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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 hyper-aggregability upon acute nitrate withdrawal, as a means

of explaining the phenomenon of “rebound” ischaemia, was also performed.
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Studies examining the phenomena of platelet hyper-aggregability 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 anti-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 hyper-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 aggregation/SNP 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 (10uM) 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 hyper-aggregability.

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

hyper-aggregability and/or platelet hypo-responsiveness to donors of nitric oxide.

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

Background

Having confirmed that platelets from patients with SAP and ACS are hypo-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 (NIP), 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 aggregation but not found to be related to age or the number of coronary risk factors.

Utilizing univariate 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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Conclusions

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

to the anti-aggregatory effects of nitric oxide.

e 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.

e 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.

Studies evaluating the anti-aggregatory and arterial vasomotor effects of
prophylactic nitrate pharmacotherapy

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 S5-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 (15mg/24hrs), 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 was 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.




24

Conclusions

e 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.

e 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.

e 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.




25

Declaration

This work contains no material which has been accepted for the award of any other degree or
diploma in any university or other tertiary institution and, to the best of my knowledge and
belief, the thesis contains no material previously published or written by another person,

except where due reference has been made in the text.

I give consent to this copy of my thesis, when deposited in the university library, being

available for loan and photocopying.

Andrew S Holmes
(January 2003)




26

Acknowledgements

I wish to use this opportunity to express my sincere thanks to all those people who have been
involved in firstly my initial employment and secondary (most importantly) my studies

towards this degree over the last four years.

It is with heart-felt thanks that I acknowledge my supervisors Professor JD Horowitz and Dr
YY Chirkov for giving me the opportunity to prove that I had what it takes to stay in this

game. I thank them firstly for their friendship but also for their encouragement and guidance.

I would like to acknowledge the support of Scott Willoughby a kind and selfless fellow Ph.D.
student whose assistance was most invaluable. A special thanks goes to the cardiology
research laboratory staff. Thank you Mat, Simon, John, Stewart, Jenny, Geraldine, Irene,
Ivan, Steve, Chris, Kathy, Tim and Liz.

One can’t perform a series of semi-clinical investigations without meeting and interacting
with some fantastic people. Thank you to all the staff of the coronary catherization laboratory
and the coronary care unit for their cooperation, patience and laughs. Special thanks goes to
the devilishly wonderful research nurses Susan and Rhonda, two beautiful people whose love
and encouragement helped immensely throughout this Ph.D. I would like to officially
acknowledge the assistance of Susan Poropat and Rhonda Prideaux for their assistance in

coordinating the ISMN/TD-NTG investigation (Chapter 4).

During my studies I was initially a recipient of an Australian Postgraduate Award and a
research stipend from the North Western Adelaide Health Services, accordingly I thank the
University of Adelaide and the Research Foundation of the Queen Elizabeth Hospital. In later
years I was a recipient of the Benjamin Poulton research scholarship from the Department of
Medicine at the University of Adelaide. Accordingly I again thank the University of Adelaide
for their support.




27

This is a perfect opportunity to thank a number of other people who have not only been
involved in the formulation of this thesis, but also my life education. I extend my warmest
gratitude to my parents Jeremy and Roslyn, my brothers Michael and Gordon and my father
in-law Bob. I would also like to thank John and Marion, all the Flinders Uni blokes and
fellow rockclimbers whose concern for my sanity towards the end was always a source of

encouragement.

Many life changes have occurred throughout the duration of this Ph.D. not least of that was
meeting my life partner. I wish to sincerely thank my wife Anke for her love, support,

encouragement and understanding through these past years.

Finally, I wish to dedicate this thesis to my son Ethan, whose safe arrival coincided with

completion of this body of work.

Cheers




28

Publications and Presentations

Publications

Willoughby S.R., S. Stewart, Y.Y. Chirkov, J.A. Kennedy, A.S. Holmes and J.D. Horowitz, 2002, Beneficial
clinical effects of perhexiline in patients with stable angina pectoris and acute coronary syndromes are
associated with potentiation of platelet responsiveness to nitric oxide, European Heart Journal, 23, 1946-1954.

Chirkov Y.Y., A.S. Holmes, S.R Willoughby, S. Stewart and J.D. Horowitz, 2002, Association of aortic
stenosis with platelet hyper-aggregability and impaired responsiveness to nitric oxide, Am J Cardiol, 90, 551-4.

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, 37, 1851-7.

Worthley M.1., A.S. Holmes, C.J. Zeitz, Y.Y. Chirkov and J.D. Horowitz, 2001, Effects of diabetes mellitus and
associated glycemic control on platelet function in unstable angina pectoris, Heart, Lung and Circulation, 10,
Al104.

Worthley M.I., A.S. Holmes, C.J. Zeitz, Y.Y. Chirkov and J.D. Horowitz, 2001, Glycemic control and platelet
function in diabetic patients with threatened myocardial infarction. Proceedings of A.P.P.S, 32(2) Suppl 2 47P.

Worthley M1, A.S. Holmes, C.J. Zeitz, Y.Y. Chirkov and J.D. Horowitz, 2001, Glycemic control and platelet
function in diabetes patients with threatened myocardial infarction. Circulation, 104, I1-378.

Chirkov Y.Y., A.S. Holmes, L.P. Chirkova and J.D. Horowitz, 2000, Nitrate resistance in platelets from patients
with stable angina pectoris, Circulation, 102, e87.

Holmes A.S., M.I. Worthley, Y.Y. Chirkov and J.D. Horowitz, 2000, Do products of nitric oxide synthase cause
platelet hyper-aggregability in patients with angina pectoris? Heart, Lung and Circulation, 9, A157.

Chirkov Y.Y., A.S. Holmes, L.P. Chirkova and J.D. Horowitz, 1999, Nitrate resistance in platelets from patients
with stable angina pectoris, Circulation, 100, 129-134.

Holmes A.S., Y.Y. Chirkov and J.D. Horowitz, 1999, Increased superoxide concentration as a possible basis for
platelet hyper-aggregability and nitric oxide resistance in patients with ischaemic heart disease, European Heart
Journal, 20, 544.

Chirkov Y.Y., A.S. Holmes, R.D. Wuttke, S.R. Willoughby, S. Stewart, P.R. Sage and J.D. Horowitz, 1999,
Determinants of platelet responsiveness to nitric oxide donors in the presence and absence of ischaemic heart
disease, European Heart Journal, 20, 545.

Holmes A.S., Y.Y. Chirkov and J.D. Horowitz, 1999, Superoxide generation as a basis for platelet hyper-
aggregability and nitric oxide resistance in patients with myocardial ischaemia. Australian and New Zealand
Journal of Medicine, 29, 6.




29

Presentations

Abstract title: Platelet nitric oxide resistance in patients with congestive heart failure is ameliorated with ACE
inhibition. Chirkov Y.Y., A.S. Holmes, J.M. Stepien and R.A. Anderson, World Congress of Cardiology,
Sydney, 2002.

Abstract title: Aortic stenosis: Evidence of valvular endothelial dysfunction. Chirkov Y.Y., A.S. Holmes, S.
Chandy, R. Kanna and J.D. Horowitz, World Congress of Cardiology, Sydney, 2002.

Abstract title: Aortic stenosis is associated with platelet hyper-aggregability and impaired responsiveness to
nitric oxide. Chirkov Y.Y., A.S. Holmes, S.R. Willoughby, S. Stewart and J.D. Horowitz, World Congress of
Cardiology, Sydney, 2002.

Abstract title: Is the coronary slow flow phenomenon associated with platelet hyper-aggregability or hypo-
responsiveness to nitric oxide, Holmes A.S., Y.Y. Chirkov, J.D. Horowitz and J.F. Beltrame, World Congress
of Cardiology, Sydney, 2002.

Abstract title: Platelet hyper-aggregability and diminished platelet responsiveness to nitric oxide in patients with
aortic stenosis. Chirkov Y.Y., A.S. Holmes, S.R. Willoughby, S. Stewart, J.D. Horowitz, American Heart
Association meeting Anaheim, 2001 and the European Society of Cardiology Meeting, Stockholm 2001.

