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SUMMARY 

 

Arterial thrombosis is an inflammatory response triggered by atherosclerotic plaque 

rupture  causing acute coronary syndromes (ACS), strokes and death. Clotting reactions require 

interactions of coagulation proteins with aminophospholipids (aPL) and enzymatically 

oxidized phospholipids (eoxPL) on the surface of blood cells. This thesis investigates the role 

of aPL and eoxPL in arterial thrombosis. 

 

Using liquid chromatography with tandem mass spectrometry (LC-MS/MS), I quantified 

eoxPL generated in thrombin-activated platelets from a healthy cohort and demonstrated a 

large degree of inter- and intra-individual variation. Aspirin supplementation in-vivo reduced 

the amount of COX-1 derived eoxPL, but increased diacyl 12-hydroxyeicosatetraenoic acid 

(12-HETE) containing eoxPL (12-HETE-PL) generation without affecting the levels of free 

12-HETE. This suggests that aspirin interferes with re-esterification pathways of 12-HETE to 

acyl lysophospholipids.   

 

Lipidomic analysis of arterial thrombi extracted from patients undergoing clot retrieval 

procedures demonstrated the presence of HETE-PL, with a predominance of platelet-derived 

12-HETE-PL. Using a clinical cohort, I demonstrated elevated thrombin generation on the 

surface of isolated EV and leukocytes, but not platelets, from patients with ACS versus healthy 

controls (HC). Lipidomic analysis demonstrated no differences between groups in HETE-PL 

amounts from resting platelets, leukocytes and EV. Nevertheless, as seen with the healthy 

cohort, thrombin-activated platelets from patients supplemented with aspirin had  higher  diacyl 

12-HETE-PL generation. Finally, there were no differences in the fraction (%) externalized 
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phosphatidylethanolamine (%PE) on the surface of platelets and leukocytes across the groups. 

However, EV samples had lower %PE in ACS versus HC which, unlike platelets and 

leukocytes, correlated inversely with thrombin generation.  

 

In summary, eoxPL were detected within  arterial thrombi and their synthesis is increased 

with aspirin. Thrombin generation is higher on the surface of EV from ACS patients, which 

may be explained by differences in the aPL lipidome between groups. Further studies 

examining therapeutic agents targeting procoagulant lipids are needed.  
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1.1 THE BURDEN OF CARDIOVASCULAR DISEASE ON MORBIDITY AND MORTALITY 

Cardiovascular disease (CVD) is the biggest killer in the Western world and is responsible 

for 47% of all deaths in Europe every year1. In the United Kingdom, it is estimated that CVD 

is responsible for an average of 200 deaths on a daily basis, costing the economy £29 billion 

per year due to premature death, hospital treatment, prescriptions, and lost productivity2. These 

figures highlight the scope of the problem posed by CVD, despite the reductions in morbidity 

and mortality achieved over the last few decades in modifying population behaviour3. Research 

in this field therefore is critical in allowing us to better understand the underlying pathology 

and to establish strategies to aid its prevention and treatment.  

 

The term CVD encompasses all disorders of the heart and the circulatory system, with the 

two main forms being coronary heart disease and cerebrovascular disease (stroke)2.  Both these 

disease groups manifest with reduced blood flow to the heart or the brain as a result of arterial 

stenosis or arterial occlusion leading to ischaemia and/or infarction. The consequences of these 

may include disability, heart failure or indeed death4. 

 

Arterial stenosis is caused by atherosclerosis which is a chronic inflammatory disease 

process affecting the endothelial lining of arteries5 and will be described in more details in 

section 1.4. This process is responsible for conditions such as stable coronary artery disease 

(angina pectoris) and peripheral vascular disease. The presence of atherosclerosis paves the 

way for further morbidity caused by plaque rupture and thrombus formation. The formation of 

this thrombus may occlude the vessel in situ or embolize to a distant organ obstructing blood 

flow and causing subsequent tissue death, also known as ‘infarction’. The process of thrombus 

formation as a consequence of atherosclerotic plaque rupture is known as ‘athero-thrombosis’ 

or ‘arterial thrombosis’ and is responsible for causing acute coronary syndrome (ACS) and the 
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majority of ischaemic strokes6. The pathophysiology underlying atherosclerosis and arterial 

thrombosis will be described in more details in sections 1.4.1 and 1.4.2. 

 

Despite recent advances in the treatment of arterial thrombosis, approximately 10-20% of 

patients receiving best medical therapy will go on to develop another myocardial infarction 

(MI), stroke or die from cardiovascular causes in the following few years7,8. At the current 

time, the best therapies for arterial thrombosis lie in antiplatelet and anticoagulant agents, the 

evidence base for which will be described in more detail in section 1.5. However, it is 

recognized that platelets and other immune cells are important for providing a phospholipid 

(PL) membrane surface for the interaction of coagulation factors, as will be described in section 

1.3. In spite of this, the contribution of procoagulant PL membranes to arterial thrombosis or 

whether they vary between health and disease remains unexplored. To address this, one aim of 

my PhD will be to characterise the procoagulant PL within arterial thrombi as well as on the 

surface of platelets, leukocytes and extracellular vesicles (EVs) in patients with arterial 

thrombosis.  
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1.2 CELLULAR LIPIDS 

Lipids are hydrophobic molecules found in all cell types and required for structural 

support, energy storage and signalling. They are derived from dietary sources or generated 

endogenously within the cell and exist in several forms including free fatty acids (FA), 

glycerolipids (GL), sphingolipids (SL) and sterols. Each of these categories contains large 

numbers of lipids with distinct molecular structures and basic properties. Thus they are 

classified according to common functional groups, structural motifs and other differences such 

as FA chain length and hydrocarbon saturation9.  Their metabolism and transport is highly 

regulated by cellular proteins which include phospholipases, oxidases and lipid transports. 

 

Of importance to this thesis are FA and PL. FA form the fundamental category of 

biological lipids and therefore the basic building blocks of more complex lipids. They comprise 

a hydrocarbon chain with a terminal carboxylic acid group and can be saturated or unsaturated 

depending on the number of double bonds 10,11. Recent work by the LIPID MAPS consortium 

has agreed a notation for FA to describe the number of carbons and double bonds in a 

molecule12. For instance, stearic acid is described as FA 18:0 reflecting a fatty acid with 18 

carbons and no double bonds. In contrast, arachidonic acid is described as FA 20:4 reflecting 

a fatty acid with 20 carbons and 4 double bonds, hence unsaturated. PL consist of a glycerol 

molecule which acts as the backbone for attachment to two fatty acyl chains forming a 

hydrophobic tail, and a phosphate headgroup forming a hydrophilic head, providing it with an 

‘amphipathic’ structure that is essential in maintaining the integrity of cell membranes13. More 

details on the subtypes and nomenclature of PL will be described in section 1.2.1. 

 

Agonist-activation of circulating blood cells leads to significant changes to lipid 

composition and the formation of new biologically significant “bioactive” lipids which play a 
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key role in mediating signalling pathways both within the cell and with other cells14. In platelets 

for instance, stimulation with thrombin or collagen leads to structural alterations to the 

membrane including shape change, spreading and degranulation. Of relevance to this thesis, 

PL and oxylipins (oxygenated FA) have been demonstrated to be instrumental to inflammation, 

coagulation and haemostasis9, as will be described in the sections below.  

 

1.2.1 Phospholipids (PL)  

In common with mammalian cells, the predominant group of structural lipids in platelets 

are PL. These amphiphatic lipids form the membranes of cells and organelles with the 

hydrophobic FA portion orientated to the core and polar phosphate-containing head groups 

facing the aqueous phase (Figure 1.1)9,13.  Their presence was described in the ‘fluid mosaic 

model’ of plasma membranes where they form the fluid lipid-rich phase containing a mosaic 

of membrane proteins15. 
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Figure 1.1. The phospholipid (PL) plasma membrane (a generic illustration).  

Polarised PLs make up the membrane bilayer of all mammalian cells with phosphate head 
groups facing the aqueous phase, and hydrophobic fatty acids facing the core. Other lipids and 
proteins line the membrane, but are not shown in this figure. PS: phosphatidylserine, PE: 
phosphatidylethanolamine, PC: phosphatidylcholine. 
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Glycerol forms the backbone that links the PL head groups to the FA, with the latter 

attaching at the sn1 and sn2 positions (Figure 1.2). Generally, the sn1 FA are saturated or 

monounsaturated and can be linked to the backbone with an acyl, alkyl (ether) group or alkenyl 

group (plasmalogen)16. In innate immune cells, plasmalogens with a phosphatidylethanolamine 

(PE) head-group are abundant and are reported to form just over 10% of total membrane PL 

molecules17,18. The vinyl ether bond is particularly vulnerable to reactive oxygen species, thus 

suggesting a protective role for plasmalogens in limiting oxidative damage to other lipid 

species and cells18,19. However, it remains unknown whether plasmalogens have a role in 

diseases known to generate oxygen free radicals, such as atherosclerosis. 

 

The sn2 FA are typically polyunsaturated (PUFA) with longer acyl chains9,13. A 

combination of these variations and the different FA can result in hundreds of unique PL 

species of which the most abundant contain palmitic acid (FA 16:0), stearic acid (FA 18:0), or 

oleic acid (FA 18:1) at sn1; and linoleic acid (LA; FA 18:2), arachidonic acid (AA; FA 20:4), 

eicosapentaenoic acid (EPA; FA 20:5), or docosahexaenoic acid (DHA; FA 22:6) at sn2. The 

agreed notation for PL is to start with the headgroup, and describe the sn1 FA, include the type 

of bond (‘a’ for acyl, ‘p’ for plasmalogen, ‘e’ for ether), and the sn2 FA separated by a forward 

slash ( / ) character. An example of this is PE 18:0a/20:4 which describes 1-stearoyl-2-

arachidonyl-phosphatidylethanolamine. When the sn1/sn2 positions are uncertain, the slash is 

replaced with an underscore ( _ )12. 
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Figure 1.2. Example of a phospholipid molecule demonstrating the sn1/sn2/headgroup 
positions on the glycerol backbone.  

In this example, 1-stearoyl-2-arachidonyl-phosphatidylethanolamine, or PE 18:0a/20:4, is 
demonstrated with the glycerol backbone highlighted in a green polygon. Structures drawn 
with the aid of tools on the LIPID MAPS resource.



 9 

 

 Of note, AA is present in mammalian PLs with up to 10-fold higher concentrations than 

other PUFA in circulating blood cells such as platelets 13. This is of particular relevance to this 

thesis as there is evidence that PL with longer unsaturated fatty acid chains support coagulation 

reactions somewhat better than shorter fatty acid chains20. The role of PL in supporting 

coagulation will be discussed in section 1.3.4. In mammalian cells, there are five main classes 

of PL based on the polar head group (Figure 1.3), specifically PE, phosphatidylcholine (PC), 

phosphatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidylserine (PS)13. The most 

common of these are PC and PE, which together amount to approximately two thirds of total 

PLs in innate immune cells21. 
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Figure 1.3. Phospholipid classes and chemical structures highlighting the phosphate head 
groups.  

In these images, the sn1 fatty acid is stearic acid (FA 18:0) and the sn2 fatty acid is arachidonic 
acid (FA 20:4). The structures of the five head groups can also be seen (PI: 
phosphatidylinositol, PC: phosphatidylcholine, PG: phosphatidylglycerol, PS: 
phosphatidylserine, PE: phosphatidylethanolamine). Structures drawn with the aid of tools on 
the LIPID MAPS resource. 
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1.2.2 Native PL and membrane asymmetry 

The PL membrane of resting circulating immune cells is asymmetric. Its external leaflet is 

composed predominantly of PC, which also makes up 40 % of total PL. In contrast, the 

cytosolic facing leaflet is enriched in PE and also PS, which is present at lower abundance22,23 

(Figure 1.1). This asymmetry of mostly neutral PL in the outer membrane and negatively 

charged PL in the inner membrane generates an electrical gradient which is regulated by 

transmembrane lipid transporters. The ATP-dependent flippase or translocase keep the 

negatively-charged aminophospholipids (aPL) PE and PS internally facing, whereas the 

activity of floppase, another ATP-dependent transporter, regulates the translocation of PC to 

the outer membrane24.  

 

Upon cell activation or apoptosis, PL membrane asymmetry is disrupted as a result of the 

rapid flux of negatively charged aPL to the outer surface. This is the result of activation of 

calcium-dependent scramblase which mediates bidirectional movement of PL25. Concurrently, 

the rise in intracellular calcium leads to the inactivation of both flippase and floppase which 

halts the processes responsible for maintaining asymmetry22,24.  The net effect is the 

externalisation of aPL which alters the biophysical composition of the membrane and provides 

a negatively charged surface. This facilitates the binding of coagulation factors on the surface 

enabling generation of thrombin and fibrin (described below). Defects in this process are 

exemplified by Scott syndrome, a rare genetic disorder caused by a mutation to the TMEM16F 

scramblase protein, which causes an inability of platelets to externalise aPL, leading to a 

bleeding phenotype13,26,27. Despite an established role in promoting thrombin formation as part 

of haemostasis, it remains unknown whether PL alterations contribute to the pathology of 

arterial thrombosis, where persistent thrombin formation is noted28.  
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1.2.3 Oxylipin generation 

Activation of immune cells leads to hydrolysis of membrane PL via the action of 

phospholipase enzymes, such as phospholipase A2 (PLA2). These generate free 

polyunsaturated FA (PUFA) which can be oxygenated by one of three enzymatic pathways: 

cyclooxygenase (COX), lipoxygenase (LOX) or cytochrome p450 enzymes (CYP), resulting 

in the generation of oxylipins9. AA is one of the most abundant PUFA precursors for oxylipin 

generation in immune cells, playing a significant role in inflammation, thrombosis and 

haemostasis13. Group IV cytosolic isoforms of PLA2 (cPLA2) are highly specific for AA-

containing PL and are regulated by the mitogen-activated protein kinase (MAPK) signalling 

pathway29-31. Figure 1.4 depicts a simplified version of this pathway highlighting COX and 

LOX pathways. 

 

There are two COX isoforms, the constitutively-expressed COX-1 and the inflammation-

inducible COX-232. Both convert AA to prostaglandin H2 (PGH2) which is then further 

metabolised by several cell-specific CYP enzymes. In platelets, the CYP enzyme thromboxane 

synthase converts PGH2 to thromboxane A2 (TxA2) which itself is a potent secondary activator 

of platelets33. It is worth noting that aspirin and non-steroidal anti-inflammatory medications 

(NSAIDs) work predominantly by inhibiting COXs. The effect of aspirin on platelet COX-1 

will be described in section 1.5.1.  
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Figure 1.4. The typical oxylipin and enzymatically oxidized phospholipid pathway in 
circulating blood cells.  

Membrane phospholipids can be cleaved by phospholipase A2 (PLA2) into polyunsaturated 
fatty acids (PUFA), such as arachidonic acid (FA 20:4). These PUFA are oxygenated via the 
action of cyclooxygenase (COX) or lipoxygenase (LOX) enzymes to generate oxylipins, which 
are referred to as ‘eicosanoids’ if generated from 20-carbon PUFA such as arachidonic acid 
(AA). Some oxylipins may be re-esterified back to the membrane to form enzymatically 
oxidized phospholipids. The ‘n-‘ prefix denotes the enzyme isoforms which are responsible for 
generating oxylipin positional isomers at the corresponding ‘n-‘ carbon on AA (eg: 12-LOX in 
platelets generating 12-hydroxyeicosatetranoeic acids, or 12-HETE).  
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LOXs are a group of non-heme iron-containing enzymes which are expressed in a 

cell/tissue-specific manner 34. They oxygenate AA to form hydroperoxyeicosatetranoeic acids 

(HPETEs) which are then reduced by glutathione peroxidases (GPXs) to form 

hydroxyeicosatetranoeic acids (HETEs). The oxygenation process begins with hydrogen 

abstraction from the PUFA, followed by radical migration and the stereospecific addition of  

dioxygen (Figure 1.5)35. The position of the oxygen insertion is dictated by the cell-specific 

LOX isoform which is named based on the most prominent oxygenation site on AA 36. Using 

platelets as an example, stimulation with potent agonists such as thrombin leads to the release 

of AA into the cytoplasm which is then oxygenated by 12-LOX on carbon 12 (C12) to generate 

12-HPETE37-39. This is then rapidly reduced via GPX to 12-HETE, which may be released by 

activated platelets or re-esterified back to the membrane40 as will be described below in section 

1.2.4.  

 

Other than 12-LOX in platelets, a number of other LOX enzymes are expressed in immune 

cells. Monocytes and neutrophils express 5-LOX which generates 5-HPETE, a precursor of 

5-HETE and a number of leukotrienes with potent inflammatory properties36. There are two 

15-LOX isoforms in humans, 15-LOX1 and 15-LOX2. These oxygenate AA to 15-HPETE. 

15-LOX1 is found in eosinophils, reticulocytes and peripheral blood monocytes35,41, while 

15-LOX2 is found predominantly in the epidermis37,38. Unique to 15-LOX1 is the ability to 

directly oxygenate intact membrane PL, as will be described in section 1.2.4. 
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Figure 1.5. The mechanism of action of LOXs.  

Hydrogen atom abstraction from the PUFA substrate proceeds through a proton-coupled 
electron transfer mechanism (PCET), with simultaneous transfer of electron and proton via a 
concerted mechanism. Subsequently, radical rearrangement takes place with stereospecific 
dioxygen insertion. This is followed by a further PCET step to generate a PUFA hydroperoxide 
which can then be reduced by glutathione peroxidase (GPX) enzymes to the hydroxide forms. 
In the case of AA, the hydroperoxides are known as HPETEs, hydroxides known as HETEs 
and the position of the oxygen insertion (forming (S) stereoisomers) is dictated by the cell-
specific LOX isoform. LOX: Lipoxygenase, PUFA: polyunsaturated fatty acid, AA: 
arachidonic acid, HPETE: hydroperoxyeicosatetraenoic acid, HETE: hydroxyeicosatetraenoic 
acid. 
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It is worth noting that COX can also catalyse a LOX-type reaction which leads to formation 

of HETEs. This occurs when the COX dioxygenase activity, where one dioxygen molecule is 

introduced to AA, is not followed by a subsequent endoperoxide formation42,43. This is the 

result of the reduction of peroxyl radicals into a hydroperoxide instead of undergoing 

cyclization. Consequently, this incomplete catalytic cycle leads to oxygenation at C11 or C15, 

followed by reduction, with resultant formation of 11-HETE or 15-HETE, respectively44,45 

(Figure 1.6).  

 

Both LOX and COX exhibit stereospecificity when it comes to oxygenating AA. This is 

in contrast to non-enzymatic oxygenation (e.g. by chemical oxidants) of AA which generates 

equal amounts of (S) and (R) enantiomers. For LOX-generated 12-, 15- and 5-HETEs in 

immune cells, the hydroxyl group occurs in the (S) configuration, whereas COX-generated 

11-HETE forms in the (R) configuration. Both (S) and (R) 15-HETE enantiomers can be formed 

by COX, but with a predominance of the (R) stereochemistry44. 
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Figure 1.6. Reaction mechanism of cyclooxygenase (COX) and the generation of 
11-HETE and 15-HETE as biproducts of the dioxygenase reactions.  

Arachidonic acid (AA) undergoes hydrogen atom abstraction followed by radical 
rearrangement to allow for the insertion of a dioxygen molecule. The resultant product 
undergoes endoperoxide formation and cyclization to ultimately generate prostaglandin H2 
(PGH2) - the intermediary product of COX-derived prostaglandins and thromboxanes. The 
dioxygenated AA may also undergo reduction instead of cyclization, leading to the generation 
of 11(R)-HPETE and subsequent reduction by glutathione peroxidase (GPX) enzymes to 
11(R)-HETE.  Alternative radical rearrangement to carbon 15 (instead of 11) can lead to the 
generation of 15(R)-HETE downstream of COX metabolism of AA. HPETE: 
hydroperoxyeicosatetraenoic acid, HETE: hydroxyeicosatetraenoic acid.  
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1.2.4 Enzymatic formation of oxidized PL (oxPL) 

In addition to their role as bioactive mediators, oxylipins can be re-esterified into the 

membrane to form enzymatically-oxidised PLs (eoxPLs) which alter the biophysical structure 

of the platelet PL surface and modify its functions9,13.  A prime example of this is the re-

esterification of HETEs back to the PL membrane to generate HETE-containing PLs 

(HETE-PLs). Over the last two decades, a number of HETE-PL species generated downstream 

of LOX enzymes have been identified as a consequence of cellular activation of human 

immune cells including platelets40,46,47. These were discovered by studies from our group which 

utilised precursor scanning electrospray ionization/tandem spectroscopy for the HETE product 

ion (m/z 319.2), identifying a number of large precursor ions corresponding to HETE-PL 

species46. The recent eoxPL discoveries will be described in more detail in sections 1.2.5-1.2.7 

for both LOX/COX pathways. The role of HETE-PL is yet to be fully elucidated in health and 

disease, although there is an increasing body of evidence to suggest that these eoxPL are 

important in mediating coagulation reactions14, as will be described in section 1.3.5. The eoxPL 

synthesis pathways are described in this section with a focus on oxylipin modification and re-

esterification to the PL membrane9,13. 

 

Following the formation of oxylipins, as described above in section 1.2.3, acylation with 

coenzyme A (CoA) may take place via the action of long-chain fatty acyl-CoA synthase 

(ACSL). There are numerous isoforms of ACSL catalysing the same type of reaction, yet they 

are functionally differentiated by preference for specific FA chain length, tissue distribution, 

and subcellular location48. Focusing on 20 carbon oxylipins (also known as eicosanoids) 

generated from AA, there are at least 5 ACSL isoforms (ACSL-1,-3,-4,-5 and -6) implicated in 

their conversion from FA to FA-CoA48. Using in-vitro studies, Klett et al demonstrated that all 

5 isoforms were able to convert HETEs to HETE-CoAs, but at differing rates and amounts49. 
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The differences in expression profiles and FA preference for individual ACSL isoenzymes 

enables them to channel specific fatty acids toward distinct metabolic fates in different 

tissues49,50. Nevertheless, studies on the specific roles of ACSL, their regulation and substrate 

preference in immune cells are lacking.  

 

Following the activity of ACSL described above, the resultant acyl-CoA can be re-

esterified into a membrane lysophospholipid (lysoPL) via the action of an sn2 acyltransferase 

(also known as lysophospholipid acyltransferase, or LPAT), as depicted in Figure 1.7. This 

pathway is well-documented in immune cells where HETE-PL can be generated acutely on 

activation of neutrophils and platelets40,46,51.  The requirement for hydrolysis and re-

esterification for HETE-PL was demonstrated in both neutrophils and platelets using 18O-H2O 

stable isotope dilution MS and/or the LPAT inhibitor thimerosal to block oxPUFA  re-

esterification40,47. The cycle of PL hydrolysis by PLA2 into FA/lysoPL and subsequent re-

esterification of free FA to a lysoPL by LPATs is known as Lands’ cycle and has been shown 

to occur in several immune cell types14 40,47.  
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Figure 1.7. The enzymatic pathways of eoxPL biosynthesis.  

(1) PLA2 hydrolyses membrane PL releasing the sn2 PUFA which is then oxygenated by 
COX-1/2, LOXs or cytochrome p450 enzymes to generate oxylipins (oxPUFA). These undergo 
the addition of coenzyme A (CoA) via acyl-CoA synthase (ACSL), prior to being re-esterified 
into a lysophospholipid (lysoPL) by any one of a series of sn2 acyltransferases (also known as 
LPATs). (2) The phospholipase PLA1 hydrolyses membrane PL to release 2-PUFA-
lysophospholipids which may be oxygenated by COX-2, 12S-LOX and 15-LOX prior to being 
re-esterified with a fatty acid CoA (FA-CoA). (3) Unique to 15-LOX is the ability to directly 
oxygenate membrane PL to form eoxPL.  
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There are numerous LPAT enzymes described in the literature with specific re-

esterification substrates within Lands’ Cycle which vary by cell type and organism. For 

instance, LPCAT demonstrates selectivity for lysoPC (hence the LPCAT nomenclature), 

whereas LPEAT is selective for lysoPE52,53. Another family of LPATs is the membrane bound 

O-acyltransferase (MBOAT), to whom the majority of LPCAT enzymes belong54-56. MBOAT 

is primarily localised within the endoplasmic reticulum and mitochondria, with 11 human 

genes for the different isoforms which are present in a variety of tissues55. To complicate 

further, some MBOAT enzymes have a preference for specific acyl donors. For instance, 

MBOAT 5 and 7 preferentially utilise arachidonyl-CoA 55,57. Despite being selective for 

lysoPC, MBOAT 5 (or LPCAT 3) has been shown to esterify acyls into lysoPS and lysoPE, 

indicating the complexity of these enzyme cycles58. It is not known however which of these 

enzymes is responsible for the re-esterification of oxylipins and whether specificity varies by 

the position of the hydroxyl group in the case of HETEs.  

 

A second pathway for the generation of eoxPL is mediated via the action of 15-LOX which 

can oxygenate membrane PL directly without the need for PLA2 activity to release the PUFA46. 

This was demonstrated by Maskrey et al using monocytes incubated in buffer containing 18O-

H2O and activated with calcium ionophore (A23187). In this experiment, the authors observed 

no uptake of 15-HETE-18O into HETE-PEs, implying direct oxygenation of PE by 15-LOX46. 

Additionally, 15-LOX maybe able to generate eoxPL by acting on the PUFA moiety of 

cholesterol esters (CE) which may then be hydrolysed to oxPUFA before being re-esterified to 

lysoPL46,59,60.  Last, recent studies showed that  oxygenation of 2-AA-lysoPL by COX-2, 

15-LOX2 and platelet 12-LOX forms a 2-oxylipin-lysoPL which can be converted to eoxPL 

via the action of sn1 acyltransferase61-63 (Figure 1.7). 
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It is worth noting that oxPL and oxPUFA can be formed non-enzymatically through 

uncontrolled oxidation via free radical mechanisms during cell stress or inflammation. The 

initial reactions generate peroxyl radicals which can abstract hydrogens from a bismethylene 

group on PUFA to form hydroperoxides. Intermediates formed during this process can escape 

to react in an uncontrolled manner, leading non-enzymatic rearrangements of enzymatic 

pathway intermediates and generating a range of non-enzymatic oxPL products64. An example 

of where these processes take place in human disease is during atherosclerotic plaques 

formation as a result of chronic inflammation. In these plaques, a range of non-enzymatically 

generated oxPL has been described with possible effects on vascular endothelial cell and 

macrophage functions65-68.   

 

1.2.5 Platelet eoxPL species generated by 12-LOX 

As described above, human platelets express 12-LOX and COX-1 which mediate 

oxidation of PUFA, ultimately leading to eoxPL generation. In this section, 12-LOX generated 

eoxPL products in agonist-activated platelets will be introduced. The COX-1 derived eoxPL in 

platelets and immune cells will be described in a subsequent section (1.2.7).  

 

Agonist-activation of platelets leads to the 12-LOX driven synthesis of 12-HETE-PL. 

Initial studies from our group demonstrated four molecular species of 12-HETE-PE and two 

12-HETE-PC generated in response to thrombin stimulation. These are PE 18:0a/12-HETE, 

PE 18:0p/12-HETE, PE 18:1p/12-HETE, PE 16:0p/12-HETE, PC 18:0a/12-HETE and PC 

16:0a/12-HETE. Their formation has been observed within minutes of platelet activation and 

is sustained for up to 3 hours40. Thrombin receptors were confirmed to be implicated in 

12-HETE-PL formation with experiments utilising peptide agonists of the thrombin receptors 

PAR-1 and PAR-4 on human platelets40. Furthermore, the formation of 12-HETE-PL required 
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several intracellular signalling mediators such as calcium, src tyrosine kinase, protein kinase 

C (PKC) and secretory PLA2 (sPLA2) as demonstrated by experiments utilising inhibitors to 

these mediators40. To confirm 12-LOX as the enzymatic pathway responsible for the formation 

of these lipids, platelets from 12-LOX deficient mice were studied and demonstrated 

undetectable levels of 12-HETE-PL upon agonist-activation69.  

 

Several other esterified oxPUFA generated by 12-LOX have been reported in agonist-

activated human platelets. These include 14-hydroxydocosahexaenoic acid (14-HDOHE) 

generated from oxidation of DHA and re-esterified into plasmalogen (16:0p, 18:0p) or diacyl 

(16:0a, 18:0a) PE species51. These HDOHE-PE are generated acutely within 2 minutes of 

thrombin-activation of platelets by 12-LOX in the same way as 12-HETE-PL, albeit at lower 

levels51. The role of HDOHE-PL in platelets remains uncharacterised. Finally, a recent study 

from our group used targeted and untargeted lipidomic approaches to discover many previously 

unknown eoxPL generated in agonist-activated platelets70. The majority of these oxPL were 

monohydroxy lipids derived from AA, DHA, EPA and other PUFA. Up to now, the enzymatic 

pathways responsible for formation of many of these lipids remain unknown. How the platelet 

eoxPL lipidome varies between individuals remains unstudied, and will form the focus of 

Chapter 3 in this thesis. 

 

1.2.6 LOX-generated eoxPL species in leukocytes  

As described previously, human monocytes express 15-LOX and can therefore oxidize AA 

to 15-HETE. This enzyme is constitutively active, but can be further enhanced by stimulation 

of monocytes with IL4, IL13 or calcium ionophore46,59,71.  Using precursor ion scanning, our 

group uncovered 15-HETE-PL in resting human monocytes, and showed they increase upon 

stimulation with calcium ionophore46. Characterisation of these demonstrated four 15-HETE-



 24 

PE species with either acyl (18:0a) or plasmalogens (18:0p, 18:1p, 16:0p) at the sn1 position46. 

Furthermore, the enzymatic origin was confirmed with chiral LC-MS/MS demonstrating a 

predominance of 15(S)-HETE attached to the PL46,59, with 15-LOX directly oxidizing PE, as 

described above in section 1.2.446,59. An anti-inflammatory role for 15-HETE-PL has been 

shown through binding to toll-like receptor 4 (TLR4) accessory proteins such as CD14 and 

lipopolysaccharide binding protein (LPB), and thus impairing the activation of TLR459. 

Furthermore, 15-HETE-PL on the surface of eosinophils have recently been demonstrated to 

participate in coagulation reactions, as will be described in section 1.3.572.  

 

In addition to 15-HETE-PL, other 15-LOX generated eoxPL have been reported in 

ionophore stimulated human monocytes. These include ketoeicosatetraenoic acid (KETE) 

containing PL. Specifically, KETE-PE containing acyl (18:0a) or plasmalogen (18:0p, 18:1p 

and 16:0p) lipids at the sn1 position were detected in these cells73. To confirm their enzymatic 

origin, studies on macrophages from 12/15-LOX deficient mice, the murine analogue to human 

15-LOX, demonstrated an absence of KETE-PE73. The generation of KETE-PE is thought to 

involve both 15-LOX and 15-hydroxyprostaglandin dehydrogenase (15-PGDH), the latter 

responsible for oxidizing 15-HETE-PE to 15-KETE-PE73.  

 

Human neutrophils express 5-LOX which can generate 5-HETE-PL upon agonist 

activation with bacterial peptides, chemokines or calcium ionophore47. The main 5-HETE-PL 

species identified in neutrophils are PC 16:0a/5-HETE, PE 18:0p/5-HETE, PE 18:1p/5-HETE 

and PE 16:0p/5-HETE. These PL are generated in a coordinated mechanism involving calcium, 

phospholipase C (PLC), cPLA2 and sPLA2, as demonstrated by studies utilising inhibitors to 

these mediators. In addition to the role of 5-HETE-PL in enhancing coagulation reactions, 

which will be described in section 1.3.5, in-vitro studies demonstrated a role for 5-HETE-PL 
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in regulating neutrophil activities including superoxide generation and the release of neutrophil 

extracellular traps47. 

 

Finally, it is worth noting that there are no studies to date examining LOX-derived eoxPL 

in lymphocytes. This is despite reports that T-lymphocytes express 5-LOX confirmed by 

transcriptomic and western blot studies74. This may suggest that T-lymphocytes are capable of 

generating oxPUFA and eoxPL, although that remains unconfirmed.  

 

1.2.7 COX-generated eoxPL species 

COX-1 is ubiquitously and constitutively expressed in both leukocytes and platelets. In 

contrast, COX-2 is an inducible enzyme found in leukocytes but not platelets32,75. For decades, 

the role of these COX isoforms in generating oxPUFA and mediating cellular processes has 

been recognized75. However, only recently have COX-generated eoxPL been described in the 

literature.  

 

Studies from our group were the first to report the generation of eoxPL which contain 

COX-derived prostaglandins76. Lipid extracts from human platelets activated with thrombin, 

collagen or calcium ionophore were analysed using precursor LC-MS/MS for eoxPL 

incorporating PGE2 or PGD2. This demonstrated the presence of these prostaglandins in PE 

lipids containing 16:0p, 18:1p, 18:0p and 18:0a at the sn1 position. Their formation occurred 

within 2 to 5 minutes of platelet activation and required calcium mobilisation, PLC, cPLA2 and 

src tyrosine kinases76. Aspirin supplementation (in vivo) and inhibitors of re-esterification (in 

vitro) inhibited their generation, indicating that they form via COX-1 activity, and downstream 

LPAT-dependent esterification 76. During identification of these lipids, other previously 

unknown COX-1 eoxPL were also identified. The characterisation of these lipids led to the 
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identification of eoxPL which contain 8,9-11,12-diepoxy-13-hydroxy-eicosadienoic acid 

(DiEHEDA) generated by COX-1 oxidation of AA77,78. These novel COX-1 derived eoxPL 

utilise the same generation machinery described above for prostaglandin-containing eoxPL, 

leading to the generation of four PE eoxPL species containing 16:0p, 18:0p, 18:1p and 18:0a 

at the sn1 position. The function of these lipids is yet unknown, but they appear to activate 

neutrophil integrin expression in-vitro, which may suggest a role in modulating 

inflammation79. Finally, COX-derived 15(R)-HETE may be re-esterified into 15-HETE-PL 

which has been demonstrated to facilitate coagulation reactions in vitro63,80,81.  
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1.3 HAEMOSTASIS 

The physiological process of preventing or stopping bleeding is known as haemostasis82. 

It consists of a highly regulated balance between procoagulant and anticoagulant mechanisms 

which provide a rapid and localised response to vessel injury. Defects in this process, such as 

dysfunction or absence of the key players involved, leads to excessive bleeding or unwanted 

thrombosis.   

 

The overall outcome of the haemostatic process is to seal the vascular injury by forming 

an occlusive clot – also known as a ‘haemostatic plug’. Key contributors to this process are 

circulating platelets which mediate the formation of a platelet plug 83. Coagulation is initiated 

by tissue factor (TF) on extravascular cells such as fibroblast and is amplified on the surface 

of activated platelets to generate thrombin and form a fibrin clot. The integrated interactions of 

platelets and the coagulation system will be discussed below. It is important to emphasise 

however that the link between activated platelets and thrombin formation is provided by the 

procoagulant PL membrane. Whilst both platelets and coagulation factors have been 

investigated and targeted in thrombotic diseases such as ACS, the role procoagulant PLs in 

ACS remains unexplored and forms the focus of this thesis.  

 

1.3.1 Platelets 

Platelets are anucleate discoid cells which are responsible for haemostasis as well as 

wound healing, vessel integrity and inflammatory processes. They are derived  from 

megakaryocytes in the bone marrow and circulate in the blood stream in a quiescent state at a 

count of 150-450 x 109 per litre and have a life span of up to ten days84. Platelets play an 

important role in binding to areas of damaged vessel wall and initiating haemostasis and wound 
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repair. At the site of vascular injury they become active through multiple mechanisms which 

lead to the generation of a procoagulant environment that aims to seal the injury to prevent 

blood loss85. This process is essential to survival. However, dysregulated activation of this 

system in disease may lead to excessive activity and formation of clots in intact blood vessels 

which obstruct blood flow and lead to end organ damage. This pathological state is known as 

thrombosis, and is responsible for conditions such as heart attacks and strokes86.  

 

1.3.2 Physiological role of platelets in haemostasis 

Platelets are critical for haemostasis as part of the physiological process of wound healing. 

When the vessel wall is damaged, von Willebrand factor (VWF) is exposed and unravels in the 

high shear conditions. The VWF recruits unactivated platelets to the vessel wall (adhesion) 

which are exposed to extracellular matrix proteins (e.g. collagen) and TF-generated thrombin 

at the site of blood vessel injury activating surface receptors on the platelet membrane (Figure 

1.8)87. This triggers a secondary signalling cascade which causes platelet shape changes (from 

discoid to spiny) by altering the actin cytoskeleton. It also leads to activation of integrin 

glycoprotein (GP) receptors (e.g. GP IIbIIIa) which allow platelets to bind to each other 

(aggregation), and secretion of stored granules containing mediators that activate other platelets 

through surface receptors (e.g. adenosine diphosphate, ADP). This leads to the formation of a 

“platelet plug” which seals the injured vessel85. This plug supports coagulation reactions and 

fibrin clot formation, stabilising the platelet plug. Defects that interfere with platelet function 

or number are known to cause bleeding disorders, particularly of muco-cutaneous tissue 88. 
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Figure 1.8. Platelet activation by different ligands through a number of surface receptors 
(key targets illustrated).  

Platelet receptors facilitate their response to a number of ligands. The initial activation leads to 
a secondary signalling cascade which causes the release of stored or synthesis newly 
synthesized secondary mediators which augment the platelet response. Changes to the 
phospholipid surface also take place promoting thrombin generation.  
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1.3.3 The coagulation system  

 

Our understanding of the coagulation system has evolved considerably from the originally 

described “coagulation cascade” to the currently accepted “cell-based model” of coagulation89. 

Whilst both describe reactions that involve proteins known as coagulation factors, the latter 

model places a significant emphasis on interactions of these proteins with cell membranes. To 

simplify the description of this model, three overlapping phases of coagulation were proposed: 

initiation, amplification and propagation90. These reactions require the presence of calcium 

ions, coagulation factors and aPL on the external leaflet of cell membranes91,92. The end result 

of this is the formation of fibrin which stabilises the platelet plug and forms a clot to seal the 

site of the vessel injury and stop the blood loss. The different phases and contributors to this 

process will be detailed below and are shown in Figure 1.9. 

 

In the initiation phase, expression of TF on extravascular cells is critical for the activation 

of coagulation. This transmembrane protein serves as a receptor for factor VII (FVII) and its 

activated form (FVIIa) and is constitutively expressed on the surface of cells surrounding blood 

vessels such as smooth muscle cells and fibroblasts93. Disruption to vascular endothelial 

architecture exposes the blood to TF-expressing cells leading to the formation of the TF:FVIIa 

complex which activates the coagulation system.  

 

Activation of TF from its encrypted to decrypted conformation is influenced by co-

expression of PS on the PL membrane, formation of disulphide bonds between cysteine 

residues at positions 186 and 209, and interactions with cholesterol-containing lipid rafts92,94. 

The mechanism for this is not entirely defined, but is thought to relate to interactions between  

PS and TF which expose the substrate binding sites for other coagulation factors95. These 
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interfaces may be direct physical interactions between the polar PS headgroup and lysine 

residues on the TF extracellular domain96,97, or relate to an electrostatic contact caused by the 

PS negative charge which may align the TF quaternary structure on the membrane surface to 

expose the enzymatic active site96,97.  In both cases, the end result is activation of the TF:FVIIa 

extrinsic tenase complex which initiates coagulation reactions98,99. The activation of FVII to 

FVIIa is mediated by the presence of low levels of proteases in the circulation which include 

thrombin, factor IXa (FIXa), factor Xa (FXa) and factor XIIa (FXIIa)100-102. Upon formation of 

the TF:FVIIa complex in response to vessel injury, FVII conversion to FVIIa is significantly 

increased by a process of autoactivation103. This leads to generation of more TF:FVIIa 

complexes which enzymatically cleave factor X to Xa (FXa) and factor IX to IXa (FIXa). Small 

scale generation of thrombin takes place as a result of the action of FXa on prothrombin104. FXa 

binds to TFPI and the FXa/TFPI complex inhibits the TF/FVIIa complex, terminating the 

initiation process (see below), after which coagulation is dependent on the amplification phase.  

 

The amplification phase takes place on the PL surface of platelets activated by collagen 

and the small amount of thrombin generated in the initiation phase. Activation of factor VIII 

to FVIIIa and factor V to FVa takes place a result of enzymatic cleavage by thrombin. These 

serve as co-factors for FIXa and FXa, respectively which in turn lead to the accelerated 

generation of  FXa by the FIXa:FVIIIa “intrinsic tenase” complex and of thrombin by the 

FXa:FVa “prothrombinase” complex90,104. 

 

Loss of membrane asymmetry and exposure of negatively charged aPL following platelet 

activation is critical to both of the above phases as it strongly accelerates the reactions of the 

extrinsic tenase (TF:FVIIa), intrinsic tenase and prothrombinase complexes105. Exposure of the 

negatively charged PS leads to electrostatic and hydrophobic interactions which increase the 
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binding of GLA-domain containing coagulation factors (VIIa, IXa, Xa and II) to the 

membranes106. This is facilitated by calcium ions which bind to the GLA domains and expose a 

hydrophobic region within the omega loop which can then allow the coagulation factor to 

penetrate the PL membrane107. It is thought that each GLA domain has a single binding site 

specific for the carboxyl group on the PS head-group as well as additional calcium binding 

sites for interactions with the phosphates on any PL other than PC. Nuclear magnetic resonance 

(NMR) analysis has demonstrated that the PL head-group bends in order to allow its phosphate 

to associate with GLA-bound calcium. Lipids with a PE headgroup can interact with the GLA 

domains and enhance the function of PS, whereas the bulky methyl residues of the PC choline 

head-group make it unable to participate in this process107,108. The increased local concentration 

of coagulation factors on the PL surface enhance the function and interactions of these proteins. 

It also facilitates transfer of substrate and product between the coagulation complexes and helps 

to restrict the activity of the coagulation process to areas of injury105.  

 

The accumulated enzyme complexes (tenase and prothrombinase) on the platelet surface 

support large scale thrombin generation as part of the propagation phase90. This phase ensures 

continuous generation of thrombin and subsequently fibrin to form a sufficiently large clot. 

Finally, the fibrin clot is stabilized via the thrombin-mediated activation of factor XIII to FXIIIa 

(fibrin stabilizing factor) which covalently links fibrin polymers104.  

 

The coagulation system is tightly regulated at various stages by a number of inhibitors 

which prevent inappropriate activation. Tissue factor pathway inhibitor (TFPI) is a single-chain 

polypeptide associated with uninjured endothelium bound to glycosaminoglycans109,110. It acts as 

a protease inhibitor blocking FVIIa and FXa activity and can also bind protein S which 

enhances its anti-FXa activity111. Therefore, the balance between levels of TF (increased with 
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injury) and TFPI (bound to uninjured endothelium) regulate the initiation phase of 

coagulation90.  Healthy endothelium also expresses high levels of thrombomodulin (TM) which 

binds circulating thrombin and changes its specificity to prevent it from activating platelets or 

forming fibrin90. The resultant thrombin:TM complex becomes an activator of protein C, which 

regulates the amplification phase of coagulation alongside its co-factor protein S by proteolytic 

inactivation of FVa and FVIIIa112. Other regulators of the coagulation system include circulating 

inhibitors of thrombin such as anti-thrombin (ATIII) and alpha-2-macroglobulin90. It is worth 

noting that for protein C and protein S to function, they also require the presence of a 

negatively-charged membrane surface provided by PS externalisation113.  
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Figure 1.9. The coagulation system (cell-based model).  

Activation of coagulation is driven by tissue factor (TF) expressing cells in the subendothelial 
space (1). The TF:FVIIa complex activation of FX to FXa and FIX to FIXa is termed the 
‘initiation phase’ which generates small amounts of thrombin (2). This is sufficient to activate 
FV to FVa and FVIII to FVIIIa leading to the formation of FIXa:FVIIIa and FXa:FVa 
complexes on the platelet PL surface (3).  These complexes lead to the formation of more FXa 
and more thrombin, respectively, as part of the ‘amplification phase’. More thrombin leads to 
more activated platelets and coagulation factors locally, creating a  thrombin-forming 
‘propagation phase’ loop (4) which leads to the formation of fibrin. 
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1.3.4 Externalised aPL species in platelets and leukocytes 

The externalisation of aPL is a calcium dependent process which takes place during cell 

activation or apoptosis. Furthermore, the presence of external facing aPL on the surface of cells 

is critical in facilitating coagulation reactions. In the majority of the literature, aPL 

externalisation is detected using flow cytometry techniques that rely on the use of annexin V 

or lactadherin to label the PS/PE headgroups114-116. These techniques however are incapable of 

distinguishing between PS and PE, determining their absolute quantities or defining their FA 

composition.  

 

To tackle the limitations inherent to flow cytometry techniques, our group developed a 

mass spectrometry based assay to allow the detection and the discrimination between total 

(throughout the membrane) and externalised (outer leaflet) aPL species in the membrane 

surface of platelets and leukocytes117. This assay utilises amine chemistry and relies on 

derivatising aPL by labelling the primary amines on the serine and ethanolamine portions of 

the headgroups using N-hydroxysuccinimide (NHS) biotin and sulfo-NHS biotin. These two 

types of biotinylation reagents allow labelling of total aPL throughout the cell membranes 

(NHS-biotin) or on the external facing membrane leaflet only (sulfo-NHS-biotin). This is due 

to the hydrophobicity of NHS-biotin which allows it to penetrate the cell membrane, unlike 

sulfo-NHS-biotin which remains on the outer surface owing to its water soluble properties118. 

Beyond this difference, the biotinylation process is identical for the two reagents which react 

spontaneously with amines to form an amide bond between biotin and the aPL. This processes 

leads to a mass shift of 226 a.m.u which can be measured using a sensitive and specific 

LC-MS/MS method to distinguish external aPL from internal forms.  
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Using this biotin derivatisation LC-MS/MS method, our group demonstrated that human 

platelets externalise 5 molecular species of PE and 3 species of PS, with the majority containing 

AA at the sn2 position20,117. These species are PE 16:0p/20:4, PE 18:0a/20:4, PE 18:0p/20:4, 

PE 18:1p/20:4, PE 18:0a/18:1, PS 18:0a/18:1, PS 18:1a/18:1 and PS 18:0a/20:4. It is worth 

noting that apart from Scott syndrome, no published studies to date have examined potential 

variations in aPL species on the surface of platelets and/or leukocytes in bleeding or thrombotic 

disorders.  

 

The FA composition of aPL appears to influence their procoagulant function. Specifically, 

coagulation activity was lower in PE containing shorter chain FA (14:0) compared with PE 

with AA at sn220. Similarly, replacing AA with docosahexanoic acid (DHA) at sn2 resulted in 

reduced procoagulant activity20. The authors of the study hypothesize that the influence of FA 

on PE procoagulant activity may relate to differential interaction with coagulation factors 

through their GLA domains driven by length of FA chain20. Overall, these findings highlight 

the importance of FA characterisation in studies investigating the procoagulant activity of aPL, 

and suggest that simply examining aPL headgroup externalisation (e.g. with Annexin V) is 

insufficient.  

