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Abstract

Understanding of the biochemical bases of thromboembolic risk in atrial fibrillation (AF) is
incomplete. In a cohort of AF patients admitted to hospital, integrity of platelet nitric oxide
(NO) signalling, and its modulation by dimethylarginines, myeloperoxidase, thrombospondin-
land thioredoxin-interacting protein, was investigated. This study identified that, (1) new
onset AF is associated with impaired platelet NO response; (2) gender-specific platelet
dysfunction exists in AF where females display increased platelet aggregability and impaired
NO response compared to males; (3) plasma symmetric dimethylarginine correlated inversely
with platelet aggregability in chronic AF patients. Abnormalities of NO signalling and its

various determinants occur frequently in AF patients at risk of thromboembolism.
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1: Literature Review

1.1 Atrial Fibrillation

1.1.1 History

Understanding the pathophysiology of atrial fibrillation (AF), as well as the development of
theoretical concepts to explain its development, has progressed exponentially and been the
subject of numerous reviews (Lip et al., 1995; Nattel, 2002; Nattel et al., 2000; Prystowsky,
2008). The first recognised reference to the condition arguably dates back to the period of
1699-2598BC, where it was observed in ‘The Yellow Emperor’s Classic of Internal Medicine’
that: “when the pulse is irregular and tremulous and the beats occur at intervals, then the
impulse of life fades”. In more modern times however, William Harvey (1628) observed
“fibrillation of the auricles” in animals. This was followed much later with work done by
Alfred Vulpian (1874), who observed induction of atrial and ventricular fibrillation through
the use of electric shocks. The invention of the electrocardiograph (ECG) allowed for the first
time direct observation of the electrical properties of AF, with Willem Einthoven publishing
the first ECG recording of a patient in AF (1906). Further analysis by Thomas Lewis resulted
in the suggestion that the diastolic oscillations apparent on the recording might be due to
fibrillation of the atria.

It was not until the turn of the 20" century that theories regarding the specific mechanisms
underlying the pathogenesis of AF first began to be proposed. The different conceptual
frameworks provided by these theories allowed for the specific investigation of pathological
mechanisms underlying the development of AF. Investigations by Thomas Lewis identified a
‘rapid single circuit re-entry mechanism’ as being the potential basis for AF (Lewis et al.,
1920). Contrasted with this were studies conducted by Walter Garrey and George Mines that
resulted in the proposition of a ‘multiple re-entrant circuit mechanism’ for AF. Alternatively,
studies by Walter Garrey and later by David Scherf identified the existence of focal ectopic

nuclei capable of initiating the arrhythmia. By 1959 Moe and Abildskov had induced AF



experimentally in a canine model using multiple circuit re-entry and/or rapid pacing methods,
resulting in the proposal of the ‘multiple wavelet hypothesis’. Current theories on the
mechanisms of AF are known as the ‘automatic focus theory’ (acknowledging the existence
of ectopic nuclei) and the ‘multiple wavelet hypothesis’ (referring to the extensive structural,
electrical and biochemical remodelling that allows for heterogeneous and fragmentary

conduction of electrical impulses through the atria)(lwasaki et al., 2011; Jalife, 2011).

1.1.2 Definition

AF has been defined as a supraventricular tachyarrhythmia displaying uncoordinated atrial
activation and deterioration of atrial mechanical function. On an ECG it can be characterised
through the loss of consistent ‘p” waves by rapid oscillations (known as fibrillatory waves)
that can vary in amplitude, shape and timing. An ECG of someone in AF may display
irregular R-R intervals as well as a variable and short (<200ms) interval between atrial
activations. Initial presentation of the arrhythmia is quite often associated with a rapid and

irregular ventricular rate (European Heart Rhythm et al., 2010; January et al., 2014).

1.1.3 Epidemiology

The global prevalence of AF is estimated to be from 0.4-2.0% of the general population,
though due to the asymptomatic nature of the illness (at least initially), it’s possible that the
actual prevalence of AF is underestimated (Chugh et al., 2014; Fitzmaurice, 2009; Lip et al.,
2012). Although these estimates of global AF prevalence were derived primarily from
European and North American based studies, similar prevalence has been observed elsewhere,
ranging from 0.6% in Japan through to 4% in Australia (Lip et al., 2012). The reported
prevalence of AF in India is relatively low at a modest 0.1%, while Chinese and Thai
populations have reported prevalence rates ranging from 0.8-2.8%, or 0.4-2.2%, respectively

(Lip et al., 2012). Given the strong association between incidence of AF and ageing, the



median age and life expectancy of differing populations may affect the observed prevalence
of AF. Global prevalence rates for AF are also increasing (predominantly in ‘developed’
countries), and are consistently reported as higher in males than females (Chugh et al., 2014).
The period from 1990 through to 2010 saw global prevalence of AF increase from 569.5
[95%CI 532.8-612.7] (per 100000 population) to 596.2 [95%CI 558.4-636.7] in males, and
from 359.9 [95%CI 334.7-392.6] to 373.1 [95%CI 347.9-402.2] in females. Although
prevalence of AF is lower in females than in males, thromboembolic risk is higher. A recent
meta-analysis has reported that females experience a 1.31 fold increased stroke risk,

compared to males (Wagstaff et al., 2014). Similarly, another study has reported a 1.28 fold
increased stroke risk in warfarinised females (compared to males), though interestingly this
difference in stroke risk disappeared when new oral anticoagulants were considered (Pancholy
et al., 2014). Part of the increased stroke risk experienced by females with AF may explained
by age at time of diagnosis: a recent study observed that 24% of males were > 80 years at time
of AF diagnosis, compared with 41% of females, although reported comorbidities were
generally higher in males than females (Renoux et al., 2014). Lower rates of anticoagulation
in females may contribute to thromboembolic risk: the older age at which females tend to be
diagnosed with AF has also been identified as a bleeding risk (DiMarco et al., 2005).
However, rates and patterns of warfarin use have been reported as broadly similar with

respect to gender (Avgil Tsadok et al., 2012; Inoue et al., 2014).

Increasing prevalence of AF with age has also been observed globally with 0.7% of
individuals under the age of 50 being diagnosed with AF, rising to as many as 15% over the
age of 80 (Chugh et al., 2014; Fitzmaurice, 2009; Lip et al., 2012). The Australian experience
testifies to this: hospitalisation because of AF increased by 8% p.a. from 1993-2007 (Wong et

al., 2012).

Improved screening in developing countries for rheumatic heart disease has resulted in reports

of much higher prevalence with respect to developed countries (Colquhoun et al., 2014;



Ferratini et al., 2013). Given the implication that limited resources in these settings has
resulted in significant underestimation of the true prevalence of rheumatic heart disease, it is
reasonable to postulate that similar underestimation of the prevalence of atrial fibrillation
(rheumatic or non-rheumatic) may also be occurring in developing countries. Indeed, a recent
Australian investigation has identified that prevalence of AF is much higher among
indigenous than non-indigenous populations (Wong et al., 2014): rheumatic heart disease is
also much more prevalent among indigenous than non-indigenous Australians (Davies et al.,

2014).

AF has been identified as an independent risk factor for thromboembolism, conferring a 2-7
fold increased risk relative to non-AF populations and an annual stroke rate of 3-8%
(Fitzmaurice, 2009; Naccarelli et al., 2009; Wolf et al., 1991). Numerous epidemiological
studies have been performed investigating thromboembolic risk in AF populations,
specifically seeking to identify those clinical characteristics that are associated with stroke
incidence. Work by the Atrial Fibrillation Investigators (Laupacis et al., 1994) evaluated data
from early anticoagulation clinical trials and upon multivariate analysis, identified heart
disease, previous myocardial infarction, congestive heart failure, diabetes mellitus, increasing
age, previous/current hypertension and prior stroke/transient ischemic attack (TIA) as being
associated with stroke incidence in AF populations (Laupacis et al., 1994). Similarly in a
pooled analysis of the AF populations recruited in the Stroke Prevention in Atrial Fibrillation
trials (R. G. Hart et al., 1999), increasing age, female sex, previous/current hypertension and
prior stroke were all multivariate correlates of stroke incidence (R. G. Hart et al., 1999). In
contrast to these studies, an investigation specifically into warfarin and aspirin naive AF
patients identified age, female gender, diabetes mellitus and prior stroke/TIA as being
associated with stroke incidence (T. J. Wang et al., 2003a). These investigations resulted in
the empirically derived CHADS; (congestive heart failure, hypertension, age > 75 years,

diabetes mellitus and prior stroke/TIA) and CHA,DS,VASc (congestive heart failure,



hypertension, age > 75 years, diabetes mellitus, prior stroke/TIA, vascular disease, aged 65-74
years, sex category: female) stroke risk algorithms (Gage et al., 2001; Lip et al., 2010). The
global trend of increasing AF incidence, combined with increased hospitalisation due to AF,
pose a significant burden on healthcare systems globally, especially when management of
AF-related stroke is considered (Ball et al., 2013; Cadilhac, 2012; Cadilhac et al., 2009;

Wolowacz et al., 2011; Wong et al., 2012).

1.1.4 Classification

AF may be classified according to the predominant pattern of arrhythmia or according to the
presence or absence of underlying structural heart disease (European Heart Rhythm et al.,
2010; January et al., 2014). Initially, a determination is made on whether the current episode
of AF constitutes de novo detection (i.e. ‘new onset’) and whether it is asymptomatic.
Frequency and duration of the arrhythmia impact significantly upon clinical classification,
with two or more AF episodes being considered recurrent AF, and self-terminating episodes
(usually within 48 hours) being considered paroxysmal. AF episodes that last more than a
week in duration are considered persistent and require intervention in order to terminate the
arrhythmia. AF episodes that have lasted for a year or more may be considered long standing
persistent, or even (somewhat arbitrarily) permanent, depending upon the views of the patient
and treating physician (European Heart Rhythm et al., 2010; January et al., 2014). “Lone
AF”, while unusual, is the presence of the arrhythmia in the absence of any other identifiable
cardiovascular disease. These classifications are distinct from secondary AF, which can be
directly attributed to a specific cardiac trauma, where treatment of the primary cardiac illness
can result in alleviation of the arrhythmia (January et al., 2014).

The majority of cases of AF reflect inflammatory/distensive changes within the atria

associated with ageing and hypertensive heart disease. However, it is also important to



recognise other significant associations of AF (see Table 1), such as hyperthyroidism,

rheumatic mitral valve stenosis and the acute effects of intake of large quantities of alcohol.

Table 1: Disease states frequently complicated by, or predisposing to, development
of atrial fibrillation

Heart failure

Diabetes mellitus

Stroke (ischaemic/haemorrhagic)
Valvular heart disease

Acute coronary syndromes
Hyperthyroidism
Wolff-Parkinson-White syndrome
Hypertrophic cardiomyopathy
Dilated cardiomyopathy
Pulmonary disease

Coronary artery disease
Hypertension

Congenital heart disease

Furthermore, it has progressively emerged that AF may occur in the absence of other
structural heart disease (“lone AF”), and that many such cases carry a genetic basis (Ellinor et
al., 2010; Potpara et al., 2014). AF is traditionally classified not only on the basis of its being
intermittent or sustained, but also relative to the presence structural heart disease (the latter
potentially inducing atrial distension and remodelling). On this basis, patients with no
evidence of structural abnormalities may be considered to have “lone” AF (Potpara et al.,
2014). The major implication of this diagnosis may be a lower risk of thromboembolic events
in “lone” AF (Jahangir et al., 2007). The recent finding that a substantial minority of cases of
AF represent an underlying genetic predisposition complicates the issue of “lone” AF:
traditionally this has been purely a diagnosis of exclusion (European Heart Rhythm et al.,
2010; January et al., 2014), but genotyping implies a “positive” basis for predicting AF in

such individuals.



1.1.5 Pathogenesis of Atrial Fibrillation

The development of AF occurs as a result of the emergence of an ‘atrial substrate’ that is
conducive to the initiation and maintenance of the arrhythmia. Such a substrate develops
through an extensive process referred to as remodelling, and encompasses
electrical/biochemical and structural changes within the atria. The net result of these changes
is an environment vulnerable to and supportive of the emergence of arrhythmia. These

changes will be summarised briefly in the context of AF (Table 2 summarises key research

papers).

1.1.5.1 Electrical Remodelling

Currently there are two main, non-mutually exclusive, theories regarding the mechanisms
underlying the genesis and perpetuation of AF, these being the ‘automatic focus theory’ and
the ‘multiple wavelet hypothesis’ (Jalife, 2011). The automatic focus theory suggests that
focal ectopic nuclei are responsible for induction of the arrhythmia by initiating aberrant
depolarisations, e.g. pulmonary vein nuclei, with isolation of these nuclei via pulmonary vein
ablation displaying reasonable success in restoring sinus rhythm (Haissaguerre et al., 1998).
The multiple wavelet hypothesis describes AF as being the result of the propagation of a
‘mother wave’ of electrical activity through the atria that fractionates upon encountering
tissue refractory to electrical conductance (such as fibrosis, scar tissue, etc.), resulting in the
formation of self-sustaining ‘daughter wavelets’ (Issac et al., 2007; Iwasaki et al., 2011,
Jalife, 2011; Jalife et al., 2002; Nattel, 2002; Nattel et al., 2000). A common feature to each
of these theories is the requirement for heterogeneity of conduction through atrial tissue.
Heterogeneous conduction of electrical impulses is a key feature of AF and allows for the
formation of re-entrant circuits (the circular conduction of electrical impulses through atrial
tissue), thus providing a substrate for the emergence of the arrhythmia (Burstein et al., 2008;

Nattel, 2002; Nattel et al., 2000; Veenhuyzen et al., 2004).



The emergence of re-entrant circuits occurs due to changes in ion channel density and
function, affecting cardiomyocyte membrane potential and susceptibility to re-activation. The
expression and function of these ion channels can be affected by external and/or internal
stimuli, resulting in short term preservation of cardiomyocyte function but facilitating the
long term emergence of re-entrant circuits. Repeated cardiomyocyte activation as a result of
atrial tachycardia can result in accumulation of intracellular cytosolic calcium (Ca®"),
necessitating adaptation in order to minimise the threat this poses, e.g. induction of apoptosis
(Greiser et al., 2013; Iwasaki et al., 2011). This adaptation takes the form of increased
sequestration of Ca®" in intracellular stores (e.g. sarcoplasmic reticulum) and down-regulation
of L-type Ca®* channels (Casaclang-Verzosa et al., 2008; Greiser et al., 2013; Iwasaki et al.,
2011; Nattel et al., 2000). These adaptations render the cardiomyocyte vulnerable to
reactivation however, as the down-regulation of L-type Ca®* channels contributes to a
shortening of action potential duration and effective refractory period. The increased
intracellular Ca®* load also results in increased frequency of Ca?* ‘sparks’ or ‘leaks’ from
sarcoplasmic reticulum, raising the possibility of aberrant cardiomyocyte activation (Greiser
et al., 2013; Iwasaki et al., 2011). These maladaptive changes in Ca®* handling by
cardiomyocytes result in an environment vulnerable to the emergence of re-entrant circuits.
The existence of these re-entrant circuits thus facilitates the development of AF. Cardiac
remodelling, encompassing electrophysiological and structural changes, is an energy intensive
process that places significant demands upon cardiomyocytes (Azevedo et al., 2013;
Casaclang-Verzosa et al., 2008). Additionally, the regulation of ionic currents by
cardiomyocytes is increasingly being associated with cardiac metabolism (Barth et al., 2009).
The net deficit of adenosine triphosphate (ATP) within cardiomyocytes under these
conditions can result in impaired Ca** handling (contributing to impaired atrial contractility
and reduced atrial effective refractory period), as well as uncoupling of mitochondrial

function from ATP generation (promoting reactive oxygen species [ROS] generation and



Table 2: Major contributors to pathogenesis of atrial fibrillation

Factor Key Studies Seminal Findings
Electrical Remodelling
(Wijffels et al., 1995) Electrical induction of atrial fibrillation in goats becomes self-sustained.
(Kostin et al., 2002) Atrial fibrillation patients display altered expression of mechanical- and gap-junction proteins, contributing
to abnormal electrical conduction.
(Sun et al., 2001) Atrial tachycardia produces alterations in myocyte calcium handling, resulting in abnormal contractile
function.

Structural Remodelling
(Ausma et al., 1997) Sustained atrial fibrillation in goats resulted in altered atrial myocyte cellular structure, including loss of
myofibrils, accumulation of glycogen and altered mitochondrial density.

(Logan et al., 1965) Left atrial contractility exhibits short-term diminution following cardioversion of atrial fibrillation patients.
(Schotten et al., 2004) Atrial dilation occurs due to increased atrial compliance as a result of diminished atrial contractility during
atrial fibrillation.

Inflammation
(V. Rudolph et al., Myeloperoxidase contributes to pathogenesis of atrial fibrillation by mediating development of inflammation
2010) and fibrosis.

(Yamashita et al., 2010) Inflammatory cells infiltrate the fibrillating human atria.

(Ozaydin et al., 2008) N-acetylcysteine (a hypochlorous acid scavenger) infusion reduces the incidence of post-operative atrial
fibrillation in coronary artery bypass graft patients.



subsequent inflammation) (Barth et al., 2009; Casaclang-Verzosa et al., 2008;
Korantzopoulos et al., 2007). Neurohumoral stimuli, such as autonomic nervous system
activity, are among the external factors that can influence atrial activation rates. Changes in
cardiac innervation are well documented in AF, with increased sympathetic innervation
having been observed, as well as an altered balance between sympathetic and parasympathetic
activity, resulting in increased conduction heterogeneity and decreased atrial effective
refractory periods (Nattel et al., 2000; Schotten et al., 2011; Tan et al., 2013). As well as
affecting atrial activation rates, increased sympathetic tone (in the form of elevated
epinephrine and norepinephrine levels) may predispose the cardiac environment to conditions
of elevated redox stress, scavenging available nitric oxide (NO) and contributing to cardiac

remodelling (Cai et al., 2002; J. L. Mehta et al., 2001; Ridnour et al., 2007).

1.1.5.2 Structural Remodelling

Structural remodelling refers to anatomical changes in the myocardium that facilitate the
emergence of re-entrant circuits and the establishment of AF. These structural alterations
range from macroscopic changes, such as increases in the dimensions of the left atrium,
through to microscopic changes, such as the development of fibrosis. The commonality of
these structural changes is that they promote heterogeneous conduction of electrical impulses
through the myocardium.

In the presence of conditions associated with ‘hemodynamic overload’, chronic increases in
atrial pressure and/or volume drive structural change in the myocardium, allowing for the
establishment of AF (De Jong et al., 2011). Left atrial dilation and cardiomyocyte
hypertrophy are classic examples of the overt structural changes that may occur. In the
presence of tachycardia diminished cardiomyocyte contractility develops, contributing to left
atrial compliance and facilitating further left atrial dilation (Burstein et al., 2008; Casaclang-

Verzosa et al., 2008; De Jong et al., 2011; Greiser et al., 2013; Schotten et al., 2011).
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Additionally, atrial tachycardia can induce de-differentiation of cardiomyocytes into a ‘foetal-
like” phenotype, characterised by diminished contractility, altered mitochondrial number and
function, as well as increased sensitivity to Ca?*-induced activation. Increased rates of
cardiomyocyte apoptosis and necrosis are also observed in AF, contributing not only to the
development of fibrosis, but also to inflammation, which can enable further structural
remodelling of the atria (Burstein et al., 2008; Casaclang-Verzosa et al., 2008; De Jong et al.,
2011; Schotten et al., 2011).

Chronic inflammation is an established feature of AF, with various cytokines being elevated
in the presence of AF, as well as correlating with thromboembolic risk (Issac et al., 2007;
Korantzopoulos et al., 2007; Li et al., 2010; Maehama et al., 2010; Neuman et al., 2007; V.
Rudolph et al., 2010; Yamashita et al., 2010). Inflammation has also been suggested to play a
direct role in the pathogenesis of AF: increased leukocyte infiltration of the myocardium, as
well as increased expression of pro-inflammatory, pro-fibrotic mediators such as angiotensin
I1 (Ang 1) and transforming growth factor 31, induce structural changes conducive to the
establishment of AF (Casaclang-Verzosa et al., 2008; Ferrario et al., 2006; Friedrichs et al.,
2012; Issac et al., 2007; V. Rudolph et al., 2010). Additionally, oxidative stress associated
with inflammation (e.g. via activation of the enzymes nicotinamide adenine dinucleotide
phosphate [NADPH] oxidase and myeloperoxidase [MPO], which is released primarily from
leukocytes) can adversely affect atrial structure, via the development of fibrosis and the
activation of enzymes responsible for the degradation of the extracellular matrix (matrix
metalloproteinases), contributing to biochemical/structural remodelling (Ferrario et al., 2006;

Korantzopoulos et al., 2007; V. Rudolph et al., 2010; Veenhuyzen et al., 2004).

1.1.6 Pathogenesis of Thromboembolic Complications in Atrial Fibrillation

It has been recognised for some time now that cardiovascular disease carries with it an

increased risk for thromboembolism and with the discovery of warfarin, the need and
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capability for anticoagulant therapy (Askey et al., 1950; Daley et al., 1951). With regards to
AF specifically, the benefit of reversion to sinus rhythm as well as anticoagulant therapy has
also been established for some time (Freeman et al., 1967). However, these early studies were
primarily considering the issue through the spectrum of rheumatic heart disease and it wasn’t
until much later that increased thromboembolic risk in AF (in the absence of rheumatic heart
disease) was recognised (Wolf et al., 1991; Wolf et al., 1978). With identification of AF as an
independent determinant of thromboembolic risk, the need for chronic anticoagulant therapy
became apparent with numerous studies evaluating warfarin, aspirin, or both for safety and
efficacy as potential anticoagulants in AF (Connolly et al., 1991; Ezekowitz et al., 1992;
Mcbride, 1991; Petersen et al., 1989; Singer et al., 1992). With the need and capability for
chronic anticoagulation in AF, it became necessary for clinicians to stratify thromboembolic
risk in these patients. Several studies evaluated the incidence of thromboembolism in large
populations of AF patients and sought to identify those clinical parameters which were
associated with incidence of stroke/TIA. Identification of those clinical factors associated
with thromboembolic risk would thus enable clinicians to adapt anticoagulant therapy
accordingly (R. G. Hart et al., 2003; Laupacis et al., 1994). These early studies were refined
into what is known as the CHADS; score, combining those clinical factors associated with
thromboembolic risk into a factorial algorithm, that was then prospectively validated in a new
patient cohort (Gage et al., 2001). However, this particular stroke risk scheme arguably lacks
discriminatory power for patients considered to be at low thromboembolic risk: patients with
CHADS,=0 have still experienced cerebrovascular accidents. This lack of discriminatory
power is addressed to some extent by the CHA,DS,VASc score, a refinement of the
Birmingham/NICE stroke risk stratification scheme (Lip et al., 2010). Notably, the
CHA;DS,VASc stroke risk stratification scheme improved upon the CHADS; scheme in
being able to more accurately discriminate AF patients at low risk of thromboembolic

complications.
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However, while considerable progress has been made in terms of identifying clinical features
that predispose AF patients to thromboembolism, these studies failed to directly address the
physiological mechanisms underlying increased thromboembolic risk in AF. Virchow’s triad
refers to the physiological conditions required for the pathological formation of thrombus,
being the presence of blood stasis, endothelial damage/dysfunction and hypercoagulability
(the latter proposed initially on the basis of reported elevated markers of haemostasis present
in AF, and that these markers decreased with reversion to sinus rhythm (Lip, 1995))(Lowe,
2003). These conditions are all present in AF and have been summarised with respect to
thromboembolic risk, while also considering the potential contribution of inflammation to
thrombogenesis (Watson et al., 2009). In essence, a nexus is present in AF that results in an

environment that favours thrombus formation.

1.1.7 Virchow’s Triad in Atrial Fibrillation

1.1.7.1 Blood Stasis in Atrial Fibrillation

Turbulent blood flow and/or blood stasis is notably present in the left atrium during AF,
favouring thrombus formation which can be observed through the presence of spontaneous
echo contrast (Black et al., 1991), correlating directly with clinical measures of
thromboembolic risk (Maehama et al., 2010; Ohara et al., 2009; Zabalgoitia et al., 1998).
Increased left atrial size and loss of mechanical function contribute to decreased blood
velocity and blood stasis, resulting in increased propensity for thrombus formation and
occurrence of stroke or embolism (Hirose et al., 2012; Ohara et al., 2009; Providencia et al.,

2013; Shih et al., 2011; Shively et al., 1996; Wysokinski et al., 2010).

1.1.7.2 Endothelial Dysfunction in Atrial Fibrillation

The disturbed blood flow patterns that occur as a result of these changes in atrial structure

contribute significantly to the development of endothelial dysfunction in AF. Increased levels
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of plasma von Willebrand Factor (a biochemical marker of endothelial damage/dysfunction)
and soluble E-selectin (a biochemical marker of leukocyte adhesion to the endothelium) have
been observed in AF (Freestone et al., 2008), as well as disturbances in vascular function
being apparent when measured in vivo (Takahashi et al., 2001; Yoshino et al., 2013).
Moreover, restoration of sinus rhythm in AF patients has been reported to be accompanied by
partial improvement in endothelial function (Takahashi et al., 2001; Yoshino et al., 2013). At
least part of the physiological mechanisms underlying this are the result of disturbed vs.
steady blood flow in AF. Laminar blood flow is associated with increased endothelial NOS
(NOS), cyclooxygenase-2 and superoxide dismutase expression (Gimbrone et al., 2013), as
well as being necessary for stimulation of NO production (Guazzi et al., 2009). Disturbed
blood flow however, is associated with increased ROS generation, loss of NO production
associated with increased expression of thioredoxin-interacting protein (Txnip) and increased
expression of adhesion molecules on the surface membrane of endothelial cells (Guazzi et al.,

2009; Heo et al., 2011; X. Q. Wang et al., 2012; Yamawaki et al., 2005).

1.1.7.3 Hypercoaqulability in Atrial Fibrillation

Additionally, blood stasis facilitates the formation of platelet aggregates within stationary
blood and the adhesion of platelets and leukocytes to the endothelium, precipitating thrombus
formation (Bovill et al., 2011; Esmon et al., 2011; Phillipson et al., 2011). The loss of the
endogenous anticoagulants (i.e. inhibitors of platelet adhesion and activation) produced by the
endothelium in response to laminar blood flow contributes significantly to the
hypercoagulability and platelet hyper-reactivity, characteristic of AF. Plasma markers of
platelet activation such as platelet factor-4, soluble P-selectin and 3-thromboglobulin are all
elevated in AF compared to controls (Kamath, Blann, et al., 2002; Kamath, Chin, et al., 2002;
Marin et al., 2004; Ohara et al., 2008). Plasma D-dimer levels, an indicator of fibrinolysis,

have also consistently been observed to be increased in AF and have also correlated with
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clinical measures of stroke risk (Kamath, Blann, et al., 2002; Kamath, Chin, et al., 2002;
Ohara et al., 2008). Furthermore, the hypercoagulability and platelet hyper-reactivity present
in AF are to some extent independent of the existence of the arrhythmia. Plasma indicators of
platelet activation, as well as clot formation and breakdown, remain elevated in AF patients

30 days post successful cardioversion (Marin et al., 2004).

