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Abstract  

Cardiovascular diseases (CVDs) are considered as the major cause of death worldwide. Dietary 

fats have been reported to be involved in the causation and prevention of CVD. It is advised to 

cut down the consumption of SFA (saturated fatty acids) and TFA (trans fatty acids) due to 

their negative impact on CVD risk, particularly with regard to levels of blood cholesterol. On 

the other hand, n-3 PUFAs (n-3 polyunsaturated fatty acids) are reported to protect against 

CVD due to their role in reducing blood TAG (triacylglycerol). Extracellular vesicles (EVs) 

are small membrane-bound vesicles released from all cell types and their levels are reported to 

be increased in CVD, suggesting their potential use as a disease biomarker. Studying EVs as 

potential biomarkers involves their purification from contaminating particles; this is of 

particular importance in postprandial studies after a high fat meal, where the number of 

lipoproteins particles (whose size overlaps with that of EVs) increases substantially. 

The first study in this thesis examined whether there was co-isolation and/or interference of 

lipoproteins during EV isolation and analysis using size-dependent isolation methods. 

Following consumption of a high fat meal by healthy volunteers, EVs were isolated from 

platelet-free plasma by size exclusion chromatography (SEC) and the EV fractions were shown 

to have very little contamination with the apolipoproteins, apoB48 or apoB100. Lipoprotein 

fractions prepared from platelet-free plasma by density gradient centrifugation and analysed 

by flow cytometry (FCM) to visualise annexin V-positive, platelet-derived and endothelial-

derived EVs were virtually devoid of EVs. Furthermore, when purified lipoproteins were 

applied to size exclusion columns, they eluted later than EVs, with little cross-contamination. 

These findings together suggested that even after consuming high fat meal, EVs could be 

isolated and analysed without significant contamination from lipoproteins 
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The second study described in this thesis explored the effects of high fat meals containing 

different commercially available fats on the number and thrombogenic activity of EVs during 

the postprandial period. Numbers and thrombogenic activity of EVs increased during the 

postprandial period, reaching a peak at 4h, but there was no difference in response to the type 

of fat in the meal, and in particular, to interesterified (IE) fats compared to traditional 

commercial fats. 

The final study was based on published data showing that n-3 PUFA supplements decrease 

numbers of circulating EVs, advancing on this by comparing the effects of fish oil supplements 

with two oily fish meals per week on EV number, composition and procoagulant activity. 

Supplementation with fish oil significantly decreased both number and thrombogenic capacity 

of EVs, while consumption of oily fish at a level achievable in the diet had no effect on either 

EV number or thrombogenic capacity.  

In summary, numbers of EVs are increased during the postprandial period after a high fat meal 

and the EVs are more thrombogenic, but the type of fat in the meal does not appear to influence 

either the number or thrombogenicity, and the analysis of EVs during the postprandial period 

is not hampered by the presence of lipoproteins. In a chronic intervention study, n-3 PUFA 

from fish oil supplements reduced EV number and procoagulant activity, but consumption of 

two oily fish meals per week had no effect.  
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Chapter 1: Literature Review  

The objective of this chapter is to review the evidence on EV and CVD and the impact of 

dietary fat modulation on EV and CVD. 

 

1.1 Introduction to extracellular vesicles  

Almost all types of cells release very small membrane-derived vesicles enclosed by a lipid 

bilayer and carry several types of cargo, such as nucleic acids, proteins and lipids, reflecting 

the cells of their origin [1]. EVs can be isolated from all body fluids, including plasma, saliva, 

urine, serum and amniotic fluid [2]. The discovery of cell-derived extracellular vesicles dates 

back to 1946, when it was shown that prolonged centrifugation (150 min at 130,000g) increases 

the clotting time of the supernatant. When the pellet was added to plasma, the clotting time was 

shortened [3], which suggests that subcellular factors must stimulate blood clotting. In 1967, 

the subcellular fraction of plasma was investigated by electron microscopy and found to contain 

small EVs released from platelets and termed as “platelet dust”; this was thought to be a cellular 

debris with no biological value [4]. However, this view changed when the particles were 

suggested to have a role in antigen presentation [5]. Since then, EVs have been reported to be 

involved in the regulation of normal physiological processes, such as blood coagulation, 

intracellular communication, vascular repair and could be used as vehicle to deliver drugs [6]. 

Their levels are reported to be increased under pathological conditions such as in CVD, type 2 

diabetes, cancer and pulmonary hypertension, suggesting their potential use as a disease 

biomarker [7-10]. According to the World Health Organization, any substance or mechanism 

that influences or predicts a disease and can be measured in the body is termed as a biomarker 

[11]. Consequently, the concentration and content of EVs can be measured and could provide 

useful information when making comparisons between health and disease status [12].   
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1.2 Classification and biogenesis of EVs  

Due to their small size, heterogeneity and the lack of specific methods to discriminate between 

the different types of EVs, their classification is challenging, and the nomenclature is not fully 

standardized [6]. Cell derived vesicles used to be named after the cells or tissues from which 

they were released, e.g., prostasomes; vesicles derived from prostate, dexasomes; dendritic 

derived vesicles and matrix vesicles; vesicles derived from cartilage and synaptic vesicles; 

neurons derived vesicles [6]. However, more recently, the nomenclature of EVs refers to their 

size and the mechanism of production into the extracellular space, where they classified into 

three main categories [13]. Exosomes (30-150 nm) are released through the fusion of 

multivascular endosomes, microvesicles (100-1000 nm) produced by the direct blebbing of 

vesicles from the plasma membrane and apoptotic bodies (50-2000 nm) generated through 

programmed cell death [14]. 

 

1.2.1 Exosomes  

Exosomes are the smallest cell-derived vesicles released from the endolysosomal pathway by 

the inward budding of cell membrane to create early endosomes (Figure 1.1) [14]. Another 

inward budding occurs to the endosomal membrane to produce intraluminal vesicles (late 

endosomes), which are also termed multivascular endosomes [15]. The complexes of 

endosomal sorting complex required for transport (ESCRT) are involved in multivesicular 

endosome formation. The complex ESCRT-0 produces clustered cargo on the surface of 

membrane. These are recruited by ESCRT -I and II to form buds and therefore the formation 

of multivascular endosomes [16]. Multivesicular endosomes either fuse with the plasma 

membrane and release their internal vesicles as exosomes, or fuse with lysosomes for cargo 

degradation [14]. 
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Figure 1.1 Mechanisms of EV release. 1) Exosomes are derived from the endolysosomal pathway by 

the inward budding of cell membrane to create multivascular endosomes which fuse with the plasma 

membrane and release their internal vesicles as exosomes, 2) Microvesicles are formed through the 

budding and pinching of the surface of plasma membrane, 3) Apoptotic bodies are released through the 

process of membrane blebbing from dying cells during apoptosis [14]. 

 
 

1.2.2 Microvesicles  

Microvesicles are larger than exosomes and are primarily distinguished from exosomes by the 

mechanism of their formation through the budding and pinching of the plasma membrane  

surface (Figure 1.1) [14]. This occurs by disruption of the asymmetric distribution of protein 

and phospholipid of the plasma membrane (Figure 1.2) [17]. The asymmetry of a cell is 

regulated and maintained by three types of proteins located on the cell membrane: translocase, 
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which transfers phosphatidylserine (PS) from the outer to the inner leaflet of the cell; floppase, 

which transfers lipids from the inner to outer leaflet and scramblase, which permits lipids to 

move randomly between both leaflets [17]. When cells are activated, the calcium concentration 

increases to a point that dysregulates these proteins and therefore disrupts the asymmetric 

structure of the cell and stimulates the exposure of PS [14, 17]. The increased concentration of 

calcium also stimulates the protein calpain, which in turn induces the release and budding of 

PS expressing microvesicles [14]. 

 
 
Figure 1.2 The mechanism of the dysregulation of the asymmetric structure of protein and 

phospholipid contents of plasma membrane. The asymmetry of the cell membrane is maintained by 

proteins, including translocase, floppase, and scramblase. When cells are activated, the calcium 
concentration increases to dysregulate these proteins and therefore disrupt the asymmetric structure of 

the cell and stimulate the exposure of PS [17]. 

 

1.2.3 Apoptotic bodies 

Apoptotic bodies are the largest EVs produced through the process of membrane blebbing from 

dying cells during apoptosis (Figure 1.1) [14, 18]. The mechanism of apoptotic body formation 

is regulated via several stages, which include condensation of both nucleus and cytoplasm, 
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nuclear rupture, separation of protuberance, cell shrinkage, mitochondrial swelling and PS 

exposure [14, 19]. Production of apoptotic bodies occurs when cells are weakened by the 

cleavage of the cell’s main structure, which includes the cytoskeleton. This is achieved by 

cysteine proteases, which are responsible for protein cleavage [14]. Increased calcium 

concentration also stimulates the release of apoptotic bodies and exposes PS [20]. The formed 

apoptotic bodies are packed with enzymatically active and toxic components, which are 

phagocytosed by macrophages to avoid the leakage of these components and prevent tissue 

damage and inflammation [14]. The current review focuses only on exosomes and 

microvesicles since apoptotic bodies are produced through programmed cell death and 

eliminated by phagocytosis, and therefore not directly relevant to serving as potential 

biomarkers for cardiovascular disease.  

 

1.3 Protein and lipid composition of EVs  

Apart from their physical properties and biogenesis, EVs can be identified on the basis of their 

unique protein and lipid composition which can be characterised by western blotting, enzyme- 

linked immunosorbent assay and FCM; the latter is the most widely used method to phenotype 

and determine the cellular origin of EVs [21]. However, EV characterization is challenging 

because of the diversity of cellular origin of EVs and the absence of a standard method to 

identify EV surface markers [21]. Additionally, the overlap in surface markers make it difficult 

to distinguish between the different types of EVs, for instance, Wubbolts et al. reported CD63 

as a membrane protein associated with lysosomes, which is an organelle involved in the 

formation of exosomes [22]. However, CD63 was also found to be expressed in microvesicles 

[23]. 

Exosomes and microvesicles contain diverse types of proteins and lipids molecules. According 

to the statistics from the ExoCarta, an online database to provide an update on the exosomal 
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molecular composition, exosomes have 9,769 proteins and 1,116 lipids demonstrating the 

complexity of their composition [24]. The protein content of exosomes predominantly reflects 

the cells from which they originate, and because they originate from the fusion of 

multivesicular endosomes with plasma membrane, the proteins that are involved in the 

production of multivesicular endosomes such as Alix, tumor susceptibility gene 101 protein 

(TSG101), ESCRT and major histocompatibility complex class II (MHC class II), are 

commonly expressed on the exosome surface [25]. In addition, the membrane of exosomes is 

highly enriched with tetraspanin proteins including CD9, CD63, CD37, CD81 and CD82 [2]. 

Moreover, heat shock proteins (Hsp70, Hsp90) are reported to express on the surface of 

exosomes [26]. Similar to exosomes, microvesicles also express tetraspanins, such as CD9, 

CD63 and CD81, which can be detected by FCM [23]. Since different EV subtypes express 

several common proteins, this limits the use of these markers to general EV detection rather 

than specific subclasses of EVs.  

Lipidomics studies have shown that EVs are enriched with different types of lipids. Exosomes 

are reported to contain mainly PS, cholesterol, phosphatidylcholine and sphingomyelin, 

whereas the lipid component of microvesicles comprises PS, phosphatidylethanolamine, 

phosphatidylcholine and phosphatidylinositol [22, 27]. 

 

1.4 EV analysis  

1.4.1 EV isolation methods  

Analysis of circulating EVs requires purification from contaminants to improve the accuracy 

of downstream analysis, such as EV quantification, characterization, activity, and functions. 

However, isolating a pure EV sample is challenging because of the complexity of biological 

fluids and the overlap in the physiochemical and biochemical properties of EVs [28]. There are 

several methods to isolate EV based on size, mass, density, antigen exposure, and the lack of  
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a standardized isolation method makes it difficult to compare results between laboratories  [29]. 

The International Society for Extracellular Vesicles (ISEV) has provided considerations and 

recommendations applicable to all isolation methods to overcome the pitfalls in EV isolation. 

These recommendations include, selecting isolation methods suitable for the downstream 

analysis, isolate EV before concentrating them, confirm and compute EVs and non-EV 

components to assess the efficacy of the isolation method, adequate reporting of the isolation 

method and its effectiveness [29].  

The commonly used method for EV isolation include differential centrifugation, density 

gradient centrifugation, size exclusion chromatography, ultrafiltration, immuno-capture and 

precipitation [29]. The principles of these methods, their advantages, and disadvantages are 

presented in Figure 1.3 and Table 1.1. Differential centrifugation isolates EVs according to 

their size and density by increasing the centrifugal force to pellet EV at the bottom of the tube 

[29]. Despite the wide use of this method, it has major limitations, where it co-isolate 

lipoproteins and produce EV aggregates [29, 30]. The density gradient centrifugation isolates 

EV based on their density, and maintain the physical properties of the isolated particles, but it 

is complex, expensive, and time consuming [29-31]. In the ultrafiltration method, EVs are 

isolated and concentrated through a filter by pressure to remove contaminants. This results in 

high yield of EVs (80%), however, the use of pressure results in structurally deformed EVs 

[29]. EVs can also be isolated by precipitation, where a solvent used to precipitate soluble 

proteins, leaving EVs in the supernatant [32]. Although, it is quick, simple technique and 

produces high yield of EVs (90 %), the use of solvent affects EV composition and structure 

[29, 32, 33]. The immune capture method uses magnetic beads coated with antibody that bind 

to antigen on EV surface. This produces functionally active EVs, but expensive and not suitable 

for large sample size [34, 35]. In this project, size exclusion chromatography (SEC) has been 
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used to isolate EVs based on the reported advantages in terms of removing most of 

contaminating particles, time efficiency, cost, and enrichment of EVs [29, 36].  

 

    

Figure 1.3 Biophysical and biochemical methodologies for EV isolation. (1.A) Differential 

centrifugation separates particles according to their size, but protein aggregates may co-pellet with EVs. 

(1.B) Density gradient centrifugation uses solutions of fixed density to enable isolation of particles 

according to their density. (1.C) and (2) Size exclusion chromatography contains a porous matrix which 

separates particles according to their size. Particles and soluble components smaller than the size cut 

off enter the matrix pores temporarily and elute in the earlier fractions, while EVs and particles larger 

than the size cut off are not trapped by the pore and elute earlier. The size cut-off is determined by the 

choice of the exclusion matrix (qEV original column separate particles in the range 70-1000 nm). (1.D) 

In ultrafiltration, EVs are separated through a filter in which soluble proteins and particles smaller than 

the filter pores are pushed through the filter and EVs are retained on the filter (Vivaspin™ 6 

ultrafiltration device utilizes a 100,000 molecular weight cut-off). (1.E) In immune capture isolation, 

EVs are isolated based on their immune phenotype by using coated beads with antibody to capture 

antigens on the EV surface. (1.F) In precipitation, EVs are separated by a precipitating agent and then 

pelleted by centrifugation [29].  

(1) (2) 
)) 
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Table 1.1 Summary table of the principles, advantages, and disadvantages of the current methods for EVs isolation. 

 

            Isolation method 

 

           Isolation principle  

                     

                      Advantages 

          

                 Disadvantages 

Differential centrifugation [29, 30] Separates particles based on size 

and density by gradually 

increasing the centrifugal force to 

pellet the particles at the bottom of 

the centrifuge tube  

 

• Removes platelets, bulky debris  

• Precipitates EVs in the pellet.    

• Concentrates samples 8-fold 

• Co-isolation of lipoproteins 

• EV clumping  

• Low purity 

• Low recovery  

• Time consuming 

Density gradient centrifugation 

[29, 31] 

Isolates EVs using density 

gradient solutions in which 

particles are isolated solely based 

on their density 

• Prevents mixing of the density 

gradient 

• Maintains the physical characteristics 

of the isolated particles 

 

• Co-isolation of lipoproteins  

• Time consuming 

• Expensive  

SEC [29, 33, 36] 

 

 

Enables EV isolation solely 

according to size. 

 

• High yield of EVs (40-90%) 

• Removes most of soluble proteins, 

lipids, and cell debris 

• Maintains the biological properties of 

EVs.  

• Time efficient  

• Co-isolation of contaminants 

above the size cut-off  

• Ignore exosomes of size <70 nm, 

separate particles in the range 

70-1000 nm 

Ultrafiltration [29] EVs are separated and 

concentrated through a filter by 

pressure or centrifugation to 

remove contaminants.  

• Rapid and simple 

• High yield of EVs (80%) 

• Pressure could deform the 

structure of large EVs 

• Produces EV particle aggregates 

Immune capture 

[34, 35]  

EVs isolated by binding to 

magnetic beads coated with 

antibody, which bind to antigen on 

the surface of EVs 

• Easy to perform 

• Produces functionally active EVs 

• High sensitivity and specificity 

• Expensive 

• Not suitable for plasma 

containing platelets 

Precipitation  [29, 32, 33] A solvent (acetone) added to 

plasma to precipitate soluble 

proteins, leaving EVs in the 

supernatant.    

