nitrate tolerance, and

therefore results are not clinically relevant given intermittent dosing recommendations

(Thadani etal., 19861' Parker etal.,1995).Finally,McVeigh etal(2002)didnotassessthe

functional significance of an increased platelet derived superoxide. V/ithin the current study
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intermittent dosing with TD-NTG was not associated with a significant increase in LDCL but

was also not associated with a significant reduction in platelet aggregability.

Nitric oxide resistønce

Within chapter 3, an ACS as distinct from SAP was associated with a significantly reduced

responsiveness in the anti-aggregatory effects of SNP (10pM). Given the study design within

chapter 3, the influence of prior/continuous nitrate consumption on the extent of platelet

responsiveness to SNP may very well be dose-dependent and would remain somewhat

obscured within a multivariate analysis.

Throughout the literature there is in vitro evidence demonstrating that NOS is regulated by

both endogenous and exogenous sources of nitric oxide in a negative feedback dependent

mechanism (reviewed extensively by Griscavage et al., 1995). More recently Gori et al

(2001), in a cohort of healthy subjects, demonstrated that continuous treatment with TD-NTG

(0.6mg/h for 6 days) resulted in a marked inhibition of acetylcholine-induced increases in

forearm blood flow as measured using strain gauge plethysmography, consistent with

"endothelial dysfunction" induced in parallel with nitrate tolerance. Moreover, Z-NMMA

induced vasoconstriction was significantly blunted in volunteers that had been treated with

TD-NTG, suggesting that NTG pharmacotherapy has an inhibitory effect on basal as well as

on stimulated vascular nitric oxide.

The current study was designed to examine the extent of platelet responsiveness to both NTG

and SNP in the presence and absence of two nitrate preparations (ISMN/TD-NTG). As

illustrated in Figure 4.1014.15, acute or chronic administration of either ISMN or TD-NTG

had no significant effect on the extent of platelet responsiveness to SNP (10¡rM). These

results firstly demonstrate that there was no cross-tolerance to a more direct donor of nitric

oxide following either acute or chronic exposure to either nitrate preparation, a result that

confirms the observations of Chirkov et al (1997). Secondly, the results also cast doubt on the

hypothesis that reduced platelet responsiveness to nitric oxide results from a negative

feedback inhibition of NOS, given prolonged exposure to exogenous sources of nitric oxide

(TD-NTG/ISMN) were unable to influence the extent of platelet responsiveness to nitric

oxide. However, at no stage throughout the duration of the trial was the function of platelet

derived NOS directly examined.
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Adding further weight against the hypothesis of a negative feedback inhibition of NOS

serving as a mechanism behind a reduced responsiveness to nitric oxide at the platelet level,

McVeigh et al (2002), recently demonstrated that non-intermittent TD-NTG was associated

with a significant increase in platelet-derived nitric oxide. These results were confirmed

utilizing a nitric oxide sensitive electrode and through the measurements of nitrite, suggesting

that platelet NOS activity increases following prolonged exposure to NTG.

[4.6.4] fntur-relationshíp between platelet and vasculør responsiveness to nitric oxíde

Apart from measuring the degree of ex vivo anti-aggregatory effects of commonly utilized

nitrate preparations, the current study was also designed to examine the relationship between

individual platelet and vasomotor responsiveness to nitric oxide.

Despite only running the comparison in a small cohort (Figure 4.27), no significant

relationship between the extent of platelet responsiveness to SNP and AI(x) was observed.

Furthermore, the reduction in AI(x) at 4 hrs post administration of TD-NTG was not related

to the extent of platelet responsiveness to NTG, at the zero hour time point (Figure 4.29).

Given the small number of subjects analyzed, the significance of this relationship is unclear

and further exploration of this relationship is required.

[4.6.5] Superoxide and vascular responsiveness to nítric oxide

Within section I of chapter 2, atrend towards a significant relationship between the extent of

platelet responsiveness to SNP and the degree of change in platelet responsiveness to SNP

post administration of SOD/catalase, was observed in those subjects with a history of angina

pectoris (SAP/ACS). These results suggested that the superoxide anion might play a role in

the phenomenon of attenuated platelet responsiveness to nitric oxide. However, within

section III of chapter 2 no significant relationship was observed between the extent of platelet

responsiveness to SNP and both pre-aggregation and aggregation-associated LDCL, implying

that superoxide's role in the phenomenon of platelet hypo-responsiveness to nitric oxide is

more complex than simply of a scavenger of nitric oxide.

As illustrated in Figure 4.31 there was no significant relationship between the change in

AI(x) 4-hrs post administration of either nitrate preparation and the degree of change in either

pre-aggregation or aggregation-associated LDCL. These results suggest that there is no
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relationship between the extent of vascular responsiveness to nitric oxide and the degree of

superoxide detected within a whole blood sample. Reasons for the absence of any significant

relationship between vascular responsiveness to nitric oxide and superoxide levels are

numerous and may include T1.pe II error.

t4.71 Limitations oÍthe study

The current study has a number of major objectives centered upon the assumption that the

dosing regimens for TD-NTG and ISMN respectively, would be sufficient to permit not only

detection but also quantitation of their anti-aggregatory effects. This proved to be incorrect.

However, the study in no way implies that organic nitrates lack anti-aggregatory effects.

While the inability to measure anti-aggregatory effecls ex vivo limits the utility of the study, it

achieved a number of important objectives, including evaluation of the (lack of) effects of

chronic nitrate administration on tolerance at the platelet level, despite induction of tolerance

at the vascular level. In this regard, there are a number of caveats.

First, a single index of vasomotor responsiveness to nitrate was utilized. Changes in AI(x) do

not necess airly parallel those of the venodilator effects of nitrates, or even necessarily the

coronary vasomotor effects, all of which may mediate changes in anginal threshold.

Secondly, one objective of the study was to determine whether there are any substantial

differences in the extent of tolerance induction between TD-NTG and ISMN. The study was

designed on the assumption that both preparations would be (initially) approximately

equipotent. At least measured by changes in AI(x), this proved to be correct. However, there

was a trend towards greater attenuation of ISMN than with TD-NTG. Previous clinical

studies with ISMN have generally utilized end-points such as exercise duration (Chrysant e/

al., 1993) rather than measurements of any vasomotor changes. There are no clinical

comparisons between nitrate preparations as regards the extent of tolerance induction.

However, in view of the recent claims, largely from Bassenge's group (Mullenheim et al.,

2001), that pentaerythritol tetranitrate is largely "immune" to tolerance induction, it is

increasingly relevant to compare effects of other nitrate preparations. Changes in AI(x),

examined in a somewhat larger cohort of patients could provide a component of such an

analysis. It must also be stated that whereas changes in platelet response to NTG ex vivo can

be taken as a measure of "true" nitrate tolerance, it is possible that a component of
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attenuation of AI(x) effects might have been due to increased concentrations or effects of

vasoconstrictor agents ("pseudo-tolerance").

t4.81 Conclusions

In a cohort of patients with mild to moderate SAP, neither acute nor chronic administration of

either ISMN or TD-NTG induced a detectable change in the degree of ex vivo platelet

aggregation in the doses examined. Neither nitrate preparation induced a desensitization of

platelets to nitric oxide as donated in vitro by either NTG (100pM) or SNP (1O¡rM), nor was

there any evidence of "rebound" in platelet hyper-aggregability during the nitrate free

periods. The effects of both ISMN and TD-NTG on wave reflection were found to be similar

and provided evidence of continued vasodilatation during chronic nitrate administration,

despite evidence of partial tolerance development.

t4.91 Chapter summury

This study is the first comparing the acute and chronic effects of clinically similar doses of

prophylactic nitrate preparations, We demonstrated that both acute and chronic

administration of either SR isosorbide 5'mono-nitrate (120mg) or TD-NTG (15mg/24-hrs

(12-hr application)), induced no significant ex vivo anti-aggregatory effect within a cohort of

SAP patients with mild to moderate (Canadian Cardiovascular Class II-I[) SAP, with no

rebound platelet hyper-aggregability being observed during nitrate free periods. Moreover,

the absence of any significant ex vivo anti-aggregatory response to either ISMN or TD-NTG

was observed despite a significant vascular effect (reduction in the AI(x)), as measured in a

sub-population of studied subj ects.

The study provided important information about the phenomenon of nitrate tolerance

induction. Both preparations (ISMN and TD-NTG) exerted similar vasomotor effects at

baseline; these vasomotor effects were significantly attenuated during chronic therapy. This

haemodynamic tolerance occurred without any tolerance at the platelet level (an important

aspect of nitrate safety) or without any changes in rates of superoxide production (an

important aspect of understanding the mechanisms of tolerance induction).
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General discussion and future directions

t5.1] Introduction

Platelet hyper-aggregability, combined with hypo-responsiveness to exogenous nitric oxide,

observed in patients with angina pectoris or risk factors for CAD, reflects an impaired

physiological response to endogenously derived nitric oxide. As such, both phenomena,

viewed together or separately, represent a mechanism behind the increased risk of thrombotic

events. With this in mind, the studies described herein were designed for the specific

purposes of: -

Chaructenzing further the phenomena of platelet hyper-aggregability and platelet hypo-

responsiveness to the anti-aggregatory effects of nitric oxide. Further to this, experiments

were also designed to examine the role of superoxide within both phenomena.

Examining potential determinants of platelet hypo-responsiveness to nitric oxide

a

a

o Examining the anti-aggregatory and vasomotor effects of acute and chronic nitrate

pharmacotherapy in a cohort of SAP patients, with special attention being paid to the

effects of nitrate treatment on platelet aggregability, platelet responsiveness to nitric

oxide and platelet aggregalion following acute nitrate withdrawal.

t5.21 Studies exümining the phenomena of platelet hyper-øggregability and

hypo-responsiveness to donors of nitric oxide

[5.2.1] Study purpose and results

Previous investigations demonstrated that platelets from patients with SAP are hyper-

aggregable to ADP and resistant to the anti-aggregatory effects of nitric oxide (Chirkov et al.,

1993; Chirkov et al., 1996), a phenomenon that is also observed in platelets from subjects

with risk factors for CAD (Anfossi et al., 1998; 'Woods et al., 1993). The current study

examined further the phenomena of platelet hyper-aggregability and hlpo-responsiveness to

nitric oxide in subjects with both SAP and ACS, compared to a cohort of normal subjects.

The current study was also designed to examine the role of the ROS superoxide within both

phenomena.
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In patients with SAP and ACS, as distinct from a population of NVs, platelet aggregability

was increased with inhibition of platelet aggregation by either NTG or SNP being

significantly attenuated. The addition of SOD/catalase (serving as scavengers of superoxide

and hydrogen peroxide) significantly inhibited ADP-induced platelet aggregation in those

subjects with SAP and ACS, but not in normals only. However, baseline platelet aggregation

was not significantly correlated with change in aggregation post SOD/catalase, implying that

superoxide is not the only factor related to the phenomenon of platelet hyper-aggregability

but nevertheless is important in the regulation of platelet aggregation in SAP and ACS

patients only.

Overall, addition of SOD/catalase to a whole blood sample did not significantly alter the

extent of platelet responsiveness to SNP. However, when the data were analyzed according to

presence of myocardial ischaemia (SAP/ACS versus NV), a significant relationship between

platelet responsiveness to SNP and change in SNP responsiveness post superoxide

scavenging was observed within the angina pectoris cohort. Moreover, a bidirectional

relationship was observed between platelet responsiveness to SNP and change in SNP

responsiveness post SOD/catalase administration. These results imply a significant role for

superoxide in the phenomenon of platelet hypo-responsiveness to nitric oxide in subjects with

acute/chronic ischaemic heart disease.