1.1.7.4 Inflammation in Atrial Fibrillation

As part of their role in the maintenance of haemostasis, platelets are intimately involved in
mediating inflammation through the release of chemokines and cytokines upon activation
(Angiolillo et al., 2010; Davi et al., 2007; Gawaz et al., 2005). Moreover, activation of the
renin-angiotensin-aldosterone system (RAAS) has been associated with the development of
atrial fibrosis, is involved in the recruitment of inflammatory cells to sites of vascular injury,
as well as endothelial expression of adhesion molecules (Ferrario et al., 2006; V. Rudolph et
al., 2010; Watson et al., 2009). Additionally, the leukocyte-derived inflammatory enzyme
MPO has a pivotal role in the pathogenesis of AF (V. Rudolph et al., 2010), as well as being
linked to endothelial dysfunction and reduced bioavailability of NO (Eiserich et al., 2002;
Eiserich et al., 1998; T. K. Rudolph et al., 2010). Indeed, NO is able to modulate the activity
of matrix metalloproteinases (Ridnour et al., 2007), and deficiency in NO availability has
been implicated in the pathogenesis of AF (Cai et al., 2002).

Essentially, the development of AF, comprised of atrial distension and mechanical
dysfunction, gives rise to a pro-thrombotic milieu and the development of chronic
inflammation. This nexus of biochemical factors further drives the remodelling process,

establishing the arrhythmia and the pro-thrombotic environment that accompanies it.
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1.2 Atrial Fibrillation as a Biochemical Disorder

1.2.1 The Nitric Oxide Signalling Pathway

Deficiencies in NO signalling (Table 3) are a key aspect of numerous cardiovascular diseases:
endothelial dysfunction, characterised by a loss of NO production and concomitant increased
ROS generation, partially due to uncoupling of endothelial NOS (Heo et al., 2011), is present
in AF (Takahashi et al., 2001; Yoshino et al., 2013), hypertension (Taddei et al., 1995),
diabetes mellitus (Bellin et al., 2006), and polycystic ovarian syndrome (Rajendran et al.,
2009). Additionally, impaired platelet response to NO has been observed in heart failure
(Chirkov et al., 2004), stable angina pectoris (Chirkov et al., 1997; Chirkov et al., 1999),
acute coronary syndromes (ACS) (Chirkov et al., 2001; Willoughby et al., 2005), and has
come to be referred to as “NO resistance” (Chirkov et al., 2007; Rajendran et al., 2008).

The impairment of NO signalling has also been implicated in the pathogenesis of AF through
down-regulation of expression and activity of endothelial NOS (Cai et al., 2002). This is in
accordance with observations that endogenously produced NO has an inhibitory effect on
matrix metalloproteinase-9 (an enzyme involved in maintenance of myocardial extracellular
matrix and implicated in cardiac remodelling (Sundstrom et al., 2004)) expression and
activity (Eberhardt et al., 2000; Ridnour et al., 2007). Furthermore, uncoupling of endothelial
NOS has been found to contribute to activation of matrixmetalloproteinases-2 and -9
(Takimoto et al., 2005). Given the significant role of dysfunctional NO signalling in the
pathogenesis of AF, a brief overview including potential mechanisms of impairment is

appropriate.

1.2.1.1 Generation of Nitric Oxide: Nitric Oxide Synthase

NOSs are the major physiological source of NO. There are three isoforms of NOS (neuronal,

endothelial and inducible), though it is the expression and function of endothelial NOS that
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Factor Key Studies

Generation of Nitric Oxide
(Landmesser et al., 2003)

(Vallance et al., 1992)

(Buga et al., 1996)

(Du et al., 2001)

Nitric Oxide Signalling
(Chirkov et al., 1999)

(Stone et al., 1994)

(Ignarro et al., 1982)

Table 3: Bases for disordered nitric oxide production and/or signalling

Seminal Findings

Oxidation of tetrahydrobiopterin (BH,) results in uncoupling of nitric oxide synthase activity from
production of nitric oxide, leading to production of superoxide.

Asymmetric dimethylarginine is a competitive antagonist of nitric oxide synthase.

Arginase (a cataboliser of L-arginine) is constitutively expressed in endothelial cells, and its activity is
increased in response to inflammatory stimuli.

Hyperglycaemia-induced posttranslational modification of endothelial nitric oxide synthase results in loss
of nitric oxide production and increased superoxide production.

Addition of the superoxide scavenger, superoxide dismutase, to blood samples of stable angina pectoris
patients restored anti-aggregatory response to the nitric oxide donor, sodium nitroprusside.

Oxidation of the heme moiety in soluble guanylate cyclase prevents binding (thus inhibiting activation) of
nitric oxide.

Activation of soluble guanylate cyclase by nitric oxide requires the heme moiety to be present.



has been most closely studied in association with cardiovascular disease (Balligand et al.,
2009; Forstermann, 2010).

Structurally (Figure 1), endothelial NOS consists of N-terminal oxygenase and C-terminal
reductase domains (Balligand et al., 2009; Forstermann, 2010). The reductase domain binds
the cofactors NADPH, flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN).
The oxygenase domain contains a heme moiety which binds molecular oxygen, as well as the
cofactor tetrahydrobiopterin (BH,4) and the substrate L-arginine (Balligand et al., 2009;
Forstermann, 2010). NO is generated by endothelial NOS through the transfer of electrons
from NADPH to L-arginine, facilitated by the calcium-dependent binding of calmodulin,
resulting in the formation of L-citrulline and liberation of NO (Balligand et al., 2009;

Forstermann, 2010).

Figure 1: Structural representation of the endothelial nitric oxide synthase enzyme.

As well as being stimulated by laminar flow, endothelial NOS activity and expression is also
subject to post-translational modifications which regulate its activity. Nitrosylation and

glycosylation both result in inhibition of endothelial NOS activity (Federici, 2002; Ravi et al.,
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2004). Phosphorylation of serine and/or threonine residues also profoundly affect the
activation state of endothelial NOS, with phosphorylation of serine residue 1177 in particular
resulting in significantly increased activity (Z.-P. Chen et al., 1999; Dimmeler et al., 1999).
In a process referred to as “‘uncoupling’, the transfer of electrons across endothelial NOS can
be removed from L-arginine as the substrate, instead resulting in the reduction of molecular
oxygen to superoxide (03) (Balligand et al., 2009; Forstermann, 2010). A number of different
stimuli have been identified as being capable of uncoupling of endothelial NOS: turbulent
blood flow (Heo et al., 2011), depletion of cofactors such as BH, (Landmesser et al., 2003),
reduced L-arginine levels (e.g. increased arginase activity (Kim et al., 2009)) and increased
asymmetric dimethylarginine (ADMA, an endogenous inhibitor of endothelial NOS (Vallance
et al., 1992)) levels can all induce uncoupling of endothelial NOS, resulting in loss of NO
production and O3 generation. Additionally, the product of MPO activity, hypochlorous acid,
can also induce uncoupling of endothelial NOS (Xu et al., 2006), as can the reactive molecule
peroxynitrite (Leopold et al., 2009). The resultant alteration in endothelial NOS function,
where O3 is produced primarily instead of NO, impacts significantly upon net vascular
function and also on platelet aggregability, contributing significantly to the development

cardiovascular disease.

1.2.1.2 Nitric Oxide as an Effector Molecule: Activation of Soluble Guanylate Cyclase

Once generated, NO is able to influence cellular function through 3°,5’-cyclic guanosine
monophosphate (cGMP)-dependent and -independent mechanisms. cGMP-independent
mechanisms include post-translational modifications such as S-nitrosylation, whereby the
formation of S-nitrosothiols at protein cysteine residues directly alter protein activity
(Godecke et al., 2008; Hill et al., 2010). cGMP-dependent mechanisms involve the activation
of soluble guanylate cyclase (sGC, Figure 2), accumulation of cGMP and subsequent cellular

effects through the increased activity of cGMP-dependent protein kinases (PKG).
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Structurally, sGC is a heterodimer comprised of a and 3 subunits, with a prosthetic heme
group attached to the B subunit (Garthwaite, 2010; Potter, 2011). Binding of NO to sGC is
redox dependent, requiring heme to be in a reduced state (i.e. Fe?*) in order to enable NO
binding (Schrammel et al., 1996). Once bound, NO induces a structural shift in sGC that
allows the binding of guanosine triphosphate (GTP), which subsequently is converted to
cGMP with the release of inorganic pyrophosphate (Garthwaite, 2010; Potter, 2011).

The capacity of sGC to generate cGMP from GTP is subject to oxidative impairment, which
can take a variety of forms. Oxidation and/or depletion of heme from sGC will render the
enzyme unable to bind NO, thus preventing its activation (Ignarro et al., 1982; Mellion et al.,

1983; Schrammel et al., 1996; Weber et al., 2001). Furthermore, post-translational

GTP. &) CGMP + PP,

Figure 2: Structural representation of the soluble guanylate cyclase enzyme. Binding
of nitric oxide to the heme containing  subunit (1) enables the catalytic conversion of
GTP to cGMP (2).

modification of cysteine residues on the o and 3 subunits of sSGC has also been shown to have
inhibitory effects upon the activity of SGC: oxidation and/or S-nitrosylation of thiols

significantly impairs the ability of sGC to generate cGMP (Brandwein et al., 1981; Maron et

al., 2009; Sayed et al., 2007; Sayed et al., 2008).
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1.2.1.3 Other Sources of Impairment of the Nitric Oxide Signalling Pathway

Bioavailability of NO can be diminished by ROS. Specifically, the free radical O; may
“scavenge” NO, thus contributing to the impairment of this signalling pathway (Figure 3).
Furthermore, peroxynitrite, formed from the reaction of 05 with NO, inhibits sGC activity
through oxidation of heme (Weber et al., 2001). Potential sources of ROS include the
mitochondrial electron transport chain, NADPH oxidase and xanthine oxidase, as well as
uncoupled endothelial NOS. Angiotensin Il is known to stimulate NADPH oxidase activity

(Dikalov et al., 2014; Lassegue et al., 2001), aldosterone stimulates increased mitochondrial

ADMA/
Uncoupling

NO
Generation

sGC
Activation

PDE S
Effects

Figure 3: Other potential sources of impairment of the nitric oxide signalling pathway.
Inhibition and/or uncoupling of endothelial nitric oxide synthase, scavenging of nitric
oxide and/or oxidation of soluble guanylate cyclase, and aberrant phosphodiesterase
activity may all contribute to loss of nitric oxide effect.

ROS generation (Nolly et al., 2014), while presence of the arrhythmia promotes xanthine

oxidase activity (Dudley et al., 2005). Due to the strong association of AF with increased
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sympathetic and/or parasympathetic activity (Jayachandran et al., 2000; Sharifov et al., 2004;
Workman, 2010), catecholamine-induced ROS generation is also a possibility that may
contribute to the scavenging of available NO. Catecholamine stimulation has been observed
to increase NADPH oxidase activity and induce endothelial NOS uncoupling in vascular
smooth muscle (Bleeke et al., 2004) and endothelial cells (J. L. Mehta et al., 2001), as well as
in cardiomyocytes (Lu et al., 2009; Xiao et al., 2002).

Clearance of cGMP occurs via a group of enzymes known as phosphodiesterases. Altered
activity and/or expression of phosphodiesterases have been observed in the pathogenesis of
cardiovascular disease, most notably heart failure. For example, up-regulation of
phosphodiesterase 2 (CAMP/cGMP phosphodiesterase), associated with 3-adrenergic receptor
signalling, has been implicated in the pathogenesis of heart failure (Lehnart et al., 2005;
Mehel et al., 2013; Molina et al., 2012), while up-regulation of phosphodiesterase 5, a cGMP
specific phosphodiesterase, has been observed in right ventricular hypertrophy (Nagendran et
al., 2007). However, no direct impact upon the NO signalling pathway has been suggested.
Phosphorylation of phosphodiesterase 5 (promoting increased clearance of cGMP) in platelets
Is associated with rapid desensitization of the NO signalling pathway (Mullershausen et al.,
2001), however this phenomenon has not yet been observed in the pathological settings of
cardiovascular disease. To date, no link has been established between potentially aberrant
phosphodiesterase activity and development of impaired NO signalling, in the context of

cardiovascular disease.

1.2.1.4 Therapeutic Amelioration of Impaired Nitric Oxide Signalling

Therapeutic strategies that result in the restoration of impaired NO signalling provide clinical
benefit: improvements in vascular tone and platelet homeostasis are apparent (Chirkov et al.,
2007). The use of NO donors such as sodium nitroprusside (SNP) or organic nitrates may

restore NO availability. However, these agents do not address the major impairment of the
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NO signalling cascade, NO resistance, in the target tissue. Additionally, organic nitrates are
subject to the development of nitrate tolerance (Chirkov et al., 1997; Chirkov et al., 1999). In
the context of AF, a number of different strategies may be employed with the net effect of
improving NO signalling:
a) Successful reversion of AF to sinus rhythm has been shown to improve endothelial
function (Takahashi et al., 2001; Yoshino et al., 2013) and reduce platelet reactivity.
This effect is likely due to the restoration of laminar flow and subsequent up-
regulation/re-coupling of endothelial NOS (Cai et al., 2002; Goette et al., 2012; Heo
et al., 2011), resulting in improved vascular tone and platelet reactivity.
b) Angiotensin-converting enzyme (ACE) inhibitors improve endothelial function and
ameliorate impaired platelet NO signalling (Anderson et al., 2000; Chirkov et al.,
2004; Hornig et al., 2001; Sverdlov et al., 2013a; Willoughby et al., 2012). Likely
mechanisms include a reduction in activation of the RAAS which, as reflected through
plasma Ang Il levels, is a potent stimulator of ROS production (Dikalov et al., 2014;
Luo et al., 2010; Veresh et al., 2008). Alternatively, blockade of the RAAS may result
in increased expression of the O scavenger, superoxide dismutase (Hornig et al.,
2001).
c) Statin therapy has also been shown to restore NO signalling under conditions where it
is impaired: use of statins ameliorates endothelial dysfunction (Ceriello et al., 2005;
Holowatz et al., 2011), and has improved platelet response to NO in patients with
ACS (Stepien et al., 2003). These effects are likely distinct from the lipid lowering
benefits of statin therapy (Landmesser et al., 2005), and instead could be due to a
reduction in ADMA levels (Ocuz et al., 2008; W. Xia et al., 2009), down-regulation
of angiotensin type 1 receptors resulting in decreased activation of NADPH oxidase
(Wassmann et al., 2001), or by stimulation of endothelial NOS expression (Meda et

al., 2010; Murata et al., 2005).
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1.2.2 Endogenous Modulation of Nitric Oxide Signalling: Pathological Implications

1.2.2.1 Asymmetric and Symmetric Dimethylarginine

Post-translational methylation of arginine occurs while arginine residues are still bound up in
proteins, as a result of the activity of protein arginine methyltransferases (PRMTs). PRMTs
catalyse the methylation of arginine residues and can be grouped into two major types: type 1,
primarily responsible for formation of ADMA and type 2, primarily responsible for formation
of symmetric dimethylarginine (SDMA) (Bedford et al., 2005; Vallance et al., 2004). Both
types of PRMT are capable of generating monomethylarginine. The activity of these enzymes
is stimulated in the presence of various cardiovascular risk factors and/or diseases, such as
diabetes mellitus (Y. Chen et al., 2009), elevated plasma lipid levels (Boger et al., 2000),
hypertension (Osanai et al., 2003) and conditions of oxidative stress (Jia et al., 2006), all of
which can result in higher levels of methylarginines being generated. Clearance of ADMA
occurs via renal excretion, or metabolically through the actions of dimethylarginine
dimethylaminohydrolases (DDAH) which convert ADMA to L-citrulline and dimethylamine
(Bedford et al., 2005; Blackwell, 2010; Teerlink et al., 2009; Vallance et al., 2004). These
enzymes themselves are vulnerable to oxidative impairment (Luo et al., 2010), contributing
significantly to accumulation of ADMA.

Plasma ADMA levels have an established relationship with cardiovascular disease and
outcomes. Elevated plasma ADMA levels have been observed in hypertension (Achan et al.,
2003; Kielstein, Donnerstag, et al., 2006), diabetes mellitus (Lin et al., 2002), stroke (Yoo et
al., 2001) and AF (Goette et al., 2012; Lim et al., 2013), as well as being predictive of
adverse cardiovascular events (Horowitz et al., 2013; Siegerink et al., 2013). The link
between ADMA and pathogenesis of cardiovascular disease is thought to be due to its ability
to competitively inhibit NOS activity (Vallance et al., 1992) and contribute to endothelial
dysfunction (Antoniades et al., 2009; Boger et al., 2009). ADMA may also induce uncoupling

of endothelial NOS, resulting in decreased NO generation, increased ROS generation
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(Antoniades et al., 2009; Druhan et al., 2008), and may also induce activation of NADPH
oxidase (Veresh et al., 2008). Intriguingly, expression of the inflammatory enzyme MPO
(implicated in the pathogenesis of AF (V. Rudolph et al., 2010)), correlates with ADMA
concentrations in clinical populations (van der Zwan et al., 2011), an effect that may be due to
oxidative impairment of DDAH by MPO (von Leitner et al., 2011).

SDMA is the structural isomer of ADMA and similarly, is formed through post-translational
modification of arginine residues on proteins (Bedford et al., 2005; Vallance et al., 2004).
ADMA has long been known to be an endogenous inhibitor of NOS (Vallance et al., 1992).
In contrast, SDMA was thought to be physiologically inert and, due to the belief that plasma
SDMA was eliminated almost entirely via the kidneys, was thought to be a reasonable
measure of renal function (Kielstein, Salpeter, et al., 2006). However, not only has metabolic
elimination of SDMA via the enzyme alanine-glyoxylate aminotransferase 2 (Agxt2) been
identified (Kittel et al., 2013), but evidence is accumulating supporting a physiological role
for SDMA. SDMA has been shown to stimulate production of tumour necrosis factor-a
(TNFa), an effect inhibited by treatment with the hypochlorous acid scavenger, N-
acetylcysteine (Schepers et al., 2009). SDMA has also been shown to stimulate ROS
generation in monocytes (Schepers et al., 2011). The physiological role of SDMA would
appear to be intimately involved with generation of, and signalling by, ROS — and by
extension, may impact upon NO effect via the “scavenging” of available NO by ROS

(Chirkov et al., 2007; Rajendran et al., 2008).

1.2.2.2 Myeloperoxidase

MPO is an enzyme released from neutrophils upon activation as a component of the
neutrophil “oxidative burst”, which contributes to oxidative stress associated with neutrophil
infiltration of tissues (Suzuki et al., 2003; Yamashita et al., 2010). Increased plasma MPO

levels have been associated with incidence of cardiovascular disease in population studies:
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people deficient for expression of MPO experienced much lower incidence of cardiovascular
disease, at the expense of being more susceptible to infection (Kutter et al., 2000). MPO is
able to catalyse the oxidation of high- and low-density lipoproteins (van der Veen et al.,
2009), contributing significantly to the development of atherosclerotic plaques (Leopold et
al., 2009). MPO activity has also been implicated in the development of endothelial
dysfunction. Treatment of hospital inpatients with enoxaparin improved endothelial function
with a concomitant increase in plasma MPO, implying that enoxaparin had ‘liberated’ MPO
from the endothelium, thus restoring endothelial function (T. K. Rudolph et al., 2010). The
possible mechanisms underlying this phenomenon include restored Ca®* homeostasis (Cook et
al., 2012), or recoupling of endothelial NOS (Xu et al., 2006). MPO has also been implicated
in the pathogenesis of AF: infusion of Ang Il in mice induced AF in an MPO-dependent
mechanism, an effect that paralleled clinical studies observing increased atrial MPO content

in individuals with AF (V. Rudolph et al., 2010).

MPO is able to influence NO signalling. Generation of hypochlorous acid by MPO can induce
the uncoupling of endothelial NOS (Xu et al., 2006), resulting in loss of NO production and
ROS generation. Additionally, MPO is also capable of catabolizing NO (Eiserich et al., 2002)

via the formation of reactive nitrogen species (Eiserich et al., 1998).

1.2.2.3 Thrombospondin-1

Thrombospondin-1 (TSP-1) is a matricellular protein found primarily in platelets, and to a
lesser extent in leukocytes (Jaffe et al., 1985; Suchard et al., 1991) and endothelial cells
(Kirsch et al., 2010). Due to the presence of numerous binding sites, TSP-1 is considered a
somewhat “promiscuous” protein, capable of influencing various cellular processes through
binding to different receptors. TSP-1 has been implicated in a number of settings as having a

modulatory effect on the vascular and/or myocardial remodelling that results in the
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development of cardiovascular disease. TSP-1, through binding to the receptor CD47,
contributes to the development of pulmonary arterial hypertension in animal models through
uncoupling of endothelial NOS and/or activation of NADPH oxidase (P. M. Bauer et al.,
2012; Csanyi et al., 2012). These findings correlated with higher levels of TSP-1 and CD47
being found in lung tissue of patients with pulmonary arterial hypertension (P. M. Bauer et
al., 2012). In contrast, TSP-1 appears to have a limiting effect on the development of cardiac
hypertrophy in diabetic cardiomyopathy (Gonzalez-Quesada et al., 2013) or in conditions
resulting in pressure overloaded myocardium (Y. Xia et al., 2011). TSP-1 also has a pivotal
role in mediating the recruitment (Kirsch et al., 2010; Mansfield et al., 1990), adhesion

(Narizhneva et al., 2005) and tissue infiltration (Liu et al., 2001) of inflammatory cells.

A large body of work supports the role of TSP-1 in the regulation of vascular tone through
modulation of the NO signalling pathway. Upon binding to the receptor CD47, TSP-1 has
been shown to inhibit the phosphorylation of endothelial NOS, thus limiting its activity and
contributing to increased blood pressure (E. M. Bauer et al., 2010; Isenberg et al., 2009).
TSP-1 can also modulate the activation of sGC (Miller et al., 2010; Ramanathan et al., 2011).
TSP-1 has been shown to attenuate NO signalling in leukocytes (Ridnour et al., 2007),
platelets (Isenberg, Romeo, et al., 2008), endothelium (Isenberg et al., 2005) and vascular

smooth muscle (Isenberg et al., 2006) cells.

1.2.2.4 Thioredoxin-interacting Protein

Txnip is an a-arrestin, pro-inflammatory protein that is intimately associated with regulating
the activity of the oxidoreductase thioredoxin (Nishiyama et al., 1999; Patwari et al., 2006).

As such, Txnip has an integral role in maintaining cellular redox status.

Expression of Txnip is strongly up-regulated in conditions of high glucose, an effect

associated with increased ROS generation, caspase activation and initiation of apoptosis in
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pancreatic B cells (Cha-Molstad et al., 2009; J. Chen et al., 2008; Minn et al., 2005; P. C.
Schulze et al., 2004). The mechanism underlying this effect is likely the ability of Txnip to
displace thioredoxin from binding to apoptosis signal-regulating kinase 1, thus allowing the
subsequent initiation of apoptosis (Liu et al., 2002; Saxena et al., 2010). In the pathogenesis
of cardiovascular disease, Txnip has diverse roles. Vascular Txnip expression is up-regulated
by non-laminar flow and stimulates the expression of cell adhesion molecules and subsequent
recruitment of inflammatory cells (X. Q. Wang et al., 2012; Yamawaki et al., 2005). Txnip
expression is also up-regulated in a rabbit model of aortic valve stenosis (Ngo et al., 2008), an
effect attenuated by administration of the ACE inhibitor ramipril (Ngo et al., 2011).
Conversely, Txnip expression is down-regulated in cardiomyocytes in response to myocardial
ischemia (Xiang et al., 2005) or biomechanical strain (Yoshioka et al., 2004), allowing for
promotion of thioredoxin-dependent growth and survival. Txnip has also been identified as a
bridge between oxidative stress and inflammation, as it is an integral component to activation
of the nod-like receptor protein 3 (NLRP3) inflammasome and production of interleukin-13

(Zhou et al., 2010).

Txnip has an interesting relationship with NO. Expression of Txnip is suppressed at the level
of mMRNA transcription by NO under conditions of normoglycaemia (P. C. Schulze et al.,
2006), an effect that is potentiated by insulin signalling (in pancreatic {3 cells) (Shaked et al.,
2009). Reciprocally, through regulation of thioredoxin activity, Txnip has already
demonstrated its capacity for modulating cGMP-independent mechanisms of NO signalling
such as S-nitrosation (Forrester et al., 2009). Similar mechanisms may also (theoretically)
apply to the regulation of sGC activity. The oxidation of thiols on the a and 3 subunits of sSGC
have been shown to impair its ability to generate cGMP (Brandwein et al., 1981; Maron et al.,
2009): Txnip, via its regulation of the activity of thioredoxin (Nishiyama et al., 1999), can
influence the oxidative state of these thiols. Txnip has been implicated in the induction of

apoptosis in pancreatic 3 cells (J. Chen et al., 2008; Minn et al., 2005); this effect is
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dependent, in part, on the subcellular localization of Txnip (Saxena et al., 2010). Recent work
has identified that nitrosative or oxidative stress, such as might occur in cardiovascular
diseases, has a significant effect on the subcellular localization of thioredoxin; this effect is

dependent on Txnip (Ogata et al., 2013).

1.3 Scope of the Present Study

The presence of a hypercoagulable state in AF has been supported by numerous clinical
studies. Kamath et al observed that soluble glycoprotein V and -thromboglobulin (both
markers of platelet activation) and fibrin D-dimer (a marker of fibrinolysis) were all elevated
in the presence of AF, compared to sinus rhythm patients (Kamath, Blann, et al., 2002;
Kamath, Chin, et al., 2002). Indices of inflammation are also elevated in AF: platelet
expression of CD40, the vascular adhesion molecules (intercellular adhesion molecule-1 and
vascular cell adhesion molecule-1), as well as C-reactive protein (CRP) are all increased in
the presence of AF (Hammwohner et al., 2007). Similarly, interleukins-6, -8 and -10,
monocyte chemotactic protein-1, vascular endothelial growth factor, B-type natriuretic
peptide (BNP) and TNFa were all increased in AF (Li et al., 2010), as were indicators of
oxidative stress, oxidized glutathione and cysteine (Neuman et al., 2007). However, when it
comes to correlating indicators of inflammation and thrombogenicity with measures of

thromboembolic risk in AF, available data are much more limited.

Plasma high sensitivity CRP levels have been observed to correlate with CHADS; scores
(Maehama et al., 2010), as has D-dimer (Ohara et al., 2008) and von Willebrand Factor
(Roldan et al., 2005). Additionally, the presence of left atrial distension, decreased left atrial
flow velocity and presence of left atrial thrombus has been found to directly correlate with

CHADS; scores (Maehama et al., 2010; Ohara et al., 2009). To date, studies have not
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established a link between absolute measures of platelet reactivity and incremental clinical

indicators of thromboembolic risk.

Notably, the importance of the integrity of inhibitory signalling pathways, such as the NO
signalling pathway, remains a relatively unexplored area when investigating thrombogenicity
in AF. Given the association of impaired NO signalling with development of cardiovascular
disease, and that potential mechanisms contributing to the development of “NO resistance”
are all present in AF (see section 1.2.1), this seems to be an obvious priority. Also of note is a
recently identified familial mutation in the 'a' subunit of sGC, impairing NO signalling and
predisposing its carriers to myocardial infarction due to increased thrombus formation

(Erdmann et al., 2013).

