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ABSTRACT 

Regular participation in physical activity reduces cardiovascular risk and decreases 

cardiovascular events and mortality. However, acute atherothrombotic risk may be transiently 

increased during and soon after an exercise bout. This contradictory phenomenon has been 

referred to as the “exercise paradox”. Both platelets and the endothelium are involved in the 

pathogenesis of atherothrombotic events, including myocardial infarction and ischaemic 

stroke. Furthermore, the function of platelets and the endothelium are considered to be linked, 

as healthy endothelial cells produce paracrine hormones such as nitric oxide (NO) and 

prostacyclin (PGI2), which inhibit platelet activation. Some evidence suggests that acute bouts 

of exercise have the ability to transiently increase platelet activation and decrease endothelial 

function. Despite this, there is surprisingly little evidence pertaining to the association between 

platelet and vascular endothelial function in humans, the impact of acute exercise of different 

modalities on platelet and vascular function, or the impacts of longer term exercise training on 

platelet function in humans. 

 

The flow cytometric assessment of platelet function is conducted on whole blood with minimal 

processing, which minimises the risk of analytical artefact. It is the only method to quantify 

circulating levels of activated platelets and monocyte-platelet aggregates (MPAs), and allows 

for the assessment of distinct pathways of agonist-induced platelet activation along with the 

expression of specific platelet surface receptors. These qualities distinguish the assessment of 

platelet function by flow cytometry from preceding analysis methods, many of which are non-

specific and require extensive blood processing (increasing the risk of artefactual activation). 

However, due to the extensive time commitment required to perform the assays, very few 

studies have comprehensively examined the impact of exercise on MPAs by flow cytometry in 

humans. 
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In a series of experiments we set out to investigate:  

(i) whether a relationship could be detected between platelet and endothelial function 

at rest in apparently healthy older humans;  

(ii) whether acute exercise in apparently healthy sedentary individuals would induce 

changes in platelet and vascular function and if responses were dependent on the 

modality of exercise undertaken; 

(iii) whether acute exercise would induce changes in platelet and vascular function in 

patients with chronic heart failure and if differences exist between conventional 

cycling and a novel form of eccentric cycling; 

(iv) whether resting platelet function would be modified by six months of exercise 

involving distinct modalities in older, previously sedentary individuals. 

 

Study 1: Relationship between monocyte-platelet aggregation and endothelial function in 

middle-aged and elderly adults 

In this study, which included middle and older aged adults (n= 51), we undertook 

comprehensive measures of platelet function including circulating MPAs, the expression of 

platelet surface receptors and their sensitivity to the platelet agonists adenosine diphosphate 

(ADP), arachidonic acid (AA) and collagen. We did not observe any significant relationships 

between platelet function and vascular endothelial function, assessed using the flow mediated 

dilation technique (FMD). Our findings contrast with two previous studies performed in high-

risk cardiac patients, which reported inverse relationships between platelet activation and 

endothelial function. Our findings therefore suggest that some compensatory redundancy may 

exist in platelet and/or endothelial function in pre-clinical older populations which may 

preserve the function of platelet and/or endothelial function. 
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Study 2: Impact of commonly prescribed exercise interventions on platelet activation in 

physically inactive and overweight men 

In this study, we adopted a repeated measures within participants design (n=8) to compare the 

impact on sophisticated indices of platelet function, following traditional aerobic exercise 

(steady-state cycle and rowing ergometry), resistive weights training, and combined aerobic 

and resistance exercise (circuit training). We found that exercise involving a weight training 

component (both traditional weight training and combined modality circuit training) increased 

agonist-induced monocyte-platelet aggregation more so than large muscle group aerobic 

exercise. Increases in brachial artery diameter were also observed following resistance and 

combined modality exercise. In keeping with the “exercise paradox”, increased sensitivity of 

platelets to agonist exposure was transient, returning toward pre-exercise levels by one hour 

following exercise cessation. The increase in NO and PGI2 production in vivo with exercise 

may compensate for the increased platelet reactivity. These data are relevant to the mechanisms 

underlying elevated atherothrombotic risk associated with acute exercise in humans and 

suggest that modes of exercise involving a resistance component may transiently increase 

platelet-mediated thrombotic risk more so than aerobic modalities. 

 

Study 3: Acute impact of conventional and eccentric cycling on platelet and vascular 

function in patients with chronic heart failure   

In this study, we found that patients with chronic heart failure (n = 11) can successfully 

complete brief, moderate intensity bouts of conventional and eccentric based cycling, without 

significant activation of platelets or changes in platelet sensitivity to thrombin receptor 

activating peptide-6 (TRAP), collagen, ADP or AA. Eccentric cycling is a novel exercise 

modality that may be particularly suited to patients with chronic heart failure, as it can be 

performed at the same relative intensity as conventional cycling whilst requiring a lower 
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oxygen demand. We observed some differences between the eccentric and concentric modes 

of exercise in terms of arterial dilator function, but these were not associated with changes in 

platelet function. This is the first study in humans to indicate that eccentric cycling can be 

safely performed by patients with chronic heart failure without increasing platelet mediated 

thrombotic risk. 

 

Study 4: Effect of six month land and water based walking interventions on platelet 

function in older sedentary adults: A randomised controlled trial 

In this study, we examined the impact of 6 months of closely supervised and individually 

tailored exercise training in older apparently healthy participants, randomly assigned to land 

walking (n= 15), water walking (n= 14) or a usual activity control group (n= 14). The exercise 

groups were matched for exercise load and intensity, but as water walking is associated with 

lower musculoskeletal and impact burden, we hypothesised this may induce differential platelet 

adaptation in this older cohort. We did not find any significant change in circulating MPAs 

following a 6 month land walking intervention in previously sedentary older adults compared 

to baseline. However, a significant increase in circulating MPAs was observed in the control 

group and in the group that completed the same volume of walking exercise in the water. These 

data suggest, somewhat paradoxically, that walking on land may be superior to walking in 

water at matched relative intensities in terms of preventing increases in MPAs, associated with 

inflammatory and atherogenic function, in humans. 

 

Summary 

We provide the first evidence in humans indicating that participation in acute exercise 

involving a resistance component may increase agonist-induced MPA formation, more so than 

steady-state aerobic exercise. As we did not observe increases in basal MPA levels in response 

to either modality, our findings furthermore indicate that platelets are unlikely to be the 
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independent cause of exercise-induced arterial thrombosis, rather they are more responsive to 

activation after exposure to a precipitating stimulus. The production of endogenous 

vasodilators are increased with exercise and these substances also inhibit platelet activation.  

Such increased platelet responsiveness in the presence of increased inhibiting factors may be 

part of a negative feedback loop to maintain homeostasis relating to thrombosis with exercise. 

The proposed inverse relationship between NO / PGI2 production and platelet activation may 

be less apparent in participants without severe disease, which may be due to compensatory 

redundancy mechanism(s) in apparently healthy older individuals. 

 

We also provide the first evidence in humans indicating that short duration moderate intensity 

eccentric cycling can be conducted at the same absolute intensity as conventional cycling by 

patients with chronic heart failure, without inducing significant changes to platelet function. 

We did, however, observe a difference in arterial dilator function in response to ECC versus 

CON cycling. Finally, our findings suggest that 6 months of exercise training involving land-

based walking may be more protective, in terms of attenuating monocyte platelet aggregation, 

than walking in water at the same exercise intensity. Exercise training may therefore represent 

an important stimulus for inducing favourable changes to resting platelet function in sedentary 

older adults. Our studies provide novel mechanistic insight into the “exercise paradox” in 

humans, in that we observed that some forms of acute exercise can exacerbate platelet 

activation, whereas some forms of chronic exercise training may prevent time-dependent 

increases in monocyte-platelet aggregation. These findings provide an important reminder that 

acute coronary events and ischaemic stroke, the principal causes of worldwide mortality and 

morbidity, are not only related to impaired function of the vessel wall and endothelial cells, but 

also to the function of circulating platelets and, ultimately to the dynamic interaction between 

the elements in circulating blood and the vessel wall.  
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Chapter 1 

Introduction 

 

1.0 Cardiovascular disease 

Cardiovascular diseases (CVD), including coronary artery disease (CAD) and stroke, account 

for the major public health burden in the Western world and in developing countries. The high 

prevalence of CVD also accounts for most global non-infectious deaths, ~17.5 million annually 

(370). Dyslipidemia, obesity, insulin resistance and diabetes are risk factors for CVD, which 

collectively contribute to this total and also account for a large proportion of additional deaths 

(1.5 million). Coronary disease is the leading cause of death in Australian men and women; 

stroke the 2nd leading cause in women and the 3rd in men. Diabetes and (vascular) dementia 

are rapidly increasing in prevalence (17). These diseases all share a common underlying 

pathophysiology: atherosclerosis (see Figure 1.1 below).  

 

1.1 Atherothrombosis 

A feature of cardiovascular diseases is that they are characterised by a protracted and occult 

pre-clinical evolution (see Figure 1.1 below) (253). For example, the atherosclerosis that 

underlies death from CAD, stroke and diabetes is already evident in the first decades of life, 

and for several subsequent decades, before becoming clinically apparent (92, 331). Currently, 

around 50% of those who die suddenly from acute myocardial infarction (MI) have no prior 

symptoms or diagnosis (103) and “silent” stroke is at least 5 times more prevalent than 

symptomatic stroke (189). Only 14% of coronary events occur at sites of large occlusive 

plaques, whereas 68% of coronary events occur as a result of culprit lesions that are 
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asymptomatic, angiographically insignificant or undetectable (see Figure 1.1 below) (95). In 

its advanced stages, atherosclerosis is a systemic disease that involves “diffuse vulnerable 

plaque burden that cannot be cured and requires lifelong medical therapy” (139). 

 

Figure 1.1 Evolution of atherosclerotic vascular disease involving nascent and occult stages at which the 

majority of cardiovascular events occur, and the stenotic stage where current screening 

strategies are able to detect disease.   

 

These observations emphasise the key role played by the interactions between atherosclerotic 

substrate at vulnerable sites in the vessel wall, and thrombosis related to platelet function.  

Acute cardiovascular events are athero-thrombotic, with contributions to the detrimental 

clinical sequelae from both the function and health of the vessel wall, as well as the interaction 

between platelets and other constituents of the circulating blood with the vascular endothelium.   

 

Contemporary management strategies such as angioplasty and stenting treat focal lesions, 

whereas atherothrombosis is a systemic disease: in patients who presented with acute coronary 

syndromes (ACS) and underwent coronary interventions, follow-up cardiovascular events were 

equally attributable to recurrence at non-culprit lesion sites (334). Hence, whilst current 

strategies focus on detecting ischaemia, angina or significant stenosis, cardiovascular events 
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mostly occur in relatively small and undetectable plaques, not associated with symptoms, but 

vulnerable to rupture and associated clot formation (see Figure 1.2). Since nascent 

atherosclerosis begins in childhood, several decades of intervention are possible if 

susceptibility to the disease can be detected, monitored and prevented in its protracted 

quiescent phase. Enhanced monitoring of the disease, emphasising improved understanding of 

the relationships between the vessel wall and platelets, should allow for better insights into the 

efficacy of treatment strategies and the potential beneficial effects of targeted and novel 

preventative interventions.  

 

 

Figure 1.2 Cross section image of a coronary artery post-mortem following a fatal acute coronary 

syndrome. It is evident that lumen occlusion of the atherosclerotic site was minimal and likely 

below the detection limit of angiography. Following plaque damage a large fatal thrombus was 

formed (196).  

 

1.2 Atherothrombosis and the exercise paradox 

Low exercise capacity is a strong independent predictor of all-cause and CVD mortality among 

apparently healthy men and in those with established CVD (85). In addition, cardiorespiratory 

fitness and higher levels of physical activity are robustly and independently associated with 
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reduced incidence of stroke (158, 258). The beneficial impact of repeated episodic increases in 

physical activity in terms of the prevention of cardiovascular events is therefore well accepted, 

in both primary and secondary prevention settings (192, 269).  

 

Nonetheless, acute bouts of exercise are associated with transiently elevated risk of 

cardiovascular events (126, 342, 343). This elevated acute risk, in the face of clear benefit 

associated with chronic physical conditioning, is sometimes referred to as the Exercise Paradox 

(218), a concept based on biological hormesis, the beneficial adaptation that can accrue (under 

some circumstances) from a physiologically challenging stimulus that may initially evoke 

functional compromise (115). The impact of acute bouts of exercise, of distinct types, on 

vascular function (specifically endothelial function) has been the topic of recent investigations 

(30, 174). However, very little is known regarding the acute impact of different types of 

exercise on platelet function. This is due, in part, to the historical lack of sophisticated 

methodology for interrogating platelet activation pathways in humans.  

 

1.3 Thesis aims and hypotheses 

In this thesis, sophisticated methods have been used to assess platelet function, and vascular 

function, in humans. Detailed justification for the analysis methods used in each of the studies 

is provided in the literature review. 

 

One aim of this thesis was to use state-of-the-art contemporary approaches to better understand 

the relationships, if any, between the function of the endothelium and the function of platelets 

in older humans at risk of cardiovascular events. A second aim was to use state-of-the-art 

contemporary approaches to assess the acute impact of several different types of exercise 

interventions on platelet function, in apparently healthy older participants and in those with 
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advanced CVD (chronic heart failure CHF). To place the acute impacts of exercise on platelet 

function into context with those of exercise training, this thesis also presents novel data from a 

randomised controlled trial involving 6 months of supervised centre-based exercise training in 

older participants.  

 

The specific aims of the thesis are therefore as follows: 

 

Chapter 4  

Aim: To test whether a relationship exists or can be detected between platelet and endothelial 

function in middle-aged and older adults under resting conditions. 

Hypotheses: Indices of endothelial cell function and health will be inversely associated with 

the activation of platelets in vivo; and also inversely associated with agonist-

induced platelet activation. 

 

Chapter 5  

Aim: To test whether acute exercise in healthy, sedentary individuals would induce changes 

in platelet and endothelial function, and to observe whether responses would 

differ depending on the modality of exercise undertaken.  

Hypotheses: Each modality of exercise (aerobic vs resistance vs combination) would have 

different impacts on platelet activation, platelet reactivity to agonist exposure 

and arterial function.  

 

Chapter 6 

Aim: To test whether acute exercise would result in platelet or vascular function changes in 

patients with chronic heart failure (CHF), and to observe whether any 
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differences would be present between conventional cycling versus a novel 

form of eccentric cycling.  

Hypotheses: Each modality of exercise will have different effects on platelet activation, platelet 

reactivity to agonist exposure and vascular function 

 

Chapter 7 

Aim: To test whether resting platelet function would be modified by a six month walking 

intervention in older, previously sedentary individuals, and if there are any 

differences if walking is conducted on land, compared to in the water. 

Hypotheses: Each modality of exercise would have different effects on MPAs, activated 

platelets and reactivity to agonists.  

 

To provide a basis for understanding the rationale for each of these aims, the Extended 

Literature Review which follows this Introduction covers topics related to platelet function in 

humans, the interactions between platelet function and endothelial function, and the extant 

literature regarding the acute and chronic impacts of exercise on platelet function in humans.  
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Chapter 2 

Literature Review 

Platelets, the endothelium and the impact of exercise 

 

2.0 Haemostasis 

Haemostasis is central to the preservation of life in the event of vascular injury, as it pertains 

to preventing blood loss under such circumstances (62) via the formation of a platelet plug, 

referred to as a thrombus when it forms inside the vasculature (see Figure 2.1). Based on the 

work of Rudolph Virchow, a paradigm known as “Virchow’s triad” was developed which 

encompasses three factors that contribute to thrombus formation in vivo. These include: 1. 

endothelial injury (or, in a more contemporary variation, merely endothelial dysfunction) (241), 

2. stasis of blood flow (more relevant to venous than arterial thrombosis under most 

circumstances) and 3. hypercoagulability, which refers to a propensity for thrombosis, as a 

consequence of characteristics of the coagulation system and/or platelets (186, 373). Both 

platelets and the coagulation system are involved in the formation of a stable platelet plug, 

resulting in haemostasis under physiological conditions (62). 
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Figure 2.1 Coloured scanning electron image of activated platelets which have undergone shape change 

and aggregated on an adhesive surface forming a thrombus (160). 

 

2.0.1 What is the coagulation system?  

The plasma coagulation system is composed of 13 plasma proteins known as coagulation 

factors (nomenclature: factors I – XIII), that generally circulate in an inactive state until they 

become activated following interaction with specific stimuli which initiate the coagulation 

cascade. The plasma coagulation system is primarily involved in a process known as secondary 

haemostasis, where it facilitates the formation of a stable platelet plug following vascular injury 

by the formation of fibrin (264). As a result of vascular damage, tissue factor is released into 

the circulation and initiates the coagulation cascade, leading to the conversion of prothrombin 

into thrombin. Thrombin then converts soluble fibrinogen into insoluble fibrin, which is a 

structural protein required for the stabilisation of a platelet plug (77, 110) (see Figure 2.2). 

Thrombin is also involved in fibrinolysis through binding to thrombomodulin (255) and as will 

be described later (Chapter 2.3.2) is also a potent activator of platelets (68). 
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Figure 2.2 Microscopy image showing fibrin strands which stabilise a platelet plug (in this case on an 

adhesive surface) composed of platelets and erythrocytes which prevent blood loss in situ of 

a damaged endothelium in vivo (333). 

 

2.0.2 What are platelets and what do they do? 

Platelets are anucleate cell fragments derived from megakaryocytes and are the smallest type 

of blood cell, measuring approximately 2.0 - 5.0 µm in diameter and 0.5 µm in depth (367) 

(see Figure 2.3). The “normal” range for platelet count in the circulation is 140 – 450 x 109/L 

(121) and they remain in the circulation for 7-10 days if kept inactive (204, 367). In the event 

of vascular injury, platelets are the primary cellular component of blood responsible for 

haemostasis, forming a thrombus to prevent excessive blood loss (291).  

 

 

 

 

 

 

 

Figure 2.3 Platelets in their inactive state undergoing shape change following activation, (left to right Panel 

A) and the relative size of a platelet (centre Panel B) can be seen compared to an erythrocyte 

(left Panel B) and lymphocyte (right Panel B) (127).  

 

A B 
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Due to the small size and mass of platelets compared to other cellular components of the blood, 

the majority of platelets circulate in the outer border of flowing blood in the circulation, where 

they are in close contact with the endothelium (338). As it is important that thrombosis does 

not occur unnecessarily, platelets in the circulation are maintained in an inactive state and are 

only activated when haemostasis is stimulated (142). Endogenous mechanisms prevent 

platelets from becoming activated in the absence of vascular injury in vivo, and these are 

primarily dependent on the health and function of the intact endothelium (282) (discussed in 

Section 2.9). Thus, dysfunctional endothelium may facilitate platelet activation, both of which 

have relevance to atherothrombosis (76, 78). 

 

Physiologically, platelets can become activated when exposed to a number of platelet agonists, 

including structures and cells within the vascular wall that are normally separated from the 

blood by an intact and functional endothelial layer (see Figure 2.4). These include collagen, 

von Willebrand factor (vWF) (which is also present in the circulation and acts on platelets 

following interaction with collagen), and tissue factor which is involved in the production of 

the platelet agonist thrombin (214, 298).  
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Figure 2.4 Illustration showing the basic process of platelet adhesion to the damaged endothelium as a 

result of interaction with exposed ligands on the endothelial surface (A). The key illustrates 

the specificity of platelet receptors for ligand binding including glycoprotein VI - collagen, 

α2β1 – collagen binding and αIIbβ3 – fibrinogen binding. This process causes platelet 

aggregation (B), and with the help of leukocytes and fibrin, a platelet plug is formed over 

the injured area (296). 

 

Platelets have numerous surface receptors that are the specific targets of different agonists (2, 

73, 169), therefore, mechanistically there are different pathways of platelet activation which 

are dependent on the agonist/s that platelets are exposed to (see Figure 2.5). In terms of 

haemostasis specifically, following vascular damage sub-endothelial layers of the vascular wall 

which contain a variety of pro-thrombotic substances become exposed to flowing blood and 

are detectable by platelets. Platelets adhere to the damaged site, release soluble agonists that 

attract and activate more platelets, which then undergo shape change, spreading and covering 

the wound, facilitating platelet aggregation, and with fibrin as a structural protein, a stable 

platelet plug forms (142, 326). Activated platelets will also express binding sites for leukocytes, 

which aid in wound repair and local inflammatory responses (90, 263). Collagen and vWF are 

B 
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adhesive proteins released locally from vascular wound sites, whereas thrombin, adenosine 

diphosphate (ADP) and thromboxane A2 (TxA2) are soluble agonists produced in the local 

area of injury and/or are released from intracellular storage sites within platelets (63, 195). 

Platelets are key components in the occurrence of ACS, such as MI in addition to ischaemic 

stroke, which are characterised by intra-arterial thrombosis (94). Research investigations have 

also reported increased platelet activation and reactivity to agonists in patients with CVD, 

which may be predictive of ACS risk and the severity of CVD (175, 201, 206).  

 

Platelets contain organelles which house numerous proteins with diverse functions, the 

contents of which are released when platelets undergo activation. Indeed, more than 300 

proteins are reported to be released from platelets following their activation by thrombin (64). 

The most numerous platelet organelle is the α granule, with around 40-80 α granules per 

platelet, depending on the platelet size (367). Platelet α granules contain adhesion proteins such 

as P-selectin (cluster of differentiation (CD) 62P), vWF, beta-thromboglobulin (β-TG) and 

fibrinogen, which are expressed on the activated platelet surface and/or are released in situ 

(195, 229). The smaller and less numerous dense bodies contain ADP and calcium which are 

essential factors in the activation, adhesion, and aggregation of platelets (368). 
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Figure 2.5 Illustration of a quiescent platelet showing its numerous surface receptors which cause platelet    

activation following the interaction between specific platelet binding sites and their associated agonists. 

Thrombin acts directly on protease activated receptors (PAR) 1 and 4, adenosine diphosphate (ADP) acts 

directly on P2Y1 and P2Y12 receptors and thromboxane A2 (TxA2) which like all of the aforementioned 

agonists acts on its associated G protein-coupled receptors. Collagen binds directly to platelets by 

glycoprotein (GP) VI and indirectly to GPIb/IX/V via von Wilebrand Factor (vWF). Platelet activation 

results in the release of soluble agonists such as TxA2, ADP and thrombin in situ that stimulates further 

platelet activation (104). 

 

 

2.2 Platelet surface receptors 

Platelet surface receptors have specific functions and pathways for activation and the 

dysfunction of specific platelet receptors results in disease states such as Glanzmann's 

thrombasthenia (GPIIb/IIIa) and Bernard–Soulier syndrome (GPIb) (205). In addition, the 

expression of CD62P on the platelet surface under basal conditions enables the formation of 

heterotypic aggregates which are associated with pathogenic functions (206, 207, 375). 

Therefore, it is important to have an understanding of the expression and function of distinct 

platelet surface receptors.  
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2.2.1 Glycoprotein (GP) IIb/IIIa 

The integrin αIIb/β3 (i.e., GPIIb/IIIa) is a platelet surface receptor found exclusively on 

platelets. With approximately 50,000 – 100,000 copies of this integrin per platelet it is the most 

abundant platelet surface receptor (335, 358). In the main, αIIb/β3 is located on the plasma 

membrane, but is also found in the membrane of α-granules which fuse with the plasma 

membrane following platelet activation (365). In its high affinity form, GPIIb/IIIa binds soluble 

ligands involved in thrombosis, including fibrinogen and vWF (63). This integrin is made up 

of two main components: the αIIb chain and the β3 chain. In their inactive (low affinity) state 

these two components overlap, inhibiting ligand adhesion. But upon activation, the genu 

(Latin: knee) extends outwards, exposing potential ligation binding sites (316). The binding of 

fibrinogen to GPIIb/IIIa is pivotal to platelet aggregation and by extension platelet plug 

formation (96). 

 

2.2.2 Glycoprotein (GP) Ib/IX/V 

The glycoprotein Ib/IX/V is constitutively expressed on the platelet surface, with 

approximately 50,000 copies per platelet. It is composed of four main parts: GPIb, which has 

two components, 1. a larger α chain and 2. a smaller β chain, that are linked by disulphide (SS) 

bonds; 3. glycoprotein IX; and 4. glycoprotein V. All four GP subunits have extracellular 

leucine rich repeats, N- and C-terminal flanks and a sylphated tyrosine sequence (9). 

 

GPIbα provides binding sites for numerous ligands including vWF, CD62P, thrombospondin-

1, α-thrombin, αMβ2 (Mac-1) and plasma coagulation factors XI and XII (9, 10). GPIbα is also 

a common target to identify platelets in flow cytometry experiments (see Section 2.6), as it is 

expressed on the platelet surface regardless of the platelet activation state, although it is 

downregulated following activation (232). GPV is primarily a binding site for collagen (60). 
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Following contact of these platelet receptors with their functionally compatible targets, a 

cascade of events is triggered, leading to platelet activation characterised by structural and 

functional changes to GPIIb/IIIa and GPIa/IIa, thereby promoting platelet adhesion and 

aggregation. The GPIb/IX/V complex is especially vital to the haemostatic process in the 

presence of abnormally high (pathological) shear rates, such as those occurring in the narrowed 

lumen of stenosed arteries (10, 297). Under such circumstances, GPIbα-vWF interactions serve 

to slow the passing of flowing platelets, facilitating prolonged contact of other platelet 

receptors with their respective binding molecules; such as GPVI with collagen and GPIIb/IIIa 

with vWF (220, 297). 

 

2.2.3 P-Selectin (CD62P) 

Platelet (P)-selectin is one of the three members of the selectin family, which are so named 

based on the cell they are expressed from (also includes endothelial (E)-selectin and leukocyte 

(L)-selectin). P-selectin is stored in the membrane of platelet α granules which, following 

platelet activation and α granule exocytosis, is released and becomes fused with the external 

platelet membrane, thereby expressing CD62P on the platelet surface (93). In haemostasis, 

CD62P is involved in attracting leukocytes to the developing thrombus and during this 

interaction can stimulate tissue factor production from monocytes, which propagates the 

thrombotic response in situ (54). CD62P is also a receptor for monocytes and neutrophils, 

described in more detail in Section 2.4. 

 

2.3 Platelet Agonists  

As outlined in figure 1, platelets respond to stimulation by a number of agonists including 

collagen, TxA2, ADP and thrombin. Canonical pathways of platelet activation are the 

cornerstone of antiplatelet therapy in CVD, as aspirin targets the thromboxane pathway, 
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thienopyridines such as clopidogrel target the ADP pathways, and vorapaxar targets thrombin 

pathways. However, as described in section 2.0.2 above, the primary initiating event for platelet 

activation in vivo is through collagen (see Table 2.1 for brief overview of agonists). 

 

2.3.1 Collagen 

Collagen is a component of the vessel wall and plays an integral role in haemostasis following 

vascular injury (171). Unlike some other agonists such as the arachidonic acid (AA) derivative 

TxA2 and ADP, which activate platelets via G protein-coupled receptors, collagen along with 

vWF binds directly to platelet surface glycoproteins (as shown in Figure 2.5) (60). Platelets 

have two major collagen receptors: 1. GPVI which activates a phospholipase C mediated 

cascade resulting in increased calcium mobilisation and increased cell signalling and platelet 

activation, and 2. GPIa-IIa (integrin α2β1) which has a major role in platelet adhesion (60, 204, 

299). As described above (Chapter 2.2.2), GPIb/IX/V binds to collagen indirectly via vWF as 

a bridging molecule and is particularly important at high shear rates. 
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2.3.2 Thrombin  

Thrombin is a potent platelet agonist which is produced as part of the coagulation cascade, 

usually initiated at the site of vascular injury (68). Thrombin is produced by the conversion of 

prothrombin to thrombin by the action of factor Xa (359) following contact between tissue 

factor and circulating plasma coagulation factors (214, 261). Thrombin-mediated platelet 

activation is achieved by thrombin’s action on G protein-coupled protease-activated receptors 

(PARs), namely PAR1 and PAR4 in humans. Physiologically, thrombin cleaves PARs 1 and 4 

on the platelet surface at its exodomain at the Arg 41-Ser 42 peptide bond, which exposes its 

new tethered ligand at the N-terminus (2, 68, 123, 176, 309). The cleaved exodomain is then 
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able to reach over and activate another receptor on the platelet membrane surface, initiating a 

complex series of cellular signalling events, resulting in increased cytosolic calcium release 

and the inhibition of cyclic adenosine monophosphate (40). As will be described in section 

2.6.2, a synthetic peptide is commonly used as a thrombin platelet agonist for experimental 

purposes. 

 

2.3.3 Adenosine Diphosphate  

Adenosine diphosphate exerts its platelet activating effects via action on two G protein-coupled 

receptors on platelets in humans: P2Y1 and P2Y12 (73, 204). ADP is stored in the dense granules 

of platelets and is released following the activation of platelets by other pathways such as 

collagen exposure (195). The impact of ADP on the P2Y1 receptor results in coupling to Gq 

which activates phospholipase C, mobilising intracellular calcium to mediate platelet shape 

change and aggregation, whereas ADP’s action on P2Y12 causes the coupling to Gi which 

inhibits adenylyl cyclase (156, 204) and is necessary for the activation of GPIIb/IIIa (53).  