 

1.3.5 The role of eoxPL in coagulation 

In addition to native aPL, eoxPL have been implicated in supporting coagulation. Of 

particular interest to this thesis are the HETE-PL eoxPL which are made via the action of LOX 

enzymes in innate immune cells14.  All positional isomers of HETE-PL have been shown to be 

able to facilitate coagulation reactions in vitro leading to enhanced thrombin generation in a 

dose-dependent manner81. Specifically, in thrombin generation assays, the addition of 

liposomes containing TF and varying amounts of 12-HETE-PE to platelet poor plasma 
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enhanced production of thrombin, compared to unoxidized PE81. The amount of thrombin 

formed correlated with the increase in the amount of 12-HETE-PE (1-10% of total liposome 

composition)69. This is thought to be related to an eoxPL-induced change in the biophysical 

properties of the activated cell membrane which results in a more negative charge on the 

anionic surface, enhancing the binding of coagulation factors to the surface69,81. 

 

Of interest, native (unoxidized) PC cannot support coagulation factor binding, and its 

presence on the external leaflet ensures that the coagulation system remains inactive in resting 

cells. This is in contrast to 12-HETE-PC, which can directly enhance thrombin generation. For 

example, inclusion of 12-HETE-PC to the TF-liposomes enhanced PS-mediated thrombin 

generation69, contrary to native unoxidized PC which does not support coagulation22,108.  This 

finding is thought to relate to a change in the biophysical properties of PC where the hydrophilic 

hydroxyl group added to the AA bends-up to the hydrophilic surface of the membrane which 

facilitates interaction with calcium, the phosphate groups of other lipids and the carboxylate 

group on PS40,69. In addition to these spatial changes, 12-HETE-PC may provide increased 

electronegativity to the outer membrane leaflet by virtue of the hydroxyl group on C1269. 

Indeed, using both molecular dynamics simulations and calcium binding assays, studies from 

our group demonstrated that increasing the proportion of HETE-PL on liposomal surfaces 

increased calcium binding, which may be due to providing a more negative charge on the 

membrane surface69,81.  

 

Recently, the role of HETE-PL in supporting coagulation was further examined in mice 

lacking the platelet Alox12 gene which encodes the platelet 12-LOX enzyme. Compared to 

wild type controls, Alox12-/- mice exhibit a bleeding phenotype and generated smaller clots in 

response to venous injury69. Subcutaneously injecting 12-HETE-PL containing liposomes into 
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the tail rescued this phenotype in a tail-bleeding assay69. Furthermore, the role of 12- and 

15-HETE-PL in eosinophils has also been described as important to propagating coagulation, 

haemostasis, and thrombotic disease72.  This was examined in mice lacking the Alox15 gene 

which is responsible for the expression of 12/15-LOX in murine eosinophils. Compared to wild 

type controls,  Alox15-/- mice demonstrated defective fibrin clot formation and reduced 

thrombin generation on the surface of eosinophils72. This defect was rescued by the addition of 

liposomes containing 12-HETE-PL to eosinophil mixtures which, in addition to 15-HETE-PL, 

is a product of murine 12/15-LOX. The pro-thrombotic role of 12/15-LOX was demonstrated 

using a venous injury model which demonstrated smaller clot formation in Alox15-/- mice 

compared with wild type controls72. Finally, HETE-PL were also demonstrated to play a role 

in murine models of abdominal aortic aneurysm (AAA), a condition that causes thrombus-

containing arterial aneurysms. In these angiotensin-II treated ApoE-/- mice, deletion of Alox15 

or Alox12 resulted in protection against aneurysm formation. 119. These findings suggest an in 

vivo role for HETE-PL in mediating thrombosis and haemostasis.  

 

The role of eoxPL in coagulation was also examined in human studies. Patients with 

antiphospholipid syndrome who had experienced a venous thrombotic event  had higher levels 

of circulating eoxPL on the surface of platelets and leukocytes as well as elevated plasma levels 

of IgG that recognised eoxPL. This was seen for both platelet 12-HETE-PL as well as leukocyte 

15- and 5-HETE-PL69. Furthermore, patients undergoing cardio-pulmonary bypass surgery, 

who are known to be susceptible to elevated risk of bleeding post-procedure, were found to 

have lower platelet 12-HETE-PL post operatively, compared to their preoperative levels81. This 

reduction in 12-HETE-PL was hypothesized to be a contributing factor to their bleeding 

phenotype. These findings in human disease further support a potential association of 
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HETE-PL with thrombosis and haemostasis. To date however, there have not been any human 

studies to investigate the role of HETE-PL in arterial thrombosis.  
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1.4 ATHEROSCLEROSIS AND ARTERIAL THROMBOSIS 

1.4.1 Atherogenesis 

Understanding the disease process of atherosclerosis is central to understanding the 

pathophysiology of arterial thrombosis. Atherosclerosis describes the deposition of fatty and 

fibrous material in the innermost lining of the artery, the intima, which when disrupted acutely 

provokes the formation of a thrombus that occludes the lumen120. The pathogenesis of 

atheromata (plural) will be described in this section and is depicted in Figure 1.10.  

 

Initiation of atherosclerosis appears to be related to low-density lipoprotein (LDL) 

particles, responsible for the transport of lipids through the circulation. It is thought that the 

levels of LDL in most contemporary human societies are much higher than the physiologically 

needed amounts, and are consequently chronically exposed to arteries in excess amounts121-123. 

This exposure is recognized as the principal determinant of atherosclerosis initiation and 

progression, where LDL particles can deposit in the arterial wall124,125. To complicate matters, 

modified LDL particles termed oxidized LDL (oxLDL) have been reported to promote 

atherogenesis 126,127. OxLDL particles are formed by oxidative modification of LDL altering 

their structure and content, leading to a more atherogenic phenotype128. Mechanisms for their 

formation are predominantly non-enzymatic, caused by reactive oxygen species which are 

formed by metal ion catalysis126,127. LDL/oxLDL particles enter intimal macrophages via 

scavenger receptors and overload them with cholesterol esters, leading to the formation of foam 

cells. These lipid-rich cells are the hall mark of atherosclerotic lesions, leading to their 

characteristic histological appearance which gives it the Greek name ‘athero-‘, meaning ‘gruel’ 

or ‘porridge’ (Figure 1.10) 129. Of relevance to this thesis, these foam cells are rich in TF on 

their membrane surface which makes them highly prothrombotic if exposed to flowing 

blood130. 
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Figure 1.10. The process of atherosclerosis within arterial walls - the accumulation of 
foam cells carrying prothrombotic properties.  

Arterial walls consist of three layers (‘tri-laminar’): the intima is the innermost layer which is 
separated from the vascular lumen with a layer of endothelial cells. The media is the middle 
layer which consists of vascular smooth muscle cells and is separated from the other two layers 
by a lamina which consists of extracellular matrix proteins such as collagen and elastin. The 
outermost layer is the adventitia which consists of fibrous connective tissue and contains blood 
vessels (‘vasa vasorum’) and nerve endings. The atherosclerotic process implicates the intimal 
layer, and starts by the deposition of (oxidized) low density lipoprotein (LDL/oxLDL) particles 
which causes disruption in the endothelial barrier and expression of adhesion molecules. Over 
time (left to right), this damage to the endothelial allows inflammatory cells (primarily 
monocytes) to infiltrate the intimal layer and to differentiate into tissue resident macrophages. 
Intimal oxLDL/LDL particles enter these macrophages via scavenger receptors and overload 
them with cholesterol esters, leading to the formation of foam cells which are the hallmark of 
atherosclerotic lesions. 
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The entry of oxLDL/LDL into the intima and the initiation of atherosclerosis is thought to 

be related to a defective endothelial barrier between circulating blood and the vessel intima. 

The endothelium plays a pivotal role in regulating the arterial circulation which is under 

continuous friction from the circulatory shear stress exerted by arterial pressures131. Factors 

such as hypertension, smoking and diabetes mellitus have been implicated in damage to the 

endothelium by inducing oxidative to arterial walls and inactivating regulatory pathways such 

as those provided by nitric oxide leading to endothelial dysfunction132-135. The consequence of 

these processes is disruption to the endothelial barrier with subsequent atheroma initiation 

which encroach on the arterial lumen causing turbulent flow and disturbance to arterial shear 

stress131. The result is non-laminar flow which promotes oxidative and inflammatory states in 

the arterial wall, disrupting the homeostatic protective functions of the endothelium and 

reversing its anti-inflammatory properties131,136,137. Thus, a vicious circle of endothelial damage 

followed by atheroma formation leads to more damage, atherosclerosis and propagation of this 

pathological process.  

 

After a number of years, these early atheromata progress via the continued accumulation 

of lipid-rich inflammatory cells and subsequent modification to the extracellular matrix (ECM). 

In addition to macrophages, vascular smooth muscle cells (VSMC) have also been described 

to give rise to foam cells via a process of metaplasia138. These cells migrate to the intima from 

the media, undergo phenotypic switching to macrophage-like cells and contribute to the growth 

of the plaque, formation of ECM macromolecules and inflammation138. Examples of ECM 

molecules include collagen, elastin and glycosaminoglycans which can entrap LDL/oxLDL 

particles and leads to further lipid accumulation and foam cell formation138. These 

macrophages and macrophage-like cells can undergo programmed cell death with defective 

clearance (efferocytosis), leading to the accumulation of a lipid-rich necrotic cores in advanced 
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atheromas, which are highly thrombogenic by virtue of containing TF on their membrane 

surface (Figure 1.11) 130,139-142. Finally, in the advanced stages of atherosclerosis, dysregulated 

deposition and impaired clearance of calcium leads to the development of regions of 

calcifications which cause mechanical instability of plaques, with a higher risk of disruption 

and subsequent arterial thrombosis143,144.   
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Figure 1.11. Formation of necrotic cores within atheromas which are rich in TF and carry 
a prothrombotic burden when exposed to the circulation upon plaque rupture.  

As part of atheroma progression, vascular smooth muscle cells (VSMC) resident within the 
innermost layer of the arterial wall (the intima) produce extracellular matrix (ECM) molecules 
such as collagen in a dysregulated fashion which leads to formation of a fibrous cap. This cap 
is weakened and undergoes thinning as a result of matrix metalloproteinases released by 
activated macrophages. Furthermore, VSMC can undergo a process of metaplasia to form 
foam-like cells which are deposited in the intima alongside foam cells formed by macrophage 
engulfment of (oxidized) low density lipoproteins (LDL/oxLDL) particles. As the lesions 
advance, VSMCs and macrophages can undergo cell death by apoptosis, necrosis or 
efferocytosis which leads to the accumulation of dead or dying cells within the intima.
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Of particular interest to this thesis is the contribution of the coagulation system to 

atherogenesis and plaque progression. The plasma membranes of foam cells are rich in TF co-

localising with FVII, demonstrated by studies examining human atherosclerotic lesions and 

associated with early atheroma formation145,146. TF:FVIIa is responsible for formation of FXa 

and thrombin on procoagulant surfaces rich in procoagulant PL. Together, FXa and thrombin 

can signal through activation of proteinase activated receptors (PARs) which are present on the 

surface of platelets and endothelial cells147. In addition to their roles in haemostasis (PAR1 and 

PAR4), PAR receptors have also been implicated in inflammation and atherogenesis. The FXa 

and thrombin receptor, PAR1, has been implicated in atheroma formation in ApoE-/- mice 148. 

In a study by Rana et al, inhibition of PAR1 with pepducin PZ-128 led to decreased formation 

of atheromas in thoracic and abdominal aortic sections from ApoE-/- mice148. This was thought 

to be due to a reduction in monocyte transmigration and macrophage infiltration by interfering 

with the expression of vascular adhesion molecules148. In another study utilising a separate 

model of atherosclerosis, Jones et al demonstrated that deletion of PAR2, a receptor for FXa, 

attenuates atherosclerotic lesion development in LDLR-/- mice149. This was thought to be 

related to reduced levels of pro-atherosclerotic chemokines which drove monocyte 

chemotaxis149. These studies demonstrate that the protease activity of coagulation factors may 

influence formation of atherosclerotic lesions by activating the inflammatory PAR pathways.  

 

Adding to this, interfering with procoagulant phospholipid generation in murine models of 

abdominal aortic aneurysms lead a decrease in aneurysm formation119. These aortic lesions are 

atherosclerotic in nature with the added presence of intramural thrombi150. In a study from our 

group, genetic deletion of Alox12 or Alox15, impairing the synthesis of the procoagulant 12- 

and 15-HETE-PL, resulted in reduced aneurysm formation119. These lipids were shown to be 

present within human aneurysmal aortic tissue and are known to be essential for normal 
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haemostatic mechanisms as described in section 1.3.581,119. Taken together, these studies 

suggest that the coagulation system and procoagulant membranes are also implicated in 

atherogenesis, taking them one step further from their role in driving thrombus formation. It 

remains unknown however whether circulating cells in patients with arterial thrombosis, such 

as ACS, possess a more procoagulant surface which may drive excessive thrombin generation. 

To address this, I will test the membrane procoagulant potential in circulating platelets, 

leukocytes and plasma EVs from patients with ACS versus healthy controls. 

 

1.4.2 Plaque disruption and arterial thrombosis  

The defective ECM that overlies the lipid-rich core of atheromas can form an overlying 

fibrous cap. These can fissure or erode exposing the circulation to the highly thrombogenic 

lipid-rich plaque which contain high levels of TF130,151. Disruption of these plaques can take 

place in coronary arteries (heart attacks or ACS), cerebral arteries (strokes) or peripheral limb 

arteries (critical limb ischaemia)152,153. The process of thrombosis on the surface of disrupted 

plaques is termed ‘athero-thrombosis’ or ‘arterial thrombosis’6. 

 

Histological examination of ruptured plaques has demonstrated the presence of a thin 

fibrous cap with a very large necrotic lipid-rich core153. Plaques with these characteristics are 

traditionally described as ‘vulnerable plaques’, whereas those with thicker fibrous caps are 

termed ‘stable plaques’. This classification attempts to simplify the complex spectrum of 

plaque destabilisation, with the aim of providing a framework that allows clinicians to decide 

which plaque requires treatment and which does not154,155. This however remains a challenge 

despite advances in intravascular imaging156.  
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Whilst it remains unclear what process influences plaque stability, it is thought that 

inflammatory cells play a key role in impeding the synthesis of collagen by VSMC and 

consequently impairing the ability of these cells to maintain the skeleton of the fibrous 

cap157,158. These inflammatory processes include activation of interstitial collagenases by 

activated cells which degrade key components within the structure of the fibrous cap159. 

Weakening of these caps leads to atherosclerotic plaque rupture exposing the blood 

compartment to the thrombogenic plaque core. Another proposed mechanism for plaque 

disruption is erosion. Lesions implicated in plaque erosion seem to have a distinct morphology 

which distinguishes them from typical ruptured plaques. Specifically, they have a rich ECM 

composition, fewer inflammatory leukocytes, less lipid and no thin friable fibrous cap, yet 

remain capable of promoting thrombosis by exposing the inner core160. In both plaque rupture 

and erosion, the substances exposed to the circulation include TF produced by VSMC and 

macrophages which can activate the coagulation system leading to formation of thrombin and 

subsequently fibrin161. Thrombin also activates platelet aggregation, a major contributor to 

thrombus formation, which will be described below. What remains unknown is whether 

procoagulant PL on the surface of platelets, leukocytes or plasma EV are altered in patients in 

the acute stages of arterial thrombosis, and whether eoxPL contribute to the clot architecture. 

Here, I will address this by characterising the lipidomic composition of arterial thrombi as well 

as the membranes of circulating platelets, leukocytes and plasma EVs from patients with ACS 

versus healthy controls.   

 

1.4.3 The role of platelets in arterial thrombosis 

Rupture or erosion of atherosclerotic plaques exposes the blood vessel lumen to significant 

amounts of ECM proteins, such as collagen, and leads to platelet activation of platelets. This 

is followed by platelet aggregation on the surface of disrupted plaques which represents the 
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initial step in thrombus formation162. The exposure of collagen to the circulation leads to 

platelet activation both directly, through GP Ia/IIa and GP VI receptors, or indirectly via VWF 

bridges which form under high shear conditions between collagen and the platelet GP Ib-IX-V 

receptor163.  This leads to platelet shape changes and subsequent release of ADP and TxA2 

which promote the activation and recruitment of further platelets to the site of the aggregate. 

Ligands such as adenosine triphosphate (ATP) released by leukocytes at the site of plaque 

disruption can also lead to platelet activation, indicating a possible role for non-platelet immune 

cells164. 

 

The presence of high shear velocity within arteries and the driving influence this has on 

VWF-mediated platelet activation had traditionally led to the belief that arterial thrombi are 

composed predominantly of platelets (‘white clots’) with little involvement from the 

coagulation system165. This however is untrue as these thrombi have been shown to contain a 

large amount of fibrin, which has been reported to occupy 43% of thrombus volume compared 

with 31% platelets, 17% red blood cells, 5% leukocytes and 2% microvesicles165,166. The high 

proportion of fibrin is thought to form and accumulate as a result of activation of the 

coagulation system by virtue of exposure to TF contained within plaques 162. Therefore, it is 

evident that platelet-activation is not the sole contributor to this process and that the coagulation 

system is implicated as well. As described above in section 1.3, the link between activation of 

the coagulation system and activated cells, such as platelets, is a procoagulant phospholipid 

surface. Despite this, no studies to date have investigated differences in the platelet 

procoagulant PL surface between patients with arterial thrombosis and healthy controls to test 

whether platelets provide a more prothrombotic PL reaction surface. This thesis will address 

this knowledge gap by studying the procoagulant lipidome of platelets from ACS patients 

compared with healthy controls. 



 49 

1.4.4 Leukocytes, inflammation and arterial thrombosis 

The same risk factors for endothelial dysfunction and the initiation of atherosclerosis 

described above, such as hyperlipidaemia, hypertension or diabetes, have been implicated in 

the activation of inflammatory pathways120. These pathways can then go on to alter arterial 

intimal cells causing further endothelial dysfunction and propagation of atherosclerosis. Using 

hypertension as an example, high levels of angiotensin II activate inflammatory pathways 

governed by the nuclear factor-κB (NF-κB) pathway167. Hypertension has also been implicated 

in the activation of adaptive T cell immunity leading to the release of a number of inflammatory 

cytokines such as tumour necrosis factor alpha (TNFa) and interferon gamma (IFNg) causing 

further vascular dysfunction and damage168. T lymphocytes have also been shown to be present 

within human atheromas with varying roles in atherogenesis169. Another example of risk factors 

causing inflammatory propagation of atherosclerosis is insulin resistance and diabetes mellitus. 

In these conditions, changes in visceral adiposity have been shown to cause activation of 

inflammatory cells resident within adipose tissue170,171. This extravascular inflammation can 

still affect distant arterial walls by virtue of generating soluble inflammatory cytokines which 

lead to intimal cell activation and damage172,173. These data suggest that activation of 

inflammatory pathways and cells is central to the process of atherosclerosis, the precursor to 

arterial thrombosis.  How this is linked with the processes of coagulation is not well understood 

currently.  

 

In addition to adaptive immune cell activation, innate immune cells have been shown to 

contribute to athero-thrombotic process. In addition to the previously described roles of 

platelets and macrophage, granulocytes have also been shown to contribute to this process. 

Specifically, recent work on neutrophil extracellular traps (NETs) has implicated these cells in 

the process of vascular thrombosis174. NETs are released by neutrophils that undergo a 
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specialised form of cell death known as NETosis and consist of DNA strands that bind to 

proteins, such as TF, and leukocyte enzymes. They are present in blood clots where they 

propagate thrombosis and amplify intimal injury175,176. Other innate immune cells that are 

associated with arterial thrombosis include eosinophils. Activation of these cells, as measured 

by the levels of eosinophilic cationic protein, predicts cardiovascular outcomes such as stroke 

and myocardial infarction72. Histological sections of arterial and venous thrombi have shown 

the presence of eosinophils within the architecture of the clot. The mechanisms involved in the 

prothrombotic contribution of eosinophils are thought to relate to the presence of endogenous 

TF on their surface, the presence of procoagulant PLs (15-HETE-PL) as well as the formation 

of eosinophil extracellular traps where are thought to work in a similar way to NETs72,177,178. 

However, it remains unknown whether other procoagulant lipids, such as aPL and eoxPL, on 

the surface of leukocytes are dysregulated in ACS patients.  

 

Given the evidence of immune cell activation described above, it is no surprise that 

markers of inflammation, such as C-reactive protein (CRP) rise in patients with arterial 

thrombosis and can predict cardiovascular risk179. These findings have become the foundation 

of the increasingly popular ‘inflammatory hypothesis’ which is thought to drive arterial 

thrombosis180. This hypothesis lead to a number of recent land mark clinical trials examining 

the effects of anti-inflammatory therapies for the secondary prevention of further heart attacks 

and strokes with positive preliminary results181,182. Whether the presence of inflammation in 

arterial thrombosis translates into activation of lipid metabolism pathways and generation of 

bioactive inflammatory procoagulant lipids on the surface of immune cells remains unstudied. 

This will be addressed in this thesis by studying the aPL and eoxPL lipidome of leukocytes 

from patients with ACS compared with healthy controls.  
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1.4.5 Extracellular vesicles (EV) 

EVs are PL membrane-bound structures which bud off activated cells containing antigens 

specific to the parent cell, but no nucleus183-185. Whilst all EV’s are defined as vesicles less than 

1 µm in diameter, a number of subtypes exist within this all-encompassing definition98. The 

main two subtypes are exosomes and ectosomes, but it is worth noting that experimental EV 

isolates may also include apoptotic bodies and lipoproteins, which are also submicron PL-

bound particles. Exosomes are released from cells by exocytosis of endocytic and 

multivesicular bodies, whereas ectosomes originate directly from the membrane surface of the 

parent cell (Figure 1.12) 186,187. Both of these EV subgroups are characterised by the presence 

of aPL on their membrane surface, with the additional presence of tetraspanin proteins in the 

case of exosomes188. Having said that, many variations exist in definitions and nomenclature 

with significant overlap in the literature making it very difficult to reliably restrict published 

findings to one EV subtype or the other. For the purposes of this thesis, the introductory focus 

will be describing ectosomal EVs (also known as microvesicles) and their formation, though 

going forward, assays employed in this thesis to isolate EVs face the same challenges 

encountered by the literature in isolating a pure subtype. 
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Figure 1.12. Schematic representation of subtypes of extracellular vesicles (EV) released 
by a cell and their respective diameters.  

EV isolates contain three main subtypes: exosomes, ectosomes and apoptotic bodies. 
Exosomes are released by exocytosis, whereas ectosomes (also known as shedding 
microvesicles) are secreted by outward budding of the plasma membrane. Apoptotic bodies are 
released by dying cells during the later stages of apoptosis so that cell debris can be 
phagocytosed and cleared by immune cells. MVB: multivesicular body. 
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In order for blood cells to initiate EV formation, cell activation or apoptosis needs to take 

place. This starts by calcium mobilisation within the endoplasmic reticulum which leads to loss 

of membrane asymmetry and exposure of aPL to the surface via the scramblase enzymes. This 

is accompanied by activation of calpain and gelsolin, two enzymes that are critical for EV 

formation by disrupting the actin cytoskeleton resulting in membrane budding and EV 

shedding189. Calpain severs the association of actin with membrane proteins by disrupting 

actin-binding proteins, whereas gelsolin achieves similar results by cleaving actin capping 

proteins190-192. The end result is release of EV enriched in aPL on their membrane, with 

estimates derived from high-performance thin layer chromatography (HPTLC) on EV from 

healthy human plasma describing 60% PC, 9% PE and 4% PS with the remainder consisting 

of other lipids193. What remains unknown about EV membranes is whether they contain eoxPL. 

Several studies have reported the presence of truncated oxPL on the surface of EV budding off 

apoptotic cells. These include oxPC which has been demonstrated using the E0 monoclonal 

antibody with flow cytometry studies of EVs released from in-vitro activated endothelial 

cells194. However, no studies to date have examined the presence of eoxPL on plasma EV 

membranes. This gap in the knowledge will be examined in this thesis using lipidomic studies 

on plasma EV from patients with ACS and healthy controls.  

 

EVs in the circulation originate from different cells including platelets, leukocytes, 

erythrocytes and endothelial cells, with platelet EVs thought to represent 70-90% of all 

circulating particles195. Differences in their total amount or relative proportions relate to the 

rate of their release from cells and subsequent clearance from the circulation98. Mechanisms 

for EV removal are not well understood, making it difficult to define their lifespan after 

formation. Reports of murine models of platelet-derived EV in vivo describe a 30 minute 

lifespan196. Possible clearance mechanisms include phospholipases, phagocytosis or 
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opsonization and subsequent clearance197,198. The gap in our knowledge of how EVs are cleared 

makes it difficult to determine whether the persistently high EV levels found in patients with 

conditions such as ACS relate to the index event or are a consequence of ongoing inflammatory 

cell activation and EV turnover199. 

 

Similar to activated platelets and immune cells, EVs expose procoagulant aPL on their 

surface, giving it a potential role in the process of coagulation. The involvement of EV in 

coagulation was first described in 1967, when Wolf et al described ‘platelet dust’ in reference 

to EV aggregates that were noted in human plasma coagulation assays200. Subsequent research 

groups identified EV formation following platelet stimulation by collagen and thrombin, with 

a 10-fold more abundance in serum compared to plasma indicating that they are produced in 

the course of clotting201,202. Of interest to this thesis, exposing whole blood to high shear stress 

similar to that seen in severe atherosclerosis has been shown to activate platelets and generate 

platelet-derived EVs, unlike normal arterial shear stress203. The mechanistic basis for this is 

thought to relate to VWF-GP Ib-IX-V activity, and results in the deposition of potentially 

procoagulant EVs at the stenotic site which are not dislodged under extreme flow conditions 

akin to those present in atherosclerotic arteries204. These observations have led to an increasing 

interest in the involvement of EVs in thrombotic processes which will be described below. 

Whilst the presence of aPL on the external membrane leaflet is characteristic of EV, it remains 

unknown what proportion of aPL is externalised compared to total aPL (throughout the 

membrane). In this thesis, I will be quantifying the fraction (percentage) of aPL externalised to 

the EV surface in patients with arterial thrombosis as well as healthy controls.  
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1.4.6 Role of plasma EV in thrombosis and haemostasis 

The presence of procoagulant aPL and TF on the surface of EVs is reported to provide 

around 50 to 100-times more procoagulant properties than an identical surface area unit of an 

activated platelet205. TF-positive EVs have a leukocyte origin and are present within thrombi, 

as detected by intravital microscopy206. It is thought that the small size of TF-positive EVs 

allows them to access the centre of the thrombus and interact with platelet P-selectins much 

quicker than the much larger TF-bearing leukocyte207.  Conflicting reports exist describing the 

presence of TF on the surface of some platelet-derived EVs, despite the fact that platelets lack 

the machinery to generate TF themselves98,99,208. Such TF-positive platelet EVs may have 

acquired TF as a result of transfer from monocytes and granulocytes to platelets99,209. It is worth 

noting that outside of their role in TF decryption, EV membrane aPLs have received little 

attention in how they contribute to TF-independent coagulation reactions and whether their 

composition differs between health and disease. To address this, I will measure coagulation 

reactions on the surface of plasma EV using a purified mixture of FXa:FVa and prothrombin, 

thereby analysing the contribution of the lipid membrane independent of TF status.   

 

The role of EVs in haemostasis is illustrated by defects in their production in patients with 

Castaman’s and Scott syndrome, resulting in a bleeding phenotype. Patients with Castaman’s 

syndrome have normal platelet prothrombinase activity, but lack the ability to generate EVs 

due to an unknown mechanism and demonstrate a bleeding tendency as a result210,211. A similar 

phenotype is observed in patients with Scott syndrome who lack the ‘scramblase’ functionality 

described in section 1.2.2, and therefore have impaired platelet prothrombinase activity due to 

defective aPL externalisation212. Of interest to this section, EV formation is also defective in 

patients with Scott syndrome, highlighting the importance of aPL externalisation as a pivotal 

prerequisite step in the formation of EVs213-215. Interestingly, patients suffering from 
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Stormorken’s syndrome (also known as ‘inverse Scott syndrome’) also exhibit a bleeding 

tendency despite having a constitutive activation of platelets with elevation of circulating 

platelet-derived EVs216. These observations of a bleeding phenotype at extremes of EV counts 

suggest a complex non-linear relationship between EV formation and procoagulant 

phenotypes.   

 

The pathological role of EVs in driving thrombosis has been described in models of arterial 

and venous thrombosis217. In murine models of arterial thrombosis, thrombus formation was 

supported by the accumulation of EVs which participated in fibrin deposition206,218,219.  

Similarly, models of venous thrombosis demonstrated enhanced thrombosis when TF-positive 

EVs derived from thrombosed mice were injected into healthy mice 220. In a hybrid model 

utilising EVs from humans and introducing them into venous stasis models in rats demonstrated 

higher thrombogenicity in TF positive EVs from patients undergoing cardiac surgery compared 

to healthy controls221. Finally, human diseases implicating EVs in thrombosis have focused 

mainly on their role in cancer-associated thrombosis where evidence of increased 

thrombogenicity was demonstrated for EVs derived from tumour cells222,223. These studies 

confirm that EV are prothrombotic, but it remains unclear whether this is due to the presence 

of TF, procoagulant PL or indeed both on the EV surface.  

 

Of particular interest to this thesis is the presence of higher numbers of EVs in patients 

suffering from arterial thrombosis and its risk factors224-230. Patients suffering from 

hypertension have higher levels of circulating EVs which correlate with their blood pressure 

readings and are thought to be generated as a consequence of higher shear pressures224.  

Similarly, diabetes mellitus is associated with higher levels of EVs released as a consequence 

of stimuli such as advanced glycation products and oxidative stress, with a higher procoagulant 
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phenotype in patients with poor glycaemic control225,226. Patients with dyslipidaemias have 

upregulated EV levels as a consequence of LDL-induced membrane blebbing227. Indeed, the 

development of atherosclerosis may be influenced by EVs, generated as a result of the 

mechanisms described above, which alter the profile of adhesion molecules on endothelial cells 

and promote monocyte transmigration and vascular inflammation98,231. In addition, the 

presence of high amounts of EVs within the atherosclerotic plaque may contribute to the 

thrombotic process that follows plaque rupture232. This may implicate EVs in ACS where 

elevated numbers were demonstrated in comparison to CAD patients228-230, and shown to 

positively correlate with high-risk coronary angiographic features233.  

 

It is worth noting that beyond their proposed use as biomarkers and presence in higher 

amounts, the exact role and regulation of EVs in human arterial thrombosis remains largely 

unstudied. Furthermore, it is not known whether higher levels of aPL are exposed on the EV 

membrane in patients with ACS compared to healthy controls, whether eoxPL are present and 

if the lipid membrane contribute to a prothrombotic phenotype independent of TF activity. 

These questions will be addressed as part of this thesis by using thrombin generation assays 

and lipidomic studies on plasma EV from ACS patients and healthy controls. 
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1.5 PHARMACOLOGICAL AGENTS INTERFERING WITH THROMBOSIS AND HAEMOSTASIS 

1.5.1 Aspirin 

Given the role of platelets in promoting thrombosis, a number of pharmacological 

inhibitors have been developed, the first of which was aspirin. Initially used as an anti-

inflammatory and analgesic, it was not until the 1960s and 1970s that research established 

aspirin as an effective anti-thrombotic agent associated with a reduction in the rates of 

myocardial infarctions234,235. Since then, aspirin has been shown to have marked benefits in the 

management of arterial thrombosis (e.g. myocardial infarction and stroke) and secondary 

prevention of cardiovascular disease, with some potential for primary prevention in healthy 

people236.   

 

Aspirin is a potent irreversible inhibitor of COXs which works by acetylating serine 

residues within the active site, thus preventing the binding of PUFA substrates and blocking 

oxylipin synthesis 237. Given that platelets are anucleate and thus, are unable to synthesise more 

COX-1, the aspirin inhibitory effect persists for the entirety of their lifespan (10 days) and leads 

to a reduction in TxA2 synthesis. By doing so, continuous low dose aspirin supplementation (at 

75mg once daily) will generate an anti-platelet effect by reducing secondary aggregation 

downstream of TxA2 receptors (TPα and TPβ)237.  

 

The impact of aspirin on eoxPL generated downstream of platelet 12-LOX remains not 

characterised. This is of particular importance given that both COX-1 and 12-LOX share the 

same PUFA substrates, and therefore aspirin supplementation may interfere with the 12-LOX 

pathway indirectly. This thesis addresses this gap in the literature by studying the effect of 

aspirin on 12-LOX generated eoxPL in a healthy cohort of 28 individuals (Chapter 3).  
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1.5.2 Anti-coagulant agents and arterial thrombosis 

Up until recently, the use of anticoagulants in the management of arterial thrombosis has 

been limited. This was the result of an absence of net clinical benefit when warfarin, the oldest 

and most commonly used oral anticoagulant, was used in the management of arterial 

thrombosis (e.g. acute coronary syndrome - ACS). Warfarin works by blocking vitamin K 

epoxide reductase, interfering with the synthesis of coagulation factors FII, FVII, FIX and FX 

and leading to an anti-coagulant effect28. Despite being significantly beneficial in the treatment 

of venous thrombosis and atrial fibrillation, studies examining its effectiveness in treating 

arterial thrombosis, such as in ACS, have demonstrated mixed results with a substantial risk of 

bleeding offsetting any anti-ischaemic benefits238-240. This reinforced the traditional view that 

arterial thrombosis occurring under high shear flow conditions is a platelet-driven event with 

limited contribution from the coagulation system28. 

 

Newer direct-acting oral anti-coagulant (DOAC) medications were developed in the last 

decade with seemingly better safety profiles that warfarin28. Given this and their ease of dosing 

with no requirement for monitoring, these agents gained rapid popularity28,241. This also 

facilitated their testing in patients with ACS, where there is convincing evidence of increased 

thrombin production and therefore involvement of the coagulation cascade28. The most 

significant demonstration of their effectiveness in this context was shown in the ATLAS ACS 

2-TIMI 51 trial in 2012242. This study showed that low dose rivaroxaban (2.5 mg twice daily, 

as opposed to the venous thrombosis dose of 20 mg once daily) reduced the occurrence of the 

primary outcome of cardiovascular death, myocardial infarction or stroke by 16%, with a small 

increase in the risk of bleeding (2.1% versus 0.6% compared to placebo). Rivaroxaban works 

by directly inhibiting FXa, a coagulation factor that is responsible for the generation of 

thrombin. Therefore, the finding of a beneficial role with an anti-coagulant in ACS has strongly 
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re-ignited interest in the role of thrombin generation and the coagulation system in the 

pathophysiology of ACS.  

 

In order for FXa to be synthesized and to function as a prothrombinase (along with its co-

factor FVa), it requires the presence of a procoagulant PL membrane. Despite this, the role of 

the PL surface in the context of arterial thrombosis remains undefined. I will address this gap 

in the literature by studying the procoagulant lipidome (both aPL and eoxPL) and its ability to 

generate thrombin on the surface of circulating platelets, leukocytes and plasma EV from a 

clinical cohort of patients with ACS and healthy controls.  
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1.6 LIPIDOMICS 

Lipidomics refers to the comprehensive, large-scale analysis of lipids in biological 

systems. This is possible owing to recent advances in liquid chromatography (LC) followed by 

soft ionisation tandem mass spectrometry (MS/MS) techniques. LC-MS/MS has high 

sensitivity for detecting large numbers of molecular species within a sample based on 

separation of lipids by structural differences such as double bond position using LC, followed 

by separation by  mass/charge ratios (m/z) using MS/MS9. In my studies, LC-MS/MS will be 

used for the lipidomic analysis of cells, plasma EVs and clots. 

 

1.6.1 Liquid chromatography with tandem mass spectrometry 

(LC-MS/MS) 

The use of reverse phase LC prior to MS allows the user to separate lipids based on their 

lipophilicity. In simple terms, the sample is injected into a stream of mobile phase consisting 

of a mixture of aqueous and organic solvents, which then passes through an LC column 

containing a non-polar stationary phase at a specified flow rate. The lipids within the sample 

will interact with both the mobile and stationary phases leading to adsorbance followed by 

elution at varying times, known as retention time (RT). Given the range of lipids that may be 

present within a biological sample, the choice of column and mobile phases will vary and the 

method may require optimisation to enable detection of the lipid species of interest.  

 

Following separation with LC, samples are passed to the MS for detection and further 

chemical characterisation. Using an electrospray ionisation (ESI) chamber, compounds 

resolved by LC are ionised through a hypodermic needle maintained at a high voltage. The 

result is the creation of positively charged ions by the addition of cations such as hydrogen 



 62 

([M+H]+), or negatively charged ions by the subtraction of a hydrogen nucleus ([M-H]-). 

These ions are then passed through a mass filter based on their mass to charge ratio (m/z) prior 

to reaching a mass detector. An example of a mass filter is a quadrupole, which is made of four 

equidistant parallel rods through which an oscillating radiofrequency field is applied. The 

charged ions pass through the quadrupole and their paths are selectively stabilized or 

destabilized based on the radiofrequency field generated by a pre-specified voltage passing 

through the four rods. This allows the instrument to define the range of m/z filter which can 

then reach the detector, whereas ions with unstable trajectories will collide with the rods and 

are eliminated.  

 

The detection of precursor ions and their product fragments may be accomplished using 

individual MS elements separated in space (such as with a triple quadrupole instrument) or a 

single MS element separated in time (such as an ion trap) 243. Tandem MS/MS with a triple 

quadrupole allows for the analysis of precursor and product ions in separate regions of the 

instrument, and is thus tandem in space. In contrast, using MS with an ion trap utilises the same 

physical space for the detection of precursor and product ions with a timing sequence243. For 

the purposes of this thesis, the MS/MS instrument utilised will be a triple quadrupole which 

consists of three separate quadrupole chambers, the first and third of which are mass analysers 

that house four parallel gold-plated rods (quadrupoles). The second is a collision cell where 

nitrogen or argon fragment the molecule for MS/MS analysis. The first quadrupole (Q1) acts 

as a mass filter for precursor/parent ions. These are then passed to the collision cell (Q2) where 

a neutral gas (e.g. argon) is used to induce multiple collisions resulting in fragmentation. In the 

third chamber (Q3), the product ions are passed to scan for a range m/z ratios to allow for the 

recognition of parent and daughter ions of a specific m/z through a detector9.  Figure 1.13 

demonstrates the typical configuration of a triple quadrupole LC-MS/MS instrument.   
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Figure 1.13. The typical configuration of a liquid chromatography with tandem mass 
spectrometry (LC-MS/MS) device.  

Processed samples which are dissolved in solvent are injected into the LC column to facilitate 
separation by structural differences based on retention times. Separated lipids are then fed into 
the MS/MS and ionised to generate an m/z ratio for each precursor lipid. These may be filtered 
in the first set of quadrupoles (Q1) prior to passing into the collision cell (Q2). Fragmented  
product ions are filtered in the third set of quadrupole (Q3). Transitions of Q1 mass to Q3 mass 
coupled to LC retention time facilitate accurate detection of lipid species. 
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1.6.2 Targeted lipidomics with LC-MS/MS 

In targeted LC-MS/MS, lipids eluting at different times from the LC are passed to the 

MS/MS and monitored using multiple reaction mode (MRM). In this setting, parent (precursor) 

and daughter (product) m/z for lipids of interests are prespecified in the machine which 

optimizes the time spent acquiring data and provides sufficient data points across peaks. This 

method maximizes sensitivity which allows the detection of small amounts of analytes with 

good precision9. The choice of parent and daughter ions is based on knowledge of the 

fragmentation pattern of the analyte and the resulting mass spectrum. For instance, 12-HETE 

fragmentation in negative ion mode results in a specific product ion with an m/z of 179.1. This 

could be targeted with MRM scanning for the transition from 319.2 (parent) to 179.1 (daughter) 

to detect 12-HETE in analysed samples (Figure 1.14). 
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Figure 1.14. Mass spectrometry fragmentation pattern for 12-HETE in negative mode.  

The molecular weight (MW) of 12-HETE is 320. This undergoes ‘soft ionisation’ in the ion 
source of the mass spectrometer (MS) by removal of a proton. The resultant [M-H]- precursor 
ion carries a mass to charge ratio (m/z) of 319.2 in negative ion mode. Following fragmentation 
in the collision cell, multiple product ions may be detected in the resultant mass spectrum, with 
the 179.1 m/z ion being described as being specific for 12-HETE244. Chemical structures were 
adapted from LIPID MAPS. The mass spectrum was obtained from Metabolomics Spectrum 
Resolver as fragmented on a Qtrap 4000 MS/MS instrument (UCSD, 
mzspec:MASSBANK::accession:UT000029). 
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1.7 HYPOTHESIS AND AIMS 

The evidence presented above describes what is currently known about eoxPL generation 

in response to inflammation and agonist-activation of immune cells (section 1.2.4). 

Nevertheless, no studies to date have examined how eoxPL generation in platelets varies in 

response to differences in gender or aspirin supplementation. This thesis tackles this gap in the 

literature by presenting the largest study to date on how eoxPL generation varies by gender, 

aspirin and over time in platelets from a healthy cohort.  

 

Despite the literature review presented above which indicates an essential role for 

membrane PLs in driving effective coagulation (section 1.3), it is not known whether the 

procoagulant potential of PL membranes from platelets, leukocytes and plasma EV varies 

between ACS and healthy controls. This question will be addressed as part of this thesis using 

a TF-independent chromogenic thrombin generation assay to determine whether differences 

exist in the ability of PL membranes to facilitate coagulation reactions. In addition, this thesis 

will present the first lipidomic analysis of human arterial thrombi quantifying the amounts of 

HETE-PL, whose role in arterial thrombosis remains unknown. 

 

Finally, there is increasing evidence for aPL and eoxPL in promoting coagulation reactions 

in-vitro and in murine and human models of disease. Nevertheless, it remains unknown 

whether procoagulant PL profiles on the surface of circulating platelets, leukocytes and plasma 

EVs vary between patients with arterial thrombosis, such as ACS, and healthy controls. This 

gap in the knowledge will be addressed by the presented thesis by comparing aPL and eoxPL 

amounts on circulating membrane surfaces from patients with ACS versus healthy controls. 

This will utilise contemporary lipidomic techniques relying on the use of LC-MS/MS and 

derivatisation methods to facilitate the detection and quantification of these lipids.  
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On the whole, characterizing the procoagulant lipidome from ACS patients will improve 

our understanding of the role of membrane PL in these conditions and their influence on 

membrane procoagulant potential. This may lead to the identification of PL-based therapeutic 

targets for the prevention and treatment of pathological clotting.   

 

1.7.1 Hypothesis 

An altered procoagulant surface of circulating blood cells contributes to the underlying 

mechanisms of thrombosis in ACS. 

 

1.7.2 Aims  

Aim 1: To characterise the eoxPL composition of platelets collected from healthy people, 

and investigate the influence of gender and aspirin on levels and composition.  

Aim 2: To determine the eoxPL composition of arterial thrombi from patients with 

coronary or peripheral vascular disease.  

Aim 3: To determine the capacity of the platelet, leukocyte and plasma EV membrane 

surfaces to support coagulation in patients with ACS compared to healthy and disease-matched 

controls.  

Aim 4: To determine the membrane surface aPL and eoxPL composition of platelets, 

leukocytes and plasma EV in patients with ACS compared to healthy and disease-matched 

controls. 
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2.1 MATERIALS  

2.1.1 Chemicals 

Solvents and solutions were purchased from ThermoFisher Scientific (Massachusetts, 

USA) as follows: HPLC grade water (H2O), glacial acetic acid, propan-2-ol (IPA), hexane, 

chloroform, methanol (MeOH), acetonitrile (ACN), tissue culture grade phosphate buffered 

saline (PBS), NHS-biotin and EZ-Link Sulfo-NHS-biotin. 

 

Chemical powders were from Sigma Aldrich (Missouri, USA) as follows:  

diethylenetriaminepentaacetate (DTPA), acetaminophen, butylated hydroxytoluene (BHT), 

pentamethylchromanol, stannous chloride (SnCl2), trisodium citrate dihydrate, citric acid 

monohydrate, sodium chloride (NaCl), sodium hydrogen carbonate (NaHCO₃), potassium 

chloride (KCl), di-sodium hydrogen orthophosphate, sodium hydroxide (NaOH), hydrochloric 

acid (HCl), sodium dihydrogen orthophosphate dihydrate, magnesium chloride hexahydrate, 

HEPES, glucose, dimethyl sulfoxide (DMSO), L-lysine, calcium chloride (CaCl2), bovine 

thrombin, calcium ionophore (A23187), trypan blue, triethylamine, trisaminomethane base 

(tris) and ethylenediaminetetraacetic acid (EDTA). 

 

Hetasep was purchased from StemCell Technologies, Canada. 

 

2.1.2 Coagulation factors and chromogenic substrates 

Coagulation factors and chromogenic substrate were obtained from Enzyme Research 

Laboratories (Swansea, UK), except for Human Factor Va which was obtained from 

Haematologic/Cambridge Bioscience (Cambridge, UK). Coagulation factors were 

reconstituted in H2O and aliquoted as follows: Human Prothrombin (Factor II) 20 µM, Human 
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Factor Va 1 µm, Human Factor Xa 10 µM, Human Alpha Thrombin (Factor IIa) for standard 

curve generation 10 µM. The chromogenic substrate S-2238 (Pefachrome TH 8198) was 

reconstituted in H2O at 2.8 mM.  

 

2.1.3 Lipids 

Phospholipid standards were purchased from Avanti Polar Lipids (Alabama, USA): 1,2-

dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE), 1,2-dimyristoyl-sn-glycero-3-

phosphatidylcholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphatidylserine (DMPS), 1-

stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine (SAPE), 1-stearoyl-2-

arachidonoyl-sn-glycero-3-phosphoethanolamine (SAPC), 1-stearoyl-2-arachidonoyl-sn-

glycero-3-phosphoserine (SAPS), 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (SOPS), 

1-(1Z-octadecenyl)-2-arachidonoyl-sn-glycero-3-phosphoethanolamine (SpAPE) and 1,2-

dioleoyl-sn-glycero-3-phospho-L-serine (DOPS),  

 

Deuterated eicosanoid standards 12(S)-hydroxyeicosatetraenoic acid (12(S)-HETE-d8) 

and thromboxane B2 (TxB2-d4) were purchased from Cayman Chemical (Michigan, USA).  
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2.2 BUFFERS  

2.2.1 Buffers for platelet isolation and activation 

Acid Citrate Dextrose (ACD)  

25g of Trisodium citrate, 13.7 g citric acid and 20 g glucose were dissolved in 900 ml of 

H2O. The pH was adjusted to 5.4  and the solution was made up to 1 L with H2O to give a final 

concentration of 85 mM trisodium citrate, 65 mM citric acid and 100mM glucose. The solution 

was syringe filtered through a 0.22 µm filter, dispensed into 15 ml aliquots, and stored at -20 

°C. 