It was the intention of the current project, therefore, to evaluate the integrity of platelet NO
signalling in AF, specifically seeking to identify correlates of clinical indicators of
incremental thromboembolic risk. Furthermore, endogenous modulators of NO signalling
were investigated for their potential pathological effects in the setting of AF (see section

1.2.2).

Specifically, the current project sought to evaluate the following hypotheses (expanded upon

in section 2.8.1):

1) Platelet NO signalling in AF patients will be modulated, in part, any or all of ADMA,
MPO, TSP-1 and Txnip.
2) Platelet NO signalling in AF patients will correlate inversely with clinical indices of

thromboembolic risk.

These questions were addressed a priori in a cohort of AF patients admitted to hospital, thus
enabling detailed clinical characterization, evaluation of platelet function (i.e. aggregability
and response to the inhibitory effect of NO donor), and determination of plasma levels of

ADMA, MPO, TSP-1 and platelet Txnip content.
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In addressing this gap in the understanding of the pathology accompanying AF, it was hoped
that biochemical measures of incremental thromboembolic risk, as well as novel therapeutic

strategies, might be identified and subsequently developed for evaluation in clinical contexts.
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2: Methods

2.1 Patient Recruitment

The investigation was conducted as a single centre mechanistic sub-study of SAFETY
(Standard vs. Atrial Fibrillation spEcific managemenT studY), an investigation of non-
pharmacological management strategies in patients hospitalised with AF (Carrington et al.,
2013; Stewart et al., 2014). Patients were considered for inclusion if they were admitted to
hospital for reasons relating to AF. Exclusion criteria for SAFETY were: age < 45 years,
primary diagnosis of valvular heart disease, scheduled catheter ablation, pre-existing NYHA
class 11 — IV heart failure with a documented left ventricular ejection fraction (LVEF) < 45%,
alcohol-induced AF and terminal illness requiring palliative care. Additionally, patients
receiving P,Y 1, receptor antagonists were excluded from the investigation due to the impact
of such agents on platelet function. As the primary objective of the current project was to
evaluate platelet NO signalling in atrial fibrillation patients, there was no perceived need to
exclude patients on aspirin therapy from the current analysis. Indeed, previous research has
established that aspirin therapy does not interfere with the methods employed in this study to
determine platelet NO response (Chirkov et al., 1999). Furthermore, no significant interaction
between aspirin therapy and platelet aggregability was observed in the present study (see

section 3).

The study was approved by the institutional Ethics of Human Research committee and written

informed consent was obtained in all cases.

2.2 Patient VVenesection

Venesection was performed upon patients following enrolment into SAFETY at a median of
38 [7, 94] days post index enrolment as well as at 11.8 [11.4, 12.1] months follow-up. Patients
were required to be resting, in a recumbent position with venous blood accessed via an

antecubital vein using a slow draw technique in order to minimize platelet activation.
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Collected blood was dispensed into EDTA, heparin or acid citrate anticoagulant (4mM citric
acid, 6mM trisodium citrate, final concentrations) and mixed by inversion. Further

manipulation of blood samples is detailed according to each relevant section.

2.3 Whole Blood Impedance Aggregometry

Whole blood impedance aggregometry was performed in this investigation as described
previously (Cardinal et al., 1980). Whole blood impedance aggregometry is a technique that
measures platelet aggregation as the change in electrical resistance across a closed system.
Electrical probes containing exposed portions of conducting wires are inserted into test
samples and a constant voltage (millivolts) applied. A platelet monolayer forms across the
exposed wires, resulting in a stable baseline impedance, or electrical resistance, value being
obtained. The addition of agonists capable of inducing platelet aggregation results in the
accumulation of platelets onto this monolayer, which is reflected by increasing resistance
within the system (proportional to the extent of platelet aggregation). This technique allows

for the ex vivo assessment of platelet function. Specific procedures will be detailed below.

2.3.1 Platelet Response to Adenosine Diphosphate

Venous blood was collected into 10ml tubes containing 1ml acid citrate anticoagulant (4mM
citric acid, 6mM trisodium citrate, final concentrations). After collection, blood was allowed
to sit at room temperature for 20 minutes prior to aggregation studies. Aggregation was
assessed using dual-channel or quad-channel impedance aggregometers (Chrono-log
Corporation, series 500 or series 700). Prior to aggregation, 450ul whole blood was added to
500l 0.9% (w/v) NaCl in 1ml polystyrene cuvettes (Chrono-log Corporation, US) and
warmed to 37°C. Electrodes were inserted into the samples and stirred using siliconized stir
bars (Chrono-log Corporation, US) at a speed of 900rpm. After an equilibration period of

approximately 2 minutes, the aggregometer was calibrated for each sample relative to a
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resistance of 20Q. Aggregation was induced using adenosine diphosphate (ADP) at a final
concentration of 2.5uM. Extent of aggregation was assessed as the net change in resistance,

measured in ohms (Q). All tests were run in duplicate.

2.3.2 Platelet Response to Sodium Nitroprusside

In order to assess the function of the sGC signalling pathway in platelets, the nitric oxide
donor SNP was used. Blood samples were prepared as outlined previously and incubated with
10uM SNP for 1 minute prior to addition of ADP. The inhibitory effect of SNP on platelet
aggregation was calculated as a percentage, comparing maximal aggregation in the presence

and absence of SNP.

2.4 Determination of Plasma Asymmetric Dimethylarginine, Symmetric Dimethylarginine

and L-arginine

Plasma ADMA, SDMA and L-arginine concentrations were determined by high performance
liquid chromatography as previously described (Heresztyn et al., 2004). Blood was collected
into heparinised anticoagulant tubes and placed on ice. Samples were centrifuged at 1800g for
15 minutes at 4°C. The plasma was collected and stored at -70°C until assayed. The reported
limits of detection for this assay were 100nM for ADMA and SDMA, with inter-assay CV of

6% for ADMA, 4.5% for SDMA.

2.4.1 Sample Extraction and Derivatization

Plasma samples were diluted by adding 150ul of plasma to 1.4ml of distilled H,0O, as well as
60ul of 5pug/ml N-monomethyl-L-arginine (L-NMMA) as an internal control. Plasma proteins
were precipitated from solution by addition of 300ul 10% (w/v) 5-sulfosalicyclic acid and
incubated on ice for 10 minutes. Samples were centrifuged at 9000g for 2 minutes at room
temperature and the supernatant retained. Samples underwent solid phase extraction using a
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Gilson GX-274 ASPEC Liquid Handler (run using Trilution LH version 2.0 software, Gilson)
and Bond Elut SCX cartridges (Agilent Technologies, US). The solid phase extraction
cartridges were washed in 0.1M phosphate buffer, pH 6.0 and methanol prior to eluting the
analytes with 2% (w/v) triethylamine/65% (v/v) methanol in distilled H,O. The eluent was
evaporated under nitrogen gas at 55°C and reconstituted in distilled H,O. Samples were
centrifuged at 9000g for 2 minutes at room temperature and 50ul supernatant transferred into

fresh vials to be derivatized using the AccQ-Fluor Reagent Kit (Waters, UK).

2.4.2 Chromatographic Separation and Fluorescent Detection

Samples were loaded onto an 1100 series HPLC system (Agilent Technologies, US) with a
1200 series fluorescence detector (Agilent Technologies, US) using a 717plus Autosampler
(Waters, UK) maintained at 12°C and the analytes separated on a Luna 5pm C18(2) column
(Phenomenex, US) using a gradient of 4% (v/v) acetonitrile in 0.1M sodium acetate, pH 6.0
(Mobile Phase A) and 30% (v/v) acetonitrile in 0.1M sodium acetate, pH 6.0 (Mobile Phase
B) at a flow rate of 1.0ml/min. Column temperature was maintained using a TCM-004055
incubator (Waters, UK) and set at 40°C for ADMA/SDMA (20ul injection volume)
determination and 30°C for L-arginine (2.5ul injection volume) determination, with separate
runs being performed for ADMA/SDMA and L-arginine determinations. Fluorescent
detection of derivatized sample was achieved using excitation at A=250nm and emission at
A=395nm. The system was managed using ChemStation for LC 3D Systems software, version

Rev B.03.02[341].

2.4.3 Sample Analysis

Data analysis was also performed using ChemStation for LC 3D Systems software, version
Rev B.03.02[341]. Generation of standard curves involved measuring the area under the curve

for known concentrations of ADMA, SDMA and L-arginine and calculating ratios relative to
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the area under the curve for the L-NMMA internal standard. Sample ADMA, SDMA and L-
arginine concentrations were calculated from sample: internal standard ratios using the

standard curve to determine ADMA, SDMA and L-arginine concentrations.

2.5 Determination of Plasma Myeloperoxidase

Plasma myeloperoxidase levels were determined by ELISA according to manufacturer’s
instruction (Mercodia, Sweden). Briefly, blood was collected into heparinised anticoagulant
and placed on ice. Samples were centrifuged at 1800g for 15 minutes at 4°C. The supernatant
was retained and centrifuged again at 10000g for 10 minutes at 4°C. The supernatant was
collected and stored at -70°C until assayed. Samples were assayed in triplicate and
coefficients of variation determined from 5 replicate samples over 5 consecutive assays. The
reported limit of detection for this assay was 3.66ng/ml, intra-assay CV was 7.6% and inter-

assay CV was 8.6%.

2.6 Determination of Plasma Thrombospondin-1

Plasma thrombospondin-1 levels were determined by ELISA according to manufacturer’s
instructions (Quantikine®, R&D Systems, and US). Briefly, blood was collected into
heparinised anticoagulant and placed on ice. Samples were centrifuged at 18009 for 15
minutes at 4°C. The supernatant was retained and centrifuged again at 10000g for 10 minutes
at 4°C. The supernatant was collected and stored at -70°C until assayed. Samples were
assayed in duplicate with coefficients of variation determined from 4 replicate samples over 3
consecutive runs. The reported limit of detection was 0.949ng/ml, intra-assay CV was 2.8%

and inter-assay CV was 3.2%.
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2.7 Determination of Platelet Thioredoxin-interacting Protein Content

Platelet Txnip content was determined semi-quantitatively using immunohistochemistry (see
Figure 4) as previously described (Sverdlov et al., 2013f) and validated using immunoblotting

(see Figure 5).

2.7.1 Immunohistochemistry

2.7.1.1 Slide Preparation

Blood was collected into EDTA anticoagulant and platelet rich plasma generated by
centrifuging at 130g for 7 minutes at 22°C. 10ul of platelet rich plasma was smeared onto
untreated slides (in triplicate) and allowed to air dry at room temperature before being fixed
using 4% (w/v) paraformaldehyde in PBS for 30 minutes at room temperature. The slides

were air dried at room temperature then stored at -70°C until assayed.

2.7.1.2 Thioredoxin-interacting Protein Determination

Slides were thawed at room temperature and washed 3 times in PBS, then blocked using
100ul 20% (v/v) goat serum in PBS for 30 minutes at room temperature. The blocking
solution was discarded, 100ul 5pg/ml polyclonal rabbit anti-human Vitamin D3 Up-regulated
Protein (Invitrogen™, Life Technologies, US), 1% (w/v) BSA in PBS was added and the
slides incubated overnight at 2-4°C. The slides were then washed 3 times in PBS and 100l
1.5mg/ml RPE-conjugated monoclonal mouse anti-human CD41 (Dako, US) in PBS and
100ul 0.81mg/ml FITC-conjugated polyclonal swine anti-rabbit 1gG (Dako, US) added per

slide. Slides were incubated for 60 minutes in the dark before being washed 3 times in PBS.
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Figure 4: Determination of platelet Txnip via immunohistochemistry. A, CD41, B,
Txnip, C, CD41 and Txnip (merged images).

Fluorescence was developed by adding ‘fluorescent mounting medium’ (Dako, US) to each
slide and the slides incubated for a further 10 minutes in the dark. Images were acquired at
400x magnification using an Axio Scope.Al microscope with apotome and AxioVision 4.8
software (Zeiss, Germany). Images were analysed for densitometric fluorescence using

AxioVision LE software. The intra-assay CV was 8.49% and the inter-assay CV was 18.62%.

2.7.2 Immunoblotting

Blood was collected in EDTA anticoagulant and platelet rich plasma was generated by
centrifuging at 130g for 7 minutes at 22°C. The plasma was collected and centrifuged at 800g
for 15 minutes at 22°C. The pellet was retained and washed twice in 36mM Citric Acid, 5mM
Glucose, 5mM KCI, 90mM NaCl, 1uM Prostaglandin E;, pH 6.5 at 800g for 15 minutes at
22°C. The pellet was lysed in 20mM Tris-HCL, 150mM NaCl, ImM EDTA, 1mM EGTA,
2.5mM NayP,07, 0.93mM B-glycerophosphate, 1% (v/v) Triton X-100, 1% (v/v) Phosphatase
Inhibitor Cocktail 1 (Sigma, US), 1% (v/v) Phosphatase Inhibitor Cocktail 2 (Sigma, US), 1%
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(v/v) Protease Inhibitor Cocktail (Sigma, US), pH 7.4 and stored at -70°C. Protein
determination was done according to the Bicinchronic Acid Protein Determination Assay
(Sigma, US). Samples were solubilised using Laemmli buffer containing 3-mercaptoethanol
(Bio-Rad Laboratories, US) by heating at 95°C for 5 minutes and loaded at a concentration of
1mg/ml (20ng protein in total per lane). Proteins were resolved using discontinuous SDS-
PAGE with a 4% stacking gel (4.5% (w/v) bis-acrylamide, 97mM Tris-HCI, 1% (w/v) SDS,
pH 6.8) and a 12.5% resolving gel (12.5% (w/v), 38mM Tris-base, 1% (w/v) SDS, pH 8.8) by
applying a constant current of 40mA (Bio-Rad Laboratories, US) in cold running buffer
(0.3% (w/v) Tris-base, 1.4% (w/v) Glycine, 0.1% (w/v) SDS). Proteins were transferred from
the acrylamide gel onto nitrocellulose membrane with 0.2um pore size (Advantec MFS Inc.,
US) in cold transfer buffer (25mM Tris-Base, 192mM Glycine, 20% (v/v) methanol) using a
constant current of 380mA for 2 hours. The nitrocellulose membrane was then blocked
overnight in 5% (w/v) milk powder, 100mM Tris-base, 150mM NacCl, 0.1% (v/v) TWEEN,
pH 7.4 at 2-4°C. The nitrocellulose membrane was washed 3 times in 100mM Tris-base,
150mM NacCl, 0.1% (v/v) TWEEN, pH 7.4 prior to being incubated with 125ng/ml polyclonal
rabbit anti-human Vitamin D3 Upregulated Protein (Invitrogen™, Life Technologies, US),
2% (w/v) skim milk in 100mM Tris-base, 150mM NacCl, 0.1% (v/v) TWEEN, pH 7.4 for 60
minutes at room temperature. The membrane was washed 3 times in 100mM Tris-base,
150mM NacCl, 0.1% (v/v) TWEEN, pH 7.4 before being incubated with 40ng/ml horseradish
peroxidase-conjugated monoclonal goat anti-rabbit 1gG (Santa Cruz Biotechnology, US) 2%
(w/v) skim milk in 200mM Tris-base, 150mM NaCl, 0.1% (v/v) TWEEN, pH 7.4 for 60
minutes. The nitrocellulose membrane was washed 3 times in 100mM Tris-base, 150mM
NaCl, 0.1% (v/v) TWEEN, pH 7.4. Membrane chemiluminescence was developed using
Amersham™ ECL Advance™ Western Blotting Detection Kit (GE Healthcare, UK) and

imaged using an LAS-4000 luminescent imager (GE Healthcare, UK) and Image Reader
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version 2.0 software (FujiFilm, Japan). Images were analysed using Multi Gauge version 3.0

software (FujiFilm, Japan).
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Figure 5: Example blots showing CD41, Txnip and B-actin protein bands.

2.7.3 Validation of Immunohistochemistry using Immunoblotting for Determination of

Platelet Thioredoxin-interacting Protein Content

Semi-quantitative determination of platelet Txnip levels by immunohistochemistry was
validated by use of western blotting. Platelet Txnip was determined from patient samples
using immunohistochemistry and western blotting techniques. The values generated by each
technique were normalised such that the minimum and maximum values for each technique
were equivalent to 0% and 100%, respectively. These values were used to evaluate the
agreement between techniques via Pearson correlation (Figure 6) and bias between techniques

using Bland-Altman analysis (Figure 7).
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Figure 6: Agreement between immunohistochemical and immunoblotting techniques
for determination of platelet Txnip content. A significant positive correlation (r=0.612,
p<0.001, n=26) was observed between immunohistochemical and western blotting
techniques for determination of platelet Txnip levels.
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Figure 7: Bias between immunohistochemical and immunoblotting techniques for
determination of platelet Txnip content. Bland-Altman analysis indicated there was
some bias (r=0.253, p=0.212) towards over-estimation of platelet Txnip at lower
levels by immunohistochemical techniques, compared to immunoblotting techniques.
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2.8 Statistical Methods

2.8.1 Statistical Analysis

This study tested the following mechanistic (null) hypotheses regarding the population
assessed:

(1) Platelet response to NO is independent of concentrations of:

a) ADMA

b) MPO

c) TSP-1

d) Txnip
This hypothesis sought to evaluate the biochemical interactions modulating the anti-
aggregatory effects of NO in this population.

(2) Platelet response to NO is independent of “stroke risk” scores:

a) CHADS,
b) CHA,DS,VASc

(3) While the primary endpoint for SAFETY was stroke/TIA/systemic embolism, it was
uncertain whether sufficient of these events would occur in the current sub-study to
permit evaluation of relationship with NO response.

(4) It was also intended that the study identify significant determinants of platelet NO
response in this population. Apart from the biochemical parameters in (1), specific
focus was directed to patient age and sex, and to presumptive acuity of AF. Given that
the evaluation of potential determinants of NO response was not equivalent to
prospective hypothesis testing, the study design included the capacity to subsequently
and specifically test any association that emerged, using a separate “validation”
cohort of patients, and employing a prospective, hypothesis-testing design. An

example of this is given on page 75, section 3.2.5.
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Plasma levels of ADMA, MPO, TSP-1 and Txnip were determined at baseline and follow-up
and evaluated with respect to adverse outcomes in patients with AF and for impact upon
platelet NO signalling.

Data are reported as mean £ S.E.M or median (interquartile range, [IQR]) where appropriate.
Normality of distribution for continuous variables was assessed using the Shapiro-Wilk test.
Comparisons between groups were performed using non-paired/paired t-test or Mann-
Whitney U/Wilcoxon Signed Rank test, as appropriate. ANOVA, mixed models ANOVA,
ANCOVA or independent samples Kruskal-Wallis test were used for categorical variables
with more than 2 levels. Differences in frequencies between groups were assessed using the X2
test. Univariate correlates between continuous variables were assessed using Pearson or
spearman correlation, or linear regression. Where possible, transformed data (using Log, Ln,
Lny or V functions) were used for non-Gaussian distributions. Multivariate analysis was
performed using backward stepwise multiple logistic regression or multiple logistic
regression. Data were analysed using IBM SPSS Statistics 19 and GraphPad Prism 5 software

packages.

2.8.2 Estimated Power of the Analysis

The primary measure within this study was platelet response to nitric oxide. From a cohort of
106 patients, mean platelet response to NO was 22.9£28.4 [SD]% inhibition. In order to
detect a difference of 1 standard deviation associated with differing demographics or
treatment with 80% confidence at a=5%, a population of n=34 would be required. For a
hypothetical population of n=40 individuals per group, the probability of detecting a

significant difference can be observed in figure 8.
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Figure 8: Sensitivity curve for detecting significant (a=5%) differences between two
groups comprised of n=40 individuals each.

Therefore, based upon these assumptions, this study had a 26% chance of detecting a 14.2%
(0.5SD) difference between groups, 64% chance of detecting a 21.3% (0.75SD) difference

between groups and an 87% chance of detecting a 28.4% (1.0SD) difference between groups.
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3: Results

3.1 Functional Integrity of Platelet Nitric Oxide Signalling in Atrial Fibrillation

The primary study sought to evaluate platelet function in the context of AF by evaluating the
integrity of platelet NO signalling in these patients. The overall intention of this study was to
identify biochemical factors in a cohort of AF patients which might potentially contribute to
heterogeneity of associated thromboembolic risk, focussing on potential modulators of NO
signalling. Since the cohort studied here was only 106 patients followed for a median of 11.8
months, it was recognised prospectively that the actual thromboembolic rate within the study

would not permit direct clinical validation of these biochemical variables.

3.1.1 Patient Demographics and Clinical Events: Primary Study Cohort

3.1.1.1 Patient Characteristics

The characteristics of the study population are summarised in Table 4. Both genders were
equally represented in this cohort, while marked heterogeneity was observed regarding age,
admission heart rate, plasma CRP and plasma creatinine concentrations. Overall, the cohort
was likely to be at relatively low thromboembolic risk (as reflected by their
CHADS,/CHA,;DS,VASc scores) with hypertension followed by advancing age being the
most common clinical risk factors for stroke. Of the cohort, 21.7% presented with ‘new onset

AF’: that is, the de novo detection and diagnosis of AF.
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Table 4: Clinical characteristics of the population included in this study

Socio-demographic Profile Total Cohort (n=106)
Gender, n (% male) 54 (50.9)
Age (years) 72 [65, 81]

Aged = 75 years, n (%) 46 (43.4)

Comorbidities
Congestive Heart Failure, n (%) 9 (8.5)
Hypertension, n (%) 74 (69.8)
Diabetes Mellitus, n (%) 27 (25.5)
Prior Stroke/TIA, n (%) 14 (13.2)

Clinical Presentation
Admission Heart Rate (bpm) 89 [71, 130]
LVEF (%) 59 [52, 65]n=62)
Plasma Creatinine (uM) 82 [67, 111]
Plasma CRP (mg/l) 3.4[1.5,9.1]
CHADS; Score 21, 2]

CHADS;, =0, n (%) 15 (14.2)
CHADS; =1-2, n (%) 68 (64.2)
CHADS; 2 3, n (%) 23 (21.7)
CHA,DS,VASc Score 31[2, 4]
CHA;DS,VASC = 0, n (%) 5 (4.7)
CHA;DS,VASc =1, n (%) 15 (14.2)
CHA,DS,VASc = 2, n (%) 86 (81.1)
New onset AF, n (%) 23 (21.7)

Note: n = number of participants, (%) = proportion of total cohort, median [IQR].

Table 5 summarises the major forms of pharmacotherapy for this group of patients (at time of
hospital discharge). At the time of initiation of the study, warfarin was the only oral
anticoagulant generally available. As regards agents which might potentially modify platelet
response to NO (Stepien et al., 2003; Willoughby et al., 2012), approximately half the cohort
were receiving statin therapy and one third ACE inhibitor therapy. No patients were on non-

steroidal anti-inflammatory therapy for the duration of the study.
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Table 5: Medication use in the study population

Pharmacotherapy: Summary
Antithrombotic therapy

Aspirin, n (%) 34 (32.1)

Warfarin, n (%) 63 (59.4)
Rate and/or Rhythm Control therapy

Class 3 Anti-arrhythmics, n (%) 23 (21.7)

Class 1c Anti-arrhythmics, n (%) 6 (5.7)

B Receptor Antagonists, n (%) 64 (60.4)

Digoxin, n (%) 37 (34.9)

Calcium Channel Antagonists, n (%) 28 (26.4)
RAAS Inhibitors

ACE Inhibitors, n (%) 35 (33.0)

Angiotensin Receptor Antagonists, n (%) | 28 (26.4)

Other Medications

Statins, n (%) 55 (51.9)
Diuretics, n (%) 36 (34.0)
Proton Pump Inhibitors, n (%) 28 (26.4)
Metformin, n (%) 16 (15.1)
Nitrates, n (%) 12 (11.3)
Paracetamol, n (%) 12 (11.3)
Opioid Receptor Agonists, n (%) 10 (9.4)

Note: n = number of participants, (%) = proportion of total cohort.

Low rates of antiplatelet and oral anticoagulant therapy were observed in the cohort, perhaps
reflective of the relatively mild stroke risk observed in the population (Table 4). Rate control
strategies were more common than rhythm control strategies and RAAS inhibition was
employed in approximately 66% of the population in the form of ACE inhibitor or

angiotensin-receptor antagonist therapies.

3.1.1.2 Clinical Events

It is important to recognise at the outset that this study was not designed to correlate patient
demographics, biochemistry/physiology, and outcome events in AF. Although such an
evaluation would be desirable, it would require a far larger data set. However, it was felt
appropriate to record clinical events, with biochemical correlations despite the limited value

of such analysis.
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Within this cohort six deaths occurred from cardiovascular (n=3) and non-cardiovascular
(n=3) causes during a median follow-up of 11.8 months. No stroke/TIA was observed
during this period. The characteristics of surviving/non-surviving patients are compared in
Table 6. Notably, patients who died appeared to be more elderly, with elevated plasma
creatinine and CRP concentrations compared to the rest of the cohort. Due to the limited
sample size, this portion of the analysis was not considered further.

Among the overall cohort, 67.0% experienced hospital readmission on at least one occasion
with median length of stay being 2.2 [1.6, 4.5] days. As summarised in Table 7, no clinical
difference between readmission and non-readmission groups was apparent. Additionally, no
significant difference was observed for platelet aggregation, platelet response to NO, plasma
levels of ADMA, MPO, TSP-1, or platelet Txnip content (Table 8).

From the overall cohort, 58.5% underwent emergency hospital readmission, with a median
length of stay of 2.0 [1.3, 5.0] days. 42.1% of these readmissions were cardiac related, with
40.9% of cardiac-related admissions being as a result of complications due to AF. Clinical
characteristics were similar between groups (Table 9). Similarly, biochemical characteristics
did not differ significantly between patients who experienced emergency hospital readmission
with those who did not (Table 10). However, in this case, elevated platelet Txnip content was
of borderline (p=0.052) significance as a correlate of emergency readmission.

Evaluation of potential determinants of emergency hospital readmission via multiple logistic
regression, including platelet aggregation, platelet response to NO, plasma MPO
concentrations and platelet Txnip content indicated that none of these factors were significant
correlates, although a trend was observed in the case of elevated Txnip (OR 1.105, 95% ClI:
0.985-1.240, p=0.088).