 

2.3.4  Thromboxane A2 (TxA2) 

Arachidonic acid is a polyunsaturated phospholipid that has diverse physiological functions, 

but in the context of haemostasis is produced and released by activated platelets following 

activation (28). Similarly to ADP, AA initiates further platelet activation within the 

microenvironment of vascular injury by its enzymatic conversion to TxA2, which occurs 

following the activation of platelets by other pathways. TxA2 exerts its platelet activating 

effects by interaction with G protein-coupled receptors (267). AA can react with molecular 

oxygen via three oxygenases (cyclooxygenases (COX), lipoxygenases and cytochrome P450) 

and is subsequently converted into prostaglandins (prostacyclins and thromboxanes) or 

leukotrienes (39). The enzymatic conversion of AA by COX-1 and COX-2 to prostaglandin 
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H2, is followed by its conversion to either prostacyclin (PGI2) (by the action of prostacyclin 

synthase released from endothelial cells), or thromboxane A2 (by the action of thromboxane 

A2 synthase in platelets) (239, 347, 349). In the vasculature, PGI2 is a vasodilator and inhibitor 

of platelet activation, whereas TxA2 is a potent platelet activator and vasoconstrictor, which 

highlights the antagonistic relationship between these two AA derived end-products in vivo 

(254, 347).  

 

Section 2.3.5 Non-haemostatic platelet functions 

As knowledge and technology have advanced, it has become apparent that platelets release 

receptors not associated with haemostasis and that platelets are also involved in many other 

processes. Platelets are the primary circulating source of both soluble CD40 ligand (sCD40L) 

(8) and brain derived neurotrophic factor (109) in the circulation, contain and express a variety 

of platelet derived growth factors (7) and microparticles (319), and are involved in cell-cell 

messaging (223). As a result, platelets are reported to be involved in processes such as tumour 

growth and metastasis, vascular integrity and angiogenesis, and inflammation (61, 155, 223).  

 

2.4 Monocyte-platelet aggregates 

2.4.1 What are monocyte-platelet aggregates?  

When platelets become activated they undergo granule exocytosis (releasing the contents of 

platelet granules) and CD62P previously contained within platelet α granules becomes exposed 

on the platelet surface (159, 226). CD62P is a receptor for P-selectin glycoprotein ligand 

(PSGL), which is constitutively expressed on the surface of monocytes (72, 204, 222), an 

interaction which enables the formation of monocyte-platelet aggregates (MPAs) (see Figure 

2.6). Hence, the presence of MPAs is considered to be dependent on platelet activation, at least 
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to the point of CD62P expression which is a stage of activation that precedes the 

conformational change of the platelet fibrinogen receptor (GPIIb/IIIa) (204).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Following platelet activation, the expression of P-selectin on the platelet surface facilitates the 

formation of monocyte-platelet aggregates via P-selectin – P-selectin glycoprotein ligand 

binding (PSGL) which is constitutively expressed on the monocyte surface. This bond is 

strengthened by Mac-1 – αIIb/ΒIII or glycoprotein Ibα binding. Dysfunctional endothelial 

cells also express PSGL, providing a pathway for the direct adhesion of platelets to the 

endothelium, and the indirect adhesion of monocytes to the endothelium (114).   

 

2.4.2 Why are monocyte-platelet aggregates important? 

The presence of MPAs in the systemic circulation, and their detection by flow cytometry, are 

important for numerous reasons. The interaction between activated platelets and monocytes is 

associated with pathogenic and inflammatory functions (6, 72, 222) and increased MPAs have 

been observed in patients with established CVD (111, 112, 206, 300). Furthermore, MPAs are 

also considered to be the most sensitive marker to assess circulating levels of activated 

platelets. Because CD62P exposed on the platelet surface may shed rapidly if left unbound, the 

formation of MPAs is thought to prolong the attachment of CD62P on platelets, making MPAs 

a more accurate method of assessing in vivo platelet activation, compared to directly assessing 

platelet CD62P expression by flow cytometry (229, 231). 
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The interaction of both platelets and monocytes with the endothelium have been implicated in 

atherogenesis, as activated endothelial cells also express PSGL (72) which allows platelets to 

adhere to the endothelium and act as a bridging molecule for monocyte-endothelial cell 

adhesion. This connection is strengthened by Mac-1 (321). The role of platelets in 

atherogenesis is not as simple as platelets merely facilitating monocyte-endothelial cell 

interaction, because contact between platelets, monocytes and the endothelium also results in 

the production and expression of a number of pro-inflammatory and adhesion molecules (69) 

(see Figure 2.7). These include: CD40L (118), chemokine CCL5 (356), intracellular adhesion 

molecule-1 (162), vascular cell adhesion molecule-1 (70), monocyte chemoattractant protein-

1 (50), platelet-endothelial cell adhesion molecule (72) and interleukins (IL)1β, IL-6 and IL-8 

(223). Collectively, these interactions are implicated in contributing to monocyte migration 

into the sub-endothelial space, the conversion of monocytes into macrophages, foam cell 

formation, and the low-grade inflammatory state associated with atherogenesis (223, 380, 381) 

(see Figure 2.8). 
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Figure 2.7 The interaction between activated platelets, monocytes and dysfunctional endothelial cells 

changes the functional status of monocytes resulting in the expression of a variety of 

thrombotic, adhesive, pro-inflammatory and atherogenic molecules from both platelets and 

monocytes (207).    

 

 

 

 

Figure 2.8 Illustration showing the process of monocyte (blue cells) adhesion to the endothelium 

facilitated by platelets (beige cells) acting as a bridging molecule. This platelet-monocyte-

endothelium interaction supports the infiltration of monocytes into the sub-endothelium. 

Once inside the sub-endothelial space, monocytes express inflammatory molecules in 

addition to transforming into macrophages, where they engulf lipids and become foam cells 

in atherosclerosis (223). 
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2.4.2 Summary – why are platelets and MPAs important in terms of atherothrombosis? 

The sections above highlight the importance of platelet activation, and by extension MPA 

formation, in cardiovascular health research, providing a rationale for the assessment of MPAs 

in apparently healthy individuals. The crucial role of platelet function and activation in multiple 

atherogenic processes sheds light on why anti-platelet therapies reduce the incidence of ACS 

in a manner that extends beyond the action of merely inhibiting platelet mediated arterial 

thrombosis (257), also preventing downstream adhesive and inflammatory processes.   

 

2.5 How is the haemostatic system assessed in humans? 

There are many clinical, bedside and laboratory based methods to test the haemostatic system 

in humans. These may specifically target coagulation or platelets, or non-specifically test 

haemostasis (requiring both coagulation and platelet “global tests”), or fibrinolysis (332). Tests 

differ in their specificity, outcome measures, costs, materials and equipment required, sample 

type (i.e. whole blood or platelet rich plasma) and complexity in terms of the technical skills 

required to conduct tests and interpret results (228).  

 

2.5.1 Tests of coagulation 

Coagulation tests are commonly conducted in the clinical setting to detect inherited or acquired 

abnormalities in the function of specific coagulation factors, which are associated with distinct 

pathologies; mainly those causing haemophilia (280). Coagulation tests such as activated 

partial thromboplastin time are performed on plasma samples. Exogenous agents are added that 

will activate specific coagulation factor(s) and the ensuing coagulation response is observed, 

allowing functional abnormalities to be detected. As coagulation factors are a primary 

component of plasma, coagulation testing in the research setting before and after a stimulus 
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that may impact on plasma volume (such as in response to acute exercise), can complicate the 

interpretation of results (38). 

 

2.5.2 Tests of platelet function 

The gold standard method of testing platelet function in the clinical setting is platelet 

aggregation (228). Platelet aggregometry, of which there are sub-types, is generally conducted 

on platelet rich plasma samples, to which platelet agonists are added at a concentration to 

induce maximal platelet activation, thus causing platelet aggregation. Changes in optical 

density are plotted against time to indicate the degree of platelet aggregation and the time taken 

for full platelet aggregation to occur. Common agonists used in platelet aggregometry include 

collagen, ADP, arachidonic acid (TxA2) and thrombin, each of which activate specific 

pathways of platelet activation and most of which are targets of anti-platelet medications. This 

allows the testing of medication efficacy in individuals, as many patients are found to be 

“resistant” to the desired anti-platelet effects of aspirin (107, 208) and clopidogrel (233). 

Platelet aggregometry is also used to detect inherited defects in platelet function such as 

Glanzmann thrombasthenia and Bernard-Soulier syndrome (382).  

 

Despite the well-established uses of platelet aggregometry to detect the aforementioned 

abnormalities in platelet function, it is generally suited to detecting overt defects in the ability 

of platelets to aggregate in response to a maximal concentration of platelet agonist(s). 

Aggregometry is not particularly useful at detecting subtle changes, especially increases in 

platelet sensitivity to agonist exposure, for example if comparing responses before and after a 

stimulus that may increase platelet sensitivity; such as participation in exercise. In contrast, the 

testing of platelet function by flow cytometry is considered to be a significantly more sensitive 

approach, capable of detecting both increases and decreases in platelet sensitivity to agonist 
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exposure, in addition to its other benefits (see below) (21, 185, 203, 314). 

 

2.5.3 What is flow cytometry? 

A flow cytometer has two major components: 1. the fluidics system, and 2. the light/laser 

system (313). Flow cytometry is used as a diagnostic tool for numerous clinical diseases (71) 

including haematological disorders (45, 203, 205) and melanoma (15), and is also used in the 

medical research setting (100). Unlike microscopy analysis, which generally focuses on a small 

number of cells, a flow cytometer can generally measure 200 – 5000 cells/second, allowing the 

rapid interrogation of a large number of cells and cell populations (313). 

 

During cell analysis by flow cytometry, cells in a fluid suspension are hydrodynamically 

focused and passed, single file, through the path of a laser beam. Any change in the projection 

of light (scatter) produced by the beam is measured and provides an indication of the size 

(forward scatter) and granularity (side scatter) of cells. Consequently, specific cell populations 

are able to be discriminated, based on their characteristic forward and side scatter properties 

(see Figure 2.9). The categorisation of cells can be made more accurate by labelling cells with 

molecular probes (often monoclonal antibodies), that are conjugated to fluorescent markers 

(fluorophores), which confirm the identity of cells based on positive antibody binding to cell 

surface receptors. Within the flow cytometer’s light transmission system, specific fluorescent 

markers become “excited” when exposed to the laser light stimulus, and will then “emit” light 

at a wavelength that is specific to the fluorescent marker it is derived from. As flow cytometers 

also have detectors and filters that capture fluorescence, the technique can detect which 

fluorescent marker the signal was derived from by the wavelength at which the light was 

emitted (see Figure 2.10) (313).  Following the acquisition of data, files are able to be analysed 

by commercially available analysis packages, such as FlowJo software.  
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Figure 2.9 Example of data output from the flow cytometer light scatter (forward scatter area FSC-A x-

axis and side scatter area SSC-A y-axis) system which indicates how leukocyte sub-types can 

be identified based on their characteristic scatter properties. 

 

 

 

 
   

Figure 2.10 Illustration shows cells (red dots) in a fluid suspension moving up through a sheath, where 

they are focussed into single file and passed through the path of a laser (thin blue laser light 

moving left to right), which projects forward and side light scatter, the magnitude of which 

are dependent on the size and granularity of the cell. If cells are labelled with fluorophore(s), 

the light emitted is picked up by the filter / detector associated with the light emission of that 

specific fluorophore (blue, green, yellow red). The output for data acquisition is fed to the 

computer and is displayed essentially in real-time and recorded for subsequent analysis (161).  
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2.5.4 How does flow cytometry assess platelet function?  

Flow cytometry can assess platelet “function”, as it examines the functional status of 

circulating platelets by detecting the expression of activation dependent surface receptors, the 

response of single platelets to the exposure of agonists, and the formation of platelet-leukocyte 

(heterotypic) aggregates (21, 185). The immunophenotyping of platelets with monoclonal 

antibodies, followed by analysis via flow cytometry, provides the ability to interrogate the 

function of specific surface receptors on single platelets. This is carried out on whole blood 

within minutes of blood collection, using minimal blood processing procedures, thereby 

reducing the risk of artefactual platelet activation; factors which are more probable with other 

analysis methods (314).  

 

Flow cytometry is the only current analysis method which allows the determination of in vivo 

platelet activation and MPAs. As previously mentioned (Section 2.4.2), measuring MPAs is 

considered to be the most sensitive approach to measuring activated platelet levels in the 

circulation (229, 231). With the addition of platelet agonists to blood samples, it can provide 

information regarding platelet sensitivity to agonist exposure (platelet reactivity), which relate 

to specific pathways of platelet activation. Therefore, the use of flow cytometry to test platelet 

function provides the optimal mechanistic information currently available relating to platelet 

function (203, 230).  

 

A potential disadvantage to the use of flow cytometry in platelet function testing is that flow 

cytometers are expensive to purchase and maintain, and require specialist training to operate 

(203). Analytical techniques (detailed below) are also very time consuming. Apart from the 

time taken to prepare antibody cocktails and appropriately dilute agonists in preparation for 

blood processing, the acquisition rate of a single sample for MPA analysis is 500 - 1,000 
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monocytes in 10 minutes when run on a low flow rate; which is extremely important (described 

below in Section 2.5.5). This time commitment may account for the observation that the vast 

majority of studies including MPAs have only consisted of one or two tubes (outcome 

measures) per blood sample (125, 150, 312). In contrast, because the number of platelets in 

blood is orders of magnitude greater than monocytes, 10,000 platelet events can be counted 

within 2-5 minutes. With the acquisition rate of monocytes in mind, investigations that report 

acquiring a large quantity of monocytes per sample; such as 30,000 (16, 58, 59, 187) raise 

questions, suggesting that either samples were not gathered at a low flow rate (i.e. medium or 

high), or the unlikely scenario that each tube was run for ~300 minutes.  

 

2.5.5 Technical aspects of platelet flow cytometry 

For the analysis of platelet function by flow cytometry, the processing procedures should 

commence within approximately 10 minutes of blood collection (203). This is extremely 

important, as artefactual activation of platelets and (de)formation of MPAs can occur post-

collection, and this increases with time following blood draw (312). Current recommendations 

suggest that antibodies specific to the platelet antigens of interest should be incubated with the 

blood sample for exactly fifteen minutes (21, 185, 203). Experimental procedures for MPA 

analysis state that undiluted whole blood should be used. However, for the direct 

immunophenotyping of platelets, blood should be diluted with a buffer solution to reduce the 

platelet cell count in the reaction tube, to avoid significant aggregation during the experiment 

(203). Cells should then be fixed following incubation, for which a number of commercially 

available products are available, including FACSlyse (commonly used in MPA experiments 

which also induces erythrolysis prior to running the sample on the cytometer) and stabilizing 

fixative used for the direct immunophenotyping of platelet surface receptors. 
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It is important in many flow cytometry experiments to include two quality controls: 1. a 

negative (isotype) control to account for non-specific background staining, and 2. a positive 

control. In the case of platelet function testing, the positive control includes incubation with a 

high concentration of a platelet agonist that will cause maximal activation of all platelets in the 

reaction tube, thus allowing activated platelets to be distinguished from inactive platelets. As 

these are quality controls and are not presented in most cases, a typical experiment will include 

at least three tubes, the two controls described above, and an outcome measure tube; such as 

MPAs in whole blood with no agonist.  

 

When samples are being run on the flow cytometer for both platelet and particularly MPA 

analysis, it is extremely important that they are run at a low flow rate. This is because running 

samples at higher (faster) flow rates results in greater sheath pressures, potentially pushing 

more than one cell through the laser’s path simultaneously. This can result in significant 

artefact in the data output when quantifying the single platelet population, and in the case of 

heterotypic aggregates can result in coincident doublet events (27, 99, 163, 215). This occurs 

when a monocyte and a platelet pass through the laser’s path at extremely close proximity and 

although not aggregated, appear (falsely) aggregated in data output. Indeed, there are reports 

that at high flow rates, coincident events may account for ~40% of the total heterotypic 

aggregate events reported by flow cytometry analysis (27). However, there is a technique that 

can be employed during the subsequent analysis of heterotypic aggregates that can remove 

many coincident doublet events (215). Majumbder et al., found that even when samples were 

run at a low flow rate, MPAs in patients with CAD were reduced from 16% before the doublet 

discriminator technique to 7.6% following its use and from 6.3% to 2.6% MPAs in healthy 

controls. This certainly raises doubt with regard to the MPA levels reported in studies that have 
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not included this doublet discriminator technique, particularly in those which have reported 

~30% MPAs in healthy young and 40% MPAs in healthy older participants (128). 

 

Because of the size of platelets, single platelets can be recognised and isolated based on their 

characteristic forward and side scatter properties in flow cytometry experiments. The accuracy 

of isolating platelets can be improved by incubating the blood sample with a fluorophore 

conjugated monoclonal antibody, which targets a platelet surface receptor expressed on the 

platelet regardless of its activation state; a “platelet identifier” (21, 185). Other antibodies that 

target receptors expressed only on activated platelets may also be included in the experiment, 

to indicate the functional state of the platelet. These include anti-CD62P or the activated 

conformation of the platelet fibrinogen receptor (GPIIb/IIIa) (203). Platelet activation in flow 

cytometry experimental results are commonly presented as the percentage of the total platelet 

population which is bound to the activation-dependent antibody. There has been a progression 

in methodological approaches to the flow cytometric assessment of platelet function since its 

initial introduction (21, 26, 138, 163, 185, 203, 205, 230, 290, 314, 315, 353). This has helped 

improve the accuracy, reliability and validity of the method, in addition to consolidating 

methodologies between laboratories.  

 

2.6 Commonly used materials in the flow cytometric assessment of platelet function 

2.6.1 Antibodies 

The CD42b receptor is constitutively expressed on platelet surface regardless of the activation 

state of the platelet. Therefore, it is a suitable target as a platelet identifier in platelet function 

experiments. As the CD62P receptor is located in the α granule membrane of resting platelets, 

the positive binding of this antibody allows the quantification of platelet α-granule secretion. 

PAC-1 is a synthetic antibody, cloned to bind directly to the GPIIb/IIIa (fibrinogen receptor), 
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but only to its high affinity activated conformation (315).  

 

The analysis of MPAs can be achieved with the use of two antibodies: 1. a monocyte identifier 

and 2. a platelet identifier. CD14 is primarily expressed on monocytes in the circulation and is 

therefore a common target to identify monocytes in flow cytometry experiments (383). As 

previously described for the direct immunophenotyping of platelets, CD42b is a common target 

to identify platelets. Therefore, a typical approach to measuring MPAs is to include both anti-

CD14 and anti-CD42b (203). This allows the monocyte population to be identified, first by 

their characteristic forward and side scatter properties, followed by positive binding for anti-

CD14. The percentage of MPAs is then discerned by the percent of monocytes which are bound 

to a platelet (i.e. anti-CD42b binding). 

 

2.6.2 Agonists 

Collagen, ADP and AA (sodium arachidonate) are all common agonists used in platelet 

function testing and they are commercially manufactured specifically for this purpose. In 

addition, there are some agonists that have been synthetically developed, which act as platelet 

agonists but are not necessarily present physiologically. An example of this is thrombin 

receptor activating peptide-6 (TRAP), which is a PAR-1 receptor agonist as it mimics its first 

six amino acids (SFLLRN) and activates the PAR-1 tethered ligand receptor on platelets 

independent of proteolysis (176, 357). Thrombin is involved in initiating the coagulation 

cascade under physiological conditions and this should be avoided in flow cytometry 

experiments that specifically aim to study the function of single platelets. Therefore, TRAP is 

frequently used in flow cytometry experiments as it is able to act upon the PAR-1 thrombin 

receptor on platelets without initiating the coagulation pathways (204). Another synthetically 

developed platelet agonist is monomeric collagen related peptide (mCRP), also referred to as 
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cross-linked collagen related peptide (xCRP). Collagen related peptide is manufactured 

synthetically and acts on platelet collagen receptors (11, 245).  

 

2.6.3 Summary – Platelet flow cytometry 

In summary, platelet biochemistry is extremely complex, with a number of factors that can 

activate platelets, resulting in an array of post-activation pathways with secondary 

consequences. Platelet activation is, nonetheless, a key process involved in thrombus 

formation, and also has implications for processes including cell adhesion, transmigration, 

inflammation and atherogenesis, all of which have relevance to CVD and ACS. There are a 

number of ways to measure coagulation and platelet function, but flow cytometry is the only 

approach to ascertain in vivo levels of activated platelets and observe subtle increases in platelet 

reactivity to a low concentration of agonist. Combined with canonical agonist stimulation, 

which allows the specific interrogation of particular pathways of platelet activation, flow 

cytometry provides the most physiologically valid interpretation of platelet function, which is 

also the least susceptible to analytical artefact. However, the acquisition and maintenance of a 

flow cytometer, including the antibodies and agonists required to process blood samples, are 

expensive, and the technique is very time consuming in terms of sample preparation and data 

acquisition. For these reasons, the flow cytometric assessment of platelet function has not been 

widely adopted in exercise physiology research. Finally, with respect to CVD, platelet function 

should not be considered on its own, as the relevant and valid in vivo circumstance relates to 

platelet interaction with the endothelium, the topic of the subsequent sections. 

 

2.7 What is the endothelium and why is it important? 

The endothelium is a monolayer of cells that lines the innermost surface of the entire 

vasculature in humans, where it is in contact with flowing blood. Once thought to be a merely 
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passive structural component of blood vessels, the endothelium is now recognised as being 

centrally involved in a myriad of diverse functions (277). These include the regulation of 

vascular tone and blood pressure (243), vascular permeability (74), inflammatory responses 

(275), angiogenesis (287) and haemostasis (282). The endothelium is also integral in the 

pathogenesis of vascular disease, as endothelial derived substances such as nitric oxide (NO) 

and prostacyclin (PGI2), both vasodilators, also prevent platelet activation and the adhesion, 

transmigration and sub-intimal oxidative modification of cells in the vessel wall (223, 238) 

(see Figure 2.11).  

 

 

 

  Figure 2.11 The endothelium is a single layer of cells lining the surface of all blood vessels in humans 

(A) which is stimulated by shear stress produced by blood flow to produce nitric oxide (NO), 

prostacyclin (PGI2) and endothelial derived hyperpolarising factor (EDHF) to cause 

vasodilation (B) (256).  

 

Endothelial dysfunction and consequent reduction in the bioavailability of NO and/or PGI2 is 

associated with increased presence of antagonistic substances such as endothelin-1, TxA2, free 

radicals, reactive oxygen species and oxidative stress. Endothelial dysfunction is therefore 

causally related to atherogenic changes in the artery wall (267, 354). Endothelial function is 
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frequently tested in research settings (130, 341) and is impaired in patients with established 

CVD (42) and CVD risk factors (25) and strongly predict prognosis and cardiovascular events 

(378, 379). Exercise training enhances endothelial function and induces structural adaptations 

related to chronic increases in NO (129, 131). 

 

2.8 How is endothelial function measured? 

Some of the first tests of in vivo endothelial function were performed using strain-gauge 

plethysmography, which quantifies changes in limb blood flow following stimuli such as heat, 

exercise, mental stress and intra-arterial infusion of chemical agonists or antagonists that cause 

vasodilation or constriction (172). This 100 year old technique was indirect, highly limited by 

motion artefact and incapable of revealing information regarding relative changes in conduit, 

versus resistance artery, function or structure. 

 

The most popular contemporary approach to test the function of the endothelium is the flow 

mediated dilation assessment (FMD), conducted non-invasively using high resolution 

ultrasound (30, 130, 341). The principle of the test is to provide a local ischaemic stimulus via 

cuff occlusion that, once removed, induces vasodilation which is quantifiable. This 

vasodilation in resistance vessels in turn induces increases in conduit artery shear stress, in 

arteries such as the brachial or femoral which lie upstream from the cuff placement. More 

accurately referred to as shear-mediated dilation, the consequent increase in conduit artery 

diameter, is endothelium-dependent (130). Furthermore, when conducted in accordance with 

recent recommendations (341), the conduit artery vasodilation produced during the FMD test 

is predominately dependent on the artery’s ability to produce NO (130, 341). The results of 

FMD testing are therefore indicative of the functional state and health of the artery being tested 

which, in turn, is considered to be suggestive of the health of similarly sized systemic arteries 
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including the coronary arteries (130). Large scale studies including thousands of participants 

have suggested that FMD is highly predictive of cardiovascular events (378, 379).  

 

2.9 What is the relationship between platelets and the endothelium? 

Platelets play a crucial role in maintaining the integrity and structure of the endothelium, and 

by extension, in regulating vascular permeability (180). This was confirmed in a series of 

animal studies, in which induced thrombocytopenia (low platelet count) resulted in the rapid 

thinning of endothelial cells and leakage of blood constituents through the endothelial cell 

layer, an effect reversed by the infusion of platelet rich plasma (122, 148, 181, 221). Platelets 

are not only involved in the maintenance of developed blood vessels, but are also pivotal in the 

development of new blood vessels (angiogenesis) such as capillaries, a process dependent on 

the release of specific platelet contents including microparticles and growth factors (43, 44). 

The healthy and intact vascular endothelium is central to maintaining the quiescent state of 

platelets in the absence of vascular injury. This is primarily achieved by three pathways: 1. the 

nitric oxide pathway, 2. the prostacyclin pathway and 3. the ecto-ADPase pathway (76).  

 

The endothelium constitutively expresses the enzyme endothelial nitric oxide synthase 

(eNOS), which acts on L-arginine to produce NO (240, 242). Endothelium-derived NO diffuses 

into platelets, causing guanylyl cyclase to increase the conversion of guanosine triphosphate 

(GTP) to cyclic guanosine monophosphate (cGMP) (281), resulting in increased adenosine 

triphosphate-ase (ATPase) dependent augmentation of intracellular calcium stores (Ca2+), 

which downregulates the action of PI3K and calcium flux (210) (see Figure 2.12). The 

interaction between NO and superoxide within the platelet forms peroxynitrate, which 

increases the production of prostaglandins from AA, thereby inhibiting TxA2 formation (210) 

(see Figure 2.12). NO can also be synthesised from L-arginine within the platelet cytosol, 
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contributing to the inhibition of platelet activation and aggregation by the inhibitory pathways 

described above (283). There is also evidence to suggest that NO can disaggregate platelets 

that have aggregated following collagen exposure, a function also performed by endothelium-

derived PGI2 (284).   

 

 

Figure 2.12  Endothelial derived nitric oxide (NO) enters the quiescent platelet, causing guanylyl cyclase 

(GC) to convert guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP) 

resulting in increased adenosine triphosphate-ase (ATPase) dependent augmentation of 

intracellular calcium (Ca2+), downregulating the action of PI3K. This prevents P-selectin and 

the activated conformation of GPIIb/IIIa receptor from being expressed on the platelet 

surface. Superoxide (O2
-) interaction with intra-platelet NO forms peroxynitrate (OONO-) 

leading to enzymatic conversion of arachidonic acid (AA) to prostaglandins G2/H2, 

suppressing thromboxane production from AA (210). 

 

The endothelium is also involved in the enzymatic conversion of AA by COX-1 (and to a lesser 

extent COX-2) to produce PGH2, and the production of PGI2 by prostacyclin synthase. PGI2 

inhibits platelet activation by increasing intracellular cyclic-adenosine monophosphate levels 

(284, 285). In contrast, platelets predominately contain thromboxane synthase and platelets 

expressing this enzyme convert PGH2 to TxA2, a platelet agonist (318). There is also a 

synergistic effect of NO and PGI2 on inhibiting platelet aggregation (284). Ecto-ADPase is a 

part of the endothelial cell structure and removes extracellular ADP from the circulation, 

thereby reducing the presence of platelet activating nucleotides (217), a function also shared 

by erythrocytes (211). Collectively, this information, coupled with that described above 
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(Section 2.7) indicates the importance of the health and function of the endothelium in 

inhibiting platelet activation.   

 

2.10 What is the functional relationship between platelet and endothelial function in 

humans? 

In the late 1980’s a number of studies conducted in vitro with cultured endothelial cells 

identified the critical importance of the endothelium, endothelium-derived relaxing factor (later 

identified as NO) and PGI2 at inhibiting platelet aggregation (4, 5, 212). However, as these 

experiments were performed in platelet rich plasma (PRP) there was criticism as to the 

applicability of these findings in vivo, as another study found the inhibiting effects of NO on 

platelets were abolished when haemoglobin was added to the samples (282).  