• High yield of EVs (90 %) 

• Uses only a small volume of plasma 

• Time efficient and simple 

• Isolates highly pure EVs 

• Inexpensive 

• Partially removes soluble 

proteins 

• The solvent affects EV 

composition and structure 
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1.4.2 Enumeration and phenotyping of EVs  

Several techniques have been used for EV enumeration including FCM, resistive pulse sensing 

(RPS), nanoparticle tracking analysis (NTA) and Transmission electron microscopy [30]. 

These methods can quantify the total concentration of EVs, and some can determine the 

physical and biological characteristics of EVs [30]. One of the challenges that hinder EV 

detection and identification is their small size; where the detection of small particles is based 

on their light scattering signal, small EVs scatter less light and have a smaller surface for 

antigen exposure [6, 37]. The concentration of EVs in plasma is reported to range from 104 to 

1012 EVs/ml and this variation is attributed to the lack of sensitivity, differences in resolution 

and variability associated with the detection techniques [37]. For instance, the detected vesicle 

concentrations vary according to the technique’s minimum detectable vesicle size, where the 

minimum detectable vesicle size for NTA (NS500) is 70-90 nm, 70-100 nm for resistive pulse 

sensing, but it is 150–190 nm for dedicated flow cytometry (FCM) and 270-600 nm for 

conventional FCM [37]. In this project, the upper detection limit for the FCM was set by 

approximately 1 μm size silica beads (ApogeeMix), while the lower detection limit was set by 

240 nm size beads to exclude background noise. This includes all vesicles of size between 

240nm-1μm.  

This variability in detection threshold hinders the reproducibility and comparability of the 

results across the laboratories. The ISEV has also published guidelines to optimize EV 

detection [29] which were followed in this thesis for the flow cytometric analysis of EVs. These 

guidelines include equipment maintenance, optimizing the instrument to measure EV, 

determine detection limit and calibrate detectors, use controls to confirm the presence of EV 

and specificity of labelling and measure sufficient EV to determine distribution. 

Flow cytometry is a powerful tool to analyse EV particles where they pass in a single file 

through a laser beam. EV particles, therefore, scatters light and emits fluorescence signals that 
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captured by multiple measurement channels [29]. This technique enables the use of fluorescent 

antibodies that can detect EV subtypes [29]. However, the use of FMC to analyse EV has a 

drawback where it cannot visualise small EVs due to the setting of detection threshold [38].  

The nanoparticles tracking analysis employs both light scattering and Brownian motion to 

obtain information on size distribution and concentration of the analysed particles, however, 

NTA cannot determine EV subtypes or composition [39, 40]. In addition, EVs can be detected 

using transmission electron microscopy which utilises electron beams to illuminate through the 

samples and transmitted to bright field images that can be used for structure verification. This 

method can employ the use of immunogold labelling and provide information on EV protein 

content [39, 41]. However, it is not suitable for the quantitative analysis of EV. The Resistive 

pulse sensing can also be used for EV detection where it used the biological nanopore as a 

coulter counter for EV analysis which allows size and concentration measurement but cannot 

determine the particles type and composition [39, 40]. In this project, two detection methods 

were combined to analyse EVs, FCM was used to determine the cellular origin of EVs and 

NTA was used to assess the concentration of EVs and their size distribution including small 

EVs where it was set to detect particles in the size range 70-1000 nm. Table 1.2 summarise the 

advantages and disadvantages of EV detection methods.  

 

 



 21 

 

1.5 The role of EVs in CVD 

According to the World Health Organization, CVD is responsible for the death of 17.9 million 

people worldwide [42]. The main risk factors include high blood pressure, smoking, high 

cholesterol, physical inactivity and unhealthy diet [43]. EVs are reported to have 

pathophysiological effects in CVD and have been suggested to serve as potential novel 

biomarkers for CVD, which makes cardiovascular health one of the most studied areas in 

relation to EVs [44]. EVs are reported to be produced from the cells of the cardiovascular 

system, such as cardiomyocytes, endotheliocytes, fibroblasts, platelets, smooth muscle cells, 

leucocytes, monocytes and macrophages [45]. Elevated levels of circulating endothelial EVs 

have been found to be strongly associated with higher levels of TAG [46]. High concentrations 

of TAG have been shown to be associated with endothelial dysfunction and TAG rich 

lipoproteins and their remnants, which in turn induces apoptosis in endothelial cells by cytokine 

production [47]. Endothelial EVs have been suggested to impair the integrity and 

vasorelaxation of endothelium , resulting in the progression of hypertension [48]. In addition, 

 

Table 1.2 Summary table of the principles, advantages, and disadvantages of the current methods for EVs detection. 

EV Detection 

Technique 

Principle Advantages Disadvantages 

Nanoparticle Tracking 

Analysis (NTA) [39, 

40] 

Uses dynamic light scattering 

and Brownian motion to 

determine the size and 

concentration of particles 

• Easy to use 

• Provide information on 

size variation and 

concentration 

• Sensitive to vibration 

• Require large sample size 

(> 250 µL) 

• Cannot determine particle 

type or composition  

Transmission electron 

microscopy [39, 41] 

Utilises electron beams to 

illuminate through samples  

• Enables the use of 

immunogold-labelling 

• Can reveal information 

on EV proteins, disease 

markers and mechanism 

associated with plasma 

EVs 

  

• Not appropriate for 

quantitative analysis 

• EV morphology may be 

damaged by the sample 

preparing steps 

(dehydration)  

Flow Cytometry [29, 

38] 

Detect particles through light 

scattering or fluorescent 

excitation 

• Enables the use of 

fluorescent ligands, anti- 

bodies for EV sub-type 

detection.  

• Excluding smaller EVs 

from the analysis due to 

lower detection limit 

Resistive pulse sensing  

[39, 40] 

Uses the biological nanopore 

as a Coulter counter for EV 

analysis 

• Enables size and 

concentration 

measurement 

• Cannot determine the 

particle type or chemical 

makeup  
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endothelial EVs have been suggested to impair the release of nitric oxide (a regulator of 

artificial stiffness) from vascular endothelial cells and participate in the process of arterial 

stiffness by increasing the apoptosis of endothelial progenitor cells which might impairer 

vascular reparation, contribute to the increase of vascular tone and arterial stiffness. [48, 49]. 

Moreover, in vitro study demonstrated that activated endothelial cells with different stressors 

were reported to produce exosomes with different abundances in protein and RNA composition 

compared to control exosomes (no stress), which suggests the role of exosomes in relaying 

stress signals to other cells during cell activation and disease [50]. These stressors were also 

linked to the development endothelial dysfunction and CVD [51], indicating the possible role 

of exosomes in mediating these effects. Furthermore, Agouni et al. reported an increase in the 

levels of procoagulant (annexin V-positive), endothelial, erythrocyte and platelet derived 

microvesicles in patients with metabolic syndrome compared to healthy subjects [8]. These 

microvesicles were demonstrated to stimulate endothelial dysfunction in vitro via the decrease 

in nitric oxide synthase activity and increased phosphorylation at its inhibitory site, therefore 

decrease the production of nitric oxide, which is an important molecule for the regulation of 

endothelial vasomotor tone. The pathophysiological effects of EVs and their influence on cells 

have been shown to be dependent on the condition in which they are released [52]. Endothelial 

EVs exposed to high glucose concentrations in vitro were found to have higher NADPH 

oxidase activity and reactive oxygen species (ROS) compared to control EVs, indication of 

endothelial inflammation and dysfunction. ROS were found to induce the activation of P38 (a 

protein released in response to extracellular stimuli) in a ROS-dependent manner, and P38 in 

turn increases the expression of adhesion proteins involved in endothelial inflammation, such 

as intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1.  

Additionally, dendritic cells derived exosomes demonstrated to increase endothelial 

inflammation and atherosclerosis in vitro [53]. This is mediated by tumour necrosis factor 
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(TNF-α) which is an inflammatory cytokine expressed on exosome membrane. TNF-α in turn 

activate endothelial cells via nuclear factor-κB (NF-κB) pathway (Figure 1.4). 

 

It is important to recognise that not all of the reported effects of EVs are undesirable; a few 

studies suggest that EVs have some beneficial roles in cardiovascular health, and in particular, 

that they can carry factors which contribute to cardioprotection and tissue repair [54-56]. 

Because of EV cargo content, such as RNAs and proteins, and since EVs can be secreted and 

specifically taken up by other cells, EVs were suggested to have a role in intercellular signal 

transfer mechanisms in remote ischemic preconditioning (RIPC) [54]. An in vitro study has 

demonstrated that EV release from the heart increased and the infract size was reduced after 

ischemia-reperfusion (restriction of blood flow to the heart followed by restoration of blood 

flow and reoxygenation) compared to control, but EV depletion failed to reduce the infarct size 

[54, 57].  This suggests the potential role of EVs in the transmission of remote conditioning 

signals for cardioprotection [54].  

 
Figure 1.4 EVs contribute to the development of atherosclerotic plaque. Microvesicles from smooth 

muscle cells (pink) stimulate endothelial dysfunction and macrophage infiltration in the vessel wall 

through the reactive oxygen species production in endothelial cells. Exosomes derived from dendritic 

cells (blue) increase endothelial inflammation by activation of nuclear factor- κB (NF-κB) pathway and 

increasing expression of proinflammatory molecules [58].  

 

1.6 EVs and coagulation 



 24 

EV exposes PS and tissue factors (TFs), which are important factors involved in initiating 

coagulation associated with EVs [59]. In normal cells, the plasma membrane has asymmetrical 

distribution of lipids, where PS presents in the inner membranes [60]. During the process of 

EV formation, the asymmetry of cell membrane is disturbed, causing PS to flip to the outer 

membrane of microvesicles, triggering procoagulant activity and stimulating the assembly of 

the clotting cascade [61]. However, it has been reported that not all EV population exposes PS 

as measured by annexin-V binding (a protein with high affinity to PS) [62]. This indicate that 

not all EV particles involved in the coagulation process and suggest that EV negative for PS, 

might play distinct roles other than haemostasis. 

TFs are one of the key triggers of coagulation cascade and they are highly expressed on EV 

[61, 63]. TFs have high affinity to bind and activate FVII, a factor important in initiating 

coagulation and therefore, TF-positive EVs bind to FVII and participate in the coagulation 

cascade [61, 63]. Additionally, the presence of protease enzymes, such as metalloproteinases 

and urokinase plasminogen activator (uPA) on the EV surface suggest their role in the 

fibrinolytic system  [64]. EVs also express urokinase-type plasminogen activator receptor 

(uPAR), which is important for plasminogen binding [64]. Plasminogen binds to EVs through 

its receptor and activated to plasmin, is an important enzyme for blood clot degradation [64, 

65].  

 

1.7 Dietary fats and CVD  

Dietary fats consist mainly of TAG composed of three fatty acids attached to a glycerol 

backbone[66]. They can be classified into saturated fatty acids (SFA), and unsaturated fatty 

acids which include monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids 

(PUFA) [67]. Saturated fats contain single bonds between individual carbon atoms and are 

solid at room temperature [66]. On the other hand, unsaturated fats contain one or more double 
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bond and are liquid at room temperature. It is well established that SFA increase low-density 

lipoprotein (LDL) cholesterol, a strong risk factor for CVD, while unsaturated fats such as 

omega-3 and 6 are reported to exert protective effects on CVD by lowering TAG and LDL 

levels in the circulation [67, 68].  

In the food industry, the use of unsaturated and saturated fatty acids is dictated by their 

chemical composition and physical properties; for instance, unsaturated fats are susceptible to 

decomposition, rancidity, and unpleasant odour when exposed to air, while SFA are solid at 

room temperature and not suitable for many applications [69]. To widen the use of these fats, 

they can be partially hydrogenated to increases their melting point, shelf life and stability [70]. 

However, during the process of partial hydrogenation, some of the double bonds are 

rearranged, which alters cis/trans configurations, thereby producing trans fatty acids which are 

known to be detrimental to health, particularly cardiovascular health [69, 71]. Effort to replace 

industrially produced trans fatty acids with healthier options has led to the increasing use of IE 

fatty acids, which are solid fats formulated by the rearrangement of fatty acids within the 

triacylglycerol  [72]. The fatty acids molecules can be interesterified chemically or 

enzymatically. In chemical interesterification, sodium methoxide used as a catalyst to 

hydrolyse and randomly redistribute of all fatty acids within a TAG mixture. Enzymatic 

interesterification uses lipase enzymes and gives either a random or specific redistribution of 

fatty acids, depending on the specificity of the lipases used [72]. IE fats are now used  in food 

industry to improve the texture and stability of food products, and to replace trans fats in many 

foods application such as fat spreads, bakery, and confectionery products [73]. Fat 

interesterification reduces the content of saturated and trans fatty acids in foods, but the impact 

of industrially relevant IE fats on cardiovascular health is unknown [72]. The postprandial 

response to IE fat has been investigated in relation to CVD risk markers, but the results have 

been inconsistent. Non-IE palm oil has been shown to increase plasma TAG when compared 
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to IE palm oil, but another study reported no difference between native and IE shea butter [74-

76]. However, the studies on IE fats and CVD risk markers have used IE fats that are not 

commonly used for food formulation, which make it difficult to generate a public health advice 

on IE. There is also limited data on the effects of IE fats on other markers for CVDs. 

 

Omega-3 fatty acids are long chain polyunsaturated fatty acids consisting of more than two 

double bonds after the third carbon from the methyl end [77]. There are three n-3 fatty acids 

that have been shown to be important to human health: alpha-linolenic acid (ALA), EPA 

(eicosapentaenoic acid) and DHA (docosahexaenoic acid). ALA is the major type of n-3 fatty 

acid in the diet, is an essential fatty acid, which cannot be synthesised in the body [77]. ALA 

is the shortest n-3 PUFA, consisting of 18 carbons and found in green plant-based foods. EPA 

and DHA consist of 20 and 22 carbons respectively and can be consumed from fish and fish 

oil [78]. ALA can theoretically be converted into the body to synthesize EPA and DHA; 

however, the converted amount is extremely limited, making these PUFA conditionally 

essential. According to the Scientific Advisory Committee on Nutrition, it is recommended to 

consume two portions of fish, including one portion of oily fish, and meeting these 

recommendations will provide 450 mg of EPA/DHA per day [79]. 

The potential beneficial effects of fish consumption and CVD first emerged when a study 

reported low mortality from ischaemic heart disease (IHD) in Greenland, which was suggested 

to be due to high intake of oily fish [80].  There is a strong evidence from epidemiological, 

case-control and cohort studies that the consumption of fish,  or EPA and DHA is inversely 

associated with MI, sudden death, sudden cardiac death, CHD and stroke mortality [81-85]. A 

recent prospective cohort study with 16 years follow up reported that intake of fish and n-3 

PUFAs decreased CVD mortality by 10% in men and women [86]. More recent meta‐analysis 

of 13 randomised controlled trials (RCTs) suggests that marine omega‐3 supplementation is 
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associated with lower risk of MI, total CHD, total CVD, and death from CHD or CVD causes 

[87].  

 

There are a number of suggested mechanisms for modulation of CVD risk by n-3 PUFAs, 

including EPA and DHA. A meta-analysis of randomised controlled trials reported that oral 

supplementation with EPA and DHA exerts cardioprotective effects by significantly decreasing 

blood TAG, heart rate, platelet aggregation, pro-inflammatory cytokines, and systolic and 

diastolic blood pressure [68, 88, 89]. In addition, omega-3 fatty acids are reported to decrease 

the production of inflammatory prostaglandins, resulting in a greater decrease in inflammation. 

This occur by reducing cyclooxygenase, which is an enzyme responsible for formation of 

prostaglandins [90]. 

 

Despite the fact that many meta-analyses and cohort studies have concluded that there is a 

positive association between n-3 PUFA and cardiovascular health, evidence for primary 

prevention of CVD through RCTs is limited. In a primary prevention randomised trial, 15,480 

patients with diabetes and without evidence of atherosclerotic CVD received either marine n-

3 PUFA (840 mg/d EPA + DHA) or olive oil placebo [91]. The primary outcome was the first 

serious vascular event and after a mean follow-up of 7.4 years, there was no significant 

difference in the risk of serious vascular events between those who were assigned to receive 

n−3 PUFA and those who were assigned to receive the placebo. In another primary prevention 

study investigating the effects of supplementation with vitamin D3 (at a dose of 2000 IU per 

day) and fish-oil capsules (containing 840 mg/d of EPA+DHA), after a median follow-up of 

5.3 years, supplementation with n−3 PUFA had not resulted in a lower incidence of major 

cardiovascular events compared with the placebo [92]. 
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A number of randomized, controlled, secondary prevention trials have been conducted to 

explore the effect of EPA and DHA in patients with existing CVD. A randomised, double-

blind, placebo-controlled trial explored the effects of 840 mg/d EPA+DHA in patients with 

chronic heart failure [93], showing a decrease in all-cause mortality and a reduction in 

admission to hospital for CVD events following supplementation with n-3 PUFA. A meta-

analysis of 11 RCTs investigated the effects of  n-3 PUFA with a dose range of 0.3–6.0 g/d 

EPA and 0.6–3.7 g/d DHA in patients with CHD and reported 30% reduction in fatal MI, 30% 

reduction in sudden death and 20% reduction in overall mortality [94]. In contrast, three trials 

investigated the effects of n-3 PUFA supplementation on high-risk CVD patients and reported 

no beneficial effects [95-97], and that inconsistency in results could be related to the short 

duration of the trial or the low doses of EPA+DHA in these studies [98].  