Using linear regression, age (r=0.299, p<0.05), CHADS; score (r=0.341, p<0.01), plasma
SDMA (r=0.331, p<0.01) and platelet response to NO (r=0.321, p<0.05) were all found to

correlate directly with increasing mean length of stay during emergency readmission, whereas
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plasma ADMA: SDMA ratio was inversely correlated (r=-0.273, p<0.05). However, none of
these univariate correlates were found to be determinants of emergency hospital readmission

mean length of stay upon backward stepwise multiple logistic regression.
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Table 6: Clinical characteristics of patients who died during follow-up compared with those who did not

Socio-demographic Profile

Non-Deceased Cohort (n=100)

Deceased Cohort (n=6)

Gender, n (% male) 50 (50.0) 4 (66.7)
Age (years) 72 [63, 81] 79 [72, 83]
Aged = 75 years, n (%) 42 (42.0) 4 (66.7)

Comorbidities
Congestive Heart Failure, n (%) 6 (6.0) 3 (50.0)
Hypertension, n (%) 71 (71.0) 3 (50.0)
Diabetes Mellitus, n (%) 25 (25.0) 2 (33.3)
Prior Stroke/TIA, n (%) 14 (14.0) 0 (0.0)

Clinical Presentation
Admission Heart Rate (bpm) 91 [72, 131] 77 [61, 111]
LVEF (%) 60 [55, 65](n=s9) 45 [42, 45](n=3)
Plasma Creatinine (uM) 80 [67, 105] 138 [101, 220]
Plasma CRP (mg/l) 3.3[1.5, 8.5] 15.5[5.3, 30.2]
CHADS; Score 21, 2] 2
CHA;DS,VASc Score 31[2, 4] 33, 4]
New onset AF, n (%) 23 (23.0) 0 (0.0)

Note: n = number of study participants, (%) = proportion of deceased/non-deceased cohorts.




Table 7: Clinical characteristics among patients who underwent hospital readmission compared with those who did not

Socio-demographic Profile Readmission (n=71) | No Readmission (n=35) p*
Gender, n (% male) 32 (45.1) 22 (62.9) 0.085
Age (years) 72 [65, 81] 72 [62, 82] 0.801

Aged = 75 years, n (%) 31 (43.7) 15 (42.9) 0.937

Comorbidities
Congestive Heart Failure, n (%) 7 (9.9 2 (5.7) 0.472
Hypertension, n (%) 48 (67.6) 26 (74.3) 0.481
Diabetes Mellitus, n (%) 16 (22.5) 11 (31.4) 0.323
Prior Stroke/TIA, n (%) 9 (12.7) 5(14.3) 0.818

Clinical Presentation
Admission Heart Rate (bpm) 95 [70, 133] 84 [73, 116] 0.521
LVEF 60 [51, 64](n=3s) 60 [52, 68]n=24) 0.607
Plasma Creatinine (UM) 81 [66, 112] 87 [71, 106] 0.745
Plasma CRP (mg/l) 3.9[1.7, 12.0] 2.7[1.2, 6.4] 0.069
CHADS, Score 21, 2] 21, 2] 0.562
CHA,DS,VASc Score 3[2, 4] 32, 4] 0.802
New onset AF, n (%) 16 (22.5) 7 (20.0) 0.766

Note: n = number of study participants, (%) = proportion of readmission/non-readmission patients, * = y? test.




Table 8: Biochemical characteristics among patients who underwent hospital readmission and those who did not

Biochemical Parameters Readmission (n=71) | No Readmission (n=35) p
Platelet Aggregation (Q, males) 7.3 5.0, 9.6] 8.2 5.8, 11.4] 0.418
Platelet Aggregation (Q, females) 9.8[7.2,12.2] 9.6 [6.5, 11.3] 0.416
Platelet Response to NO (% inhibition) 19.7+£3.7 29.2+4.7 0.127
Plasma ADMA (nM) 625+13 612+23 0.611
Plasma SDMA (nM) 584 [504, 906] 572 [448, 788] 0.508
Plasma ADMA: SDMA Ratio 1.02+0.03 1.01+0.05 0.984
Plasma MPO (ng/ml) 54 [44, 65] 59 [47, 71] 0.206
Plasma TSP-1 (ng/ml) 150 [106, 222] 120.12 [74, 224] 0.159
Platelet Txnip (AU) 337 [251, 420] 267 [170, 382] 0.085

Note: n = number of study participants, (%) = proportion of readmission/non-readmission patients, independent samples t-test for normal
variables, Mann-Whitney U test for non-normal variables.



Table 9: Clinical characteristics among patients who experienced emergency hospital readmission compared with those who did not

Socio-demographic Profile Emergency Readmission (n=62) [ No Emergency Readmission (n=44) p
Gender, n (% male) 29 (46.8) 25 (56.8) 0.308
Age (years) 72 [65, 81] 73 [63, 81] 0.695

Aged = 75 years, n (%) 26 (41.9) 20 (45.5) 0.719

Comorbidities
Congestive Heart Failure, n (%) 6 (9.7) 3 (6.8) 0.603
Hypertension, n (%) 43 (69.4) 31 (70.5) 0.903
Diabetes Mellitus, n (%) 15 (24.2) 12 (27.3) 0.720
Prior Stroke/TIA, n (%) 8 (12.9) 6 (13.6) 0.913

Clinical Presentation
Admission Heart Rate (bpm) 96 [71, 137] 84 [72, 117] 0.371
LVEF (%) 59 [49, 65]n=3s5) 60 [53, 68]n=27) 0.326
Plasma Creatinine (uM) 82 [67, 114] 84 (68, 104) 0.700
Plasma CRP (mg/l) 3.9[1.9, 11.5] 3.1[1.2,7.5] 0.114
CHADS; Score 21, 2] 21, 2] 0.829
CHA,DS,VASc Score 4 [2, 4)(n=58) 31[2, 4] 0.663
New onset AF, n (%) 13 (21.0) 10 (22.7) 0.829

Note: n = number of study participants, (%) = proportion of readmission/non-readmission patients, y? test for categorical variables, Mann-

Whitney U test for continuous variables.




Table 10: Biochemical characteristics among patients who experienced emergency hospital readmission and those who did not

Biochemical Parameters Emergency Readmission (n=62) | No Emergency Readmission (n=44) p*
Platelet Aggregation (Q, males) 6.4 [4.6, 9.3] 8.2 5.8, 11.4] 0.112
Platelet Aggregation (Q, females) 10.0[8.3, 12.7] 9.0[4.8, 11.2] 0.085
Platelet Response to NO (% inhibition) 19.1+4.0 28.2+4.1 0.127
Plasma ADMA (nM) 62314 617120 0.807
Plasma SDMA (nM) 601 [511, 813] 573 [456, 747] 0.323
Plasma ADMA: SDMA 1.00+0.03 1.03+0.05 0.618
Plasma MPO (ng/ml) 54 [42, 66] 58 [48, 72] 0.120
Plasma TSP-1 (ng/ml) 149 [105, 223] 130 [91, 223] 0.584
Platelet Txnip (AU) 337 [264, 423] 276 [173, 393] 0.052

Note: n = number of study participants, (%) = proportion of readmission/non-readmission patients, independent samples t-test for normal

variables, Mann-Whitney U test for non-normal variables.




3.1.2 Platelet Aggregation and its Determinants in Atrial Fibrillation

This and platelet NO response represent the central areas of investigation in the current

thesis.

3.1.2.1 Platelet Aggregation

Platelet aggregability in AF was assessed through the use of 2.5uM ADP. Median platelet
aggregation was 8.9 [5.6, 11.3]Q for the overall cohort. Consistent with previous reports
(Becker et al., 2006; Otahbachi et al., 2010), females displayed increased aggregation
compared to males (9.7 [7.5, 11.6]Q vs. 7.8 [5.4, 10.1]Q respectively, p<0.05, Mann-Whitney
U test) (Figure 9). Controlling for gender, neither the antiplatelet agent aspirin (p=0.674, two-
way ANOVA), nor warfarin (p=0.155, two-way ANOVA) significantly interacted with

platelet aggregation.
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Figure 9: Median platelet aggregation in male and female AF patients. ADP-induced
aggregation was 9.7 [7.5, 11.6]Q in females and 7.8 [5.4, 10.1]Q in males.

Given that platelet aggregation in response to ADP appeared to be gender-specific in this
cohort, clinical and biochemical differences between males and females that may account for
this were sought (Table 11). Females displayed increased LVEF and lower plasma creatinine

concentrations than males. As expected, CHA,DS,VASc score were higher in females than
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males. No differences were observed between males and females for biochemical parameters

measured (Table 12).
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Table 11: Clinical characteristics of male and female atrial fibrillation patients

Socio-demographic Profile Males (n=54) | Females (n=52) p

Age (years) 72 [62, 81] 72 [65, 81] 0.485
Aged = 75 years, n (%) 23 (42.6) 23 (44.2) 0.865

Comorbidities
Congestive Heart Failure, n (%) 3 (5.6) 6 (11.5) 0.269
Hypertension, n (%) 34 (63.0) 40 (76.9) 0.118
Diabetes Mellitus, n (%) 16 (29.6) 11 (21.2) 0.317
Prior Stroke/TIA, n (%) 8 (14.8) 6 (11.5) 0.618

Clinical Presentation
LVEF (%) 59 [49, 60] 60 [55, 68] <0.05
Plasma Creatinine (mM) 94 [74, 117] 75 [60, 96] <0.001
Plasma CRP (mg/l) 2.7[1.2, 6.5] 4.8 1.8, 12] 0.058
CHADS:; Score 21, 2] 21, 2] 0.836
CHA;DS,VASc Score 3[1, 4] 413, 5] <0.01
New onset AF, n (%) 11 (20.4) 12 (23.1) 0.735

Note: Mann-Whitney U test for continuous variables, y? test for categorical variables.




Table 12: Biochemical profiles of male and female atrial fibrillation patients

Biochemical Parameters Males (n=54) | Females (n=52) p

Platelet Response to NO (% inhibition) 28.0#4.1 18.1+4.1 0.092
Plasma ADMA (nM) 618+15 62318 0.803
Plasma SDMA (nM) 603 [492, 743] 582 [484, 826] 0.970
Plasma ADMA: SDMA 1.01+0.04 1.02+0.04 0.942
Plasma MPO (ng/ml) 56 [44, 66] 55 [44, 71] 0.691
Plasma TSP-1 (ng/ml) 134 [95, 223] 155 [104, 221] 0.467
Platelet Txnip (AU) 300 [212, 415] 335 [259, 400] 0.334

Note: independent samples t-test for normal data, Mann-Whitney U test for non-normal data.




Platelet aggregation relative to CHA,DS,VASc score is shown in Figure 10. Platelet
aggregability did not alter with increasing CHA,DS,VASc score in males (H[2] =5.366,

p=0.068, Kruskal-Wallis test) or females (Mann-Whitney U test, p=0.208).
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Figure 10: Platelet aggregation in males and females relative to CHA,DS,VASc
score. Median platelet aggregation for males with CHA;DS,VASc score = 0 was 9.4
[5.4, 9.8]Q, CHA,DS,VASc score = 1 was 9.2 [8.3, 12.6]Q and CHA,DS,VASc score
=2 was 6.4 [4.9, 9.8]Q. Median platelet aggregation for females with CHA,DS,VASc
score =1 was 11.3[9.2, 12.2]Q and CHA,DS,VASc score = 2 was 9.6 [7.1, 11.5]Q.
Note: female atrial fibrillation patients cannot be given CHA,DS,VASc = 0.

3.1.2.2 Determinants of Platelet Aggregation in Atrial Fibrillation

In order to determine those mechanisms affecting platelet aggregability in AF, correlates of
ADP-induced aggregation were sought within this cohort. Platelet aggregation was positively
correlated with admission heart rate and plasma TSP-1 concentrations and inversely
correlated with plasma creatinine, ADMA and SDMA concentrations, and platelet response to

NO (Figure 11).
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Figure 11: Correlates of ADP-induced aggregation in AF. Platelet aggregation was
significantly associated with: A, plasma creatinine (r=-0.301, p<0.01, Pearson); B,
plasma SDMA (r=-0.249, p<0.05, Pearson); C, admission heart rate (r=0.247,
p<0.05, Pearson); D, platelet NO response (r=-0.422, p<0.001, Pearson); E, plasma
TSP-1 (r=0.254, p<0.01, Pearson); F, Plasma ADMA (r=-0.225, p<0.05, Pearson).
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Platelet aggregability was also observed to decline with increasing age (Figure 12).
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Figure 12: Age and platelet aggregability in AF. ADP-induced aggregation decreased
with age in AF patients (r=-0.245, p<0.05, Pearson).

3.1.3 Inhibition of Aggregation by Nitric Oxide and its Determinants

3.1.3.1 Platelet Response to Nitric Oxide

The principal endpoint for this study was platelet response to NO, measured using the NO
donor SNP and relative to 2.5uM ADP-induced aggregation. Mean platelet response to NO
was 22.9+2.9% inhibition for the overall cohort. New onset AF was associated with
significantly diminished platelet response to NO compared to chronic AF (7.7£5.4%
inhibition vs. 27.3£3.3% inhibition respectively, p<0.01, independent samples t-test).
Although previously documented to potentiate NO signalling (Chirkov et al., 2004; Stepien et
al., 2003), neither ACE inhibitor nor statin therapy were observed to have significantly altered
platelet response to NO within this cohort. Similarly, neither aspirin (p=0.255, two-way
ANOVA) nor warfarin (p=0.789, two-way ANOVA) therapies interacted with platelet NO

response.
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Platelet response to NO did not change significantly with increasing CHA,DS,VASc score
(F[2, 91] =1.206, p=0.304, ANOVA) (Figure 13); there was no suggestion of any diminution

of NO response with increasing CHA,;DS,VASc score.
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Figure 13: Platelet response to NO stratified according to CHA,DS,VASc score.
Mean platelet response to NO among patients with CHA,DS,VASc score = 0 was
14.2+9.3% inhibition, CHA,;DS,VASc score = 1 was 14.2+6.5% inhibition and
CHA;DS,VASc score = 2 was 25.3+£3.4% inhibition.

3.1.3.2 Determinants of Nitric Oxide Response: Plasma Levels of Dimethylarginines

In view of the well documented ability of ADMA to impair NO generation via competitive
inhibition of the NOS enzyme (see review, (Teerlink et al., 2009)), plasma ADMA levels
were determined in this cohort in order to evaluate the potential effect of ADMA on overall
platelet function. Plasma SDMA was also determined, as evidence increasingly underlines its
relevance as a marker of cardiac events, although data on SDMA in AF are limited, and the
physiological role of ADMA remains unclear (Horowitz et al., 2013).

Mean plasma ADMA concentrations were 620+£11nM, median plasma SDMA concentrations
were 584 [491, 792]nM and the mean ADMA: SDMA ratio was 1.01+0.03 for this cohort.

Plasma ADMA (F[2, 103] =4.291, p<0.05, ANOVA) and SDMA (H[2] =10.991 p<0.01,
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Kruskal-Wallis test) concentrations were correlated with tertiles of CHA,DS,VASC score,

while the plasma ADMA: SDMA ratio (F[2, 103] =2.744, p=0.069, ANOVA) was not (Figure

14).
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Figure 14: Plasma dimethylated arginine concentrations and their ratio, relative to
CHA;DS,VASc score. A, Plasma ADMA concentrations, B, plasma SDMA
concentrations, C, plasma ADMA: SDMA ratio. Patients with CHA,DS,VASc score =
0 had plasma ADMA of 647+41nM, plasma SDMA of 525 [425, 731]nM and plasma
ADMA: SDMA ratio of 1.20+0.13. Patients with CHA,DS,VASc score = 1 had plasma
ADMA of 540+£19nM, plasma SDMA of 498 [406, 583]nM and plasma ADMA: SDMA
ratio of 1.13+0.07. Patients with CHA,DS,VASc score = 2 had plasma ADMA of
633+13nM, plasma SDMA of 609 [513, 820]nM and plasma ADMA: SDMA ratio of
0.98+0.03.

Neither plasma ADMA, nor the plasma ADMA: SDMA ratio (a postulated marker of
oxidative stress) correlated with platelet response to NO. However, plasma SDMA was a

direct correlate (Figure 15).
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Figure 15: Plasma SDMA and platelet response to NO. Platelet response to NO
correlated positively with plasma SDMA (r=0.216, p<0.05, Pearson).

3.1.3.3 Determinants of Nitric Oxide Response: Plasma Levels of Myeloperoxidase

Previous research has identified that the inflammatory enzyme, MPO, is capable of
catabolising NO (Eiserich et al., 2002; Eiserich et al., 1998) as well as having a pivotal role in
the pathogenesis of AF (V. Rudolph et al., 2010). Because of this, plasma MPO was
evaluated in this cohort for potential impact upon platelet NO signalling. Median plasma

MPO concentrations in the cohort were 56 [44, 67]ng/ml.
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Plasma MPO concentrations did not change with increasing CHA,;DS,VASc score (H[2]

=5.479, p=0.065, Kruskal-Wallis test) (Figure 16).
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Figure 16: Plasma MPO concentrations, relative to tertiles of CHA,DS,VASc score.
Plasma MPO concentrations for patients with CHA,DS,VASc score = 0 were 48 [34,
51]ng/ml, CHA,DS,VASc score = 1 were 62 [52, 78]ng/ml and CHA,DS,VASc score
= 2 were 55 [43, 68]ng/ml.

Plasma MPO concentrations did not correlate with platelet NO response, though correlated

positively with plasma CRP concentrations (r=0.222, p<0.05, Pearson).

3.1.3.4 Determinants of Nitric Oxide Response: Platelet Content of Thioredoxin-interacting

Protein

As previously summarised, previous research has identified that Txnip, an endogenous
inhibitor of the oxidoreductase thioredoxin, interacts with NO (Forrester et al., 2009; P. C.
Schulze et al., 2006). Intracellular platelet Txnip content was therefore determined within this
cohort. Median platelet Txnip levels for the cohort were 315 [240, 407]AU. Platelet Txnip
content did not vary with increasing CHA,DS,VASc score (H[2] =4.367, p=0.113, Kruskal-

Wallis test) (Figure 17).
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Figure 17: Median platelet Txnip levels in AF according to tertiles of CHA,DS,VASc
score. Platelet Txnip content for patients with CHA,DS,VASc score = 0 was 240
[191, 352]AU, CHA,;DS,VASCc score = 1 was 388 [292, 467]AU and CHA;DS,VASc
score = 2 was 314 [235, 396]AU.

Evidence exists that pharmacological therapy sometimes used in AF patients may alter Txnip
expression (Chai et al., 2012; Sverdlov et al., 2013f). In view of this, both platelet NO
response and platelet Txnip content correlations were sought between Txnip levels and
therapy with either metformin or ramipril. No significant correlations were found. Similarly,
hyperglycaemia, which occurs more frequently in diabetics, stimulates increased Txnip
expression. In the current study however, there was no significant variability in Txnip levels
according to diabetic status or concentrations of glycosylated haemoglobin.

Consistent with previous observations (Sverdlov et al., 2013f) platelet Txnip content

correlated inversely with platelet response to NO (Figure 18).
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Figure 18: Platelet Txnip content and platelet response to NO. Platelet Txnip content
correlated negatively with platelet response to NO (r=-0.211, p<0.05, Pearson).

3.1.3.5 Determinants of Nitric Oxide Response: Plasma Levels of Thrombospondin-1

TSP-1 has been observed to modulate several steps of the NO signalling pathway, including
NOS (E. M. Bauer et al., 2010) and sGC (Miller et al., 2010) activity as well as having a role
in potentiating platelet aggregability (Isenberg, Romeo, et al., 2008; Roberts et al., 2010).
Median plasma TSP-1 concentrations for the cohort were 143 [100, 222]ng/ml. Plasma TSP-1
concentrations did not change in response to increasing CHADS, score (H[2] =1.663,
p=0.435, Kruskal-Wallis test) (Figure 19). Due to the association between platelet activation
and TSP-1 release, potential interactions with plasma TSP-1 concentrations were sought for

concomitant aspirin or ACE inhibitor therapy: neither was significantly correlated.
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Figure 19: Plasma TSP-1 concentrations relative to tertiles of CHA;DS,VASc score.
Median plasma TSP-1 concentrations for patients with CHA,DS,VASc score =0
were 209 [131, 347]ng/ml, CHA;DS,VASc score = 1 were 143 [117, 248]ng/ml and
for CHA,DS,VASCc score = 2 were 137 [99, 216]ng/ml.

3.1.4 Multivariate Analyses: Determinants of Platelet Function in Atrial Fibrillation

3.1.4.1 Multivariate Determinants of Platelet Nitric Oxide Response

In order to identify determinants of platelet NO response, backward stepwise multiple logistic
regression was performed. ADMA, TSP-1, MPO and Txnip were included in the analysis as
they formed part of the initial hypothesis as potential modulators of platelet NO signalling
(Table 13A). Platelet response to ADP as well as plasma creatinine and plasma SDMA were
also included in the analysis due to their univariate correlation with platelet NO response.
New onset AF and admission heart rate were excluded from the model due to varying
duration between initial AF diagnosis, index study enrolment and patient sample collection
that might result in artefact. From this model extent of ADP-induced platelet aggregation (B=-
0.344, p<0.01) was identified as a multivariate determinant of platelet NO response, with
plasma creatinine trending towards significance as a multivariate determinant ($=0.203,

p=0.051).
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3.1.4.2 Multivariate Determinants of Platelet Aggregation

Determinants of platelet aggregation in AF were also sought via backward stepwise multiple
logistic regression (Table 13B). Due to their univariate correlations with platelet aggregation,
the following parameters were included in the model: sex, age, plasma TSP-1, plasma
creatinine, and plasma ADMA and SDMA concentrations. Admission heart rate was excluded
from the model in order to avoid artefact for reasons previously stated. Based upon this
model, plasma SDMA (B=-0.292, p<0.05) was an inverse determinant of platelet aggregation,
while gender ($=0.199, p<0.05) and plasma TSP-1 ($=0.276, p<0.05) were direct

determinants.

Table 13: Multivariate correlates of platelet function in AF patients

Multivariate Correlates of Platelet Function
A) Platelet NO Signalling
Correlate B P
Platelet Aggregation 0.344 | <0.01
Plasma Creatinine 0.203 0.051
B) Platelet Aggregation
Plasma SDMA -0.292 | <0.05
Plasma TSP-1 0.276 <0.05
Female Gender 0.199 <0.05

3.1.5 Other Notable Associations

Age (Table 14A) within the cohort was observed to correlate with plasma creatinine
concentrations (r=0.454, p<0.001, Pearson) and arginine metabolism as reflected by an
association between age and plasma ADMA (r=0.371, p<0.001, Pearson), plasma SDMA
(r=0.438, p<0.001, Pearson) and plasma ADMA: SDMA ratio (r=-0.386, p<0.001, Pearson).
Plasma creatinine concentrations (Table 14B) were associated with plasma ADMA (r=0.315,
p<0.01, Pearson), SDMA (r=0.698, p<0.001, Pearson) and plasma ADMA: SDMA ratio (r=-

0.648, p<0.001, Pearson), as well as platelet Txnip content (r=-0.205, p<0.05, Pearson).
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Table 14: Notable univariate correlates within the study population

Other Notable Correlates

A) Correlates with Age r P
Plasma Creatinine 0.454 | <0.001
Plasma ADMA 0.371 | <0.001
Plasma SDMA 0.438 | <0.001

Plasma ADMA: SDMA Ratio | -0.386 | <0.001
B) Correlates with Creatinine

Plasma ADMA 0.315 <0.01

Plasma SDMA 0.698 | <0.001

Plasma ADMA: SDMA Ratio -0.648 | <0.001

Platelet Txnip -0.205 | <0.05
C) Correlates with MPO

Plasma ADMA 0.219 <0.05

Plasma TSP-1 0.221 <0.05

Plasma MPO concentrations (Table 12C) were correlated significantly and directly with
plasma ADMA concentrations (r=0.219, p<0.05, Pearson) and plasma TSP-1 concentrations

(r=0.221, p<0.05, Pearson) (Figure 20).
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Figure 20: Correlates of plasma MPO concentrations. Plasma MPO concentrations
were found to correlate with A, plasma ADMA concentrations and B, plasma TSP-1
concentrations.
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3.2 Impairment of Platelet Nitric Oxide Response in New Onset Atrial Fibrillation

In section 3.1.3.1, a potential interaction between newly diagnosed AF patients and
diminished platelet response to NO was observed. Interpretation of this data was potentially
limited by the fact that there was no primary prospective plan to evaluate the role of new
onset AF and that there was heterogeneity of the interval between presumptive onset of AF
and initial blood sampling. From a clinical point of view there is evidence, summarized by
Garcia et al. (2010), to support the concept that new onset AF carries incremental
thromboembolic risk. Recent work exploring the potential for elevated thromboembolic risk
in newly diagnosed AF patients identified a period of four months following index diagnosis
where mortality rates were markedly increased (Miyasaka et al., 2007). With this knowledge
in mind, a further cohort was generated from the primary study cohort, limiting evaluation to
samples obtained within four months of index enrolment into SAFETY, enabling more
reliable exploration of the association between new onset AF patients and diminished platelet

NO response.

3.2.1 Patient Demographics

Restricting the cohort to those patients whose samples were obtained within four months of
index enrolment into SAFETY did not affect the overall clinical (Table 15) or
pharmacological (Table 16) characteristics of the cohort. Compared to chronic AF patients,
patients presenting to hospital with new onset AF were younger, with elevated heart rates and
lower plasma creatinine levels (Table 17). There were no differences in pharmacological

therapy between patients with new onset compared with chronic AF (Table 18).
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Table 15: Comparison of the entire study cohort (‘primary cohort’) with individuals whose index blood sample was taken within four
months of study entry (‘secondary cohort’)

Socio-demographic Profile Primary Cohort (n=106) | Secondary Cohort (n=87) p
Gender, n (% male) 54 (50.9) 45 (51.7) 0.914
Age (years) 72 [65, 81] 72 [64, 81] 0.802

Aged = 75 years, n (%) 46 (43.4) 39 (44.8) 0.842

Comorbidities
Congestive Heart Failure, n (%) 9 (8.5) 7 (8.0) 0.911
Hypertension, n (%) 74 (69.8) 59 (67.8) 0.766
Diabetes Mellitus, n (%) 27 (25.5) 21 (24.1) 0.831
Prior Stroke/TIA, n (%) 14 (13.2) 9 (10.3) 0.541

Clinical Presentation
Admission Heart Rate (bpm) 89 [71, 130] 88 [71, 134] 0.839
LVEF (%) 59 [52, 65]n=62) 60 [53, 65]n=53) 0.957
Plasma Creatinine (uM) 82 [67, 111] 79 [67, 111] 0.701
Plasma CRP (mg/l) 3.4[1.5,9.1] 3.7[1.3,11.0] 0.804
CHADS; Score 21, 2] 21, 2] 0.628
CHA,;DS,VASc Score 32, 4] 32, 4] 0.600
New onset AF, n (%) 23 (21.7) 22 (25.3) 0.557

Note: n = number of study participants, (%) = proportion of primary/secondary cohorts, Mann-Whitney U test for continuous variables, y? test
for categorical variables.