 

One study conducted using in vivo analysis methods, intravenously infused the NO synthase 

inhibitor NG-monomethyl-L-arginine (L-NMMA) into the forearm of 12 healthy young adults, 

at a bolus dose of 5 mg/kg infused over 5 minutes (304). They reported a rapid decrease in NO 

bioavailability and a concomitant increase in activated platelets (%CD62P binding), measured 

by flow cytometry. But when an exogenous NO donor was introduced (sublingual glyceryl 

trinitrate), circulating activated platelets were restored to pre-L-NMMA infusion levels. In 

contrast, a more modest dose of L-NMMA infused over a 30 minute period did not result in 

significant changes to platelet anti-CD62P or fibrinogen binding, or sensitivity to ADP or 

TRAP (3). Although the authors did observe a 7% reduction in bleeding time, that was not 

statistically significant. When L-NMMA (4.3 mg/kg) was infused intravenously into the 

forearm of heathy volunteers, bleeding time was decreased by 24% compared to pre-infusion, 

but platelet aggregometry (an ex vivo test) remained unchanged (322). These studies and others 

(36) indicate that both circulating levels of activated platelets, measured by flow cytometry, 
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and the results of global tests of haemostasis in vivo, may be modified following administration 

of an exogenous NO blocker and/or donor. But these data also highlight that results are 

dependent on the dose, infusion rate and the platelet function test being conducted. Similarly, 

separate studies have found that acutely inhibiting specific platelet activation pathways by 

clopidogrel (ADP pathway) and aspirin (thromboxane pathway), resulted in rapid 

improvements in vascular function (135, 165, 249, 266). All of these studies were conducted 

in patients with CAD and assessed endothelial function by: reactive hyperaemia based 

peripheral arterial tonometry (135, 249), flow mediated dilation (FMD) (266), or by observing 

femoral vasodilation to acetylcholine infusion using angiography (165). The latter study found 

an improvement in patients with CAD, but no change in healthy controls. Crucially, these 

studies do not indicate whether a relationship between platelet and endothelial function can be 

detected in humans under resting conditions, without the addition of non-physiological 

stimulation.  

 

In the absence of a pharmacological intervention, only three studies, to our knowledge, have 

conducted in vivo experiments to test whether a relationship could be detected between platelet 

and endothelial function in humans (84, 136, 187). Using an atrial pacing protocol in CAD 

patients undergoing cardiac angiography and angioplasty, two studies reported an inverse 

relationship between endothelium-dependent coronary vasomotor function and circulating 

MPAs (84, 136). Only one of these studies was conducted in healthy participants (adolescents) 

and this study did not find any relationship between FMD and platelet activation (MPAs, PAC-

1 or CD62P binding) at rest (187). None of these studies included platelet reactivity to agonist 

exposure. One study conducted in mice found that animals with diabetes had lower NO 

bioavailability and greater basal levels of activated platelets, compared to control mice (303). 

It is currently unclear whether an association between platelet and endothelial function can be 
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detected in humans without significant disease, under resting conditions. The existence of any 

such relationship may be importantly clinically, as endothelial and platelet function may 

conceivably compensate for one another under circumstances where one system is 

compromised. 

 

2.11 Exercise, the endothelium and platelet function: relevance to the “exercise 

paradox” 

The benefits of high cardiorespiratory fitness and regular participation in PA are well 

documented with regards to reducing cardiovascular and all-cause mortality risk (34, 190, 262, 

311). Indeed, recent evidence suggests that exercise training may stabilise vulnerable plaque 

(317). However, the “exercise paradox” (218) infers that despite the long term risk reduction 

associated with increasing activity levels, the risk of ACS occurrence is transiently increased 

during and soon after participation in a single bout of exercise (126, 342, 343). Acute 

cardiovascular events associated with participation in exercise are relatively rare (less than 0.01 

per 10,000 hours of exercise) (126), whereas CVD is among the most prevalent diseases and 

causes of morbidity in westernised countries, affecting approximately one in three adults (247). 

These facts indicate that, on a population level, the chronic benefits of being physically active 

far outweigh the acute risk and the acute risk decreases with increasing participation in PA (see 

Figure 2.13) (289, 342).  
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Figure 2.13 The impact of frequency of participation in vigorous physical exertion (>6 metabolic 

equivalents) and the associated relative risk of acute myocardial infarction (MI) occurring 

during a bout of exercise. The dotted line represents the risk of MI with no previous physical 

exertion (342)  

 

It is now well documented that physical exertion is a stimulus with the potential to trigger an 

ACS, particularly when conducted at a vigorous intensity in those unaccustomed to exercise 

(137, 218, 289, 342, 343). Sudden death in individuals under 35 years of age is generally 

attributed to underlying congenital conditions (81). But in individuals over 40 years, the vast 

majority of ACS associated with acute exercise are attributed to the development and 

complications of atherosclerotic vascular disease (137). The aetiology of ACS associated with 

acute exercise is not fully understood, but may involve disruption to atherosclerotic plaque 

(137) along with impairment in endothelial function (80). There is evidence to suggest that 

exercise has the potential to increase circulating levels of activated platelets and platelet 

reactivity to agonist exposure (179), in addition to being capable of disrupting thick-capped 

atheroma that will not usually become damaged at rest (337) (see Figure 2.14). Collectively, 

increased potential for endothelial and plaque damage, combined with heightened platelet 

sensitivity to activation, may represent a “perfect storm” of events that may help explain the 

increased risk of ACS during and soon after participation in an acute bout of exercise. However, 

very little is currently known about the impact of participation in different types of exercise on 

platelet function.  
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Figure 2.14 Association of intensity of physical exertion (metabolic equivalents METS) and the thickness 

of the damaged fibrous caps measured by optical coherence tomography in patients 

presenting with acute coronary syndrome (ACS) that occurred during and soon after 

physical exertion (337).  

 

2.13 What are the acute effects of a single exercise bout on the haemostatic system?  

The extant literature relating to impact of acute exercise on the haemostatic system is highly 

conflicted, with evidence to suggest that exercise can increase (16, 57, 65, 98, 153, 167, 191, 

193, 225, 270, 327, 346, 361), decrease (82, 146, 191, 193, 288) or have no effect (16, 167, 

225, 323, 361) on thrombotic potential. In relation to coagulation, it has also been observed 

that an increase in pro-coagulation markers post-exercise is often accompanied by a 

concomitant increase in anti-coagulation (fibrinolysis) substances, effectively maintaining 

haemostatic balance pre- and post-exercise (19, 82, 193). Importantly, this is a finding authors 

would not have observed unless both pro- and anti- coagulation markers were included in the 

analysis, emphasising the complexity of changes that can occur and the importance of 

considering multiple markers of coagulation/fibrinolysis. In addition, coagulation tests may be 

an unsuitable measure to apply in acute exercise exposure studies, as results are extremely 

sensitive to changes in plasma volume (i.e. dehydration). Indeed, studies which have reported 

increases in coagulation following participation in an acute exercise bout, may have been 

largely attributed to increased haemoconcentration (38). 
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There are many possible reasons for the inconsistent results between studies. Different outcome 

measures have been assessed (relevant to details described in Section 2.5) and different 

protocols have been adopted between laboratories for the same analysis methods. There is also 

likely to be an influence of the exercise protocols used (intensity, duration and/or type), and 

the participant population (age, gender, training status, presence or absence of disease and 

associated medication use). As previously mentioned, flow cytometry is the optimal approach 

to assessing platelet function in response to acute exercise (see Section 2.5), but this has rarely 

been performed in previous experiments due to the expertise required, the cost and the time 

consuming nature of taking careful measurements. In an attempt to make valid comparisons 

with the studies included in this thesis, the following 3 sections of this review will therefore 

only include exercise exposure studies that have utilised flow cytometry. These sections will 

evaluate the impact of acute exercise on MPAs (Section 2.15), the expression of activation 

dependent surface receptors (Section 2.16) and the impacts of exercise training on both 

outcomes (Section 2.17). 

 

2.15  Impact of acute exercise on monocyte-platelet aggregation 

Some evidence suggests that, following completion of graded maximal exercise, MPAs are 

increased within 10 minutes in healthy participants across a broad age range: including 

adolescents (~2.6% increase) (187), young adults ~28yrs (~2.2% increase) (150), middle-aged 

~42yrs (~8% increase) (125) and older participants ~63 years (~5% increase in non-specific 

leukocyte-platelet aggregates) (265). All of the aforementioned studies, which included a third 

blood sample 60-90 minutes post-exercise, indicate a return towards pre-exercise levels occurs 

during this time frame (see Table 2.2). However, these four studies are contrast with two others; 

one reporting no change in MPAs in older adults (~60 years) (16), the other a decrease in MPAs 

post-maximal exercise in healthy adults (~35 years) (312). The presentation of data in the one 
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study that reporting decreased MPAs after exercise involved expression as the quantity of 

MPAs per µL of blood (339), which may be susceptible to being influenced by changes in 

haemoconcentration with exercise. This differs from all other studies in the acute exercise field, 

as it is the only study to present MPAs in this way and to report a decrease post-exercise.  

 

In the only three studies (all performed by Hilberg and colleagues) (150-152) to have 

investigated the effect of sub-maximal aerobic exercise on heterotypic aggregates in healthy 

participants; all included men in their 20’s. These studies reported: increased leukocyte-platelet 

aggregates following 60-120 minutes of treadmill running at 90% individual anaerobic 

threshold (IAT) (152); increased MPAs following 45 minutes of cycle ergometry at 90% IAT 

(150); and similar increases (~5%) following both moderate (60 mins at 80% IAT) and 

vigorous (45-60 mins at 100% IAT) intensity cycle ergometry (151). Similar to the findings 

observed following maximal exercise; MPAs returned towards pre-exercise levels by within 1-

2 hours of exercise cessation.  

 

Maximal aerobic exercise also induced large increases in MPAs in participants with untreated 

essential hypertension, which returned to pre-exercise levels 90 minutes post (125). Of four 

studies (all performed by the same research group) including older patients with CAD, two 

reported increased MPAs post-exercise by 0.7% (302) and 0.9% (24) and two reported no 

change (16, 301). One of these reported data as mean fluorescence intensity (MFI), not percent 

MPAs (16) which is susceptible to variation in signal amplification (227); the other observed 

non-significant mean increases of (1%) in patients with stable CAD and (1.7%) with recent (< 

1 month) non-stable MI (301).  
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In patients with peripheral arterial disease (PAD) (all of whom were on aspirin) MPAs were 

increased following a maximum walking distance test at a fixed workload (58, 59). However, 

both these studies report counting 30,000 monocytes to determine MPAs; the potential impact 

of which was previously described in Sections 2.5.4 and 2.5.5. In a group of moderately trained 

men aged ~27 years with type I diabetes mellitus (T1DM), MPAs increased following maximal 

bicycle ergometer exercise, but returned to baseline levels by 1 hour post (150). No such change 

was found in the same group of T1DM patients following 45 minutes of cycle ergometry at 

90% IAT (150), and this is the only study to our knowledge to investigate the impact of 

submaximal aerobic exercise on MPAs in a clinical population.  

 

Few studies, to our knowledge, have investigated the impact of acute exercise on agonist 

induced monocyte-platelet aggregation; and none have included more than one agonist. The 

limited evidence that is available suggests increased sensitivity to TRAP induced MPAs occurs 

immediately after aerobic modality exercise at both maximal (150) and submaximal intensities 

(150, 151), with a return towards baseline levels by 1 hour post (150). Maximal exercise has 

increased ADP-induced MPAs in healthy adolescents (187), patients with CAD and with recent 

non-ST elevation MI (301, 302); and there is indication that ADP sensitivity also returns to 

normal 1 hour following exercise cessation (150). 
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2.15.1 Summary – Monocyte-platelet aggregation and acute exercise 

In summary, to our knowledge, 13 previous investigations have measured MPAs before and 

after exercise (16, 24, 58, 59, 125, 150-152, 187, 265, 301, 302, 312). None of these studies 

have documented use of the doublet discriminator technique, or running samples at 

appropriately low flow rates, essential for valid results when measuring heterotypic aggregates 

by flow cytometry (described in sections 2.5.4 and 2.5.5). Ten of the studies included maximal 

exercise protocols and six included a platelet agonist (2 ADP, 4 TRAP); none included more 

than one agonist. All of the previous investigations including MPAs as an outcome measure 

have involved typically “aerobic” modes of exercise; and as such none have included resistance 

or combined modality exercise. Together, these findings suggest both maximal and sub-

maximal exercise conducted by apparently healthy participants and patients with CVD can 

transiently increase circulating MPAs post-exercise. It is possible that some of the 

inconsistencies between these studies are associated with differences in methodological 

approaches and/or how the data were presented. The very limited data available also suggests 

both maximal and submaximal aerobic exercise can increase TRAP- and ADP-induced MPA 

formation in apparently healthy adolescents and young adults with and without T1DM, with a 

return to baseline by 1 hour post. However, there is no evidence relating to the potential impact 

of exercise on different pathways of agonist-induced monocyte-platelet aggregation. There is 

a paucity of data with regards to sub-maximal exercise in untrained apparently healthy middle-

aged adults who may be at risk of ACS due to occult vascular disease (see Figure 1.1); a highly 

clinically relevant group. As no previous study has investigated the impact of any mode of 

exercise other than aerobic exercise on MPAs; and mainly maximal exercise testing has 

previously been undertaken, there is a lack of evidence involving ecological valid participants 

or exercise types pertaining to platelet function in humans. These factors indicate there is a 
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significant knowledge gap in the field relating to the effect of different types of exercise on 

MPAs and their potential impact on distinct agonist induced pathways. 

 

2.16  Impact of exercise on the acute expression of platelet surface receptors 

Many studies have found that participation in acute maximal aerobic exercise did not change 

platelet binding of PAC-1 and/or anti-CD62P. This has been observed in adolescent children 

(187), healthy sedentary and physically active groups (65, 179, 202, 270), patients with CAD 

(202) and recent MI (301), and both type 2 diabetic and non-diabetic patients referred for 

diagnostic exercise testing for ischaemic CAD (305). Likewise, submaximal aerobic exercise 

had no apparent effect on the expression of activation-dependent surface receptors in studies 

including healthy participants (150, 152) or patients with T1DM (150). Furthermore, neither 

submaximal moderate intensity (60 minutes of cycle ergometry at 80% IAT), high intensity 

(45 minutes at 100% IAT), or 40mins of intermittent cycling at 75% peak power output induced 

changes in platelet CD62P expression (151, 369). However, some studies have reported 

significant increases in PAC-1 and/or anti-CD62P binding post-exercise, with the average 

range of increase being 0.3 - 1.5% (57, 125, 153, 265, 270, 369). These changes generally 

return towards pre-exercise levels by 30-60 minutes post-exercise. Increased anti-CD62P and 

PAC-1 binding have also been observed post-exercise in patients with untreated hypertension 

(157, 307), CAD (16) and in PAD (but all participants regularly took aspirin) (58, 59, 265). In 

patients with untreated essential hypertension, one investigation reported large (~14%) 

increases in anti-CD62P binding post-exercise, with a return to baseline levels by 90 minutes 

following exercise cessation (157), whilst others reported a modest (~0.2%) yet statistically 

significant increase (307). In the only study, to our knowledge, to include patients with CHF 

(~64yrs), maximal treadmill testing resulted in increased CD62P expression in patients with 
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both systolic and diastolic heart failure (57); responses that were not different in age matched 

healthy controls.  

 

Only one previous study that has used flow cytometry to assess the impact of acute exercise on 

platelet function has included resistance exercise (286). This involved older adults (~69yrs) 

who completed two separate sessions including 3 sets of 4 exercises, one in which repetitions 

were performed in a conventional manner; and another in which repetitions were eccentrically 

biased and performed unilaterally. No significant changes in either anti-CD62P or PAC-1 

binding were found following any of the exercise protocols; and no agonists were included in 

their interrogation of platelet function by flow cytometry. No other form of exercise was 

performed in these participants by way of comparison of modalities.   

 

In comparison studies between trained and untrained young men, one study reported increased 

thrombin induced PAC-1 binding following maximal exercise in a sedentary, but not a trained, 

group (179), whilst others found that both ADP and epinephrine resulted in increased (albeit 

non-significant) CD62P and fibrinogen binding in both trained and sedentary volunteers (270). 

Participation in aerobic-based exercise has significantly increased ADP induced PAC-1 

binding in healthy adolescents (187), patients with hypertension (307), stable CAD and with 

recent ACS (301) and both PAC-1 and anti-CD62P in moderately trained young men (153). In 

the latter study, TRAP exposure increased PAC-1 but not anti-CD62P binding, although the 

same research group later reported increases in anti-CD62P binding with TRAP stimulation in 

both healthy and T1DM participants (150). Thrombin was also found to increase fibrinogen 

and CD62P binding in patients with CAD and hypertension (202, 307). Studies including 

agonist sensitivity in healthy middle-age participants have reported no effect of thrombin on 
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either fibrinogen or anti-CD62P binding (202) or ADP on anti-CD62P or PAC-1 binding (157), 

whilst others have reported increased ADP induced fibrinogen and anti-CD62P binding post-

exercise with a return towards baseline levels by 1hr post (265).  

 

Increased anti-CD62P binding has been observed with TRAP exposure following 60-120 

minutes of cycle ergometry at 90% IAT, with a return to baseline by 2hrs post (152), both 

moderate (60 minutes at 80% IAT) and high (45 minutes at 100% IAT) intensity cycling (151), 

whilst no change was found following 45 minutes of cycling at 90% IAT (150). Others reported 

no change in collagen induced expression of CD62P following 60 minutes of cycle ergometry 

at 70% V̇O2peak in either trained or untrained young men (323). In patients with T1DM, TRAP 

induced CD62P expression was increased immediately following 45 minutes of sub-maximal 

cycle ergometry which returned to pre-exercise levels by 1hr post. This was despite no change 

being observed with no agonist (150). In contrast, Hong et al., reported increased CD62P and 

PAC-1 binding with no agonist, but ADP sensitivity was unchanged following 20 minutes of 

submaximal treadmill exercise in patients with hypertension (157).  

 

To our knowledge, only one exercise study to date, has included three canonical platelet 

agonists; providing the best opportunity to observe if specific pathways of platelet activation 

are more affected by acute maximal exercise than others (305). Maximal treadmill exercise in 

this study did not induce significant changes to platelet anti-CD62P binding in response to 

ADP, AA or collagen exposure, in either diabetic or non-diabetic patients referred for clinical 

exercise testing. The authors stated that platelet analysis was performed within 1hr of blood 

collection, which may be the reason for a lack of platelet anti-CD62P binding in this study, as 

guidelines for the analysis of platelet function by flow cytometry state processing procedures 
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should commence within 10-15 minutes of blood collection (203) and CD62P will dissociate 

from the platelet surface rapidly (229, 231). 

 

2.16.1 Platelet function and acute exercise 

In summary, to our knowledge, 21 studies have investigated the impact of acute exercise on 

the expression of platelet surface receptors (16, 57-59, 65, 125, 150-153, 157, 179, 187, 202, 

265, 270, 301, 305, 307, 323, 369). Of these: 17 included maximal exercise tests; 5 investigated 

sub-maximal exercise and all involved relatively young (<35yrs) participants (150-152, 323, 

369). All but one have included an aerobic modality of exercise. Collectively, the evidence 

suggests that, without agonist stimulation, exercise has the potential to increase the expression 

of activation-dependent surface receptors, but this finding is not universal. As increases are 

generally small, this may account for the lack of statistical significance in some studies. 

Although there is no clear pattern in the literature, there is stronger evidence to suggest that 

agonist sensitivity increases following both maximal and submaximal exercise, in healthy and 

clinical participants. In studies that have included agonists, either TRAP or ADP have been 

most commonly used. This suggests that more evidence is needed in relation to other pathways 

of platelet activation, such as AA (TxA2) and collagen. Only by introducing a variety of 

agonists to aliquots of the same blood sample, can direct comparisons be made relating to the 

impact of participation in exercise on the sensitivity of specific platelet activation pathways. 

More research is also needed relating to the potential impact of participation in different 

modalities of exercise on platelet function; no previous study has directly addressed the 

hypothesis that distinct modes or forms of exercise may have different impacts on platelet 

function in humans.  
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Section 2.17 Impact of exercise training on platelet function 

Despite the obvious clinical relevance, very few high quality studies exist regarding the impact 

of prolonged exercise training on platelet function in humans. In healthy sedentary men ~24yrs, 

8 weeks of cycle ergometer exercise at 60% V̇O2peak (30 mins/5 days/wk) did not changes basal 

levels of anti-CD62P or PAC-1 binding compared to baseline. The same was found in the 

control group (362). Keating and colleagues recruited patients with CAD undergoing cardiac 

rehabilitation (all but one prescribed aspirin), who were randomly allocated to either a high 

energy expenditure group (>3,000 kcal/wk) taking part in 5-7 sessions of unsupervised walking 

~40-60mins per session, or a standard exercise program of 3 sessions of exercise lasting ~25-

40mins per session. This intervention was also publicised as being a behavioural weight loss 

intervention and included some other factors related to this which are not well described in the 

article. They did not find any changes in fibrinogen or anti-CD62P binding in either group 

following the intervention period without agonist stimulation. However, they did observe a 

decrease in ADP induced CD62P expression in the high PA group only, compared to baseline 

levels (178).  

 

In patients with PAD allocated into 2 groups; best medical treatment (BMT) versus BMT plus 

exercise training (50 mins of intermittent treadmill walking 2 x wk for 6 months), Schlager and 

colleagues found no change in MPAs from baseline at either month 3 (half way) or month 6 

(end) of the exercise intervention, a finding that remained at month 12 following a 6 month 

wash-out period. As patients were all taking anti-platelet medications it is not possible to 

determine if medication may have masked the effect of exercise in these groups. 
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To our knowledge, the three studies described above are the only previous exercise training 

interventions to have included the flow cytometric assessment of platelet function. Only one 

(306) has included MPAs as an outcome measure, and only one included a platelet agonist 

(ADP) (178). These studies suggest that regular participation in exercise training has no impact 

on platelet function at rest, either in healthy young men, patients with CAD or PAD. However, 

more research in this area is needed which includes a comprehensive assessment of platelet 

function to determine if exercise may have an impact on basal platelet function in specific 

populations. 

 

2.18 The impact of exercise on vascular function 

As previously described (sections 2.7 and 2.8), the health of the endothelium is highly relevant 

to the pathogenesis of atherosclerotic vascular disease and measurements of arterial endothelial 

function and health (including FMD) are indicative of subclinical vascular disease (see Figure 

1.1). In addition, compelling evidence has demonstrated that exercise training can improve 

endothelial function, in a variety of clinical populations (129, 133, 360) and in apparently 

healthy adults (29, 344). These studies suggest an upregulation of endogenous NO production 

as a chronic adaptation to repeated episodic bouts of exercise. Furthermore, vascular 

adaptations to chronic aerobic exercise are systemic, extending beyond the vasculature of the 

active muscles (132). There is also evidence to suggest that, after approximately 4 weeks of 

exercise training, endothelium-dependent structural remodelling occurs in arteries (29, 344), 

which is associated with a return of endothelial function to baseline levels in a homeostatic 

manner (29, 344).  
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2.18.1  Mechanism of vascular adaptation to exercise training 

The primary stimulus for the acute upregulation of endothelial derived NO is increased shear 

stress (79, 129, 248). Induction of vasodilation in response to increased shear is also the 

principle underpinning the FMD technique (279). Haemodynamic changes that occur with 

exercise, such as increases in heart rate, stroke volume, cardiac output and blood pressure, 

impose greater shear stress on the endothelium; the primary stimulus for the upregulation of 

NO-mediated vasodilation (51, 345). Repeated episodic increases in vascular shear stress 

during an acute exercise bout are thought to be the mechanistic driver for chronic vascular 

adaptation to exercise training, and there is strong evidence to support this hypothesis (see 

Figure 2.15) (29, 52).  
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Figure 2.15 The proposed mechanism for vascular adaptation to exercise training. This is characterised by an 

increase in vascular shear stress from rest (1) to during a bout of exercise (2) which upregulates the 

production of vasodilator substances, causing acute dilation (3) which following repeated bouts induces 

vascular remodelling, resulting in a larger resting lumen diameter (4) and restoration of relative function 

(129).  

 

2.18.2 What is the acute impact of exercise on endothelial function? 

Despite the apparent benefits of exercise training on endothelium-dependent vascular function, 

there is evidence to suggest that endothelial function may be transiently decreased immediately 

following an acute exercise bout (30, 170). This phenomena has been linked to the concept of 

hormesis (also described in section 1.0), whereby repeated exposure to a stimulus that 

transiently challenges the system may ultimately induce physiological adaptation (80). In 
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keeping with this, the immediate decrease in endothelial function observed post-exercise 

appears to be transient, with reports of restoration or even improvement in FMD approximately 

1 hour post-exercise (see Figure 2.16) (140, 170). In healthy young males completing three 

separate bouts of cycle ergometer exercise at 50%, 70% and 85% HRmax, FMD following the 

moderate and high intensity bouts were significantly lower compared to responses following 

the low intensity bout (30). It is important to note that both baseline diameter (BD) and peak 

diameter (PD) were increased following the moderate and high intensity bouts, compared to 

the pre-exercise assessment. Changes in baseline diameter can confound the interpretation of 

FMD%. However, the authors implemented an endorsed statistical approach to account for 

changes in BD (13, 14), stating their findings were maintained after the adjustment for baseline 

diameter changes. In addition to the above study, suggesting the acute impact of exercise on 

endothelial function is affected by exercise intensity, and others indicating both intensity and 

duration are key factors in the post-exercise changes in endothelial function (170), there is also 

evidence to suggest that both training and health status may be determinant factors (67, 274) 

(see Figure 2.16). When four groups of participants (sedentary, resistance trained, aerobic 

trained, cross resistance and aerobic trained) underwent a resistance exercise protocol, FMD 

was decreased in the control group 30 mins post-exercise, but was increased in both resistance 

and aerobic trained groups with no difference in the cross trained group (274). As this study 

only included one post-exercise assessment of vascular function 30mins post, the authors may 

have missed any potential decrease in function immediately post-exercise and/or any potential 

increase by one hour post in the sedentary or cross trained groups. Whilst this is a shortcoming 

of this study, it nonetheless indicates that resistance exercise can improve and/or diminish 

vascular function following an acute bout. However, there is likely an influence of training 

status, with untrained participants being the most susceptible to post-exercise decrease. 
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2.18.3 Summary - acute impact of exercise on vascular function 

There is sufficient evidence to indicate that a prolonged period of exercise training is sufficient 

to induce adaptation in basal vascular function and structure. There is also some evidence to 

suggest that both aerobic and resistance exercise can acutely impact on endothelial function. 

However, no direct comparison has been made relating to the effect of distinct modalities of 

exercise on vascular function in apparently healthy individuals.  

 

 

 

Figure 2.16 The proposed biphasic response of flow mediated dilation (FMD) to an acute bout of exercise. 

Potential factors influencing the response may be related to the exercise, the endothelial stimuli 

and/or the participant characteristics (80).  

 

2.19 Literature review summary – platelets, the endothelium and the exercise paradox 

This literature review has highlighted that occult vascular disease has an initial prolonged 

occult phase, prior to the onset of symptoms that are associated with significant arterial 
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stenosis, a late event in the disease process. During this nascent stage, detection of CAD by 

commonly utilised diagnostic methods in cardiology is largely not possible. However, the 

majority of ACS occur during this period, in individuals without prior symptoms and with 

relatively small non-occlusive lesions. The development of atherosclerosis involves both 

endothelial dysfunction and platelet activation dependent processes, and both of these are 

typically involved in athero-thrombotic events. Although regular participation in exercise 

training may reduce cardiovascular risk in the long-term, acute atherothrombotic risk may be 

transiently increased during and soon after an acute bout of exercise; the exercise paradox. 

Middle and older aged sedentary adults who are apparently healthy may nonetheless be 

susceptible to exercise-induced ACS, particularly if unaccustomed, intense activity is 

undertaken.  

 

Integration of disparate evidence suggests that a complementary relationship between 

endothelial function and platelet activation may exist in vivo. As immediately following an 

acute exercise bout, platelet activation and reactivity are increased, whilst separate studies have 

suggested that endothelial function is decreased. However, no previous investigation has 

assessed both platelet and endothelial function, before and after participation in exercise, in the 

same study or participants. Furthermore, there is a fundamental paucity of data relating to the 

effect of different exercise modalities on platelet function, in terms of either acute or long term 

adaptation. Few research studies have applied comprehensive and valid contemporary 

methodological approaches to the investigation of exercise effects on platelet function in 

humans.  
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2.19.1 Relationship to current thesis 

There are clear gaps in the literature relating to the relationship between platelet and endothelial 

function, the acute impacts of different types of exercise on platelet and endothelial function in 

apparently healthy middle-aged men and in severely diseased populations, and the impact of 

exercise training on platelet function. Therefore, the following studies were designed to provide 

novel evidence in these fields. 

 

1. To test whether a relationship exists or can be detected between platelet and 

endothelial function in middle-aged and older adults under resting conditions. 

 

2. To test whether acute exercise in healthy, sedentary individuals would induce changes 

in platelet and endothelial function, and to observe whether responses would differ 

depending on the modality of exercise undertaken.  

 

3. To test whether acute exercise would result platelet function changes in patients with 

CHF, and to observe whether any differences would be present between conventional 

cycling versus a novel form of eccentric cycling.  

 

4. To test whether resting platelet function would be modified by a six month walking 

intervention in older, previously sedentary individuals, and if there are any differences 

if walking is conducted on land, compared to in the water. 

 

 

 

 



  Chapter 3 

59 

 

Chapter 3 

Methodology 

 

3.0 Experimental Methods 

All of the studies included in the present thesis are underpinned by common technical methods 

to assess platelet and vascular function. To avoid repetition, the basic protocols will be 

described in the current chapter once and referred to in each study. Any particular differences 

that may pertain to a particular study (chapter) will be included in the Methods section within 

that chapter. 

 

3.1 Blood collection 

All blood samples were collected by separate venepunctures from the antecubital region of the 

arm, using a 21G winged needle set (Greiner bio-one, AT) Tourniquet pressure was removed 

prior to blood collection (141) to prevent blood stasis affecting the sample. The first 2mL of 

blood was collected into a non-additive discard tube followed by a 4mL 3.2% sodium citrate 

tube (Vacuette by Greiner bio-one). 