Despite the inconsistency, there are well-documented biological effects of n-3 PUFA on CVD-

relevant parameters, as evidenced by their modulation of CVD risk factors and risk markers. 

Therefore, it remains possible that there are biological effects of n-3 PUFA which contribute 

to protective effects in CVD, but that intervention studies have so far been inadequately 

powered to demonstrate these protective effects.  

 

A few studies have evaluated the effects of diet and lifestyle on EVs and demonstrated a 

decrease in the total number of EVs after intervention with fish oil capsules, a low fat diet, 

flavonols and weight reduction [63, 99-101]. Wu et al. investigated the influence of 8 weeks 

supplementation with fish oil (900 mg EPA plus 600 mg DHA) on the numbers of circulating 

endothelial- and platelet-derived EVs in participants with moderate risk of CVD [99]. The 

study demonstrated a significant decrease in numbers of endothelial EVs, but no effect on 

platelet EVs. In healthy individuals, Phang et al. explored the impact of EPA (1000 mg) and 

DHA (1000 mg) on numbers of platelet EVs 24 hours after supplementation [102]. 
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Interestingly, the study reported gender-dependent effects in which EPA reduced platelet 

aggregation in men and DHA decreased platelet aggregation in women, but there were no 

effects on platelet EVs. Another study by Turco et al. evaluated the effects of an acute dose of 

fish oil (4300 mg of EPA and DHA) on EVs in patients with myocardial infarction [103]. Fish 

oil decreased numbers of platelet- and monocyte-derived EVs, but did not alter numbers of 

endothelial EVs. The variation in the results of the above studies could be attributed to the 

doses provided, duration of consumption or other variation in methodology.  

 

There are no published data on the effects of IE fats on EVs, but the postprandial impact of 

high fat meals on EV number has been explored. EV number increases postprandially in 

response to a high fat meal, suggesting a possible relationship between dietary fat, the 

vesiculation process and EV generation [104, 105]. The levels of circulating EVs were reported 

to be positively associated with the plasma lipids, particularly, TAG and cholesterol [99]. TAG 

is suggested to react with platelet endogenous activator, leading to platelet stimulation and 

impairing the action of prostaglandin (inhibitor of platelet activation) [106, 107], suggesting 

this stimulation might induce activated platelets to release EVs. In addition, the postprandial 

increase in EV number could be attributed to the positive correlation between EVs and oxidized 

low-density lipoprotein (LDL), which  is reported to react with platelets through surface 

receptors, causing their activation and potentially EV production [108, 109]. Postprandial 

lipemia has been associated with endothelial dysfunction and cell activation [110, 111], and 

the positive association between EVs and blood lipids could indicate a role of blood lipids in 

cell activation, membrane blebbing and EV release. In addition, replacing dietary SFAs with 

MUFAs or n–6 PUFAs has been found to decrease the number of endothelial microparticles in 

a population at moderate risk of CVD [112]. Overall, these findings suggest the importance of 

dietary fats in modulating this emerging risk marker for CVD.  
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1.8 Aims of this thesis 

This thesis is comprised of five chapters. Chapter one is a literature review on EVs and their 

association with CVD, and the impact of dietary fatty acids on EVs as an emerging CVD risk 

marker. Chapter 2 investigates the extent to which lipoproteins interfere with EV isolation, 

enumeration and functional analysis, comparing samples taken during fasting and after a high 

fat meal. The results of this work directly informed Chapter 3, which investigated the acute 

(postprandial) effects of commercially available IE fats on EV number and procoagulant 

activity. Chapter 4 examined the chronic effects of fish oil supplements and oily fish meals on 

EV number, phenotype, composition and procoagulant activity in healthy human volunteers. 

Each of the three results chapters is presented as a manuscript ready for submission. Chapter 5 

is consisted of general discussion, future perspective and conclusion.  
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2.1 Abstract  

 

Background:  

Extracellular vesicles (EVs) are small membrane-bound vesicles shed from cells upon 

activation, damage, or death, and are linked to several pathological and physiological 

conditions. There is growing interest in EVs due to their potential role in disease diagnosis. 

However, EV analysis is hindered by possible contamination with lipoproteins due to size 

overlap. 

Objective:  

The aim of this study was to investigate the extent to which EVs isolated after a high-fat meal 

were contaminated with lipoproteins, comparing samples taken during the fasting and 

postprandial state. We hypothesized that EVs can be isolated and analysed with minimal 

contamination and interference from lipoproteins.  

Methods:  

Twelve healthy volunteers consumed a high fat test meal. Blood and PFP samples were 

collected at baseline and 4h. EVs were enumerated using nanoparticle tracking analysis (NTA) 

and EVs isolated by size exclusion chromatography were investigated for possible 

contamination with lipoproteins by Apo-B48 and Apo-B100 ELISA applied to EV fractions.  

Lipoprotein fractions were prepared by density gradient centrifugation, stained with antibodies 

for EV-related markers and analysed by flow cytometry. They were also subjected to size 

exclusion chromatography and fractions corresponding to the size range of EVs were analysed.  
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Results:  

EVs isolated by size exclusion chromatography were not contaminated with apoB48 or 

apoB100. EVs were not detectable in lipoprotein fractions prepared from fasted and 

postprandial plasma and when the lipoprotein fractions were subjected to size exclusion 

chromatography, lipoproteins did not co-elute with EVs.  

Conclusion:  

EVs can be isolated by size exclusion chromatography from plasma after a high-fat meal 

without significant contamination by lipoproteins.  

 

 

 

 

 

 

 

 

Keywords:  

Chylomicron, extracellular vesicles, lipoprotein, size exclusion chromatography, VLDL 
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2.2 Introduction 

Extracellular vesicles are membrane-bound vesicles derived from cells and classified into three 

types, exosomes, microvesicles and apoptotic bodies, depending on their size, biogenesis and 

method of cellular release [28]. There is growing interest in EVs due to their potential role in 

normal physiological processes, such as tissue repair, immune surveillance and blood 

coagulation [113]. Circulating EVs may also serve as biomarkers for disease, since they are 

elevated in CVD, cancer and diabetes [114-116]. 

 

EVs are isolated from body fluids using a variety of methods, including differential 

centrifugation, density gradient ultracentrifugation, size exclusion chromatography (SEC), and 

precipitation [117-120]. EV isolation methods differ in yield, cost and labour intensity [121]. 

Ultracentrifugation results in a low yield of EVs, generates protein aggregates and causes 

physical damage to EVs [122, 123]. SEC, on the other hand, removes most soluble plasma 

proteins and maintains EV structure and composition [120]. Additionally,  SEC produces 

higher yields compared to other isolation methods and  enables removal of >99% of potentially 

contaminating free proteins [124, 125]. 

 

In the postprandial state, the concentration of blood lipoproteins increases substantially, 

particularly after high fat meal [126]. Given that postprandial lipaemia is associated with an 

acute inflammatory response [127], it is of interest to examine whether postprandial lipaemia 

alters the numbers of circulating EVs. However, examining EVs during the postprandial period 

presents challenges, since the appearance of large chylomicrons in the circulation, whose size 

overlaps with that of small EVs, could impair reliability and accuracy. The current study 

therefore investigates whether a high fat meal leads to lipoproteins interfering with analysis of 

EV number and activity.  
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2.3 Materials and methods    

 

2.3.1 Subjects and study design 

 

Twelve male and female subjects (females=10, males=2) (aged 22-37y) were recruited from 

the University of Reading. All subjects were given informed consent.  Ethical approval for the 

study was obtained from the SCFP Ethics Committee at the University of Reading (Study 

number 17/17) and conducted according to the guidelines laid down in the Declaration of 

Helsinki. Exclusion criteria included the following: the presence of illness or prescribed 

medication. Participants were also asked to avoid exercise, alcohol, and fatty meals the day 

before the study visit and were asked to consume a low-fat meal the evening before the study 

visit.  

The inclusion criteria comprised the following:  

- Age range 18-65 y 

- Non smoker 

- Haemoglobin ≥115 g/l for women and 130 g/l for men 

- Total cholesterol < 5 mmol/l 

- TAG 0.4-1.5 mmol/l 

- No disclosed history of drug or alcohol abuse 

- No illness or disease requiring medication (excluding HRT, oral contraceptive, and thyroxine 

replacement therapy)   

Participants attended the Hugh Sinclair Unit of Human Nutrition following a 12 hr overnight 

fast and a baseline fasting blood sample was taken before consuming a high fat test meal 

consisting of two all-butter croissants containing 24 g fat, 10.6 g protein and 48 g carbohydrate 

(composition in Supplemental Table 2.1). A second blood sample was collected 4 hr later, 

corresponding to the point at which postprandial lipaemia reaches a peak [128, 129].  
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2.3.2 Sample collection and preparation of platelet free plasma (PFP) 

 

Venous blood samples were drawn into citrated tubes, inverted 4 times, and processed 

immediately. Citrated tubes were used because citrate binds to free calcium, thereby preventing 

the degranulation of platelets and leukocytes and the associated vesiculation process [130]. 

Samples were centrifuged at 1500 x g at room temperature for 15 min to remove larger cells 

and cellular debris. Further centrifugation at 13000 x g for 2 min at room temperature produced 

PFP, which was aliquoted and stored at -80oC for further analysis. 

 

2.3.3 Isolation of EVs using SEC 

PFP (0.5 ml) was thawed at room temperature on a sample roller and loaded onto a qEV original 

column (Izon, Oxford, UK), which had been pre-flushed with 30 ml phosphate-buffered saline 

(PBS). A further 5 ml PBS was passed through the column to elute EVs based on their size and 

nine 0.5 ml fractions were collected. Fractions 7 to 9 were pooled for EV concentration and 

size measurement.  

The SEC column contains a gel with pores of 70 nm and the principle of this method is to 

enable particles isolation solely according to their size. The technique works by distributing a 

mixture of particles into two phases: the stationary phase and mobile phase. In the stationary 

phase, proteins and other sample components smaller than 70 nm are trapped by the pores 

delaying their passage down the column so they elute in the later fractions, while in the mobile 

phase, particles larger than the pore (>70 nm) flow through the column quickly and therefore 

appear in the earlier fractions (fractions 7-9) [124].  
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2.3.4 Lipoprotein isolation 

Density gradient centrifugation was performed on baseline and postprandial PFP to isolate 

chylomicrons (100-2000 nm) [131], VLDL-1 (50-80 nm) and VLDL-2 (30-50 nm) [132]. The 

interior surface of the centrifuge tubes was coated with poly vinyl alcohol (PVA) solution to 

ensure the smooth flow of the density gradient solutions down the interior side of the tubes. 

Double distilled water ddH2O (250 ml) heated to 80-90 °C. PVA powder (10g) was added to 

the water in the presence of anti-bumping beads for safe boiling. Propan-2-ol (250 ml) was 

added to the solution until a clear solution is obtained. Once the solution cooled down at room 

temperature, the centrifuge tubes were filled to the brim with the PVA solution, left for 15 

minutes and then the solution poured back into the original flask. Any residues of the solution 

were removed from the tubes, invert and left to dry overnight. The dry tubes filled with ddH2O 

and allowed to stand overnight and then the tubes were flushed with water and left to dry at 

room temperature.  

 

To avoid the cleavage of lipoproteins, a preservative solution was added to the isolated 

lipoprotein fractions. The preservative solution was prepared by adding EDTA (2g) into 40 ml 

of ddH2O and the pH was adjusted to 7.4 – 8.0. The following chemicals were added in the 

following order: Sodium azide (100 mg), Aprotinin (4 TIU/mg), Chloramphenicol (80 mg), 

Benzamidine hydrochloride hydrate (160 mg) Gentamicin sulphate (80 mg). Water (10 ml) was 

added to the solution and left to mix for 30 – 45 minutes.  

 

The density of baseline and postprandial PFP was adjusted to 1.10 g/ml with sodium bromide 

and transferred to the bottom of the centrifuge tube. The following density gradient sodium 

chloride solutions were slowly layered over the sample: 3.0 ml of density = 1.063 kg/l NaCl, 3 

ml of density = 1.020 kg/l NaCl, and finally, 2.8 ml of density = 1.006 kg/l NaCl. Three 
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ultracentrifugation steps were carried out in a Beckman L90K ultracentrifuge; 1) chylomicrons; 

40,000 rpm, 15°C for 32 min, 2) VLDL-1; 40,000 rpm, 15°C for 3 h 28 min 3) VLDL-2; 40,000 

rpm, 15°C for 16 h. After ultracentrifugation, the top 1 ml of each tube was collected and 50 

μl of apoB48 preservative were added (5% v/v) and the fractions were stored at -20°C for later 

analysis.  

 

 

2.3.5 Nanoparticle tracking analysis of EVs and lipoprotein classes 

 

The concentration and size distribution of EVs and lipoprotein classes were assessed using 

Nanoparticle Tracking Analysis (NTA) (NanoSight 300; Malvern, Amesbury, UK), equipped 

with a 488 nm laser and a high sensitivity CMOS camera. EVs and lipoproteins were diluted 

with 0.1µm filtered PBS and adjusted to a range of 1x108 – 9x108 particles per ml. NTA utilizes 

the properties of both light scattering and Brownian motion to obtain the size distribution and 

concentration of particles in liquid suspension. The software tracks particles individually and 

using the Stokes-Einstein equation calculates their hydrodynamic diameters. The 

measurements of particle concentration and size were based on the average of five videos, each 

recorded for 60 s. For EV analysis, the threshold was set at 71 nm to avoid the interference of 

small lipoproteins, such as HDL, LDL and VLDL. 

 

2.3.6 Flow cytometric analysis of EVs and lipoproteins 

 

Reference beads were used to set live gates based on particle size. These consisted of a mixture 

of non-fluorescent silica ApogeeMix beads (Apogee flow systems, Hemel Hempstead, UK) 

with diameters of 180 nm, 240 nm, 300 nm, 590 nm, 880 nm and 1300 nm (with a refractive 

index of ɳ=1.43, similar to the refractive index of EVs ɳ~1.39) and green fluorescent latex 

beads with diameters of 110 nm and 500 nm (with refractive index ɳ=1.59). A BD FACSCanto 

II flow cytometer (BD Biosciences, Oxford UK) was used with a detection threshold set at 200 
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nm to exclude instrument noise. Because of the unavailability of 1 µm silica beads, the gate 

was set just above 880 nm silica beads to exclude particles ˃ 1µm. The live gate P1 therefore 

represents EVs, defined as particles within the size range 240 – 1000 nm, with P3 representing 

platelets (Supplemental Figure 2.1). 

Due to the size overlap between EVs and lipoproteins, particularly when chylomicrons appear 

in the circulation during the postprandial period, it was considered important to test the 

specificity of EV markers with respect to flow cytometric labelling of EVs. Three lipoprotein 

classes (chylomicrons, VLDL-1 and VLDL-2) were isolated as described and three EV 

markers; Annexin APC (phosphatidylserine-positive EVs), CD41 PE (platelet-derived EVs) 

and CD105 eFlur450 (endothelial EVs) were used to stain samples of lipoproteins and thawed 

PFP (for EVs). All markers, reagents and buffers were filtered using 0.1 μm pore size 

centrifugal filter unit (Millipore UK Limited, Hertfordshire, UK) for 20 min at low speed 

(0.1xg) to remove aggregates and contaminants. All antibodies were also titrated to determine 

the optimum concentration for EV staining.  

PFP or lipoprotein samples (5 μl) were incubated for 15 min with the following: 

• FcR blocking reagent (5 μl) (Miltenyi Biotec Ltd, Surrey, UK). 

• Annexin V buffer (Cambridge Bioscience Ltd, Cambridge, UK) containing calcium, which 

is important for Annexin V binding to PS exposed on the EV surface. 

• Argatroban (1 μl) (a synthetic direct thrombin inhibitor), which was used as an 

anticoagulant to stop plasma clotting caused by the calcium in the Annexin V buffer).  

 

After the first incubation, PFP and lipoprotein samples were labelled with a panel of antibodies 

and isotype-matched controls for 15 min at room temprature in the dark. Following incubation, 

samples were diluted with 200 μl filtered Annexin V buffer and analysed by flow cytometry. 

A summary of the sample tubes analysed by FCM is shown in Supplemental Table 2.2   
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BD TruCount tubes (BD Biosciences) were used to obtain absolute counts of stained particles 

in the original sample. Each TruCount tube contains 47,000 beads, which were resuspended in 

500 µl of filtered PBS and analysed by FCM for calibration of particle numbers. 

 

2.3.7 Assessment of contamination of EV fractions with apoB48 and apoB100 

To determine whether EV fractions prepared from PFP by SEC were contaminated with 

chylomicrons or VLDL, EV fractions prepared from both baseline and postprandial samples of 

PFP were subjected to ELISA for ApoB48 (CM) and ApoB100 (VLDL).  