Following these initial investigations it was apparent that a more direct measure of

superoxide within a whole blood sample was required to further examine the mechanism/s

behind the phenomena of platelet hyper-aggregability and hypo-responsiveness to nitric

oxide. Utilizing LDCL, superoxide was detected prior to induction of platelet aggregation

within whole blood samples. Induction of platelet aggregation resulted in an aggregation-

associated increase in LDCL, an effect that was related to the extent of platelet aggregation.

Furthermore, a lag period between the induction of platelet aggregation and the

commencement of the aggregation-associated LDCL was also observed and found to be a

function of the concentration of ADP used and the extent of platelet aggregation prior the

coÍrmencement of the aggregation-associated LDCL.

IJtrlizing LDCL for the detection of superoxide in whole blood, baseline and aggregation-

associated LDCL were found to be significantly greater within ACS patients than in the SAP

and NV cohorts. However, there was no significant relationship between platelet aggregation
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or platelet responsiveness to SNP, when compared to baseline or aggregation-associated

LDCL. When LDCL was expressed relative to aggregationlSNP responsiveness, in ACS

patients, release of superoxide per unit of inhibition of aggregation, was significantly greater

than in SAP patients.

Overall these results suggest that the mechanism/s involved in the regulation of platelet

aggregation for patients with CAD and hypo-responsiveness to donors of nitric oxide are

more complex than a simple model of excess of superoxide.

[5.2.2] Implications

The results obtained from the three studies described in chapter 2 represent a further

charactertzation of the phenomena of platelet hyper-aggregability and hypo-responsiveness to

the anti-aggregatory effects of nitric oxide donors. The results also represent a series of

preliminary investigations examining the role of superoxide within the two phenomena and as

such the results have a number of important implications.

These include: -

Superoxide plays an important regulatory role in platelet aggregation in subjects with

acute and chronic ischaemic heart disease. As the concentration of superoxide was found

to be elevated in subjects with ACS, a direct benefit from strategies designed to decrease

superoxide release andlor increase superoxide clearance may limit platelet activation in

these subjects and hence ameliorate their clinical status and improve their prognosis.

The observation of a bidirectional relationship between baseline SNP respo.rsirr"ness aíd

change in SNP responsiveness post SOD/catalase administration observed in the cohort of

subjects with a history of angina pectoris, suggests that a beneficial effect may also be

observed with analogous strategies in patients with attenuated platelet responsiveness to

SNP. Conversely, such treatment may be detrimental in patients with a normal or "good"

SNP responsiveness. This hypothesis has obvious implications as regards to the overall

"neutral" results of recently published interventions utilizing dietary supplementation

with various anti-oxidants (e.g. HOPE, Heart Protection Study).

O
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Within a whole blood sample, induction of platelet aggregation is associated with an

increase in superoxide generation and as such emphasizes the potential for release of

superoxide at the sites of vascular injury where platelet aggregation plays an integral part

in thrombus formation.

[5.3] Studies examining the clinicøl determinants oÍ platelet hypo-

responsiveness to nitric oxide

[5.3.1] Study purpose and results

As identified in Chapter 2, platelets from patients with an ACS were demonstrated to be

hyper-aggregable to ADP and hypo-responsive to the anti-aggregatory effects of exogenous

nitric oxide, phenomena previously observed in patients with SAP. It is within this context

that the current study was designed to examine the clinical determinants of platelet hypo-

responsiveness to nitric oxide in patients with SAP and ACS relative to cohorts of NIPs and

NVs. The current study was also undertaken to investigate whether platelet responsiveness to

nitric oxide was related to the underlying diagnosis, extent of fixed CAD, related to the

severity of angina (SAP subjects), or associated with particular coronary risk factors or

pharmacotherapy,

As described within chapter 2, platelets from patients with ACS were significantly more

aggregable following ADP administration and significantly hypo-responsive to the anti-

aggregatory effects of SNP or NTG relative to those from subjects with SAP or a cohort of

NIPsÀIVs. Furthermore, whilst examining differences in aggregability across the subject

cohorts, a gender-dependent differential anti-aggregatory effect of aspirin was observed. By

multivariate analysis, the diagnosis of an ACS was an independent predictor of attenuated

platelet responsiveness to nitric oxide. Furthermore, the presence of nitric oxide resistance

was independent of classical coronary risk factors and the majority of forms of

pharmacotherapy. Notable exceptions were perhexiline and statin pharmacotherapy, both of

which were associated with a decrease incidence of platelet hypo-responsiveness to nitric

oxide.
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[5.3.2] Implications

This is the first analysis of this type in the literature. Implications include: -

Most importantly, patients theoretically most in need of the beneficial anti-

plateletlvasomotor effects of nitric oxide, i.e. patients with ACS or severe SAP, also

demonstrate the greatest resistance to the anti-aggregatory effects of nitric oxide, a

phenomenon that was not associated with any of the classical coronary risk factors. As

such, these patients are likely to respond sub-optimally to the actions of exogenously

donated nitric oxide.

a

a

o

The finding that pharmacotherapy with statins and with perhexiline was associated with a

lower incidence of an attenuated platelet responsiveness to nitric oxide, provides an

impetus for the prospectively designed evaluation of their effects on the anti-aggregatory

effects of nitric oxide, including evaluation of relevant mechanisms.

The observation ofa gender-dependent differential anti-aggregatory effect ofaspirin has a

number of important implications. Firstly, it may serve as an explanation for attenuation

of benefit in some primary/secondary prevention ischaemic event trials, where females

constituted a significant proportion of the total number of participants. Secondly, it raises

the possibility that females may be hypo-responsive to other anti-aggregatory agents, and

that this may contribute to the "Yently syndrome" of poor outcome in females with

coronary disease.

[5.4] Studies evaluøting the ønti-aggregutory and srterial vasomotor effects of
p r op hylücti c nitr at e p h ør m acot h er spy

[5.4.1] Study purpose ønd results

Organic nitrates are in widespread use for the treatment of subjects with symptomatic IHD

and heart failure. Apart from their vasomotor properties, organic nitrates exert potent anti-

aggregatory effects in vivo, effects that have also been demonstrated ex vivo, but mainly with

high dose nitrate regimens. The current study was undertaken to examine the ex vivo anti-

aggregatory effects of ISMN and TD-NTG during both acute and chronic administration in

subjects with SAP. Furthermore, the study was designed to examine the effects on platelet
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responsiveness to nitric oxide and to conelate the nitrates' effects on platelet function and

artenalwave reflection as one measure of vasomotor response.

Neither ISMN nor TD-NTG induced any significant change in the platelet response to ADP,

NTG or SNP, or in the levels of superoxide, as detected using LDCL, during all experimental

time periods. Moreover, there was no evidence of platelet hyper-aggregability upon nitrate

withdrawal implying no role for platelet hyper-aggregability in the "zero-hour" phenomenon.

In contrast to these results, both nitrate preparations \¡/ere associated with decreased AI(x) 4

and 8 hrs post acute dosing, an effect that did not differ markedly between nitrate

preparations, but was shown to be attenuated following chronic nitrate exposure, implying

tolerance development.

[5.4.2] Implicøtions

Neither nitrate regimen examined within chapter 4 produced detectable ex vivo anti-

aggregatory effects. This implies a deficiency of methodology rather than a biological effect.

Furthermore, the results from an examination of the anti-aggregatory and arterial vasomotor

function following prophylactic nitrate pharmacotherapy have a number of potentially

important implications.

These include: -

As neither nitrate regimen was demonstrated to alter ADP-induced platelet aggregation or

platelet responsiveness to nitric oxide during both chronic pharmacotherapy and nitrate

free periods, these suggest that neitheÍ the "zeÍo-hour" phenomenon nor other reflections

of nitrate "rebound" states, reflect changes in platelet aggregability.

Both nitrate regimens induced similar effects on pulse wave reflection, a phenomenon

that was shown to be attenuated during chronic nitrate pharmacotherapy with either

preparation. These results provide further evidence that regimens incorporating "nitrate-

free" periods do not circumvent the development of partial nitrate tolerance.

o

a



Chapter 5 39s

F.sl Major study limitations

A number of possible study limitations may be identified; most of which have been discussed

within each relevant chapter of this thesis. However, major study limitations that influence

the results across all experimental chapters can be summarized as follows: -

Throughout all the experimental phases described in the thesis, in vitro administration of

a nitric oxide donor and the apparent attenuation in platelet responsiveness towards these

agents within samples may not precisely reflect the in vivo extent of platelet resistance

towards nitric oxide.

o

a

a

One of the major findings of this thesis has been the observation that platelets from

patients with symptomatic and as¡rmptomatic ischaemic heart disease are hyper-

aggregable in response to relatively low concentration of ADP. In an in vivo situation,

platelets are exposed to more that one agonist at any one time, with some agonists acting

in concert (Huang and Detwiler 1981; Alarayyed et al., 1995). Moreover, when a

combination of platelet agonists (adrenaline, serotonin and thrombin, in subthreshold

concentrations) were utilized (Willoughby et a1.,1996), platelets from both SAP and

normal subjects demonstrated increased platelet sensitivity to the anti-aggregatory effects

of NTG or PGE1. The use of ADP as a single pro-aggregant is therefore convenient,

although un-physiological. This may be particularly relevant to the failure to observe ¿x

vivo effects of nitrate therapy in Chapter 4.

Experiments using ADP-induced whole blood platelet aggregometry and platelets from

patients with ACS automatically biases investigations into platelet function towards those

subjects who were treated less aggressively, excluding subjects not receiving ADP

receptor andlor GPIIb/IIIa receptor antagonists. By (inevitably) excluding these subjects

from the current series of experiments an important cohort of patients is missing, who

theoreticalTy, may have demonstrated extreme attenuation of platelet responsiveness to

nitric oxide, compared to the overall cohort of ACS patients examined herein.

Ex vivo estimation of the levels of whole blood superoxide via the use of LDCL also

constitutes a study limitation. As eluded to in the introduction of chapter 2 (section 2.2.8),

ex vivo estimations of superoxide levels are not fully representative of the levels found in
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vivo, as altemative sources (vascular endothelium or shear stress related) are absent in

blood samples. Thus, interpretation of the exact role of superoxide modulating the

phenomena of platelet hyper-aggregability and hypo-responsiveness to nitric oxide must

be made with caution.

t 5. 6l F utur e directions/exp eriments

[5.6.1] Studies addressing the phenomenon of platelet hyper-aggregøbility

Some potential future studies examining the phenomenon of platelet hyper-aggregability can

be summarized as follows : -

A) Experiments addressing mechanism/s: -

o Several questions remain unresolved. Is the phenomenon of platelet hyper-aggregability

restricted to hl.per-sensitivity towards (low concentrations of) ADP alone, or is it related

to some or all potential mechanisms of platelet activation (altemative platelet agonists,

shear stress)?

Is the phenomenon of platelet hyper-aggregability related in part to dysfunction of the

platelet guanylate cyclase-cGMP system, known to modulate platelet aggregation? Is

hyper-aggregability only a manifestation of dysfunctional platelet regulation?