  

3.2 Monocyte-platelet aggregation 

Within 10 minutes of collection, blood was passed from the 3.2% sodium citrate tube and 

processed for the assessment monocyte-platelet aggregation. All reaction tubes were 

Eppendorf Protein Lobind (Eppendorf AG, Hamburg, DE). Each reaction tube contained 

saturating concentrations of two antibodies: anti-CD14 (monocyte identifier) conjugated to the 

fluorophore Brilliant Violet (BV) 421 (Clone M5E2, BioLegend, CA) and anti-CD42b (platelet 
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identifier) conjugated to allophycocyanin (APC) (Clone HIP1, BioLegend) or IgG isotype 

control (BioLegend). Both antibodies were diluted in HEPES saline (pH 7.3). For each blood 

collection there were two gating and quality controls, an isotype control and a positive control 

containing 250 µM of thrombin receptor activating peptide-6, TRAP (SFLLRN, Sigma-

Aldrich, MO) to cause activation of all platelets in the blood sample (see Figure 3.1). One 

reaction tube in all experiments contained no agonist (i.e. HEPES saline), to be representative 

of the levels of MPAs in circulation when the blood sample was collected. In Chapters 4, 5, 6 

and 7, other reaction tubes containing a variety of agonists at specific concentrations were 

included (details provided in each chapter). Each reaction was made up of 1 part undiluted 

whole blood, 2 parts antibody cocktail in HEPES saline buffer and 1 part of agonist or HEPES 

saline buffer in the absence of agonist. Absence of spectral overlap was confirmed by single-

colour comp bead controls (Becton Dickinson BD Biosciences, CA). 

 

Samples were incubated at room temperature, with the exception of both AA and xCRP / 

collagen, which must be incubated at 37°C to function effectively (203). This was achieved 

using a dry block heater (Ratek DBH20D, Victoria, AU). Following exactly 15 minutes 

incubation, all samples were fixed and red cells lysed with 800µL of BD FACSLyse solution 

(BD Biosciences, CA) diluted with ultrapure water to manufacturer specifications. After a 

further 10 minutes at room temperature to allow complete lysis, samples were stored at 4°C in 

the dark and analysed by flow cytometry (BD FACSCantoTM II, BD Biosciences) within 24 

hours. All samples were run at a low flow rate for 10 minutes per tube, to avoid coincident 

events (163). The assessment of MPAs is reproducible and correlates well with markers of 

platelet activation (48).  
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The need for rapid processing and fixation, analysis of multiple time points and activation 

conditions per participant, low flow rate and the relatively narrow window in which flow 

cytometry can be performed meant significant time management was required. A combined 

total of (no samples x 10 / 60) hours of flow cytometry beam time was required to perform all 

of the MPA analysis outlined in this thesis. 

 

3.2.1 FlowJo analysis - MPAs 

Data output from flow cytometry was analysed using FlowJo v.X software (FlowJo LLC., CA). 

First, a gating strategy was devised to eliminate leukocyte-doublet events (215). Monocytes 

were identified by characteristic laser scatter and differential expression of CD14. Monocyte-

platelet aggregates were identified by CD42b expression on CD14 positive monocyte events. 

Gates were determined by isotype control. The full gating strategy can be viewed in Figure 3.1. 

MPAs were expressed as the percentage of the monocyte population.  
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Figure 3.1 Gating strategy for the determination of monocyte-platelet aggregates (MPAs). Doublet discriminator 

used to eliminate coincidental events (A), monocytes isolated based on characteristic forward and side 

scatter area FSC-A / SSC-A (B), secondary gating strategy to isolate monocytes based on bright staining 

of CD14 BV421 antibody y-axis (C), isotype control used to account for background staining of APC 

(<1%) (D), positive control (maximally activated platelets) used to confirm MPAs are a result of platelet 

activation (binding of CD42b APC y-axis to monocytes) (E), example of MPAs with no agonist, 

indicating the percentage of monocytes also staining bright for the conjugated platelet antibody.   
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3.3 Platelet surface receptors 

Within ten minutes of collection, whole blood from the sodium citrate tube was diluted 1:5 

with HEPES saline buffer and incubated for exactly 15 minutes in a cocktail of three 

fluorescent conjugated antibodies diluted with HEPES saline (203). These included: anti-

CD42b PE-Cy5 (platelet identifier), PAC-1 fluorescein (FITC) and anti-CD62P phycoerythrin 

(PE), or isotype control IgG1κ PE (all BD Pharmingen, San Diego, CA). Two gating and 

quality controls were included for each blood sample: isotype control and positive control 250 

µM TRAP [SFLLRN, Sigma-Aldrich, MO]). A tube containing no agonist (i.e. HEPES saline) 

was used to represent the levels of activated platelets in the circulation at the time of blood 

collection. Samples were incubated at room temperature with the exception of tubes containing 

AA and collagen, which were incubated at 37°C using a dry block heater (Ratek DBH20D, 

Victoria, Australia). Following incubation, samples were fixed with stabilizing fixative 

(Becton Dickinson) and following a further 10 minutes were stored at 4°C. Samples were 

analysed within 24 hours by flow cytometry (BD FACSCanto II) at a low flow rate and a 

threshold on PE-Cy5 (the platelet identifier). For each reaction tube, 10,000 platelet positive 

events were counted and single stained anti-mouse IgG κλ compensation beads (BD 

Biosciences) were utilised to resolve spectral overlap between the three fluorophores  

 

3.3.1 FlowJo analysis – platelet activation 

Data analysis was performed using FlowJo v.X software. Platelets were identified by 

characteristic laser scatter and expression of CD42b. The quantification of activated platelets 

expressing CD62P and exhibiting the high affinity conformation of the GPIIb/IIIa receptor was 

presented as the percentage of the total platelet population binding to CD62P PE and PAC-1 

FITC respectively. The gating characteristics were determined using isotype controls, and can 

be seen in Figure 3.2.   
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Figure 3.2 Gating strategy for the determination of activation dependent platelet antibody binding. Platelets 

identified by forward and side scatter properties (A), which are confirmed by staining of CD42b PE-Cy5 

(B), isotype control used to account for background staining of the FITC and PE fluorophores (C and E), 

positive control including a concentrated dose of thrombin receptor activating peptide confirms detection 

of activated platelets by positive staining of PAC-1 FITC (D) and anti-CD62P PE (F).    
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3.4 Agonists  

A variety of agonists, often at several concentrations, were used in the experiments described 

in the following chapters. The purpose of using multiple concentrations was to maximise our 

potential to demonstrate both inhibition and augmentation of platelet function where it occurs. 

However, the agonists and/or concentrations used differ between studies. The primary reason 

for the variation in agonist concentrations between studies, was a fine-tuning in the application 

of agonists as these studies were being conducted. Notwithstanding, a large number of 

preliminary experiments were conducted prior to any experiments being carried out on research 

participants. These included titration experiments with a number of concentrations of each 

agonist to determine suitable concentrations of each to use. Agonists included in the following 

experiments include TRAP, ADP (Chrono-Log Corp., PA), AA (Sodium arachidonate, 

Bio/Data Corp., PA) and collagen (Chrono-Log Corp., PA) or cross-linked collagen related 

peptide xCRP (Farndale Lab, University of Cambridge, UK).  

 

3.5 Vascular function   

All vascular assessments were conducted in a quiet, temperature-controlled room in accordance 

with recent guidelines (341). To examine arterial diameters and FMD, the non-dominant arm 

was extended and positioned at an angle of ~80° from the torso. A rapid inflation and deflation 

pneumatic cuff (D.E. Hokanson, Bellevue, WA, USA) was positioned on the forearm, 

immediately distal to the olecranon process to provide a forearm ischaemia stimulus (see Figure 

3.4). A 10-MHz multi-frequency linear array probe, attached to a high-resolution ultrasound 

machine (T3200; Terason, Burlington, MA, USA) was used to image the brachial artery in the 

distal 1/3rd of the upper arm. When an optimal image was obtained, the probe was held stable 

and the ultrasound parameters were set to optimise the longitudinal, B-mode images of lumen–

arterial wall interface. Continuous Doppler velocity assessments were also obtained using the 
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ultrasound, and were collected using the lowest possible insonation angle (always <60°) (see 

Figure 3.4). Following a 1 minute baseline recording of brachial artery diameter and velocity 

(Camtasia Studio 8, TechSmith, Okemos, MI), the forearm cuff was inflated (220 mmHg) for 

5 min. Diameter and flow recordings resumed 30 seconds prior to cuff deflation and continued 

for 3 minutes thereafter (see Figure 3.5). Post-test analysis of brachial artery diameter was 

performed using custom-designed edge-detection and wall-tracking software, which is largely 

independent of investigator bias (see Figure 3.6) (374). Brachial artery FMD is presented as 

relative (%) rise from the preceding baseline diameter, and less commonly in absolute diameter 

change (mm). We have shown that the reproducibility of diameter measurements using this 

semi-automated software is significantly better than manual methods, reduces observer error 

significantly, and possesses an intra-observer CV of 6.7% (374). 

 

 

 

Figure 3.3 Placement of pneumatic cuff immediately distal to the olecranon process, which inflates for exactly 5 

minutes following the 1 minute baseline recording.   
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Figure 3.4 Ultrasound image of the brachial artery showing dark vessel lumen with wall tracking software (yellow 

lines) measuring lumen diameter (top). Doppler system measures blood flow velocity (bottom), observe 

peak antegrade blood flow (<90 cm/s) and the presence of antegrade blood flow (below zero line).  

 

 

 

Figure 3.5 Example of blood flow response following cuff deflation. Changes in artery diameter will be 

undistinguishable to the naked eye, but sensitive wall tracking software measures changes in diameter 

(top). Large increases in blood flow occur following cuff deflation (bottom), observe absence of 

retrograde flow and peak blood velocity ~150 cm/s.  
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Figure 3.6 Example of analysis software output. Artery diameter (top), blood flow (middle) and shear rate 

(bottom) measured during 1 minute baseline, recording commences ~30sec prior to cuff deflation, and 

recording is maintained for 3 minutes post-cuff deflation. Changes in artery diameter are observable from 

baseline to post-cuff deflation, the automatic software determines the peak diameter response and 

performs calculations of test which are provided in a Microsoft Excel compatible format.    
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Chapter 4 

Study 1 

Relationship between monocyte-platelet aggregation 

and endothelial function in middle-aged  

and elderly adults 

Based on: Haynes et al. (2017). Relationship between monocyte-platelet aggregation and 

endothelial function in middle-aged and elderly adults.  

Physiological Reports 5 (10), e13189.   

 

4.0 Abstract 

Low grade inflammation, endothelial dysfunction and platelet hyper-reactivity to agonists are 

associated with an increased risk of cardiovascular events. In vitro and animal studies infer an 

inverse mechanistic relationship between platelet activation and the production of 

endothelium-derived NO and PGI2. This concept is supported by evidence of an inverse 

relationship between endothelial function and platelet activation in high-risk cardiac patients. 

The aim of this study was to investigate what relationship, if any, exists between platelet and 

endothelial function in healthy, middle-aged and elderly adults. In fifty one participants (18 

male, 33 post-menopausal female), endothelial function was assessed by FMD. Platelet 

function was assessed by flow cytometric determination of glycoprotein IIb/IIIa activation 

(measured by PAC-1 binding), granule exocytosis (measured by surface P-selectin expression) 

and MPAs, with and without stimulation by canonical agonists: ADP, AA and collagen. 

Correlation analysis indicated there was no significant relationship between FMD and any 

marker of in vivo platelet activation (MPAs R= 0.193, PAC-1 R= −0.113, anti-CD62P R= 

−0.078) or inducible platelet activation by ADP (MPA R= −0.128, anti-CD62P R= −0.237), 

AA (MPA R= −0.122, PAC-1 R= −0.045, anti-CD62P R= −0.142) or collagen (MPA R= 0.136, 
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PAC-1 R= 0.174, anti-CD62P R= −0.077). Our findings contrast with two previous studies 

performed in high-risk cardiac patients, which reported inverse relationships between platelet 

activation and endothelial function, suggesting that some compensatory redundancy may exist 

in the relationship between platelet and endothelial function in pre-clinical populations. 

 

4.1 Introduction 

Thrombosis is an integral component of ACS such as acute MI and ischaemic stroke (94, 197). 

Moreover, the role of platelets in the early, dormant stages of atherosclerosis and CVD has 

recently been recognised (200, 293). Low grade inflammation, endothelial dysfunction and 

platelet hyper-reactivity to agonists are all independently associated with an increased risk of 

cardiovascular events (134, 198). An intact and healthy endothelium regulates and inhibits 

platelet activation (76) and endothelial dysfunction may play a direct role in activating platelets 

(75). Platelet activation results in the formation MPAs (231), and stepwise increases in MPAs 

and activated platelets have been observed with CVD progression (206). The interaction 

between activated platelets and monocytes can initiate the release of pro-inflammatory and 

adhesive molecules that are atherogenic (118, 223, 231, 380), driving a pro-atherogenic 

monocytic phenotype (22) and facilitating the infiltration of monocytes to the sub-intima space 

(223, 366). 

 

A number of in vitro experiments suggest that NO and PGI2, produced by endothelial cells, 

directly inhibit platelet aggregation (4, 5, 212). However, the functional relationship between 

platelet activation and endothelial function in vivo is less clear (224, 282). Whilst inhibition of 

NO production in healthy young adults can increase platelet activation (304) and decrease 

clotting time (322), this is not a universal finding (3) and these studies assessed the acute impact 

of pharmacological blockade. An inverse relationship between endothelium-dependent 

coronary vasomotor function and MPAs measured in arterial samples has been documented in 
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high risk patients undergoing cardiac angiography and angioplasty (84, 136). In these studies, 

coronary vasomotor function was accomplished by atrial pacing to produce a stimulus for 

coronary artery vasodilation.  There is also evidence to suggest that pharmacological blockade 

of the platelet fibrinogen receptor (glycoprotein IIb/IIIa receptor) (149) and administration of 

the anti-platelet medications clopidogrel (135, 249, 266, 364) and aspirin (165, 372) can acutely 

improve endothelial function in patients with CAD. However, these short term effects were 

abolished when administration was maintained for longer periods of time (260). One previous 

study has investigated the relationship between in vivo endothelial function, assessed using 

brachial artery FMD and platelet function assessed via flow cytometry (187). This study was 

conducted in adolescents, with or without a positive family history of CAD, and no relationship 

was found between FMD and platelet activation (MPAs, PAC-1 or CD62P binding).  

 

Increasing age and physical inactivity are risk factors for CVD (311), but no previous study, to 

our knowledge, has investigated relationships between endothelial function and platelet 

activation in asymptomatic healthy older adults, or whether any such relationship extends to 

agonist-induced platelet activation. Therefore, our aim was to test the relationship, if any, 

between platelet and endothelial function in apparently healthy, physically inactive, middle-

aged and elderly humans. We hypothesised that FMD would be inversely associated with the 

presence of MPAs and activated platelets; and inversely associated with agonist-induced 

platelet activation. 
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4.2 Methods 

The study was approved by the University of Western Australia Human Research Ethics 

Committee, procedures were in accord with the Declaration of Helsinki and all participants 

provided written informed consent. 

 

Male and post-menopausal female participants were recruited from the general population in 

Perth, Western Australia using multiple recruitment strategies including advertisements in 

local newspapers, radio stations and posters. Apparently healthy individuals aged 45yrs and 

over were encouraged to contact the research team, resulting in initial phone screening 

procedures which included questionnaires to determine suitability to attend a formal screening 

visit. Initial exclusion criteria included serious illness such as cancer, diagnosed cognitive 

impairment or dementia, current or past history of ischaemic heart disease, angina, stroke, 

persistent arrhythmias, diabetes mellitus, airway disease, epilepsy, severe mental illness, 

engaging in more than 1 hour of physical activity per week, current or recent smokers (within 

12 months), pre- or peri-menopausal females and alcohol consumption >28 standard drinks/wk. 

Individuals taking regular anti-platelet / coagulation medications were excluded. 

 

Individuals satisfying the initial criteria were invited to attend a screening session during which 

a number of measures were collected including: height, body mass, resting electrocardiogram 

(ECG) and fasting blood tests (glucose, lipid profile, full blood count, urea and electrolytes). 

Participants exhibiting abnormal cardiac rhythms, blood test results suggestive of chronic 

kidney disease, diabetes, or total cholesterol >7mmol/L were excluded. Included participants 

were then invited to perform an exercise stress test with ECG monitoring and those with 

evidence of exertion-induced myocardial ischaemia were excluded from further participation. 
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In subsequent visits, participants underwent a 20 minute resting blood pressure (BP) 

assessment and a dual energy x-ray absorptiometry (DEXA) scan. For the resting BP 

assessment, participants arrived at the laboratory in the morning following an overnight fast 

and lay in a supine position in a temperature controlled dark room. BP was measured every 2 

minutes by an automated device (Dinamap V100, GE Healthcare, USA). Individuals with an 

average systolic BP >160mmHg or diastolic BP >100mmHg were excluded. 

 

For FMD and platelet function tests, participants arrived at the laboratory in the morning 

between 7:00-9:30am, following an overnight fast, having abstained from the consumption of 

caffeine and alcohol for 12 and 24 hours respectively and not taken part in physical exercise 

for 24 hours. Adherence to the protocol was confirmed by questionnaire on arrival. Prior to 

attending the laboratory for data collection, participants were instructed to be clear of 

symptoms for 7 days if they had recently suffered with acute conditions including respiratory 

tract infection, cold and flu. Participants taking prescription medications were instructed to 

maintain their usual routine of administration. However, the use of non-prescribed medications 

such as anti-inflammatory, anti-histamine, antibiotic, aspirin, cold and flu medications were 

ceased for at least 7 days prior to blood collection. Participants lay supine in a cool temperature 

controlled room for 15 minutes, after which a blood sample was collected from the dominant 

arm for the assessment of platelet function. Subsequent FMD tests were performed on the non-

dominant arm.  

 

A resting blood sample was collected as described in Chapter 3.1 and processed for the 

assessment of MPAs and platelet immunophenotyping according to the protocols described in 

Chapters 3.2 and 3.3. 
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One threshold (low) concentration of the following three agonists were used to test the 

reactivity of platelets to form MPAs and for the direct binding of PAC-1 and anti-CD62P to 

platelets: 1.5µM ADP, 10µg/mL AA and 1.5µg/mL collagen.  

 

The vascular assessments were conducted in accordance with the protocol described in Chapter 

3.5. 

 

Statistics 

To test whether there was a relationship between FMD and platelet function, a Pearson product-

moment correlation test was carried out for data that were normally distributed. For data that 

were not normally distributed, a Spearman’s Rank test was conducted. Subsequently, to 

determine if potential confounding factors including: age, gender, resting heart rate and BP, 

body fat percentage, fasting blood glucose and lipids, and medication use impacted upon the 

results, partial correlations were conducted to account for these co-variates. Participants were 

then divided into 2 groups based on gender, and correlation analysis between FMD and platelet 

function was conducted for males and females separately to determine if results were gender 

specific. To test whether any differences existed between male and female participants for 

FMD or any of the platelet function variables measured, independent sample T-tests and Mann-

Whitney U tests were conducted for data meeting and failing normality assumptions 

respectively. Finally, a bivariate correlation was conducted between FMD and age, to 

specifically test whether advancing age was associated with changes in FMD. 
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4.3 Results 

Fifty one participants (18 male, 33 female) were included in the study and underwent platelet 

function and FMD tests. The general characteristics of participants included in the study are 

presented in Table 4.1. Two participants failed to receive a DEXA scan, so for data derived 

using this outcome measure n = 49. Descriptive statistics for vascular and platelet function 

outcome measures can be seen in Table 2. An error in the processing of platelet PAC-1 and 

CD62P with no agonist occurred for 1 participant and for PAC-1 and CD62P with AA 

incubation for 1 other participant. Therefore, for the direct comparison of all MPA data vs 

FMD n = 51, but for PAC-1 and CD62P NA and AA n = 50.  

 

4.3.1 Relationships between FMD and platelet activation  

No significant relationship was found between FMD% and circulating levels of activated 

platelets, whether measured by MPAs (Figure 4.1), PAC-1 (Figure 4.2) or anti-CD62P (Figure 

4.3) binding (all P = >0.05). No relationship was observed between FMD% and platelet 

reactivity to the agonists ADP (MPA & CD62P only), AA or collagen for MPAs, PAC-1 or 

anti-CD62P binding (all P = >0.05). All correlation results can be found in Table 4.2.  
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Table 4.1 General characteristics, anthropometric and dual-energy x-ray absorptiometry, 

and biochemistry variables 

 

Age (yrs) 

Anthropometric data 

Height (cm) 

Body mass (kg) 

Body mass index (kg/m2) 

Total body fat % (DEXA) n=49 

 

Resting HR & blood pressure 

Heart rate (bpm) 

Systolic BP (mmHg) 

Diastolic BP (mmHg) 

Mean arterial pressure (mmHg) 

 

Fasting Biochemistry (mmol/L)  

Cholesterol  

Triglyceride  

LDL-C  

HDL-C  

Glucose  

 

Prescription Medication  

Any medication  

Blood Pressure medication total 

    Ca channel block 

    Beta Blocker 

    Angiotensin II receptor antagonist 

Statins  

Anti-depressant 

All participants 

 60.6 ± 7.4 

 

166.5 ± 8.0 

  76.9 ± 15.8 

  27.6 ± 4.5 

  39.5 ± 7.3 

 

     

    62 ± 7 

  123 ± 14 

    72 ± 9 

    92 ± 10 

   

 

  5.6 ± 0.9 

   1.2 ± 0.7 

   3.6 ± 0.8 

   1.4 ± 0.3 

   5.1 ± 0.4 

  

N (dual meds) 
12 (3) 

6   (3) 

2 

1 

3 

6  (3) 

3 

      Male 

  57.1 ± 6.3 

 

173.8 ± 4.8 

  89.8 ± 11.1 

  29.8 ± 3.7 

  34.1 ± 1.2 

 

 

   

 127 ± 12 

     79 ± 9 

     98 ± 9 

 

    

 5.5 ± 1.1 

    1.6 ± 0.6 

    3.6 ± 0.9 

    1.1 ± 0.2 

    5.3 ± 0.1 

 

 

         3 

         2 

 

 

 

          1 

     Female 

  62.3 ± 7.6 

 

162.2 ± 6.0 

  70.0 ± 13.0 

  26.6 ± 4.6 

  42.4 ± 6.8 

 

 

   

 121 ± 14 

     69 ± 6 

     89 ± 8 

 

 

    5.6 ± 0.7 

    1.1 ± 0.7 

    3.6 ± 0.7 

    1.5 ± 0.3 

    5.0 ± 0.1 

 

 

          9 

          4 (3) 

 

 

 

          5 (3) 

          3 

Dual energy X-ray absorptiometry DEXA, Heart rate HR, Blood pressure BP, Low-density 

lipoprotein cholesterol LDL-C, High-density lipoprotein cholesterol HDL-C. Values are 

Mean ± SD with exception of Prescription Medication presented as total N. N=51 unless 

stated otherwise. 
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 Table 4.2 Descriptive statistics of FMD and platelet function tests, and 

results of correlation tests between FMD% and platelet function  

 

FMD% 

Platelet Variable % 

Mean ± SD 

  4.6 ±  2.5 

 

 

  R=            P= 

MPA NA 

MPA ADP1.5µM 

MPA AA10µg/ml 

MPA Coll 1.5µg/ml 

 

PAC-1 NA (n=50) 

PAC-1 AA10µg/ml (n=50) 

PAC-1  Coll 1.5µg/ml 

 

CD62P NA (n=50) 

CD62P ADP1.5µM 

CD62P AA10µg/ml (n=50) 

CD62P Coll 1.5µg/ml 

  4.1 ± 1.4  

47.8 ± 16.8 

20.8 ± 25.3 

  5.3 ± 5.5  

 

  4.7 ± 5.4 

23.3 ± 17.3 

22.3 ± 20.6 

 

  1.8 ± 1.4  

58.7 ± 19.1 

13.5 ± 11.8 

  8.8 ± 10.1 

  0.193 

−0.128 

−0.122 

  0.136 

 

−0.113 

−0.045 

  0.174 

 

−0.078 

−0.237 

−0.142 

−0.077 

0.175 

0.369 

0.396 

0.340 

 

0.433 

0.755 

0.223 

 

0.591 

0.094 

0.324 

0.591 

 FMD Flow mediated dilation, Monocyte-platelet aggregate MPA, No 

agonist NA, Adenosine diphosphate ADP, Arachidonic acid AA, Collagen 

Coll. N=51 unless stated otherwise. 

 

 

 

 

 

 

  



  Chapter 4 

78 

 

 

Figure 4.1 Individual responses for MPAs no agonist (NA) vs flow mediated dilation (FMD%) and results of 

correlation analysis. N=51. 

 

 

 

Figure 4.2 Individual responses for platelet PAC-1 binding no agonist (NA) vs flow mediated dilation (FMD%) 

and results of correlation analysis. N=50. 
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Figure 4.3 Individual responses for platelet anti-CD62P binding no agonist (NA) vs flow mediated dilation 

(FMD%) and results of correlation analysis. N=50. 
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 Table 4.3 Results of partial correlation tests between 

FMD% and platelet function accounting for the potential 

influence of co-variates   

Platelet Variable    R=              P= 

MPA NA 

MPA ADP1.5µM 

MPA AA10µg/ml 

MPA Coll 1.5µg/ml 

 

PAC-1 NA (n=50) 

PAC-1 AA10µg/ml (n=50) 

PAC-1  Coll 1.5µg/ml 

 

CD62P NA (n=50) 

CD62P ADP1.5µM 

CD62P AA10µg/ml (n=50) 

CD62P Coll 1.5µg/ml 

  0.119 

−0.071 

  0.015 

−0.091 

 

−0.075 

−0.155 

−0.005 

 

  0.066 

−0.246 

−0.091 

  0.034 

0.484 

0.675 

0.928 

0.592 

 

0.664 

0.368 

0.975 

 

0.704 

0.143 

0.598 

0.844 

 FMD Flow mediated dilation, Monocyte-platelet 

aggregate MPA, No agonist NA, Adenosine diphosphate 

ADP, Arachidonic acid AA, Collagen Coll. Co-variates 

include: age, gender, body fat percentage, resting heart 

rate and blood pressure, fasting glucose and lipids and 

medication use. N=51 unless stated otherwise. 

 

4.3.2 Impact of potential confounding variables 

Inspection of scatter plots suggested that no linear relationship existed between any of the 

potential confounding variables (age, gender, resting heart rate, blood pressure, % body fat, 

fasting glucose and lipids (triglycerides, cholesterol, low density lipoprotein, high density 

lipoprotein) and medication use) and FMD% or any of the platelet function parameters. 

Consequently, the results of partial correlation testing indicated that no significant relationship 
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(all P = >0.05) existed between FMD% and any of the measures of platelet function we studied 

when these potentially confounding variables were included as co-factors (see Table 3).   

 

4.3.3 Potential impact of gender and age 

Independent correlation analyses conducted for male and female participants individually 

revealed there were no significant relationships between FMD and any of the platelet function 

variables we measured for either gender (all P = >0.05). No significant differences were found 

between male and female participants for FMD (P = 0.767), MPA NA (P = 0.554), MPA ADP 

(P = 0.577), MPA AA (P = 0.419), MPA collagen (P = 0.608), PAC-1 NA (P = 0.928), PAC-

1 AA (P = 0.524), PAC-1 collagen (P = 0.150), CD62P NA (P = 0.146), CD62P ADP (P = 

0.585), CD62P AA (P = 0.565), CD62P collagen (P = 0.086). No significant relationship was 

found between FMD and age (P = 0.767, R = −0.055). 

 

4.4 Discussion 

Endothelial dysfunction and increased platelet activation are both associated with 

cardiovascular disease progression (76, 78) and, based on in vitro and animal studies, it is often 

inferred that a direct and inverse relationship exists between the function of the endothelium 

and platelet activation (4, 5, 303, 304). The aim of the present study was to investigate the 

relationship between endothelial function and platelet activation in a pre-clinical low-risk 

population of older participants with low physical activity levels. We did not find any 

relationship between FMD, an indicator of endogenous NO and PGI2 bioavailability (130), 

and platelet function assessed by flow cytometry. 
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Our findings were unexpected, as the extant literature suggests there is an inverse relationship 

between platelet and endothelial function (84, 135, 136, 149, 165, 249, 266, 303, 304, 364). In 

contrast to our study, two previous investigations have reported an inverse relationship between 

vascular function and MPAs in high-risk cardiac patients (84, 136). These studies utilised 

highly invasive vascular tests (coronary vasomotor function) and measured platelet activation 

in arterial blood samples. We tested endothelial function in the brachial artery following 

established guidelines, a common and reproducible approach (246, 341). Platelet function was 

interrogated in venous blood samples with multiple outcomes (ie MPAs, PAC-1 and anti-

CD62P binding), with and without canonical platelet agonists, using sophisticated and 

established flow cytometry techniques (203) which have been associated with cardiovascular 

outcome. It is possible that differences in participant characteristics and/or methodological 

approaches between our study and these previous reports are responsible for the divergent 

findings. In critically ill patients with sepsis, MPAs in arterial blood were ~60% greater 

compared to MPAs in venous blood (292), but to our knowledge no investigation has 

determined if sampling technique confers physiological or pathological relevance, or if such a 

difference exists in healthy individuals. 