 

Tyrodes buffer 

7.84 g NaCl, 1.02 g NaHCO3, 0.22 g KCl, 0.09 g di-sodium hydrogen orthophosphate, 0.3 

g magnesium chloride hexahydrate, 2.38 g HEPES and 0.9 g glucose were dissolved in 900 ml 

H2O. The pH was adjusted to 7.4  and the solution was made up to 1 L with H2O to give a final 

concentration of 134 mM NaCl, 12 mM NaHCO3, 2.9mM KCl, 0.34 mM di-sodium hydrogen 

orthophosphate, 1 mM magnesium chloride hexahydrate, 10mM HEPES and 5 mM glucose. 

The solution was vacuum filtered through a 0.22 µm filter, dispensed into 50 ml aliquots, and 

stored at -20 °C. 

 

Stock bovine thrombin (20 U/ml) 

Lyophilized bovine thrombin powder (100 U) was reconstituted in 5 ml sterile PBS to give 

a stock of 20 U/ml. The solution was dispensed into 20 µl aliquots and stored at -80 °C.  
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2.2.2 Buffers for leukocyte isolation and activation 

Krebs buffer 

5.8 g NaCl, 11.37 g HEPES, 0.37 g KCl, 0.16 g sodium dihydrogen orthophosphate 

dihydrate and 0.36 g glucose were dissolved in 900 ml H2O.  The pH was adjusted to 7.4 and 

the solution was made up to 1 L with H2O to give a final concentration of 100 mM NaCl, 48 

mM HEPES, 5 mM KCl, 1 mM sodium dihydrogen orthophosphate dihydrate and 2 mM 

glucose. The solution was vacuum filtered through a 0.22 µm filter, dispensed into 10 ml 

aliquots, and stored at -20 °C. 

 

PBS/0.4% tricitrate (w/v) 

4 g trisodium citrate was dissolved in 900 ml PBS. The pH was adjusted to 7.4 and the 

solution was made up to 1 L with PBS. It was then vacuum filtered through a 0.22 µm filter, 

dispensed into 50 ml aliquots, and stored at -20 °C.  

 

2% Citrate (w/v) 

20 g trisodium citrate was dissolved in 900 ml H2O. The pH was adjusted to 7.4 and the 

solution was made up to 1 L with H2O. It was then vacuum filtered through a 0.22 µm filter, 

dispensed into 50 ml aliquots, and stored at -20 °C. 

 

RBC lysis buffer (0.2% hypotonic saline) 

2 g NaCl was dissolved in 1 L H2O. The solution was vacuum filtered through a 0.22 µm 

filter, dispensed into 50 ml aliquots, and stored at -20 °C. 
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Stock A23187 (2 mM) 

5 mg of A23187 powder was reconstituted in 4.8 ml DMSO to give a stock of 2 mM. The 

solution was dispensed into 10 µl aliquots and stored at -80 °C.  

 

2.2.3 Buffers for prothrombinase assay 

Tris-buffered saline (TBS)  

24 g Tris and 88 g NaCl were dissolved in 900 ml H2O. The pH was adjusted to 7.4 and 

the solution was to 1 L with H2O. This created a 10x TBS stock to be diluted 1:10 (v/v) with 

H2O immediately prior to use to give a final TBS composition of 20mM Tris and 150 mM 

NaCl. The stock was vacuum filtered through a 0.22 µm filter, dispensed into 1 ml aliquots, 

and stored at -20 °C.  

 

Stock 5% BSA (w/v) 

5 g of BSA was dissolved in 100 ml TBS. The solution was filter sterilised through a 0.22 

µm filter, and stored at -20 °C. 

 

TBS/BSA Prothrombinase buffer 

100 µl of stock 5 % BSA was added to 1 ml of 10x TBS and the volume was made up to 

10 ml with H2O. The final composition therefore was 0.05 % BSA (w/v) in TBS. The solution 

was vacuum filtered through a 0.22 µm filter and stored at 4 °C for up to 2 weeks.  

 

Stock CaCl2 (1 M) 

7.35 g CaCl2 was dissolved in 50 ml H2O. The solution was filter sterilised with 0.22 µm 

filter, dispensed into 1.5 ml aliquots and stored at -20 °C. 
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EDTA (35 mM) 

1.02 g EDTA was dissolved in 100 ml H2O. The solution was filter sterilised with 0.22 µm 

filter, dispensed into 100 µl aliquots and stored at -20 °C. 

 

2.2.4 Buffers for lipid extraction and sample processing 

 

Pentamethylchromanol (10 mM) 

220 mg of pentamethylchromanol was dissolved in 100 ml chloroform. The solution was 

prepared immediately before use. 

 

DTPA stock solution (10 mM) 

DTPA stock solution (10 mM) was made by dissolving 3.93 mg of DTPA in 1 ml H2O, 

followed by the addition of 30 µl NaOH (1 M) to facilitate dissolving at 37 oC.  

 

Acetaminophen stock (7.5 mM) 

Acetaminophen stock solution (7.5 mM) was made by dissolving 1.13 mg in 1 ml H2O.  

 

BHT Stock (10 mM) 

BHT 10 mM stock was made by dissolving 2.20 mg in 1 ml of MeOH.  

 

SnCl2 stock solution  (7.5 mM) 

SnCl2 100 mM stock was made by dissolving 18.9 mg into 1 ml of H2O. All stocks were 

prepared fresh on the day of lipid extraction.   
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Anti-oxidant buffer 

This was made as a stock of 25 ml of cold PBS (4 oC) containing DTPA (100 µM), BHT 

(100 µM) and acetaminophen (7.5 µM).   This was prepared fresh on the day of lipid extraction 

and placed on ice. 
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2.3 HEALTHY COHORT FOR PLATELET EOXPL CHARACTERISATION  

A total number of 28 healthy volunteers were recruited from the workplace (14 male, 14 

female) for a study that utilised untargeted platelet lipidomics to investigate differences 

amongst individuals (Brasher et al, unpublished). The recruitment took place between August 

2016 to June 2017, and was completed prior to commencing my PhD.  Information is provided 

below on the sampling and generation of samples, which were then available for me to carry 

out targeted LC-MS/MS to investigate platelet eoxPL lipidomics.  

 

For this study, all participants signed written consent forms in line with the ethical approval 

obtained from Cardiff University (SMREC16/02). They then underwent phlebotomy from a 

peripheral vein to provide a blood sample for platelet isolation.  

 

The entry criteria included a two-week washout period from any non-steroidal anti-

inflammatory drugs (NSAIDs) use. Following the initial sample collection, participants were 

commenced on aspirin 75 mg once daily for seven days and sampled thereafter, before stopping 

the aspirin. Participants were invited to repeat this process after two months and four months 

of the initial sampling date. Figure 2.1 describes the recruitment schedule and indicates 

recruitment rates and loss to follow up. 
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Figure 2.1. Recruitment schedule and number of healthy participants at each time point.  

A cohort of 28 healthy volunteers (14 males, 14 females) with platelet lipid extracts stored in our laboratory was used for the purposes of this 
study. Participants underwent blood sampling off aspirin, and then following a one-week course of aspirin 75mg once daily. This process was 
repeated after two months and four months. 
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2.4 CLINICAL COHORT TO STUDY PLATELETS, LEUKOCYTES AND EV IN ARTERIAL THROMBOSIS  

2.4.1 Ethical approval for patient participation (Clinical cohort) 

The study took place across two sites: Cardiff University and Cardiff and Vale University 

Health Board. Ethical permission was obtained from Health and Care Research Wales (HCRW, 

IRAS 243701) and the designated research ethics committee (REC reference 18/YH/0502). 

The participant information leaflets and consent forms are in Appendices 10.3-10.4. 

 

2.4.2 Study participants and inclusion/exclusion criteria (Clinical cohort) 

Patients with acute coronary syndrome, as a model for arterial thrombosis, and controls 

were recruited to investigate the phospholipid composition of platelets, leukocytes and 

extracellular vesicles (EV) and their prothrombotic potential. Participating age and gender-

matched individuals were recruited into one of the following four groups:  

• Acute Coronary Syndrome (ACS): This group was identified on in-patient 

cardiology wards and defined clinically with the aid of diagnostic tests (ischaemic 

ECG changes and a raised troponin level) and clinical assessment by the cardiology 

team. All patients were recruited within 48 hours of the index event prior to any 

revascularisation/angioplasty. 

• Controls (three groups to include a spectrum of atherosclerosis from healthy 

controls to patients with obstructive coronary disease), as follows: 

o Significant coronary artery disease (CAD): This group consisted of 

patients attending for an elective coronary angiogram to assess for 

symptoms of stable angina in the absence of a history of acute coronary 

syndrome. Patients were assigned to this group if coronary angiography 
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demonstrated lesions requiring revascularisation on 

anatomical/physiological criteria as defined by guidelines from the 

European society for cardiology (ESC, 2018)245.  

o Risk-factor matched (RF): This group includes patients attending for a 

diagnostic coronary angiogram with risk factors for ischaemic heart disease 

(hypertension, diabetes, hypercholesterolaemia, smoking, chronic kidney 

disease or combination thereof) but whose coronary angiogram 

demonstrates no significant coronary artery disease, defined as not 

requiring revascularisation on anatomical/physiological criteria as per the 

ESC 2018 guidelines245.  

o Healthy controls (HC): This group of patients had no significant history for 

ischaemic heart disease, its risk factors (as above), were never-smokers, 

and were not taking anti-platelets, anti-coagulants or statins. They were 

identified from the workplace or were volunteers from partner studies such 

as ‘HealthWise Wales’246.  

Inclusion criteria 

• Age 18 years or older  

• Acute coronary syndrome in the patient group, or no history of acute coronary 

syndrome in the control groups. 

Exclusion criteria 

• A diagnosis of infective endocarditis 

• A diagnosis of atrial fibrillation 

• Inability to consent to study 
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2.4.3 Study procedures (Clinical cohort) 

The recruitment schedule took place from March 2019 to March 2020. Patients recruited 

into this study were consented to donate a one-off blood sample of 50 ml and to allow 

researchers access to their medical records to document comorbidities and investigation results. 

I carried out the phlebotomy procedure on all participants using the same technique to collect 

blood into pre-prepared syringes containing anticoagulant as described in the cell isolation 

sections below. The blood was transferred to the laboratory within 10 min and processed to 

isolate washed platelets, leukocytes and EV’s. The washed cells were divided into fractions to 

undergo lipid extraction and functional testing with the prothrombinase assay as described 

below.  

A summary of study design can be seen in  Figure 2.2.
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Figure 2.2. The experimental design of studies of arterial thrombosis in the clinical 
cohort. 

Patients identified suitable for the study were recruited as described in the methods section. 
Blood sampling took place in a clinical area, and was transferred immediately to the laboratory. 
Cell isolation took place to separate platelets, leukocytes and extracellular vesicles (EV). The 
washed cells were divided into fractions to undergo functional testing with the prothrombinase 
assay and lipidomic extraction and processing with LC-MS/MS before bioinformatic analysis. 
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2.5 ARTERIAL CLOTS COHORT 

2.5.1 Ethical approval for patient participation (Clots cohort) 

 

The study took place across three sites: Cardiff University, Cardiff and Vale University 

Health Board (CVUHB) and Aneurin Bevan University Health Board (ABUHB). Ethical 

permission was obtained from Health and Care Research Wales (HCRW, IRAS 243701) and 

the designated research ethics committee (REC reference 18/YH/0502). The participant 

information leaflet and consent forms are in Appendix 10.5 and 10.6, respectively. 

 

2.5.2 Study participants and inclusion/exclusion criteria (Clots cohort) 

 

Twenty patients with arterial thrombosis who underwent surgery/intervention to remove 

diseased tissue were recruited. Participating individuals were patients who underwent routine 

vascular surgery (embolectomies and endarterectomies) or percutaneous coronary intervention 

(PCI). 

 

Patients were identified by the collaborating vascular/cardiology teams from their 

operating patient lists. There were no changes to the standard operating procedure and no 

additional surgical/interventional steps were carried out. Some of these procedures were time-

critical, and ethical approvals allowed the research team to seek retrospective consent in the 

following 48 hours after the emergency procedure. This was in the form of written informed 

consent which also included permission to record the participants medical history from hospital 

notes. If consent was declined, stored samples were discarded as per local procedures.  
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Discarded clots were collected, immediately snap-frozen on dry ice and placed in an -80 

oC ultralow temperature freezer on site pending transport on dry ice to the laboratory for 

analysis. All samples were processed in accordance with the Human Tissue Act 2004.  More 

details are described below. 

 

Inclusion criteria (Clots cohort) 

• Age 18 years or older  

• Undergoing vascular surgery or percutaneous transluminal intervention to treat arterial 

thrombotic disorders, where there is a clinical indication to remove and discard diseased 

tissue (e.g. clot) 

Exclusion criteria (Clots cohort) 

• Inability to consent to study within the specified time frame 

 

A summary of study flow can be seen in Figure 2.3.
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Figure 2.3. The experimental design of clot lipidomics utilised in this chapter.  

Patients undergoing vascular/interventional procedures were identified by the clinical team and 
recruited into the study. Clots which were routinely extracted as part of this procedure are 
preserved and transferred to -80oC storage facilities. Samples were extracted in two batches by 
undergoing homogenisation in the Bead Ruptor EliteTM, lipid extraction and then lipidomic 
processing with LC-MS/MS before bioinformatic analysis. 
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2.5.3 Clot retrieval procedures   

Coronary clots were collected from patients who presented with ST-elevation myocardial 

infarction (STEMI) to the cardiology department in the University Hospital of Wales and 

underwent emergent PCI. These patients were initially diagnosed by paramedics upon arrival 

based on electrocardiographic features of ST-segment elevation in more than 2 leads 

corresponding to a myocardial muscle territory. Following this, the emergency catheterisation 

laboratory (‘cath lab’) was activated and patients transferred immediately, bypassing the 

emergency department. Upon arrival, patients were prepared for coronary angioplasty to 

relieve the occlusion. As part of this procedure, a thrombus aspiration catheter (Export 

AdvanceTM, Medtronic) was advanced through the peripheral vascular access (radial artery) to 

the coronary artery and the clot was retrieved by the collaborating interventional cardiologist 

(Dr Anirban Choudhury). This was then washed by a nurse assistant with saline over the 

cell sieve that accompanies the catheter kit, transferred to a sterile cryovial and immediately 

snap frozen on dry ice prior to transfer to -80oC for storage.  

 

Vascular clots were collected from patients who were managed by the Vascular 

Department at the Royal Gwent Hospital and were identified from routine operating lists. This 

included patients who underwent carotid endarterectomy following an ischaemic stroke with 

evidence of 70% stenosis in the internal carotid artery on ultrasonography, and in whom 

surgery revealed an adherent clot. Patients undergoing limb embolectomy were also recruited 

to this study. In this group of patients, the indication for surgery was limb ischaemia 

necessitating amputation or artery-to-artery bypass who required embolectomy as part of this 

procedure. In both the carotid endarterectomy and limb embolectomy groups, a research 

nursing member was contacted prior to surgery to attend with a box of dry ice on standby. Once 

the clot was retrieved by the collaborating vascular surgeon (Mr David Bosanquet) using 
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standard open surgical technique, it was placed into cryovials and immediately snap frozen on 

dry ice prior to transfer to -80 oC freezer for storage.   

 

Once clots are retrieved and samples stored on site in -80 oC freezers, the local research 

teams would contact me to collect the samples on dry ice and transfer to Cardiff university for 

storage and analysis, as will be described in section 2.11. 

 

2.6 PLATELET ISOLATION 

Washed platelets were isolated as described247. Blood was drawn into 2 x 20 ml syringes 

each containing 3.6 ml of ACD with low tourniquet tension using a 21-gauge butterfly needle. 

A total volume of 15.15 ml of blood was collected from each participant into each syringe 

(blood:ACD ratio of 8.1:1.9 v/v) and processed within 10 min. This entailed running it very 

slowly down the wall of 15 ml polypropylene tubes and centrifuging at 250 x g for 10 minutes 

at room temp with no brake. The platelet rich plasma (PRP) was carefully aspirated and 

transferred gently to a fresh tube using a plastic Pasteur pipette. Particular care was taken not 

to draw up any of white blood cells at the interface with the red blood cells by leaving 1 ml of 

plasma undisturbed. 

 

The PRP was centrifuged at 1,000 x g for 8 minutes at room temp with no brake. The 

platelet-poor plasma (PPP) supernatant was carefully aspirated and transferred to 

polypropylene tubes for extracellular vesicle (EV) isolation, described below in section 2.8. 

The platelet pellet was suspended in 10 ml of Tyrodes Buffer and ACD (9:1 v/v). Platelets were 

very slowly and gently resuspended using a Pasteur pipette. This was followed by a final 

centrifugation step at 1,000 x g for 8 minutes at room temp with no brake.  
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The washed platelet pellet was re-suspended by gently running 1 ml of Tyrodes buffer 

down the side of the falcon tube and very slowly and gently resuspending the pellet. Platelets 

were then counted using a haemocytometer and their concentration adjusted to 2 x 108/ml by 

adding more Tyrodes buffer. The washed platelet isolate was allowed to rest at room 

temperature for 30 min whilst leukocyte isolation was taking place.  

 

2.6.1 Thrombin activation of platelets 

Duplicate aliquots of 1.5 ml washed human platelets, at a concentration of 2 x 108 per ml 

in Tyrodes buffer, were transferred into 1.5 ml reaction tubes. One sample remained 

unstimulated, whilst the other sample was recalcified in preparation for thrombin activation. 

This was achieved by adding 6 µl of stock 250 mM CaCl2 to give a final concentration of 1 

mM CaCl2, followed by gentle tube inversion and incubation in a 37 °C water bath for 5 min. 

Samples were then activated by adding 15 µl of 20 U/ml stock bovine thrombin  to give a final 

concentration of 0.2 U/ml. Samples were then placed in a 37 °C water bath for 30 min with 

gentle inversion every 5-10 min.  

 

2.7 LEUKOCYTE ISOLATION 

Leukocytes were isolated using dextran sedimentation as described69. Blood was drawn 

into a 50 ml syringe already containing 4 ml of HetaSep and 4 ml of 2 % citrate via a 21-gauge 

butterfly needle. A total volume of 20 ml of blood was collected from each participant and 

processed within 10 min. The syringe was kept upright at room temperature for 45 minutes to 

allow the red cells to sediment. The upper plasma layer was recovered and centrifuged at 250 

g for 10 min at 4 °C. The pellet was resuspended in ice-cold PBS/0.4 % tricitrate, centrifuged 

at 250 g for 6 min at 4 °C and the supernatant containing platelets and plasma decanted. 
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Erythrocytes were removed by hypotonic lysis of the pellet by the addition of 5 ml of RBC 

lysis buffer, with gentle swirling for 30 - 60 seconds followed by the addition of 45 ml of ice-

cold PBS/0.4 % tricitrate and centrifugation at 250 g for 6 min at 4 °C. A further RBC lysis 

was carried out by adding 5ml of RBC lysis buffer, gentle swirling, following by the addition 

of 45 ml of PBS (no citrate) and centrifugation at 250 g for 5 min at 4 °C. Leukocytes were 

resuspended in 1 ml of ice-cold Krebs buffer, counted using a haemocytometer, resuspended 

at 4 x 106/ml and placed on ice until use. 

  

2.7.1 Calcium Ionophore activation of leukocytes 

Duplicate aliquots of 1.5 ml washed leukocytes, at a concentration of 4 x 106 per ml in 

Krebs buffer, were transferred into 1.5 ml reaction tubes. One sample remained unstimulated, 

whilst the other sample was recalcified in preparation for calcium ionophore activation. This 

was achieved by adding 6 µl of stock 250 mM CaCl2 to give a final concentration of 1 mM 

CaCl2, followed by gentle tube inversion and incubation in a 37 °C water bath for 5 min. 

Samples were then activated by adding 7.5 µl of 2 mM stock A23187 to give a final 

concentration of 10 µM. Samples were placed in a 37 °C water bath for 30 min with gentle 

inversion every 5-10 min. 

 

2.8 EXTRACELLULAR VESICLE PREPARATION 

To prepare washed EV fractions, I adapted the methods described in recent literature and 

guidelines248,249. Specifically, the PPP supernatant recovered from the platelet isolation step in 

2.6 above was transferred to a fresh polypropylene tube and used for EV preparation. This 

entailed a further centrifugation step at 1,000 g for 8 min to ensure that the resulting supernatant 

is ‘platelet-free’ plasma (PFP), which was then dispensed into 1 ml fractions in 1.5 ml reaction 
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tubes. Six of these fractions (6 ml total volume of PFP) were used for the EV wash and 

concentration step below, and the remaining PFP fractions snap frozen on dry-ice and stored 

at -80 °C for future quantification of EV, described in section 2.8.1 below, and analysis of 

plasma content.  

  

The EV wash and concentration step was carried out using a bench-top ultracentrifuge 

with a 30 min centrifugation step at 16,000 g at 20 °C. The top 750 µl fraction was decanted, 

and a wash step carried out by adding 750 µl of Tyrodes buffer followed by gentle inversion 

of the tubes. A further ultracentrifugation step was carried out at 16,000 g for 30 min at 20 °C. 

The top 950 µl was decanted, 50 µl of Tyrodes added to the EV pellet, followed by mixing and 

pooling into a single tube by pipetting. This generated a washed EV-rich fraction which was 

used for the lipid extraction and prothrombinase assay. 

 

2.8.1 Quantification of extracellular vesicles 

Aliquots of PFP samples prepared in Section 2.8 above and stored at -80 °C were shipped 

on dry ice to a collaborator in the University of Reading (Dr Keith Allen-Redpath) to quantify 

plasma EV for all recruited participants. The collaborator carried out size exclusion 

chromatography (SEC) followed by nanoparticle tracking analysis (NTA), in line with current 

EV quantification guidelines248,249. The SEC columns used were the iZON qEV columns (Izon 

Science Ltd, Oxford, UK) containing beads with an estimated pore size of 75 nm. These were 

rinsed with 30 ml PBS as per manufacturer instructions. The time for 5ml of PBS to flow 

through was recorded, and a time of approximately 5 minutes indicated that the column was 

clean and ready to use. To process plasma fractions through the SEC column, excess PBS above 

the filter was pipetted out and 500 µl of PFP was loaded onto the column. The bottom luer tip 

cap was removed, and PBS was added until the last of the PFP just entered the column top-
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filter to allow the collection of eluate in 30 sequential fractions of 0.5ml. Once eluted, 30ml of 

PBS and 10ml of 20% ethanol (Sigma-Aldrich, Gillingham, United Kingdom) were applied for 

cleaning, and columns were finally stored in 20 % ethanol at 4~8 °C. 

 

Next, the collaborator quantified SEC fractions using NTA. This method allows the 

capture and recording of particles (EVs in the current study) moving under Brownian motion. 

The NanoSight 300 (Malvern, UK), equipped with a high sensitive sCMOS camera and a 488 

nm blue laser, was used to assess the size distribution and concentrations of all types of 

particles. Fractions collected by SEC were diluted with PBS to maintain the numbers of 

particles in the field of view below 200/screen. For each analysis, five videos, each of 60 

seconds duration, were captured with the camera level at 12. A higher camera level could detect 

more particles but also has a higher risk to introduce unexpected background noise. The setting 

up of camera level has been trialled by the collaborator’s laboratory, and camera level at 12 or 

13 is optimal for the detection of EVs (data not shown). Data were analysed using the 

instrument software NTA 3.20. The number of EVs per ml of analysed fractions was calculated 

as:  

!"#
$% &'	)*+,	'-+.,/&) = 	‘!2*),#	/)3/.+,*3	/)	456’	(9+-,/.%*#$% )	× 	3/%<,/&)	'+.,&-	 

 

The total EV concentration isolated from SEC was summed from the fractions containing 

the majority (> 90%) of particles (Fractions 7~9), and this value represented the total numbers 

of EVs per ml of PFP, and was used to normalise EV data. 
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2.9 PROTHROMBINASE ASSAY 

The coagulation mix was prepared from stock solutions to contain final concentrations of 

1 µM FII, 15 nM FVa, 50 nM FXa and 5 mM CaCl2 in a 1.5 ml reaction tube and was placed 

on ice.  

 

A standard curve was prepared by serial dilution of human FIIa at a starting concentration 

of 400 nM diluted in a 1:2 ratio with prothrombinase buffer in a 96-well half-area plate 

(Greiner, Germany) until the lowest concentration of 3.125 nM. Each standard curve well 

contained 50 µl volume.   

 

Platelets, leukocytes and EV isolated as described above,  were aliquoted in triplicate to 

wells of a 96-well plate, at defined amounts: platelets: 4 x 106 cells/20 µl, leukocytes: 8 x 104 

cells/20 µl, EV: undiluted 20 µl. Next, the coagulation reaction was initiated by adding 20 µl 

of coagulation mix to each well including a triplicate of blank wells containing 20 µl of buffer. 

The reaction was stopped after 5 min, by adding 10 µl EDTA (35 mM) to give a final 

concentration of 7 mM, bringing the total reaction volume to 50 µl.  

 

To measure the amount of thrombin generated, using the standard curve, I utilised a 

CLARIOstar Plus plate reader (BMG Labtech, Aylesbury, UK). The quantification reaction 

was started via addition (via a multi-channel pipette) of 20 µl S-2238 chromogenic thrombin 

substrate to yield a final concentration of 0.8 mM substrate in a volume of 70 µl per well. 

Thrombin cleavage of S-2238 frees the p-nitroaniline dye which is detected in a plate reader 

using absorbance at 405 nm. The plate was read for 15 minutes in kinetic mode, and the amount 

of thrombin formed was calculated against the standard curve and averaged across the 

triplicates.  A graphic summary of the assay can be seen in Figure 2.4.  
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Figure 2.4. The workflow of the prothrombinase assay used to determine the 
procoagulant potential of washed cells and extra-cellular vesicles.  

In step 1, a known number of cells (platelets, leukocytes or EV) was aliquoted into a 96-well 
half-area plate to provide a source of phospholipid membrane. In step 2, a fixed amount of 
coagulation factor mixture containing calcium, FII, FXa, FVa was added to the plate to start 
the prothrombinase reaction on the surface of cells. The reaction was allowed to proceed for 5 
minutes only (step 3), before being quenched with EDTA (step 4). The amount of thrombin 
(FIIa) made was quantified using a p-nitroaniline (pNA) containing chromogenic substrate S-
2238 and a plate reader in absorbance mode (405nm) against a standard curve of human 
thrombin (step 5). 
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2.10 LIPID EXTRACTION FOR WASHED CELLS/EV EOXPL 

 

A stock mixture of lipid internal standards (IS) was pre-mixed at a concentration of 100 

ng/µl (in MeOH) for each of DMPE/DMPC and aliquoted into multiple HPLC vials for storage 

at -80 oC to use throughout the study.  Immediately before extraction, the pre-mixed IS stock 

solution was diluted in MeOH to a final concentration of 1 ng/µl of each standard 

(DMPE/DMPC). Of this, 10 µl (10 ng of each standard) was added to each sample. 

 

The volume of samples used in this extraction was 1 ml. Platelet samples therefore 

contained 2 x 108 cells (1 ml) whereas leukocyte samples contained 4 x 106 cells (1 ml). The 

EV sample was diluted with Tyrodes buffer 1:6 (v/v) in a total volume of 1.5 ml. Of this, 1 ml 

was used for EV eoxPL lipid extraction.   

 

Lipids were extracted by adding 2.5 ml of solvent mixture (1 M acetic acid, IPA, hexane 

(2:20:30, v/v/v)) to 1 ml of sample (resting/activated platelets, resting/activated leukocytes or 

plasma EV), vortexing for 1 minute, and then adding 2.5 ml of hexane.  After vortexing for 1 

min and centrifugation at 250 g for 5 min at 4 °C, lipids were recovered in the upper hexane 

layer to a new extraction vial. The remaining samples were then re-extracted by addition of a 

further 2.5 ml of hexane, vortexed for 1 min and centrifuged at 250 g for 5 min at 4 oC. The 

resulting upper hexane layer was combined with the previously recovered layer, and the 

mixture evaporated to dryness using a Rapidvap evaporation system (Labconco Corporation, 

USA). Once dry, lipids were resuspended in 200 µl MeOH and stored at -80 oC until analysis 

with LC-MS/MS, as described in section 2.14. 
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2.11 LIPID EXTRACTION FOR CLOT EOXPL 

Immediately before extraction, the pre-mixed IS stock solution was diluted in MeOH to a 

final concentration of 1 ng/µl of each standard (DMPE/DMPC). Clots were retrieved from the 

-80 oC freezer onto dry ice and divided with a scalpel if deemed to be larger than 200 mg by 

visual estimate. Next, clots were weighted on a four-figure balance, transferred into 1.5 ml 

reaction tubes and placed on wet ice. Following this, 0.5 ml of anti-oxidant buffer, 10 µl of 

lipid IS mixture (10 ng DMPC/DMPE) and 8-10 ceramic beads (1.4 mm) was added. To reduce 

hydroperoxylipids in the sample, 10 µl of SnCl2 (100 mM) was added to the mixture. The tubes 

were then placed in the Bead Ruptor EliteTM (Omni, USA) and tissue homogenisation was 

carried out at 4 m/s for 20 seconds at 4 oC.  

 

Homogenised clot samples (0.5 ml) were transferred from the reaction tubes to extraction 

tube containing 2.5 ml ice-cold MeOH and placed on ice. To aid sample recovery, a further 0.5 

ml anti-oxidant buffer was added to the reaction tubes and then combined with the sample in 

the extraction tubes. A modified Bligh and Dyer lipid extraction method was carried out by 

adding 1.25 ml of chloroform to each extraction tube. The mixture was vortexed for 1 min, and 

samples were placed on ice for 30 minutes. Following this, 1.25 ml of chloroform was added 

and the mixture was vortexed for 1 minute. 1.25 ml of H2O was added, solvent mixture 

vortexed for 1 min and then centrifuged at 400 g for 5 min at 4 oC to support phase separation. 

The bottom layer was collected into fresh vials using glass Pasteur pipettes and samples were 

evaporated to dryness using a Rapidvap vacuum evaporation system (Labconco, USA). Lipids 

were resuspended in 100 µl of MeOH, transferred to HPLC vials, and stored at -80 oC until 

analysis using LC-MS/MS, as described in section 2.14. 
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2.12 HETE-PL STANDARD GENERATION 

To generate HETE-PL standard curves for quantification, positional isomer mixtures of 

PE 18:0a/HETE and PC 18:0a/HETE were synthesised as previously described247. This 

entailed incubation of 5 mg of SAPE/SAPC with 64 µl of 10 mM of pentamethylchromanol. 

The mixture was dried using a stream of nitrogen and incubated for 24 hours at 37 oC. 

Subsequently, the mixture was resuspended in 200 µl of MeOH followed by the addition of 10 

µl of 100mM SnCl2 and incubation for 10 minutes at room temperature to reduce the 

hydroperoxylipids and generate a racemic HETE-PL mixture containing 5-,8-,9-,11-,12- and 

15-HETE-PL positional isomers.   

 

The HETE-PL mixture was purified to remove secondary oxidation products and 

unoxidized substrate phospholipid. This was carried out using reverse phase HPLC with a 

Discovery C18 column (25 cm × 4.6 mm, 5 µm, Sigma Aldrich, USA) at a flow rate of 1 

ml/min, and gradient of 50 % to 100 % mobile phase B (A: H2O, 5 mM ammonium acetate, B: 

MeOH, 5 mM ammonium acetate) over 15 min, then held at 100 % B for 20 min. Elution was 

monitored at 205 nm (unoxidized lipid) and 235 nm (HETE-PL) and fractions of HETE-PL 

collected.   

 

Purified lipids were dried using a stream of nitrogen, resuspended in MeOH, transferred 

to HPLC vials, and quantified using spectrophotometry at 235nm using the extinction 

coefficient, ε = 28 mM−1,cm−1. The relative amounts of individual HETE-PL isomers were 

determined by HPLC peak integration. Resultant vials were stored under nitrogen at -80 oC for 

use throughout the study.   
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2.13 STANDARD CURVE QUANTIFICATION OF EOXPL LIPIDS 

Standard curves for HETE-PL positional isomers were generated as described 

previously247. This involved serial dilution of lipid standards generated in section 2.12 in 

MeOH that contains a fixed amount of IS per vial (DMPE/DMPC). The range of dilutions that 

were prepared had the following amounts: 10 ng, 5 ng, 1 ng, 500 pg, 100 pg, 50 pg, 10 pg, 5 

pg, 1 pg of lipid standard with 100 pg IS per 10 µl. These vials were analysed using the same 

LC-MS/MS method as the samples, described in section 2.14. 

 

For each standard vial, lipid and IS peaks were integrated. Next, a ratio of the integrated 

lipid area to the integrated IS area was taken. This was plotted against the ratio of lipid amount 

(ng) to IS amount (ng) and the slope was computed using Microsoft Excel. In order to 

determine the amount of lipid (ng) present within analysed samples, the following equation 

was applied for each lipid within samples:  

=/9/3	()>) = =/9/3	(+-*+) × 	?@	()>)
?@	(+-*+) × 	#%&9*  

 

2.14 MASS SPECTROMETRY OF EOXPL  

Lipid extracts were separated using reverse-phase high performance liquid 

chromatography (HPLC) on a Luna, 3 µm C-18 150 mm × 2 mm column (Phenomenex, USA) 

with a gradient of 50 to 100 % solvent B for 10 min followed by 30 min at 100 % B (solvent 

A: MeOH/ACN/ H2O (60:20:20) with 1 mM ammonium acetate; solvent B: MeOH with 1 mM 

ammonium acetate) with a flow rate of 200 µl/min. Products were analysed in multiple reaction 

monitoring (MRM) mode on a Qtrap 6500 (Sciex, USA) by monitoring transitions from 

precursor mass (Q1 m/z) to product ion mass (Q3 m/z) in negative ion mode. Settings were a 

dwell time of 75 msec, declustering potential (DP) of -50 volts, entrance potential (EP) of -10 
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volts, collision energy (CE) of -38 volts, and collision cell exit potential (CXP) of -11 volts for 

all lipids.  

 

The list of MRM transitions used varied in the different cohorts described in this thesis. 

For platelet samples from the healthy cohort, the 49 most abundant platelet eoxPL, as described 

previously were investigated70 (Table 2.1). Whereas in the clinical and clot cohorts, the focus 

was on HETE-PL known to be made by platelets and leukocytes (Table 2.2). 
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Table 2.1. Multiple reaction monitoring (MRM) transitions for the eoxPL analysed in 
negative ion mode as part of targeted lipidomic analysis of platelets from the healthy 
cohort.  

Name (ID) Precursor m/z (Q1) Product ion m/z (Q3) 

PE 16:0p_HETE 738.6 319.2 

PE 16:0a_HETE 754.6 319.2 

PE 16:0p_20:4;2O 754.6 335.2 

PE 16:0p_HDoHE 762.6 343.2 

PE 18:1p_12-HETE 764.6 179.1 

PE 18:0p_20:5;O 764.6 317.2 

PE 16:0p_22:5;O 764.6 345.2 

PE 18:0p_12-HETE 766.6 179.1 

PE 18:0p_15-HETE 766.6 219.1 

PE 16:0e_22:5;O 766.6 345.2 

PE 16:0p_22:4;O 766.6 347.2 

PE 16:0a_20:4;2O 770.6 335.2 

PE 16:0p_20:4;3O 770.6 351.2 

PE 16:0p_Di-EHEDA 770.6 351.2 

PE 18:2a_HETE 778.6 319.2 

PE 16:0a_HDOHE 778.6 343.2 

PE 18:1a_12-HETE 780.6 179.1 

PE 18:0a_20:5;O 780.6 317.2 

PE 18:1p_20:4;2O 780.6 335.2 

PE 16:0a_22:5;O 780.6 345.2 

PE 16:0p_22:5;2O 780.6 361.2 

PE 18:0a_12-HETE 782.6 179.1 

PC 16:0a_12-HETE 782.6 179.1 

PE 18:0p_HDOHE 790.6 343.2 

PE 18:1p_22:5;O 790.6 345.2 

PE 18:0p_22:5;O 792.6 345.2 

PE 18:1p_22:4;O 792.6 347.2 

PE 20:0p_HETE 794.6 319.2 

PE 18:0p_22:4;O 794.6 347.2 

PE 18:1p_20:4;3O 796.6 351.2 
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PE 18:0p_20:4;3O 798.6 351.2 

PE 18:1p_Di-EHEDA 796.6 351.2 

PE 18:0p_Di-EHEDA 798.6 351.2 

PE 18:1a_HDoHE 804.7 343.2 

PC 18:2a_HETE 806.7 319.2 

PC 16:0a_HDOHE 806.7 343.2 

PE 18:0a_HDOHE 806.7 343.2 

PE 18:1a_22:5;O 806.7 345.2 

PE 20:1a_12-HETE 808.7 179.1 

PC 18:1a_12-HETE 808.7 179.2 

PC 16:0a_22:5;O 808.7 345.2 

PE 18:0a_22:5;O 808.7 345.2 

PE 18:1a_22:4;O 808.7 347.2 

PC 18:0a_12-HETE 810.7 179.1 

PE 18:0p_22:4;2O 810.7 359.2 

PE 18:0a_20:4;3O 814.7 351.2 

PE 18:0a_Di-EHEDA 814.7 351.2 

PE 18:0p_20:4;2O 782.6 335.2 

PE 16:0a_22:4;O 782.6 347.2 

DMPC (PC 14:0/14:0) 662.5 227.1 

DMPE (PE 14:0/14:0) 634.5 227.1 
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Table 2.2. Multiple reaction monitoring (MRM) transitions for the oxPL analysed in 
negative ion mode as part of targeted lipidomic analysis of clots extracted and cells 
isolated from the clinical cohort.  

Analyte 
Precursor m/z 

(Q1) 
Product ion m/z (Q3) 

DMPC (PC 14:0/14:0) 662.5 227.1 
DMPE (PE 14:0/14:0) 634.5 227.1 
PE 16:0p_5-HETE 738.6 115.1 
PE 16:0p_12-HETE 738.6 179.1 
PE 16:0p_15-HETE 738.6 219.1 
PE 16:0p_11-HETE 738.6 167.1 
PE 16:0p_8-HETE 738.6 155.1 
PE 18:1p_5-HETE 764.6 115.1 
PE 18:1p_12-HETE 764.6 179.1 
PE 18:1p_15-HETE 764.6 219.1 
PE 18:1p_11-HETE 764.6 167.1 
PE 18:1p_8-HETE 764.6 155.1 
PE 18:0p_5-HETE 766.6 115.1 
PE 18:0p_12-HETE 766.6 179.1 
PE 18:0p_15-HETE 766.6 219.1 
PE 18:0p_11-HETE 766.6 167.1 
PE 18:0p_8-HETE 766.6 155.1 
PE 18:0a_5-HETE or PC 16:0a_5-HETE 782.6 115.1 
PE 18:0a_12-HETE or PC 16:0a_12-HETE 782.6 179.1 
PE 18:0a_15-HETE or PC 16:0a_15-HETE 782.6 219.1 
PE 18:0a_11-HETE or PC 16:0a_11-HETE 782.6 167.1 
PE 18:0a_8-HETE or PC 16:0a_8-HETE 782.6 155.1 
PC 18:0a_5-HETE 810.7 115.1 
PC 18:0a_12-HETE 810.7 179.1 
PC 18:0a_15-HETE 810.7 219.1 
PC 18:0a_11-HETE 810.7 167.1 
PC 18:0a_8-HETE 810.7 155.1 
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2.15 LIPID EXTRACTION FOR WASHED CELL/EV APL (TOTAL AND EXTERNALISED) 

Total and externalised aPL on the cell membrane of isolated platelets, leukocytes and EV 

were quantified as described117. This method utilises amine chemistry to label external and 

total aPL with biotin to aid detection on the LC-MS/MS, as will be described below. The ratio 

between externalised and total aPL was used in subsequent analyses to determine the fraction 

(%) aPL externalised.  

 

The first step in this assay is the generation of biotinylated lipid standards including internl 

standards. Stocks of the following lipids were biotinylated: DMPE, DMPS, DOPS, SOPS, 

SAPS, SpAPE and SAPE.  A total of 1 mg of each lipid was dried and reconstituted in 330 µl 

of chloroform:MeOH (2:1 v/v) and incubated with 52 mM of NHS-biotin and 3.3 µl of 

triethylamine for 30 min to allow biotinylation of primary amines on PS/PE head groups to 

take place. Biotinylated aPL standards were purified using reverse phase high performance LC 

(HPLC) with a Discovery C18 column (25 cm × 4.6 mm, 5 µm) at a flow rate of 1 ml/min, and 

gradient of 50 % to 100 % mobile phase B (A: H2O, 5 mM ammonium acetate, B: MeOH, 5 

mM ammonium acetate) over 15 min, then held at 100 % B for 20 min. Elution was monitored 

at 205 nm. HPLC Samples were dried using a Rapidvap vacuum evaporation system 

(Labconco, USA), resuspended with 100 µl of MeOH. They were subsequently transferred to 

fresh pre-weighed HPLC vials, dried under nitrogen and accurately weighed to determine the 

purified mass. All aPL lipids were then resuspended at 100 ng/µl stocks in MeOH and stored 

under nitrogen at -80 oC. 

 

A stock mixture of biotinylated lipid IS (biotinylated DMPS/DMPE) was pre-mixed at a 

concentration of 100 ng/µl (in MeOH) for each lipid and aliquoted into multiple HPLC vials 

for storage at -80 oC to use throughout the study. Immediately before lipid extraction, the pre-
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mixed stock solution of IS was diluted in MeOH to a final concentration of 1 ng/µl of each IS. 

Of this, 10 µl (10 ng of each standard) was added to each aPL extract.  

 

Sample volumes used for this assay were 0.2 ml with a starting cell concentration of  2 x 

108 cells/ml for platelets and 4 x 106 cells/ml for leukocytes. The final cell count used therefore 

was 4 x 107 platelets and 8 x 105 leukocytes. EV sample was diluted with Tyrodes buffer 1:6 

(v/v) in a total volume of 1.5 ml of which 0.2 ml volume was used for this assay. For 

externalised (outer membrane leaflet) aPL, 0.2 ml of washed cells in resting and activated states 

and EV were incubated with 86 µl of 11 mM EZ-Link Sulfo-NHS-biotin for 10 min at room 

temperature. The reaction was quenched with 72 µl of 250 mM of L-lysine for 10 min at room 

temperature to remove all unreacted biotinylation reagent. The final volume was made up to 

0.4 ml by adding 42 µl of PBS. To label total (throughout the membrane) aPL, 0.2 ml of washed 

cells in resting and activated states and EV were incubated with 20 µl of 20 mM NHS-biotin 

for 10 min at room temperature. The final volume was made up to 0.4 ml by adding 180 µl 

PBS.  

 

Lipids were extracted by adding the 0.4 ml sample to 1.5 ml of solvent mixture 

chloroform:MeOH (1:2 v/v). Samples were vortexed for 1 min followed by the addition of 0.5 

ml of chloroform. This is followed by a further vortex for 1 min and the addition of 0.5ml H2O 

to achieve phase separation. After vortexing for a further minute and centrifugation at 250 g 

for 5 min at 4 °C, lipids were recovered in the lower chloroform layer using a glass Pasteur 

pipette. Samples were evaporated to dryness using a Rapidvap evaporation system (Labconco 

Corporation, USA), resuspended in 100 µl MeOH and stored at -80oC until analysis by 

LC-MS/MS as described in section 2.17. 
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2.16 STANDARD CURVE QUANTIFICATION OF APL LIPIDS 

Standard curves for aPL were generated as described previously117. This involved serial 

dilution of lipid standards generated in section 2.15 in MeOH that contains a fixed amount of 

IS per vial (biotinylated DMPS/DMPE). The range of dilutions that were prepared had the 

following amounts: 10 ng, 5 ng, 1 ng, 500 pg, 100 pg, 50 pg, 10 pg, 5 pg, 1 pg of lipid standard 

with 100 pg IS per 10 µl. These vials were analysed using the same LC-MS/MS method as the 

samples, described in section 2.17.  

 

For each standard vial, lipid and IS peaks were integrated. Next, a ratio of the integrated 

lipid area to the integrated IS area was taken. This was plotted against the ratio of lipid amount 

(ng) to IS amount (ng) and the slope was computed using Microsoft Excel. In order to 

determine the amount of lipid (ng) present within analysed samples, the following equation 

was applied for each lipid within samples:  

=/9/3	()>) = =/9/3	(+-*+) × 	?@	()>)
?@	(+-*+) × 	#%&9*  

 

2.17 MASS SPECTROMETRY OF APL LIPIDS 

Lipid extracts were separated using reverse-phase high performance liquid 

chromatography (HPLC) on an Ascentis C-18 5 µm 150 mm × 2.1 mm column (Sigma Aldrich, 

USA) with an isocratic solvent (MeOH with 0.2 % w/v ammonium acetate) at a flow rate of 

400 µl/min. Products were analysed in multiple reaction monitoring (MRM) mode on a Qtrap 

4000 (Sciex, USA) by monitoring transitions from precursor mass (Q1 m/z) to product ion 

mass (Q3 m/z) in negative ion mode as previously described117. Table 2.3 below lists the MRM 

transitions, lipid names and settings used for this analysis. The method also included MRM 

transitions for biotinylated DMPE/DMPS with a dwell time of 200 msec for all lipids.   
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Table 2.3. Multiple reaction monitoring (MRM) transitions for the aPL analysed in negative ion mode as part of targeted lipidomic analysis 
of cells isolated from patients with atherothrombosis. 

Analyte Mass Biotinylated mass m/z [M-H]– Biotinylated MRM transition DP (V) CE (V) CXP (V) 

PE 14:0/14:0 (DMPE) 635 861 860 860→227 −135 −60 −13 

PS 14:0/14:0 (DMPS) 679 905 904 904→591 −150 −42 −17 

PE 18:0p_20:4 (SpAPE) 751 977 976 976→303 −160 −60 −5 

PE 18:0a_20:4 (SAPE) 767 993 992 992→303 −170 −58 −5 

PE 16:0p_20:4 (PpAPE) 723 949 948 948→303 −160 −60 −5 

PE 18:0a_18:1 (SOPE)  745 971 970 970→281 −170 −58 −5 

PE 18:1p_20:4 (OpAPE) 749 975 974 974→303 −160 −60 −5 

PS 18:0a_18:1 (SOPS) 789 1,015 1,014 1,014→701 −140 −44 −23 

PS 18:1a/18:1 (DOPS) 787 1,013 1,012 1,012→699 −150 −46 −23 

PS 18:0a_20:4 (SAPS) 811 1,037 1,036 1,036→723 −145 −42 −23 
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2.18 EICOSANOID ANALYSIS 

Lipid extracts were separated on a C18 Spherisorb ODS2, 5 µm, 150 x 4.6-mm column 

(Waters, Hertfordshire, UK) using a gradient of 50 – 90 % B over 10 min (A, H2O:ACN:acetic 

acid, 75:25:0.1; B, MeOH:ACN:acetic acid, 60:40:0.1) with a flow rate of 1 ml/min. Products 

were quantified by LC-MS/MS analysis on the Sciex Q-Trap 4000 using negative ion mode 

and MRM transitions for 12-HETE, TxB2, and their respective deuterated IS 12-HETE-d8 and 

TxB2-d4 as shown in Table 2.4 40.  
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Table 2.4. Multiple reaction monitoring (MRM) transitions for the eicosanoids analysed 
in the healthy cohort study of platelet lipids. 