O

a Although the current results have implicated superoxide as an important modulator of

hyper-aggregability, the signal transduction pathway for superoxide release, the

component of intra-platelet derived superoxide, and the potential amenability of these

superoxide pathways to pharmacological manipulation, remain to be explored.

B) Clinical issues

o As described above, studies were performed on patients. This process engendered

selection bias. For example, it was impossible to assess initial hyper-aggregability once

patients had received agents such as ADP receptor antagonists and/or GPIIb/IIIa

inhibitors. In order to test the hypothesis that the extent of hyper-aggregability is

correlated with clinical status, data from such patients would need to be collected prior to

inception of incremental therapy, despite the practical limitations inherent in this aim.

This issue is also relevant to investigations of platelet responsiveness to nitric oxide, by
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virtue of exclusion of the "worst" patients in the ACS cohort, and by virtue of current

strategies to utilize perhexiline selectively for patients with persistent symptoms.

The findings related to gender-specific effects of aspirin are of great potential interest, but

were a secondary, non-hypothesis-based observation within the current study. Despite the

strength of the observation, prospective investigations specifically testing this hypothesis,

both with more extensive patient cohorts, and with specifically designed studies, would

be of great importance. Furthermore, there is an issue of selection bias here: potentially,

patients failing aspirin therapy would be more likely to receive additional agents which

might exclude them from the current investigations: the current findings may therefore

understate actual differences.

[5.6.2] Studies øddressing the phenomenon of pløtelet hypo-responsiveness to donors of

nitric oxide

Some potential future studies examining the phenomenon of platelet hypo-responsiveness to

nitric oxide can be summarized as follows.

Delíneation of the nexus between hyper-aggregabilìty and hypo-responsiveness to nitric

oxide

As discussed previously, it is difficult to charactenze fully two abnormalities that exert

physiologically opposite effects: it could, for example, be postulated that hypo-

responsiveness to nitric oxide donors is aî inevitable consequence of exaggerated

responsiveness to ADP, via functional antagonism. Because the current methodology does

not permit construction of a complete ADP concentration-response curve within the period of

normal platelet function (ex vivo), this issue can be evaluated best by techniques such as

ANCOVA, a convoluted method.

Given that it is difficult to measure precisely the physiological effects of nitric oxide,

independent of the impact of ADP, there is increased need to measure such effects,

biochemically. In particular, a greatt emphasis on the measurement of soluble guanylate

cyclase activation would be useful in providing parallel biochemical data.
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Evaluøtion of the relationship between platelet hypo-responsíveness to nitric oxide and:-

o Hypo-responsiveness to nitric oxide within the vasculature

o "Endothelialdysfunction"

As previously outlined in chapter 1, "endothelial dysfunction" is generally defined on the

basis of attenuation of the vasomotor response to nitric oxide-releasing stimuli, such as

acetylcholine or shear stress. Although initial investigators assumed that affected blood

vessels maintained normal responses to exogenous nitric oxide donors (Ludmer et a1.,1987),

there is now a large body of evidence to indicate that in most circumstances there is an

attenuation of vascular responses to exogenous nitric oxide. Of particular interest have been

the observations of Schachinger et al., (2001), who demonstrated that diminution of coronary

arterial responsiveness to nitric oxide donors was predictive of future cardiac events.

Nevertheless, no studies to date have simultaneously evaluated platelet and vascular

responsiveness to nitric oxide. This type of experiment would be challenging, as it begs the

question of the ideal source of vasculature, given that not all blood vessels respond

identically to nitric oxide donors. Potential methodologies might include intra-coronary

injection with quantitative coronary angiography, measurement of forearm blood flow with

venous occlusion pletþsmography and/or measurement of artenal compliance with

applanation tonometry and pulse wave analysis. If such studies were to reveal close

correlations between platelet and vascular responsiveness to nitric oxide, a prognostic impact

of abnormalities in platelet responsiveness would be established by this association.

Nevertheless, there are many differences in the biochemistry of platelet and vascular

responses to nitric oxide (notably the exposure of platelets to high concentrations of

superoxide during inflammation and incipient aggregation). Therefore, no close correlation

need exist.

Establishments of a nexus between platelet hypo-responsiveness to nitric oxide and

"endothelial dysfunction" would have other notable corollaries:

o This might stimulate further evaluation (currently very limited) of the potential role of

platelet nitric oxide s¡mthase dysfunction in coronary risk.

o Improved platelet response to nitric oxide could be established, via prospective studies, as

a surrogate for reversal of endothelial dysfunction.
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Studies evaluating acute and chronic vascular and platelet responses to nitric oxide

donors.

As described in Chapter 4, our evaluation of the effects of cutaneous NTG or oral ISMN via

ex vivo platelet aggregometry in whole blood was inadequate, almost certainly because of

insensitive ex vivo methodology. There is no implication that NTG lacks therapeutically

relevant anti- aggr e gatory effects.

Willoughby et al., (1996) have described marked potentiation of the ex vivo effects of NTG

on platelet aggregation, utilizing multiple agonists rather than ADP alone to induce

aggregation. This more "physiological" method of inducing aggregation needs to be utilized

in pilot studies, in order to determine whether it is adequately sensitive for the planned study

design. If the multiple aggregation method proves sub-optimal, none of the previously

described method for measuring platelet responses to nitric oxide are suitable for large-scale

evaluations such as were attempted in Chapter 4; it would be possible essentially only to

quantitate platelet responses to high doses of organic nitrates.

On the other hand, applanation tonometry and pulse wave analysis proved adequately

sensitive to quantitate organic nitrate effects on artenal compliance. The current

investigations in Chapter 4 represent the first example of the use of this technique to evaluate

the phenomena of nitrate tolerance and rebound; the sensitivity and reproducibility of the

technique should lead to its more widespread use in such evaluations. Specifically, it appears

that the effects of both NTG and ISMN on augmentation index in patients with stable angina,

are sufficiently great for changes in response of the order of 20o/o to be reliably detected.

Therapeutic ameliorøtion of platelet resístance to the anti-aggregatory effects of nitric

oxide

The current studies have established a basis for platelet resistance to nitric oxide:

"scavenging" by superoxide anion. In conjunction with a (reversible?) dysfunction of platelet

soluble guanylate cyclase (Chirkov et al., 1999), it remains to be established whether the

relative role of these two anomalies are constant, andlor whether they may be selectively

targeted by therapeutic interventions.
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For example, we observed that therapy with perhexiline is associated with a lower than

expected prevalence of nitric oxide resistance (Chapter 3). Prospective experiments

confirmed sensitization of nitric oxide by perhexiline, apparently mediated primarily by

restoration of soluble guanylate cyclase responsiveness. On the other hand, it might be

anticipated that ACE inhibitors, which inhibit the expression of NAD(P)H oxidase subunits,

might improve platelet function by reducing superoxide levels, as (acutely) might ascorbic

acid (Ellis et a1.,2001). There is a high priority to evaluate the impact on platelet function

both established (e.g. ACE inhibitors, statins) and candidate (e.g. folic acid, sepiapterin and

anti-oxidants) cardioprotective agents, in order to determine to what extent their (putative)

beneficial effects may reside at the platelet level, and to limit unnecessary polypharmacy.
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Appendix Table 1:

Patient number dffirences for coronary risk factors and anti-anginøl pharmacotlrerapy
(Compørison of SAP vs ACS pøtients)

Front sectiott 2 3.4.1 Signirtcantly greater nuntbers of SAP patients were undergoing perhexilitte pharnmcother(tp)) thatt

ACS patients More ACS patienls were receivittg nilrale contpared lo SAP patients (Fislters exact lest) SAP : stable angina

pectoris, ACS : acute coronaty syndronre; CI = coniidence interval.

Appendix Tøble 2:
Platelet responsíveness to SNP and its relationshíp to

diseøse støte, gender und øspirin phørmacotherapy (Gaussian distribution)

N/A : insufJicient nuntbers to perþrm test. Kolmogorov-Smirnov tesl requ¡t'es >4 subjecls, NS : ttot significant PlateLet

resportsiveness lo SNP (10pM) in blood santples oblained from NVs, SAP palients and ACS patiettts was examined to see if il
conþrnted to a Gaussiatt disfribuliott utilizing the Kolmogorov-Smirnov test. Each subject was classified according to

rlisease state, gcnder and aspirirt use.

0.99 0.42 to 2.30 1.0

0.210.56 0.24 to 1.30

1.35 0.56 to 3 .24 0.66

0.401.49 0.65 to 3.42

1.11 0.76 to 4.10 0.21

0.150.37 0.1 1 to 1.30

0.41 to 4.10 0.11t.29Aspírin
0.02 0.0009 to 0.28 < 0.01

0.67 to 4.40 0.341.13

0.63 0.25 to 1.59 0.36

2.01ro20.31 < 0.01t0.2
1.43 0.51 to 4.11 0.60

0.32 to |.12 0.530.75

0.47ftadrenoceptor antøgo n ists 1.55 0.59 To 4 .02

Determinants 95% CIOdtls Rutio

Yes N/A NS
Males

No 0.14 NS

N/A N/AYes

No 0.19 NS
Females

0.11 NSYes

No N/A N/S
Males

0.09 NSYes

No N/A NiA
Females

0.16 NSYes

No 0.22 NS

0.19Yes NS

No N/A N/A
Females

Males

Diseøse State Aspirìn pharmacotherapyGender
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Subiects 5.93 0.0036

1.32 0.25Gender

Asph'in 0.45 0.50

fnþractions
Subiects x Gender 0.1 I 0.89

0.15Sub.jects x Aspirin 0.28

0.03 0.86Gender x Aspirin
1.19 0.31Subjects x Gender x Aspirin

Determinants

Appendix Table 3:
Platelet responsiveness to SNP

3-way ANOVA contingency table

From sectiott 2 3.4.3 Platelet responsiveness lo SNP (10pM) was assessed by 3-way ANOVA Subjects: NVs, SAP palienls

and ACS patients (Bartleft's sÍatistic:4.19, p:0 18).

Appendix Table 4:
Patient number differences for coronøry rÍskføctors and ãnti-anginøl pharmacotherüpy

(SAP ønd ACS patients)

From Section 2 5 4.1. SigniJicantly greater numbers of ACS patients ltad diabetes SigniJicantly more SAP subjects had

lrypercholestet'olaemia contpared lo ACS patients. Not surprisingly more ACS patienls were receivirtg ttitrates thatt SlP
pqtients with a trend towards ntore SAP patients being treated with perhexiline. SAP - slable angina pectoris, ACS - aaLte

coronaty syndronte.

0.12 to L280.38 0.1 55

0.16 0.04 to 0.56 < 0.01

0.37 to 3.10 1.01.06

14.5 3.7 to 55.7 < 0.01

0.19 to 2.52 0.150.1t

0.16 to 3.50 1.00.16

0.005 0.0003 to 0.12 < 0.01

t.t7 0.59 to 5.23 0,42

0.09 0.0004 to 1.95 0.07

4.r9 1.03 to 16.9 0.067

0.69 to 5.09 0.321.88

0.94 0.31 to 2.85 1.0

1.01 0.29 to 3.90 1.0

Determinants Oclcls Ratio 95% Cr
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Appendix Table 5.