 

The majority of studies that have reported an inverse relationship between platelets and 

endothelial function have involved pharmacological modulation of these variables using acute 

experiments in humans (135, 149, 165, 249, 266, 304, 364). In one such study, platelet 

activation was increased by blockade of endothelium-derived NO using a bolus dose of NG-

monomethyl-L-arginine (304), whereas lower doses of blockade did not induce such changes 

(3). Likewise, increases in FMD have been observed following a single loading dose of 

clopidogrel and vasodilation responses post-administration were dose-dependent (364). 

Research in which a significant association was observed between platelet and endothelial 
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function has involved participants with established coronary disease undergoing cardiac 

angiography and angioplasty. Such individuals exhibit large changes in platelet activation and 

endothelial function (94, 206) and possess an inflammatory state (199) that may partly explain 

the inverse relationship observed. In contrast, there is some evidence to suggest up-regulation 

of NO-synthase mediated endothelial function occurs in the presence of CVD risk factors (66, 

235) and it is possible that, in sub-clinical and apparently healthy populations with risk factors 

for CVD, some compensatory redundancy exists in the interaction between the endothelium 

and platelets. This could account for the lack of an inverse relationship between these two 

variables in our study. Furthermore, there is some evidence to suggest that compensatory 

mechanisms that prevent spontaneous thrombosis and preserve haemostatic function occur in 

mice incapable of producing NO (166). Indeed, the percentage of circulating MPAs in our 

cohort (4.1 ± 1.4 %) were far lower than that reported in samples taken from high risk cardiac 

(~20-38%) (84, 136) and stable CAD (~12%) patients (206), even after considering the 

potential differences in MPAs between arterial and venous blood (292). Despite the previous 

studies conducted in vitro which indicated an inverse relationship between these variables, 

there does remain the possibility that such a close relationship does not exist under basal 

conditions in vivo; which could explain our findings. If so, this may suggest that platelet 

function is not a strong determinant of endothelial function, and likewise; endothelial function 

/ dysfunction is unlikely to drive platelet activation in vivo. However, this may be confounded 

in the long term if the compensatory mechanisms described above are involved. 

 

Our findings do not necessarily conflict with the established role of platelet and endothelial 

function in atherosclerosis, highlighted in recent reviews (49, 76, 223). However, because 

atherosclerosis evolves slowly over many decades in humans, it is possible that the relationship 

between endothelial and platelet function in healthy individuals is less apparent and/or 
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detectable, even with the sensitive technical approaches used in the present study. In contrast, 

transgenic mouse models provide a relatively accelerated and exaggerated insight into disease 

pathogenesis (41). Diabetic mice with lower NO bioavailability exhibit higher basal levels of 

activated platelets compared to control mice (303), whereas mice with induced diabetes but 

preserved NO-bioavailability due to over-expression of tetrahydrobiopterin possess normal 

levels of activated platelets. These findings suggest that in accelerated pathological models 

and/or in certain advanced disease states (eg CAD, diabetes mellitus), increased platelet 

activation and reduced endothelial NO may be mechanistically relevant. Although we 

deliberately recruited healthy middle-aged and elderly individuals in this study, future research 

should include a wide range of participants, across the lifespan. This may shed light on whether 

the relationship between platelet and endothelial function are closely linked in vivo, or if they 

are relatively unrelated. A potential limitation to the current study is the limited sample size, 

but previous studies which have reported a significant inverse relationship between FMD and 

platelet activation have included 30 (84) and 19 (136) patients, so this is unlikely to be 

responsible for the lack of relationship in the current study.  

 

4.5 Conclusions 

In summary, we did not observe any relationship between endothelial function and platelet 

activation in the apparently healthy, middle-aged and elderly participants we recruited in this 

study. As our findings contrast with some previous studies conducted in high risk cardiac 

patients, our data suggest that some compensatory redundancy may exist in the relationship 

between platelet and endothelial function in pre-clinical population.
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Chapter 5 

Study 2 

Impact of commonly prescribed exercise interventions 

on platelet activation in physically inactive and 

overweight men 

Based on: Haynes et al. (2016). Impact of commonly prescribed  

exercise interventions on platelet activation in physically  

inactive and overweight men. Physiological Reports 4 (20), e12951.   

 

5.0 Abstract 

The exercise paradox infers that, despite the well-established cardioprotective effects of 

repeated episodic exercise (training), the risk of acute atherothrombotic events may be 

transiently increased during and soon after an exercise bout. However, the acute impact of 

different exercise modalities on platelet and endothelial function have not previously been 

addressed, within-subjects. We hypothesised that distinct modalities of exercise would have 

differing effects on in vivo platelet activation, platelet reactivity to agonists, and vascular 

diameter changes. Eight middle-aged (53.5±1.6yrs) male participants took part in four 30 min 

experimental interventions (aerobic AE, resistance RE, combined aerobic/resistance exercise 

CARE or no-exercise NE), in random order. Blood samples were collected and vascular 

assessments by ultrasound were performed before, immediately after, and one hour after each 

intervention. Blood samples were incubated with one of three agonists of 

physiologically/clinically relevant pathways of platelet activation (TRAP, AA and xCRP). In 

the presence of AA, TRAP and xCRP, both RE and CARE evoked increases in MPAs 

immediately post-exercise, whereas only AA significantly increased MPAs immediately after 

AE. These increases in platelet activation post-exercise were transient, as responses approached 
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pre-exercise levels by 1hr. Baseline artery diameter and PD were increased immediately 

following RE and CARE, and these remained above pre-exercise levels for 1hr post-exercise. 

These are the first data to suggest that exercise involving a resistance component in humans 

may transiently increase platelet-mediated thrombotic risk, more so than aerobic modalities.  

 

5.1 Introduction 

The formation of MPAs result from the interaction between activated platelets and monocytes. 

MPAs are considered a more sensitive marker of platelet activation in humans than platelet 

surface CD62P expression, which is rapidly cleaved from the platelet surface and has a lower 

detection sensitivity by flow cytometry (231). Platelets become activated as a consequence of 

exposure to various in vivo agonists including thrombin, collagen, and the AA by-product 

TxA2. Each of these physiological agonists targets a different platelet surface receptor and 

therefore activates platelets via different signal transduction pathways (61). Atherothrombosis 

is largely a platelet-mediated event (76), and MPAs are elevated in patients with stable CAD 

(112) and in acute MI (111). Such events are linked to endothelial dysfunction and 

atherosclerosis (197, 378). 

  

Despite the well-established health benefits of long-term exercise (34), which also includes 

maintenance or improvement of endothelial function (29, 129, 344), it is acknowledged that 

the risk of an atherothrombotic event is transiently increased in the period during and 

immediately following an acute exercise bout (342). This phenomenon has been referred to as 

the “exercise paradox” (218). There is some evidence to suggest this increased risk, may in 

part, be related to an increase in platelet activation immediately post-exercise (56). The 

endothelium is involved in the production of vasodilator substances including NO and PGI2, 

both of which are known to inhibit platelet activation (238). Furthermore, some studies have 

observed a decrease in FMD immediately post-exercise (30, 80). However, the findings of 
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Study 1 (Chapter 4) within this thesis, indicated that such a relationship between endothelial 

function and MPAs may not be apparent and/or easily detected in apparently healthy humans. 

Observational evidence suggests there is a positive association between the risk of ACS and 

exercise intensity (236), and there is indication that the effect of exercise on both platelets and 

endothelial function may be influenced by exercise intensity (30, 150). However, little is 

known regarding the implications of different modalities of exercise on transient 

atherothrombotic risk, as it may pertain to MPA formation, platelet function and vascular 

function.  

 

Three modes of exercise that are commonly utilised in humans are steady state aerobic exercise 

(AE; walking, running, cycling), resistance exercise (RE; weight lifting) and a combination of 

aerobic and resistance exercise (CARE; circuit training). These modalities are prescribed to 

achieve functional improvements in cardiorespiratory fitness and/or skeletal muscle strength 

and endurance in both primary and secondary prevention settings (32, 113). They are also 

widely utilised in the general community in the context of personal health and fitness training. 

 

Whilst the acute and chronic effects of AE, RE and CARE on skeletal muscle and the 

cardiovascular system have previously been documented (117, 182, 328, 329), no previous 

study has directly compared the impact of these distinct modes of exercise on either platelet or 

endothelial function. Furthermore, no previous study has included the assessment of both 

platelet and vascular function, before and after participation in acute bouts of exercise, within-

participants. Since AE and RE have distinct impacts on the cardiovascular system and skeletal 

muscle (18, 35, 88, 102, 147), we hypothesised that they may confer divergent impacts on 

platelets and vascular function. The primary aim of this study was to investigate the acute 

impact of different exercise modalities on platelet function including reactivity of platelets to 
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a variety of relevant physiological platelet agonists, whilst also investigating the potential 

impact on vascular endothelial function in humans. We hypothesised that each modality of 

exercise would have different impacts on platelet function and vascular function. 

 

5.2  Methods 

A sample size calculation was conducted for paired samples indicating that as few as 3 

participants would be sufficient to detect a 6% difference in MPAs with 80% power and an α 

of 0.05 and 8 participants would be sufficient for FMD assessments (294).  

 

Ethical approval 

All procedures adhered to the Declaration of Helsinki and were approved by the Human 

Research Ethics Committee of The University of Western Australia. All participants provided 

written, informed consent prior to any procedures being undertaken. 

 

Participants 

Eight apparently healthy male participants aged 40-65 years with no previous evidence of 

cardiovascular disease were recruited from the local community in Perth, Australia by poster 

advertisements placed in public places. Individuals were defined as physically inactive 

following completion of the International Physical Activity Questionnaire, taking part in less 

than one hour of structured physical activity a week, and exercise naïve in that they do not take 

part in any form of regular exercise training. Those taking prescription medications, or with 

musculoskeletal injuries that would hinder their ability to exercise were excluded. As part of 

the screening process, an exercise stress test was performed in the presence of a physician 

following standard guidelines (273) and individuals with any evidence of exercise-induced 

ischaemia or arrhythmia were excluded from further participation. Although apparently 
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healthy, participants exhibited the following risk factors associated with cardiometabolic 

disease: advancing age, physical inactivity, abdominal obesity and raised blood lipid levels. 

Fasting glucose and full lipid profile blood tests were conducted, as was a DEXA scan to 

illustrate the general characteristics of the participants included in the study.    

 

Preliminary sessions 

Participants were familiarised with equipment, exercises and procedures to be included in 

subsequent sessions. In two separate visits, participants completed a maximal exercise test on 

a cycle ergometer, and repetition maximum (RM) strength tests for the six resistance exercises 

listed below. Percentages of maximum were used to regulate and standardise the intensity of 

exercise used in subsequent sessions, according to well established principles of exercise 

physiology (113). 

 

Experimental Sessions 

All participants completed four experimental sessions, in random order, with each separated 

by at least 7 days, using a repeated-measures crossover design. These included 30 minutes of: 

AE, RE, CARE or no-exercise (NE). A standardised stretching routine was included in the 

warm-up of all exercise sessions composed of a combination of static and dynamic stretches 

targeting all major muscle groups.  

 

Participants arrived at the laboratory in the morning around 8am, having being asked to abstain 

from caffeine consumption for 12 hours and alcohol for 24 hours. All consumed the same 

carbohydrate based breakfast including toast or cereal, avoiding fruit, vegetables and meat 

products. Participants were specifically asked about drug use and none used anti-inflammatory, 
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aspirin-containing or other medications that affect platelet or leukocyte function. Adherence to 

the protocol was confirmed by questionnaire on arrival to each session. 

 

Participants then began a 20 minute period of quiet rest in a semi-recumbent position, prior to 

the first blood collection. This was followed by the (no)exercise activity that was to be 

undertaken on that day. Following each exercise session, participants resumed a semi-

recumbent position and remained there for one hour. Heart rate was monitored during all 

exercise (Polar RS300X, Polar Electro Oy, Finland). 

 

No exercise protocol 

Participants lay on a bed in a semi-recumbent position for the duration of the no-exercise 

session, which lasted approximately 2.5 hours. 

 

Aerobic exercise protocol 

Participants completed a four minute warm-up on a rowing ergometer achieving 40% heart rate 

reserve (HRR) by the end of the fourth minute. The main exercise component included 13 

minutes on a cycle ergometer (Circle Fitness, P&F Brothers Ind., Corp. Taiwan) at 65% 

Watts(W)max, followed by 13 minutes on a Concept 2 PM3 rowing ergometer (Concept 2 Inc., 

Morrisville, VT). Heart rate monitoring ensured a steady-state was achieved and intensity on 

the rowing ergometer was matched to the heart rate during cycling. Heart rate, ratings of 

perceived exertion (RPE) using Borg’s 6-20 scale (37) and absolute intensity were documented 

at minutes 5, 10 and 13 of bicycle and rowing ergometry. This protocol was designed to 

replicate a typical AE session used in a gymnasium setting (113). 
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Resistance exercise protocol 

Three sets of each resistance exercise were completed. A 120 second time-period was allocated 

for each set, made up of 40 seconds working and 80 seconds recovery. Firstly, participants 

completed one set of each exercise with a resistance of 40% 1RM, followed by two consecutive 

sets of each exercise at 65% 1RM. Exercise stations included (i) sitting cable chest press, (ii) 

leg press, (iii) lateral pulldown, (iv) cable shoulder press, (v) sitting machine hamstring flexion 

and (vi) cable bicep curl with a rope attachment. Repetitions were continued for the entire 40 

second working period or until muscular failure; whichever came first. Heart rate, RPE and the 

number of repetitions completed were documented immediately following the last repetition 

of each set. As for the AE session described above, we adopted an ecologically valid approach 

to the design of this session, which closely resembles typically prescribed RE. 

 

Combined aerobic and resistance exercise protocol 

The CARE training session included all the exercises that made up the AE and RE sessions, 

but with shorter recovery times between RE stations so that total exercise time was matched to 

the other two experimental conditions. Participants completed three 10 minute circuits; the first 

circuit at an intensity of 40% maximum (i.e. Wmax for AE, 1RM for RE), the following two 

circuits at 55% maximum. Each exercise circuit consisted of 6 RE and 2 AE, performed in the 

order: 3 RE (sitting cable chest press, leg press, lateral pulldown), 1 AE (bicycle ergometer), 3 

RE (cable shoulder press, sitting machine hamstring flexion and cable bicep curl with a rope 

attachment), 1 AE (rowing), with two minutes recovery between each circuit. Resistance 

exercises were allocated 60 seconds (40 seconds working and 20 seconds transition time) and 

aerobic exercises were allocated 120 seconds (100 seconds working and 20 seconds transition 

time). Heart rate, RPE and repetitions completed for resistance exercises were recorded at the 

final moments of exercise at each station. 
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Blood collection 

Venous blood samples were collected at three time-points during each session: 1. before 

exercise; 2. after exercise, and 3. one hour post-exercise (identical time-intervals during NE) 

(as described in Chapter 3.1).  

 

Monocyte-platelet aggregates and platelet antibody binding 

The assessment of MPAs and platelet surface receptor binding were performed as described in 

Chapter 3.2 and 3.3 respectively. Two concentrations of the following three agonists were 

included: 2µm and 5µM TRAP, 10µg/mL and 125µg/mL AA for MPAs (10µg/mL and 

75µg/mL AA for PAC-1 and CD62P) and 200ng/mL and 1µg/mL cross-linked collagen related 

peptide (xCRP). Agonist concentrations were determined by dose-response curve to identify 

sub-maximal and threshold concentrations of each.  

 

Vascular function 

The assessment of BD and PD, in addition to the FMD response (as described in Chapter 3.5) 

were conducted on three occasions during each session. These occurred pre-exercise, 

immediately post-exercise and 1hr post exercise on the opposite arm to which blood samples 

were collected. 

  

Statistics 

Agonist data were used to calculate area under the concentration curve (AUC) for each agonist, 

at each time-point (pre, post, 1hr-post). All of the agonist induced MPA, anti-CD62P and PAC-

1 data, statistics and results are presented as AUC in arbitrary units for each agonist minus the 

no agonist using the equation: ((NA-NA) + (agonist – NA)) /2* (1-1) for each time-point.  
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Statistical analyses were performed using SPSS 22 (IBM, Armonk, NY) software. For data 

meeting the assumptions of parametric statistical tests, two-way repeated measures analysis of 

variance (ANOVA) tests were conducted to test for differences between modalities, across time 

and interaction of modality x time effects. If significance was found, multiple one-way repeated 

measures ANOVA tests were conducted to determine where differences occurred within-

modality over time and for corresponding time-points between modalities, with post-hoc 

Tukey’s Least Significant Difference test. For data failing the assumptions of parametric tests, 

multiple non-parametric Friedman tests were conducted for within-modality differences over 

time and for corresponding time-points between the four different modalities. Statistical 

significance was assumed at P<0.05. 

 

5.3 Results 

Eight men (53.5 ± 1.6 yrs) completed the study. Baseline characteristics are presented in Table 

5.1. Data gained from the maximal aerobic exercise test included: HRmax 176 ± 4 bpm, time 

to exhaustion 11.3 ± 0.5 mins, peak power output 173 ± 8 watts and Vo2peak 32.5 ± 1.3 ml·kg-

1·min-1. Mean physiological data recorded during each of the exercise bouts (AE vs RE vs 

CARE) were as follows: HR bpm (%HRmax) 141 ± 2 bpm (80%) vs 122 ± 2 bpm (69%) vs 

134 ±  1 bpm (76%) and RPE 14 ±  0 vs 17 ±  0 vs 15 ± 0. Mean HR during the NE session 

was 69 ± 8 bpm. 
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Table 5.1 Baseline characteristics, anthropometric, dual-energy x-ray absorptiometry 

(DEXA) and biochemistry variables  

Anthropometric data 

Height (cm) 

Body mass (kg) 

Body mass index (kg/m2) 

Waist girth (cm) 

Hip girth (cm) 

Waist/Hip ratio 

Resting HR   

Heart rate  

Resting blood pressure  

Systolic BP  

Diastolic BP  

Mean arterial pressure  

 

173 ± 1.9 

86.2 ± 4.1 

28.8 ± 1.4 

99.3 ± 2.1 

105.7 ± 2.4 

0.94 ± 0.01 

bpm 

62 ± 2 

mmHg 

128 ± 4 

82 ± 4 

100 ± 4 

DEXA 

Total body fat  

Body fat legs 

Body fat trunk 

Body fat android 

Body fat gynoid 

Fasting biochemistry 

Cholesterol  

Triglyceride  

LDL-C  

HDL-C  

Cholesterol/HDL ratio  

Glucose  

% 

32.5 ± 1.6 

28.4 ± 1.9 

38.2 ± 1.7 

43.6 ± 1.9 

34.4 ± 1.9 

mmol/L 

6.0 ± 0.3 

1.8 ± 0.2 

4.1 ± 0.3 

1.1 ± 0.1 

5.5 ± 0.4 

5.2 ± 0.1 

HR heart rate, BP blood pressure, LDL-C low-density lipoprotein cholesterol, HDL-C 

high-density lipoprotein cholesterol. Data is mean ± SEM, n=8. 

 

5.3.1 Monocyte-platelet aggregation with acute exercise 

No agonist 

In the absence of agonist stimulation, no significant difference was observed in the percentage 

of MPAs between the three time-points within any experimental treatment (mean ± SEM, NE: 

pre 4.0 ± 0.7%, post 3.9 ± 0.6%, 1hr 4.4 ± 0.7%, P=0.197; AE: pre 3.8 ± 0.7%, post 3.7 ± 0.7%, 

1hr 4.7 ± 1.3%, P=0.417; RE: pre 4.2 ± 0.7%, post 6.5 ± 2.0%, 1hr 4.2 ± 0.9%, P=0.093 and 

CARE: pre 4.1 ± 0.7%, post 5.0 ± 1.4%, 1hr 4.1 ± 0.9%, P=0.417).  No significant difference 

was found between the four modalities at pre (P=0.615), post (P=0.740) and 1hr-post 

(P=0.717) time-points.  
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Arachidonic acid 

When blood samples were incubated with arachidonic acid, significant time (P=0.006) and 

time x modality interaction (P=0.003) effects were evident. As shown in the Figure 5.1 (panel 

A), AA stimulation significantly increased MPA area under the curve above pre-exercise levels 

immediately post exercise under all three modalities (delta change ± SEM, AE 14.9 ± 5.8 AUC, 

P=0.038; RE 24.3 ± 6.7 AUC, P=0.009; CARE 26.8 ± 10.5 AUC, P=0.039). One hour after 

cessation of exercise, MPAs significantly decreased from immediate post exercise levels for 

all modalities (delta decrease, AE; -14.0 AUC, P=0.006, RE; -13.0 AUC, P=0.018 & CARE; 

-22.8 AUC, P=0.009). However, MPAs were still elevated above pre-exercise levels 1hr after 

RE (11.3 ± 4.9 AUC, P=0.05). 

 

Comparison between modalities at corresponding time-points indicated that no differences 

were found pre-exercise (P=0.580) or 1hr post (P=0.468), but significant differences were 

present at the immediately post-exercise time-point (P=0.05). Tukey’s post-hoc test indicated 

that compared to no-exercise (NE; 41.8 ± 8.7 AUC), MPAs were greater following RE (56.2 ± 

10.0 AUC, P=0.011 vs NE) and CARE (62.0 ± 11.0 AUC, P=0.038 vs NE), but there was no 

difference between NE and aerobic (AE 49.8 ± 5.4 AUC, P=0.491 vs NE). No significant 

differences were observed between the three exercise protocols. 
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Figure 5.1 Change (mean±SE) from the ‘pre’ time-point (area under the curve AUC) for agonist induced 

monocyte-platelet aggregate (MPA) formation. Blood collected pre, post and 1 hour post; no-exercise 

(NE), aerobic exercise (AE), resistance exercise (RE) and combined aerobic and resistance exercise 

(CARE), and incubated with arachidonic acid (A), thrombin receptor activating peptide (B) and collagen 

related peptide (C). *signifies significant difference from pre, †signifies significant difference from post 

(P<0.05).  

 

Thrombin receptor activating peptide-6 

In samples incubated with TRAP, there were significant main effects for time (P=0.005) and 

interaction between time and modality (P=0.049). As shown in the Figure 5.1 (panel B), both 
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RE and CARE resulted in significant changes in TRAP-induced MPAs over time (P=0.001 for 

each), with MPA AUC elevated above pre-exercise levels immediately post exercise for RE 

and CARE (17.4 ± 3.7 AUC, P=0.002 and 9.4 ± 2.4 AUC, P=0.005) respectively.  MPAs 

decreased from immediate post exercise levels following 1hr recovery for both RE (-9.3 AUC, 

P=0.002) and CARE (-4.6 AUC, P=0.024). Following RE, MPAs at 1 hour post were not 

different to pre-exercise levels (P=0.078), but were still elevated above pre-exercise levels 1 

hour post-CARE (4.2 ± 1.5 AUC, P=0.024). No effect was seen with NE or AE over time 

(P=0.440 and P=0.482 respectively).  

 

A significant difference was found between modalities immediately post exercise (P=0.035) 

and was due to elevated MPAs following RE and CARE compared to NE (RE vs NE, P=0.009) 

(CARE vs NE, P=0.037). AE was non-significantly elevated at this time-point (AE 7.1 ± 5.5 

AUC vs NE 1.8 ± 1.3 AUC, P=0.064). No significant effect was observed between the 

modalities at any other time point (pre P=0.292 and 1hr P=0.109). 

 

Collagen related peptide 

When samples were incubated with xCRP (Figure 5.1 panel C), significant differences in the 

MPA AUC occurred over time with participation in both RE (P=0.010) and CARE (P=0.005). 

Compared to pre-exercise, MPAs were significantly increased immediately post-RE (8.0 ± 2.4 

AUC, P=0.012) and post-CARE (10.5 ± 4.4 AUC, P=0.05). The decrease from immediately 

post to 1hr post exercise was significant following CARE (-11.6 AUC, P=0.012) but not post-

RE (-6.9 AUC, P=0.327). No changes were observed over time with no-exercise (P=0.607) or 

aerobic exercise (P=0.687). No significant differences were found between the four modalities 

at corresponding time-points (pre P=0.199, post P=0.154 and 1hr P=0.615). 
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5.3.2 Platelet anti-CD62P binding with acute exercise 

Without agonist stimulation, no significant differences were found in anti-CD62P binding for 

main effects for either modality (P=0.452), time (P=0.222) or interaction (P=0.642) (see Figure 

5.2 Panel A).  

 

 
Figure 5.2 Change (mean±SE) from the ‘pre’ time-point for anti-CD62P binding with no agonist NA and area 

under the curve AUC for agonist induced platelet activation. Blood collected pre, post and 1 hour post; 

no-exercise (NE), aerobic exercise (AE), resistance exercise (RE) and combined aerobic and resistance 

exercise (CARE), and incubated with NA (A) arachidonic acid AA (B) thrombin receptor activating 

peptide TRAP (C), and collagen related peptide xCRP (D). *signifies significant difference from pre, 

†signifies significant difference from post (P<0.05).  
 

With AA incubation, there was a significant main effect for time (P=0.004) but not for modality 

(P=0.830) or interaction effects (P=0.285) (see Figure 5.2 Panel B). Post-hoc tests indicated 

the significant differences over time occurred with CARE (P=0.022), due to a significant 

decrease in anti-CD62P binding from immediately post to 1hr post exercise (P=0.024). The 

increase from pre and post CARE was not significant (P=0.154) and no change was found 
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between pre and 1hr time-points (P=0.108). No significant changes were observed over time 

with either RE (P=0.069), AE (P=0.212) or NE (P=0.999). 

 

When incubated with TRAP, a significant change in the AUC was found for main time 

(P=0.048) effects, but there were no significant modality (P=0.263) or interaction (P=0.148) 

effects. Post-hoc tests indicated the increase over time was due to a significant increase in anti-

CD62P binding from pre to immediately post CARE (P=0.012). The decrease from 

immediately post to 1hr post CARE was also significant (P=0.041) (see Figure 5.2 Panel C). 

The change from post and 1hr post with NE (P=0.021) was also significant. No significant 

changes were observed in anti-CD62P binding with either the RE session (P=0.355) or with 

AE (P=0.158). 

 

No significant main effects were found for either modality (P=0.431), time (P=0.383) or 

interaction (P=0.623) when samples were incubated with xCRP.   

 

5.3.3 Platelet PAC-1 binding with acute exercise 

Without agonist stimulation, no significant differences were found in PAC-1 binding for main 

effects for either modality (P=0.159), time (P=0.754) or interaction (P=0.261) (see Figure 5.3 

Panel A).  

 

No significant changes in PAC-1 binding were found for main effects of modality, time or 

modality*time interaction in agonist induced AUC, when blood was incubated with either 

TRAP: modality (P=0.143), time (P=0.225) interaction (P=0.097), AA: modality (P=0.195), 
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time (P=0.467) interaction effects (P=0.722) or xCRP modality (P=0.212), time (P=0.522) 

interaction (P=0.491) effects (see Figure 5.3).   

 

 
Figure 5.3 Change (mean±SE) from the ‘pre’ time-point for PAC-1 binding with no agonist NA and area under 

the curve AUC for agonist induced platelet activation. Blood collected pre, post and 1 hour post; no-

exercise (NE), aerobic exercise (AE), resistance exercise (RE) and combined aerobic and resistance 

exercise (CARE), and incubated with NA (A) arachidonic acid AA (B) thrombin receptor activating 

peptide TRAP (C), and collagen related peptide xCRP (D).  
 

5.3.4 Vascular function with acute exercise 

Baseline diameter 

Statistical testing of the baseline brachial artery diameters taken before, immediately after and 

1 hour after the four experimental protocols, indicated that there were significant main effects 

for modality (P = 0.010), time (P = <0.000) and modality*time interaction (P = 0.016). These 

results are presented in Figure 5.4.  
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Overall, the BD in all of the exercise modalities were significantly different compared to the 

NE session: NE vs AE (P = 0.037), NE vs RE (P = 0.007), NE vs CARE (P = 0.022). Post-hoc 

tests revealed that no significant differences were present between modalities at the pre time-

point (P = 0.655). However, at the post time-point significant differences were found between 

NE and the three exercise modalities (all P = < 0.01). No differences in BD were found between 

the three exercise modalities at the post time-point (all P = > 0.05).  

 

At 1hr-post, significant differences in BD were found between NE vs RE (P = 0.008) and NE 

vs CARE (P = 0.006) but not between NE vs AE (P = 0.335). No differences in BD were 

evident between the three exercise modalities (all P = > 0.05). Within session changes in BD 

over the 3 time-points were not significant (P = 0.413) during the NE session. The increase in 

BD with AE from pre (4.6 ± 0.1 mm) to post (4.9 ± 0.1 mm) time-points did not reach statistical 

significance (P = 0.064). Baseline diameter increased from pre to post RE (P = <0.000) and by 

1hr post BD was still elevated compared to pre (P = 0.013). The decrease from immediately 

post to 1hr post RE (P = 0.052) reached borderline significance. Compared to pre-exercise, the 

BD with CARE increased significantly from pre to immediately post (P = <0.000) and was still 

elevated by 1hr post CARE (P = 0.010). The decrease from post to 1hr following CARE was 

not significant (P = 0.159). The significant interaction indicates that participation in exercise 

was required to induce an increase in BD, which was not observed with NE.         
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Figure 5.4 Baseline diameter change from the “pre” time-point from vascular assessments conducted pre, post 

and 1hr post participation in four experimental sessions: no exercise (NE), aerobic exercise (AE), 

resistance exercise (RE), combined aerobic and resistance exercise (CARE). Data is presented as mean 

with error bars representing standard error. * signifies significant within session differences from the 

“pre” time-point, solid line represents significant difference between modalities at the “post” time-point, 

dotted line represents significant difference between modalities at the “1hr” post time-point.  