Abstract title: Platelet hyper-aggregability and diminished platelet responsiveness to nitric oxide in patients with
aortic stenosis. Chirkov Y.Y., A.S. Holmes, S.R. Willoughby, S. Stewart and J.D. Horowitz JD, American
Heart Association meeting Anaheim, 2001 and the European Society of Cardiology Meeting, Stockholm 2001.

Abstract title: Perhexiline improves platelet responsiveness to nitric oxide in patients with acute coronary
syndromes. Chirkov Y.Y., A.S. Holmes, J.M. Stepien and J.D. Horowitz, American Heart Association meeting
Anaheim, 2001 and the European Society of Cardiology Meeting, Stockholm 2001.

Abstract title: Effects of diabetes mellitus and associated glycemic control on platelet function in unstable
angina pectoris. Worthley M.1., A.S. Holmes, C.J. Zeitz, Y.Y. Chirkov and J.D. Horowitz, American Heart
Association meeting Anaheim, 2001.

Abstract title: Do products of nitric oxide synthase cause platelet hyper-aggregability in patients with angina
pectoris? Holmes A.S., M.I. Worthley, Y.Y. Chirkov and J.D. Horowitz, Australian and New Zealand Cardiac
Society Meeting, Melbourne, 2000.

Abstract title: Superoxide generation as a basis for platelet hyper-aggregability and nitric oxide resistance in
patients with myocardial ischaemia. Holmes A.S., Y.Y. Chirkov and J.D. Horowitz, Australian and New
Zealand Cardiac Society, Wellington, 1999.

Abstract title: Determinants of platelet responsiveness to nitric oxide donors in the presence and absence of
ischaemic heart disease. Holmes AS., Y.Y. Chirkov, R.D. Wuttke, S.R. Willoughby, S. Stewart, P.R. Sage and
J.D. Horowitz, Australian and New Zealand Cardiac Society, Wellington, 1999.

Abstract title: Increased superoxide concentration as a possible basis for platelet hyper-aggregability and nitric
oxide resistance in patients with ischaemic heart disease. Holmes AS., Y.Y. Chirkov and J.D. Horowitz,
European Society of Cardiology, Barcelona, 1999.

Abstract title: Determinants of platelet responsiveness to nitric oxide donors in the presence and absence of
ischaemic heart disease, Chirkov Y.Y., A.S. Holmes, R.D. Wuttke, S.R. Willoughby, S. Stewart, P.R. Sage and
J.D. Horowitz, European Society of Cardiology, Barcelona, 1999.




Chapter 1

Introduction:
Pathophysiological and

platelet anti-aggregatory
effects of nitric oxide




Chapter 1 31

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. Within 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/nitric oxide resistance.

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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Table 1.1 Abbreviations used in this chapter

Definition Definition Definition

1,2-GDN 1,2-Glycenyl dinitrate HEARTS Healing and E“;}"y Afierload Reducing PHOX Phagocyte oxidase
erapy
1,3-GDN 1,3-Glyceryl dinitrate HMG-CoA 3-Hydroxy 3-methylglutary! PIP, Phosphotidylinositol 4,5-bisphosph
coenzyme A
48 Scandinavian Simvastatin Swvival HOPE Heart O Pr ion Evaluati PKC Protein kinase C
Study study
5-HT S-hydroxytriptamine ICAM-1 Intracellular adhesion molecule-1 PLA, Phospholipase A»
AA Arachidonic acid IHD Ischaemic heart disease PLC Phospholipase C
. . . IMPACT- Integrilin to Minimize Platelet Platelet Receptor Inhibition in Ischaemic
ACE Angiotensin converting enzyme I Aggregation and Coronary PRISM Syndrome Management
Thrombosis-If
o . PRISM- Platelet Receptor Inhibition in Ischaemic
ADMA Asymmetric dimethyl-arginine INF-y Interferon-gamma PLUS Syndrome Management-in patients limited by
Unstable Signs and Symptoms
ADP Adenosine di-phosphate IL-1 Interleukin-1 PTCA Per transluminal nary angioplasty
Ang II Angiotensin 11 iNOS Inducible nitric oxide synthase PURSUIT Platelet lib/llla Underpinning the Receptor for
Suppression of Unstable Ischaemia Trial
ATRB Angiotensin receptor blocker 1P, Tnositol 1,4,5 trisphosphate RESTORE Randomized Efficacy Study of Tirofiban for
Outcomes and Restenosis
BH, Tetrahydrobiopterin ISIS International Study of Infarct Survival RISC Research on ["-""’ll’f"“y in Coronary artery
disease
CAD Coronary artery disease ISDN Isosorhide di-nitrate RGD Arginine-glycine-aspartic acid
cAMP Cyclic adenosine monophosphate ISMN Isosorbide mono-nitrate RT-PCR Reverse transcriptase-polymerase chain reaction
CFV Cyclical flow variations L-NAME L-N-nitro-L-arginine methyl ester ROS Reactive oxygen species
¢GMP Cyclic guanosine monophosphate L-NMMA L-N°-monomethyl-L-arginine RPFA Rapid platelet function analyzer
¢GMP- Cyclic guanosine monophosphate- MCP-1 Monocyte chemoattractant protein-1 SALT Swedish Aspirin Low-dose Trial
PK-I protein kinase-I
CHF Congestive heart failure NMA N-monomethyl arginine SAPAT Swedish Angina Pectoris Aspirin Trial
Ccox Cyclooxygenase Mox-1 Monocyte oxidase-1 SAVE Survival and Ventricular Enlargement study
CPA Cone and plate(let) analyzer mt ALDH Mitochondrial aldehyde dehydrogenase SIN-1 3-morpholinosydnonimine
CPR Cytochrome P s, reductase NAC N-acetyl eysteine SMILE Survival of Myocardial Infarction Long-Term
Evaluation
CSA Clot signature analyzer NADPH Ni ide adenine dinucleotid SNAP S-nitroso-N-acetyl penicillamine
phosphate
DAG Diacylglycerol NIDDM Non-insulin dependent diabetes mellitus SNC S-nitroso-cysteine
DAVIT Danish Verapamil Infarction Trial nNOS Neuronal type nitric oxide synthase SNP Sodium nitroprusside
DPI Diphenyliodonium NO+ Nitrosonium cation SOD Superoxide dismutase
DTS Dense tubular system NO- Nitroxyl anion TIMIL Thrombolysis in Myocardial Infarction
EDRF Endathelinlf(leriverl relaxing NOS Nitric oxide synthase TNF-o Tumor necrosis factor-c
actor
ECG Electrocardiogram NTG Nitroglycerine TREND Trial on Reversing Endothelial dysfunction
eNOS Endothelial derived nitric oxide 0y Superoxide TXA, Thromboxane A-
synthase
Evaluation of c7E3Fab in the .
EPIC Prevention of Ischaemic ocCs Open canalicular system VASP Vasodilator stimulated phosphoprotein
Complications
Evaluation in PTCA to Improve 1H-[1,2,4] oxodiazolo [4,3—a]
EPILOG Long-term Outcome with oDQ quinaxalin-1 VSMC Vascular smooth muscle cell
abciximab GPIIb/IIa
EPISENT Evaluation of Platelet I1b/llla OH Hydroxyl radical YWF Von Willebrand factor
Inhibitor for Stenting Trial
N OPUS- Orbofiban in Patients with Unstable
ET-1 Endothelin-1 TIMI Coronary Syndromes- Thrombolysis in
Myocardial Infarction
FAD Flavine adenine dinucleotide ox-LDL Oxidized low density lipoprotein
fMLP N-formyl-L-methionyl-L-leucyl- PDE Phosphodiesterase
phenylalanine
FMN Flavin mononucleotide PDGF Platelet derived growth factor
Gruppo Italino per lo Studio della 3 e
GISSI Sopravvivenza nell’ nfarto PET Positron emission tomography
micocardico
G-protein GTP binding protein PAF Platelet activating factor
GPIIb/IITa Glycoprotein ITb/[lla PGD, Prostaglandin D,
GSH Glutathione PGE, Prostaglandin E;
GSNO s-nitroso-glutathione PGG, Prostaglandin G,
GTPase Guanosine triphosphatease PGH, Prostaglandin H,
H,0, Hydrogen peroxide PGl Prostaglandin I,

Abb = Abbreviation
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Section A:

Normal Vascular Physiology-

Nitric Oxide

[A.1] Endothelial-derived relaxing factor and nitric oxide
[A.I .1] 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
and Zawadzki, 1980).