Patìent number differences for coronary riskføctors and pharmacotherapy
(Compørison of SAP vs ACS pøtients)

From section 3.5.1. No signilicant dffirence in subjecl numbers between SAP and ACS patients were observed for lhe

numbers ofmale subjects, diabetes mellitus, hypertension and hypercholesterolaemia. Numbers ofsubjects è70 years ofage
and the numbers of curuent smokers tended towards increased numbers in the ACS cohort compared to SAP subjects No

significant dffirences in subject numbers between SAP and ACS patients was observed for treatment with ACE inhibitors,

SH-donors, perhexiline, statins, Ca2*antagonists or þadrenoceptor antagon¡sls'

0.054 0.328,0.987 0.054

0.227, 1.043 0.0190.486

2.008 1.006,4.008 0.054
0.492 0.279,0.865 0.019

Dcterntìnont 95(%, CIOdds rutio
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Appendix Table 6.

Pstient number differences for coronary risk factors and anli-anginøl phørmacotherapy
(Compørison of SAP and ACS patients with NIPs)

Frotn section 3.5.1. For almost all possible detenninants there were significanlly greater proporlions of SAP and ACS

patienîs contpared to NIPs (dffirences delermined by Fisher's exact test)

0.41 0.18, 0.93 < 0.01SAP

ACS 0.51 0.21,1.20 0.1813

0,01,0.67SAP 0,22 < 0.01

ACS 0.12 0.04,0.37 < 0.01

0.01, 0.62SAP 0.08 < 0.01

ACS 0.06 0.01,0.51 < 0.01

0.31 0.13, 0.75 < 0.01SAP

ACS 0.29 0.12,0.66 < 0.01

SAP 0.15 0.05,0.44 < 0.01

ACS 0.18 0.06,0.49 < 0.01

SAP 1.20 0.37,3.81 0.76

ACS 0.58 0.21, L6l 0.36

0.08 0.01,0.06 < 0.01SAP

ACS 6.60 2.93, t4.9 < 0.01

SAP 0.15 0.05,0.41 < 0.01

ACS 0.07 0.02, 0.19 < 0.01

0.31 0.12, 1.18 0.13SAP

ACS 0.43 0.14,1.32 0.16

0.43 0.09,2.11 0.51SAP

ACS 0.25 0.05, l 09 0.05

SAP 0.11 0.02,1.37 0.11

ACS 0.2t 0.03, 1.60 0. 13

SAP 0.30 0.11, 0.87 0.026

ACS 0.45 0.t6, t.25 0.133

SAP 0.41 0.21, 1.06 0.012

ACS 0.46 0.22,0.98 0.058

SAP 0.18 0.04,0.85 0.019

ACS 0.31 0.06, 1.31 0.178

DiøgnosisCoronøry risk factors 95% CIOclds røtio
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Appendíx Table 7:

Plutelet response to ADP (Gaussian distribution)

Front sectiott 3 5.2. The extent of platelet aggregation in response to ADP (1 pM) was assessedfor nornmlity according to

disease state, gender and aspirinuse. Utilizing the Kolmogorov-Stnirnov methodfor assessnrcnt of nornrality v,ithin a data

population the level of significance þr the above data population was >0. I and were therefore def ermined 1o cortfornr lo a
Gaussian distribulion N.A : insufftcient numbers lo perþrm analysis

Appendix Tøble 8:
Signijïcønt results from Bonfewoni's post hoc multiple comparison test

From Table 3 5. Following a 3-way ANOVA a nwnber of signifcant dffirences in tlte extent of platelet aggregatiott were

observed utilizing Bonferuorti's post hoc multiple comparison tesl. +ASA : aspirin use, -ASA : no aspirin use, SEM -
standard etor of the mean

Yes N/A N/A
Males

No 0.14 NS
Yes N/A N/A

NS
Females

No 0.1

Yes 0.16 NS
Males

No 0.11 NS

Yes 0.16 NS
Females

No 0.21 NS

Yes 0.1 I NS
Males

No 0.11 NS

Yes 0,1 1 NS
Femqles

No N/A N/A
Yes 0.07 NS

0.11 NS
Males

No
Yes 0.1 I NS

0.17 NS
Females'

No

Dísease State
Aspirin

phannacotherapy
Gender

ys MaIe SAP +ASA 8.1 + 0.5 < 0.0112.9 + 0.9FemøIe SAP +ASA
vs Female SAP+ASA 12.9 + 0.9 < 0.05MøIe ACS +ASA: 9.2 + 0.5

Msles SAI, +ASA 8.1 + 0.5 < 0.0112.1 J.0.7 ys¡;"¡na¡¿ l(g +ASA
y.s Møles SAP+ASA 8.1 + 0.5 < 0.01Males ACS -ASA 12.3 + 1.0
ys Males SAP +ASA 8.1 + 0.5 < 0.0112.6 + l.lFemales ACS -AS'4
vs P"¡¡¿¿¡sl /Ç$ +ASA l2.l + 0.1 < 0.01Mules ACS +ASA 9.2 + 0.5

Sub.ject
Descriptíon

Aggregahility
(Mean +SEllí)

Subiect
Descrìptíon

Aggregability
(Meøn + SEM)
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SAP Male 39.9 + 3.5 < 0.0560.1+ 3.9 vsNV MaIe
vs NV Female 63.2 + 5.0 < 0.0139.9 + 3.5

61.3+1.6 < 0.0539.9 + 3.5 ys

vs 60.1+ 3.9 < 0.05SAP Female 38.7 + 3.5

63.2 + 5.0 < 0.0538.7 + 3.5 vs NV FemøleSA? Female
vs NIP FemøIe 67.3 +1.6 < 0.0538.7 + 3.5SAP Female

60.1+ 3.9 < 0.0135.6 + 2.6 vsACS Male
ys 63.2 + 5.0 < 0.0135.6 + 2.6ACS Male

60.8 + 7.6 < 0.0135.6 + 2.6 ysACS Møle
ys NIP Femøle 61.3 +1.6 < 0.01ACS Møle 35.6 + 2.6

60.1 + 3.9 < 0.0131.4 + 3.1 ys NV MaIeACS FemøIe
vs NV Female 63.2 + 5.0 < 0.01ACS Female 3l.4 r 3.l

60.8 + 7.6 < 0.0131.4 + 3.1 ys NIP MaleACS Female
ys NIP Femsle 67.3 +1.6 < 0.01ACS Female 31.4 + 3.1

Subject
Descríption

SNP
Responsíveness
(Meun + SEM)

Subject
Descriptìon

SNP
Responsíveness

sEM)+

Appendix Tahle 9:
Significant results from Bonfewoní's post hoc multiple compørison test

From sectiott 3.5.3 (Table 3 8) Following a 2-way ANOVA a number of signiJìcant differences in the extent of platelet

responsiveness loSNP (10pM) were observed using Bonfetoni's post hoc multiple contparison lesf. NV - ttortnal
yolunteers, NIP : non-ischaemic patient, SAP - stable angina pectoris, ACS : acute coronctry syndrome, SEM - statdard
error of the mean.

Appendix Tøble 10.

Platelet responsiveness to SNP reløtionship to disease støte, gender and aspirin
phørmøcotherapy (Gøussiøn distribution)

From sectiott 3.5.3. The extenl of plalelel responsiveness to SNP (l0pM) was assessedfor normality according lo disease

sfaÍe, gender and aspirin use Utilízing the Kolmogorov-Smintov method for assessment of normalily v,ithin a data

population the level of signiJicance for the above data population was >0.I and were lherefore determitted to confornt lo a

Gaussian distribulion N.A : insufrtcient numbers to perþrm analysis

Yes N/A N/A
No 0.23 NS

Males

Yes 0.16 NS
No N/A N/A

Females

Yes 0.06 NS
0.18 NS

Males
No
Yes 0. 15 NS

N/A N/A
Females

No
Yes 0.09 NS

0. 13 NS
Males

No
Yes 0.14 NS

0.13 NS
Females

No

Disease State
Aspirin

pltarmucotherapy
Gencler
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Appendir Table 11.

Platelet responsiveness to SNP, relatìonship to disease støte, gender and øspirin
p h arm ac ot h er øpy ( G au s s iøn dis trib utio n)

Front sectio¡ 3 5.3. The extent of platelet responsiveness to NTG (l00pM) was assessedfor nornnlity according to disease

state, gender and aspirin use. Utilizing fhe Koltnogorov-Stnirnov method for assessmenl of normality within a clata

populatiorr the level of siguiJicance for the above data population was >0. I and were thereþre determined to confornr lo ct

Gaussian distributiott N.A : insufJìcient numbers to perform analysis.

Appendíx Table 12.

Platelet responsiveness to SNP and its relstíonship to disesse støte, gender and aspiritx
phørmacotherapy (Gaussian distribution) ACS patients

Front sectiol 3 5.i. Data representittg the degree of platelet responsiveness to SNP (10pM) wilhin the ACS subject coltort

was assessed for norntality according to the J'inal diagnosis of either UAP or NQAMI, gender and aspirin use Utilizing tlte

Kolmogorov-stnirttov method for assessnrent of normality within a dala population the level of significance for lhe abot,e

data populatíon was >0.1 and were lhereþre deternùned fo conform to a Gaussian distribution N.A : insufrtcient nuntbers

to petfornr analysis.

Yes N/A N/A
Males

No N/A N/A
Yes N/A N/A

Females
No 0.22 NS

Yes 0.11 NS
Mqles

No N/A N/A
Yes 0.19 NS

Females
No N/A N/A
Yes 0.1 I NS

Males
No 0.12 NS
Yes 0.16 NS

Females'
No 0. l0 NS

Aspirin
phurmacotherøpy

GenderDísease State

Yes 0. 15 NS
Males

No 0.17 NS

Yes 0.21 NS
Females

No 0.11 NS

Yes 0. 15 NS
Males

No 0.19 NS

Yes 0.2r NS
Females

No 0.19 NS

Aspirin.
pharmacotlterapyDisease State Gender
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Yes 0.13 NS
Males

No 0.22 NS

Yes 0.15 NS
Females

No 0.24 NS

Yes 0. 15 NS
Males

No 0.14 NS

Yes N/A N/A
Females

No 0.17 NS

Diseuse Støte Gencler Asp iri n p ltørm acoth erctpy

Appendix Table 13.

Platelet responsiveness to NTG, relatíonshíp to diseøse state, gender and øspirin
phørmacotherøpy (Gaussian distribution) ACS patients

Front sectiott 3.5 3. Dala representing the degree of platelet responsiveness to NTG (l00pM) was assessedfor nornali4t
according to thefinal diagnosis of either UAP/NQAMI, gender and aspirin use. Utilizirtg the Kolmogorov-Smintov ntethod

for assessrnent of normality within a data population the level of signiJìcance for the above data populalion :'as >0. I and

were thereþre determined to conform to a Gaussían distribution N.A : insufJicient numbers lo perþrm analysis

Appendix Tøble 14.

Pløtelet response to ADP veßus pløtelet responsiveness to SNP

The ertent of ADP (1pM) induced plalelet aggregaliotr versus the degree of platelet responsiveness to SNP (l0pM) within

all the patient cohorts was analyzed according lo gender. A signiJìcanl negalive correlation between plalelet aggregability

and SNP responsiveness was observed þr ntale SAP palients, female NQAMI patients, male UAP palienls and both the

pooled populalions of MI and UAP subjects. By ANCOVA genders were determined not to be a significant deternùnant and

hence were analyzed by clinical condition only. See Table 3. I 4 for further analysis.