 

The presence of CM was evaluated using the Human Apolipoprotein B48 ELISA kit purchased 

from ElabScience (Houston, USA) and the presence of VLDL was investigated using the 

human apolipoprotein B100 ELISA kit. (SIGMA-Aldrich, Saint Louis, USA). The ELISA tests 

were performed according to the manufacturer’s instructions and read on a plate reader (Spark, 

Tecan, UK). 

 

2.3.8 Assessment of the potential co-isolation of lipoproteins prepared by density gradient 

centrifugation with EVs 

Density gradient centrifugation was performed as described on baseline and postprandial PFP 

samples to isolate CM, VLDL-1 and VLDL-2. These lipoprotein fractions were then subjected 

to SEC to determine whether lipoproteins eluted in the same fractions as expected for EVs. 

Fractions were analysed using NTA (Supplemental Figure 2.2).  
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2.3.9 Statistical analysis 

 

The results are presented as means ± SEM. Differences were determined using paired t-tests. 

P-values <0.05 were considered statistically significant. Statistical analyses were performed 

using IBM SPSS statistics 27.  

 

2.4 Results    

2.4.1 Subject characteristics 

 

 

A total of 12 subjects (females=10, males=2) (aged 22-37y). The clinical and laboratory 

characteristics of the subjects are shown in Supplemental table 2.4. 

 

2.4.2 Numbers of EVs and lipoprotein particles increase after a high fat meal 

The concentration of EVs, CM, VLDL-1 and VLDL-2 increased significantly postprandially 

(p-value < 0.001). In addition, the concentration of lipoprotein classes collectively 

outnumbered the concentration of EVs at baseline and in the postprandial state (p-value < 

0.001) (Supplemental table 2.3). 

The mean size of particles increased postprandially, EV (p-value = 0.014), VLDL-1 and 

VLDL-2 (p-value < 0.001), but no effects on the mean size of CM (p-value = 0.05). The mean 

size of EVs was greater than that of lipoproteins (Supplemental table 2.3).  

 

2.4.3 Lipoprotein fractions do not contain significant numbers of EVs 

Lipoprotein fractions (CM, VLDL1 and VLDL2), prepared by density gradient centrifugation 

and stained to visualise annexin V positive EVs, platelet-derived EVs and endothelial derived 

EVs, contained only minimal EVs (Figure 2.1). 
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2.4.4 ApoB48 and apoB100 do not co-elute with EVs  

When PFP was subjected to SEC, EVs eluted in fractions 7-9. Figure 2.2 (A, B) shows that 

CM (apoB48) and VLDLs (apoB100) in PFP samples only began to elute from fraction 11 

onwards, demonstrating that lipoproteins eluted later than EVs, with little cross-contamination. 

This is consistent with lipoproteins having a smaller diameter than EVs. 

 

2.4.5 Lipoproteins eluted after EV enriched fractions  

Lipoproteins isolated by density gradient centrifugation and subjected to SEC did not elute in 

EV enriched fractions (fractions 7,8,9) and began to elute in the later fractions (Figure 2.2, C, 

D, E). 

 

2.5 Discussion: 

Separation of EVs from non-EV components, such as soluble proteins, lipoproteins and protein 

aggregates [133], is essential for any downstream analysis [134]. The current paper 

demonstrates that concentration and size of EVs, CM, VLDL-1 and VLDL-2 were increased 

significantly postprandially. Lipoprotein fractions (CM, VLDL-1 and VLDL-2), prepared by 

density gradient centrifugation and stained to visualise annexin V-positive, platelet-derived and 

endothelial-derived EVs contained only minimal EVs. When CM (apoB48) and VLDL 

(apoB100) were applied to SEC-EVs, they only began to elute from fraction 11, demonstrating 

that lipoproteins eluted later than EVs, with little cross-contamination. In addition, lipoproteins 

isolated by density gradient centrifugation and subjected to SEC did not elute in EV enriched 

fractions (fractions 7,8,9) and begun to elute in the later fractions. These findings suggest that 

SEC is efficient in purifying EV and separating EVs from contaminants such as lipoproteins 

[131]. 
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Due to size overlap between EV and lipoprotein classes, there is a potential interference of 

lipoproteins with EV analysis, particularly in postprandial studies  [134]. In this paper, 

lipoprotein fractions (CM, VLDL-1 and VLDL-2), prepared by density gradient centrifugation 

and stained with EV markers to visualise annexin V-positive, platelet-derived and endothelial-

derived EVs contained only minimal EVs. Similarly, Sodat et al, reported that LDL stained for 

apoB and apoCII, but not for the EV markers, CD9 and CD63 [135]. In the current study, a 

threshold of refractive index = 1.42 was used to discriminate between EV and lipoprotein 

populations. This excluded the detection of lipoprotein particles and its contents (lipids and 

proteins) which have a refractive index of > 1.42, while EVs have a refractive index equal to 

1.39 [136]. This suggests that the refractive index setting might help to minimise interference 

from lipoproteins. In addition, the minimum detection threshold for the FCM was set at 240 

nm to avoid background and instrument noise. Consequently, this will exclude any labelling 

for lipoprotein particles smaller than 240 nm in diameter, which includes the majority. 

 

SEC is reported to effectively remove most high-abundant proteins, such as albumin; however, 

it may not completely remove particles whose size overlaps with small EVs, such as 

chylomicron and VLDLs [137]. According to the qEV manufacturer, EVs are predominately 

eluted in fractions 7,8 and 9, which contain minimum interference with plasma proteins [36]. 

Although some EVs will elute later than fraction 9 [138], the majority elute within fractions 7-

9, and only these fractions were pooled for EV analysis to limit the levels of contaminating 

proteins [139]. In the current paper, ApoB48 and ApoB100 applied to fractioned PFP have 

shown that CM and VLDL eluted from fraction 11 later than EV enriched fractions (7-9), and 

SEC appeared to be more efficient in removing VLDL from EV fractions, since it eluted in the 

fractions beyond EVs and CM. Similarly, Zhang et al., reported that SEC was effective in 

removing the majority of apoA1 (HDL marker) and apoB100 from EV fractions [134]. The 
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efficiency of SEC in removing lipoproteins from EV enriched fractions was also confirmed by 

isolating lipoproteins by density gradient centrifugation and subjecting them to SEC, where 

they eluted in the fractions beyond 7-9, and therefore after the majority of EVs. In addition, 

Other lipoproteins (HDL and LDL) and albumin smaller than 70 nm in size were not 

investigated. Theoretically, these particles are too small to appear in the earlier fractions and 

they will be retained by the beads in the column, which means that they would elute much later 

than EVs and the larger lipoproteins.  

 

In conclusion, EVs can be isolated by size exclusion chromatography from plasma after a high-

fat meal without significant contamination by lipoproteins.  
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Figure 2.1 Flow cytometric analysis of EV markers (n=12). Samples of PFP were stained with antibodies against EV surface markers, including annexin V (A), CD41(B), 

and CD105 (C). Lipoprotein fractions were largely devoid of EV markers. Data are means ± SEM. 

 

 

 

 

 

Figure 2.2 (A,B) ApoB-48 and ApoB-100 Elisa of SEC EV fractions (n=2) . CM (A) and VLDL (B) in PFP samples only began to elute from fraction 11 

onwards, indicating that lipoproteins appear later than EVs (fractions 7,8,9), with little cross-contamination. (C,D,E) Lipoprotein particle numbers 

in fractions following SEC as assessed by NTA (n=12). Lipoproteins were isolated sequentially by density gradient centrifugation and subjected 

to size exclusion chromatography. They did not elute in EV-enriched fractions (7-9), only beginning to elute in the later fractions. Data are means 

± SEM. 
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Supplementary material 

 

Supplemental Table 2.2 Antibody panel for EV and lipoprotein classes labelling using flow cytometry. 

Tubes PFP/lipoprotein 
classes (μl) 

FcR (μl) AVB (μl) AV (μl) CD41- 
(PE(μl) 

IgG1- PE(μl) CD105- 
eF450(μl) 

IgG1- eF450(μl) 

1. Annexin V buffer alone - 5 45 - - - - - 

2. PFP alone  5 5 40 - - - - - 

3. CD41-PEFMO  5 5 32 2 - 2 4 - 

4. CD105-eFluor450 FMO  5 5 35 2 2 - - 1 

5. Key sample tube  5 5 32 2 2 - 4 - 

6. AV FMO  5 5 32 (PBS) 2 2 - 4 - 

Tube 1 contained AV buffer (a rich calcium buffer to help in AV binding) + FcR blocking reagent only, to assess the level of background 
contaminating events. Tube 2 contained PFP/lipoprotein classes only and was used to adjust the flow rate (typically 250-500 events/sec). Tube 
3 was a CD41-PE fluorescence minus one (FMO) control. Tube 4 was a CD105-eFluor450 FMO control. Tube 5 represented the main tube which 
had multicolor labelling for EVs. Tube 6 was the AV-APC FMO control. Fluorochromes: Annexin (APC), CD41 (PE), CD105 (eFlur450), IgG1 (PE), 
IgG1 (eFlur450). Tube 5 represents the main tube which has the multicolor labelled EVs/lipoprotein classes sample. Tube 6 is AV-APC FMO 
control, a calcium free buffer was used (PBS) which will prevent AV binding. AV, Annexin V; AVB, Annexin V buffer; FCR, blocking reagent; FMO, 
fluorescence minus one.   

 

Supplemental Table 2.3 Concentration and diameter of SEC-EVs and lipoprotein classes (n=12). 

Concentration (Particles/ml of PFP) 

 Baseline   Postprandial P-value (paired t-tests) 

EVs 5.45E+10 8.04E+10 < 0.001 

CM 1.94E+11 4.21E+11 < 0.001 

VLDL1 1.02E+12 1.35E+12 < 0.001 

VLDL2 1.33E+12 1.61E+12 < 0.001 

                     Size (nm) 

EVs 135.11 140.6 0.014 

CM 110.62 121.39 0.05 

VLDL1 105.83 117.05 < 0.001 

VLDL2 89.41 101.77 < 0.001 

EVs: extracellular vesicles, CM, chylomicrons, VLDL-1: very low-density lipoprotein 1, VLDL-2: very low-density 
lipoprotein 2. 

Supplemental Table 2.1 Fatty acid composition of all butter croissants 

Typical values Per 100g Per croissant Per 2 croissants 

Energy (kcal) 405 224 448 

Fat (g) 21 12 24 

of which saturates (g) 15 8.5 17 

Carbohydrate (g) 43 24 48 

of which sugars (g) 4.9 2.7 5.4 

Protein (g) 9.5 5.3 10.6 
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Supplemental Table 2.4 Baseline characteristics of the participants (n=12) 

Subject characteristics Mean±SE 

Age (years) 30.0±1.33 

Height (m) 1.63±0.015 

Weight (kg) 66.5±3.19 

BMI (kg/m2) 24.70±0.96 

TAG (mmol/L) 0.66±0.03 

CHOL (mmol/L) 3.90±0.08 

HDL (mmol/L) 1.79±0.019 

Glucose (mmol/L) 4.97±0.12 

Results are means ± SEM Abbreviations: BMI, body mass index; TAG, triglycerides; CHL, cholesterol; HDL, 
high density lipoprotein. 

 
 
 

 

 

 
 
 

Supplemental Figure 2.1 Setting a size gate for EV detection. (a) ApogeeMix beads were analysed on forward scatter (FSC) and side scatter (SSC) by FACSCanto 

II to set a size gate from 240 to 1000 nm for EVs detection; (b) the gate is applied on plasma EVs on the scattering mode; gate (P1) indicates the gated EV 

population excluding particles larger than 1000 nm and smaller than 240 nm; gate (P3) contains platelets. The black dots outside gate (P1) are cellular particles 

larger than 1000 nm. 

. 
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Supplemental Figure 2.2 Lipoprotein contamination in EV fractions. Density gradient centrifugation was applied on 

baseline/postprandial PFP for lipoproteins isolation. Lipoprotein classes were then fractioned through SEC and analysed for 

concentration and size measurement using NTA 
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3.1 Abstract  

 

Background:  

Interesterified (IE) fats are used in the food industry as substitutes for saturated and trans fatty 

acids, particularly in spreads, to improve health. However, the effects of these fats on CVD 

risk markers are uncertain. Extracellular vesicles (EVs) are small membrane-bound vesicles 

released from cells during activation, damage, or death. They are reported to have 

pathophysiological effects in CVD, and are modified by dietary fat intake, suggesting their use 

as a potential biomarker.  

Objective:  

To investigate whether commercial IE spreads alter the number and thrombogenic activity of 

EVs during the postprandial response following a single meal. 

Methods:  

A randomized controlled, double-blind, crossover study was conducted at the Metabolic 

Research Unit in Nutritional Sciences Department, Franklin Wilkins Building, King’s College 

London. Thirty-five healthy subjects received four test meals (Lurpak spreadable butter, IE 

Clover spread, IE Free Retail Spread, Control rapeseed spread) in a random order containing 

50 g test fat, 15 g protein and 85 g carbohydrate. Blood was sampled at four postprandial time 

points (0, 2, 4 and 8h). EV subtypes and total number were analysed using FCM and NTA 

respectively. The thrombogenic activity of EVs was assessed using TFs based thrombin 

generation and fibrinolysis assays.  
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Results:  

There was a marked postprandial increase in the number and thrombogenic activity of EVs, 

which reached a peak at 4h. There was no influence of the IE spreads relative to non-IE spreads 

on EV number, EV-stimulated thrombin generation or fibrinolytic activity. 

Conclusion:  

There is a pronounced postprandial increase in the number and thrombogenic activity of 

circulating EVs following a high-fat meal, but this is not altered by replacing the fat source 

with commercial IE fats.  

 

 

 

 

 

 

 

 

Keywords:  

Extracellular vesicles, interesterified fats, cardiovascular diseases, thrombosis.  
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3.2 Introduction 

Cardiovascular diseases (CVD) are the primary cause of death in the UK [140, 141]. Diets high 

in saturated fatty acids (SFA) and trans fatty acids (TFA) have traditionally been associated 

with higher risk of CVD mortality [142, 143]. Partially hydrogenated fats increase the shelf life 

and flavour stability of food products [70], but they are known to be detrimental to health and 

associated with increased risk of CVD [71]. Effort to replace industrially produced trans fatty 

acids with healthier options has led to the increasing use of interesterified (IE) fatty acids, 

which are solid fats formulated by the rearrangement of fatty acids within the triacylglycerol 

[72]. However, to date there has been little characterisation of the effects of IE fats on CVD 

risk markers [73].  

 

The postprandial effects of IE fat on triacylglycerol (TAG) levels have been investigated, but 

studies report inconsistent findings. Berry et al. [74] and Sanders et al. [75] reported that non-

IE palm oil increased plasma TAG to a greater extent than IE palm oil, but a separate study 

reported no difference in the plasma TAG response to native vs IE shea butter [76]. However, 

since the studies examined IE fats which are not commonly used in food production, it is 

difficult to extrapolate their relevance to public health advice. There is also limited data on the 

effects of IE fats on other markers for CVDs. 

 

Extracellular vesicles (EVs) are phospholipid bilayer-enclosed vesicles shed from cells during 

activation, damage and apoptosis and are suggested to have pathophysiological roles in CVD, 

suggesting their use as potential prognostic markers [144]. Numbers of circulating EVs are 

positively correlated with plasma TAG and cholesterol concentration [99] and some studies 

have reported a postprandial increase in EV number after the consumption of a high fat meal, 

which suggests a role for dietary fat in the process of vesiculation and EV release [104, 105]. 
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There is also some evidence that EVs have the ability to stimulate coagulatory pathways, 

particularly thrombin generation [145], but it is not clear whether this thrombogenic capacity 

is modifiable by dietary fatty acids. This study investigated for the first time the acute effects 

of commercially available IE and non-IE fats on EV number and thrombogenic activity during 

a postprandial response. We hypothesized that there is no difference in response between IE 

fats and non-IE fats on EV number and functional activity during the postprandial period. 

 

3.3 Material and methods    

 

3.3.1 Subject and study design 

 

A randomised controlled, double-blind, crossover study was conducted at the Metabolic 

Research Unit in Nutritional Sciences Department, Franklin Wilkins Building, King’s College 

London. The study was registered at clinicaltrials.gov as NCT03438084 and conducted 

according to the guidelines laid down in the Declaration of Helsinki. Ethical approval for the 

study was obtained from the Research Ethics Committee at King’s College London (HR-17/18 

5499).  

