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b   Summary 

Summary 
Rheumatoid arthritis (RA) is linked to an elevated risk of thrombotic events, however, 

the mechanisms behind this are so far unknown. The activity of coagulation factors 

requires a pro-coagulant membrane provided by aminophospholipids, including 

phosphatidylserine (PS). Alongside this, enzymatically oxidised phospholipids (eoxPLs), 

including hydroxyeicosatetraenoic acid–phospholipids (HETE-PLs) enhance coagulation 

by supporting PS-dependent binding and activity of coagulation factors. EoxPL levels are 

elevated in human thrombotic disorders, namely abdominal aortic aneurysm, and anti-

phospholipid syndrome.  

To determine whether eoxPLs are elevated in arthritis-associated coagulopathies, 

antigen-induced arthritis (AIA) was generated in WT, Il27ra-/-, Il6ra-/- and Il6-/- mice, 

which develop histological phenotypes similar to humans. WT and Il27ra-/- AIA mice 

showed elevated eoxPLs, primarily 12-HETE-PEs in whole blood cells, which included red 

blood cells, white blood cells and platelets. In addition, higher thrombin-antithrombin 

complexes (TAT) levels were observed in these mice. However, neither Il6ra-/- nor Il6-/- 

mice exhibited increased levels of TATs or eoxPLs during AIA development. These results 

suggest that IL6 plays a role in increased coagulation, which may be linked with eoxPL 

levels in whole blood cells. Furthermore, in Alox15-/- mice, levels of whole blood cell 12-

HETE-PEs were similar to WT, indicative of platelet 12-LOX activity, therefore suggesting 

platelets as the primary source of these lipids in whole blood. Human RA was also 

studied, however, no significant difference in eoxPLs and aminophospholipid exposure 

was seen in platelets and white blood cells (WBCs). Nevertheless, thrombocytosis was 

observed in these patients, which may increase circulating eoxPLs and 

aminophospholipid levels. Furthermore, EV-containing plasma from RA patients 

displayed higher levels of eoxPLs and externalized aminophospholipids, as well as 

supporting more thrombin generation than EVs from healthy controls. Last, an increased 

plasma IgG immunological response was observed against oxPLs in these patients, 

especially towards 12-HETE-PE. Overall, these results indicate that eoxPLs are elevated 

in arthritis and may play a role in the increased coagulation observed in RA, and platelets 

(or platelet-derived EVs), are important players in the elevated systemic coagulation of 

this disease.  
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1. Introduction 
1.1. Lipids 

 Lipids play core functions in cell signalling, being involved in a multitude of 

cellular processes owing to their large range of structural and physiochemical 

properties1. Lipidomics, as the large-scale profiling and quantification of lipid molecules, 

applies techniques of analytical chemistry and bioinformatics to comprehend the 

physiological importance of lipids, as well as their mechanistic pathways. The analytic 

toolbox for lipid analysis was expanded significantly in recent years. The increasing 

number of chromatographic techniques and mass analysers with improved selectivity 

and sensibility has led to the development of one of the major lipidomic setups: the 

LC/MS/MS lipidomics1,2. By analysing the formation of specific lipids in signalling 

pathways in auto-immune diseases, lipidomics might shed some light on auto-immune-

associated coagulopathies3. 

1.1.1. Phospholipids  

 The lipidome consists of all lipids present within the cell. These lipids can be 

subdivided into eight groups, one of which is glycerophospholipids, also known as 

phospholipids (PL). In eukaryotic cells, phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) are the most abundant PL present in the plasma 

membrane 4. Conventionally, in resting healthy cells, the outer leaflet of the 

phospholipid membrane is mainly composed of sphingomyelin and PC, considered 

neutrally charged phospholipids, while aminophospholipids, more commonly PS and PE, 

are found in the membranes’ inner leaflet 5,6. 

 Phospholipids are the structural blocks of cellular membranes, as well as 

important substrates for the generation of bioactive molecules such as eicosanoids and 

lysophospholipids, playing numerous functional roles. They are amphipathic molecules, 

combining a polar head group, a glycerol backbone, and two hydrophobic acyl chains in 

the Sn-1 and Sn-2 positions (Figure 1.1). This distinctive organization, with opposing 

polar and non-polar moieties, forces PLs to self-assemble into organized membranes 

which enclose as vesicles7,8. The Sn-1 position can be occupied by fatty acyls linked by 



Chapter 1 

3 

either acyl, alkyl ether or plasmalogen bonds9. Plasmalogen phospholipids are 

composed of a vinyl-ether at the Sn-1 position and an acyl bond at the Sn-2 position. 

Representing about 20 % of human phospholipids, plasmalogens are implicated in 

oxidative damage protection attributable to the vulnerability of the vinyl ether bond to 

reactive oxygen species10.  

 The Sn-2 position of phospholipids is primarily occupied by polyunsaturated fatty 

acids (PUFAs). Arachidonic acid (AA) is considered the most common PUFA in 

mammalian cells. In fact, in platelets, mononuclear cells and neutrophils, AA composes 

up to 25% of total PUFAs11. Other common PUFAs, are linoleic acid (LA), linolenic acid, 

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). In addition, PUFAs are 

considered important lipid mediators. For instance, AA is a second messenger signalling 

molecule, acting as an inflammatory mediator by inducing vasodilatation12. In addition, 

PUFAs are susceptible to oxidation, which combined with their ability to integrate into 

PLs, generates a remarkable diversity of molecules with important metabolic 

functions7,8. Phospholipases A2 (PLA2), as lipolytic enzymes, catalyse the hydrolysis of 

the ester bond at the sn2-position of membrane phospholipids. Mediators such as 

cytokines, ADP and calcium, activate PLA2, releasing AA, and other PUFAs from the 

plasma membrane, and therefore, also generating lysophospholipids7,13. 

 The phospholipid composition is an important contributor to the biophysical 

properties of a cell membrane. PLs can be generated de novo through the Kennedy 

pathway, a three-step enzymatic process that metabolises choline or ethanolamine into 

phosphocholine or phosphoethanolamine, respectively, followed by the rate-limiting 

step of the pathway, the transfer on to a diacylglyceride, resulting in 

phosphatidylcholine (PC) or phosphatidylethanolamine (PE), respectively14. The cell 

membrane composition is dictated by the diversity of fatty acyl chain composition of 

PLs, which is controlled by a remodelling process, referred to as Lands’cycle. PLA2 first 

hydrolysis phospholipids at the sn-2 position, generating lysophospholipid and free 

PUFA. Through a series of deacylations and reacylations, different PUFA are 

incorporated at the sn-2 position of phospholipids.  Lysophospholipid acyltransferases 

(LPLATs), as phospholipid remodelling enzymes, which perform acylation reactions, 

incorporate a second PUFA to the sn-2 position, forming a new PL species 15,16.” 
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Figure 1.1: Phospholipid structure 

The 3D structure, adapted from PubChem, exhibits the general structure of a PE with the 
hydrophilic portion featuring an ethanolamine group350.  The 2D structures, designed using 
PowerPoint, illustrates diacyl glycerophospholipids, from top to bottom, 1-stearoyl-2-
arachidonoyl-sn-glycero-3-phosphoethanolamine (PE 18:0/20:4), 1-octadecanoyl-2-
(5Z,8Z,11Z,14Z-eicosatetraenoyl)-sn-glycero-3-phosphocholine (PC 18:0/20:4), and 1-stearoyl-
2-eicsoatetraenoyl-sn-glycero-3-phosphoserine (PS 18:0/20:4),  where the fatty acids of the 
hydrophobic portion are comprised of  stearic acid in the sn-1 position and arachidonic acid in 
the sn-2 position.  
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1.1.2. Oxylipin pathways  

 Free intracellular PUFAs serve as a substrate for cyclooxygenase (COX), 

lipoxygenase (LOX)  and, to a smaller extent, cytochrome P450 (CYP) enzymes.7,13 These 

enzymes insert oxygen at different positions in PUFAs, generating biologically active lipid 

mediators known as oxylipins, which include eicosanoids, an important sub-family of 20-

carbon lipids which the PUFA  substrate is arachidonic acid (AA) (Figure 1.2)17.  

 In resting cells, oxylipin production is negligible. However, upon activation, 

oxylipin production is induced. The lipids generated are specific to the enzymatic profile 

and PUFAs substrates of the different cell types, therefore, limiting the variety of 

products.  

 However, the convergence of a large variety of cells at inflammatory sites allows 

the synthesis of additional molecules, following a cell-cell transfer of intermediate 

metabolites; a process known as transcellular biosynthesis3,18. This dynamic synthesis, 

dependent on time, condition, and cell type establish oxylipins as important lipid 

mediators involved in the immune system, with both anti- and pro-inflammatory 

functions19. 

 Oxylipins are important inflammatory molecules, that have dual functions as 

pro- and anti-inflammatory mediators. Oxylipin production is thought to be involved in 

the development of rheumatic diseases. Nonetheless, even potent anti-inflammatory 

drugs, such as steroids and non-steroidal anti-inflammatory drugs (NSAIDs), are unable 

to halt oxylipin production, resulting in a subclinical inflammation characteristic of RA3. 
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Figure 1.2: Oxylipin pathway 

Activated phospholipase A2 (PLA2) releases arachidonic acid (AA), and other PUFAs from the 

plasma membrane. Once free, intracellular arachidonic acid (AA) serves as a substrate for 

cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450 (CYP) enzymes, generating a 

diversity of bioactive lipid mediators.  Hydroxyeicosatetraenoic acids (HETEs) are bioactive 

isomers which can be produced by both COX, LOX and CYP, however the carbon which is 

oxygenated is specific to each enzyme. While, 11(R)-HETE is generated by COXs, 12(S)-HETE and 

5(S)-HETE are specific to LOXs. Plus, each enzyme appears to be responsible for different 

stereoisomers. Molecular oxidation by LOX leads to the generation of S-configuration HETEs, 

while COX and CYP generate HETEs R-enantiomers. The main exception is 15-HETE, where both 

COX and LOX are responsible for its generation, however, the stereoisomeric difference 

remains. While 15-LOX generates 15(S)-HETE, COX can generate small amounts of a racemic 

mixture of 15-HETEs. In addition, upon aspirin acetylation, COX-2 exclusively generates 15(R)-

HETE. These enzymatically generated HETEs can either remain free or be re-esterified into the 

membrane through the Lands’ cycle. Figure designed using PowerPoint. 
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1.1.2.1. Oxylipins  

 Oxylipins comprise a wild range of oxygenated lipids, from mono-oxygenated, 

dihydroxy- and trihydroxy-PUFAs, to epoxy-, oxo-FAs and endoperoxides products. As 

potent modulators of immune responses, these have distinct biological activities and 

can even act as antagonists, despite deriving from the same precursor. Oxylipins carry 

out important pro-inflammatory actions such as chemotaxis20, vasodilatation21, 

stimulation of vascular endothelial growth factor production22, as well as anti-

inflammatory functions23, coupled with a role in blood pressure regulation24. The 

structural specificity of these lipids leads to specific biological activities, therefore, 

oxylipin profiling is considered an important tool for the characterization of 

inflammatory status25. 

 The most well-known oxylipins include mono-oxygenated products such as 

prostaglandins (PGs), leukotrienes (LTs), hydroxyeicosatetraenoic acids (HETEs) and 

hydroxyoctadecadienoic acids (HODEs). While PGs are COX products, LTs are products 

of LOX-catalysis. Both PGs and LTs exhibit pro-inflammatory properties and are involved 

in various inflammatory and auto-immune diseases, including rheumatoid arthritis 

(RA)23,26.  

 Oxylipins can also exert beneficial effects. As a result of transcellular 

biosynthesis, specific oxylipin enantiomers derived from eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA) are hypothesised to exert roles in inflammation 

resolution, and as results have been termed specialized pro-resolving mediators 

(SPMs)27.  

 It is proposed that DHA substrates originate SPMs, such as D-resolvins, maresins 

and protectins, through crossover oxidation between COX and LOX 28. These oxylipins 

are currently being analysed for their potential pharmacological proprieties, however, 

the concentrations used in most studies far exceed the low levels found in biological 

samples, and some recent studies of these SPMs use ELISA methods, instead of lipidomic 

tools for their detection 29. It has been shown that oxylipin ELISAs can suffer from 

significant cross-reactivity issues, where structurally similar molecules are recognized 30. 
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Therefore, LC/MS/MS is considered the only method of analysis with enough sensitivity 

and selectivity to analyse SPMs or even oxylipins in general 31.” 

 Regardless, pro-resolution mediators are not limited to SPMs, and they are 

attracting scientific interest. Instead of having anti-inflammatory activity, pro-resolution 

mediators are suggested to lead to the restoration of tissue homeostasis32. This 

restoration can occur through the clearance of immune cells from inflamed tissue, either 

through apoptosis and subsequent efferocytosis or through the re-entering of immune 

cells into systemic circulation33. 

 It is essential to further study oxylipins, such as HETEs, HODEs and other LOX 

products, and evaluate their potential role as therapeutic targets or biomarkers for 

inflammatory and auto-immune diseases. 

1.1.3. Lipoxygenase 

 LOX enzymes are expressed in numerous cell types, including immune cells and 

epithelial cells, and they are responsible for diverse functions ranging from immunity to 

barrier formation34. In mammals, the most common substrates for LOX enzymes are AA, 

followed by linoleic acid (LA) and linolenic acid, while also metabolizing EPA and DHA. 

The availability of these PUFAs is dependent on the actions of fatty acid desaturases and 

elongases, in the case of AA, and on dietary consumption, for essential PUFAs, such as 

linoleic acid and linolenic acid.   

 Following Ca2+ mobilisation, cytosolic PLA2 is translocated to the plasma 

membrane, hydrolysing AA from PL pools, which becomes available to be catalysed by 

LOXs.35,36 LOX enzymes are responsible for the generation of a large array of lipid 

mediators, including LTs, HETEs and HODEs (Figure 1.2)34.  

 LOXs are non-heme iron enzymes with a common core consisting of a single 

polypeptide chain that is folded into two domains, a large α-helical catalytic domain and 

the N-terminal β-barrel domain, also known as the PLAT domain. The catalytical domain 

houses the non-heme iron, while the PLAT domain consists of eight anti-parallel β-

stands, containing calcium binding sites, which are involved in membrane binding37,38.  
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LOXs recognize 1,4-pentadiene motifs within PUFAs and introduce molecular oxygen, 

producing regio- and stereoselective hydroperoxides with different functional roles. AA, 

the main mammalian LOX substrate, contains four cis-double bonds that form three 

pentadiene moieties. The non-heme iron initiates oxidation by abstracting the 

molecular hydrogen at one end or another of the pentadiene, ensuring regioselectivity. 

Molecular oxygen is then introduced on the opposite face, in an antarafacial 

relationship, which results in either an R or S configuration (stereospecificity). This 

catalysis generates a specific hydroperoxyeicosatetraenoic acid (HpETE) enantiomer 

product. All HpETEs are then reduced into a less chemically reactive  PL hydroxide 

product, HETE, catalysed by glutathione reductase 4 (GPX4) (Figure 1.3.A)5,39,40. 

 5-LOX, in a catalytic complex with 5-LOX-activating protein (FLAP), oxygenates 

AA to 5-HpETE. This unstable product can be rapidly converted into LTA4, a precursor 

for other LTs, through leukotriene A4 synthetase activity of 5-LOX41,42. 

 In addition to AA, LOX enzymes are equally able to monooxygenase LA, 

generating HODEs. In macrophages, LA is oxidised, at position 13, by 15-LOX, and then 

reduced by glutathione-dependent peroxidases, generating 13-HODE, the stable 

hydroxy-form. LA can also be non-enzymatically oxidised, either at position 9 or 13, 

generating 9-HODE and 13-HODE, respectively43. Elevated HODEs are associated with 

diseases such as atherosclerosis44, multiple sclerosis45 and non-alcoholic 

steatohepatitis46. In addition, pro-apoptotic effects have been attributed to HODEs, 

especially associated with monocytic cells47,48. 

 Termed arachidonic acid lipoxygenase (ALOX), humans express six LOX genes 

(ALOX5, ALOX12, ALOX12B, ALOX15, ALOX15B and ALOXE3). Most are constitutively 

expressed, with the exception of ALOX15, which is induced in macrophages by 

inflammatory cytokines, such as IL-4 and IL-13, however, ALOX15B expression can also 

be increased by cytokines, hypoxia and lipopolysaccharide 42,49.  Mice, on the other 

hand, express seven Alox genes: Alox5, Alox15, Alox15b (also known as Alox8), Alox12, 

Alox12b, Aloxe3, Aloxe12, all orthologs of human functional genes, except the Alox12e 

gene, which, despite being present in the human genome, it is corrupted and 

functionless 39,42.  
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Expression of the different LOX isoforms is tissue specific. In fact, LOX enzymes can be 

termed accordingly to the cell of origin, namely platelet-type 12-LOX (ALOX12 in 

humans, Alox12 in mice), leukocyte-type 12-LOX (ALOX15 and ALOX15B in humans, 

Alox15 in mice) and epidermis-type (ALOX15B50, ALOX12B and ALOXE3 in humans, 

Alox12B, Alox15B or Alox8, Aloxe3 and Aloxe12 in mice)51. Nevertheless, this 

classification can be misleading, considering that ALOX15B was found to be 

constitutively expressed in macrophages 52.  

 Mammalian LOXs can catalyse a total of four different reactions: 5S, 12R, 12S, or 

15S oxygenations, therefore, LOXs are also named according to the oxygen insertion 

position in the AA substrate. Furthermore, LOX enzymes generate one specific product 

enantiomer, commonly an S-configuration in the case of platelets and leukocyte-type 

LOXs. In contrast, non-enzymatic lipid oxidation produces a racemic mixture, which is a 

mix comprised of 50% of R- and 50% of S-hydroperoxides. Despite ALOX-isoform 

classification being according to their reaction specificity, some LOX enzymes can exhibit 

a dual reaction specificity. Therefore, LOX isoforms are also classified according to their 

genetic sequence. For example, the murine Alox15 gene, as an orthologue leukocyte-

type 12-LOX, can also be termed 12/15-LOX, as it produces primarily 12(S)-HETE, as well 

as small amounts of 15(S)-HETE, in a 3:1 ratio 53–55. 

 In contrast, human ALOX15, termed 15-LOX1, converts AA to 15(S)- HETE along 

with generating small amounts of 12(S)-HETE, in a 9:1 ratio, while ALOX15B exhibits a 

singular positional specificity, generating almost exclusively 15(S)-HETE 53–55.  
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(A) 

Figure 1.3: Lipoxygenase and cyclooxygenase catalysis 
(Panel A) LOX catalysis is a redox reaction, where the non-heme ferric iron (Fe3+) initiates the 
rate limiting step of the catalytic reaction through stereospecific hydrogen abstraction. A lipid 
alky radical is generated, through the iron reduction into its ferrous state (Fe2+). The generated 
radical rapidly rearranges into a more stable configuration, followed by the insertion of 
dioxygen, producing a lipid peroxyl radical. The formed radical is then reduced by ferrous iron 
(Fe2+) and protonated to generate a lipid hydroperoxide. The peroxidation reaction occurs 
between a pair of cis double bound, leading to a radical rearrangement, prior the introduction 
of molecular dioxygen on the opposite face. This antarafacial relationship is characteristic to all 
LOX catalysis, resulting in stereospecificity. The generated superoxide is protonated, generating 
(S)-hydroperoxide enantiomer as the end-product of LOX oxidation. The PUFA hydroperoxide 
can then be further reduced by glutathione peroxidase enzyme (GPX) to form an (S)-hydroxide, 
known as hydroxyeicosatetraenoic acid (HETEs). (Panel B) COX reaction starts with the 
activation of the enzyme, which originates a tyrosyl radical. this radical abstract the (S)-
hydrogen from the carbon at position 13. After radical rearrangement, an oxygen can be 
introduced either at carbon-11 or 15. After protonation, either 11(R)-HETE or 15(R)-HETE is 
generate and the tyrosyl radical is recovered. Contrary to LOX catalyse, COX is also able to 
generate small amounts of 15(S). Figure based on O’Donnell et al. 2019 and designed using 

PowerPoint 5. 
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1.1.4. Cyclooxygenase 

 Cyclooxygenases, contrary to LOX, are heme-containing enzymes, with both di-

oxygenase and peroxidase activities (Figure 1.3.B). There are two COX isoforms, which 

differ in their expression pattern. While COX-1 is expressed in most tissues, COX-2 is 

inducible by inflammatory cytokines and immune mediators, such as TNF-α, interferon 

γ and LPS. COX is responsible for the generation of PGs, important eicosanoids, with 

both functions in inflammation and homeostasis, including the control platelet 

activation56. COXs convert AA into PGG2, which is then reduced to PGH2, a precursor for 

other PGs, namely PGD2, PGE2, PGF2α, PGI2, as well as thromboxane (TX) A2, which is 

rapidly converted into TXB2, generated by tissue-specific CYP isoforms42,57. 

 Both COX-1 and COX-2, are also able to catalyse LOX-type reactions, generating 

limited amounts of 11(R)-HETE and 15(R)-HETE, as well as small quantities of 15(S)-HETE 

as a by-product of PG biosynthesis58. Interestingly, acetylsalicylic acid, commercially 

known as aspirin, induces the production of HETEs by COXs. Aspirin is a widely used COX-

inhibitor, irreversibly inhibiting COX-1 while acetylating COX-2. Acetylated COX-2 can 

generate 15(R)-HETE and 11(R)-HETE, ultimately functioning as a LOX enzyme59,60. 

 

1.1.5 Cytochrome P450  

 AA is metabolised CYP to form less common HETEs isomers including 16-, 17-, 

18-,19-, and 20-HETEs. In contrast with LOX, and similar to COX, CYP-generated HETEs 

are generally R-enantiomers61,62. 
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1.1.6 Oxidized phospholipids 

 HETEs generated by LOX, COX and CYP can be incorporated into cellular 

membrane lysophospholipids, though the Lands’cycle, regardless of the enzyme 

responsible, forming enzymatically oxidized phospholipids (oxPLs) 59,60. These 

enzymatically oxPLs (eoxPLs) display distinct physiological actions compared to free 

HETEs39. 

 Generation of eoxPLs by blood cells occurs in a similar timescale to the free 

eicosanoid, with both generated acutely upon stimulation by inflammatory agonists 63–

65. This suggests that the hydrolysis, oxidation and re-acylation process is fast and highly 

regulated. As previously described in Section 1.1.1 of this Chapter, the Lands’ cycle can 

form PLs by catalysing the incorporation of PUFAs into lysoPLs through LPATs enzymes. 

A total of 5 LPATs enzymes have been found to be expressed in human cells, and this 

provides specific degrees of specificity for both PUFAs and lysoPLs acceptors that goes 

beyond the abundance of substrate 64,66. However, how exactly LPATs enzyme selectivity 

works is still unknown64. While oxylipins have established G-protein-coupled 

receptors67, eoxPLs studies have so far only shown their impact as modulators of 

membrane biophysics 68 or through Peroxisome proliferator- activated receptor gamma 

(PPARγ) activation 69. 

 To further add complexity to this membrane-bound PLs can be directly oxidised 

by 15-LOX, unlike 5- and 12-LOX, and COXs, which can only oxygenate free FA substrates. 

The majority of eoxPLs are generated indirectly, after oxidation of the free fatty acid, 

followed by insertion of the resulting oxylipin into a membrane lysophospholipid using 

the enzymes of the Lands’ remodelling cycle. For instance, in the case of platelets, the 

formation of 12(S)-HETE-PLs is exclusively generated through this type of indirect 

oxidation. However, 15-LOX isoforms are unique in their ability to oxidize membrane-

bound PLs directly without requiring PLA2 hydrolysis and re-esterification. However, in 

vitro, the rate of direct PL oxidation was significantly lower when compared to the free 

substrate5. 

 EoxPLs generation is cell-specific. In fact, as previous described in Section 1.1.3 

of this Chapter, LOX enzymes can be termed based on their cell expression, in addition 

to their characteristic oxygen insertion position. Several cells of the innate immune 
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system express cell-specific LOX isoforms: 12-LOX in platelets (also termed platelet 12-

LOX), 5-LOX in neutrophils, and 15-LOX in monocytes/eosinophils. These LOX enzymes 

generate 12-HETE-PLs, 5-HETE-PLs and 15-HETE-PLs, respectively. Furthermore, just like 

free oxylipins, these eoxPLs will be enantiomers specific, with the S-configuration almost 

exclusively derived from LOX oxidation, while the R-configuration is indicative of COX or 

CYP oxidation.  

 
 Last, OxPLs can also be originated non-enzymatically as a result of free radical 

reactions, linked to oxidative stress states during inflammation 5. PUFAs are primary 

targets for reactive oxygen species (ROS) and reactive nitrogen species (RNS)12. 

Oxidative stress has long been identified as an important etiologic factor in the 

pathogenesis of chronic inflammatory diseases, hence, oxPLs, along with the lipid 

peroxidation process, have assumed a prominent role in inflammatory states. Thus, 

oxidation of PLs, either enzymatic or non-enzymatically, can lead to a generation of 

diverse structures due to the complexity of lipid substrates. Non-enzymatically 

generated oxPLs show a huge range of biological activities, which have been previously 

associated with pathological states 9.  
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1.1.7 Physiological functions of LOX products  

 LOX products are classified as immunomodulators, confirmed by their 

dysregulation in autoimmune diseases, such as systemic lupus erythematosus and 

RA70,71. Consequently, modulation of LOX oxidation has been considered a potential 

therapeutic target. However, available pharmacological inhibitors lack specificity, being 

either antioxidants or lipid analogues. Only one LOX-inhibitor is approved for clinical use: 

Zileuton, which is indicated for the treatment of asthma as a 5-LOX inhibitor, and 

prevents both the formation of LTs, as well as 5-HETEs72.  

  Phagocytosis has profound consequences on innate and adaptive immune 

responses in the context of tissue inflammation 73,74. 12/15-LOX in resident 

macrophages plays a crucial factor in the clearance of apoptotic cells, including 

lymphocytes and neutrophils. However, contrary to resident macrophages, the 

engulfment of apoptotic cells by inflammatory monocytes is blocked by 12/15-LOX 

activity 75. In fact, it is through the exposure of eoxPLs, especially HETE-PEs, on the outer 

leaflet of resident macrophages that the uptake of apoptotic cells by inflammatory 

monocytes is actively blocked. Since inflammatory monocytes are able to present 

apoptotic cell-derived antigens to T-cells, blocking their phagocytosis, while allowing 

clearance by resident macrophages, is key for the maintenance of self-tolerance (Figure 

1.4). This is confirmed by the break of self-tolerance seen in 12/15-LOX deficient 

animals, which develop spontaneous autoimmune-like diseases, including RA5,75,76. 

Based on this observation, eoxPLs can be considered pro-resolving mediators, playing a 

key role in the initiation of the resolution phase of inflammation8. However, 

uncontrollable generation of non-enzymatic oxPLs through oxidative stress could arise 

from different insults, particularly oxidative stress, and is often associated with excess 

cell death77.   
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Figure 1.4: Oxidised phospholipids play a role in the maintenance of self-tolerance 

Apoptotic cells expose PS, signalling macrophages for engulfment. This uptake is 
confined to resident macrophages expressing 12/15-LOX, inhibiting the uptake of 
apoptotic cells by inflammatory monocytes. Therefore, the subsequent antigen 
presentation of apoptotic cell-derived antigens by inflammatory monocytes is blocked, 
preventing the development of autoimmune like diseases. Figure adapted from O’Donnell et al. 
2019  using PowerPoint 5. 
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 Furthermore, free HETEs, along with other oxylipins can also be anti-

inflammatory, For example, several 15-LOX-derived lipids, along with some COX 

metabolites, are known ligands for peroxisome proliferator-activated receptor-γ 

(PPARγ), a nuclear receptor with an important role in reducing the expression of 

proinflammatory mediators78. 15-deoxy-Δ12,14-prostaglandin J217, 15-HETE, 13-HODE 

and 9-HODE, along with other HODEs, have been described as PPARγ ligands79–81, giving 

these lipids anti-inflammatory, anticatabolic and antifibrotic properties78. PPARγ 

activators inhibit nuclear factor kB (NF-kB)82 while upregulation of antioxidant enzymes 

such as hemoxygenase83. Furthermore, PPARγ agonists potentiate the anti-

inflammatory M2 macrophage phenotype84. Importantly, macrophages lacking 12/15-

LOX are unable to activate PPARγ in response to IL-485. 

 In arthritis, PPARγ activation has been shown to inhibit inflammatory pathways 

and cartilage destruction86. Furthermore, active RA showed lower levels of PPARγ 

expression in monocytes,  which ultimately displayed an inverse correlation between 

PPARγ and disease severity in these patients 87,88. 

 Despite these physiological functions, the effect of Alox12 and Alox15 gene 

products and their lipid products in human and mouse RA is poorly studied. So far only 

two papers have been published, with contradicting results76,89.  In this thesis, the 

consequences of Alox15 deletion will be studied during the development of arthritis in 

a murine model. In addition, these lipids will be analysed in human RA to further 

understand their impact on this disease. 
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1.2  Haemostasis & Coagulation 

 There is growing interest in the study of coagulation-driven inflammation and 

immunity as a result of an escalating incidence of multimorbidity conditions. The 

coexistence of multiple chronic illnesses is an increasing challenge for public health due 

to their subsequent high death rates90.  An example of multimorbidity is the high 

incidence of thromboembolic events in auto-immune diseases, such as RA91. As an auto-

immune disease initiated by local inflammation, RA is responsible for the systemic 

activation of the coagulation pathway that results in thrombosis, but so far the 

mechanisms involved are unclear92. Thus, the study of lipid mediators that link 

haemostasis and auto-immunity, either through direct signalling, or provision of a pro-

coagulant membrane, as described below, is crucial for the development of effective 

therapies to reduce thrombotic risk in RA. 

 

1.2.1 Coagulation pathway 

 Haemostasis is the complex mechanism that halts haemorrhage, allowing the 

continuous circulation of blood when challenged by vessel rupture. Upon vascular 

damage, a haemostatic response is triggered through vasoconstriction, platelet 

aggregation and coagulation. Coagulation is the most important response to the loss of 

integrity of blood vessels. This requires a sustained balance between anticoagulant 

response, which when disproportionate might lead to haemorrhage, and procoagulant 

responses, resulting in thrombosis93,94. 

 The concept of coagulation has progressed from a cascade of independent and 

parallel pathways to an overlapping and complex process which requires cell 

participation, reflected in the form of platelet activation and tissue factor-bearing 

cells95.  

 Coagulation factors are enzymes, generally, serine proteases, that circulate 

through the bloodstream in inactive, zymogen forms. Once activated, these serine 

proteases cleave and activate the next coagulation factor in the sequence. The activated 

forms of the coagulation factors are commonly denominated by their factor number 

followed by a lowercase “a”. This process eventually results in the activation of 



Chapter 1 

19 

prothrombin to thrombin, which ultimately cleaves fibrinogen into fibrin, forming a 

thrombus96. 

 The classic coagulation model is divided into two distinct pathways, extrinsic and 

intrinsic, which culminate in a final common pathway. The extrinsic pathway is triggered 

by the post-injury exposure of tissue factor (TF) from subendothelial cells, while the 

intrinsic pathway is an ex vivo pathway triggered by contact activation.  Despite its 

importance in vitro assays, the intrinsic pathway contact activation appears to have no 

significant contribution in vivo, substantiated by the lack of bleeding disorders in 

patients with factor XII deficiency97. Factor Xa, generated from both pathways, along 

with its co-factor Va, culminate in the common pathway, cleaving prothrombin (factor 

II) to thrombin (factor IIa). Thrombin cleaves fibrinogen (factor I) into fibrin (factor Ia), 

as well as other coagulation factors which will be fed into the intrinsic pathway. Fibrin 

polymerises to generate a clot, which is stabilised by cross-linkage with factor XIIIa96. 

 The classic model of coagulation has since been replaced by the cell-based model 

(Figure 1.5). This takes into account the importance of cells, and their respective 

surfaces, in the coagulation process. Traditionally, haemostasis has been divided into 

primary haemostasis, where a platelet plug is formed, and secondary haemostasis, 

responsible for the insoluble fibrin mesh clot structure. In the cell-based model, primary 

and secondary haemostasis take place concomitantly and are dependent on each other, 

being simultaneously restrained by the fibrinolytic pathway95,98. 

 Platelets are a key player in the formation of the initial haemostatic plug. The 

platelet’s phospholipid membrane provides a surface where activated coagulation 

factors assemble, generating thrombin. Upon vascular injury, platelets adhere to the 

exposed collagen in the subendothelial matrix through von Willebrand Factor (vWF), 

which cross-links the platelets' GPIb-IX-V receptor to collagen.  This is particularly 

important in arteries and capillaries, where high shear exposes vWF binding sites, 

allowing interaction with platelets, and binding them to the collagen present in the 

vessel wall. It is through this attachment to the vessel tissue that platelets undergo 

activation. This induces morphological changes, including increased surface area and 

secretion of important coagulation factors, like factor V and vWF, as well as pro-

coagulant and pro-inflammatory molecules such as ADP, serotonin, calcium and 
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inorganic polyphosphate99,100. In addition, TXA2 is synthesized de novo by activated 

platelets. The release of these autacoids promotes the recruitment of other immune 

cells and further activation of platelets.  This results in an activation feedback loop, 

leading to platelet aggregation and the formation of a platelet plug, which temporarily 

seals the vessel injury. Aside from stimulating platelet recruitment, activated 

coagulation factors also trigger fibrin formation, which stabilizes the platelet plug and 

generates a blood clot95,101. 

 Tissue factor (TF) is constitutively expressed in subendothelial cells such as 

fibroblasts and smooth muscle cells. In addition, it can be expressed in monocytes and 

microparticles (MPs) derived from monocytes in response to a variety of stimuli, such as 

inflammation. These TF-bearing cells support the extrinsic tenase complex constituted 

of TF, factor VIIa and calcium. The extrinsic tenase complex converts factor X to factor 

Xa and factor IX to factor IXa. The small amount of factor Xa generates a small amount 

of thrombin, which then activates co-factor V to co-factor Va and factor X to factor Xa. 

In addition, thrombin cleaves factor XI to factor XIa, which further activates platelets. 

This process is called initiation since only trace amounts of thrombin are generated.  

This small amount of generated thrombin is rapidly suppressed by tissue factor pathway 

inhibitor (TFPI) that binds to factor Xa to form the TFPI/FXa complex, which then inhibits 

the extrinsic tenase complex. The initiation step is insufficient to generate a blood clot, 

therefore, in order to induce a burst of thrombin generation, a positive feedback loop is 

put in place involving factor IXa and its co-factor FVIIIa. This process is known as 

amplification and leads to the formation of the intrinsic tenase complex on the surface 

of activated platelets. The large quantities of factor Xa lead to the accumulation of 

prothrombinase complexes, resulting in the continuous generation of thrombin during 

the propagation phase. In this model, thrombin generation is a key element in the 

connection between primary and secondary haemostasis 95,98,101–104. 

 Lastly, thrombin activates factor XIII to factor XIIIa, enabling the formation of 

insoluble fibrin through covalent cross-linkage of soluble fibrin, which ultimately forms 

a blood clot. This build-up of aggregated platelets and fibrin deposits covers the injured 

vessel and eventually halts thrombin generation by inhibiting access of factor VII to TF. 

Excess thrombin can be directly inactivated by antithrombin, forming thrombin-
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antithrombin (TAT) complexes, or indirectly by binding to thrombomodulin, thus limiting 

the mass of the thrombus to a size proportional to the extent of the injury95,98,101–104. 

 

 

  

Figure 1.5: Cell-based Haemostasis Model 

Secondary haemostasis provides stability to the platelet plug, originating the fibrin clot. This 
coagulation cascade is divided in four steps: Initiation, amplification, propagation, and 
stabilization. Activated platelets are a vital element in the coagulation cascade. It is in the 
phospholipid layer of the activated cells that the prothrombinase complex assembles, 
generating large quantities of thrombin, which ultimately form the insoluble fibrin strains that 
constitute a blood clot. Figure based on Pérez-Gómez et al. 2007 and designed by PowerPoint 
102. 
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1.2.2 Fibrinolysis and coagulation inhibitors  

 Coagulation requires a balance between thrombus formation and its dissolution. 

Thrombogenesis must be limited to a critical threshold, proportional to injury extent, in 

order to prevent vessel blockage. Once the clot is large enough to prevent haemorrhage, 

its growth must be halted and subsequently retracted, simultaneously with the wound 

healing process105. Therefore, the inhibitory pathway adds another layer of complexity 

to the coagulation system.   

 An important coagulation regulator is the protease inhibitor antithrombin. 

Antithrombin acts by inhibiting factor Xa and thrombin, forming thrombin-antithrombin 

(TAT) complexes. This complex is clinically used as a thrombin generation marker. 

Together with heparin present on the endothelial layer, antithrombin inhibits factors IXa 

and XIa at the site of injury 104. 

 The fibrinolytic system, however, represents the focal antithrombotic 

mechanism. Fibrinolysis is the system that gradually dissolves blood clots during the 

healing process, reinstating vessel patency. This dissolution is an enzymatic process that 

occurs in parallel with the coagulation cascade. The fibrin clot is degraded by plasmin, 

generating fibrin fragments, such as X, Y, D and E fragments, as degradation products. 

These have anticoagulant properties since they obstruct fibrin polymerization and 

platelet activation. The D-Dimer fragment, contrary to other fibrin fragments, is a 

specific breakdown product of cross-linked fibrin, and consequently, a frequently used 

clinical marker of thrombosis. A failure to limit thrombin generation can lead to 

exacerbated fibrin production, resulting in widespread thrombosis101,104,106,107. Despite 

the increased risk of thrombosis in RA91, the impact on the fibrinolysis process is not well 

understood, therefore, it will be investigated in this thesis. 

  



Chapter 1 

23 

1.2.3 Thrombosis 

 Thrombosis is considered haemostasis in the wrong place, resulting in 

compromised blood flow that ultimately leads to tissue damage108. Thrombotic diseases 

including myocardial infarction, ischemic stroke, or deep vein thrombosis, represent 

major healthcare issues and are leading causes of death worldwide109. When 

coagulation control feedback fails, a procoagulant vicious cycle is generated, leading to 

uncontrolled thrombus growth, which results in partial or total vessel occlusion110. 

Thrombosis can occur in either venous or arterial vessels and can have distinct 

pathogenic phenotypes. The architecture of the clot is dependent on blood flow, 

turbulence and shear, along with platelet concentration. These are typically different 

between arterial and venous blood circulation, resulting in structurally different clots111. 

Arterial thrombosis, also known as atherothrombosis, is the development of a thrombus 

triggered by the rupture of atherosclerotic plaques, or atheromas. The exposure of 

damaged endothelium and leak of highly thrombogenic content of the atheroma to 

high-shear blood circulation leads to the formation of large platelet aggregates, which 

recruit a high number of leukocytes, forming a white clot. By contrast, venous thrombi 

are mainly composed of erythrocytes trapped in a fibrin laminar structure, forming a red 

clot. The generation of venous clots is not correlated with endothelial damage but rather 

associated with activation of the coagulation pathway due to a pro-inflammatory 

response 112,113. 

 A new concept in thrombosis has arisen due to the importance of the immune 

system in the formation of the clot. Immunothrombosis consists of the activation of 

coagulation assisted by the innate immune system, particularly monocytes, neutrophils 

and dendritic cells in response to sepsis-driven inflammation. It is through the activated 

innate immune response that coagulation is initiated and propagated via platelet 

activation, leading to thrombosis. The action of inflammatory cytokines further 

reinforces the involvement of the immune system 114,115. Immunothrombosis serves 

different purposes in the immune system. First, it enables the confinement of pathogens 

by trapping them in the fibrin mesh and by impairing pathogen circulation through the 

formation of microthrombi in microvessels surrounding the damaged/inflamed tissue. 
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A small amount of microthrombi is enough to preclude the extravasation of the 

pathogens, centring the immune response in one place. Lastly, fibrin and fibrinogen 

promote the recruitment of immune cells to the inflamed site, triggering an immune 

response. This results in an overlap of haemostasis and immunity roles among immune 

cells112,115. Therefore, immunothrombosis can be viewed as a component of the innate 

immune system in its own right, outlining a clear connection between coagulation, 

inflammation and immunity that remains to be fully understood.  

 Recent studies have linked the abnormal function of the innate immune system 

to the development of thrombotic events, including deep vein thrombosis116,117 and 

arterial thrombosis118,119. The accumulation of cellular and molecular mediators 

following sepsis is often associated with the continuous induction of 

immunothrombosis112,120. Therefore, thrombosis may be caused by exacerbated 

activation of the immune system, either directly by cellular mediators or indirectly by 

proinflammatory cytokines, and not necessarily due to direct coagulation dysfunction. 

Despite auto-immune diseases being responsible for immune cell activation, along with 

the generation of pro-inflammatory mediators, there is still a lack of studies concerning 

immunothrombosis in this disease112,114. Therefore, understanding the role of immune 

cells in coagulation, along with cytokines, is essential to prevent the increase in 

thrombotic events in autoimmune diseases, such as RA. 

 

1.2.4  The role of phospholipid membranes in driving 

coagulation 

 The plasma membrane constitutes a key player in haemostasis, providing a 

negatively charged lipid surface for the assembly of the intrinsic tenase complex 

(IXa/VIIIa) and the prothrombinase complex (Xa/Va). Plasma membranes consist of 

microdomains with a diverse lipid composition. An asymmetry of lipids across the 

membrane occurs not only horizontally, through the formation of lipid rafts, rich in 

cholesterol and glycosphingolipids, but also vertically, through a distinctive composition 

between the inner and outer membrane leaflet. As previously described in Section 1.1.1 

of this Chapter, in resting cells,  the outer leaflet is mainly composed of sphingomyelin 
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and PC, all neutrally charged phospholipids, while aminophospholipids, more commonly 

PS and PE, are sequestered in the membrane inner leaflet (Figure 1.6)5,6. This asymmetry 

is maintained through the action of ATP-dependent translocators, namely flippases, 

which shuttle aminophospholipids inwards to the cytoplasmic leaflet, and floppases, 

which shuttle in the opposite direction. This membrane asymmetry is maintained until 

cell lysis, damage, or activation. Upon cell activation, aminophospholipid translocases 

are inhibited, while calcium-dependent scramblase is activated. This allows PS and PE to 

shuffle to the outer leaflet, resulting in a loss of membrane asymmetry121,122. These 

aminoPLs are responsible for the negatively-charged membrane, essential for 

coagulation. The negatively charged GLA domain in coagulation factors, abundant in γ-

carboxyglutamate, associates with the negatively charged aminophospholipids on the 

activated membrane cell in a calcium-dependent interaction68.  

 Despite PE being considerably more abundant, by itself it has no significant 

clotting activity. In fact, PS is the key phospholipid required for the assembly of 

coagulation factors. Nevertheless, PE is required to establish binding sites for blood 

clotting proteins123. It is hypothesised that PE cooperates with PS to create membrane-

binding sites, by sustaining more phosphate-specific interactions, which frees PS to 

engage with clotting proteins123,124 The extended phosphate-specific interactions by PE 

are believed to be related to its less bulky phospholipid headgroup, which provides 

increased flexibility. Based on this hypothesis, several glycerophospholipids can be 

equally effective in synergizing with PS, such as myo-inositol (PI) or glycerol (PG), as well 

as other negatively charged phospholipids. The role of PI and PG in coagulation has been 

already observed in vitro, however, due to their minor presence in the phospholipid 

membrane, their effect in vivo is been generally dismissed123,125. 
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Figure 1.6: Phospholipid membrane driving coagulation 

The asymmetric phospholipid membrane is comprised of neutral phospholipids, such as 
phosphatidylcholine (PC) and sphingomyelin, and aminophospholipids (negatively charged 
phospholipids), such as phosphatidylserine (PS) and phosphatidylethanolamine (PE). PS is the 
key phospholipid supporting coagulation; however, PE is essential to boost coagulation. 
Oxidised phospholipids also increase coagulation due to their electronegative charge. 
Phospholipase A2 (PLA2) releases arachidonic acid (AA) from the cell membrane. Once free, AA 
can be oxidized by lipoxygenase (LOX), generating hydroxyeicosatetraenoic acid (HETE), which 
can be re-esterified into oxidised phospholipids (HETE-PLs) and reintroduced into the 

phospholipid membrane. Figure adapted from O’Donnell et al. 2019  using PowerPoint 5. 
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 Another class of phospholipids has been shown to participate in coagulation. As 

previously described, oxPLs can be generated enzymatically by particular circulating 

immune cells through the action of cell-specific human LOX, namely 12-LOX in platelets, 

5-LOX in neutrophils, and 15-LOX in monocytes/eosinophils, that generate 12-HETE-PLs, 

5-HETE-PLs and 15-HETE-PLs, respectively 5,68. These PLs are also implicated in normal 

haemostasis125. 

 Based on molecular dynamics simulation studies, the hydroxyl group of the HETE 

moiety in the HETE-PLs appears to be positioned near the outer surface of the 

membrane, where could potentially interact with calcium ions. In the upward-facing 

position, the hydroxyl group could potentially establish hydrogen bound with 

neighbouring lipid phosphate, and even some carboxylic acid groups, thus facilitating 

the formation of negatively charged spaces. Alternatively, by pushing headgroups apart, 

the hydroxyl group could enable greater accessibility to the phosphate group, offering 

an anchor for positively charged calcium ions. The binding of calcium to the membrane 

surface through HETE-PLs could further increase the accessibility of coagulation factors 

to the negatively charged PS headgroup. This was so far only seen in vitro assays, where 

these lipids enhanced binding and activation of coagulation factors (Figure 1.7)5,68,125. 

 The importance of eoxPLs in coagulation has been supported by demonstrations 

of a bleeding phenotype in Alox15-/- and Alox12-/- mice. Local administration of HETE-

PEs halted bleeding in these mice, which displayed a decrease in tail bleeding time125. 