Males -0.3s 2.00 0.18

-0.16 0.26 0.62
0.58 0.45 Pooled

Females

Males -0.22 0.44 0.53

-0.08 0.06 0.81
0.66 0.43 Pooled

Females
<0.01Males -0.54 20.30

-0.39 4.07 0.06
3.39 0.068 Pooled

Females

Males -0.14 0.49 0.49

-0.57 7.68 0.01
0.009 0.93 Pooled

Females

Males 0.48 14.2 0.0004

-0.14 0.56 0.46
0.018 0.89 PooledA

Females

MI -0.38 7.30 0.009

-0.38 t3.52 0.004
0.004 0.95 Pooled

UAP

Sabject
coltort

Regressiott Analysís ANCOVA Summury
Gender Outcome

I Fp
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0.87Males -0.09 0.03

-0.r7 0.23 0.64
0.87 0.31 Pooled

Females
0.1 IMales -0.89 7.74

-0.18 0,22 0.65
2,49 0. 1s Pooled

Females
< 0.01Males -o.73 16.03

-0.14 0.25 0.63
0.26 0.62 Pooled

Females
0.49Males -0.15 0.50

-0.54 3.27 0.11
0.08 0.78 Pooled

Females
0.69Males -0.08 0.16

-0.16 0.4 0.53
0.41 0.53 Pooled

Females
0.068MI -0.32 3.s6

-0.1 1 0.47 0.50
7.42 0.008 Separate

UAP

Sub.ject
cohort

ANCOVA Suntmory
Gender Outcome

Appendix Table 15:

Platelet response to ADP versus plütelet responsiveness to NTG

The extent ofADP (lpM) induced platelet aggregation versus the degree ofplatelet responsiveness towards NTG (l00pM)
within all the patient cohorts was analyzed according to gender. Male SAP patients were the only subject class to

demonstrate a significant negative correlation between the extent of aggregation and the degree of NTG responsiveness All
subject populations demonstrated no significant dffirences belween genders and were accordingly pooled. However,

patients with a MI as dístinct from UAP were not significantly dffirent. For further analysis see Table 3. I 5.

Appendix Table 16:
Age versus platelet respons¡veness to SNP

An age relationship for the degree of SNP responsiveness was Jirstly assessed according to gender wilhin each subject

cohort. No significanf correlation or dffirences between regression analysis was found for each gender and clinical
condilion. Accordingly these results were pooled andfurther analyzed in Table 3.17.

0.73Males -0.09 0.1 1

-0.28 1.13 0.31
r.l2 0.30 Pooled

Females
1.8 0.2tMales o.41

-0.02 0.004 0.94
0.09 0.76 Pooled

Females
0.1 1 0.74Males 0.05

0.03 0.02 0.88
0.03 0.86 Pooled

Females
0.07 0.79Males -0.03

-0.06 0.14 0.70
0.91 0.34 Pooled

Females

Sultject
colrort

Reg res s io rt A tt o lJ,s is ANCOI/A Sumnmry
r F p

Gender OutcomeFp
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0.09Males -0.15 5.19

-0.1 0.06 0.81
2.60 0.13 Pooled

Females

4.6 0.12Males -0.78

-0.46 2.2 0.t]
0.62 0.45 Pooled

Females
0.19Males -0.35 1.9

-0.22 0.53 0.47
2.59 0.t2 Pooled

Females
0.39Males -0. 13 0.76

0.18 0.91 0.35
0.0001 0.99 Pooled

Females'

Subject
coltorts

Regressiott Analysis ANCOVA Summary
r FpGender Outcome

Appendix Table 17:
Age versus platelet responsiveness to NTG

An age relationship for the degree of NTG responsiveness was firstly assessed according to gender witlin each subject

cohort, No signiJicant coruelation or dffirences between regression analysis was found for each gender and clinical
condítion Accordingly these results were pooled and further analyzed ín Table 3.I I

Appendix Table I8:
Platelet responsiveness to.SNP øs a function oÍ the namber of coronary risk factors

Utilizi¡g the Kolmogorov-smirnov melhod þr assessmenl of normality within a data population the level of signiJìcance for
the above data population was >0.I and were thereþre determined to cortform to a Gaussian distributiott N.A : insulJìcienl

ttuntbers to perþrn analysis.

I 0.28 NS

2 0.16 NS

3 0.l3 NS

4 0.2 NS

Males

I 0.16 NS

0.21 NS2

3 0.16 NS

4 N/A N/A

Females

I 0.24 NS

2 0.18 NS

3 0.1 1 NS

4 0.09 NS

Males'

I 0.33 NS

2 0.22 NS

3 0. 13 NS

4 0.26 NS

Females

Diseuse State
Risk

føctors
Gender
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Appendix Tøble 19:

Platelet responsiveness to NTG as a functíon of the number of coronary rísk factors

From section 3 5 7 of chapter 3. Utilizing the Kolmogorov-Smirnov method for assessment of normality within a dara

population the level of significance for the above data population was >0.1 and were thereþre determined to conform lo a
Gaussian distribution N.A = insfficient numbers to perþrm analysis'

Appendix Table 20
Díurnal variabi@ in platelet response to ADP

From section 4.5.3.1 of chapter 4. Utilizing the Kolmogorov-Smirnov method for assessment of normality wilhin a data
population, the level of significance for the above data population was > 0.1 and were thereþre determined to confornr to a

Gaussian distribution. NS : nol signiJicant.

I N/A N/A
2 0.14 NS

J 0.21 NS

N/A N/A

Males

4

1 N/A N/A
2 N/A N/A
J 0.25 NS

Females

4 N/A N/A
1 0.21 NS
2 0.16 NS
J 0.1I NS

MaIes

4 0.22 NS
1 0.29 NS
2 0.19 NS
5 0.18 NS

Females

4 N/A N/A

Discuse Stcttc
Rislc

fnctors
Gender

KS 0.11 0.13

NS NSp

0.12KS 0.12

p NS NS
0.11KS 0.21

p NS NS
0.12 0.14KS

p NS NS

FemulesMulesG tt tt s sia n listrì b ul io ttTime
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Appendix Table 21:
Acute nitrate elfects on platelet response to ADP

From section 4.5.3.2 of chapter 4. Utilizing the Kolmogorov-Smirnov method for assessment of normality within a data

population, the level of significance for the above data population was > 0.1 and were thereþre determined to conform lo a

Gaussian distribution. NS: not signiJìcanl.

KS 0.22
Males

p ns

KS 0.16
NS

ISMN
Femqles

p

KS 0.r7
Males

p NS

KS 0.19
TD-NTG

Females
p NS

KS 0.11
Males

p NS

KS 0.15
ISMN

Females
p ns

KS 0.16
Males

p NS

KS 0.20
TD-NTG

Females
p NS

KS 0.10
Males

p NS

KS 0.15
p NS

ISMN

Femøles

KS 0.09
p NS

Males

KS o.27

p NS

TD-NTG

Females

KS 0.09
Males

p NS

KS 0.16
Females

p NS

ISMN

KS 0.16
Males

p ns

KS 0.19
Females

p NS

TD-NTG

Treutmenl Gettdcr Gctussicttt

distrihufi¡tn
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Appendix Table 22:
Chronic nitrøte elþcts on platelet tesponse to ADP

From section 4.5.3.3 of chapter 4. Utilizing the Kolmogorov-Smirnov method for assessment of normality within a data

population, the level of significance for the above data populalion was > 0. I and were therefore determined to conform to a

Gaussian distribution. NS: not signirtcant.

KS 0.20
Males

p NS

KS 0.21
ISMN

Females
p ns

0.10KS
Males

p ns

KS 0. l3
Females

p ns

TD-NTG

KS 0.2
Males

p ns

KS 0.11
ISMN

Females
p NS

KS 0.r8
Males

p ns

KS 0.13
TD-NTG

Females
p NS

KS 0.t5
Males

p ns

KS 0.17
ISMN

Females
p ns

KS 0.1 1
Males

p ns

KS 0.t2
TD-NTG

Females
p NS

Time G tt tt s s i tttt d ístríltu tí ottTreutmettt Gctttler
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KS 0.12

NS
Males

p

KS 0. 15

p NS

ISMN
Females

KS 0.14
p NS

Males

KS 0.21

ns

TD-NTG

Females
p

KS 0.11

p NS
Meles

KS 0.15

NS

ISMN

Females
p

KS 0.10

p NS
Males

KS 0.14

ns

TD-NTG

Females
p

Treatment
pltase

G ctuss Ían clistríb utío nTherapy Gender

Appendix Tsble 23:
Diffirences between treøtment phøses and nitrøte preparøtions

(pløtelet responsìveness to ADP)

Front section 4 5.3 5 Utilizing Íhe Kolmogorov-Snùrnov ntethodfor assessnrcnl of normalily within a data population, llre

level of signiJicance for fhe above data populatton was > 0 I and were therefore delernined lo conform Io a Gaussian

distribtuion. NS : noÍ sigrriJicanl

Appendix Tøble 24:
Differences between treatment phøses and nitrate prepürütions

(pløtelet responsiveness to NfG)

Front section 4.5.3.5. Utilizing the Kolnrogorov-Smirnov methodfor assessment of normality within a data populalion, the

level of signifLcance for the above data populatíon wo.t > 0.1 and were thereþre deternitted to confornt to a Gaussian

distribution NS : not signiJicanl

0.07KS
ISMN

p NS

KS 0.15

p ns
TD-NTG

KS 0.16

NS
ISMN

p
KS 0.l l

TD-NTG
p NS

Treatment phase G a ussian distrib utio ttTherupy
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KS 0.10

p NS
ISMN

KS o.t2
TD-NTG

p NS

KS 0.13
ISMN

p NS

KS 0. l4
TD-NTG

p NS

TrcctttttcttÍ phuse Gct tt s sitt tt d ist rib ul io nTherapy

Appendix Tøble 25:
Differences between treatment phøses ønd nitrate preparøtìons

(platelet responsiveness to SNP)

From section 4.5.3.5. lJtilizing the Kolmogorov-Smirnov method for assessment of normality within a data population, the

tevet of signifi.cance for the above data population wcts > 0.1 and were thereþre determined to conform Io a Gaussian

distribution. NS: not signifrcant.

Appendíx Table 26:
Dífferences between treatment phases and nìtrate prepørat¡ons

(Pre-aggregation LD CL)

From section 4.5.3.5.Utilizing the Kolmogoroy-Smirnov method þr assessment of normality within a data population (pre-

aggregation LDCL), the level of significance þr the above data population was > 0.1 and were therefore determined to

conþrm to a Gaussian distribution. NS = not signirtcant.

KS 0.t]
Acute

p NS

KS 0.23
p NS

ISMN
Chronic

KS 0.18

p NS
Acute

KS o.2l
p ns

TD-NTG

Chronic

KS o.22
p NS

Acute

KS 0.14
p NS

ISMN
Chronic

KS o.t7
p NS

Acute

KS 0.19
p NS

TD-NTG

Chronic

KS 0.26
p ns

Acute

KS 0.17
p NS

ISMN
Chronic

KS o.l1
Acute

p NS

0.77KS
Chronic

p NS

TD-NTG
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0.62 0.43
2.02 0.15
0.48 0.61

3.87 0.051
0.31 0.73
0.4ó 0.63
1.09 o.34

Dalcrminunt

Appendíx Table 27:

Pre-aggregation LDLC : - three-way ANOVA contingency table

From section 4.5,i.5. Dffirences between nitrate treatment phases (acute/chronic) and treatment regimens (ISMN/TD

NTG) for the extent of pre-aggregation LDCL (l2.5ltM lucigenin) was examined by 3-way ANOVA (Bartlett's statistic for
homogeneity of variances : 6.2, p: 0.86).