Table 16: Pharmacotherapy in primary and secondary cohorts

Pharmacotherapy: Summary
Antithrombotic therapy Primary Cohort (n=106) | Secondary Cohort (n=87) p
Aspirin, n (%) 34 (32.1) 29 (33.3) 0.853
Warfarin, n (%) 63 (59.4) 50 (57.5) 0.783
Rate and/or Rhythm Control therapy
Class 3 Anti-arrhythmics, n (%) 23 (21.7) 20 (23.0) 0.830
Class 1c Anti-arrhythmics, n (%) 6 (5.7) 5(5.7) 0.979
B Receptor Antagonists, n (%) 64 (60.4) 51 (58.6) 0.805
Digoxin, n (%) 37 (34.9) 29 (33.3) 0.819
Calcium Channel Antagonists, n (%) 28 (26.4) 22 (25.3) 0.859
RAAS Inhibitors
ACE Inhibitors, n (%) 35 (33.0) 31 (35.6) 0.703
Angiotensin Receptor Antagonists, n (%) 28 (26.4) 22 (25.3) 0.859
Other Medications
Statins, n (%) 55 (51.9) 47 (54.0) 0.767
Diuretics, n (%) 36 (34.0) 30 (34.5) 0.940
Proton Pump Inhibitors, n (%) 28 (26.4) 22 (25.3) 0.859
Metformin, n (%) 16 (15.1) 11 (12.6) 0.625
Nitrates, n (%) 12 (11.3) 9 (10.3) 0.828
Paracetamol, n (%) 12 (11.3) 11 (12.6) 0.778
Opioid Receptor Agonists, n (%) 10 (9.4) 9 (10.3) 0.833

Note: n = number of study participants, (%) = proportion of primary/secondary cohorts, Mann-Whitney U test for continuous variables, y test
for categorical variables.



Table 17: Clinical characteristics of new onset vs. chronic AF patients

Socio-demographic Profile New Onset AF (n =22) | Chronic AF (n = 65) p
Gender, n (% male) 11 (50.0) 34 (52.3) 0.851
Age (years) 65 [57, 78] 74 [68, 83] <0.01

Aged = 75 years, n (%) 7 (31.8) 32 (49.2) 0.156

Comorbidities
Congestive Heart Failure, n (%) 3 (13.6) 4 (6.2) 0.265
Hypertension, n (%) 15 (68.2) 44 (67.7) 0.966
Diabetes Mellitus, n (%) 5(22.7) 16 (24.6) 0.858
Prior Stroke/TIA, n (%) 1(4.5) 8 (12.3) 0.301

Clinical Presentation
Admission Heart Rate (bpm) 132 [97, 156] 80 [65, 112] <0.001
LVEF (%) 60 [55, 65]n=16) 59 [52, 64]n=37) 0.346
Plasma Creatinine (uM) 69 [63, 79] 90 [72, 116] <0.01
Plasma CRP (mg/l) 4.1[1.2,11.5] 3.4[1.5, 11.0] 0.934
CHADS, Score 21, 2] 21, 2] 0.381
CHA,DS,VASc Score 2 (1, 4] 312, 4] 0.052

test for categorical variables.

Note: n = number of study participants, (%) = proportion of new onset/chronic AF cohorts, Mann-Whitney U test for continuous variables, 2




Table 18: Pharmacotherapy in new onset vs. chronic AF patients

Pharmacotherapy: Summary

Antithrombotic therapy New Onset AF (n =22) | Chronic AF (n = 65) p
Aspirin, n (%) 7 (31.8) 22 (33.8) 0.862
Warfarin, n (%) 13 (59.1) 37 (56.9) 0.859

Rate and/or Rhythm Control therapy
Class 3 Anti-arrhythmics, n (%) 4 (18.2) 16 (24.6) 0.535
Class 1c Anti-arrhythmics, n (%) 2(9.1) 3 (4.6) 0.436
B Receptor Antagonists, n (%) 15 (68.2) 36 (55.4) 0.292
Digoxin, n (%) 8 (36.4) 21 (32.3) 0.727
Calcium Channel Antagonists, n (%) 4 (18.2) 18 (27.7) 0.375

RAAS Inhibitors
ACE Inhibitors, n (%) 8 (36.4) 23 (35.4) 0.934
Angiotensin Receptor Antagonists, n (%) 5(22.7) 17 (26.2) 0.749

Other Medications
Statins, n (%) 11 (50.0) 36 (55.4) 0.661
Diuretics, n (%) 6 (27.3) 24 (36.9) 0.410
Proton Pump Inhibitors, n (%) 7 (31.8) 15 (23.1) 0.415
Metformin, n (%) 3 (13.6) 8 (12.3) 0.871
Nitrates, n (%) 1(4.5) 8 (12.3) 0.301
Paracetamol, n (%) 1(4.5) 10 (15.4) 0.186
Opioid Receptor Agonists, n (%) 3(13.6) 6 (9.2) 0.558

Note: n = number of study participants, (%) = proportion of new onset/chronic AF cohorts, y* test for categorical variables.




3.2.2 Platelet Aggregability in New Onset Atrial Fibrillation

In patients with new onset AF, platelet aggregability in whole blood was assessed in response
to 2.5uM ADP. Controlling for gender, no significant difference in platelet aggregation was
observed in new onset AF compared to chronic AF (p=0.778, two-way ANOVA). Platelet
aggregability was greater in females compared to males (9.7 [8.0, 11.5]Q vs. 7.4 [5.3, 10.1]€Q,

p<0.05, Mann-Whitney U test) within this cohort (Figure 21).
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Figure 21: Median platelet aggregation (with IQR) in new onset and chronic AF
patients.

3.2.3 Correlates of Platelet Aggregation

Extent of platelet aggregation correlated significantly with age, admission heart rate, plasma
creatinine, TSP-1, ADMA and SDMA concentrations (Figure 22). These correlations were

direct only in the cases of heart rate and TSP-1.
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Figure 22: Correlates of platelet aggregation in AF patients. A, age (r=-0.250, p<0.05,
Pearson); B, admission heart rate (0.235, p<0.001, Pearson); C, plasma creatinine
(r=-0.290, p<0.01, Pearson); D, plasma TSP-1 (r=0.305, p<0.01, Pearson); E,
plasma ADMA (r=-0.226, p<0.05, Pearson); F, plasma SDMA (r=-0.268, p<0.05,
Pearson).

3.2.4 Platelet Response to Nitric Oxide: Inhibition of Aggregation

Platelet response to the NO donor, SNP, was markedly lower in new onset compared to
chronic AF (5.7+5.2% inhibition vs. 25.2+3.8% inhibition, p<0.01, independent samples t-
test), as well as in females compared to males (13.3+4.3% inhibition 27.1+4.6% inhibition,

p<0.05, independent samples t-test) (Figure 23). Subsequent analysis by two-way ANOVA to
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determine if there was an interaction between acuity of AF and gender revealed no significant

association (p=0.986).
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Figure 23: Platelet response to NO in, A, new onset and chronic AF patients, B,
males and females.

3.2.5 Validation of Impaired Platelet Nitric Oxide Response in New Onset Atrial Fibrillation

The possibility that acuity of AF may significantly impact upon platelet NO response was not
initially sought prospectively in this study. In order to determine the validity of this finding,
additional patient cohorts were considered comprised of ACS (Amsterdam et al., 2014;
Hamm et al., 2011), acute heart failure (Yancy et al., 2013), and consecutively recruited new
onset AF (section 3.1.1.1) patients. Patients with ACS and acute heart failure were chosen, as
previous research has observed that patients with these conditions also display impaired NO
response (Chirkov et al., 2001; Tamargo et al., 2010). The characteristics of this “validation

cohort” are summarised in Table 19.
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Table 19: Patient characteristics of the “validation cohort”

Validation Cohort

Socio-demographic profile Chronic AF (n =65) | ACS(n=31) | Acute HF (n =25) | New Onset AF (n=15)
Gender (% male) 34 (52.3) 20 (64.5) 16 (64.0) 10 (66.7)
Age (years; median, IQR) 74 (68, 83) 64 (55, 77)* 71 (57, 80) 71 (65, 75)

Aged = 75 years (%) 32 (49.2) 9 (29.0) 11 (44.0) 4 (26.7)

Co-morbidities
Heart Failure (%) 4 (6.2) 0 (0.0) 25 (100.0) 2 (13.3)
Hypertension (%) 44 (67.7) 23 (74.2) 12 (48.0) 8 (53.3)
Diabetes Mellitus (%) 16 (24.6) 6 (19.4) 10 (40.0) 5 (33.3)
Prior Stroke/Transient Ischemic Attack (%) 8 (12.3) 0 (0.0) 0 (0.0) 1(6.7)

Clinical presentation
Admission Heart Rate (bpm; median, IQR) 80 (65, 112) 75 (66, 85) 76 (74, 97) 91 (62, 146)*
LVEF (median, IQR) 59 (52, 64) 54 (45, 65) 29 (20, 38)* 63 (44, 71)
Plasma Creatinine (uM; median, IQR) 90 (72, 116) 78 (71, 95) 123 (85, 193)* 83 (72, 119)
CHADS?2 Score (median, IQR) 2(1,2) 1(1, 2 2(2,3) 2(1,2)
CHA;DS,VASc Score (median, IQR) 3(2,4) 3(2,5) 3(2,5) 2(1,4)

Pharmacological therapy
Aspirin (%) 22 (33.8) 25 (80.6) 9 (36.0) 4 (26.7)
Oral Anticoagulants* (%) 38 (58.5) 0 (0.0) 3 (12.0) 12 (80.0)
Digoxin (%) 21 (32.3) 0 (0.0) 4 (16.0) 6 (40.0)
Calcium Channel Antagonists (%) 18 (27.7) 14 (45.2) 0 (0.0) 3 (20.0)

B Receptor Antagonists (%) 16 (24.6) 12 (38.7) 13 (52.0) 7 (46.7)
Anti-arrhythmics (%) 19 (29.3) 0 (0.0) 0 (0.0) 5(33.3)
Statins (%) 36 (55.4) 25 (80.6) 10 (40.0) 4 (26.7)
ACE inhibitors (%) 23 (35.4) 11 (35.5) 10 (40.0) 5(33.3)

Note: *’ indicates p<0.05 compared with chronic AF, controlling for multiple comparisons (Dunnett’s test).




Patients with new onset AF from the validation cohort displayed significantly impaired
platelet NO response compared with Chronic AF (5.0+6.9% inhibition vs. 25.2+3.8%
inhibition respectively, p<0.05; Dunnett’s test for multiple comparisons). Patients with ACS
or acute heart failure did not display significant platelet NO signalling impairment when

compared with chronic AF (Figure 24).
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Figure 24: Platelet NO response in chronic (25.2+3.8% inhibition) and new onset
(5.0£6.9% inhibition) AF, ACS (13.0+4.1% inhibition) and acute heart failure
(39.7+6.0% inhibition).

3.2.6 Correlates of Platelet Nitric Oxide Response

Platelet NO response correlated significantly with admission heart rate, plasma creatinine and

SDMA concentrations, and platelet aggregation (Figure 25); direct correlations applied for

creatinine and SDMA concentrations.
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Figure 25: Correlates of platelet NO response. Platelet NO response in AF patients
was associated with A, platelet aggregation (r=-0.411, p<0.001, Pearson); B,
admission heart rate (r=-0.331, p<0.01, Pearson); C, plasma creatinine (r=0.338,
p<0.01, Pearson); D, plasma SDMA (r=0.228, p<0.05, Pearson).

3.2.7 The Effect of Heart Rate upon Platelet Function

Due to the apparent differences between acuity of AF, gender, heart rate and platelet function
within this cohort, exploratory analyses were performed to identify any associations. Table 20
and Table 21 below show that women were more likely to have higher LVEF and lower
plasma creatinine concentrations compared to men, as well higher CHA,DS,VASc scores.
Pharmacotherapy profiles for male and female AF patients were broadly similar, with diuretic
use being more common in women than men. Patient demographics according to new onset

vs. chronic AF have been previously outlined in Table 17 and Table 18.
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Table 20: Clinical profiles of male and female AF patients

Socio-demographic Profile Male (n=45) | Female (n=42) p

Age (years) 72 [63, 81] 73 [65, 82] 0.683
Aged = 75 years, n (%) 20 (44.4) 19 (45.2) 0.941

Comorbidities
Congestive Heart Failure, n (%) 3(6.7) 4 (9.5) 0.624
Hypertension, n (%) 27 (60.0) 32 (76.2) 0.106
Diabetes Mellitus, n (%) 13 (28.9) 8 (19.0) 0.284
Prior Stroke/TIA, n (%) 5(11.1) 4 (9.5) 0.808

Clinical Presentation
Admission Heart Rate (bpm) 85[72, 134] 96 [70, 136] 0.683
LVEF (%) 58 [49, 60] 62 [58, 68] 0.003
Plasma Creatinine (uM) 91 [74, 119] 73 [60, 94] 0.001
Plasma CRP (mg/l) 26[1.2,6.9] | 50][1.5,12.3] | 0.152
CHADS, Score 21, 2] 21, 2] 0.929
CHA,DS,VASc Score 3[1, 4] 412, 5] 0.008
New onset AF, n (%) 11 (24.4) 11 (26.2) 0.851

Note: n = number of study participants, (%) = proportion of male/female cohorts,
Mann-Whitney U test for continuous variables, % test for categorical variables.



Table 21: Pharmacological profiles of male and female AF patients

Pharmacotherapy: Summary

Antithrombotic therapy Male (n=45) | Female (n=42) p
Aspirin, n (%) 13 (28.9) 16 (38.1) 0.363
Warfarin, n (%) 24 (53.3) 26 (61.9) 0.419

Rate and/or Rhythm Control therapy
Class 3 Anti-arrhythmics, n (%) 9 (20.0) 11 (26.2) 0.493
Class 1c Anti-arrhythmics, n (%) 2 (4.4) 3(7.1) 0.589
B Receptor Antagonists, n (%) 27 (60.0) 24 (57.1) 0.787
Digoxin, n (%) 14 (31.1) 15 (35.7) 0.649
Calcium Channel Antagonists, n (%) 9 (20.0) 13 (31.0) 0.240

RAAS Inhibitors
ACE Inhibitors, n (%) 18 (40.0) 13 (31.0) 0.379
Angiotensin Receptor Antagonists, n (%) 8 (17.8) 14 (33.3) 0.095

Other Medications
Statins, n (%) 20 (44.4) 27 (64.3) 0.064
Diuretics, n (%) 9 (20.0) 21 (50.0) 0.003
Proton Pump Inhibitors, n (%) 8 (17.8) 14 (33.3) 0.095
Metformin, n (%) 6 (13.3) 5(11.9) 0.841
Nitrates, n (%) 5(11.2) 4 (9.50 0.808
Paracetamol, n (%) 8 (17.8) 3(7.2) 0.136
Opioid Receptor Agonists, n (%) 5(11.1) 4 (9.5) 0.808

Note: n = number of study participants, (%) = proportion of male/female cohorts,
Mann-Whitney U test for continuous variables, y? test for categorical variables.

Gender and tachycardia, as well as acuity of AF and (potentially associated) tachycardia, were

evaluated by ANCOVA for their effects on platelet function. Using ANCOVA, females

displayed platelet hyperaggregability and diminished platelet response to NO compared to

males for all levels of heart rate (Figure 26).
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Figure 26: Exploration of potential heart rate: gender interactions in AF. A, platelet
aggregation (gender: F[1, 84]=5.449, p<0.05; heart rate: F[1, 84]=4.808, p<0.05;
interaction: F[1, 83]=0.702, p=0.405), B, platelet response to NO (gender: F[1,
74]=4.031, p<0.05; heart rate: F[1, 74]=8.385, p<0.05; interaction: F[1, 73]=0.049,
p=0.825).

These data therefore show that both increasing heart rate and female gender were associated
with increased ADP response, but that the heart rate: gender interaction did not vary with
tachycardia. Analogously, both tachycardia and female gender were associated with impaired
NO response, without significant tachycardia-related variability of this interaction.

Acuity of AF was also considered in relation to heart rate. This evaluation was important,
given the frequent association of new onset AF with tachycardia. Acuity of AF was associated
strongly (p<0.001) with hyperaggregability, and that there is also a strong association
(p<0.01) with impaired NO response (Figure 27). While tachycardia tends to be associated
with hyperaggregability, this association is weakened by consideration of acute vs. chronic

AF status, while the significant association between tachycardia and impaired NO response

persists.
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Figure 27: Exploration of potential heart rate: acuity of AF interactions. A, platelet
aggregation (acuity of AF: F[1, 84]=20.019, p<0.001; heart rate: F[1, 84]=3.353,
p=0.071; interaction: F[1, 83]=0.102, p=0.750), B, platelet response to NO (acuity of
AF: F[1, 74]=11.624, p<0.01; heart rate: F[1, 74]=4.306, p<0.05; interaction: F[1,
73]=2.792, p=0.099).

3.2.8 Multivariate Determinants of Platelet Aggregation

Clinical and biochemical factors that achieved statistical significance on univariate analysis
were included in the model: these were gender, age, admission heart rate, plasma creatinine,
plasma TSP-1, and plasma ADMA and plasma SDMA concentrations. Based upon this
model, plasma SDMA concentration was an inverse determinant of platelet aggregation (p=-
0.240, p<0.05), whereas plasma TSP-1 (=0.317, p<0.01), admission heart rate (3=0.204,
p<0.05) and female gender (3=0.196, p<0.05) were identified as direct determinants of

platelet aggregation using backwards stepwise multiple logistic regression (Table 22).

Table 22: Clinical and biochemical correlates of platelet aggregability in AF

Multivariate Correlates of Platelet Aggregation

Correlate B P
Plasma TSP-1 0.317 <0.01
Plasma SDMA -0.240 <0.05
Admission Heart Rate 0.204 <0.05
Female Gender 0.196 <0.05
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3.2.9 Multivariate Determinants of Platelet Nitric Oxide Response

Univariate correlates that achieved statistical significance were evaluated via backwards

stepwise multiple logistic regression, with the following parameters included in the model:

gender, new onset AF, admission heart rate, platelet aggregation, plasma creatinine and
plasma SDMA concentrations. New onset AF ($=-0.245, p<0.05) and ADP-induced

aggregation (p=-0.372, p<0.01) were identified as determinants of platelet NO response

(Table 23).

Table 23: Clinical and biochemical correlates of platelet NO response in AF

Multivariate Correlates of Platelet Nitric Oxide Response

Correlate B p
Platelet Aggregation -0.372 <0.01
New Onset AF -0.245 <0.05
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3.3 Determinants of Platelet Nitric Oxide Response in Chronic Atrial Fibrillation

The data described in section 3.2 therefore establish that new onset AF is an independent
correlate of impaired platelet NO response (but not of platelet hyperaggregability). Additional
determinants of platelet hyperaggregability and NO response were also sought among the 83
patients with chronic AF: this was a post hoc analysis, and therefore should be regarded as

hypothesis generating.

3.3.1 Patient Demographics

As shown in table 24 and table 25, excluding patients with new onset AF did not substantially
affect the clinical characteristics or types of pharmacotherapy used when the chronic AF

cohort was compared with the primary study cohort.
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Table 24: Clinical profile of the primary cohort compared with the chronic AF population

Socio-demographic Profile Primary Cohort (n=106) | Chronic AF Cohort (n=83) p
Gender, n (% male) 54 (50.9) 43 (51.8) 0.906
Age (years) 72 [65, 81] 73 [67, 81] 0.440

Aged = 75 years, n (%) 46 (43.4) 38 (45.8) 0.743

Comorbidities
Congestive Heart Failure, n (%) 9 (8.5) 6 (7.2) 0.750
Hypertension, n (%) 74 (69.8) 58 (69.9) 0.992
Diabetes Mellitus, n (%) 27 (25.5) 22 (26.5) 0.872
Prior Stroke/TIA, n (%) 14 (13.2) 13 (15.7) 0.632

Clinical Presentation
Admission Heart Rate (bpm) 89 [71, 130] 81 [66, 112] 0.105
LVEF (%) 59 [52, 65]n=62) 59 [52, 65](n=46) 0.732
Plasma Creatinine (uM) 82 [67, 111] 94 [72, 114] 0.281
Plasma CRP (mg/l) 3.4[1.5,9.1] 8.9 [3.4, 34.6] 0.989
CHADS, Score 21, 2] 21, 2] 0.703
CHA,DS,VASc Score 32, 4] 312, 4]n=s0) 0.481

Note: Mann-Whitney U test for continuous variables, y? test for categorical variables.




Table 25: Pharmacotherapy of the primary cohort compared with the chronic AF population

Pharmacotherapy: Summary
Antithrombotic therapy Primary Cohort (n=106) | Chronic AF Cohort (n=83) p
Aspirin, n (%) 34 (32.1) 27 (32.5) 0.947
Warfarin, n (%) 63 (59.4) 49 (59.0) 0.956
Rate and/or Rhythm Control therapy
Class 3 Anti-arrhythmics, n (%) 23 (21.7) 18 (21.7) 0.998
Class 1c Anti-arrhythmics, n (%) 6 (5.7) 4 (4.8) 0.798
B Receptor Antagonists, n (%) 64 (60.4) 48 (57.8) 0.724
Digoxin, n (%) 37 (34.9) 29 (34.9) 0.996
Calcium Channel Antagonists, n (%) 28 (26.4) 24 (28.9) 0.702
RAAS Inhibitors
ACE Inhibitors, n (%) 35 (33.0) 26 (31.3) 0.805
Angiotensin Receptor Antagonists, n (%) 28 (26.4) 23 (27.7) 0.842
Other Medications
Statins, n (%) 55 (51.9) 44 (53.0) 0.878
Diuretics, n (%) 36 (34.0) 30 (36.1) 0.755
Proton Pump Inhibitors, n (%) 28 (26.4) 20 (24.1) 0.716
Metformin, n (%) 16 (15.1) 13 (15.7) 0.914
Nitrates, n (%) 12 (11.3) 11 (13.3) 0.687
Paracetamol, n (%) 12 (11.3) 10 (12.0) 0.877
Opioid Receptor Agonists, n (%) 10 (9.4) 7 (8.4) 0.811

Note: n = number of study participants, (%) = proportion of primary/chronic cohorts, Xz test for categorical variables.



3.3.2 Platelet Aggregation in Chronic Atrial Fibrillation

Consistent with previous results (Becker et al., 2006; Otahbachi et al., 2010; Yee et al., 2006;

Yee et al., 2005), females were hyperaggregable compared to males (Figure 28). Controlling

for gender, aspirin therapy did not significantly affect platelet aggregation (p=0.875, two-way

ANOVA).
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Figure 28: Median (with IQR) platelet aggregation in male and female chronic AF

patients. No effect of aspirin on platelet aggregability was observed in this cohort.

Platelet aggregation was 9.9 [6.8, 11.6]Q in females and 7.2 [5.6, 9.4]Q in males

(p<0.05).

Platelet aggregability correlated inversely with plasma creatinine, plasma ADMA and SDMA

concentrations, and directly with platelet Txnip content, as well as plasma TSP-1

concentrations (Figure 29).
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Figure 29: Correlates of platelet aggregation in chronic AF patients. A, plasma
creatinine (r=-0.308, p<0.01, Pearson); B, plasma ADMA (r=-0.226, p<0.05,
Pearson); C, plasma SDMA (r=-0.308, p<0.01, Pearson); D, platelet Txnip content
(r=0.298, p<0.01, Pearson); E, plasma TSP-1 (r=0.262, p<0.01, Pearson).
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Subjecting these factors to backward stepwise multiple logistic regression indicated that

platelet Txnip content ($3=0.277, p<0.01), plasma TSP-1 concentrations ($=0.217, p<0.05)

and plasma SDMA concentrations (3=-0.306, p<0.01) remained significant determinants of

platelet aggregation in chronic AF patients.
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3.3.3 Platelet Response to Nitric Oxide in Chronic Atrial Fibrillation

Median platelet response to nitric oxide in this cohort was 22.2 [10.6, 43.7] % inhibition.
Platelet Txnip content was the only univariate (inverse) correlate of platelet NO response (r=-
0.301, p<0.05, Pearson). As a result, multivariate correlates of platelet NO responses were not

sought among this cohort.

3.3.4 Other Notable Associations

Renal function correlated significantly with dimethylarginines in chronic AF patients, with
plasma creatinine concentrations being associated with plasma ADMA and SDMA
concentrations. Plasma ADMA concentrations also correlated with plasma MPO

concentrations (Figure 30).
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Figure 30: Correlates of plasma dimethylarginines in chronic AF patients. A, plasma
ADMA and plasma creatinine (r=0.351, p<0.01, Pearson); B, plasma SDMA and
plasma creatinine (r=0.717, p<0.001, Pearson); C, plasma ADMA and plasma MPO
(r=0.254, p<0.05, Pearson).
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Plasma SDMA concentrations correlated with CHADS, and CHA,;DS,VASc scores (Figure

27).
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Figure 31: Plasma SDMA and clinical measures of thromboembolic risk. Plasma
SDMA concentrations correlated positively with A, CHADS, scores (r=0.320, p<0.01,
Pearson) and B, CHA,DS,VASc scores (r=0.353, p<0.01, Pearson).

3.3.5 Hospital Readmission in Chronic Atrial Fibrillation

Among chronic AF patients, 66.3% experienced hospital readmission on at least one
occasion. Hospital readmission among this cohort was associated with significantly elevated
platelet Txnip content (339 [259, 428]AU vs. 280 [161, 371]AU, p<0.05, Mann-Whitney U
test). However, no other difference was observed among clinical, pharmacological or
biochemical factors. Emergency hospital readmission was observed in 59.0% of patients.
However, this was not associated with any clinical or pharmacological differences; length of
hospital stay after emergency readmission was directly associated with CHADS; and
CHA,DS,VASc scores, and plasma SDMA concentrations. Surprisingly, platelet NO

response correlated directly with length of readmission (Figure 32).
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Figure 32: Correlates of emergency hospital readmission, mean length of stay. A,
CHADS; score (r=0.299, p<0.05, Pearson); B, CHA,DS,VASc score (r=0.299,
p<0.05, Pearson); C, plasma SDMA (r=0.360, p<0.05, Pearson); D, platelet response
to NO (r=0.328, p<0.05, Pearson).
Upon backward stepwise multiple logistic regression, plasma SDMA concentrations were the

only significant determinant of emergency hospital readmission mean length of stay

(=0.439, p<0.01).

94



3.4 Follow-up Study: Biochemical Correlates of Platelet Nitric Oxide Response in Atrial

Fibrillation

Sixty two of the initially investigated cohort of patients, including 21% with new onset AF at
initial assessment, were available for follow up in order to determine stability or otherwise of
the potential biomarkers of NO signalling and inflammation during long term treatment.
Follow-up occurred at median 11.8 [11.4, 12.1] months following initial assessment. Platelet
aggregometry, as well as determination of ADMA, MPO, TSP-1 and Txnip, were repeated.
Clinical events during the interim period were also summarised in each case, together with

changes in medication.