 

Peak diameter 

Statistical testing of the peak brachial artery diameters taken before, immediately after and 1 

hour after the four experimental protocols, found significant main effects in PD for modality 

(P = 0.005), time (P = <0.000) and modality*time interaction effects (P = 0.043). Significant 

differences were observed between modalities, specifically between NE and the three exercise 

modalities: NE vs AE (P = 0.012), NE vs RE (P = 0.004), NE vs CARE (P = 0.010) (see Figure 

5.5).  

 

Post-hoc tests indicated that no significant differences between the four experimental protocols 

were present at the “pre” time-point (P = 0.361). However, there were significant differences 

between NE and the three exercise protocols at the “post” time-point (all P = < 0.01). No 

significant differences in PD were found between the three exercise sessions at the post time-

point (all P = > 0.05). No significant within session differences over time were found for PD 

during either the NE (P = 0.974) or the AE session (P = 0.078). PD increased significantly (P 
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= <0.000) from pre-exercise to post RE, which was still elevated compared to pre-exercise by 

1 hour post RE with borderline significance (P = 0.052). The decrease in PD from immediately 

post to 1hr post-RE was significant (P = 0.046). Significant within session differences in PD 

were also observed during the CARE session, as PD was significantly (P = 0.001) greater at 

the post assessment compared to the pre assessment. PD was still significantly (P = 0.021) 

greater at 1hr post-CARE compared to pre. The small decrease in PD from immediately post-

CARE to 1hr post-CARE was not statistically significant (P = 0.076).     

 

 

Figure 5.5 Peak diameter (post-cuff deflation) from vascular assessments conducted pre, post and 1hr post 

participation in four experimental sessions: no exercise (NE), aerobic exercise (AE),  resistance 

exercise (RE),  combined aerobic and resistance exercise (CARE).  Data is presented as mean with 

error bars representing standard error. * signifies significant within session differences from the 

“pre” time-point, † signifies significant difference from the “post” time-point. Solid line represents 

significant difference between modalities at the “post” time-point, dotted line represents 

significant difference between modalities at the “1hr” post time-point. 

       

No significant differences were found for main effects of FMD% for modality (P = 0.189), 

time (P = 0.426) or interaction (P = 0.168) effects (see Figure 5.6). Similarly, no differences 

were found when FMD was expressed in mm (delta diameter) for modality (P = 0.185), time 

(P = 0.673) or interaction (P = 0.254).   
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Figure 5.6 Percent flow mediated dilation relative to baseline (pre-cuff) artery diameter from vascular 

assessments conducted pre, post and 1hr post participation in four experimental sessions: no exercise 

(NE), aerobic exercise (AE), resistance exercise (RE), combined aerobic and resistance exercise (CARE). 

Data is presented as mean with error bars representing standard error.  

 

5.4 Discussion 

Our aim was to compare the impacts of distinct forms of exercise on platelet and vascular 

function in overweight and physically inactive men. This is the first study to our knowledge in 

humans that has directly compared the acute impacts of routinely prescribed (113, 177) 

exercise modalities on monocyte-platelet aggregation in the presence of agonists of 

physiologically/clinically relevant pathways of platelet activation. We found that exercise 

increased agonist-induced monocyte-platelet aggregation immediately following exercise, with 

larger responses observed following modalities which included a resistance component (both 

RE and CARE). These effects of exercise on MPAs influenced TRAP, AA and xCRP pathways 

of activation. We observed a pattern of transient modification to MPA production, as 

immediate post-exercise responses generally returned toward baseline levels by 1 hour post 

exercise. As these findings were largely unsupported by the direct immunophenotyping of 

platelets, these data suggest that in addition to MPAs being a more sensitive indicator of in vivo 

platelet activation (231), this may also extend to agonist induced MPAs. Both RE and CARE 
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also increased baseline and peak brachial artery diameter post-exercise. These increases were 

maintained at 1hr post-exercise. There were no apparent adverse impacts of exercise on 

endothelial function that may help explain the changes observed to agonist induced MPA 

formation.  

 

We observed that MPA formation was transiently increased immediately following RE and 

CARE in response to TRAP exposure, and returned to near pre-exercise levels by one hour 

post-exercise. Although we did not find significant changes to TRAP sensitivity in response to 

AE, this is in contrast to some others (150, 151). Our finding that hypersensitivity to TRAP 

occurs following modalities of exercise involving a resistance component is novel, and is of 

particular importance when considering acute exercise as a trigger of ACS, since tissue factor 

(which is involved in the production of thrombin in vivo) within atherosclerotic plaque is 

largely responsible for initiating thrombosis following atherosclerotic plaque rupture (308, 348, 

371). Our data also indicate that AA-induced increases in MPAs are exercise modality 

dependent, with larger transient impacts of the RE and CARE conditions that both included a 

resistance exercise component. Arachidonic acid related effects on monocyte-platelet 

aggregation have potential clinical significance, given the multiple roles of its downstream by-

products in terms of platelet aggregation in the atherothrombotic cascade (106, 276, 320). The 

propensity for increased monocyte-platelet aggregation in response to xCRP exposure was 

increased following RE and CARE, with smaller changes following AE. As in the case of AA 

and TRAP, this response was transient, returning to near pre-exercise levels by one hour post-

exercise. Mechanistically, these findings indicate that increased sensitivity to platelet G 

protein-coupled receptors, protease activated receptors and surface glycoproteins occur post-

exercise in response to RE and CARE.  
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This time-course of response are in agreement with recent reviews and epidemiological 

evidence which suggests that increased atherothrombotic risk following acute exercise is 

transient in nature (126, 289). Evidence also indicates that acute exercise has the ability to 

cause rupture of thick fibrous cap atheroma that will not commonly rupture at rest (337), 

possibly due to increased heart rate, blood pressure, shear stress, and/or the concomitant impact 

of changes to the sympathetic nervous system and catecholamine levels during exercise (124, 

213, 384). In the context of the “exercise paradox”, it is possible that when individuals with 

endothelial dysfunction, arterial stiffness and atherosclerosis participate in acute exercise, there 

is greater potential for the disruption of atheromatous plaque (fissure, erosion, rupture) or for 

vascular damage to occur, compared to physically active individuals with optimal vascular 

function and health (29, 30, 94, 352). Our findings suggest that, if plaque disruption and/or 

rupture occurs during or immediately post-exercise, resulting in exposure of the pro-thrombotic 

core to flowing blood (371), the consequent hyper-thrombotic response may be more clinically 

relevant following resistive exercise bouts. Nonetheless, our data do not suggest that acute 

exercise is a direct stimulus that will consistently cause increases in platelet activation per se. 

 

In relation to vascular outcomes, significant increases in both BD and PD were observed 

immediately following RE and CARE. The increase in BD observed following participation in 

these sessions suggests that RE and CARE provided the greatest stimulus for vasodilation. 

Shear stress is the primary stimulus for vasodilation during exercise (345), as shear increases 

endothelial NO production (79). It is therefore possible to assume that participation in RE and 

CARE were associated with greater shear stresses. We did not attempt to measure shear rate 

during the exercise sessions (as this was not an aim of this study) and it would not have been 

possible with the dynamic exercises included in these sessions. However, to investigate the 

influence of exercise modality on such haemodynamic variables could be a focus for future 
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study. As BD was still increased 1 hour post-RE and CARE, this suggests that the impacts of 

these modalities on “resting” vasodilation were maintained following 1 hour of semi-

recumbent rest. The impact of steady state AE in this study was not as effective at inducing 

increases in post-exercise vasodilation, either without or with an ischaemic stimulus (BD and 

PD respectively). However, both BD and PD immediately post-AE were greater than NE.  

 

The observation that no change in FMD was found at any post-exercise time-point is not in 

accordance with the hypothesis described in a recent review (80). This hypothesis infers that 

participation in acute exercise can induce a significant decrease in vascular function (FMD) 

immediately post-exercise (particularly in sedentary individuals), which may be followed by 

an increase at 1 hour post. There are a number of potential influences relating to the acute 

impact of exercise on vascular function (described in Figure 2.15 Chapter 2.18.2), which may 

also include changes in sympathetic nervous system activity post-exercise (12). However, this 

is the first study to our knowledge, to conduct a direct comparison between different exercise 

modalities on vascular function in the same group of participants. As the vast majority of 

evidence supporting the hypothesis described above is derived from participation in aerobic 

exercise, this study provides the first evidence to suggest that the vascular responses to exercise 

may be exercise modality dependent. Indeed, if only aerobic exercise was considered in this 

study, a noticeable increase in FMD% can be observed 1hr post-exercise (see Figure 5.6). 

Statistical testing of AE alone, indicated that an increase in FMD occurred 1hr post-exercise 

compared to pre-exercise (statistics not shown). However, as no main effects were observed 

for FMD in the multi-factorial ANOVA, justification to perform this test was not permitted in 

this study. These results highlight the importance of recognising changes in baseline and peak 

diameter during FMD assessments post-exercise.  
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One assumption relating to the increase in PD following RE and CARE, is that participation in 

these exercise modalities resulted in an immediate improvement in brachial artery dilator 

function, which was still maintained 1 hour post-exercise. However, as no change was observed 

in FMD (either as a percentage increase from BD or delta mm), another viewpoint is that 

vascular function was relatively unchanged, but just commenced from a greater starting point 

(BD). Indeed, an observation supporting the latter assumption was that the increase in PD only 

occurred when BD was still elevated (see Figures 5.4 and 5.5). Nonetheless, there is no 

evidence to suggest that participation in any of the exercise protocols included in the present 

study, resulted in acute detrimental impacts to vascular function. The significant interaction 

effects between “modality” and “time” with both BD and PD, indicates that participation in 

exercise was necessary to cause an increase in these variables; as this was not observed with 

NE. These findings support the well documented and direct impacts of exercise on inducing 

acute changes to vascular function, which are responsible for the long term vascular adaptations 

to exercise training (see Figure 2.15) (129).    

 

This is the first study to simultaneously assess platelet and endothelial function before and after 

participation in an acute bout of exercise. No exercise modality in this study impacted upon in 

vivo circulating (i.e. no agonist) MPAs, anti-CD62P or PAC-1 binding. However, the increased 

basal artery diameter post-exercise (i.e. BD), suggests an increase in the production of 

vasodilator substances (i.e. NO and PGI2) which are also known to inhibit platelet activation 

(238). It is possible that an increase in NO and PGI2 may have inhibited any in vivo increase 

in platelet activation induced by participation in exercise. We provide no evidence in this study 

that acute exercise has the ability to induce platelet activation in vivo. There are other reports 

of increased platelet activation post-exercise without agonist exposure (16, 58, 59, 187), and 

whilst we do not dispute such findings, it is possible that factors including the participant 
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population, exercise prescription and/or methodological procedures and the presentation of 

data were factors contributing to the results of such studies (described in Chapters 2.5.4, 2.5.5, 

2.15 and 2.16). To support the hypothesis that platelet activation was inhibited by an increase 

in NO and PGI2 induced by exercise in this study, it would have been advantageous to have 

observed at least one instance of inverse change in platelet activation and vascular function. 

However, this was not found in any condition.  

 

Platelet function measurements with no agonist represent in vivo function, whereas agonist 

incubation is performed ex-vivo, and is therefore performed without the influence of the 

endothelium. The results of agonist experiments indicate there is increased sensitivity of 

platelets to agonist exposure post-exercise, particularly with RE and CARE. It is possible that 

the increase in BD observed following these exercise modalities is part of a compensatory 

redundancy mechanism to negate the hyper-responsiveness of platelets that might occur with 

exercise. There is evidence to suggest that shear stress is a direct stimulus that promotes platelet 

activation and aggregation (183) and it has been stated that the most relevant mechanical 

stimulus to haemostasis and arterial thrombosis is shear stress (184). Increased shear stress is 

therefore the common denominator between exercise, platelet hyper-sensitivity and the 

endothelium-dependent production of NO and PGI2. It is possible that the impacts of shear on 

platelets and on the production of substances with anti-thrombotic functions (NO, PGI2) are 

interlinked as part of a negative feedback loop, thereby facilitating a homeostatic role with 

regards to thrombosis with exercise.   

 

A potential limitation to this study is that we are unable to determine if agonist induced MPAs 

and vascular responses are a result of the intensity of RE (i.e. to muscular failure) being greater 
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than AE. Future research can approach this by investigating the impact of high intensity interval 

training using a common aerobic exercise modality on agonist induced MPAs. Indeed, if 

responses in the present study are intensity dependent, it is evident that despite the relatively 

short duration of time actually spent exercising during RE, the influence on platelets may not 

be nullified by the recovery periods that separate exertional sets. With this in mind, it is 

important to acknowledge that it is not possible to match the intensities of steady state aerobic 

exercise and intermittent weight training without straying from the basic principles that 

characterise these contrasting modalities. The purpose of this study was to compare typically 

utilised forms of exercise, that is, the forms and types of intervention commonly prescribed for 

middle aged men attending a gymnasium and follow established guidelines for exercise 

prescription of these modalities (1, 113). Our results are therefore ecologically valid and 

relevant to individuals participating in typical exercise modalities administered to the general 

population. Whilst it would be possible to match the exercise intensities between the 

conditions, this would result in spurious forms of exercise that bear little relevance to real world 

circumstances. Future research may also compare acute responses between different 

populations and training status, or before and after a long period of exercise training, to 

determine if the acute platelet function responses to a single bout of exercise is modulated. 

Despite the present findings, it is important to acknowledge that the cardiovascular risk 

associated with acute exercise is small, and is far outweighed by the many benefits gained with 

chronic exercise training. In addition, the occurrence of ACS during exercise is lower in those 

who are regularly active (325), further emphasising the importance of consistent participation 

in exercise to prevent such events. 

 

In summary, we observed that participation in exercise modalities involving resistance exercise 

evoked larger increases in the presence of MPAs induced by TRAP, AA and xCRP exposure. 
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In addition, resistance exercise modalities had the most profound effect on baseline and peak 

brachial artery diameter. The effect of exercise on MPAs was transient and resiled following 1 

hour of recovery, whereas the effect on vascular parameters were maintained 1hr post-exercise. 

We do not provide evidence to suggest that any of the exercise protocols included in the present 

study resulted in a decrease in vascular function immediately post-exercise. In the context of 

recent studies suggesting that exercise may be capable of rupturing plaques that are not 

susceptible under resting conditions (337), these data suggest that modes of exercise involving 

a resistance component may transiently increase ACS risk more than typically administered 

forms of aerobic exercise. 
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Chapter 6 

Study 3 

Acute impact of conventional and eccentric cycling on 

platelet and vascular function in patients with chronic 

heart failure 

Based on: Haynes et al. (2017). Acute impact of conventional and eccentric cycling on 

platelet and vascular function in patients with chronic heart failure.  

Journal of Applied Physiology 122 (6), 1418-1424.  

 

6.0 Abstract 

Evidence-based guidelines recommend exercise therapy for patients with CHF. Such patients 

have increased atherothrombotic risk and exercise can transiently increase platelet activation 

and reactivity, and decrease vascular function. Eccentric (ECC) cycling is a novel exercise 

modality which may be particularly suited to patients with CHF, but the acute impacts of ECC 

on platelet and vascular function are currently unknown. Our null hypothesis was that ECC and 

concentric (CON) cycling, performed at matched external workloads, would not induce 

changes in platelet or vascular function in patients with CHF. Eleven patients with CHF took 

part in discrete bouts of ECC and CON cycling. Before and immediately after exercise, 

vascular function was assessed by measuring diameter and FMD of the brachial artery. Platelet 

function was determined by flow cytometric determination of glycoprotein IIb/IIIa activation 

(PAC-1 binding) and granule exocytosis (CD62P expression) in the presence and absence of 

platelet agonists: TRAP, ADP, AA and collagen. ECC increased baseline artery diameter (pre: 

4.0±0.8mm vs post: 4.2±0.7mm, P=0.04) and decreased FMD% (pre: 9.0±2.9% vs post: 

6.0±4.0%, P=0.05). No changes were apparent after CON. When adjusted for baseline diameter 

change, the decreased FMD post-ECC was no longer significant. Neither ECC nor CON 
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resulted in changes to any platelet function measures (all P>0.05). These results suggest both 

ECC and CON cycling at a moderate intensity and short duration can be performed by patients 

with CHF, without detrimental impacts on vascular or platelet function. 

 

6.1 Introduction 

Chronic heart failure occurs in approximately 10% of individuals aged over 65 years and is 

expected to rise significantly over the next decade (247). Chronic heart failure is characterised 

by abnormalities in cardiac structure and/or function, resulting in the inability of the heart to 

deliver sufficient blood and therefore oxygen to meet the metabolic demands of the body. 

Individuals with CHF experience impaired physical function (173) and have a greater risk of 

sudden thrombotic related events compared to healthy individuals (209). Such events include 

ACS and stroke, which occur in association with compromised vascular function and platelet 

mediated thrombosis (94, 197). Indeed, impaired vascular function (87, 219), increased platelet 

activation (375), and a hypercoagulable state (120) have been documented in patients with 

CHF. 

 

Exercise training is recommended as part of the management of CHF, to alleviate decline in 

health and physical function and to maintain quality of life (86, 310, 377). Whilst exercise is 

generally safe and regular exercise training decreases long term risk of cardiovascular events, 

acute coronary risk is increased during and immediately after participation in a bout of exercise 

(342). This may relate, in part, to the impact of some forms of exercise on vascular and/or 

platelet function. Some studies that have tested vascular function before and after acute 

exercise have revealed transient decreases after exercise (30, 80). Platelet activation and 

reactivity to agonist exposure have also been reported to be elevated immediately following 

both moderate and high intensity exercise in healthy participants (145, 179, 369). Currently 
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there is little evidence regarding the impacts of distinct types of exercise on platelet or vascular 

function in CHF.   

 

It has been demonstrated in healthy participants, that eccentric (ECC) cycling can be carried 

out requiring less oxygen uptake compared to conventional concentric (CON) cycling (272). 

Recently, we provided evidence to suggest that ECC cycling may be a novel and beneficial 

exercise modality for patients with CHF, as matched exercise workloads can be performed at 

a lower metabolic demand than CON cycling (55). Few studies have addressed the acute impact 

of ECC exercise on either platelet or vascular function (286, 330). These studies, performed in 

separate groups of apparently heathy participants, have reported that ECC based resistance 

exercise did not increase platelet activation post-exercise (286), but did reduce flow mediated 

dilation (FMD) 1 hour post-exercise (330). To our knowledge, no previous study has 

investigated the acute impact of CON or ECC cycling on either platelets or vascular function 

in patients with CHF. The aim of this study was to therefore compare the impact of short bouts 

of ECC and CON cycling, matched for external workload, on platelets and vascular function 

in patients with CHF. Our null hypothesis was that both modalities would have no effects on 

either platelet or vascular function. 

 

6.2 Methods 

A comprehensive account of the recruitment and exercise protocols used in the present study 

can be found in our recently published paper, which focussed on metabolic and hemodynamic 

outcomes (55). Briefly, patients with CHF were recruited from the Advanced Heart Failure and 

Cardiac Transplantation Unit at Fiona Stanley Hospital, Perth, Western Australia. Ethics 

approval for the study was provided by the Metro South Health Human Research Ethics 
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Committee (HREC 14-160) and the Human Research Ethics Committee at The University of 

Western Australia. Exclusion criteria included: resting hypertension (>165/95 mmHg), severe 

obstructive aortic stenosis, severe rhythm disorders that would exclude safe participation in 

exercise, severe pulmonary hypertension (systolic >70 mmHg), venous thromboembolic 

history within the past three months, musculoskeletal comorbidity limiting functional capacity 

beyond the effect of CHF. Patients continued their routine medical therapy throughout the 

study period.  

 

A power calculation conducted a priori using (G* Power 3.1.9.2 Software) indicated that based 

on a power of 80% and a standard deviation of 5%, 10 participants would be sufficient to detect 

a change of 5% at a significance level of P= <0.05 (97). 

 

Maximal Exercise Test 

In an initial session, participants performed a maximal graded exercise test on a recumbent 

bicycle ergometer (Corival, Lode BV, Groningen, Netherlands), with power output increasing 

20 watts (W) every 3 minutes until volitional exhaustion. The maximal power output (W) 

achieved during this test was used to prescribe the exercise intensity of subsequent sessions.  

 

General Protocol 

To ensure no recent changes were made in relation to participants symptoms, medications, 

alcohol use and physical activity habits, participants were asked a series of questions relating 

to this on arrival to the laboratory of each session. The participant sat on the recumbent cycling 

ergometer that was to be used on that particular day (i.e., ECC or CON) and rested for 10 

minutes, after which a venous blood sample was collected (as described in Chapter 3.1). 
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Following another 5 minutes of seated rest, baseline brachial artery diameter and an FMD test 

were performed on the left arm (as described in Chapter 3.5). The participant then began the 

exercise protocol (see protocol below). Immediately following the brief cool-down aspect of 

cycling, a blood sample was taken from the right arm, and vascular tests were performed 

simultaneously on the left arm. Both the CON and ECC bicycle ergometers were recumbent 

based apparatus, ensuring body positions were identical for both modalities. 

 

Eccentric Cycling (ECC) 

Seven days following the maximal bicycle ergometer test, participants underwent the ECC 

protocol. This was performed on a recumbent ergometer (Eccentric Trainer, Metitur, Ltd, 

Jyväskylä, Finland) with a 1.5 kW motor that powered the cranks in reverse. Participants then 

performed 11 minutes of continuous ECC cycling, maintaining a cadence of 40 rpm 

throughout. This was composed of a 3 minute warm-up aiming to achieve 30% Wmax, 5 

minutes at 70% Wmax and 3 minutes of active recovery with no resistance. As external 

workload during ECC cycling is difficult to maintain constant the order of the sessions was not 

randomised and ECC was performed first for each participant. The watts performed during 

ECC was documented every 10 seconds, and this was used to match the intensity for CON 

cycling.  

 

Concentric Cycling (CON) 

After a further seven days, participants underwent the CON protocol, which was performed at 

the same time of day as the ECC protocol. CON cycling was performed on the same recumbent 

bicycle as the maximal exercise test. The total exercise duration, warm-up, main component, 

active recovery and cadence were identical to that described above for ECC. However, the 
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intensity (watts) of CON was changed manually by a researcher every 30 seconds to match the 

intensity performed during ECC for each individual subject.  

 

Platelet Function Tests 

When conducted according to the protocols described in Chapter 3, the time commitment 

associated with the measurement of MPAs could be up to 5 times greater than that associated 

with the direct antibody binding of platelet surface receptors. As the studies included in 

Chapters 4, 5 and 7 were running concurrently, regrettably, it was not possible to include MPAs 

in the present study. Therefore, only the direct binding of PAC-1 and anti-CD62P to platelets 

were included. The following agonists and concentrations were included: 2 µM TRAP, 1.5 µM 

ADP, 10 µg/mL AA and 1.5 µg/mL collagen. ADP at the concentration used (1.5 µM) caused 

maximal PAC-1 binding in all participants, so was not included in statistical analysis. 

 

Statistics 

Statistical analyses were performed using SPSS 22 (IBM, Armonk, NY) software. For data 

meeting the assumptions of parametric statistical tests, paired t-tests were conducted to 

determine if significant changes occurred within each session over time. For data failing the 

assumptions of parametric tests, Wilcoxon signed rank tests were conducted. Subsequently, for 

results revealing a significant change in FMD% post-exercise, a linear mixed model analysis 

was conducted with logarithmically transformed artery diameter. This procedure accounts for 

changes in baseline diameter and is recommended under such circumstances (14).  

 

6.3 Results 

Eleven participants (9 male) (mean ± SD) age: 52.0 ± 9.3 yrs, height 178.5 ± 9.3 cm, body 

mass 91.6 ± 19.6 kg, V̇O2 peak 19.9 ± 4.0 ml.kg.min-1 completed the study. The medication use 
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of participants is presented in Table 6.1. Due to complications with the vascular data files of 

one participant, ten participants were included in the analysis of peripheral vascular function. 

Most of these subjects were the same as those included in our recent manuscript related to 

oxygen consumption and hemodynamic variables (55). Briefly, this paper revealed that ECC 

cycling can be performed at matched external workloads, but lower V̇O2, minute ventilation 

and respiratory exchange ratio compared to CON cycling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vascular function 

ECC cycling resulted in a significant (P = 0.04) increase in baseline artery diameter from pre- 

(4.0 ± 0.8 mm) to post-exercise (4.2 ± 0.7 mm) (see Figure 6.1 panels A and B). No change (P 

= 0.43) was observed in baseline artery diameter after CON (pre 4.0 ± 0.7 mm vs post 4.0 ± 

0.7 mm). No significant difference (P = 0.18) in peak artery diameter was observed between 

Table 6.1 Medication use of participants  

Medication  

Anti-platelet (total) 

        Aspirin 

        Warfarin 

        Rivaroxaban 

        Prasugrel 

ACE Inhibitors (total) 

        Ramipril 

        Perindopril 

β-Blockers (Bisoprolol) 

Statins (Atorvastatin) 

Anti-arrhythmic (Amiodarone) 

Aldosterone receptor antagonist 

Angiotensin II receptor antagonist 

N (%) 

7 (63.6) 

3 (27.3) 

4 (36.4) 

2 (18.2) 

1 (9.1) 

9 (81.8) 

8 (72.7) 

1 (9.1) 

9 (81.8) 

7 (63.6) 

4 (36.4) 

4 (36.4) 

1 (9.1) 
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pre- (4.4 ± 0.8 mm) and post-exercise (4.5 ± 0.7 mm) for ECC, as well as CON (P = 0.53, pre 

4.3 ± 0.7 mm vs post 4.4 ± 0.7 mm).  

 

ECC cycling resulted in a borderline significant (P = 0.05) decrease in FMD% from pre- (9.0 

± 2.9 %) to post-exercise (6.0 ± 4.0 %) as shown in Figure 6.1 (panels C and D). CON cycling 

did not result in any change (P = 0.94) in FMD% (pre: 8.8 ± 2.8 % vs post: 8.8 ± 3.9 %). When 

the FMD response was corrected to account for changes in baseline diameter, the change in 

FMD post-ECC was no longer significant (P = 0.26). This suggests the decrease in FMD 

following ECC was due, in large part, to the increase in baseline artery diameter following 

ECC. 

 

 

Figure 6.1 Changes in brachial artery diameter before and immediately after concentric (CON) and eccentric 

(ECC) cycling (A), delta change in artery diameter from pre- to post-exercise time-points (B), change in 

flow mediated dilation (FMD%) from pre- to post-exercise (C) and delta change in FMD% from pre- to 

post-exercise (D). Data is mean ± SE, * indicates significant difference from pre-exercise (P = <0.05), 

N=10. 
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Platelet Function  

No significant differences (all P = >0.05) were found in either PAC-1 (see Table 6.2) or anti-

CD62P binding (see Table 6.3) in the absence or presence of canonical platelet agonists 

following CON or ECC cycling. 