 

Thirty-five subjects (females=19, males=16) (aged 35-75y) were recruited through Kings 

College London (KCL), staff and student newsletter, social media, posters, and newspaper 

advertisements. Participants were healthy (free of diagnosed diseases listed in exclusion 

criteria), able to understand the information sheet, willing to comply with the study protocol, 

and able to give informed consent. The exclusion criteria comprised the following:  

-  Medical history of myocardial infarction, angina, thrombosis, stroke, cancer, liver or bowel              

disease or diabetes  

- Body mass index < 20 kg/m2 or > 35 kg/m2 

- Plasma cholesterol ≥ 7.5 mmol/L 
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- Plasma triacylglycerol > 3 mmol/L 

- Plasma glucose > 7 mmol/L 

- Blood pressure ≥140/90 mmHg 

- Current use of antihypertensive or lipid lowering medications 

- Alcohol intake exceeding a moderate intake (> 28 units per week)  

- Current cigarette smoker (or quit within the last 6 months) 

- ≥ 20% 10-year risk of CVD as calculated using a risk calculator 

 

3.3.2 Dietary intervention 

 

Participants (n=35) received four test meals consisting of a muffin and a milkshake in a random 

order and containing 50 g test fat, 15 g protein and 85 g carbohydrate. The test fats were 

produced by Archer-Daniels-Midland Company (ADM Ltd) and the composition is shown in 

Table 3.1. Study days were separated by at least 7 days and participants were asked to avoid 

exercise and alcohol for 24 h before the study visit and were given a standardised low-fat meal 

for dinner the night before the study visits.  

 

At each study visit, participants attended the clinic at approximately 07:30 am, following a 10 

hr overnight fast. A cannula was inserted and a baseline fasting blood sample was taken. The 

test meal was then consumed by the participant, within 15 minutes. Further blood samples were 

collected at four postprandial time points (0, 2, 4 and 8h) following the test meal. A second 

meal challenge as a muffin providing 35 g of rapeseed oil (15% protein, 50% carbohydrate, 

35% fat) was given at 5 hours to replicate a realistic meal pattern (Supplemental Figure 3.2). 
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3.3.3 Sample collection and platelet free plasma (PFP) preparation 

 

 

Venous blood samples were drawn into citrated tubes, inverted 4 times, and processed 

immediately. Citrated tubes were used because citrate binds to free calcium, thereby preventing 

the degranulation of platelets and leukocytes and the associated vesiculation process [130]. 

Samples were centrifuged at 1500 x g at room temperature for 15 min to remove larger cells 

and cellular debris. Further centrifugation at 13000 x g for 2 min at room temperature produced 

platelet-free plasma (PFP), which was aliquoted and stored at -80oC for further analysis. 

 

3.3.4 EV isolation   

 

EVs were isolated using size exclusion chromatography (SEC) (Izon, Oxford, UK). PFP (0.5 

ml) was thawed at room temperature on a sample roller and loaded onto a qEV original column 

which had been pre-flushed with 30 ml phosphate-buffered saline (PBS). A further 5 ml PBS 

was passed through the column to elute the EVs based on their size and nine 0.5 ml fractions 

were collected. Fractions 7 to 9 were pooled for EV quantification and analysis. 

3.3.5 Nanoparticle tracking analysis 

 

 

The concentration and size distribution of EVs were assessed using Nanoparticle Tracking 

Analysis (NTA) (NanoSight 300; Malvern, Amesbury, UK), equipped with a 488 nm laser and 

a high sensitivity CMOS camera. EVs were isolated by SEC and fractions 7 to 9 were pooled, 

diluted with 0.1µm filtered PBS and adjusted to a range of 1x108 – 9x108 particles per ml. NTA 

utilizes the properties of both light scattering and Brownian motion to obtain the size 

distribution and concentration of particles in liquid suspension. The software tracks particles 

individually and using the Stokes-Einstein equation calculates their hydrodynamic diameters. 

The measurements of particle concentration and size were based on the average of five videos, 

each recorded for 60 s. To prevent the interference of small lipoproteins, such as HDL, LDL 
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and VLDL, the threshold was set at 71 nm. Particles ranging in size from 71-1000 nm were 

identified as EVs. 

 

3.3.6 Flow cytometric analysis of EVs 

 

 

PFP samples were analysed for EV subtypes (phosphatidylserine-positive EVs, platelet-

derived EVs and endothelial EVs) using a BD FACSCanto II FCM (BD Biosciences, Oxford 

UK). Reference beads were used to set live gates based on particle size. These consisted of a 

mixture of non-fluorescent silica ApogeeMix beads (Apogee flow systems, Hemel Hempstead, 

UK) with diameters of 180 nm, 240 nm, 300 nm, 590 nm, 880 nm, and 1300 nm (with a 

refractive index of ɳ=1.43, similar to the refractive index of EVs ɳ~1.39) and green fluorescent 

latex beads with diameters of 110 nm and 500 nm (with refractive index ɳ=1.59). The EV 

detection threshold was set at 240 nm to exclude instrument noise. Because of the unavailability 

of 1 µm silica beads, the gate was set just above 880 nm silica beads to exclude particles ˃ 

1µm. The live gate P1 therefore represents EVs, defined as particles within the size range 240 

– 1000 nm, with P3 representing platelets (Supplemental Figure 2.1).  

 

To determine the cellular origin of EVs, three EV markers were used; Annexin APC (PS 

exposure marker), CD41 PE (platelet-derived EV marker) and CD105 eFlur450 (endothelial-

derived EV marker). All reagents and buffers were filtered using 0.1 µm pore size centrifugal 

filter units (Millipore UK Limited, Hertfordshire, UK) for 20 min at low speed (0.1 x g) to 

remove debris and aggregates. Antibodies were titrated to determine the optimum 

concentration for EV staining. Frozen PFP was thawed at room temperature on a sample roller. 

PFP (5 µl) was incubated for 15 min with FcR blocking reagent (5 µl) (Miltenyi Biotec Ltd, 

Surrey, UK), to block unwanted binding, Annexin V buffer (Cambridge Bioscience Ltd, 

Cambridge, UK), which contains the calcium required for Annexin V binding to 
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phosphatidylserine (PS) exposed on EV surface, and argatroban (1 µl), a synthetic thrombin 

inhibitor, which is used as an anticoagulant to prevent clotting caused by the calcium in the 

Annexin V buffer.  

After the first incubation, PFP was labelled with a panel of antibodies and isotype-matched 

controls, incubated for 15 min at room temperature in the dark and analysed by FCM 

(Supplemental Table 2.2).  

 

BD TruCount tubes (BD Biosciences) were used to obtain the absolute count of EVs in the 

original sample. Each TruCount tube contains 47,000 beads, which were resuspended in 500 

µl of filtered PBS and analysed by FCM to calibrate the numbers of EVs in the samples. 

 

3.3.7 Thrombin generation assay 

 

The procoagulant activity of EVs was assessed using the Technothrombin MP kit (Technoclone, 

Vienna), which is based on the thrombin-dependent cleavage of a fluorogenic substrate over 

time, according to the manufacturer’s instructions. Results were recorded using a FlexStation 

3 microplate reader (Molecular Devices, San Jose, USA) and the data were analysed using 

TGA evaluation software (Technoclone, Vienna). 

 

The thrombogenicity of EVs was analysed by isolating them from PFP using SEC, adding them 

to vesicle-free plasma (VFP) and comparing thrombin generation with that in VFP alone. EV 

fractions eluted by SEC were concentrated using Vivaspin™ 6 Sample Concentrators with 

100,000 MWCO (Fisher Scientific, Loughborough) at 1500 x g for 40 min. Aliquots of EVs 

(10 µl) with final protein concentrations of 10, 5 and 2 µg/ml were added to 30 µl of VFP, 

followed by 10 µl of phospholipids and 50 µl of fluorogenic substrate before initiating kinetic 
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reading at 1 min intervals for 60 min at 37 °C, using an excitation wavelength of 360 nm and 

an emission wavelength of 460 nm. 

 

VFP was prepared from pooled plasma from three healthy volunteers. Citrated blood (200 ml) 

from fasted volunteers was centrifuged at 2,500 x g for 15 min to remove large cells. The 

resulting plasma was transferred to a clean tube, leaving 1 ml above the buffy coat, and 

centrifuged at 2,500 x g for 15 min to remove platelets and cellular debris. The supernatant was 

then centrifuged at 20,000 x g for 1 h, at 4°C to pellet large vesicles. The supernatant was 

subjected to a final centrifugation at 100,000 x g for 1 h, at 4°C to pellet small vesicles. The 

final supernatant (VFP) was aliquoted and stored at -80 °C until further use.  

 

To investigate the contribution of PS to thrombin generation, a blocking experiment was 

performed by incubating Annexin V at final concentrations of 0.20, 0.30, 0.60 mg/ml with EV 

aliquots (5 µg/ml) for 15 min.  

 

3.3.8 Effect of EVs on clot formation and fibrinolytic activity 

 

 

The clot-forming and plasmin generation capacity of EVs were assessed by isolating EVs using 

SEC, adjusting the concentration to 5 µg/ml and applying clot formation and lysis assays 

adapted from [146] and [147] to compare clot formation and fibrinolytic activity in VFP with 

VFP plus added EVs. 

 

The clot formation assay was performed in duplicate in 96 well plates by incubating EVs (10 

µl, final concentration 5 µg/ml) and VFP (30 µl) with Tween Tris buffered saline (40 µl, 

containing 10 mM Tris pH 7.4; 0.01% Tween 20 (T/T)) and 20 µl of 5.3 mM CaCl2. The clot 

was measured at 405 nm every 30 s for 1 h at 37 °C using a FlexStation 3 microplate reader 

(Molecular Devices, San Jose, USA). 
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The fibrinolytic activity of EVs was assessed by isolating EVs and measuring their ability to 

initiate plasmin generation using a chromogenic assay. In brief, EVs (10 µl, final concentration 

5 µg/ml) were incubated with VFP (30 µl), Tween Tris buffered saline (30 µl, containing 10 

mM Tris pH 7.4; 0.01% Tween 20 (T/T)), tissue plasminogen activator (tPA) to stimulate clot 

breakdown (10 µl, final concentration 100 pM) and 20 µl of 5.3 mM CaCl2. The kinetics 

measurement was started immediately after adding the calcium and readings were taken every 

30 s at 405 nm for 10 h using a FlexStation 3 microplate reader (Molecular Devices, San Jose, 

USA). 

All data were analysed using an online tool for analysis of clot and lysis using the Shiny App 

developed by Longstaff [148]. 

 

3.3.9 Statistical analysis 

 

The results are presented as the means ± standard error of the mean. Differences between the 

four treatment groups were determined using a linear mixed model followed by post-hoc 

analysis using Bonferroni tests where applicable. The model was adjusted for baseline and age. 

Multivariate linear regression was used to determine the relationship between all independent 

variables together and one dependent variable. Stepwise regression analysis was performed to 

determine the independent predictors of dependent variable. P-values <0.05 were considered 

statistically significant. Statistical analyses were performed using IBM SPSS statistics 27.  
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3.4 Results 

 

    

3.4.1 Subject characteristics 

 

 

A total of 35 participants with a mean age of 55 years (range 35-74) completed the 12-week 

intervention. The clinical and laboratory characteristics of the participants are shown in Table 

3.2. 

A multivariate regression model examining relationships between baseline characteristics and 

circulating EV numbers demonstrated that EV number was significantly associated with 

plasma TAG concentration and stepwise regression analysis suggested that plasma TAG level 

explained 79.4% of the variance for EV total concentration (Table 3.3).  

 

3.4.2 High-fat meals increase EV numbers, but no effect of replacing non-IE fats with IE 

fats 

 

There was a significant effect of time (P<0.001) on EV subtypes and total concentration. 

However, there was no significant effect of the treatment and no time*treatment interaction. 

The number of total circulating EVs and all EV subtypes (annexin V-positive, platelet-derived 

and endothelial-derived) increased during the postprandial period, reaching a peak at 4h (Figure 

3.1).  

Figure (3.1, E) illustrates the proportion of annexin V-positive EVs which were classified as 

platelet-derived or endothelial-derived over the course of the postprandial period. At 0, 4 and 

8h, these EVs comprised approximately 60% of annexin V-positive EVs, but at 2h, they 

comprised 76%. 
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3.4.3 EVs support thrombin generation 

 

Isolated EVs added to VFP supported thrombin formation in a dose-dependent manner, 

resulting in higher peak thrombin concentration and a greater area under the curve (AUC) 

(Supplemental Figure 3.3). When EVs were added to VFP at a protein concentration of 5 µg/ml, 

they resulted in thrombin generation equivalent to that in PFP. Addition of Annexin V to the 

assay decreased thrombin generation in a dose-dependent manner due to its ability to compete 

with prothrombin for binding to PS, with 0.60 µg/ml Annexin V resulting in a level of thrombin 

generation equivalent to that in VFP (Supplemental Figure 3.4). 

 

3.4.4 High fat meals increase EV-stimulated thrombin generation and fibrinolysis 

 

There was a significant effect of time (P < 0.001) on EV-dependent thrombin generation and 

fibrinolysis, where peak thrombin concentration and AUC for thrombin generation, clot 

formation and clot lysis increased during the postprandial period, peaking at 4 hr (Figure 3.2). 

However, there was no effect of the treatment and no significant time*treatment interaction.  

 

3.5 Discussion: 

The relationship between dietary fats and CVD is well-established, particularly with respect to 

TFA [143]. SFA and TFA have been linked to an abnormal lipid profile, endothelial 

dysfunction and increased risk of CVD [149]. On the other hand, substituting SFA with PUFAs 

reduces CVD risk factors [150]. Food manufacturers have historically used hydrogenation to 

prolong the shelf life of food products [151], but the adverse effects of TFAs generated during 

this process have meant that hydrogenated fats have been removed from food supplies in 58 

countries [152]. IE fats have been introduced as a substitute for partially hydrogenated fats due 
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to their reduced content of SFA and TFA, while maintaining suitable physical properties [72]. 

Despite the wide use of IE fats, their impact on human health, and particularly CVD, is 

unknown. To our knowledge, this is the first study investigating the effects of industrially used 

IE fats on EV number and functional activity. EVs are small particles derived from cells and 

have potential as prognostic markers for CVD [153]. This study demonstrates that EV numbers 

and EV-dependent thrombogenic and fibrinolytic activity increase postprandially, peaking at 4 

h, but there is no difference in the response to meals containing IE vs non-IE fats, suggesting 

that the postprandial response is related to the amount of dietary fats instead of its content.  

 

Consumption of high fat meal is suggested to impair postprandial FMD, induce endothelial 

function, stimulate postprandial coagulation activation, increases TAG and cytokines 

concentration, indicating the role of dietary fats in inflammation [154, 155]. A few studies have 

investigated the postprandial response of blood parameters following IE and non-IE fats and 

reported inconsistent findings. Berry et al. reported a reduction in plasma TAG concentration 

following the consumption of IE fat compared to non-IE fats [74]. In contrast, another study 

reported no difference in response between IE and non IE fats [76]. The inconsistency in the 

results could be attributed to the differences in the solid contents of the test fats between the 

two studies, where fats with high solid contents emulsified slowly due to their high melting 

point resulting in a lower increase in plasma TAG [74, 76]. However, these studies did not test 

IE fats commonly used in the food industry for food formulation.  

 

Postprandial studies on EVs have reported an increase in EV number associated with 

hypertriglyceridemia suggesting an association between TAG and endothelial dysfunction [156, 

157]. There are no published studies examining the effects of IE fats on EV number or function, 

but the effects of high fat meals on EV number have been investigated. Tushuizen et al. reported 



 63 

a postprandial increase in EV total count (comprised of 88-98% platelet-derived EVs) after 

consuming two high fat meals (containing 50 g of fat, of which 60% was saturated, 55 g of 

carbohydrates and 30 g of proteins) [109]. The authors proposed a role for oxidized LDL in the 

mechanisms, whereby interaction of oxidised LDL with platelets via receptors could lead to 

activation and EV production [108]. In the current study, the results have shown that there is 

no difference between IE and non-IE fats on EV numbers, where EV count has increased 

postprandially after all fat spreads peaking at 4 h time point. A preliminary experiment has 

shown that postprandial EV isolated by SEC are minimally contaminated with lipoproteins as 

measured by apoB48 or apoB100. The plasma TAG concentration was strongly predictive of 

EV number, in line with previous studies [156-158], suggesting that postprandial 

hypertriglyceridemia and elevation of EV numbers may be causally linked. High TAG levels 

have been shown to induce apoptosis and lipotoxic cell death by stimulating the production of 

cytosolic calcium and the number of cells exposing PS (annexin V-positive cells) [159]. In 

addition, the cleavage of two apoptotic markers, caspase 3 and Poly (ADP-ribose) polymerase, 

have been increased during hypertriglyceridemia [159], indication of cells undergoing 

apoptosis and the association between high TAG level and apoptosis. Another possible 

mechanism implicating hypertriglyceridemia in EV production is the association of high TAG 

level with endothelial dysfunction [160]. Because of the insolubility of TAG particles in the 

blood, they are transferred into the blood in the lipoprotein-bound form such as LDL. During 

hypertriglyceridemia, LDL particles are reported to be small and dense and therefore their 

metabolism is slow and hence they exist in the plasma for a long time, which make them easily 

contact with endothelial cells and infiltrate into sub-endothelium, causing endothelial 

dysfunction, [160] which potentially induces EV release. There was also a positive relationship 

between EV numbers and insulin concentration, in line with  previous studies [161, 162]. 

Elevated levels of insulin have been reported to be involved in the apoptotic process. 
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Hyperinsulinemia induces the production of high-mobility group box 1 (HMGB1) which is 

reported to induce apoptosis, a mechanism involved in EV biogenesis [163-165].  In addition, 

compared to control pancreatic β cells, pancreatic β cells with high insulin concentration were 

found to induce β cell death by increasing the activity of caspase (proteolytic enzymes trigger 

cell death), decrease in cellular reducing power and increases the production of lactate 

dehydrogenase (LDH), an enzyme released when the plasma membrane is damaged [166]. 