Analyte MRM transition DP (V) CE (V) CXP (V) 

12-HETE 319.2→179.1 −65 −18 −12 

TxB2 369.1→169.1 −60 −22 −12 

12-HETE-d8 327.2→184.1 −60 −20 −12 

TxB2-d4 373.3→173.3 −55 −22 −10 
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2.19 CHIRAL ANALYSIS OF HETE-PL 

To distinguish between S and R stereoisomers for HETE-PL species, lipid extracts 

underwent alkaline hydrolysis followed by chiral LC-MS/MS as described previously40,250. The 

alkaline hydrolysis step was carried out by taking 80 µl of lipid extract into a new extraction 

tube, drying it under a gentle stream of nitrogen, resuspending in 1.5 ml IPA and vortexing for 

1 min. Next, 1.5 ml of 1 M NaOH was added to each sample followed by vortexing for 10 sec. 

Samples were then placed in a 60 °C water bath for 30 minutes to undergo alkaline hydrolysis 

of esterified FAs. After this, 140 µl of concentrated (12 M) HCl was added to each sample to 

acidify to pH 3.0 (estimated with Litmus paper). Prior to undergoing re-extraction, 3 ng of 

12(S)-HETE-d8 were added to each sample as an IS. This was followed by the addition of 3 

ml hexane, vortexing for 1 minutes and centrifugation at 250 g for 5 minutes at 4 °C to aid 

phase separation. Lipids were recovered in the upper hexane layer to a new extraction vial. The 

remaining samples were then re-extracted by addition of a further 3 ml of hexane, vortexed for 

1 min and centrifuged at 250 g for 5 min at 4 oC. The resulting upper hexane layer was 

combined with the previously recovered layer, and the mixture evaporated to dryness using a 

Rapidvap evaporation system (Labconco Corporation, USA). Once dry, lipids were 

resuspended in 60 µl MeOH and transferred to an LC-MS/MS vial. 

 

The S and R stereoisomers for each HETE positional isomer were separated on a Chiralpak 

AD-RH, 5 µm, 150 x 4.6-mm column (Daicel, France) using an isocratic solvent 

(MeOH:H2O:glacial acetic acid, 95:5:0.1 v/v) with a flow rate of 0.3 ml/min over 25 min. 

Products were quantified by LC-MS/MS on the Sciex Q-Trap 4000 using negative ion mode 

and MRM transitions for 15-, 12-, 11-, 8- and 5-HETE, as well as 12(S)-HETE-d8, as shown 

in Table 2.5. 
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Table 2.5. Multiple reaction monitoring (MRM) transitions for chiral analysis of 
hydrolysed HETE stereoisomers.  

Analyte MRM transition DP (V) CE (V) CXP (V) 

15-HETE 319.2→219.1 −70 −20 −13 

12-HETE 319.2→179.1 −75 −22 −9 

11-HETE 319.2→167.1 −75 −24 −1 

8-HETE 319.2→155.1 −70 −22 −9 

5-HETE 319.2→115.1 −70 −22 −7 

12(S)-HETE-d8 327.2→184.1 −80 −22 −11 
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2.20 STATISTICAL ANALYSIS 

Raw data was exported from Analyst (Sciex, USA) and analysed using MultiQuant (Sciex, 

USA). Peak integration was carried out for each lipid to calculate the area under the curve 

(AUC). The limit of detection (LOD) used for this analysis was a signal to noise ratio of 5:1.  

Where no (reliable) peak was detected, a value of zero was assigned. Peak areas were 

normalised to the relevant IS (DMPC for the PC lipids, DMPE for the PE lipids, DMPS for PS 

lipids) and exported as a comma separated values (CSV) file. Subsequent statistical and 

bioinformatics analysis was carried out in the coding environment R (Open source, version 

3.5.3).  

 

For generation of heatmaps, samples were averaged within their groups, and a log10 was 

applied to lipid amounts (ng) normalized to cell count or tissue weight (mg) for each lipid to 

allow row-wise and column-wise comparison. Next, lipid measurements were plotted as 

intensity values using the pheatmap package with lipid hierarchical clustering. Intensity levels 

were represented by a colour gradient ranging from blue (very low levels or absent) to red (high 

levels) with variations in between. Each lipid was annotated, using a colour code, according to 

its presumed enzymatic origin.  

 

Statistical significance was determined with the Mann-Whitney-Wilcoxon Test for 

pairwise comparison and Kruskal-Wallis test for analysis of differences between more than 

two groups. All of these tests were done with base R and figures generated with the ‘ggplot2’ 

package. Correlation analysis was carried out with the ‘corrplot’ packages and utilised 

Pearson’s correlation for linear dependence between variables. The cut-off value chosen for 

test significance was a p-value <0.05. Since no more than 50 variables (lipids) between 
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samples, multiple comparison testing was not required (confirmed by Dr John Watkins, 

Lecturer in Statistics, School of Medicine).  

 

Volcano plots were created using a combination of fold change (FC) and Mann-Whitney-

Wilcoxon p-value testing. The purpose of FC is to compare absolute value changes between 

two group means and is calculated as the ratio in group average lipid measurement for each 

variable. To maintain the same distance from the (0,0) baseline coordinates, FC values are 

plotted on a log2 scale (x-axis) and p-values are plotted on a -log10 scale (y-axis).  

 

Principal component analysis (PCA) was utilised as a multivariate dimension-reduction 

tool to examine lipid patterns that differentiated biological samples. PCA aims to find the 

directions that best explain the variance in a data set (X) without considering class labels (Y), 

hence termed ‘unsupervised’. It works by reducing a large number of variables (lipids) to a 

small set of principal components that account for variance between samples using eigenvector 

linear algebra algorithms. The method utilised for PCA analysis in this thesis was the singular 

value decomposition method provided by the base R ‘prcomp’ function. The variance 

explained by principal components in the data is organised in descending order such that PC1 

accounts for most of the variance in the data, followed by PC2 and so on. These principal 

components are utilised to plot new coordinates for each sample, termed ‘scores’, and for each 

variable (lipid), termed loadings. The R package ggplot2 was utilised to create ‘scores’ and 

‘loadings’ plots which describe the variance exhibited by samples and lipids and highlighting 

patterns of similarities or differences.  

 

Graphical illustrations of assays, designs and pathways were carried out using the online 

platforms draw.io and biorender.com (premium subscription).
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CHAPTER 3 ENZYMATICALLY OXIDIZED 

PHOSPHOLIPIDS IN PLATELETS FROM HEALTHY 

VOLUNTEERS VARY WITH TIME, ASPIRIN AND 

GENDER 
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3.1  INTRODUCTION 

A recent pilot study from our group by Slatter et al discovered many previously unknown 

eoxPL generated in agonist-activated platelets70. Using untargeted screening of lipids from 

resting and thrombin-activated platelets from three genetically unrelated healthy donors, the 

authors demonstrated a prominent group of ions in both positive and negative mode at ∼15–

25 min in the non-polar datasets (m/z ∼700–900). Database searching and matching assigned 

these ions to eoxPL. Given the large number of candidate ions found, the authors focused on 

the top 52 upregulated eoxPL in response to thrombin and carried out a targeted lipidomic 

analysis by acquiring mass spectra followed by further validation with MRM of 

precursor m/z to sn2 carboxylate product ion. In addition to identifying the large group of 

unknown eoxPL, Slatter et al demonstrated diversity in the platelet lipidome between the three 

human participants who were recruited to the study70. Understanding the degree of variation 

between participants was limited by the small sample size, but was highlighted by the fact that 

only 63.7% of platelet lipids were common to all three participants. Indeed, thrombin-

activation of platelets elevated groups of platelet lipids to different extents in the three 

participants suggesting variation in the response to thrombin. This variation may be due to 

factors such as inter-individual differences, gender influence or intra-individual variation in 

eoxPL amounts over time due to homeostatic influences. However, it was not possible to 

investigate the contribution of these factors to eoxPL variation in the pilot study due to the 

small sample size.  

 

Given the important role of aspirin in primary/secondary cardiovascular prevention, an 

understanding of how this drug influences the formation of pro-coagulant and immuno-reactive 

lipids is warranted. Limited data is available on changes to eoxPL amounts in platelets in 

response to supplementation with aspirin, a potent COX-1 inhibitor. Additionally, it is not 
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known whether aspirin has any impact on products generated by 12-LOX, given that they share 

the same upstream pathway as COX-1 products. In the study described above by Slatter et al, 

in vivo aspirin supplementation led to a large reduction in COX-1 generated lipids, but it also 

appeared to affect 12-LOX generated lipids to varying degrees between participants. However, 

the small sample size of three participants limited any quantitative conclusions to how 12-LOX 

lipids are affected70.  

 

Taken together, the study by Slatter et al highlights a poorly understood variation in the 

platelet lipidome between individuals in response to thrombin and aspirin which requires a 

larger sample size for better characterisation70. Given that many of these eoxPL play a role in 

inflammation and coagulation, an understanding on how stable or variable they are between 

and within individuals, in response to aspirin and between males and females is essential14,70.  

 

In this chapter, I will expand on the pilot study described above by characterising the 

eoxPL generated by platelets in a larger cohort (28 individuals: 14 males, 14 females) using a 

targeted LC-MS/MS analysis of the 49 most abundant platelet eoxPL as described previously70. 

Samples from this larger cohort had been collected and processed prior to the start of my PhD 

by a previous member of the group, Dr Chris Brasher, who carried out an untargeted analysis 

on the platelet lipidome (unpublished). Details on the recruitment schedule is described in 

Materials and Methods (Section 2.3). The aims of this chapter will be to: 

1. Quantify inter-individual variation on platelet eoxPL generation using the larger cohort 

of 28 individuals.  

2. Quantify intra-individual variation on platelet eoxPL generation over time. This was 

made possible with the longitudinal sampling schedule where participants were 

sampled three times over six months. 
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3. Assess the influence of gender on platelet eoxPL generation and whether the amounts 

generated vary between males and females. This was made possible by having a 

gender-balanced recruitment schedule with 14 males and 14 females. 

4. Assess the influence of aspirin on thrombin-activated platelet eoxPL generation. This 

was made possible by the in vivo supplementation of participants with aspirin and 

sampling on and off the COX-1 inhibitor. 
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3.2 RESULTS 

3.2.1 Correlation plot highlights enzymatic origin of unknown eoxPL  

 

Throughout this study, information on the enzymatic origin of lipids known to be 

generated by 12-LOX were derived from previous work utilising genetically modified mice 

lacking platelet Alox12 (e.g. 12-HETE-PL)69. For COX-1 generated eoxPL, information 

confirming the enzymatic origin are derived from human studies utilising aspirin 

supplementation (e.g. DiEHEDA-containing PL)77. Despite this, the enzymatic origin of many 

recently described platelet eoxPL remain unknown70. 

 

To investigate the enzymatic origin of unknown eoxPL measured in this study, I carried 

out a correlation plots for all 49 platelet lipids studied with LC-MS/MS (Figure 3.1). This 

analysis identifies clusters of eoxPL which correlate with each other reflecting common traits 

such as enzymatic origin. Based on this, one can infer the enzymatic origin of unknown eoxPL 

if they cluster in a block with known eoxPL.  These results informed the categories assigned to 

the ‘presumed enzymatic origin’ throughout this chapter. Additionally, they demonstrate the 

presence of unknown platelet lipids generated by COX-1, 12-LOX as well as other as of yet 

unknown enzymatic pathways. 
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Figure 3.1. Correlation plot of thrombin-activated platelet eoxPL demonstrates 
clustering by sn2 fatty acid with distinct clusters forming by presumed enzymatic origin.  

Lipids were extracted from platelets (2 x 108) following thrombin activation (0.2 U/ml) as in 
Materials and Methods and quantified by LC-MS/MS. The ratio of analyte:internal standard 
was calculated for each lipid and averaged (mean) over the three timepoints for each donor 
(n=28). Next, Pearson’s correlation coefficients were calculated and only significant (p<0.05) 
correlations were plotted with the corrplot R package. The colour intensity indicates effect size 
as measured by the R correlation coefficient value (dark blue -1, white 0, dark red 1; as 
indicated in the legend scale on the right). Lipids are boxed by hierarchical clustering of 
presumed enzymatic origin (Blue box: COX-1 cluster. Red box: 12-LOX cluster. Black box: 
unknown origin). 
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3.2.2 Thrombin activation of platelets leads to increased generation of 

eoxPL  

 

Next, I plotted the eoxPL data from resting and thrombin-activated platelet samples on a 

heatmap to enable visualisation of all lipids (Figure 3.2). This confirmed that eoxPL amounts 

(determined by the ratio of analyte:IS) were higher in thrombin-activated samples compared to 

resting platelets.  
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Figure 3.2. Thrombin stimulates healthy donor platelets to generate eoxPL.  

Lipids were extracted from resting platelets (2 x 108) or following activation with thrombin (0.2 U/ml) as in Materials and Methods and quantified 
by LC-MS/MS. The ratio of analyte:internal standard was calculated for each lipid and averaged (mean) over the three timepoints for each donor 
(n=28). Next, values were averaged (mean) across donors separated by activation status (resting/thrombin-activated), log10 transformed and 
plotted as a heatmap with hierarchical clustering using the pheatmap R package. The presumed enzymatic origin of eoxPL is seen in the legend 
(COX-1: cyclooxygenase-1, 12-LOX: 12-lipoxygenase, Both: both COX-1/12-LOX can generate this lipid).  
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3.2.3 The amount of eoxPL generated by thrombin-activated platelets varies 

over time and between individuals 

In the pilot study by Slatter et al, a large degree of variability in thrombin-activated platelet 

eoxPL amounts between individuals was described but no measure of variability was reported 

due to the small sample size and one-off sampling schedule70. The variability reported may 

arise from differences between individuals (inter-individual) or from differences for the same 

individual over time (intra-individual). The larger sample size and the three sampling time 

points in this healthy cohort will allow me to quantify both of these variations.    

 

To investigate variations in the lipidome over time, I calculated the mean amount of 

eoxPLs generated in thrombin-activated platelets from all individuals for each of the three 

timepoints and plotted it as a line chart (Figure 3.3). Relative to the first time point, eoxPL 

varied over time by up to 4-fold difference (increase or decrease). Of the 49 eoxPL measured, 

18 significantly varied in amount over time as demonstrated in Figure 3.4. To assess whether 

eoxPL variation occurred in groups of lipids with similar features, such as headgroup or 

enzymatic origin, I carried out an unsupervised hierarchical clustering analysis (Figure 3.5). 

This demonstrated possible clustering by sn2 FA with distinct clusters for 12-HETE containing 

PL, monohydroxylipids generated from non-AA PUFA and COX-1 derived lipids.  This 

suggests that the pattern of variation may differ by enzymatic pathway.   
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Figure 3.3. The amount of eoxPL generated in thrombin-activated platelets vary over 
time by up to four fold. 

Lipids were extracted from platelets (2 x 108) following thrombin activation (0.2 U/ml) as in 
Materials and Methods and quantified by LC-MS/MS. Lipid to internal standard signal area 
ratio (lipid:IS) were calculated for each lipid across donors (n=28) over three sampling time 
points (2 monthly intervals). The lipid:IS for each eoxPL was averaged (mean) across all 
participants for each time point. Next, the data was normalised (divided by) the eoxPL lipid:IS 
for the first time point, and charted as a line plot where each line indicates a lipid amount over 
the three timepoints relative to the first time point. 
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Figure 3.4A. Boxplots of eoxPL generated by thrombin-activated platelets which 
significantly vary over time (1 of 2). 

Lipids were extracted from platelets (2 x 108) following thrombin activation (0.2 U/ml) as in 
Materials and Methods and quantified by LC-MS/MS. Lipid to internal standard signal area 
ratio (lipid:IS) were calculated for each lipid across donors (n=28) over three sampling time 
points (2 monthly intervals). Next, the data was charted as box plot with the ggplot2 R package 
over the three time points. Box edges indicate the interquartile range (IQR) with the median 
line inside the box. Whiskers indicate 1.5 times the IQR.  Statistical difference across the three 
groups was tested with Kruskal-Wallis test (*: p <0.05, **: p <0.01, ***: p <0.001).  
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Figure 3.4B. Boxplots of the eoxPL generated by thrombin-activated platelets which 

significantly vary over time (2 of 2). 

Lipids were extracted from platelets (2 x 108) following thrombin activation (0.2 U/ml) as in 
Materials and Methods and quantified by LC-MS/MS. Lipid to internal standard signal area 
ratio (lipid:IS) were calculated for each lipid across donors (n=28) over three sampling time 
points (2 monthly intervals). Next, the data was charted as box plot with the ggplot2 R package 
over the three time points. Box edges indicate the interquartile range (IQR) with the median 
line inside the box. Whiskers indicate 1.5 times the IQR.  Statistical difference across the three 
groups was tested with Kruskal-Wallis test (*: p <0.05, **: p <0.01, ***: p <0.001).  
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Figure 3.5. Hierarchical clustering of relative lipid amounts over time may indicate 
clustering by sn2 FA.  

Lipids were extracted from platelets (2 x 108) following thrombin activation (0.2 U/ml) as in 
Materials and Methods and quantified by LC-MS/MS. Lipid to internal standard signal area 
ratio (lipid:IS) were calculated for each lipid across donors (n=28) over three sampling time 
points (2 monthly intervals). The lipid:IS for each eoxPL was averaged (mean) across all 
participants for each time point. Next, the data was normalised (divided by) the eoxPL lipid:IS 
for the first time point, processed through hierarchical clustering (complete linkage) and 
charted as a dendrogram coloured for the four highest level clusters. 
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To investigate inter-individual variations, I took eoxPL data for the first time point and 

calculated the relative standard deviation (RSD, also known as coefficient of variation) for each 

lipid across the 28 participants (Table 3.1). This demonstrated a large degree of variation with 

a range of 71-139% RSD in eoxPL amounts between individuals. 

 

Taken together, the findings from this section quantifying the variation in eoxPL amounts 

generated by thrombin-activated platelets (Table 3.1), and reflects a high degree of variability 

between individuals with up to 4-fold differences in eoxPL generation over time (Figure 3.3). 

The potential reasons for this will be addressed in the discussion section. 



 125 

Table 3.1. The amounts of eoxPL generated in thrombin-activated platelets vary between 
individuals as indicated by the relative standard deviation (RSD) 

Lipids were extracted from platelets (2 x 108) following thrombin activation (0.2 U/ml) as in 
Materials and Methods and quantified by LC-MS/MS. Lipid to internal standard signal area 
ratio were calculated for each product across donors (n=28). Using data from the first time 
point only, relative standard deviation (RSD: standard deviation (SD) ÷ mean × 100%) was 
calculated for each lipid across all participants to indicate inter-individual variability. 

EoxPL RSD %  EoxPL RSD % 
PE 18:1p_20:4;3O 139%  PE 20:1a_12-HETE 99% 
PE 16:0a_20:4;2O 126%  PE 16:0p_DiEHEDA 99% 
PE 16:0p_20:4;3O 118%  PE 16:0a_HDoHE 99% 
PE 16:0p_22:5;2O 117%  PE 18:1a_HDoHE 97% 
PE 18:0p_22:4;2O 113%  PC 18:1a_12-HETE 97% 
PE 18:0p_22:5;O 112%  PE 16:0p_HDoHE 97% 
PE 18:0p_HDoHE 111%  PC 16:0a_12-HETE 97% 
PC 16:0a_22:5;O 110%  PE 18:1p_22:4;O 96% 
PE 18:1p_22:5;O 108%  PC 16:0a_HDoHE 95% 
PE 18:0p_DiEHEDA 108%  PE 20:0p_HETE 94% 
PE 16:0p_22:4;O 108%  PE 18:0a_DiEHEDA 94% 
PE 18:0a_HDoHE 106%  PC 18:0a_12-HETE 92% 
PE 18:1p_12-HETE 106%  PE 18:1a_12-HETE 89% 
PE 16:0e_22:5;O 106%  PE 18:0a_12-HETE 86% 
PE 18:0a_22:5;O 105%  PE 18:0p_20:5;O 82% 
PE 18:1a_22:4;O 105%  PC 18:2a_HETE 81% 
PE 16:0p_22:5;O 105%  PE 16:0a_HETE 78% 
PE 18:1a_22:5;O 104%  PE 18:0a_20:4;3O 77% 
PE 18:0p_22:4;O 103%  PE 18:0p_20:4;2O 77% 
PE 18:1p_DiEHEDA 103%  PE 18:2a_HETE 76% 
PE 16:0p_HETE 103%  PE 18:1p_20:4;2O 76% 
PE 16:0a_22:4;O 102%  PE 18:0a_20:5;O 74% 
PE 18:0p_20:4;3O 101%  PE 16:0p_20:4;2O 72% 
PE 18:0p_12-HETE 101%  PE 18:0p_15-HETE 71% 
PE 16:0a_22:5;O 100%    
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3.2.4 Aspirin reduces the amounts of COX-1-derived eoxPL in thrombin-

activated platelets, but increases 12-LOX-derived eoxPL  

 

Next, to investigate the effect of aspirin on eoxPL amounts in thrombin-activated platelets, 

a volcano plot analysis was used (Figure 3.6). This demonstrated that in-vivo aspirin 

supplementation significantly reduced the amount of COX-1-derived eoxPL in thrombin-

activated platelets, but led to an increase in a group of 12-LOX-derived eoxPL. A box plot 

analysis demonstrated that this group was composed of 12-HETE-PL with an acyl group at the 

sn1 position (Figure 3.7). In contrast, plasmalogen (ether bond) 12-HETE-PL were similar in 

samples from patients with or without aspirin supplementation (Figure 3.8). 

 

This analysis demonstrates that in-vivo supplementation of aspirin has an impact on 

12-LOX-derived eoxPL generated in thrombin-activated platelets, but only for those with an 

acyl, not a plasmalogen, bond at the sn1 position. The mechanism for this is unknown, but will 

be discussed in section 3.3 of this chapter. 
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Figure 3.6. Aspirin significantly reduced the amount of COX-1 generated eoxPL in 
thrombin-activated platelets compared with resting platelets, but led to an increase in 
some 12-LOX generated eoxPL.  

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods and quantified by LC-MS/MS. Lipid to internal standard signal 
area ratio were calculated for each product and averaged across all ‘healthy cohort’ participants 
and timepoints, separated only by aspirin. Next, log2 fold changes were calculated between 
aspirin (n=27) and no aspirin (n=28) and plotted on the X-axis (each dot represents a lipid). P-
values were calculated with the Mann-Whitney-Wilcoxon non-parametric test and plotted as -
log10 (p value) on the Y-axis. The horizontal dashed line corresponds to p=0.05, with all points 
above the line having a p <0.05. The presumed enzymatic origin of eoxPL is seen in the legend 
(COX-1: cyclooxygenase-1, 12-LOX: 12-lipoxygenase, Both: both COX-1/12-LOX can 
generate this product).



 128 

 

Figure 3.7. Higher amounts of diacyl 12-HETE-PL generated in thrombin-activated 
platelets from participants supplemented with aspirin in-vivo. 

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods and quantified by LC-MS/MS. Lipid to internal standard signal 
area ratio were calculated for each product and averaged across all ‘healthy cohort’ participants 
and timepoints, separated only by aspirin. Next, data points were plotted for patients with 
(n=27) or without (n=28) in-vivo aspirin supplementation. P-values were calculated with the 
Mann-Whitney-Wilcoxon test (ns: not significant, *: p <0.05, **: p <0.01, ***: p <0.001). 
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Figure 3.8. The amount of plasmalogen 12-HETE-PL generated in thrombin-activated 
platelets was similar between participants on or off aspirin. 

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods and quantified by LC-MS/MS. Lipid to internal standard signal 
area ratio were calculated for each product and averaged across all ‘healthy cohort’ participants 
and timepoints, separated only by aspirin. Next, data points were plotted for patients with 
(n=27) or without (n=28) in-vivo aspirin supplementation. P-values were calculated with the 
Mann-Whitney-Wilcoxon test (ns: not significant, *: p <0.05, **: p <0.01, ***: p <0.001). 
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3.2.5 Thrombin-activated platelets generate less eoxPL in males versus 

females.  

 

Next, to examine the influence of gender on eoxPL generation in thrombin-activated 

platelets, I carried out a volcano plot analysis looking at fold-changes driven by male gender 

(compared to females). This demonstrated a trend towards lower levels of eoxPL in males 

compared with females (Figure 3.9), demonstrating that gender differences in eoxPL-

generation exist, though the mechanism for this is unknown.  
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Figure 3.9. The amount of eoxPL generated in thrombin-activated platelets had a lower 
trend in males (compared to females).  

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods and quantified by LC-MS/MS. The ratio of analyte:internal 
standard was calculated for each lipid and averaged (mean) over the three timepoints for each 
donor. Next, log2 fold changes were calculated between males (n=14) and females (n=14) and 
p-values calculated with the Mann-Whitney-Wilcoxon non-parametric test. The horizontal 
dashed line corresponds to p=0.05, with all points above the line having a p <0.05. The 
presumed enzymatic origin of eoxPL is seen in the legend (COX-1: cyclooxygenase-1, 
12-LOX: 12-lipoxygenase, Both: both COX-1/12-LOX can generate this product). 
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3.2.6 The impact of aspirin on eoxPL generation in males and females is 

similar for COX-1, but different for 12-LOX 

 

Next, to examine whether the effect of aspirin on eoxPL generation in thrombin-activated 

platelets is different between males and females, a gender-specific subgroup analysis was 

carried out (Figure 3.10 and Figure 3.11). This shows that the reduction of COX-1-derived 

eoxPL in response to aspirin is consistent irrespective of gender, whereas the observed increase 

in 12-LOX-generated eoxPL is observed in males only. 

 

Box plots of individual eoxPL from thrombin-activated platelets show lower amounts of 

diacyl 12-HETE-PL off aspirin in males compared to females, which then increase in patients  

supplementation with aspirin in-vivo (Figure 3.12). This is consistent with the observed trend 

of lower eoxPL generation in males compared with females described in section 3.2.5 above.  
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Figure 3.10. In males, aspirin significantly reduced the amount of COX-1 generated 
eoxPL in thrombin-activated platelets compared with resting platelets, but led to an 
increase in some 12-LOX generated eoxPL.  

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods and quantified by LC-MS/MS. The ratio of analyte:internal 
standard was calculated for each lipid and averaged (mean) over the three timepoints for each 
male donor. Next, log2 fold changes were calculated between aspirin (n=13) and no aspirin 
(n=14) and p-values calculated with the Mann-Whitney-Wilcoxon non-parametric test. The 
horizontal dashed line corresponds to p=0.05, with all points above the line having a p <0.05. 
The presumed enzymatic origin of eoxPL is seen in the legend (COX-1: cyclooxygenase-1, 
12-LOX: 12-lipoxygenase, Both: both COX-1/12-LOX can generate this product). 
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Figure 3.11. In females, aspirin significantly reduced the amount of COX-1 generated 
eoxPL in thrombin-activated platelets compared with resting platelets, but unlike in 
males, aspirin had no impact on 12-LOX generated eoxPL.  

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods and quantified by LC-MS/MS. The ratio of analyte:internal 
standard was calculated for each lipid and averaged (mean) over the three timepoints for each 
female donor. Next, log2 fold changes were calculated between aspirin (n=14) and no aspirin 
(n=14) and p-values calculated with the Mann-Whitney-Wilcoxon non-parametric test. The 
horizontal dashed line corresponds to p=0.05, with all points above the line having a p <0.05. 
The presumed enzymatic origin of eoxPL is seen in the legend (COX-1: cyclooxygenase-1, 
12-LOX: 12-lipoxygenase, Both: both COX-1/12-LOX can generate this product).
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Figure 3.12. In-vivo supplementation of aspirin in males, but not females, leads to higher 
diacyl 12-HETE-PL generation in thrombin-activated platelets. 

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods and quantified by LC-MS/MS. Lipid to internal standard signal 
area ratio were calculated for each product and averaged across all ‘healthy cohort’ participants 
and timepoints, separated by aspirin and gender (n aspirin = 27 [13 males, 14 females], n no 
aspirin = 28 [14 males, 14 females]). Next, box plots of all data points were plotted for all 
eoxPL, compared by aspirin and gender status and tested with the Mann-Whitney-Wilcoxon 
non-parametric test (ns: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001).   
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3.2.7 Aspirin reduces TxB2 generation but has no impact on free 12-HETE 

in platelets from either males or females  

 

Finally, to investigate whether aspirin supplementation affects free oxylipin generation 

differently for males or females, free 12-HETE (12-LOX) and TxB2 (COX-1) were measured 

in all samples. The initial study design did not include internal standards for the measurement 

of eicosanoids as this was not planned in the original study. Therefore, this analysis was carried 

out post hoc by adding 5 ng of each deuterated eicosanoid internal standard (12-HETE-d8 and 

TxB2-d4) to samples in an additional targeted lipidomics run as described in Materials and 

Methods, to give a reasonable estimate of amounts generated. 

 

There were no differences seen in the levels of 12-HETE with aspirin supplementation for 

both males and females. As expected, TxB2 levels were significantly lower with aspirin 

supplementation and this was the same for both males and females (Figure 3.13). 

 

These findings demonstrate that the higher levels of 12-HETE-PL generated by thrombin-

stimulated platelets following aspirin supplementation (described in sections 3.2.4 and 3.2.6) 

are not matched by higher levels of free 12-HETE.   
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Figure 3.13. Aspirin supplementation significantly reduced the amounts of thrombin-
activated platelet TxB2 (COX-1 product) in all participants irrespective of gender, but 
had no impact on the levels of 12-LOX-derived free 12-HETE.  

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods and quantified by LC-MS/MS. The ratio of analyte:internal 
standard was calculated for each lipid and averaged (mean) over the three timepoints for each 
donor. These values were separated by aspirin and subgrouped by gender (n aspirin = 27 [13 
males, 14 females], n no aspirin = 28 [14 males, 14 females]). Next, box plots of all data points 
were plotted for 12-HETE and TxB2 for all patients (A) and gender subgroups (B). P-values 
were calculated with the Mann-Whitney-Wilcoxon non-parametric test (ns: not significant, * 
p < 0.05, ** p < 0.01, *** p < 0.001).  
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3.3 DISCUSSION 

 

In this chapter, I expanded on previous studies into platelet eoxPL generation by using a 

larger cohort of healthy volunteers to examine variations between individuals and over time as 

well as assess the influence of gender and in-vivo aspirin supplementation. The findings add to 

our understanding on how eoxPL generation varies, which is of importance given the role that 

these lipids play in mediating inflammation and coagulation14. 

 

The amounts of eoxPL generated in thrombin-activated platelets varied across the three 

sampling time points indicating intra-individual variation (Figure 3.3). Factors which could be 

responsible for driving differences over time include seasonal variation in lipid synthesis, akin 

to the diurnal and seasonal variation noted with cortisol and immune system parameters251-253. 

This is particularly relevant to this study as participant samples were collected over a period of 

6 months, which may have introduced such seasonal variation. However, it was not possible to 

determine such seasonal effect with the current cohort due to the continuous weekly 

recruitment schedule which makes it difficult to subgroup participants by season. Furthermore, 

the pattern of change over time varied between the individual lipids, with many lipids rising in 

the second and third timepoints, whereas others decreased in amounts (Figure 3.4). 

Hierarchical clustering analysis demonstrated possible grouping of eoxPL variation over time 

by sn2  FA (Figure 3.5). This may imply that the pattern of intra-individual variation in eoxPL 

is affected by the enzymatic pathway and the metabolised PUFA as suggested in the pilot 

study70. Alternatively, the clustering may relate to the relative abundance of these lipids in 

platelets over time, whereby lipids of high abundance group together and separate from lipids 

of low overall abundance.  

 



 139 

In addition to intra-individual variation, eoxPL amounts also varied between individuals 

as demonstrated by high RSD values (Table 3.1). This may relate to genetic or environmental 

influences on enzymatic pathways in this unrelated group of humans. In fact, genetic 

polymorphisms in COX-1 have been previously shown to significantly modify the amount of 

serum thromboxane generation254. It is of course possible that some of the variation, both inter- 

and intra-individuals, may relate to sampling and processing variables, although seeing as all 

assays, including phlebotomy, were carried out by the same individual with the same protocol, 

the contribution of this is likely limited. Indeed, despite the high RSD values, the thrombin-

induced eoxPL generation (Figure 3.2) and the COX-1 inhibition in response to aspirin 

(Figure 3.6) seem to be consistent across individuals with eoxPLs reliably clustering in groups 

by enzymatic origin (Figure 3.1). These findings suggest that despite inter- and intra-individual 

variations in the amount of eoxPL generated, there’s relative stability in the patterns of 

synthesis.  

 

The response to in-vivo aspirin supplementation confirmed that COX-1-generated eoxPL 

in thrombin-activated platelets were the most consistently affected lipids in the analysed set 

with significantly reduced levels in response to the drug in both males and females (separately 

or in combination) (Figure 3.6). However, the most striking finding of this study is the 

differences in the levels of 12-LOX-generated eoxPL in response to aspirin. These were 

elevated in thrombin-activated platelets when participants were supplemented with aspirin 

compared to not being on the drug.  Furthermore, upon subgrouping this analysis by gender, 

only males demonstrated this increase in 12-HETE-PL generation with aspirin, whereas 

females had little or no change with aspirin in this group of eoxPL (Figure 3.10 and Figure 

3.11). These findings are of particular relevance to this thesis given the role that 12-HETE-PL 

play in enhancing coagulation. This raises the question as to whether aspirin could have an 
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impact on coagulation by interfering with procoagulant lipid generation, which will be 

discussed below.  

 

To investigate the mechanism behind the increased levels of 12-HETE-PL with aspirin, I 

hypothesized that this could be related to aspirin-induced sparing of PUFA from undergoing 

metabolism with COX-1. This could lead to increased substrate (e.g. AA) availability which 

could be utilised by 12-LOX to generate free 12-HETE which may then be re-esterified. 

However, this was not supported by analysis of free 12-HETE which was present in similar 

amounts in samples from patients on or off aspirin (Figure 3.13). This suggests that the most 

likely mechanism therefore relates to the re-esterification of 12-HETE to the acyl lysoPL in the 

membrane. Specifically, it may suggest that the likely mechanistic location is LPAT pathways 

implicated in re-esterifying free 12-HETE to acyl lysoPL (Figure 3.14), which remains to be 

tested. 
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Figure 3.14. Effect of aspirin on 12-HETE-PL synthesis in thrombin-activated platelets.  

1) Stimulation of platelets with thrombin activates the protease activated receptors PAR1 and 
PAR4 in humans. 2) This leads to activation of phospholipase A2 (PLA2) which metabolises 
membrane phospholipids at the sn2 position releasing polyunsaturated fatty acids (PUFA) and 
lysophospholipids, which may have an acyl or ether bond at the sn1 position. 3) Arachidonic 
Acid is a PUFA which undergoes modification via 3) 12-lipoxygenase (12-LOX) or 
cyclooxygenase (COX) to generate oxylipins. 4) The first step of re-esterification of oxylipins, 
such as 12-HETE, is to create a fatty acyl-CoA via the action of acyl Co-A synthetase (ACSL). 
5) Lysophospholipid acyl transferase (LPAT) enzymes re-esterify 12-HETE-CoA to the 
membrane surface which modifies native phospholipids. This generates 12-HETE-PL which 
may have an acyl (a_12-HETE-PL) or an ether (p_12-HETE-PL) bond at sn1. 6) The results 
from this chapter show that Aspirin blocks COX activity which results in less TxB2 (a stable 
metabolite of TxA2) generation, but does not affect the levels of free 12-HETE. Despite this, 
aspirin supplementation appears to result in more a_12-HETE-PL generation but does not 
affect the levels of p_12-HETE-PL. This observation suggests that aspirin may have a role in 
interfering with LPAT re-esterification pathways specific to diacyls but not plasmalogens, 
either directly or indirectly (through reducing TxA2 amounts). 
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Aspirin has traditionally been viewed as an antithrombotic with no effect on in vitro 

coagulation assays. A number of studies have shown that clinical assays for coagulation 

markers, levels of thrombin-antithrombin (TAT) complexes, prothrombin fragments 1 + 2 

(F1+2)  and fibrinopeptide A (FPA) are not altered in response to aspirin255-257. Studies 

examining thrombin generation by virtue of the calibrated automated thrombin (CAT) system 

demonstrated lower levels of thrombin formation, as determined by a fluorogenic substrate, 

when patients were supplemented with aspirin258,259. However, given the platelet-driven 

feedback loop with CAT assays and the depressed platelet activity as a result of COX-1 

inhibition, the effects on thrombin formation have been attributed to the lower platelet 

reactivity in response to aspirin260. These suggest that aspirin has no significant clinical effect 

on coagulation and is consistent with studies which have noted no difference in clinical 

outcomes in conditions that are driven by the coagulation cascade as opposed to platelets (such 

as venous thrombosis and atrial fibrillation)261. This makes it difficult to infer a clinical role 

for our findings, and suggests no impact on overall coagulation. Alternatively, it may be that 

the effect that aspirin has on reducing TxA2 levels far outweighs any increase in coagulation 

mediated by HETE-PL lipids. It is interesting to note that none of the clinical studies above 

were powered or designed to detect differences in response to aspirin between men and women 

and certainly most (if not all) of the original aspirin trials in 1960s-1980s recruited men only, 

and inferred the clinical benefit to women by extrapolation262.    
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3.4 CONCLUSION 

In conclusion, this chapter expanded on existing literature and utilised a larger cohort of 

healthy volunteers to examine variations in the profiles of platelet eoxPL in response to time, 

gender and aspirin supplementation. It demonstrated up to four-fold variation in the amounts 

of eoxPL generated over time with a large degree of variation between participants. In addition, 

there were overall lower levels of eoxPL generated in thrombin-activated platelets from male 

compared to female participants. Furthermore, aspirin supplementation was associated with a 

decrease in COX-1-derived eoxPL, but an increase in 12-LOX derived 12-HETE-PL. This 

observation was unique to male participants and only affected diacyl 12-HETE-PL.   

 

The findings of this chapter therefore raise questions as to whether aspirin alters the 

procoagulant surface of platelets, particularly in males, by affecting re-esterification pathways 

and highlights the need for more studies to elucidate the mechanism for this. Specifically, to 

investigate whether in-vivo aspirin supplementation interferes with LPAT activity on acyl 

lysoPL in the platelet membrane which may be studied using platelet/megakaryocyte 

transcriptomics supported by genetically modified mice lacking one or more LPAT enzyme 

isoforms.  



 144 

 

 

 

 

 

 

 

CHAPTER 4 CHARACTERISING THE HETE-PL 

COMPOSITION OF ARTERIAL THROMBI IN 

PATIENTS WITH CORONARY AND PERIPHERAL 

VASCULAR DISEASE. 
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4.1 INTRODUCTION 

The formation of thrombi under arterial shear stress on the surface of disrupted 

atherosclerotic plaques is responsible for myocardial infarction, ischaemic stroke and 

peripheral limb ischaemia263. The initial steps in this process consist of platelet activation in 

response to exposure of extracellular matrix proteins in the disrupted plaque leading to the 

development of platelet-rich thrombi classically associated with acute cardiovascular events264. 

Despite the use of antiplatelet agents however, 10-20% of patients continue to experience re-

infarction, stroke or re-intervention, suggesting that other factors are at play265-267. These likely 

include leukocytes as well as the coagulation system, whose role in arterial thrombosis is 

evidenced by the presence of large amounts of fibrin in arterial thrombi and high amounts of 

tissue factor (TF) expression in human atherosclerotic lesions145,268,269. To date however, it is 

unknown whether procoagulant PLs are associated with arterial thrombi. This is particularly 

important given the recently emerging evidence of the role that procoagulant PLs, particularly 

HETE-PL generated by both platelets and leukocytes, play in linking activated cells to the 

initiation of coagulation69,119.  

 

The coagulation cascade is initiated by TF, which is normally expressed in subendothelial 

fibroblasts and becomes exposed to the circulation upon endothelial injury. The expression of 

TF in atherosclerotic plaques is enhanced, with evidence that macrophages and VSMC express 

high levels of TF on their surface, in EV populations and in extracellular matrix deposits145,269-

271. This is thought to be driven by pro-inflammatory cytokines such as interleukin-1 (IL-1), 

interferon gamma (IFNγ), and tumour necrosis factor-alpha (TNFα)272. Indeed, histological 

staining of coronary clots has demonstrated TF at the sites of deposition of fibrin fibrils273. 

Taken together, this evidence supports the involvement of the coagulation system in arterial 

thrombosis and may explain the benefit seen with the addition of rivaroxaban (Factor Xa 
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inhibitor) to standard antiplatelet therapy by reducing ischaemic outcomes in patients with ACS 

when compared to antiplatelets alone242. A key contributor to FXa-driven coagulation and 

thrombin formation is the presence of negatively charged cell surfaces such as those provided 

by an activated platelet163,274. To date however, it remains unknown whether platelet-derived 

eoxPL form part of arterial thrombi.  

 

Central to inflammation are leukocytes, which have also been implicated in 

atherothrombosis by being components of both plaques and the clot itself273. Previous studies 

that utilised coronary thrombus aspiration in ST-elevation myocardial infarction (STEMI), a 

condition which is caused by total thrombotic occlusion of a coronary artery, have 

demonstrated the presence of leukocytes within the clot histopathology 273,275. In addition, 

elevated markers of systemic leukocyte activation were seen in ACS with evidence of increased 

trans-cardiac granulocyte and monocyte activation demonstrated by CD11b/CD18 expression 

profiles, activation of neutrophils demonstrated by lower myeloperoxidase (MPO) content and 

activation of lymphocytes with higher levels of serum IL-2 and increased HLA-D 

expression276-278. Therefore, it is likely that inflammation and leukocytes also play a role in 

arterial thrombus formation. However, it remains unclear whether leukocyte-derived eoxPL 

contribute to this process.  

 

Procoagulant PLs contribute to thrombosis and haemostasis by facilitating the assembly 

of coagulation factor complexes, leading to activation and propagation of the clotting 

cascade108,279. HETE-PL are generated in leukocytes and platelets by cell-specific LOX 

isoforms14. A number of studies have examined their prothrombotic role in vitro, in animal 

models, and in human diseases such as antiphospholipid syndrome and abdominal aortic 

aneurysms69,119. However, no studies have examined their role in atherothrombosis of the 
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coronary arteries or the peripheral vasculature. If shown to be present, they may provide a new 

therapeutic target to complement current therapy targeted to coagulation factors.  

 

4.1.1 Rationale for this study 

 

Recent studies have identified networks of eoxPL implicated in the formation of clots and 

generated by different isoforms of the lipoxygenase (LOX) enzymes which vary depending on 

cell type69,81. The majority of these studies however examined individual cell types in isolation, 

limiting the applicability to the overall process in a formed human thrombus. In this chapter, I 

will study whole clots extracted from patients with coronary and peripheral vascular disease, 

undergoing percutaneous intervention or surgery. By using LC-MS/MS, I will measure the 

eoxPL present within these clots to profile the range of HETE-PL associated with 

atherothrombosis. Studying these pathological clots may shed some light on the cellular and 

molecular drivers of thrombosis in this life-threatening condition, and may reveal the 

involvement of eoxPL which are not targeted by current therapeutic agents.  

 

4.1.2 The aim of this chapter 

To characterise the HETE-PL composition of arterial thrombi from patients with coronary 

and peripheral vascular disease. 
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4.2 RESULTS 

4.2.1 Participant baseline characteristics 

 

Twenty participants were recruited comprising six emergency STEMI, eight carotid 

endarterectomy and six limb embolectomy patients. The age range was 50 - 85 years with 14/20 

being male (70 %). The majority had one or more cardiovascular risk factors and were 

medicated on a combination of anti-platelet and anti-coagulant therapies. Baseline clinical 

characteristics of participants including their vascular comorbidities as defined by the study 

protocol are shown in Table 4.1. 

 

The biochemical (renal profile) and haematological (full blood count with cell 

differentials) features of the participants are in Table 4.2. Clot age is defined as the estimated 

time from clinical diagnosis of atherothrombotic condition (i.e. STEMI, limb ischaemia or 

stroke) to the time of clot retrieval. This was estimated from medical records and electronic 

healthcare records by the local teams. All STEMI clots were collected within 3 hours of 

formation, whereas the carotid clots were more commonly older than 6 days since formation, 

as determined by time since stroke diagnosis. Limb clots are more heterogenous in terms of 

clot age ranging from 3 days to more than 6 weeks.  
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Table 4.1. Baseline clinical characteristics of patients with atherothrombosis who underwent surgical/interventional clot retrieval. (P2Y12 
inhibitors: clopidogrel, prasugrel or ticagrelor, CKD: chronic kidney disease) 

Clot ID Tissue origin Age Gender Aspirin P2Y12 
inhibitor Anticoagulant Statin Hypertension Diabetes Smoker CKD 

STEMI1 Left anterior descending artery 67 Male Yes Yes Warfarin No Yes No Never No 
STEMI2 Left anterior descending artery 59 Male Yes Yes Heparin No No No Never No 
STEMI3 Right coronary artery 60 Male Yes Yes Heparin Yes Yes No Ex No 
STEMI4 Left anterior descending artery 85 Male Yes Yes Heparin Yes Yes No Never Yes 
STEMI5 Left anterior descending artery 59 Male Yes Yes Heparin Yes Yes Yes Never No 
STEMI6 Right coronary artery 79 Female Yes Yes Heparin No No No Ex No 
Carotid1 Left Carotid artery 71 Female No No No No No No Ex No 
Carotid2 Left Carotid artery 69 Male Yes Yes No Yes Yes Yes Ex No 
Carotid3 Right Carotid artery 75 Female No Yes No Yes No No Never No 
Carotid4 Left Carotid artery 63 Male Yes Yes Warfarin Yes Yes No Never No 
Carotid5 Right Carotid artery 76 Male No Yes No Yes Yes No Never No 
Carotid6 Left Carotid artery 69 Male No Yes No Yes Yes No Ex No 
Carotid7 Right Carotid artery 61 Male Yes Yes No Yes Yes No Never No 
Carotid8 Left Carotid artery 58 Female Yes Yes No Yes No No Current No 
Limb1 Right Femoral Embolectomy 59 Male Yes Yes Heparin No No No Never No 
Limb2 Left Popliteal (Pop-Ped bypass) 50 Male No Yes No Yes No No Current No 
Limb3 Left Femoral (Fem-Pop bypass) 62 Female Yes No No No Yes Yes Ex No 

Limb4 Left Popliteal Below-Knee 
amputation 58 Male No No Rivaroxaban No Yes Yes Ex No 

Limb5 Right Brachial Embolectomy 77 Female Yes No Heparin No Yes No Never No 

Limb6 Right Popliteal (Fem-Pop 
bypass with embolectomy) 63 Male No Yes No Yes No No Ex No 
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Table 4.2. Baseline biochemical and haematological characteristics of patients with atherothrombosis who underwent 
surgical/interventional clot retrieval.  