[A.1.2] Identification of endothelium derived relaxing factor as nitric oxide or a nitric

oxide compound

Following the identification and initial characterization 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 a/
(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-L-cysteine or other S-nitroso-thiols rather than that of nitric oxide (Myers et al.,

1990). Nitrosothiol physiology is discussed further in section A.1.5.

[A.1.3] Reactivity

Nitric oxide is a relatively stable radical that readily diffuses across cellular membranes to
interact with its intracellular target. Nitric oxide has ai,{ 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.,

1992¢; Wink et al., 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
peroxynitrite (Butler et al., 1995). Peroxynitrite 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 peroxynitrite 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] Nitroxyl/nitrosonium

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 Jia 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 er 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 peroxynitrite (Khan
et al., 2000), despite evidence to the contrary (Martinez et al., 2000; Merenyi et al., 2000),
and by the reduction of nitric oxide by ferricytochrome ¢ (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 et
al., 1992; Li et al., 1999b), implying a potential transformation of the nitroxyl anion into
nitric oxide. Further to this Nelli et a/ (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 (2001),
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 Piysy.

[A.1.5] S-nitrosothiols

Nitric oxide as well as its redox isoforms, nitrosonium cation and the nitroxyl anion, or an
oxidized derivative N,Os3, react readily in the presence of oxygen with sulphydryl containing
proteins to form nitroso-thiol adducts. These include S-nitroso-N-acetyl-D, L-penicillamine
(SNAP), S-nitroso-glutathione (GSNO) and S-nitroso-cysteine (SNC) (Butler ez 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 were significantly less than those of S-
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., 1992b). For recent
reviews on the chemical properties, biological function and clinical potential of S-nitroso-

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

[A.2] Biochemistry
[A.2.1] Synthesis of nitric 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 A23187 was
increased when the endothelial cells were co-cultured with L-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
enzyme(s) catalyzing nitric oxide production. Studies using ’N-labelled L-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] Nitric Oxide Synthase

To date three isoforms of nitric oxide synthase (NOS) have been identified as being an
enzyme responsible for catalyzing the conversion of L-arginine to L-citrulline, all of which
contain regions homologous to cytochrome Pyso 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/localization and factors
that influence the regulation of these NOS isoforms and hence nitric oxide formation are

discussed below.

All three NOS isoforms catalyze a five-electron oxidation of one of two terminal guanidino
nitrogens of L-arginine to form the N”-Hydroxyl-L-Arginine intermediate; further oxidation
results in the formation of L-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 (BH,4), 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 NADPH/FAD 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 BH,

(Griffith and Stuehr, 1995).

Initial investigations describing the function of NOS determined that eNOS is activated when
calmodulin binds reversibly in response to elevated Ca®" (Busse and Mulsch, 1990; Mayer et
al., 1989; Mulsch er 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 permanently aligned allowing constant flow of electrons from
NADPH to heme and thus explaining the high-output of nitric oxide from this isoform
(Alderton et al., 2001; Griffith and Stuehr, 1995).

[A.2.2.1] Co-factors

As a regulatory mechanism controlling the generation of nitric oxide, the presence of the co-
factors heme, BHy; 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,4 and L-arginine and fail to catalyze the production of nitric oxide. Addition of BH,4
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 et al., 2000).
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In the absence of or in low concentrations of the substrate L-arginine or co-factors such as
BH4, 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 L-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 Ca®*/calmodulin dependent mechanism, an observation that was later confirmed
by Vasquez-Vivar 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 (1998b),
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 generation of superoxide from NOS by
stimulating the formation of a heme-peroxo species that facilitates the oxidation of L-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 al., 2000; Vasquez-Vivar et al., 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 TNFa in U937
transfected cells in a mechanism that is independent of nitric oxide that is formed from eNOS
(Wang et al., 2000). Determination of whether this phenomenon occurs in vivo has yet to be

established.

[A.3] Vascular and perivascular distribution of nitric oxide, nitric oxide
congeners and agents affecting nitric oxide’s action

[A.3.1] Nitric Oxide Synthase
[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 al., 1991). It was
also initially isolated within a cytosolic fraction (Forstermann et al., 1991). Utilizing 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.3.1.1.1] 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 N°-mono-methyl-L-
arginine (L-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
et al., 1995; Sase and Michel, 1995; Wallerath ef al., 1997) as was the activation of platelet
eNOS following induction of platelet aggregation (Berkels et al., 1997).

[A.3.1.1.2] eNOS Regulation
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 characterizing
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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 Uematsu 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 Ca’", previously assumed to be integral to enzyme system

activation (Fisslthaler et al., 2000).

TNF-a, present in atherosclerotic lesions (Barath et al., 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 et
al., 1993). In contrast, transforming growth factor-p; (TGF-B;), also present in human
atherosclerotic lesions (Nikol et al., 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 al., 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 al., 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 pg/mL) being shown to decrease eNOS
mRNA levels at 24-hrs (Hirata et al., 1995).

[A.3.1.2] Inducible nitric oxide synthase (iNOS) and neuronal nitric 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), Wang 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 enzyme 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.

O,+te > 02'_

20, + NADPH — 20," + NADP + H

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

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 enzyme located within the membranes of the
secretory vesicles and specific granules, is a membrane-spanning flavocytochrome bsss,
composed of a complex of two sub-units p22°"** and gp91”"*** (phox = phagocyte oxidase)
(Babior, 1999; Jones et al., 2000). The gp917"** 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,
p40P"°* 477" and p677"* that exist as a complex in the cytosol at rest. Phosphorylation of
p477"* or activation by arachidonic acid results in the migration of the cytosolic complex to
the plasma membrane whereupon it binds to the cytochrome bsss to form the active oxidase
(Ago et al., 1999). Cross et al (2000), determined that the p40?"* functions to promote the
enzyme activation by increasing the affinity of p47”*”* for the flavocytochrome bsss.
Activation of the enzyme complex also requires the involvement of two guanine nucleotide

binding proteins (G-proteins), Rac 2 and RaplA. 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 enzyme

system see Figure 1.1.

[A.3.2.2] Distribution 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., 1997), vascular smooth muscle cells
(Fukui et al., 1995; Gorlach et al., 2000), and endothelial cells (Gorlach et al., 2000; Jones et
al., 1996), suggesting an additional role for ROS generated from NAD(P)H apart from
microbial defense. The amount of ROS generated in the enzyme 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 et al., 1999), reduced levels of expression

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

Following the notion of sub-unit differences between phagocyte and non-phagocyte
NAD(P)H oxidase enzyme systems, Suh et al (1999), identified a homologue of gp917"**,
mox-1 that is present in VSMC'’s found in the colon, prostate and uterus of human subjects. It
is said that mox-1 functions in VSMC’s the same way gp91”*** 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 cDNA that encodes a novel
NAD(P)H oxidase which exhibits partial homology to the phagocyte gp917"**. Designated
NOX 4, it contains the binding sites for heme, FAD and NAD(P)H required for superoxide

generation. However, unlike gp917"**

, NOX 4 expression is restricted to adult and fetal
kidneys, suggesting the existence of specific NAD(P)H oxidase with tissue specific functions
(Shiose ef al., 2001). Further to this, a series of novel gp91”"* homologues have been
identified in non-phagocyte cells (Nox 1, Nox 3, Nox 5) (Lambeth et al., 2000; Lassegue et
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 gp917"** and p227"**
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.