These findings indicate that cells activation and apoptosis mediated by TAG and insulin might 

play a role in EV generation.  

 

Postprandial hypertriglyceridemia has been implicated in the postprandial activation of blood 

coagulation and suppressed fibrinolysis [167, 168]. The chronic and acute consumption of 

dietary fats have been suggested to cause postprandial activation of FVII, a protein initiates the 

clotting cascade [169]. The underlying mechanism for activation of FVII is uncertain, however, 

there are several explanations have been suggested. One explanation has been based on the 

positive association of vitamin K‐dependent clotting proteins, such as FVII and FIX, with 

triglyceride‐rich lipoproteins in plasma [169]. Another explanation is that during reverse 

cholesterol transport (a mechanism activated postprandially to remove excess cholesterol) out 

of cells, the procoagulant phospholipid (PS) moved from the inner leaflet to the outer leaflet of 

cell surface membranes leading to the assembly and activation of the vitamin K‐dependent 

clotting factors on the membrane [167, 169, 170]. Postprandial studies  have examined the 

chronic effects of consuming high fat diet on coagulation and reported an increase in thrombin 

peak and endogenous thrombin potential in rats, while the chronic consumption of 

Mediterranean and low fat diets decreased endogenous thrombin potential in humans by 21% 

[171]. In addition, coagulation factors (fibrinogen, FII and FVIII) have been shown to rapidly 

increased in response to the chronic consumption of high fat meal and that response has 
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reserved after the chronic consumption of low fat meal [172]. Moreover, the acute consumption 

of high fat meal has been found to activate thrombin formation in humans [173]. The 

mechanisms underlying this were not clear. Furthermore, the acute consumption of dietary fats 

were also found to have a role in the fibrinolytic pathway by decreasing plasminogen activator 

inhibitor-1 responsible to suppress fibrinolysis regardless of the amount and type of dietary fats 

provided [174]. A recent study has investigated the effects of the chronic consumption of fat 

rich meal and reported a delay in plasmin generation and fibrinolysis [168]. The delay in 

plasmin generation is attributed to the thrombomodulin and TAFI (thrombin activatable 

fibrinolysis inhibitor) dependant mechanism. The concentration of thrombomodulin increased 

in response to high fat meal and bind to thrombin [168]. The thrombin- thrombomodulin 

complex activates the profibrinolytic substrate (TAFI) which reduces the binding of fibrin to 

plasmin (a proteolytic enzyme) and plasminogen (lyses fibrin clots) leading to decrease the 

fibrin ability to enhance plasmin generation [168]. A few studies have explored the effects of 

IE on coagulation. Sanders et al. reported a decrease in postprandial lipemia and FVII 

activation following consumption of IE fats compared with native fat, with the IE  fat being 

less well absorbed and their release delayed in the circulation [175]. In contrast, Berry et al. 

reported that IE and non-IE fats did not differ in terms of postprandial plasma TAG and FVII 

concentrations[176]. Taken together, the composition of dietary fats plays a role in modulating 

the haemostasis system. However, the data related to IE fat are inconsistent, and majority of IE 

fat studies have used not commercially relevant IE fat. The inconsistency in results could be 

explained by that the difference in fats solid content, where fats with high solid content contain 

crystalline solids at body temperature which might affect micelle formation and retard the 

process of absorption and consequently result in reduced postprandial effects [176].  
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EV supports blood coagulation through PS and TF exposure [59]. PS exposure on EVs 

contributes to coagulation by favouring the assembly and activation of tenase and 

prothrombinase complexes to thrombin and thus initiate thrombin formation [63]. TFs are key 

activators of the coagulation cascade and their expression on EVs stimulates coagulation by 

binding to and activating FVII [63]. Additionally, EVs participate in the fibrinolytic system 

through the exposure of plasminogen receptors on its surface [64]. Plasminogen activation to 

plasmin involves the binding of plasminogen to its receptors present on EV surface [64]. To 

our knowledge, the effects of IE fats on EV procoagulant and fibrinolytic activity have not 

previously been investigated and there is little data relating to dietary fat modulation of EV 

procoagulant activity in general. EV postprandial studies reported an increase in EV shedding 

[109, 156, 177] and the increase in EV levels has been found to be associated with increasing 

thrombin generation in a concentration dependent manner [109], indicating the importance of 

EV in the coagulation system. 

 

 Postprandial hypertriglyceridemia is reported to activate the coagulation factors, induce 

endothelial damage, which might trigger EV release [178, 179]. In this study, EV-dependant 

procoagulant and fibrinolytic activity has increased postprandially following IE and non-IE 

fats. The studies related to dietary fat modulation of EV procoagulant activity are too limited. 

Tushuizen et al. has demonstrated that despite the change in EV number and phospholipid 

composition after consuming high fat meal, there is no difference in EV procoagulant 

behaviour between fasting and postprandial state [180]. The author has attributed this to the 

unchanged amount of EV exposing PS at postprandial state compared to baseline, where PS 

exposure on EV is an important factor to initiate coagulation. In this paper, there was no 

difference in EV dependant thrombotic and fibrinolytic behaviour between IE and non-IE fats. 

EV-dependant thrombotic and fibrinolytic activity have postprandially increased after all fat 



 67 

spreads peaking at 4 hr time point. The increase in EV dependant thrombin generation as results 

of consuming the four fat spreads could be attributed to the increase in PS exposure on EV, 

one of the main triggers of coagulation. The increase exposure of PS is evident in this study by 

the increase of Annexin V positive EV as measured by FCM. Furthermore, the positive 

correlation between TAG and insulin with thrombin AUC mediated by EVs might play a role 

in EV thrombogenicity. High levels of TAG have been found to activate coagulation and impair 

endothelial function [178, 179], which might in turn induces EV production. High levels of 

insulin is demonstrated to strongly activate platelets [181] stimulating EV release and causing 

a rapid increases in circulating TFs procoagulant activity associated with thrombin generation 

and acute cardiovascular events [182, 183]. These findings demonstrate that both IE and non-

IE fats modulate EV procoagulant activity regardless of the structure and content, and that 

increase in PS exposure have a key role in EV coagulatory behaviour. In addition, TAG and 

insulin might play a role in stimulating the release of procoagulant EV through the elevation in 

coagulation parameters, cell activation and damage. 

 

In conclusion, this study demonstrated a dramatic increase in the numbers and thrombogenicity 

of EVs during the postprandial period following a high fat meal, but there was no difference in 

the response to high-fat meals containing IE vs non-IE fats. Since EV numbers were strongly 

related to plasma TAG concentration, postprandial hypertriglyceridemia may be causally 

connected to the postprandial increase in EV number and thrombogenicity.  
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Table 3.1 Fatty acid composition of the four fat spreads 

Fatty acids 
Lurpak 

spreadable 
butter (wt %) 

IE Clover spread 
(wt %) 

IE Free Retail Spread 
(wt %) 

Control rapeseed 
spread (wt %)  

Butyric acid  2.33 0.00 0.00 0.00 

Caproic acid  1.33 0.06 0.00 0.00 

Caprylic acid  0.67 0.74 0.80 0.00 

Capric acid  1.67 0.74 0.30 0.00 

Lauric acid  2.00 10.24 4.10 0.00 

Myristic acid  8.03 3.78 1.90 0.10 

Pentadecylic acid  1.33 0.00 0.00 0.00 

Palmitic acid  19.33 16.73 27.90 4.00 

Margaric acid  0.37 0.06 0.10 0.10 

Stearic acid  8.50 2.51 3.50 1.50 

Arachidic acid  0.17 0.39 0.50 0.50 

Behenic acid  0.10 0.19 0.20 0.30 

C18:1 Elaidic acid   2.00 0.00 0.00 0.00 

C18:2 trans Linolelaidic acid 0.13 0.00 0.10 0.00 

C18:3 trans gamma-Linolenic acid 0.00 0.00 0.30 0.00 

C16:1-cis Palmitoleic acid 1.43 0.17 0.10 0.30 

C18:1-cis Oleic acid 37.83 44.47 44.30 61.50 

C18:2-cis Linolelaidic acid 8.20 13.33 11.70 20.00 

https://en.wikipedia.org/wiki/Butyric_acid
https://en.wikipedia.org/wiki/Caproic_acid
https://en.wikipedia.org/wiki/Caprylic_acid
https://en.wikipedia.org/wiki/Capric_acid
https://en.wikipedia.org/wiki/Lauric_acid
https://en.wikipedia.org/wiki/Myristic_acid
https://en.wikipedia.org/wiki/Pentadecylic_acid
https://en.wikipedia.org/wiki/Palmitic_acid
https://en.wikipedia.org/wiki/Margaric_acid
https://en.wikipedia.org/wiki/Stearic_acid
https://en.wikipedia.org/wiki/Arachidic_acid
https://en.wikipedia.org/wiki/Behenic_acid
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C18:3-cis gamma-Linolenic acid 3.67 5.62 4.00 10.00 

C20:1-cis Gondoic acid 0.67 0.58 0.50 1.00 

C22:1-cis Erucic acid 0.17 0.28 0.00 0.50 

 

 

Table 3.2 Baseline characteristics of the study participants 

Subject characteristics Mean ± SE 

Age (years) 55.26±1.93 

Height (m) 1.71±0.01 

Weight (kg) 72.05±2.04 

BMI (kg/m2) 24.52±0.60 

Waist (cm) 86.36±1.83 

Hip (cm)  93.90±1.58 

Waist-Hip ratio 0.92±0.01 

% Fat 25.22±1.71 

Fat mass (kg) 18.29±1.60 

Fat free mass (kg) 53.67±1.71 

TAG (mmol/L) 1.00±0.08 

CHOL (mmol/L) 5.14±0.15 

LDL (mmol/L) 3.14±0.12 

HDL (mmol/L) 1.80±0.07 

Glucose (mmol/L) 5.44±0.01 

SBP (mm Hg) 112.26±1.78 

DBP (mm Hg) 74.65±1.32 

RBC 10^12/L 4.48±0.06 

WBC 10^9/L 4.99±0.014 

NEUT 10^9/L 2.75±0.14 

Lymph 10^9/L 1.57±0.07 

MONO 10^9/L 0.46±0.03 

FMD 4.89±0.33 

Results are means ± SE Abbreviations: BMI, body mass index; TAG, triglycerides; CHL, cholesterol; LDL, low density 
lipoprotein; HDL, high density lipoprotein; SBP, systolic blood pressure; DBP, diastolic blood pressure; RBC, red 
blood cell; WBC, white blood cell; NEUT, neutrophils; Lymph, lymphocytes; MONO, monocytes; FMD, flow-
mediated dilation 
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Table 3.3 Multivariate regression analysis for the association of EV total number and AUC of thrombin mediated by EV with TAG, insulin, 
and other markers. Independent predictors of Total EV number and AUC of thrombin mediated by EV determined by stepwise 
regression  
   

Log total EV (Per 
ml blood) 

AUC of thrombin 
mediated by EV 

 

  Model B (95% CI) SE (B) β p-value 

   

R2=0.814 p<0.001 R2=0.251 p=0.010 

 

 

1 

(Constant) 

9.81 

(9.74, 9.87) 

0.030  <0.001 

   

B p B p 

 

Total EV 
number 

 

 

Log TAG 

R2=0.748 

1.64 

(1.30, 1.97) 

0.166 0.865 <0.001 

 Log TAG 

(mmol/l) 

1.50 <0.001 598.5 0.114 

 

(Constant) 

8.25 

(7.18, 9.32) 

0.52  <0.001 

 HDL 

(mmol/l) 

-0.091 0.216 - - 

 2 Log TAG 

 

1.50 

(1.18, 1.82) 

0.156 0.794 <0.001 

 
Insulin 

 
-0.090 0.537 424.8 0.101 

 Log RBC 

R2=0.802 

2.39 

(0.748, 4.03) 

0.807 0.244 0.006 

 
RBC 

(10^9/L) 

1.70 0.150 - - 

 
 

AUC of 
thrombin 

mediated by 
EV 

1 

(Constant) 

2872.3 

(2508.6, 

3236.1) 

178.7  <0.001 

 Weight 

(kg) 

0.00 0.974 - - 

 Log insulin 

R2=0.435 

625.01 

(166.9,1083.1) 

225.1  0.009 

 Waist 

(cm) 

0.002 0.681 - - 

        

 SBP 

(mmHg) 

- - - - 

        

 

DBP 

(mmHg) 

- - - -         

 

In multivariate model, only TAG was still significantly correlated with EV total number. TAG, triglycerides; HDL, high density lipoproteins; RBC, Red 
blood cells; SBP, systolic blood pressure; DBP, diastolic blood pressure. Unstandardized coefficients (B) indicates that as the independent variables 
change by one unit, the dependent changes by B units. Regression coefficient (β) indicates that as the independent variables change by 1 SD, the 
dependent variable changes by β SD. CI, confidence interval; SD, standard deviation; SE, standard error.         
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Figure 3.1. Data were analysed using a linear mixed model (n=35). (A) There were no significant treatment effects or 
time*treatment interaction on EV total concentration (P=0.243). However, there was a significant effect of time (P-value < 0.001) 
on EV concentration, where EV number peak at time point 4 compared to 2 & 8 (P-value < 0.001), but there was no significant 
difference between time points 2 & 8 (P-value = 0.768). (B, C, D) There were no significant treatment effects on EV subtypes 
(annexin +ve EV p-value= 0.271; platelets-derived EV p-value = 0.437; endothelial-derived EV p-value = 0.313) and no 
time*treatment interaction. However, there was a significant effect of time on EV subtypes number where the number peak at 
4 hr time point. (B) The number of annexin V positive EV has increased at 4 hr time point compared to time points 2 and 8 (P-
value < 0.001, where there was no significant difference between time point 2 and 8 (P-value = 0.358). (C, D) Platelets and 
endothelial derived EVs have increased at 4 hr time point compared to time points 2 & 8 (P-value < 0.001) and increased in time 
point 2 compared to time point 8 (P-value < 0.001). (E) The figure illustrates the proportion of annexin V-positive EVs which were 
classified as platelet-derived or endothelial-derived over the course of the postprandial period. At 0, 2, and 8h, these EVs 
comprised approximately 60% of annexin V-positive EVs, but at 2h, they comprised 76%. Data are means ± SEM. 
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Figure 3.2. Data were analysed using a linear mixed model (n=35). (A, B, C, D) There were no significant treatment effects on 
EV dependant thrombin generation and fibrinolytic activity; thrombin peak (p-value= 0.48), AUC (p-value= 0.33), time to 
clotting (p-value= 0.94), and time to full lysis (p-value = 0.06), and no time*treatment interaction. However, there was a 
significant effect of time on EV dependant thrombin generation and fibrinolytic activity (P-value < 0.001), where EV 
dependant thrombin peak, AUC, time to clotting, and time to full lysis have significantly increased at time point 4 compared 
to time points 2 & 8 (P-value < 0.001). Thrombin peak, AUC and time to full lysis were higher in time point 2 compared to 
time point 8 with p-values 0.03, 0.004, and < 0.001 respectively. Time points 2 & 8 did not differ significantly for time to 
clotting. Data are means ± SEM. 
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Supplementary Material 

 

 
 
 
 

 
 
 

Supplemental Figure 3.2 Timeline of subject flow through each visit.  

Supplemental Figure 3.1 Flow chart of study participants in the intervention study. 
Participants drop out was due to schedule conflicts.  
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Supplemental Figure 3.3. Effect of increasing concentrations of EVs on in vitro thrombin generation (n=4). Data are mean ± 
SE for n=4 replicates. Higher concentration of EVs contributed to (A) higher thrombin peak, (B) AUC, (D) velocity and (C) shorten 
the lag time. Data are means ± SEM. 
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Supplemental Figure 3.4. Annexin blockage of thrombin generation (n=3). (A,B) Annexin V has stopped thrombin generation in a 
dose-dependent manner. (C,D) Higher concentration of annexin V increased the lag time and decreased speed to form thrombin. Data 
are means ± SEM. 
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4.1 Abstract  

 

Background: Evidence suggests that n-3 polyunsaturated fatty acids (n-3 PUFA) alter 

numbers of circulating extracellular vesicles (EVs), which may play a role in cardiovascular 

diseases (CVDs), but data is limited and relates only to n-3 PUFA supplements. There is no 

information about whether consumption of oily fish has a similar effect and there is little 

information about the effects of dietary n-3 PUFA, regardless of the source, on EV function.  

Objective: To assess the effects of fish oil supplements and oily fish, at a level achievable in 

the diet, on EV number, phenotype, composition and procoagulant activity in healthy human 

volunteers.  

Methods: A randomized, double-blind, placebo-controlled, parallel trial was conducted at the 

School of Sport and Exercise Sciences, Liverpool John Moores University. Forty-two healthy 

subjects were assigned to one of three treatment groups: (i) fish oil supplements plus white fish 

meals, (ii) control supplements plus oily fish meals or (iii) control supplements plus white fish 

meals for a period of 12 weeks. Nanoparticle tracking analysis (NTA) and FCM were used to 

enumerate and characterise EVs and the procoagulant activity of EV was assessed using 

thrombin generation and fibrinolysis assays.  