Clot age is the estimated time from diagnosis (clot formation/plaque disruption) to retrieval time. (Creat: serum creatinine µmol/L, Hb: 
haemoglobin g/dL, Plt: platelet count x 109/L, WCC: total white cell count x 109/L, Neutrophils/Eosinophils/Basophils/Lymphocytes/Monocytes: 
respective count x 109/L, RBC: red blood cell count x 1012/L) 

Clot ID Clot age Creat Hb Plt WCC Neutrophils Eosinophils Basophils Lymphocytes Monocytes RBC 
STEMI1 <3hr 137 172 168 12.1 10.7 0 0 0.9 0.5 5.3 
STEMI2 <3hr 73 128 287 16.2 14.7 0.2 0 0.6 0.6 4.3 
STEMI3 <3hr 96 149 301 7.1 5.4 0.1 0 1.1 0.4 4.5 
STEMI4 <3hr 183 137 219 17 14.7 0.1 0 0.9 1.2 4.8 
STEMI5 <3hr 92 132 283 14 12.5 0 0 0.5 1.5 4.4 
STEMI6 <3hr 83 120 202 8.1 6.1 0 0 1.4 0.5 3.9 
Carotid1 14 days 65 128 208 5.8 3.8 0.1 0.1 1.3 0.6 3.4 
Carotid2 20 days 77 130 233 10.7 7.2 0.3 0.1 2.3 0.9 4.4 
Carotid3 13 days 69 131 425 13.1 9.5 0 0 2.5 1.1 3.9 
Carotid4 9 days 70 133 250 7.4 5.3 0.1 0 1.5 0.5 4.5 
Carotid5 6 days 122 154 269 8.4 5.5 0.1 0 1.9 0.9 5.3 
Carotid6 25 days 67 129 225 6 4.6 0.1 0 0.9 0.4 4.8 
Carotid7 106 days 82 165 302 5.3 3.4 0.1 0 1.2 0.6 5.1 
Carotid8 9 days 80 150 294 8.5 5.2 0.1 0 2.7 0.6 4.9 
Limb1 3 days 69 125 501 10.5 7.5 0.1 0.1 2.2 0.8 4.0 
Limb2 4 days 95 174 306 7.1 5.3 0.1 0 1.2 0.4 6.0 
Limb3 >6 weeks 59 99 459 13.6 10.7 0 0 1.6 1.2 3.0 
Limb4 6 days 70 83 163 8.3 6.1 0 0 1.5 0.6 2.7 
Limb5 16 days 91 162 309 7.8 4.1 0.1 0.1 3.0 0.6 5.3 
Limb6 15 days 63 179 313 9.2 6.3 0.5 0.1 1.0 1.3 5.8 
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4.2.2 Arterial clots contain eoxPL species  

 

Lipids were normalised to ng per 100 mg clot for each sample and plotted on a heatmap 

(Figure 4.1).  All had detectable levels of several HETE-PLs, but levels varied between 

samples. Overall, the highest levels of HETE-PL were seen in STEMI clots, followed by limb 

embolectomies and lastly by carotid endarterectomy samples. There were varying amounts of 

HETE-PL between limb clots with some samples having a similar profile to STEMI clots 

(Limb1, Limb2, Limb4, Limb5) whereas others were more similar to carotid clots (Limb3 and 

Limb6). Column-wise clustering demonstrates grouping of lipids by headgroups and the HETE 

positional isomer. Specifically, 15- and 11-HETE-PE formed one cluster, 5- and 11-HETE-PE 

forming another cluster, with a prominent cluster of 12-HETE-PLs. There were generally low 

levels detected of the non-enzymatically formed 8-HETE-PL (Figure 4.1). The clustering 

suggested by these findings indicate a likely involvement of COX (15- and 11-HETE-PL) and 

12-LOX (12-HETE-PL) in generation of these lipids in arterial thrombi.  
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Figure 4.1. Arterial thrombi contain procoagulant HETE-PL with high amounts seen in 
STEMI compared with carotid clots.  

Arterial thrombi were extracted, snap frozen on dry ice and frozen at -80 oC from patients 
undergoing angioplasty for ST-elevation myocardial infarction (STEMI), carotid 
endarterectomy (Carotid) or peripheral vascular embolectomy (Limb). Next, clots were 
homogenised using the BeadRuptor Elite and underwent lipid extraction as in Material and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS and normalised by clot weight 
(ng lipid/100 mg clot), log10 transformed and plotted as a heatmap with hierarchical clustering 
using the pheatmap R package. Category is the proposed enzymatic origin of HETE-PL 
species.
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4.2.3 Multivariate analysis of clot OxPL profile demonstrates 

12-HETE-PL as the key contributor to difference between samples  

 

To visualise differences and similarities between samples based on their oxPL lipid profile, 

a multivariate analysis was carried out with a principal component analysis. In Figure 4.2, 

carotid endarterectomy samples are seen to be close to each other suggesting a high degree of 

similarity between samples. In contrast, STEMI samples are deviating away from carotid 

endarterectomy samples in the PC1 direction, suggesting that they possess different 

characteristics/lipid profile. Limb embolectomy samples were more heterogenous with some 

clustering with carotid clots (Limb3 and Limb6), whereas are others are deviating away in the 

PC1 and PC2 direction. The PC1 and PC2 principal components are responsible for 65% and 

29% of variance, respectively, and therefore together they account for >94% of the difference 

between samples. This suggests that these are the two most important principal components 

that distinguish sample types from each other. 

 

To investigate which HETE-PL are contributing to the difference between samples seen 

in this analysis, a loadings plot was generated (Figure 4.3). This demonstrates that the lipids 

having the largest effect on PC1 and PC2 are PE 18:0p_12-HETE, PE 18:0a_12-HETE  and 

PC 16:0a_12-HETE. This is consistent with the intense signals seen in the heatmap described 

above and suggest that the presence of a 12-HETE fatty acyl attached to the PL (presumed to 

be of a platelet origin given the 12-LOX expression profile) is critical in differentiating between 

samples by being more abundant in STEMI and limb embolectomy samples compared with 

carotid clots.  
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Figure 4.2. Principal component analysis of arterial thrombi by HETE-PL profile 
demonstrates grouping of samples by common features.  

Arterial thrombi were extracted, snap frozen on dry ice and frozen at -80 oC from patients 
undergoing angioplasty for ST-elevation myocardial infarction (STEMI), carotid 
endarterectomy (Carotid) or peripheral vascular embolectomy (Limb). Next, clots were 
homogenised using the BeadRuptor Elite and underwent lipid extraction as in Material and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS and normalised by clot weight 
(ng lipid/100 mg clot). Next, a principal component analysis was carried out using the prcomp() 
function in R, and the scores for two major components (PC1 and PC2) were used to plot the 
data. Each dot represents a sample.   
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Figure 4.3. Loadings plot from the principal component analysis describing 12-HETE-PL 
as the variables most influential in explaining the difference between samples.  

Arterial thrombi were extracted, snap frozen on dry ice and frozen at -80 oC from patients 
undergoing angioplasty for ST-elevation myocardial infarction (STEMI), carotid 
endarterectomy (Carotid) or peripheral vascular embolectomy (Limb). Next, clots were 
homogenised using the BeadRuptor Elite and underwent lipid extraction as in Material and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS and normalised by clot weight 
(ng lipid/100 mg clot). Next, a principal component analysis was carried out using the prcomp() 
function in R, and the loadings for the two major components (PC1 and PC2) were used to plot 
the data. Each dot represents a lipid.   
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4.2.4 Quantitative analysis of HETE-PL isomers by clot type demonstrates 

variation in the amount of different positional isomers with a 

predominance of 12-HETE-PL 

 

To quantify the magnitude of differences in HETE-PL within clot types, lipid amounts 

were grouped by HETE-PL positional isomer and sample type and plotted as a boxplot (Figure 

4.4). The HETE-PL positional isomers are present in varying amount within samples. In carotid 

samples, the highest HETE-PL levels are seen for 15-HETE-PL with low levels seen for the 

other isomers. In contrast, STEMI samples had higher levels of 12-HETE-PL, followed by 

15-HETE-PL, then 11-HETE-PL.  This pattern is also observed in limb embolectomies, albeit 

with a larger degree of variability as shown by the large error bars (Figure 4.4). This suggests 

a likely enzymatic origin of formation, as non-enzymatic oxidation is expected to form 

equivalent amounts of the different positional isomers 

 

These quantitative findings suggest that 12-HETE-PL, presumed to be of a platelet origin, 

are playing a key role in driving the variability between clot types and are the most predominant 

forms in STEMI and limb clots. 
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Figure 4.4. HETE-PL amounts expressed as ng lipid per 100mg clot sample, pooled by HETE-PL isomer, and grouped by clot type. 

Arterial thrombi were extracted, snap frozen on dry ice and frozen at -80 oC from patients undergoing angioplasty for ST-elevation myocardial 
infarction (STEMI), carotid endarterectomy (Carotid) or peripheral vascular embolectomy (Limb). Next, clots were homogenised using the 
BeadRuptor Elite and underwent lipid extraction as in Material and Methods. Lipids amounts (ng) were calculated by LC-MS/MS and normalised 
by clot weight (ng lipid/100 mg clot). Lipid species were summed up by positional isomer and plotted as box plots using the ggplot2 R package. 
Box edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the IQR.  Category is the proposed 
enzymatic origin of HETE-PL species. 
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4.2.5 Chiral analysis of clot lipid extracts confirms a likely enzymatic 

origin for 12-HETE-PL in STEMI and limb arterial thrombi.  

 

Next, to investigate the proportion of HETE-PL generated enzymatically and non-

enzymatically, lipid extract samples were alkaline hydrolysed to release the HETE fatty acyls 

from the eoxPL presumed sn2 position, and analysed using chiral LC-MS/MS (as per Materials 

and Methods). The aim of this was to measure the amounts of R versus S stereoisomers for 

each HETE positional isomer, which are known to be preferentially different in enzymatic 

pathways given the stereospecificity of the LOX and COX enzymatic pathways, as described 

in section 1.2.4. This demonstrated a >90% predominance of the 12(S)-HETE stereoisomer 

compared with 12(R)-HETE in STEMI and limb thrombi, confirming a likely enzymatic origin 

from platelet 12-LOX (Figure 4.5). Furthermore, limb thrombi also had higher levels of 

11(R)-HETE which suggests they originate from COX activity. Finally, the results for 

15-HETE are more difficult to interpret given that this lipid may be generated by 15-LOX or 

COX which can form 15(S)- and 15(R)-HETE, respectively. Nevertheless, there was slightly 

higher relative levels of 15(S)-HETE in all thrombi which suggests involvement of 15-LOX 

(eosinophils or monocytes). Taken together, these results confirm that the involvement of 

enzymatic pathways in the generation of HETE-PL within arterial thrombi.  
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Figure 4.5. Chiral LC-MS/MS demonstrates higher amounts of 12(S)-HETE compared 
to 12(R)-HETE, suggesting a likely involvement of platelet 12-LOX.  

Arterial thrombi were extracted, snap frozen on dry ice and frozen at -80 oC from patients 
undergoing angioplasty for ST-elevation myocardial infarction (STEMI), carotid 
endarterectomy (Carotid) or peripheral vascular embolectomy (Limb). Next, clots were 
homogenised using the BeadRuptor Elite and underwent lipid extraction as in Material and 
Methods. Samples (n=3 per tissue origin) were alkaline hydrolysed to release the HETE fatty 
acyl, followed by chiral LC-MS/MS to determine the relative proportions of S and R 
stereoisomers which were plotted above as 100% stacked bar charts. 
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4.3 DISCUSSION 

In this chapter, I report a lipidomic analysis of atherothrombotic clots formed on disrupted 

plaque under shear stress in human atherothrombotic disease. Procoagulant HETE-PL were 

detectable and quantifiable in all analysed clots. The main driver of difference between clots 

was 12-HETE-PL, a product that is likely generated enzymatically by platelets evidenced by 

the presence of more of the 12(S)-LOX specific product stereoisomers. Indeed, coronary and 

limb clots had higher amounts of 12-HETE-PL compared to other isomers, whereas carotid 

clots had overall low amounts of HETE-PL with a predominance of 15-HETE-PL. The 

presence of HETE-PL within the clot architecture may contribute to  the link between activated 

cells and the coagulation system in arterial thrombosis. 

 

The amounts of HETE-PL were strikingly lower in the carotid endarterectomy samples 

compared to the STEMI/limb samples. Despite a similar pathophysiological process of 

formation under shear stress, the content of the clot could be influenced by other 

anatomical/pathological factors. For instance, carotid clot content may be contaminated by 

significant amount of plaque relative to clot. This is due to the nature of the surgical extraction 

technique which may explain the lower overall amounts of procoagulant oxPL. It could also 

provide an explanation for the predominance of 15-HETE-PL in carotid samples which may 

be a component of macrophage/foam cell content which are present in plaque lesions275. In 

fact, the presence of free 15-HETE has previously been reported as a component of human 

carotid plaques, but deemed to be non-enzymatically generated280. The chiral analysis seen in 

Figure 4.5 indicates relatively similar proportions of S and R stereoisomers, which may indeed 

suggest that the source of HETE-PL in carotid samples is non-enzymatic oxidation. This is 

consistent with studies examining the enantiomeric composition of other eoxPL within 

advanced atherosclerotic plaques demonstrating a likely non-enzymatic origin281.  
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The age of the analysed clots may be contributing factor to the differences observed 

between samples. STEMI clots were all retrieved within a short time from formation (<3 hours) 

compared to carotid clots (days/weeks). This could contribute to the higher observed amounts 

of HETE-PL owing to a possibly higher level of inflammatory cell activation in the acute 

phase282. This could also explain the 12-HETE-PL dominant profile in STEMI clots which may 

relate to the acute burst of platelet activation in the first few hours of thrombosis, compared to 

the carotid clots where sufficient time has passed since formation which allows for clot 

organisation to take place by the generation of an organised fibrin scaffold, modification to the 

cellular components and possible PL degradation263,283,284. Clots collected from limb 

embolectomies varied in retrieval time (‘age’) and this may explain the mixed picture observed 

in the multivariate analysis where despite an overall similar profile to STEMI, at least two of 

the ‘oldest’ clots were behaving in a way closer to carotid clots as seen on the heatmap (Figure 

4.1). Other factors that may explain the variability within sample type may include inter-

individual variability, co-morbidity profile, medications, or lifestyle choices. However, the 

current sample size is not sufficiently powered to investigate these factors in depth.  

 

In the STEMI and limb samples collected, 15-HETE-PL was the second most abundant 

HETE-PL isomers. This oxPL may be enzymatically generated via 15-lipoxygenase, encoded 

by the ALOX15 gene, which is found in eosinophils. Arterial thrombi were reported to contain 

eosinophils in the white/red transitional zone, with a positive correlation between the number 

of eosinophils detected histologically and the clot size285. Moreover, there is evidence that 

activation of eosinophils, as measured by proteomic markers, correlates with cardiovascular 

outcomes including myocardial infarction and strokes72. Furthermore, mice with a genetic 

deletion in Alox15, the equivalent murine gene to the human ALOX15, have defective 
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eosinophil-mediated thrombin generation and form smaller in-vivo clots in a venous injury 

model72.  Consequently, it is likely that the source of 15-HETE-PL observed in the analysed 

STEMI and limb clots is eosinophils, particularly given their role in mediating thrombosis. 

Indeed, the higher proportion of 15(S)-HETE in the chiral analysis suggests that the likely 

source of 15-HETE-PL is 15-LOX, although the proportion of the S stereoisomer was between 

55-65% (Figure 4.5).  This is a relatively low proportion of overall 15-HETE-PL when 

compared to the >90% seen with 12(S)-HETE, and may therefore suggest a contribution from 

non-enzymatic pathways which are expected to generate equal amounts of S/R. However, it is 

worth recalling that COX enzymes can generate 15(R)-HETE-PL, and therefore it is possible 

that both COX and 15-LOX were actively synthesizing 15-HETE-PL, leading to only a modest 

predominance of S/R stereoisomers in the chiral analysis. Finally, a study on LA-derived 

eoxPL by Kühn et al suggests early involvement of 15-LOX in atherosclerotic plaques, which 

could be a reason why carotid samples, likely contaminated by large amounts of atherosclerotic 

plaques, had higher levels of 15-HETE-PL compared to other positional isomers281.  

 

The presence of procoagulant oxPL within the clot architecture may make them a novel 

therapeutic target with clinical implications on the management of patients with arterial 

thrombosis. There is emerging clinical evidence that the use of anticoagulants, such as 

rivaroxaban, carries beneficial effects in ACS and peripheral vascular disease, albeit with a 

higher risk of bleeding242.  Genetically modified mice which lack Alox12 and Alox15 have been 

shown to have defective coagulation reactions and form smaller venous clots, suggesting that 

blocking the formation of HETE-PL may represent an anticoagulant target69,72. As of yet, there 

are no inhibiting agents in use clinically for 12-LOX and 15-LOX, and the inhibitor for 5-LOX, 

zileuton, has not been shown to carry any clinically significant impact on thrombosis or 

haemostasis286,287. The presence of leukocyte derived 5- or 15-HETE-PL highlights the role 
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that inflammatory cells other than platelets play in arterial thrombosis, which are not currently 

targeted in the treatment pathways.   

 

There are a number of limitations that warrant discussion in this chapter. Firstly, the clot 

‘age’ recorded is an estimate that relies on the onset of clinical symptoms and their detection 

by the clinical team. This may be prone to inaccuracies due to the ‘silent’ nature of some plaque 

ruptures. Secondly, the clot retrieval procedure varies between the three groups and may also 

vary by operator preference and clinical need, although this should not impact on the integrity 

of the clot. Finally, there will inevitably be some degree of non-enzymatic oxidation taking 

place both in-situ as part of free radical generation and ex-vivo as part of processing. However, 

when non-enzymatic oxidation takes place in isolation, the ratio of the HETE-PL positional 

isomers to each other is expected to be equivalent within samples. This is not the case with the 

analysed samples where variations in HETE-PL isomer amounts are observed within samples 

(Figure 4.4), suggesting a likely enzymatic involvement in their generation.  
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4.4 CONCLUSION 

 

In conclusion, this chapter demonstrates the presence of procoagulant HETE-PL in arterial 

thrombi formed on disrupted plaque under shear stress. 12-HETE-PL is present at higher 

amounts than other positional isomers and is the main driver of difference between clot 

samples. As confirmed by a chiral analysis, the most likely source of 12-HETE-PL is platelets 

which are recognized as the main drivers of arterial thrombosis. The presence of 15-HETE-PL 

may indicate the involvement of cells other than platelets, particularly eosinophils, in the 

formation of arterial thrombi. The association of procoagulant HETE-PL with arterial 

thrombosis may present these lipids as future targets for the development of novel 

antithrombotic agents. 
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CHAPTER 5 DETERMINING THE ABILITY OF 

PLATELET, LEUKOCYTE AND EV MEMBRANES TO 

SUPPORT COAGULATION REACTIONS IN AN 

ARTERIAL THROMBOSIS COHORT.   
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5.1 INTRODUCTION 

Patients suffering from ACS have higher levels of prothrombin fragments, thrombin:anti-

thrombin complexes (TATs) and fibrin degradation products (FDP) compared to healthy 

controls288. This suggests a higher level of coagulation activity and more thrombin generation 

in patients with ACS. The process of thrombin generation requires activation of the 

prothrombinase complex (FXa:FVa) on a procoagulant PL surface90. Nevertheless, the 

contribution of the platelet, leukocyte and EV PL membranes to the procoagulant potential in 

ACS is unknown.   

 

The aim of this chapter is to determine the procoagulant potential of PL membranes of 

platelets, leukocytes and EV in patients with acute coronary syndrome compared to healthy 

controls. To study this, I will utilise a clinical cohort of patients with ACS, CAD, RF and HC 

as described in Materials and Methods (section 2.4) to study thrombin generation, and in later 

chapters carry out a lipidomic analysis and correlation. The hypothesis is that patients with 

ACS have altered procoagulant membranes on the surface of circulating membranes compared 

to healthy controls. 

 

Here, I will use a prothrombinase assay that measures the ability of platelet, leukocyte and 

EV membranes to generate thrombin independent of plasma coagulation factors/inhibitors and 

importantly free of the influence of TF expression. This will be achieved by utilising and 

adapting previously described chromogenic prothrombinase assays (section 2.9)289-291. The 

principle of the assay is to provide a standard mixture of purified FXa, FVa, FII and calcium 

which in the presence of a PL surface can generate thrombin. The only variable in the assay 

would therefore be the PL surface presented by platelets, leukocytes or EV. The assay will be 
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calibrated with a standard curve of human thrombin and optimised to detect thrombin amounts 

between 3 nM to 400 nM.   
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5.2 RESULTS 

5.2.1 Participant baseline characteristics (‘Clinical cohort’) 

 

Ninety participants were recruited to this study over a period of 12 months, consisting of 

24 healthy controls (HC), 23 risk-factor matched (RF), 19 significant coronary artery disease 

(CAD) and 24 ACS patients. The mean age for all participants was 63.88 ± 9.63 years with a 

higher proportion of males than females (65.5%), but no significant difference between groups 

in age or gender. With the exception of healthy controls, patients had one or more risk factor 

for cardiovascular disease and were frequently medicated on a combination of anti-platelet and 

anti-coagulant therapy. Baseline clinical characteristics of participants including their vascular 

comorbidities as defined by the study protocol are shown in Table 5.1.  

 

Patients with ACS had significantly higher leukocyte counts compared to RF and CAD 

control groups, which appear to be primarily due to higher neutrophil counts (p<0.05). All ACS 

patients received aspirin, a P2Y12 inhibitor (clopidogrel, prasugrel or ticagrelor) and an 

anticoagulant (fondaparinux or low molecular weight heparin). There were no differences in 

baseline cardiovascular risk factors and statin prescription between RF, CAD and ACS groups 

(Table 5.1).  
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Table 5.1. Baseline clinical characteristics of patients recruited in the clinical cohort. (WCC: white cell count, RBC: red blood cell count, 
P2Y12 inhibitors: clopidogrel, prasugrel or ticagrelor, CKD: chronic kidney disease, SD: standard deviation, p-value tests: Fisher exact 
(categorical) or Kruskal-Wallis (continuous), p-value comparators: all clinical groups (age, gender) or all except HC for other variables)

Variable 

Healthy 
control (HC) 

(n=24) 

Risk-factor 
matched (RF)  

(n=23) 

Significant coronary 
artery disease (CAD) 

(n=19) 

Acute coronary 
syndrome (ACS)  

(n=24) p 
Age, Mean ± SD 64.92 ± 10.79 61.43 ±  8.16 64.53 ±  9.65 64.67 ±  9.88 0.473 
Male Gender (%) 14 (58.3) 12 (52.2) 16 (84.2) 17 (70.8) 0.133 
Creatinine µmol/L, Mean ± SD - 77.57 ± 12.60 88.39 ± 31.95 84.79 ± 18.64 0.318 
Haemoglobin g/dL, Mean ± SD - 146.04 ± 13.03 138.24 ± 17.95 144.46 ± 18.88 0.380 
Platelets x 109/L, Mean ± SD - 250.26 ± 44.01 261.94 ± 56.08 271.50 ± 82.72 0.869 
WCC x 109/L, Mean ± SD - 6.96 ±  1.57 7.92 ±  1.92 9.28 ±  2.90 0.011 
      Neutrophils  - 4.33 ±  1.17 5.02 ±  1.32 6.51 ±  2.49 0.003 
      Eosinophils - 0.19 ±  0.09 0.25 ±  0.12 0.11 ±  0.08 <0.001 
      Basophils  - 0.02 ±  0.04 0.03 ±  0.05 0.00 ±  0.02 0.098 
      Lymphocytes  - 1.82 ±  0.68 1.89 ±  0.70 1.85 ±  0.71 0.818 
      Monocytes - 0.57 ±  0.19 0.68 ±  0.21 0.73 ±  0.32 0.150 
RBC x 1012/L, Mean ± SD - 4.80 ±  0.42 4.14 ±  1.26 4.64 ±  0.54 0.090 
Aspirin use (%) 0 (0) 20 (87) 14 (73.7) 24 (100) 0.017 
P2Y12 inhibitor use (%) 0 (0) 3 (13) 6 (31.6) 24 (100) <0.001 
Anticoagulant use (%) 0 (0) 3 (13) 0 (0) 24 (100) - 
Statin use (%) 0 (0) 15 (65.2) 15 (78.9) 19 (79.2) 0.532 
Hypertension (%) 0 (0) 13 (56.5) 13 (68.4) 11 (45.8) 0.350 
Diabetes (%) 0 (0) 7 (30.4) 3 (15.8) 6 (25) 0.554 
Smoker (%) 0 (0) 7 (30.4) 9 (47.4) 13 (54.2) 0.244 
CKD (%) 0 (0) 0 (0) 3 (15.8) 3 (12.5) - 
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5.2.2 Prothrombinase activity is higher on the surface of leukocytes and 

plasma EV, but not platelets, in ACS patients compared to HC 

 

 

To test for differences between groups in the procoagulant ability of platelet, leukocyte 

and plasma EV membranes, I used the prothrombinase assay described in Materials and 

Methods. This demonstrated that there were no significant differences in the ability of platelets 

from patients with ACS to support thrombin generation compared to HC  (Figure 5.1). In 

leukocytes, there were significantly higher levels of thrombin generated in the ACS group 

compared with HC (Figure 5.2). In plasma EV, there were significantly higher levels of 

thrombin generated in ACS, CAD and RF compared to HC (Figure 5.3).   

 

These findings demonstrate that the ability of leukocyte and EV membranes to support 

thrombin generation in ACS was higher than HC, whereas platelets did not demonstrate any 

differences between groups.  
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Figure 5.1. No difference in the amount of thrombin generated on the surface of platelets 
between groups.  

The ability of platelet membranes to support thrombin generation was assessed using the 
prothrombinase assay as in Materials and Methods. Data was plotted as a box plot with the 
ggplot2 R package. Box edges indicate the interquartile range (IQR) with the median line inside 
the box. Whiskers indicate 1.5 times the IQR.  Statistical significance was tested with Mann-
Whitney-Wilcoxon test (*: p <0.05, **: p <0.01, ***: p <0.001).  ACS: acute coronary 
syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors with no 
significant coronary artery disease (n=23), HC: Healthy control (n=24).   
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Figure 5.2. Higher amounts of thrombin generated on the surface of leukocytes from 
patients with ACS compared with HC.  

The ability of leukocyte membranes to support coagulation reactions was assessed using the 
prothrombinase assay as in Materials and Methods. Data was plotted as a box plot with the 
ggplot2 R package. Box edges indicate the interquartile range (IQR) with the median line inside 
the box. Whiskers indicate 1.5 times the IQR.  Statistical significance was tested with Mann-
Whitney-Wilcoxon test (*: p <0.05, **: p <0.01, ***: p <0.001).  ACS: acute coronary 
syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors with no 
significant coronary artery disease (n=23), HC: Healthy control (n=24). 
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Figure 5.3. EV from patients with RF, CAD and ACS support more thrombin generation 
on their surface compared with HC.  

The ability of EV membranes to support coagulation reactions was assessed using the 
prothrombinase assay as in Materials and Methods. Data was plotted as a box plot with the 
ggplot2 R package. Box edges indicate the interquartile range (IQR) with the median line inside 
the box. Whiskers indicate 1.5 times the IQR.  Statistical significance was tested with Mann-
Whitney-Wilcoxon test (*: p <0.05, **: p <0.01, ***: p <0.001).  ACS: acute coronary 
syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors with no 
significant coronary artery disease (n=23), HC: Healthy control (n=24).  
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5.2.3 Significantly higher EV counts in CAD patients compared with HC, 

with an upward trend in RF and ACS patients 

 

In order to quantify EV particles in plasma, samples taken from all participants underwent 

SEC/NTA quantification by a collaborator (Dr Keith Allen-Redpath) as described in Materials 

and Methods. This demonstrated significantly higher EV counts in CAD, and an increasing 

trend in RF and ACS patients, compared with HC (Figure 5.4). Furthermore, the size of EV 

particles (diameter) demonstrated significantly smaller particles in EV samples from CAD 

patients, and a downward trend in RF and ACS patients, compared with HC (Figure 5.5).  

 

Coagulation reactions take place on the external surface of PL membranes, and therefore 

clotting factor enzyme kinetics may be affected by surface area. Therefore, I calculated the EV 

total surface area by combining the two parameters (count and size) using the surface area 

formula for a sphere: 

!"	$%$&'	()*+&,-	&*-&	 = 	!"	,%)/$	 × 	!"	()*+&,-	&*-&	(43*4) 

 

This demonstrated significantly larger total EV surface area in CAD patients, and an 

upward trend in RF and ACS patients, compared with HC (Figure 5.6).  

 

Together, these data demonstrate that RF, CAD and ACS patients have a higher EV count 

and surface area compared with HC.  
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Figure 5.4. Significantly higher EV counts in CAD patients, and an upward trend in RF 
and ACS patients, compared with healthy controls.  

Platelet-free plasma (0.5 ml) from each participant was processed through size exclusion 
chromatography (iZON qEV columns) and nanoparticle tracking analysis (Nanosight 300), as 
in Materials and Methods. This assessed the size distribution and concentrations of EV 
particles. Data was plotted as a box plot with the ggplot2 R package. Box edges indicate the 
interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the 
IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test (*: p <0.05, **: p 
<0.01, ***: p <0.001).  ACS: acute coronary syndrome (n=24), CAD: coronary artery disease 
but no ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: 
Healthy control (n=24). 
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Figure 5.5. Significantly smaller EV particles (diameter) in CAD patients, and a 
downward trend in RF and ACS patients, compared with healthy controls.  

Platelet-free plasma (0.5 ml) from each participant was processed through size exclusion 
chromatography (iZON qEV columns) and nanoparticle tracking analysis (Nanosight 300), as 
in Materials and Methods. This assessed the size distribution and concentrations of EV 
particles. Data was plotted as a box plot with the ggplot2 R package. Box edges indicate the 
interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the 
IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test (*: p <0.05, **: p 
<0.01, ***: p <0.001).  ACS: acute coronary syndrome (n=24), CAD: coronary artery disease 
but no ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: 
Healthy control (n=24). 
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Figure 5.6. Significantly higher EV surface area in CAD patients, with an upward trend 
in RF and ACS patients, compared with healthy controls.  

Platelet-free plasma (0.5 ml) from each participant was processed through size exclusion 
chromatography (iZON qEV columns) and nanoparticle tracking analysis (Nanosight 300), as 
in Materials and Methods. This assessed the size distribution and concentrations of EV 
particles. Surface area was calculated by multiplying count x sphere surface area (4πr2). Data 
was plotted as a box plot with the ggplot2 R package. Box edges indicate the interquartile range 
(IQR) with the median line inside the box. Whiskers indicate 1.5 times the IQR.  Statistical 
significance was tested with Mann-Whitney-Wilcoxon test (*: p <0.05, **: p <0.01, ***: p 
<0.001).  ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no ACS 
(n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24). 
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5.2.4 Thrombin generation positively correlates with EV counts 

 

In the previous section (5.2.3), I demonstrated that EV counts and surface area were higher 

in disease states compared to healthy controls. To investigate whether these physical 

differences influence coagulation activity on the surface of EV particles, I adjusted the 

thrombin generation data obtained from EV samples, and presented previously in section 5.2.2, 

by EV count and total surface area.  

 

After adjusting by EV count, the thrombin generation amounts were no longer different 

between clinical groups (Figure 5.7). The same applies following adjustment by EV surface 

area, where the previously observed differences in thrombin generation were no longer evident 

(Figure 5.8). This suggests that the higher thrombin generation in RF, CAD and ACS 

compared with HC is likely related to the higher EV counts. To test this, a correlation analysis 

was carried out, as seen in Figure 5.9, demonstrating a significant positive correlation between 

EV count and thrombin generation (p<0.01). Similarly, there was a significant positive 

correlation between EV surface area and thrombin generation (p<0.001), seen in Figure 5.10. 

Together therefore, it is likely that the higher thrombin generation observed in RF/CAD/ACS 

is a consequence of higher EV numbers and/or the higher amount of EV surface area in these 

groups compared with HC.
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Figure 5.7. After adjusting for EV counts, thrombin generation was similar across clinical 
groups.  

The ability of EV membranes to support coagulation reactions was assessed using the 
prothrombinase assay as in Materials and Methods. This was then adjusted by EV counts and 
normalised to 1 x 109 EV particles. Data was plotted as a box plot with the ggplot2 R package. 
Box edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001).  ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).   
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Figure 5.8. After adjusting for EV surface area, thrombin generation was similar across 
clinical groups.  

The ability of EV membranes to support coagulation reactions was assessed using the 
prothrombinase assay as in Materials and Methods. This was then adjusted by EV counts and 
normalised to 1 x 109 EV particles. Data was plotted as a box plot with the ggplot2 R package. 
Box edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001).  ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).  
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Figure 5.9. Thrombin generation on the EV membrane surface correlates positively with 
EV counts.  

A correlation analysis of plasma EV count with thrombin generation on the surface of plasma 
EV is shown in this diagram. The correlated data was generated from the prothrombinase assay 
and EV quantification for all patients (as in Materials and Methods), Pearson’s R correlation 
coefficients and significance was calculated and graphs plotted with the ggplot2 R package.  
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Figure 5.10. Thrombin generation on the surface of EV correlates positively with EV 
surface area.  

A correlation analysis of plasma EV count with thrombin generation on the surface of plasma 
EV is shown in this diagram. The correlated data was generated from the prothrombinase assay 
and EV quantification for all patients (as in Materials and Methods), Pearson’s R correlation 
coefficients and significance was calculated and graphs plotted with the ggplot2 R package.  
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5.3 DISCUSSION 

 

The results presented in this chapter demonstrate that the surface of leukocytes and EV, 

but not platelets, in patients with ACS supports more thrombin generation compared with 

healthy controls. This suggests that the procoagulant membrane potential of leukocytes and 

plasma EV is greater in ACS, and presents a possible explanation for the previously reported 

higher activity of the coagulation system in this patient group288. Importantly, these findings 

highlight the PL membranes of leukocytes and EV as possible players which contribute to 

prothrombotic reactions in ACS.   

 

Thrombin plays a critical role in inflammatory and thrombotic reactions with evidence of 

higher thrombin turnover in ACS and a therapeutic benefit in blocking its formation292,293.The 

higher amount of thrombin generated on circulating membranes in ACS compared to HC may 

contribute to the increased coagulation activity in this condition and could represent a potential 

therapeutic target independent of coagulation factors or platelet activity, where current 

therapies lie.  Here, I measured thrombin generation independently of TF expression or plasma 

modulators of coagulation (Figure 2.4). This is particularly relevant since TF expression is 

higher in patients with ACS on the surface of circulating monocytes and leukocyte-platelet 

aggregates294,295. In addition, patients with ACS have high levels of TF+ EV in the circulation 

compared with healthy controls296. Consequently, studying thrombin generation in plasma 

from ACS patients using the Thrombinoscope™ assay297 will  likely be confounded by the 

presence of TF+ EV which would augment thrombin generation through the extrinsic pathway. 

Overall, my data suggest that leukocyte and EV membranes may play a procoagulant role in 

ACS independently of TF or plasma. 
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There was a significantly higher amount of thrombin generation on the surface of 

leukocytes (per 8 x 104 cells) in patients with ACS compared with HC (Figure 5.2). This may 

be related to the reported increase in leukocyte activation as part of a systemic inflammatory 

response in ACS298. In fact, cardiovascular risk factors have also been shown to be individually 

associated with low grade inflammation, a process responsible for atherosclerosis, with 

evidence of leukocyte activation299-304. This could explain the significantly higher thrombin 

generation on the leukocyte surface in ACS patients, and the upward trend in RF/CAD, 

compared with HC (Figure 5.2). The mechanism for this however is not clear and may relate 

to difference in the procoagulant lipidome which will be examined in subsequent chapters. In 

addition, I observed higher total leukocyte counts, driven by neutrophils, in ACS patients 

compared with HC (Table 5.1). This is consistent with the literature where acute inflammation 

in ACS patients mobilizes neutrophils and predict poor outcomes305,306. In fact, it is known that 

higher total leukocyte counts, even when in the normal range, can predict future cardiovascular 

events in a healthy cohort307. When this higher leukocyte count in ACS is combined with the 

higher thrombin generation observed in Figure 5.2, it may suggest higher overall leukocyte 

procoagulant activity in vivo, however this remains untested.  

 

EV are released into the circulation by activated or apoptotic cells, including leukocytes, 

platelets, erythrocytes, and endothelial cells98,308. Additionally, apoptotic cells within plaques 

can also generate EV, which enter the circulation following plaque rupture in ACS and may 

contribute to the thrombotic reactions via TF and PS expression232,309-311. Indeed, to explain the 

procoagulant properties in EV, the initial emphasis in the literature has been on TF positivity98. 

Earlier studies suggested that the presence of TF on the surface of EV, detected within thrombi, 

was the principal driver for procoagulant activity99.  Whilst this may be true for monocyte-
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derived EV which contain both TF and PS, it does not explain the procoagulant potential of 

platelet-derived EV which account for >25% of the procoagulant activity in blood and do not 

contain TF206,312,313. Despite initial reports of the ability of platelets to generate TF314, the 

current literature refutes this and therefore it is likely that the main supporter for propagation 

of procoagulant reactions on the surface of platelet-derived EV is PS313,315. Such reactions are 

determined by the amount of EV generated by platelets, with a dose-dependent effect on 

thrombin generation in vitro316. Furthermore, in experiments that investigated thrombin 

generation on the surface of plasma EV using a fluorogenic substrate, addition of Annexin V 

to block PS had a more pronounced effect compared to the use of TF inhibitors317. Overall, this 

suggests that PS is a key facilitator for the propagation of coagulation reactions on the surface 

of EV.  

 

Whilst a number of assays were developed to investigate the TF-driven procoagulant 

activity of EV, only a limited few are available to study the aPL contribution in isolation. The 

commercial assay Zymuphen™ MP Activity assay (Hyphen BioMed, France) measures the 

level of PS in the EV population using an ELISA-based kit coated with annexin V-streptavidin 

and incubated with FVa, FXa and FII to from the prothrombinase complex on the surface of 

isolated EV318. This is then quantified with a chromogenic prothrombinase substrate and values 

expressed as PS equivalents against a standard curve of lyophilized EV. Whilst this assay 

claims to quantify amount of PS using a standard curve, it does not account for physiological 

contribution of a biological membrane to thrombin generation. Another assay, called the 

STA®-Procoag-PPL (Stago, UK), measures EV procoagulant activity by mixing equal 

amounts of test plasma (containing EV) and phospholipid-free porcine plasma319. This mixture 

is then supplemented with FXa and clotting time is compared against a standard curve of 

synthetic phospholipids. The introduction of plasma, which contains natural or iatrogenic 
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inhibitors of coagulation, may interfere with the accuracy of the assay and forms a major 

limitation to studying procoagulant membrane properties. By using the assay employed in this 

chapter, I minimized the influence of plasma, calibrated the assay to a direct measure of human 

thrombin and measured TF-independent thrombin generation. Therefore, my approach was 

more tailored towards studying membrane procoagulant potentials than the alternatives.  

 

 

EV numbers are known to be higher in people at elevated cardiovascular risk 

(hypertension, diabetes, chronic kidney disease, smoking) and in ACS224,320-323. This is in 

agreement with my results which show higher EV counts in RF, CAD and ACS patients 

compared with HC (Figure 5.4). This may explain the higher thrombin generation on the 

surface of EV seen in the patient groups compared to HC (Figure 5.3). In fact, once thrombin 

generation was adjusted by EV counts (Figure 5.7) and surface area (Figure 5.8), there were 

no longer any differences between groups. Taking this a step further, the findings of this chapter 

demonstrated a positive correlation between thrombin generation and EV count (Figure 5.9) 

and surface area (Figure 5.10). This suggests that the previously reported procoagulant 

phenotype in CAD/ACS patients may result from higher EV counts in CAD/ACS demonstrated 

in this study and others224,288,320-323. This may be a consequence of having more aPL circulating 

in the plasma which may facilitate thrombin generation reactions on the EV surface 

independently of TF. Finally, attempts to develop pharmacological inhibitors of EV generation 

have been limited to in-vitro and small pre-clinical studies324. If such agents enter clinical 

practice, they may serve as potential therapeutic agents to reduce the EV-mediated 

procoagulant phenotype seen in CAD/ACS.   
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5.4 CONCLUSION 

 

In conclusion, I found higher amounts of thrombin generated on the surface of leukocytes 

and EV, but not platelets, from patients with ACS compared to healthy controls. This may be 

a possible contributor for the observed higher activity of the coagulation system in this patient 

group. The findings also highlight leukocytes and EV as possible players in driving 

prothrombotic reactions in ACS by virtue of the contribution of their procoagulant membranes.  

 

Whilst it is not possible to determine whether the increased membrane procoagulant ability 

on the surface of leukocytes and plasma EV is a cause or a consequence of acute plaque rupture, 

the findings in this chapter could provide an explanation for the sustained increase in thrombin 

formation in ACS288. The underlying mechanism for this may relate to the aPL and eoxPL 

composition of these membranes which will be investigated in the subsequent chapters of this 

thesis.  
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CHAPTER 6 CHARACTERISING THE 

PROCOAGULANT EOXPL COMPOSITION OF 

PLATELETS, LEUKOCYTES AND EV IN AN 

ARTERIAL THROMBOSIS COHORT 
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6.1  INTRODUCTION  

Procoagulant eoxPL, namely HETE-PL, are emerging as key players in the process of 

thrombosis and haemostasis14. Whilst a number of recent studies have examined their roles in 

vitro, in vivo murine models and in human disease such as anti-phospholipid syndrome, there 

are no studies to date examining their generation in arterial thrombosis69,72,81. The chapter 

herein addresses this by quantifying HETE-PL in platelets, leukocytes and plasma EV from 

patients with CAD and ACS. 

 

It was previously shown that HETE-PL enhance PS/PE-dependent coagulation by 

augmenting the negative charge on the surface of cell membranes, further supporting 

coagulation reactions to take place in a calcium-dependent manner69. These lipids can be 

generated by innate immune cells through cell-specific LOX isoforms in response to activation 

by inflammatory ligands14. The combination of chronic and acute inflammation in arterial 

thrombosis leads to activation of immune cells and may contribute to a flux of HETE-PL that 

is yet to be defined325-329. Studying the HETE-PL composition of these cells in thrombo-

inflammatory conditions such as arterial thrombosis may provide insight into their potential 

roles in driving the thrombotic phenotype in these diseases. 

 

In the previous Chapter 5, I demonstrated that membrane surfaces of leukocytes and EV 

in patients with arterial thrombosis supported more thrombin generation in compared with HC. 

In addition, there’s a large body of evidence to suggest sustained activation of the coagulation 

system in both CAD and ACS, with no clear mechanistic explanation yet. One potential 

contributor to this is the HETE-PL composition of the cell surface. Indeed, it was evident in 

Chapter 4 that HETE-PL are present in clots extracted from patients with arterial thrombosis, 

suggesting that they may play a role in their formation.  
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In this chapter, I will compare the HETE-PL levels and species in platelets, leukocytes and 

plasma EV isolated from patients with arterial thrombosis (CAD and ACS) with controls (HC 

and RF). My hypothesis is that an altered HETE-PL composition on the surface of platelets, 

leukocytes and plasma EV is associated with this prothrombotic inflammatory condition.  
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6.2 RESULTS 

6.2.1 The amount of 12-HETE-PL was elevated in thrombin-activated 

platelets from ACS patients compared with HC 

 

First, I measured HETE-PL lipids in resting and thrombin-activated platelets from the 

clinical cohort and plotted them on a heatmap to visualise differences between groups (Figure 

6.1). Thrombin-activated platelets generated higher levels of HETE-PL species than resting 

platelets, particularly for the platelet specific 12-HETE-PL as previously described (Figure 

6.1)40. There were higher amounts of diacyl forms of 12-HETE-PL (both PC and PE) in 

thrombin-activated platelets from ACS compared with HC, but no difference in plasmalogens. 

This finding was examined further in section 6.2.6. 

 

Hierarchical clustering of the lipids showed grouping by sn2 fatty acid, with 12-, 11- and 

15-HETE-PL forming one cluster, alongside separate clusters of lower abundance for 

5-HETE-PL and 8-HETE-PL (Figure 6.1). This is consistent with a predominance of 12-LOX 

and COX-1 derived HETE-PL in platelets.   
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Figure 6.1. Heatmap of HETE-PL lipids in platelets from patients with arterial thrombosis shows higher levels of diacyl (red arrows), but 
not plasmalogen (blue arrows), 12-HETE-PL in thrombin-activated platelets from ACS compared with HC.  

Lipids were extracted from resting platelets (2 x 108) or following activation with thrombin (0.2 U/ml) as in Materials and Methods. Lipids amounts 
(ng) were calculated by LC-MS/MS, log10 transformed and plotted as a heatmap with hierarchical clustering using the pheatmap R package. 
Category is the proposed enzymatic origin of HETE-PL species. ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy control (n=24).
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Next, to obtain an overview of differences in platelet HETE-PL between clinical groups 

and test for statistical significance, box plots were generated for measured lipids groupd by 

HETE positional isomer. For resting platelets, HETE-PL amounts were similar between groups 

(HC, RF, CAD and ACS) (Figure 6.2A). The exception was 8-HETE-PL, a non-enzymatic 

oxidation product, which was significantly elevated in CAD/ACS (v HC/RF), however 

compared with other HETE-PLs, this lipid was only detected in low amounts, less than 0.04 

ng/2 x 108 platelets. 

 

Following thrombin activation, levels of all platelet HETE-PL isomers increased with 

differences observed between groups (Figure 6.2B). Specifically, 15- and 11-HETE-PL were 

significantly lower in RF/CAD/ACS compared with HC. Generation of 12-HETE-PL, the main 

platelet HETE-PL, was higher in RF/CAD/ACS platelets compared with HC. There were no 

significant differences between ACS/CAD and HC patient groups for 8- and 5-HETE-PL 

species in thrombin-activated platelets which were generated in very low levels.  
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Figure 6.2. Pooling of platelet HETE-PL by sn2 fatty acid confirmed higher 12-HETE-PL 
and lower 11-/15-HETE-PL levels in arterial thrombosis compared with healthy controls.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following 
activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS for 6 lipids for each HETE-PL positional isomer (including 4 
PE and 2 PC, as in Materials and Methods) and combined by sn2 fatty acid. This was then 
plotted as a box plot with the ggplot2 R package. Box edges indicate the interquartile range 
(IQR) with the median line inside the box. Whiskers indicate 1.5 times the IQR. Statistical 
significance was tested with Mann-Whitney-Wilcoxon test, and where significant differences 
exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). ACS: acute coronary 
syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors with no 
significant coronary artery disease (n=23), HC: Healthy control (n=24).  
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Next, I expanded on the overview presented above by going on to examine individual lipid 

species which may drive the patterns observed with the combined HETE-PL positional 

isomers. To start with 15-HETE-PL, there were no significant differences between clinical 

groups in any of the 15-HETE-PL species measured from resting platelets (Figure 6.3A). Upon 

thrombin-activation, 15-HETE-PL species increase by 180-fold on average compared to 

resting amounts, with significantly lower levels of 15-HETE-PL species in thrombin-activated 

platelets from ACS/CAD/RF compared with HC (Figure 6.3B). This was the case for all 

15-HETE-PL species irrespective of PC/PE headgroup, with the exception being PE 

18:0a_15-HETE which demonstrated no significant differences between clinical groups. These 

findings likely reflect the inhibitory effect caused by aspirin, which was administered to none 

of the HC participants, some CAD/RF patients, and all ACS patients.  