HETE-PLs were also able to prevent a haemorrhaging phenotype in mice with 

haemophilia A, a disease characterized by a deficiency in the VIII coagulation factor. This 

was further corroborated by the correction of thrombin generation in FVIII-deficient 

human plasma 68. In addition, a tail injection of HETE-PLs resulted in increased TAT 

complexes in wild-type mice125. Furthermore, non-enzymatically generated oxPLs have 

also been observed to up-regulate TF in endothelial cells in vitro, a response which was 

not mirrored by native phospholipids126.  
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 The characterisation of blood cell levels of aminophospholipids and oxPLs from 

patients with RA and healthy controls might reveal how the development of 

coagulopathies occurs in this disease. Therefore, it is vital to study these lipids to 

determine their potential as therapeutic targets to prevent thrombotic disorders in 

these patients.  

Figure 1.7: HETE-PL hydroxyl group mechanism to promote coagulation. 
The hydroxyl group of HETE-PLs is proposed to establish hydrogen bounds with phosphate 
groups, generating a negatively charged space, which might act as anchor for the calcium ion. 
The oxPLs would push the phosphate group away, offering greater accessibility to coagulation 
factors, and therefore promoting coagulation. Figure based on Lauder at al. 2017 and design by 

PowerPoint  125. 
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1.3  Rheumatoid Arthritis  

 Rheumatoid arthritis (RA) is an auto-immune disease characterized by chronic 

inflammation affecting synovial joints in a symmetric pattern, which ultimately results 

in cartilage and bone degradation. Joint inflammation leads to the formation of 

abnormal granulation tissue, known as pannus, and to hyperplasia of the synovial 

membrane, developing a condition known as synovitis, causing pain and impaired 

mobility127.  

 RA displays an overall incidence between 0.5% to 1% worldwide 128, with a clear 

prevalence in females over males, starting with a 4:1 female-to-male ratio in the 

younger population, to 2:1 after the age of 60. RA development is associated with 

genetic and environmental risk factors that include smoking, obesity and hormonal 

factors (menopause) 129.  

 Increased reactivity of immune cells is central to an auto-immune disease such 

as RA. The abnormal immune response causes cell recruitment to the joints, producing 

cytokines, which instigate an inflammatory reaction and generation of damaging 

oxidants130. In addition, in RA, B-cells produce self-reactive antibodies131, which along 

with cytokines, induce an influx of immune cells, coupled with increased angiogenesis, 

establishing a link between immunity and inflammation. The presence of autoantibodies 

is not essential for a RA diagnosis; however, it is associated with more severe symptoms 

and increased mortality 132. The two most common autoantibodies in RA are against 

citrullinated proteins (ACPA) and rheumatoid factor (RF). Interestingly, ACPAs can be 

detected in circulation long before diagnosis, establishing the pre-RA phase 132. 

Overtime, and with disease development, the concentration of these auto-antibodies 

increases, until effective therapy is achieved, resulting in a decrease in both ACPA and 

RF levels 132. 

 RA is highly heterogeneous, as reflected by the different rates of disease 

progression and structural damage, as well as inconsistent response to therapy 133,134. 

Different synovial pathotypes have been described by Lewis et al., namely myeloid- or 

macrophage-rich, lymphoid-rich and fibroblastic-rich pauci-immune pathotypes, 
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through the analysis of synovial tissue transcriptome of early/naïve RA patients. These 

pathotypes are suggested to be a spectrum of synovium immune cell infiltration, with 

the fibroblastic-rich (pauci-immune) at the lower end lacking in immune-inflammatory 

infiltrates. In the middle of the spectrum is the diffuse-myeloid group with a rich 

infiltrate composed of macrophages/ monocytes. The spectrum is then finished with the 

lympho-myeloid group, with a diverse immune cell infiltrate that includes natural killer 

cells and plasmacytoid dendritic cells, in addition to displaying aggregates of B and T 

lymphocytes, which ultimately form ectopic lymphoid structures. This stratification is 

further evidenced by the correlation observed between disease severity and the 

increase in immune cell infiltration of the synovial tissue of these patients 134. 

 Whole blood transcriptome of RA patients was also analysed by Lewis et al.; 

however, there were significantly fewer differently expressed transcripts compared to 

synovium tissue, resulting in less differentiation between pathotypes, with only the 

delineation of fibroblastic-rich (pauci-immune) and diffuse-myeloid groups. 

Nevertheless, this poses the question of whether differences can be observed in either 

protein or lipid content of these cells between the distinct pathotypes 134. 

  

1.3.1 Rheumatoid Arthritis and Thrombosis 

 A classic example of pathophysiological multimorbidity is displayed in RA92 since 

several extra-articular manifestations are seen, including pulmonary involvement or 

vasculitis, and systemic comorbidities 128. One example, with direct relevance to my 

thesis, is the increased risk factor for cardiovascular disease in RA patients, associated 

with both arterial and venous thromboembolic events 91. Not only RA but autoimmune 

diseases in general, such as chronic inflammatory illnesses, often display a 

hypercoagulation state 135. Their characteristic elevated immune response forms a 

vicious pro-inflammatory loop, leading to thrombosis and cardiovascular complications. 

In the case of RA the incidence of thrombosis, both arterial and venous, is increased 

from 30 % to 50 % when compared to a healthy population or even to osteoarthritis 

patients 91,135. 

 The increase in thrombotic incidences in RA patients has also been described 

when compared to osteoarthritis patients population 91,135. Osteoarthritis (OA) is often 
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considered a non-auto-immune disease, which causes joint degeneration, affecting 

primarily the articular cartilage 136. Compared to RA, OA presents considerably lower 

inflammation levels and reduced immune cell involvement, and therefore, is often used 

as a comparator 137. In clinical studies, synovial fluid collection from living healthy 

controls is extremely difficult due to low volume in healthy synovium (≈ 1 ml) and the 

invasive nature of the procedure 138. Therefore, OA synovial fluid has often been used 

as a non-immunological arthritis control for RA synovial fluid, further establishing OA as 

a disease comparator in numerous RA studies, and vice-versa 139,140. 

 The thrombotic phenotype observed in RA is not restricted to the systemic 

circulation. A hypercoagulation state in the synovial cavity has been frequently observed 

during arthritic flares. This leads to the formation of rice bodies, an agglomerate of 

entrapped cells within a fibrin mesh, which is often associated with severe pain141. 

Molecular markers such as TAT complexes and D-dimers levels are also significantly 

increased, along with TF activity in the joint. Synovial TAT levels correlate with the 

augmented levels of TF activity, suggesting that this local hypercoagulation state is TF-

mediated. In addition, increased D-dimer levels correlate with CRP and TAT levels, 

implying that fibrinolysis is associated with inflammation. TF expressing cells from the 

arthritic synovial tissue might overspill to the intravascular circulation, activating 

systemic coagulation and inflammation142–144. 

 Previous studies confirm an active coagulation process in RA, both extra and 

intravascular91,145 However, the molecular mechanisms responsible for thrombosis in 

these patients are not fully understood. A series of factors are assumed to contribute to 

this thrombotic phenotype, namely hypercoagulability (dyslipidaemia and fibrin 

deposition), endothelial dysfunction (increased expression of adhesion molecules), 

inflammation (acute-phase reactants) or direct induction of a prothrombotic state 

(decrease antithrombin III, protein S and C). Nevertheless, the role of the pro-

thrombotic membrane of immune cells, including platelets, has not been analysed in RA 

yet. 

 Plasma from RA patients displays high levels of thrombin activation, reflected by 

elevated TAT complexes 142,146. Besides the formation of clots, coagulation can also be 

influenced by abnormal fibrinolysis. The proteolysis process of fibrin generates 
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degradation products called D-dimers, widely used as a biomarker for venous 

coagulopathies. Due to their unique fibrin cross-linkage, D-dimers cannot be further 

degraded, therefore they constitute a useful marker for fibrinolysis. D-dimers were 

previously shown to be increased in human RA, both in synovial fluid and in 

plasma142,147,148. However, their formation in arthritis in vivo models has not been 

reported. Furthermore, other thrombin fragments, such as Bβ12-42 and fibrinogen have 

also been described as increased in human RA. Therefore, in this thesis, plasma from 

arthritic mice will be analysed for both coagulation and fibrinolysis, by quantifying TAT 

complexes and D-dimers.  

 In RA, TF activity positively correlates with plasma CRP levels, synovial fluid 

volume and leukocyte count, further suggesting that thrombin activation is TF-

mediated142,147,148. Furthermore, plasmin is frequently observed in RA patients’ plasma, 

indicative of increased fibrinolytic activity149. RA platelets also display an altered 

activation and reactivity state, specifically a small, but consistent, increase in mean 

platelet count, along with an increased platelet volume150–152.  

  However, prothrombin and thrombin times are found normal in the 

plasma of RA patients148. Normal prothrombin time reveals there are no defects in the 

extrinsic and common coagulation pathways, and therefore, it indicates that in human 

RA, the increased coagulation described is not due to a dysfunction in coagulation 

factors 153,154. Furthermore, TF activity doesn’t appear significantly altered despite the 

observed positive correlation with CRP levels in the plasma of these patients 142. The 

heightened levels of coagulation markers might be due to an increased intravascular 

activation or an overspill of the inflamed joints142.  

 Virchow’s triad postulates that thrombosis is a combined result of vessel wall 

condition, blood flow and blood composition alterations155. And in fact, endothelium 

dysfunction plays a pivotal role in thrombosis in RA. During inflammation, endothelial 

cells become activated, forming a prothrombotic surface156.  Endothelial cells are 

responsible for the increased expression of adhesion molecules, proinflammatory and 

prothrombotic factors. Endothelial dysfunction, despite being more associated with 

atherogenesis, is equally important in the venous thrombosis process. Upon 

inflammation, endothelial cells may become dysfunctional, producing high levels of pro-
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inflammatory cytokines, namely IL-1, IL-6 and TNF-α, which deregulated the vessel tonus 

and permeability157,158. The increase in coagulation factors is accompanied by impaired 

fibrinolysis. As a response to inflammatory cytokines, such as TNF-α and IL-1, an 

unbalance between profibrinolytic and antifibrinolytic factors develops, resulting in an 

ineffective fibrinolytic response. The build-up of fibrin meshwork serves as a matrix to 

which inflammatory cells adhere, resulting in a sustained inflammation state, which 

often triggers thrombosis157,158. This overall dysregulation may result in systemic 

vasculitis, an inflammatory condition targeting blood vessels that derives from 

endothelial cell activation and is often associated with RA159. The increased circulatory 

levels of immune cells and cytokines derived from endothelial activation suggest a 

complex systemic mechanism beyond the spill of these molecules from the synovial 

cavity. Therefore, it is important to study these immune cells in circulation, and analyse 

their procoagulant membrane in RA. 

 In summary, despite the elevated thrombotic risk and evidence for dysregulated 

coagulation parameters, how the procoagulant membrane is involved is still unknown. 

Considering the role of oxPLs in coagulation, and the lack of studies regarding their 

impact their pro-thrombotic impact in arthritis, especially in murine models, this thesis 

will focus on the analysis of these lipids in membranes of immune cells from both murine 

arthritis and human RA.  

 

1.3.1.1 Arterial thromboembolism in Rheumatoid Arthritis  

 RA is associated with a characteristic systemic inflammation phenotype along 

with an increased incidence of arterial thromboembolism 91. This is mainly due to the 

rupture of an atherosclerotic plaque 160. In fact, RA patients display a 3 times higher 

prevalence of carotid atherosclerotic plaque compared to healthy controls 161. 

 Curiously, RA is associated with a phenomenon known as the Lipid Paradox, 

where lower levels of total cholesterol (TC), low-density lipoprotein cholesterol (LDLc) 

and high-density lipoprotein cholesterol (HDLc) are observed. These lipid levels correlate 

negatively with the increasing risk of cardiovascular events in RA. The decrease of these 

lipids is proposed to modulate immune functions and possibly alter signalling pathways 
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that instigate endothelial dysfunction and upregulation of atherogenic T cells, both 

mechanisms responsible for atherosclerosis 162,163. Indeed, an increased prevalence of 

atherosclerosis is found in RA patients 164. Furthermore, RA patients’ atherosclerotic 

plaques are morphologically different to those in the non-RA atherosclerotic population. 

Specifically, RA-related plaques display greater instability and are more prone to rupture 

165. Once the rupture occurs, highly thrombogenic content is exposed to blood flow, 

while, concomitantly, occluding partially or completely the vessel, which results in an 

acute thrombosis event 166. 

 

1.3.1.2 Venous thromboembolism in Rheumatoid Arthritis  

 RA has only been recently recognized as a risk factor for venous 

thromboembolism (VTE)167. As a coagulopathy, VTE includes deep vein thrombosis and 

pulmonary embolism, both of which have a higher incidence in RA168. In fact, the 

incidence of VTE is known to be correlated with disease activity, more specifically to the 

high inflammatory response characteristic of RA flares169. The underlying mechanisms 

for the increased incidence of VTE in RA patients are supported by Virchow’s triad 157. 

As an inflammatory process, rheumatic diseases modulate endothelial activation, stasis 

of blood flow and blood cell disorders, leading to the observed hypercoagulation state. 

Plus, the increased levels of procoagulant and fibrinolysis factors observed in RA appear 

to be directly involved in the pathophysiological mechanism of VTE observed in these 

patients 157. 

 Acute-phase reactants, such as CRP, fibrinogen and von Willebrand factor (vWF), 

are responsible for the increase in plasma viscosity present during inflammatory 

RA157,170. Increased blood viscosity due to acute-phase proteins is a known characteristic 

of inflammation, as measured by erythrocyte sedimentation rate and plasma viscosity. 

Plus, RA patients frequently display pathologic megakaryocytopoiesis and 

thrombocytopoiesis, further boosting viscosity171. Subsequently, this increased viscosity 

leads to blood flow disturbances. A turbulent blood flow, coupled with sedentary 

behaviour common during rheumatic flares, leads to a high-risk factor of VTE in 

inflammatory RA157,170. 
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1.3.2 Rheumatoid Arthritis therapy and thrombosis 

 RA therapies consist in achieving remission, coupled with control of acute 

inflammation symptoms. Glucocorticoids and nonsteroidal anti‐inflammatory drugs 

(NSAIDs) are prescribed for the treatment of inflammatory symptoms, specifically pain 

management. Interestingly, NSAIDs are COX inhibitors, therefore, prevent the synthesis 

of thromboxane A2, a potent platelet activator and aggregator, which ultimately results 

in an increased bleeding time. In fact, aspirin is a commonly used antiplatelet drug due 

to its irreversible blockage of COX, through covalent acetylation of the active site of this 

enzyme. With other NSAIDs, such as ibuprofen and naproxen, the inhibition is reversible 

160,172. Despite the common intake of NSAIDs, including aspirin, by RA patients, 

thrombosis is still highly increased in these patients. Platelets have a lifespan between 

7 to 10 days173, therefore, healthy volunteers were asked not to intake NSAIDs 14 days 

before blood collection, and excluded accordingly so as to not alter coagulation markers 

and lipid oxidation.  

 In order to achieve remission, RA therapy includes disease-modifying anti-

rheumatic drugs (DMARDs), which can be divided into two groups: biological and 

synthetic, which are then further classified into conventional synthetic and targeted 

synthetic DMARDs174. 

 Monotherapy of conventional DMARDs, such as methotrexate, sulfasalazine, 

leflunomide and hydroxychloroquine, is the first-line treatment of RA. In fact, 

methotrexate is considered an anchor in RA therapy. However, upon increased disease 

activity, a combination with biological DMARDs is introduced. The biological therapies 

include inhibitors of TNF‐α, such as infliximab and adalimumab, interleukin‐6 (IL‐6) 

antagonists, such as tocilizumab, chimeric anti‐CD20 monoclonal antibody, rituximab 

and T-cell co-stimulation blocker, abatacept. These biological therapies decrease the 

hyperactivate state of the immune system, alleviating inflammation. In addition to the 

biological, new DMARDs are being introduced in combination with conventional. These 

therapeutic agents, such as baricitinib and tofacitinib, target the Janus-activated kinase 
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(JAK) transduction pathway, suppressing the production of inflammatory 

mediators128,175. 

 The impact of DMARDs on thrombosis became a concern when both the 

European Medicines Agency and the U.S. Food and Drug Administration issued a 

warning about the use of Tofacitinib in high doses. This JAK inhibitor, at a dose of 10 mg 

twice a day, was associated with an increased risk of blood clots.176,177 Large 

observational studies are required to properly analyse the effect of JAK inhibitors in 

thrombosis and differentiate these results from the impact of comorbidities attributed 

to RA. In the case of other DMARDs, there are conflicting results regarding thrombosis 

incidence. While an increased risk of hospitalization for VTE was found in RA patients 

initiating biological therapy178, other populational studies found no significant 

difference in VTE incidence between biological and conventional DMARDs 179, while 

other studies described reduced coagulation with Tocilizumab, a biological DMARDs in 

comparison with methotrexate, a conventional DMARD 180. Nevertheless, these studies 

vary massively, with Kim et al. analysing a total of 29,481 RA patients and observing an 

increase in VTE hospitalizations for RA patients initiating different bDMARDs compared 

to methotrexate and other conventional DMARDs in the United States of America178, 

versus Davies et al. study which analysed 15,554 British RA patients displaying no 

significant differences between anti-TNF therapy (a common bDMARDs) and 

conventional DMARDs, which were not specified 179. Lastly, the reduced coagulation 

with Tocilizumab compared to methotrexate was observed in a small population of RA 

patients from the Netherlands by Dijkshoorn et al. 180 Therefore, the contradicting 

results might be the result of the distinct populations and patient numbers investigated 

in these studies, along with the variety of drugs within the DMARDs and bDMARDs 

analysed. 

 Overall, the impact of different medications on auto-immune associated 

coagulopathies further complicates the understanding of thrombosis in these patients.  
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1.4  LOX and COX in Rheumatoid Arthritis  

 In this thesis, I will not only analyse LOX-generated lipid mediators in arthritis, 

but I will also use Alox15 knockout mice to further understand the impact of lipids 

generated by 12/15-LOX in inflammation and coagulation upon arthritis induction. 

 Previous studies have shown a distinct expression profile of ALOX and COX gene 

expression in the synovial tissue of RA patients181. For example, fibroblast-like 

synoviocytes express high levels of COX-1, COX-2182 and 15-LOX 89 during active states 

of RA. Plus, 5-LOX expression was significantly increased in the lining and sublining 

macrophages from RA patients’ synovial tissue when compared to osteoarthritis 

tissue183. RA synovial fluid and serum also displayed high levels of LTB4, a downstream 

product of 5-LOX and a pro-inflammatory mediator with powerful chemotactic 

capacity184. Consistent with increased 5-LOX expression in RA, LTB4 levels were elevated 

in synovial fluid of RA compared to osteoarthritis, with its levels correlating with disease 

activity185. In addition, high amounts of 5S-12S diHETE, an isomer of LTB4 and a 

transcellular biosynthesis product, were also increased in the synovial fluid of RA 

patients186. This increase in 5-LOX products indicates a possible role of 5-LOX-derived 

oxylipins in RA pathogenesis187. This hypothesis is further supported by the protection 

from RA development in mice lacking 5-LOX183.  

  Increased expression of 15-LOX has been described in both RA and OA patients 

in resident macrophages, fibroblasts and endothelial cells of arthritic synovium tissue183, 

as well as in articular chondrocytes in OA joints188. The expression of 15-LOX in RA 

synovium was significantly higher than in OA synovium. Curiously, intraarticular 

administration of corticosteroids in RA patients leads to the decreased expression of 5-

LOX, while leaving the expression of 15-LOX unchanged183. However, despite high 15-

LOX expression, 15-HETE products were not detected in the synovial fluid of these 

patients 183. 

 A similar increase in Alox15 expression was also found in mouse synovial tissue 

after arthritis induction by serum-transfer189 and in joints of rats upon destabilization of 

the medial meniscus, a common OA model190. Krönke et al. showed that when Alox15-

deficient mice were induced to overexpress TNF-α, they exhibited increased destruction 
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of hind paws, accompanied by enlarged inflammatory infiltrates when compared to WT 

TNF- α Tg mice189. Additionally, these mice display enhanced gene expression of  IL-6 

and IL-1β, leading to pronounced systemic inflammatory response189. This indicated a 

detrimental effect of Alox15 deletion in arthritic mice. 

 Separately, Krönke et al. studied Alox15-deficient mice subjected to a K/BxN 

serum-induced arthritis model189. This is induced by the transfer of serum from arthritic 

K/BxN tg mice to naïve and causes an inflammatory response through systemic self-

reactivity. Therefore, this model is exclusively mediated by antibodies. Here, antibodies 

against the ubiquitously expressed enzyme glucose-6-phosphate isomerase (G6PI) lead 

to the formation of immune complexes, which activate different innate immune cells 

such as neutrophils, macrophages, and even mast cells191. Upon arthritis induction in 

Alox15-/- mice through K/BxN serum transfer, an exacerbated arthritis phenotype was 

observed. An aggravated bone erosion with pronounced joint swelling and an increase 

in IL-6 and IL-1β expression reflected a more severe and accelerated inflammatory 

arthritis upon Alox15 deletion189. 

 In contrast to the above studies, arthritis in the adjuvant inducted model was 

inhibited in Alox15-/- mice when measured by paw swelling and cartilage destruction89. 

However, a significant limitation of this model is the capacity to effectively cure arthritis 

through the use of COX inhibitors, which is not mirrored in human disease 192. With both 

COX and LOX being major players in oxylipins production, a cure of adjuvant-induced 

arthritis observed by Wu et al. through the deletion of Alox15 was not surprising. 

 Notably, no in vivo arthritis model is perfectly aligned with human disease. 

Although, two distinct murine arthritis models demonstrated that 12/15-LOX were 

protective against inflammatory arthritis. Nevertheless, these conflicting results indicate 

that each model has a distinct pathological mechanism of RA, and each model shows 

different results upon LOX modulation. 

1.4.1 Antigen -induce arthritis murine model 

 There is no universal pathological murine model of RA, nevertheless, the 

different arthritis phenotypes can be studied separately in order to draw parallels with 
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the human disease. To do this, I will study different arthritis phenotypes generated using 

the antigen-induced arthritis (AIA) murine model and analyse their lipid profile, as well 

as coagulation and inflammatory markers. This model will allow me to characterize 

procoagulant lipids, namely eoxPLs, in murine arthritis, as well as determine their 

potential impact on inflammation and coagulation by using different disease 

phenotypes. 

 AIA is one of the most commonly used experimental murine models for the study 

of inflammatory arthritis 193. This model is induced through systemic immunization 

against methylated BSA (mBSA) emulsified with an immune response enhancer, 

complete Freund’s adjuvant (CFA) coupled with Bordetella pertussis toxin. After pre-

immunization, arthritis is induced in both knees through intra-articular injection of 

mBSA which, as a cationic antigen, is retained in the negatively charged cartilage of the 

joint. An Arthus reaction is induced, where an immune complex-mediated reaction 

occurs, triggered by the deposition of antigen-antibody complexes. This generates a 

humoral and cell-mediated immune response, dependent on CD4+ T lymphocytes and 

neutrophils194,195. In addition, AIA induction results in local vasculitis, accompanied by 

oedema and pain, therefore, sharing a lot of symptoms with human RA 196. A localized 

inflammatory arthritis is therefore induced in the injected joints. This model has been 

previously described as depicting two different disease phases, early arthritis (Day 3), 

featuring an acute inflammatory response, and established arthritis (Day 10), exhibiting 

chronic-like characteristics.  

 Early disease (Day 3) is characterised by severe synovitis, resulting in the 

recruitment of innate leukocytes, such as neutrophils and inflammatory macrophages, 

which marks the acute response. Established disease (Day 10), represents the chronic-

like phase of AIA, characterised by a high T-cell response, as well as B-cell infiltration. 

Higher levels of Th1 cytokines, namely interleukin 17 (IL-17), interferon-γ (IFN γ), and 

TNF-α, are found expressed within the joints. Plus, as a consequence of synovitis 

developed during the acute response of AIA, bone and cartilage erosion is often 

observed during the chronic-like phase of AIA, when the disease is established 193,197–199. 

However, as with every in vivo model, AIA has limitations. This model is mono-arthritic, 
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with arthritis confined to the injected joint. This indicates that the AIA model does not 

breach immune tolerance to result in the systemic polyarticular disease that is RA 193. 

 As previously discussed in this thesis, RA is a highly heterogeneous disease, with 

a broad spectrum of synovium pathotypes described in patients133,134. It is, therefore, 

important to study multiple animal model pathotypes that align broadly with the different 

human forms of RA when trying to delineate underlying mechanisms of inflammatory 

arthritis, including the role of coagulation. The AIA model can be induced in various strains 

of mice, including genetically modified, for instance in mice which are lacking IL-6 family 

proteins (e.g. IL-27 or IL-6), resulting in a disease with similar synovial pathology to that 

observed in RA patients, namely myeloid- or macrophage-rich, lymphoid-rich and 

fibroblastic-rich pauci-immune pathotype.  

 When AIA is induced in wild-type (WT) mice, a myeloid-rich arthritis pathotype, 

with more diffuse immune infiltration, driven mainly by macrophages develops as 

previously described. On the other hand, IL-6, as a hallmark of chronic inflammation and 

an acute phase protein, when deleted provides protection from chronic inflammation. 

IL6 knockout (KO) mice upon AIA development exhibit a mild arthritis pathotype, 

characterized by a reduced thickness of synovial lining and preservation of articular 

cartilage compared to AIA development in WT mice, which, in contrast, often displays 

cartilage erosion 200,201. In the case of IL6ra KO mice, a fibroblastic-rich pathotype with 

reduced immune infiltration (pauci-immune) is also described 202. The role of IL-6 in RA 

is further evidenced by the clinical benefits of blocking IL-6 in RA with the use of 

Tocilizumab 203. 

 Despite being from the same IL-6 family proteins, IL-27 has several opposite 

effects of IL-6 and is often considered an anti-inflammatory cytokine. In fact, the balance 

between IL-6 and IL-27 plays a role in the management of synovitis, as well as in cartilage 

and bone erosion 204. In fact, upon IL-27 deletion, mice characteristically develop an 

amplified T cell-mediated disease 205. Therefore, when AIA was performed in IL27ra 

deficient mice, a hyper-inflammatory pathotype, characterized by a lymphoid-rich 

phenotype developed. This pathotype featured ectopic lymphoid-like structures and a 

more severe form of synovitis, along with an elevated adaptive immune response 
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reflected by increased T cell numbers and antibody response 206. Considering that these 

structures are present in around 40% of human RA patients, and their presence 

correlates with disease severity, making the study of the AIA model developed in IL27ra-

/- mice is essential in order to draw conclusions with human RA 207,208. 

1.5  Hypothesis and Aims 

 This literature review presented above demonstrates the association of LOX 

products, limited. In fact, no study to date analysed oxPLs in RA, despite being an auto-

immune disease with a high risk of thrombosis. The hypothesis of the thesis is that a 

procoagulant surface in immune cells contributes to the increased coagulation observed 

in RA. 

 In order to test this hypothesis, I will:  

o Characterise coagulation and inflammatory markers in plasma from WT, IL27ra-

/-, IL6ra-/- and IL6-/- mice during AIA development (Chapter 3). 

o Characterize eoxPLs generation in whole blood cells of WT, IL27ra-/-, IL6ra-/- and 

IL6-/- mice during AIA development (Chapter 3). 

o Characterise coagulation and inflammatory markers in plasma from Alox15-/- 

mice during AIA development, as well as oxPL composition in whole blood cells 

(Chapter 4). 

o Characterise the phenotype of Alox15-/- mice during AIA development and 

analyse oxPL generation in joint tissue (Chapter 5). 

o Determine the capacity of the platelet, WBC and EV membrane surfaces to 

support coagulation in RA patients compared to healthy controls (Chapter 6). 

o Characterize the oxPL composition of the membrane surface of platelets, WBCs 

and EVs in RA patients compared to healthy controls (Chapter 7). 

o Characterize the aminoPL composition and exposure of the membrane surface 

of platelets, WBCs and EV in RA patients compared to healthy controls (Chapter 

8). 

 



 

 
 
 
 
 
 
 

Materials and Methods 

2 Chapter 2 
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2.1  Materials 

2.1.1 Chemicals 

 The following chemical powders for buffers were purchased from Sigma Aldrich 

(Missouri, USA): Sodium chloride (NaCl), Sodium Bicarbonate (NaHCO3), Potassium 

Chloride (KCl), Sodium Phosphate dibasic (Na2HPO4), Magnesium Chloride anhydrous 

(MgCl2∙6H2O), HEPES, Glucose, Trisodium Chloride (Na3Citrate.2H2O), Citric Acid (Citric 

acid.H2O), Sodium dihydrogen orthophosphate dehydrate (NaH2PO4∙2HO), Trisodium 

Citrate, Tris(hydroxymethyl)aminomethane, Hydrochloric acid (HCl), Calcium chloride 

(CaCl2), EDTA, Diethylenetriaminepentaacetate (DTPA), Acetaminophen, Butylated 

hydroxytoluene (BHT), Tin(II) chloride (SnCl2), bovine thrombin, calcium ionophore 

(A23187), L-lysine, sodium hydroxide (NaOH), Trimethylamine, Ammonium acetate 

(NH₄CH₃CO₂), Pentamethylchromanol. Bordetella Pertussis toxin, Complete Freund’s 

adjuvant (CFA), Bovine serum albumin (BSA) and methylated BSA (mBSA) were also 

purchase from Sigma Aldrich (Missouri, USA). 

 

 HPLC grade solvents were purchased from ThermoFisher Scientific (Hemel 

Hempstead, Hertfordshire UK) as follows: HPLC grade water (H2O), glacial acetic acid, 

propan-2-ol (IPA), hexane, chloroform, methanol (MeOH) and acetonitrile (ACN). 

Dulbecco's phosphate-buffered saline (DPBS), EZ-Link™ NHS-biotin and EZ-Link™ Sulfo-

NHS-biotin were also from ThermoFisher Scientific. 

 

2.1.2 Coagulation factors and chromogenic substrates 

 Coagulation factors, specifically Factor II (Human Prothrombin), Factor Xa and 

Factor IIa (Human Alpha Thrombin), as well as chromogenic substrate Pefachrome TH 

8198 (S-2238) were obtained from Enzyme Research Laboratories (Swansea, UK), while 

Factor Va was obtained from Haematologic/Cambridge Bioscience (Cambridge, UK). 

HetasSep™ was purchased from StemCell Technologies, Canada. 
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 Coagulation factors were reconstituted in H2O as follows: Factor II - 20 μM, 

Human Factor Va - 1 μm, Human Factor Xa - 10 μM, and Factor IIa - 10 μM. The 

chromogenic substrate S-2238 was reconstituted at 2.8 mM 209–211. 

2.1.3 Lipids 

 1-Stearoyl-2-arachidonoyl-phosphatidylethanolamine (SAPE) and -

phosphatidylserine (SAPS), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-

dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE), 1,2-dimyristoyl-sn-glycero-3-

phospho-L-serine (DMPS), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1-

stearoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (SOPS), 1-(1Z-stearoyl)-2-

arachidonoyl-sn-glycero-3-phosphoethanolamine (SpAPE) and SPLASH® LIPIDOMIX® 

Mass Spec Standard, were obtained from Avanti Polar Lipids (Alabaster, Alabama, USA).  

 Deuterated eicosanoid standards were purchased from Cayman Chemical 

(Michigan, USA) as follows: 13(S)-HODE-d4, 5(S)-HETE-d8, 12(S)-HETE-d8, 15(S)-HETE-

d8, 20-HETE-d6, Leukotriene B4-d4, Resolvin D1-d5, Prostaglandin E2-d4, Prostaglandin 

D2-d4, Prostaglandin F2α-d4, Thromboxane B2-d4, 11-dehydro Thromboxane B2-d4, 

11(12)-EET (EpETrE) -d11, as well as 11-dehydro Thromboxane B2. 

 

2.1.4 Buffers 

2.1.4.1 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, aliquoted, and stored 

at -20°C 125,212. 

2.1.4.2 Tyrode's 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 
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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, aliquoted, and stored at -20 °C 125,212. 

2.1.4.3 Stock bovine thrombin (20 U/ml) 

 Lyophilized bovine thrombin powder (100 U) was reconstituted in 5 ml sterile 

DPBS to give a stock of 20 U/ml. The solution was aliquoted and stored at -80 °C 125,212. 

2.1.4.4 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, aliquoted, 

and stored at -20 °C 125. 

2.1.4.5 DPBS/0.4 % trisodiumcitrate (w/v) 

 4 g trisodium citrate was dissolved in 900 ml Dulbecco's phosphate-buffered 

saline (DPBS). The pH was adjusted to 7.4 and the solution was made up to 1 L with 

DPBS. It was then vacuum filtered through a 0.22 μm filter, aliquoted, and stored at -20 

°C 125. 

2.1.4.6 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, aliquoted, and stored at -20 °C 125. 

2.1.4.7 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, aliquoted, and stored at -20 °C 125,212. 
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2.1.4.8 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 aliquoted and stored at -80 °C 209–211. 

 

2.1.4.9 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, aliquoted, 

and stored at -20 °C 209–211. 

2.1.4.10 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 209–211. 

2.1.4.11 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 a maximum 

of 2 weeks 209–211. 

2.1.4.12 Pentamethylchromanol (10 mM) 

 220 mg of pentamethylchromanol was dissolved in 100 ml chloroform. The 

solution was prepared immediately before use 213. 

2.1.4.13 CaCl2 (1 M) 

 7.35 g CaCl2 was dissolved in 50 ml H2O. The solution was filter sterilised with a 

0.22 μm filter, aliquoted and stored at -20 °C 209–211. 

2.1.4.14 EDTA (35 mM) 

 1.02 g EDTA was dissolved in 100 ml H2O. The solution was filter sterilised with a 

0.22 μm filter, aliquoted and stored at -20 °C 209–211. 



Chapter 2 

47 

2.1.4.15 DTPA stock solution (10 mM) 

 DTPA stock solution (10 mM) was prepared by dissolving 3.93 mg of DTPA in 1 

ml H2O, followed by the addition of 30 μl NaOH (1 M) in order to accelerate dissolution 

at 37 °C 212,213. 

 

2.1.4.16 Acetaminophen stock (7.5 mM) 

 Acetaminophen stock solution (7.5 mM) was prepared by dissolving 1.13 mg in 

1 ml H2O 212. 

2.1.4.17 BHT Stock (10 mM) 

 BHT 10 mM stock was prepared by dissolving 2.20 mg in 1 ml of MeOH 212,213. 

2.1.4.18 SnCl2 (7.5 mM) 

 SnCl2 100 mM stock was prepared by dissolving 18.9 mg into 1 ml of H2O. All 

SnCl2 solutions were prepared fresh on the day of lipid extraction 212,213. 

2.1.4.19 Antioxidant buffer 

 This buffer was prepared as a stock solution consisting of 25 ml of cold DPBS (4 

°C) 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 212. 

2.1.4.20 Sodium Citrate 3.8 % 

 3.8 g of sodium citrate was dissolved in 100 ml of H2O. The solution was stored 

at room temperature 212,213. 

2.1.4.21 mBSA solution 

 10 mg of mBSA was dissolved in 1 ml of H2O in a sterile flask, generating a 10 

mg/ml solution for intra-articular injection 193. 

2.1.4.22 mBSA/ Complete Freund's Adjuvant emulsion 

 10 mg of mBSA was dissolved in 5 ml of H2O in a sterile flask, generating a 2 

mg/ml solution. 5 ml of Complete Freund's Adjuvant (CFA) was removed using a 10 mL 

syringe with a 21 G needle. The needle was then changed to an 18 G blunt fill needle, 

before injecting the CFA into the prepared mBSA solution. Using a glass syringe with an 
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18 G blunt fill needle, a white emulsion was obtained by repeatedly uptaking and 

flushing the mBSA/CFA mixture. When droplets of the mixture remained intact when 

placed onto a petri dish containing water, was the emulsion considered stable and kept 

on ice until ready to use 193.  

 

2.1.4.23 Bordetella Pertussis toxin  

 Pertussis toxin, at a stock solution of 0.2 mg/ml was diluted 125 times in DPBS, 

generating a 160 ng/100 μl concentration for intraperitoneal injection 193.  
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2.2  Methods 

2.2.1 Mouse strains 

 All animal experiments were implemented in accordance with Home Office–

approved project licenses (PE8BCF782 and PC1FFFEE3). The ethical approval of these 

licenses covers all aspects of the study, including breeding and maintaining genetically 

altered animals, and all the animal models conducted. 

 Inbred IL-27 receptor-deficient (IL27ra-/-) were originally sourced from The 

Jackson Laboratory (line B6N.129P2-Il27ratm1Mak/J). Briefly, these mice were 

generated using a target vector, which replaced a coding exon for a portion of the 

extracellular fibronectin type III domain of the IL27ra and positively selected through a 

neomycin resistance cassette214. 

 Inbred IL-6 receptor-deficient (IL6ra-/-) mice were generated at GlaxoSmithKline 

(Stevenage, UK) through a replacement vector designed to disrupt key structural regions 

for IL-6 recognition, namely exons 4,5 and 6215. 

 IL-6 cytokine-deficient (IL6-/-) mice were sourced from Charles River (Bristol, UK), 

and generated using a target vector, which disrupted the first coding exon and positively 

selected through a neomycin resistance cassette.216  

 Alox15 knockout (Alox15-/-) mice were sourced from Charles River (Bristol, UK), 

generated through a targeting vector, which interrupts exon 3 and positively selected 

through a neomycin resistance cassette 217. 

 All transgenic colonies were from a C57BL/6 background and were bred under 

specific pathogen-free conditions at Cardiff University (Cardiff, Wales). Alox15-/- mice 

were bred under PC0174E40 license (Lipid regulation of cardiovascular disease), while 

the remaining genetically altered animals were bred under PE8BCF782 (How does 

inflammation shape the course of disease in arthritis?). 

  Inbred WT C57BL/6J mice were purchased from Charles River UK and 

acclimatized at Cardiff University for at least one week before any experiments.  



Chapter 2 

50 

 Experimental mice were housed in either filter top cages or scantainers, in the 

case of IL6-/- and IL6ra-/-, with 12-h light/dark cycles and controlled temperature (20 – 

22°C). Mice were fed a standard chow diet with unrestricted water access and sacrificed 

via CO2 inhalation (cardiac puncture/exsanguination as confirmation of death).  

2.2.2 Genotyping 

 Ear clippings were used for genotyping mouse strains. DNA extraction was 

performed through Monarch® Genomic DNA Purification Kit (New England Biolabs® inc., 

USA), as per the manufacturer’s instructions. Ear clippings, while still frozen, were cut 

into smaller pieces to provide a higher DNA extraction yield. Each macerated ear clipping 

was transferred into a 1.5 ml reaction tube, where 200 μl of Tissue Lysis Buffer and 3 μl 

of Proteinase K were added. Samples were incubated at 56 °C in a dry bath, with 

occasional vortex, until tissue dissolution.  Subsequently, 3 μl of RNAse A was added to 

each sample and incubated at 56 °C for a further 5 minutes.  

 For the DNA isolation, 400 μl of DNA binding buffer mix provided by the 

Monarch® Genomic DNA Purification Kit Kit (New England Biolabs® inc., USA) was added 

to each sample and then, vortexed. The resultant lysate was transferred to genomic DNA 

purification columns attached to collection tubes. Samples were then centrifuged 

(accuSpin Micro 17R, Fisher Scientific) at 1000 g for 3 minutes, immediately followed by 

centrifugation at the maximum rotation of 17000 g for 1 minute, at room temperature. 

The flow-through from each purification column was discarded, and the purification 

columns were then transferred to new collection tubes. The columns were washed by 

adding 500 μl of gDNA wash buffer. The columns were then inverted several times, 

before centrifugation at 17000 g for 1 minute. The flow-through from the latter step was 

discarded and the wash step was repeated once more. Purification columns were then 

transferred to 1.5 ml reaction tubes, and 100 μl of preheated (60°C) gDNA elution buffer 

was added, followed by a 1-minute incubation at room temperature. Finally, samples 

were centrifugated at 17000 g for 1 minute to elute the isolated DNA. 

 The isolated DNA samples were then amplified through PCR. A PCR cocktail mix 

was designed using GoTaq® PCR Core Systems (Promega) (Table 2.1). The primers 

(Thermo Fisher Scientific) employed were for the genotyping of the Alox15-/- mice colony 
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and are described in Table 2.2. Subsequently, the PCR mix was run on a PCR thermal 

cycler (Thermo Fisher) using the program presented in Table 2.3. 

 The amplified DNA was then separated through agarose gel electrophoresis. 

Agarose gel at 1.5% was prepared by adding 100 ml of TBE [ 89 mM tris; 89 mM boric 

acid; 2 mM EDTA (pH 8.05)] to 1.5 g of agarose (Thermo Fisher Scientific, UK). The 

mixture was heated for 30-sec intervals and swirled until the agarose was completely 

dissolved. While this mixture was still in its liquid form, 10 µL SYBR™ Safe DNA Gel Stain 

(Invitrogen™, UK) was added. The agarose mixture was then poured into the gel mould, 

followed by carefully placing the comb to create the wells, and then allowed to cool 

down until solidifying.  

 The gel was placed into the running tray, along with Tris/Borate/EDTA buffer 

(TBE) as running buffer and DNA ladder (Invitrogen™, UK) and samples were loaded into 

the wells of the gel, consisting of 18 μL of the amplified sample with 2 μL of TriTrack DNA 

Loading Dye (Thermo Fisher Scientific). Bio-Rad PowerPac™ 300 Power supply was 

employed at 100 V at constant voltage for 30 minutes or until adequate ladder 

separation. The gel was documented through G:BOX Chemi XX6 and XX9 and DNA 

fragments were imaged using GeneSys software (Syngene, UK). 
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Table 2.1: Cocktail PCR mix. 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2: Primer’s composition. 

 

 
 
 
 
 
 
 
 
 
 

 

 
Table 2.3: PCR program stages. 

 

 

Cocktail PCR mix 

MgCl2 3.94 μL 

Primers (x 3) 0.2 μL 

PCR Nucleotide Mix (dNTP) 1 μL 

GoTaq® DNA Polymerase 0.5 μL 

DNAse free water 33.96 μL - Volume of sample  

Colorless GoTaq® Flexi Buffer 10 μL 

Sample for genotyping  Between 5-9 μL 

Final volume: 50 μL 

Primers 

Alox 15 GGGAGGATTGGGAAGACAAT 

Alox 15 common GGCTGCCTGAAGAGGTACAG 

Alox 15 Wild type CCATAGACGAGACCAGCACA 

Stage 1 Stage 2 Stage 3 

Initial denature 95°C 3 min Denature 95°C 30 sec 72°C 10 min 

Denature 95°C 30 sec Annealing 65°C 60 sec 4°C Forever 

Annealing 65°C 60 sec Extension 72°C 60 sec 

Extension 72°C 60 sec 
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2.2.3  AIA mouse model 

 Induction of experimental arthritis was implemented in accordance with the 

Home Office–approved project license (PE8BCF782). In all animal models performed, 

the 3 R’s (Replace, Reduce, Refine) were taken into consideration. The mice in this 

animal model were shared between three different groups, studying different 

components of inflammatory arthritis, therefore complying with the 3 R’s. To reduce 

confounding factors and facilitate the induction of this model, only male mice were 

analysed in this study. This is a limitation of this study considering that the majority of 

RA patients are from the female gender 129. 

 Power calculations were performed using data from a previous study on TAT 

complex values after the development of murine abdominal aorta aneurysm 212, using 

an online sample size calculator218. It was determined that each study group should be 

composed of at least 8 mice. This number was then reduced to 4 in the case of both 

IL6ra-/- and IL6-/- mice, since a significant difference was achieved before reaching the 

calculated n value of 8. 

 Experimental mice were divided into four study groups: (i) naïve control, (ii) 

immunized or primed controls, (iii) early arthritis disease (Day 3) and (iv) established 

arthritis disease (Day 10).  

 All experiments using transgenic mice were done simultaneously with WT mice, 

as to try to compensate for possible variations due to the arthritis induction between 

experiments. A total of 8 separate AIA model experiments were performed, namely: (i) 

naïve control (n = 8) and primed controls mice (n = 8); (ii) naïve control (n = 3), primed 

controls mice (n=8), WT (n = 8) and IL27ra-/- mice (n = 8) until day 3 of AIA development; 

(iii) naïve control (n = 3), WT (n = 8) and IL27ra-/- mice (n = 8) until day 10 of AIA 

development; (iv) naïve control (n = 3), WT (n = 6) and IL6ra-/- mice (n = 6) until day 3 of 

AIA development; (v) naïve control (n = 3), WT (n = 6) and IL6ra-/- mice (n = 6) until day 

10 of AIA development; (vi) naïve control (n = 3), WT (n = 4) and IL6-/- mice (n = 4) until 

day 3 of AIA development; (vii) naïve control (n = 3), WT (n = 4) and IL6-/- mice (n = 4) 

until day 10 of AIA development. (viii) naïve control (n = 3), WT (n = 8) and ALox15-/- mice 

(n = 8) until day 3 of AIA development; (ix) WT (n = 8) and ALox15-/- mice (n = 8) until day 
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10 of AIA development. Experiments (i) to (vii) were pooled and analysed in Chapters 3 

and 4, while experiments (viii) and (ix) were pooled alongside experiment (i) and WT 

results from experiments (iii) to (vii) and discussed and analysed in Chapter 5 and 6. 

Unfortunately, not all mice that completed successfully the AIA model were able to be 

analysed due to failed cardiac puncture.  

 Mice, aged between 9 - 11 weeks of age, were injected with 100 μL of mBSA/CFA 

emulsion subcutaneously (s.c.) using a 1 ml syringe and 25-gauge needle. The emulsion 

was prepared by adding mBSA (2 mg/ml) and CFA examples in equal parts and forcefully 

mixed using a glass syringe and an 18-gauge needle until a stable emulsion was 

generated. Simultaneously, 100 μL of Bordetella Pertussis toxin (1.6 ng/µl) was 

administered intraperitoneally (i.p.) using a 1 mL syringe with a blue 25-gauge needle 

(day -21). After 7 days (day -14), the mice were immunized for a second time with 100 

μL of mBSA/CFA (s.c.) in the opposite flank. From this point, mice either underwent 

arthritis induction or were harvested as primed (or immunized) controls. The 

unimmunized, naïve mice were culled on the same day as the primed controls (Day 0). 