Results: Consumption of both oily fish and fish oil supplements significantly increased the EV 

content of EPA and DHA. Supplementation with fish oil decreased the number of EVs in the 

circulation, decreased EV-stimulated thrombin generation and modestly altered clot formation, 

but consumption of oily fish providing half the dose of n-3 PUFA compared with that in the 

supplements had no effect on any of these parameters. There was no effect of either oily fish 

or fish oil supplements on EV subtypes or fibrinolytic activity.   
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Conclusion:  

Supplementation with fish oil significantly decreased both number and thrombogenic capacity 

of EVs, while consumption of oily fish at a level achievable in the diet had no effect on either 

EV number or thrombogenic capacity. 

 

 

 

 

 

 

 

 

 

 

Keywords:  

Extracellular vesicles, n-3 polyunsaturated fatty acids, cardiovascular diseases, thrombosis, 

eicosapentaenoic acid, docosahexaenoic acid. 
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4.2 Introduction 

Almost all types of cells release extracellular vesicles (EVs), which are very small, membrane-

derived vesicles enclosed by a lipid bilayer and which carry cargo, such as nucleic acids, 

proteins and lipids, reflecting the cells of their origin [1]. EVs are naturally present in the bodily 

fluids of healthy individuals, reported to contribute to the regulation of normal physiological 

processes, such as blood coagulation, intercellular communication and tissue repair [184, 185], 

and may serve as potential biomarkers for diseases, such as cancer, cardiovascular diseases 

(CVDs) and type 2 diabetes [186-188]. There is particular interest in the association of EV 

number with CVDs and metabolic syndrome [8, 189], and with aspects of blood coagulation 

pathways [145]. Increased numbers of EVs in the circulation are also associated with 

endothelial dysfunction and vascular inflammation [190]. 

Dietary n-3 polyunsaturated fatty acids (n-3 PUFA), which are abundant in oily fish and fish 

oils, have long been associated with protection from CVDs and although the strength of 

evidence has at times been questioned, the most recent meta-analyses and systematic reviews 

broadly support the view that n-3 PUFA supplementation lowers risk of either CVD-related 

death or all-cause mortality or both [191, 192]. Furthermore, recent analysis of 17 prospective 

studies demonstrated that risk of death from all causes and death from CVDs was significantly 

lower in the highest vs the lowest quintile for circulating n-3 PUFA [193]. 

A range of potential mechanisms have been considered [194], but to date, very few studies 

have explored the effects of diet and lifestyle on EV numbers or function. A small number of  

studies have demonstrated a decrease in the total number of EVs after intervention with fish 

oil capsules, a low fat diet, flavanols or weight reduction [63, 100, 101, 103]. We have 

previously demonstrated that supplementation with n-3 PUFA decreased the number of 

endothelial EVs in individuals with moderate risk of CVD [99]. However, there is no 
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information about whether oily fish, consumed at a level that is achievable through the diet, 

affects either EV number or function. The current study therefore examines, for the first time, 

whether n-3 PUFA delivered in the form of oily fish are able to modify the profile and 

coagulatory behaviour of EVs in the circulation in the same way as fish oil supplements, 

consumed at a dose sufficient to lower numbers of EVs. We hypothesized that fish oil 

supplements and oily fish are equally as effective in reducing EV number and functional 

activity. 

 

4.3 Material and methods    

 

4.3.1 Subject and study design 

 

A randomized, double-blind, placebo-controlled, parallel trial was conducted at the School of 

Sport and Exercise Sciences, Liverpool John Moores University and carried out according to 

the guidelines in the Declaration of Helsinki, with ethical approval from the National Research 

Ethics Service (S16SPS041). All participants provided written consent prior to the start of the 

study.  

Forty-two subjects (females=28, males=10, unspecified=4) were recruited through the media 

(BBC local and national radio, online forums, social media, societies, and flyers in the street) 

(Figure 4.1). The Framingham Risk Score was used to identify participants who were at above 

average risk of developing CVD [195], defined as a relative risk (RR) of 1.5, based on scoring 

a minimum of 2 points against one or more of the criteria listed in Supplemental Table 4.1, 

which includes family history of myocardial infraction or type 2 diabetes [196]. Exclusion 

criteria included the following: infection, immune disorder including HIV, autoimmune 

disease, or fever of unknown origin; unstable medical conditions requiring immediate 

intervention, unstable or rapidly progressive neurological diseases; a history of haemorrhagic 

or ischemic stroke within the last 3 months; consuming oily fish more than once per week on 
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average; allergy, hypersensitivity, or intolerance to fish, fish oils or omega-3 fats; any known 

food allergies and pregnant or breastfeeding. 

 

4.3.2 Dietary intervention 

 

Participants (n=42) were allocated randomly (block randomisation was performed using Excel 

by a member of staff unrelated to the trial) to one of the three groups as follows: (i) fish oil 

capsules provided as 2.2 g/d of n-3 PUFA ethyl esters (Table 4.1) plus two white fish meals 

per week, (ii) control capsules containing refined olive oil (Table 4.1) plus two oily fish meals 

containing 1.44 g/d of n-3 PUFA (one meal containing salmon and the other mackerel) and 

(iii) control capsules plus two white fish meals. Although the doses of n-3 PUFA were not 

matched, they represented optimal levels of intake which could be achieved through the diet or 

supplementation, and in the case of the supplements, a dose which previous evidence has 

shown would be sufficient to lower the number of EVs [99]. The fish meals were provided as 

ready meals supplied by Soulmate Food (Liverpool, UK) and the capsules were supplied by 

Wiley’s Finest (Granville, Ohio, USA). Portions of mackerel, salmon and white fish contained 

within the ready meals were 229 g, 240 g and 110 g respectively. The fatty acid composition 

of the fish meals was analysed by the West Yorkshire analytical services (Leeds, UK) and is 

shown in Table 4.2. All meals were delivered chilled and distributed to participants twice a 

week, with storage and heating instructions provided by the supplier. Volunteers attended three 

visits during the intervention: at screening, baseline, and end of intervention. Compliance to 

the intervention was confirmed verbally during each week of the trial.  

 

 

4.3.3 Sample collection and platelet free plasma (PFP) preparation 

 

Venous blood samples were drawn into citrated tubes, inverted 4 times and processed 

immediately. Citrated tubes were used because citrate binds to free calcium, thereby preventing 
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the degranulation of platelets and leukocytes and the associated vesiculation process [130]. 

Samples were centrifuged at 1500 x g at room temperature for 15 min to remove larger cells 

and cellular debris. Further centrifugation at 13000 x g for 2 min at room temperature produced 

PFP, which was aliquoted and stored at -80oC for further analysis. 

 

 

4.3.4 EV isolation   

 

EVs were isolated using size exclusion chromatography (SEC) (Izon, Oxford, UK). PFP (0.5 

ml) was thawed at room temperature on a sample roller and loaded onto a qEV original column 

which had been pre-flushed with 30 ml phosphate-buffered saline (PBS). A further 5 ml PBS 

was passed through the column to elute the EVs based on their size and nine 0.5 ml fractions 

were collected. Fractions 7 to 9 were pooled for EV quantification and analysis. 

4.3.5 Plasma lipid analysis 

The plasma lipid profile before and after the treatment was assessed using a Daytona Plus 

clinical chemistry analyser (Randox). Plasma cholesterol and triacylglycerol were analysed 

using enzyme-based assays and HDL-C was analysed using a clearance assay. LDL-C was 

estimated using the Friedewald formula. 

4.3.6 Analysis of the fatty acid composition of red blood cells (RBCs) and EVs 

 

 

Lipid extracts were prepared from RBCs and EVs (isolated by SEC, as above) and separated 

by solid phase extraction. Briefly, pooled fractions of EVs (800 µl) and RBCs (50 µl) were 

extracted with 5 ml of chloroform/methanol (2/1) containing 50 mg/l butylated hydroxytoluene 

antioxidant and centrifuged at 1,000 x g for 10 min. The lower phase was collected and dried 

under nitrogen at 40 °C. Dry toluene (0.5 ml) was added to the total lipid extract, followed by 

methanol (1 ml) containing 2% (v/v) sulphuric acid. The tubes were capped and incubated at 
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50°C for 2 h. After cooling, samples were neutralised with 0.25M KHCO3/0.5M K2CO3 (1 ml) 

and lipid was extracted by adding dry hexane (1 ml) and centrifuged at 250 x g for 2 min at 

room temperature. The upper phase containing the fatty acid methyl esters (FAMEs) was 

collected and analysed using gas chromatography on a Hewlett-Packard 6890 gas 

chromatograph (Hewlett-Packard, California, United States) equipped with flame ionisation 

detection (Agilent Technologies, Cheadle, United Kingdom). FAMEs were separated in a 

BPX-70 fused silica capillary column (30mx0.25mmx25µm; SGE Analytical Science, United 

Kingdom) at a split ratio of 30:1 and an injection volume of 5 µl. The temperature of both 

injector and detector were kept at 300 °C and the program was set at an initial temperature of 

115 °C for 2 min, increased at 10 °C/min to 200 °C, held at this temperature for 16 min, and 

then finally increased at 60 °C/min to 240 °C for 2 min (total run time 29.2 minutes). Helium 

was used as carrier gas (velocity: 29 cm/sec; pressure: 21:96psi and flow rate: 1.0 ml/min) and 

make up gas, flow rate: 45ml/min. Hydrogen was used as detector gas were hydrogen flow 

rate: 40ml/min; air flow: 120 ml/min. Samples were analysed by using ChemStation software 

(Agilent Technologies, Cheadle, United Kingdom) and Microsoft Excel (Microsoft 

Corporation, United States). 

 

4.3.7 Nanoparticle tracking analysis 

 

The concentration and size distribution of EVs was assessed using Nanoparticle Tracking 

Analysis (NTA) (NanoSight 300; Malvern, Amesbury, UK), equipped with a 488 nm laser and 

a high sensitivity CMOS camera. EVs were isolated by SEC and fractions 7 to 9 were pooled, 

diluted with 0.1µm filtered PBS and adjusted to a range of 1x108 – 9x108 particles per ml. NTA 

utilizes the properties of both light scattering and Brownian motion in order to obtain the size 

distribution and concentration of particles in liquid suspension. The software tracks particles 

individually and using the Stokes-Einstein equation calculates their hydrodynamic diameters. 
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The measurements of particle concentration and size were based on the average of five videos, 

each recorded for 60 s. To prevent the interference of small lipoproteins, such as HDL, LDL 

and VLDL, the threshold was set at 71 nm. Particles of size range from 71-1000 nm were 

identified as EVs. 

 

4.3.8 Flow cytometric analysis of EVs 

 

PFP samples were analysed for EV subtypes (phosphatidylserine-positive EVs, platelet-

derived EVs and endothelial EVs) using a BD FACSCanto II flow cytometer (BD Biosciences, 

Oxford UK). Reference beads were used to set live gates based on particle size. These consisted 

of a mixture of non-fluorescent silica ApogeeMix beads (Apogee flow systems, Hemel 

Hempstead, UK) with diameters of 180 nm, 240 nm, 300 nm, 590 nm, 880 nm and 1300 nm 

(with a refractive index of ɳ=1.43, similar to the refractive index of EVs ɳ~1.39) and green 

fluorescent latex beads with diameters of 110 nm and 500 nm (with refractive index ɳ=1.59). 

The EV detection threshold was set at 240 nm to exclude instrument noise. Because of the 

unavailability of 1 µm silica beads, the gate was set just above 880 nm silica beads in order to 

exclude particles ˃ 1µm. The live gate P1 therefore represents EVs, defined as particles within 

the size range 240 – 1000 nm, with P3 representing platelets (Supplemental Figure 2.1). 

 

To determine the cellular origin of EVs, three EV markers were used; Annexin APC, CD41 PE 

and CD105 eFlur450. All reagents and buffers were filtered using 0.1 µm pore size centrifugal 

filter units (Millipore UK Limited, Hertfordshire, UK) for 20 min at low speed (0.1 x g) to 

remove debris and aggregates. Antibodies were titrated to determine the optimum 

concentration for EV staining. Frozen PFP was thawed at room temperature on a sample roller. 

PFP (5 µl) was incubated for 15 min with FcR blocking reagent (5 µl) (Miltenyi Biotec Ltd, 

Surrey, UK), Annexin V buffer (Cambridge Bioscience Ltd, Cambridge, UK), which contains 
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the calcium required for Annexin V binding to phosphatidylserine (PS) exposed on the EV 

surface, and argatroban (1 µl), a synthetic thrombin inhibitor, which is used as an anticoagulant 

to prevent clotting caused by the calcium in the Annexin V buffer. After the first incubation, 

PFP was labeled with a panel of antibodies and isotype-matched controls, incubated for 15 min 

at room temperature in the dark and analysed by FCM (Supplemental Table 2.2). After staining 

gate (P1) represents annexin positive EVs; gates (P2) and (P3) are subsets of gate (P1) and 

shows CD41 positive EVs (platelets-derived EVs) and CD105 positive EVs (endothelial-

derived EVs) respectively  Supplemental Figure 4.1.  

 

BD TruCount tubes (BD Biosciences) containing 47,000 beads were resuspended in 500 µl of 

filtered PBS and analysed by FCM in order to calibrate the numbers of EVs in the samples. 

 

4.3.9 Thrombin generation assay 

 

The procoagulant activity of EVs was assessed using the Technothrombin MP kit (Technoclone, 

Vienna), which is based on the thrombin-dependent cleavage of a fluorogenic substrate over 

time, according to the manufacturer’s instructions. Results were recorded using a FlexStation 

3 microplate reader (Molecular Devices, San Jose, USA) and the data were analysed using 

TGA evaluation software (Technoclone, Vienna). The thrombogenicity of EVs was analysed 

by using two approaches: (i) thrombin generation in PFP compared with that in vesicle-free 

plasma (VFP) and (ii) thrombin generation in VFP plus EVs isolated by SEC compared with 

that in VFP alone. 

 

VFP was prepared from pooled plasma from three healthy volunteers. Citrated blood (90 ml) 

from fasted volunteers was centrifuged at 2,500 x g for 15 min to remove large cells. The 

resulting plasma was transferred to a clean tube, leaving 1 ml above the buffy coat and 

centrifuged at 2,500 x g for 15 min to remove platelets and cellular debris. The supernatant was 
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then centrifuged at 20,000 x g for 1 h, at 4°C in order to pellet large vesicles. The supernatant 

was subjected to a final centrifugation at 100,000 x g for 1 h, at 4°C to pellet small vesicles. 

The supernatant (VFP) was aliquoted and stored at -80 °C until further use.  

For the second approach (comparison of thrombin generation in VFP with and without EVs), 

EV fractions eluted by SEC were concentrated using Vivaspin™ 6 Sample Concentrators with 

100,000 MWCO (Fisher Scientific, Loughborough) at 1500 x g for 40 min. EV aliquot (10 µl) 

with final protein concentration of 5 µg/ml was added to 30 µl of VFP, followed by 10 µl of 

phospholipids and 50 µl of fluorogenic substrate before initiating kinetic reading at 1 min 

intervals for 60 min at 37 °C, using an excitation wavelength of 360 nm and an emission 

wavelength of 460 nm. 

 

 

4.3.10 Effect of EVs on clot formation and fibrinolytic activity 

 

The clot-forming and plasmin generation capacity of EVs were assessed by isolating EVs using 

SEC, adjusting the concentration to 5 µg/ml and applying clot formation and lysis assays 

adapted from [146] and [147] to compare clot formation and fibrinolytic activity in VFP with 

VFP plus added EVs. 

The clot formation assay was performed in duplicate in 96 well plates by incubating EVs (10 

µl, final concentration 5 µg/ml) and VFP (30 µl) with Tween Tris buffered saline (40 µl, 

containing 10 mM Tris pH 7.4; 0.01% Tween 20 (T/T)) and 20 µl of 5.3 mM CaCl2. The clot 

was measured at 405 nm every 30 s for 1 h at 37 °C using a FlexStation 3 microplate reader 

(Molecular Devices, San Jose, USA). 

The fibrinolytic activity of EVs was assessed by isolating EVs and measuring their ability to 

initiate plasmin generation (enzyme important for degrading the blood clot) using a 

chromogenic assay. In brief, EVs (10 µl, final concentration 5 µg/ml) were incubated with VFP 

(30 µl), Tween Tris buffered saline (30 µl, containing 10 mM Tris pH 7.4; 0.01% Tween 20 
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(T/T)), tissue plasminogen activator (tPA) to stimulate clot breakdown (10 µl, final 

concentration 100 pM) and 20 µl of 5.3 mM CaCl2. The kinetics measurement was started 

immediately after adding the calcium and readings were taken every 30 s at 405 nm for 4 h 

using a FlexStation 3 microplate reader (Molecular Devices, San Jose, USA). All data were 

analysed using an online tool for analysis of clot and lysis using the Shiny App developed by 

Longstaff [148].  