3.4.1 Patient Demographics

Table 26 summarizes baseline demographics for patients available at follow-up. Changes in
cardioactive medication in the follow-up cohort (over the intervening period) are summarised
in Table 27. Importantly, the proportion of patients receiving warfarin, relatively low at

discharge, did not increase markedly at follow-up (median 11.8 months).
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Table 26: Baseline clinical profiles of the follow-up cohort

Socio-demographic Profile

Follow-up Cohort (n=62)

Gender, n (% male) 33 (53.2)
Age (years) 70 [63, 77]
Aged = 75 years, n (%) 19 (30.6)

Comorbidities
Congestive Heart Failure, n (%) 5(8.1)
Hypertension, n (%) 42 (67.7)
Diabetes Mellitus, n (%) 13 (21.0)
Prior Stroke/TIA, n (%) 10 (16.1)

Clinical Presentation
Admission Heart Rate (bpm) 95 [74, 137]
LVEF (%) 60 [50, 63]
Plasma Creatinine (uM) 79 [66, 102]
Plasma CRP (mg/l) 3.2[1.5, 8.2]
CHADS, Score 1[1, 3]
CHA,DS,VASCc Score 312, 4]
New onset AF, n (%) 13 (21.0)

Note: n = number of study participants, (%) = proportion of cohort.
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Table 27: Medication use in AF patients over time

Baseline Pharmacotherapy

Pharmacotherapy During Follow-up

Unchanged | Ceased | Initiated

Antithrombotic therapy

Aspirin, n (%) 24 (38.7) 50 (72.5) 16 (23.2) 3(4.3)

Warfarin, n (%) 34 (54.8) 52 (75.4) 8 (11.6) 9 (13.7)
Rate and/or Rhythm Control therapy

Class 3 Anti-arrhythmics, n (%) 13 (21.0) 58 (84.1) 5(7.2) 6 (8.7)

Class 1c Anti-arrhythmics, n (%) 4 (6.5) 59 (85.5) 3(4.3) 7 (10.1)

B Receptor Antagonists, n (%) 36 (58.1) 51 (73.9) 7 (10.1) 11 (15.9)

Digoxin, n (%) 21 (33.9) 58 (84.1) 8 (11.6) 3(4.3)

Calcium Channel Antagonists, n (%) 18 (29.0) 56 (81.2) 6 (8.7) 7 (10.1)
RAAS Inhibitors

ACE Inhibitors, n (%) 20 (32.3) 57 (82.6) 6 (8.7) 6 (8.7)

Angiotensin Receptor Antagonists, n (%) 18 (29.0) 57 (82.6) 3(4.3) 9 (13.0)
Other Medications

Statins, n (%) 31 (50.0) 59 (85.5) 6 (8.7) 4 (5.8)

Diuretics, n (%) 17 (27.4) 47 (68.1) 5(7.2) 17 (24.6)

Proton Pump Inhibitors, n (%) 15 (24.2) 60 (87.0) 4 (5.8) 5(7.2)

Metformin, n (%) 9 (14.5) 67 (97.1) 0 (0.0) 2 (2.9)

Nitrates, n (%) 5(8.1) 67 (97.1) 0 (0.0) 2 (2.9)

Paracetamol, n (%) 8 (12.9) 53 (76.8) 6 (8.7) 10 (14.5)

Opioid Receptor Agonists, n (%) 4 (6.5) 61 (88.4) 2(2.9) 6 (8.7)

Note: data from patients (n=62) in whom follow-up data was complete




As regards unscheduled hospital admissions and thromboembolic events, no patients had
suffered stroke or systemic embolus, while 67.7% had unscheduled hospital admission in the

interim period.

3.4.2 Platelet Function in Atrial Fibrillation: Baseline and Follow-up

Median platelet aggregability declined significantly between baseline and follow-up in males

(p<0.05, Wilcoxon Signed Rank test), and females (p<0.01, Wilcoxon Signed Rank test)

(Figure 33).
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Figure 33: Median platelet aggregation (with IQR) at baseline and follow-up for males
and females. Median platelet aggregation for males was 8.2 [5.5, 10.2]Q at baseline
and 6.9 [5.9, 9.6]Q at follow-up. Median platelet aggregation for females was 10.0
[8.6, 11.5]Q at baseline and 8.0 [6.0, 10.0]Q at follow-up.
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No significant difference was observed between baseline and follow-up platelet NO response

(Figure 34).
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Figure 34: Platelet NO response at baseline and follow-up. Platelet response to NO
did not differ significantly between baseline (21.8+3.0% inhibition) and follow-up
(18.5+2.6% inhibition) in AF patients (p=0.107, paired samples t-test).

Controlling for acuity of AF (i.e. new onset vs. chronic AF) via two way (mixed models)

ANOVA indicated that platelet NO response remained unchanged between baseline and

follow-up time points (F[1, 56] =2.056, p=0.157). These data therefore suggest that the

differences between new onset and chronic AF patients are only partially attenuated after a

median follow-up period of 11.8 [11.4, 12.1] months (Figure 35).
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Figure 35: Platelet NO response and acuity of AF over time. Mean platelet NO
response in chronic AF patients appeared to decline between baseline (24.7+3.5%
inhibition) and follow-up (17.5+2.8% inhibition) however, no difference was observed
for new onset AF patients between baseline (10.7+£6.4% inhibition) and follow-up
(13.7+5.1% inhibition).

No effect was observed for either ACE inhibitor (p=0.319, two-way mixed models ANOVA)
or statin (p=0.141, two-way mixed models ANOVA) therapies in the current cohort between

baseline and follow-up.

The relationship between change in platelet aggregability and NO response from initial to
follow-up assessment was also explored (Figure 36). Follow-up revealed no net sensitization

of platelets to NO, either overall or among the new onset AF subset.
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Figure 36: Relationship between changes in NO and ADP responses over patient
follow-up. There was no significant difference from zero (one sample t-test, p=0.881).
Post hoc analysis showed no difference between changes for new onset vs. chronic
AF patients (paired samples t-test).
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3.4.3 Dimethylarginines in Atrial Fibrillation: Baseline and Follow-up
A significant increase in both plasma ADMA and plasma SDMA concentrations was

observed over follow-up (Figure 37).
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Figure 37: Plasma dimethylarginines in AF patients over time. Increases in plasma
concentrations between baseline and follow-up were observed for plasma ADMA
(609+18nM vs. 647+£18nM respectively, p<0.01, paired samples t-test) and SDMA
(574 [491, 723]nM vs. 617 [515, 762]nM respectively, p<0.05, Wilcoxon Signed Rank
test).

3.4.4 Inflammation in Atrial Fibrillation: Baseline and Follow-up

No difference was observed between baseline and follow-up in plasma MPO concentrations
(Figure 38). There was, however, a significant decrease in plasma CRP concentrations
between baseline and follow-up (3.2 [1.5, 8.2]mg/l vs. 2.6 [1.1, 5.2]mg/l, p<0.05, Wilcoxon

Signed Rank test).
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Figure 38: Plasma MPO concentrations at baseline and follow-up in AF patients.
Plasma MPO concentrations did not differ between baseline and follow-up (54 [42,
66]ng/ml vs. 50 [39, 68]ng/ml respectively, p=0.669, Wilcoxon Signed Rank test).

3.4.5 Plasma Thrombospondin-1 Levels: Baseline and Follow-up

Plasma TSP-1 was observed to decrease between baseline and follow-up (Figure 39).
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Figure 39: Plasma TSP-1 concentrations at baseline and follow-up in AF patients.
Plasma TSP-1 concentrations decreased between baseline (152 [112, 231]ng/ml)
and follow-up (126 [88, 171]ng/ml, p<0.05, Wilcoxon Signed Rank test).
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3.4.6 Platelet Thioredoxin-interacting Protein Content: Baseline and Follow-up

No difference was observed in platelet Txnip content between baseline and follow-up (Figure

40).
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Figure 40: Platelet Txnip content at baseline and follow-up. Platelet Txnip content did
not differ significantly between baseline and follow-up (357+16 [AU] vs. 404122 [AU],
p=0.076, paired samples t-test).

Additionally, platelet Txnip content did not correlate significantly with platelet NO response

at follow-up (p=0.342, Pearson).

3.4.7 Correlates of Platelet Function in Atrial Fibrillation: Baseline and Follow-up

Platelet NO response was observed to correlate inversely with platelet aggregation and
directly with plasma SDMA concentrations (Figure 41). ADP-induced aggregation did not

correlate with any clinical or biochemical factors at follow-up.
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Figure 41: Correlates of platelet NO response at follow-up. Platelet NO response was
observed to correlate with A, platelet aggregability (r=-0.478, p<0.001, Pearson) and
B, plasma SDMA concentrations (r=0.334, p<0.05, Pearson).

3.4.8 Adverse Events in Atrial Fibrillation Patients: Baseline and Follow-up

Consistent with baseline measures, patients who experienced hospital readmission did not
display any significant differences in plasma ADMA and SDMA concentrations or the plasma
ADMA: SDMA ratio. Nor were any differences apparent for plasma MPO or TSP-1
concentrations, or for platelet Txnip content. The same was true when screening specifically
for emergency hospital readmission. Additionally, upon hospital readmission, no relationship
was observed between these biochemical parameters (i.e. ADMA, SDMA, MPO, TSP-1 and
Txnip) and mean length of stay. Due to the lack of significant univariate correlates, no further

analysis was conducted regarding adverse events and follow-up data.
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4: Discussion

The experiments described in the preceding sections have yielded a number of important

findings which are summarised below.

4.1 Summary of Findings

4.1.1 Hospital Readmission in Chronic Atrial Fibrillation

During a median follow-up period of 11.8 months, 66.3% of chronic AF patients experienced
hospital readmission; of these, 89.1% were emergency readmissions. Intriguingly, platelet
Txnip content was elevated in AF patients who underwent hospital readmission during
follow-up, compared with those who didn’t, suggesting an inflammatory basis for
readmission risk. Univariate analysis also identified that increasing CHADS, and
CHA,DS,VASc scores, as well as increasing plasma SDMA concentrations, correlated with
length of hospital stay upon emergency hospital readmission. Somewhat surprisingly, platelet
NO response was also directly correlated with duration of hospital stay upon emergency
hospital readmission. Multivariate analysis of these factors indicated that plasma SDMA was
the strongest determinant of duration of hospital stay following emergency hospital
readmission. Plasma SDMA concentrations also correlated directly with both the CHADS,

and CHA,DS,VASc stroke risk scores.

4.1.2 Platelet Nitric Oxide Response in Atrial Fibrillation

Loss of integrity of NO signalling appears to be critical to the pathogenesis of AF (Cai et al.,
2002) and may play a part in its association with thromboembolic risk (Horowitz et al., 2013).
This study therefore set out initially to explore potential mechanisms affecting platelet NO
signalling in AF patients, specifically seeking to evaluate, (1), correlations with clinical
algorithms for thromboembolic risk and, (2), the potential impact of plasma ADMA, MPO

and TSP-1 concentrations, as well as platelet Txnip content. There was no relationship
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between platelet response to the NO donor SNP and either CHADS, or CHA,DS,VASc
scores. As regards potential biochemical correlates, the only univariate correlate was Txnip
(see figure 14), but none of these biochemical factors survived multivariate analysis. Plasma
creatinine concentrations and platelet aggregability in response to ADP were significant

inverse correlates of platelet NO response on multivariate analysis (see section 3.1.4).

4.1.3 Platelet Hyperaggregability in Atrial Fibrillation

Given that platelet aggregability was a multivariate correlate of platelet NO response,
identification of those factors which may contribute to platelet hyperaggregability in AF was
undertaken. Plasma SDMA and plasma TSP-1 concentrations, as well as female sex, were
found to be multivariate correlates of platelet aggregability in patients with AF (see section

3.1.4); of these, plasma SDMA concentrations were inversely correlated with ADP response.

4.1.4 Inflammation and Endothelial Dysfunction

The study also provided data linking several of the parameters assessed. Significant
correlations between concentrations of the matricellular protein TSP-1 and those of the pro-
oxidant enzyme MPO, as well as between MPO and the endogenous NOS inhibitor ADMA,

were observed in this cohort (see Figure 20).

4.1.5 Platelet Nitric Oxide Response in New Onset Atrial Fibrillation

While it has been established that the sudden onset of newly diagnosed AF is associated with
incremental thromboembolic risk (R. H. Mehta et al., 2003; Miyasaka et al., 2007; Mrdovic et
al., 2012; T. J. Wang et al., 2003b), potential physiological mechanisms that account for this
risk have been lacking. The elevated thromboembolic risk present in new onset AF has
proven to be independent of gender (Avgil Tsadok et al., 2012; Humphries et al., 2001) or

anticoagulant status (T. J. Wang et al., 2003b) and is associated with poorer outcomes in ACS
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(Lehto et al., 2005; R. H. Mehta et al., 2003; Mrdovic et al., 2012). Thus far, new onset AF
has been shown to be associated with impaired left atrial function, including decreased left
atrial strain (Hirose et al., 2012), cardiac distress (e.g. elevated plasma BNP) (Shibazaki et al.,
2012) and a pro-thrombotic state consistent with what has been observed in chronic AF
(Marin et al., 2004).

In the current study, when compared with chronic AF, new onset AF displayed severely
impaired platelet NO response. This impairment existed despite there being no observable
platelet hyperaggregability in association with acuity of AF, an observation consistent with
previous research establishing no association between platelet reactivity and incremental
thromboembolic risk in AF (Kamath, Chin, et al., 2002; Ohara et al., 2008). The impairment
of platelet NO response in new onset AF was apparent despite relatively well-preserved
kidney function (as reflected by plasma creatinine concentrations). Given that new onset AF
was also strongly associated with tachycardia, the issue arose that the primary basis for NO
resistance might be tachycardia as a result of associated inflammation/oxidative stress and/or
increased plasma catecholamine levels. However, impairment of NO response to the extent
seen in new onset AF did not depend on the extent of tachycardia.

Due to the retrospective nature of this initial finding, prospective validation was performed

through the consecutive recruitment of additional new onset AF patients, confirming that

impaired platelet NO signalling is a feature distinctive of new onset AF, even when compared

with other acute cardiac illnesses such as ACS or acute decompensated heart failure.

4.1.6 Gender-specific Platelet Dysfunction in Atrial Fibrillation

Female gender is an established risk factor for thromboembolism in atrial fibrillation (Lip et
al., 2010; Wolf et al., 1978), yet understanding of the physiological basis for this risk remains
elusive. Platelet hyperaggregability has been observed in AF (Kamath, Blann, et al., 2002;

Ohara et al., 2008) and in females compared with males (Becker et al., 2006; Otahbachi et al.,
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2010; Yee et al., 2006; Yee et al., 2005), yet the prospect of gender-specific platelet
dysfunction in AF has not been investigated previously. This research identified that females

with AF displayed significant platelet hyperaggregability and impaired platelet NO response

when compared with males. Additionally, this gender-specific difference in platelet function

was independent of heart rate or acuity of AF.

4.1.7 Multivariate Determinants of Platelet Function in Atrial Fibrillation

When considering clinical and biochemical correlates of platelet function in AF in the
primary study (see section 3.1), certain clinical characteristics were not considered (such as
new onset AF status and admission heart rate), as there was significant variation within the
cohort between initial diagnosis of AF and hospital admission, index enrolment into
SAFETY, and patient blood sample collection. In this refined cohort controlling for these
factors, platelet function has been evaluated with the additional consideration of the effects of
heart rate and acuity of AF. Plasma SDMA was retained as a significant inverse correlate of
platelet aggregability, while admission heart rate, female gender and plasma TSP-1 were all
direct correlates. Platelet NO response was diminished in the presence of both new onset AF

and platelet hyperaggregability.

4.1.8 Platelet Function in Chronic Atrial Fibrillation

New onset AF is associated with severely impaired platelet NO response when compared with
chronic AF (section 4.2.1), and in a cohort comprised of new onset and chronic AF patients,
platelet response to NO was correlated on multivariate analysis with extent of platelet
aggregation and presence of new onset AF. This finding highlights the possibility that
determinants of platelet NO response in a cohort of AF patients may be modified in the

presence of new onset AF. Therefore, potential determinants of platelet NO signalling were

re-evaluated in a post hoc analysis of chronic AF patients, in whom platelet Txnip content
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was observed to be a univariate correlate of platelet NO response. Although no platelet
hyperaggregability was apparent in new onset AF compared with chronic AF, determinants of

platelet aggregability were also sought. Plasma TSP-1 and platelet Txnip content correlated

directly with ADP-induced aggregation, whereas plasma SDMA was an inverse correlate.

4.1.9 Changes in Platelet Function over Time in Atrial Fibrillation

Platelet aggregability declined between baseline and follow-up time points. This decline in
platelet aggregability was accompanied by a decrease in plasma TSP-1 concentrations.
Platelet NO response did not change between baseline and follow-up even when controlling
for new onset AF status. Furthermore, the relationship between platelet aggregability, and
inhibition of platelet aggregation by NO (i.e. physiological antagonism), did not alter with
time (Figure 32). Platelet NO response at follow-up correlated inversely with extent of

platelet aggregation and plasma SDMA levels.

4.1.10 Changes in Plasma Asymmetric and Symmetric Dimethylarginines over Time in Atrial

Fibrillation

Between baseline and follow-up time points, there was an increase in plasma ADMA and
SDMA concentrations (well documented markers of cardiovascular morbidity, mortality and
thromboembolic risk in AF (Horowitz et al., 2013)). This increase occurred despite the use of
ACE inhibitor therapy in the study population (previously shown to decrease plasma ADMA
concentrations) (Willoughby et al., 2012), and was independent of markers of inflammation

and oxidative stress such as MPO or CRP.

4.2 Implications

4.2.1 Hospital Readmission in Chronic Atrial Fibrillation
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Hospital readmission rates due to AF have been increasing, in Australia and world-wide (Lip
et al., 2012; Wong et al., 2012), posing a significant cost burden on health systems,
particularly when incidence of stroke in AF is considered (Cadilhac, 2012; Cadilhac et al.,
2009). The likelihood of hospital readmission among AF patients has largely been attributed
to increased cardiovascular comorbidity burden (Johnson et al., 2013; Naccarelli et al., 2012).
Differing strategies have been explored in order to address this phenomenon, with varying
levels of success. Pharmacotherapy for the primary prevention of AF has explored the
potential benefits of statin therapy, as well as RAAS inhibition through application of
angiotensin-receptor antagonists or ACE inhibitors. While both statin use and angiotensin-
receptor antagonists have failed to reduce the incidence of AF (Bang et al., 2011; Khatib et
al., 2013), some benefit seemed to be associated with ACE inhibitor therapy (Khatib et al.,
2013). Similarly, with regards to secondary prevention of AF (i.e. maintenance of sinus
rhythm) no significant effect has been observed with angiotensin-receptor antagonist therapy
(Disertori et al., 2012), while ACE inhibitor and statin therapies seem to show some benefit
(Disertori et al., 2012; Fauchier et al., 2013). 53.0% of the present cohort received statin
therapy while 31.3% of the cohort received ACE inhibitor therapy. Clearly, there is a need to
identify patients who may benefit more from aggressive and/or novel therapeutic strategies.
The finding that platelet Txnip content was elevated in patients that subsequently
required hospital readmission may have clinical utility. The most defined function of
Txnip is its inhibition of thioredoxin activity (Nishiyama et al., 1999; P. C. Schulze et al.,
2004), through which it can affect numerous cellular processes (Spindel et al., 2012). In the
context of cardiovascular function, Txnip is upregulated in response to hyperglycaemia (Cha-
Molstad et al., 2009; J. Chen et al., 2009; Minn et al., 2005), has roles in regulating vascular
smooth muscle proliferation (P. C. Schulze, 2002), cardiomyocyte hypertrophy (Yoshioka et
al., 2004) and apoptosis (Y. Wang et al., 2002; Xiang et al., 2005), as well as correlating with

aortic valve calcification (Ngo et al., 2008). Notably, Txnip is also involved in the expression
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of adhesive molecules by endothelial cells in response to non-laminar blood flow (X. Q.
Wang et al., 2012; Yamawaki et al., 2005), as well as promoting the secretion of interleukin-
1p via the NLRP3 inflammasome (Zhou et al., 2010). The association of Txnip with oxidative
stress is particularly interesting, given that expression of Txnip is negatively regulated by NO
(Forrester et al., 2009; P. C. Schulze et al., 2006), lending the assumption that conditions
displaying oxidative stress as well as being associated with impaired NO signalling will also
be associated with elevated Txnip levels. Indeed, this association has been observed before,
where ACE inhibitor therapy in conditions of high cardiovascular risk has improved NO
response, with a concomitant decrease in Txnip expression (Sverdlov et al., 2013a;
Willoughby et al., 2012). These findings are consistent with the present observation that
increased platelet Txnip content is associated with increased likelihood of hospital
readmission, considering previous observations that hospital readmission in AF correlates
with increased comorbidity burden (Johnson et al., 2013; Naccarelli et al., 2012).

The length of hospital stay upon readmission is also a significant factor when evaluating the

cost burden that AF poses on hospital systems (Cadilhac, 2012). Consistent with what has
been reported previously (Johnson et al., 2013), indices of thromboembolic risk (i.e. CHADS;
and CHA,;DS,VASc) correlated directly with length of hospital readmission within the

current study. Upon multivariate analysis though, plasma SDMA concentrations were found

to be the strongest predictive factor for length of hospital readmission, an intriguing result
given that plasma SDMA concentrations also correlated directly with both CHADS; and
CHA,DS,VASc scores. Considering these findings, it is possible that plasma SDMA could be
a sensitive biochemical risk marker of events such as ischaemic stroke in AF patients, given
the correlations with scores of thromboembolic risk and length of hospital readmission. One
explanation for this association that should be considered is that of renal impairment: SDMA
is known to be eliminated primarily, though not exclusively (Kittel et al., 2013; Rodionov et

al., 2010), via renal excretion and for this reason has been postulated as a potential marker of
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renal function (Kielstein, Salpeter, et al., 2006). However, while plasma SDMA correlated
with both CHADS, and CHA,DS,VASc scores, plasma creatinine (another marker of renal
function) did not, seemingly weakening the argument that the direct correlations between
SDMA, CHADS; and CHA,;DS,VASc scores, and length of hospital readmission are

indicative of increasing disease burden, reflected by progressive renal impairment.

Alternatively, the oxidative stress that typically accompanies AF (Korantzopoulos et al.,
2007; Neuman et al., 2007) may also stimulate the up-regulation of PRMTS, resulting not
only in impairment of DDAHSs but also increased methylation of arginine residues (Luo et al.,
2010), contributing to accumulation of ADMA and SDMA.. Arguably, progressive increases
in oxidative stress associated with increasing thromboembolic risk in AF may therefore be
reflected in increasing plasma SDMA levels. While the direct association between SDMA
levels and O; generation has been reported (Schepers et al., 2011; Schepers et al., 2009; von
Leitner et al., 2011), no other detailed correlative studies with oxidative stress are currently

available.

4.2.2 Platelet Nitric Oxide Response in Atrial Fibrillation

Net platelet aggregability conceptually can be considered as the net result of a ‘tug of war’
between opposing forces stimulating platelet aggregation or its inhibition (Rajendran et al.,
2008). This ‘tug of war’ occurs through functionally distinct pathways, that do not interact
with each other directly until they intersect with their differing effects upon Ca®* flux in the
platelet: pro-aggregants such as ADP promoting Ca**-induced Ca?* release, resulting in
platelet activation, whereas inhibitors of aggregation such as NO stimulate the suppression of
this Ca?*flux (Chirkov et al., 2007). This ‘tug of war’ effect may therefore be referred to as
‘physiological antagonism’, that is opposing effects produced by two different agonists

(Henry et al., 1985).
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It is important to emphasize that diminished platelet NO response in the presence of
hyperaggregability does not in any way imply impairment of NO related mechanisms, but
rather increases in ‘opposing forces’. For example, the impact of constrictor/dilator
interactions in isolated smooth muscle preparations have been modelled in order to derive the
expected reductions in dilator effects, with given increases in constrictor tone (Henry et al.,
1985). However, the problem here is that in many circumstances platelet hyperaggregability
coexists with impaired NO response, that is, for reasons independent of physiological
antagonism. One such example is polycystic ovarian syndrome (Chan et al., 2013; Rajendran
et al., 2009). It is therefore important to state clearly that in the current study, no biochemical
association of impaired NO response was found, while elevated creatinine levels represented

an association with increased NO response.

4.2.3 Platelet Hyperaggregability in Atrial Fibrillation

Platelet hyperaggregability is an established pathophysiological feature of AF (Hammwohner
et al., 2007; Kamath, Blann, et al., 2002; Ohara et al., 2008). However, extent of platelet
reactivity has not been observed to associate with incremental thromboembolic risk: currently,
no correlation has been observed between measures of platelet reactivity and CHADS; score
(Ohara et al., 2008), or clinical categories of AF (i.e. paroxysmal, persistent, permanent)
(Kamath, Chin, et al., 2002). Thus far, efforts to associate platelet hyperaggregability with
clinical measures of thromboembolic risk have largely been unsuccessful.

Gender has long been identified as a factor influencing stroke risk in AF, with females
experiencing elevated risk compared to males, a feature that has been incorporated into the
CHA,DS,VASc stroke risk algorithm (Lip et al., 2010). Awareness of this gender-specific
stroke risk has long been present, with initial studies evaluating epidemiological factors
associated with stroke incidence in AF identifying female gender, along with coronary heart

disease and age, as being significantly associated with thromboembolic risk (Wolf et al.,
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1991). Female gender has continued to be identified as a risk factor for thromboembolism
even when controlling for rates of anticoagulation (Avgil Tsadok et al., 2012), or potential
selection bias by evaluating populations naive to anticoagulation (T. J. Wang et al., 2003b),
and even appears to be predictive of the likelihood of post-cardioversion complications
(Airaksinen et al., 2013). In this study, it has been observed that gender is a determinant of
platelet reactivity, with females aggregating more strongly than males. This result is
consistent with previous reports (Becker et al., 2006; Otahbachi et al., 2010). However, this is
the first time that gender has been identified as a determinant of platelet reactivity in AF. It
remains possible that platelet hyperaggregability may contribute to the increased propensity
for thrombogenesis in females with AF.

Thrombospondin-1 is a ‘promiscuous’ matricellular protein that is stored primarily in the
dense granules in platelets, and is released upon platelet activation, when dense granules fuse
with the platelet extracellular membrane, expelling their contents (H. Chen et al., 2000;
Isenberg, Frazier, et al., 2008).

In the current study, the expectation might have been of an inverse relationship between
plasma TSP-1 and platelet NO response, reflecting previous work exploring the role of TSP-1
in modulating NO signalling. In vascular tissue, TSP-1 has been shown to inhibit endothelial
NOS activation and attenuate sGC activity, as well as stimulate ROS generation via NADPH
oxidase 1 activity (E. M. Bauer et al., 2010; Csanyi et al., 2012; Isenberg et al., 2006; Miller
et al., 2010; Ramanathan et al., 2011). Similarly, TSP-1 has been observed to suppress
CAMP- and cGMP-dependent inhibitory signalling pathways in platelets (Isenberg, Romeo, et
al., 2008; Roberts et al., 2010). However, no association between TSP-1 and platelet NO
signalling was observed in this study. Rather, the main finding with TSP-1 was a strong
association with extent of platelet aggregation. This result may be reflective of the
hyperaggregable state present in AF: TSP-1 is stored primarily in platelets and released into

plasma as a result of degranulation upon platelet activation (Davi et al., 2007; Isenberg,
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Frazier, et al., 2008). Supporting this view is research identifying that circulating plasma
levels of ‘microparticles’ (membrane vesicles with pro-coagulant, pro-inflammatory
properties that are shed by cells in response to stress (see (Montoro-Garcia et al., 2011)), are
elevated in AF (Ederhy et al., 2007; Hayashi et al., 2011), and that the release of these
microparticles is potentiated by TSP-1 (Camus et al., 2012). Thus, TSP-1 may have a role in
modulating platelet hyper-reactivity in AF. As regards potential mechanisms linking TSP-1
and platelet hyperaggregability, the lack of association between TSP-1 and NO response
suggests that any such mechanism is not cGMP-dependent. cCAMP-dependent mechanisms of
platelet inhibition were not investigated in this study; as such the potentiation of platelet
aggregability via suppression of CAMP-dependent signalling within this cohort remains a
possibility.