Vascular smooth

Phagocyte
muscle cell

0O,

Cytochrome bge

=1\

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

Figure 1.1 Assembled phagocyte and non-phagocyte NAD(P)H oxidase enzyme systems

Structural components of the assembled (activated) neutrophil (left) and vascular smooth muscle cell (right) NAD(P)H
oxidase (Griendling et al., 2000). Upon activation the cytosolic components p67™*** and p47""* are translocated from the
eytosol to the membrane surface whereupon they interact with cytochrome bsgs (gp91°"™ and p22"" for neutrophil
NAD(P)H oxidase) to facilitate enzyme activation and the electron transfer from NAD(P)H to molecular oxygen to produce
superoxide. Nox (originally referred to as Mox and identified by Suh et al., 1999) functions as a gp917"* like sub-unit within
vascular smooth muscle cells. This figure was adapted from (Griendling et al., 2000).

Normal Platelet Function: Role of Nitric Oxide
Platelet Physiology

[A.4] Platelet Ultra-structure

Platelets are small (0.5 — 1.0um thick, and 1.5 — 2.5um in diameter) discoid anuclear cells
formed from megakaryocytes by fragmentation within the bone marrow (Hourani and

Cusack, 1991).

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 A.7) (Blockmans et al., 1995).

Platelets have a plasma membrane rich in glycoproteins that serve as anchors and
agonist/antagonist specific receptors (Hourani and Cusack, 1991). 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

types of secretory 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
Willebrand factor (vW{) (Blockmans et al., 1995; Hourani and Cusack, 1991), all of which
play a vital role in either platelet activation, aggregation and leukocyte recruitment.

o—Granules also contain glycoprotein (GP) IIb/Illa (Cramer ef al., 1990).

[A.4.2] Dense body granules

Dense body granules contain Ca2+, 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 o-granules, including P-Selectin (Israels et al., 1992), GPIIb/Illa and
GPIb-IX-V (Youssefian et al., 1997), suggesting an inter-relationship between the organelles.
Dense body granules also release Ca**, 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 al., 1995) (see section A.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.

[A.5] Platelet 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 Willebrand factor (vW{) (Gralnick et al., 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/vWT 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., 1991; Kroll et al., 1996). vWf binds to platelet GPIb with the resultant
interaction leading to protein kinase C activation, increases in intra-cellular Ca®* (see section
A.8) (Kroll et al., 1991), facilitating the release of stored ADP from the dense granules
(Moake et al., 1988). At low shear, platelet adhesion to the endothelium occurs via alternative
integrin complexes that include GPIa-Ila, GPIV and GP VI all of which are readily expressed

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

Along with binding vW{ within the N-terminal domain of GPIba other regions, the GPIb-IX-
V receptor complex has the ability to bind to the potent platelet agonists o-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
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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 a.-thrombin (Andrews et al., 1999b).

[A.5.2] Von Willebrand factor (vWf)

Von Willebrand factor (vWf) is a large multimeric glycoprotein that is synthesized
exclusively in endothelial cells and megakaryocytes and is found in platelet o-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/IIla receptor (see section A.9.1) (Savage et al.,
1992).

[A.5.2.1] vWf and ischaemic heart disease

Several studies to date have illustrated an association between vWT levels and the presence of
ischaemic heart disease (IHD) (Haines et al, 1983). In a number of prospective
investigations, high concentrations of vW{ were demonstrated to be an independent risk
factor for subsequent re-infarction/death (Jansson et al., 1991; Thompson et al., 1995),
athero-thrombotic events (Cortellaro er al., 1992), or restenosis post percutancous
transluminal coronary angioplasty (PTCA) (Montalescot et al., 1995), presumably reflecting

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

Abnormal levels of vW{ have also been demonstrated to be associated with four of the major
risk factors for atherosclerosis. Specifically levels of vWT 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 et
al., 1997).

[A.6] Mechanisms of Platelet Activation

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 Ca®, diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3) formation (see section A.8). Platelet shape change, GPIIb/Illa 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). However, 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 synergistically 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] Thrombin 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.,

1998).

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,
PARI1 and PAR4 have been localized on human blood platelets (Kahn ez 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 et
al., 1999). PAR4 has also been demonstrated to be activated by the neutrophil granule
protease cathepsin G (Sambrano et al., 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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PARI1 and PAR4 have been demonstrated to have distinct molecular signaling characteristics.
Activation of PARI triggers a rapid rise in intra-platelet Ca®*, whereas activation of PAR4
triggers a significantly prolonged release of Ca’* (Shapiro et al., 2000), implying a

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

Thrombin, recognizes a specific region (Argdl-Ser 42 for PARI1) 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 oi-granule secretion), activation of the GPIIb/I1la receptor complex and binding of
fibrinogen to the complex forming platelet aggregates. Thrombin has also been shown to
cleave PAR4 at ARG-47/Gly-48 resulting in the production of a GYPGQV tethered ligand
that binds to the PAR4 receptor (Xu et al., 1998).

[A.6.3] Adenosine di-phosphate receptor

Despite evidence for quite sometime that ADP activates platelets (Born, 1962; Gaarder et al.,
1961), the precise molecular mechanisms behind this activation remained obscure. ADP
induces a number of platelet intra-cellular events, including a rapid Ca®" influx (Sage et al.,
1989; Sage et al., 1990), mobilization of intra-cellular Ca** 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 Ca** mobilization (Gachet et
al., 1995). Initial experiments on platelets from patients with a poor responsiveness to ADP
(Nurden 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 al., 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 ef al., 1994). Within human platelets, the P2X;, P2Y and now the P2Y,
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 a P2X; receptor in human platelets that mediates a rapid influx of Ca** 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 P2Tac or Pt but now known as P2Y, and another receptor that is
coupled to the direct activation of phospholipase C (P2Y}). The P2Y receptor alone has been
demonstrated to mediate ADP-induced platelet shape change. However, signaling events
from both the P2Y; and the P2Y, 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), receptor, demonstrated that it was
involved in mediating platelet activation following exposure of platelets to conditions of
shear with the binding of vWF to GPIba.. 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 al., 2000; Cattaneo and Gachet, 2001; Gachet, 2001).
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Figure 1.2 Proposed model of the platelet ADP receptor mediated aggregation

Three purinergic receptors on the platelet surface contribute separately to the complex process of ADP-induced platelet
aggregation. The P2X receptor is responsible for rapid influx of Ca’* into the platelet cytosol. The P2Y; receptor is thought
to be responsible for the mobilization of calcium from internal stores required for aggregation. The P2Y,, is the site at which
the thienopyridines function to inhibit platelet aggregation.

[A.6.4] Thromboxane A; Receptors

As described in section C.13.2, and shown in Figure 1.7, platelets have the ability to convert
arachidonic acid to the potent platelet agonists prostaglandin G, (PGG,), prostaglandin H,
(PGH,) and thromboxane A, (TxA;), which amplify signals from such platelet activators as
thrombin, collagen, ADP, and PAF (FitzGerald, 1991).

Analogues of TxA, and PGH, 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 al., 1985), most research has centered on the

identification/characterization of the TxA,/PGH; receptor.

Studies utilizing TxA,/PGH, agonists and antagonists, and the assessment of their rank-order
of potency, indicated that there are at least two tissue specific classes of TxA,/PGH,
receptors in both platelets and vascular smooth muscle cells. Saussy ef al (1986), utilizing a

competitive TxA,/PGH, antagonist was one of the first to localize the TxA,/PGH, receptor in




Chapter 1 51

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
G, Shenker et al (1991), demonstrated that pretreatment of platelet membranes with this
antibody caused a marked inhibition of TxA, receptor stimulated GTPase activity,

reconfirming the results of Brass ef al (1987).

Studies utilizing the radiolabelled TxA; analogue 121 BOP, provided further evidence for the
existence of two separate classes of TxA; receptors in platelets, by demonstrating sites with
both low and high affinity for this ligand (Dorn, 1989). Takahara et al (1990), utilizing a
novel TxA,/PGH; receptor antagonist (GR32191), discovered the existence of two separate
receptor systems that mediated separate effects. Dissociation of [’H] 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 [’H] GR32191 was shown to bind irreversibly
controlled phospholipase activation and hence platelet aggregation. However, platelet shape
change and Ca®" mobilization remained unaffected. These results were then further delineated
by Dorn and DelJesus, who demonstrated that platelet shape change and aggregation were

independently coupled to separate TxA,/PGH, receptor subtypes (Dorn and DeJesus, 1991).