Arthritis was induced 14 days after the second immunization. For this, mice were 

injected with 10 μL of mBSA solution (10 mg/ml), intraarticularly (i.a.) using an insulin 

syringe with a 29-gauge, to induce inflammatory arthritis, which result in an increase 

infiltration of immune cells, with a peak of the acute inflammatory response at day 3 – 

Early arthritis.  Arthritis progression was monitored by measuring knee joint swelling 

with a POCO 2T micrometer (Kroeplin) on days 0, 1, 2, 3, 7 and 10, and used as a 

measurement of inflammation. After day 3, swelling decreases until it reaches chronic-

like inflammation around day 7, where an intensified adaptive immunity response is 

present, as observed by an increase in T and B-cells into the joint 193.  

 Three days after the i.a. injection, mice were culled for the early disease time 

point, where the peak of swelling was observed. The established disease time point was 

defined as 10 days post i.a. injection, where the diameter of the joint was observed at 

baseline levels (Figure 2.1) 193.   

 Animals were observed daily for the first 3 days following each injection, 

followed by observation every other day. Minor inflammatory reactions from the 

administration of CFA were observed in some mice. These animals were observed daily 
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and monitored for signs of distress. Food pellets were placed in the cage to minimise 

the stress of feeding. Any mice showing signs of pain received a subcutaneous injection 

of Buprenorphine (0.05 mg/kg dose) 219 and were removed from the experiments 

described in this thesis. This situation only occurred with one IL6ra-/- mouse, before the 

i.a. injection, and it was excluded from the study. Any animal not responding to pain 

relief, exhibiting signs of distress for 3 consecutive days or showing a showing ≥ 20% 

weight loss would be humanely culled. In addition, any mice presenting an increase of 

joint swelling superior to 2 times the baseline on 3 consecutive days would also be 

humanely killed. These signs and conditions were not observed in any mice during all 

AIA experiments. 

 

Figure 2.1: Antigen-induced arthritis model  
Schematic representation of the inflammatory response of AIA model, including endpoints 
used. Arrows indicate the time and respective routes of administration for the induction of AIA 
model, along with the timepoints used for tissue collection on different disease stages. The 
model is initiated by a priming phase, where an antigen-specific response against mBSA is 
generated. On day -21, the mice are challenged with a mBSA/CFA subcutaneously (s.c) and 
Pertussis toxin intraperitoneally (i.p.) administration, followed by a booster injection of 
mBSA/CFA (s.c.) 7 days later (day -14). The acute inflammation is then generated by an intra-
articular (i.a.) injection of mBSA on day 0, resulting in an increase infiltration of immune cells. 
Joint swelling is measured on day 0, 1, 2, 3, 7 and 10, and used as a reflection of inflammation. 
After 7 days of the arthritis induction, the swelling of the AIA model is minor, and a chronic-like 
phase is achieved.  Scheme designed using PowerPoint and Excel using readout for AIA 
development in WT mice. 
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2.2.4 Mouse Blood Collection  

 Mouse blood collection and processing were performed as previously described 

212.  Mice were sacrificed through schedule 1, via CO2 inhalation. From each mouse, 

whole blood was collected via cardiac puncture, using a 1 ml syringe with a blue 23-

gauge needle, preloaded with 100 µl of an anticoagulant mixture consisting of sodium 

citrate 3.8% (9:1, v/v) and 0.1 mg/ml corn trypsin inhibitor (Haematologic Technologies 

Inc., USA). The harvested blood was distributed equally into Eppendorf tubes. With a 

total volume of 200 µl in each, the Eppendorf tubes were centrifuged at 3000 g for 5 

minutes at room temperature, with plasma and whole blood cells isolated and 

immediately snap-frozen in liquid nitrogen. Plasma was stored at -80 °C until further 

analysis.  

2.2.5 Mouse-washed platelet isolation 

 Mouse blood was performed as previously described 125,212, starting with the 

blood collection by cardiac puncture (as above) into a syringe containing 150 μl of Acid 

Citrate Dextrose (ACD) [2.5 % (w/v) trisodium citrate, 1.5 % (w/v) citric acid, and 100 

mM Glucose]. The syringe with anticoagulant and the collected blood was gently 

inverted before being transferred into an Eppendorf containing 150 μl 3.8 % w/v sodium 

citrate, and 300 μl of modified Tyrode’s buffer was then added (145 mM NaCl, 12 mM 

NaHCO3, 2.95 mM KCl, 1 mM MgCl2, 10 mM HEPES, 5 mM Glucose). The blood was spun 

at 200 g for 5 minutes, at room temperature. The top layer consisting of platelet-rich 

plasma (PRP) was transferred to an Eppendorf containing 400 μl of Tyrode’s buffer, and 

gently mixed before being spun for 2 minutes at 200 g. More PRP was isolated and 

transferred to a fresh Eppendorf and 400 μl of Tyrode’s buffer was added. A third spin 

was performed at 500 g for 5 minutes. The plasma was removed, and the platelets were 

resuspended in Tyrode’s buffer at 2 x 108 cells/ml 212. 

2.2.6 Mouse whole blood cells lipid extraction 

 Mouse whole blood cells lipid extraction was performed using the same protocol 

as previously described for lipid extraction of murine blood clots 212. Immediately before 

lipid extraction, each mouse whole blood cell pellet generated in Section 2.2.4 was 

resuspended in 1 ml antioxidant buffer [ice-cold DPBS, 100 μM 
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diethylenetriaminepentaacetic acid, 100 μM butylated hydroxytoluene, 7.5 μM 

acetaminophen, pH 7.4]. The reduction of hydroperoxides was achieved by the addition 

of 10 µl of SnCl2 (100 mM), and incubation for 10 minutes on ice. 

Internal standards (IS), 10 ng PE 15:0/18:1-d7 [SPLASH® LIPIDOMIX® Mass Spec 

Standard], along with eicosanoids ISs [13(S)-HODE-d4, 5(S)-HETE-d8, 12(S)-HETE-d8, 

15(S)-HETE-d8, 20-HETE-d6, Leukotriene B4-d4, Resolvin D1-d5, Prostaglandin E2-d4, 

Prostaglandin D2-d4, Prostaglandin F2α-d4, Thromboxane B2-d4, 11-dehydro 

Thromboxane B2-d4, 11(12)-EET (EpETrE) -d11] were added before lipid extraction. For 

whole blood lipidomics, SPLASH® LIPIDOMIX® Mass Spec Standard was used as the IS 

mix for oxPLs, since it contained deuterated PE and PC, which are not present in whole 

blood. For oxylipin analysis, the IS used were deuterated lipids of the same class as the 

analysed lipids, which are also not present in the sample. 

 Samples were transferred to 10 ml glass vials with a screw-top (Chromacol 10-

SV, Thermo Scientific) containing 2.5 ml of ice-cold methanol. Lipids were extracted by 

adding 1.25 ml of chloroform to each sample followed by incubation on ice for 30 

minutes. Then, 1.25 ml of chloroform and 1.25 ml of water were added, and the mixture 

vortexed. The samples were then centrifuged (Megafuge 40R, Thermo Scientific) at 400 

g for 5 minutes at 4 °C to obtain a biphasic solution. Lipids were then recovered from 

the bottom chloroform layer using a glass Pasteur pipette. To obtain a higher extraction 

yield, an additional 2.5 ml of chloroform was then added, followed by another round of 

vortexing and centrifugation at 400 g for 5 minutes at 4 °C. The bottom chloroform layer 

was recovered and pooled with the previously collected layer. The chloroform extracts 

were dried using a Rapidvap N2/48 evaporation system (Labconco Corporation), re-

suspended in 150 µl of methanol, and transferred to HPLC vials with fixed glass inserts 

and stored at − 80 °C in an N2 atmosphere prior to analysis by LC/MS/MS as described in 

Section 2.2.28, 2.2.30 and 2.2.31. 

2.2.7 Mouse Synovial tissue isolation  

 Synovial tissue was dissected from the joint cavity. For this, the articular capsule 

from animals was opened and the synovial membrane, together with the infrapatellar 

fat pad, was excised from the joint capsule and patellar ligament after detachment from 
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the tibia220. After synovial isolation, the tissue was weighed, snap-frozen and stored at 

− 80 °C until lipid extraction.  

2.2.8 Mouse synovial tissue processing and lipid extraction 

 Mouse synovial tissue processing and lipid extraction was adapted from the 

protocol described in Allen-Redpath et al. 2019 for murine abdominal aorta aneurysm 

tissue 212. Firstly, mouse synovial tissue was resuspended in 0.5 ml antioxidant buffer 

[ice-cold DPBS, 100 μM diethylenetriaminepentaacetic acid, 100 μM butylated 

hydroxytoluene, 7.5 μM acetaminophen, pH 7.4].  

 Internal standards (IS), 10 ng of PE(15:0/18:1(d7)) [SPLASH® LIPIDOMIX® Mass 

Spec Standard], along with the eicosanoid IS mix [ 23 ng 13(S)-HODE-d4, 25 ng 5(S)-HETE-

d8, 25 ng 12(S)-HETE-d8,  25 ng 15(S)-HETE-d8, 25 ng 20-HETE-d6, 26 ng Leukotriene B4-

d4, 29 ng Resolvin D1-d5, 25 ng Prostaglandin E2-d4, 27 ng Prostaglandin D2-d4, 27 ng 

Prostaglandin F2α-d4, 28 ng Thromboxane B2-d4, 28 ng of 11-dehydro Thromboxane 

B2-d4, 25 ng of 11(12)-EET (EpETrE) -d11] was added to each sample before tissue 

homogenisation. Synovial tissue samples were homogenised in a Bead Rupture Elite®, 

with the following settings:  2 cycles at 5 m/s for 20 seconds with a dwell time of 10 

seconds. Tissue samples were then transferred to fresh glass vials and the remaining 

tissue was washed out with a further 0.5 ml antioxidant buffer and combined with the 

previous tissue samples. The reduction of hydroperoxides was achieved by the addition 

of 10 µl of SnCl2 (100 mM), and incubation for 10 minutes on ice. 

 Lipids were extracted from the processed mouse synovial tissue initially using a 

double extraction method. For this, the lipids were first extracted using an 

isopropanol/hexane method, by adding 2.5 ml of hexane/isopropanol/acetic acid 

(30:20:2, v/v/v) extraction solution to each sample. After vortexing, 2.5 ml of hexane 

was added, followed by another vortexing step. The separation of phases was achieved 

by centrifugation at 400 g for 5 minutes at 4 °C. Lipids were then recovered from the 

upper layer and transferred to new extraction vials. Another 2.5 ml of hexane was then 

added to the original extraction vial, followed by another round of vortexing and 

centrifugation. The upper phase was once again recovered and combined with the 

previously recovered layer. The remaining bottom layer was then extracted through the 

Bligh and Dyer method by adding 2.5 ml of methanol and 1.25 ml of chloroform. Samples 
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were then vortexed before adding 1.25 ml of chloroform and 1.25 ml of water. After 

vortexing and centrifugation at 400 g for 5 minutes at 4°C, the bottom layer was 

recovered and combined with the previously isolated hexane layers. The combined 

chloroform and hexane extraction recoveries were dried using a Rapidvap N2/48 

evaporation system (Labconco Corporation), re-suspended in 150 µl of methanol, and 

transferred to HPLC vials, capped in an N2 atmosphere, and stored at -80 °C, before 

further processing. 

 Due to the complex nature of these tissue samples, it was suspected that these 

lipid extracts had contaminating particles (bone or cartilage) that scratched the injector 

in the LC/MS/MS. Therefore, in order to prevent more damage to the injector needle 

and HPLC column, these samples were further extracted, as to remove these possible 

contaminating particles. The lipid extracts were split into 2, with 75 µl further extracted 

for oxPLs analysis by hexane/isopropanol extraction, while the other 75 µl of extract 

were processed through solid-phase extraction for oxylipin analysis, as described below. 

 For the hexane/isopropanol extraction, the 75 µl of lipid were diluted in 925 µl 

of water, prior to its addition to the extraction solution. To each sample, 2.5 ml of 

hexane/isopropanol/acetic acid (30:20:2, v/v/v) extraction solution was added. 

Following vortexing, 2.5ml of hexane was added. The separation of phases was achieved 

by centrifugation at 400 g for 5 minutes at 4°C. Lipids were then recovered from the 

upper layer, dried, re-suspended in 75 µl of methanol and then transferred to HPLC vials 

with fixed glass inserts, capped in an N2 atmosphere and stored at -80 °C prior to analysis 

by LC/MS/MS. 

 Solid-phase extraction (SPE) method uses cartridges containing silica beads with 

C18 bound for the extraction of lipids, removing phospholipids and neutral lipids. The 

samples were prepared by adding 75 µl of lipid extract into Eppendorf’s containing 1.9 

ml of 15% MeOH/85% water (v.v) acidified with 45 µl of glacial acetic acid, and vortexed. 

For each lipid extract, an SPE cartilage (Sep-Pak C18 Cartridge, Waters) was set up on 

the positive pressure manifold (Pressure+ 48, Biotage®), with an outgoing pressure set 

to approximately 20 psi. The cartridges were conditioned by running 6 ml of Methanol, 

twice, using a quick flow of about 2 ml/min. Next, a total of 6 ml of 0.25% glacial acetic 

acid in water (v/v) (pH 3), was eluted at 1 ml/min. Once the acidified water reaches the 

meniscus of the column, the run was stopped, and the samples were loaded into each 
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column. The samples were slowly forced into the column through positive pressure. 

Once the level reached the meniscus, 5 ml of 0.25% Glacial acetic acid in water (v/v) was 

run twice slowly through the column. Following, 3 ml of hexane was run twice before 

allowing the column to dry for about 30 minutes. Oxylipins were eluted by adding 8 ml 

of methyl formate under gravity into glass extraction tubes. The samples were dried 

using a Rapidvap N2/48 evaporation system (Labconco Corporation), at room 

temperature, with no shaking, starting with a vacuum set to 700 mbar and decreasing 

gradually by 50 mbar every 15 minutes, as to ensure no spillage occurs. Samples were 

resuspended in 75 µl methanol and then transferred to HPLC vials with fixed glass 

inserts, capped in an N2 atmosphere and stored at -80 °C prior to analysis by LC/MS/MS 

as described in Section 2.2.28 and 2.2.31. 

 

2.2.9 Mouse knee joint histology  

Mouse knee joint histology was performed as previously described 193,221. Whole knee 

joints were recovered by cutting through the femur and tibia. Following the removal of 

skin, knees were placed into histology cassettes and fixed in 10 % formalin for three 

days. This was followed by a decalcification process, where the cassettes were incubated 

in a decalcification buffer (10 % formic acid in water), which was changed every three 

days until no calcium was detected. The endpoint calcium assay was performed using 

the method of Rosen222. For this, the recovered acidic decalcification solution was 

neutralized using an accumet™ basic pH meter (Denver Instrument) by adding 5 M NaOH 

solution, until reaching pH 7. This was followed by the addition of 5 ml of saturated 

ammonium oxalate [(NH4)2C2O4]. After vortexing, the solution was incubated for 30 

minutes, and the formation of a white precipitate was indicative of the presence of Ca2+. 

When no Ca2+ precipitate was observed in the decalcification buffer after two assays in 

a row, the process was considered complete. The tissue was then processed using the 

HistoCore PEARL before being embedded into paraffin blocks through Arcadia H 

instruments (Leica Biosystems). Parasagittal serial sections of 6 µm were obtained via a 

Leica RM2235 rotary microtome. Slides were baked at 60 °C overnight to ensure 

adherence to the glass. 
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2.2.10 Histological staining of mice knee joints 

 Knee parasagittal sections were prepared for histological staining through a de-

waxing protocol as previously described 193,221. Sections were submerged in three xylene 

baths, before rehydration in a decreasing concentration of ethanol (100 %, 90 % and 70 

%), and a final wash in distilled water. Subsequently, sections were submerged in 

Weigert’s iron haematoxylin solution (VWR International, Ltd) for 7 minutes. Excess 

stain was removed by running tap water before transferring into Fast Green [0.01 % 

(w/v)] for 5 minutes. Next, sections were dipped for 10 seconds in acetic acid [1 % (v/v)], 

and finally incubated for 5 minutes in safranin O [0.2% (w/v)] before dehydration. 

Finally, sections were dehydrated through sequential incubation in 70%, 90% and 100% 

absolute ethanol and cleared by three changes of xylene. Coverslips were mounted 

using DPX mountant for histology (Sigma-Aldrich®) and dried overnight. Sections were 

accessed as described in Section 2.2.11, using a Leica DM 2000 microscope and Leica 

Application Suite v4.9 software. 

2.2.11 Histological assessment of mice joint pathology 

 Inflammation and cartilage erosion and overall joint damage were evaluated 

through histological staining as previously described 193,221, outlined in Table 2.4.   

 Histology was scored by at least two independent analysts blinded to the 

experimental design, namely Gareth Jones, PhD and David Hill, PhD from Bristol 

University, and Aisling Morin, PhD from Cardiff University. The scoring assessed synovial 

exudate, synovial inflammation and hyperplasia and cartilage and bone erosion. 

Haematoxylin staining indicates cellular infiltration, while safranin-O indicates cartilage 

erosion (Figure 2.2). The combined score is presented as an arthritis index of disease 

activity. Statistical analysis was performed as described in Section 2.2.36. 

 



Chapter 2 

62 

 

 

 

  

Synovial Infiltrate 

0 Normal 

1 Focal inflammatory infiltrates, adiposity hardly affected 

2 Focal inflammatory infiltrates equal adiposity 

3 Random inflammatory infiltrates dominating cellular histology 

4 Substantial inflammatory infiltrates with severe loss of adiposity 

5 Ablation of adiposity due to inflammatory infiltrates 

Synovial Exudate 

0 Normal 

1 Evidence of inflammatory cells in space 

2 Moderate numbers of inflammatory cells in space, with evidence of fibrin deposits 

3 Substantial number of inflammatory cells with large fibrin deposits 

Synovial Hyperplasia and Pannus Formation 

0 Normal (between one and three layers) 

1 

Over three-layer thick synovial lining and evidence of thickening and/ or invasion of joint 

space 

2 

Over three-layer thick synovial lining 'creeping' over cartilage surfaces and/or finger-like 

processes into joint space 

3 

Over three-layer thick synovial lining showing substantial covering of cartilage surfaces with 

evident cartilage loss 

Cartilage and Bone Erosion 

0 Normal 

1 Detectable loss of cartilage detected by Safranin O staining 

2 Detectable erosion of underlying bone by pannus activity 

3 Pannus has destroyed a significant part of the bone 

Table 2.4: Scoring criteria for histological evaluation of joint pathology 
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Figure 2.2:  Examples of Histological evaluation of joint pathology 
Haematoxylin, fast green, and safranin O staining of knee joints at day 10. From top to 
bottom, boxes focusing areas of synovial infiltrate, cartilage erosion, synovial exudate and 
synovial hyperplasia and pannus formation. Scale bars: 600 μm. Figure adapted from Jones 
et al. 2018  193,351. 
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2.2.12 TAT complexes 

 Plasma thrombin/antithrombin (TAT) complexes were quantified using a murine 

TAT ELISA Kit, as per the manufacturer’s instructions (ab137994, Abcam, UK). Here, 

plasma samples were diluted at 1:100 before an 2h incubation with a TAT complex-

specific antibody. TAT complexes standards were also incubated, with a concentration 

ranging from 1.95 to 500 pg/ml. After three manual washes with the provided wash 

buffer, 50 µl of TAT complex-specific biotinylated detection antibody was added to each 

well and incubated for another 2 h. Followed by another wash, 50 µl of Streptavidin-

Peroxidase conjugate was added to each well and incubated for an hour. The plate was 

once again washed before adding 50 µl of Chromogen Substrate, which was left to react 

for 20 minutes before adding the Stop Solution. Absorbance was immediately read on a 

microplate reader (CLARIOstar Plus, BMG Labtech) at 450 nm and values were corrected 

for background by subtracting readings at 570 nm. All samples and standards were 

analysed in triplicate. Sample concentrations were calculated by interpolating the blank 

control subtracted absorbance values against the standard curve, following 

multiplication by the dilution factor. Statistical analysis was performed as described in 

Section 2.2.36. 

 

2.2.13 D-Dimers 

 D-Dimers were analysed using a Mouse D-Dimer, D2D ELISA Kit as per the 

manufacturer’s instructions (CSB-E13584m, Cusabio). Plasma samples were diluted at 

1:500 prior to the addition of 100 µl in each well containing immobilized D-Dimer 

antibody. Standards were also incubated with a concentration ranging from 31.25 to 

2000 pg/ml. Samples and standards were incubated for 2h at 37°C, followed by the 

removal of liquid and the addition of 100 µl of biotin-conjugated antibody specific for D-

dimers. The plate was then incubated for an hour at 37°C. Each well was washed 

manually 3 times with wash buffer, before the addition of 100 µl of avidin-conjugated 

horseradish peroxidase. After incubation for an hour at 37°C, another washing step was 

performed.  

 Subsequently, 90 µl of TMB substrate was added and incubated for 15 minutes 

protected from light. After incubation with substrate solution, colour develops 
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proportionally with D-Dimer concentration. Colour development is stopped using a stop 

solution and optical density was read immediately on a microplate reader (CLARIOstar 

Plus, BMG Labtech) at 450 nm with the background of 570 nm subtracted. All samples 

and standards were analysed in triplicate. Sample concentrations were calculated by 

interpolating the blank control subtracted absorbance values against the standard 

curve, following multiplication by the dilution factor. Statistical analysis was performed 

as described in Section 2.2.36. 

 

2.2.14 mBSA-specific antibody response  

 Antigenic response against mBSA was determined through mBSA-specific IgG 

presence in murine plasma, as previously described 206. mBSA (5 μg/mL DPBS) was 

coated on half-area flat bottom 96-well plates and incubated overnight. The plate was 

washed three times with 0.05% (v/v) Tween 20 in DPBS. Each coated well was then 

blocked with 5% (w/v) milk in DPBS, with 0.05 % (v/v) Tween 20 for 1 hour, followed by 

another washing step. Mouse plasma was serially diluted – 1/100; 1/1000; 1/10000; 

1/100000 – in 5 % (w/v) milk in DPBS and added to the plate and incubated for 2h. 

Following another washing step, 0.5 µg/ml of horseradish peroxidase-conjugated goat 

anti-mouse IgG (ab6789, Abcam, UK) was added to each well and incubated for another 

2 hours. The plate was developed through the addition of 90 µl of chromogenic 

peroxidase substrate 3,3’,5,5’-tetramethylbenzidine blue (TMB Development Solution). 

Colour development was stopped by adding 40 µl of stop solution, followed by the 

absorbance being immediately read at 450 nm on a microplate reader (CLARIOstar Plus, 

BMG Labtech). Data expressed as optical density values at 450 nm (OD450). Statistical 

analysis was performed as described in Section 2.2.36.  

2.2.15 C-reactive protein (CRP) levels  

 CRP in plasma was determined using a Mouse CRP ELISA Kit as per the 

manufacturer’s instructions (ab157712, Abcam, UK). Plasmas were diluted 1:200 before 

the addition of 100 µl in each well covered with anti-CRP antibodies. Standards were 

also incubated at concentrations ranging from 0.78 to 25 ng/ml. After a 10 minutes 

incubation, a manual wash with the provided wash buffer was performed 3 times, 

followed by the addition of 100 µl of anti-CRP antibodies conjugated with horseradish 
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peroxidase. The plate was then incubated for 10 minutes protected from light. After 

another washing step, 100 µl of chromogen substrate solution was added to each well 

and incubated for 5 minutes. Stop solution was then added and absorbance was read 

immediately at 450 nm on a microplate reader (CLARIOstar Plus, BMG Labtech). All 

samples and standards were analysed in triplicate. Sample concentrations were 

calculated by interpolating the blank control subtracted absorbance values against the 

standard curve, following multiplication by the dilution factor. Statistical analysis was 

performed as described in Section 2.2.36. 

 

2.2.16 Serum amyloid A1 (SAA) levels 

 SAA in plasma was determined using a Mouse SAA ELISA Kit as per the 

manufacturer’s instructions (ab215090, Abcam, UK). Plasma samples were diluted 

1:1000 before adding 50 µl to each well. Standards were also added in each well, with 

concentrations ranging from 0.22 to 2.5 ng/ml. This was followed by the addition of 50 

µl of antibody cocktail. After a 1-hour incubation, a manual washing step using the 

provided wash buffer was performed 3 times. Subsequently, 100 µl of TMB 

Development Solution was added to each well and incubated for 10 minutes whilst 

protected from light. A stop solution was added before reading absorbance at 450 nm 

on a microplate reader (CLARIOstar Plus, BMG Labtech). All samples and standards were 

analysed in duplicate. Sample concentrations were calculated by interpolating the blank 

control subtracted absorbance values against the standard curve, following 

multiplication by the dilution factor. Statistical analysis was performed as described in 

Section 2.2.36. 

 

2.2.17 Prothrombin time  

 Prothrombin time was measured in plasma using a coagulation analyser 

(Amelung KC 10) as previously described 212. Plasma (40 µl) was added to plastic cuvettes 

with a magnetic bead and incubated at 37 °C for 5 minutes. The cuvette was rotating, 

while the bead was aligned with a detector, restraining it in a locked position. Next, 100 

µl RecombiPlasTin 2G reagent (Werfen) was added. This is a liposomal preparation with 
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recombinant tissue factor relipidated in a phospholipid blend, with calcium chloride 

[CaCl2], which promotes coagulation. The forming clot entangles the magnetic bead, 

rupturing the electromagnetic coupling, resulting in the rotation of the bead within the 

cuvette. The time between the addition of RecombiPlasTin 2G reagent and the 

termination of the electromagnetic coupling represents the designated prothrombin 

time, which is measured in seconds. Statistical analysis was performed as described in 

Section 2.2.36. 

 

2.2.18 Human experimental study design  

 All experiments followed the principles of the Declaration of Helsinki and were 

performed with informed consent and with full ethical approval.  

 Experiments were performed under the project titled Cardiff Regional 

Experimental Arthritis Treatment and Evaluation Centre approved by the Ethics 

Committee for Wales (Reference No 12/WA/0045). RA patients receiving biological 

therapies and conventional DMARDs were recruited for venous blood sampling. 

Patients had no history of venous and/or arterial thrombosis at the time of 

venipuncture. Details concerning the clinical characteristics of recruited volunteers in 

this Cardiff clinical cohort can be found in chapter 5. Blood samples were collected from 

patients during a routine clinic appointment, as described in sections 2.2.22, 2.2.23  and 

2.2.24 of this chapter. 

 Power calculations were performed using data from a previous study on 

antiphospholipid syndrome125, where through an online sample size calculator218,  it was 

determined that each study group should be composed of at least 25 participants in 

order to achieve statistical significance. The recruitment took place between February 

2020 to April 2022, recruiting a total of 25 age and gender-matched healthy volunteers 

for cell isolation and lipid characterization. 

 

 For the analysis of autoantibodies against lipids to identify markers of disease 

and immune responses against lipids, experiments were performed under the project 

titled Study of the lipidomic profile of blood clots from healthy volunteers approved by 
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the School of Medicine Ethics Review Committee for the study of autoantibodies against 

lipids relevant in coagulation (REC/SREC reference No 16/02, study 10). Serum samples 

of RA and osteoarthritis patients were obtained from Leiden University Medical Center 

collaborators, more precisely through the Early Arthritis Cohort (EAC) biobank. This 

Leiden clinical cohort study was compared with serum samples generated from blood 

obtained from 10 healthy volunteers from Cardiff, UK. Details concerning the clinical 

characteristics of both these cohorts can be found in Chapters 7 and 8. 

 

2.2.19 Healthy volunteers’ recruitment 

 Healthy controls from both studies were recruited with informed consent from 

the general population (Figure 12.3, Figure 12.4, Figure 12.5, Figure 12.6). Exclusions 

included a history of arterial or venous thrombosis, recurrent foetal loss, cardiac disease, 

or any other chronic inflammatory diseases such as diabetes and high cholesterol or any 

other diseases that may conflict with the study. Healthy control individuals were 

instructed to not take aspirin, non-steroidal anti-inflammatory drugs, or any other 

medications in the 14 days before blood donation. 

 

2.2.20 Human Serum isolation  

 Serum for the Study of the lipidomic profile of blood clots from healthy volunteers 

was obtained employing the same protocol used by the Leiden University Medical 

Centre Biobank in the Early Arthritis Cohort. Using a 21-gauge butterfly needle and a BD 

vacutainer® (clot activator tube, Thermo-Fisher Scientific, UK) blood was collected from 

healthy volunteers. Each BD vacutainer® was used to draw blood to a final volume of 10 

ml.  The vacutainer® tube was then inverted five to ten times, followed by a 30-minutes 

incubation at room temperature to allow blood to clot. The vacutainer® tube was then 

centrifuged at 2,340 g for 10 minutes at room temperature. The serum was then isolated 

and stored immediately at -80 °C until analysis, as described in section 2.2.21. 
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2.2.21 Determination of autoantibodies against HETE-PLs 

positional isomers 

 HETE-PL autoantibody titres were determined by a chemiluminescent ELISA 

assay as previously described.125 Here, oxidised phospholipids, namely HETE-PCs and 

HETE-PE isomers: 5-HETE-PLs, 12-HETE-PLs, 15-HETE-PLs and 8-HETE-PLs, synthesised 

and isolated as described in Section 2.2.26, along with non-oxidised phospholipids: 1-

Stearoyl-2-arachidonoyl-phosphatidylethanolamine (SAPE) and -phosphatidylserine 

(SAPS), were diluted to 20 µg/µl, and 25 µl was added to each well of a PolySorp® surface 

plate (ThermoFisher Scientific). The lipids were then dried under an N2 stream, before 

each well was blocked using 0.5 % (w/v) fish-gelatine in 0.27 mM EDTA/DPBS (55 µl) and 

incubated for an hour. In each well, 50 µl serum samples, diluted (1:12) in DPBS-0.27 

mM EDTA volumes, were incubated for 1 hour and 30 minutes at room temperature. 

Wells were manually washed 3 times with DPBS/EDTA solution, before adding 25 µl anti-

human IgG alkaline phosphatase-conjugated secondary antibody (Sigma Aldrich) diluted 

1:20,000 in blocking solution. After another washing step, 25 µl of LumiPhos 530 

(Lumigen, Inc), diluted 1:3 in H2O, was added to each well. Following incubation for 1 

hour and 30 minutes, luminescence was read on a microplate reader (CLARIOstar Plus) 

and data were expressed as relative light units per 100 ms (RLU/100 ms) values. 

Statistical analysis was performed as described in Section 2.2.36. 

 

2.2.22 Washed platelet isolation from human blood  

 Human blood from Cardiff Regional Experimental Arthritis Treatment and 

Evaluation Centre project was collected as previously described 125, using a 21-gauge 

butterfly needle and two 20 ml venepuncture syringes. Each syringe contained 3.6 ml of 

ACD [2.5% (w/v) trisodium citrate, 1.5% (w/v) citric acid, and 100 mM Glucose], and 

blood was slowly drawn until a final volume of 18 ml was obtained. The blood was 

centrifuged at 400 g for 10 minutes without brake at 22°C. The platelet-rich plasma (PRP) 

was carefully isolated and recentrifuged at 1400 g without brake for 8 minutes at 22 °C. 

The platelet-poor plasma (PPP) supernatant was carefully isolated and transferred into 

Eppendorf tubes for extracellular vesicle (EV) isolation, as described in section 2.2.23. 



Chapter 2 

70 

 The platelet pellet was re-suspended with 10 ml of ACD: Tyrode’s buffer [145 

mM NaCl, 12 mM NaHCO3, 2.95 mM KCl, 1 mM MgCl2, 10 mM HEPES and 5 mM glucose] 

(1:9 v/v), before centrifuging at 1400 g, without brake, for 8 minutes at 22 °C. Platelets 

were then isolated and resuspended in 1 ml of Tyrode’s buffer. Platelets were counted 

with a haemocytometer and resuspended at a concentration of 2 x 108 cells per ml in 

Tyrode’s buffer. A total of 3 x 108 platelets were used as unstimulated controls, while 

another 3 x 108 platelets were stimulated with 0.2 U/ml thrombin and 1 mM CaCl2 for 

30 minutes at 37 °C. 

 Platelets, both in the basal state (unstimulated) and thrombin stimulated, were 

immediately used for lipid extraction, as described in sections 2.2.27 and 2.2.33. Washed 

resting platelets were also employed for coagulation studies, namely prothrombinase 

assay, as outlined in section 2.2.25. 

2.2.23 Extracellular vesicle-enriched plasma from human 

blood  

 Extracellular vesicles (EV) enriched plasma was obtained as described in Protty 

et al. 2021 223. PPP, isolated in section 2.2.22, was centrifuged at 300 g for 30 minutes 

at room temperature. The top layer was discarded and 750 µl of Tyrode’s buffer was 

added to the bottom layer. To generate a washed EV fraction, additional centrifugation 

at 300 g for 30 minutes was performed. The bottom 5 % fraction was considered an EV’s-

rich fraction and subsequently, lipids were extracted as outlined in 2.2.28 and 2.2.23, as 

well as studied through the prothrombinase assay detailed in 2.2.28. 

 

2.2.24 White blood cell isolation from human blood  

 Human white blood cells were isolated as previously described 125. Human blood 

collection was performed using a 21-gauge butterfly needle and a 60-ml syringe. The 

syringe, containing 4 ml Hetasep™ (Stem Cell Technologies, France) and 4 ml 2 % Citrate, 

was used to draw 20 ml of blood. After inversion, to ensure the mixing of the 

anticoagulants with the blood, the syringe was left in an upright position for gravity 

separation of the blood components. After one hour, the top layer was isolated and 
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centrifuged at 400 g, without brake, for 10 minutes at 4 °C. The pellet was resuspended 

in ice-cold DPBS/0.4 % citrate before centrifuging again at 400 g for 6 minutes at 4 °C. 

Red blood cells (RBCs) were lysed through the addition of 5 ml of 0.2 % hypotonic NaCl. 

After a one-minute incubation, 50 ml of ice-cold DPBS/0.4 % Citrate was added as a 

washing step. The WBCs were centrifuged at 400 g for 6 minutes at 4°C and second lysis 

was performed. After pelleting the WBCs, they were resuspended in 1 ml of Krebs buffer 

[0.1 M NaCl, 5 mM KCl, 47.7 mM HEPES, 1 mM NaH2PO4∙2H2O, 2 mM glucose, pH 7.4] 

and counted with a haemocytometer. Cells were then resuspended at a concentration 

of 4 x 106 WBCs per ml. A total of 6 x 106 WBCs were used in a resting state (unstimulated 

controls), and 6 x 106 WBCs were stimulated with 10 μM Calcium Ionophore A23187 and 

1 mM CaCl2 for 30 minutes at 37 °C. Lipids were then extracted as outlined in 2.2.28 and 

2.2.23. 

 

2.2.25 Prothrombinase assay  

 Thrombin generation was determined using an adapted chromogenic assay from 

previously described prothrombinase assays209,210. This was based on the activity of 

coagulation factors that constitute the prothrombinase complex, enabling the cleavage 

of prothrombin (Factor II) to thrombin (Factor IIa) (Figure 2.3).  

 Isolated blood components, namely platelets (4 x 106 cells), WBCs (8 x 104 cells) 

or EVs (non-normalised – the equivalent of 6 ml of plasma) were tested. To each well, 

20 µl cells/EVs were added, along with 20 µl of coagulation factors, then mixed to initiate 

the coagulation pathway [1 uM Factor II, 50 nM Factor Xa, 5 mM CaCl2 (Enzyme 

Laboratories, UK), 15 nM Factor Va (Haematologic, Cambridge Bioscience)]. After 5 

minutes, the reaction was quenched with 7 mM EDTA. For the standard curve, a serial 

dilution of Factor IIa, ranging from 3.125‒400 nM, was used. Chromogenic substrate 

(S2238, 2.8 mM, Enzyme Research), was added to each well. Thrombin cleaves S-2238, 

freeing p-nitroaniline dye, which is read in a plate reader using absorbance at 405 nm 

for 15 minutes on a microplate reader (CLARIOstar Plus). The area under the curve of 

the kinetic reaction was used for quantification purposes. Statistical analysis was 

performed as described in Section 2.2.36. 



Chapter 2 

72 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Prothrombinase assay  

Platelets, white blood cells (WBC’s), and extracellular vesicles (EV’s) were pipetted into 
a 96-well half-area plate, as to provide a phospholipid membrane. Coagulation mix 
containing calcium, FII, FXa, FVa was added to each well, generating thrombin. The 
reaction was allowed to proceed for 5 minutes, before being quenched with EDTA. The 
amount of thrombin (FIIa) made was quantified using a chromogenic substrate S-2238 
and a plate reader in absorbance mode (405nm) against a standard curve of human 
thrombin. Figure designed using PowerPoint. 



Chapter 2 

73 

2.2.26 HETE-PL standards  

 HETE-PLs were generated as mixed isomers, being used both as a racemic 

mixture and as individual positional isomers once isolated and purified, as previously 

described by Morgan et al.213. Specifically, 5 mg of 1-Stearoyl-2-arachidonoyl-

phosphatidylethanolamine (SAPE) or -phosphatidylserine (SAPS), was resuspended in 

1.5 ml methanol, in the presence of 64 µl of 10 mM pentamethylchromanol, which, as a 

reducing agent, will convert lipid peroxyl radicals to lipid hydroperoxides and stabilise 

them. The mixture was then dried under an N2 stream and air oxidized through 

incubation at 37 °C for 24 hours. Subsequently, this lipid mixture was resuspended in 

200 μl of methanol, and the lipid hydroperoxides were reduced to hydroxides by the 

addition of 10 µl of 100 mM SnCl2, generating an isomeric mixture of PC 18:0a/HETE or 

PE 18:0a/HETE. Lipids were extracted by adding 3.3 ml of extraction solvent [MeOH: 

CHCl3: H2O (8:20:5, v/v/v)] to the lipids, followed by vortexing and centrifugation at 1475 

g for 5 minutes. Lipids were recovered from the bottom chloroform layer using a glass 

Pasteur pipette. The recovered layer was then dried under N2 and resuspended in 200 

µl of methanol prior to the purification protocol.  

 HETE-PLs were purified as a mixed isomer mixture, free from the unoxidized 

substrate or other products using reversed-phase liquid chromatography on an HPLC 

instrument (1260 Infinity, Agilent Technologies). The column used was a Supelco 

Discovery C18 (25 cm x 4.6 mm x 5 μm). A gradient elution method with a flow rate of 1 

ml/min was used: 50 % - 100 % mobile phase B (A: H2O, 5 mM NH4CH3CO2, B: MeOH, 5 

mM NH4CH3CO2) for 15 minutes, then held at 100 % of B for 20 minutes. The elute was 

monitored at 205 nm for unoxidized lipid substrate and 235 nm for oxidized lipids (HETE-

PLs). The HETE-PLs are typically eluted between 24–26 minutes with six closely eluting 

chromatographic peaks, each peak representing a positional isomer.  Fractions were 

collected that contain all 6 positional isomers in a single sample and stored at -80 °C 

prior to further analysis. 

 For the isolation of individual positional isomers, a reversed-phase liquid 

chromatography HPLC method was performed using two Supelco Discovery C18 

columns (25 cm x 21.2 mm x 5 μm) connected in series, with a gradient of 100 % mobile 

phase B (A: 100 % MeOH, B: 95 % MeOH, 5% H20) for 200 minutes, followed by 100 % 
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mobile phase A for 100 minutes with a total flow rate of 10 ml/min. The elution was 

monitored at 205 nm for unoxidized lipid substrate and 235 nm for oxidized lipids (HETE-

PLs). The HETE-PLs eluted at approximately 100 minutes, in the following order: 15-, 11-

, 12-, 8-, 9- and 5-HETE-PL, with sufficient separation to enable the collection of 

individual isomers separately. The eluted HETE-PLs were collected in 30 ml glass vials 

with screw phenolic caps (Fisherbrand®, Fischer Scientific), dried under N2 and 

resuspended in 200 µl of methanol. Generation of HETE-PLs isomers was confirmed on 

a 4000 Q-Trap® (Sciex, Cheshire, United Kingdom), through direct injection of diluted 

standards at 10 µl/min with a 1 ml Hamilton® Gas-tight glass syringe (4.61 mm diameter) 

with a needle. Purity was confirmed through a Q1 ion scan, while an enhanced product 

ion (EPI) scan was used to monitor the precursor ion to product ion transitions (Table 

2.5) for each isomer for either PC or PE was monitored, with a dwell time of 100 ms, 

using the following ion source parameters:  

 Temperature: 500 °C, Curtain gas (CUR): 20 psi, Source Gas 1 (GS1): 40 psi, 

Source Gas 2 (GS2): 30 psi, Ion spray voltage: -4500 V, entrance potential (EP): − 10V 

 Once isolation and purity of the oxPLs was confirmed, HETE-PLs were quantified 

by spectrophotometry using absorbance at 235 nm, using ε1mm,1cm = 28 absorbance units 

(au). Once quantified, HETE-PLs were stored at − 80 °C under N2 until further use as 

standards in Section 2.2.28. or used to analyse autoantibodies against HETE-PLs in 

Section 2.2.21. 
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Standard 

Molecular 
mass 

(g/mol) 

MRM 
transition 

Q1 Q3 
DP 

(V) 

CE 

(V) 

CXP 

(V) 

PC(18:0a_5-HETE) 825.6 810.7 → 115.1 810.7 115.1 -140 -45 -7 

PC(18:0a_12-HETE) 825.6 810.7 → 179.1 810.7 179.1 -140 -45 -7 

PC(18:0a_15-HETE) 825.6 810.7 → 219.1 810.7 219.1 -140 -45 -7 

PC(18:0a_11-HETE) 825.6 810.7 → 167.1 810.7 167.1 -140 -45 -7 

PC(18:0a_8-HETE) 825.6 810.7 → 155.1 810.7 155.1 -140 -45 -7 

PC(18:0a_9-HETE) 825.6 810.7 → 151.1 810.7 151.1 -140 -45 -7 

PE(18:0a_5-HETE)  783.6  782.6 → 115.1 782.6 115.1 -140 -45 -7 

PE(18:0a_12-HETE)  783.6  782.6 → 179.1 782.6 179.1 -140 -45 -7 

PE(18:0a_15-HETE)  783.6  782.6 → 219.1 782.6 219.1 -140 -45 -7 

PE(18:0a_11-HETE)  783.6  782.6 → 167.1 782.6 167.1 -140 -45 -7 

PE(18:0a_8-HETE)  783.6  782.6 → 155.1 782.6 155.1 -140 -45 -7 

PE(18:0a_9-HETE)  783.6  782.6 → 151.1 782.6 151.1 -140 -45 -7 

Table 2.5: Multiple reaction monitoring (MRM) transitions for oxPL standards precursor ion 
to product ion transitions for EPI 

 [Declustering potential (DP), collision potential (CE), Collision cell exit potential (CXP)] 
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2.2.27 Lipid extraction of washed cells 

 

 Washed cells isolated in sections 2.2.21 and 2.2.23 were diluted into 1 ml of 

sample volume, and lipids were extracted as previously described 125,212. Platelet 

samples contained a total of 2 x 108 cells in the 1 ml of sample, whereas white blood cell 

samples contained 4 x 106 cells. The EV samples obtained in section 2.2.22 were diluted 

1:6 (v/v) with Tyrode’s buffer, in a total volume of 1.5 ml. Of this, 1 ml was used for EV 

oxPLs lipid extraction. 

 To each of these samples (resting/activated platelets, resting/activated WBC or 

plasma EV), 2.5 ml of a solvent mix was added containing hexane: IPA:1 M acetic acid 

(30:20:2 v/v), along with 10 ng of DMPE [PE(14:0/14:0)] and DMPC [PC(14:0/14:0)] as 

internal standard. The mixture was then vortexed and incubated at 4 °C for 30 minutes. 

Then, 2.5 ml of hexane was added to each extraction tube, followed by vortexing and 

centrifuging at 4 °C for 5 minutes at 1475 g. The top layer was recovered using glass 

Pasteur pipettes and transferred to clean extraction vials and placed at 4 °C. This 

extraction step was repeated by adding 2.5 ml of hexane, vortexing and centrifuging 

again at 4 °C for 5 minutes at 1475 g. The top layer was recovered and added to the 

previously isolated top phase. The recovered top layers were combined and then dried 

using a Rapidvap N2/48 evaporation system (Labconco Corporation), They were 

resuspended in 200 µl methanol, and stored at − 80 °C under N2 prior to analysis by 

LC/MS/MS, as described in section 2.2.28 below.  
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2.2.28 LC/MS/MS analysis of oxPLs 

 Lipid extracts were separated using reverse-phase HPLC on a Luna C18 column 

(150 mm x 2 mm x 3µm) (Phenomenex, Torrance, CA). A gradient elution method of 50 

– 100 % B over 10 minutes followed by 30 minutes at 100 % B (A, 

methanol:acetonitrile:water, 1 mM NH4CH3CO2, 60:20:20; B, methanol, 1 mM 

NH4CH3CO2) was applied with a total flow rate of 200 μl/min. 

Products were analysed in multiple reaction monitoring (MRM) mode, on a 6500 Q-Trap 

(Sciex, Cheshire, United Kingdom) using the following ion source parameters:  

Temperature: 500 °C, Curtain gas (CUR):  35 psi, Source Gas 1 (GS1): 40 psi, Source 

Gas 2 (GS2): 30 psi, Ion spray voltage: -4500 V, entrance potential (EP): − 10V 

 

 Transitions were monitored from precursor mass (Q1 m/z) to product ion mass 

(Q3 m/z) in negative ion mode, with a dwell time of 75 msec (Table 2.6). 