Appendix Tøhle 28:
Differences between treøtment phases and nitrute ptepatøtions

(Aggregatio n-as so ciøted LD C L)

From section 4,5.3.5.Utilizing the Kolmogorov-Smirnov method þr assessment of normality within a data population, the

level of significance for the above data population was > 0.1 and were thereþre determined to conform to a Gaussian

distribution. NS : not signilìcant.
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p ns
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KS 0.15

p NS

ISMN
Chronic

KS 0.1ó
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Chronic
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ISMN
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Acute
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p ns

TD-NTG

0.23KS
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Acute

0.22KS
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0.77KS
p ns

Acute

KS 0.18

NS
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p

TD-NTG
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1.91 0.17
3.80 0.05
t.34 0.27

o.67 0.41
0.31 0.73

0.311.16
0.053 0.95

Detenninunt

Appendìx Tøble 29:
Aggregation-øssociøted LD CL' three-way ANOVA contingency table

From section 4.5.3.5. Differences belween nitrate treatment phases (acute/chronic) and regimens (ISMN/TD-NTG) on the

extent of aggregation-associated LDCL (ucigenin I2,5pM) was examined by 3-way ANOVA (Bartlett's statistic for
homogeneity of variances = 13.3, p = 0.27).

Appendix Table 30:
Differences between treatment phases ønd nitrate preparat¡ons

(sy stolûc blo o d. pres s ure)

From section 4.5.4.Utiliztng the Kolmogorov-smirnov methodþr assessment of normality within a data population, the level

of significance for the above data population was > 0,1 and were thereþre determined to conform to a Gaussian

distribution. NS: not significant.

KS 0.18
Acute

p NS

KS 0.11
Chronic

p NS

ISMN

KS 0.19
Acute

p NS

KS 0.09
NS

TD-NTG

Chronic
p

KS 0.18

ns
Acute

p

KS 0.15

NS

ISMN
Chronic

p

KS 0.25
p NS

Acute

KS 0.14
p ns

TD-NTG

Chronic

KS 0.09

p NS
Acute

KS 0.19

p NS

ISMN
Chronic

KS 0. l4
NS

Acate
p

KS 0.11

ns
Chronic

p

TD-NTG

Tinte 'l're utmenl'f herap¡, G u u s s i u tt d ístrí lt utio tt



Chapter 7 482

Discussion/analysis of the pløtelet/luminescent variøbles obtained from those

subjects that had vasculør pørømeters exømined

From section 4.5.5. The degree of change in platelet response to ADP (1pM), NTG (100pM),

SNP (1O¡rM) and the extent of whole blood superoxide detected using LDCL was examined

in the cohort of subjects (n : 12) that also has vascular parameters (systolic blood

pressure/heartraßlAI(x)) evaluated at the time of blood sampling.

Platelet øggregabílìþ

Femøles

The extent of platelet aggregation for female subjects was analyzed for both the acute and

chronic phases. Data representing the degree of aggregability for the female subjects during

the "no nitrate" and both acute nitrate treatment phases, was insufficient (n:4) to assess

normality by the Kolmogorov-Smirnov method. However, as the data from both the acute

and chronic phases of the trial regarding the degree of platelet aggregability in the presence

of either ISMN and TD-NTG was representative of a larger (n:34) population that was

shown to be normally distributed at all time points throughout the trial, it was assumed that

these above populations should undergo analysis by ANOVA.

Males

Data representing the degree of platelet aggregability for male subjects were firstly analyzed

for normality across all time points. All data populations conformed to a Gaussian

distributions("nonitrates"OhrsKS:0.19,p:n.s;4hrsKS:0.2,p:ns; 8hrsKS:0.18,p
: ns; 24hrs KS : 0.26,p: ns. Acute ISMN: Ohrs KS :0.27, p : n.s; 4hrs KS : 0.18, p : ns;

8 hrs KS :0.2, p : ns; 24hrs KS : 0.2,p: ns. Acute TD-NTG: Ohrs KS :0.22, p : n.s; 4hrs

KS:0.18, p: ns; 8 hrs KS:0.16, p: ns; 24hrs KS:0.24,p: ns).These results were

mirrored by those of the chronic phase of the trial ("no nitrates" as above; ISMN: Ohrs KS :
0.3, p: n.s; 4hrs KS :0.16, p: ns; 8 hrs KS :0.2, p: ns. TD-NTG: Ohrs KS :0.17,p:

n.s; 4hrs KS : 0.21, p : ns; 8 hrs KS : 0.16, p :ns).

A n aly s i s -A c ut e n itr øt e effe ct s

The extent of platelet aggregation was analyzed firstly according to either the acute and

chronic phases of the trial. By 3-way ANOVA there was no significant difference in
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aggregabllity over the time period, no significant difference between the treatment phases and

no significant interactions between any of the determinants. However, as demonstrated

previously, a significant difference in aggregability was observed between the genders

(Platelet aggregability during acute nitrate administration: Treatment group F : 1.1, p:0.34;

Time F :0.4,p:0.72; Gender F: 18.8 p< 0.01; Treatment group x time F :0.26, p :0.95;

Treatment group x gender F: 1.7,P:0.18; Time x gender F:0.065, p:0.97; Treatment

group x time x gender F :0.29,p:0.94; Bartlett's statistic :29.7, p :0.15). Utilizing

Bonferroni's post hoc multiple comparison test, no individual data point as depicted in

Appendix Figure 1 upper panel, was significantly different from any other (upper panel of

Appendix Figure 1).

C hronic nitrate effects

The effects of chronic nitrale administration of either preparation were then assessed. By 3-

way ANOVA there was no significant difference between the treatment groups and across the

time period examined. However, as was observed during the acute phase of the trial, a

significant gender difference was observed regarding the extent of platelet aggregability. No

significant interactions between the determinants was also found (3-way ANOVA: treatment

group F: 1.7,p:0.18; time F : 0.1, p :0.9; Gender F :9.2, p < 0.01; treatment group x

timeF:0.05,p:0.99;treatmentgroupxgenderF:0.32,p:0.1;timexgenderF:0.12,p
: 0.88; treatment group x time x gender F :0.12,p:0.97; Bartlett's statistic :26.5,p:

0.065). Utilizing Bonferroni's post hoc multiple comparison test there were no signihcant

differences between any of the data points.

Differences in pløtelet aggregøbílity between nitrate treatment phøses

Data representing the treatment group ("no nitrates", ISMN and TD-NTG) and time was

subsequently pooled in order to assess if there was any significant difference between the

acute and chronic treatment phases of the trial. Gender as a determinant remained within the

analysis as it was found to be significant (above). By 2-way ANOVA there was no signihcant

difference between the acute and chronic phases of the trial. There was also no significant

interaction between the two determinants and a non-significant trend towards a significant

difference between genders (2-way ANOVA: Gender F : 3.3, p : 0.086; Acute and chronic

phase F :0.25, p:0.61; Gender x acute and chronic phase F:0.036, p:0.85; Bartlett's

statistic : 8.92,p : 0.3 1).
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Appendix Fígure 1: Acute/chronic ønti-aggregøtory effects of ISMN ønd TD-NTG

Upper panel: The acute anti-aggregatory effects of both ISMN and TD-NTG in 12 subjects for both male and female
subjects across 24-hrs. 3-way ANOVA treatment group F: 1.1, p:0.i4; time F:0.4, p -- 0.72, Gender F: 18.8, p <
0.01;treatmentgroupxtimeF:0,26,p:0.95;treatmentgroupxgenderF= 1.7,p:0.18; timexgenderF=0.065,p-
0.97; treatment group x time x gender F : 0.29, p : 0.94. Lower panel: The chronic anti-aggregatory effects of both ISMN
andTD-NTG.3-wayANOVAtreatmentgroupF:1.7,p:0.18; timeF--0.1,p=0.9,GenderF:9.2,p<0.01;treatment
group x time F: 0.05, p:0.99; treatment group x gender F:0.i2, p:0 7; time x gender F: 0.12, p : 0.88; treatment

group x time x gender F : 0. 19, P : 0'97.

Platelet responsiveness to NTG (l00pm)

As indicated for platelet aggregability, the degree of platelet responsiveness to NTG (100¡rM)

was analyzed for the 12 subjects whom also had their AI(x) assessed at the time of blood

sampling.

0
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Acute phøse

Firstly, data for the degree of platelet responsiveness to NTG (100pM) for the acute nitrate

phase were found to conform to a Gaussian distribution. ("no nitrates" acute Ohrs KS : 0.14,

p: ns; 4hrs KS : 0.09, p: ns; Shrs KS : 0.13, p : ns; 24hrs KS : 0'72,p: ns. ISMN acute

Ohrs KS : 0.11, p : ns; 4hrs KS : 0.12,p : ns; 8hrs KS : 0.14,p : ns; 24hrsKS : 0.14, p :
ns. TD-NTG acute Ohrs KS :0.16, p : ns; 4hrs KS :0.14, p : ns; 8hrs KS :0.15, p: ns;

24hrs KS :0.14, p: ns).

As illustrated in Appendix Figure 2 apper panel and by 2-way ANOVA there was no

significant difference between the treatment groups or across the 24-lu time period for the

acute phase of the tt'ral (2-way ANOVA: treatment group F : 0.14, p : 0.86; time F : 0.83, p

:0.47; treatment group x time F: 0.75, p:0.6; Bartlett's statistic :7.25, p 0.78). No

significant interaction between the two determinants was also observed. Utilizing

Bonferroni's post hoc multiple comparison test there were no signif,rcant differences between

any of the data points within Appendix Figtne 2.

Chronic phase

Much the same as demonstrated above, the data representing the degree of platelet

responsiveness to NTG (100pM) during the chronic nitrate phase of the trial were shown to

be of a Gaussian distribution.("no nitrates" Ohrs KS:0.19, p: ns;4hrs KS :0.14, p: ns;

Shrs KS : 0.08, p : ns. ISMN Ohrs KS : 0.16, p : ns; 4hrs KS : 0.13, p : ns; Shrs KS :

0.18, p : ns. TD-NTG 0hrs KS : 0.13 p : ns; 4hrs KS : 0.15, p : ns; Shrs KS : 0.2, p : ns).

By 2-way ANOVA and as displayed in the lower panel of Appendix Figure 2, there \À/as no

significant difference between the treatment groups, across the time period, or any significant

interaction between the two determinants (2-way ANOVA Treatment group F : 0.37, p :

0.69;TimeF:0.57,p:0.56;TreatmentgroupxtimeF:0.62,p:0.64;Bartlett'sstatistic
: 2.0, p : 0.9S). Utilizing Bonferroni's post hoc multiple comparison test there were no

significant differences between any of the data points within the lower panel of Appendix

Figure 2.
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Differences in platelet responsiveness to NTG (1001t*t) between the nitrøte treutment

phases

In order to determine a difference between the acute and chronic phases of the trial for the

degree of platelet responsiveness to NTG (100pM), data was pooled across the treatment

groups and the time periods. Utilizing a paired /-test there was no significant difference

between the acute and chronic phases of the trial for the degree of platelet responsiveness to

NTG (100pM) (paired /-test: t: 1.56, p : 0.15).
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Appendix Figare 2: Influence of øcute/chronic nitrate admìnistratíon on the degree of

platelet responsiveness to NTG

Upper panel. Acute administration of either TD-NTG or ISMN in 12 subjects had no significant effect on the degree of
platelet responsiveness to NTG (l00pM). 2-way ANOVA treatment group F:0.14, p = 0.86; lime F:0.83, p:0.47,
treatment group x time F : 0.75, p : 0.6. Lower pønel: Chronic administration of either TD-NTG or ISMN also had no

significant effect on the degree of platelet responsiveness to NTG (l00I1M). 2-way ANOVA Treatment group F : 0 j7, p :
0.69; Time F : 0.57, p = 0.56; Treatment group x time F : 0'62, p = 0.64.
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Platelet responsiveness to SNP (101t¡Ut)

The degree of platelet responsiveness to SNP (10¡rM) was analyzed for the 72 subjects whom

also had their AI(x) assessed at the time of blood sampling.