In the current study, SDMA concentrations were inversely and independently correlated with
extent of platelet aggregation (that is, after correcting for creatinine levels). Plasma SDMA
was long thought to be a physiologically inert arginine residue, accumulating within
organisms as a result of the breakdown of proteins containing methylated arginines. Recent
studies supported this view (Veldink et al., 2013), maintaining that the primary clinical value
in determining plasma SDMA is as a measure of renal function (Kielstein, Salpeter, et al.,
2006). This underscores the possibility that the association between plasma SDMA and
platelet aggregability is merely reflective of diminished platelet function in the presence of
renal impairment. However, it has emerged that SDMA is partially cleared by metabolism,
limiting its capacity to be regarded as an endogenous measure of renal function (Kittel et al.,
2013). Evidence is also accumulating that suggests that SDMA may not be physiologically
inert, as was previously understood. Clinically, plasma SDMA has been associated with risk
of major bleeding events and cardiac death in patients with AF (Horowitz et al., 2013), as a
marker of adverse outcomes in the acute phase of ischemic stroke in renal failure patients

(Luneburg et al., 2012), and is inversely predictive of long-term event free survival in
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coronary heart disease patients (Siegerink et al., 2013). Plasma SDMA has also been observed
to stimulate ROS production in endothelial cells (Bode-Boger et al., 2006), and monocytes
(Schepers et al., 2009) as well as promoting inflammatory activation of monocytes via NF-xB
(Schepers et al., 2011; Schepers et al., 2009). This evidence of a physiological role for SDMA
also allows for the possibility of a direct effect of SDMA on platelet aggregability.
Furthermore, it has long been established that platelet aggregation is impaired in patients
undergoing haemodialysis (Lindsay et al., 1975), and consistent with this, risk of
haemorrhage is increased in AF patients with chronic kidney disease (Olesen et al., 2012), a
condition associated with SDMA accumulation (Duranton et al., 2014; Eiselt et al., 2010;
Kielstein, Boger, et al., 2004). However, the current data in no way explain precisely how
SDMA might impair platelet aggregation. This issue would best be addressed by direct
investigation of the potential SDMA/ADP platelet interaction, which is now a high priority in

this field.

4.2.4 Endothelial Dysfunction and Inflammation in Atrial Fibrillation

Endothelial dysfunction and inflammation are both associated with AF; however the evidence
for their direct interaction is limited. Biochemical surrogates of endothelial dysfunction (such
as the endogenous NOS inhibitor, ADMA) and inflammation (the inflammatory enzyme,
MPO) have been observed to interact with each other in an in vitro setting (von Leitner et al.,
2011). In spite of the modulatory roles platelets have regarding inflammation (Gawaz et al.,
2005; Lievens et al., 2010; Mansfield et al., 1990) and endothelial function (E. M. Bauer et
al., 2010; Csanyi et al., 2012; Isenberg et al., 2009; Isenberg et al., 2005), their influence
regarding the interaction between inflammation and endothelial dysfunction remains
relatively unexplored in the context of AF.

ADMA is associated with impaired endothelial function due to its ability to competitively

inhibit NOS, and can also contribute to the uncoupling of endothelial NOS, resulting in
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increased O3 production (Antoniades et al., 2009; Kielstein, Donnerstag, et al., 2006; Veresh
et al., 2008). Clinically, ADMA has been shown to be predictive of cardiovascular morbidity
and mortality (Horowitz et al., 2013; Siegerink et al., 2013; Yoo et al., 2001). Metabolic
clearance of ADMA may be influenced by the presence of oxidative stress, such as in diabetes
mellitus (Lin et al., 2002) and/or the activity of ROS generating enzymes NADPH oxidase or
MPO (both associated with inflammation), resulting in impairment of DDAH activity and
accumulation of ADMA (Lin et al., 2002; Luo et al., 2010; von Leitner et al., 2011).

As for platelets, neutrophil activation is subject to modulation by NO, inhibiting neutrophil
activation and suppressing ROS generation by NADPH oxidase (Clancy et al., 1992;
Moilanen et al., 1993). TSP-1 and MPO (stored primarily in platelets and neutrophils,
respectively) also have well documented effects on NO signalling. TSP-1 has been shown to
inhibit the activity of several enzymes involved in the NO signalling pathway (E. M. Bauer et
al., 2010; Miller et al., 2010), as well as to attenuate the inhibitory effect of NO on leukocyte
activation (Ridnour et al., 2007). Similarly, MPO has been implicated in endothelial NOS
uncoupling (Xu et al., 2006), shown to be a source of reactive nitrogen species (Eiserich et
al., 1998) as well as catabolising bioavailable NO (Eiserich et al., 2002). Furthermore, TSP-1
and MPO have specific roles in modulating inflammation. TSP-1, through the receptor CD47,
displays chemokine qualities in the recruitment and transmigration of leukocytes (Cooper et
al., 1995; Kirsch et al., 2010; Liu et al., 2001; Mansfield et al., 1990). MPO is able to
contribute to maintenance of neutrophil activation through catabolism of bioavailable NO as
well as the binding of MPO to CD11b/CD18 receptors on neutrophils (Lau et al., 2005).

In this patient cohort, mean plasma ADMA concentrations were 620+11nM, compared with
503+3nM in normal populations (Horowitz et al., 2007). In effect, what may have been
observed within this cohort is the endogenous inhibition of endothelial NOS due to these
elevated ADMA levels, resulting in loss of tonic inhibition of neutrophil activation and ROS

release, as well as platelet activation (Figure 42). Transient activation of these cell
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populations would therefore increase, reflected through increased plasma concentrations of
MPO and TSP-1. The increased plasma levels of MPO and TSP-1 would then be able to exert
further influence on this dynamic in a feedback mechanism, further impairing the integrity of

the NO signalling pathway.
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Figure 42: A proposed mechanism accounting for the nexus between TSP-1, MPO
and ADMA. Transient activation of platelets and neutrophils results in the release of
TSP-1 and MPO respectively, further impairing the integrity NO signalling through
feedback mechanisms (Potentially, this nexus may have an important role in the
pathophysiology of AF: endothelial dysfunction and MPO release have been
implicated in the pathogenesis of AF (Cai et al., 2002; V. Rudolph et al., 2010) and
platelet hyperaggregability is a known feature of the arrhythmia (Hammwohner et al.,
2007; Kamath, Blann, et al., 2002; Kamath, Chin, et al., 2002). However, any
mechanistic link between endothelial dysfunction/inflammation (identified in these
patients) and the pathophysiology of AF remains speculative, given the impracticality
of specific mechanistic manipulation in this clinical setting).

4.2.5 Platelet Nitric Oxide Response in New Onset Atrial Fibrillation

The association of new onset AF with severe impairment of platelet NO signalling was not a

prospectively sought interaction. However, this result was subsequently validated through the
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prospective recruitment of additional new onset AF patients. Additionally, comparison with

other acute cardiovascular diseases (e.g. ACS, acute heart failure) in which impairment of

NO-mediated signalling has also been documented (Chirkov et al., 2001; Tamargo et al.,
2010) has identified that this impairment in platelet NO response appears to be a distinct
feature of new onset AF and, in spite of strong univariate correlations, to be independent of
heart rate. Factors which might contribute to this phenomenon are either a surge in plasma
catecholamine levels, acute inflammation and oxidative stress, or a combination of both,
accompanying the new onset of AF.

It has been shown that the generation of atrial tachyarrhythmia and induction of AF is
accompanied by increased sympathetic and parasympathetic activity (Jayachandran et al.,
2000; Sharifov et al., 2004; Tan et al., 2013; Workman, 2010). It is therefore plausible that
new onset AF is accompanied by increased sympathetic and parasympathetic activity,
associated with tachycardia, and contributing to platelet dysfunction. One possible
contributory factor is catecholamine-induced platelet hyperaggregability. Platelet hyper-
reactivity has been observed in aggregation experiments in response to epinephrine and
norepinephrine (Béres et al., 2008; Ikarugi et al., 1999; Larsson et al., 1994; Willoughby et
al., 1996; Yee et al., 2006). Moreover, adrenergic stimulation of platelets (via a2A receptors)
is known to result in the inhibition of adenylyl cyclase, the enzyme responsible for
accumulation of intracellular cAMP, which induces inhibition of platelet activation (Keularts
et al., 2000). A limitation of this theory though, is that catecholamines are rapidly cleared
from plasma: in the context of ex vivo studies it is unlikely that residual effects of
catecholamines will be detectable by the time aggregation is evaluated.

An alternative mechanism involves catecholamine-induced alterations in vascular tissue
function, with resultant effects on platelet function. Catecholamines have been observed to
stimulate ROS generation in endothelial (J. L. Mehta et al., 2001), vascular smooth muscle

(Bleeke et al., 2004) and myocardial cells (Lu et al., 2009), as well as leukocytes (Deo et al.,
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2013). Adrenergic and noradrenergic stimulation of endothelial cells has been linked to
uncoupling of endothelial NOS and decreased production of NO (Lu et al., 2009; Nickel et
al., 2009). Additionally, AF and atrial pacing have been associated with increased
peroxynitrite formation (Carnes et al., 2001; Mihm et al., 2001), characteristic of uncoupled
NOS activity. The effects of catecholamines upon vascular tissue, that is the stimulation of
increased ROS generation, may result in scavenging of available NO and oxidative
impairment of sSGC (Chirkov et al., 2007; Weber et al., 2001). Thus, acute catecholamine
surges accompanying new onset AF may contribute to long-lasting impairment of the NO
signalling pathway in platelets.

There is also the possibility that acute inflammation and associated oxidative stress that
accompanies the new onset of AF could result in depletion of available NO and impairment of
NO signalling in platelets through scavenging by ROS or catabolism by active MPO (Eiserich
et al., 2002; Eiserich et al., 1998), as well as inducing the uncoupling of endothelial NOS
(Boulden et al., 2006; Xu et al., 2006), resulting in impairment of NO signalling. However,
within the current cohort, no significant differences between new onset and chronic AF were
observed in plasma MPO or CRP levels.

Research has consistently indicated that with the de novo detection and diagnosis of AF, there
is an immediate period of elevated thromboembolic risk (R. H. Mehta et al., 2003; Miyasaka
et al., 2007; Mrdovic et al., 2012). While this phenomenon could be partially attributed to a
delay between initiation of anti-thrombotic therapy and beneficial effect, the current research
has identified specific physiological phenomena present in the acute onset of AF that may
contribute to increased thromboembolic risk. Such understanding may provide the basis for
new strategies in the pharmacological management of AF, such as the acute application of
agents known to potentiate NO signalling (Chirkov et al., 2004; Stepien et al., 2003;

Willoughby et al., 2012), and/or the earlier application of oral anticoagulation therapies.
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4.2.6 Gender-specific Platelet Dysfunction in Atrial Fibrillation

The association of female gender with thromboembolic risk in AF has been known for some
time (Wolf et al., 1991). This gender-specific stroke risk has been consistently identified
whether strokes are ischaemic or haemorrhagic (R. G. Hart et al., 1999; Humpbhries et al.,
2001), controlling for rates of anticoagulant therapy (Avgil Tsadok et al., 2012), or in patients
naive to previous anticoagulation (T. J. Wang et al., 2003b), and persists after controlling for
other clinical stroke risk factors (Fang et al., 2005). Recently, sex category has been
incorporated into the CHA,DS,VASCc stroke risk score with the intention of enabling the more
accurate stratification of AF patients at low risk of stroke/TIA (Lip et al., 2010). The
physiological bases for this risk are as yet unclear, however.

Female patients typically display increased platelet aggregability when compared with male
patients (Becker et al., 2006; Otahbachi et al., 2010; Yee et al., 2006), and as mentioned
previously, stimulation of platelets with catecholamines can result in the production of a
hyper-reactive phenotype (Béres et al., 2008; Ikarugi et al., 1999; Yee et al., 2005). Arguably,
based upon this, females would display much more pronounced hyperaggregability in
response to a ‘catecholamine’ surge than males — however, the same rationale applies in this
situation that applied when considering this possibility as a potential mechanism for new
onset AF: catecholamine reuptake from plasma is quite rapid, with any effect between sample
collection and platelet aggregometry likely to have dissipated. Similarly, the potential for
catecholamines to stimulate ROS generation in endothelial and vascular smooth muscle cells
(Bleeke et al., 2004; J. L. Mehta et al., 2001), resulting in impaired NO signalling, is also a
possibility. Pre-menopausal females display decreased sensitivity to o-adrenergic and
increased sensitivity to B-adrenergic stimuli relative to males (Freedman et al., 1987; Kneale
et al., 2000). a-adrenergic stimulation of vascular tissue has been associated with increased
ROS production (Bleeke et al., 2004; Lu et al., 2009), while B-adrenergic stimulation in pre-

menopausal females has previously been associated with increased NO generation (Calderone
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et al., 2002; Freedman et al., 1987). However, these gender-specific differences in adrenergic
signalling may largely be lost in post-menopausal females (Calderone et al., 2002; McKee et
al., 2003). B-adrenergic signalling becomes impaired in hypertensive individuals (Bohm et
al., 1994; Bohm et al., 1996), and in post-menopausal females (E. C. Hart et al., 2011). Thus,
the decline in function of B-adrenergic signalling (in association with cardiovascular diseases
such as hypertension), combined with increased sensitivity of a-adrenergic, and decreased
sensitivity of B-adrenergic, signalling pathways post-menopause (Calderone et al., 2002;
McKee et al., 2003) may render females particularly vulnerable to impairment of the NO
signalling pathway, as a result of catecholamine-stimulated ROS generation by vascular tissue
(Bleeke et al., 2004; Lu et al., 2009; J. L. Mehta et al., 2001). This potential mechanism may
explain, in part, the impairment of platelet NO signalling in females compared to males in the
current cohort. The possibility of gender-specific variability in catecholamine sensitivity is
also distinctly plausible and may be contributing to the increased thromboembolic risk

experienced by female AF patients.

4.2.7 Multivariate Determinants of Platelet Function in Atrial Fibrillation

Consistent with what was observed in the primary cohort, physiological antagonism between
pro- and anti-aggregatory stimuli is a significant feature affecting platelet function in AF.
Previous research has identified platelet hyperaggregability as a pathophysiological feature of
AF (Kamath, Blann, et al., 2002; Ohara et al., 2008), though noticeably no association with
incidence of thromboembolism has been established. While the study was not powered to
evaluate potential associations between platelet NO response and clinical outcomes in AF,
work has been done in other cardiovascular diseases that may be applicable. Impaired platelet
NO response in ACS has been independently associated with all-cause mortality (Willoughby
et al., 2005). Furthermore, increasing bioavailability of NO through the use of NO donors

(Zhang et al., 1994) and/or agents that improve NO response (Aktas et al., 2003) have been
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observed to improve outcomes in stroke, and may also partially underlie the therapeutic
benefit observed with statin and ACE inhibitor therapies (Chirkov et al., 2004; Stepien et al.,
2003; Willoughby et al., 2012). Thus, impaired platelet NO signalling in AF represents a
potential therapeutic target.

Similar to what was observed in the primary cohort, plasma TSP-1 (see section 4.1.2) and
female gender (see section 4.2.2) were both directly correlated with platelet aggregability,
while plasma SDMA was inversely correlated.

The association between admission heart rate and platelet function within this cohort strongly
intersected with the incidence of new onset AF: admission heart rate was noticeably elevated
in new onset AF patients when compared with chronic AF patients. Significantly, though
heart rate proved to be a multivariate correlate of platelet aggregability, when evaluating
determinants of platelet NO response it failed to survive the analysis. Part of this may be
attributable to the inclusion of acuity of AF as a variable in the analysis: new onset AF is
associated with severely impaired platelet response to NO, and this relationship has proven to
be independent of heart rate (see figure 23). The implications of this are unclear. Due to the
endothelial dysfunction present in AF, it is possible that elevations in heart rate are
accompanied by increased platelet aggregability as a result of the inability of the endothelium
to adapt synchronously to increased sheer stress with increased NO and/or prostacyclin
production. Previously, it has been observed that in spite of elevations in plasma epinephrine
and norepinephrine in healthy adults in response to exercise, net platelet aggregability
remained unchanged (Siess et al., 1982). By contrast, platelet aggregability has been shown to
increase in response to exercise in patients with coronary artery disease (Kumpuris et al.,
1980). A similar effect may be occurring in AF, where increases in heart rate result in
increased platelet aggregability. While a similar sheer-dependent mechanism may account for
the inverse relationship between heart rate and platelet NO response, this potential mechanism

would be distinct from what is observed in new onset AF. As has been stated, the impairment
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of platelet NO signalling in new onset AF is independent of heart rate. Taken together, these
findings support the possibility of a relationship between the presence of tachycardia and

platelet dysfunction in AF.

4.2.8 Platelet Function in Chronic Atrial Fibrillation

Ever since the need for chronic anticoagulation was established in AF (Askey et al., 1950),
there has also been an associated bleeding risk. For example, the risk of bleeding and/or
haemorrhage in connection with warfarin use has previously been identified as higher in
females (Humpbhries et al., 2001), and the elderly (Fang et al., 2004). In order to address the
increased bleeding risk that accompanies anticoagulation in AF, numerous bleeding risk
scores have been developed. One such score is known as HEMORR,;HAGES (Hepatic or
Renal Disease, Ethanol Abuse, Malignancy, Older Age, Reduced Platelet Count or Function,
Re-Bleeding, Hypertension, Anaemia, Genetic Factors, Excessive Fall Risk and Stroke),
developed through the amalgamation of previous generic bleeding risk schemes and
prospectively validated in a cohort of AF patients (Gage et al., 2006). Although displaying
modest predictive power for the occurrence of bleeding events, it has been criticised as being
overly complicated and impractical in clinical practice, resulting in the derivation of the HAS-
BLED (Hypertension, Abnormal Renal/Liver Function, Stroke, Bleeding History or
Predisposition, Labile International Normalized Ratio, Elderly, Drugs/Alcohol) risk score for
occurrence of haemorrhage (Lip et al., 2011). Parallel to the development of HAS-BLED, an
alternative bleeding risk score was also derived from the ATRIA (Anticoagulation and Risk
Factors in Atrial Fibrillation) cohort (Fang et al., 2011).

However, thromboembolic and haemorrhagic risk scores have displayed significant, direct,
correlations with each other (Marcucci et al., 2013), suggesting that their combined utility in
determining appropriate anti-thrombotic therapy is limited. Recently, evidence has been

accumulating supporting a potential role for SDMA in evaluating cardiovascular risk. Plasma
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SDMA has been directly associated with poorer prognosis following acute stroke (Luneburg
etal., 2012; F. Schulze et al., 2010) and inversely associated with event free survival in
coronary heart disease patients (Siegerink et al., 2013). Recently, plasma SDMA levels have
also been recognised as predictive of bleeding risk in patients with AF (Horowitz et al.,
2013). Controversy exists on whether SDMA has a physiological role: arguments have been
made supporting plasma SDMA as a measure of renal function (Kielstein, Salpeter, et al.,
2006) and indeed, plasma SDMA has been associated with renal impairment in coronary
artery disease (Bode-Boger et al., 2006). Infusions of SDMA have also been observed to have
limited effects on blood pressure regulation, cardiac or renal function (Veldink et al., 2013).
However, SDMA has been shown to stimulate ROS generation in monocytes (Schepers et al.,
2009; von Leitner et al., 2011) and inflammatory cytokine production in leukocytes (an effect
inhibited by the hypochlorous acid scavenger N-acetylcysteine, interestingly), as well as to
correlate with plasma levels of interleukin-6 and TNFa in patients with chronic kidney
disease (Schepers et al., 2011). The possibility of SDMA having a physiological role
therefore remains viable.

As well as being directly associated with plasma TSP-1 concentrations and platelet Txnip
content, platelet aggregability in chronic AF was inversely associated with plasma SDMA
levels. Platelet Txnip content also correlated with platelet NO response, thus the association
between Txnip and platelet aggregability may be reflective of the inhibitory role Txnip has on
NO signalling (Forrester et al., 2009; P. C. Schulze et al., 2006; Sverdlov et al., 2013a).
However, physiological mechanisms accounting for the interaction of SDMA and platelet
aggregability were not clear: two distinct possibilities are apparent. Firstly, declining platelet
aggregability and increasing plasma SDMA concentrations may be occurring as a result of
renal impairment. As stated previously, plasma SDMA has been proposed as a potential
marker of renal impairment: the risk of both ischaemic and haemorrhagic stroke are greatly

increased in AF patients with chronic kidney disease (Olesen et al., 2012), a state associated
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with elevated plasma SDMA levels (Eiselt et al., 2010; Kielstein, Boger, et al., 2004;
Kielstein, Salpeter, et al., 2006; Schepers et al., 2011). Additionally, platelet aggregability is
known to decline in patients with severe renal impairment (Lindsay et al., 1975). Thus the
occurrence of increasing plasma SDMA levels in association with declining platelet
aggregability may both be reflective of renal impairment. Alternatively, SDMA may be

exerting physiological effects upon platelet aggregability: SDMA has been shown to stimulate

ROS production in leukocytes, which could potentially scavenge available NO, promoting
platelet hyperaggregability. SDMA may also limit the cellular uptake of L-arginine via
competitive antagonism of the cationic amino acid transporter, depriving endothelial NOS of
substrate (Kielstein, Salpeter, et al., 2006), thereby contributing to uncoupling of NOS. This
may limit NO production and promote ROS generation, thus resulting in increased platelet
aggregability.

These possibilities remain speculative at this stage and require further research to determine
the physiological role of SDMA. The inverse association of platelet aggregability with plasma
SDMA, in light of previous findings establishing plasma SDMA as predictive of bleeding
events, represents a potential physiological mechanism that could in part account for

haemorrhagic risk in AF.

4.2.9 Changes in Platelet Function over Time in Atrial Fibrillation

As has been mentioned previously (see section 4.1.2.1), the strong correlation documented
between the extent of platelet aggregation and platelet response to NO most likely reflects
physiological antagonism (Henry et al., 1985), i.e. opposing effects resulting from the
stimulation of functionally distinct signalling pathways. The consistency of this relationship
over time can be considered parallel to what has previously been reported regarding platelet
reactivity in AF: studies so far have not established a relationship between clinical indications

of thromboembolic risk and levels of platelet reactivity (Kamath, Blann, et al., 2002; Kamath,
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Chin, et al., 2002; Lip et al., 2007; Ohara et al., 2008). This finding also implies the
independence of platelet NO response from ADP-induced aggregation, particularly with
regards to new onset AF, as no difference in ‘levels’ of physiological antagonism was
observed between new onset and chronic AF (see figure 32).

Interestingly, the marked impairment in baseline platelet NO signalling associated with new
onset AF was only partially attenuated at follow-up, with a trend towards improvement that
did not reach statistical significance. This suggests that impairment of platelet NO response
may persist for up to one year post onset of AF. Due to the novel finding that platelet NO
response is impaired in new onset compared with chronic AF patients, it is unclear to what
extent the continued impairment of platelet NO signalling in new onset AF patients represents
the pathophysiology of new onset AF, or to what extent (potentially) inadequate
pharmacotherapy. ACE inhibitor and statin therapies were applied in approximately 1/3 and
1/2 of the follow-up AF population, respectively, and are known to potentiate platelet NO
response, particularly where that response is severely impaired (Chirkov et al., 2004; Stepien
et al., 2003; Willoughby et al., 2012). These therapies had little apparent effect on observed
platelet physiology in the current cohort, however (see section 3.4.2).

Recurrence rates for AF following successful cardioversion have been documented at
approximately 40-50% (Loffredo et al., 2012; Masson et al., 2010), with incidence of AF
previously associated with increased sympathetic and parasympathetic activity (Jayachandran
et al., 2000; Sharifov et al., 2004). Reversion to AF, accompanied by surges in plasma
catecholamine levels, could therefore in theory impair the recovery of platelet NO response.
The limited recovery in platelet NO signalling exhibited by new onset AF patients at follow-
up underscores the need to re-evaluate treatment strategies in these patients, and potentially to

ensure that anticoagulation is initiated as soon as possible in new cases of AF.
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4.2.10 Changes in Plasma Asymmetric and Symmetric Dimethylarginines over Time in Atrial

Fibrillation

Endothelial dysfunction is a known feature of AF and is in part due to the uncoupling of the
endothelial NOS enzyme, resulting in O3 generation as opposed to NO production (Freestone
et al., 2008; Matsue et al., 2011; Takahashi et al., 2001). The presence of endothelial
dysfunction in AF to some extent depends upon the existence of the arrhythmia itself, as
reversion to sinus rhythm has resulted in improved vascular function (Yoshino et al., 2013).
ADMA, an endogenous inhibitor of NOS, has been linked to endothelial dysfunction and the
promotion of ROS generation (Antoniades et al., 2009). ADMA, and its structural isomer
SDMA, have both been associated with increased morbidity and mortality in the context of
cardiovascular disease. ADMA is elevated in AF (Goette et al., 2012), diabetes mellitus (Lin
et al., 2002), and in stroke (Yoo et al., 2001), and has been associated with incidence of
thromboembolism, major bleeding events and cardiac related death in AF (Horowitz et al.,
2013). Similarly, SDMA has been correlated with renal dysfunction and extent of coronary
artery disease (Bode-Boger et al., 2006), poor prognosis following acute ischaemic stroke
(Luneburg et al., 2012; F. Schulze et al., 2010), and has also been associated with incidence
of major bleeding events and cardiac related death in AF patients (Horowitz et al., 2013).
Decline in endothelial function with age has been observed in normotensive and hypertensive
patients (Taddei et al., 1995). However it is uncertain why plasma ADMA and SDMA
concentrations (as biochemical surrogates of endothelial function) increased during follow-up
in the current study. Renal dysfunction could contribute to accumulating plasma ADMA and
SDMA levels, through reduced renal clearance or impairment of metabolic clearance enzymes
via oxidative stress (Blackwell, 2010). However, in the current cohort, no consistent increase
in plasma creatinine levels was observed between baseline and follow-up time points, making

deteriorating renal function an unlikely possibility.
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Progressive endothelial dysfunction, reflected by increasing plasma ADMA and SDMA
concentrations, may constitute one biochemical aspect of incremental thromboembolic risk

associated with age.

4.2.11 Secondary Hypotheses: Conclusions

The present study also sought to investigate the impact of known modulators of NO signalling

on the integrity of the NO signalling pathway:

4.2.11.1 Asymmetric Dimethylarginine

ADMA is potentially able to influence the integrity of NO signalling via competitive
inhibition of NOS, resulting in uncoupling and the production of superoxide (Antoniades et
al., 2009; Veresh et al., 2008). It has been correlated clinically with endothelial dysfunction
(Achan et al., 2003; Kielstein, Donnerstag, et al., 2006) and plasma levels of ADMA correlate
directly with incidence of adverse cardiovascular events (Achan et al., 2003; Boger et al.,
2009; Kielstein, Impraim, et al., 2004; Siegerink et al., 2013; Yoo et al., 2001). Because of
the impact ADMA may have on bioavailability of NO, a discernible effect of ADMA on
platelet function was plausible, either through platelet hyperaggregability (due to depletion of
local NO) or impaired platelet NO response (as a result of oxidative scavenging of NO due to
uncoupled endothelial NOS). Previously, ACE inhibitor therapy (J. W. Chen et al., 2002;
Willoughby et al., 2012) and diuretic use (Khan et al., 2012) have been observed to reduce
plasma ADMA levels. However the use of ACE inhibitors did not correspond with lower

plasma ADMA levels in this cohort. This may simply reflect selective use of ACE inhibitors
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in high risk patients. Additionally, no correlation was observed between plasma ADMA levels

and platelet NO response.