 The area under the curve for the precursor ion to product ion transition was 

integrated using Multiquant 3.0.2.  (AB Sciex, Canada) and normalized to the 

corresponding IS. For mouse samples, both whole blood pellets and synovial tissue 

lipidomics, SPLASH® LIPIDOMIX® Mass Spec Standard was used as an IS mixture, 

containing 10 ng of PE(15:0/18:1(d7)) and 284 ng of PC(15:0/18:1(d7)) added per sample 

as outlined in section 2.2.6 and 2.2.8. In the case of human-washed cells, IS mixture used 

consisted of 10 ng of DMPE and 10 ng of DMPC, as described in section 2.2.27. For 

quantification, a mixed isomer HETE-PLs standard curve was generated and a known 

isomer ratio was used for the determination of each lipid isomer concentration213. 

Statistical analysis was performed as described in Section 2.2.36. 
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Table 2.6: MRM transition for oxPL precursor ion to product ion transitions 
 Declustering potential (DP), collision potential (CE), Collision cell exit potential (CXP) 

 

Analyte 
Molecular 

mass 
(g/mol) 

MRM 
transition 

Q1 Q3 DP 
(V) 

CE 
(V) 

CXP 
(V) 

PE(16:0p_5-HETE) 739.6 738.6 → 115.1 738.6 115.1 -50 -38 -11 

PE(16:0p_12-HETE) 739.6 738.6 → 179.1 738.6 179.1 -50 -38 -11 

PE(16:0p_15-HETE) 739.6 738.6 → 219.1 738.6 219.1 -50 -38 -11 

PE(16:0p_11-HETE) 739.6 738.6 →167.1 738.6 167.1 -50 -38 -11 

PE(16:0p_8-HETE) 739.6 738.6 → 155.1 738.6 155.1 -50 -38 -11 

PE(16:0p_HETE) 739.6 738.6 → 319.2 738.6 319.2 -50 -38 -11 

PE(18:1p_5-HETE) 765.6 764.6 → 115.1 764.6 115.1 -50 -38 -11 

PE(18:1p_12-HETE) 765.6 764.6 → 179.1 764.6 179.1 -50 -38 -11 

PE(18:1p_15-HETE) 765.6 764.6 → 219.1 764.6 219.1 -50 -38 -11 

PE(18:1p_11-HETE) 765.6 764.6 → 167.1 764.6 167.1 -50 -38 -11 

PE(18:1p_8-HETE) 765.6 764.6 → 155.1 764.6 155.1 -50 -38 -11 

PE(18:1p_HETE) 765.6 764.6 → 319.2 764.6 319.2 -50 -38 -11 

PE(18:0p_5-HETE) 765.6 766.67 → 115.1 766.6 115.1 -50 -38 -11 

PE(18:0p_12-HETE) 767.6 766.6 → 179.1 766.6 179.1 -50 -38 -11 

PE(18:0p_15-HETE) 767.6 766.6 → 219.1 766.6 219.1 -50 -38 -11 

PE(18:0p_11-HETE) 767.6 766.6 → 167.1 766.6 167.1 -50 -38 -11 

PE(18:0p_8-HETE) 767.6 766.6 → 155.1 766.6 155.1 -50 -38 -11 

PE(18:0p_HETE) 767.6 766.6 → 319.2 766.6 319.2 -50 -38 -11 

PE(18:0a_5-HETE) or 
PC(16:0a_5-HETE) 

783.6 or 
797.6 

782.6 → 115.1 782.6 115.1 
-50 -38 -11 

PE(18:0a_12-HETE) or 
PC(16:0a_12-HETE) 

783.6 or 
797.6 

782.6 → 179.1 782.6 179.1 
-50 -38 -11 

PE(18:0a_15-HETE) or 
PC(16:0a_15-HETE) 

783.6 or 
797.6 

782.6 → 219.1 782.6 219.1 
-50 -38 -11 

PE(18:0a_11-HETE) or 
PC(16:0a_11-HETE) 

783.6 or 
797.6 

782.6 → 167.1 782.6 167.1 
-50 -38 -11 

PE(18:0a_8-HETE) or 
PC(16:0a_8-HETE) 

783.6 or 
797.6 

782.6 → 155.1 782.6 155.1 
-50 -38 -11 

PE(18:0a_HETE) or 
PC(16:0a_HETE) 

783.6 or 
797.6 

782.6 → 319.2 782.6 319.2 
-50 -38 -11 

PC(18:0a_5-HETE) 825.6 810.7 → 115.1 810.7 115.1 -50 -38 -11 

PC(18:0a_12-HETE) 825.6 810.7 → 179.1 810.7 179.1 -50 -38 -11 

PC(18:0a_15-HETE) 825.6 810.7 → 219.1 810.7 219.1 -50 -38 -11 

PC(18:0a_11-HETE) 825.6 810.7 → 167.1 810.7 167.1 -50 -38 -11 

PC(18:0a_8-HETE) 825.6 810.7 → 155.1 810.7 155.1 -50 -38 -11 

PC(18:0a_HETE) 825.6 810.7 → 319.2 810.7 319.2 -50 -38 -11 

IS 

PE(15:0_18:1(d7)) 
(SPLASH® 

LIPIDOMIX® Mass 
Spec Standard) 

711.013 709.6 → 288.3 709.6 288.3 -50 -38 -11 

IS 

PC(15:0_18:1(d7)) 
(SPLASH® 

LIPIDOMIX® Mass 
Spec Standard) 

753.093 811.6 → 288.2 811.6 288.2 -50 -38 -11 
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2.2.29 Alkaline hydrolysis of lipid extracts for chiral HETE 

analysis 

 Lipid extracts were dried under a stream of N2 and resuspended in 1.5 ml IPA. 

The resuspended lipids were vortexed, followed by the addition of 1.5 ml 1 M NaOH. 

The lipids were then incubated for 30 minutes at 60 °C in a dry bath incubator. 

Afterwards, the extracts were acidified to pH 3.0 using 150 µl of 1 M HCl before re-

extraction, as follows: To each sample in a glass extraction tube, 3 ml hexane was added.  

The samples were then vortexed and centrifuged at 4 °C for 5 minutes at 1475 g.  The 

top organic layer was recovered, and another 3 ml hexane was added to the remaining 

bottom layer followed by vortexed and centrifugation at 4 °C for 5 minutes at 1475 g. 

The top layer was recovered and combined with the previously isolated organic layer. 

The IS used is 12(S)-HETE-(d8), which is already present in the lipid extracts, as described 

in section 2.2.6. The combined hexane layers were dried using a Rapidvap N2/48 

evaporation system (Labconco Corporation). Lipids were resuspended in 150 µl of 

methanol, and stored at − 80 °C in an N2 atmosphere until analysis by LC/MS/MS, as 

described in Section 2.2.30. 
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2.2.30 LC/MS/MS analysis of chiral HETEs 

 Lipid extracts were run before and after alkaline hydrolysis, and the 

enantiomeric concentration of oxPLs was determined through the subtraction of total 

HETEs (after hydrolysis) and free HETEs (before hydrolysis). Separation was achieved 

using reversed-phase HPLC on a ChiralPak AD-RH column (150 mm × 4.6 mm x 5 µm; 

Daicel Corporation) with an isocratic gradient of methanol:water:glacial acetic acid 

95:5:0.1 (v/v) with flow rate 300 µl/min for 25 minutes at 40 °C. 

 Products were analysed in MRM mode, on a 4000 Q-Trap (Sciex, Cheshire, United 

Kingdom). Transitions were monitored from precursor mass (Q1 m/z italics for all these) 

to product ion mass (Q3 m/z) in negative ion mode (Table 2.7), with a dwell time of 125 

msec, and the following ion source parameters:   

 Temperature: 500 °C, Curtain gas (CUR):  20 psi, Source Gas 1 (GS1): 40 psi, 

Source Gas 2 (GS2): 30 psi, Ion spray voltage: -4500 V, entrance potential (EP): − 10V 

 

The area under the curve for the precursor ion to product ion transition was integrated 

using Multiquant 3.0.2.  (AB Sciex, Canada) and normalized to the corresponding IS. For 

quantification, specific isomeric standards were used to generate a standard curve, and 

lipids were quantified as described in Section 2.2.35. Statistical analysis was performed 

as described in Section 2.2.36 of this thesis. 

 
Table 2.7: MRM transition for free HETEs precursor ion to product ion transitions 

 Declustering potential (DP), collision potential (CE), Collision cell exit potential (CXP) 

 

  

Analyte 
Molecular 

mass (g/mol) 
MRM 

transition 
Q1 Q3 

DP 

(V) 

CE 

(V) 

CXP 

(V) 

5-HETE 320.47 319.2 → 115.1 319.2 115.1 -70 -22 -7 

12-HETE 320.47 319.2 → 179.1 319.2 179.1 -75 -22 -9 

15-HETE 320.47 319.2 → 219.1 319.2 219.1 -70 -20 -13 

11-HETE 320.47 319.2 → 167.1 319.2 167.1 -75 -24 -1 

8-HETE 320.47 319.2 → 155.1 319.2 155.1 -70 -22 -9 

IS 12-HETE-d8 328.5 327.3 → 184 327.3 184 -80 -22 -11 
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2.2.31 LC/MS/MS analysis of oxylipins 

 Lipid extracts obtained in sections 2.2.6 and 2.2.8 were analysed by LC/MS/MS. 

Lipids were separated using reverse phase HPLC on an Agilent Eclipse Plus C18 column 

(150 mm x 2.1 mm x 1.8 µm) (Phenomenex, Torrance, CA) t 45 °C, with a flow rate of 

500 µl/min. A gradient elution method was used where mobile phase B is held at 30 % 

for 1 minute, then increased to 100 % B from 1 - 17.5 minutes (A: 94.9 % water, 5 % 

solvent B, 0.1 % glacial acetic acid; B: 84 % acetonitrile, 15.9 % methanol, 0.1 % glacial 

acetic acid), 100 % B is held from 17.5 -21 minutes, followed by a decrease to 30 % of B 

from 21 - 22.5 minutes, which is held until the end of the run at 22.5 minutes. Lipids 

were analysed using a scheduled MRM method on a 6500 Q-Trap (Sciex, Cheshire, 

United Kingdom). A time window is set for the detection of each analyte according to 

the expected retention time, and transitions are monitored from precursor mass (Q1 

m/z) to product ion mass (Q3 m/z) in negative ion mode, under the following ion source 

parameters: (Table 2.8).  

Temperature: 475 °C, Curtain gas (CUR):  35 psi, Source Gas 1 (GS1): 60 psi, 

Source Gas 2 (GS2): 60 psi, Ion spray voltage: -4500 V, entrance potential (EP): − 

10V. 

 The area under the curve for the precursor ion to product ion transition was 

integrated using Multiquant 3.0.2.  (AB Sciex, Canada) and normalized to the 

corresponding IS. For quantification, specific isomeric standards were used to generate 

a standard curve. An equation for calculation was obtained using 1/x2 weighted linear 

regression. Statistical analysis was performed as described in Section 2.2.36. 
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Table 2.8: MRM transition for oxylipins precursor ion to product ion transitions  
Declustering potential (DP), collision potential (CE), Collision cell exit potential (CXP) 

Analyte 
Molecular 

mass (g/mol) 
MRM 

transition 
Q1 Q3 Retention 

time 
(min) 

DP 
(V) 

CE 
(V) 

CXP 
(V) 

5-HETE 320.5 319.2 → 115.1 319.2 115.1 14.4 -55 -19 -7 

8-HETE 320.5 319.2 → 155.1 319.2 155.1 14.1 -65 -18 -8 

9-HETE 320.5 319.2 → 167.1 319.2 167.1 14.27 -50 -20 -9 

11-HETE 320.5 319.2 →167.1 319.2 167.1 13.91 -60 -19 -9 

12-HETE 320.5 319.2 → 179.1 319.2 179.1 14.11 -65 -18 -12 

15-HETE 320.5 319.2 → 219.1 319.2 219.1 13.65 -55 -18 -14 

20-HETE 320.5 319.2 → 275.1 319.2 275.1 12.64 -85 -21 -11 

5-HEPE 318.4 317.2 → 115.1 317.2 115.1 13.17 -60 -20 -10 

8-HEPE 318.4 317.2→ 155.1 317.2 155.1 12.8 -65 -19 -8 

9-HEPE 318.4 317.2→ 167.1 317.2 167.1 12.99 -50 -18 -12 

11-HEPE 318.4 317.2→ 167.1 317.2 167.1 12.69 -50 -20 -13 

12-HEPE 318.4 317.2→ 179.1 317.2 179.1 12.91 -65 -18 -8 

15-HEPE 318.4 317.2→ 219.1 317.2 219.1 12.63 -65 -16 -10 

18-HEPE 318.4 317.2→ 259.1 317.2 259.1 12.25 -50 -15 -11 

4-HDOHE 344.5 343.2 → 101.1 343.2 101.1 14.66 -50 -17 -9 

7-HDOHE 344.5 343.2 → 141.1 343.2 141.1 14.2 -50 -21 -9 

8-HDOHE 344.5 343.2 → 189.1 343.2 189.1 14.31 -50 -19 -9 

10-HDOHE 344.5 343.2 → 153.1 343.2 153.1 13.99 -55 -21 -5 

11-HDOHE 344.5 343.2 → 121.1 343.2 121.1 14.14 -60 -18 -10 

13-HDOHE 344.5 343.2 → 193.1 343.2 193.1 13.87 -55 -19 -9 

14-HDOHE 344.5 343.2 → 205.1 343.2 205.1 13.99 -45 -17 -9 

16-HDOHE 344.5 343.2 → 233.1 343.2 233.1 13.73 -55 -17 -10 

17-HDOHE 344.5 343.2 → 201.1 343.2 201.1 13.79 -70 -15 -10 

20-HDOHE 344.5 343.2 → 241.1 343.2 241.1 13.47 -55 -17 -11 

9-HODE 296.4 295.2 → 171.1 295.2 171.1 13.34 -85 -23 -9 

13-HODE 296.4 295.2 → 195.1 295.2 195.1 13.28 -85 -23 -7 

9-HOTrE 294.4 293.2 → 171.1 293.2 171.1 12 -60 -20 -8 

13-HOTrE 294.4 293.2 → 195.1 293.2 195.1 12.2 -70 -22 -12 

5-HETrE 322.5 321.2 → 115.1 321.2 115.1 15.49 -70 -19 -9 

15-HETrE 322.5 321.2 → 221.1 321.2 221.1 14.29 -70 -21 -11 

9-OxoODE 294.4 293.2 → 185.1 293.2 185.1 14 -85 -23 -13 

13-OxoODE 294.4 293.2 → 195.1 293.2 195.1 13.72 -85 -25 -12 

5-OxoETE 318.4 317.2 → 273.1 317.2 273.1 15.06 -65 -20 -11 

12-OxoETE 318.4 317.2 → 153.1 317.2 153.1 14.36 -75 -20 -10 

15-OxoETE 318.4 317.2 → 113.1 317.2 113.1 14 -60 -22 -8 

9,10-DiHOME 313.5 313.2 → 201.1 313.2 201.1 10.9 -80 -29 -8 

12,13-DiHOME 313.5 313.2 → 183.1 313.2 183.1 10.62 -80 -28 -12 

5,6-DiHETrE 338.5 337.2 → 145.1 337.2 145.1 12.64 -75 -24 -10 

8,9-DiHETrE 338.5 337.2 → 127.1 337.2 127.1 12.14 -70 -25 -8 

11,12-DiHETrE 338.5 337.2 → 167.1 337.2 167.1 11.79 -65 -26 -8 

14,15-DiHETrE 338.5 337.2 → 207.1 337.2 207.1 11.45 -65 -25 -10 

5,6-DiHETE 336.5 335.2 → 115.1 335.2 115.1 11.2 -60 -23 -8 

5,15-DiHETE 336.5 335.2 → 115.1 335.2 115.1 9.92 -60 -21 -9 

8,15-DiHETE 336.5 335.2 → 235.1 335.2 235.1 9.63 -65 -22 -4 

14,15-DiHETE 336.5 335.2 → 207.1 335.2 207.1 10.35 -65 -23 -10 

17,18-DiHETE 336.5 335.2 → 247.1 335.2 247.1 9.97 -65 -24 -8 

RvE1 350.5 349.2 → 195.1 349.2 195.1 3.21 -65 -22 -10 

RvD1 376.5 375.2 → 215.1 375.2 215.1 7.47 -55 -23 -9 

RvD2 376.5 375.2 → 141.1 375.2 141.1 6.8 -65 -21 -11 

RvD3 376.5 375.2 → 147.1 375.2 147.1 6.49 -65 -24 -12 

RvD5 360.5 359.2 → 199.1 359.2 199.1 10.09 -65 -22 -17 

LTB3 338.5 337.2 → 195.1 337.2 195.1 11.5 -65 -22 -8 

LTB4 336.5 335.2 → 195.1 335.2 195.1 10.22 -70 -23 -11 

20-carboxy LTB4 366.4 365.2 → 347.2 365.2 347.2 3.24 -80 -25 -8 

20-hydroxy LTB4 352.5 351.2 → 195.1 351.2 195.1 3.55 -80 -25 -8 

6-trans LTB4 336.5 335.2 → 195.1 335.2 195.1 9.89 -65 -23 -9 

LXA4 352.5 351.2 → 115.1 351.2 115.1 7.32 -55 -19 -10 

Mar 1 360.5 359.2 → 250.1 359.2 250.1 10.1 -60 -23 -11 

7,17-diHDPA 362.5 361.2 → 263.1 361.2 263.1 10.38 -65 -20 -4 
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Continuation of Table 2.9: MRM transition for oxylipins precursor ion to product ion     
transitions 

Analyte 

Molecular 
mass 

(g/mol) 

MRM 
transition 

Q1 Q3 
Retention 
time (min) 

DP 
(V) 

CE 
(V) 

CXP 
(V) 

9(10)-EpOME 296.4 295.2 → 171.1 295.2 171.1 14.86 -80 -21 -10 

12(13)-EpOME 296.4 295.2 → 195.1 295.2 195.1 14.74 -80 -19 -8 

5(6)-EET 320.5 319.2 → 191.1 319.2 191.1 15.37 -60 -16 -7 

8(9)-EET 320.5 319.2 → 167.1 319.2 167.1 15.15 -60 -15 -7 

11(12)-EET 320.5 319.2 → 167.1 319.2 167.1 15.15 -60 -18 -8 

14(15)-EET 320.5 319.2 → 219.1 319.2 219.1 14.84 -65 -18 -6 

8(9)-EpETE 318.4 317.2 → 127.1 317.2 127.1 14.2 -70 -18 -8 

11(12)-EpETE 318.4 317.2 → 167.1 317.2 167.1 14.12 -70 -15 -11 

14(15)-EpETE 318.4 317.2 → 207.1 317.2 207.1 14.04 -70 -18 -6 

17(18)-EpETE 318.4 317.2 → 215.1 317.2 215.1 13.7 -75 -16 -10 

7(8)-EpDPA 344.5 343.2 → 113.1 343.2 113.1 15.2 -60 -16 -7 

10(11)-EpDPA 344.5 343.2 → 153.1 343.2 153.1 15.08 -65 -15 -7 

13(14)-EpDPA 344.5 343.2 → 193.1 343.2 193.1 15.02 -70 -15 -7 

16(17)-EpDPA 344.5 343.2 → 233.1 343.2 233.1 14.97 -55 -16 -9 

19(20)-EpDPA 344.5 343.2 → 241.1 343.2 241.1 14.71 -70 -18 -11 

PGD1 354.5 353.2 → 317.2 353.2 317.2 6.65 -55 -16 -8 

PGD2 352.5 351.2 → 271.1 351.2 271.1 6.61 -50 -22 -8 

PGD3 350.4 349.2 → 269.1 349.2 269.1 5.26 -50 -17 -11 

PGE1 368.5 353.2 → 317.1 353.2 317.2 6.53 -60 -18 -10 

PGE2 352.5 351.2 → 271.1 351.2 271.1 6.2 -60 -19 -12 

PGE3 350.4 349.2 → 269.1 349.2 269.1 4.86 -60 -17 -10 

PGB2 334.4 333.2 → 175.1 333.2 175.1 8.82 -60 -24 -10 

13,14-dihydro-15-
keto PGE2 

352.5 351.2 → 235.1 351.2 235.1 7.33 -55 -19 -13 

13,14-dihydro-15-
keto PGD2 

352.5 351.2 → 207.1 351.2 207.1 8.16 -50 -25 -13 

13,14-dihydro-15-
keto PF2α 

354.5 353.2 → 113.1 353.2 113.1 7.43 -55 -23 -11 

11β-PGE2 352.5 351.2 → 271.1 351.2 271.1 6.38 -55 -23 -7 

6-keto PGE1 368.5 367.2 → 143.1 367.2 143.1 3.22 -55 -23 -9 

8-iso PGE2 352.5 351.2 → 271.1 351.2 271.1 5.94 -55 -21 -10 

15-deoxy-Δ12,14-
PGJ2 

316.4 315.2 → 271.1 315.2 271.1 12.44 -65 -18 -8 

8-iso-15-keto PGF2α 352.5 351.2 → 289.1 351.2 289.1 5.37 -50 -23 -12 

PGF2α 354.5 353.2 → 309.1 353.2 309.2 5.89 -85 -24 -9 

6-keto PGF1α 370.5 369.2 → 163.1 369.2 163.1 3.3 -75 -26 -10 

Thromboxane B2 370.5 369.2 → 169.1 369.2 169.1 4.83 -60 -22 -12 
IS 11-dehydro 

Thromboxane 
B2 

368.5 367.2 → 305.1 367.2 305.2 6.24 -60 -20 -10 

IS 13(S)-HODE-d4 300.5 327.2 → 226.1 327.2 226.1 13.22 -60 -25 -7 
IS 5(S)-HETE-d8 328.5 325.2 → 281.1 325.2 281.1 14.32 -55 -19 -8 
IS 12(S)-HETE-d8 328.5 339.2 → 197.1 339.2 197.1 14.02 -60 -20 -12 
IS 15(S)-HETE-d8 328.5 380.2 → 141.1 380.2 141.1 13.55 -65 -22 -11 
IS 20-HETE-d6 326.5 355.2 → 275.1 355.2 275.1 12.6 -70 -21 -8 
IS Leukotriene 

B4-d4 
340.5 355.2 → 275.1 355.2 275.1 10.17 -65 -21 -9 

IS Resolvin D1-d5 360.5 357.2 → 313.2 357.2 313.2 7.41 -75 -18 -11 

IS Prostaglandin 
E2-d4 

356.5 373.2 → 173.1 373.2 173.1 6.16 -60 -23 -12 

IS Prostaglandin 
D2-d4 

352.5 371.2 → 309.2 371.2 309.2 6.58 -55 -23 -10 

IS Prostaglandin 
F2α-d4 

358.5 331.2 → 167.1 331.2 167.1 5.86 -80 -24 -9 

IS Thromboxane 
B2-d4 

374.5 319.2 → 115.1 319.2 115.1 4.79 -55 -22 -10 

IS 11-dehydro 
Thromboxane 

B2-d4 

372.5 319.2 → 155.1 319.2 155.1 6.21 -55 -21 -11 

IS 11(12)-EET 
(EpETrE) -d11 

320.5 319.2 → 167.1 319.2 167.1 15.09 -65 -18 -11 
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2.2.32 Biotinylated standards 

 Biotinylated phospholipid standards (DMPE-B, DMPS-B, SOPS-B, SAPS-B, SAPE-B, 

SpAPE-B, DOPS-B) were generated as previously published by Thomas et al.224. 

 This was undertaken as follows: lipid (1 mg) was dried under N2 followed by 

reconstitution in 330 µl of chloroform:methanol (2:1 v/v). To each lipid, 6 mg of EZ-Link™ 

NHS-Biotin (ThermoFisher, UK) was added to provide a final concentration of 52 mM. To 

the reconstituted lipid, 3.3 µl of triethylamine (Sigma-Aldrich) was added as a proton 

acceptor and incubated at room temperature for 30 minutes to allow biotinylation of 

primary amines on PS/PE head groups to occur. The solution was then centrifuged at 

500 g for 5 minutes at 20 °C to sediment the excess NHS-Biotin. The solvent was 

transferred to a clean glass vial and the remaining NHS-biotin sediment was washed with 

330 µl of chloroform: methanol (2:1 v/v), vortexed and re-spin at 500 g for 5 minutes. 

The solvent was merged with the previously isolated solvent. The biotinylated lipids 

were dried under N2 and resuspended in 500 µl of methanol before HPLC purification. 

 Biotinylated standards were purified using HPLC on a Supelco Discovery C18 

column with a 15-minute gradient elution profile of 50 % mobile phase B to 100 % 

mobile phase B (A: 5 mM NH4CH3CO2 in water, B: 5 mM NH4CH3CO2 in methanol), then 

held at 100 % mobile phase B for 20 minutes. The biotinylated lipids were monitored at 

205 nm and eluted from the column at approximately 20 minutes. The biotinylated lipids 

were collected, dried using a Rapidvap N2/48 evaporation system (Labconco 

Corporation), and resuspended in 200 µl of methanol.  

 The lipids were then quantified by transferring them into fresh pre-weighed 

HPLC vials, dried under N2 and accurately weighed to determine the purified mass. All 

biotinylated lipids were then resuspended at 100 ng/μl stocks in methanol, transferred 

to HPLC vials with fixed glass inserts, capped in an N2 atmosphere and then stored at -

80 °C prior to further use. Immediately before lipid extraction described in section 

2.2.33, the stock solution of IS, namely biotinylated DMPS/DMPE, was diluted in 

methanol to a final concentration of 1 ng/μl of each IS. 
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2.2.33 Externalization of PE or PS on the surface of human 

platelets, white blood cells and EVs 

 Aminophospholipids externalization was analysed as previously described by as 

previously published by Thomas et al.224. Washed cells isolated in sections 2.2.22 and 

2.2.24 were used at a concentration of 2 x 108 cells/ml, in the case of platelets, and 4 x 

106 cells/ml in the case of WBC. The EV samples were diluted 1:6 (v/v) with Tyrode’s 

buffer, in a total volume of 1.5 ml. Of each sample, a volume of 0.2 ml was used for this 

assay. 

 For externalised (outer membrane leaflet) aminophospholipids, 0.2 ml of 

washed cells, in both resting and activated states, along with EVs were incubated with 

86 μl of 11 mM EZ-Link™ Sulfo-NHS-biotin for 10 minutes at room temperature. The 

reaction was quenched by the addition of 250 mM L-Lysine (72 µl) followed by a 10-

minute incubation, which removed the unreacted biotin reagent. Finally, 42µl of DPBS 

was added to bring the total volume to 400 μl. 

 For labelling of total aminophospholipids, 0.2 ml of washed cells in both resting 

and activated states, along with 0.2 ml of EVs, were incubated with 20 μl of 20 mM EZ-

Link™ NHS-biotin (Thermo-Fisher Scientific, UK), dissolved in dimethyl sulfoxide (Sigma-

Aldrich, UK), for 10 minutes at room temperature. The final volume was made up to 0.4 

ml by adding 180 μl DPBS. 

 Next, to each sample, 10 µl of IS mix (biotinylated DMPS/DMPE), prepared as 

described above in section 2.2.22, was added. Phospholipids were extracted using the 

Bligh and Dyer method 225. Each sample was added to 1.5 ml of a solvent mixture 

composed of chloroform:methanol (1:2 v/v) and vortexed. Afterwards, 0.5 ml of CHCl3 

was added and vortexed. Last, 0.5 ml of HPLC-grade water was added before vortexing 

again and centrifuging at room temperature for 5 minutes at 500 g. The lower phase 

was recovered using a glass Pasteur pipette. The chloroform phase was dried using a 

Rapidvap N2/48 evaporation system (Labconco Corporation), re-suspended in 100 µl of 

methanol, and transferred to HPLC vials with fixed glass inserts, capped in an N2 

atmosphere and then stored at -80 °C prior to analysis by LC/MS/MS as described in 

Section 2.2.34 of this Chapter. 
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2.2.34 LC/MS/MS analysis of biotinylated samples 

 Externalization of aminophospholipids was measured following biotinylation as 

described above in section 2.2.33 224. Lipid extracts were separated using reversed-

phase chromatography with an Ascentis C18 column (150 mm x 2.1 mm x 5 µm) (Sigma 

Aldrich). An isocratic elution method was used with methanol (and 0.2% (w/v) 

ammonium acetate), at a flow rate of 400 μl/min for 25 minutes at 22 °C. Lipids were 

analysed in MRM mode, on a 4000 Q-Trap (Sciex, Cheshire, United Kingdom) and 

biotinylated MRM transitions were monitored in negative ion mode, with a dwell time 

of 200 msec, under the following conditions shown in Table 2.10. 

 

Table 2.10: MRM transition for biotinylated aminophospholipids precursor ion to product 
ion transitions. Declustering potential (DP), collision potential (CE), Collision cell exit potential 

(CXP) 

Biotinylated Analyte 

Biotinylated 
Molecular 

mass 
(g/mol) 

MRM 
transition 

Q1 Q3 
DP 

(V) 

CE 

(V) 

CXP 

(V) 

SpAPE-B (PE 18:0p_20:4) 977 976→303 976 303 −160 −60 −5 

SAPE-B (PE 18:0a_20:4) 993 992→303 992 303 −170 −58 −5 

PpAPE-B (PE 16:0p_20:4) 949 948→303 948 303 −160 −60 −5 

SOPE-B (18:0a_18:1-PE) 971 970→281 970 281 −170 −58 −5 

OpAPE-B (PE 18:1p_20:4) 975 974→303 974 303 −160 −60 −5 

SOPS-B (PS 18:0a_18:1) 1,015 1,014→701 1015 701 −140 −44 −23 

DOPS-B (PS 18:1a_18:1-

PS) 
1,013 1,012→699 1012 699 −150 −46 −23 

SAPS-B (PS 18:0a_20:4) 1,037 1,036→723 1036 723 −145 −42 −23 

IS DMPS-B 905 904→591 905 591 −150 −42 −17 

IS DMPE-B 861 860→227 860 227 −135 −60 −13 
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 The area under the curve for the precursor ion to product ion transition was 

integrated using Multiquant 3.0.2.  (AB Sciex, Canada) and normalized to the relevant 

biotinylated IS, DMPE-B for PE lipids and DMPS-B FOR PS. For quantification, biotinylated 

standards, previously synthesized, were used to generate a standard curve. An equation 

for calculation was obtained using linear regression, and both the total and externalized 

concentrations of aminophospholipids were calculated as described in Section 2.2.35. 

Statistical analysis was performed as described in Section 2.2.36. 

 

2.2.35 Quantification of lipids  

 Standard curves were generated by serial dilution of lipids, as previously 

depicted in sections 2.2.32 and section 2.2.26, which describe the generation of 

biotinylated and HETE-PLs standards, respectively. Each standard mixture contained a 

fixed amount of IS per vial (10 pg/µl) The range of dilutions 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. 

These lipids were analysed using the same LC-MS/MS method as the respective samples. 

For each standard amount, the ratio of the integrated lipid area to the integrated IS area 

was calculated. A graph was generated, plotting the ratio of lipid amount (ng) against 

the IS amount (ng) and the slope was determined. The amount of lipid present within 

the samples was calculated through the following equation: 

 

Equation 1: Lipid Quantification Calculation 

𝐿𝑖𝑝𝑖𝑑 (𝑛𝑔) =
𝐿𝑖𝑝𝑖𝑑 (𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎)  × 𝐼𝑆 (𝑛𝑔)

𝐼𝑆 (𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎)  × 𝑠𝑙𝑜𝑝𝑒
 

 

2.2.36 Heatmaps and statistical analysis  

 Statistical analysis was performed using Graphpad Prism (version 9). The normal 

distribution of all the data presented in this thesis was determined through the Shapiro-

Wilk test. Where the data were normally distributed, and only two populations were 
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being tested, the Student's t-test was used, while in the Mann-Whitney test was used as 

the non-parametric alternative.  

 On the other hand, with one independent variable and a normal distribution of 

data, a one-way ANOVA test and Tukey’s multiple comparison test were performed. 

When two independent variables were present, and data was normally distributed two-

way ANOVA was employed. The Kruskal–Wallis test was applied to examine 

nonparametric distributed variables. The statistical differences between conditions 

were calculated using Dunn's multiple comparisons test. 

 Unless otherwise stated, data were displayed as box and whiskers plots with the 

median line inside the box, and box edges indicative of the interquartile range, with the 

mean value represented as “+”. Whiskers represent minimum and maximum values, and 

the respective scatter plots display individual values. Statistical significance is denoted 

as follows: *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.  

 Heatmaps were generated using the pheatmap package in R written by Raivo 

Kolde, PhD 226. Heatmaps were designed by applying a log10 to the averaged lipid 

amounts (ng), normalized to cell count, volume (ml) or wet tissue weight (mg) for each 

lipid, allowing row-wise and column-wise comparison. Lipid hierarchical clustering 

(complete linkage method) to group similar lipids was also performed using the 

pheatmap package. Lipids levels were represented by a colour gradient ranging from 

blue (very low levels or absent) to red (highest levels). 
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3.1  Introduction 

 RA is a highly heterogeneous disease in humans, displaying a variety of both 

histological pathotypes and clinical outcomes, including different responses to 

therapies133,134. Based on gene expression signatures in synovial tissue of RA patients, 

synovitis pathotypes are considered to be on a continuous spectrum, where four main 

molecular and cellular phenotypes can be classified, specifically: lymphoid, myeloid, 

fibroid (or pauci-immune) and low inflammation133,134. These different pathotypes 

display characteristic pathological mechanisms and distinct clinical responses to 

biological drugs133,134. However, delimitation of these synovial pathotypes through 

whole blood transcriptomics resulted in only the differentiation between fibroblastic-

rich (pauci-immune) and diffuse-myeloid groups 134. However, whether there are 

systemic differences between the synovial pathotypes that go beyond the 

transcriptome were not studied. 

 

 As described in Chapter 1, RA patients typically exhibit systemic effects 

associated with chronic inflammation. An example is RA being considered a risk factor 

for cardiovascular disease91. This is reflected in the elevated incidence of thrombosis, 

both arterial and venous, observed in RA patients when compared to the healthy 

population91,135. Considering the elevated incidence of thrombosis in these patients, it 

is imperative to study more that the synovial pathology. Furthermore, considering the 

heterogeneity that RA patients display, it is important to study multiple animal models 

phenotypes that align broadly with the different human forms of RA when trying to 

delineate underlying systemic mechanisms of inflammatory arthritis. This includes 

analysing systemic inflammation, alongside coagulation markers and lipid metabolites.  

 As previously described in Section 1.4.1, the antigen-induced arthritis (AIA) 

model can be induced in various genetically modified mice, resulting in arthritic 

phenotypes similar to those described in human RA.  Specifically, when AIA is induced 

in wild-type (WT) mice, a myeloid-rich arthritis phenotype, with diffuse immune 

infiltration, driven mainly by macrophages develops.193 However, when induced in 

IL27ra-/- mice, a lymphoid-rich phenotype and ectopic lymphoid-like structures develop, 
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along with an elevated adaptive immune response.206 Considering the opposite 

biological function between IL-27 an IL-6 in the co-ordination of adaptive immune 

responses, upon IL-6 deletion, a diminished immune response is observed 204. In fact, in 

the case of IL6ra-/- and IL6-/- mice, a fibroblast-rich phenotype with reduced immune 

infiltration (pauci-immune) is observed 200,202,221. Therefore, by studying these different 

phenotypes, it will be possible to understand if altered coagulation is present in the AIA 

model and if it varies between pathotypes or if is it a result of acute inflammation. 

 Despite the higher incidence of thrombosis in RA, the molecular mechanisms are 

not fully understood. Therefore, the characterization of both coagulation and 

fibrinolysis in RA is crucial for understanding RA-driven coagulopathies. Several 

coagulation markers have already been described as being altered in human RA145, 

however, in mouse models, few studies have measured these parameters. As a marker 

of thrombin generation, the thrombin-antithrombin (TAT) complexes are formed when 

antithrombin inhibits thrombin. A large number of studies have shown TATs to be 

increased in plasma from RA patients142,148. However, only one murine was studied so 

far, showing a significant increase in the collagen-induced arthritis model227. Thus, in this 

chapter, coagulation markers, along with fibrinolysis, will be studied in a murine arthritis 

model. In addition, systemic levels of inflammation markers, namely serum amyloid A 

(SAA) and C-reactive protein (CRP), will also be determined. 

 Phospholipid membranes, despite being essential for coagulation, have not yet 

been analysed in circulatory blood cells of arthritis, either human or murine for the 

present of pro-coagulant oxPLs, despite the increased thrombosis displayed by RA 

patients and the respective role of these lipids in coagulation. As previously described, in 

Chapter 1, Section 1.2.4, oxPLs, which can be generated enzymatically (eoxPLs) by 

circulating immune cells, have been shown to participate in coagulation. Interestingly, as 

explained in Chapter 1, Section 1.1.3, eoxPLs are generally considered cell-specific, 

especially when solely analysing circulatory whole blood cells. In humans, ALOX12 is 

primarily expressed in platelets, and encodes an enzyme called 12-LOX. As explained in 

Chapter 1, Section 1.1.3, this enzyme oxidates PUFAs, such as AA, by specifically 

introducing a dioxygen group at position 12, generating a lipid hydroperoxide, which is 

then reduced to form 12-HETE (Figure 1.3). The timescale for the generation of these 
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free HETEs is similar to one for the eoxPLs, being both generated acutely in inflammation 

63–65. This indicates that the incorporation of these lipids into the phospholipid 

membrane is extremely fast. Hence, the Lands’ cycle, as previously described in Section 

1.1.1 of this thesis, is able to rapidly incorporate this oxidized fatty acid into lysoPLs 

through LPATs enzymes,  and therefore, specifically generating 12(S)-HETE-PLs 228. In the 

case of neutrophils, this generates 5-HETE-PLs through the action of 5-LOX encoded by 

ALOX5 while 15-HETE-PLs can be generated by 15-LOX (from ALOX15) present in 

monocytes and eosinophils 55. Enzymatic oxidation of free AA by LOX isoforms leads to 

a very specific enantiomeric composition of primarily S isomers, as well as a distinct 

isomeric composition of HETE-PEs. Besides LOX, COX is also able to generate eoxPLs, 

namely 11- and 15-HETE-PLs. In the case of COX oxidation, more specifically 11-HETE-

PLs, the R enantiomer is predominant, while 15-HETE-PLs are generated as a racemic 

mixture 229,230. Distinct from enzymatic generation, oxPLs can be generated non-

enzymatically by reactive oxygen species (ROS) attack on lipids during inflammation. This 

generates a large number of positional isomers with relatively similar levels, including 

8-HETE-PLs, which can be used as a marker of non-enzymatic oxidation. Furthermore, 

non-enzymatic oxidation originates racemic mixtures (50:50 S/R ratio) of HETE-PLs 5. 

Therefore, by analysing the specific isomers and enantiomers generated, the origin of 

oxPLs can be defined, and consequently, a role for particular immune cells involved in 

their generation can be proposed. Despite the increased thrombosis displayed by RA 

patients 91, and the role of oxPLs in coagulation, these phospholipids have never been 

analysed in arthritis, neither in human nor in mouse models. Therefore, in this chapter, 

oxPLs will be analysed, differentiating positional isomers and enantiomers, to 

understand if these lipids may help drive the coagulation during AIA development. 

 Furthermore, Increased activation of PLA2 is observed in chronic inflammatory 

processes characteristic of auto-immune diseases, such as RA19. In fact, this is observed 

in both the synovium fluid and serum of RA patients, with PLA2 levels correlating with 

disease activity231. PLA2 increases the release of PUFAs from phospholipid membranes. 

Cytokines, namely TNF-a and IL-1, generated in RA were seen to stimulate PLA2 activity 

and directly lead to its increased232. The importance of these lipids, which include PGs 

and LTs, has been established in both human RA and experimental murine arthritis and 
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their levels correlate with disease severity 233,234. Therefore, I will also analyse the 

oxylipin profile during the development of the AIA model.  

  

3.1.1 Aims 

 Mouse models are most generally used to study localised joint disease. 

Inflammation is analysed mainly in challenged joints, and apart from the measurement 

of plasma mBSA-antibody during disease progression, systemic changes, including 

relating coagulation have generally not been studied. Here, this AIA murine model will 

allow us to measure coagulation markers at different time points and in distinct arthritic 

pathotypes. In addition, oxidised lipids will be analysed and characterised for each strain 

of arthritic mice studied, on both day 3 and day 10. The overall aims of this chapter are: 

o Characterise coagulation markers in WT, IL27ra-/-, IL6ra-/- and IL6-/- mice during 

AIA development, namely TAT complexes, D-dimers and prothrombin time. 

o Characterise inflammatory markers in WT, IL27ra-/-, IL6ra -/- and IL6 -/- mice during 

AIA development, namely SAA and CRP. 

o Whole blood cells from mice during AIA development will be analysed for oxPLs 

and oxylipins using LC/MS/MS analysis. 

o The enzymatic origin of oxPLs species will be evaluated through chiral analysis.  

o The association of these lipids with increased coagulation and inflammation will 

be tested. 
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3.2  Results 

3.2.1 Immunization of mice to induce AIA does not 

itself impact coagulation. 

 The first question, prior the analyse of the multiple pathotypes of AIA, was if the 

immunization protocol of this model might induce inflammation and increase 

coagulation. Therefore, prior to the induction of arthritis on day 0, immunization against 

mBSA was induced and studied for coagulation and inflammation markers. 

 First, mice were injected subcutaneously (s.c.) with mBSA, emulsified with 

complete Freund’s adjuvant (CFA), combined with an intraperitoneal (i.p.) injection of 

Bordetella pertussis toxin235. 7 days later, immunization is then boosted through another 

s.c. injection of mBSA/CFA emulsion. This initial immunization causes an immune 

response but does not lead on its own to AIA and, thus it has the potential to impact 

coagulation. To exclude this possibility, I analysed plasma samples for selected 

coagulation and inflammatory markers on day 0 of AIA, prior to the i.a. injection of mBSA 

to induce disease, namely TAT complexes, as a coagulation marker, of D-Dimers as a 

marker for fibrinolysis, and C-reactive protein (CRP), as a marker of inflammation, were 

analysed.  

 TAT complexes, D-dimers and CRP, were measured in WT mouse plasma by 

ELISA, as described in Sections 2.2.12, 2.2.13 and 2.2.15, respectively. At day 0, after 

both s.c. injections of mBSA and without any intra-articular injection to induce arthritis, 

levels of these markers were all found to be unaffected (Figure 3.1). These data indicate 

that the immunization process does not directly result in increased coagulation or 

elevation of CRP. 

 

 

  



Chapter 3 

95 

  

(A) (B) (C) 

CTL n
ai

ve

CTL p
rim

ed

0

10

20

30

40

T
A

T
 c

o
m

p
le

x
e
s
 (

n
g

/m
l)

CTL n
ai

ve

CTL p
rim

ed

0

200

400

600

D
-D

im
e

rs
 (

n
g

/m
l)

CTL n
ai

ve

CTL p
rim

ed

0

1

2

3

4

C
R

P
 l
e
v
e
ls

 (
μ

g
/m

l)

Figure 3.1: Immunization of wild type mice does not impact coagulation or induce 
systemic inflammation. 
Plasma of CTL naïve mice was analysed for TAT complexes (ng/ml) (n = 19) (Panel A), D-
dimers (ng/ml) (n = 33) (Panel B) and CRP (µg/ml) (n = 7) (Panel C) and compared to AIA 
immunized (CTL primed) mice [(A) n = 9; (B) n = 19; (C) n = 5], as described in Methods 
(Chapter 2). Data are represented as box and whisker plots. TAT complexes (p = 0.9275) 
were analysed using the Mann-Whitney test, while D-dimers (p = 0.8655) and CRP (p = 
0.4341) levels were analysed using Student’s t-test. 
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3.2.2 Immunization of mice to induce AIA does not itself 

impact oxPL generation. 

 

 OxPLs generation pattern in whole blood cells was relatively similar before and after 

immunization (Figure 4.1). Furthermore, this experiment showed that, basally, whole blood cell 

pellets from these mice contain higher levels of 12-HETE-PLs when compared to other HETE-PLs 

positional isomers, with stearic acid (18:0) constituting the most abundant fatty acid at the Sn1-

position. The two-way ANOVA test indicated no significant difference between CTL naïve and 

mice after the immunization process (row factor p = 0.1526), while, as expected showed a 

significant difference between the different lipids (column factor p < 0.0001). Nevertheless, 

Tukey’s multiple comparison test exhibited a significant increase of both 18:0a_12-HETE-PC and 

18:0a_5-HETE-PC. Therefore, to exclude any impact of immunization, only oxPLs generated in 

PE will be analysed in the AIA model study, excluding HETE-PCs from the study.  

 These results suggest not only that the immunization process does not directly result in 

a difference in HETE-PE generation, but also the overall pattern of oxPL generation is not equal 

suggesting an enzymatic contribution.  
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*
*

*
*

Figure 3.2: Immunization of wild type mice does not impact HETE-PE generation.  
Oxylipidomics of whole blood cell pellets from control naïve and immunized mouse blood was 
performed (n = 8) using LC/MS/MS as outlined in Methods. Heatmap shows log10 of mean 
quantified values of the analyte concentration (ng/ml). Data was analysed using two-way 
ANOVA, where no significant difference was found between the two controls (p = 0.1526). 

Tukey’s multiple comparisons test was also used (*p>0.05, ***p>0.001) 
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3.2.3 AIA model was induced successfully in WT, IL27ra-/-, 

IL6ra-/-, IL6-/- mice, despite the high joint swelling 

variability  

 

 The AIA model was developed in WT, IL27ra-/-, IL6ra-/-, and IL6-/- mice. The joint 

swelling was measured as described in Section 2.2.3, through a POCO 2T micrometer 

(Kroeplin) on days 0, 1, 2, 3, 7 and 10. Joint swelling (%) was calculated in each individual 

mouse, and the average, along with the standard deviation (SD) is represented in Figure 

3.3. On day 0, the variability of the joint diameter is also represented. All analysed 

pathotypes displayed a peak in joint swelling (%) on day 2, despite the relatively high 

dispersion of data. Considering the two-independent factors, the different time points 

and the different strains studied, two-way ANOVA statistical analysis was used, where a 

significant difference between the time points was observed (row factor p < 0.0001).  A 

small but significant difference was also observed between the different pathotypes 

(column factor p = 0.0179), driven mainly by the day 10 timepoint. In summary, the 

arthritis induction was considered successful in these mice due to the peak joint swelling 

observed throughout the different analysed strains, despite the variability displayed. 