 

 

Table 6.2 Platelet PAC-1 binding before and after concentric and 

eccentric cycling 

Variable   % PAC-1 binding 

                                       

No Agonist 

Concentric 

Eccentric 

 

TRAP 2 µM 

Concentric 

Eccentric 

 

AA 10 µg/ml 

Concentric 

Eccentric 

 

Collagen 1.5 µg/ml 

Concentric 

Eccentric 

Pre 

 

6.8 ± 5.2 

4.7 ± 0.8 

 

 

25.1 ± 3.6 

23.7 ± 3.6 

 

 

29.0 ± 3.3 

24.8 ± 3.0 

 

 

14.7 ± 2.0 

11.7 ± 1.5 

Post 

 

5.6 ± 2.2 

5.2 ± 0.9 

 

 

22.8 ± 1.8 

23.3 ± 3.5 

 

 

25.1 ± 3.1 

22.3 ± 2.8 

 

 

11.4 ± 1.2 

  9.9 ± 1.6 

Statistics 

 

P = 0.859 

P = 0.213 

 

 

P = 0.450 

P = 0.594 

 

 

P = 0.104 

P = 0.284 

 

 

P = 0.091 

P = 0.178 

Thrombin Receptor Activating Peptide-6 TRAP, Arachidonic Acid 

AA 
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6.4 Discussion 

Acute bouts of exercise involve a transient elevation in the risk of an acute cardiovascular event 

(342). This may be associated with evidence suggesting that some forms of acute exercise can 

reduce indices of vascular function (80) and increase platelet activation and sensitivity to 

agonists (145, 179). This is the first study, to our knowledge, to investigate the acute effect of 

discrete bouts of CON and ECC cycling, matched for duration and external workload, on 

platelet and vascular function in patients with CHF. We assessed the impacts of ECC exercise 

because it may be particularly relevant in CHF, since it requires less oxygen uptake to sustain 

matched workloads of exercise (272). We found that ECC cycling significantly increased 

conduit artery diameter, with no such change observed following CON cycling. The decrease 

in FMD observed following ECC was likely caused by this significant increase in baseline 

Table 6.3 Platelet anti-CD62P binding with concentric and 

eccentric cycling 

Variable % anti-CD62P binding                   

                                       

No Agonist 

Concentric 

Eccentric 

 

TRAP 2 µM 

Concentric 

Eccentric 

 

ADP 1.5 µM 

Concentric 

Eccentric 

 

AA 10 µg/ml 

Concentric 

Eccentric 

 

Collagen 1.5 µg/ml 

Concentric 

Eccentric 

Pre 

 

 2.0 ± 0.9 

 1.8 ± 1.3 

 

 

 5.5 ± 3.5 

 5.3 ± 4.5 

 

 

69.1 ± 25.0 

69.4 ± 26.3 

 

 

12.2 ± 6.1  

13.2 ± 6.6 

 

 

  5.1 ± 4.4 

  5.3 ± 4.8 

Post 

 

  2.6 ± 1.0 

  2.0 ± 1.4 

 

 

  5.9 ± 3.8 

  6.3 ± 5.1 

 

 

68.9 ± 27.9 

71.8 ± 26.0 

 

 

13.7 ± 8.1 

13.2 ± 6.1 

 

 

  6.1 ± 6.6 

  5.1 ± 4.9 

Statistics 

 

P = 0.450 

P = 0.169 

 

 

P = 0.374 

P = 0.213 

 

 

P = 0.722 

P = 0.450 

 

 

P = 0.398 

P = 0.981 

 

 

P = 0.213 

P = 0.712 

Thrombin Receptor Activating Peptide-6 TRAP, Adenosine 

diphosphate ADP, Arachidonic Acid AA 
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artery diameter post-exercise. The vasodilator impact of ECC on baseline arterial diameter 

occurred despite the workload being matched to the CON condition, with the ECC session 

performed with ~13% lower V̇O2 requirement (55). Participation in short bouts of CON and 

ECC cycling at a moderate intensity did not result in any significant change in platelet 

activation, as measured by PAC-1 or anti-CD62P binding, both of which are sensitive and 

specific markers of platelet function associated with acute coronary risk (206). These findings 

suggest that short bouts of moderate intensity ECC or CON cycling have no detrimental 

impacts on vascular or platelet function in patients with CHF. 

 

Eccentric exercise is an appealing modality of exercise for patients with impaired cardiac and 

hemodynamic function, and we have recently demonstrated that ECC cycling is associated with 

a lower oxygen demand than conventional CON cycling in patients with CHF (55). The acute 

effects of ECC cycling on peripheral vascular and platelet function, both of which may have 

implications relating to acute atherothrombotic risk, have not previously been explored in CHF. 

Indeed, acute ECC exercise data in patients with CHF are sparse, but one study suggests that 

eccentric resistance exercise decreased FMD post-exercise, even after adjustment for baseline 

diameter changes (330). This contrasts with our findings which may suggest an increase in 

arterial function post-ECC, characterised by vasodilation which impacted upon the FMD result. 

It has been demonstrated that post-exercise changes in vascular function are dependent on 

exercise intensity, with higher intensities conferring greater reduction (30), and we cannot rule 

out the possibility that exercise performed at a different intensity or for longer duration, may 

have resulted in a different outcome.  
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The primary difference in brachial artery response between the cycling modalities was an 

increase in resting vessel diameter following ECC. No such change was evident following 

CON. The underlying mechanisms behind this are unknown, but may be linked to differences 

in hemodynamics, neural and hormonal responses between these contrasting exercise 

modalities (23). We recently reported that heart rate, mean arterial pressure and rate pressure 

product are similar between the ECC and CON cycling (55), implying that differences in 

hemodynamics are not likely to account for the vasodilator effect of ECC. Whilst the 

mechanisms responsible for the dilator effect of ECC are not currently known, our findings 

suggest that moderate intensity, short duration ECC exercise does not adversely impact on 

vascular function in CHF. 

 

There were no significant changes in circulating activated platelets, or platelet reactivity to 

physiologically relevant agonists, following either exercise protocol. A previous study in 

healthy, untrained participants observed that the acute effect of exercise on platelets is intensity 

dependent (151), and it is possible that the intensity and/or duration of exercise used in the 

present study were insufficient to induce significant changes in platelet function. This may also 

explain why our findings contrast with a previous study that reported increased platelet 

activation following a maximal CON cycling exercise test in CHF (57). ECC exercise is not 

commonly prescribed to patients with CHF and the acute impacts of ECC on platelets have not 

previously been reported in such subjects. Whilst the exercise protocols included in the present 

study were somewhat conservative, in part to reduce the risk of skeletal muscle damage and 

soreness (188, 268), our findings suggest that ECC cycling can be conducted safely in patients 

with CHF, without the risk of inducing significant platelet activation.  
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Participants were undergoing treatment for CHF throughout the study period, and were 

instructed to maintain their normal regimen of medication, so not to impact upon their therapy. 

As such, ~63% of participants were prescribed some form of anti-platelet / coagulation 

medication, and it is possible this may have masked any effect of exercise on platelets in the 

present study. However, there is evidence to suggest this may not be the case, as aspirin and 

warfarin use have previously shown to be incapable of inhibiting the effects of maximal 

exercise on platelets and coagulation markers (59, 164, 194).  

 

In summary, we observed a relative vasodilator impact of ECC cycling, but not after CON 

cycling in patients with CHF, however platelet function was unaffected after both exercises. 

Given that both platelet and vascular function are involved in ACS, our findings provide novel 

data relating to the possible safety of ECC cycling in patients with CHF, and do not suggest 

that ECC cycling presents a greater acute cardiovascular risk to patients with CHF than 

conventional cycling, when matched for external workload and duration. 
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Chapter 7 

Study 4 

Effect of six month land and water based walking 

interventions on platelet function in older sedentary 

adults: A randomised controlled trial 

 

7.0 Abstract 

Platelet activation, including the formation of MPAs, contributes to atherosclerosis, thrombus 

formation and acute coronary syndromes. Regular participation in exercise can lower 

cardiovascular risk, but little is known regarding the impact of exercise training on platelet 

activation. Sedentary individuals can meet current physical activity recommendations by 

walking, but some evidence suggests that repetitive mechanical loading associated with weight 

bearing exercises such as land walking (LW) can induce blood cell damage and haemolysis. 

Water walking (WW) is associated with lower loading forces than LW, so we investigated the 

effect of 6 months of regular LW, versus WW, on platelet function in apparently healthy older 

adults. Forty-three participants were randomised to 6 months of either no prescribed exercise 

(NE, N=14), or 3 x 50 mins/wk of supervised centre-based LW (N=15) or WW (N=14), at 

matched relative intensities. MPAs, assessed using flow cytometry, increased from 0M to 6M 

in the NE and WW groups (P = 0.03), as did ADP induced MPA formation (P = 0.01) in the 

NE group. In contrast, MPAs remained unchanged in the LW group (P = 0.31) and ADP-

induced MPA formation remained unchanged in the WW group (P = 0.47). Collectively, these 

data suggest that LW that meets current PA guidelines may be superior to both WW and NE at 

preventing increases in circulating MPAs over time, but that agonist-induced MPA formation 

is insensitive to exercise-mediated adaptation.   
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7.1 Introduction 

Cardiovascular disease is highly prevalent in Westernised countries; a recent report indicated 

that more than one in three American adults currently has at least one type of CVD (247). The 

role of platelets in both the initiation of atherosclerosis and latter stages of CVD is now well 

recognised (351). Degranulation of platelets, which exposes CD62P on the platelet surface, 

facilitates interaction between platelets and monocytes (231). The consequent formation of 

MPAs results in the release of pro-inflammatory mediators (293) which promote the adhesion 

of monocytes to the endothelial cell surface, providing an atherogenic pathway for cell 

infiltration into the sub-endothelial space (355). In addition, ACS and ischaemic stroke 

typically involve platelet activation and the formation of a flow occluding thrombus (94, 197). 

 

Physical activity (PA) is promoted in numerous public health guidelines (46, 47, 113), as 

evidence suggests that regular participation in PA is associated with reduced CVD risk factors 

(119) and the incidence of ACS and CVD mortality (244). Walking is a mode of PA that can 

be safely adopted and maintained by the majority of older sedentary individuals (251), as it is 

performed at low-to-moderate intensities with minimal equipment or financial burden. 

Walking has the ability to induce favourable improvements in metabolic profile alongside 

increases in aerobic capacity (250, 252), an independent risk factor for CVD that is inversely 

associated with CVD risk factors (190). To date, few studies (178, 306) have investigated 

whether in vivo platelet activation and platelet reactivity to agonists can be modulated by 

participation in regular walking exercise, and no study, to our knowledge, has been conducted 

in apparently healthy older individuals. 
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Previous studies of the impact of exercise training on platelet function are scant. There is some 

evidence to suggest increased fibrinolytic capacity (154), decreased soluble markers of platelet 

activation (33) and a reduction in agonist-induced platelet aggregation (83) following 

participation in exercise programs. Nonetheless, only three studies, to our knowledge, have 

utilised flow cytometry to assess platelet function in response to exercise training interventions 

(178, 306, 362). One of these studies included MPAs (306) and only one included a platelet 

agonist (ADP) (178). These studies were conducted in healthy young volunteers (362), patients 

with CAD (178) and with PAD (306), and all reported no change in resting platelet activation 

following training. Whilst a decrease in ADP sensitivity was observed in CAD patients taking 

part in ~5 hours of walking per week (16 weeks), this was not observed in a group walking ~2 

hours a week (178).  

 

The high repetition of loading forces exerted on the foot by activities performed on hard 

surfaces can result in blood cell damage (234, 340). Water immersion increases buoyancy and 

reduces gravitational forces (350, 363), and walking in water results in lower ground reaction 

forces and musculoskeletal impact (20, 237). As such, water-based walking may be particularly 

suited to older sedentary individuals (376) and it can increase aerobic fitness, muscular strength 

and improve functional outcomes (336, 376). The aim of the present study was to determine if 

a 6 month supervised walking exercise intervention in apparently healthy older adults would 

induce changes in platelet function. In addition, we aimed to test whether differences would 

occur if walking was performed at matched relative exercise intensities on land, compared to 

in the water.  
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7.2 Methods 

Male and post-menopausal female participants were recruited from the general population in 

Perth, Western Australia, using multiple recruitment strategies including advertisements in 

local newspapers, radio stations and posters. Apparently healthy individuals aged 55 years and 

over were encouraged to contact the research team, resulting in initial phone screening 

procedures which included questionnaires to determine suitability to attend a formal screening 

visit (see Figure 7.1). Initial exclusion criteria included serious illness such as cancer, 

diagnosed cognitive impairment or dementia, current or past history of ischaemic heart disease, 

angina, stroke, persistent arrhythmias, diabetes mellitus, airway disease, epilepsy, severe 

mental illness, engaging in more than 1 hour of physical activity per week, current or recent 

smokers (within 12 months), pre- or peri-menopausal females and alcohol consumption >28 

standard drinks/wk. 

 

Individuals satisfying the initial criteria were invited to the laboratory to attend a screening 

session, during which a number of measures were collected including: height, body mass, 

resting ECG and fasting blood tests (glucose, lipid profile, full blood count, urea and 

electrolytes) to determine suitability for inclusion. Participants exhibiting abnormal cardiac 

rhythms, blood test results suggestive of chronic kidney disease, diabetes, or total cholesterol 

>7mmol/L were excluded. Included participants were then invited to perform an exercise stress 

test (Modified Chronotropic Protocol) with respiratory gas analysis and ECG monitoring, and 

those with evidence of exertion-induced myocardial ischaemia or significant arrhythmias were 

excluded from further participation. The study was approved by the University of Western 

Australia Human Research Ethics Committee, procedures were in accord with the Declaration 

of Helsinki and all participants provided written informed consent. 
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Figure 7.1  Flow diagram providing an overview of the study design, from recruitment and initial 

participant contact, screening, group allocation, data collection, the intervention and post-

intervention data collection.     
 

7.2.1 Experimental procedures 

Participants satisfying the inclusion criteria were subsequently randomised into one of three 

groups: 1. no-exercise (NE), 2. land walking (LW), and 3. water walking (WW). The 

intervention period for all participants was 24 weeks (6 months) in duration. The exercise stress 
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test with respiratory gas analysis and ECG was repeated at the end of the 6 month intervention. 

 

No-exercise (control) group  

Participants in the no-exercise group were instructed not to change their current lifestyle or 

physical activity patterns for the duration of the study period.  

 

Exercise groups 

Participants randomised to the two exercise groups were asked to attend the university three 

times per week to take part in walking exercise. Exercise intensity was individualised for each 

participant based on heart rate (% heart rate reserve HRR) and the duration of exercise was 

identical for all participants in both exercise groups. At week 1, exercise duration commenced 

at 15 minutes per bout and was progressively increased to reach 50 minutes per bout by the 

beginning of week 13. The 50 minute duration of each session was then maintained for the 

remainder of the intervention period. Exercise intensity was initially set at 40-45% HRR and 

progressively increased to 60-65% HRR by the beginning of week 13. This resulted in 

participants achieving a total of 150 mins/wk of moderate intensity exercise, which is in 

accordance with physical activity guidelines (113). The land based walking was conducted 

outside in the natural environment, and water walking was based in a heated pool (~28°C) at a 

depth (~1.2 m) which approximately reached chest height for the majority of participants. We 

recently demonstrated that heart rate and oxygen uptake are similar when upright stepping 

exercise is performed in water and on land (278). All participants wore a heart rate monitor 

(Polar RS300X, Polar Electro Oy, Finland) for the duration of each session, and were 

monitored by an exercise physiologist to ensure target heart rates were achieved and 

maintained.  
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Blood collection 

Resting blood samples were collected at week 0 (before the intervention) and were repeated 

following 24 weeks training, at weeks 25 or 26 (following a minimum washout period of 2 

days following the final walking session and no more than two weeks following exercise 

cessation), under identical conditions (protocol described in Chapter 3.1). Participants arrived 

at the laboratory in the morning between 7:00-9:30am following an overnight fast, having 

abstained from the consumption of caffeine and alcohol for 12 and 24 hours, respectively, and 

not taken part in physical exercise for 24 hours. Adherence to the protocol was confirmed by 

questionnaire on arrival. Prior to attending the laboratory for data collection, participants were 

instructed to be clear of symptoms for 7 days if they had recently suffered with acute conditions 

including respiratory tract infection, cold and flu. Participants taking prescription medications 

were instructed to maintain their usual routine of administration. However, the use of non-

prescribed medications such as anti-inflammatory, anti-histamine, antibiotic, aspirin, cold and 

flu medications were ceased for at least 7 days prior to blood collection. Participants lay supine 

in a cool temperature controlled room for 15 minutes, after which a blood sample was collected 

from the dominant arm for the assessment of platelet function.  

 

One concentration of the following three agonists were used to test the reactivity of platelets to 

form MPAs and for the direct binding of PAC-1 and anti-CD62P to platelets: 5 µM TRAP, 1.5 

µM ADP, 10 µg/mL AA and 1.5 µg/mL collagen.  

 

Statistics 

For MPAs, PAC-1, CD62P binding and peak exercise test data there were no incidences where 

all the data in all groups met normality assumptions, a criteria necessary to perform two-way 

ANOVA tests. Therefore, the testing of changes over time for within-group effects, and the 
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testing of between-group differences at corresponding time-points were conducted separately. 

To test for within group differences over time (i.e., 0M vs 6M) paired t-tests or Wilcoxon 

Signed Ranks tests were conducted for each group individually, for data meeting and failing 

normality assumptions respectively. To test for differences between the three groups at 

corresponding time-points (i.e., differences at 0M, and at 6M) a Kruskal-Wallis test was 

conducted for each time-point. To determine if there were differences in the magnitude of 

change in platelet function from pre-post training, one-way ANOVA or Kruskal-Wallis tests 

were conducted for data meeting and failing normality assumptions respectively, followed by 

independent sample t-tests or Mann-Whitney U tests.  

 

ADP at the concentration used (1.5µM) caused maximal PAC-1 binding in all participants, so 

was not included in statistical analysis. Due to four participants (1 NE, 2 LW, 1 WW) not 

reaching maximal exertion during either the 0M or 6M exercise test (stating they were unable 

to reach maximum whilst breathing with the mouthpiece and nose peg for the acquisition of 

breathing gases) this data was not included in statistical analysis. A technical issue during the 

analysis of platelet function (PAC-1 and anti-CD62P binding only) resulted in 1 missing data 

point with AA incubation in the LW group, 1 with collagen incubation in the NE group, and 1 

missing data point in the LW group with no agonist, so these were not included in the analysis.  

 

7.3 Results 

A total of 43 participants (10 male, 33 female), aged 61.5 ± 6.5 yrs (mean ± SD), height 165.3 

± 7.8 cm and total body mass (BMI) 73.7 ± 15.9 kg, body mass index 26.8 ± 4.4 kg/m2 

completed the study. Fourteen participants were randomised into the NE group (N = 2 male, 

12 female), fifteen to the LW group (N = 4 male, 11 female) and fourteen to the WW group (N 

= 4 male, 10 female). No significant changes in total body mass or BMI were found in any 
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group from 0M to 6M (see Table 7.1). Blood pressure medication was taken by NE = 0, LW = 

3, WW = 4; cholesterol medication by NE = 1, LW = 3, WW = 2; and anti-depressant 

medications by NE = 2, LW = 0, WW = 2. No participants took regular anti-platelet therapy.    

 

Peak aerobic capacity 

Exercise performance in terms of time to exhaustion increased significantly (P = <0.01) from 

0M to 6M in the LW group only (data presented in Table 7.1). No significant changes were 

found between 0M and 6M time-points for time to exhaustion in either the WW (P = 0.20) or 

the NE group (P = 0.40). No significant changes were observed in V̇O2peak, either in absolute 

(L.min-1) or relative (ml.kg.min-1) terms in any group from 0M to 6M (all P > 0.05), but there 

was a borderline decrease (P = 0.06) in V̇O2peak (L.min-1) from 0M to 6M in the NE group. 
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Table 7.1 Body mass and measures of aerobic fitness collected before and after a 6 month 

intervention period 

 Baseline (0M) Post-intervention (6M) P = 

Total body mass (kg) 

NE (N = 14) 

LW (N = 15) 

WW (N = 14) 

Body mass index (kg/cm2) 

NE (N = 14) 

LW (N = 15) 

WW (N = 14) 

Time to exhaustion (min.sec) 

NE 

LW 

WW 

V̇O2 peak (ml.kg.min-1) 

NE 

LW 

WW 

V̇O2 peak (L.min-1) 

NE 

LW 

WW 

 

70.7 ± 14.4 

75.5 ± 11.4 

75.4 ± 21.2 

 

26.1 ± 3.8 

27.3 ± 3.0 

26.9 ± 6.0 

 

17.38 ± 1.44 

16.40 ± 3.38 

16.15 ± 5.00 

 

29.53 ± 4.27 

28.09 ± 8.88 

28.06 ± 3.79 

 

2.02 ± 0.45 

2.15 ± 0.82 

2.08 ± 0.71 

 

71.2 ± 13.9 

74.9 ± 11.7 

74.3 ± 21.7 

 

26.3 ± 3.8  

27.3 ± 3.0 

26.5 ± 6.1 

 

17.54 ± 2.00 

18.33 ± 2.50 

17.00 ± 3.00 

 

27.99 ± 3.27 

28.51 ± 7.66 

28.53 ± 5.10 

 

1.92 ± 0.39 

2.17 ± 0.78 

2.10 ± 0.76 

 

0.48 

0.99 

0.19 

 

0.27 

0.89 

0.29 

 

0.40 

 <0.00* 

0.20 

 

0.07 

0.55 

0.81 

 

0.06 

0.92 

0.92 

Data collected from participants randomly allocated to No Exercise NE, Land Walking LW and 

Water Walking WW, before the intervention 0M and after the intervention 6M.  

Statistical analyses conducted to determine within group changes from 0M to 6M, * indicates 

significant change from baseline (P = <0.05). Data are presented as mean ± SD.  
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Monocyte-platelet aggregates 

Circulating MPAs increased significantly (P = 0.01) in the WW group from 0M: 3.5% (1.1%) 

to 6M: 4.9% (3.0%) median (interquartile range) (see Figure 7.2 panel A). No significant 

changes in circulating MPAs were observed over time in either the NE group from 0M: 4.0% 

(2.3%) to 6M: 4.5 (3.2) (P = 0.11) or the LW group from 0M: 3.9% (2.2%) to 6M: 3.6 (1.1) (P 

= 0.31). The change in circulating MPAs from 0M to 6M were significantly greater in the NE 

(P = 0.04) and WW (P = 0.02) groups compared to the LW group (see Figure 7.2 panel B). At 

corresponding time-points no significant differences were found in circulating MPAs between 

the three groups at either 0M or 6M (see Table 7.2).   

 

Table 7.2 Results of statistical testing for differences in monocyte-

platelet aggregates at corresponding time-points between three 

groups of participants before and after 6 month interventions 

 0M (P =) 6M (P =) 

Monocyte-platelet aggregates 

No Agonist 

TRAP 5µM 

ADP 1.5µM 

AA 10µg/ml 

Collagen 1.5µg/ml 

 

0.66 

0.91 

0.21 

0.78 

0.91 

 

0.32 

0.40 

0.61 

0.24 

0.99 

Blood collected pre-intervention 0M and post-intervention 6M. 

Thrombin receptor activating peptide TRAP, adenosine diphosphate 

ADP, arachidonic acid AA. For descriptive statistics please refer to 

Figure 7.2 panel A (no agonist) and Figure 7.3 (with agonists)   
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Figure 7.2 The percentage of circulating monocyte-platelet aggregates (MPAs) in blood samples collected 

at the beginning (0M) and end (6M) of a 6 month intervention period from participants 

randomly allocated to no-exercise (NE), land walking (LW) and water walking (WW) groups 

(panel A), and the change in MPAs from 0M to 6M (panel B). * in panel A signifies 

significant (P = <0.05) within group differences from 0M to 6M, * in panel B signifies 

significant (P = <0.05) difference between groups. Data is presented as median with error 

bars representing interquartile range.  

 

There was a significant change in MPAs with agonist stimulation, with an increase in ADP 

sensitivity from 0M to 6M in the NE (P = 0.01) and LW (P = 0.04) groups, but no significant 

change was found in the WW group (P = 0.47) (see Figure 7.3 panel A). Nonetheless, the 

magnitude of change from 0M to 6M was not significantly different between the three groups 

with ADP stimulation (P = 0.35). No significant within-group changes in MPA formation were 

found from 0M to 6M with either TRAP (NE P = 0.27, LW P = 0.31, WW P = 0.47), AA (NE 

P = 0.20, LW P = 0.61, WW P = 0.18) or collagen (NE P = 0.14, LW P = 0.16, WW P = 0.16) 

incubation (refer to Figure 7.3 panels B, C & D). At corresponding time-points, there were no 

significant differences in MPAs between the three groups at either 0M or 6M (all P >0.05) (see 
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Table 7.2). No differences were found in the magnitude of change in MPAs between groups 

with either TRAP (P = 0.97), AA (P = 0.18) or collagen (P = 0.72) incubation.  

 

 

  Figure 7.3 The percentage of monocyte-platelet aggregates (MPAs) in blood samples collected at the 

beginning (0M) and end (6M) of a 6 month intervention period when incubated with 1.5 µM 

adenosine diphosphate ADP (panel A), 5 µM thrombin receptor activating peptide-6 TRAP 

(panel B), 10 µg/ml arachidonic acid AA (panel C) and 1.5 µg/ml collagen (panel D), from 

participants randomly allocated to no-exercise (NE), land walking (LW) and water walking 

(WW). * signifies significant (P = <0.05) within group differences in MPAs from 0M to 6M 

time-points. Data is presented as median with error bars representing interquartile range.  

 

Granule exocytosis (CD62P expression) 

No significant differences in platelet anti-CD62P binding were observed over time in any group 

with no agonist, or when incubated with either TRAP, ADP, or collagen (all P = >0.05, see 

Table 7.3). A significant (P = 0.03) reduction in CD62P expression was observed from 0M to 

6M with AA incubation in the LW group only. At corresponding time-points, there were no 

significant differences in anti-CD62P binding between the three groups at either 0M or 6M (all 

P >0.05) (see Table 7.3). No differences were found in the magnitude of change in anti-CD62P 
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binding between groups with either NA (P = 0.49), TRAP (P = 0.22), ADP (P = 0.88), AA (P 

= 0.07) or collagen (P = 0.16) incubation.  

 

Table 7.3 The expression of CD62P on circulating platelets and following exposure to 

canonical agonists in blood samples collected before and after a 6 month intervention period 

 0M 

% binding 

6M  

% binding 

0M vs 6M  

P = 

0M 

P = 

6M 

P = 

CD62P NA 

NE   

 LW (N = 14) 

WW  

CD62P ADP 

NE 

LW 

WW 

CD62P TRAP 

NE 

LW 

WW 

CD62P AA 

NE 

  LW (N = 14) 

WW 

CD62P Collagen 

     NE (N = 13) 

LW 

WW 

 

1.3 (1.4) 

1.4 (1.0) 

1.4 (0.5) 

 

55.0 (25.2) 

63.7 (39.9) 

67.3 (34.0) 

 

89.0 (17.3) 

76.0 (31.1) 

72.9 (55.3) 

 

8.6 (20.3) 

16.1 (18.9) 

11.6 (7.5) 

 

5.0 (7.2) 

6.7 (6.1) 

5.1 (4.6) 

 

2.0 (1.8) 

1.6 (0.8) 

1.7 (0.9) 

 

62.8 (30.0) 

73.4 (24.5) 

75.6 (17.8) 

 

82.3 (46.8) 

82.3 (34.3) 

85.0 (39.5) 

 

16.8 (12.1) 

8.9 (5.5) 

8.8 (15.0) 

 

6.0 (7.3) 

4.7 (5.0) 

5.1 (6.1) 

 

0.20 

0.99 

0.20 

 

0.07 

0.08 

0.51 

 

0.68 

0.87 

0.08 

 

0.33 

  0.03* 

0.51 

 

0.46 

0.16 

0.33 

 

0.94 

 

 

 

0.58 

 

 

 

0.27 

 

 

 

0.57 

 

 

 

0.32 

 

 

0.45 

 

 

 

0.82 

 

 

 

1.00 

 

 

 

0.15 

 

 

 

0.50 

 

% platelet anti-CD62P binding in blood samples collected from participants randomised to 6 

months of either: No Exercise NE, Land Walking LW or Water Walking WW. Samples were 

collected before 0M and after 6M the intervention and were incubated with no agonist NA, 

1.5 µM adenosine diphosphate ADP, 5 µM thrombin receptor activating peptide-6 TRAP, 10 

µg/ml arachidonic acid AA and 1.5 µg/ml collagen. Data is presented as median (interquartile 

range). Statistical analyses conducted to determine within group changes from 0M to 6M, 

and between group differences at 0M and 6M. *signifies significant difference between 0M 

and 6M time-points. N = NE 14, LW 15, WW 14 unless stated otherwise. 
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Glycoprotein IIb/IIIa expression (PAC-1 binding) 

PAC-1 binding did not significantly (all P >0.05) change in any group with no agonist (see 

Table 7.4). TRAP significantly (P = 0.01) increased PAC-1 binding in the WW group only, 

and no such changes were observed in either the NE (P = 0.40) or LW (P = 0.84) groups. The 

increase in TRAP induced PAC-1 binding in the WW group was significantly greater than both 

NE (P = <0.01) and LW (P = 0.01). No significant changes (all P >0.05) were observed in 

PAC-1 binding in any group with either AA or collagen incubation (see Table 7.4). At 

corresponding time-points there were no significant differences (all P >0.05) in PAC-1 binding 

between the three groups at either 0M or 6M (see Table 7.4). No differences were found in the 

change in PAC-1 binding between groups with either NA (P = 0.95), AA (P = 0.94) or collagen 

(P = 0.90) incubation.  
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Table 7.4 Expression of the activated conformation of the platelet GPIIb/IIIa receptor on 

circulating platelets and in response to canonical agonist exposure in blood samples 

collected before and after a 6 month intervention period 

 0M 

% binding 

6M 

% binding 

OM vs 6M  

P = 

OM 

P = 

6M 

P = 

PAC-1 NA 

NE   

       LW (N = 14) 

WW  

PAC-1 TRAP 

NE 

LW 

WW 

PAC-1 AA 

NE 

        LW (N = 14) 

WW 

PAC-1 Collagen 

         NE (N = 13) 

LW 

WW 

 

1.7 (5.1) 

3.1 (2.8) 

2.0 (2.3) 

 

96.5 (11.1) 

95.0 (24.2) 

77.1 (43.2) 

 

19.6 (33.0) 

22.4 (26.0) 

15.5 (18.6) 

 

21.1 (23.2) 

9.2 (19.1) 

12.2 (30.3) 

 

4.5 (13.9) 

3.5 (7.4) 

3.2 (4.1) 

 

95.0 (24.0) 

97.1 (20.1) 

97.2 (32.7) 

 

33.1 (25.4) 

29.5 (22.8) 

23.0 (14.4) 

 

15.7 (45.8) 

12.8 (22.8) 

14.7 (19.4) 

 

0.22 

0.14 

0.14 

 

0.40 

0.84 

  0.01* 

 

0.12 

0.36 

0.22 

 

0.86 

0.36 

0.33 

 

0.99 

 

 

 

0.14 

 

 

 

0.77 

 

 

 

0.40 

 

0.65 

 

 

 

0.89 

 

 

 

0.18 

 

 

 

0.86 

% platelet PAC-1 binding on blood samples collected from participants randomised to 6 

months of either: No Exercise NE, Land Walking LW or Water Walking WW. Samples 

were collected before 0M and after 6M the intervention and incubated with no agonist NA, 

5 µM thrombin receptor activating peptide-6 TRAP, 10 µg/ml arachidonic acid AA and 1.5 

µg/ml collagen. Data is presented as median (interquartile range). Statistical analyses 

conducted to determine within group changes from 0M to 6M, and between group 

differences at 0M and 6M. * indicates significant change from baseline (P = <0.05). Data is 

presented as mean ± SD. N = NE 14, LW 15, WW 14 unless stated otherwise. 