 

All 12-HETE-PL species measured, presumed to be 12-LOX products, were very low in 

resting platelets with no significant differences between clinical groups (Figure 6.4A). On 

thrombin activation, these lipids increased by almost 300-fold (Figure 6.4B). There were 

significantly higher levels of diacyl 12-HETE-PL species (18:0a, 16:0a) in thrombin-activated 

platelets from ACS/CAD/RF compared with HC, but plasmalogens (18:0p, 16:0p, 18:1p) were 

not significantly different . This was consistent for both PE or PC HETE-PL species.    

 

11-HETE-PL (presumed to be a product of COX-1 in platelets) were detected in resting 

platelets at very low levels with no significant differences between patient groups (Figure 

6.5A). Upon activation, platelets generated 11-HETE-PL, with an average increase of 

approximately 40-fold (Figure 6.5B). There were significantly lower levels of 11-HETE-PL 

in thrombin-activated platelets from ACS/CAD/RF compared with HC irrespective of PC/PE 
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headgroup.   Thus, 11-HETE- and 15-HETE-PL behave similarly. The impact of aspirin on 

HETE-PL generation in this cohort will be examined later in section 6.2.2 of this chapter. 

 

8-HETE-PL (non-enzymatically generated) were very low in resting platelets with no 

significant differences between clinical groups (Figure 6.6A). On thrombin activation of 

platelets, 8-HETE-PL were detected in small amounts across all groups, with significantly (but 

marginally) higher levels in ACS/RF versus HC in PC, but not PE, lipids irrespective of sn1 

FA (Figure 6.6B).  

 

The amounts of 5-HETE-PL species generated by resting or thrombin-activated platelets 

were very low with no differences between groups (Figure 6.7). 

 

Thus, the findings of this section so far indicate no differences in resting platelet HETE-PL 

amounts between groups. On thrombin activation, HETE-PL amounts increase which is 

expected given the mobilisation of PLA2 and calcium within the cells. Differences were seen 

between patient groups for amounts of HETE-PL generated in thrombin-activated platelets. 

For COX-1 derived lipids (15- and 11-HETE-PL), the lower levels in ACS patients vs HC 

maybe related to aspirin supplementation which inhibits COX-1. The finding of higher levels 

of 12-HETE-PL in ACS v HC will be further explored in section 6.2.2 below. 
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Figure 6.3. Levels of 15-HETE-PL in thrombin-stimulated platelets were lower in 
patients with arterial thrombosis compared with healthy controls.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following 
activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001).  ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).  
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Figure 6.4. Levels of diacyl 12-HETE-PL in thrombin-stimulated platelets were higher in 
patients with arterial thrombosis compared with healthy controls.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following 
activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).   
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Figure 6.5. Levels of 11-HETE-PL in thrombin-stimulated platelets were lower in 
patients with arterial thrombosis compared with healthy controls.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following 
activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).   
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Figure 6.6. Non-enzymatic 8-HETE-PL were formed in small amounts upon stimulating 
platelets with thrombin.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following 
activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).   
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Figure 6.7. Minimal amounts of 5-HETE-PL were formed upon stimulating platelets with 
thrombin.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following 
activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24). 
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6.2.2 Aspirin use is associated with higher 12-HETE-PL and lower 15- and 

11-HETE-PL generation in thrombin-stimulated platelets 

 

In the previous Chapter 3, I showed that thrombin-activated platelets from participants on 

aspirin supplementation generated higher amounts of 12-HETE-PL compared with those who 

were not taking aspirin. To investigate this in the clinical cohort, 12-HETE-PL levels from 

thrombin-activated platelets were re-analysed by aspirin use. The RF and CAD groups were 

compared since they include patients both on and off aspirin, unlike HC (none taking aspirin) 

or ACS (all taking aspirin). Here, I found that 12-HETE-PL levels are higher when patients in 

the same clinical group (RF or CAD) when taking aspirin (Figure 6.8A). When I analysed 

samples from patients not on aspirin, there were no differences in 12-HETE-PLs in thrombin-

activated platelets between HC, RF and CAD groups (Figure 6.8B).  
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Figure 6.8. Levels of 12-HETE-PL in thrombin-activated platelets were higher in patients 
on aspirin compared to no aspirin.Panel A: The amounts of 12-HETE-PL generated from 
thrombin-activated platelets from CAD and RF patients by aspirin use. Panel B: Analysis of 
12-HETE-PL levels in thrombin-activated platelets from HC, RF and CAD patients not 
supplemented with aspirin. Lipids were extracted from platelets (2 x 108) following activation 
with thrombin (0.2 U/ml) as in Materials and Methods. Lipids amounts (ng) were calculated 
by LC-MS/MS for 6 lipids for each HETE-PL positional isomer (including 4 PE and 2 PC, as 
in Materials and Methods) and combined by sn2 fatty acid. This was then plotted as a box plot 
with the ggplot2 R package. Box edges indicate the interquartile range (IQR) with the median 
line inside the box. Whiskers indicate 1.5 times the IQR. Statistical significance was tested 
with Mann-Whitney-Wilcoxon test for pairwise comparison (Panel A, ns: not significant, *: p 
<0.05, **: p <0.01, ***:p <0.001) or Kruskal-Wallis test for non-parametric analysis of 
variance on rank (Panel B). CAD: coronary artery disease (but no acute coronary syndrome, 
ACS), RF: Risk factors with no significant coronary artery disease, HC: Healthy control. 
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To determine which 12-HETE-PLs were responsible for the impact of aspirin, I next 

analysed individual lipid species.  Acyl 12-HETE-PC lipids were significantly higher in 

thrombin-activated platelets from patients on aspirin, with an upward trend noticed for diacyl 

12-HETE-PE species (Figure 6.9A). Pooling 12-HETE-PL lipids by head group maintains the 

significant difference observed with 12-HETE-PC, but demonstrates a non-significant upward 

trend with 12-HETE-PE (Figure 6.9B). When I analysed samples from patients not on aspirin, 

there were no differences in the amounts of individual 12-HETE-PL species in thrombin-

activated platelets between HC, RF and CAD (Figure 6.10). Therefore, it is likely that the 

higher 12-HETE-PL levels seen in platelets from ACS patients are due to the impact of aspirin 

as will be addressed the discussion.  
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Figure 6.9. Higher levels of thrombin generated platelet 12-HETE-PL in diacyl PC lipids 
with an upward trend in diacyl PE lipids.  

Panel A: The amounts of individual 12-HETE-PL species generated in thrombin-activated  
platelets from CAD and RF patients by aspirin use. Panel B: Analysis of 12-HETE-PL levels 
pooled by headgroup in thrombin-activated platelets from RF and CAD patients by aspirin use. 
Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods. Lipids amounts (ng) were calculated by LC-MS/MS and plotting 
them as a box plot with the ggplot2 R package. Box edges indicate the interquartile range (IQR) 
with the median line inside the box. Whiskers indicate 1.5 times the IQR.  Combined PE/PE 
were calculated as the sum of the individual lipids by headgroup (All PE or All PC). Statistical 
significance was tested with Mann-Whitney-Wilcoxon test (ns: not significant, *: p <0.05, **: 
p <0.01, ***:p <0.001). CAD: coronary artery disease (but no acute coronary syndrome, ACS), 
RF: Risk factors with no significant coronary artery disease.  
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Figure 6.10. Patients not on aspirin had similar levels of platelet 12-HETE-PL in 
thrombin-activated platelets between groups irrespective of headgroup or sn1 fatty acid. 

Lipids were extracted from platelets (2 x 108) following thrombin stimulation (0.2 U/ml) as in 
Materials and Methods. Lipids amounts (ng) were calculated by LC-MS/MS for 6 lipids for 
each HETE-PL positional isomer and potting them as a box plot with the ggplot2 R package. 
Box edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with the Kruskal-Wallis test for 
non-parametric analysis of variance on rank.  CAD: coronary artery disease (but no acute 
coronary syndrome, ACS), RF: Risk factors with no significant coronary artery disease, HC: 
Healthy control.
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Next, to test the effect of aspirin on COX-1 generated 15-HETE-PL and 11-HETE-PL, I 

compared the levels of these lipids in the RF/CAD patient groups by aspirin use. As expected, 

activated platelets from patients taking aspirin generated lower amounts of 15-HETE-PL and 

11-HETE-PL (Figure 6.11). 
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Figure 6.11. The amount of 15- and 11-HETE-PL in thrombin-activated platelets is lower 
in patients on aspirin. 

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods. Lipids amounts (ng) were calculated by LC-MS/MS for 6 lipids 
for each HETE-PL positional isomer (including 4 PE and 2 PC, as in Materials and Methods) 
and combined by sn2 fatty acid. This was then plotted as a box plot with the ggplot2 R package. 
Box edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test for pairwise comparison (*: p <0.05, **: p <0.01, ***:p <0.001). CAD: coronary artery 
disease (but no acute coronary syndrome, ACS), RF: Risk factors with no significant coronary 
artery disease
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In a previous Chapter 3, I showed that the higher amounts of diacyl 12-HETE-PL in 

thrombin-activated platelets from healthy participants on aspirin were only observed in males. 

Thus, I next tested the impact of gender on HETE-PL levels in thrombin-activated platelets 

from patients on aspirin versus patients off aspirin. The CAD/RF group did not have sufficient 

number of males and females on/off aspirin to allow for a comparison within the same clinical 

group, and therefore I opted to examine ACS (all on aspirin) versus HC (none on aspirin) by 

gender, acknowledging that any observed differences may also relate to the disease process. 

 

I found there were significantly higher diacyl 12-HETE-PL levels in ACS (all on aspirin) 

versus HC (none on aspirin) in both men and women (Figure 6.12). This gender consistency 

was also observed for all 12-HETE-PL species irrespective of headgroup (PC/PE) or sn1 fatty 

acid (Figure 6.13). These findings suggest that aspirin supplementation is associated with 

higher diacyl 12-HETE-PL generation compared with no aspirin in thrombin-activated 

platelets in both men and women of the clinical cohort.   
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    A (Males)                                                  B (Females) 

  
Figure 6.12. Gender-specific analysis of HETE-PL (pooled by sn2 fatty acid) in thrombin-
activated platelets demonstrated a consistent pattern between ACS (all on aspirin) and 
HC (none on aspirin) in both males (Panel A) and females (Panel B).  

Lipids were extracted from platelets (2 x 108) following activation with thrombin (0.2 U/ml) 
as in Materials and Methods. Lipids amounts (ng) were calculated by LC-MS/MS for 6 lipids 
for each HETE-PL positional isomer (including 4 PE and 2 PC, as in Materials and Methods) 
and combined by sn2 fatty acid. This was then plotted as a box plot with the ggplot2 R package. 
Box edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome, HC: healthy control.   
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     A (Males)                                                  B (Females) 

 

Figure 6.13. Gender-specific analysis of individual 12-HETE-PL species in thrombin-
activated platelets demonstrated a consistent pattern between ACS (all on aspirin) and 
HC (none on aspirin) in both men and women irrespective of headgroup or sn1 fatty acid.  

Panel A: Males; Panel B: Females. Lipids were extracted from platelets (2 x 108) following 
activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotting them as a box plot with the ggplot2 R package. 
Box edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome, HC: healthy control.  
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6.2.3 There were no differences in resting leukocyte HETE-PL amounts 

between  clinical groups  

Next,  HETE-PL were measured in leukocytes from patients both in resting states and 

following activation with A23817. The reason why A23817 was chosen as an agonist is to 

ensure activation of all leukocyte subpopulations in the sample irrespective of differences in 

receptors and response to agonists. Whilst this does not reflect physiological activation of 

leukocytes, it quantifies the capacity of these cells to generate HETE-PL upon stimulation, and 

ensures that the sample contains viable leukocytes capable of lipid synthesis.  

 

To visualise differences in leukocyte HETE-PL generation across the clinical groups, I 

initially plotted the data on a heatmap (Figure 6.14). HETE-PL were detected in very low 

amounts in resting leukocytes. A23817-activated leukocytes generated higher levels of 15-, 11-

, 5- and 12-HETE-PL species compared with resting cells. The non-enzymatically generated 

8-HETE-PL was absent or found at low levels in A23817-activated  leukocytes. Hierarchical 

clustering was performed to examine for grouping between lipids based on common patterns 

across samples (Figure 6.14). This demonstrated grouping by sn2 fatty acid with 12-, 11-, 5- 

and 15-HETE-PL clustering together whereas 8-HETE-PL species clustered separately. This 

clustering likely reflects the difference between enzymatic versus non-enzymatic origin of the 

described HETE-PL groups.  

 

The amounts HETE-PL (both PC and PE) in A23817-activated leukocytes were generally 

lower in ACS samples compared with HC. This was seen for both PC and PE phospholipids, 

and was not related to FA composition. This suggests that leukocytes from ACS may have 

altered and less potent signalling machinery upstream of and including LOX enzymes in 

response to A23817. 
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Figure 6.14. Heatmap of HETE-PL lipids in leukocytes from patients with arterial thrombosis revealed influence of ionophore-stimulation 
and differences between groups.  

Lipids were extracted from human leukocytes (4 x 106) in resting conditions or following activation with A23817 (10µM) as in Materials and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS and averaged by patient group and activation status. Following this, the data was 
log10 transformed and plotted on the heatmap with hierarchical clustering using the pheatmap R package. Category is the proposed enzymatic 
origin of HETE-PL species.   ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors with no 
significant coronary artery disease (n=23), HC: Healthy control (n=24).  
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Next, to obtain an overview of differences in leukocyte HETE-PL between clinical groups 

and test for statistical significance, box plots for were charted for measured lipids combined by 

HETE positional isomer. This has the advantage of identifying changes in families of lipids 

specific to the different LOX isoforms. 

 

There were no differences in resting leukocyte HETE-PL amounts between groups (HC, 

RF, CAD and ACS), as seen in Figure 6.15A. Following A23187 activation, levels of all 

HETE-PL isomers increased with significant differences between groups seen (Figure 6.15B). 

 

Specifically, 15-HETE-PL were significantly lower in ACS compared with HC, RF and 

CAD. This may relate to aspirin supplementation of all ACS patients, and its inhibition of 

COX-1 primarily (low dose aspirin) with a possible effect on COX-2. For 11-, 12- and 

8-HETE-PL, the levels decreased in a stepwise fashion from HC through to RF, CAD and then 

ACS. Whilst COX-1/COX-2 inhibition by aspirin could explain the finding with 15- and 

11-HETE-PL, it leaves 12-HETE-PL unexplained. Finally, levels of 5-HETE-PL were 

significantly higher in ACS vs RF, and demonstrated an upward trend between ACS vs HC 

(p=0.085). This demonstrates that the different HETE-PL isomers, with the exception of 

5-HETE-PL, share a similar pattern by increasing upon A23817 activation from resting levels, 

but with a decreasing amount going from HC through to RF, CAD and ACS. This may indicate 

that A23817 is affecting similar pathways upstream of LOX non-selectively. 



 215 

 

Figure 6.15. Pooling of leukocyte HETE-PL by sn2 fatty acid confirmed lower HETE-PL 
levels in ionophore-activated leukocytes from patients with ACS compared with HC, with 
the exception of 5-HETE-PL.Lipids were extracted from leukocytes (4 x 106) in resting 
conditions (Panel A) or following activation with A23817 (10µM, Panel B) as in Materials and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS for 6 lipids for each HETE-PL 
positional isomer (including 4 PE and 2 PC, as in Materials and Methods) and combined by 
sn2 fatty acid. This was then plotted as a box plot with the ggplot2 R package. Box edges 
indicate the interquartile range (IQR) with the median line inside the box. Whiskers indicate 
1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon test, and 
where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p 
<0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no ACS 
(n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).  Next, I expanded on the overview presented above in leukocytes by going on 
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to examine individual lipid species which may drive the patterns observed with the combined 

HETE-PL positional isomers. To start with, 15-HETE-PL species, which may be generated by 

COX-1, COX-2 or 15-LOX in leukocytes, were low in resting states but increased upon 

activation with A23187 by 60-fold (Figure 6.16). Whilst there were no significant differences 

in any of the 15-HETE-PL species in resting leukocytes between clinical groups (Figure 

6.16A), there were significantly lower levels of 15-HETE-PE species in A23817-activated 

leukocytes from ACS versus HC and/or RF. In contrast, 15-HETE-PCs were formed in much 

lower levels overall (Figure 6.16B). As with platelets, this may be explained by the inhibitory 

effect on COX-1 and COX-2 caused by aspirin.  

 

Whilst 12-HETE-PL species were mostly undetected in resting leukocytes (Figure 6.17A),  

stimulation with A23187 led to an increase in the amount of these lipids (Figure 6.17B). There 

were significantly lower levels of 12-HETE-PL species in A23817-activated leukocytes from 

ACS patients compared with HC for all 12-HETE-PL (Figure 6.17B). This was the case for 

both PE and PC forms of 12-HETE-PL, with the exception being PE 18:0p_12-HETE which 

showed a similar, but non-significant, trend. 

 

11-HETE-PL species (most likely generated by COX-1 or COX-2 in leukocytes) were 

detected in very low levels in resting leukocytes with no significant differences observed 

between patient groups (Figure 6.18A). Upon A23817 activation, 11-HETE-PE lipid levels 

increased in all clinical groups. However, 11-HETE-PC was very low or undetected even after 

stimulation increasing by only around 4-fold (Figure 6.18B). There were significantly lower 

levels of 11-HETE-PL in A23817-activated leukocytes from ACS/CAD compared with HC.  
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8-HETE-PL were undetected in resting leukocytes across all clinical groups (Figure 

6.19A). Following A23817-activation, 8-HETE-PE (but not -PC) were detected in small 

amounts in all groups, with significantly lower levels in ACS versus HC (Figure 6.19B). 

 

5-HETE-PL were undetectable in resting leukocytes, but were present in A23817-

stimulated leukocytes (Figure 6.20). There was a trend towards higher levels of 5-HETE-PL 

lipids in A23817-activated leukocytes from patients with ACS versus RF/HC. This however 

only reached statistical significance for PE 16:0p_5-HETE and PE 18:1p_5-HETE in ACS vs 

RF. 

 

In summary, there were no differences in resting leukocyte HETE-PL amounts between 

groups for lipid species from all positional isomers. On activation, HETE-PL increase, which 

is expected given the mobilisation of PLA2 and calcium within the cells. Lower levels of 

COX-1/COX-2 derived lipids (15- and 11-HETE-PL) are seen in ACS v HC, likely related to 

aspirin supplementation. The findings for 12-HETE-PL, which was lower in leukocytes from 

ACS v HC, will be further explored in section 0 below.  

 



 218 

 

Figure 6.16. Levels of 15-HETE-PL in ionophore-stimulated leukocytes were lower in 
patients with arterial thrombosis compared with healthy controls.  

Lipids were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following 
activation with A23817 (10µM, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).   
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Figure 6.17. Levels of 12-HETE-PL in ionophore-stimulated leukocytes were lower in 
patients with arterial thrombosis compared with healthy controls.  

Lipids were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following 
activation with A23817 (10µM, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).   
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Figure 6.18. Levels of 11-HETE-PL in ionophore-stimulated leukocytes were lower in 
patients with arterial thrombosis compared with healthy controls.  

Lipids were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following 
activation with A23817 (10µM, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).    
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Figure 6.19. Non-enzymatic 8-HETE-PL were detected in small amounts in ionophore-
stimulated leukocytes with lower levels in patients with arterial thrombosis compared 
with healthy controls.  

Lipids were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following 
activation with A23817 (10µM, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).    
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Figure 6.20. Levels of 5-HETE-PL in ionophore-stimulated leukocytes demonstrated a 
mostly non-significant trend of higher levels in patients with ACS compared with HC.  

Lipids were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following 
activation with A23817 (10µM, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR. Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: Healthy 
control (n=24).  
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6.2.4 P2Y12 inhibitors may interfere with 12-HETE-PL generation in 

A23817-activated leukocyte samples 

 

In the previous section (6.2.3), the levels of 12-HETE-PL generated by A23817-activated 

leukocytes were seen to be lower in patients with ACS/CAD/RF compared with HC. Given 

that 12-HETE-PL is a product of platelet 12-LOX, it is possible that leukocyte samples contain 

some platelets or platelet-derived EVs either as part of platelet:leukocyte aggregates or as 

contaminants. It is recognized that P2Y12 inhibitors (clopidogrel, prasugrel or ticagrelor) can 

impair the ability of platelet:leukocyte aggregates to form330,331. This led me to hypothesize 

that the lower 12-HETE-PL seen in ACS vs HC may be due to lower amounts of 

platelet:leukocyte aggregates due to P2Y12 supplementation of all ACS patients, some of the 

RF/CAD patients, but none of the HC participants.  

 

To test this, I analysed the amount of 12-HETE-PL generated by A23817-activated 

leukocytes samples by P2Y12 inhibitor use. As described previously, the RF and CAD groups 

were selected for this analysis as they included patients both on and off P2Y12 inhibitors. This 

analysis demonstrated that 12-HETE-PL generation in A23817-activated leukocytes was 

significantly lower when patients were taking P2Y12 inhibitors (Figure 6.21A). Further 

analysis of individual 12-HETE-PL species demonstrated lower levels in samples of A23817-

stimulated leukocytes from patients on P2Y12 inhibitors for acyl (18:0a, 16:0a), but not ether 

(plasmalogen: 18:0p, 18:1p, 16:0p) linked 12-HETE-PL at the sn1 position (Figure 6.21B). 

This suggests that P2Y12 inhibitor use may also have an effect on 12-HETE re-esterification 

pathways to acyl lysoPL in A23817-activated leukocytes. These findings will be addressed in 

the discussion section for this chapter.   



 224 

 A                                                                                      B 

    

Figure 6.21. Levels of diacyl 12-HETE-PL in ionophore-stimulated leukocytes were lower 
in patients on P2Y12 inhibitors.  

Panel A: The amount of total 12-HETE-PL (the sum of all species) from A23817-activated 
leukocytes of RF/CAD patients by P2Y12 inhibitor use. Panel B: Examining individual 
12-HETE-PL lipid species in RF/CAD patients by P2Y12 inhibitor use. Lipids were extracted 
from leukocytes (4 x 106) following stimulation with A23187 (10µM) as in Materials and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS for 6 lipids for each 
12-HETE-PL positional isomer (including 4 PE and 2 PC) and combined by sn2 fatty acid for 
the total 12-HETE-PL. This was then plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon 
test (ns: not significant, *: p <0.05, **: p <0.01, ***:p <0.001). CAD: coronary artery disease 
(but no acute coronary syndrome, ACS), RF: Risk factors with no significant coronary artery 
disease. 
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6.2.5 HETE-PL lipids were not detected in plasma EV samples  

 

To investigate whether plasma EV samples contain HETE-PL, I measured these lipids and 

demonstrated that they were not detected in the majority of plasma EV samples (>90%) across 

all patient groups. Where HETE-PL were detected, the total average amounts (ng, pooled by 

sn2 fatty acid) were very small (0.06 ng/EV sample for 15-HETE-PL and 0.01 ng/EV sample 

for 11- and 12-HETE-PL) with no significant differences between clinical groups (Figure 

6.22). This suggests that unlike activated platelets and leukocytes, HETE-PL are not a major 

constituent of plasma EV membranes.  
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Figure 6.22. HETE-PL lipids were undetectable in plasma EV for the majority of patients.  

Extracellular vesicles (EV) were isolated from 6 ml of plasma (as in Materials and Methods) 
and underwent lipid extraction. Analysis by LC-MS/MS was carried out to determine lipid 
amounts (ng) for 6 lipids for each HETE-PL positional isomer (including 4 PE and 2 PC, as in 
Materials and Methods) and combined by sn2 fatty acid. This was then plotted as a box plot 
with the ggplot2 R package. Box edges indicate the interquartile range (IQR) with the median 
line inside the box. Whiskers indicate 1.5 times the IQR.  Statistical significance was tested 
with Mann-Whitney-Wilcoxon test, and where significant differences exist, they are indicated 
by stars (*: p <0.05, **: p <0.01, ***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: 
coronary artery disease but no ACS (n=19), RF: Risk factors with no significant coronary artery 
disease (n=23), HC: Healthy control (n=24).   
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6.2.6 Diacyl HETE-PL lipids are the main drivers for differences between 

clinical groups in activated platelets, but not leukocytes  

In section 6.2.1, I showed that the amount of total 12-HETE-PL in thrombin-activated 

platelets was higher in ACS vs HC (Figure 6.4B). This was only seen for 12-HETE-PL with 

an acyl bond at sn1, and not ether (plasmalogen) forms. In this section, I explored this further 

in all HETE-PL positional isomers, carrying out a subgroup analysis by sn1 bond type on both 

platelets and leukocytes  

 

In resting platelets, no differences were seen for HETE-PLs between clinical groups for 

diacyl and plasmalogen forms (Figure 6.23A). However, in thrombin-activated platelets, the 

previously described increase in 12-HETE-PL between HC and ACS was again only observed 

when an acyl, not ether (plasmalogen), bond was present at the sn1 position (Figure 6.23B). 

This was also observed for 8-HETE-PL which had significantly higher amounts in ACS vs HC 

in diacyls, but not plasmalogens. This pattern was not seen for other HETE-PL positional 

isomers which had similar profiles for both diacyls and plasmalogens.  

 

In leukocytes, the profiles for 15-, 5- and 8-HETE-PL generated with A23817 stimulation 

were similar for both diacyl and plasmalogen lipids (Figure 6.24B). The lower levels of 

12-HETE-PL in ACS vs HC were only statistically significant for acyl 12-HETE-PLs. The 

opposite pattern was seen for 11-HETE-PL which demonstrated lower levels in ACS vs HC in 

plasmalogens, but not diacyls. The latter finding however may be limited by the low overall 

diacyl 11-HETE-PL levels across the groups which may statistically inflate small differences.  

 

Taken together, these findings demonstrate that HETE-PL differences between patient 

groups may be specific to the type of sn1 bond.  
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Figure 6.23. Subgrouping platelet HETE-PL by sn1 bond demonstrates higher levels of 
diacyl (but not plasmalogen) 12-HETE-PL in thrombin-activated platelets from patients 
with ACS vs HC.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following 
activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS for 6 lipids for each HETE-PL positional isomer (including 4 
PE [3 plasmalogens, 1 diacyl] and 2 PC [both diacyls]) and combined by sn1 (acyl – indicated 
by prefix ‘a_’; plasmalogen – indicated by ‘p_’) and sn2 (positional isomer) fatty acid. This 
was plotted as a box plot with edges indicating the IQR, whiskers 1.5x IQR and median line 
inside the box. Statistical significance was tested with Mann-Whitney-Wilcoxon test, and 
where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p 
<0.001). ACS: acute coronary syndrome, CAD: coronary artery disease (but no ACS), RF: 
Risk factors with no significant coronary artery disease, HC: Healthy controls.  
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Figure 6.24. Leukocyte HETE-PL trends were similar for diacyls and plasmalogens.  

Lipids were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following 
activation with A23817 (10µM, Panel B) as in Materials and Methods. Lipids amounts (ng) 
were calculated by LC-MS/MS for 6 lipids for each HETE-PL positional isomer (including 4 
PE [3 plasmalogens, 1 diacyl] and 2 PC [both diacyls]) and combined by sn1 (acyl – indicated 
by prefix ‘a_’; plasmalogen – indicated by ‘p_’) and sn2 (positional isomer) fatty acid. This 
was plotted as a box plot with edges indicating the IQR, whiskers 1.5x IQR and median line 
inside the box. Statistical significance was tested with Mann-Whitney-Wilcoxon test, and 
where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p 
<0.001). ACS: acute coronary syndrome, CAD: coronary artery disease (but no ACS), RF: 
Risk factors with no significant coronary artery disease, HC: Healthy controls.  
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6.2.7 HETE-PL amounts positively correlate with thrombin generation in 

platelets, but not leukocytes or plasma EV. 

 

To investigate the relationship of HETE-PL levels with coagulation capacity of plasma 

membranes, correlation plots were generated (Figure 6.25). These examined the relationship 

between HETE-PL species pooled by sn2 positional isomer described in this chapter with 

thrombin generation on the surface of resting platelets, resting leukocytes and plasma EV, as 

shown in Chapter 5.  

 

This analysis demonstrated positive correlation between some HETE-PL species and 

thrombin generation on the surface of resting platelets, but not resting leukocytes or plasma 

EV.  Specifically, the only significant correlations were between thrombin generation on the 

surface of resting platelets and the levels of 15-, 5- and 8-HETE-PL. These however were weak 

with R values ranging from 0.22 – 0.40.  
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Figure 6.25. There is correlation between some HETE-PL species and thrombin 
generation on the surface of resting platelets, but not resting leukocytes or plasma EV.   

A correlation analysis of thrombin generation on the surface of resting platelets, resting 
leukocytes and plasma EV with HETE-PL lipid species pooled by sn2 fatty acid is shown in 
this diagram. The correlated data was generated from the prothrombinase assay and HETE-PL 
lipid quantification for all patients (as in Materials and Methods), Pearson’s R correlation 
coefficients and significance was calculated and graphs plotted with the ggplot2 R package. *: 
p < 0.05, **: p < 0.01, ***: p < 0.001.
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6.3 DISCUSSION 

In this chapter, characterisation of the HETE-PL composition of platelets, leukocytes and 

plasma EV using LC-MS/MS techniques was carried out in patients with ACS and CAD 

compared with RF and HC. This demonstrated that HETE-PL lipids were detected in low 

amounts in resting platelets, resting leukocytes and in plasma EV samples across all patient 

groups with no significant differences between patients with ACS/CAD and HC/RF in resting 

states. As predicted, the levels of HETE-PL increased upon activation of platelets (thrombin) 

and leukocytes (A23817), which is consistent with previous studies and relates to their agonist-

induced enzymatic generation40. Here, differences were noted between clinical groups in the 

amounts of HETE-PL generated by platelets and leukocytes, which seemed to be driven by the 

use of aspirin and P2Y12 inhibitors.  

 

Since all ACS patients were taking aspirin, and none of the HC patients were, the finding 

of higher 12-HETE-PL levels in thrombin-activated platelet from ACS patients are likely 

explained by use of aspirin. This is driven by higher amounts of diacyl species of 12-HETE-PL, 

since the levels of plasmalogen species did not differ between groups (Figure 6.9). These 

findings may potentially suggest that aspirin affects the re-esterification process of platelet 

12-HETE based on the sn1 composition of lysoPL. This is consistent with findings described 

previously in Chapter 3, where paired platelet samples from the same individuals on/off 

aspirin demonstrated more diacyl 12-HETE-PL generation on aspirin which was not related to 

the amount of free 12-HETE. The exact location in the HETE-PL synthesis pathway where 

aspirin acts remains unknown, but based on current findings and those demonstrated in 

Chapter 3, aspirin is likely acting downstream of free oxylipin formation and therefore may 

relate to the functionality or expression profile of the platelet LPAT family of enzymes 

responsible for the re-esterification of oxylipin-CoAs. LPAT enzymes acylate multiple, but 
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distinct, lysoPL lipids due to varying specificity and may also make a distinction between FA-

CoA based on chair length and saturation status. Examples include LPCAT-3, which is present 

in the platelet proteome, and has been described to favour acyl lysoPL over 1-O-alkyl 

lysoPL332,333. It is possible therefore that aspirin, either directly or indirectly through TxA2 

signalling, is promoting the activity of LPATs that utilise lysoPL with an acyl bond at sn1, but 

not ether bonds (alkyl and alkenyl lysoPL).  

 

In Chapter 3, the higher levels of 12-HETE-PL in thrombin-activated platelets from 

patients on aspirin (versus not) were seen in men, but not women. This was not observed in the 

current chapter where 12-HETE-PL profiles in thrombin-activated platelets were consistently 

higher in ACS (all on aspirin) vs HC (none of aspirin) irrespective of gender (Figure 6.13). 

Subgrouping by both aspirin and gender was not possible for RF/CAD as there were fewer 

participants than statistically acceptable in some sub-groups. Nevertheless, the absence of a 

gender influence on the effect that aspirin has on 12-HETE-PL in this chapter raises the 

possibility that ACS and its associated inflammatory state may affect 12-HETE-PL levels by 

directly interfering with platelet behaviour irrespective of gender or aspirin. However, it is 

important to note the difference in age between participants in the two cohorts, who were older 

(mean age 65 years) in the current clinical cohort than the previously studied healthy cohort 

(age range 20-50 years) in Chapter 3. This age difference makes the two cohorts less 

comparable, but may suggest age-specific/hormone-related differences (e.g. post-menopause) 

in the effect aspirin has on eoxPL generation, which remains unknown.  

 

The detection of 12-HETE-PL in A23817-activated leukocytes likely reflects the presence 

of platelets or platelet-derived EV in the samples, since human leukocytes do not possess the 

12-LOX isoform and the ability to generate 12-HETE-PL. This was previously described in a 
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paper published by our group  utilising the same methods for leukocyte isolation from patients 

with antiphospholipid syndrome and healthy controls. In that study, leukocyte samples 

contained 12-HETE-PE which increased upon stimulation with A23817 and thus this was 

thought to be derived from platelets or platelet-derived EVs present in the samples69. These 

may be present as contaminants, or in the form of platelet-leukocyte aggregates. Such 

aggregates are well known to result from interactions and adhesions between platelets and a 

variety of leukocytes including neutrophils and monocytes334. Whilst present physiologically 

in low levels, these heterotypic aggregates often positively correlate with the degree of 

inflammation334. This goes against my observed trend of lower 12-HETE-PL in A23817-

activated leukocytes from ACS, an inflamed state, compared with HC. Nevertheless, one factor 

which reduces platelet-leukocyte aggregates is the use of P2Y12 inhibitors330,331,334. Indeed, in 

our samples, we noted that the levels of 12-HETE-PL in A23817-activated leukocyte samples 

were lower in patients on P2Y12 inhibitors compared with those who were not (Figure 6.21). 

This observation however was only seen for 12-HETE-PL with an acyl, but not an ether 

(plasmalogen), bond at sn1. This argues against platelet:leukocyte aggregates as the source, as 

one would expect lower overall 12-HETE-PL with P2Y12 inhibitors irrespective of sn1 bond. 

Nevertheless, platelet-leukocyte aggregates must still be considered as one of the possible 

sources of 12-HETE-PL which are affected by P2Y12 inhibitors as described earlier. Indeed, 

it is worth noting that all ACS patients, but none of the HC participants, received P2Y12 

inhibitors prior to sample collection which is compatible with the findings of lower 

12-HETE-PL in A23817-activated leukocyte samples from ACS patients (v HC) seen in 

Figure 6.17. Overall, these findings suggest a complex interaction between HETE-PL, disease 

state and pharmacotherapy (P2Y12 inhibitors).  
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The very low levels of HETE-PL in resting cells (platelets and leukocytes) and EV 

suggests that they are not the main drivers of the in vitro prothrombinase activity described on 

the surface of these cells in Chapter 5. In fact, the only HETE-PL which was significantly 

higher in resting cells from CAD/ACS (v HC) was the non-enzymatically generated 

8-HETE-PL in platelets (Figure 6.2). However, 8-HETE-PL levels were very low and likely 

reflect an underlying oxidative stress state in patients with advanced atherosclerosis. Whilst 

8-HETE-PL correlated weakly (but significantly) with the amount of thrombin generation on 

the surface of resting platelets (Figure 6.25), there were no significant differences between 

groups in prothrombinase activity on the surface of platelets. The fact that the prothrombinase 

assay is designed to examine thrombin generation on the surface of unstimulated platelets and 

leukocytes does not account for the complex feedback loops between activated cell membranes 

and the coagulation system. This is particularly important to address as the differences in 

HETE-PL profiles described in this chapter occurred mainly in activated cells 

(platelets/leukocytes), which would not have taken part in the prothrombinase assay. This point 

of course is not relevant to EV which are acellular particles studied in their resting state. Whilst 

oxPL have been reported in plasma EV, these were non-enzymatically generated oxPC 

secondary to oxidative stress and not enzymatically generated HETE-PLs being examined 

here194,335.   

 

The majority of the literature on oxPL in ACS focuses on lipoproteins, specifically oxLDL 

which is characterised by the presence of oxidized proteins and lipids336,337. These studies have 

focused mainly on the atherogenic potential of oxPL (predominantly non-enzymatically 

generated oxPC) in facilitating macrophage uptake of OxLDL, subsequent foam cell formation, 

inflammation and atherosclerosis progression336,338. Differences in the platelet oxidized 

lipidome in ACS/CAD have been described recently by Chatterjee et al, demonstrating higher 
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levels of platelet oxPC in ACS/CAD compared to matched controls68. However, the oxPC 

species described in that publication were predominantly generated non-enzymatically or 

truncated from larger lipids, in contrast to HETE-PLs which were the focus of this work. They 

describe a possible mechanism for formation of oxPL based on platelet uptake of LDL, and 

subsequent generation of oxidized and peroxidised lipids by reactive oxygen species (ROS). 

Beyond this, there have been no studies to date examining the platelet or leukocyte lipidome 

in ACS as it relates to enzymatic pathways of eoxPL generation, highlighting the novelty of 

my current study. 
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6.4 CONCLUSION 

 

In conclusion, this chapter demonstrates a complex interaction between HETE-PL, 

coronary artery disease and pharmacotherapy (aspirin with platelets/P2Y12 inhibitors with 

leukocytes). Platelets generated higher levels of 12-HETE-PL upon thrombin-activation in 

patients with ACS compared with HC. A similar phenomenon was observed in CAD/RF 

patients on aspirin compared to those not taking aspirin. These observations were unique to 

12-HETE-PL that contain an acyl, not ether (plasmalogen), bond at the sn1 position in both 

PE/PC headgroups. This may, at least in part, be due to a possible differential effect that aspirin 

has on diacyl vs plasmalogen 12-HETE-PL generation and re-esterification, which remains 

untested. Leukocytes demonstrated overall lower levels of 12-HETE-PL in ACS patients after 

A23817 activation, which may be related to P2Y12 inhibitor use. The amounts of HETE-PL in 

resting cells and plasma EV were very low, making them unlikely to contribute to differences 

in membrane thrombotic potential described in previous chapters with plasma EV and 

leukocytes.  
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CHAPTER 7 CHARACTERISING THE APL 

COMPOSITION OF PLATELETS, LEUKOCYTES AND 

EV IN AN ARTERIAL THROMBOSIS COHORT. 
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7.1 INTRODUCTION 

The presence of aPL on the external leaflet of the plasma membrane is critical for initiating 

coagulation reactions22,339. The negatively charged head groups on PS allow the calcium-

mediated binding and assembly of coagulation factors on the surface of activated cells and EV 

which is enhanced by the presence of PE22,24,279.  In resting cells, aPL are maintained on the 

internal leaflet of the plasma membrane via the action of the ATP-consuming 

‘flippase/floppase’ enzymes. This asymmetry is lost upon cell stress or activation by virtue of 

‘scramblase’ activity. This exposes aPL to the external leaflet of the membrane and enables 

coagulation reactions to take place22,24. The other group of membrane-bound structures which 

contain aPL are EV, defined by aPL positivity as traditionally detected by annexin V or 

lactadherin binding22,340.  Whether the aPL composition and amount varies in prothrombotic 

disease states, such as ACS, is largely unstudied and will form the focus of this chapter.  

 

The majority of the literature on aPL trafficking and detection utilises a flow cytometry-

based method which relies on aPL-binding fluorescent probes341-343. The commonest of these 

is annexin V-FITC, which can bind to either PS or PE in the presence of calcium  342,343. There 

are a number of limitations to this method, the main one being its non-quantitative nature.  The 

binding of annexin V probes to cells and EV during flow cytometry exhibits rapidly saturated 

kinetics, likely as a result of steric hindrance preventing additional aPL from binding to this 

large protein20. Consequently, whilst it is feasible to count annexin V+ve  cells and EV using 

this method, it is not possible to quantify how much aPL is on the surface, distinguish between 

PS and PE or know what molecular species are exposed. This is relevant since recent studies 

have shown that the procoagulant activity of aPL is influenced by fatty acyl composition, with 

an impaired ability of PE comprising shorter FA chains to support coagulation 20. Mass 

spectrometry with biotin derivatisation allows the quantitative analysis of aPL molecular 
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species, distinguishing between external and total aPL amounts 117. To date, no studies have 

reported on externalisation of aPL species in blood cells from patients with ACS, or their 

contribution to procoagulant reactions in this thrombotic condition. 

 

In a previous Chapter 5, I demonstrated that thrombin generation on the surface of 

leukocytes and EV was higher in patients with ACS compared with HC. In addition, there was 

more thrombin generation on the surface of plasma EV from CAD/RF patients compared with 

HC. One possible contributor to this enhanced thrombin generation could be differing aPL 

composition of the cell surface. As discussed previously, patients with ACS demonstrate higher 

levels of circulating TAT/FDP indicating endogenous activation of coagulation is higher288. 

Whilst this is likely to be multifactorial, there is some evidence of higher numbers of circulating 

cells and EV with externalised aPL, as detected by annexin V binding, in ACS344. However, 

there are no studies quantifying the amount or proportion of aPL externalised on the surface of 

circulating cells and EV in ACS, nor any analysis of the different PS and PE molecular species 

on the surface.  

 

In this chapter, I will analyse aPL in platelets, leukocytes and plasma EV in patients with 

ACS, CAD, RF and HC. Using LC-MS/MS, quantitative profiling of PS and PE species will 

be undertaken for both total and externalised lipids. The aim is to establish whether patients 

with coronary disease (ACS/CAD) have different aPL profiles from those without (RF/HC). In 

addition, using the clinical cohort, prothrombinase data generated in Chapter 5, correlations 

between aPL species and the ability of membranes to support coagulation reactions will be 

carried out to establish the relevance of aPL species to coagulation. 
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7.2 RESULTS 

7.2.1 Platelet aPL lipids cluster by sn2 fatty acid  

To visualise the amounts of total (throughout the membrane) and externalised (on outer 

leaflet only) platelet aPL lipids across the clinical groups, I initially plotted the data on a 

heatmap (Figure 7.1A). Platelets from all clinical groups externalised more aPL in thrombin-

activated samples compared with resting levels. This is consistent with the expected activation 

of ‘scramblase’ enzymes and loss of membrane asymmetry20. Platelets from RF patients had a 

lower amount (ng per 2 x 108 platelets) of externalised aPL species compared to the other 

groups, both in resting and thrombin-activated states. Thrombin-activated platelets contained 

similar or slightly lower levels of total aPL compared to resting platelets (Figure 7.1B), 

presumably secondary to phospholipase activation and hydrolysis of membrane aPL26,345. Of 

note however, higher amounts of total PE and PS were seen in the CAD group compared to 

other groups in both resting and thrombin-activated platelets.  

 

Hierarchical clustering of the dataset shows grouping of externalised aPL by sn2 fatty acid 

irrespective of head group, with lipids containing AA grouping separately from lipids 

containing oleic acid (Figure 7.1A). A similar clustering pattern by sn2 fatty acid was seen 

with total aPL lipids (Figure 7.1B). This may be due to a higher abundance of AA-containing 

aPL compared to those containing oleic acid. 
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Figure 7.1. Heatmap of aPL lipids in platelets from patients with arterial thrombosis 
demonstrates higher externalisation with thrombin-activation, with clustering by sn2 fatty 
acid.  

Panel A: Externalised aPL. Panel B: Total aPL. Lipids were extracted from resting platelets (2 x 
108) or following activation with thrombin (0.2 U/ml) as in Materials and Methods. Lipids amounts 
(ng per 2 x 108 platelets) were calculated by LC-MS/MS, log10 transformed and plotted as a 
heatmap with hierarchical clustering using the pheatmap R package. ACS: acute coronary 
syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors with no 
significant coronary artery disease (n=23), HC: healthy control (n=24). 
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7.2.2 Quantitative analysis of platelet aPL demonstrates more external PS 

18:0a_18:1 and PE 18:0a_20:4 in ACS vs HC, but no differences in 

fraction (%) aPL externalised  

 

To quantify differences between clinical groups and test for statistical significance, box plots 

were generated. Platelet aPL lipids were summed by head group (PS or PE) in order to obtain an 

overview of differences between clinical groups and test for statistical significance (Figure 7.2). 

On thrombin-activation of platelets, the average amount of externalised aPL increased by 

approximately 4-fold for PE and 6-fold for PS compared with resting platelets. For both resting and 

thrombin-activated platelets, there were significantly higher levels of total PS and PE in CAD 

compared with HC. Externalised PS and PE were significantly higher in resting platelets from ACS 

and CAD compared with RF, whereas thrombin-activated platelets had significantly higher 

externalised PE, but not PS, in ACS compared with RF (Figure 7.2). These findings are consistent 

with a thrombin-induced aPL externalisation expected in platelets from mobilising ‘scramblase’ 

enzymes26, and showed that the pattern of differences between groups seen in resting states is also 

observed in thrombin-activated platelets.  
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Figure 7.2. Summing platelet aPL lipids by headgroup demonstrates more PS/PE 
externalisation in ACS and CAD (v RF) in resting conditions.  

Lipids were extracted from resting platelets (2 x 108) (Panel A) or following activation with 
thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) were calculated 
by LC-MS/MS, summed by head group and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers indicate 
1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test, and 
where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p 
<0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), 
RF: Risk factors with no significant coronary artery disease (n=23), HC: healthy control (n=24).
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Next, I expanded on the overview presented above by examining aPL species which may drive 

the patterns observed with the summed PS/PE lipids. Starting with total (throughout the membrane) 

aPL, the levels of total PE were similar between ACS compared with other groups for all PE species 

in both resting and thrombin-activated platelets (Figure 7.3).  There were however significantly 

higher levels of total PE species in the CAD group compared to HC in resting and thrombin-

activated platelets. This was observed for all PE species studied. Likewise, the levels of total PS in 

platelets were similar between ACS and other groups including HC (Figure 7.4). However, the 

CAD group demonstrated higher levels of total PS compared with HC in both resting and thrombin-

activated platelets for all PS species examined. Overall, these data indicate no difference in total 

aPL between ACS and HC, but higher levels in CAD v HC, for both resting and thrombin-activated 

platelets. 