Therefore, these mice were considered to display the different pathotypes previously 

described in Section 3.1, and further analysed and discussed accordingly.  
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Figure 3.3: Joint swelling confirms the success of the AIA model 
Mice joints diameter of WT (n = 16), IL27ra-/- (n = 9), IL6ra-/- (n = 4) and IL6-/- (n = 4) was measured 
on day 0, before intra-articular injection, and on day 1, day 2, day 3, day 7 and day 10 after 
mBSA intra-articular injection. The swelling percentage was calculated in all analysed AIA 
models. A peak in swelling is observed between day 2 and day 3, confirming the success of the 
arthritis induction in all performed AIA models. Data was analysed through Two-way ANOVA, 
which presented a significant difference between timepoints in all analysed pathotypes (p < 
0.0001), between pathotypes (p = 0.0179), as well as a significant interaction between them (p 
= <0.0001). 
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3.2.4 Systemic coagulation is elevated in WT and IL27ra -/- 

mice on day 10 of AIA development. 

 With arthritis induced proven successful throughout the different strains, along 

with the exclusion of the immunization process as systemic instigator, coagulation was 

studied in the different pathotypes. Therefore, AIA was induced in WT, IL27ra -/-, IL6ra -

/-, and IL6 -/- mice with WT naïve mice used as controls (CTL naïve) as described in Chapter 

2, section 2.2.3. Coagulation markers (TATs, D-dimers and PT) were tested during AIA 

development, on both day 3 and day 10 in myeloid-rich (WT developing AIA), lymphoid-

rich arthritis (IL27ra -/-developing AIA), fibroid (or pauci-immune) and low inflammation 

arthritis (IL6ra -/- and IL6 -/- developing AIA) 133,134 were investigated. 

 Firstly, TAT complexes were analysed in the different pathotypes, as well as in 

both acute disease (day 3) and established disease (day 10) and compared to CTL naïve 

mice (Figure 3.4). Contrary to the statistical analysis of the previous section, the different 

samples are independent of each other. Blood collection, as described in Section 2.2.4, 

was a terminal procedure, the day 3 and day 10 mice were independent samples. 

Furthermore, the data failed the Shapiro-Wilk test, indicating the non-normal 

distribution of data. Furthermore, since there is no true non-parametric test for the two-

way ANOVA, the Kruskal-Wallis test was used, and a significant difference was observed 

(p = 0.0008). Besides, the use of two-way ANOVA in this study is limited considering the 

lack of CTLs for each of the transgenic mice analysed. 

 Dunn’s multiple comparisons test in each timepoint displayed no significant 

differences on day 3 in either WT, IL27ra -/-, IL6ra -/- or IL6 -/- mice compared to CTL naïve. 

However, on day 10 of AIA, WT mice displayed a significant rise in TAT complexes 

compared to CTL naïve. Similarly, IL27ra -/- mice exhibited an increase compared to CTL 

naïve, however, this did not reach statistical significance. Nevertheless, a significant 

difference was observed between IL27ra -/- and IL6 -/- mice on day 10 of AIA 

development.  In contrast, both IL6ra -/- and IL6 -/- mice did not exhibit any significant 

increase in TAT levels throughout AIA development when compared to CTL naïve. 

Moreover, IL6 -/- mice also displayed a significant decrease when compared to WT mice 

on day 10. This further indicates that IL6 -/- mice maintain the same basal levels of TAT 
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complexes on day 10 of AIA development, while WT mice significantly increase. These 

results suggest a potential role of IL-6 in the activation of coagulation in arthritis. 

 

 

 

  

Figure 3.4: TAT complexes are increased in WT mice on day 10 of AIA development 
AIA was induced in 9- to 12- week- old WT (n = 15), IL27ra -/- (n = 9), IL6ra -/- (n = 4) and IL6 -/- 
(n = 4) male mice. Plasma TATs were measured by ELISA, on day 0 for controls (CTL), on day 3 
and on day 10. Significance was tested using the Kruskal-Wallis test (p = 0.0008) and Dunn’s 
multiple comparisons test (*p<0.05, ** p<0.001). 
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 Prothrombin time (PT) is a common coagulation parameter responsive to the 

levels of coagulation factors II, VII, IX and X, and reflects the time it takes for plasma to 

clot, following the addition of a standard preparation of tissue factor-containing 

liposomes. Therefore, PT can indicate if coagulation is increased due to dysregulated 

coagulation factors. Thus, in this chapter, PT was also determined AIA model as 

described in Chapter 2, Section 2.2.17.  

 The Kruskal-Wallis test was once again used since the data was not normally 

distributed and a significant difference in PT between pathotypes was observed (column 

factor p = 0.0434). However, contrary to the other pathotypes, IL6ra -/-, and IL6 -/- mice 

displayed increased variability, which might ultimately be responsible for this result. The 

multiple comparison test indicated a significant difference on day 3 of AIA development, 

between IL27ra -/- and IL6 -/- mice (Figure 3.5.A). This suggests that the different 

pathotypes might behave differently, however, PT levels are not significantly altered in 

the plasma of murine AIA. This indicated that coagulation factors dysfunction is not 

responsible for the previously observed TAT levels increase, especially on day 10.  

 Next, fibrinolysis was studied in the AIA model. D-dimers, a specific breakdown 

product of cross-linked fibrin fragments, frequently used as a clinical marker of 

thrombosis, have never been studied in murine arthritis models, despite elevated levels 

being found in both synovial fluid and plasma of these patients 142,147,148 Therefore, D-

dimers were measured in plasma from WT, IL27ra -/-, IL6ra -/-, and IL6 -/- mice, during AIA, 

as well as CTL naïve (Figure 3.5.B). Therefore, D-dimers were measured in plasma from 

WT, IL27ra -/-, IL6ra -/-, and IL6 -/- mice, during the different AIA model experiments, as 

well as CTL naïve and pooled in order to compare between pathotypes (Figure 3.5.B). 

Considering that the data was normally distributed, a two-way ANOVA was performed. 

The two-way ANOVA test analyses two independent variables, and provides a p value 

for each variable, along with an p value for the interaction between both independent 

variables. As previously described, in this study the two-way ANOVA is limited to main 

effects only (row and column factors) due to the lack of CTLs for the transgenic mice. No 

significant difference was observed between the timepoints (row factor p = 0.8400). A 

significant difference between pathotypes (column factor p = 0.0015) was observed. 

However, post hoc tests, namely Tukey’s multiple comparison test could not detect any 
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significant difference between condition, including between IL6ra -/- and IL6 -/- mice on 

day 3 of AIA development (p = 0.8166). This result was unanticipated since an increase 

during the acute-like phase was expected. D-dimers are described as being increased 

during high disease activity in human RA 236, therefore, a more marked difference was 

expected during the AIA model development. Nevertheless, some trends were noted. 

First, IL6ra-/- mice on day 3 of AIA displayed the highest levels of D-dimers, even when 

compared to WT mice at the same time point. In addition, D-dimers were higher on day 

3 than on day 10 of AIA development for all analysed mouse strains.  

 

 These results suggest that fibrinolysis might be increased in IL6ra-/- mice on day 

3 of AIA development, compared to other strains. Nevertheless, D-dimers exhibited high 

variability, which might be the reason no statistical difference was achieved between 

the pathotypes and CTL naïve mice. Therefore, no strong conclusions can be drawn 

without increasing numbers to reach statistical power.  

 

 In summary, coagulation markers were analysed in WT, IL27ra -/-, IL6ra -/-, and 

IL6 -/- mice during AIA development and compared to CTL naïve, TAT complexes were 

increased in WT on day 10 of arthritis induction, while PT and D-dimers levels between 

each pathotype and timepoint did not exhibit significant differences. Collectively, this 

suggests that coagulation is increased, independently of coagulation factors levels, and 

fibrinolysis is unaffected, in WT mice during AIA development. It also suggests that 

coagulation is increased in an IL-6-dependent manner. 
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Figure 3.5: Prothrombin time and D-Dimer levels are not significantly altered during AIA 
development compared to CTL naïve mice. 
AIA was induced in 9- to 12- week-old WT (n = 9), IL27ra -/- (n = 6), IL6ra -/- (n = 5) and IL6 -/- (n = 4) 
male mice. Prothrombin time (Panel A), and D-Dimers (Panel B) were evaluated in plasma 
samples, as described in Methods, on day 0 for control (CTL) naïve (n=10), on day 3 and day 10. 
PT data was analysed using Kruskal-Wallis test and Dunn’s multiple comparisons test, while D-
dimers were analysed using two-way ANOVA and Tukey’s multiple comparisons test. Data 
exhibits a significant difference between pathotypes, both for PT (column factor p = 0.0434) and 
D-dimers (column factor p = 0.0015), without reaching statistical significance between time points 

(row factor p = 0.8400 for D-dimers). (* p > 0.05) 
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3.2.5 Systemic inflammation is elevated in WT and IL27ra -/- 

mice during AIA development. 

 

 Systemic inflammatory markers have never been described in the AIA model. 

Considering that IL-6 is one of the main stimulators of many acute-phase proteins 

(APPs)237, a decreased in systemic inflammation was expected in both IL6ra -/-and IL6 -/- 

mice. However, the question is if, despite the localized nature of the AIA model, does 

any of the different pathotypes studied able to induce systemic inflammation. Thus, 

here I will analyse (APPs) in plasma from mice with AIA to test for systemic alterations 

in inflammation in the model. 

 Serum Amyloid A (SAA) is considered a major APP in both mice and humans. As 

expected, considering the acute inflammatory response still present in the joint on day 

3 of AIA development, a clearly increase in SAA levels was found when compared to CTL, 

and to day 10, when the joint swelling is practically resolved (Figure.3.6). 

 Here, I found that the more severe phenotypes exhibited higher levels of SAA on 

day 3. Specifically, WT and IL27ra -/- mice exhibited significantly higher levels of SAA 

compared to CTL naïve, on day 3 of AIA. As expected, IL6ra -/- mice did not reach the 

same levels of SAA as WT and IL27ra -/- mice on day 3, displaying only a small non-

significant increase. Interestingly, IL6 -/- mice did not show any increase in SAA levels at 

any time point. Despite SAA levels diminishing, as expected on day 10 of AIA, WT and 

IL27ra -/- still displayed significantly elevated levels compared to IL6ra -/-and IL6 -/- mice 

on day 10. 
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Figure.3.6: Systemic inflammation is highly increased in WT AIA and Il27ra-/- mice, but not in 
Il6ra-/- and Il6-/- AIA mice 
AIA was induced in 9- to 12- week-old WT (n = 4), IL27ra -/ -(n = 4), IL6ra -/- (n = 4) and IL6 -/- (n = 
4) male mice. SAA in plasma was evaluated by ELISA on day 0 for control (CTL) naïve (n = 5), on 
day 3 and day 10. SAA data were analysed using two-way ANOVA (row and column factor p < 
0.0001) and Tukey’s multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001, **** 
p<0.0001). 
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 In addition, C-reactive protein (CRP) was also analysed. In contrast to SAA, CRP 

levels did not peak at day 3 of AIA development in any pathotypes analysed (Figure 

3.7.A). Nevertheless, Kruskal-Wallis test displayed a significant difference (p < 0.0001), 

with Dunn’s multiple comparison test showing this difference as an increase in both 

IL27ra -/- and IL6ra -/- mice on day 3 of AIA, compared to CTL naïve and even to IL6 -/- 

mice during the same time point. Furthermore, IL27ra -/- mice on day 10 of AIA 

development also displayed a significant increase when compared to IL6 -/- mice at the 

same time point. This indicates that CRP is not as good an APP in mice as SAA. 

Nevertheless, these results suggest that IL-6 cytokine is involved in the synthesis of the 

inflammatory response during AIA development. 

 To test a possible association between inflammation and coagulation, I 

undertook correlation studies between different markers, using simple linear 

regression. Here, I graphed values of all plasma samples where both D-dimers and CRP 

were determined from all experiments, (WT, IL27ra -/-, IL6ra -/-, IL6 -/- mice during AIA 

development). Here, a significant positive correlation was seen between CRP levels and 

D-Dimers, with a Pearson correlation coefficient of 0.5966. Here, a significant positive 

correlation was seen between CRP levels with D-Dimers, with a Pearson correlation 

coefficient of 0.5966. Since the Pearson correlation coefficient value is above 0.5, along 

with a highly significant p-value for this linear regression (p = 5.634 x 10-5), this 

correlation can be considered moderate 238 (Figure 3.7.B). 

 No other significant correlations were found between coagulation and 

inflammatory markers in AIA. This suggests that D-dimers might also be considered an 

inflammatory marker, similar to CRP. Nevertheless, D-dimers did not display significant 

differences between the AIA pathotypes. Considering that both CRP and D-dimers were 

expected to display more dramatic differences, this result suggests that these biological 

markers would be of weak clinical value in AIA. 
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(B) 

(A) 

Figure 3.7: Plasma CRP levels of IL27ra-/- and IL6ra-/- mice on day 3 of AIA development are 
significantly higher to CTL naïve mice, with a positive correlation with D-dimers is observed. 
AIA was induced in 9- to 12- week-old WT (n = 12), IL27ra-/- (n = 6), IL6ra-/- (n = 5) and IL6-/- (n = 
4) male mice. CRP levels (Panel A) were evaluated by ELISA on mouse plasma from day 0 for 
control (CTL) naïve (n = 9), on day 3 and day 10 of AIA development. CRP data was analysed 
using the Kruskal-Wallis test (p<0.0001) and Dunn’s multiple comparison test (*p<0.05, 
**p<0.01, ***p<0.001, **** p<0.0001). (Panel B) Simple linear regression was generated 
between D-Dimer and CRP levels between the different analysed strains and time points (n = 
26). 
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3.2.6 OxPLs are increased in WT and IL27ra -/- mice blood cells 

during AIA development. 

 Previously, I showed that coagulation was altered during AIA, especially on day 

10. Here, to determine whether this is related to pro-coagulant membranes, I will 

analyse oxPL levels in circulating blood cells of mice during AIA development. Whole 

blood cells of control naïve mice, along with WT, IL27ra -/-, IL6ra -/- and IL6 -/- mice were 

harvested on day 3 and day 10 of AIA development. Lipids were extracted and profiled 

using LC/MS/MS, as described in Chapter 2, Section 2.2.28. 

 A distinct pattern of oxPLs was seen, especially when comparing WT and IL27ra 

-/- mice versus IL6ra -/- and IL6 -/- mice during AIA (Figure 3.8). This is validated by the 

significant difference (p <0.0001) observed in the Two-way ANOVA test. In the case of 

WT mice, a significant increase in total HETE-PEs is observed on day 3 of AIA, which then 

further heightened by day 10, when compared to CTL naïve (Figure 3.8.A). For Il27ra-/- 

mice, a similar pattern of increase was observed, however, there were considerably 

higher levels of oxPLs than for WT. In the case of Il6ra-/- and Il6-/- mice, regardless of the 

studied time point, the levels of HETE-PEs did not differ significantly from CTL naïve 

mice. 

 The strains that displayed higher levels of total HETE-PEs during AIA, namely WT 

and Il27ra-/- mice, were the same that exhibited elevated levels of SAA and increased 

TAT levels in Chapter 3. These results suggest a direct link between these lipids and 

coagulation and inflammation. 

 The heatmap shows 18:0a_12-HETE-PE as the most abundant oxPLs species in all 

analysed conditions, including in control naïve mice (Figure 3.8.B). Considering the 

similar timescale for the generation of free HETE and the HETE-PLs, along with the same 

substrate for the generation of the different positional isomers, these high levels of 

18:0a_12-HETE-PE compared to the other HETE-PEs isomers suggest enzymatic 

oxidation. If HETE-PLs generation was non-enzymatic, the different oxPLs would be at 

relatively similar levels, since oxidation through ROS would generate all positional 

isomers at similar concentrations.  Nevertheless, more analysis is required to prove the 

hypothesis, namely chiral analysis of these lipids. Furthermore, a distinct pattern of 
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generated oxPLs is observed in both WT and IL27ra -/-during AIA development, which is 

not replicated in IL6ra -/- and IL6 -/- mice. 

   

 

 

 

 

 

 

 

 

 

 

 

 

  

(A) 

Figure 3.8: HETE-PEs are elevated in blood cells from WT and Il27ra-/-during AIA development, 
especially on day 10.  
Antigen-induced arthritis was generated in 9- to 12- week-year-old WT (n = 17), Il27ra-/- (n = 10), 
Il6ra-/- (n = 5) and Il6-/- (n = 4) male mice. Whole blood was collected at day 0 for CTL naïve (n = 
23), on day 3 and on day 10 of AIA. Lipids from whole blood cell pellets were analysed using 
LC/MS/MS. (Panel A) The sum of all the quantified HETE-PEs isomers (ng/ml) in blood was 
calculated. Data were analysed using the Two-way ANOVA test (row and column factor p 
<0.0001) and Tukey’s multiple comparisons test (* p<0.05, ***p<0.001). (Panel B) Heatmap 
shows log10 values for analyte concentration (ng/ml).  
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The most abundant oxPLs detected in CTL naïve blood cells were 12-HETE-PEs, 

where a significant difference was observed between pathotypes (column factor p = 

0.0002) and timepoints (row factor p<0.0001). Upon arthritis induction, 12-HETE-PEs 

demonstrated the largest elevations in WT and Il27ra-/- on day 3 of AIA when compared 

to CTL naïve mice, respectively. On day 10, the elevation in oxPLs was more pronounced, 

with both conditions highly increase compared to CTL naïve. In contrast, for both Il6ra-/- 

and Il6-/- mice, the AIA did not result in an increase in 12-HETE-PEs on day 3 of AIA, 

displaying a significant difference compared to both WT and Il27ra-/- in both day 3 and 

day 10. However, a small significant increase was observed on day 10 of AIA in both 

Il6ra-/- and Il6-/- mice, when compared to levels on day 3. These data suggest that platelet 

activation might be significantly higher in WT and Il27ra-/- mice during AIA development, 

especially on day 10, while in Il6ra-/- and Il6-/- mice the increase is attenuated (Figure 

3.9.A).  

 In the case of 15-HETE-PEs levels, significant differences were also observed 

between pathotypes and throughout time points (p <0.0001). Tukey’s multiple 

comparisons test exhibited a significant increase in WT on both day 3 and day 10 of AIA 

development. Il27ra-/- mice also presented an increase during AIA, but only achieved 

statistical significance on day 10. However, no difference in Il6ra-/- and Il6-/- mice was 

observed during AIA, maintaining similar levels to CTL naïve throughout the model, while 

displaying a significant difference compared to both WT and Il27ra-/- mice (Figure 3.9.B).  

 For 11-HETE-PEs, Two-way ANOVA presented significance between pathotypes 

and timepoints (p <0.0001), which most likely are generated through the action of COX-

1. A significant increase was observed during AIA development in blood cells of WT and 

Il27ra-/- mice on both days 3 and 10 (Figure 3.9.C). Overall, the strains that showed low 

levels of SAA in Chapter 3, namely Il6ra-/- and Il6-/-, did not show elevated 11-HETE-PEs 

during AIA development (Figure 3.9.C), suggesting a mechanistic link between 

inflammation, oxPLs generation and platelet activation. 

 A significant difference was achieved through a Two-way ANOVA test for 5-HETE-

PEs between pathotypes (column factor p = 0.0196), but not between AIA time points 

(row factor p = 0.8510). Furthermore, Tukey’s multiple comparisons test did not achieve 
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any significant difference between specific pathotypes.  In addition, a very low amount 

of 5-HETE-PEs was detected throughout the development of AIA in all strains and time 

points when compared to the previously analysed HETE-PEs (Figure 3.9.E). 

 Lastly, 8-HETE-PEs, which are generated non-enzymatically in whole blood, were 

seen to significantly differ between pathotypes (column factor p <0.0001) and time 

points (row factor p = 0.0003) (Figure 3.9.D). A significant increase in 8-HETE-PEs has 

observed on day 3 and day 10 of AIA developed in both WT and Il27ra-/- mice. 

Furthermore, no increase was observed in both Il6ra-/- and Il6-/- mice during AIA, 

exhibiting a significant difference when compared to WT and Il27ra-/- mice. 

Nevertheless, the amounts of 8-HETE-PEs detected were quite low when compared to 

12-, 11- and 15-HETE-PEs. Considering that non-enzymatic oxidation would result in 

relatively similar concentrations between all positional isomers, these results suggest 

that these HETE-PEs are primarily generated enzymatically. 

Given the low levels of 5-HETE-PEs, which were comparable to 8-HETE-PEs, a non-

enzymatic generated HETE-PLs, it is more likely that these are also generated non-

enzymatically in this model. Nevertheless, in order to confirm the enzymatic origin of 

these lipids, chiral chromatography will be used to test this hypothesis.  
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Figure 3.9: 12- and 11-HETE-PEs are the main isomers driving the increase of HETE-PEs 
observed in WT and Il27ra-/-during AIA development 
Antigen-induced arthritis was generated in 9- to 12- week-year-old WT (n = 17), Il27ra-/- (n = 
10), Il6ra-/- (n = 5) and Il6-/- (n = 4) male mice. Whole blood was collected at day 0 for CTL naïve 
(n = 23), on day 3 and on day 10 of AIA. Lipids from whole blood cell pellets were extracted as 
described in Methods. The sum of individual HETE-PEs positional isomers (ng/ml), namely 12-
HETE-PEs (Panel A), 15-HETE-PEs (Panel B), 11-HETE-PEs (Panel C), 8-HETE-PEs (Panel D) and 5-
HETE-PEs (Panel E) was calculated. Data were analysed using Two-way ANOVA and Tukey’s 
multiple comparisons tests (*p<0.05, **p<0.01, *** p<0.001, **** p<0.0001). 
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3.2.7 Increase in oxPLs in whole blood cells during AIA 

development in WT and IL27ra -/- mice is mainly of 

enzymatic origin 

Up to now, HETE-PE were analysed using reverse-phase chromatography, which doesn’t 

provide any information on the chirality of the HETE-PEs isomers. It is important to 

confirm the enantiomeric composition because this provides information concerning 

the enzymatic origin of these lipids, depending on the S/R ratio composition. As 

previously described in Chapter 1, Section 1.1.3, LOX enzymes present in circulatory 

blood cells generate one specific product enantiomer of S-configuration. However, COX 

oxidation, as described in Section 1.1.4, generates mainly enantiomer of the R-

configuration. Therefore, a high percentage of the S enantiomer for 12-HETE-PE, or R 

enantiomer for 11-HETE-PE, would indicate enzymatic generation, while a racemic 

mixture (50:50 ratio) would be indicative of non-enzymatic oxidation. 

 Therefore, I conducted chiral chromatography to determine the enantiomeric 

configuration of HETE-PLs. Firstly, as described in Chapter 2, in sections 2.2.29 and 

2.2.30, HETEs from whole blood lipid extracts were separated by chiral chromatography 

using LC/MS/MS, before and after alkaline hydrolysis. This enables to subtract the free 

HETEs from the esterified HETE-PEs. This way, the S/R ratio of HETE-PLs was determined 

in whole blood cells from the different AIA mice. Considering the destructive effect of 

this analysis, only three samples of each pathotype and timepoint were analysed as used 

as a proof of concept. Unfortunately, one sample of Il6-/- mice during AIA development 

was found below the limit of detection in both 11-HETE-PEs and 15-HETE-PEs, therefore 

only two samples were displayed in Figure 3.10.B and Figure 3.10.C. 

 Esterified 12-HETE-PL displayed an S/R ratio > 85% in blood for all strains with 

AIA (Figure 3.10.A). No significant difference was found between pathotypes (column 

factor p = 0.7558) or between AIA time points (row factor p = 0.4493). Unlike humans, 

in mice, enzymatic 12-HETE-PLs can have two distinct origins: platelet-type 12-LOX 

(Alox12) or 12/15-LOX (Alox15), also known as leukocyte-type 12-LOX 51. In order to 

confirm the specific enzymatic origin of the increased levels of 12-HETE-PEs during AIA 
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development, as therefore the cell type responsible for tits synthesis, more studies are 

required. This will be addressed in Chapter 5, by analysing Alox15-/- mice. 

 When analysing 11-HETE-PLs, a significant difference was detected between 

pathotypes (column factor p<0.0001), but not between AIA time points (row factor p = 

0.2572). Most samples showed an S/R ratio below 20% (Figure 3.10.B), indicating the 

predominance of R enantiomers, and therefore indicative of COX oxidation.229 However, 

during AIA development, blood cells from Il6-/- mice showed a racemic mixture, 

displaying a 50% S/R ratio of 11-HETE-PLs, which was significantly higher when 

compared to the other pathotypes. These results have limitations due to the analysis of 

only 2 samples, nevertheless, the third analysed sample was below the limit of 

detection, plus the low 11-HETE-PEs found in the blood cell of these mice (Figure 3.9.C) 

suggests non-enzymatic oxidation, while the elevation of 11-HETE-PEs that was found in 

the other AIA pathotypes is a result of COX-1 or COX-2 activity. However, to fully test 

the enzymatic origin of 11-HETE-PEs, a non-selective COX inhibitor, such as 

indomethacin 239, should be given to the mice during AIA developments, and HETE-PEs 

re-analysis.  

 For 15-HETE-PLs species, the S/R ratio differs across different pathotypes 

(column factor p = 0.0012) and AIA time points (row factor p = 0.0473) (Figure 3.10.C). 

the average S/R ratio in both CTL naïve, WT and Il6-/- mice on both day 3 and day 10 of 

AIA development was around 50 %, which suggests a non-enzymatic origin. These ratios 

are not significantly different on day 10 of AIA. On the other hand, both Il27ra-/- and 

Il6ra-/- mice display elevated S/R ratio during AIA development, on both day 3 and day 

10, indicating enzymatic oxidation. However, contrary to the other eoxPLs, 15- HETE-PEs 

can be generated through Alox15 and/or COX, generating S- and R-enantiomers, 

respectively 229. This complicates the interpretation of these results. To fully understand 

the enzyme responsible for the observed differences, specific inhibitors, such as 

indomethacin, a nonselective COX inhibitor, or genetic deletion, are required. In the case 

of 5-HETE-PEs and 8-HETE-PEs, it was not possible to determine chirality since the lipids 

were present in such low amounts, falling below the limits of detection of the 

LC/MS/MS. 
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Figure 3.10: Increase of oxPLs in AIA mice is enzymatically generated 
Antigen-induced arthritis was generated in 9- to 12- week-year-old WT (n = 3), Il27ra-/- (n = 3) 
Il6ra-/- (n = 3) and Il6-/- (n = 3 for Panel A, n = 2 for Panel B and C) male mice. Whole blood was 
collected on day 0 for CTL naïve (n = 4), and on day 3 and on day 10 of AIA development. 
Lipidomics of whole blood cells pellets was performed and the chirality of oxPLs was determined 
through LC/MS/MS. Lipid extracts were run before and after hydrolysis to determine the 
esterified HETEs enantiomers. 12-HETE-PEs (Panel A), 11- (Panel B) and 15- HETE-PEs (Panel C) 
show the S/R ration (%). Data represent mean values ± SEM. Data were analysed using two-way 
ANOVA and Tukey’s multiple comparisons tests (*p<0.05, **p<0.01). 
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3.2.8 Free oxylipins differ depending on the mice strain during 

AIA development. 

 Free oxylipins are important immune modulators, that display both pro-and anti-

inflammatory bioactivity. As precursors of the eoxPLs measured above, and derived 

from the same LOX and COX enzymes, it is relevant to analyse these lipids in AIA. Here, 

they will be analysed in whole blood cell pellets from the different strains during AIA. 

Although oxylipins are mainly secreted from cells, I will analyse whole blood cells since 

oxylipins in plasma could theoretically be generated from inflamed joints. 

 Lipids were hierarchically clustered through the complete linkage method, to 

group similar lipids, as well as to cluster pathotypes and AIA time points (Figure 3.11.A).  

WT and Il6-/- on day 3 clustered close to the CTL naïve oxylipin profile, while Il27ra-/- and 

Il6ra-/- clustered together. Unexpectedly, Il6ra-/- and Il6-/- did not cluster closely together 

during AIA development.  

 Contrary to expected, LTs, PGs and TXB2 were barely detected in the blood cells 

of mice with AIA at any time point, falling below the limit of detection in the majority of 

samples, preventing any further analysis. Furthermore, no specialized pro-resolving 

mediators were detected in the whole blood pellet of any strains or at any time points 

of AIA development, either by being absent or due to falling below the limit of detection. 

The most abundant oxylipin detected was 12-HETE, followed by 14-HDOHE and 13-

HODE, therefore, these lipids were further analysed. All other lipids, such as 11-HETE 

and 15-HETE, exhibited very low levels and further analysis would just lead to 

speculation.  

 Both 12-HETE and 14-HDOHE can be generated by platelet 12-LOX, from AA and 

DHA, respectively. Similar to 12-HETE-PEs (Figure 3.9.A), a significant difference 

between conditions was found in 12-HETE levels (p<0.0001) (Figure 3.11.B). WT blood 

cells on day 3 showed an increase in 12-HETE compared to CTL naïve, while in Il27ra-/- 

mice this peak occurs on day 10. However, no elevation was observed in Il6ra-/- and Il6-

/- mice. Likewise, the levels of 14-HDOHE were also significantly altered (p<0.0001) 

(Figure 3.11.C), exhibiting a peak on day 3 in whole blood cells of WT mice, which is 
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significantly increased compared to CTL naïve, while for Il27ra-/-, a significant increase 

was only observed on day 10. 

 In the case of 13-HODE which can be generated by 12/15-LOX, through the 

oxidation of linoleic acid, a significant difference was also found (p<0.0001). The levels 

of 13-HODE in blood cells from WT on day 3 increased compared to CTL naïve, with no 

elevation observed on day 10 (Figure 3.11.D). Additionally, 13-HODE peaked in Il27ra-/- 

blood on day 10, while, both Il6ra-/- and Il6-/- blood levels did not change during AIA 

development, compared to CTL naïve mice.  
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(D) 

Figure 3.11: Eicosanoid profile is different among different strains, with WT mice displaying 

increased levels of 12-HETE, 14-HDOHE AND 13-HODE on day 3 of AIA development compared 

to other strains 

Oxylipin levels in whole blood cells pellets from control naïve (n = 18), WT (n = 15), Il27ra-/- (n = 
9), Il6ra-/- (n = 5) and Il6-/- (n = 5) male mice was analysed on day 3 and on day 10 of AIA 
development, using LC/MS/MS. (Panel A) Heatmap shows log10 values for analyte 
concentration (ng/ml). The most abundant lipids detected are represented in box plots, mainly 
the levels of 12-HETE (Panel B), 14-HDOHE (Panel C), and 13-HODE (Panel D) (ng/ml). Data were 
analysed using the Kruskal-Wallis test (p < 0.0001) and Dunn’s multiple comparisons test 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).  
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3.2.9 Blood cell counts are unchanged following the genetic 

deletion of IL27ra, IL6ra and IL6 in mice. 

 In order to confirm the increase in both oxPLs and oxylipins is not due to an 

increase in blood cell numbers, platelets, red blood cells (RBC) and white blood cells 

(WBC) from WT, IL27ra-/-, IL6ra-/- and IL6-/- mice were quantified basally, prior to AIA 

induction. 

 RBC and WBC were counted automatically using a haematology analyser 

(Yumizen H2500). However, as mouse platelets are significantly smaller than human 

platelets240, the haematology analyser could not be used. Therefore, mouse platelets 

were isolated and counted manually using a haemocytometer. No significant difference 

in platelets (p = 0.9282), RBC (p = 0.2538) and WBCs (p = 0.1310) numbers between 

genotypes was observed, however genetically modified mice displayed a larger data 

variation in both platelet and WBC count (Figure 3.12). More cell counts should be done 

in order to properly visualize a possible count difference. Nevertheless, these results 

suggest that the differences in lipids are not due to differences in blood cell counts, but 

due to a change in cell composition. 

 

  

 

 

 

  

Figure 3.12: Blood cells numbers do not vary between the different mouse genotypes  
(Panel A) Platelets (p = 0.9282), (Panel B) red blood cells (p = 0.2538) and (Panel C) white blood 
cells (p = 0.1310) were counted in whole blood obtained from WT (n = 4), IL27ra-/-(n = 4), IL6ra-

/-(n=4) and IL6-/- (n = 4 (A); n = 3 (B-C)) mice. Platelets were counted after isolation, while RBC 
and WBC were counted using a haematology analyser (Yumizen H2500). Data are represented 
as box and whisker plots. Shapiro-Wilk test was used as a normality test and analysed using the 
ordinary one-way ANOVA test and Tukey’s multiple comparison test.  
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 However, thrombocytosis is a common finding in human RA241, therefore is 

important to know if the development of AIA alters platelet numbers in this mouse 

model. This analysis will also answer if the increase in platelet derived lipids, such as 12-

HETE-PEs, observed in arthritic WT mice is due to a possible increase of platelet numbers 

during AIA development. Considering the increase observed in 12-HETE-PEs in WT mice 

during AIA, but not in IL6ra-/- mice (Figure 3.9.A), platelets were isolated and counted on 

day 3 and day 10 of AIA of these two pathotypes and compared. In contrast to human 

RA, platelet numbers showed no significant difference between pathotypes (column 

factor p = 0.4137), and no interaction (interaction p = 0.4563), nevertheless a difference 

between time points was observed (row factor p = 0.0319), probably due to a small 

decrease for both WT and IL6ra-/- mice on day 3 of AIA, however, this difference was not 

significant in the post hoc test (Tukey’s multiple comparison test). Nevertheless, both 

analysed strains showed the same changes throughout the course of the AIA model, 

indicating platelet numbers are not responsible for the difference in 12-HETE-PE 

previously observed. 
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Figure 3.13: AIA model does not significantly alter the platelet count  
Platelets from WT and IL6ra-/- mice were counted at various stages of AIA development. Data 
are represented as box and whiskers plots (n = 5). Data were analysed using the ordinary two-

way ANOVA test (column factor p = 0.4137; interaction p = 0.4563; row factor (time) p = 
0.0319) and Tukey’s multiple comparison test.  
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3.3  Discussion 

 To gain a mechanistic understanding of coagulation in human RA, the AIA mouse 

model was applied to a series of knockout mice resulting in four distinct pathotypes: 

myeloid (WT), lymphoid (IL27ra-/-), and fibroid-rich (IL6ra-/-), and low inflammatory (IL6-

/-) arthritis. Furthermore, this model was studied at two different time points, early 

disease on day 3, and established disease on day 10193,206.  

 Here I found that the immunization process did not impact either coagulation or 

inflammation. Furthermore, no significant difference was observed in HETE-PEs due to 

immunization, therefore, these oxPLs were also analysed in different AIA pathotypes. 

 First, in order to study the coagulation process in AIA, TAT complexes were 

analysed. An increase in WT mice on day 10 of AIA development was observed. This is 

consistent with human RA, where increased levels of TAT have been described142. 

However, neither Il6ra-/- nor Il6-/- mice showed this increase, suggesting IL-6 is required. 

Similarly, Il27ra-/- mice displayed an increase at day 10 of AIA development when 

compared to Il6-/- mice on the same time point. Interestingly, IL-6 was previously shown 

to increase coagulation by stimulating antithrombin production, the main inhibitor of 

thrombin, along with fibrinogen in vitro242, as well as increasing TAT complexes in human 

plasma243. 

 In contrast, PT was not found to increase in WT and Il27ra-/- mice during AIA 

development. This is similar to what is described in human RA, where no alteration to 

either prothrombin or partial thromboplastin times has been observed148.”These results 

suggest the increase in coagulation observed in these mice during AIA is independent of 

coagulation factors. Surprisingly, an increase in Il6-/- mice on day 3 of AIA development 

was observed. Nevertheless, the elevation was small and not necessarily indicative of a 

coagulation issue.  

 Fibrinolysis was studied through the analysis of D-Dimers, however, no 

significant differences between conditions were observed. This was unexpected 

considering the high levels of D-dimers described in human RA 91. 
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In summary, since TATs were elevated, but there were no major differences in PT and 

D-dimers during AIA overall, I propose that both WT and Il27ra-/- mice have an increased 

thrombin generation, independent of coagulation factors, while maintaining a normal 

fibrinolysis.  

 In parallel to the coagulation study, systemic inflammation was also evaluated 

through the analysis of SAA and CRP during AIA development. An increase in SAA in both 

WT and Il27ra-/- mice was seen on day 3 of AIA. This is consistent with both WT and 

Il27ra-/- mice developing a more severe joint inflammation during AIA. This elevation 

indicates that WT and Il27ra-/- mice induce systemic inflammation during AIA 

development. As expected, Il6ra-/- and Il6-/- mice developed low levels of systemic 

inflammation, as reflected by SAA levels. As a stimulator of APP synthesis by the liver, 

deletion of IL-6 signalling was expected to prevent the increase of SAA during AIA 

development. Interestingly, WT and Il27ra-/- mice, were the same pathotypes that also 

displayed higher levels of TAT complexes during AIA development, suggesting that 

increased inflammation seen in RA may be linked to coagulation. Elevated SAA in human 

plasma has been previously shown to be a useful biomarker for venous 

thromboembolism, independently of CRP, which was shown to be inconsistent 244. In 

addition, SAA was previously shown to escalate the progression of atherosclerosis in 

apolipoprotein E–deficient mice 245. In cardiovascular diseases, SAA is known to induce 

tissue factor and pro-inflammatory cytokines, including IL-6 and TNF-α 245,246. Therefore, 

increased coagulation in WT and Il27ra-/- mice during AIA could be tissue factor (TF) 

dependent, but this remains to be determined experimentally. Consequently, TF should 

also be analysed during AIA, as well as IL-6 levels, to further understand the relationship 

between inflammation and increased coagulation in this murine arthritis model. 

 CRP levels were also analysed as an APP during AIA. Il27ra-/- mice on day 3 of AIA 

development displayed an increase in CRP level compared to CTL naïve, while WT mice 

maintained basal levels throughout the model. This was unexpected, considering that 

IL27 has been reported to correlate with CRP in human diseases such as Crohn’s disease 

247, and in auto-immune disease such as RA, and neonatal sepsis248.  In contrast to SAA, 

Il6ra-/- mice displayed an elevation in CRP on day 3 of AIA development. However, 

despite being used as a clinical biomarker in humans, in mice, CRP is considered only a 
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moderate inflammatory marker, with SAA being considered more useful marker in this 

species 249. Nevertheless, IL-6 induces CRP synthesis250, and hence, was expected to be 

diminished in Il6ra-/- mice. Furthermore, antagonization of IL6ra is currently employed 

as therapy in RA251, therefore, Il6ra-/- mice were expected to have a reduced CRP similar 

to Il6-/- during AIA development. In humans, IL-6 induces CRP synthesis in the liver252. 

However, these results suggest that, in mice, the CRP synthesis is being induced by a 

different pathway. In fact, an IL-6 independent CRP regulation has been previously 

described in hCRP transgenic mice through other cytokines such as IL-1β and other IL-6 

class cytokines, namely leukaemia inhibitory factor and oncostatin M249,253,254. 

Therefore, an alternative CRP synthesis pathway, independent of IL-6 might be 

responsible in these mice. To confirm this, in future directions, IL-1β plasma levels 

should be measured. 

 CRP levels significantly correlated with D-dimers, exhibiting a moderate 

correlation with a Pearson correlation coefficient of 0.5966 238. This suggests that 

inflammation and fibrinolysis, are linked in mice. Interestingly, D-dimers are commonly 

used in clinical practice as a disease activity marker and are often associated with acute 

inflammation and disease flares142,255. In fact, these correlation has been previously 

described in synovial fluid of human RA 142. However, the mechanism behind the 

association of this fibrinolytic marker and inflammation is currently unknown. 

Nevertheless, no significant difference was observed in either D-dimers or CRP levels 

between the different strains during AIA development and CTL naïve, which indicates 

that they are not directly involved in the AIA model. 

 These data suggest that IL-6 plays a role in the elevated systemic coagulation 

observed. However, the mechanism behind the increase of coagulation in these mice is 

still unknown, as well as the of IL-6 role in this process. Nevertheless, this confirms the 

influence of cytokines in coagulation previously described in the literature. The deletion 

of IL-6 prevented the increase of coagulation, more specifically of TAT complexes. This 

has been previously described in chimpanzees, whereupon receiving an anti-IL-6 

antibody, the increase of TAT complexes was prevented following Escherichia coli 

endotoxin injection 256. Furthermore, in patients with renal cell carcinoma, 
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administration of IL-6 resulted in the increase of TAT complexes, without affecting 

fibrinolysis.243 

 Coagulation is driven in vivo through several mechanisms including TF and pro-

coagulant membranes of circulating blood cells and platelets. PT was overall unaltered 

in WT and IL27ra-/- mice during AIA development, ruling out altered coagulation factors 

levels as being responsible. Instead, the increase in TAT complexes seen in the plasma 

of these mice, indicative of increased coagulation, might be driven by alteration in the 

pro-coagulant phospholipid composition of blood cells during AIA development. Thus, I 

considered the impact of phospholipids on arthritis. Pro-coagulant phospholipids 

termed oxPLs were measured, along with their oxylipin precursors, in whole blood cell 

pellets from mice during the development of AIA. 

 OxPLs are thought to be important lipid mediators during innate immunity, for 

example, by limiting bleeding257. Studies have quantified oxPLs in human diseases such 

as antiphospholipid syndrome and abdominal aortic aneurysms125,212. However, their 

analysis in arthritis is non-existent. Here, similar to the TAT levels, oxPLs were 

significantly increased in WT and Il27ra-/- mice, especially on day 10 of AIA, while in Il6ra-

/- and Il6-/- oxPLs levels were identical to the basal values of CTL naïve mice. 

 The observed increase in total HETE-PEs was mainly driven by the elevated 

amounts of 12-HETE-PEs, with 11-HETE-PEs levels also raised. An increase in 15-HETE-

PEs was also observed on day 10 of AIA, especially in WT mice. Both WT and Il27ra-/- 

mice have been described to develop a myeloid-rich and lymphoid-rich phenotype, 

respectively, while both Il6ra-/- and Il6-/- develop a fibroblastic-rich phenotype200,202,206. 

Therefore, the increase of total HETE-PEs in both WT and Il27ra-/- mice during AIA, might 

be a result of the increase in circulatory immune cells consequence of their specific 

arthritis pathotype.  

 Therefore, circulatory blood cells, specifically platelets, WBC and RBC, were 

counted in the different strains before the development of AIA. No significant difference 

in cell numbers was observed basally between the different strains, despite the large 

variability displayed. Furthermore, despite thrombocytosis being commonly found in 

human RA241, both WT and Il6ra-/- mice platelet counts did not significantly change 
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during the development of AIA. Indeed, Il-6 deletion has been previously shown to not 

affect platelet numbers152. This suggests that the systemic differences observed 

between the analysed strains during AIA are not due to altered cell counts. Moreover, 

this indicates that the cells are being activated during arthritis development, generating 

more oxPLs. 

 Considering the increase in HETE-PEs, oxPLs origin was further investigated. The 

low 8-HETE-PEs levels, which is considered a non-enzymatic HETE-PEs since no enzyme 

can generate it in circulatory blood cells, along with chiral chromatography, confirmed 

the increase in oxPLs to be mainly enzymatic (Figure 4.2.4). Higher eoxPLs generation 

and associated coagulation have been previously suggested to contribute to 

atherosclerosis and abdominal aortic aneurysm since Alox12-/- and Alox15-/- mice212,258. 

 The increase of these specific eoxPLs, namely 12- and 11-HETE-PEs, suggests 

platelets as potential players responsible for the increased coagulation in WT and Il27ra-

/- mice during AIA. Nevertheless, 12(S)-HETE-PEs can also be generated through the 

12/15-LOX expressed in monocytes/macrophages, and in circulating blood 

eosinophils259. As previously described in Chapter 1, Section 1.1.3, while platelet 12-LOX 

generates 12(S)-HETE-PE, murine Alox15 gene, also termed 12/15-LOX, produces 

primarily 12(S)-HETE-PE, as well as a small amounts of 15(S)-HETE-PE, in a 3:1 ratio259. 

Therefore, to determine whether platelets or myeloid cells are responsible for the 

elevation of 12-HETE-PLs, the AIA model will be induced in Alox15-/- mice and 

coagulation and eoxPLs will be analysed in the next chapters. 

 The absence of HETE-PE increase in Il6ra-/- and Il6-/- mice further supports the 

idea of a role of IL-6 signalling in the increase of both coagulation243, and consequently 

venous thromboembolism, as well as atherosclerosis260, in RA patients. Specifically, 

deletion of IL-6, or its receptor, might result in less reactive platelets. The role of IL-6 in 

platelet activation has been previously shown in vitro, where an increase in platelet 

aggregation and secretion was observed upon IL-6 incubation of human platelet-rich 

plasma261. However, the mechanism for this is far from known.  Interestingly, blockade 

of IL-6 trans-signalling in vivo in the collagen-induced arthritis model results in the 

improvement of vascular function, which ultimately led to a diminished cardiovascular 
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dysfunction.262 This suggests that IL-6 might regulate both coagulation, platelet 

activation and vascular responses, offering a new mechanistic view on the increase of 

cardiovascular risk in RA patients. 