Two isoforms of the human TxA,; receptor have been identified, one from the placenta (TPa)
and the other identified originally in the endothelium (TP), 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. TP was shown to activate adenylyl cyclase
whilst TP inhibited its formation (Hirata et al., 1996). Habib et al (1999), utilizing isoform
specific monoclonal antibodies, found that TP protein could not be detected, suggesting that
TP was expressed at very low levels in human platelets with the TPa being the predominant
TxA; receptor. Upon agonist induced activation the Guq and other G-proteins (Gy;) (Kinsella
et al 1997) and (Gg13) (Djellas et al 1999) that is dissociated from the TxA; 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 cAMP induces protein kinase A-dependent phosphorylation of the Gos
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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,

mediated second messenger signaling system.

[A.6.4.1] Clinical significance

Dorn et al (1990), observed that patients with an acute myocardial infarction (MI) have an
increased number of platelet TxA,/PGH; receptors compared to control subjects without a
history of THD. These patients also exhibited an increase in the maximal velocity of U44619
(a TxA; mimetic) induced platelet aggregation, the magnitude of which positively correlated
with the platelet TxA,/PGH, receptor numbers. Transient elevations in excretion of TxB,
(stable metabolite of TxA;) 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 al., 1989). However, the most convincing evidence for the functional importance of
TxA; in the pathogenesis of ACS is provided by the observation that aspirin, an inhibitor of
TxA,/PGH,; 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 properties.

[A.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
(1989), Watson and Gibbins (1998).

[A.7] Platelet Shape 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 rearrangement 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 Activation and 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 Gg and
G; couples are thought to activate and inhibit adenylyl cyclase, respectively (Brass et al.,
1993). Each of these G-proteins comprise a-B-y sub-units in which the a-sub-unit forms the
guanine nucleotide binding site, with the By portions helping to anchor the G-protein to the
cellular membrane (Kroll and Schafer, 1989). The -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] Biochemical Platelet Activation

Two intracellular biochemical pathways play a central role in platelet activation by most but
not all agonists. The a-GTP sub-unit activates PL-C which catalyses the breakdown of
phosphotidylinositol 4,5-bisphosphate (PIP;) into diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP;) (Blockmans et al., 1995; Kroll and Schafer, 1989; Siess, 1989).
Rittenhouse (1983), reconfirming the results of Billah et a/ (1980), was able to demonstrate in
human platelets and in the presence of Ca’", that PL-C was the enzyme responsible for the
hydrolysis of PIP,. Products of PIP,, DAG and IPs, 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 IP3 receptor on the dense tubular system
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promoting mobilization of stored Ca>* and influx of external Ca®", raising the cytosolic free
calcium concentration through the platelet ion channels. IP; was demonstrated to dose
dependently induce the rapid release of stored Ca** (O'Rourke et al., 1985). Fast release of
Ca® from Ca®' stores in platelets occurs post agonist stimulation but is also followed by a
partial back Ca®" sequestration and extrusion from the platelets via a Na'/Ca?* exchanger
(Valant and Haynes, 1993) or plasma membrane Ca’’-ATPase (Rosado and Sage, 2000).
Calcium mobilization resulting from its release then leads to the activation of phospholipase

A,

Billah et al (1980) and Rittenhouse-Simmons (1981) were the first to demonstrate PLA,
activity within platelets. Platelets were then discovered to contain multiple isoforms of PLA;,
which vary in their specific activity for different phospholipid substrates (Chang et al., 1987).
PLA, hydrolyses phosphatidylcholine and phoshatidylethanolamine with the consequent
liberation of arachidonic acid (AA). This is then converted by cyclo-oxygenase to the
prostaglandin cyclic endoperoxides, PGG, and PGH,. Thromboxane synthase then rapidly
converts PGH, to TxA,. For a schematic representation of the biochemical pathways

involved in platelet activation see Figure 1.3.
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Figure 1.3 Agonist induced platelet activation

Via agonist specific platelet receptors, activation of phospholipase C results in the production of DAG and IP; from PIP..
DAG activates protein kinase C that phosphorylates intra-platelet proteins resulting in granule secretion and expression of
GPIIb/Ila. IP; induces the release of Ca’* from the dense tubular system that activates phospholipase A;. Phospholipase A,
cleaves arachidonic acid from the cell surface membrane phospholipids to generate thromboxane A, through the actions of
cyclo-oxygenase and lipoxygenase. DAG, diacylglycerol; PIP, Phosphotidylinositol 4,5-bisphosphate; IP;, Inositol 1,4,5-
trisphosphate; TxA,, Thromboxane A,. This figure was adapted from (Body, 1996).

[A.9] 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 vWT{, to the platelet
glycoprotein IIb/IlTa (GPIIb/II1a) receptor.

[A.9.1] Glycoprotein IIb/ITla (GPIIb/IIIa)

The platelet integrin aypPB3; (GPIIb/IIIa) consists of a two-chain o sub-unit bound non-
covalently to a single-chain B 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 al., 1983; Wagner




Chapter 1 56

et al., 1996). Platelet ultra-structural studies further revealed the presence of a pool of
GPIIb/Ila within the o-granule, the membranes of the open canicular system (Cramer ef al.,
1990) and the dense granule membranes of platelets (Youssefian et al., 1997). Upon exposure
to platelet agonists these pools of GPIIb/Illa are translocated to the platelet outer surface
membrane where they bind ligands that include fibrinogen, fibrin (formed from thrombin
cleavage of fibrinogen (Parise, 1999)), vWT{ and others, resulting in platelet cross-linking and
the initial formation of platelet aggregates (Coller, 1995).

[A.9.2] Recognition Sequences

Several extra-cellular binding domains for various plasma adhesive proteins within the
GPIIb/I1a receptor have been characterized with much clinical interest being focused on one

binding domain in particular (see section C.14).

[A.9.3] Arg-Gly-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, vW{ and
thrombospondin to platelets by > 85%, 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/IIla receptor complex

was also the major binding site for vW{ 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).

[A.10] Mechanism 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] Prostanoids

Of all the prostanoids that can be derived from arachidonic acid through the actions of
cycloxygenase, only three products, prostaglandin I, (PGI,), prostaglandin D, (PGD,) and
prostaglandin E; (PGE;) demonstrate potent anti-aggregatory effects on platelets, with much

of the research interest focusing on the former.

[A.10.1.1] Prostacyclin (PGI,)

PGI, (prostacyclin) is one of the most potent endogenous inhibitors of platelet aggregation
and therefore is a critically important regulator of platelet function. PGI; is thirty times more
active than PGE; and 10 times more active than PGD; at inhibiting the extent of platelet
aggregation (Whittle et al., 1985). As described in section C.13.2, PGI; 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 TxA; (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 enzyme 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. PGl infused intravenously, reduced the mortality of
rabbits given AA (1.5mg/kg) (Bayer et al., 1979). Similar anti-thrombotic and ex vivo anti-
aggregatory effects of PGI, were then reconfirmed in other models of thrombus formation
(Ubatuba et al., 1979). The efficacy of PGI; 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 PGI; is limited. PGI, is chemically and metabolically unstable,
being rapidly metabolized in vivo to the pharmacologically inactive 6-keto-PDGy,, (Oliva and
Nicosia, 1987). Given PGI, has been shown to be a powerful anti-platelet agent, several
analogues of PGI, have been synthesized including cicaprost, iloprost and carbacyclin
(Armstrong, 1996), with iloprost demonstrating a significant anti-aggregatory effect in
subjects with hypercholesterolaemia (Oliva et al., 1989).

[A4.10.1.2] Cyclic adenosine 3°5’-monophosphate (cAMP)

The inhibitory effect of PGIL,, PGE; and PGD; on platelets was shown to be correlated with
an activation of the adenylate cyclase system leading to a rise in intra-platelet cAMP

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

PGL/PGE;, PGD; 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 cAMP, which in turn activates cAMP-dependent protein kinases

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

cAMP itself decreases thrombin binding to platelets (Lerea et al., 1987) and inhibits PLC
mediated DAG and IP; formation, integral to platelet activation (Knight and Scrutton, 1984).
Pre-incubation of platelets with PGD; or PGE; with the resultant stimulation of adenylyl
cyclase and cAMP formation, inhibits the subsequent Ca”" 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 Ca®*

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 Ca®" independent pathway. Originally proposed by Pannocchia
and Hardisty and developed further by Manganello et al (1999), cAMP was demonstrated to
phosphorylate the TxA; 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 al., 1997). Many other studies to date have also demonstrated considerable anti-
platelet effects of nitric oxide (Gries et al., 1998; Korbut et al., 1995; Langford et al., 1996;
Michelson et al., 1996b; Nong et al., 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.