 

The levels of most externalised PE species in resting platelets were higher in ACS patients 

compared to HC and/or RF groups (Figure 7.5). Specifically, there were significantly higher levels 

of externalised PE 16:0p_20:4 (v RF), PE 18:1p_20:4 (v RF), PE 18:0p_20:4 (v RF) and PE 

18:0a_20:4 (v HC/RF). Patients with CAD had higher levels of externalised PE 18:0a_18:1 (v 

HC/RF) and a similar pattern to ACS for externalised PE 16:0p_20:4, PE 18:1p_20:4 and PE 

18:0a_20:4. In thrombin-activated platelets, similar patterns to resting conditions were observed in 

ACS for externalised PE 16:0p_20:4, PE 18:1p_20:4, PE 18:0p_20:4 and PE 18:0a_20:4 (v RF 

only). Externalised PS species were also detected in higher levels in resting platelets from ACS 

patients compared to HC and/or RF. Specifically, there were significantly higher levels of 

externalised PS 18:0a_18:1 (v HC/RF) and PS 18:0a_20:4 (v RF). Patients with CAD also had 

higher levels of externalised PS 18:0a_18:1 compared with HC/RF. In thrombin-activated platelets, 

similar patterns were observed in ACS for externalised PS 18:0a_18:1 (higher in ACS vs RF only), 

with the addition of a significantly higher externalised PS 18:1a/18:1 (v RF). Overall, the amount 



246 

of externalised aPL was higher in ACS v HC/RF on the surface of both resting and thrombin-

activated platelets. 
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Figure 7.3. Higher levels of total platelet PE were noted in platelets from CAD, but not ACS, 
compared with HC.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following activation 
with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) were 
calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box edges indicate 
the interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the 
IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where significant 
differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001).  ACS: acute 
coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors 
with no significant coronary artery disease (n=23), HC: healthy control (n=24).    
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Figure 7.4. Higher levels of total platelet PS were noted in platelets from CAD, but not ACS, 
compared with HC.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following activation 
with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) were 
calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box edges indicate 
the interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the 
IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where significant 
differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001).  ACS: acute 
coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors 
with no significant coronary artery disease (n=23), HC: healthy control (n=24). 
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Figure 7.5. Higher levels of externalised PE in platelets from ACS patients compared to 
HC/RF.  

Lipids were extracted from platelets (2 x 108) in resting conditions (Panel A) or following activation 
with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) were 
calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box edges indicate 
the interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the 
IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where significant 
differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001).  ACS: acute 
coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors 
with no significant coronary artery disease (n=23), HC: healthy control (n=24).    
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Figure 7.6. Higher levels of externalised PS in platelets from ACS patients compared to 
HC/RF.  

Lipids were extracted from resting platelets (2 x 108) (Panel A) or following activation with 
thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids amounts (ng) were calculated 
by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box edges indicate the 
interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the IQR.  
Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where significant 
differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001).  ACS: acute 
coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors 
with no significant coronary artery disease (n=23), HC: healthy control (n=24).  
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The relationship of outer to inner membrane leaflet aPL may have an impact on membrane 

biophysical properties such as curvature and enzymatic binding346-348. Therefore, I investigated 

differences between the groups in the fraction (percentage) of aPL externalised, calculated as ng 

externalised (outer leaflet) ÷ ng total (throughout membrane) ´ 100%. 

 

To start with, I studied differences in the fraction (%) of PE externalised across the clinical 

groups for all lipid species (Figure 7.7). In resting platelets, there were no significant differences 

between ACS and HC/RF. However, there was significantly lower % PE externalised in CAD 

compared with HC, particularly for PE 18:1p_20:4 and PE 18:0p_20:4. In thrombin-activated 

platelets, there was significantly lower % PE externalised in CAD and RF compared with HC for 

all species, and lower % PE 18:0a_18:1 externalised in ACS compared with HC.  

 

To examine for differences in the fraction (percentage) of PS externalised for all lipid species, 

I carried out a similar analysis as demonstrated in Figure 7.8. Similar to fraction of PE externalised, 

there were no significant differences in % PS externalised between ACS and HC/RF in resting 

cells. In thrombin-activated platelets, there was significantly lower % PS externalised in CAD/RF 

compared with HC for all species (borderline p-values for PS 18:0a_18:1 in RF compared with 

HC).  

 

In summary, these data suggest no differences in % aPL externalisation in platelets from ACS 

vs HC. 
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Figure 7.7. Fraction of PE externalised in platelets is largely similar between ACS and HC.  

The fraction of externalised PE was calculated for each sample and expressed as a percentage (ng 
externalised ÷ ng total ´ 100%). Lipids were extracted from resting platelets (2 x 108, Panel A) or 
following activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. Lipids 
amounts (ng) were calculated by LC-MS/MS, fraction externalised calculated as described above 
and plotted as a box plot with the ggplot2 R package. Box edges indicate the interquartile range 
(IQR) with the median line inside the box. Whiskers indicate 1.5 times the IQR.  Statistical 
significance was tested with Mann-Whitney-Wilcoxon test, and where significant differences exist, 
they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). ACS: acute coronary syndrome 
(n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors with no significant 
coronary artery disease (n=23), HC: healthy control (n=24). 
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Figure 7.8. Fraction of PS externalised in platelets is similar between ACS and RF/HC.  

The fraction of externalised PS was calculated for each sample and expressed as a percentage 
(ng externalised ÷ ng total ´ 100%). Lipids were extracted from resting platelets (2 x 108, Panel 
A) or following activation with thrombin (0.2 U/ml, Panel B) as in Materials and Methods. 
Lipids amounts (ng) were calculated by LC-MS/MS, fraction externalised calculated as 
described above and plotted as a box plot with the ggplot2 R package. Fraction PE_PS  
indicated the sum of all PS/PE fractions. Box edges indicate the interquartile range (IQR) with 
the median line inside the box. Whiskers indicate 1.5 times the IQR.  Statistical significance 
was tested with Mann-Whitney-Wilcoxon test, and where significant differences exist, they are 
indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). ACS: acute coronary syndrome 
(n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors with no significant 
coronary artery disease (n=23), HC: healthy control (n=24). 
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7.2.3 Leukocyte aPL cluster by sn1 fatty acid 

Next, the levels of aPL were measured in both resting and A23817-activated leukocytes 

from all patients. A23817 was chosen as an agonist to ensure activation of all leukocyte 

subpopulations in the sample irrespective of differences in receptors and response to agonists. 

Whilst this does not reflect physiological activation of leukocytes, it quantifies the capacity of 

these cells to mobilise aPL upon stimulation, and ensures that the sample contains viable 

leukocytes capable of scrambling lipids to the outer leaflet.  

 

To visualise the amount of total (throughout the membrane) and externalised (on outer 

leaflet only) leukocyte aPL lipids across the clinical groups, I initially plotted the data on a 

heatmap (Figure 7.9). A23817-activated leukocytes showed higher amounts of externalised 

aPL lipids in all clinical groups compared with resting leukocytes, consistent with activation 

of scramblases22,339. The amount of externalised aPL was lower for all species in resting and 

activated leukocytes from RF patients compared to other groups. A23817 activation of 

leukocyte samples did not change total aPL amounts from resting states (Figure 7.9B). Of note, 

leukocytes from CAD patients had higher amounts of total aPL species in both resting and 

activated states, although there was no difference in total or externalised aPL between ACS 

and HC. 

 

Column wise hierarchical clustering demonstrated grouping of leukocyte externalised aPL 

lipids by sn1 fatty acid irrespective of head group, with plasmalogen lipids generally clustering 

separately from diacyl lipids (Figure 7.9). A similar clustering pattern by sn1 fatty acid was 

seen in leukocyte total aPL and is likely driven by the higher abundance of plasmalogen lipids 

compared to diacyls. 
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  A                                                                    B 

        

Figure 7.9. Heatmap of aPL lipids in leukocytes from patients with arterial thrombosis 
demonstrate increased externalisation with A23817 stimulation, with aPL clustering by sn1 
fatty acid.  

Panel A: Externalised aPL. Panel B: Total aPL. Lipids were extracted from resting leukocytes (4 
x 106) or following activation with A23817 (10 µM) as in Materials and Methods. Lipids amounts 
(ng) were calculated by LC-MS/MS, log10 transformed and plotted as a heatmap with hierarchical 
clustering using the pheatmap R package. ACS: acute coronary syndrome (n=24), CAD: coronary 
artery disease but no ACS (n=19), RF: Risk factors with no significant coronary artery disease 
(n=23), HC: healthy control (n=24). 
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7.2.4 Quantitative analysis of leukocyte aPL demonstrates more external PS 

18:0a_18:1 in ACS vs HC, but no differences in fraction (%) aPL 

externalised 

 

To obtain an overview of differences in leukocyte aPL between clinical groups and test for 

statistical significance, box plots were generated for aPL lipids combined by headgroup (Figure 

7.10). In resting leukocytes, there were significantly higher levels of externalised PE in CAD and 

ACS compared with RF. However, examining external PS demonstrated no significant 

differences. Additionally, there were no significant differences in total (throughout the membrane) 

PS and PE between clinical groups. Upon A23817-activation of leukocytes, the amount of 

externalised aPL increased by approximately 7-fold for both PE and PS compared with resting 

leukocytes, with no differences between ACS/CAD compared with HC or RF (Figure 7.10B). 

The amounts of externalised PE in A23817-activated leukocytes were lower in RF compared with 

HC, and total PS was higher in A23817-activated leukocytes from CAD compared with RF.  
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Figure 7.10. Consolidating leukocyte aPL lipids by headgroup demonstrates more 
externalised PE in ACS/CAD vs RF in resting samples.  

Lipids were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following 
activation with A23817 (10 µM, Panel B) as in Materials and Methods. Lipids amounts (ng) were 
calculated by LC-MS/MS, summed by headgroup and plotted as a box plot with the ggplot2 R 
package. Box edges indicate the interquartile range (IQR) with the median line inside the box. 
Whiskers indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-
Wilcoxon test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: 
p <0.01, ***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease 
but no ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: 
healthy control (n=24).
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Similar to the analysis of aPL in platelets, I expanded on the overview presented above in 

leukocytes by going on to examine individual PS/PE species which may drive the patterns 

observed above. To start with total (throughout the membrane) aPL, PE species in resting and 

A23817-activated leukocytes were similar between ACS and other groups including HC for all 

PE species studied (Figure 7.11).  There were however significantly higher levels of PE 

18:0a_18:1 in the CAD group compared to HC in resting and A23817-activated leukocytes. 

Similarly, the levels of total PS in resting and A23817-activated leukocytes were similar for all 

PS species studied between ACS and other groups including HC (Figure 7.12). However, the 

CAD group demonstrated higher levels of total PS 18:0a_18:1 compared with HC, both in resting 

and activated leukocytes. A23817-activated leukocytes contained similar or slightly lower levels 

of total aPL compared to resting platelets, presumably secondary to phospholipase activation and 

hydrolysis of membrane aPL13. Overall therefore, aPL species measured throughout the membrane 

(i.e. ‘total’) were similar between ACS and HC, but higher PE and PS 18:0a_18:1 in CAD 

compared with HC.  

 

There were no differences in the amounts of externalised PE species in resting leukocytes 

from ACS vs HC. In contrast, the levels of externalised PE species in resting leukocytes were 

higher in CAD patients compared to HC and/or RF groups (Figure 7.13). Specifically, resting 

leukocytes from CAD patients had significantly higher levels of externalised PE 18:0a_18:1 

(compared with HC/RF), PE 18:0p_20:4 (compared with RF) and PE 16:0p_20:4 (compared with 

RF). Upon A23817-activation, no differences were seen in externalised PE amounts in leukocytes 

from ACS/CAD patients compared with RF/HC. In terms of externalised PS species, leukocytes 

from patients with ACS and CAD had significantly higher amounts of PS 18:0a_18:1 compared 

to HC/RF in resting states, and significantly lower amounts of externalised PS 18:0a_20:4 

compared to HC on A23817 activation (Figure 7.14). In summary therefore, whilst resting 



259 

leukocytes from CAD patients contained higher levels of most externalised aPL species studied, 

only PS 18:0a_18:1 was higher in ACS vs HC.   
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Figure 7.11. No differences detected in leukocyte total PE amounts between ACS and HC, 
though CAD patients had higher PE 18:0a_18:1 (compared with HC).  

Lipids were extracted from resting leukocytes (4 x 106, Panel A) or following activation with 
A23817 (10 µM, Panel B) as in Materials and Methods. Lipids amounts (ng) were calculated by 
LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box edges indicate the 
interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the IQR.  
Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where significant 
differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). ACS: acute 
coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors 
with no significant coronary artery disease (n=23), HC: healthy control (n=24).  
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Figure 7.12. No differences detected in leukocyte total PS amounts between ACS and HC, 
though CAD patients had higher PS 18:0a_18:1 (compared with HC).  

Lipids were extracted from resting leukocytes (4 x 106, Panel A) or following activation with 
A23817 (10 µM, Panel B) as in Materials and Methods. Lipids amounts (ng) were calculated by 
LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box edges indicate the 
interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the IQR.  
Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where significant 
differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). ACS: acute 
coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors 
with no significant coronary artery disease (n=23), HC: healthy control (n=24).  
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Figure 7.13. Resting leukocytes externalise more PE 16:0p_20:4, PE 18:0a_18:1 and PE 
18:0p_20:4 in patients with CAD compared with HC and/or RF.  

Lipids were extracted from resting leukocytes (4 x 106, Panel A) or following activation with 
A23817 (10 µM, Panel B) as in Materials and Methods. Lipids amounts (ng) were calculated by 
LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box edges indicate the 
interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the IQR.  
Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where significant 
differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). ACS: acute 
coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors 
with no significant coronary artery disease (n=23), HC: healthy control (n=24).  
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Figure 7.14. Leukocytes externalise more PS 18:0a_18:1 (in resting states), but less PS 
18:0a_20:4 (on A23817 activation), in patients with ACS/CAD compared with HC.  

Lipids were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following 
activation with calcium (10 µM, Panel B) as in Materials and Methods. Lipids amounts (ng) were 
calculated by LC-MS/MS and plotted as a box plot with the ggplot2 R package. Box edges indicate 
the interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the 
IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where significant 
differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). ACS: acute 
coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors 
with no significant coronary artery disease (n=23), HC: healthy control (n=24). 
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Next, I examined the fraction (percentage) of PE externalised, calculated as ng externalised 

(outer leaflet) ÷ ng total (throughout membrane) ´ 100%, across the clinical groups for all 

leukocyte PE lipid species (Figure 7.15). In resting leukocytes, there were no significant 

differences between clinical groups. However, upon activation of leukocytes with A23817, there 

was significantly lower % PE externalised in ACS/CAD/RF compared with HC for all species. 

The fraction (percentage) of PS externalised is demonstrated in Figure 7.16. For resting 

leukocytes, there were no significant differences in the fraction of PS externalised between 

ACS/CAD compared with HC for all PS species. However, there were significantly higher % PS 

18:0a_20:4 externalised in ACS when compared with RF. In A23817-activated leukocytes, there 

was significantly lower % PS externalised in ACS/CAD/RF compared HC for all PS species.  

 

Taken together, these figures demonstrate no differences in resting leukocyte aPL between 

clinical groups, with the exception of higher % PS 18:0a_18:1 in ACS v RF. Whilst % externalised 

aPL in A23817-activated leukocytes were higher than resting states, the interpretation of 

differences between groups is unlikely to be of physiological or clinical relevance given the nature 

of the agonist chosen.  
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Figure 7.15. Fraction of PE externalised in resting leukocytes is similar between groups.  

The fraction of externalised PE was calculated for each sample and expressed as a percentage (ng 
externalised ÷ ng total ´ 100%) for individual species or the sum thereof (Fraction_PE). Lipids 
were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following activation 
with A23817 (10 µM, Panel B) as in Materials and Methods. Lipids amounts (ng) were calculated 
by LC-MS/MS with fractions calculated as above and plotted as a box plot with the ggplot2 R 
package. Box edges indicate the interquartile range (IQR) with the median line inside the box. 
Whiskers indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-
Wilcoxon test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: 
p <0.01, ***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease 
but no ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: 
healthy control (n=24).  
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Figure 7.16. Fraction of PS externalised in resting leukocytes is similar between ACS and 
HC, but higher in ACS (vs RF) for PS 18:0a_20:4.  

The fraction of externalised PS was calculated for each sample and expressed as a percentage (ng 
externalised ÷ ng total ´ 100%) for individual species or the sum thereof (Fraction_PS). Lipids 
were extracted from leukocytes (4 x 106) in resting conditions (Panel A) or following activation 
with A23817 (10 µM, Panel B) as in Materials and Methods. Lipids amounts (ng) were calculated 
by LC-MS/MS with fractions calculated as above and plotted as a box plot with the ggplot2 R 
package. Fraction PE_PS  indicated the sum of all PS/PE fractions. Box edges indicate the 
interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times the IQR.  
Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where significant 
differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). ACS: acute 
coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: Risk factors 
with no significant coronary artery disease (n=23), HC: healthy control (n=24)
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7.2.5 EV aPL cluster by both sn1 and sn2 fatty acids  

Next, I analysed washed EV-rich fractions obtained from plasma samples, as per Materials 

and Methods, for aPL lipids. These samples were processed in the LC-MS/MS without any 

count adjustment, as EV characterisation was performed later from frozen PFP aliquots. 

Nevertheless, where indicated in this chapter, I carried out mathematical adjustment of aPL 

amounts per 1 x 109 EV as characterised with SEC/NTA and reported previously in Chapter 

5.  

 

I plotted the unadjusted EV lipid data on a heatmap to visualise differences in total 

(throughout the membrane) and externalised (on outer leaflet only) aPL lipids across the 

clinical groups and between lipid species (Figure 7.17). There were higher amounts of 

externalised plasmalogen aPL in plasma EV compared to diacyl aPL with minimal apparent 

differences between clinical groups (Figure 7.17A). Column-wise hierarchical clustering 

demonstrated grouping by both sn1 and sn2 fatty acids, with lipids containing both a 

plasmalogen (sn1) and arachidonate (sn2) forming a separate cluster to lipids containing an 

acyl (sn1) and oleic acid (sn2). The observed clustering is likely driven by a high abundance 

of aPL with a plasmalogen sn1 and an arachidonate at sn2. 

 

There were higher amounts of total aPL in the RF, CAD and ACS group compared to HC 

(Figure 7.17B). The profile of total aPL species in plasma EV consistently showed higher 

levels of plasmalogen lipids compared with diacyls in all clinical groups. Similar to 

externalised aPL in EV, column-wise hierarchical clustering of total aPL demonstrated 

grouping by sn1 and sn2 FA, with distinct clusters for plasmalogens (sn1) containing 

arachidonate (sn2), and for acyls (sn1) containing oleic acid (sn2). Once more, this clustering 

pattern is likely due to the high abundance of plasmalogens in the EV membrane. 
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Figure 7.17. Heatmap of aPL lipids in plasma EV from patients with arterial thrombosis 
demonstrate clustering by both sn1 bond (acyl vs plasmalogen) and sn2 fatty acid (20:4 
vs 18:1).  

Panel A: Externalised aPL from plasma EV. Panel B: Total aPL from plasma EV. Lipids were 
extracted from EV samples isolated from 6 ml of plasma as in Materials and Methods. Lipids 
amounts (ng) were calculated by LC-MS/MS, log10 transformed and plotted as a heatmap with 
hierarchical clustering using the pheatmap R package. ACS: acute coronary syndrome (n=24), 
CAD: coronary artery disease but no ACS (n=19), RF: Risk factors with no significant coronary 
artery disease (n=23), HC: healthy control (n=24). 
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7.2.6 Quantitative analysis of plasma EV aPL demonstrates significantly 

lower fraction (%) aPL externalised in ACS vs HC  

 

EV-derived aPL lipids were summed by headgroup (PS/PE) and plotted on a boxplot to 

give an overview of any differences between clinical groups (Figure 7.18). Plasma EV isolated 

from patients with ACS and CAD had significantly higher levels of total PS and total PE 

compared with HC, which normalised once adjusted by EV counts.  The levels of externalised 

PE and PS demonstrated no significant difference between ACS and HC, with the only 

detectable difference being higher externalised PS in CAD vs HC/RF which disappeared 

following adjustment.  

 

Next, I analysed individual PS/PE lipid species detected in plasma EV. The levels of most 

measured EV-derived total (through the membrane) PE species were higher in plasma from 

patients with ACS and CAD compared with HC (Figure 7.19A).  Specifically, ACS/CAD 

patients had higher levels of total PE 16:0p_20:4 (v HC), PE 18:1p_20:4 (v HC), PE 

18:0p_20:4 (v HC) and PE 18:0a_20:4 (v HC) in plasma EV. Additionally, CAD patients had 

higher levels of total PE 18:0a_18:1 compared with RF. Once adjusted by EV counts however 

(Figure 7.19B), these differences disappear suggesting that they are likely related to the higher 

EV counts in ACS/CAD vs HC, as seen in Chapter 5.  

 

The levels of total PS species in plasma EV were higher in ACS/CAD compared with HC 

(Figure 7.20A). Specifically, patients with ACS/CAD had higher levels of total PS 18:1a/18:1 

(v HC), PS 18:0a_18:1 (v HC) and PS 18:0a_20:4 (v HC) in plasma EV. Once adjusted by EV 

counts however (Figure 7.20B), these differences disappear indicating that they relate to the 

higher EV counts in ACS/CAD vs HC, as seen in Chapter 5.  



270 

 

There were no significant differences in the levels of EV-derived externalised (outer leaflet 

only) PE species from plasma between clinical groups (Figure 7.21A). Once adjusted by EV 

counts however, a trend towards lower levels of externalised PE is noted for EV from RF, CAD 

and ACS compared with HC (Figure 7.21B). EV-derived externalised PS species from plasma 

were similar between ACS and HC (Figure 7.22A), although plasma from patients with CAD 

had significantly higher levels of externalised PS 18:0a_20:4 (v HC) and PS 18:0a_18:1 (v 

HC). Once adjusted by EV counts, these differences disappeared (Figure 7.22B), indicating 

that they were driven by higher EV counts in CAD v HC patients. 

 

Overall, these data demonstrate that differences in EV-derived aPL amounts between 

groups are likely driven by inherent variations in EV counts which were higher in the RF, CAD 

and ACS group compared with HC. 
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A – Unadjusted            B- Adjusted by EV count    

  

Figure 7.18. Consolidating EV-derived aPL lipids by headgroups demonstrates higher 
amounts in ACS vs HC for total, but not externalised, aPL.  

Lipids were extracted from EV samples isolated from 6 ml of plasma as in Materials and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS, summed by headgroup and 
plotted as a box plot with the ggplot2 R package unadjusted (A) or after adjustment by EV 
counts (B). Box edges indicate the interquartile range (IQR) with the median line inside the 
box. Whiskers indicate 1.5 times the IQR.  Statistical significance was tested with Mann-
Whitney-Wilcoxon test, and where significant differences exist, they are indicated by stars (*: 
p <0.05, **: p <0.01, ***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary 
artery disease but no ACS (n=19), RF: Risk factors with no significant coronary artery disease 
(n=23), HC: healthy control (n=24).  
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A – Unadjusted            B- Adjusted by EV count    

  

Figure 7.19. Higher levels of EV-derived total PE species in ACS and CAD patients 
compared with HC, which normalise once adjusted by EV count.  

Lipids were extracted from EV samples isolated from 6 ml of plasma as in Materials and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS and plotted as a box plot with 
the ggplot2 R package unadjusted (A) or after adjustment by EV counts (B). Box edges indicate 
the interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times 
the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where 
significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). 
ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: 
Risk factors with no significant coronary artery disease (n=23), HC: healthy control (n=24). 
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A – Unadjusted            B- Adjusted by EV count    

   

Figure 7.20. Higher levels of EV-derived total PE species in ACS and CAD patients 
compared with HC, which is normalised once adjusted by EV count.  

Lipids were extracted from EV samples isolated from 6 ml of plasma as in Materials and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS and plotted as a box plot with 
the ggplot2 R package unadjusted (A) or after adjustment by EV counts (B). Box edges indicate 
the interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times 
the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where 
significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). 
ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: 
Risk factors with no significant coronary artery disease (n=23), HC: healthy control (n=24). 
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A – Unadjusted            B- Adjusted by EV count    

  

Figure 7.21. The levels of EV-derived externalised PE species were similar across all 
clinical groups.  

Lipids were extracted from EV samples isolated from 6 ml of plasma as in Materials and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS and plotted as a box plot with 
the ggplot2 R package unadjusted (A) or after adjustment by EV counts (B). Box edges indicate 
the interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times 
the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where 
significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). 
ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: 
Risk factors with no significant coronary artery disease (n=23), HC: healthy control (n=24).  
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A – Unadjusted            B- Adjusted by EV count    

  

Figure 7.22. The levels of EV-derived externalised PS species were higher in CAD, but 
not ACS, compared with HC; but normalise after adjustment by EV count.  

Lipids were extracted from EV samples isolated from 6 ml of plasma as in Materials and 
Methods. Lipids amounts (ng) were calculated by LC-MS/MS and plotted as a box plot with 
the ggplot2 R package unadjusted (A) or after adjustment by EV counts (B). Box edges indicate 
the interquartile range (IQR) with the median line inside the box. Whiskers indicate 1.5 times 
the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon test, and where 
significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, ***: p <0.001). 
ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no ACS (n=19), RF: 
Risk factors with no significant coronary artery disease (n=23), HC: healthy control (n=24).
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Next, I examined EV samples for differences in the fraction (percentage) of PE 

externalised, calculated as ng externalised (outer leaflet) ÷ ng total (throughout membrane) ´ 

100%, across the clinical groups for all PE lipid species in plasma EV (Figure 7.23). This 

demonstrated that significantly lower % PE externalised were detected in plasma EV from 

patients with ACS/CAD/RF compared with HC. This was the case for all PE species. The 

fraction (%) PS externalised in plasma EV was similar between ACS and CAD patients 

compared with HC/RF (Figure 7.24). This was the case for all PS species. 

 

Taken together, the plasma EV aPL data demonstrate that despite no differences in 

unadjusted externalised (outer leaflet) aPL in ACS patients compared with HC, the fraction 

(%) aPL externalised in plasma EV from ACS patients was lower than HC. Of note is the high 

fraction % aPL externalised in EV which was in the order of 50-80%, contrasting with activated 

platelets and leukocytes which were in the order of 10-30% seen in sections 7.2.2 and 7.2.4. 

The association between % aPL and thrombin generation was explored below in section 7.2.7.  
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Figure 7.23. Fraction of PE externalised in plasma EV is lower in ACS/CAD/RF 
compared with HC.  

The fraction of externalised PE was calculated for each sample and expressed as a percentage 
(ng externalised ÷ ng total ´ 100%). Lipids were extracted from EV samples isolated from 6 
ml of plasma as in Materials and Methods. Lipids amounts (ng) were calculated by LC-MS/MS 
with fractions calculated as above and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: healthy 
control (n=24).   
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Figure 7.24. Fraction of PS externalised in plasma EV is similar between ACS and CAD 
patients and HC.  

The fraction of externalised PS was calculated for each sample and expressed as a percentage 
(ng externalised ÷ ng total ´ 100%). Lipids were extracted from EV samples isolated from 6 
ml of plasma as in Materials and Methods. Lipids amounts (ng) were calculated by LC-MS/MS 
with fractions calculated as above and plotted as a box plot with the ggplot2 R package. Box 
edges indicate the interquartile range (IQR) with the median line inside the box. Whiskers 
indicate 1.5 times the IQR.  Statistical significance was tested with Mann-Whitney-Wilcoxon 
test, and where significant differences exist, they are indicated by stars (*: p <0.05, **: p <0.01, 
***: p <0.001). ACS: acute coronary syndrome (n=24), CAD: coronary artery disease but no 
ACS (n=19), RF: Risk factors with no significant coronary artery disease (n=23), HC: healthy 
control (n=24). 
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7.2.7 Thrombin generation on membrane surfaces correlates positively with 

resting platelet and leukocyte % aPL externalised, but negatively with 

plasma EV % aPL externalised. 

 

Next, I wanted to investigate the relationship of aPL amounts with the coagulation capacity 

of plasma membranes, to understand whether platelets, leukocytes and EV differ in their 

contribution to coagulation reactions via aPL lipids. To do this, I carried out correlation 

analyses to examine the dependence between the amounts of aPL species described in this 

chapter and the amount of thrombin generated on the surface of resting platelets, resting 

leukocytes and plasma EV reported in Chapter 5. It is worth specifying that no count 

adjustment for EV data was used for this correlation analysis, so as to provide a more direct 

measure of the relationship between membrane aPL and thrombin generation capacity in the 

EV preparations.  

 

Thrombin generation correlated positively with some total (throughout the membrane) PE 

species in plasma EV and leukocytes, but not platelets (Figure 7.25). Specifically, weak, but 

significant, positive correlations were noted for thrombin generation with total PE 18:0a_18:1 

in leukocytes and EV, and with PE 16:0p_20:4, PE 18:1p_20:4 , PE 18:0p_20:4 and PE 

18:0a_20:4 in EV. There was no correlation seen for thrombin generation with total PS 

18:1a/18:1, PS 18:0a_18:1 or PS 18:0a_20:4 in platelets, leukocytes or EV.  

 

In terms of externalised aPL, there was no correlation observed for thrombin generation 

with any platelet aPL species. However, thrombin generation correlated positively with some 

externalised aPL species in leukocytes, but negatively with externalised PE in EV (Figure 

7.26). Specifically, there was weak (yet significant) positive correlation of thrombin generation 
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with externalised PS 18:0a_18:1 and PE 18:0a_18:1 in resting leukocytes. In EV, whilst there 

was no correlation with externalised PS species, thrombin generation was negatively correlated 

with externalised PE 16:0p_20:4 and PE 18:1p_20:4. 
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Figure 7.25. Thrombin generation correlated positively with total PE species in EV (all 
species), leukocytes (PE 18:0a_18:1) but not platelets.  

A correlation analysis of thrombin generation on the surface of resting platelets, resting 
leukocytes and plasma EV with total (throughout the membrane) aPL species is shown in this 
diagram. The correlated data was generated from the prothrombinase assay and aPL lipid 
quantification for all patients (as in Materials and Methods), Pearson’s R correlation 
coefficients and significance was calculated and graphs plotted with the ggplot2 R package. 
Significant correlations indicated by a red star(s) as follows *: p < 0.05, **: p < 0.01, ***: p < 
0.001. 
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Figure 7.26. Thrombin generation correlates positively with externalised aPL species in 
leukocytes (PE 18:0a_18:1), but negatively with externalised PE in EV (PE 16:0p_20:4, 
PE 18:1p_20:4).  

A correlation analysis of thrombin generation on the surface of resting platelets, resting 
leukocytes and plasma EV with externalised (outer leaflet) aPL species is shown in this 
diagram. The correlated data was generated from the prothrombinase assay and aPL lipid 
quantification for all patients (as in Materials and Methods), Pearson’s R correlation 
coefficients and significance was calculated and graphs plotted with the ggplot2 R package. 
Significant correlations indicated by a red star(s) as follows *: p < 0.05, **: p < 0.01, ***: p < 
0.001.
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Next, to investigate whether there is a relationship between thrombin generation and 

fraction (%) externalised aPL species in resting platelets, resting leukocytes and plasma EV, I 

carried out a correlation analysis. This demonstrated a positive correlation between % aPL 

externalised in resting platelets and leukocytes, but a negative correlation in plasma EV 

(Figure 7.27). Specifically, significant positive correlations with thrombin generation were 

noted for all PE and PS species in resting platelets. In resting leukocytes, significant positive 

correlations were seen for PS 18:0a_18:1, PE 16:0p_20:4, PE 18:0a_18:1, PE 18:0p_20:4 and 

PE 18:0a_20:4. In plasma EV, no correlation was noted with PS, but there was a significant 

negative correlation for all PE species with an R value of -0.68 to -0.65. 

 

Pooling of aPL lipids by head group demonstrated that thrombin generation correlates 

positively with the fraction of externalised PS/PE in platelets and leukocytes, but negatively 

with externalised PE and fraction of externalised PE in plasma EV (Figure 7.28). Specifically, 

significant positive correlations were noted in platelets and leukocytes for thrombin generation 

and all fraction (%) externalised PE, PS and sum of all aPL (PE plus PS). In plasma EV, a 

positive correlation was noted between thrombin generation and total PS and PE, but a negative 

correlation was noted with externalised PE and fraction (%) of externalised PE. 

 

Taken together, these data are consistent with the accepted role of aPL in mediating 

coagulation reactions upon cell activation and increased aPL externalisation20,27. Unexpectedly 

however, plasma EV, which were demonstrated by this thesis to have much higher fraction (%) 

PE externalised on the surface (in the order of >50%, Figure 7.24) compared with activated 

platelets and leukocytes (in the order of <25%, Figure 7.8 and Figure 7.16), demonstrate a 

negative correlation with thrombin generation. In other words, a higher fraction (%) PE on the 



284 

EV surface was associated with lower thrombin generation. Possible implications and 

mechanisms of this will be addressed in the discussion section of this chapter.  
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Figure 7.27. Thrombin generation correlates with fraction (%) externalised aPL 
positively in platelets and leukocytes, but negatively in EV.  

A correlation analysis of thrombin generation on the surface of resting platelets, resting 
leukocytes and plasma EV with fraction (%) externalised aPL species is shown in this diagram. 
The correlated data was generated from the prothrombinase assay and aPL lipid quantification 
for all patients (as in Materials and Methods), the fraction of externalised aPL was calculated 
as a percentage (ng externalised ÷ ng total ´ 100%), Pearson’s R correlation coefficients and 
significance was calculated and graphs plotted with the ggplot2 R package. Significant 
correlations indicated by a red star(s) as follows *: p < 0.05, **: p < 0.01, ***: p < 0.001. 
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Figure 7.28. Combining aPL species by head group demonstrates that thrombin 
generation correlates positively with fraction (%) externalised PS/PE in platelets and 
leukocytes, but negatively with externalised PE and fraction (%) externalised PE in 
plasma EV.  

A correlation analysis of thrombin generation on the surface of resting platelets, resting 
leukocytes and plasma EV with total, externalised and fraction (%) externalised aPL pooled by 
headgroup (PS/PE) is shown in this diagram. The correlated data was generated from the 
prothrombinase assay and aPL lipid quantification for all patients (as in Materials and 
Methods), the fraction of externalised aPL was calculated as a percentage (ng externalised ÷ 
ng total ´ 100%), Pearson’s R correlation coefficients and significance was calculated and 
graphs plotted with the ggplot2 R package. Significant correlations indicated by a red star(s) 
as follows *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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7.3 DISCUSSION 

 

Throughout this chapter, I studied the lipid profiles from platelets and leukocytes in both 

resting and in vitro activated conditions. Whilst it was important to study activated cells to 

examine their capacity to mobilise and externalise aPL20,90, resting states are perhaps more 

relevant in human disease as they reflect the nature of circulating membranes in patients 

following an ACS event. Variations to the resting circulating PL membranes may therefore 

affect coagulation reactions in ACS, and play some part in the increased thrombin generation 

described in the literature288. In this chapter, I demonstrated that patients with ACS have more 

ng externalised aPL on the surface of their resting platelets and leukocytes, but a similar 

fraction (%) aPL externalised, compared with HC. In contrast, plasma EV from ACS patients 

had similar amounts of externalised aPL to HC, but higher total PE which led to a lower fraction 

(%) PE externalised. This may suggest that the proportion of outer/inner leaflet aPL is more 

relevant in driving differences in coagulation reactions between clinical groups than ng 

externalised as will be discussed below. Indeed, thrombin generation was better correlated with 

fraction (%) aPL (positive in platelets and leukocytes, and negative in EV) than ng externalised. 

Seeing as differences in thrombin generation between groups seen in Chapter 5 were mainly 

seen with EV, my findings in this chapter suggest a potential role for circulating EV in 

mediating procoagulant activity in arterial thrombosis driven by % PE composition on their 

membrane surfaces as will be discussed below. 

 

Platelets from patients with ACS had higher levels of externalised aPL compared with 

HC/RF in both resting and activated conditions (Figure 7.2). This is consistent with a recent 

paper by Wang et al where a higher number of PS+ve platelets, as labelled with lactadherin and 

measured with flow cytometry, was detected in patients with ACS compared with controls with 
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cardiovascular risk factors344. However, it is unclear whether these higher external aPL levels 

are a cause or a consequence of the acute inflammation caused by ACS. Whilst having higher 

levels of external-facing aPL may suggest that platelets from ACS patients have more 

procoagulant activity, this was not found to be the case in Chapter 5 where thrombin 

generation on the surface of resting platelets was similar across all groups. Indeed, externalised 

aPL (ng) was not correlated with thrombin generation on the surface of resting platelets as seen 

in Figure 7.26. However, there was a positive correlation noted between fraction (%) of aPL 

externalised and the amount of thrombin generation on the surface of resting platelets (Figure 

7.27). This is consistent with the known essential role of aPL externalisation in mediating 

haemostasis, as seen in patients with Scott syndrome who lack this ability26. This suggests that 

the fraction (%) aPL externalised is more relevant to coagulation reactions than pure amount 

of ng external-facing aPL in platelets. The reason for this may relate to the influence of the PL 

composition of both the inner and outer leaflets on membrane curvature and therefore 

potentially on enzymatic kinetics347. Specifically, it is recognized that PE lipids impose a 

negative membrane curvature due to their inverted conical shape owing to a smaller headgroup 

relative to FA tail (Figure 7.29)347. It is also reported that membranes with a negative curvature 

may allosterically regulate enzymatic activity, as reported for diacylglycerol kinase ϵ bound to 

in-vitro generated liposomes varying in PE/PC amounts346. Therefore, it is conceivable that the 

ratio of outer:inner PE may be more influential than pure amount (ng) of outer PE in 

allosterically regulating coagulation complex activity, which remains untested. 
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Figure 7.29. The influence of PE on the curvature of cell membranes. 

A) Cell membranes exhibit Gaussian curvature due to the biophysical properties of lipid and 
protein components. B) Phosphatidylethanolamine (PE) has an inverted conical biophysical 
shape due to the relatively small headgroup compared to the lipid tail. C) The presence of  
inverted conical lipids, such as PE, in the outer leaflet of the phospholipid membrane results in 
a negative curvature347.
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Unlike platelets, leukocytes from ACS generated more thrombin on their surface compared 

with HC as seen previously in Chapter 5. Additionally, externalized PS 18:0a_18:1 was higher 

in resting leukocytes from ACS patients compared with HC (Figure 7.14) and correlated 

positively with thrombin generation in leukocytes (Figure 7.26). Unlike the conical shape seen 

with lipids containing a PE head group, PS lipids have a cylindrical shape. This may suggest 

that their impact on membrane curvature is less than PE and therefore ng PS external may be 

more important than the ratio between outer and inner PS. The mechanism by which external 

facing PS affects coagulation reactions may be solely through its negative charge in 

physiological pH, and not related to the membrane curvature. Taken together, it is possible that 

the higher thrombin generation on the surface of resting leukocytes in ACS vs HC described in 

Chapter 5 is related to the higher external PS 18:0a_18:1 observed in this chapter. This is 

consistent with similar observations reported in the literature, where a higher number of PS+ve 

leukocytes correlated to more thrombin and FXa generation on the surface of leukocytes from 

ACS patients compared with controls344.  

 

The higher amounts of total PE seen in EV samples from ACS, CAD and RF patients 

compared with HC (Figure 7.19) is likely related to the higher number of circulating EV seen 

in these patient groups compared with HC as shown in Chapter 5 and previously reported in 

the literature349. As described earlier, recognizing that the biophysical properties of the 

membrane curvature may be influenced by both external and total aPL, the fraction (%) aPL 

externalised was calculated, showing lower % PE externalised in EV samples from ACS 

compared with HC (Figure 7.23). Unlike platelets and leukocytes however, the fraction (%) 

PE in EV samples correlated negatively with thrombin generation (Figure 7.27). This is despite 

the observation that EV have a very high amount of fraction % PE externalised (>50%, Figure 

7.24) compared with platelets and leukocytes (<25%, even following activation, Figure 7.8 
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and Figure 7.16). Indeed, when I plotted the amount of thrombin generated against the fraction 

% PE from all samples, I observed an inverted-U relationship as shown below in Figure 7.30. 

In other words, the amount of thrombin generation increases with rising fraction % PE 

externalised until a point (around 40-50% external:total membrane PE), when it takes a turn 

downwards with lower thrombin generation at very high % PE externalisation (>50%) (Figure 

7.30). The mechanism for this is unknown, but possible factors influencing this interaction may 

relate to the different curvature between blood cells and EV. The smaller diameter of EVs 

compared with blood cells makes them have a higher curvature348. When this is combined with 

the very high fraction % PE externalised (inverted cone shape), it may lead to a much more 

negative curvature on the surface of EV compared with platelets and leukocytes346,347,350. This 

very high curvature in turn may allosterically modify coagulation factor assembly on the EV 

membrane surface leading to possible factor sequestration or inhibition of prothrombinase 

activity346,347,350. The observation of higher membrane procoagulant ability at lower negatively 

charged PL concentration was also observed by previous studies examining procoagulant 

HETE-PE containing liposomes in vitro81. This was hypothesized to be a consequence of lower 

lipid content enabling coagulation proteins to co-localize in smaller areas at higher 

concentrations81. This hypothesis remains untested but highlights a new perspective on the role 

of the aPL-rich EV in influencing procoagulant reactions through high % PE externalisation 

and membrane curvature81. 
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Figure 7.30. Thrombin generation exhibits an inverted-U relationship with the fraction 
% PE externalised on membrane surfaces.  

A scatter plot of thrombin generation on the surface of resting platelets, resting leukocytes and 
plasma EV with fraction (%) externalised PE species is shown in this diagram. A curve of best 
fit was drawn using Local Polynomial Regression Fitting (‘loess’ function in R) and plotted 
with 95% confidence intervals (shaded grey). Data was generated from the prothrombinase 
assay and aPL lipid quantification for all patients (as in Materials and Methods), the fraction 
of externalised PE was calculated as a percentage (ng externalised ÷ ng total ´ 100%). Graphs 
plotted with the ggplot2 R package and samples labelled by type (platelets, leukocytes or EV). 
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It is generally accepted that annexin V+ve  EV (containing externalised aPL) are 

procoagulant. Many studies have concluded that a higher number of EVs implies more PS 

exposure in the circulation which in turn could lead to a more procoagulant phenotype213,229,351.  

This was observed in a study by Liu et al, where ACS patients were noted to have more PS+ve 

EV compared with healthy controls. In the same study, the authors demonstrated that in-vitro 

tenase and prothrombinase activity on EV-rich plasma fractions correlated positively with EV 

counts and was significantly reduced upon blocking PS-binding sites with lactadherin351. 

However, methods used in the literature to study PS+ve EV are limited to flow cytometry-based 

assays that rely on the use of annexin V. This marker is used to label EV with externalised aPL, 

but does not allow for the accurate quantification of external aPL amounts nor for determining 

the total aPL content within the membranes. Therefore, any conclusions from such study may 

be due to the impact of EV count on thrombin generation as opposed to altered EV membrane 

aPL amounts. To complicate matters, recent advances in cryo-transmission electron 

microscopy have demonstrated that almost half of EV released by platelets were not labelled 

by annexin V352,353. This raises doubts as to the sensitivity of annexin V probes in detecting EV 

which by definition must contain aPL on their outer leaflet, compromising the quantitative 

accuracy of methods employing this probe to detect aPL217,349. To tackle the limitations with 

annexin V-based aPL quantification, this chapter utilises the only technique published to date 

to quantify aPL with a high degree of accuracy distinguishing between external and total 

membrane aPL using LC-MS/MS and biotin derivatisation117. Furthermore, whilst this method 

has been used before in platelets and leukocytes, this chapter represents a novel description of 

applying this technique to plasma EV20, demonstrating that the fraction % PE externalised may 

influence EV procoagulant activity given its correlation with thrombin generation on the 

surface of plasma EV samples.  
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7.4 CONCLUSION 

 

In conclusion, despite positively correlating with thrombin generation across the cohort, 

the fraction (%) aPL on platelets and leukocytes from ACS patients was similar to samples 

from HC participants, suggesting that the aPL lipidome of these cells is unlikely to contribute 

to systemic activation of the coagulation system that follows ACS.  

 

Unlike platelets and leukocytes however, the distribution of aPL in plasma EV was 

predominantly on the outer leaflet of the membrane. Furthermore, there was a lower fraction 

(%) aPL externalised in plasma EV from ACS patients compared to HC participants. This was 

accompanied by a negative correlation between the fraction (%) externalised PE and thrombin 

generation on the surface of plasma EV. Taken together, this suggests an inverted-U 

relationship between aPL externalisation and thrombin generation. This in turn highlights a 

possible new role for plasma EV in mediating coagulation reactions, where ‘less is more’ when 

it comes to the proportion of external:total aPL and coagulation reactions.  
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The overarching aim of this thesis was to characterise the inflammatory procoagulant lipidome 

within arterial clots and circulating blood cells and EV from patients with arterial thrombosis, as well 

as investigate variations in the healthy eoxPL platelet lipidome in response to aspirin, gender and 

thrombin. The hypothesis being that an altered procoagulant surface in circulating blood cells 

contributes to the underlying mechanisms of thrombosis in ACS.  To this end, I demonstrated the 

presence of HETE-PL lipids within three groups of human arterial thrombi, established that thrombin 

generation on the surface of EV is higher in ACS compared to HC correlating negatively with % PE 

externalized, and found that aspirin leads to more diacyl 12-LOX derived eoxPL generation in thrombin 

activated platelets (Figure 8.1). These findings are novel and provide new evidence to suggest that 

inflammatory procoagulant phospholipids may be associated with arterial thrombosis, building on the 

the increasing acceptance of the ‘inflammatory hypothesis’ behind arterial thrombosis, and 

representing possible new targets for consideration of further studies. 
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Figure 8.1. Graphical summary of findings from this thesis.  

A: the first part of this thesis examined platelet eoxPL profiles in a ‘healthy cohort’ with the key finding of an increase in diacyl 12-HETE-PL in 
thrombin-activated platelets from donors on aspirin . B: the larger part of this thesis examined a ‘clinical cohort’ representing a spectrum of 
coronary disease, investigating membrane procoagulant properties and the HETE-PL and aPL lipidomes from platelets, leukocytes and plasma 
EV. The key findings from this section are higher thrombin generation on the surface of plasma EV from ACS/CAD/RF v HC, with an inverse 
association between thrombin and % external PE. C: The HETE-PL lipidomes from arterial thrombi was investigated as part of this thesis, with 
the key finding being the presence of HETE-PL lipids within the clot architecture. 
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8.1 PLATELET EOXPL IN HEALTHY DONORS 

Prior to this thesis, the largest study of healthy human platelet eoxPLs included only three 

participants, which limited any conclusions on how the platelet lipidome varies in response to 

thrombin and aspirin supplementation70. Nevertheless, these studies demonstrated that 

thrombin, a potent platelet agonist, led to the elevation of almost 900 lipids by more than two-

fold, the majority of which were not present in resting state. In addition, the study demonstrated 

that approximately 45% of the lipids generated in response to thrombin decreased by at least 

50% with aspirin supplementation, indicating an important role for COX-1 in their formation70. 