 Finally, I also analysed oxylipins in blood pellets from WT, IL27ra -/-, IL6ra -/- and 

IL6 -/- mice during AIA development. Two oxylipins that were found elevated in the AIA 

model are considered pro-inflammatory. 13-HODE has been previously described as 

increased in LDL and HDL from patients with active RA263, while, along with 12-HETE, is 

considered a chemoattractant for immune cells264,265  and both lipids are commonly 

found in aortal atheroma plaques266. However, 13-HODE is also a known PPARγ ligand, 

therefore, it also activates anti-inflammatory processes. In addition, 14-HDOHE was also 

a prominent oxylipin detected in the blood cells of these mice and is considered to have 

anti-inflammatory properties267. Interestingly, both Il6ra-/- and Il6-/- mice did not exhibit 

significant differences in free oxylipins during AIA development. Plus, 12-HETE peaked 

on day 3 in WT mice in contrast with the 12-HETE-PEs, where the highest levels were 

found on day 10. This suggests a possible increase in esterification rates for 12-HETE into 

12-HETE-PEs later on, during the development of established disease at day 10 of AIA, 

while free oxylipins are more prevalent during early stages, where the peak of 

inflammation is observed.  

 Overall, assuming that eoxPLs contribute to the elevated coagulation markers 

detected, these results suggest that IL-6 plays a role in the increased coagulation 

observed in the AIA model, with platelets potentially playing a role in the elevated 

systemic coagulation observed.  Next, to further investigate the cell origin of the eoxPLs, 

as well as their potential roles in coagulation and inflammation, in the next chapters, the 

AIA model will be induced and studied in Alox15-/- mice. 
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4.1  Introduction 

 The ability of eoxPls to support coagulation has been observed in a multitude of 

in vitro and in vivo models. For example, Alox15-/- and Alox12-/- mice display a bleeding 

phenotype212. Furthermore, in healthy WT mice, HETE-PL administration enhances 

coagulation, increased circulating TAT complexes, and reduced tail bleeding time, which 

is driven by coagulation factor activities125. Moreover, Alox15 deletion displayed fewer 

oxPLs when compared to WT mice basally, and resulted in reduced development of 

abdominal aortic aneurysms through the infusion of angiotensin II / ApoE−/− mouse 

model 212. In a separate study, selective inhibition of 12-LOX impaired thrombus 

formation and vein occlusion268. The bleeding phenotype in Factor VIII-deficient mice 

was prevented through the administration of liposomes containing 12-HETE-PLs, and 

thrombin generation was improved in Factor VIII-deficient human plasma68.   

 While LOX enzymes generate one specific product enantiomer, commonly an S- 

hydroperoxide, non-enzymatic lipid oxidation produces a racemic mixture of 50/50 R- 

and S- enantiomers. Also, non-enzymatic oxidation generates the same relative amounts 

of all positional isomers, contrasting with the positional isomeric specificity of enzymatic 

oxidation 5. Therefore, by measuring the relative levels of all positional isomers, 

combined with chiral analysis of enantiomers, and confirmed by the deletion of the 

suspected enzyme, we can deduce the likely enzymatic origin of HETE-PEs in many tissue 

samples.  

 Nevertheless, non-enzymatically generated oxPLs were previously shown to play 

a role in coagulation. For example, OxPAPC, a non-enzymatic oxPL, up-regulated TF in 

vitro, a reaction not observed for native phospholipids126. These findings prompted me 

to examine whether mice lacking eoxPL show reduced coagulation in AIA. 

 As previously described in Chapter 1, Section 1.1.3, the murine Alox15 gene, 

present in eosinophils and monocytes/macrophages, mainly generates 12(S)-HETE, 

along with small amounts of 15(S)-HETE, in a 3:1 ratio. This contrasts with human 

ALOX15, which generates primarily 15(S)- HETE-PE, along with small amounts of 12(S)-

HETE-PE, in a 9:1 ratio 53–55. In the case of Alox12, present in platelets, both human and 
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murine 12-LOX generate exclusively 12(S)-HETE-PEs 269. Therefore, both Alox12, 

implicating platelets, and Alox15, which is expressed by eosinophils and 

monocytes/macrophages, are responsible for the generation of 12-HETE-PLs in mice. 

Hence, in order to fully understand the origin of the elevated 12-HETE-PEs I found in 

mouse blood during arthritis (Chapter 3), the AIA model will be generated in Alox15-/-

mice, and oxPLs analysed. Unfortunately, due to time restrictions, I was not able to test 

Alox12-/- mice. 

 Furthermore, to investigate the impact of eoxPLs in RA, coagulation markers will 

be analysed in Alox15-/-mice during AIA development. The generation of several 

oxylipins, such as 13-HODE and 14-HDOHE, can also be dependent on 12/15-LOX. Since, 

in Chapter 3, I found these lipids increased in whole blood cells of mice developing AIA, 

I will measure them in Alox15-/-mice in order to explore their enzymatic origin. 

 

4.1.1 Aims 

Here, I will characterize the impact of Alox15 gene deletion on coagulation in AIA, by 

inducing arthritis, in parallel, in both WT and Alox15-/- mice: 

o Characterise coagulation markers in WT, Alox15-/- mice during AIA development, 

namely TAT complexes, D-dimers and PT. 

o Analyse whole blood cells from AIA mice for oxPLs and oxylipins using LC/MS/MS. 
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4.2  Results 

4.2.1 Genetic deletion of Alox15 does not influence 

TAT levels during the development of AIA. 

 Firstly, these mice were confirmed to be Alox15-/- mice, thorough genotyping, as 

described in Chapter 2, Section 2.2.2. An exemplar picture of the gel proving the 

genotype can be seen in the appendix of this thesis (Chapter 10) (Figure 10.1). 

  I then analysed TAT levels in both WT and Alox15-/- mice, as well as during AIA 

development, on day 3 and on day 10, which represent early and established disease, 

respectively. No significant difference was observed between WT and Alox15-/- mice (p 

= 0.4826). In fact, both WT and Alox15-/- mice control mice, as well as on day 3 of AIA 

displayed no significant difference between each other (Figure 4.1.A). However, TAT 

levels rose on day 10 of AIA in both WT and Alox15-/- mice compared to their respective 

CTL. This is indicative of a significant change during the time points (row factor p < 

0.0001). Nevertheless, no significant difference was observed between WT and Alox15-

/- mice, as indicated by the two-way ANOVA interaction test (interaction p = 0.4663). 

This suggests that Alox15 has little or no impact on systemic levels of TAT complexes 

during the development of AIA  

 PT was also not significantly altered between WT and Alox15-/- mice, or between 

AIA time points (row factor p = 0.1311) (Figure 5.1.B). Despite the apparent increase of 

PT in Alox15-/- AIA mice on day 10 of AIA, this is mainly due to one failed data point, 

where the plasma analysed was unable to clot until the cut-off time of 120 s. 

Nevertheless, the overall difference was not significant.  
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Figure 4.1: Alox15 deletion does not significantly impact coagulation in AIA mice 
AIA model was generated in 9- to 12- week-year-old WT (n = 15) and Alox15-/- (n = 7) male mice. 
Plasma levels of TAT complexes (Panel A) were evaluated on day 0 as CTL naïve (n = 25), on day 
3 and on day 10 of AIA. (Panel B) PT was also evaluated in WT (n = 8) and Alox15-/- (n = 5) male 
mice during AIA development, as well as CTL naïve (n = 10) and CTL Alox15-/- (n = 7). Data is 
represented in box and whisker plot. Data were analysed using two-way ANOVA and Tukey’s 
multiple comparisons test (*p <0.05, **p <0.01).  
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4.2.2 Genetic deletion of Alox15 increases D-dimers during 

the development of AIA. 

 

 Next, fibrinolysis was analysed. Here, D-dimers were interacting significantly 

(interaction p = 0.0067) when analysed through a Two-way ANOVA test, displaying a 

significant difference between time points (row factor p = 0.0060) and genotypes 

(column factor p = 0.0071). Furthermore, through Tukey’s multiple comparison test, a 

significant increase was observed on day 3 of AIA in Alox15-/- mice when compared to 

CTL naïve and WT mice on the same AIA time point (Figure 4.2). On day 10 of AIA 

development, this difference was not evident, with both WT and Alox15-/- displaying 

similar D-Dimer levels, and no significant difference when CTL naïve mice. This shows 

that Alox15-/- mice suffered a transient increase on day 3 during AIA development, which 

was lacking in WT mice.  
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Figure 4.2: Alox15 deletion increases D-Dimer levels 
AIA model was generated in 9- to 12- week-year-old WT (n = 20) and Alox15 -/- (n = 8) male mice. 
Plasma levels of D-dimers were evaluated on day 0 for CTLs, and on day 3 and on day 10 of AIA. 
Data is represented in box and whisker plot. Data were analysed using the Two-Way ANOVA 
and Tukey’s multiple comparisons test (** p <0.01). 
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4.2.3 Blood cell levels of oxPLs are not altered during AIA 

development by deletion of Alox15. 

 Next, HETE-PEs levels were next analysed through LC/MS/MS in whole blood 

cells from WT and Alox15-/- mice during AIA development. Here I found that HETE-PEs 

present were similar between WT and Alox15-/- mice. 18:0a_12-HETE-PE remains the 

most abundant oxPLs (Figure 4.3.A). Unexpectedly, total oxPLs levels in Alox15-/- mice 

were highly increased compared to WT basally (Figure 4.3). In summary, during AIA, 

Alox15-/- mice HETE-PE levels were significantly higher compared to CTL naïve, without, 

however, displaying any significant difference with WT mice at the same time point. 

 Individual isomers were next analysed separately. Here I found high basal levels 

of 12-HETE-PEs, 11-HETE-PEs, 15-HETE-PEs and 8-HETE-PEs in Alox15-/- compared to CTL 

naïve mice (Figure 4.4). However, no significant differences were observed between CTL 

Alox15-/- and Alox15-/- mice during AIA, both on day 3 and day 10, except for 11-HETE-

PEs, which peaked on day 3 of this model. In addition, the 12-HETE-PE isomer remained 

the most abundant oxPLs generated during the AIA model, even after Alox15 deletion 

(Figure 4.4.A). This result suggests that 12-HETE-PEs in these mice is not from Alox15. 

 The same pattern is observed when analysing 15-HETE-PEs (Figure 4.4.B), which 

were significantly increased in CTL Alox15-/- versus CTL naïve and are then maintained 

during AIA development. This suggests that the deletion of Alox15 does not impact the 

levels of these blood oxPLs. A significant decrease in 11-HETE-PEs was seen from day 3 

to day 10 of AIA in Alox15-/- mice. However, analysis of the 8-HETE-PEs levels also 

suggests a non-enzymatic generation of some HETE-PEs (Figure 4.4.E). In fact, the levels 

of 8-HETE-PEs are increased in the same pattern as 12- and 15-HETE-PEs (Figure 4.4.B-

C), suggesting at least a fraction is of non-enzymatic origin. However, the high levels of 

12-HETE-PEs, suggest that a large amount of these lipids are formed by enzymes, and 

most likely from Alox12.  
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 Interestingly, 5-HETE-PE levels were found to be lower than 8-HETE-PEs (Figure 

4.4.D-E). Despite not reaching a statistically significant difference, 5-HETE-PEs were 

detected at reduced levels in Alox15-/- compared to WT mice during AIA development, 

on both day 3 and day 10.   
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Figure 4.3: Alox15 deletion does not prevent elevated levels of HETE-PEs in mouse blood 
during AIA development. 
Antigen-induced arthritis was generated in 8- to 11- week-year-old WT (n = 20) and Alox15-/- (n 
= 8) male mice. Whole blood was collected on day 0 for CTLs (n = 20), on day 3 and on day 10 
of AIA. Whole blood cell pellets were analysed through LC/MS/MS. (Panel A) Heatmap shows 
log10 values for analyte concentration (ng/ml). (Panel B) The sum of all the quantified HETE-
PEs isomers (ng/ml) in blood was calculated. Data were analysed using the Kruskal-Wallis test 
(p <0.0001) and Tukey’s multiple comparisons test (*p<0.05, **p<0.01, ****p<0.0001).   
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Figure 4.4: HETE-PEs levels are increased, partially, due to non-enzymatic oxidation in Alox15-

/- mice during AIA 
Antigen-induced arthritis was generated in 8- to 11- week-year-old WT (n = 20) and Alox15-/- (n 
= 8) male mice. Whole blood was collected on day 0 for CTLs (n = 20), on day 3 and on day 10 of 
AIA. HETE-PE positional isomers (ng/ml) were determined in whole blood cells, analysed using 
LC/MS/MS. Data are shown for 12-HETE-PEs (p<0.0001) (Panel A), 15-HETE-PEs (p <0.0001) 
(Panel B), 11-HETE-PEs (p <0.0001) (Panel C), 5-HETE-PEs (p = 0.0131) (Panel D) and 8-HETE-PEs 
(p <0.0001) (Panel E). Data were analysed using Kruskal-Wallis and Tukey’s multiple 
comparisons tests (*p<0.05, **p<0.01, **** p<0.0001).  
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4.2.4 Alox15-/- mice show similar levels of whole blood 

oxylipins as WT during the development of AIA.  

 Several oxylipins are generated by 12/15-LOX oxidation, including HETEs and 

HODEs, and it is important to discern their enzymatic origin, along with their impact on 

this inflammatory arthritis model. Therefore, here I analysed the oxylipin profile from 

WT and Alox15-/- mice during AIA development.  

 Genetic loss of Alox15 did not result in a major reduction of oxylipin levels (Figure 

4.5.A). The species present in the highest amounts in blood were 12-HETE, 14-HDOHE 

and 13-HODE, regardless of Alox15 deletion. However, Alox15-/- mice exhibit basally an 

overall rise in oxylipins compared to CTL naïve. However, this basal increase in oxylipins 

present in Alox15-/- mice, did not significantly change upon AIA development. This is 

particularly evident for 12-HETE (Figure 4.5.B), where Alox15-/- mice display increased 

levels basally, which were maintained upon AIA development. This contrast with WT 

mice, where a peak is observed on day 3 of AIA development. 

 Furthermore, 11-HDOHE, another product of platelet Alox12270, through 

oxidation of docosahexaenoic Acid (22:6), is basally increased in Alox15-/- mice 

compared to CTL naïve (Figure 4.5.C).  This suggests that Alox12 might have higher levels 

of expression upon Alox15 deletion. Upon AIA development, 11-HDOHE fell below the 

limit of detection on day 3 in both WT and Alox15-/- mice. Falling below the limit of 

detection does not necessary the absence of this lipid, nevertheless, it increases 

variability within the dataset when the concentration cannot be accessed through 

LC/MS/MS. However, when analysing day 10 of AIA development, an increase in 11-

HDOHE above detection limits was observed, with Alox15-/- mice exhibiting the same 

level present basally, while the WT mice suffered an increase compared to CTL naïve.  

 In the case of 15-HETrE (Figure 4.5.D), an oxylipin that can be generated either 

by 12/15-LOX or non-enzymatically, Alox15-/- mice displayed lower levels when 

compared to WT during AIA development, despite the non-statistical significance, 

suggesting it may arise from via enzymatic biosynthesis. Similar to the previously 

analysed lipids, Alox15-/- mice exhibit elevated basal levels of 15-HETrE compared to CTL 

naïve, further suggesting a non-enzymatic origin.  
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 In contrast, 13-HODE peaked in both WT and Alox15-/- mice on day 3 of AIA 

compared to the respective control and day 10 of AIA development (Figure 4.5.E). 

However, similar to other oxylipins Alox15-/- mice exhibit high basal levels of 13-HODE 

compared to CTL naïve. In summary, the deletion of Alox15 did not massively alter the 

oxylipin profile of these mice during AIA development. 

 

 

 

  

Figure continues into the next page 
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Figure continues into the next page 
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Figure 4.5: Oxylipins synthesis is increased in Alox15-/- mice basally, however AIA 
development does not significantly differ oxylipin production. 
Oxylipin levels in whole blood cells pellets from WT (n = 16) and Alox15-/- (n = 8) male mice, along with 
respective controls, were analysed on day 3 and on day 10 of AIA development, using LC/MS/MS. (Panel 
A) Heatmap shows log10 values for analyte concentration (ng/ml). Whole blood levels of 12-HETE (p 
<0.0001) (Panel B), 11-HDOHE (p<0.0001) (Panel C), 15-HETrE (p<0.0001) (Panel D) and 13-HODE 
(p<0.0001)  (Panel E) were calculated (ng/ml). Data were analysed using Kruskal-Wallis and Tukey’s 
multiple comparisons tests (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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4.3 Discussion 

 As previously shown in Chapter 3, AIA development in WT mice elevated 

systemic coagulation, as shown by the increased levels of TAT complexes. However, the 

molecular mechanism behind this is still unknown. The observed increase in eoxPL in 

these mice suggests a possible mechanism for this increase. However, the enzymatic 

origin of increased levels of 12-HETE-PEs present in these mice might be by 12-LOX or 

12/15-LOX oxidation. In order to probe the potential cellular origin of these eoxPLs, the 

AIA model was induced in Alox15-/- mice, where no oxidation by 12/15-LOX occurs. 

 Expressed mainly in eosinophils and macrophages, the 12/15-LOX enzyme is 

responsible for the generation of numerous lipid mediators that play a role in 

coagulation and inflammation. However, the deletion of Alox15 resulted in no 

differences in TAT levels compared to WT mice, with a significant increase still observed 

on day 10 of AIA development in these mice. Interestingly, a high variability in TAT 

complexes is observed on day 10 of AIA development, which can be a consequence of 

the increased coagulation. In fact, variability between mice, specially during the model, 

was expected considering the slight inherent changes in blood taking, despite being 

minimised through a careful and fast drawing protocol. 

Nevertheless, no significant difference was found in PT between conditions. This contrasts 

with a previous study, where TAT levels and PT were observed to be elevated in Alox15-

/- compared to WT mice.212 However, there are methodological differences between my 

experiments and these. In particular, the mice used in the previous study were older, at 

19 weeks old, while in my analysis the mice were exclusively males of 12-14 weeks of 

age. Second, the blood collection protocol I used, described in Chapter 2, employs CTI 

as an anticoagulant, contrary to the published paper. This will have the effect of further 

stabilising the blood and dampening down coagulation activity in vitro, potentially 

explaining why no difference was found in my study. 

 Contrary to WT mice, D-dimers were increased in Alox15-/- mice on day 3 of AIA 

development. As previously discussed in Chapter 3, Section 3.3, D-dimers significantly 

correlated with CRP, an important inflammation marker.  In fact, D-dimers are 

considered a disease activity marker, commonly used in clinical practice as a disease 
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activity marker and are often associated with peaks of inflammation 142,255. Therefore, 

an increase of D-dimers on day 3 of AIA development, which is when the peak of swelling 

and inflammation occurs was not unexpected. On day 10, following the resolution of the 

swelling, a significant decrease of D-dimers compared to day 3 would also be expected. 

Nevertheless, the non-replication by WT mice during AIA suggests that Alox15-/- mice 

might develop a more severe AIA phenotype compared to WT. In order to determine 

the severity of the phenotype developed, Alox15-/- will be induced to develop AIA in the 

next chapter, and joints will be analysed. 

 In addition, blood oxPLs were higher basally in Alox15-/- blood cells and they were 

unaffected upon induction of inflammatory arthritis. These results differ from the 

gradual increase of eoxPL observed in WT mice during AIA development. Interestingly, 

high levels of 12-HETE-PEs were observed in Alox15-/- mice during AIA development. This 

suggests that a large amount of these lipids is formed by enzymes, therefore, indicating 

platelet Alox12 as the primary source of elevated 12-HETE-PEs during AIA development 

in mice. Nevertheless, in order to exclude the possibility of a non-enzymatic origin, the 

AIA model should be induced in Alox12-/- mice and 12-HETE-PEs levels determined.  

 In addition, a significant decrease in 11-HETE-PEs was seen from day 3 to day 10 

of AIA development in Alox15-/- mice, which suggests at least a higher COX activation in 

Alox15-/- mice. Considering the importance of COX in platelet, where an acute synthesis 

of oxylipins and oxPLs is observed upon the activation of these cells 271, these results 

suggest a possible increase in platelets activation upon AIA development in Alox15-/- 

mice compared to WT. Furthermore, elevated levels of 8-HETE-PEs also suggest a non-

enzymatic oxidation present basally in these mice, which might be a result of increased 

systemic oxidative stress. However, the increased level of eoxPLs might also be a result 

of a feedback mechanism by 12-LOX to compensate for the lack of enzymatically 

generated oxPLs due to the absence of 12/15-LOX. This hypothesis is further supported 

by the 11-HETE-PEs results previously discussed, which further indicates that platelets 

from Alox15-/- might be more basally active than in WT mice. However, chiral 

chromatography, or the analysis of these lipids in Alox12-/- mice during the AIA 

development, would need to be performed to understand if the origin of the increased 
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oxPL present basally in Alox15-/- mice is from platelet 12-LOX, or simply due to an 

increase in oxidative stress. 

 Interestingly, 5-HETE-PE levels were found to be relatively lower than the 

remaining HETE-PEs isomers. The deletion of Alox15 should not affect the generation of 

5-HETE-PEs, considering that this HETE-PE isomer is either generated through non-

enzymatic oxidation or enzymatically oxidised by Alox5 present neutrophils. 

Nevertheless, 5-HETE levels were described as slightly increased in Alox15-/- mice during 

a peritonitis mice model in Dioszeghy et al.272 Therefore, an increase in 5-LOX expression 

might occurs due to Alox15 ablation, possibly as a compensatory mechanism, however 

this was not observed in this analysis. More studies are necessary to understand if and 

how 5-LOX expression is affected in Alox15-/- mice. 

 Whole blood cell levels of 12-HETE, 14-HDOHE and 13-HODE were also elevated 

basally in Alox15-/- mice, compared to CTL naive. This suggests that their blood levels 

may originate from platelet 12-LOX, which is substantially activated in these mice when 

compared to WT. To test this, AIA should be induced in Alox12-/- mice and a lipidomic 

analysis performed. This would show if platelet 12-LOX is responsible for the generation 

of these oxylipins and eoxPLs, or if the increase of these lipids in Alox15-/- mice is due to 

an increase in non-enzymatic oxidation. 

 In contrast to WT mice, 15-HETrE levels in Alox15-/- mice during AIA decreased 

on day 3, although this was not significant. This result was expected since its generation 

can be through 12/15-LOX oxidation. In spite of being mainly studied in the skin, 15-

HETrE has been described as a potent inhibitor of LTB4, and is usually described as a 

potential anti-inflammatory lipid.273 This, along with the increased levels of oxylipins 

generally considered pro-inflammatory, suggest that the deletion of Alox15 might 

develop a worse inflammatory arthritis phenotype. Next, to test this, joint histology, 

joint lipidomics and clinical assessment of the mice during AIA development will be 

performed.  

 Overall, the increase in TATs and eoxPLs rise during AIA development was not 

prevented upon genetic deletion of Alox15. This suggests that Alox15 is not involved in 

the increased coagulation observed in WT mice during AIA development. Instead, it is 
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possible that platelet Alox12 might be responsible. To further understand the impact of 

platelets in enzymatically generated oxPLs, the AIA model should be induced in Alox12-

/- mice and systemic coagulation, along with oxylipidomics, analysed. 
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5.1 Introduction 

 

 Several arthritis mice models have been used to study the impact of Alox15 

deletion on disease, however, contradictory results have been published89,189. As 

previously described in Chapter 1, Section 1.4, TNF- α Tg mice model and K/BxN serum-

induced arthritis model in Alox15-/- mice resulted in a more pronounced inflammatory 

state when compared to the respective WT mice 189. However, when using the adjuvant-

induced arthritis model in Alox15-/- mice, a reduced paw swelling was described 89.  

 Nevertheless, no in vivo arthritis model is 100 % reflective of human disease, 

with each model displaying a distinct pathological mechanism of RA, which might result 

in different outcomes upon LOX modulation. The limitation of the TNF- α Tg mice model 

is the lack of cure in human RA using anti-TNF-α therapies, such as Infliximab. Similarly, 

the antigen-induced arthritis model does not mirror human arthritis, as it is effectively 

cured through the use of COX inhibitors 192. Meanwhile, the K/BxN serum-induced 

arthritis model is exclusively mediated by antibodies 191, which also does not reflect the 

mechanisms of human RA. In addition, none of the studies did measure LOX products 

using LC/MS/MS, but by ELISA, which can be considered a controversial method of lipid 

analysis, as described in Chapter 1, Section 1.1.2.1. 

 The AIA model, despite being one of the most commonly used inflammatory 

arthritis murine model 193, has not yet tested for an involvement of 12/15-LOX. Plus, in 

Chapter 4, increased D-dimers was observed systemically on day 3 of AIA development, 

along increased pro-inflammatory oxylipins in whole blood cells. This suggests that 

Alox15 deletion might result in elevated systemic inflammation. Therefore, in order to 

understand if Alox15 is involved in the resolution of inflammation, in this chapter, the 

impact of Alox15 deletion on systemic inflammation and joint pathology, along with lipid 

analysis of joint tissue, will be studied. 
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5.1.1 Aims 

 This chapter will further characterize the impact of Alox15 gene deletion in the 

AIA model and investigate the importance of 12/15-LOX products in inflammatory 

arthritis in vivo. In this regard, AIA was induced in parallel in WT and Alox15-/- mice, and 

day 3 and day 10 studied, as follow: 

o Clinically assessment of WT and Alox15-/- mice during AIA development, namely 

evaluate knee swelling, weight, joint histology and mBSA antibody titre. 

o Characterisation of inflammatory markers in WT and Alox15-/- mice during AIA 

development, namely CRP and SAA. 

o Analyse joint extracts from WT and Alox15-/- mice during AIA for oxPLs and 

oxylipins through LC/MS/MS. 
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5.2  Results 

5.2.1 Alox15 deletion is associated with slower resolution of 

synovial inflammation in AIA. 

 AIA was induced in both WT and Alox15-/- mice, and early and established 

arthritis time points, representing day 3 and day 10 of AIA development respectively, 

were analysed.  

 As described in Chapter 2, Section 2.2.3, joint swelling was measured with a 

POCO 2T micrometer (Kroeplin) and compared to joint diameter before arthritis 

induction (Figure 5.1.A). A significant difference through time was found using the two-

way ANOVA test (row factor p<0.0001), however, no significant overall difference was 

detected between conditions (column factor p = 0.1092). Nevertheless, when comparing 

each time point between WT and Alox15-/- mice through the student t-test test, Alox15-

/- mice showed a significant increase in swelling on day 7 of AIA. In fact, overall, a higher 

degree of swelling was displayed in Alox15-/- mice throughout the AIA model, suggesting 

a more severe AIA phenotype occurs upon Alox15 deletion. 

 The clinical response against mBSA was also analysed in both strains, as 

described in Chapter 2, Section 2.2.17. As the antigen used to induce arthritis, mBSA 

antibodies are produced as an immunological response to immunization. mBSA-specific 

IgG in murine plasma was detected using anti-mouse IgG conjugated to HRP which was 

quantified using a chromogenic peroxidase substrate by measuring optical density at 

450 nm (OD450), which reflect the amount of mBSA-specific IgG. Alox15 deletion did not 

alter the immune response to BSA compared to WT mice during AIA. No significant 

changes were observed in mBSA-specific antibody titres in plasma, at both days 3 (p = 

0.1404) and day 10 (p = 0.9419) of AIA upon Alox15 deletion (Figure 5.1.B-C).  

 Weights were also recorded throughout AIA development, as a parameter for 

wellbeing, despite not being a direct assessment of inflammatory arthritis severity. Due 

to the length of the model, weight gain during a 31-day period was also measured in an 

aged-matched group of healthy mice from both studied strains, as controls. A significant 
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difference was observed through AIA development (row factor p <0.0001), without 

affecting the genotypes (column factor p = 0.7172). This is further reflected by the lack 

of weight differences between WT mice and their respective controls throughout the 

progression of the model, with both showing normal weight gain in line with age (Figure 

5.1.D).In contrast with their respective controls, Alox15 -/- mice failed to gain weight 

during AIA development, displaying a significant decrease compared to the respective 

control on day 4 and day 10 of AIA development.    
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Figure 5.1: Alox15-/- mice display a more severe AIA phenotype than WT. 
 (Panel A) Knee diameter was measured every 1-2 days and knee joint swelling was calculated as a 
percentage relative to knee diameter at day 0 (before arthritis induction). Average knee joint 
swelling percentages and SEM are represented from day 0 to day 10, the last day of the performed 
model. Data represent mean ± SEM, and statistical analysis was performed using a student t-test 
(*p < 0.05) (n ≥ 16). (Panel B) mBSA specific antibody titres in mice plasma on day 3 and (Panel C) 
day 10 post arthritis induction were determined through ELISA. Data represents mean ± SEM (n = 
5) and statistical analysis was performed using a student t-test (p = 0.1404 for day 3 and p = 0.9419 
for day 10). (Panel D) Mice were weighted every week, in the case of CTLs, or every 1-2 days, in the 
case of the AIA mice, respectively. Average values, along with SEM, are represented from day 0 to 
day 10, the last day of the performed model. Data was analysed using the Two-Way ANOVA and 
Tukey’s multiple comparisons test (* p < 0.05). 
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5.2.2 Synovial inflammatory infiltrations are elevated in Alox15-/- 

mice during AIA development. 

 Next, as described in Chapter 2, Section 2.2.9, I sliced parasagittal serial sections. 

This was followed by staining with haematoxylin, eosin and safranin O staining, in order 

to histologically assess joint pathology, as described in Chapter 2, section 2.2.10 (Table 

2.4). Haematoxylin staining indicates cellular infiltration, by staining the nucleus blue 

and cytoplasm pink, while safranin-O stains cartilage red, indicating cartilage erosion. As 

an example of different scoring is represented in Figure 2.2. This assessment was 

performed blindly by Gareth Jones, PhD and David Hill, PhD from Bristol University, and 

Aisling Morin, PhD from Cardiff University, to evaluate synovial exudate, synovial 

inflammation and hyperplasia and cartilage and bone erosion, and overall joint damage 

in both WT and Alox15-/- mice, as described in Chapter 2, section 2.2.11.  

 The overall arthritic index was calculated through the sum of all analysed 

parameters, namely synovial infiltrate, synovial exudate, synovial hyperplasia and 

pannus formation and cartilage and bone erosion. These parameters were compared 

between WT and Alox15-/- mice during AIA development, within the same timepoint, 

therefore, the statistical analysis was performed through the student’s t-test. No 

significant difference was found between WT and Alox15-/- mice during AIA 

development, although Alox15-/- mice showed a tendency to increase compared to WT 

on day 10 (Figure 5.2.B). 

 When analysing individual parameters of the arthritic index, a significant 

increase in synovial infiltrate was observed in Alox15-/- mice knee joint compared to WT 

on day 10 (Figure 5.2.C).  An increase in cartilage and bone erosion was also observed in 

Alox15-/- mice on day 10, however, this was not statistically significant (Figure 5.2.F). The 

other analysed criteria, namely synovial hyperplasia and pannus formation, and synovial 

exudate displayed no difference in scoring (Figure 652.D-E). Overall, these results 

indicate that the increased swelling observed in Alox15-/- mice, compared to WT, is due 

to a greater synovial infiltration. 
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Figure 5.2: AIA development in Alox15-/- mice results in an increase in synovial infiltration of 
immune cells 
AIA was induced in 9- to 12- week-year-old WT and Alox15-/- mice, and joints collected on day 0 
(n = 3 - 5), as controls, on day 3 (n = 5 - 8) and day 10 (n = 7 - 8) of AIA for histological staining 
and assessment, as described in Section 2.2.11 in the Methods chapter. (Panel A) 
Representative images of haematoxylin, fast green, and safranin O staining of WT (top) and 
Alox15-/- (bottom) mouse knee joints at day 3 (centre) and day 10 (right) post-arthritis induction, 
as well as controls (left). Histopathology scoring of AIA was performed and (Panel B) Arthritic 
score, (Panel C) Synovial infiltration, (Panel D) Synovial exudate, (Panel E) Synovial Hyperplasia 
and Pannus formation, and (Panel F) cartilage and bone erosion were evaluated. Data were 
analysed Student's t-test, according to time point (*p < 0.05). 
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5.2.3 Alox15-/- mice show a higher elevation in SAA than WT at the 

earlier disease time point of AIA development. 

 Next, systemic inflammation was compared between WT and Alox15-/- mice 

during AIA development, by analysing SAA levels. Since the levels are being analysed 

through time in different genotypes, two-way ANOVA was used, where a significant 

interaction was found (interaction p = 0.0174). Furthermore, a significant difference was 

found between time points (row factor p<0.0001), however, no overall difference was 

found between genotypes (column factor p = 0.4396). 

 Nevertheless, when using Tukey’s multiple comparison test, SAA levels were 

found significantly increased on day 3 of AIA development in Alox15-/- mice when 

compared to WT mice at the same time point (Figure 5.3.A). As previously observed in 

Chapter 3, SAA levels peaked on day 3 of AIA development, followed by a significant 

decrease on day 10 of AIA development in the plasma of both analysed genotypes. 

Therefore, as expected, SAA levels drop significantly for both WT and Alox15-/- mice, 

from day 3 to day 10 of AIA development, respectively. When comparing both mice at 

this time point, SAA levels appear to drop lower in Alox15-/- than in WT mice, however, 

the difference wasn’t significant.  

 A large variation of data was observed in WT on day 3 of AIA (n = 13) when 

compared to Alox15-/- mice (n = 7) at the same time point. This variation might be a 

result of the distinct n numbers analysed between WT and Alox15-/-mice. Furthermore, 

WT mice were order in, while Alox15-/- mice were bred in house, which might reduce 

inherent differences between mice. Plus, as previously described, the blood drawing 

protocol might provoke inherent differences between mice. 

 Overall, these data suggest that deleting Alox15-/- results in a worsened acute 

phenotype of inflammatory arthritis during AIA development. 
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Figure 5.3: SAA levels are higher in Alox15-/- mice compared to WT on day 3 of AIA development 
AIA model was generated in 9- to 12- week-year-old WT and Alox15-/- male mice. SAA levels in plasma 
were evaluated on day 0 for control (CTL) (n = 6 for naïve and 4 for Alox15-/- mice), on day 3 (n = 13 for 
WT and 7 for Alox15-/- mice), and on day 10 (n = 4) of AIA. Data were analysed using Two-way ANOVA and 
Tukey’s multiple comparisons tests (*p<0.05, **** p<0.0001). 
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5.2.4 OxPLs are increased in WT mice joints during AIA 

development. 

 Next, I measured oxPLs in synovial tissue in WT and Alox15-/- mice during AIA 

development, and respective controls. To provide sufficient tissue for analysis, joints 

from each condition were pooled to reach around 10 mg wet weight per sample, with 

tissue from at least 3 mice (6 joints) pooled to generate each data point (each n). Due to 

the large number of mice required for each analysis, only a total n of 3 was analysed. 

This reduced n number is an obvious limitation in the conclusions of the following 

sections. Increasing the number would provide increase power and it may reduce 

variability, nevertheless, the pooling would have induced a reduction in data variability. 

 As expected, relating to HETE-PEs, synovial tissue exhibits a different pattern to 

whole blood cells, considering that they have a different cell composition. For example, 

platelets were the major contributor to HETE-PL levels in whole blood. When analysing 

the HETE-PEs data through Two-way ANOVA, a significant interaction was found 

(interaction p = 0.0227), along with a significant overall difference between WT and 

Alox15-/- mice (column factor p = 0.0230), and time points (row factor p = 0.0003) (Figure 

5.4.B). 

 Here, joint levels of oxPLs were overall reduced in Alox15-/- mice, compared to 

WT, both basally, and during AIA development (Figure 5.4.A). This suggests that the 

oxPLs are of enzymatic origin. The deletion of Alox15 results in a decrease in eoxPLs, 

indicating that oxPLs present in synovial tissue is dependent on 12/15-LOX activity. This 

clearly contrasts with the results described in whole blood cells, where deletion of 

Alox15 did not result in a significant reduction, probably due to either increase in non-

enzymatic oxidation, or due to platelet-12-LOX activity. 

 Furthermore, HETE-PEs peaked in WT joints on day 10 of AIA development 

(Figure 5.4.B). However, this was not observed in joints from Alox15-/- mice, where the 

elevation was small and non-significant.  These results further indicate that WT joints 

generate significant amounts of eoxPL in arthritic joints via 12/15-LOX during AIA 

development.  
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 As in whole blood cells, 12-HETE-PEs were the main oxPL detected in joint tissue 

in WT mice on day 10. A significant interaction was observed (interaction p < 0.0001), as 

well as a significant difference between time points and genotypes (row factor p <0.0001 

and column factor p < 0.0001, respectively) (Figure 6.5.A). Interestingly, these lipids did 

not elevate significantly in Alox15-/- mice. This indicates that the increased 12-HETE-PEs 

generated during AIA are from 12/15-LOX (leukocyte 12-LOX), potentially expressed by 

monocytes/macrophages. 

 Interestingly, 15-HETE-PEs showed no significant interaction (interaction p = 

0.2711), but a significant difference considering the time (row factor p = 0.0008) and an 

overall difference between genotypes (column factor p = 0.0435). This is further 

reflected in the Tukey’s multiple comparison test where a significant increase in WT mice 

joints on day 10 of AIA development was observed, but not in Alox15-/- mice (Figure 

5.5.B).  

 The remaining 11-HETE-PEs, 5-HETE-PEs and 8-HETE-PEs showed no significant 

differences according to the Tukey’s multiple comparisons tests. In fact, their levels were 

relatively similar amounts within the joints between WT and Alox15-/- mice, exhibiting 

no significant impact by Alox15 deletion. Interestingly, Alox15-/- mice presented 

relatively similar amounts of 12-, 15-, 11-, 5- and 8-HETE-PEs within the joints. 

Considering that the different positional HETE-PEs isomers are generated at similar 

concentrations when their generation is of non-enzymatic origin, these results suggest 

that some oxidation through ROS was involved in the production of HETE-PEs in these 

mice Therefore, no compensation process for the lack of 12/15-LOX oxidation is present. 

Nevertheless, chiral analysis is required to prove this hypothesis (Figure 5.5.C-E).  

 As previously mentioned, the restricted number of analysed samples, even if 

representing pooled mice, limits the possible conclusion. More analysis would be 

necessary, however, the number of mice required makes it extremely difficult. 
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Figure 5.4: OxPLs are significantly increased in WT on day 10 of AIA, but not in Alox15-/- mice 
Antigen-induced arthritis was generated in 8- to 11- week-year-old WT and Alox15-/- C57B6J 
male mice, simultaneously. Joint tissue was collected, and pooled, on day 0 for CTL (n = 4 - 5), 
on day 3 (n = 3), and on day 10 (n = 3) of AIA. Pooled joint tissue was analysed through 
LC/MS/MS. (Panel A) Heatmap shows log10 values for analyte concentration [ng/mg (wet 
weight)]. (Panel B) The sum of all the quantified HETE-PEs isomers [ng/mg (wet weight)] in joint 
tissue was calculated. Data represent mean values ± SEM, along with the respective scatter plot 
displaying individual values. Data were analysed using the Two-Way ANOVA and Tukey’s 
multiple comparisons test (***p < 0.001). 
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Figure 5.5: Enzymatic 12- and 15-HETE-PE are the main oxPLs increased in WT knee joints on 
day 10 of AIA development 
The sum of individual HETE-PEs isomers [ng/mg (wet weight)] in joint tissue, namely 12-HETE-
PEs (Panel A), 15-HETE-PEs (Panel B), 11-HETE-PEs (Panel C), 8-HETE-PEs (Panel D) and 5-HETE-
PEs (Panel E), were analysed through LC/MS/MS. Data represent mean values ± SEM, along with 
the respective scatter plot displaying individual values. Sample numbers were as listed in Figure 
5.4 above. Data were analysed using Two-way ANOVA and Tukey’s multiple comparisons tests 
(*p < 0.05, **** p < 0.0001).  
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5.2.5 Synthesis of oxylipins in mouse joints during AIA is largely 

dependent on Alox15. 
 

 Next, oxylipins were analysed in the joint tissue of WT and Alox15-/- mice during 

AIA development. AIA induced an increase in many oxylipins in the joints of WT mice, 

but not Alox15-/- (Figure 5.6.A). When analysing LOX products, significant changes were 

observed. WT mice, on day 10 of AIA development, displayed increased levels of 15-

HETE, 12-HETE and 13-HODE, which upon the loss of 12/15-LOX were not detected 

(Figure 5.6.B-D). 

 The two-way ANOVA test was chosen as the correct statistical analysis test 

considering that two variables, genotypes, represented as WT and Alox15-/- mice, as well 

as time, with day 0 as controls, day 3 as early disease and day 10 as established disease, 

were present. While 15-HETE levels displayed a significant interaction between 

genotypes and time points (interaction p<0.0001), while presenting a significant 

difference between each (column and row factor p<0.0001), 12-HETE levels, only 

presented a significant difference between genotypes (column factor p = 0.0047) and 

time points (row factor p = 0.0420), without presenting a significant interaction between 

them (Figure 5.6.B-C). 

 As expected, both 12- and 15-HETE, which can be generated by 12/15-LOX, were 

maintained at basal levels in Alox15-/- mice throughout AIA development. In contrast, 

WT mice exhibited a significant increase compared to CTL naïve on day 10 (Figure 5.6.B-

C). Furthermore, and as expected, 13-HODE, which can also be generated by 12/15-LOX, 

through oxidation of linoleic acid, the same trend was observed (Figure 5.6.D). A 

significant interaction was observed (interaction p = 0.0060), along with significant 

differences between time and genotypes (row and column factor p = 0.0009). These 

results indicate that 15-HETE, 12-HETE and 13-HODE, are derived from enzymatic 

oxidation from 12/15-LOX. This indicates that oxylipin composition within the joint is 

different to the blood, suggesting a compartmentalization of these lipids. 

 PGD2 and PGE2, as products of COX oxidation, were significantly increased in both 

WT and Alox15-/- mice, on day 10 of AIA, with no impact of Alox15 deletion (Figure 5.6.E-
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F). PGD2, despite not presenting a significant interaction (interaction p = 0.1086) or 

difference between genotypes (column factor p = 0.8567), did present a significant 

difference along time (row factor p<0.0001). In the case of PGE2, only a significant 

difference between time points was observed (row factor p<0.0001). This further 

confirms the lack of impact upon Alox15 deletion, while indicating that the AIA 

development into an established disease (day 10) is responsible for the increase of both 

PGD2 and PGE2. 

 Unexpectedly, in the case of PGE1, deletion of Alox15 resulted in a drop, when 

compared to WT mice on day 10 of AIA development, despite also being a COX product 

(Figure 5.6.G). However, these results might be a consequence of the low concentrations 

present boarding on the limits of detection of the LC/MS/MS. Nevertheless, similar to 

PGE2 and PGD2, no significant interaction or difference between genotypes was 

observed through the two-way ANOVA test (interaction p = 0.0773 and column factor p 

= 0.0938), with a significant difference observed throughout the AIA development (row 

factor p = 0.0087).   

 No specialized pro-resolving mediators were detected apart from a small 

chromatographic peak in one single WT mice joint sample which co-eluted with the 

RvD5 standard. However, due to the small peak detected, it was impossible to perform 

an EPI scan or chiral chromatography to determine the structure of this lipid. Therefore, 

this lipid was designated as 7,17-diHDHA, which doesn’t assume the enantiomeric 

structure of RvD5. Notably, since it was only present in one sample, it was not 

reproducibly detected. 
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Figure 5.6: Alox15 deletion alters the joint oxylipin profile on day 10 of AIA development  
Antigen-induced arthritis was generated in 8- to 11- week-year-old WT and Alox15-/- male mice, 
simultaneously. Joint tissue was collected, and pooled, on day 0 for controls (CTL) (n = 4 - 5), on 
day 3 (n = 3) and on day 10 (n = 3) of AIA. Pooled joint tissue was analysed through LC/MS/MS. 
(Panel A) Heatmap shows log10 values for analyte concentration [ng/mg (wet weight)]. Lipids 
of interest were represented in bar graphs, namely 15-HETE (Panel B), 12-HETE (Panel C), 13-
HODE (Panel D), PGD2 (Panel E), PGE2 (Panel F) and PGE1 (Panel G). Data represent mean 
values ± SEM, along with the respective scatter plot displaying individual values. Data were 
analysed using the Two-way ANOVA and Tukey’s multiple comparisons test (*p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001).  
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5.3  Discussion 

 12/15-LOX is expressed mainly in monocytes/macrophages and eosinophils and 

is responsible for the generation of numerous lipid mediators involved in inflammation. 

In fact, Alox15-/- mice have been previously shown to be protected against 

atherosclerosis, abdominal aortic aneurysm, and even diabetes 212,258,274. However, in 

the case of inflammatory arthritis, specifically AIA, I found that Alox15-/- mice develop 

increased joint swelling and inflammatory synovial infiltration, suggesting a protective 

response of 12/15-LOX. 

 Multiple studies have been conducted in arthritis in vivo models in order to 

understand the impact of Alox15 products. As described in Chapter 1, Section 1.4, both 

the TNF- α Tg and the K/BxN serum-induced arthritis mice model resulted in a worsening 

of inflammatory arthritis in Alox15-/- mice compared to WT 189. However, the opposite 

was described in the adjuvant-induced arthritis model, where the Alox15-/- mice 

developed a reduced paw swelling 89 compared to WT mice.  

 Despite the AIA model being one of the most commonly used inflammatory 

arthritis murine models, as well as offering two different time points of disease, early 

(day 3) and established (day 10) arthritis 193, this model had not been tested in Alox15-/- 

mice. Furthermore, the role of oxPLs, and their impact on inflammation and resolution 

had not yet been tested in any arthritis model.  

 In AIA, deletion of Alox15 appeared to result in a slower resolution of knee 

swelling. A significant reduction in weight gain was also observed for Alox15-/- mice 

during AIA development. This might be explained by the different progression of 

inflammation, reflecting an increased burden. In addition, mBSA-specific antibody titres 

were also measured, however, no significant differences were observed. Resident 

macrophages expressing Alox15 were shown to inhibit antigen presentation of 

apoptotic cells75. Nevertheless, mBSA is not an endogenous antigen, and the adaptive 

immune response appears to remain unaltered upon Alox15 deletion. 
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 Elevated joint swelling was further confirmed by histology staining, where an 

increase in synovial infiltration in Alox15-/- joints was seen, however, no significant 

difference was overall observed in the arthritis index. Nevertheless, I previously showed 

that plasma SAA levels are higher in Alox15-/- mice on day 3 of AIA development when 

compared to WT mice. In fact, SAA plasma levels appear to replicate the joint swelling 

curve. Furthermore, in the previous Chapter 4, I showed that plasma D-dimer levels 

were also higher in Alox15-/- mice on day 3 of AIA than in WT. This fibrinolysis marker is 

often used as an activity marker of disease, which further suggests Alox15-/- mice 

develop a heightened inflammatory response to AIA development when compared to 

WT mice. 