Acute phase

The data representing the degree of platelet responsiveness to SNP (10pM) during the acute

nitrate phase of the trial were shown to be of a Gaussian distribution and not to contain any

significant differences between the standard deviations across the 24-hr sampling period. ("no

nitrates"; 0hrs KS :0.13, p : ns; 4hrs KS :0.18, p : ns; 8hrs KS :0.21, p : ns; 24hrs KS :

0.2, p: ns. ISMN; Ohrs KS : 0.12, p : ns; 4hrs KS : 0.14, p : ns; 8hrs KS : 0.16, p : ns;

24hrs KS : 0.13 p : ns. TD-NTG Ohrs KS : 0.21, p: ns; 4hrs KS : 0.12, p: ns; Shrs KS :

0.2,p: ns; 24hrs KS : 0.17, p: ns). By 2-way ANOVA and as displayed in Appendix Figure

3 upper panel, there was no significant difference between the treatment groups, across the

time period, or any significant interaction between the two determinants (2-way ANOVA

Treatment group F : l.l2,p :0.31; Time F:0.6 P:0.59; Treatment group x time F: 1.6, p

: 0.39; Bartlett's statistic : 3.2, p : 0.98). Utilizing Bonferroni's post hoc multiple

comparison test there were no significant differences between any of the data points (upper

panel of Appendix Figure 3).

Chronic phase

The data representing the degree of platelet responsiveness to SNP (10¡rM) during the

chronic nitrate phase of the trial were shown to be of a Gaussian distribution and not to

contain any significant differences between the standard deviations across the eight hour

sampling time period. ("no nitrates" 0hrs KS : 0.13, p : ns; 4hrs KS : 0.77, p : ns; 8hrs KS

: 0.2,p : ns. ISMN Ohrs KS : 0.2 p : ns; 4hrs KS : 0.13, p : ns; Shrs KS : 0.11, p : ns.

TD-NTG Ohrs KS : 0.22,p : ns; 4hrs KS : 0.16, p : ns; 8hrs KS : 0.13, p : ns). By 2-way

ANOVA and as displayed in Appendix Figure 3 lower panel, there was no significant

difference between the treatment groups, across the time period, or any significant interaction

between the two determinants (2-way ANOVA Treatment group F :0.85, p:0.43 Time F :

0.22,p: 0.8; Treatment group x time F :0.72,p:0.57; Bartlett's statistic : 4.3, p : 0.83).

Utilizing Bonferroni's post hoc multiple comparison test there were no significant differences

between any of the data points (lower panel of Appendix Figure 3).
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Dífferences in platelet responsiveness to SNP (10ltM) between nítrate treatment phøses

Pooling the data for the individual treatment groups ("no nitrates", ISMN and TD-NTG) and

time, significant differences between the acute and chronic phases of the trial regarding the

degree of platelet responsiveness to SNP (1OpM) were examined. By paired /-test there was

no significant difference between the acute and chronic phase of the trial þaired l-test t :

0.73,p:0.5).
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Appendix Figure 3: Influence of øcute/chronic nitrate administration on the degree of

platelet responsiveness to SNP

[Jpper pønel; Acute administration of either TD-NTG or ISMN in 12 subiects had no significant effect on the degree of
platelet responsiveness to SNP (l}pM). 2-way ANOVA treatment group F:0.14, p:0.86; time F = 0.8j, p:0.47;
treatment group x time F : 0.75, p = 0.6. Lower panel: Chronic administration of either TD-NTG or ISMN also had no

significant effect on the degree of platelet responsiveness lo SNP (10pM). 2-way ANOVA Treatment group F : 0.37, p:
0.69; Time F : 0.57, p : 0.56; Treatment group x time F : 0.62, p : 0'64.
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Acute and chroníc effects of nitrute pharmacotherøpy on lucigenin derived

chemiluminescence

Data representing the degree of LDCL was analyzed for the 12 subjects whom also had their

AI(x) assessed at the time of blood sampling.

Pr e-aggr e g atio n L D C L-Acute p h as e

Data for the pre-aggregation LDCL during the acute phase of each nitrate treatment regimen

was shown to conform to a Gaussian distribution ("no nitrates"; Ohrs KS : 0.13, p : ns; 4hrs

KS :0.25, p: ns; 8hrs KS :0.28, p: ns; 24hrs KS : 0.17, p : ns. ISMN; Ohrs KS :0.24,p

: ns; 4hrs KS : 0.2, p: ns; Shrs KS : 0.29, p : ns; 24hrs KS : 0.22, p: ns. TD-NTG Ohrs

KS : 0.16, p : ns; 4hrs KS : 0.2, p : ns; 8hrs KS : Q.22, p : ns; 24hrs KS : 0.22, p: ns).

However, heterogeneous variances between the data populations were observed and therefore

a log transformation of the data was performed prior to the ANOVA (Bartlett's statistic :

40.2, p < 0.01). On the log-transformed data and by 2-way ANOVA a significant difference

between the treatment groups ("no nitrates", ISMN and TD-NTG) was observed. There was

no significant difference across the 24-bt time period and no significant interaction between

the two determinants (2-way ANOVA; Treatment group F :5.47, p < 0.01;time F:0.74,p
:0.53, treatment group x time F:0.57, p:0.75; Bartlett's statistic: 10.5, p:0.48).

Despite demonstrating a significant difference between the treatment groups with the

ANOVA Bonferroni's post hoc multiple comparison test was unable to identify any

significant differences between any data point on the log transformed data (upper left panel of

Appendix Figure 4).

Pre-øggregation LD CL-Chronic phase

Like the luminescence data representing acute pre-aggregation data, all data populations for

the pre-aggregation LDCL during the chronic phase of the trial conformed to a Gaussian

distribution ("no nitrates"; Ohrs KS : 0.13, p : ns; 4hrs KS : 0.25, p: ns; Shrs KS : 0.28, p

: ns. ISMN; 0hrs KS : 0.25,p: ns; 4hrs KS :0.18, p : ns; 8hrs KS : 0.16, p : ns. TD-NTG

Ohrs KS : 0.24,p : ns; 4hrs KS : 0.26,p : ns; 8hrs KS : 0.23,p : ns). By 2-way ANOVA

there was no significant difference between the treatment groups, across the time period and

between the two determinants (2-way ANOVA; treatment group F : 0.1, p : 0.9; time F :

0.51, p : 0.6; treatment group x time F: 1.4,p:0.23;Bartlett's statistic:6.7, p : 0.56).
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Utilizing Bonferroni's post hoc multiple comparison test there were no significant differences

between any of the data points (lower panel of Appendix Figure 4).

Differences in pre-aggregation LDCL between treatment phøses

In order to assess the differences between the acute and chronic phases of the trial for the

degree of pre-aggregation LDCL data across the time periods (acute: 0 to 24hrs, chronic : 0

to 8hrs) was pooled. Given that a significant difference within the treatment groups was

demonstrated within the acute phase of the pre-aggregation LDCL analysis, the treatment

groups ("no nitrates", ISMN, TD-NTG) remained in the analysis to determine a difference

between the acute and chronic phases. The data populations for each treatment group during

both the acute and chronic phases of the trial, were then shown to conform to a Gaussian

distribution (Acute phase: "no nitrates" KS :0.21, p : ns; ISMN KS : 0.17,p: ns; TD-NTG

KS : 0.14,p: ns. Chronic phase: "no nitrates" KS :0.27, p : ns; ISMN KS : 0.14, p : ns;

TD-NTG KS : 0.19, p : ns). By 2-way ANOVA there was no significant difference between

the treatment groups and none between the acute and chronic phase of the trial. No significant

interaction between the two determinants was also observed (Treatment group F : 1 .52, p :
0.23; Acute/chronic F:0.002, F:0.96; Treatment group x acute/chronic F: 1.8, p:0.2;
Bartlett's statistic :5.44, p : 0.36).

A ggr e g atio n -ss s o ciøted L D C L-acute p h as e

All data populations for the degree of aggregation-associated LDCL (lucigenin 12.5¡rM)

during the acute phase of the trail were found to conform to a Gaussian ("no nitrates"; Ohrs

KS: 0.24,p: ns;4hrs KS:0.17,p: ns; Shrs KS:0.26,p: ns 24hrs KS:0.21, p: ns.

ISMN; 0hrs KS :0.17, p: ns; 4hrs KS :0.15, p: ns; 8hrs KS :0.23, p : ns; 24hrs KS :
0.15, p : ns. TD-NTG Ohrs KS : 0.19, p : ns; 4hrs KS : 0.25,p : ns; Shrs KS : 0.26,p : ns;

24hrs KS : 0.16, p : ns). By 2-way ANOVA there was a significant difference between the

treatment groups ("no nitrates", ISMN, TD-NTG) with no significant difference across the

24-Iir time period. There was also no significant interaction between the two determinants (2-

way ANOVA; treatment group F:3.8, p:0.025; time F :1.2,p:0.32; treatment group x

timeF:0.33,p:0.91;Bartlett'sstatistic:11.1,p:0.43).UtllizingBonferroni'sposthoc

multiple comparison test there were no significant differences between any of the data points

(upper right panel of Appendix Figure 4).
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Aggreg øtio n-as s o ciated LD C L-c hron íc p h as e

Much the same way as demonstrated above in the acute phase, the data populations for the

extent of aggregation-associated LDCL (lucigenin 12.5¡rM) was shown to conform to a

Gaussian distribution ("no nitrates"; Ohrs KS : 0.23, p: ns; 4hrs KS : 0.17 , p: ns; 8hrs KS

: 0.26,p : ns. ISMN; Ohrs KS : 0.19, p : ns; 4hrs KS : 0.22,p : ns; Shrs KS : 0.27,p : ns.

TD-NTG Ohrs KS : 0.22,p : ns; 4hrs KS : 0.18, p : ns; 8hrs KS : 0.I4,p : ns). By 2-way

ANOVA there was no significant difference between the treatment groups, across the 8-hr

time period. There was also no significant interaction between the two determinants (2-way

ANOVA; treatment group F :1.28,p:0.28; time F :1.42,p:0.25; treatment group x time

F : 0.12, p : 0.97; Bartlett's statistic : 6.71, p : 0.57). Utilizing Bonferroni's post hoc

multiple comparison test there were no significant differences between any of the data points

(lower right panel of Appendix Figure 4).

Diffirences in øggregøtion-assocìated LDCL between the nítrøte treatment phases

By pooling the aggregation-associated LDCL data across the time periods and across each

treatment a difference between the acute and chronic phases of the trial was examined.