[A.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 intern 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 1H-[1,2,4] oxodiazolo
[4,3-a] quinaxalin-1 (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).

c¢GMP 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 A.12), cGMP-PK phosphorylate the vasodilator-stimulated
phosphoprotein (VASP) (Butt et al., 1994; Wang et al., 1998).

As described in the above sections, platelet activation results from phospholipase C
activation, production of DAG and IP; eliciting the release of Ca®" from intracellular stores.
This then induces phospholipase A, 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 Ca** 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 et
al (1999), demonstrated that nitric oxide inhibits platelet cation influx indirectly, by
promoting sarcoplasmic/endoplasmic reticulum Ca** ATPase dependent refilling of the Ca®*
stores. Other effects of ¢cGMP also include the inhibition of cAMP phosphodiesterase

activity, thereby increasing the amount of available cAMP (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 cGMP-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 Ca®* from IP; 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 release of Ca?" from IP; sensitive stores.

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

platelets, demonstrated that cGMP, via cGMP-PK, prevents TxA; receptors from coupling to

and activating their cognate G proteins via phosphorylation at an unidentified region of the
receptor. In vivo phosphorylation of TxA; receptors by cGMP-PK was observed when using
2p_labeled platelets that were exposed to 8-Br-cGMP, further indicating that the TxA,
receptor itself serves as a substrate for cGMP-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 mechanism of platelet inhibition by nitric oxide and/or
endothelial derived relaxing factor

Nitric oxide or EDRF via guanylate cyclase and GTP stimulates the production of cGMP. This in turn activates cGMP-
dependent protein kinases that activate VASP, promoting Ca’* re-uptake within the platelet leading to inhibition of platelet
adhesion/activation/aggregation. GTP, guanosine tri-phosphate; c¢GMP, cyclic guanosine mono-phosphate; PDE,

phosphodiesterase;, VASP, vasodilator-stimulated phosphoprotein. This figure was adapted from Body 1996 (Body, 1996).
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[A.11.1.1] cGMP independent effects of nitric oxide

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 cGMP. A
number of examples in endothelial cells, myocytes, and neutrophils, have shown nitric oxide
functioning independently of cGMP (Heller et al., 1999b; Sandirasegarane and Diamond,
1999; Ward et al., 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 (1998),
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.
Martinez 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 ¢GMP-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 platelet function

As outlined briefly in section A.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 disulfide (Williams, 1996). Utilizing S-nitroso derivatives of N-acetyl

penicillamine, cysteine, and [-D-thioglucose, 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, partially reversed the anti-aggregatory effects, attenuated the
accumulation of cGMP, and inhibited the activation of guanylate cyclase by S-nitrosothiols

(Mellion et al., 1983).

Howard et al (1998), examining the transport of L-arginine across human platelets
determined that platelets contain an S-nitroso-glutathione/glutathione disulphide/Cu®*
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-fold greater with the combination of S-nitroso-glutathione plus Cu?".

More recently Tsikas et al (1999), whilst examining the effect of S-nitroso-cysteine (SNC) on
human platelet aggregation and cGMP 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.

Platelet/Leukocyte Interactions

[A.13] Platelet/leukocyte attachment and significance

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-1 (PSGL-1) on
leukocytes under static and shear conditions (Rinder ef al., 1991a; Rinder et al., 1991b). This
initial tethering is then followed by firm adhesion that is dependent on the leukocyte integrin,
Mac-1 (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/CD11b (Mac-1) (Sheikh
and Nash, 1996).
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Simon et al (2000), in a novel series of experiments identified a direct interaction between the
leukocyte integrin Mac-1 and platelet GPIba. Neutrophil adhesion to platelets was inhibited
by monoclonal antibodies to Mac-1 and GPIba, along with demonstrating decreased basal
and agonist-stimulated leukocyte-platelet aggregates in blood samples from patients with

Bernard-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;
Weyrich et al., 1996; Weyrich 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 al., 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 ef al., 1994; Valles et al., 1993).

Platelet/Endothelium Interactions

[A.14] Platelet/endothelium attachment and significance

As described in section A.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{, fibronectin, 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-1 in cultured endothelial cells via an IL-1 dependent
mechanism. Only IL-1 and not various platelet-derived products such as PF4, PGFf and
PDGF were demonstrated to have significant effects on MCP-1 or ICAM-1 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., 2001a),
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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

[B.1] Models for evaluation of platelet function

[B.1.1] Platelet activation/aggregation 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.

[B.1.1.1] Optical (turbidometric) platelet aggregometry

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 37°C between a light source and a photocell
within an 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).

[B.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 37°C 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 (1997),
demonstrated that during and after 12-hrs of GPIIb/IIla receptor antagonist treatment, the
extent of inhibition of aggregation utilizing both the impedance and turbidimetric platelet
aggregometry were correlated with the amount of GPIIb/IIla 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 et al., 1990; Chirkov ef al., 1993; Diodati et al., 1995/1998) and as such serves as
the method of assessment of platelet function used throughout the experimental sections of

this thesis.

[B.1.1.3] The rapid platelet function assay (RPFA)

The rapid platelet function assay (RPFA) provides a simple and rapid means of monitoring
the efficacy of GPIIb/Illa 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 commences resulting in fibrinogen binding to exposed

GPIIb/II1a receptors not already blocked by the receptor antagonist being examined.

[B.1.1.4] The cone and plate(let) analyzer (CPA)

As the classical methods of assessment of platelet aggregation (turbidimetric and impedance
aggregometry) 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, vW{ and GPIIb/IIIa (Kenet et al., 1998; Varon et al., 1997; Varon
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et al., 1998). The analyzer consists of a cone and plate device in which a whole blood sample
(150-250p1) is subjected to arterial 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/IT1a receptors than was RPFA or platelet aggregometry.

[B.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 ef al., 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 Willebrand disease
(Favaloro et al., 2001; Harrison, 2000), and may also examine the contribution of systemic
inflammation on platelet function (Homoncik et al., 2000). The test has also been used to
examine the effectiveness of GPII/Illa pharmacotherapy during PTCA (Madan et al., 2001),
despite several limitations being raised when using it to assess platelet function in subjects

with congestive heart failure (Serebruany et al., 2001).

[B.1.2] Measures of platelet activation

A number of biochemical tests have now been developed to measure the degree of platelet

activation in vivo.

[B.1.2.1] Activation markers

One method of assessing in vivo platelet activation is to measure platelet specific release
products with examples including PAF-4 (Jafri et al., 1993) and B-thromboglobulin (Hughes
et al., 1982; Kjeldsen et al., 1987; Rossi et al., 1998), that are released from platelet o-
granules upon platelet activation/aggregation (Blockmans et al., 1995). Other platelet

activation assays have quantified the extent of the stable metabolites of thromboxane B, 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 al., 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-1 (Moshfegh et al., 2000; Rossi
et al., 2001) and LIBS (ligand-induced binding sites) (Dickfeld ez al., 2001b). Other methods
also include binding of secreted proteins such as thrombospondin (Griesshammer et al.,
1999) and exposure of phosphatidyl serine (factor Va and VIIla binding, annexin V) (Furman
et al., 2000; Nomura et al., 2000; Poley and Mempel, 2001).

[B.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.

[B.2.1] Intra-coronary 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
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early manifestation of endothelial dysfunction (Zeiher et al., 1991). This technique has now
provided insight into potential risk factors for endothelial dysfunction in coronary arteries
(Vita et al., 1990), and in predicting long-term atherosclerotic disease progression and

cardiovascular event rates (Schachinger et al., 2000; Suwaidi ef al., 2000).