 Lipidomic data shows that oxPLs are significantly increased in the joint tissue of 

WT mice on day 10 but not in Alox15-/- mice. These results contrast with the previously 

discussed results of Chapter 4, where the whole blood cells of these mice showed 

increased levels of HETE-PEs in Alox15-/- mice throughout the AIA model. This most likely 

reflects the fact that blood and synovial tissue have a different cell composition, with a 

different profile of LOX enzyme expression and therefore, this difference was not 

unexpected. 

 Alox15 expression, as well as PLA2, was been previously described as increased 

in both RA and OA human joints183, nevertheless, this is the first time oxPLs have been 

measured in any arthritis murine models. My data showed that Alox15 appeared to be 

responsible for the generation of multiple oxPLs in the joint tissue during the AIA model. 

An increase in 12-HETE-PEs and 15-HETE-PEs in WT and not in Alox15-/- mice during AIA 

development indicates an enzymatic origin due to oxidation by 15-LOX. This might be a 

result of monocytes/macrophages since a rise in total macrophages in the WT mice 

joints during AIA has been described in the literature 275. Furthermore, the composition 

of oxPLs measured in Alox15-/- mice joints during AIA suggests a non-enzymatic origin, 

probably generated by ROS, as a consequence of oxidative stress. This is reflected by the 

relatively similar amounts of the positional isomers, namely 12-, 11-, 15-, 8- and 5-HETE-

PEs in Alox15-/- mice during AIA development within the synovial tissue. This could be 

further confirmed by conducting chiral chromatography of oxPLs. 
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 Furthermore, elevated oxPLs levels were found both in whole blood cells, as 

described in Chapter 3, and in joint tissue in WT mice on day 10 of AIA development. 

This shows that the AIA model, despite being considered a local inflammatory arthritis 

model, induces systemic effects similar to the ones observed in human RA. 

 EoxPLs can regulate immunity. Specifically, 12/15-LOX-derived HETE-PEs, when 

exposed to resident macrophages, block phagocytosis by inflammatory monocytes, and 

this can prevent the generation of autoantibodies by B-cells75. However, in this study, 

no difference was observed in mBSA-specific antibody titres between WT and Alox15-/- 

mice, which might be due to the non-endogenous nature of mBSA. In addition, oxPLs 

can induce an anti-oxidative response through the activation of Nuclear factor-erythroid 

factor 2-related factor 2 (NRF2)276. This transcription factor is well known for its function 

in antioxidant defence, as well as inflammatory responses and autophagic 

degradation277. In fact, NRF2 deficient mice showed a worse arthritis phenotype278, 

similar to the phenotype described in Alox15-/- mice. 

 12/15-LOX derived oxylipins, such as 12-HETE,15-HETE, and 13-HODE, are known 

peroxisome proliferator-activated receptor gamma (PPARγ) ligands. Known as an 

immune modulator, PPARγ is responsible for regulating macrophage polarization into 

an anti-inflammatory phenotype, which suppresses cytokine production, including IL-6 

and TNFα279,280. Furthermore, 12-HETE and 15-HETE can be neuroprotective by 

activating PPARγ, reducing the expression of IL-1 β and COX-2281. In addition, 13-HODE 

and 15-HETE suppress inflammatory responses in ex vivo cartilages by decreasing the 

production of pro-inflammatory lipids, such as PGE2
282.  Furthermore, PPARγ activation 

can decrease leukocyte recruitment 283. Overall, a deficit in PPARγ ligands, which might 

explain the increased synovial infiltrate observed in Alox15-/- mice during AIA compared 

to WT.  

The reduced levels of 12-HETE, 15-HETE, 13-HODE and oxPLs in mice upon Alox15-/- 

deletion during AIA development, suggest both PPARγ and NRF2 as possible 

transcriptional pathways involved in the heightened swelling and inflammation during 

AIA development in Alox15-/- mice. Both these transcription factors are upstream 
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promotors for antioxidant genes, such as heme oxygenase-1 and catalase that present 

anti-oxidative and anti-inflammatory functions 284.  An increase in antioxidant gene 

expression might lead to reduced inflammation observed in WT mice when compared 

to Alox15-/- during AIA development. However, to confirm this, more studies are 

necessary. Joint tissue from both WT and Alox15-/- mice during AIA development could 

be analysed for PPARγ and NRF2 activity, using DNA binding immunoassays285. 

Furthermore, cytokine levels, as well as oxidative stress markers, such as heme 

oxygenase-1, which represent an important antioxidant enzyme 284, could be measured 

in the systemic circulation and synovium tissue. 

 Overall, these results suggest that 12/15-LOX products might be responsible for 

attenuating inflammation in the AIA model. Furthermore, I described for the first time 

the increased presence of eoxPLs during AIA development, which might have a role in 

the resolution of inflammation. These findings suggest that eoxPLs, more specifically 

oxPLs derived from Alox15, might have a positive impact on human RA, possibly by 

stimulating an anti-inflammatory pathway within the joint. However, more studies 

including the introduction of these lipids during the course of inflammatory arthritis are 

required to fully understand the benefits of eoxPLs in arthritis. In the next Chapters, 

immune cells from RA patients and healthy controls will be studied, focusing on oxPLs 

and their role in coagulation.  
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patients' blood cells are elevated, 

resulting in immunological 

consequences and increase 

thrombin generation  

6 Chapter 6  
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6.1  Introduction 

 Plasma from RA patients displays high levels of molecular markers indicative of 

thrombin activation along with increased fibrinolysis142. As described in Chapter 1, 

Section 1.3.4, plasma from RA patients displays high levels of TAT complexes 142,146, 

similar to what was observed in the AIA model described in Chapter 3 of this thesis. 

Furthermore, human RA displays an elevation of D-dimers both in synovial fluid and in 

plasma142,147,148, although this was not reflected in the AIA model. In addition, platelets 

from RA patients have been described as altered, with a different activation and 

reactivity state, more specifically an increase in mean platelet count, along with an 

increased platelet volume150–152. 

 Nevertheless, despite all these increased markers, the mechanisms for increased 

coagulation are unknown. Considering the elevated levels of oxPLs observed in the AIA 

model, as shown in the previous chapters, I propose that the PL membrane composition 

may play an important role in coagulation in human RA. This idea will be tested in this 

Chapter using blood cells, namely platelets and white blood cells (WBCs), as well as 

extracellular vesicles enriched plasma (EVs), from an RA clinical cohort. The process of 

thrombin generation requires the assembly of the prothrombinase complex on the 

negatively charged PL surface of activated platelets or WBCs or even EVs.286  

 Platelets and white blood cells were chosen considering they are possessing a 

lipid membrane where this assembly might take place. Furthermore, as cell-derived 

membranous structures, EVs were also analysed. EVs include exosomes, apoptotic 

bodies and microvesicles, which can be shed from the plasma membrane of different 

cells. This results in a highly heterogeneous composition 287,288. Nevertheless, EVs own a 

lipid membrane where the assembly of coagulation factors might take place. 

 The process of thrombin generation requires the assembly of the 

prothrombinase complex on the negatively charged PL surface of activated platelets or 

blood cells or even extracellular vesicles.286 The influence of these different membranes 

on this process is not very well understood, and the number of EVs changes in 

disease.287, including RA289, so their relative contribution may vary. Therefore, it is 

imperative to understand whether these lipid membranes contribute to the increased 
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thrombosis seen in arthritis. The prothrombinase assay measures thrombin generated 

by cell membranes, namely platelets and WBCs, along with EVs, independently from 

coagulation factors, inhibitors, and tissue factor expression.   

 In RA, EVs have been shown not only to be altered, with increased TNF-α and 

citrullinated proteins, as well as present in heightened numbers. This increase in EVs 

numbers originate from the different cell types present in the synovial fluid of these 

patients, and can form immune complexes, which increases inflammation290,291. 

Furthermore, increased EVs in RA patients have been associated with coagulation 

activation 292, however, the role of oxPLs in this increased coagulation has never been 

studied. 

 Here, I will analyse blood cells from patients recruited from the Cardiff Regional 

Experimental Arthritis Treatment and Evaluation Centre clinical cohort using the 

prothrombinase assay, to determine the procoagulant potential of platelets, white 

blood cells (WBC) and EVs, as described in chapter 2, in section 2.2.25. Due to the 

limitation within of laboratory facility, namely an absence of an ultracentrifuge, EVs 

were obtained as plasma-enriched EVs as described in Chapter 2, Section 2.2.23. 

 EoxPLs can be generated by cells, including platelets, monocytes and 

neutrophils5,68. Both eoxPLs and oxPLs, as described in Chapter 1, Section 1.2.4, can 

enhance the binding of coagulation factors to membranes, therefore contributing to 

blood clotting5 (Figure 1.6). Therefore, I will also analyse oxPL levels in platelets, WBC 

and EVs from RA patients and healthy controls.  

 In addition, I will analyse whether RA patients have experienced an immune 

response to these lipids, as previously shown in anti-phospholipid syndrome125. Despite 

being an auto-immune disease and exhibiting a raised level of auto-antibodies against 

phospholipids such as cardiolipin 293, the immune response of these patients against 

oxPLs has never been analysed. Osteoarthritis, as previously described in Chapter 1, 

Section 1.3.1, is often considered a non-auto-immune disease, which shows a low 

percentage of circulating autoantibodies against rheumatoid factor and CCP, contrary 

to RA. Therefore, it will be considered a control for immunological recognition of HETE-

PLs, along with a group of healthy volunteers.   
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6.1.1 Aims 

The aims of this chapter are to: 

o Analyse the procoagulant potential of platelets, WBCs and EVs from blood from 

RA patients and healthy volunteers. 

o Characterize and compare HETE-PL levels in platelets and WBCs from blood from 

RA patients and healthy volunteers both basally and following in vitro activation. 

o Characterise HETE-PL composition in EVs from RA patients and healthy controls. 

o Investigate the presence of autoantibodies against HETE-PLs in plasma from RA 

and OA patients, using the Early Arthritis Cohort from Leiden Medical Center, and 

healthy volunteers from Cardiff, through the Study of autoantibodies against 

lipids relevant in coagulation. 
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6.2  Results 

 

6.2.1 Participant baseline characteristics of the Cardiff cohort 

 

 The Cardiff Regional Experimental Arthritis Treatment and Evaluation Centre 

clinical cohort involved fifty participants, recruited over a period of 26 months, totalling 

25 healthy controls (HC) and 26 RA patients. The mean age of patients was 61 ± 16.5 SD 

years, with 88 % females while the mean age for healthy controls was 51 ± 8.7 SD, with 

an overall higher proportion of females (84 %). Disease score activity (DAS) was 

evaluated using the DAS28 score system. This clinical assessment of RA disease activity 

can be calculated based on tender joint count (TJC) and swollen joint count (SJC) of 28 

specific joints, along with overall health assessment of the patient and serum 

inflammatory markers, which in this particular case was calculated using CRP values. The 

mean DAS28 of RA patients was 2.68 ± 1.45, indicating a low disease activity294. The 

baseline clinical characteristics of all participants are shown in Table 6.1. 

 

 Exclusion criteria for healthy individuals were a history of arterial or venous 

thrombosis, any other chronic inflammatory diseases or auto-immune diseases such as 

RA, SLE, diabetes, high cholesterol, abnormal renal or liver function, or other diseases 

that may conflict with the study parameters. Healthy volunteers were instructed to not 

ingest aspirin, non-steroidal anti-inflammatory drugs, or any other medication, such as 

paracetamol, in the 14 days preceding blood collection. Since RA is a cardiovascular risk 

factor, differences in baseline cardiovascular risk were expected as a study limitation, as 

well as the usage of aspirin (8 % of RA patients) and other NSAIDs (Naproxen: 30 % and 

Ibuprofen: 3 % of RA patients). No patients were taking paracetamol. 
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Table 6.1: Baseline clinical characteristics of recruited volunteers in the clinical cohort 
(CCP: Cyclic Citrullinated Peptide, CRP: c-reactive protein, DAS: disease score activity, 

p-value tests: Fisher exact for categorical (a) or student's t-test for continuous 
variables (b)) 

  

Variable 
Healthy 

control (HC) 
 [n=25] 

Rheumatoid Arthritis 
(RA) 

[n=26] 
p 

Age, Mean ± SD 51.69 ± 8.74 61.08 ± 16.51 
 

0.0066 
(b) 

Female gender 21 (84%) 23 (88%) 0.6514 
(a) 

DAS28 
mean ± SD 

‒ 2.68 ± 1.45 ‒ 

Disease duration (years), 
Mean ± SD 

‒ 7.58 ± 8.43 ‒ 

Rheumatoid Factor (+) ‒ 60% ‒ 

Anti-CCP (+) ‒ 64% ‒ 

Erythrocyte 
sedimentation rate 

(mm/hour ± SD) 

- 
14.12 ± 12.9 - 

CRP (mg/L, Mean ± SD) - 4.8 ± 7.37 - 

Aspirin use 0 8% ‒ 

NSAIDs use 0 30% ‒ 

Smoker 0  ‒ 

Osteoarthritis 0 23% ‒ 

Hypertension 0 19% ‒ 

Diabetes 0 0 ‒ 

Hypothyroidism 0 12% ‒ 

Statin use 0 0 ‒ 
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6.2.2 Rheumatoid arthritis patients have an increased platelet 

count but no change in white blood cell numbers. 

 

 Washed platelets, EVs and WBC were isolated from patients and controls as 

outlined in Chapter 2, section 2.2.22, 2.2.23 and 2.2.24, respectively. As previously 

mentioned, EVs were studied as plasma-enriched EV, therefore, EV count was possible 

due to the isolation protocol used. Furthermore, purity analysis was also not possible. 

This represents a limitation of this study. A total of 6 ml of plasma from each sample was 

used to obtain an EV-enriched plasma, which was not purified or counted. Isolated 

platelets and WBCs were counted, and numbers were standardised in the assay to 

match the normal concentration present in healthy humans. Specifically, platelets were 

resuspended at 2 x 108 cells/ml, while WBCs were resuspended at 4 x 106 cells/ml.  

 During the platelet isolation protocol, platelet clumping occurred in four healthy 

controls and one RA patient, which prevented the correct counting of these cells. This 

can occur for a multitude of reasons, from pre-analytic errors, and delay between 

collection and analyses, to possible infections295. Nevertheless, WBC and EVs samples 

were still analysed, and therefore, these samples were not excluded from the cohort, 

contrary to the platelet samples. Based on the yield of cells obtained, platelet numbers 

from RA patients were 1.21-fold higher than healthy controls (Figure 6.1.A). The fold 

change was calculated using the ratio between the median of the platelet number of RA 

patients and the median of the platelet number of healthy controls. 

 In the case of WBC, no significant difference was found between RA patients and 

healthy controls (Figure 6.1.B).   
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        Table 6.2. Descriptive statistic of Figure 6.1.A 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Table 6.3. Descriptive statistic of Figure 6.1.B 

   

 
Healthy 

controls 

Rheumatoid 

arthritis 

Mean 3.4 x 107 4.1 x 107 

Median 3.2 x 107 4.1 x 107 

Std. Deviation 9.9 x 106 8.6 x 106 

Fold change 
(According to 

median) 

1.21-fold change 

21% increase in RA 

(p = 0.0097) 

 
Healthy 

controls 

Rheumatoid 

arthritis 

Mean 1.05 x 106 9.8 x 106 

Median 1.04 x 106 8.5 x 106 

Std. Deviation 3.9 x 105 3.8 x 105 

Fold change 
(According to 

median) 

Non-significant 

(p = 0.5218) 

Figure 6.1: Platelet count is significantly elevated in blood from patients with rheumatoid 
arthritis 

Platelets (Panel A) and white blood cells (Panel B) were isolated, as described in 
Methods, from healthy controls (n = 21 for Panel A and n = 25 for Panel B) and RA patients 
(n = 25 for Panel A and n = 26 for Panel B). Isolated cells were counted and calculated back 
to give the equivalent of 1 ml of blood. A table with descriptive statistic of each graph 
was also provided next to each graph. Data was analysed using Mann-Whitney test (** 
p < 0.0001). 
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6.2.3 Extracellular vesicles, but not platelets or white blood cells, 

from RA patients, support higher thrombin generation. 

 

 Thrombin generation was measured by adapting previously described 

chromogenic prothrombinase assays209,210. In the presence of the PL surface provided 

by platelets, WBC or EVs, a mixture of purified FXa, FVa, FII and Ca2+ was added and 

thrombin was generated. Thrombin generation was quantified through a chromogenic 

assay, using a standard curve of human thrombin with amounts between 3 nM to 400 

nM. 

 No difference was observed between RA patients and healthy controls, for either 

platelets or WBCs (Figure 6.2.A-B). For this assay, thrombin generation was performed 

in standardized cell numbers. However, I noted that platelet numbers are 21 % higher 

for RA patients (Figure 6.1.A). Thus, in RA this significantly higher circulating platelet 

count could theoretically lead to greater availability of platelet membranes for thrombin 

generation, and therefore, contribute to the elevated thrombotic risk seen in RA. 

 In the case of EVs, significantly higher levels of thrombin generation were 

observed in RA patient samples, compared to those from healthy controls, displaying a 

1.28-fold increase (Figure 6.2.C). However, contrary to platelets and WBC, EV count was 

not performed, therefore EV numbers are not known. Instead, each analysed sample 

represents the total amount of EV isolated from 6 ml of plasma from each volunteer. 

 Thus, considering the description in the literature that RA patients’ blood has 

higher EV counts296, then this could explain the higher thrombin generation observed. 

Regardless of the mechanism, my data show that circulating EV membranes in RA 

plasma can promote higher levels of thrombin generation, and thus they could direct 

contribute to the increased thrombosis risk experienced by these patients.   
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                     Table 6.4. Descriptive statistic of Figure 6.2.A. 

 

 

 

  

 

 

      Table 6.5. Descriptive statistic of Figure 6.2.B. 

 

 

 

 

 

 

 

 

      Table 6.6. Descriptive statistic of Figure 6.2.C. 

     
  

 

     

  

  

 
Healthy 

controls 

Rheumatoid 

arthritis 

Mean 35.56 34.31 

Median 38.24 36.14 

Std. Deviation 14.42 14.41 

Fold change 
(According to 

median) 

Non-significant 

(p = 0.7668) 

 
Healthy 

controls 

Rheumatoid 

arthritis 

Mean 39.02 43.48 

Median 41.06 47.49 

Std. Deviation 14.75 13.51 

Fold change 
(According to 

median) 

Non-significant 

(p = 0.3050) 

 
Healthy 

controls 

Rheumatoid 

arthritis 

Mean 30.26 40.81 

Median 30.40 39.09 

Std. Deviation 8.7 9.0 

Fold change 
(According to 

median) 

1.28-fold change 

28% increase in RA 

(p = 0.0021) 

Figure 6.2: Extracellular vesicles but not platelets or white blood cells from RA patients 
generate higher amounts of thrombin than healthy controls in an in vitro prothrombinase 
assay 
The ability of platelets (Panel A), WBC (Panel B), and EV (Panel C) membranes to support 
coagulation reactions was assessed using the prothrombinase assay, as described in Methods, 
between healthy controls (n = 20) and RA patients (n = 24). A table of descriptive statistic of 
each graph was also provided next to each graph. Data were analysed using the student’s t-test 
(** p < 0.001). 

Healthy control Rheumatoid arthritis

0

20

40

60

80

T
h

ro
m

b
in

 g
e
n

e
ra

ti
o

n
(n

M
)

Platelets

Healthy control Rheumatoid arthritis

0

20

40

60

80

T
h

ro
m

b
in

 g
e
n

e
ra

ti
o

n
(n

M
)

White blood cells

Healthy control Rheumatoid arthritis

0

20

40

60

80

T
h

ro
m

b
in

 g
e
n

e
ra

ti
o

n
(n

M
)

✱✱

Extracellular Vesicles

(A) 

(B) 

(C) 



Chapter 6 

180 

6.2.4 Activated platelets from RA patients have similar levels of 

HETE-PL to control basally but generate less upon thrombin 

activation  

 

 First, HETE-PLs were quantified in both resting and thrombin-activated platelets, 

obtained from patients enrolled in the Cardiff Regional Experimental Arthritis Treatment 

and Evaluation Centre cohort described previously in this Chapter, Section 6.2.1.  

 Washed platelets were isolated, counted, and resuspended at 2 x 108 cells/ml, 

followed by lipid extraction and analysis using LC/MS/MS, as described in section 2.2.28.  

Platelets were either analysed basally or following activation using 0.2 U/ml thrombin, 

at 37 °C, in the presence of 1 mM calcium.  

 As described in Chapter 1, Section 1.1.1, phospholipids have different fatty acids 

in the sn1 position linked by either acyl (a), alkyl ether or plasmalogen (p) bonds9. 

Therefore, firstly, the different HETE-PLs species were analysed, and oxPLs with different 

sn1 compositions were compared. The most abundant HETE-PLs measured were 

18:0a_12-HETE-PC, 18:0a_12-HETE-PE (stearic acid on the sn1 position with an acyl 

bond) and 16:0a_12-HETE-PC (palmitic acid on the sn1 position with an acyl bond), 

although many others were also detected in lower amounts (Figure 6.3.A). This is 

consistent with low levels of 12-LOX activity basally. No statistical testing was displayed 

in the heatmaps of this Chapter. The statistical analysis was performed as described in 

Chapter 2, Section 2.2.36, where the amount of HETE-PLs positional isomers was 

analysed.  

 As the data was not normally distributed, and I was testing for statistical 

differences between healthy controls and RA for each positional isomer of HETE-PLs, 

Mann-Whitney test was performed for each individual lipid. This procedure can also be 

termed multiple Mann-Whitney tests.  Nevertheless, resting platelets did not exhibit 

significant differences between RA patients and healthy controls when analysing the 

different HETE-PLs isomers in resting platelets (Figure 6.3.B). 
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 Thrombin is one of the most efficient and physiological activators of platelets 297. 

Upon activation, calcium is released within the platelet, which activates phospholipase 

A2, therefore releasing increased levels of AA. The increase of AA is utilized by platelet 

COX-1, generating increased levels of oxylipins, including thromboxane A2, which further 

induces platelet activation and aggregation 298. Thrombin stimulated platelets also 

generate HETE-PL. Along with several 12-HETE-PLs, both 11- and 15-HETE-PLs were also 

detected. As described in Chapter 1, Section 1.1.4, both COX-1 and COX-2, generate 11- 

and 15-HETE-PE, however considering that COX-1 is the main isoform present in 

platelets, the generation of these isoforms is most likely via COX-1.  

 RA patients’ platelets generated lower levels of HETE-PLs than platelets from 

healthy volunteers upon thrombin activation. (Figure 6.4). This was significant for 5-, 15- 

and 11-HETE-PLs, as well as in the total sum of all HETE-PLs. For 15- and 11-HETE-PLs, 

this difference could potentially be explained by NSAIDs usage by 30% of RA patients in 

the cohort, since NSAIDs will inhibit COX-1 in platelets (Table 6.1). This idea will be tested 

in the next section. 
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Figure 6.3: Resting platelets from RA and healthy controls contain similar levels of HETE-PLs 
Washed platelets from RA patients (n = 25) and healthy controls (n = 23) were isolated as 
described in Methods, and eoxPLs were analysed by LC/MS/MS. (Panel A) Heatmap shows log10 
values for analyte amount (ng/2x108 platelets). (Panel B) The sum of all the quantified HETE-PLs 
isomers (ng/2x108 platelets) was calculated. Data were analysed using the multiple Mann-
Whitney test. 
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Figure 6.4: Activated platelets from RA patients generate less HETE-PLs than healthy 
controls 
Washed platelets from RA patients (n = 25) and healthy controls (n = 25) were isolated and 

activated with 0.2 U/ml thrombin and 1 mM CaCl2, as described in Methods. OxPLs were 
analysed by LC/MS/MS. (Panel A) Heatmap shows log10 values for analyte amount (ng/2x108 
platelets). (Panel B) The sum of all the quantified HETE-PLs isomers (ng/2x108 platelets) was 
calculated. Data were analysed using the multiple Mann-Whitney test (* p<0.05, **p<0.01, 
***p<0.001). 
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6.2.4 Reduced generation of HETE-PLs by activated platelets of RA 

patients may be partially due to NSAID administration 

 Many patients with RA are routinely taking aspirin or other NSAIDs for their anti-

inflammatory effects. However, these drugs are also known for their antithrombotic 

proprieties, which derives from inactivating COX-1. For instance, aspirin, permanently 

inactivates COX-1, inhibiting the formation of thromboxane A2, preventing platelet 

aggregation, a vital step in thrombosis 299. However, the impact of NSAIDs in eoxPLs 

generation, and respective consequences in coagulation, is not very well known. 

Therefore, to understand whether this impacts eoxPL generation, I next compared levels 

of these lipids with those on or off this class of drugs. 

 Here, patients were taking aspirin (n = 2), Ibuprofen (n = 1), and naproxen (n = 

8), all nonselective COX inhibitors, blocking both COX-1 and COX-2, depending on the 

dose. Paracetamol also inhibits COX, however, it is generally not considered an NSAID 

as it does not share the same anti-inflammatory properties 300. Nevertheless, no patient 

or healthy volunteer was taking paracetamol at the time of the blood draw.  

 Generation of 11-HETE-PLs was significantly reduced in RA platelets from 

patients using NSAIDs, however, a non-significant reduction was also observed in RA 

platelets from patients not using NSAIDs (Figure 6.5). The same trend was observed for 

15-HETE-PLs, without reaching statistical significance. These differences were not 

observed in total HETE-PLs, since the overall high abundance of 12-HETE-PLs masked the 

reduction when measuring the total amounts. 

 This suggests that NSAIDs partially dampen the production of 15- and 11-HETE-

PLs in thrombin-activated platelets of RA patients, and another mechanism must also be 

involved.    
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Figure 6.5: NSAIDs usage by RA patients is partially responsible for the reduced generation 
of 15- and 11-HETE-PLs in activated platelets 
Washed platelets from RA patients taking NSAIDs (n = 11), and without (n = 14), along with 
healthy controls (n = 25) were isolated and activated with 0.2 U/ml thrombin and 1 mM CaCl2, 
as described in Methods. OxPLs were analysed by LC/MS/MS. The sum of all quantified HETE-
PLs isomers (ng/2x108 platelets) was calculated. Data were analysed using the two-way ANOVA 
test (* p<0.05, **p<0.01). 

Interaction p = 0.6897 
Row factor (lipids) p = 0.6992 
Column Factor p = 0.0938 



Chapter 6 

186 

6.2.5 Elevated HETE-PLs are detected in resting white blood cells 

in RA patients compared to healthy volunteers 

 

 Next WBCs were isolated as described in Chapter 2, Section 2.2.24, and HETE-

PLs were analysed either in a resting state or following activation using 10 μM Ca2+ 

Ionophore A23187 and 1 mM CaCl2.  

 Once again, a heatmap was generated with the analysed oxPLs species (Figure 

6.6.A). Few HETE-PLs were detected in resting WBC, with 16:0a_8-HETE-PC the most 

abundant, followed by a low amount of 15-HETE-PLs. 

 The data was not normally distributed, so multiple Mann-Whitney tests were 

performed. This confirmed that 15-HETE-PLs were significantly increased in RA patients 

compared to healthy controls (Figure 6.6.B), with 18:0a_15-HETE-PC, 16:0a_15-HETE-PC and 

18:0a_15-HETE-PE, driving this elevation. 

 Upon ionophore activation, HETE-PL levels dramatically increased (Figure 6.7.A), 

with 5-, 15- and 12-HETE-PLs detected in high amounts (Figure 6.7.B). This is consistent 

with 5-LOX and 15-LOX present in different WBC populations. However, the increase in 

12-HETE-PLs was unexpected and suggests the presence of some contaminating 

platelets. No difference was observed in oxPL levels between activated WBC from RA 

patients versus healthy controls. 

 Overall, very low levels of HETE-PLs were detected basally in WBCs, with only 15-

HETE-PLs levels slightly increased in WBCs from RA patients, compared to healthy 

controls. However, the high level of variation in the data prevents making strong 

conclusions. No other significant differences were found for HETE-PL levels, in either 

resting or activated states.  

 HETE-PL levels were below the limit of detection in EVs isolated from either RA 

patients or healthy volunteers.  
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Figure 6.6: Only 15-HETE-PLs were elevated in resting WBCs of RA patients compared to 
healthy controls 
Resting WBCs from RA patients (n = 25) and healthy controls (n = 25) were isolated as described 
in Methods, and oxPLs were analysed by LC/MS/MS. (Panel A) Heatmap shows log10 values for 
analyte amount (ng/4x106 WBCs). (Panel B) The sum of all the HETE-PLs isomers (ng/4x106 
WBCs) was calculated. Data were analysed using the multiple Mann-Whitney test (* p<0.05). 
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Figure 6.7: No difference in HETE-PLs were observed in activated WBC between RA and 
healthy controls. 
Activated WBCs from RA patients (n = 25) and healthy controls (n = 25) were isolated as 
described in Methods, and oxPLs were analysed by LC/MS/MS.(A) Heatmap shows log10 values 
for analyte amount (ng/4x106 WBCs). (B) The sum of all the HETE-PLs isomers (ng/4x106 WBCs) 
was calculated. Data were analysed using the multiple Mann-Whitney test. 
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6.2.4 Participant baseline characteristics of Leiden cohort, plus 

healthy volunteers from Cardiff. 

 Next, I analysed the immunological response against oxPLs, by evaluating IgG 

responses against individual HETE-PLs positional isomers. For this, serum samples from 

the Early Arthritis Cohort Biobank, Leiden University Medical Centre (n =25 OA, 25 RA) 

were sent to Cardiff on dry ice. Since this cohort did not include healthy volunteers, I 

next recruited   8 healthy controls from Cardiff under the Study of autoantibodies 

against lipids relevant in coagulation.  

 Both clinical groups from the Early Arthritis Cohort were age, and gender-

matched, with an average age of 59 ± 11 (mean ± SD) years for OA and 57 ± 10 (mean ± 

SD) years for RA patients, and a higher proportion of females, which represented 72 % 

and 60 % of OA and RA patients recruited, respectively. The DAS28 -ESR, as a clinical 

assessment of RA patient, shows an average value higher than 3.2, therefore indicative 

of a disease with moderate activity294. DAS28 -ESR was calculated based on 3 variables, 

erythrocyte sedimentation rate (ESR), tender joint count (TJC) and swollen joint count 

(SJC) of 28 specific joints, using the following formula: 

Equation 2: DAS28-ESR formula 

𝐷𝐴𝑆28 − 𝐸𝑆𝑅 = [(0.56 × √𝑇𝐽𝐶) + (0.28 × √𝑆𝐽𝐶) + (0.70 ln 𝐸𝑅𝑆)] × 1.08 + 0.16 

 As expected, RA patients displayed a higher DAS28-ESR score than OA patients, 

reflecting the high inflammatory nature of RA 301. For the evaluation of IgG reactivity 

against HETE-PCs, only this clinical cohort was used, analysing RA serum, and comparing 

it to OA samples, which represent an immunological control. 

 Healthy controls from the Study of autoantibodies against lipids relevant in 

coagulation, were age- and gender-matched to the clinical groups, with an average of 

51 ± 7 (mean ± SD) years, and 75 % of females. These samples were used to test IgG 

reactivity against HETE-PEs, in addition to the clinical cohort samples, consisting of both 

RA and OA patients. 
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 Healthy individuals were excluded if they had a history of arterial or venous 

thrombosis, as well as any other chronic inflammatory diseases or auto-immune 

diseases such as RA, SLE, diabetes, high cholesterol, and abnormal renal or liver function. 

Plus, healthy volunteers did not intake aspirin, non-steroidal anti-inflammatory drugs, 

or any other medication, such as paracetamol, in the 14 days preceding the blood 

collection. The baseline clinical characteristics of all participants of the clinical cohort 

are presented in (Table 6.2). 

Variable 

Healthy 

control (HC) 

 [n=8] 

Osteoarthritis 

(OA) [n=25] 

Rheumatoid 

Arthritis 

(RA) [n=25] 

p 

Age, Mean ± SD 51.2 ± 6.81 59.3 ± 11.23 57.5 ± 9.81 0.1269 (b) 

Female gender 6 (75%) 18 (72%) 15 (60%) 0.5854 (a) 

Disease duration 

(years), Mean ± SD 
‒ 1.17 ± 0.37 1.03 ± 0.25 0.1177 (c) 

DAS28- ESR,  

means ± SD 
‒ 3.61 ± 1.08 4.47 ± 1.095 0.0089 

(b) 

Rheumatoid Factor (+) ‒ 16% 84% 
<0.0001 

(a) 

Anti-CCP (+) ‒ 4% 100% 
<0.0001 

(a) 

CRP (mg/L, Mean ± SD) ‒ 10.24 ± 18.52 12.61 ± 11.95 0.5924 (b) 

Creatinine 

(μmol/L, Mean ± SD) 
‒ 75.58 ± 22.17 65.88 ± 9.24 0.0497 (b) 

Haemoglobin 

(g/dL, Mean ± SD) 
‒ 8.433 ± 1.083 

8.276 ± 

0.7907 
0.5631 (b) 

WCC 

(x 109/L, Mean ± SD) 
‒ 7.542 ± 2.395 8.040 ± 2.071 

0.4393 

(b) 

Smokers (former 

smokers) 
13% (0) 36% (24%) 36% (40%) 

0.4351 

(a) 

Table 6.7: Baseline clinical characteristics of participants in the immunological clinical cohort 

Data from RA and OA patients were provided by Leiden University Medical Centre. 
(WCC: white cell count, ESR: Erythrocyte sedimentation rate, SD: standard deviation, p-value 

tests: (a) Chi-square test for categorical and (b) ANOVA test or Mann-Whitney (c) for 
continuous variables) 
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6.2.5 Rheumatoid Arthritis patients display an autoimmune 

response against oxPL. 

 

 Here, I analysed whether oxPLs are recognised by circulating autoantibodies in 

RA serum. For this, I evaluated the IgG reactivity towards the different positional 

isomers, including both PE and PC phospholipids. First, I generated, isolated and purified 

different HETE-PLs positional isomers, as described in Chapter 2, Section 2.2.26. These 

were generated from 1-Stearoyl-2-arachidonoyl-phosphatidylethanolamine (SAPE) and 

-phosphatidylserine (SAPS), which will be used as non-oxidized phospholipid controls. 

The purity of each positional isomer was confirmed through a Q1 ion scan, while the 

identity of the isolated HETE-PLs isomers was confirmed through an enhanced product 

ion (EPI) scan by monitoring the precursor ion to product ion transitions (Table 2.5). This, 

along with the use of blocker buffer during the ELISA, ensures antibody specificity for 

each HETE-PLs positional isomer. 

 HETE-PL autoantibody titres were then determined by chemiluminescent ELISA 

assay as previously described.125 Firstly, I tested 18:0a_HETE-PCs positional isomers, 

namely, using serum from RA and OA patients in a chemiluminescent ELISA assay, as 

described in Section 2.2.21. The initial experimental design used samples from OA, a 

non-autoimmune arthritic disease, as an immunological control for RA when analysing 

IgG reactivity. Consequently, in this experiment, no healthy controls were analysed for 

HETE-PCs IgG recognition. As controls for HETE-PC IgG reactivity towards unoxidized PCs, 

I also included SAPC (PC 18:0_20:4) as a control non-oxidised lipid.   

 A two-way ANOVA test was used, since both oxidised and non-oxidised, along 

with OA and RA conditions were compared. No significant interaction in IgG reactivity 

towards the 12- (interaction p = 0.4921), 11- (interaction p = 0.2174), 15- (interaction p 

= 0.9134), 8- (interaction p = 0.2652) and 5-HETE-PCs (interaction p = 0.0746) was 

observed between OA and RA patients (Figure 6.8). However, IgG reactivity towards 11- 

and 5-HETE-PCs was found significantly altered (row factor p = 0.0063 and row factor p 

= 0.0003, respectively) when analysing oxidised versus non-oxidised lipids. Upon Tuke’s 

multiple comparison test, a significant increase was found in both 11- and 5-HETE-PCs 
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when compared to reactivity towards SAPC (non-oxidised PLs) in RA serum (Figure 6.8.B 

and E). In the case of OA, a similar results significant difference was observed (column 

factor p = 0.0010), with a significant increase found for IgG levels against 8-HETE-PCs 

(Figure 6.8.D). This was unexpected given the non-auto-immune nature of OA. 

Nevertheless, it is not uncommon to find auto-antibodies in OA. In fact, as described in 

Table 6.2, 16 % of OA patients were Rheumatoid factor positive (RF +), while 4 % 

displayed auto-antibodies against the cyclic citrullinated peptide (anti-CCP +). Therefore, 

healthy volunteers’ serum would represent a better control compared to OA patients. 

However, the Early Arthritis Cohort Biobank, Leiden University Medical Centre did not 

include healthy volunteers, therefore, healthy controls were recruited at Cardiff. 

Unfortunately, healthy control sera could not be analysed for IgG reactivity towards 

HETE-PCs positional isomers since I had recruited these volunteers after the HETE-PC 

IgG reactivity analysis had already been completed. The geographic difference between 

arthritis patients and healthy controls represents a limitation of this study. 

 After the recruitment of healthy controls, I analysed IgG reactivity towards HETE-

PEs positional isomers, in RA, OA and healthy control serum. The two-way ANOVA tests 

were used, where once again no significant interactions were found in IgG reactivity 

towards the 12- (interaction p = 0.4205), 11- (interaction p = 0.3824),15- (interaction p 

= 0.2173), 8- (interaction p = 0.4385) and 5-HETE-PEs (interaction p = 0.6944) was 

observed between healthy controls, OA and RA patients (Figure 6.8). However, 

significant differences were found between 12- (row factor p<0.0001), 11- (row factor p 

< 0.0001),15- (row factor p <0.0001), 8- (row factor p <0.0001) and 5-HETE-PEs (row 

factor p = 0.0065) and non-oxidised PEs (SAPE). Upon Tukey’s multiple comparison test, 

both 12- and 8-HETE-PEs displayed significantly higher IgG recognition in RA serum than 

in healthy controls (Figure 6.9.A-B). This increase was also present in RA patients when 

compared to OA, despite the difference not being statistically significant. In addition, 

the IgG response towards HETE-PEs was stronger than towards SAPE (PE 18:0_20:4) in 

both OA and RA patients. This elevated IgG response toward the oxPLs compared to the 

native PE was also observed in OA and RA patients for 11-, 8- and 15-HETE-PEs, but not 

for 5-HETE-PEs, where no statistical difference was seen. Interestingly, healthy controls 

also displayed an increase in IgG reactivity towards 11- and 15-HETE-PEs compared to 

the unoxidized SAPE. Nevertheless, the IgG response towards these HETE-PEs in healthy 
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controls was small when compared to both OA and RA patients. Overall, these data 

suggest that RA patients mounted the highest immune response to HETE-PLs.  

  

 

  

 

  

Interaction p = 0.2652 
Row factor (lipids) p = 0.0029 
Column Factor p <0.0001 

Figure 6.8:Circulating IgG against HETE-PCs are increased in both RA and OA 
IgG levels against 12-HETE-PC (Panel A), 11-HETE-PC (Panel B), 15-HETE-PC (Panel C), 8-HETE-PC (Panel 
D) and 5-HETE-PC (Panel E) (n = 12) compared to SAPC (n = 24), in OA and RA patients, as described in 
Methods. Data were analysed using two-way ANOVA and Tukey’s multiple comparisons tests (*p<0.05, 
***p<0.001, **** p<0.0001). 
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Figure 6.9: Circulating IgG against HETE-PEs are increased in both RA and OA  
IgG levels against 12-HETE-PE (A), 8-HETE-PE (B), 11-HETE-PE (C), 15-HETE-PE (D) and 5-HETE-PE (E) (n = 
12) compared to SAPE (n = 24), in healthy controls, OA and RA patients, as described in Methods. Data 
were analysed using two-way ANOVA and Tukey’s multiple comparisons tests (*p<0.05, ***p<0.001, 
**** p<0.0001). 
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6.3  Discussion 

 In this chapter, I analysed the procoagulant potential of blood cells from RA 

patients and healthy controls from the Cardiff Regional Experimental Arthritis Treatment 

and Evaluation Centre clinical cohort. Two limitations were found in this cohort: the 

significant difference in the ages of both groups, and the use of NSAIDs or aspirin by 38% 

of RA patients. 

 Here, I found that platelet count was 20 % higher in RA patients. This agrees with 

a vast majority of other studies that show an increase in platelet numbers in the 

disease150–152. Importantly, pathological thrombopoiesis is widely known in arthritis and 

is commonly linked to increased thrombosis, although the mechanism is currently 

unknown. My findings may provide a partial explanation for this since the observed 

increase in platelet number could result in an overall increase in coagulation due to the 

greater availability of membrane for the assembly of coagulation factors. To test this, 

the prothrombinase assay could be performed using platelets at their original blood 

count level for each patient, instead of using the same number of platelets per assay. 

 No difference was observed in the WBC count between RA patients and healthy 

controls. This was expected since leucocytosis is not commonly observed among 

patients under DMARDs treatment or even under NSAIDs 302,303, which was the case of 

all studied patients in the cohort, although it can be seen in patients with corticosteroid 

therapy. As previously described in Chapter 1, Section 1.3.5, DMARDs are medication 

used to achieve remission in RA. In fact, conventional DMARDs such as methotrexate, 

are the first-line treatment of RA. NSAIDs, on the other hand, and anti-inflammatory 

drugs, commonly used for pain management in RA. Furthermore, no difference in 

thrombin generation was found between RA patients and healthy controls. This suggests 

that the WBCs membrane is not involved in the increased coagulation observed in these 

patients. 

 Activated blood cells can generate EVs from their membrane, which includes 

microparticles (MPs), exosomes, and apoptotic bodies. In the case of MPs, their increase 

is associated with inflammatory states like infection and auto-immune disease.304,305 
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 Here, I was not able to count EV numbers due to time and facility limitations, 

which conditions the power of these conclusions. However, MPs have been shown to be 

highly increased in RA 152,296,306 and to originate mainly from platelets296. Platelet-

derived microparticles (PMPs) share their parent procoagulant surface, exposing an 

anionic phospholipid-rich monolayer, therefore playing an important role in 

coagulation.307 In addition, circulating PMPs in systemic lupus, another auto-immune 

disease affected by increased coagulation, have been shown to correlate with thrombin 

generation308.  Furthermore, PMPs were shown to augment fibrin and platelet 

deposition in damaged arterial walls, which promotes arteriosclerosis309.  

 This is consistent with my findings, where an increase in thrombin generation 

was found in EV preparations from RA patients compared to healthy controls. This 

elevation might be a result of the increased EV numbers in these patients, or through a 

more procoagulant membrane present in these particles. To answer this question, EVs 

should be counted, and an equal number of EVs between healthy controls and RA 

patients should be analysed through the prothrombinase assay. Furthermore, the origin 

of these EVs should be analysed to understand the role of PMPs, along with platelets, in 

the increased coagulation in these patients. As previously described in Chapter 1, section 

1.2.4, MPs derived from monocytes can bear TF which supports the extrinsic tenase 

complex constituted of TF, factor VIIa and calcium, which initiates the thrombin 

generation process101. Along with this, the PL membrane of these EVs can be considered 

a key player in the rise of thrombosis present arthritis, independently of TF presence. 

 Considering the difference observed in the coagulation of different AIA 

pathotypes, this human study was limited by the lack of information regarding the 

synovial disease. In order to properly correlate these results, these patients’ phenotypes 

should have been determined. 

 Overall, platelets and EVs appear to play important roles in the elevated 

coagulation observed in RA patients, due to an increase in thrombin generation, possibly 

owing to their pro-coagulant phospholipid membrane.  Therefore, in the next chapters, 

to examine this further, phospholipids from platelets, WBC and EVs from RA patients 

and healthy controls from the Cardiff Regional Experimental Arthritis Treatment and 

Evaluation Centre clinical cohort will be analysed. 
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 In addition to analysing thrombin generation, oxPLs were also measured in these 

cells and EVs. Here, I first measured oxPLs in platelets and WBCs, in both resting and 

activated states, as well as EVs, isolated from peripheral blood from RA and healthy 

volunteers, recruited from the Cardiff Regional Experimental Arthritis Treatment and 

Evaluation Centre clinical cohort, described in this Chapter, section 6.2.1. 

 No difference was observed for HETE-PLs levels in resting platelets, which is 

consistent with the lack of difference in thrombin generation seen in platelets. However, 

considering the elevated numbers of platelets in RA patients, higher levels of platelet 

oxPL are likely to be found in the circulation in these patients, potentially contributing 

to the higher thrombotic risk seen in RA. 

 As previously shown, HETE-PL were generated by platelets upon thrombin 

activation228. Overall, total platelet HETE-PL were unchanged in RA, with this being 

mainly driven by 12-HETE-PLs, the most abundant isomer. However, activated platelets 

from RA patients generated significantly lower levels of 5-, 11- and 15-HETE-PLs 

compared to healthy volunteers. Nevertheless, data from resting platelets is more 

relevant than in a fully activated state since it is only achieved in vivo upon a great 

challenge. 

 As free 15- and 11-HETEs can be generated via COX-1 oxygenation of 

arachidonate in platelets, I proposed that the reduced levels of 15- and 11-HETE-PLs 

seen in RA platelets could be related to NSAIDs, which inhibit this enzyme. While most 

NSAIDs, only temporarily inhibit COX activity, aspirin irreversibly acetylates COX, 

inhibiting it; therefore, its effect will last for ≈ 10 days, the life duration of a platelet 310. 