4.2.11.2 Myeloperoxidase

MPO has been identified as a significant factor in the pathogenesis of AF in animal models,
and to some extent in humans (Ozaydin et al., 2008; V. Rudolph et al., 2010), is capable of
catabolising NO (Eiserich et al., 2002) and can contribute to the uncoupling of endothelial
NOS (Xu et al., 2006), which has also been implicated in the pathogenesis of AF (Cai et al.,
2002). Although a correlation was observed between plasma MPO and ADMA levels,
reinforcing previous research regarding the interaction of MPO and ADMA (von Leitner et
al., 2011), no association was observed between MPO and platelet NO response. However,
the only probable basis for such an association would be NO "scavenging” by hypochlorous
acid produced by MPO: the kinetics of this process and its interface with release of NO from

SNP are unknown at present.

4.2.11.3 Thrombospondin-1

Previous work in in vitro settings has outlined the effect TSP-1 has on platelet aggregability,
involving the exogenous addition of TSP-1 and determining that TSP-1 potentiates platelet
activation through inhibition of both cAMP and cGMP signalling pathways (Isenberg,
Romeo, et al., 2008; Roberts et al., 2010). However, limited evidence to date has been
obtained for potentially pathological roles of TSP-1: recent work has identified the
involvement of TSP-1 in cardiac remodelling (Y. Xia et al., 2011) and pulmonary arterial
hypertension (P. M. Bauer et al., 2012). Within the current study, although a correlation was
observed between TSP-1 and platelet aggregability, no such association was observed for

platelet NO response. Part of this result may be attributed to alternative sources of
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endogenous TSP-1 apart from platelets (Jaffe et al., 1985; Kirsch et al., 2010). Additionally,

agents that can affect platelet reactivity, such as aspirin, had no effect on plasma TSP-1 levels.

4.2.11.4 Thioredoxin-interacting Protein

A relationship between Txnip and NO signalling has been documented in experimental
(Forrester et al., 2009; P. C. Schulze et al., 2006) and clinical (Sverdlov et al., 2013a)
settings. Notably, Txnip has been identified in clinical contexts as a correlate of platelet NO
response. However in the current cohort, while Txnip was identified as an inverse univariate
correlate of platelet NO response, it failed to survive multivariate analysis. A number of
factors may have contributed to produce this result, such as diabetic status (P. C. Schulze et
al., 2004), medical therapies including ACE inhibition (Sverdlov et al., 2013a), metformin
(Chai et al., 2012) and Ca** channel antagonists (J. Chen et al., 2009), all of which suppress
Txnip expression. Potentially, even the duration patients spend in AF as opposed to sinus
rhythm may have an effect upon Txnip expression: Turbulent blood flow has been shown to
stimulate Txnip expression (X. Q. Wang et al., 2012; Yamawaki et al., 2005). In summary,
NO is probably not the main modulator of Txnip expression in platelets, with many other

interacting factors implicated in the study.

4.2.11.5 Clinical Stroke Risk Scores and Integrity of Platelet Nitric Oxide Signalling

As a surrogate measure in the absence of thromboembolic events, platelet NO response was
compared against the CHADS, and CHA,;DS,VASc stroke risk scores. No significant
correlation was observed between platelet NO response and perceived stroke risk, as seen
from these clinical indices: therefore this hypothesis was not supported. This negative finding

Is important, as it raises the issue of the biochemical bases of clinical risk scores.

4.2.11.6 New Onset Atrial Fibrillation, Tachycardia and Platelet Function
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Although acuity of AF and heart rate were observed to correlate with platelet NO response
within this cohort, the potential for artefact (due to the timing between onset of AF, hospital
admission and study enrolment) precluded these factors from being explored by this study
(these factors were explored further after controlling for duration of time between onset of AF
and index enrolment into the study, see section 3.2). No conclusions can be made on clinical
associations with platelet NO response at this stage.

Plasma levels of ADMA, MPO, TSP-1 and platelet Txnip content were not significant
multivariate correlates of platelet NO signalling within this cohort. Platelet aggregability and
plasma creatinine concentrations were, however, suggesting that the primary factors affecting
platelet NO signalling in AF patients are the hyperaggregability known to be present in AF,

and overall renal function.

4.3 Possible Study Limitations

4.3.1 Correlation vs. Causation?

This was an observational study originally designed to evaluate the potential impact of known
modulators of the NO signalling pathway (i.e. ADMA, MPO, TSP-1 and Txnip), on the
integrity of platelet NO signalling in the clinical context of AF. As such, it is difficult to
establish causal mechanisms based upon this data. Furthermore, specific experiments are
required to explore this aspect of these results in order to satisfy the ‘Koch’s Postulates’ of

impaired NO signalling in AF.

4.3.2 Lack of Association between Platelet Function and Clinical Factors

No association between platelet NO signalling and clinical factors (i.e. CHADS; score,
hospital readmission, stroke/TIA incidence and mortality) was established in this study.
Similarly, platelet aggregability also did not correlate with clinical features of the patient

cohort. The finding that platelet aggregability did not correlate with clinical features of AF
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nor with measures of stroke/TI1A risk is consistent with previous research (Kamath, Blann, et
al., 2002; Kamath, Chin, et al., 2002; Ohara et al., 2008). However the integrity of platelet
NO signalling in the context of AF has not previously been investigated. In this context, it is
worth noting that the study had a limited follow-up period as well as limited sample size. The
narrow scope of this study in terms of clinical outcomes weakens any attempt to reach
definitive conclusions about the role of impaired platelet NO signalling with regards to
thromboembolic risk and clinical outcomes in AF. Nevertheless, the present study has
identified significant determinants of platelet function (i.e. platelet aggregability and its
inhibition by NO) in the context of AF.

4.3.3 Methodological Limitations: Aggregometry

Whole blood impedance aggregometry allows for evaluation of platelet function in the
context of interactions with other blood components, allowing for a more “physiologically
relevant” exploration of platelet NO signalling in AF. However, the use of whole blood
impedance aggregometry (Cardinal et al., 1980), as opposed to optical aggregometry (Born,
1962), limits the ability of the study to identify platelet-specific effects due to the presence of
the rest of the blood milieu.

Additionally, the use of ADP as the primary agonist of platelet aggregation and SNP as the
NO donor may also be causes for concern. The decision to use ADP as the agonist for platelet
aggregation reflected its being the most abundant primary agonist of aggregation (via release
from vasculature, etc.) as well as a secondary agonist (being released by platelets as a result of
activation) facilitating positive feedback. The use of alternative agonists (e.g. thrombin-
receptor activating peptide, or the thromboxane A2 analogue U46619) in addition to ADP was
not considered for this project, as the investigation was primarily focused on exploring the
functional integrity of NO signalling in platelets.

Use of SNP as the NO donor was determined based upon the requirement for intracellular

metabolism of SNP in order to liberate NO (Kowaluk et al., 1992). Alternative NO donors
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such as diethylamine diazeniumdiolate or S-nitrosoglutathione, are capable of inhibiting
platelet aggregation through cGMP-independent mechanisms (Crane et al., 2005; Sogo et al.,
2000), rendering them unsuitable for the current study. Additionally, the use of SNP as the
NO donor has not been associated with the problem of tolerance induction seen with organic
nitrates (Chirkov et al., 1997). Thus the use of SNP as the NO donor allows for the specific
assessment of the functional integrity of sGC and cGMP-dependent signalling pathways in the
context of AF.

This project constituted a sub-study of SAFETY (Carrington et al., 2013), with the aim of
evaluating, in a subset of the trial population, potential determinants of platelet NO response
upon their admission to hospital. Alcohol intake was zero for at least 24 hours prior to initial
blood sampling. However, variability on the basis of diurnal changes could not be excluded,

given that the time of blood sampling was not standardised.

4.3.4 Methodological Limitations: Functional Status of Soluble Guanylate Cyclase

Notably, this study did not assess the functional status of sGC (e.g. through determination of
cGMP levels). However previous research has shown that impairment of the NO-sGC
signalling pathway to be the net result of oxidative stress and/or functional impairment of
sGC (see review, Chirkov et al. (2007)). In this regard, stimulation of sGC through the
recently characterised redox-sensitive site via agents other than NO (such as hydrogen
peroxide and S-nitrosocysteine) remains a possibility, given the association of AF with redox

stress (Burke et al., 1987; Mellion et al., 1983).

4.3.5 New Onset Atrial Fibrillation

It should be noted that the original observation that new onset AF is associated with
significantly impaired platelet NO response (when compared with chronic AF) was not a

prospectively defined consideration at the initiation of the current investigation. As such, the
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finding is potentially subject to selection bias. However, the generation of a ‘validation
cohort’ comprised of prospectively and consecutively recruited new onset AF patients, as well
as patients with ACS and acute heart failure, has confirmed these initial findings.
Furthermore, as shown in Tables 9 and 10, limiting the primary cohort to AF patients whose
blood samples were obtained within four months of index arrhythmia did not fundamentally
alter the characteristics of the study cohort.

At the exact time of sample collection it was not established whether the patient was in AF or
sinus rhythm. Theoretically this may have an effect on platelet function, as previous research
has identified that markers of inflammation are elevated in patients in AF compared with
sinus rhythm (Li et al., 2010). Controversy exists regarding the effects of AF (vs. sinus
rhythm) on platelet reactivity in patients with AF, with conflicting reports on whether the
presence of the arrhythmia has an immediate effect on platelet reactivity (Hammwohner et al.,
2007; Kamath, Chin, et al., 2002). Recently it has been reported that restoration of sinus
rhythm in AF patients results in an improvement in endothelial function (Yoshino et al.,
2013), so by extension, the presence or absence of arrhythmia at time of sample collection
could certainly have an effect on platelet response to NO.

Plasma catecholamine levels were not determined in this study, so it is not possible to
establish within the current cohort that new onset AF is accompanied by surges in
catecholamine levels. However, as outlined previously (section 4.2.2.1), it has been reported
that induction of AF is accompanied by increased sympathetic and parasympathetic
stimulation, and also that epinephrine and norepinephrine can induce ROS generation, as well

as potentiate platelet aggregation.

4.3.6 Gender-specific Platelet Dysfunction

This investigation identified that female patients with AF display platelet hyperaggregability

combined with impaired platelet NO response when compared with male patients. The
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mechanisms underlying this are not clear: it has been established previously that females are
hyperaggregable when compared with males (Becker et al., 2006; Otahbachi et al., 2010; Yee
et al., 2006; Yee et al., 2005), however gender-specific differences in platelet NO signalling
have not been apparent. Although theoretical associations can be made between these findings
and increased risk of thromboembolism in female AF patients, the current study has not
evaluated this potential relationship. Limitations in sample size and duration of follow-up of
this cohort conspired to prevent the further investigation of gender-specific forms of

thromboembolic risk in AF.

4.3.7 Chronic Atrial Fibrillation

The present investigation was undertaken due to the finding that new onset AF was associated
with severely impaired platelet NO response, providing the basis for a post hoc re-evaluation
of platelet function in a cohort of chronic AF patients. As such, the current study is vulnerable
to type 1 error (i.e. false positives) from the lack of pre-specified hypotheses. However,
restricting the study cohort to patients with chronic AF did not significantly alter the clinical
characteristics nor the rates and types of pharmacotherapy in comparison with the primary
cohort. This lessens the likelihood of selection bias, decreasing the possibility of type 1 error.
This study identified an inverse correlation between plasma SDMA concentrations and
platelet aggregability and highlighted the potential clinical utility of this finding, given recent
reports that plasma SDMA is predictive of bleeding risk in AF patients (Horowitz et al.,
2013). It should be noted that there were no haemorrhagic events recorded during the follow-
up for the present study, nor were there any clinically relevant major bleeding events
recorded. As such, the present study is not powered to establish definitively a relationship
between plasma SDMA, platelet aggregability and clinically relevant bleeding events.

Nevertheless, this remains an important finding that warrants further investigation.
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4.3.8 Follow-Up Cohort

The present investigation was performed upon a subset of the primary AF cohort for whom
follow-up data were available. The smaller sample size of the follow-up cohort weakens any
definitive conclusions regarding clinical endpoints being drawn from the current
investigation. However, the follow-up cohort was similar in clinical profile and rates of
pharmacotherapy to the primary study cohort (at baseline). Additionally, changes in
biochemical parameters (i.e. ADMA, MPO, TSP-1 and Txnip, as well as changes in platelet
function) were evaluated in AF patients over time using paired analysis: as such, the findings
listed here are considered robust.

Adherence to pharmacotherapy was not assessed during follow-up, with several medications
potentially interacting with the biological parameters that were assessed. ACE inhibitor and
statin therapy can potentiate NO response (Chirkov et al., 2004; Stepien et al., 2003;
Willoughby et al., 2012), Ca®* channel antagonists can suppress Txnip expression (J. Chen et
al., 2009), and proton pump inhibitors can elevate plasma ADMA levels (Ghebremariam et
al., 2013). Additionally, anti-platelet and anti-inflammatory agents could potentially affect
plasma TSP-1 and MPO levels (by suppressing platelet and neutrophil activation,
respectively).

Although plasma ADMA concentrations have previously been shown to correlate with
vascular endothelial function (Boger et al., 1998), this association was not evaluated in the
current study: hence all conclusions regarding endothelial function rest on the biochemical
surrogate, i.e. ADMA concentrations. The association of AF with endothelial dysfunction is

not controversial.

4.4 Future Directions

4.4.1 Potential Dysfunction of Platelet cAMP-dependent Signalling in Atrial Fibrillation
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This study evaluated the integrity of cGMP-dependent signalling via activation of the NO-
sGC signalling pathway in the context of AF. However, also important is the role of CAMP-
dependent signalling in determining platelet aggregation. TSP-1 has been observed to
potentiate platelet aggregation via inhibition of CAMP accumulation (Roberts et al., 2010), as
has adrenergic stimulation of platelets via a2-adrenergic receptors (Keularts et al., 2000).
Furthermore, interaction between cAMP- and cGMP-dependent signalling pathways has been
observed at numerous levels (Cuzzocrea et al., 2007; Salvemini et al., 2013; Zaccolo et al.,
2007). Thus, the role of cAMP-dependent signalling and its effect on overall platelet function

in the context of AF warrants further investigation.

4.4.2 Plasma Symmetric Dimethylarginine and Platelet Aggreqgability

The association between plasma SDMA levels and platelet aggregability deserves further
examination in order to determine the precise relationship between these two variables. One
possibility is that plasma SDMA levels are merely reflective of the extent of renal

impairment: previous work has identified that platelet aggregability is impaired in patients
with chronic renal dysfunction (Lindsay et al., 1975), and that bleeding risk is increased in AF
patients with chronic kidney disease (Olesen et al., 2012). These clinical observations do not
presuppose any biological activity of SDMA. However, this would be ignoring recent work
identifying potential roles for SDMA in inflammation (Schepers et al., 2011; Schepers et al.,
2009). Exploratory work to determine the potential impact of SDMA upon platelet

aggregability should therefore be considered.

4.4.3 Inflammation and Endothelial Dysfunction as Mediators of Platelet Hyperagagregability

Identifying clinical evidence of the link between endothelial dysfunction and inflammation, a
link that may be modulated by platelet activation via TSP-1, is an intriguing result that merits

further analysis. No mechanism was established by this investigation between endothelial
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dysfunction/inflammation and either the pathogenesis of AF or the potential thromboembolic
complications of AF. Considering that impairment of NO signalling has been associated with
pathogenesis of AF (Cai et al., 2002), and that TSP-1, MPO and ADMA have potentially
negative impacts upon NO signalling, further investigation should be able to identify any
causal associations between the pathogenesis of AF and its complications, and the nexus of
endothelial dysfunction and inflammation identified in this study.

The new oral anticoagulants such as the direct thrombin inhibitor Dabigatran (Connolly,
Ezekowitz, et al., 2009), or the Factor Xa inhibitor Apixaban (Granger et al., 2011) have not
been evaluated in this investigation for their impact upon platelet function. For example,
Dabigatran (via inhibition of thrombin) may have a potent effect upon platelet activation
(Hankey et al., 2011), potentially affecting immune function and vascular reactivity via
suppression of platelet activation. The effects these new oral anticoagulants may have on

apparent NO signalling has not been evaluated as of yet.

4.4.4 Mechanisms Contributing to Impaired Nitric Oxide Response in New Onset Atrial

Fibrillation

Previous research has identified that new onset AF is itself a risk factor for thromboembolism,
one that is independent of gender or anticoagulant status (Garcia et al., 2010). The possibility
that impaired platelet NO signalling in patients with new onset AF may contribute to
thromboembolic risk is worth prospectively exploring, and may allow for evaluation of new
treatment paradigms in these patients. The use of medications that have been shown to
potentiate NO response (Chirkov et al., 2004; Stepien et al., 2003; Willoughby et al., 2012)
could be evaluated in this context, as well as the effects newer anticoagulants (Connolly,
Ezekowitz, et al., 2009; Granger et al., 2011) may have on mortality rates in patients with

new onset AF.
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Further exploration of the physiological mechanisms underlying increased thromboembolic
risk in new onset AF patients should also be undertaken. The possibilities suggested here (a
combination of acute inflammation, oxidative stress and surges in plasma catecholamine
levels), are certainly plausible but lack evidentiary basis from this study. Further investigation
of these possibilities will deepen understanding of the mechanisms of thrombogenesis in AF,
particularly new onset AF, and may allow for the identification of novel avenues of therapy in
these types of patients. Additionally, although there is a clearly defined gender aspect to
thromboembolic risk in patients with AF, understanding of the physiological bases for this are
also lacking. While this study has focussed on one potential factor (impaired platelet function)
that may contribute to increased thromboembolic risk, the current study has not established a
link with incidence of thromboembolism. A holistic approach, incorporating platelet, vascular
and neurohumoral studies may be warranted.

4.4.5 Gender-specific Therapeutic Strategies in Atrial Fibrillation

The present study has clear clinical implications due to platelet dysfunction, in the form of
impaired NO signalling, impacting upon both female AF patients as well as patients with new
onset AF, where both categories of patients have documented incremental thromboembolic
risk (Fang et al., 2005; Garcia et al., 2010; Pancholy et al., 2014). These findings provide
rationale for the re-evaluation of thromboprophylactic strategies in AF, as well as novel

interpretation of existing therapies.

4.4.6 Thioredoxin-interacting Protein as a Biomarker for Disease Prognosis?

The present study has identified biochemical markers that may be associated with likelihood
of hospital readmission (Txnip) and length of hospital stay upon readmission (SDMA). Given
the cost burden that AF poses upon hospital systems, these markers should be evaluated

prospectively for their predictive power regarding hospital readmission and duration of
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hospital stay. Such an investigation would provide valuable information on the potential

clinical utility of biochemical markers in determining appropriate therapy for AF patients.

4.4.7 Specific Therapeutic Strateqgies for Patients with New Onset Atrial Fibrillation

The most important issue raised by this work is whether the impairment of NO response
associated with new onset AF can be ameliorated either de novo or via pharmacotherapy.
Many patients become acutely ill with onset of AF, and perhaps the autonomic disturbance of
such illness may contribute to oxidative stress and impairment of NO signalling. In this
regard, it would have been desirable to investigate changes in Txnip expression serially
following onset of AF, as turbulent flow may stimulate Txnip expression (X. Q. Wang et al.,
2012) and this might in theory be non-synchronous with the duration of suppression of NO
effect. Interestingly, dronedarone, whatever its disadvantages (Hohnloser et al., 2009),
appears to reduce symptoms associated with recurrence of AF (Connolly, Crijns, et al., 2009).
As regards strategies to improve NO response, ACE inhibitors have not achieved universal
application in AF patients to date: the current data provide a basis for their more widespread

use.

4.5 Concluding Remarks

Pathogenesis of AF was initially attributed to atrial distension resulting in mechanical
dysfunction: structural remodelling of the atria can indeed occur in response to ‘atrial stretch’
(De Jong et al., 2011), and left atrial size has been identified as a predictor of the both the
emergence of new onset AF, as well as the likelihood of AF recurrence following successful
reversion to sinus rhythm (Hirose et al., 2012; Marchese et al., 2011). Thromboembolic risk
in AF was also regarded as a result of mechanical dysfunction, whereby atrial blood stasis

could promote thrombus formation: the occurrence of spontaneous echo contrast, particularly
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in the left atrial appendage supports this view (Black et al., 1991; Wysokinski et al., 2010), as
does the association between left atrial strain and stroke incidence (Shih et al., 2011).
However, a significant inflammatory component has emerged in association with the
pathogenesis of AF. A number of inflammatory biomarkers have been positively correlated
with the incidence of AF (Schnabel et al., 2010), as well as being elevated in patients with AF
compared against sinus rhythm (Li et al., 2010). Infiltration of the atrial myocardium by
leukocytes has been associated with the extent of atrial fibrosis (YYamashita et al., 2010),
while MPO has been identified as having a pivotal role in the pathogenesis of AF by inducing
atrial remodelling (V. Rudolph et al., 2010). The inflammatory component of AF contributes
to thromboembolic risk as well: CRP has been correlated with incidence of left atrial
thrombus (Maehama et al., 2010), as well as with clinical measures of thromboembolic risk in
AF patients (Crandall et al., 2009; Lip et al., 2007). Currently, assessment of thromboembolic
risk in AF patients is largely based upon clinical factors that were derived from population
based studies seeking to identify correlates of stroke incidence (Gage et al., 2001; Lip et al.,
2010). In spite of the success observed in stratifying stroke risk using these clinical scores, a
complete understanding of the physiological basis of thromboembolic mechanisms in AF
remains elusive.

This project sought to evaluate the integrity of platelet NO signalling in AF and to identify
clinical and biochemical factors that may contribute to its impairment. Deficient NO
signalling has been identified as a feature of AF: both in terms of endothelial dysfunction
(Freestone et al., 2008; Guazzi et al., 2009), as well as being implicated in the pathogenesis of
AF (Cai et al., 2002; Ridnour et al., 2007). Interestingly, considering the pivotal role of MPO
in the pathogenesis of AF (V. Rudolph et al., 2010), as well as the catabolic activity MPO has
for NO (Eiserich et al., 2002; Eiserich et al., 1998), a direct interaction between MPO and NO
signalling could have been hypothesised in the context of AF. However, the present study

does not support any such interaction.
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Of additional interest was investigating the possibility that impairment of platelet NO
signalling may contribute to thromboembolic risk, thereby providing physiological bases for
measures of thromboembolic risk such as CHADS; and CHA,DS,VASc. Previous research
has sought to expand upon these stroke risk schema, evaluating the potential contributions
biochemical markers of endothelial damage/dysfunction (i.e. von Willebrand Factor, soluble
E-selectin), or inflammation may have upon the predictive accuracy of stroke risk scores
(Crandall et al., 2009; Lip et al., 2007; Roldan et al., 2005). Measures of platelet reactivity
have been assessed previously with regards to scores of thromboembolic risk in AF (Kamath,
Blann, et al., 2002; Lip et al., 2007; Ohara et al., 2008), with no interaction having been
established. The integrity of platelet NO signalling has not been investigated previously for its
potential association with CHADS, and CHA,;DS,VASc scores. No association was observed
between integrity of platelet NO signalling and measures of thromboembolic risk such as
CHADS; and CHA,;DS,VASc. As such, it can be concluded that impaired platelet NO
signalling does not constitute a physiological basis for the CHADS, and CHA,DS,VASc
stroke risk scores.

The current project was able to support a number of key findings that have clinical relevance
and contribute significantly to the understanding of AF pathogenesis:

1) There is now prevalent recognition of a period following new onset AF during

which patients experience incremental thromboembolic risk with respect to chronic
AF patients (Conen et al., 2011; Elesber et al., 2006; Lehto et al., 2005; Miyasaka et
al., 2007; Mrdovic et al., 2012; T. J. Wang et al., 2003b). The current project has
identified that new onset AF is accompanied by severe impairment in platelet NO
signalling in comparison with chronic AF. Furthermore, the diminution in platelet
NO response experienced by new onset AF patients was only partially attenuated at
a median 11.8 months follow-up. Of additional concern in this respect, there are no

specific recommendations for the management of new onset AF patients with

143



2)

3)

regards to their increased thromboembolic risk, distinct from chronic AF patients.
Indeed, pharmacotherapy between new onset and chronic AF patients were broadly
similar in the current project. The current findings constitute a plausible
physiological basis for the increased thromboembolic risk present in new onset AF
and underscore the need to re-evaluate therapeutic strategies in these patients.

A gender-dependent interaction with platelet function was identified by this project:
female AF patients were both more aggregable and less responsive to NO than male
AF patients. This finding is clinically relevant due to the incremental
thromboembolic risk female AF patients experience when compared to male
patients, a fact reflected by the inclusion of gender into the CHA,DS,VASc stroke
risk score. This particular finding cannot be accounted for by different rates of
pharmacotherapy, nor new onset AF status, as these factors were equivalent across
genders. Variations in adrenergic signalling between male and female AF patients
could account for the differences in platelet aggregability and response to NO
observed between genders, at least in part, and may form the physiological basis for
elevated stroke risk in female AF patients.

Bleeding risk in association with chronic anticoagulation of AF patients is an
ongoing clinical concern. Recently, plasma SDMA concentrations were found to
positively correlate with the incidence of clinically relevant major bleeding events in
AF patients (Horowitz et al., 2013). The current project has identified an interaction
between plasma SDMA concentrations and platelet aggregability that may
contribute to the increased bleeding risk experienced by anticoagulated AF patients.
Previous indications for bleeding risk were based upon clinical presentation and
experienced significant overlap with thromboembolic risk scores (Marcucci et al.,

2013). Plasma SDMA concentrations represent a novel biochemical marker of
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bleeding risk for AF patients that may in fact have a physiological basis, via

diminished platelet aggregability.

Evaluation of the role of platelets in the pathophysiology of AF thus far has been limited
primarily to measures of platelet aggregability/reactivity (Kamath, Blann, et al., 2002;
Kamath, Chin, et al., 2002; Lip et al., 2007; Ohara et al., 2008), and whether these measures
correlate with categories of thromboembolic risk. Similarly, while the current project has
investigated platelet aggregability, the primary focus has been on integrity of NO signalling.
In the context of platelet function, this represents a previously unexplored area of AF: in
addressing this issue, the current project has identified key findings (already outlined) which
contribute critically to the clinical and pathophysiological understanding of AF. Furthermore,
key questions arise with respect to these findings that should be addressed by further research,
specifically re-evaluation of disease management strategies in subsets of AF patients (i.e. new
onset AF and female AF patients), as well as the (potential) physiological role of SDMA in
modulating platelet aggregability. Addressing these issues will contribute to improved

management of AF patients.
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