[B.2.2] Impedance plethysmography

Venous occlusion plethysmography is a widely used technique for the semi-invasive
assessment of limb blood flow and hence serves 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 al., 2000).

Decreased changes in blood flow post venous occlusion have been shown to be related to the
extent of coronary atherosclerosis (Anderson et al., 1995b) along with the occurrence of
various cardiovascular risk factors such as hypertension, hypercholesterolaemia, aging, male
sex, diabetes mellitus and smoking (Celermajer et al., 1994; Celermajer et al., 1993; Clarkson
et al., 1996, Gilligan et al., 1994; Taddei et al., 1993; Zeiher et al., 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 al., 2000), casting doubt as to

what both techniques were actually measuring.

[B.2.3] Brachial ultrasound

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 al., 2001; Dogra et al., 2001; Gokce et al., 1999, Hamabe et al.,
2001), with the potential for it to be used as a screening test for CAD (Schroeder et al., 1999).

[B.2.4] Pulse wave analysis

Pulse wave analysis employs applanation tonometry to record peripheral pressure waveforms
(brachial/carotid), 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 stiffness and wave reflection (Wilkinson et al., 1998a; Wilkinson et al.,
2000). Arterial stiffness is known to increase with age (O'Rourke et al., 2001), hypertension
and is also enhanced in subjects with diabetes mellitus (Lehmann et al., 1992),
atherosclerosis (Wada et al., 1994), and end stage renal disease (London et al., 1990), and as
such is becoming more widely accepted as a means of quantifying endothelial function.
Further to this, Wilkinson 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 plethysmography of the

brachial artery.
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Section C:

Disturbances of Endothelial/Platelet Function;
Relationship to Ischaemic Heart Disease

[C.1] 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 al., 1989; Groves et al., 1995). Vallance et al (1989), utilizing L-NG-monomethyl-
L-arginine (L-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
A.11, nitric oxide is anti-thrombotic 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.

[C.2] Endothelial dysfunction

Endothelial damage/dysfunction 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; Quyyumi et al., 1992a; Zeiher et al.,
1991).

[C.2.1] Association with coronary risk

Endothelial dysfunction may precede the clinical evidence of atherogenesis. Confirming
results obtained by Zeiher et al (1991), Reddy ez al (1994), observed an impaired endothelial-
dependent vasodilatation in patients with hypercholesterolaemia but without intra-vascular
ultrasound defined evidence of atherosclerosis. Healthy 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 al., 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 (Vita 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.

[C.3] Mechanism/s of endothelial dysfunction

Potential mechanisms responsible for endothelial dysfunction can be simplistically viewed as
those that involve an increased vasoconstrictor function and/or 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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[C.3.1] Reduced sensitivity to nitric 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 nitric 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] Attenuated L-arginine transportation or reduced NOS sub-unit availability

The lipid component of ox-LDL lysophosphatidylcholine has been demonstrated to inhibit L-
arginine transport in bovine endothelial cells (Kikuta et al., 1998). These results added weight
to the findings of Jay et al (1997), 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 L-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 [*H] L-arginine compared to control
subjects. This attenuated clearance of [’H] L-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 L-arginine transportation.

[C.3.2.2] Inhibition of NOS by asymmetrical dimethyl-L-arginine (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). Vallance et al
(1992a/b) 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 (Vallance ef al., 1992a).

Following on from these observations, plasma levels of ADMA were found to be elevated in
subjects with pre-eclampsia (Fickling et al., 1993), congestive heart failure (Feng et al., 1998;
Usui et al., 1998), hypertension (Matsuoka ef 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 al., 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 al., 2001).

[C.3.2.3] Reduced half life 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
6.7x10°mol/L™"s’ 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 ef al., 1999; Bouloumie et al., 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 and C.5.2 for NOS).

[C.3.2.4] Evidence against reduced synthesis of nitric oxide

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 er 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 L-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 ez al., 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 corresponding 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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[C.3.3] Angiotensin I1

The renin-angiotensin-aldosterone system via induction of various vasoconstrictive agents,
such as angiotensin II (Angll) 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 antagonizes endothelium-dependent
vasodilatation (Schmidt-Ott et al., 2000). Moreover, because of the suppression of bradykinin
production, Ang II further limits the generation of nitric oxide by the endothelium (Sato et
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 IT induced superoxide production via NAD(P)H oxidase is in section C.4.3.1.

[C.4] Pathophysiology of 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 p22°"*, with the progression of atherosclerosis. The CYBA C242T
polymorphism results in a substitution of tyrosine for histidine at residue 72 of p227*°,

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
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atherosclerosis was observed on post hoc analysis (Cahilly et al., 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 ef al (2001) examined the vasodilator function of the epicardial arteries and its
relationship to the presence of the C242T p22°"** polymorphism, and revealed that the CC
genotype is independently associated with a reduced endothelium-dependent vasodilator
response, compared with patients with the C242T polymorphism. Resuits of that study also
showed a trend towards an impaired responsiveness to nitroglycerine (NTG) in subjects

carrying the CC genotype of the C242T p227"*

gene. Further investigations into the
significance of these polymorphism are required in-order to clarify these and other

discrepancies (Cai ef al., 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 al., 2000)
demonstrated no difference in the extent and rate of atherosclerotic lesion development in

phox

mice deficient in gp917"” compared to wild type controls when fed a high fat diet.

[C.4.3] Stimuli for NAD(P)H oxidase
[C.4.3.1] Angiotensin I

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 AT; receptor expression, a reduced
endothelial function and increased NAD(P)H oxidase dependent superoxide production.
Treatment of cholesterol fed rabbits with an AT; 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 (Warnholtz et al., 1999). A number of investigators have demonstrated the
importance of NAD(P)H oxidase subunits, especially gp917***, p67”"* nox-1 (mox-1), nox-
4, in Ang II stimulated superoxide generation (Bendall et al., 2002; Cifuentes et al., 2000;
Lassegue et al., 2001; Mollnau et al., 2002; Wang et al., 2001; Wingler et al., 2001).




Chapter 1 78

[C.4.3.2] Others

Thrombin, platelet derived growth factor (PDGF), TNF-a and laminar sheer stress have also
been demonstrated to stimulate NAD(P)H oxidase dependent superoxide generation in
vascular smooth muscle cells (De Keulenaer ez al., 1998; Holland et al., 1998; Li et al., 2002;
Marumo et al., 1997).

[C.4.4] Association of NAD(P)H oxidase with 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., 1991) 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 and/or 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 al., 2000).

[C.5] Other sources of reactive oxygen species

In mammalian cells, enzymatic sources of ROS include the mitochondrial respiration chain,
lipoxygenase, cyclooxygenase, peroxidases, haemoproteins and endothelium derived
hyperpolarizing factor synthase (Cai and Harrison, 2000; Fleming et al., 2001). Although
many of the aforementioned sources could potentially produce ROS that inactivate nitric

oxide; two other enzyme systems will be discussed below.

[C.5.1] Xanthine oxidase

The xanthine oxidoreductase is a molybdoenzyme capable of catalyzing the oxidation of
hypoxanthine and xanthine in the process of purine metabolism (Moriwaki ez 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 ef 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 al., 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 ef al., 1997).

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] Endothelial derived 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 L-arginine
or co-factors such as BH4, NOS is capable of catalyzing the uncoupled reduction of
molecular oxygen to superoxide (Vasquez-Vivar 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 L-NAME or removal of the endothelium. More recently, using transgenic BH; deficient
mice, Cosentino et al (2001), demonstrated that endothelium-dependent relaxation to
acetylcholine was inhibited by catalase and enhanced by superoxide dismutase, suggesting

that BHy 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] Interventions targeting nitric oxide, NOS production/regulation
[C.6.1.1] L-arginine/tetrahydrobiopterin supplementation

Attempts to limit endothelial dysfunction through diet supplementation with L-arginine have
been inconclusive. Diet supplementation with L-arginine has been shown to improve agonist
mediated endothelium dependent vasodilatation in subjects with CHF (Hambrecht et al.,
2000), in hypercholesterolaemic patients (Creager ef al., 1992) but not in subjects with CAD
alone (Blum et al., 2000), or young subjects with type I diabetes mellitus (Mullen et al.,
1998b). These inconsistencies may be explained by the results obtained by Thome 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 L-arginine.