Nevertheless, there was a large degree of variation between the three genetically unrelated 

participants both in their response to thrombin and aspirin, with one donor demonstrating more 

lipid generation (amount and number) in response to thrombin, whereas another demonstrating 

less inhibition of the lipid pool in response to aspirin. Additionally, the study was not powered 

to detected differences in how 12-LOX generation of eoxPL was affected by aspirin.  Given 

the importance of eoxPL in driving coagulation and inflammatory reactions, the first part of 

this PhD thesis (Chapter 3)  examined platelet lipid extracts from a previously recruited 

healthy cohort of 28 genetically unrelated adults to investigate variation in eoxPL in platelets 

in response to thrombin, aspirin and gender (Figure 8.1A). This is the largest cohort to date to 

examine the platelet eoxPL lipidome, demonstrating that the levels of eoxPL increase in 

response to thrombin and cluster by their enzymatic origin. Aspirin supplementation 

consistently reduced the amounts of COX-1 generated eoxPL in thrombin-activated platelets, 

but also increased the amounts of 12-LOX generated eoxPL associated with an acyl group at 

the sn1 position. This finding was replicated in the clinical cohort platelet HETE-PL profiles 

described in Chapter 6. The likely mechanism for this is unclear, but seems to be downstream 

of 12-LOX activity since the levels of free 12-HETE were unaffected by aspirin 

supplementation (Figure 3.14), suggesting that the likely mechanism for the higher diacyl 
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12-HETE-PL amounts relates to the re-acetylation process of free 12-HETE to acyl lysoPL. It 

is therefore possible that aspirin affects the LPAT/MBOAT enzymes directly by modifying 

their structure and activity. Whilst no studies to date have demonstrated such a direct effect of 

aspirin on LPATs, it is known that aspirin-induced acetylation of lysine and/or serine residues 

contained within enzyme structures other than COX may alter their function354. In fact, aspirin 

has been shown to acetylate numerous biomolecules such as albumin, RNA and histones, 

which has given rise to interest in studying the COX-independent aspirin activity in fields such 

as cancer research where aspirin has demonstrated a promising role354-356. This widespread 

aspirin activity may cause an indirect effect on LPAT/MBOAT by interfering with upstream 

pathways such as mitogen activated protein kinases (MAPK)53,357. Alternatively, by interfering 

with COX-1 eicosanoid synthesis, the effect of aspirin on HETE-PL synthesis may be an 

indirect consequence of reducing TxA2-mediated platelet function358. In all proposed cases, the 

findings from this thesis suggest that aspirin leads to more re-esterification of free HETE to 

acyl lysoPL, but the exact mechanism for this, and whether it is a direct or indirect aspirin 

effect, remains unclear and may require further studies as will be suggested in section 8.7.  

 

The clinical implication of more 12-HETE-PL in the membranes of thrombin-activated 

platelets, caused by aspirin supplementation, is unknown. Studies from our group demonstrated 

that increasing the amount of 12-HETE-PL in PL membranes enhances the negative surface 

charge and promotes the assembly of coagulation factors in a dose-dependent manner69,81. This 

may therefore suggest that the aspirin-related increase in procoagulant eoxPL on the surface of 

thrombin activated platelets could lead to more thrombin generation. However, studies 

examining thrombin generation on the surface of liposomes with increasing proportions of 

HETE-PL demonstrated an inverted U relationship, whereby higher levels of eoxPL generated 

less thrombin than lower levels81. This was thought to be related to a possible colocalization of 
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coagulation factors in smaller areas at higher concentrations on the liposomal surface, although 

this mechanism remains untested. It is possible therefore that the higher levels of 12-HETE-PL 

that are induced by aspirin on the surface of thrombin-activated platelets may lead to an 

additional anti-thrombotic phenotype by reducing the amount of thrombin formed. Exploring 

this in-vivo would be limited by difficulties in examining thrombin generation on the surface 

of activated platelet aggregates and the lack of assays to do so.  

8.2 HETE-PL IN ARTERIAL THROMBI 

Although HETE-PL were shown to be essential to coagulation in murine models of venous 

thrombosis69,72, there’s limited evidence to show that they are present within human clot 

architecture. Only one study to date has carried out LC-MS/MS on human thrombi showing 

their presence in clots extracted from patients with AAA119. In these patients, an atherosclerotic 

process takes place in the abdominal aorta leading to aneurysms that contain intramural 

thrombi150,359. Subsequent murine studies of AAA demonstrated that genetic deletion of Alox12 

and Alox15, which results in the absence of 12- and 15-HETE-PL, were protective against the 

development of AAA119. Beyond this study, no others have shown the presence the HETE-PL 

within arterial thrombi. For this reason, a lipidomic analysis of arterial thrombi was carried out 

as part of this thesis (Figure 8.1C) to investigate the presence of HETE-PL in human coronary, 

peripheral and carotid clots (Chapter 4). This demonstrated the presence of HETE-PL lipids 

in all isolated clots, with higher levels in the coronary clots.  Of the different positional isomers 

detected, 12-HETE-PL accounted for most of the variance between the different types of clots. 

This probably relates to the contribution of platelets, where most of circulating 12-HETE-PL 

is generated, to the thrombotic process. What is lacking from this thesis however is a 

mechanistic explanation of the role of these lipids in human arterial thrombotic disease. Given 

the procoagulant role these lipids play, one could hypothesize that interfering with their 
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formation may affect arterial thrombus formation. Whilst testing this would not be possible in 

humans, due to the absence of specific LOX inhibitors, it may be tested in mice. This could be 

in the form of utilizing arterial thrombosis models, such as ferric chloride carotid artery injury, 

in Alox15 and Alox12 knockout mice compared to wildtype, as will be suggested in section 8.7. 

If this demonstrates a protective phenotype, it could spark interest in developing agents that 

block LOX function which could serve as anticoagulants.  

 

8.3 THROMBIN GENERATION ON CIRCULATING MEMBRANES FROM PATIENTS WITH ACS 

Patients who suffer from an acute ischaemic event, such as ACS or stroke, are at a 

significantly higher risk of experiencing recurrent ACS, stroke or die from cardiovascular 

causes compared to those without ACS. This is thought to be related to residual inflammation 

which correlates positively with sustained activation of the coagulation system in the months 

that follow, although no mechanisms for this activation have been proposed360-362. Given that 

phospholipids play a major role in mediating coagulation reactions, I tested whether the 

membrane surfaces of  platelets, leukocytes and plasma EV were more coagulant in patients 

with ACS compared to healthy controls (Figure 8.1B). This was described in Chapter 5 and 

demonstrated that PL membranes from plasma EV and leukocytes, but not platelets, support 

higher thrombin generations in patients with ACS compared with HC in a TF-independent 

fashion. These findings could contribute to the sustained activation of the coagulation system 

described in the literature for patients with a recent history of ACS. Whilst platelets have 

traditionally been viewed as the main drivers of thrombosis in ACS, it was leukocytes and 

plasma EV which demonstrated higher procoagulant membrane phenotypes compared to HC. 

Current therapies do not target leukocytes or plasma EV in the management of arterial 

thrombosis, which could represent an unaddressed therapeutic area to reduce the residual 
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thrombotic burden of ACS patients. Additionally, the findings of higher procoagulant 

membrane properties could present a case for targeting PL membranes in patients with ACS 

with the aim of reducing the prothrombotic burden. However, the timing of any such 

intervention requires more characterisation of this observation. For instance, in this thesis, all 

ACS samples were taken within 48 of the acute event, and therefore the findings reflect the 

acute phase. This immediate stage is known to be prothrombotic and is the reason why patients 

may receive more intensive anti-thrombotic treatment in the first few days after ACS such as 

the addition of a low molecular-weight heparin363. It is unclear however whether the phenotype 

of more procoagulant membrane properties continue in the weeks or months after the acute 

event where persistent activation of the coagulation system have been described in ACS361. To 

test this, patients with a history of ACS in the last 12 months could be studied at various stages. 

In fact, longitudinal studies of patients with ACS in the acute (48 hours), intermediate (6 weeks) 

and distant (6 months) phase could shed more information on the variation of procoagulant 

membrane properties over time. 

 

8.4 THE PROCOAGULANT LIPIDOME ON CIRCULATING MEMBRANES IN ACS PATIENTS 

After investigating membrane procoagulant abilities on the surface of resting platelets, 

resting leukocytes and plasma EV in ACS vs HC, as described above, I proceeded to 

characterise the procoagulant lipidome from these samples. The HETE-PL lipidome was 

described in Chapter 6 demonstrating very low levels of HETE-PL in resting platelets, 

leukocytes and plasma EV with no differences between groups (Figure 8.1B). This suggests 

that the procoagulant activity noted in ACS patients on the surface of resting leukocytes and 

plasma EV is unlikely to be caused by increased activation of the LOX/eoxPL pathways. 

Whilst this thesis is the first study investigating differences in HETE-PLs in arterial 
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thrombosis, recent studies examining the oxidized lipidome have been reported on different 

human thrombotic conditions. In 2017, a study on patients with APLS and history of venous 

(but not arterial) thrombosis reported higher resting levels of HETE-PL compared with healthy 

controls69. In fact, the study went on to demonstrate higher levels of plasma immunoglobulin 

G (IgG) against HETE-PL, suggesting that exposure to the higher resting levels had triggered 

an immune response in APLS patients.  Other studies on arterial thrombosis have demonstrated 

higher levels of non-enzymatically formed oxPL in patients with ACS compared to controls, 

although the procoagulant role of that group of lipids was not tested68. The findings of this 

thesis therefore suggest that HETE-PL may be associated with acute thrombus formation, as 

evidenced by their presence within arterial thrombi, but are unlikely to contributed to the 

residual risk of thrombosis given that they are not elevated in resting states on circulating 

membrane surfaces. 

 

Another major group of PL which could contribute to the procoagulant activity of 

circulating membrane surfaces are native aPL. These lipids were characterised in Chapter 7 

and the data was analysed in tandem with the amount of thrombin generated on the surface of 

these membranes (Figure 8.1B). Across all samples irrespective of clinical groups, there was 

a positive correlation between the fraction (%) aPL externalised and the amount of thrombin 

generated on the surface of resting platelets and leukocytes. This is consistent with the accepted 

role of aPL on the surface of these cells as procoagulant molecules, whereby more 

externalisation leads to more coagulation reactions20. Platelets from ACS patients had similar 

fraction (%) aPL externalised compared with HC, which fits with the lack of difference noted 

in the amount of thrombin generation. Leukocytes on the other hand had higher thrombin 

generation in ACS vs HC, despite having a similar fraction (%) aPL externalised between the 

two groups. This could be due to differences in sensitivity between assays,  whereby small non-
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significant lipidomic differences result in a detectable difference in thrombin generation. 

Alternatively, there could be unmeasured lipids at play which are yet to be identified as part of 

the coagulation reactions. Nevertheless, the use of LC-MS/MS to characterise aPL on plasma 

membranes is an underutilised tool in this area of research which has traditionally relied on 

non-quantitative techniques with Annexin V/Lactadherin based markers of surface aPL.  

 

Thrombin generation on the surface of plasma EV samples from ACS, CAD and RF was 

significantly higher compared to HC. Whilst HETE-PL were undetectable in plasma EV, aPL 

were abundant. This is consistent with the definition of EV as aPL-rich vesicles irrespective of 

whether they are ectosomes, exosomes or apoptotic bodies. Unlike platelets and leukocytes 

however, the proportion of externalised aPL was much higher in plasma EV (~75% 

externalised in EV, compared to ~5% in resting platelets and leukocytes). Additionally, 

thrombin generation demonstrated an inverse correlation with the fraction (%) aPL externalised 

on the surface of plasma EV. Indeed, patients with ACS had higher thrombin generation, but 

lower fraction (%) PE externalised compared with HC. This novel finding suggests that 

coagulation reactions are regulated differently by EV compared to platelets and leukocytes, 

where ‘less aPL is more thrombin’. One possibility could relate to the biophysical properties 

of EV membranes which would have higher curvature owing to their small diameters (<1000 

nm). This could enable coagulation proteins to colocalize in smaller areas at higher 

concentrations, leading to less thrombin generation due to possible factor sequestration. This 

hypothesis however requires testing, but has been proposed previously with procoagulant lipids 

on the surface of liposomes measuring around 150-200nm81. Nevertheless, this thesis provides 

the first description of targeted LC-MS/MS measurement of aPL in EV using biotin 

derivatisation to distinguish external and total aPL amounts. Given the importance of aPL in 

mediating haemostatic reactions, as demonstrated in Scott syndrome, and EV formation, it 
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could be hypothesized that targeting these negatively charged lipids with an inhibitor, as will 

be suggested in section 8.7.  could serve as a potential therapeutic application to block the 

prothrombinase activity seen on the surface of EV in patients with ACS.  

8.5 LIMITATIONS 

There are a number of limitations to the work presented in this thesis. Firstly, the cross-

sectional nature of the study on the ‘clinical cohort’ may be confounded by inter-individual 

variations which may limit their interpretation. Secondly, whilst studying patients with ACS 

may reveal some underlying lipidomic and functional differences, it is difficult to disentangle 

what is a cause or a consequence of the index event. This difficulty is widespread in the field 

due to the inability of researchers to predict when an ACS event will take place and therefore 

when sampling should occur153. Whilst prospective cohort studies such as the Framingham and 

the Northwick Park heart studies attempted to circumvent that by regular sampling of patients 

before, during and beyond cardiovascular events, it is impractical to do this when fresh cell 

samples are required for the laborious lipidomic processing employed in this thesis364,365. 

Finally, despite meeting initial criteria and power calculations to detect a difference at 5% alpha 

with 80% power, the sample size of this study is considered small and further validation and 

replication in a larger cohort would be necessary.  

8.6 CONCLUSION 

In conclusion, the body of work presented in this thesis set out to characterise the 

procoagulant lipidome in arterial thrombosis and test whether it varies in states of health and 

disease using LC-MS/MS and TF-independent coagulation assays. To this end, it was evident 

that procoagulant lipids are detected within arterial thrombi, have a differing profile between 

ACS and HC in circulating cells and plasma EV, and may explain a higher surface procoagulant 

ability in this disease state. Expanding on the findings of this thesis, and testing whether 
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interference with the procoagulant lipidome alters the observed incidence of arterial thrombosis 

may move the field closer towards utilising PL as therapeutic targets for the treatment of  

thrombosis. 

 

8.7 FUTURE DIRECTIONS 

8.7.1 Confirming cellular origin of HETE-PL in arterial thrombi, and 

understanding the dynamics of clot formation under shear. 

To confirm the cellular origin of HETE-PL isomers found within arterial thrombi, further 

studies may utilise MALDI imaging in combination with immunohistochemistry imaging of 

tissue to localise products to their origin. For this, more arterial clots will need to be collected 

under a new ethical approval, and collaborations established with research groups that have the 

MALDI set up. 

 

8.7.2 Exploring the role of Alox15 and Alox12 on murine models of arterial 

thrombosis. 

Unlike venous thrombosis, the effect of Alox15 and Alox12 on arterial thrombosis has not 

been investigated. I plan to utilise our mouse colonies to carry out carotid artery ferric chloride 

injury to compare the content and the size/weight of the generated clot. I hypothesize that 

Alox15-/- and Alox12-/- will form smaller clots, which would add to the evidence of their 

mechanistic role in arterial thrombosis.  

 



307 

8.7.3 Interfering with thrombin generation using PL and EV inhibitory 

agents 

Given the correlations noted between aPL, eoxPL and thrombin generation, and in 

combination with their established role in contributing to coagulation reactions, it would be 

interesting to study the effects of interfering with the procoagulant membrane, using existing 

or novel molecules, in altering the thrombin generation ability of cells. This could provide an 

avenue for developing therapeutic agents. It would require a combination of in vitro and in vivo 

studies to confirm potential efficacy of any such molecule. These ideas are currently in the 

planning stage, and I will likely take them forward after the PhD.  

 

Equally, interfering with procoagulant EV formation from activated cells may offset the 

observed higher incidence of thrombosis in ACS and may provide a target for intervention. 

This however is an evolving field, and would require collaborations with an expert EV group 

to targeting modulators of EV formation and release. Currently, most studies on EV have 

focused on their role as biomarkers, which could be utilised to predict which patients are at a 

higher risk of thrombotic sequelae to aid decisions on personalised anti-thrombotic therapy. 

 

8.7.4 Characterising the role of aspirin in modifying eoxPL re-

esterification pathways 

The differential effect that aspirin has on diacyl vs plasmalogen 12-HETE-PL generation 

in activated platelets merits further investigation. It is likely related to LPAT activity or 

expression. To study LPAT expression, perhaps transcriptomic analysis of platelets and 

megakaryocytes to determine which LPAT enzymes are present in platelets, followed by 

examining the effects of aspirin on their expression at an RNA level would form a reasonable 
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starting point to investigate this phenomenon. LPAT activity may be studied through 

international collaborations with groups that have genetically modified mice that lack one of 

more of the LPAT enzymes. 

  

8.7.5 Understanding the physical interaction of aPL on the surface of EV 

with thrombin generation 

It is possible that the negative correlation between fraction (%) PE in plasma EV and 

thrombin generation on their surface is a manifestation of plasma EV acting as a ‘sink’ for 

coagulation factors by virtue of biophysical properties including membrane curvature. This 

may be investigated further using in silico biophysical modelling and/or in vitro experiments 

utilising liposomes with varying fraction (%) aPL composition.  
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10.1 APPENDIX 10.1 – PATIENT INFORMATION LEAFLET (ACS) 

The information leaflet for patients with ACS as part of the ‘clinical cohort’. 

  
Version 2.0 date (Cardiac) 02 January 2019     IRAS Project ID: 243701 

 
 

 

                                      Patient Information Leaflet 

 

Title of Study:  A pilot, exploratory study to investigate procoagulant phospholipids in arterial 
thrombosis 

Thank you for expressing an interest in this study. Before deciding whether you wish to take 

part, it is important that you understand why the study is being done and what it involves.  Please 

take time to read this information carefully and consider discussing it with family or friends. This 

study is being undertaken as part of an educational project. 

 

What is the purpose of the study? 

Clots form on the surfaces of cells in the blood such as platelets and white cells.  Fatty 

molecules (phospholipids) in the membrane of these cells bind to clotting factors and help to control 

the formation of a clot.  When cells become active, they release small packages of membranes 

(microparticles) which also contribute to clot formation.  Different fatty molecules may help to 

control how thick or thin the blood is.  If the blood is too thick, clots can form where they are not 

wanted leading to heart attacks.  The aim of this study is to find out which phospholipids are present 

on the surface of cells and microparticles in people who have clotting disease and compare them 

with individuals who don’t. This may help explain why some people are prone to clotting. 

Why have I been chosen? 

We are looking for volunteers to help try to identify whether certain phospholipids cause 

increased clotting.  You have been invited to take part in the study because you have recently 

experienced a heart attack.  

Do I have to take part? 

No, taking part is entirely your decision.  If you decide to participate, we will discuss the study 

and go through the information leaflet with you.  We will then request that you sign a consent form 

to show that you have agreed to take part.  You can decide to withdraw from the study at any time, 

even if you have signed the consent form. This will not affect any of your current treatment or future 

care in any way. 
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What will the study involve? 

A member of the research team will explain the study and answer any questions that you have. 
You will be asked to sign a consent form but you should only do this if you are happy to take part. 

A blood sample will be taken by a trained member of the research team in a designated clinical 
area in the cardiology department, or if you are receiving in-patient treatment, the sample will be 
taken on the ward.  

The total amount of blood that will be taken is 75ml (equivalent to just over 4 tablespoons).  

As part of the study, we want to identify any risk factors in your medical background that 
contribute to clot formation.  Clinical data related to your thrombotic condition will be recorded by 
the study team, however this will be kept confidential and no identifiable data will be shared outside 
of the study.  

Will I be required to re-attend?   

No, will not need to attend for further testing. 

Can I withdraw from the study at a later date?   

Yes, all participants have the right to withdraw from the study at any time by contacting the 
study team (details below). If you withdraw from the study, data collected up to the point of 
withdrawal will be kept. Any unanalysed tissue collected up to the point of withdrawal will be 
destroyed. No further data or tissue would be collected or any other research procedures carried out 
on or in relation to you. 

What will happen to the blood samples that are taken? 

The blood for the specialised tests on phospholipids and microparticles will be processed on the 
day the sample is taken.  Most tests will be done that day although some will be performed and 
analysed later on samples which will be kept securely in the Infection and Immunity laboratory in the 
Sir Geraint Evans Cardiovascular Research Building at the School of Medicine Cardiff University. The 
samples that are stored will be labelled by a pseudo-anonymized study number.  We will be able to 
link the study number to you so the laboratory results and clinical details can be linked. All samples 
will be processed on the day in accordance to the Human Tissue Act 2004 and will be deemed “non-
relevant” as it would have been “treated, processed or lysed through a process intended to render 
them acellular.”. These “non-relevant” material will be stored by the research team in the School of 
Medicine Cardiff University for up to 5 years for research governance purposes, and will be 
destroyed thereafter. 

 What information will be collected about me? 

We will record your age and gender as well as clinical information related to your clotting 
disorder on a database identified by a study number. We will be able to link the study number to 
your name and hospital records through a separate database.  
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Cardiff and Vale Health Board will collect information from you and your medical records for 
this research study in accordance with our instructions. The site will keep your name, NHS number, 
Date of Birth and contact details confidential and will not pass this information to Cardiff and Vale 
UHB. [NHS/other site] will use this information as needed, to contact you about the research study, 
and make sure that relevant information about the study is recorded for your care, and to oversee 
the quality of the study. Certain individuals from Cardiff and Vale UHB and regulatory organisations 
may look at your medical and research records to check the accuracy of the research study. Cardiff 
and Vale UHB will only receive information without any identifying information. The people who 
analyse the information will not be able to identify you and will not be able to find out your name, 
NHS number, Date of Birth or contact details.  

Cardiff and Vale Health Board will keep identifiable information about you from this study for 5 
years after the study has finished. 

What are the risks of taking part in the study? 

We require a blood sample at study entry.  The risks associated with blood taking include mild 
pain and bruising. The total volume of blood taken (approximately 4 tablespoons in total) is small 
when compared to the total amount of blood in the body. We would therefore not expect this to 
cause any harm. We will not be changing your treatment in any way. 

Will the study benefit me directly? 

It is unlikely that the study will provide information that helps you directly but it may help us to 
better understand why some people get clots. If the results of the study may be beneficial to your 
care we will discuss this with you. 

How will my information be kept secure? 

Cardiff and Vale UHB is the sponsor for this study based in the United Kingdom. We will be 
using information from you and your medical records in order to undertake this study and will act as 
the data controller for this study. This means that we are responsible for looking after your 
information and using it properly. Cardiff and Vale UHB will keep identifiable information about you 
for 5 years after the study has finished. The study team will store study data securely without any 
identifiable data in an encrypted and password protected database which complies with the General 
Data Protection Regulation (GDPR) and Data Protection Act 2018. These data will be held by the 
study team for up to 5 years. 

Your rights to access, change or move your information are limited, as we need to manage your 
information in specific ways in order for the research to be reliable and accurate. If you withdraw 
from the study, we will keep the information about you that we have already obtained. To safeguard 
your rights, we will use the minimum personally-identifiable information possible. You can find out 
more about how we use your information by contacting cav.ig.dept@wales.nhs.uk. 

What will happen to the results of the study? 

The results may be submitted for publication in a journal that is accessible to the public.  They 
will also contribute to a research project funded by the Wellcome Trust.  Your data will be 
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Version 2.0 date (Cardiac) 02 January 2019     IRAS Project ID: 243701 

anonymised and therefore you cannot be personally identified. Access to a summary of the study 
results may be obtained by directly contacting the study team by email on ProttyM3@cardiff.ac.uk. 
It is anticipated that the first such summary will be available from early 2020 onwards. 

Will my GP or other health care professional be informed that I am taking part in the study? 

This study will not affect your care in any way and so we will not notify your GP or other health 
care professional unless you ask us to. 

What if there is a problem?  

If you have any concerns about any aspect of this study, you should ask to speak to the 
researchers who will do their best to answer your questions (contact details at the end). If you 
remain unhappy and wish to complain formally, you can do this by using the NHS complaints 
procedure. Details can be found on the NHS website or ask a member of staff.  

In the unlikely event that something does go wrong, and you are harmed during the research 
study there are no special compensation arrangements. If you are harmed and this is due to 
someone’s negligence, then you may have grounds for a legal action for compensation against your 
local Trust/Health Board but you may have to pay your legal costs. The normal National Health 
Service complaints mechanisms will still be available to you.  

Who funds and supervises the study? 

The study is being funded by the Wellcome Trust.  The study has been reviewed by the 
Yorkshire & The Humber - Leeds East independent ethics committee. 

If I am interested in the study, how do I enrol? 

If you are interested in taking part, please contact the research team by email: 
ProttyM3@cardiff.ac.uk. 

Contact details for researchers:- 

Prof Zaheer Yousef, Consultant Cardiologist, Department of Cardiology, University Hospital of Wales, 
Heath Park, Cardiff, CF14 4XN. Telephone: 029207 42972 

Dr Majd Protty, Cardiology Registrar, Sir Geraint Evans Cardiovascular Research Building, Cardiff 
University School of Medicine, Heath Park, Cardiff, CF14 4XN. Telephone: 029206 87309. 

Contact details for independent contact:- 

Dr Steve Knapper, Department of Haematology, Cardiff University School of Medicine, Heath Park, 
Cardiff, CF14 4XN. Telephone: 02920 745379. 

Local site details: 

Principal Investigator and their contact details: Dr Majd Protty, Cardiology Registrar, Sir Geraint 
Evans Cardiovascular Research Building, Cardiff University School of Medicine, Heath Park, Cardiff, 
CF14 4XN. Telephone: 029206 87309. 
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10.2 APPENDIX 10.2 – CONSENT FORM (ACS PATIENTS) 

The consent form for patients with acute coronary syndrome as part of the ‘clinical cohort’. 

 
When completed, 1 for patient; 1 for researcher site file; 1 (original) to be kept in medical notes  
Version 2.0 (cardiac) date 02/01/2019     IRAS Project ID: 243701 

  
 

Consent Form v2.0 
 

Title of Study:  A pilot, exploratory study to investigate procoagulant phospholipids in 
arterial thrombosis. 
 
Patient Identification Number for this study: _______________ 
 
 

Please initial the boxes                            

1. I confirm that I have read and understand the information sheet dated 02 Jan 2019 
for the above study. I have had the opportunity to consider the information, ask 
questions and have had these answered satisfactorily.  

 
2. I understand that my participation is voluntary and that I am free to withdraw at any 

time without giving any reason, without my medical care or legal rights being 
affected.  

 
3. I understand that relevant sections of my medical notes and data collected during the 

study may be looked at by individuals from regulatory authorities, Cardiff & Vale UHB 
or NHS Health Board overseeing the research. I give permission for these individuals 
to have access to my records.  

 
4.  I agree to take part in the above study and I understand that a total of 75 ml (just 

over 4 tablespoonfuls) of blood will be taken for research purposes.  
 

5. I agree that my data will be stored securely for up to 5 years before being destroyed.  
 
 
Name of Patient (printed): ………………..…………….……………             Date:……………….  
 
Signature: …………………………………. 
 
Name of Person taking consent: …………………………………..                   Date: ………………. 
 
Signature: ………………………………….. 

 

 

 

 

 

INITIALS 
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10.3 APPENDIX 10.3 – PATIENT INFORMATION LEAFLET (HC, RF AND CAD) 

The information leaflet for control patients as part of the ‘clinical cohort’. 

 

Version 1.0 date (Controls) 02 January 2019     IRAS Project ID: 243701 

 
 

                                      Patient Information Leaflet 

Title of Study:  A pilot, exploratory study to investigate procoagulant phospholipids in arterial 
thrombosis 

Thank you for expressing an interest in this study. Before deciding whether you wish to take 
part, it is important that you understand why the study is being done and what it involves.  Please 
take time to read this information carefully and consider discussing it with family or friends. This 
study is being undertaken as part of an educational project. 

What is the purpose of the study? 

Clots form on the surfaces of cells in the blood such as platelets and white cells.  Fatty 
molecules (phospholipids) in the membrane of these cells bind to clotting factors and help to control 
the formation of a clot.  When cells become active, they release small packages of membranes 
(microparticles) which also contribute to clot formation.  Different fatty molecules may help to 
control how thick or thin the blood is.  If the blood is too thick, clots can form where they are not 
wanted leading to heart attacks.  The aim of this study is to find out which phospholipids are present 
on the surface of cells and microparticles in people who have clotting disease and compare them 
with individuals who don’t. This may help explain why some people are prone to clotting. 

Why have I been chosen? 

We are looking for volunteers to help try to identify whether certain phospholipids cause 
increased clotting.  You have been invited to take part in the study because you have not had a heart 
attack, but you fall into 1 of the 3 categories that we are interested in studying as controls: 

- Patients with significant coronary artery disease without a heart attack, Or 
- Patients without significant coronary artery disease, but with risk factors for ischaemic heart 

disease, Or 
- Healthy volunteer (no history of coronary artery disease and no risk factors for ischaemic 

heart disease) 

Do I have to take part? 

No, taking part is entirely your decision.  If you decide to participate, we will discuss the study 
and go through the information leaflet with you.  We will then request that you sign a consent form 
to show that you have agreed to take part.  You can decide to withdraw from the study at any time, 
even if you have signed the consent form. This will not affect any of your current treatment or future 
care in any way. 
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What will the study involve? 

A member of the research team will explain the study and answer any questions that you have. 

You will be asked to sign a consent form but you should only do this if you are happy to take part. 

A blood sample will be taken by a trained member of the research team in a designated clinical 

area in the cardiology department, or if you are receiving in-patient treatment, the sample will be 

taken on the ward.  

The total amount of blood that will be taken is 75ml (equivalent to just over 4 tablespoons).  

As part of the study, we want to identify any risk factors in your medical background that 

contribute to clot formation.  Clinical data related to your thrombotic condition will be recorded by 

the study team, however this will be kept confidential and no identifiable data will be shared outside 

of the study.  

Will I be required to re-attend?   

No, will not need to attend for further testing. 

Can I withdraw from the study at a later date?   

Yes, all participants have the right to withdraw from the study at any time by contacting the study 

team (details below). If you withdraw from the study, data collected up to the point of withdrawal 

will be kept. Any unanalysed tissue collected up to the point of withdrawal will be destroyed. No 

further data or tissue would be collected or any other research procedures carried out on or in 

relation to you. 

What will happen to the blood samples that are taken? 

The blood for the specialised tests on phospholipids and microparticles will be processed on the 

day the sample is taken.  Most tests will be done that day although some will be performed and 

analysed later on samples which will be kept securely in the Infection and Immunity laboratory in the 

Sir Geraint Evans Cardiovascular Research Building at the School of Medicine Cardiff University. The 

samples that are stored will be labelled by a pseudo-anonymized study number.  We will be able to 

link the study number to you so the laboratory results and clinical details can be linked. All samples 

will be processed on the day in accordance to the Human Tissue Act 2004 and will be deemed “non-

relevant” as it would have been “treated, processed or lysed through a process intended to render 

them acellular.”. These “non-relevant” material will be stored by the research team in the School of 

Medicine Cardiff University for up to 5 years for research governance purposes, and will be 

destroyed thereafter. 

 What information will be collected about me? 

We will record your age and gender as well as clinical information related to your clotting 

disorder on a database identified by a study number. We will be able to link the study number to 

your name and hospital records through a separate database.  
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Cardiff and Vale UHB will collect information from you and your medical records for this 

research study in accordance with our instructions. The site will keep your name, NHS number, Date 

of Birth and contact details confidential and will not pass this information to Cardiff and Vale UHB. 

[NHS/other site] will use this information as needed, to contact you about the research study, and 

make sure that relevant information about the study is recorded for your care, and to oversee the 

quality of the study. Certain individuals from Cardiff and Vale UHB and regulatory organisations may 

look at your medical and research records to check the accuracy of the research study. Cardiff and 

Vale UHB will only receive information without any identifying information. The people who analyse 

the information will not be able to identify you and will not be able to find out your name, NHS 

number, Date of Birth or contact details.  

Cardiff and Vale UHB will keep identifiable information about you from this study for 5 years 

after the study has finished. 

What are the risks of taking part in the study? 

We require a blood sample at study entry.  The risks associated with blood taking include mild 

pain and bruising. The total volume of blood taken (approximately 4 tablespoons in total) is small 

when compared to the total amount of blood in the body. We would therefore not expect this to 

cause any harm. We will not be changing your treatment in any way. 

Will the study benefit me directly? 

It is unlikely that the study will provide information that helps you directly but it may help us to 

better understand why some people get clots. If the results of the study may be beneficial to your 

care we will discuss this with you. 

How will my information be kept secure? 

Cardiff and Vale UHB is the sponsor for this study based in the United Kingdom. We will be 

using information from you and your medical records in order to undertake this study and will act as 

the data controller for this study. This means that we are responsible for looking after your 

information and using it properly. Cardiff and Vale UHB will keep identifiable information about you 

for 5 years after the study has finished. The study team will store study data securely without any 

identifiable data in an encrypted and password protected database which complies with the General 

Data Protection Regulation (GDPR) and Data Protection Act 2018. These data will be held by the 

study team for up to 5 years. 

Your rights to access, change or move your information are limited, as we need to manage your 

information in specific ways in order for the research to be reliable and accurate. If you withdraw 

from the study, we will keep the information about you that we have already obtained. To safeguard 

your rights, we will use the minimum personally-identifiable information possible. You can find out 

more about how we use your information by contacting cav.ig.dept@wales.nhs.uk. 

What will happen to the results of the study? 

The results may be submitted for publication in a journal that is accessible to the public.  They 

will also contribute to a research project funded by the Wellcome Trust.  Your data will be 
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anonymised and therefore you cannot be personally identified. Access to a summary of the study 

results may be obtained by directly contacting the study team by email on ProttyM3@cardiff.ac.uk. 

It is anticipated that the first such summary will be available from early 2020 onwards. 

Will my GP or other health care professional be informed that I am taking part in the study? 

This study will not affect your care in any way and so we will not notify your GP or other health 

care professional unless you ask us to. 

What if there is a problem?  

If you have any concerns about any aspect of this study, you should ask to speak to the 

researchers who will do their best to answer your questions (contact details at the end). If you 

remain unhappy and wish to complain formally, you can do this by using the NHS complaints 

procedure. Details can be found on the NHS website or ask a member of staff.  

In the unlikely event that something does go wrong, and you are harmed during the research 

study there are no special compensation arrangements. If you are harmed and this is due to 

someone’s negligence, then you may have grounds for a legal action for compensation against your 

local Trust/Health Board but you may have to pay your legal costs. The normal National Health 

Service complaints mechanisms will still be available to you.  

Who funds and supervises the study? 

The study is being funded by the Wellcome Trust.  The study has been reviewed by the 

Yorkshire & The Humber - Leeds East independent ethics committee. 

If I am interested in the study, how do I enrol? 

If you are interested in taking part, please contact the research team by email: 

ProttyM3@cardiff.ac.uk. 

Contact details for researchers:- 

Prof Zaheer Yousef, Consultant Cardiologist, Department of Cardiology, University Hospital of Wales, 

Heath Park, Cardiff, CF14 4XN. Telephone: 029207 42972 

Dr Majd Protty, Cardiology Registrar, Sir Geraint Evans Cardiovascular Research Building, Cardiff 

University School of Medicine, Heath Park, Cardiff, CF14 4XN. Telephone: 029206 87309. 

Contact details for independent contact:- 

Dr Steve Knapper, Department of Haematology, Cardiff University School of Medicine, Heath Park, 

Cardiff, CF14 4XN. Telephone: 02920 745379. 

Local site details: 

Principal Investigator and their contact details: Dr Majd Protty, Cardiology Registrar, Sir Geraint 

Evans Cardiovascular Research Building, Cardiff University School of Medicine, Heath Park, Cardiff, 

CF14 4XN. Telephone: 029206 87309. 
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 The consent form for control patients as part of the ‘clinical cohort’. 

 

 

When completed, 1 for patient; 1 for researcher site file; 1 (original) to be kept in medical notes  
Version 1.0 (controls) date 02/01/2019     IRAS Project ID: 243701 

  
 

Consent Form v1.0 
 

Title of Study:  A pilot, exploratory study to investigate procoagulant phospholipids in 
arterial thrombosis. 
 
Patient Identification Number for this study: _______________ 
 
 

Please initial the boxes                            

1. I confirm that I have read and understand the information sheet dated 02 Jan 2019 
for the above study. I have had the opportunity to consider the information, ask 
questions and have had these answered satisfactorily.  

 
2. I understand that my participation is voluntary and that I am free to withdraw at any 

time without giving any reason, without my medical care or legal rights being 
affected.  

 
3. I understand that relevant sections of my medical notes and data collected during the 

study may be looked at by individuals from regulatory authorities, Cardiff & Vale UHB 
or NHS Health Board overseeing the research. I give permission for these individuals 
to have access to my records.  

 
4.  I agree to take part in the above study and I understand that a total of 75 ml (just 

over 4 tablespoonfuls) of blood will be taken for research purposes.  
 

5. I agree that my data will be stored securely for up to 5 years before being destroyed.  
 
 
Name of Patient (printed): ………………..…………….……………             Date:……………….  
 
Signature: …………………………………. 
 
Name of Person taking consent: …………………………………..                   Date: ………………. 
 
Signature: ………………………………….. 

 

 

 

 

 

INITIALS 
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10.5 APPENDIX 10.5 – PATIENT INFORMATION LEAFLET (CLOTS) 

The information leaflet for patients arterial thrombosis as part of the ‘clots cohort’. 

 

 

Version 2.0 date (Vascular) 02 January 2019    IRAS Project ID: 243701 

 
 

                                      Patient Information Leaflet 

 

Title of Study:  A pilot, exploratory study to investigate procoagulant phospholipids in arterial 
thrombosis 

Thank you for expressing an interest in this study. Before deciding whether you wish to take part, 

it is important that you understand why the study is being done and what it involves.  Please take time 

to read this information carefully and consider discussing it with family or friends. This study is being 

undertaken as part of an educational project. 

 

What is the purpose of the study? 

Clots form on the surfaces of cells in the blood such as platelets and white cells.  Fatty molecules 

(phospholipids) in the membrane of these cells bind to clotting factors and help to control the 

formation of a clot.  When cells become active, they release small packages of membranes 

(microparticles) which also contribute to clot formation.  Different fatty molecules may help to control 

how thick or thin the blood is.  If the blood is too thick, clots can form where they are not wanted 

leading to emergencies that threaten the blood supply to the limbs, brain or heart.  The aim of this 

study is to find out which phospholipids are present in diseased tissue (clots or vessels) in people who 

have clotting disease. This may help explain why some people are prone to clotting. 

Why have I been chosen? 

We are looking for volunteers to help try to identify whether certain phospholipids cause 

increased clotting.  You have been invited to take part in the study because you will be undergoing (or 

have undergone) a vascular procedure to remove this diseased tissue (clot or vessel).  

 

Do I have to take part? 

No, taking part is entirely your decision.  If you decide to participate, we will discuss the study 

and go through the information leaflet with you.  We will then request that you sign a consent form 

to show that you have agreed to take part.  You can decide to withdraw from the study at any time, 

even if you have signed the consent form. This will not affect any of your current treatment or future 

care in any way. 
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What will the study involve? 

A member of the research team will explain the study and answer any questions that you have. 

You will be asked to sign a consent form but you should only do this if you are happy to take part. 

As part of your vascular procedure, the diseased tissue (e.g clot) will be/has been removed to 

restore healthy blood flow to your organs/body. This diseased tissue is normally discarded. We 

propose to use it for medical research. There will be no change to your clinical management whether 

you participate or not.  

As part of the study, we want to identify any risk factors in your medical background that 

contribute to clot formation.  Clinical data related to your thrombotic condition will be recorded by 

the study team, however this will be kept confidential and no identifiable data will be shared outside 

of the study.  

Will I be required to re-attend?   

No, will not need to attend for further testing. 

Can I withdraw from the study at a later date?   

Yes, all participants have the right to withdraw from the study at any time by contacting the study 

team (details below). If you withdraw from the study, data collected up to the point of withdrawal 

will be kept. Any unanalysed tissue collected up to the point of withdrawal will be destroyed. No 

further data or tissue would be collected or any other research procedures carried out on or in 

relation to you. 

What will happen to the samples that are taken? 

The samples will be frozen using dry ice and transported to the laboratory at Cardiff University 

where they will undergo specialised tests on phospholipids.  Most tests will be performed and 

analysed later on samples which will be stored securely in the Infection and Immunity laboratory in 

the Sir Geraint Evans Cardiovascular Research Building at the School of Medicine Cardiff University. 

The samples that are stored will be labelled by a pseudo-anonymized study number.  We will be able 

to link the study number to you so the laboratory results and clinical details can be linked. All samples 

will be processed in accordance to the Human Tissue Act 2004 and will be deemed “non-relevant” as 

it would have been “treated, processed or lysed through a process intended to render them 

acellular.”. These “non-relevant” material will be stored by the research team in the School of 

Medicine Cardiff University for up to 5 years for research governance purposes, and will be destroyed 

thereafter. 

 What information will be collected about me? 

We will record your age and gender as well as clinical information related to your clotting disorder 

on a database identified by a study number. We will be able to link the study number to your name 

and hospital records through a separate database.  

Cardiff and Vale Health Board will collect information from you and your medical records for this 

research study in accordance with our instructions. The site will keep your name, NHS number, Date 
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of Birth and contact details confidential and will not pass this information to Cardiff and Vale UHB. 

Cardiff and Vale Health Board will use this information as needed, to contact you about the research 

study, and make sure that relevant information about the study is recorded for your care, and to 

oversee the quality of the study. Certain individuals from Cardiff and Vale UHB and regulatory 

organisations may look at your medical and research records to check the accuracy of the research 

study. Cardiff and Vale UHB will only receive information without any identifying information. The 

people who analyse the information will not be able to identify you and will not be able to find out 

your name, NHS number, Date of Birth or contact details.  

Cardiff and Vale Health Board will keep identifiable information about you from this study for 5 

years after the study has finished. 

What are the risks of taking part in the study? 

There will be no change to your clinical management and therefore no additional risks.  

Will the study benefit me directly? 

It is unlikely that the study will provide information that helps you directly but it may help us to 

better understand why some people get clots. If the results of the study may be beneficial to your care 

we will discuss this with you. 

How will my information be kept secure? 

Cardiff and Vale UHB is the sponsor for this study based in the United Kingdom. We will be using 

information from you and your medical records in order to undertake this study and will act as the 

data controller for this study. This means that we are responsible for looking after your information 

and using it properly. Cardiff and Vale UHB will keep identifiable information about you for 5 years 

after the study has finished. The study team will store study data securely without any identifiable 

data in an encrypted and password protected database which complies with the General Data 

Protection Regulation (GDPR) and Data Protection Act 2018. These data will be held by the study team 

for up to 5 years. 

Your rights to access, change or move your information are limited, as we need to manage your 

information in specific ways in order for the research to be reliable and accurate. If you withdraw 

from the study, we will keep the information about you that we have already obtained. To safeguard 

your rights, we will use the minimum personally-identifiable information possible. You can find out 

more about how we use your information by contacting cav.ig.dept@wales.nhs.uk.  

What will happen to the results of the study? 

The results may be submitted for publication in a journal that is accessible to the public.  They 

will also contribute to a research project funded by the Wellcome Trust.  Your data will be anonymised 

and therefore you cannot be personally identified. Access to a summary of the study results may be 

obtained by directly contacting the study team by email on ProttyM3@cardiff.ac.uk. It is anticipated 

that the first such summary will be available from early 2020 onwards. 
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Will my GP or other health care professional be informed that I am taking part in the study? 

This study will not affect your care in any way and so we will not notify your GP or other health 

care professional unless you ask us to. 

What if there is a problem?  

If you have any concerns about any aspect of this study, you should ask to speak to the researchers 

who will do their best to answer your questions (contact details at the end). If you remain unhappy 

and wish to complain formally, you can do this by using the NHS complaints procedure. Details can be 

found on the NHS website or ask a member of staff.  

In the unlikely event that something does go wrong, and you are harmed during the research study 

there are no special compensation arrangements. If you are harmed and this is due to someone’s 

negligence, then you may have grounds for a legal action for compensation against your local 

Trust/Health Board but you may have to pay your legal costs. The normal National Health Service 

complaints mechanisms will still be available to you.  

 

Who funds and supervises the study? 

The study is being funded by the Wellcome Trust.  The study has been reviewed by the 

Yorkshire & The Humber - Leeds East independent ethics committee. 

If I am interested in the study, how do I enrol? 

If you are interested in taking part, please contact the research team by email: 

ProttyM3@cardiff.ac.uk. 

Contact details for researchers:- 

Prof Zaheer Yousef, Consultant Cardiologist, Department of Cardiology, University Hospital of Wales, 

Heath Park, Cardiff, CF14 4XN. Telephone: 029207 42972 

Dr Majd Protty, Cardiology Registrar, Sir Geraint Evans Cardiovascular Research Building, Cardiff 

University School of Medicine, Heath Park, Cardiff, CF14 4XN. Telephone: 029206 87309. 

Contact details for independent contact:- 

Dr Steve Knapper, Department of Haematology, Cardiff University School of Medicine, Heath Park, 

Cardiff, CF14 4XN. Telephone: 02920 745379. 

Local site details: 

Principal Investigator and their contact details: Dr Majd Protty, Cardiology Registrar, Sir Geraint 

Evans Cardiovascular Research Building, Cardiff University School of Medicine, Heath Park, Cardiff, 

CF14 4XN. Telephone: 029206 87309. 
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The consent form for patients with arterial thrombosis as part of the ‘clots cohort’. 

 

 
When completed, 1 for patient; 1 for researcher site file; 1 (original) to be kept in medical notes  
Version 1.0 (vascular) date 06 December 2018      IRAS Project ID: 243701 

  
 

Consent Form v1.0 
 

Title of Study:  A pilot, exploratory study to investigate procoagulant phospholipids in 
arterial thrombosis 
 
Patient Identification Number for this study:  
 
 

Please initial the boxes          
 

1. I confirm that I have read and understand the information sheet dated 02 Jan 2019 
for the above study. I have had the opportunity to consider the information, ask 
questions and have had these answered satisfactorily.  

 
2. I understand that my participation is voluntary and that I am free to withdraw at any 

time without giving any reason, without my medical care or legal rights being 
affected.  

 
3. I understand that relevant sections of my medical notes and data collected during the 

study may be looked at by individuals from regulatory authorities, Cardiff & Vale UHB 
or NHS Health Board overseeing the research. I give permission for these individuals 
to have access to my records.  

 
4.  I agree to take part in the above study and I understand that diseased tissue (clots 

and/or vessels) that are extracted as part of my vascular procedure/intervention will 
be taken for research purposes.  

 
5. I agree that my data will be stored securely for up to 5 years before being destroyed.  

 
Name of Patient (printed): ………………..…………….……………             Date:……………….  
 
Signature: …………………………………. 
 
Name of Person taking consent: …………………………………..                   Date: ………………. 
 
Signature: ………………………………….. 

 

 

 

 

 

INITIALS 
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10.7 APPENDIX 10.7 – REPRESENTATIVE CHROMATOGRAMS FOR LIPIDS MEASURED 

Chromatograms for the lipids measured in this thesis.
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