 

7.4 Discussion 

Through complex interactions with cell messengers and pro-inflammatory mediators, platelet 

activation is linked to the early stages of CVD, contributing to the low-grade inflammation 

associated with atherosclerosis, monocyte adhesion to the endothelial cell surface and 
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transmigration of monocytes into the sub-intimal space (108, 116, 223, 355, 380). Platelets are 

also linked to acute manifestations of atherothrombotic CVD, including ACS and stroke (94). 

These findings emphasise the clinical relevance of platelet function in vivo. However, the 

impacts of exercise training on platelet function are not well understood and there are very few 

longer-term exercise training studies in the literature, particularly in older participants.  

 

Regular walking can enhance functional capacity and induce favourable changes in functional 

capacity and traditional CVD risk factors in sedentary individuals (250, 252), but repetitive 

mechanical loading as a result of weight bearing land-based activities can result in damage to 

blood cells (340). In this study, we sought to determine if platelet function would be modified 

by walking exercise in previously sedentary older adults and if walking in water would elicit 

different adaptations.  

 

We found that the 6 month land walking intervention significantly increased time to exhaustion 

by an average of two minutes during the maximal treadmill test compared to pre-intervention. 

No significant increases in V̇O2peak and time to exhaustion were evident in the WW group. 

These findings contrast with the results of the no-exercise control group, in which there was a 

trend towards decreased V̇O2peak. It is possible that improvements in time to exhaustion reflect 

increased confidence during treadmill exercise and/or improved walking economy as a result 

of neuro-muscular adaptations (91). Indeed, a previous study found that 7 weeks of walking 

exercise in older adults improved exercise test performance, increased preferred walking speed 

and improved gait performance (speed and energy cost) of walking, with no improvement in 

peak oxygen uptake (216). However, all three groups experienced the same number of treadmill 

tests and the LW group did not train on a treadmill, so any improvements as a result of 

incidental familiarisation effects should reasonably have been expected to manifest in the NE 
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as well as the exercised groups. These findings provide some foundation for the conclusion 

that the exercise groups experienced a maintenance or small improvement in functional 

capacity, in contrast to the no exercise group across the 6 month intervention period.   

 

An increase of ~1 minute (group average) was observed in time to exhaustion in the WW group, 

which is approximately half that observed in the LW group. This suggests that LW was a better 

modality than WW at improving exercise performance, a finding that is unlikely to be due to 

differences in exercise training intensity, as our previous findings indicate that the LW and 

WW groups should have been closely matched in this regard (278). In addition, all exercise 

sessions were closely monitored and exercise intensity continually adjusted to target, making 

it unlikely that systematic differences between the exercised groups existed in terms of exercise 

load. One possible explanation for the difference in adaptation relates to specificity (143, 271), 

as both the LW training and treadmill stress test were performed on land. Nonetheless, as 

mentioned above, the NE group exhibited a trend towards decreased peak oxygen consumption 

in both absolute (P = 0.06) and relative (P = 0.07) terms. These findings highlight the 

importance of regular physical activity at maintaining or improving functional capacity and 

preventing age-related decline in aerobic capacity in physically inactive individuals.  

 

The change in circulating MPAs from pre to post training was significantly greater in both the 

NE and WW groups, compared to the LW group. These data suggest that 6 months of LW in 

previously sedentary older individuals may prevent increases in basal MPA levels over time. 

Such increases in MPAs observed in the NE and WW groups may be associated with aging 

(128) and/or detrimental changes to the internal vascular environment such as increased 

oxidative stress (101) and decreased endogenous NO production (324). Interestingly, walking 

in water at a matched relative intensity (%HRR) to LW did not have the same inhibiting effect. 
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We have previously shown that stepping exercise at an identical HR in water and on land results 

in the similar oxygen uptake (278), so it is unlikely that differences in cardiopulmonary demand 

between these exercise modalities are responsible for these intriguing and divergent findings. 

Although speculative, differences in the mechanical load on bone, muscle and/or the 

vasculature and blood between LW and WW may be involved in preventing increased 

monocyte-platelet aggregation with LW. This contrasts with our hypothesis, which was that 

weight bearing might induce blood cell damage and hence LW might be associated with greater 

induction of MPA than WW. It is possible that LW represents a stimulus that upregulates 

protective mechanisms, invoking “hormesis”, the induction of beneficial adaptations via 

repeated exposure to a challenging stimulus. Further experimentation will be required to 

investigate this possibility.   

 

Only one study, to our knowledge, has included MPAs in their interrogation of exercise training 

on platelet function, and this did not include agonist reactivity (306). This study was conducted 

in 53 patients with PAD, who were randomised to 6 months of either a best medical treatment 

(BMT) group or BMT plus exercise (50 mins intermittent walking 2 x wk). Over the duration 

of the study they found no change in MPAs in either group or between groups. This corresponds 

to our LW group in which no change was observed over the 6 month testing period. However, 

it is not possible to identify whether medication in their study (306), as part of BMT, inhibited 

any increases in MPAs over time or masked any effect of exercise. Indeed, every participant 

included in their study was taking at least one anti-platelet medication and none in the present 

study were taking such medications. It is apparent that the different types of exercises utilised 

in our study had distinct effects on the presence of MPAs in vivo. Although only a small 

increase was observed in the NE and WW groups (mean ~1%), this was over a 6 month 

intervention period and differences may become more pronounced over decades or years. Our 
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findings suggests that at matched relative intensities, LW may be superior to WW and NE at 

preventing increases in circulating MPAs over time in previously sedentary older individuals, 

reinforcing the importance of being physically active across the lifespan. 

 

When blood samples were incubated with ADP, MPAs increased significantly from 0M to 6M 

in both the NE and LW groups, an effect that was directionally similar although not significant 

in the WW group. This suggests that the LW exercise, and to a lesser extent WW exercise, did 

not alter platelet propensity to form MPAs in response to ADP exposure in a manner that 

differed to being inactive (i.e. NE). Indeed, this general observation is consistent across all of 

the agonists included in the present study, as no other differences were observed over time or 

between groups in agonist-induced MPA formation. This is despite the apparent beneficial 

effects of LW on preventing increased MPAs in the circulation per se (Figures 7.2 panels A 

and B). It is unclear why significant changes were observed with ADP but not with other 

agonists, but our findings do not indicate that walking either in water or on land, at a volume 

meeting current PA guidelines (113), impacts on platelet reactivity compared to remaining 

inactive over a 6 month period. The implication of this finding is that regular exercise training 

may not protect individuals from the detrimental impacts of agonist-induced MPA formation 

typical of that which occurs during ischaemia or an acute coronary syndrome. 

 

No significant differences were found in platelet anti-CD62P binding from baseline to post-

training with no agonist. There were trends towards increased ADP sensitivity in the NE and 

LW groups, which supports the increases we observed in MPAs with ADP. This is unsurprising 

as the formation of MPAs is dependent on platelet CD62P expression. The direct binding of 

anti-CD62P to platelets in flow cytometry experiments is not considered to be as sensitive an 

indicator of in vivo platelet activation as measuring MPAs, as CD62P can shed from the platelet 



  Chapter 7 

145 

 

surface fairly rapidly (231). This may be why we did not observe a change in anti-CD62P with 

no-agonist, but did with MPAs, and if the majority of platelets exposing CD62P in the 

circulation have formed MPAs, we would be unlikely to observe increased CD62P expression 

in a single platelet population. We did observe a decrease in AA induced CD62P expression in 

the LW group, but this was not corroborated by the MPA data.  Consistent with our conclusion 

above, these data do not provide compelling evidence to suggest that the exercise interventions 

included in the present study impacted on agonist induced CD62P expression, either compared 

to pre-training or compared to remaining inactive over the 6 month period in which the study 

was conducted.  

 

Positive binding of the PAC-1 antibody on the platelet surface indicates that platelet activation 

has occurred, resulting in the conformational change of the fibrinogen binding site glycoprotein 

(GP) IIb/IIIa which facilitates platelet aggregation in vivo (315). The only significant change 

in PAC-1 binding from 0M to 6M was an increase in the WW group with TRAP incubation. 

This increase was significant, whereas the increases in the NE and LW were not. These results 

indicate that the circulating levels of platelets expressing the high affinity form of GPIIb/IIIa 

and the reactivity of this receptor by platelet agonists were largely unaffected by any of the 

interventions included in the present study. The lack of effect on PAC-1 binding in any group 

may indicate that exercise training, at least moderate intensity walking 3 x 60 mins/wk, may 

be ineffective at changing the haemostatic/thrombotic function of platelets as it pertains to the 

primary fibrinogen receptor on platelets. The lack of significant changes in circulating single 

platelets in a high affinity state for fibrinogen binding may indicate that platelets could have 

undergone activation to the point of granule exocytosis but not GPIIb/IIIa activation, as we did 

observe an increase in MPAs. However, this may be related to the potential detection issues 

described above if activated platelets have formed MPAs, as we did not find an increase in 
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platelet CD62P expression. This could represent a flaw in the direct immunophenotyping of 

platelet surface receptors when attempting to determine circulating levels of activated platelets. 

Therefore, future studies may benefit from including the PAC-1 antibody in MPA reaction 

tubes with no agonist, to determine if these platelets have also undergone GPIIb/IIIa activation, 

which may be a novel approach.  

 

Only two studies, to our knowledge, have utilised flow cytometry for the direct 

immunophenotyping of platelets in response to exercise training interventions (178, 362). One 

of these studies was conducted in healthy men aged ~24 years and found that 30 mins of cycle 

ergometer exercise five days a week for 8 weeks at 60% V̇O2max, did not result in changes to 

platelet CD62P or GPIIb/IIIa expression at rest, compared to baseline (362). This is in line with 

our findings, although there are clear differences in the participant population and exercise 

interventions between our studies, and they did not include agonist reactivity or MPAs in their 

methodological approach. The other study was conducted in patients with CAD and found that 

neither high (40-60 mins of walking 5-7 days/wk) nor moderate (25-40 mins 3 days/wk) levels 

of PA conducted for 4 months, changed platelet CD62P expression or fibrinogen binding 

without agonist exposure (178). However, a decrease in ADP sensitivity (anti-CD62P binding 

only) was observed in the high PA group only. This is in contrast to our findings, as we 

observed a tendency towards increased CD62P expression with ADP (which was significant 

for MPAs). However, the exercise volume in their high PA group was much greater than the 

exercise intervention implemented in our study, notwithstanding the fact that our interventions 

were consistent with public health guidelines relating to exercise prescription. We cannot 

exclude the possibility that a reduction in agonist-induced platelet activation may have been 

observed in our study if a greater volume of exercise was undertaken. Indeed, studies with a 

variety of other outcome measures have indicated that the benefits gained from exercise 
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training may be dose-dependent (89, 168, 262). The results of the Keating et al. paper (178) 

may also have been confounded, as the study was proposed as being a weight loss intervention 

and, although it was documented that participants attended a “behavioural weight loss 

program”, no specific details were provided. In addition, all but one patient was taking regular 

aspirin which is likely to have impacted on the results (295) and the intervention was largely 

unsupervised and home-based exercise. The exercise programs implemented in the current 

study were closely supervised and individually tailored by an experienced Exercise 

Physiologist. They were designed to meet the PA recommendations according to evidence 

based guidelines (46, 47, 113).      

 

Taken together, the findings of the present study indicate that, if previously sedentary older 

adults take up regular walking on land at a volume that meets current PA guidelines (113), it 

may prevent increases in MPAs that otherwise occur over a 6 month intervention period. This 

may have significant implications for vascular health, as the presence of MPAs is associated 

with pro-inflammatory and atherogenic adaptation (76, 105, 223, 380), with consequences for 

CAD (206). In contrast, walking in water at a matched relative intensity did not prevent these 

increases in MPAs from occurring, a finding that may be linked to the increased mechanical 

stresses associated with LW compared to WW. The lack of effect on all measures of platelet 

function we studied in response to agonist exposure indicates that exercise training, at least 

moderate intensity walking 3 x 60 mins, is relatively ineffective at modifying platelet reactivity. 

Hence, exercise training may prevent increases in the pro-inflammatory and atherogenic 

functions of platelets in vivo, which possibly contributes to the reduced atherothrombotic risk 

observed in those who are physically active. However, in the event of physiological agonist 

exposure, such as occurs during an ACS, exercise training may not alter the thrombogenic 

response or alter susceptibility to the consequences of an acute cardiovascular event.  
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Chapter 8 

General Discussion 

 

8.0 Reiteration of the aims and objectives 

The overall aim of this thesis was to use state-of-the-art contemporary approaches to 

investigate, and improve, the current understanding of the impact of exercise on platelet 

function, and the interaction between platelets and the endothelium in humans. There were 

three primary aims: to examine the relationship, if any, between platelet activation and 

endothelial function in older humans at risk of cardiovascular events; to investigate the impact 

of participation in different types of acute exercise on platelet function in apparently healthy 

participants and in patients with cardiovascular disease; and to determine if changes in platelet 

function are induced by 6 months of exercise training. 

 

8.1 General discussion 

Atherosclerosis is the underlying cause of the majority of cardiovascular diseases, the most 

common manifestations including acute MI and ischaemic stroke. Atherosclerosis is a 

progressive disease characterised by a protracted nascent phase, prior to becoming clinically 

apparent (253). The majority (68%) of coronary events occur in asymptomatic individuals, at 

lesion sites that involve minimal lumenal occlusion (103, 196). Acute athero-thrombotic events 

involve both platelets and the vascular wall. Importantly, the interaction between platelets and 

the vascular endothelium is of relevance to atherosclerotic development, as well as ACS.  
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Platelet activation facilitates the interaction between platelets and monocytes; a process linked 

to atherogenesis when MPAs make contact with the dysfunctional endothelium (76, 105). The 

measurement of MPAs by flow cytometry is the most sensitive method currently available to 

measure platelet function (229, 231). Despite the importance of both the endothelium and 

platelets to cardiovascular pathologies, few studies have utilised sensitive in vivo methods to 

simultaneously investigate these variables under basal conditions in humans.  

 

The benefits of physical activity in the prevention of fatal cardiac events are well-established 

(34), but it is unclear whether platelet function is modulated following acute exercise or 

exercise training. Paradoxically, acute cardiovascular risk may be transiently increased during, 

and soon after, participation in discrete bouts of exercise. Yet, no previous studies have 

comprehensively assessed the acute impact of participation in different types of exercise on 

platelet function. Whilst some (not all) studies have reported increased platelet activation 

immediately post-exercise (150), and others have observed a decrease in vascular function (30), 

measurement of both of these variables simultaneously has not previously been undertaken in 

humans. Such studies may conceivably shed new light on the interactions between crucial cells 

types and the mechanisms responsible for cardiovascular events. The studies included in this 

thesis aimed to fill some of the knowledge gaps in this clinically relevant area of cardiovascular 

science.  

 

8.1.1 Aim one – relationship between platelets and the endothelium in older humans 

The findings of Chapter 4 indicated that the hypothesised inverse relationship between platelet 

activation and the production of endothelium-derived by-products was not apparent or 

detectable in healthy older populations. This is despite the use of the most sensitive methods 

currently available to measure these variables in vivo. There is compelling evidence to suggest 
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that NO and PGI2 have the ability to directly inhibit platelet activation, but this data is almost 

entirely derived from in vitro investigations (238, 241). An inverse relationship between 

platelet activation and endothelial function has previously been detected in high risk cardiac 

patients (84, 136). As we did not identify a clear relationship between endothelial and platelet 

function, we suggest that compensatory mechanism/s may contribute to our findings. Indeed, 

there is some evidence to suggest that the production (if not the bioavailability), of endothelium 

derived NO can be upregulated in the presence of traditional cardiovascular disease risk factors 

(66, 235). It is therefore conceivable that whilst individuals remain apparently healthy, 

notwithstanding their age, the biological interplay between the endothelium and platelets 

favours a form of compensatory redundancy, such as exists between multiple mechanisms that 

control vascular function (144). Previous studies in patients with extant CVD, where inverse 

relationships were reported between platelet and endothelial function, furthermore suggest that 

such redundancy may fail under more extreme conditions, or in the presence of more 

established disease and/or inflammation and oxidation. Importantly, our study was the first to 

test this relationship under basal conditions using in vivo analysis techniques in older 

individuals. Although we did not report any statistically significant findings, this study has 

highlighted the complexity of the relationship/s between platelet activation and endothelial 

function in vivo and should instigate further investigation in this important area of research. 

 

8.1.2 Aim two – acute impacts of distinct exercise modalities on platelet function in humans 

The findings of Chapters 5 and 6 suggest that exercise does not induce large increases in 

circulating activated platelets in vivo. In apparently healthy middle-aged men and in patients 

with CHF, all of whom completed discrete bouts of distinct exercise modes, we found no 

evidence to suggest that exercise induced an increase in the circulating levels of activated 

platelets. However, in Chapter 5 we conducted the first direct comparison between 
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participation in different exercise modalities, which included repeated measures collected 

within-subjects. We observed that participation in acute exercise can increase the sensitivity of 

platelets to activation, when exposed to a variety of physiologically relevant platelet agonists. 

We assessed the formation of MPAs, a novel approach which is currently the most sensitive 

method to measure platelet activation. We also provided the first evidence to suggest that 

responses may be influenced by the modality of exercise undertaken; with modalities that 

included a resistance component having the most significant impact. Post exercise changes 

resolved following 1 hour of seated rest, which is in line with the limited extant data in this 

area (150) and also the putative time-course of elevated risk under the framework of the 

exercise paradox. The impact of exercise modality on vascular function parameters was also 

most evident following both exercise bouts which incorporated resistance modalities. These 

were characterised by increased brachial artery baseline and peak diameter during flow 

mediated dilation. These impacts of resistance and combined modality exercise on artery 

diameter were maintained following one hour of seated rest. We suggest that the increase in 

platelet sensitivity to agonist exposure following exercise may be compensated by the increase 

in NO and PGI2 (indicated by the increase in artery diameter) which are also known to increase 

during exercise. As previous studies have highlighted vascular shear stress as the mechanistic 

driver responsible for vasodilation (30, 31, 51), and since shear stress also impacts upon platelet 

activation (183), our studies suggest that shear during exercise may be a factor in our results 

and those of others who have reported increased platelet reactivity following exercise (150, 

151). The combined impacts of modalities of exercise that incorporate a resistance component 

on both platelet and vascular function has implications for elevated post-exercise risk, along 

the lines of the exercise paradox.   
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In Chapter 6, we report that patients with chronic heart failure could participate in short, 

moderate intensity bouts of exercise without causing significant changes in platelet function or 

having detrimental impacts on vascular function. The lack of effect of exercise included both 

in vivo platelet activation and agonist incubation ex vivo. This study included a novel modality 

of cycling (i.e. eccentric cycling), which could be particularly suited to patients with specific 

cardiovascular impairment, such as those with chronic heart failure. We did not observe any 

evidence that differences in platelet function are apparent between conventional (concentric) 

and eccentric cycling bouts. 

 

8.1.3 Exercise training and platelet function  

In Chapter 7, six months of supervised centre- and land-based exercise (walking program) 

designed to meet the current physical activity guidelines (47, 113) was found to have no effect 

on the presence of MPAs in vivo. Across the same timeframe, we observed an increase in the 

presence of MPAs in participants randomised to a non-exercise control group, and also to a 

water-based walking program. As the formation of MPAs is associated with pro-inflammatory 

and atherogenic modification, this study provides novel evidence relating to the potential 

mechanisms of exercise protection from age-related increases in cardiovascular risk. The 

protective impact of land-based exercise on platelet function did not extend to agonist 

reactivity, suggesting that the thrombotic functions of platelets were unaffected by an exercise 

program designed to meet PA guidelines.    

 

In summary, the data presented in Chapters 4 – 7 of this thesis suggest that: 

1. Under basal conditions, the proposed inverse relationship between platelet activation 

and endothelium-derived inhibitors of platelet activation may not be easily detectable 
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using the methods currently available to measure these variables in vivo. However, it is 

possible that platelet and endothelial dysfunction are not closely linked in vivo.  

2. Exercise is unlikely to be an independent cause of platelet activation following acute 

participation in exercise. This is supported by evidence in apparently healthy individual 

and patients with advanced stage cardiovascular disease. 

3. Agonist sensitivity may be increased immediately post-exercise, particularly if the 

exercise involves a resistance component. This increased sensitivity returns towards 

pre-exercise levels by 1 hour post-exercise and has implications for explaining the 

exercise paradox in humans. 

4. Exercise including a resistance component was a stimulus that acutely modified 

brachial artery diameter post-exercise, this effect was still evident 1 hour post-exercise. 

5. It is possible that the effect of exercise on increasing platelet sensitivity to activation is 

compensated by the increase in nitric oxide and prostacyclin which occurs during 

exercise. Increased shear stress during exercise may be responsible for both.  

6. Six months of land-walking exercise in previously sedentary older individuals may 

prevent age-related increases in the basal levels of MPA formation. 

 

8.3 Impact and translation 

These findings shed light on the potential mechanisms responsible for the acute cardiovascular 

events that may arise as a result of participation in exercise. We have shown that, in the absence 

of a precipitating stimulus, platelets may not be independently responsible for the increased 

cardiovascular risk associated with acute exercise. However, the thrombotic response may be 

amplified post-exercise if platelets are exposed to another initiating stimulus (i.e. agonists). If 

an agonist is present, such as would be the case in the presence of extreme endothelial 

dysfunction, excessive oxidative or inflammatory stress or plaque rupture, then acute bouts of 
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exercise can precipitate increased agonist-induced platelet activation. These observations relate 

to the aetiology of atherothrombotic events associated with participation in exercise. The 

exercise protocols in Chapter 5 adhered to current guidelines for exercise prescription (113) 

and were designed to be “ecologically valid”, therefore these findings are novel and have “real-

world” implications. As the responses were most apparent following resistance based exercise, 

these results may have implications for the safe prescription of exercise in newcomers to 

exercise, especially those at elevated risk of cardiovascular events. Specifically, resistance and 

combined modality exercise, prescribed as they were in Chapter 5, may pose a greater 

atherothrombotic risk than steady state aerobic exercise. As arterial diameters were increased, 

suggestive of NO production, we provide some evidence to suggest there may exist a 

compensatory redundancy mechanism associated with participation in exercise to inhibit 

platelet activation. However, under circumstances where the endothelium is significantly 

impaired, participation in resistance exercise with characteristics (i.e. intensity, duration, 

volume) sufficient to induce platelet responses that outpace the endothelial compensation, may 

be unsafe for at-risk populations. There are potential safety and duty of care implications for 

the unregulated and unscreened use of popular forms of training involving high exercise 

intensities in at-risk and exercise naive populations. Therefore, exercise practitioners should be 

made aware of the impact of different types of exercise on factors relating to atherothrombosis; 

including platelets, the endothelium and haemodynamic stresses during exercise in such 

participants.  

 

The results of the exercise training study in this thesis provide the first evidence in humans to 

suggest a platelet-based mechanism by which exercise training may be protective against age-

related atherosclerotic CVD. The findings of Chapter 7 should spur more research into the 
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impact of exercise training on the presence of MPAs, and other cell mediators involved in 

atherosclerosis and acute cardiovascular events.     

 

8.4 Future directions 

8.4.1 Relationship between platelets and the endothelium 

Future research investigating the relationship between platelet activation and endothelial 

function (endothelium-derived inhibitors of platelet activation) should attempt to elucidate 

relationships that exist between these variables under basal conditions in different populations 

and in response to distinct exercise stimuli. The dynamic interplay between platelets and the 

endothelium is of crucial importance to further our understanding of atherothrombotic and 

cardiovascular risk in its nascent stage. Previous research in this area has suggested that a 

relationship may be apparent following acute pharmacological interventions (165) or in clinical 

populations (84, 136). However, to understand the relationship between these variables at rest 

in asymptomatic individuals will provide the most clinically relevant information, with the 

potential to highlight novel pharmacological targets and/or develop the understanding relating 

to these factors in atherosclerosis.    

 

8.4.2 Acute exercise and platelet function 

Future research could aim to determine what factors may explain the increased reactivity of 

platelets following acute exercise. A possibility is that there is a substance, or substances, 

released into the bloodstream during exercise which induces platelet activation. This could be 

investigated by also measuring changes in markers of inflammation and immune activation. 

Another approach could be conducting a plasma cross-over study using two participants with 

the same blood group. Plasma from one participant at rest and following exercise can be placed 

into two separate reaction tubes with the other participant’s resting blood, and observe if plasma 
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from the post-exercise blood sample increases agonist sensitivity. A similar approach has been 

successfully utilised to indicate mechanisms responsible for the increased platelet reactivity 

observed in patients with cystic fibrosis (259). Future research in this area could also 

investigate the potential influence of differences in exercise intensity. There is some evidence 

to suggest that exercise intensity may be a factor in the response of platelet function and 

endothelial function to exercise (150, 30). Now that our study has suggested that resistance 

exercise, when performed in an ecologically valid manner, is more likely to sensitise platelets 

to activation, future studies might investigate resistance and combined modality exercise 

performed at different intensity levels. Such research is of fundamental importance to the safe 

and efficacious development of appropriate exercise prescriptions for humans at different 

levels of a priori cardiovascular risk.   

 

8.4.3 Relationship between platelet and endothelial function with acute exercise  

Shear stress increases during exercise and can stimulate platelet activation along with the 

production of NO/PGI2. We have suggested these factors may be part of an interactive 

feedback loop in relation to vascular homeostasis. Unilateral shear rate manipulation 

experiments have been utilised with success by our group to highlight the impact of shear on 

localised dilator functions and long term vascular adaptations (29, 31, 51, 345) and such 

approaches could in future be applied to the assessment of platelet activation. Future research 

could also investigate the impact of shear rate by measuring shear during exercise whilst 

simultaneously measuring platelet function. This could provide mechanistic data relating to our 

hypothesis.  
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8.4.4 Impact of exercise training on platelet function 

Further research relating to the impact of exercise training on platelet activation and the 

formation of MPAs is needed. Surprisingly little is known from previous studies of exercise 

training and platelet function, particularly utilising contemporary methods of platelet function 

analysis. Such studies may include different participant populations and exercise prescriptions. 

In our study, land walking inhibited increases in monocyte-platelet aggregation over time. 

Future studies could include gym-based activities, which may impose a greater stimulus for 

adaptation, and determine whether such interventions may induce a decrease in MPAs in a 

similar participant population. As we observed the greatest acute responses with resistance and 

combined modality circuit training, it would be valuable to observe whether repeated exposure 

to such activities may beneficially offset the age-related changes in platelet function. Our study 

emphasises the critical importance of including a no-exercise control group in such studies.  

 

8.5 Summary 

The Chapters contained within this thesis provide evidence relating to the “exercise paradox”. 

They indicate that platelet sensitivity to agonist exposure can increase immediately following 

a bout of exercise, particularly if it involves a resistance component. However, in the absence 

of an exogenous stimulus, platelet activation did not occur with exercise. Thus, exercise alone 

did not trigger in vivo platelet activation in any of the participant groups tested. This may be 

due to the increased presence of NO and PGI2 with exercise which inhibit platelet activation. 

Hence, the relevance of athero-thrombosis is particularly important, as without a stimulus such 

as atherosclerotic disruption, such events may be less likely to occur. Therefore, we do not 

provide evidence to suggest that the prescribed exercise in these studies were inherently unsafe 

for the participant groups tested at the intensities and modalities used, and ongoing exercise at 

this intensity may offset age-related changes in platelet function.  
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The safe prescription of exercise for newcomers potentially at risk of acute cardiovascular 

events should take into account the potential impacts on vascular haemodynamic and platelet 

responses to specific exercise activities. Increased heart rate, blood pressure and shear rate 

could result in elevated endothelial dysfunction or even plaque disruption following exercise 

and such responses to different exercise protocols should be an area of future research. An 

inverse relationship between platelet and endothelial function was not evident in apparently 

healthy older adults in this thesis, suggesting that some compensatory redundancy between 

these linked mechanisms and cells lines may be apparent in vivo. Further elucidation of the 

interplay between these variables in vivo may be of importance to the aetiology of 

atherosclerosis in its nascent stages. Exercise training may have the ability to inhibit increases 

in MPAs that occur over time and future research should investigate this area further. 
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