Consequently, an impact of NSAIDs, especially of aspirin, in these patients on COX 

derived lipids is very likely. To test this hypothesis, I analysed the impact of NSAID 

administration and observed a significant decrease in these oxPLs. However, this was 

not fully explained by NSAIDs since a decrease in 11-HETE-PLs was still observed in 

activated platelets from RA patients not using NSAIDs. This suggests COX inhibition by 

NSAIDs is partially responsible for the lower levels of 15- and 11-HETE-PLs observed. 

Interestingly, methotrexate has been described as a selective COX-2 inhibitor in ex vivo 

studies using blood from RA patients taking this conventional DMARD311. Considering 

that the majority of RA patients in this cohort were on methotrexate, a DMARD used as 
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a first-line treatment for active disease312, this therapy could be responsible for the 

observed reduced generation of 11- and 15-HETE-PLs by activated platelets in these 

patients. Nevertheless, other studies contradict these findings, describing no impact of 

methotrexate on COX metabolism313. Furthermore, TNF-α antagonists have also been 

described as preventing platelet activation in vitro, as well as a significant reduction in 

platelet activation in RA patients314, however, only 8 % of recruited patients were 

undertaking this medication. In order to further understand platelet activity status, 

naïve RA patients, which haven’t received any DMARD medication, should be recruited 

and compared to patients on these drugs.  

 Resting WBCs from RA patients showed significantly higher 15-HETE-PLs. In 

addition, raised levels of 8-HETE-PLs were observed in both RA patients and healthy 

controls when compared to the other HETE-PLs positional isomers. 8-HETE-PLs are 

considered to be generated non-enzymatically, as described in Chapter 1, Section 1.2.3, 

an 8-lipoxygenating enzyme has only been described in murine epidermis 53. Hence, it 

was unexpected to see this non-enzymatic generated positional isomer be higher than 

other HETE-PLs, considering that oxidative stress, would result in similar levels of all 

HETE-PLs positional isomers. Nevertheless, no difference was observed between health 

and disease. 

 As expected, activation of WBCs with Ca2+ ionophore resulted in a large 

generation of oxPLs.125,228 However, no significant differences were observed between 

activated WBCs from RA patients and healthy controls. However, activation with 

ionophore is not physiological, and thus this simply represents the capacity of cells to 

generate eoxPLs with maximal stimulation.  Detection of 12-HETE-PL in activated WBCs 

was unexpected since WBC do not possess 12-LOX. Nevertheless, its presence has been 

previously described in a similar study.125 These could potentially be present due to 

contaminating platelets, platelet-derived EVs or platelet-WBC aggregates present in the 

samples.  

 This lack of difference in oxPLs generation in activated WBCs suggests no 

difference in 5- and 15-LOX activity. However, oxPLs do not only depend on LOX but also 

substrate availability, as well as re-esterification rates. Furthermore, methotrexate, 

which represents 65% of the therapeutic RA patients in this cohort, could impact the 
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activation potential of WBCs. However, several studies indicate no impact of 

methotrexate on 5-LOX metabolism313,315,316, however, no studies were found 

describing the effect of DMARDs on 15-LOX activity. Nevertheless, my findings suggest 

that WBCs are not the major players in the increased coagulation in RA.  

 No oxPLs were detected in EV samples from any groups, suggesting that, HETE-

PLs are not a major constituent of plasma EV membranes. Overall, these results suggest 

that in EVs, HETE-PLs do not contribute to the increase in thrombin generation observed 

in RA patients, described in Chapter 7. 

 The lack of difference in thrombin generation seen in platelets and WBCs from 

RA patients versus healthy volunteers is consistent with the similar HETE-PLs profile 

found in these cells. However, the increase in platelet count could contribute to an 

overall increase in eoxPLs in circulation in these patients, consistent with elevated 

thrombotic risk. This chronic exposure to circulating eoxPLs might result in increased IgG 

recognition. Therefore, to further understand the impact of a possible increase in oxPLs 

in circulation, I also analysed HETE-PLs as possible targets for autoantibodies in RA, OA 

and healthy controls. 

 As an auto-immune disease, RA is responsible for the production of self-

antibodies, which can include auto-antibodies that recognise oxPLs. Increased immune 

recognition of 12-HETE-PE was found in RA serum, in comparison with healthy controls. 

This agrees with the hypothesis of increased 12-HETE-PLs levels in the circulation in 

these patients, which leads to an increase in immune recognition. Therefore, these 

results suggest that these patients experience a higher chronic exposure to 12-HETE-PLs 

in circulation, which can ultimately lead to increased TATs and elevated thrombotic risk. 

Interestingly, increased immune recognition towards HETE-PLs was not exclusive to RA, 

with OA patients also exhibiting higher IgG reactivity towards 8-HETE-PLs, 11-HETE-PEs, 

12-HETE-PEs and 15-HETE-PEs, compared to the non-oxidised phospholipid analogue 

(SAPE and SAPC). This was unexpected, since OA is not an autoimmune disease, and self-

reactivity was not expected. However, an increase in thromboembolism incidence in 

these patients has been described, although, contradicting studies have also reported 

no increase in thrombotic risk135,317. Nevertheless, increasing reports of autoantibodies 

in OA suggest adaptive immunity involvement. This autoimmune response is mainly 
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against cartilage-related components, namely collagen318 and osteopontin319,  as well as 

glycolytic enzymes, such as triosephosphate isomerase320. In fact, some OA patients 

studied in this Chapter presented auto-antibodies against cyclic citrullinated peptide 

(CCP) and rheumatoid factors (RF). 

 

  Despite OxPLs being described to have an important role in signalling the innate 

immune system for oxidative stress 5, the adaptative immune system has also been 

previously described to respond to oxPLs in anti-phospholipid syndrome 125. 

Furthermore, in auto-immune diseases such as systemic lupus erythematosus321 and 

RA322, oxidised lipids, more specifically oxidised low-density lipoprotein (LDL) were 

described to be recognized by the humoral adaptive immune system, generating both 

IgG and IgM antibodies against oxPLs. This was also observed in atherosclerosis 323, 

where the titres of these auto-antibodies correlated with both disease progression and 

lipid peroxidation 324. Considering the correlation with lipid peroxidation, this increase 

of autoantibodies against oxidised lipid is probably also due to an increase in lipid 

oxidation, not only due to an increase of the adaptative immune system response. In 

fact, T- 325and B-cells 326 have only been described to express 5-LOX, however, 

production of LOX derived lipids by these cells was only been described after a non-

physiological in vitro activation and in very low amounts compared to the production of 

these lipids by other immune cells. Therefore, the elevated numbers of these 

lymphocytes during the activation of the adaptative immune system would most likely 

not result in an increase of LOX derived eoxPLs. Nevertheless, COX expression might 

partially mediate the increase of eoxPLs, however, this has not analysed yet.   

  Overall, these results suggest that RA patients will have higher levels of oxPLs in 

their blood circulation, not due to a change in the individual membrane phospholipid 

composition, but as a result of higher circulating platelet levels. This supports the idea 

that eoxPLs could contribute to the elevated thrombotic risk seen in RA. 
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7.1  Introduction 

 

 The plasma membrane is asymmetrically organized, being externally comprised 

mainly of neutral phospholipids, such as phosphatidylcholine (PC) and sphingomyelin, 

while aminophospholipids (aminoPLs) such as phosphatidylserine (PS) and 

phosphatidylethanolamine (PE) are mostly distributed on the inner face.327 As previously 

described in Chapter 1, Section 1.2.4, not only oxPLs are involved in coagulation. While 

the oxidation of any phospholipids will generate a charged surface for the binding of 

phospholipids, aminophospholipids (aminoPLs) also play a role in thrombosis, by 

providing these binding sites for the assembly of coagulation factors, without further 

oxidation. AminoPLs are phospholipids with an amine group (NH2), namely PS and PE 

(Figure 1.1).  While PS is essential to support coagulation, PE boosts PS activity123,328,329.  

 In resting cells, aminoPLs are maintained on the inner leaflet of the plasma 

membrane, via ATP-dependent flippase enzymes, therefore exhibiting extremely low 

levels of externalisation. However, upon activation, a loss of asymmetry occurs, and 

aminoPLs are relocated to the outer leaflet, increasing externalization levels. This 

exposure of aminoPLs in platelet activation is a key event for coagulation330. In the case 

of EVs, they are generated by activated blood cells, and their membrane partially 

resembles the parent cell, without however being the same.  Published lipidomic 

analysis in EVs is limited, nevertheless, they describe an enriched aminophospholipids 

when compared to cells 331. Therefore, the externalisation of PEs and PCs will be 

analysed in platelets, WBC and plasma-enriched EVs, since they will be at higher levels 

than HETE-PEs analysed in the previous Chapter 6. 

 Auto-immune diseases are associated with a rise in immune cell activation, as 

shown by an increase in PS exposure in platelets and EVs from RA patients analysed 

through annexin V binding assay332,333. AminoPL externalisation can also result from 

apoptosis and cell stress, being often associated with diseases with high cardiovascular 

risk, establishing a bridge between coagulation and RA330. However, to date, no studies 

have directly measured aminoPL externalization, namely the amount of molecular 
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species of PE and PS on the outside, through LC/MS/MS in blood cells from patients with 

RA. 

 In the previous Chapter, I demonstrated that thrombin generation was elevated 

in EVs from RA patient plasma, as well as observed an increase in platelet count in these 

patients. Furthermore, I investigated the presence of oxPLs in the blood cells of RA 

versus healthy controls. Next, in this chapter, I will study aminoPL in circulating blood 

cells in RA, including their externalization, in order to determine whether they could also 

contribute to the increased thrombosis observed.  

 

7.1.1 Aims 

 In this chapter, I will quantify the external facing aminoPL in platelets, WBCs and 

plasma EV in RA patients and healthy controls using LC/MS/MS. By profiling the 

aminoPLs in the membranes of cells from these patients, I will aim to establish their 

possible relevance to the increased thrombotic risk observed in RA. 

  



Chapter 7 

204 

7.2  Results 

7.2.1 Resting platelets from RA patients externalize aminoPLs 

similar to healthy volunteers. 

 

 AminoPLs are mainly located in the inner leaflet of the plasma membrane, 

however, upon activation, this asymmetry is lost, which exposes them to the outer 

leaflet, enabling coagulation121,334. Here, both the percentage of aminoPL externalised, 

calculated as ng externalised (outer leaflet) ÷ ng total (both outer and inner membrane) 

in percentage (%), and the amount (ng/2x108 platelets) was determined in platelets. 

 The LC/MS/MS method for derivatisation and analysis of external PE/PS is 

described in Chapter 2, Sections 2.2.33 and 2.2.34. Here, washed cells and EVs were 

incubated with SNB for a short time, which is not permeable to plasma membranes, 

therefore biotinylating only external-facing aminoPLs. For total aminoPLs, NHS-biotin 

was instead used, since it is permeable to PL membranes. To calculate the percentage 

externalised, the outer facing amount was divided by the total. 

 Here, platelets were isolated from peripheral blood from RA patients and healthy 

volunteers, and externalisation of aminoPLs was determined in unstimulated platelets, 

as described in Methods. Resting platelets from RA patients showed a trend towards an 

increase in the percentage of PE/PS on the outside, in particular for 18:0a_20:4-PE, but 

the differences were not significant, and there was an extremely high level of inter-

individual variation (Figure 7.1.A).  

 However, when looking at ng levels, I observed higher amounts of amount of 

externalized PLs on the outside of platelets from healthy volunteers, but as for resting 

cells, this was not significantly different (Figure 7.1.B). Overall, the most abundant 

aminoPL externalized in resting platelets was 18:0a_20:4-PE, as well as being the lipid 

with the highest percentage of externalization. 
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Figure 7.1: Percentage and amount of externalised aminoPLs in resting platelets is similar 
between healthy controls and RA patients 
Lipids were extracted from resting platelets isolated from healthy volunteers (n = 25) and RA 
patients (n = 26), as described in Methods, and analysed by LC/MS/MS. The percentage of 
externalised PS and PE were calculated for each sample (ng externalised ÷ ng total) (Panel A), 
as well as amount externalized (ng/2x108 platelets) (Panel B). Data are represented as box and 
whiskers plot and analysed through multiple unpaired t tests (Panel A) and Mann-Whitney tests 
(Panel B). 
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7.2.2 The percentage of aminoPLs externalised is increased in RA 

patients’ activated platelets, although overall amounts are 

unchanged. 

 

 Next, thrombin-activated platelets from both RA patients and healthy controls 

were analysed. Activation-induced an overall increase in aminoPL externalization from 

approximately 0.8% in resting platelets to 7 % upon stimulation, as expected due to 

scramblase activation335. Similar to resting cells, activated platelets showed a non-

significant change in percentage of externalised aminoPL in RA compared to healthy 

volunteers, and there was a high degree of variation (Figure 7.2.A). The aminoPL with 

the highest % externalization was 18:0p_20:4-PE, closely followed by 18:0a_18:1-PE.  

 When analysing the amount of aminoPLs externalized, no significant differences 

were observed. In fact, healthy volunteers’ activated platelets showed slightly but not 

significant higher levels of externalised aminoPLs than platelets from RA patients (Figure 

7.2.B). Nevertheless, these results suggest that the total amount of aminoPLs is 

somewhat reduced in activated platelets from RA patients compared to healthy 

controls. Again, 18:0p_20:4-PE was the most abundant aminoPL in the outer membrane. 

However, 18:0a_18:1-PE was the aminoPL with the highest percentage of 

externalization. 

 Overall, these data displayed a big variation, especially in RA patients, probably 

as a result of intra-individual differences.  
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Activated Platelets 

Figure 7.2: Percentage of externalised aminoPL in activated platelets from RA patients are 
increased compared to healthy controls, despite no difference in amount externalized 
Lipids were extracted from platelets isolated from healthy volunteers (n = 25) and RA patients 
(n = 26) and following activation with thrombin (0.2 U/mL), as described in Methods, and 
analysed by LC/MS/MS. The percentage of externalised PSs and PEs were calculated for each 
sample (ng externalised ÷ ng total) (Panel A), as well as amount externalized (ng/2x108 platelets) 
(Panel B). Data are represented as box and whiskers plot and analysed through multiple Mann-
Whitney tests.  
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7.2.3 AminoPL externalisation in resting WBCs was unchanged 

between RA patients and healthy controls. 

 

 Next, WBCs from healthy volunteers and RA patients were analysed for aminoPL 

externalization. Here, WBCs were isolated and the externalisation of aminoPLs, as well 

as amounts, was calculated in unstimulated WBCs, as described in Methods. The 

percentage of aminoPLs externalised, calculated as ng externalised (outer leaflet) ÷ ng 

total (both outer and inner membrane), and the amount (ng/4x106 WBCs) was 

determined. 

 Resting WBCs did not exhibit a significant difference in % aminoPL 

externalisation between RA patients and healthy volunteers (Figure 7.3.A). However, 

healthy control WBCs showed a trend towards an increase, especially for PE, with a total 

average percentage of 2.26%, compared to 1.6% in RA WBCs. On the contrary, RA WBCs 

appear to display a slightly higher % externalization in PS species. The main aminoPL 

externalized was PE 18:0a_20:4 in healthy volunteers, while in RA WBCs, 18:0a_20:4-PS 

displayed a higher % externalization.  

 When analysing the ng amount of externalized aminoPL in resting WBCs, once 

again, no significant difference is observed between RA patients and healthy controls 

(Figure 7.3.B). Nevertheless, like the % data, a higher level is observed in healthy WBCs 

for external-facing PE species compared to RA WBCs. However, externalised PS was 

higher in RA WBCs. In fact, 18:0a_20:4-PS was the main externalized aminoPL present in 

WBCs from RA patients, while 18:0p_20:4-PE was the highest in healthy controls. These 

results show that, contrary to platelets, WBCs from RA patients have higher externalised 

amounts of PS than healthy controls, while in contrast, healthy controls have increased 

amounts of PE compared to RA patients. 

 

  



Chapter 7 

209 

  

Figure 7.3: Percentage and amounts of externalised aminoPL in resting WBC are similar 
between RA patients and healthy controls 
Lipids were extracted from resting WBCs isolated from healthy volunteers (n = 25) and RA 
patients (n = 26), as described in Methods, and analysed by LC/MS/MS. The percentage of 
externalised PSs and PEs were calculated for each sample (ng externalised ÷ ng total) (Panel A), 
as well as amount externalized (ng/4x106 WBCs) (Panel B). Data are represented as box and 
whiskers plot and analysed through multiple Mann-Whitney tests.  
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7.2.4 RA and healthy WBC exhibit similar aminoPL externalization 

following ionophore activation. 

 

 WBCs isolated from RA patients and healthy controls were stimulated with 10 

μM calcium Ionophore A23187 and 1 mM CaCl2, as described in Methods. Then, the 

percentage of aminoPL externalised was calculated as described earlier, as well as the 

amount externalized (ng/4x106 WBCs). 

 Similar to platelets, activated WBCs showed an increase in aminoPL 

externalisation, from approximately 2 % when resting to 13 % upon activation (Figure 

7.4.A). However, upon activation, no difference was observed between RA and healthy 

controls WBCs for % external aminoPL. The aminoPL with the highest % externalisation 

was 18:0a_18:1-PS in activated WBCs from both RA and healthy controls.  

 The ng amount of externalised aminoPLs in activated WBCs was not significantly 

different between RA and healthy samples (Figure 7.4.B). However, an overall increasing 

trend was observed for externalised aminoPL amount in WBCs of RA patients compared 

to healthy controls.  
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Figure 7.4: Percentage of externalisation and amounts of aminoPL in activated WBCs are similar 
between RA patients and healthy controls 
Lipids were extracted from WBCs isolated from healthy volunteers (n = 25) and RA patients (n = 
26), and following activation with Ca2+ ionophore (10 µM), as described in Methods, followed by 
analysis by LC/MS/MS. The percentage of externalised PSs and PEs were calculated for each sample 
(ng externalised ÷ ng total) (Panel A), as well as amount externalized (ng/4x106 WBCs) (Panel B). 
Data are represented as box and whiskers plot and analysed through multiple Mann-Whitney tests. 
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7.2.5 EVs from healthy controls have more external facing PEs, 

while PS is more abundant on the outside of RA patients' 

EVs.  

 EVs were obtained from RA patients and healthy control plasma, as described in 

section 2.2.23 from Methods. Notably, pelleted EVs were all resuspended into the same 

volume of buffer, with the EV count not determined. This means that differences in EV 

numbers were not taken into account. Here, the percentage of aminoPL externalised 

was calculated as described above, as well as the amount externalized (ng/ml of 

plasma). 

 A larger variation is observed in externalized % of PE in healthy controls 

compared to RA patients. As previously described, RA is a highly heterogeneous disease, 

therefore this variation can be a possible reflection of different EVs subpopulation as a 

consequence of distinct RA pathotypes331. Furthermore, as a human study, composed 

of genetically unrelated people, variation of data was expected. No lipidomic studies 

have focus on aminoPLs externalization in EVs, making it impossible to compare these 

values with other studies, and to understand this variation. 

 The % external PS in EVs isolated from both RA and healthy plasma was lower 

than for PE. Overall, approximately 0.1 % of the PS was detected on the outer leaflet, 

contrasting with 20 % to 40 % of the PE (Figure 7.5.A). Notably, the % external PE was 

higher for EVs than for activated platelets or WBCs, as previously shown (Figure 7.2.A 

and Figure 7.4.A). 

  EVs from RA plasma showed a non-significant higher % of PS on the outside, 

compared to healthy controls, with 18:0a_20:4-PS showing the highest % (Figure 7.5.A) 

For PE externalization, a significantly higher % externalisation was seen for healthy 

controls than for RA for 18:0p_20:4-PE, 18:1p_20:4-PE and 16:0p_20:4-PE (Figure 7.5.B). 

The PE with the highest external % in healthy control EVs was 18:1p_20:4-PE, with 48 % 

externalised, while in RA patients, 18:0a_18:1-PE was the highest, with 31 % present in 

the outer leaflet.  
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 The ng amount of PS on the outside of EVs from RA patients is higher than for 

healthy controls. A significant increase was observed for 18:0a_18:1-PS in EVs from RA 

patients compared to healthy controls. 18:0a_20:4-PS was the most abundant PS in RA 

EVs, but its % on the outside was not significantly elevated in disease. In addition, EVs 

from RA patients showed trends towards higher amounts of externalised PE than 

healthy controls. This suggests that the total amount of PE is increased in EVs from RA 

patients, with more PE remaining in the inner leaflet of EVs in RA when compared to 

healthy controls.   
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Figure 7.5: Percentage of PE externalised in EVs is higher in healthy volunteers than RA 
patients 
The percentage of externalised PSs (Panel A) and PEs (Panel B) were calculated for each sample 
(ng externalised ÷ ng total). Lipids were extracted from plasma enriched EVs isolated from 
healthy volunteers (n = 25) and RA patients (n = 26), as described in Methods, and analysed by 
LC/MS/MS, followed by calculation of externalised fractions. Data was analysed through 
multiple Mann-Whitney test (*p<0.05, **p<0.01). 
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Extracellular vesicles 

Figure 7.6: EVs from RA patients present higher amounts of externalised PS 18:0a_18:1 
compared to healthy controls, while the remaining aminoPLs present similar amounts 
Plasma enriched EVs, isolated as described in Methods, from RA patients (n = 26) and healthy 
volunteers (n = 25) were analysed by LC/MS/MS, and externalised aminoPLs, namely PSs (Panel 
A) and PEs (Panel B), were quantified (ng/ml plasma). Data are represented as bar chart, with 
the mean and SEM represented. Data was analysed through multiple Mann-Whitney test 
(*p<0.05). 

(A) 
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 Since aminoPLs are considered drivers of thrombin generation on the membrane 

surface, next, I used correlation analysis to test for relationships between thrombin 

generation (data from Chapter 6), and the proportion of PE or PS on the outside of EVs, 

since these were the only sample type to show a significant increase in thrombin 

generation between RA and healthy controls. 

 A negative association between thrombin generation and % PE externalisation 

was observed (Figure 7.7). Due to the majority of PS externalisation falling below the 

limits of detection, this analysis was only possible for PE.  

 Statistically significant negative correlations were seen for PE 16:0p_20:4, PE 

18:1p_20:4, PE 18:0p_20:4 and PE 18:0a_20:4. The total PE externalized percentage also 

demonstrated a negative correlation with thrombin generation. Despite this association 

being relatively weak, it indicates that a higher % of externalised PE on the EV surface 

results in a lower thrombin generation in the EV pool. Nevertheless, these data do not 

consider the EV count, therefore, the high EV count described in RA might simply be 

responsible for the increase in thrombin generation.  
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Figure 7.7: Thrombin generation from EVs negatively associates with percentage of PEs 
externalised 
Thrombin generation of plasma enriched EVs, from both healthy volunteers and RA patients, 
association with lipid externalisation fractions of PE 16:0p_20:4 (Panel A), PE 18:0a_18:1 (Panel B), 
PE 18:1p_20:4 (Panel C), PE 18:0p_20:4 (Panel D), PE 18:0a_20:4 (Panel E) and total externalised 
PE percentage (Panel F) was analysed through simple linear regression (n = 44). A weak, but 
significant negatively association was assessed. 
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7.3  Discussion 

 AminoPL exposure provides binding sites for coagulation factors, enabling their 

activation.336 In RA, where increased coagulation is described91, I tested whether these 

lipids might contribute to the cardiovascular risk by analysing the aminoPL profile of 

platelets, WBCs and plasma-derived EVs from RA patients and healthy volunteers, both 

resting and after in vitro activation.  

 Overall, no significant differences for either percentage or ng amount of 

aminoPLs externalised were observed in resting platelets or WBCs between RA and 

healthy controls. Importantly, as shown in Chapter 7, these RA patients have elevated 

counts of platelets, also known as thrombocytosis, which will ultimately increase the 

total externalized aminoPLs in circulation.  

 A diminished ng amount of externalized aminoPLs was observed in activated 

platelets of RA patients compared to healthy control platelets. An increase in 

externalized PS might have been expected, considering that methotrexate was 

described as a pro-apoptotic agent that increases PS externalisation, as revealed by 

annexin V staining337. However, Paul et al. study was an in vitro analysis of washed 

platelets from healthy volunteers. However, the amount of externalized aminoPLs did 

not differ in a statistically significant manner between health and disease. Furthermore, 

the resting state of platelets is more relevant for this study, considering the chronic 

nature of RA, platelets in circulation will be mainly in a non-activated state. 

Nevertheless, this suggests that the total amount of aminoPLs is reduced in RA patients' 

platelets, proposing a disparity between the PL composition of RA platelets compared 

to healthy controls. This difference might be a result of the increased generation of 

microparticles by platelets, which was been described in the literature152,306. Upon 

activation, platelets discharge platelet-derived microparticles from the parent cell’s 

membrane. This increased generation of microparticles by RA platelets might be 

responsible for the decrease in the total amount of aminoPLs. However, more studies 

are necessary to understand the role of platelet-derived microparticle generation and 

function in RA. 
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 Similar to the result of resting WBCs, no difference in either fraction or amount 

of externalised aminoPLs was observed upon ionophore activation between RA patients 

and healthy controls. This suggests that, when activated, the WBCs PL membrane of RA 

is similar to healthy controls. Considering these findings, along with results from 

Chapters 6, WBCs aminoPL appears to not be important players in the increase of 

coagulation in RA patients. 

 In the case of EVs, the increase in externalized PS amount observed might be due 

to an increase in EV count in RA patients' plasma samples296. Thus, increased coagulation 

observed in RA patients might be a result of the elevated number of EV circulating in 

these patients’ blood. In fact, increased PS in EVs isolated from RA patients' plasma has 

been described in the literature, using annexin V staining, as well as a positive 

correlation between PS expression and coagulation in these patients 292. 

 On the contrary, the % of PE on the EVs’ outer leaflet is increased in healthy 

controls compared to RA patients. However, the amount externalized is not significantly 

different between them. This indicates that the total amount of PE is higher in EVs from 

RA patients than in healthy controls, supporting the hypothesis of aminoPL loss as a 

result of a higher generation of microparticles. 

 Interestingly, PS externalization has also been associated with increased 

mineralization in previous studies. Matrix vesicles shed from chondrocytes and 

osteoclasts, are rich in PS, which enables the assembly of complexes with calcium and 

phosphate, forming nucleates of hydroxyapatite, which ultimately lead to bone and 

artery mineralization338. Dilution of PS due to increasing PE exposure has been shown to 

be detrimental to the mineralization process339. Since that the analysed EVs were 

isolated from plasma, and not from synovial fluid, the observed decrease in externalized 

PE percentage in RA patients might be responsible for the increase of artery calcification 

observed in these patients340. Therefore, the phospholipid composition of circulating EV 

from RA patients might be responsible for the arterial calcification found in these 

patients. However, studies on EVs lipid composition and its role in calcification are 

extremely limited, and a better understanding of the impact of membrane composition 

in the process of calcification is needed. 
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 Furthermore, thrombin generation and aminoPL externalisation were compared 

in EVs, where a weak negative correlation was observed. These results indicate that an 

increase in PE externalisation results in lower thrombin generation by EVs, however, EV 

count should be performed in order to fully understand these results.  

 Here, I observed in EVs, high levels of externalisation compared to platelets and 

WBCs, especially in healthy controls (>50 %). This might lead to extremely high 

membrane curvature in EVs. The ratio of outer/inner PE modulates membrane 

curvature. With a smaller polar headgroup than PS, PE displays a conical shape. 

Therefore, a membrane with an increased PE ratio results in a negative curvature as a 

result of forcing headgroups together341. A negative curvature has been described to 

enhance enzyme activity, namely diacylglycerol kinase, a lipid kinase involved in the 

phosphatidylinositol cycle, due to allosteric regulation342. Therefore, the high 

membrane curvature might lead to an inhibition of prothrombinase activity by reducing 

accessibility to coagulation factors. 

 Despite oxPL being procoagulant, an extremely high increase in HETE-PE 

amounts was previously associated with reduced thrombin formation in vitro liposomes, 

potentially due to the loss of colocalization of oxPLs in smaller areas68. Therefore, the 

same logic can be applied to aminoPL in EVs, where high levels of externalization of PE 

might result in a non-optimal local concentration of oxPLs, leading to the decrease in 

thrombin generation observed. However, more studies are necessary to confirm these 

hypothesises, for example, protein-lipid overlay assay, which can provide information 

on the affinity between different phospholipid compositions and coagulation factors343. 

 Overall, I propose that the elevated number of circulating platelets in RA could 

impact coagulation due to the increased total amounts of external aminoPL available for 

coagulation factor binding in the outer leaflet. Furthermore, the aminoPL profile in EVs 

of these patients seems to also contribute to an increase in thrombotic risk through the 

increased amount of externalised aminoPLs.
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8.1  General Discussion 

 The main aim of my thesis was to characterise pro-inflammatory and pro-

coagulant lipids generated by circulating blood cells from patients with arthritis. The 

hypothesis was that an altered procoagulant surface in circulating cells may be a 

contributing factor for the increased coagulation observed, and hence elevated 

cardiovascular risk in RA. Overall, my data strongly supports this idea, with elevated 

platelet and EV numbers in RA potentially driving thrombosis risk through the action of 

aminoPLs and eoxPLs. 

 RA patients display a high prevalence of comorbidities, such as cardiovascular 

disease, which are often associated with thromboembolic events91,344. The incidence of 

thrombosis, both arterial and venous doubles in RA patients when compared to the 

healthy population91,135. Several thrombotic indices have been found to be elevated in 

these patients 91, however, this is the first time that the procoagulant surface in 

circulating blood cells has been characterised in both human and murine arthritis.  

 Despite coagulation being heavily described as altered in human RA, with 

increased levels of TAT complexes142,146, only one study had previously described plasma 

TAT complexes as being significantly increased in mice, specifically in CIA227. However, 

that study was underpowered, with only four samples analysed per condition. In my 

thesis, along with WT mice, several other strains, which develop specific synovial 

pathotypes of RA, were analysed. These included WT 200,201, IL27ra-/- 345, IL6ra-/- 202 and 

IL6-/- 200 mice, which develop similar features to specific human RA molecular and 

cellular phenotypes 133,134, more specifically myeloid- or macrophage-rich, lymphoid-rich 

and fibroblastic-rich pauci-immune pathotype, respectively.  

 In Chapter 3, I showed an increase in eoxPLs in blood cells from WT and IL27ra-/- 

mice during AIA, the same mice that also exhibited increased TAT complexes and 

exhibited the highest levels of SAA. These mice were described to represent myeloid-

rich and lymphoid-rich arthritis phenotypes, which can be found in human arthritis206. 

On the other hand, the genetic deletion of either IL-6 or its receptor prevented the 

increase of coagulation and inflammation, as well as eoxPL generation during AIA 

development. Consistent with these results, the use of Tocilizumab, an IL-6 inhibitor, 
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lowers levels of fibrinogen compared to other biological DMARDs180. This suggests that 

IL-6 is an important mediator in driving both eoxPL generation and coagulation in 

arthritis. 

 Considering the increase in eoxPLs seen, Alox15-/- mice were analysed to 

determine the origin of the lipids. Despite Alox15-/- mice displaying a bleeding 

phenotype212 and being protected against many vascular inflammatory conditions like 

atherosclerosis346, hypertension347 and thrombosis212, no significant difference was 

observed in plasma TAT complexes or oxPLs in blood cells during AIA development. This 

indicates that Alox15 has no impact on the increased coagulation during AIA, and 

suggests that Alox12 is the most likely source of blood cells' eoxPLs during the 

development of AIA. This indicates that Alox12 deletion might result in decreased levels 

of eoxPLs, and lead to reduced coagulation. During my PhD, the AIA model was 

generated in Alox12-/- mice. However, due to time restrictions, samples were collected 

but not analysed. Similar to the study performed in this thesis on Alox15-/- mice, 

described in Chapter 4 and Chapter 5, Alox12-/- mice need to be analysed for coagulation 

markers, inflammatory markers, and lipidomic studies performed in whole blood pellets. 

 In addition to coagulation, the joint was also studied during the development of 

AIA. Alox15 deletion resulted in a worsened joint phenotype, with a slower resolution 

of knee swelling, and an increase in synovial infiltration. In addition, I found that on day 

10 of AIA, oxPL levels were elevated in the joint tissue of WT but not in Alox15-/- mice. 

This suggests 12/15-LOX might play a protective role in arthritis, especially since oxPLs 

have been shown to induce an anti-oxidative response276, and several Alox15-derived 

oxylipins, namely 13-HODE, 15-HETE and 12-HETE, are known PPARγ ligands, therefore 

suppressors of inflammatory responses. This is consistent with what is described in the 

literature, where the deletion of Alox15 was described as detrimental in two distinct 

arthritis murine models189. Nevertheless, the role of Alox15-derived lipids in AIA should 

be further confirmed by providing lipid products, such as 15-HETE, 13-HODE and 12-

HETE, which were significantly reduced upon Alox15 deletion, into the joint of these 

knockout mice and analysing if this results in an amelioration of disease. In addition, 

Alox12-/- mice need to also be evaluated for arthritis score, and lipidomic studies 
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performed in the joint tissue of these mice during AIA development, to understand 

whether 12-LOX also provides a protective response in arthritis. 

 Despite AIA being widely considered a local inflammatory arthritis model, 

increased systemic inflammation and coagulation was found in the circulation. This 

indicates that inflammation in joints could be responsible for inducing systemic effects. 

This suggests a bridge between joint and systemic disease, which might lead to an 

elevated incidence of thrombosis91,344, resulting in the increase of cardiovascular risk, an 

important comorbidity in RA. Therefore, it is essential to further study the impact of 

systemic inflammation in RA, which might ultimately result in cardiovascular disease in 

these patients. 

 To complement the findings in the murine arthritis model, RA patients were 

studied, where an increase in thrombin generation was observed in EVs. In addition, an 

increase in the amount of aminoPL present in EVs of these patients may also contribute 

to an increase in thrombin generation since EVs have been described as increased in RA 

patients' plasma 152,296,306 derived mainly from platelet 296. Therefore, the observed 

increase in thrombin generation by EVs from RA patients might be the result of 

increased EV numbers. To fully understand the impact of EVs in RA, plasma from both 

healthy controls and RA patients should be further analysed, by quantifying EVs, as well 

as determining surface area and cell of origin.  

 Along with this, an increased number of platelets were also found in RA patients. 

This is consistent with what is described clinically in other studies 150–152. However, no 

significant differences were found in individual membrane phospholipid composition of 

both platelets and WBCs, relating to either oxPLs or aminoPLs exposure. Nevertheless, 

this elevated platelet number would lead to increased levels of these lipids in circulation. 

In support of this idea, an immunogenic response against oxPLs was observed in RA 

plasma, suggesting chronic increased oxPLs exposure in the circulation of these patients. 

To confirm this hypothesis, prothrombinase assays and oxPL analysis should be repeated 

without using a standardized number of platelets, and instead using the platelet count 

of each volunteer. 
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 Despite, the increased incidence of thrombosis in RA, guidelines do not currently 

recommend long-term prophylactic anticoagulation therapy, with patients following the 

same rules as the general population167,168. Nevertheless, a cohort study has shown 

diminished coagulation biomarkers in early RA following antirheumatic treatment, 

especially after therapy with biological DMARDs, such as Tocilizumab and Certolizumab, 

IL-6 and TNF-α inhibitors respectively, in comparison with conventional DMARDs180. 

Overall, these results support the idea that by suppressing inflammation, thrombosis is 

also reduced. 

 To my knowledge, these findings are novel, providing new evidence to suggest 

that oxPLs derived from platelets, as well as EVs, may be important players in the 

increased thrombosis of RA patients, representing possible new therapeutic targets for 

this disease. 

 

8.2  Limitations 

 The work presented in this thesis presents some limitations. First, all mice used 

in this thesis were male. This is unfortunately common in animal studies to prevent large 

data dispersion due to inter-individual variations, as well as the impact of hormone 

alterations. However, human RA affects more females than males129, indicating 

fundament sex differences that need to be studied. Therefore, female mice should also 

be analysed in the future, as to confirm these results. 

 Power calculations for the mouse work were performed using an online sample 

size calculator 218, with data from a previous study on TAT complex values after the 

development of murine abdominal aorta aneurysm 212. Despite being determined that 

each study group should be composed of at least 8 mice, this number was reduced to 4 

in the case of both IL6ra-/- and IL6-/- mice, due to low mice availability. Nevertheless, no 

difference in TAT complex values was observed in these mice when compared to the 

naïve group. Power calculation using the TAT values from IL6ra-/- and IL6-/- mice during 

AIA development indicated that in order to see significant differences, an impossible 

number of experiments (≥100) needed to be conducted, which led to the experiment 

https://www-sciencedirect-com.abc.cardiff.ac.uk/topics/medicine-and-dentistry/anticoagulation
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being stopped at the n of 4. In addition, a high data variation was found in PT values for 

both IL6ra-/- and IL6-/- mice (Figure 3.5). Despite the no significant difference found 

compared to the control naive, a higher number of mice could have provided a 

statistically significant result. Furthermore, for the chiral analysis, performed in Chapter 

3, Section 3.2.7, due to the destructive effect of this analysis, only an n of 3 was analysed. 

In the case of IL6-/- mice, an n of 3 was run, however, one data point fell below the limits 

of detection of the LC/MS/MS, resulting in an n of 2 (Figure 3.10). More experiments are 

necessary to draw conclusions from the chiral analysis regarding the IL6-/- mice. In 

addition, more experiments are also necessary for the WBC counts within the different 

strains analysed (Figure 3.12). In Chapter 3, Section 3.2.9, a large variation of WBC was 

found between all the studied genotypes. However, only 3 or 4 n’s were analysed, 

therefore more experiments might show if any differences in WBC counts are present 

between these mice.  

 When considering the human studies, a significant age difference was obtained 

between RA patients from the Cardiff Regional Experimental Arthritis Treatment and 

Evaluation Centre cohort and their healthy controls (Table 6.1). Furthermore, the sample 

collection from this cohort extended for a period of 26 months, which might cause some 

changes in oxPLs levels during storage. The impact of storage in oxidation was already 

been studied in lipids, where ex vivo synthesis of oxylipins was observed even when the 

storage was done at -80 °C after 26 weeks 348. Unfortunately, my work was performed 

during a global pandemic that limited accessibility to RA patients and healthy volunteers. 

Indeed, despite meeting the initial objective of the power calculation to obtain statistical 

significance the sample size of this study is considered small and replication in a larger 

cohort would be important.  

 

8.3  Future Directions 

8.3.1  Studying the role of Alox12 on AIA 

 During my PhD, AIA was generated in Alox12-/- mice. Unfortunately, due to time 

restrictions, samples were collected but not analysed. Similar to the study performed in 
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this thesis on Alox15-/- mice, described in Chapter 4 and Chapter 5, Alox12-/- mice will be 

analysed for coagulation markers, inflammatory markers, and lipidomic studies will be 

performed in both whole blood pellets and joints, and histology will be performed, and 

arthritis score evaluated. This will provide further evidence of the cellular origin of the 

increased 12-HETE-PEs, and whether elevated TAT complexes observed in WT mice are 

related to this enzyme. 

8.3.2 EVs count and analysis in RA patients 

 A total of 6 ml of plasma from each volunteer was used to isolate EVs and 

analysed in a non-standardized manner. Therefore, the observed increase in thrombin 

generation by EVs from RA patients might be the result of increased EV numbers.  In 

fact, the elevated number of EVs has been heavily described in the literature.152,296,306 In 

order to fully understand the impact of EVs in RA, plasma from both healthy controls 

and RA patients should be further analysed, by quantifying EVs, as well as determining 

surface area and cell of origin.    

8.3.3 Confirming the increase oxPLs in circulation due to 

thrombocytosis in RA patients 

 Platelets were analysed during the thesis, using a specific platelet number, 

namely 2 x 108 platelets/ml, where no difference in thrombin generation or oxPLs 

composition was found. However, thrombocytosis is a common symptom found in 

RA150–152, and also found in the Cardiff Regional Experimental Arthritis Treatment and 

Evaluation Centre patient cohort analysed in this thesis. The elevated platelet number in 

these patients might result in an overall increase in thrombin generation, in oxPLs in 

circulation and aminoPL exposure. However, in order to confirm this hypothesis, these 

assays should be repeated without using this standardized number of platelets, and 

instead using the platelet count of each volunteer.  
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8.3.4 Platelets as therapeutic targets for auto-immune 

coagulopathies 

The role of platelets in arthritis has been previously described as attractive targets349. 

The work in my thesis goes further into suggesting, for the first time, the role of the pro-

coagulant membrane of platelets in arthritis as a therapeutic target. The modulation of 

Alox12, namely the reduced activity of 12-LOX might result in decreased coagulation. 

Therefore, 12-LOX inhibitors should be investigated and studied in the context of 

thrombosis in arthritis.  

 

8.4  Conclusion 

 In conclusion, this thesis set out to characterise procoagulant lipids in RA, 

through both murine models and human samples. To this end, LC/MS/MS was used to 

detect eoxPLs, along with oxylipin precursors. In addition, TF-independent coagulation 

assays were used in human cohort samples, while TAT complexes, D-dimers, CRP and 

SAA were quantified in arthritis murine mice. it was apparent that procoagulant lipids 

play a significant role in the increased thrombosis observed in arthritis, being elevated 

in mice during AIA development when TAT levels were increased. Furthermore, oxPLs in 

circulation, along with aminoPLs exposure, might increase as a result of thrombocytosis 

in RA patients. In addition, EVs from these patients displayed increased levels of 

thrombin generation. Overall, platelets (or platelet-derived EVs) emerged as important 

players in the elevated systemic coagulation in RA, due to their procoagulant lipid, 

setting oxPLs as possible therapeutic targets for the treatment of auto-immune 

associated coagulopathies.
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Figure 10.1: Example of genotyping results for Alox15-/- mice 
Genotyping was confirmed as described in Materials and Methods. As 
expected, Wild-type (WT) animals display a single band at 417 bp, while 
Mutants display a band at 200 bp.  
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Figure 10.2: Patient information leaflet for healthy volunteer, under the study “Cardiff Regional 
Experimental Arthritis Treatment and Evaluation Centre”. 
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Figure 10.3: Consent form for healthy volunteer, under the study “Cardiff Regional 
Experimental Arthritis Treatment and Evaluation Centre”. 
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Figure 10.4: Patient information leaflet for healthy volunteers, under the study “Analysis of 
autoantibodies against lipids to identify markers of disease and immune responses against lipids”. 
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Figure 10.5: Consent form for healthy volunteers, under the study “Analysis of autoantibodies 
against lipids to identify markers of disease and immune responses against lipids”. 
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Figure 10.6: Representative chromatograms of the LC-MS/MS analysis of oxidised phospholipids 
Lipid extracts were separated using reverse-phase LC/MS/MS, as described in Chapter 2: Materials 
and Methods. Screenshots were taken from Multiquant software.   
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Figure 10.7: Representative chromatograms of the chiral chromatography  
Lipid extracts were separated using reverse-phase LC/MS/MS, as described in Chapter 2: Materials 
and Methods. Screenshots were taken from Multiquant software. Lipids were confirmed by 
comparing retention time with primary standards run in the same analytical batch. 
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Figure 10.8: Representative chromatograms of oxylipin LC/MS/MS analysis 
Lipid extracts were separated using reverse-phase LC/MS/MS, as described in Chapter 2: Materials 
and Methods. Screenshots were taken from Multiquant software. Lipids were confirmed by 
comparing retention time with primary standards run in the same analytical batch. 
 



Chapter 10 

275 

 

  

PpAPE-B
m/z [M-H]- = 948.800/303.200

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

Time, min

1.0e4

2.0e4

3.0e4

4.0e4

5.0e4

6.0e4

7.0e4

8.0e4

9.0e4

In
te

n
s
ity

, c
p

s

2.73

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

Time, min

2.0e4

4.0e4

6.0e4

8.0e4

1.0e5

1.2e5

1.4e5

In
te

n
s
ity

, c
p

s

3.98

SOPE-B
m/z [M-H]- = 970.800/281.200

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

Time, min

500

1500

2500

3500

4500

5500

6500

7500

In
te

n
s
ity

, c
p

s

2.79

OpAPE-B
m/z [M-H]- = 974.800/303.200

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

Time, min

2000

6000

1.0e4

1.4e4

1.8e4

2.2e4

2.6e4

3.0e4

3.4e4

3.8e4

4.2e4

In
te

n
s
ity

, c
p

s

3.47

SpAPE-B
m/z [M-H]- = 976.800/303.200

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

Time, min

2000

6000

1.0e4

1.4e4

1.8e4

2.2e4

2.6e4

3.0e4

In
te

n
s
ity

, c
p

s

3.09

SAPE-B
m/z [M-H]- = 992.800/303.200

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

Time, min

200

600

1000

1400

1800

2200

2600

In
te

n
s
ity

, c
p

s

2.85

DOPS-B
m/z [M-H]- = 1012.800/699.600

2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4

Time, min

2000

4000

6000

8000

1.0e4

1.2e4

1.4e4

1.6e4

1.8e4

2.0e4

2.2e4

In
te

n
s
ity

, c
p

s

3.38

SOPS-B
m/z [M-H]- = 1014.800/701.600

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

Time, min

1000

2000

3000

4000

5000

6000

7000

8000

9000

In
te

n
s
ity

, c
p

s

2.76

SAPS-B
m/z [M-H]- = 1036.800/723.600



Chapter 10 

276 

 

 

 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

Time, min

2000

4000

6000

8000

1.0e4

1.2e4

1.4e4

1.6e4

1.8e4

2.0e4

2.2e4

In
te

n
s
ity

, c
p

s

1.99

DMPE-B
Internal standard
m/z [M-H]- = 860.800/227.300

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

Time, min

500

1500

2500

3500

4500

5500

6500

7500

In
te

n
s
ity

, c
p

s

1.73

DMPS-B
Internal standard
m/z [M-H]- = 904.700/591.600

Figure 10.9: Representative chromatograms of aminophospholipids LC/MS/MS analysis 
Lipid extracts were separated using reverse-phase LC/MS/MS, as described in Chapter 2: Materials 
and Methods. Screenshots were taken from Multiquant software. Lipids were confirmed by comparing 
retention time with primary standards run in the same analytical batch. 
 