Despite the lack of conclusiveness in the results regarding the effectiveness of L-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 al., 2000; Theilmeier et al., 1997) or proven

CAD (Adams et al., 1997) following dietary L-arginine supplementation.

Combinations of other nitric oxide synthase co-factors required for successful nitric oxide
generation such as tetrahydrobiopterin either alone (Heitzer et al., 2000; Maier et al., 1998;
Verma et al., 2000) or in combination with L-arginine (Jiang et al., 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 BHy (10mg/kg/day) for 8 weeks reversed the impaired endothelium
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dependent arterial relaxation. Furthermore, BH4 pharmacotherapy was associated with a two-
fold increase in eNOS activity and a 70% 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 al., 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., 1997b). Additional
improvement in vasomotor responsiveness to acetylcholine was observed with a combination
of a statin and anti-oxidant compared to statin treatment alone (Anderson ef 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 ef 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 significant effect of six months of cholesterol-lowering therapy with
simvastatin on coronary endothelial vasomotor function in patients with CAD and mildly

elevated cholesterol levels (Vita et al., 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 al., 2000), but dependent on caveolin abundance (Feron et

al., 2001).

Sumi et 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-dihydroimidazol [1,2-a]pyrazine-3-one) in rabbits which were
randomized to 12-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 ez a/ (2001), in which
statin pharmacotherapy improved endothelial dysfunction, and profoundly reduced Ang II-
induced vasoconstriction in spontaneously hypertensive rats. Angiotensin type 1 (AT))
receptor, eNOS, and p22phox mRNA expression were also significantly inhibited by

atorvastatin (Wassmann et al., 2001).

[C.6.2] Interventions that reduce nitric oxide clearance

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] Antioxidant pharmacotherapy

[C.6.2.1.1] Vitamins

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 al., 2000), hypertension (Natali ef al., 2000; Solzbach et al., 1997), and diabetes
(Cinar et al., 2001; Skyrme-Jones et al., 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 al., 2000; Motoyama et al., 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/MI prevention from vitamin C

administration was observed (Ascherio ef al., 1999; Klipstein-Grobusch et al., 1999).

Keaney et al (1993), reported that when rabbits were fed a-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 e al., 1995), and no observed restoration of

normal endothelial function in male smokers (Neunteufl et al., 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 (>1mM) 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.6.2.1.2] Other anti-oxidants

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 a/ (1998) in which GSH was
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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 antagonists

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 Dzau, 1999; Yusuf et al., 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; ODriscoll et al.,
1997a), despite no benefit being demonstrated by Mullen et al (1998a) in type 1 diabetic

patients.

ACE inhibitors exert a myriad of effects on the cardiovascular system through interruption 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-1 and promotes the breakdown of

bradykinin (O'Keefe ef al., 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 (Mancini et al., 1996), results of which have been confirmed by others using
ATRBs (Prasad et al., 2000; Schiffrin et al., 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 IT ACE genotype (Anderson et
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 (2001),
Raij (2001) and Tabibiazar et al (2001).

[C.6.4] Summary

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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Figure 1.5 Endothelial dysfunction:

Mechanisms and pharmacotherapeutic interventions

Superoxide, produced by NAD(P)H oxidase, limits the effectiveness of nitric oxide, formed during the conversion of L-
arginine to L-citrulline by NOS. Angiotensin Il upregulates NAD(P)H oxidase, stimulates the release of endothelin,
counteracting the vasodilatory properties of nitric oxide. ACE inhibitors, angiotensin receptor blockers, NOS subunils,
vitamins and anti-oxidants limit endothelial dysfunction. Ang = angiotensin, ACE = angiotensin converting enzyme, ATRB =
angiotensin receptor blocker, ADMA = asymmetric dimethyl-arginine, BH, = tetrahydrobiopterin, L-ARG = L-arginine, L-
CIT = L-citrulline, oxLDL = oxidized low density lipoprotein, NAD(P)H = nicotinamide adenine dinucleotide phosphate,
ONOO" = peroxynitrite, O;"= superoxide, NOS = nitric oxide synthase, GTP = guanosine triphosphate, cGMP = cyclic
guanosine monophosphate, EDRF = endothelial derived relaxing factor, GC = guanylate cyclase.
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Pathological Platelet Aggregation:

[C.7] Evidence for a role of platelets in cardiovascular disease states

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.

[C.7.1] Lesion initiation/development

Atherosclerosis is a progressive disease that is characterized 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 ef 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 a/ (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-CDA40 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., 1997b).
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 al., 2001).

Macrophages isolated from rabbit aortic lesions were initially demonstrated to contain
interstitial collagenase (MMP-1) 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 et
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-1, 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-1,

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 a LDL receptor (Mach et al., 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 e al., 2000).
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[C.7.3] Other factors contributing to plaque instability and 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-1 production resulted (Zhu et al., 2000). Various cytokines
including IL-1B, TNF-o. 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, 1999).
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 Plaque 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 matrix proteins of the
fibrous plaque. Erosion and rupture of the plaque usually occurs at the lesion’s edge. Circulating blood platelets are then
exposed to the contents of the lipid core of the lesion, resulting in thrombus formation. Adapted from (Lusis, 2000).

[C.7.4] Implications of 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, 1991). 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 swept 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 sufficiently

occlude the lumen to cause ischaemia. Davies (1995), determined that approximately 70% of
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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.

[C.8] Evidence of platelet hyper-aggregability

Much of the evidence for platelet hyper-aggregability/activity 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 hyper-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 angina pectoris

Moderate and strenuous exercise is known to enhance platelet aggregability in both healthy
subjects (Andrews et al., 1999a; Kestin et al., 1993; Kishi et al., 1992; Li et al., 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 ischaecmia and coronary atherosclerosis contribute to the enhanced platelet
aggregability. Some investigations have reported increases in platelet aggregability markers
(such as PAF-4 or B-thromboglobulin) post exercise (Green et al., 1980; Mehta and Mehta,
1982), but results are not uniform in this regard (Mathis ef al., 1981; Wennmalm et al., 1990).
Diodati et al (1994) demonstrated that platelets became activated across an atherosclerotic
bed following rapid atrial 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 al., 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
(NVs). 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. Furthermore, 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 al., 1998a).

[C.8.2] Unstable angina pectoris and myocardial infarction

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 B,, PAF-4 and -
thromboglobulin were found to be elevated in these subjects (de Boer et al., 1982; Fitzgerald
et al., 1986; Hamm et al., 1987; Hirsh et al., 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 al., 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 healthy control subjects
(Grande et al., 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 TXB, in subjects
diagnosed with an MI compared to UAP and control subjects, an abnormality that persisted

for 2-4 months (Nidorf ef al., 1989).

Further evidence demonstrating platelet activation during and after an ACS comes from

results obtained in the Thrombolysis in Myocardial Infarction-12 (TIMI-12) trial, that was
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designed to evaluate the effects of the oral GPIIb/Illa receptor antagonist sibrafiban in
patients post ACS (Ault ef al., 1999). In a subset of patients enrolled in the initial study
(n=90/329), 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 5uM) 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/IITa receptor antagonist.

[C.9] Evidence that coronary artery disease is associated with platelet hyper-

aggregability

As discussed in the sections C.13-C.15, several large scales clinical trials with various anti-
platelet agents that include aspirin (Baigent et al., 1998), GPIIb/Illa antagonists (Chan and
Moliterno, 2001; Chew and Moliterno, 2001; Coller, 2001; 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] Epidemiology

In one of the first large scale studies performed by Meade et al (1985), (958 subjects) there
was a trend towards a significantly higher degree of platelet aggregability in male subjects
who had a history of THD and/or documented electrocardiographic (ECG) abnormalities
compared to those without. In the Caerphilly collaborative heart disease study (Elwood et al.,
1990; Elwood et al., 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) five 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, a trend 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 al., 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 al., 2001).

In a retrospective examination of a smaller cohort of healthy 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 (1990b), 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 THD only, platelet responsiveness to thrombin
was shown to be predictive of CAD progression determined by repeat quantitative
angiography (Lam et al., 19