Utilizing a paired /-test no significant difference between the acute and chronic phases for the

degree of aggregation-associated LDCL was observed (paired /-test t : 1.05, p : 0.32).
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Appendix Fígure 4: Influence of acute/chronìc nítrate admínístration

on the degree of LDCL

Figure legend: "no nilrates"; open circle dotted line. TD-NTG; closed diamond solid line. ISMN, open triangle solid line.
Upper panels: Acute administration of either TD-NTG or ISMN in l2 subjects on lhe degree pre-aggregation LDCL (eft)
and aggregation-associated LDCL (right). Pre-aggregation LDCL 2-way ANOVA log transformed data treatment group F :
5.47,p<0.01;timeF:0.74,p:0.53; treatmentgroupxtimeF:0.57p:0.75.Aggregation-associatedLDCL2-way
ANOVA treatment group F:3.8, p = 0.025; time F: 1.2, p:0.32; treatment group x time F:0.ii, p: 091. Lower
pønels: Chronic administration of either TD-NTG or ISMN on the degree of pre-aggregation LDCL (left) and aggregation-
associatedLDCL (right) 2-wayANOVApre-aggregation LDCLTreatment group F:0.1,p:0.9; Time F:0.51, p:0 6;

TreatmentgroupxtimeF:1.4,p:0.23.Aggregation-associatedLDCLchronictreatmentgroupF=1.28,p:0,28; time
F : 0 51, p :0.6; treatment group x time F : 0.12, p : 0.97.
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Amendments

Acknowledgemenß

The following should be included on page 26 after paragraph4.

508

a

" I would like to comment on the specific contributions Dr Chirkov made regarding the

performing of experiments within this thesis. All experiments performed within Chapter

2 were performed by myself with instructions given by Dr Chirkov. Together with a

series of additional experiments addressing other questions (performed by Dr Chirkov),

the results from section I of Chapter 2 formed the basis for the "Circulation" (Chirkov e/

al., 1999) article. Data from Chapter 3 was derived from experiments performed by a

number of people and this should be acknowledged. Experiments were performed by

myself, Drs Chirkov, Willoughby and Stewart. As the idea of examining the potential

determinants of platelet NO resistance was derived by Dr Chirkov, fîrst authorship was

awarded accordingly".

Chapter 1

The following should be changed accordingly:

o Page 34, paragraph2,Iine 2:

" an single electron" should be replaced with "a single electron"

Section A

' The following should be included following section A.l2 *Effects of ^S-nitrosothiols
on platelet function", page 63.

Effect of ìnsulin on platelets

Whilst investigating the effects of insulin on human platelet function Trovati et al.,

(1988) demonstrated that insulin significantly reduces platelet sensitivity to a number of
aggregating agents (ADP, PAI', collagen, adrenaline). Following on from these initial

observations the same research group demonstrated that the anti-aggregatory effects of
insulin result from an increase in platelet derived nitric oxide generation that promotes an
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increase in platelet cGMP / oAMP generation (Trovati et a1.,1994,1996,7997). The role

of insulin in the phenomenon of platelet nitric oxide resistance is discussed in section

8.2.1 of the current chapter. However, for a comprehensive review of the literature

regarding the effects of insulin on platelet function see Trovati and Anfossi (2002) or

Vink e/ a1.,2001.

Complete references:

Trovati M, and Anfossi A. (2002). Influence of insulin and of insulin resistance on

platelet and vascular smooth muscle cell function. J Diabet Compl 1635-40.

Vink AI., Tomris E, Park TS, Nolan R and Pittenger GL. (2001). Platelet dysfunction in

Type 2 diabetes, Diabetes Care 24:147 6-1485.

Sectìon C

' The following should be included at the end of Section C.6.2.1 "Antioxidant

pharmacotherapy", page 83, paragraph 3:

"Despite the experimental evidence demonstrating that anti-oxidant pharmacotherapy

may ameliorate endothelial dysfunction, results from large clinical trails examining the

effccts of anti-oxidant therapy on long term clinical outcomes have failed to show any

significant benefit with their use. Using vitamin E as an example, the Heart Outcomes

Prevention Evaluation (HOPE) study found no significant benefit was derived from

taking vitamin E (400u/day) at preventing the incidence of the combined endpoint of MI
+ cardiovascular death + stroke (RR 1.05, 95% CI0.95-1.16, p:0.33) (Yustf et al.,

2000), Similar results were also observed within the Heart Protection Study where a

number of vitamin supplements (650mg vitamin C, 25mg vitamin E and 20mg beta-

carotene) were examined for their effects on secondary prevention outcomes (Heart

Protection Study Collaborative Group, 2002).

s09
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Complete references:

Yusuf S, G Dagenais, J Pogue, J Bosch, P Sleight, (2000). Vitamin E supplementation

and cardiovascular events in high-risk patients. The Heart Outcomes Prevention Study

Investigators. New Engl J Med;342: 154-60.

Heart Protection Study Collaborative Group (2002). MRC/BI{F Heart Protection Study

of antioxidant vitamin supplementation 20536 high-risk individuals: a randomized

placebo-controlled trial. The Lancet: 360 : 23 -33.

The following should be changed:

. Page 94, paragraph 3, starting with "Perhaps the most ... and ending with Marso er

a1.,1999) should be replaced with the following:

Subgroup analysis of the major GPIIb/IIIa receptor antagonist trials have provided some

indirect evidence suggesting platelets may play a role in the pathogenesis of diabetes

mellitus. Significant improvements in clinical outcome have been observed in diabetic

patients randomized to receive GPIIb/IIIa receptor antagonists compared to diabetic

patients receiving placebo preparations (Bhatt et a1.,2000; LincofT,2000; Ma¡so et al.,

leee).

The following should be included at the end of section C13 "Aspirin", page 106

510

a

Aspirín resßtance

Despite receiving therapeutic doses of aspirin a certain proportion of subjects still

experience thrombotic events. This absence of the protective effect from aspirin use has

been termed "aspirin resistance" with the prevalence of this phenomenon ranging from 10

- 45% of subjects with CAD (Gum et a1.,2001).

A number of potential mechanisms behind the phenomenon of aspirin resistance have

been suggested. Such mechanisms include activation of platelets via pathways that do not
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involve TxA2, ineffective doses for particular patients or further TxA2 generation from

alternative sources even in the presence of therapeutic concentrations of aspirin. For a

review of the incidences and mechanisms of aspirin resistance see the following reviews

(FitzGerald 2003; Smout and Stansby 2000)

Recently Eikelboom et al., 2002 utllizing samples obtained from a subset of patients

enrolled in the HOPE study, demonstrated that high urinary concentrations of 1l-dehydro

thromboxane B2 predict MI or cardiovascular death. That is despite receiving aspirin,

those subjects with a high ll-dehydro thromboxane 82, serving as a marker for the

presence of TxAz and thus referred to a "aspirin resistant", were shown to have an

increased risk of MI or cardiovascular death compared to those subjects with a low ll-
dehydro thromboxane Bz level.

Complete references:

Eikelboom JW, Hirsh J,Witz JI, Johnston M, Yi Q, Yusuf S. (2002). Aspirin-resistant

thrornboxane biosynthesis and the risk of myocardial infarction, stroke, or cardiovascular

death in patients at high risk for cardiovascular events. Circulation; 105:1650-1655.

FitzGerald GA (2003). Parsing an enigma: the pharmacodynamics of aspirin resistance.

The Lancet; 361: 542-543.

Gum PA., Kottke-Marohant K, Poggio ED, Gurm H, Welsch PA, Brooks L, Sapp SK and

Topol Ef. (2001). Profile and prevalence of aspirin resistance in patients with

cardiovascular disease, Am J Cardiol; 8 8:230-23 5 .

Smout J and Stansbv G (2002). Aspirin resistance. British J Surgery; 89:4-5

The following should be changed:

. Page 137, section F "Major residual issues" sentence 1, line 2,the word "also" should

be deleted.
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Chapter 2

The following should be changed:

o Page l4l, paragraph 2, line 2,"(tt: 43)" should read "(n : 44)"

The following should be changed:

o Page 180, paragraph 2, line 8, starting with "A relationship .. . ." , should be replaced

withthe following:

"This relationship was not observed in the NV cohort."

The following should be changed:

' Page 180, paragraph 3, line 5, starting with "A result that is agrees....", should be

replaced with the following

"A result that is in agreement with the observations of others (Swatrn and Wallentin,

1987)."

The following should be changed:

o Page 181, paragraph  ,line 4, starting with "combing the subject cohorts.. . .", should

be replaced with the following:

"When the data was analyzed according to those with/without a history of angina pectoris

(Figure 2.3.6), neither population showed a signifîcant relationship between the baseline

extent of platelet aggregation and the extent of change in platelet aggregation post

administration of SOD/Catalase".

The following should be changed:

' Page 182, section 2.3.5 'Discussion", paragraph 1, line 8, sentence starting with

"Investigating this hypothesis,.. ." Should be replaced with the following:



a
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An examination of intra-platelet superoxide generation is a potentially important research

direction, one that largely remains unexplored. Despite this, it was decided not to

examine intra-platelet superoxide generation in the current series of experiments.

The following should be changed:

e Page 194,paragraph2,line 4, "potentate" should read "potentiate"

Chapter 4

The following should be included at the end of section 4.6.3 "sensitivity to nitric

oxide donors", page382, after paragraph2.

"Despite not demonstrating nitrate tolerance induction using systolic blood pressure as a

measure of vascular function, acute administration of either nitrate preparation reduced

systolic blood pressure compared to the no nitrate period, though not significantly (Figure

4.18), Such fends were not observed following chronic niûate administration (Figure

4. l9). As there was no difference between the phases of treatment, no obvious tolerance

to either preparation was concluded using systolic blood pressure as a measure of

vascular function. Throughout the literature there are a number of examples

demonstrating that nitrate administration to subjects with a history of CAD effectively

reduces systolic blood pressure. Taking into consideration evidence throughout the

literature and that a trend towards a significant reduction in systolic blood pressure was

observed in the 12 patients examined within the current study, it is not unreasonable to

conclude that an absence of a significant reduction in systolic blood pressure resulted

from type II error, However, it should also be noted that the results observed herein are in

agreement with the observations of O'Rourke and Nicholas (2002) in which there was no

significant change in systolic blood pressures post administration of TD-NTG (2.5 to

l5mgl24hrs), whilst there were significant reductions in AI(x).
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a

Complete reference:

O'Rourke M and Nichols WW. (2002). Potential for use of pulse wave analysis in

determining the interaction between sildenaflrl and glyceryl trinitrate. Clin Cardiol:

25:295-9.

Chapter 5

The following should be included at the end of section 5.5 "Major study limitations",

page396, paragraph 1:

Routine collection of blood for the determination of C-reactive protein (CRP) levels were

not performed on samples from subjects studied in Chapter 3. An estimation of the

inflammatory status of these subjects may have provided some insight as to whether a

reduced responsiveness to NO is related to the inflammatory status of particular subjects.

Furthermore, it may have provided some evidence of an anti-inflammatory effect form

statins whose use \¡/as associated with a higher NO responsiveness.

At no stage tlroughout the experiments that constitute this thesis was the menopausal /

menstrual status of females recorded. This oversight therefore constitutes a major study

limitation. However, it should be acknowledged that males made up the majority of

subjects enrolled within each study. Moreover, given the mean age of the female patients

examined throughout this thesis was greater than sixty, an effect of menopausal /

menstrual status on the results observed herein would be minimal.
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