 

4.3.11 Statistical analysis 

 

The results are presented as the means ± standard error of the mean. Differences between the 

three groups were determined using a general linear model followed by post-hoc analysis using 

Bonferroni tests where applicable. P-values <0.05 were considered statistically significant. 

Statistical analyses were performed using IBM SPSS statistics 27. 

 

4.4 Results 

    

4.4.1 Subject characteristics 

 

A total of 42 participants with a mean age of 55 years (range 36-73) completed the 12-week 

intervention. The three groups did not differ significantly with regard to age, gender, weight or 

a range of physiological parameters (Table 4.3).  

 

4.4.2 Effect of n-3 PUFA on blood lipid profile 

There was no significant effect of either oily fish or fish oil supplements on the blood lipid 

profile, although there were trends for a reduction in plasma TAG concentration and an increase 

in LDL cholesterol concentration following intervention with both oily fish and fish oil 

supplements (Supplemental Table 4.2). 
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4.4.3 Consumption of oily fish and fish oil supplements increase EV and RBC content of 

n-3 PUFA to a similar degree 

The EV and RBC content of both EPA and DHA increased significantly and to a similar degree 

following intervention with oily fish and fish oil supplements, even though the ratio of 

EPA:DHA was 1:1 in the oily fish meals and 3:1 in the supplements and, the fish oil 

supplements had a higher content of EPA+DHA compared with the oily fish (Tables 4.4 & 

4.5). There were no accompanying changes in the content of any other fatty acids, although 

there was a trend for a decrease in the proportion of arachidonic acid in EVs from subjects on 

both the oily fish and the fish oil interventions. In addition, there was a trend for a reduction in 

the proportion of arachidonic acid in RBCs in the fish oil group only and a trend for a reduction 

in the proportion of linoleic acid in RBCs in both intervention groups. 

 

4.4.4 Effects of oily fish and fish oil supplements on numbers of circulating EVs 

 

There was a significant effect of the treatment (P=0.004) on numbers of circulating EVs and 

significant time*treatment interaction (p<0.001). EV number has significantly decreased after 

supplementation with fish oil, while the consumption of oily fish had no effect. Also, there was 

a significant effect of time (P<0.001) (Figure 4.2).   

There was no effect of either oily fish or fish oil supplements on the mean size of the EV 

population (Figure 4.2) or on numbers of annexin V positive or platelet/endothelial-derived 

EVs (Supplemental Table 4.3). 
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4.4.5 Fish oil supplements, but not oily fish, reduce the ability of EVs to support 

thrombin generation 

 

The thrombogenicity of EVs following intervention was analysed using two approaches. In the 

first approach, the difference in thrombin generation between PFP and VFP indicated the 

degree to which EVs influenced TF-stimulated thrombin generation in plasma before and after 

the intervention. Figure 4.3 illustrates the influence of dietary n-3 PUFA on this EV-supported 

thrombin generation. EVs from subjects supplemented with fish oil had significantly lower 

thrombogenic capacity than those from subjects consuming oily fish or the control meals and 

capsules, as determined by peak thrombin concentration, area under the curve (AUC), lag time 

and velocity index (Figure 4.3). Therefore, only the fish oil supplement influenced the 

thrombogenicity of EVs, with oily fish having no effect.  

 

The second approach, where the effects of SEC-isolated EVs from subjects who had completed 

the intervention were added to pooled VFP from healthy subjects, yielded identical results. 

Once again, only the EVs from the fish oil group decreased TF-stimulated thrombin generation 

compared with both baseline and with the other intervention groups (Figure 4.3). 

 

 

4.4.6 Effect of oily fish and fish oil supplements on ability of EVs to induce clot 

formation and lysis 

 

 

Just as the addition of isolated EVs to VFP supported TF-stimulated thrombin generation, it 

also supported clot formation in the presence of calcium. Intervention with oily fish or fish 

oil supplements did not affect the majority of clot formation parameters, apart from a 

reduction in the area under the curve (AUC) for clot formation in the fish oil group (Figure 
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4.4). EVs also supported fibrinolytic activity, but there was no effect of either of the 

interventions. (Figure 4.4).  

4.5 Discussion: 

Recent reviews and meta-analyses support evidence for cardioprotective effects of n-3 PUFA 

[98, 191, 197], which may be manifested through anti-inflammatory effects [198], 

improvement in endothelial and vascular function [199], contribution to plaque stability [200], 

lowering of plasma triacylglycerol concentration [201] and anti-thrombotic effects [202]. To 

our knowledge, this is the first study examining the effects of n-3 PUFA in the form of oily 

fish, at a level achievable in the diet, in comparison to fish oil supplements on EV number and 

functional activity. EVs are emerging risk markers for CVDs and high numbers of circulating 

EVs are associated with conventional CVD risk markers [203] and patients with CVDs [204]. 

This study demonstrates for the first time that 12 weeks of intervention with n-3 PUFA in the 

form of oily fish or fish oil supplements resulted in similar incorporation of EPA and DHA 

into EVs, despite a difference in dose of n-3 PUFA but had different effects on EV numbers 

and procoagulant activity. Fish oil supplements, but not oily fish, decreased numbers of total 

circulating EVs and decreased the procoagulant activity of EVs, but there was no effect of 

either oily fish or supplements on EV subtypes or fibrinolytic activity. These findings suggest 

that supplementation with fish oil supplements is more effective than oily fish in terms of 

altering the number and procoagulant activity of EVs. 

 

The dramatic reduction in numbers of circulating EVs in only the fish oil group confirms 

previous observations that n-3 PUFA at a dose of approximately 2 g/d alters numbers of 

circulating EVs in subjects at moderate risk of CVDs [99, 103]. The lack of effect in the oily 

fish group could be due to the lower dose of n-3 PUFA and/or the difference in ratio of 

EPA:DHA, which was approximately 1:1 in the oily fish meals and 3:1 in the supplements. 
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Overall, the supplements delivered 2g/d EPA+DHA, whereas the oily fish meals delivered 1 

g/d EPA+DHA, with the dose of DHA being identical in the two groups, but the fish oil 

supplements delivering three times as much EPA and the oily fish meals. Despite this, the fatty 

acid composition changes in RBCs and EVs were comparable in the two groups. In addition, 

the provided dose of EPA+DHA from the oily fish group in this study could be too low to 

reduce EV number, where a dose of 1.5 g/d EPA+DHA has been found to decrease the number 

of endothelial-derived EVs but no effect on platelet derived EVs. This raises the question of 

the threshold dose of n-3 PUFA required to significantly reduce numbers of circulating EVs.  

 

A small number of studies have compared intervention with n-3 PUFA in the form of oily fish 

and fish oil capsules on incorporation of EPA and DHA into plasma and cellular lipids. Harris 

et al. [205] demonstrated equivalent incorporation of EPA and DHA into RBCs and plasma 

phospholipids following consumption of oily fish or fish oil capsules providing equal amounts 

of EPA and DHA. Another study demonstrated that EPA content was higher in RBCs and 

platelets following supplementation, but DHA content was higher in RBCs and platelets 

following intervention with salmon, and this was most likely due to a ratio of EPA:DHA of 

1.6:1 in the supplement group compared with 1:2.4 in the salmon group, explaining the greater 

accumulation of DHA in the salmon group [206]. In the current study, the ratio of EPA:DHA 

was dictated by the availability of intervention materials and by logistical constraints but is 

clearly an important consideration for comparative interventions of this type. It is interesting 

to note that the degree of incorporation of n-3 PUFA in the two groups relative to baseline and 

to the control group was similar and that the fatty acid composition of EVs and RBCs at the 

end of the intervention was not different between the two groups despite the difference in 

EPA:DHA ratio, although there was a trend towards an increase in the EPA content of RBCs 

in the fish oil group compared to the oily fish group.  It is possible that the lack of significant 
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difference is due to the relatively small sample size, particularly for EVs, where detection of 

small differences in the content of minor fatty acids in these cell-derived particles is 

challenging.  

 

Nevertheless, the fact that only the fish oil supplements altered EV number and function 

suggests that EPA rather than DHA may have been driving the effects. It has been demonstrated 

elsewhere that EPA and DHA have differential effects on membrane structure and lipid rafts, 

with DHA showing a greater ability to modify lipid rafts, which might lead to differential 

effects on membrane blebbing, membrane fluidity and cytosolic Ca2+ concentration [207], and 

therefore subsequently on EV production. Browning et al. [208] compared weekly vs daily 

consumption of matched doses of EPA and DHA (provided in the form of capsules at a dose 

of approximately 1 g/d) and reported that daily supplementation resulted in greater enrichment 

of EPA and DHA into cells compared with weekly supplementation. This implies that 

consuming oily fish twice per week may have been expected to result in a lower degree of 

incorporation of n-3 PUFA into cells than fish oil supplements simply due to frequency of 

consumption.  However, this did not appear to be the case in the current study, where 

incorporation of n-3 PUFA in RBCs and EVs was approximately equivalent for the 

supplements and oily fish meals.  

 

Both fish oil supplementation and consumption of oily fish are widely reported to reduce 

plasma triacylglycerol concentration [98], but the current study demonstrated only a trend, 

despite a significant effect having been reported previously at a dose of 1.8 g/d n-3 PUFA, 

albeit with a slightly greater sample size [99]. This suggests that the impact of n-3 PUFA on 

EV number and function appears to be greater than the well-characterised effects on plasma 

triacylglycerol concentration.  
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In the current study, although fish oil significantly decreased total numbers of circulating EVs, 

neither fish oil nor oily fish altered numbers of EV subtypes, including annexin V positive or 

annexin V positive platelet/endothelial EVs. In contrast, Del Turco et al [103] reported a 

significant decrease in both platelet- and monocyte-derived EVs, but not endothelial EVs, 

following intervention with fish oil supplements providing a dose of 4.3 g/d n-3 PUFA for 12 

weeks in patients who had experienced a previous myocardial infarction. The authors attributed 

this to the ability of n-3 PUFA to modulate platelet and monocyte function through 

modification of membrane composition, fluidity and cytosolic calcium concentration, which 

they suggested would reduce cell activation and apoptosis, resulting in lower EV release [103]. 

Unlike the Del Turco study [103], Wu et al., [99] demonstrated that an 8 week intervention 

with n-3 PUFA in the form of supplements (providing 0.9 g EPA and 0.6 g DHA) decreased 

the number of endothelial EVs, but had no effect on numbers of circulating platelet-derived 

EVs. The reasons for the inconsistency are not clear, but perhaps represent the challenges 

associated with comparative analysis of studies employing different subjects, doses, study 

designs and analytical techniques. 

 

EVs supported thrombin generation in a dose-dependent manner and blocking PS with annexin 

V reduced thrombin generation in a dose-dependent manner, illustrating the importance of PS 

exposure in the thrombogenicity of EVs. PS exposure on the outer leaflet of plasma membrane 

is regarded as the key regulator of TF-mediated procoagulant activity at the cell surface [209] 

and PS positive EVs have been shown to contribute to thrombin generation [210]. A 

procoagulant role for PS is well-characterised [145, 211] and EVs have been reported to 

possess procoagulant and fibrinolytic activities through the exposure of TF, one of several 

possible coagulation pathways [212, 213]. Furthermore, inhibition of TF reduces thrombin 

generation [214]. Adding EVs to PFP resulted in increased clot formation through the TF 
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pathway, with PS providing a catalytic surface for the formation of tenase and prothrombinase 

complexes and triggering conversion of TF to its biologically active form [215]. EVs are also 

reported to participate in fibrinolysis by producing plasmin [216]. Endothelial and leukocyte-

derived EVs express the urokinase-type plasminogen activator and its receptor on their surface, 

which is involved in the conversion of plasminogen to plasmin [217]. 

 

N-3 PUFA are suggested to play an important role in haemostasis and exhibit anticoagulant 

properties, for example by altering platelet lipid composition, inhibiting collagen-mediated 

platelet activation and modifying the release of thrombotic substances that employ activated 

platelets to form a clot [218, 219]. Moreover, an increase in the EPA and DHA content of 

platelets leads to the reduction of PAC-1 (marker of α-granule secretion) binding, P-selectin 

exposure and Annexin-V binding, which indicates inhibition of the binding of platelets to 

fibrinogen and of their ability to generate thrombin [219, 220]. 

 

In the current study, n-3 PUFA in the form of fish oil dramatically reduced TF-stimulated 

thrombin generation but had no effect when delivered in the form of oily fish. Del Turco et al 

[103] also reported a decrease in the TF-dependent procoagulant activity of EVs following fish 

oil supplementation at a dose of 4.3 g/d in patients with post-myocardial infarction. The authors 

attributed this reduction in EV thrombogenicity to a reduction in TF activity on the EV surface 

and proposed that this may be associated with the modulation of phospholipids involved in 

initiation of coagulation, particularly anionic phospholipids such as PS. There are too few 

published studies to ascertain whether the lack of effect of the oily fish intervention was due to 

the lower dose of n-3 PUFA or the greater proportion of EPA compared with the fish oil 

supplements. It has been reported that EPA, but not DHA, reduces mean platelet volume, which 

is a marker of platelet activation and blood coagulation [221]. EPA has been also shown to 
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lower circulating levels of apolipoprotein B, which is associated with lower levels of PAI-1, 

and therefore atherothrombotic events [213]. There are also differential effects of EPA and 

DHA on pathways for lipid mediator synthesis [222]. It would be important to conduct dose-

response studies of the effects of fish oil containing different ratios of EPA and DHA on both 

EV number and thrombogenicity to clarify the likely thresholds for the effects and the influence 

of the ratio of EPA:DHA. This would also be important in evaluating implications for dietary 

guidance. 

 

In conclusion, this study demonstrates that fish oil alters the number and thrombogenicity of 

circulating EVs and this cannot be replicated by a relatively high dose of n-3 PUFA delivered 

through oily fish meals. The greater proportion of EPA in the fish oil supplements may be a 

key factor in these differential effects and further work to understand the influence of dose and 

ratio of EPA and DHA on EV number and function is warranted.  
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Table 4.1 Fatty acid composition of fish oil and control oil capsules  

 Fish oil capsules 
 

Control capsules (olive oil) 

Fatty acids g/capsule (wt%) 
 

g/capsule (wt%) 

Myristic Acid C14:0 0.0003 0.0375 
 0.0001 

 
0.0198 

 

Tetracosanoic C24:0 0.0038 0.3875 
 0.0007 

 
0.0761 

 

Oleic acid C18:1n9 0.0042 0.425 
 0.6694 

 
66.945 

 

Linoleic Acid C18:2n6 0.0016 0.1625 
 0.0871 

 
8.7133 

 

Dihomo-gamma-linolenic C20:3n6 0.0018 0.1875 
 

0 0 

Arachidonic Acid C20:4n6 0.0195 1.95 
 

0 0 

Alpha Linolenic Acid (ALA) C18:3n3 0.002 0.2 
 0.0065 

 
0.6567 

 

Eicosatetraenoic (ETA) C20:4n3 0.0206 2.0625 
 

0 0 

Eicosapentaenoic (EPA) C20:5n3 0.7543 75.437 
 0.0003 

 
0.03208 

 

Heneicosapentaenoic (HPA) C21:5n3 0.0197 1.975 
 

0 0 

Docosapentaenoic (DPA) C22:5n3 0.0166 1.6625 
 0.0005 

 
0.0506 

 

Docosahexaenoic (DHA) C22:6n3 0.2671 26.712 
 0.0006 

 
0.0604 

 

Total Saturated fatty acids 0.0042 0.425 
 

0.1401 14.011 

Total Monounsaturated fatty acids 0.0108 1.0875 
 

0.6771 67.718 

Total n-3 PUFA/capsule 1.1038 110.38 
 

0.0079 0.7998 

  g per 2 fish oil capsules/day   

Total n-3 PUFA  2.2   

EPA  1.5   

DHA  0.53   

EPA+DHA  2   
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Table 4.2 Fatty acid composition of the whole homogenized fish meals 

parameter Oily fish Control fish 

 Piri Piri Fish (Salmon) Katsu Fish Curry (Mackerel) Piri Piri Fish (White Fish) 

 g/portion g/portion g/portion 

Meal weight 534 g 586 g 378 g 

Fish weight 226 g 
 

229 g 110 g 

Total calories 
 

837 kcal 845 kcal 861 kcal 

Protein 
 

69 70 72 

Carbohydrates 
 

56 57 58 

Fat 
 

36 36 37 

Alpha Linolenic Acid (ALA) C18:3n3 0.7 0.9 0.6 

Eicosapentaenoic (EPA) C20:5n3 0.9 2.2 0.04 

Docosapentaenoic (DPA) C22:5n3 0.2 0.4 <0.04 

Docosahexaenoic (DHA) C22:6n3 0.9 3.2 0.1 

Total n-3 PUFAs 2.7 6.7 0.94 

 g/day (oily fish)  

Total n-3 PUFA 1.44 
 

EPA 0.4  

DHA 0.58  

EPA+DHA 1  

Table 4.3 Baseline subject characteristics 

 Oily fish (n=14) Control (n=13) Fish oil supplement (n=15) p-value 

Subject characteristics     
Age (years) 56.14±2.50 51.16±2.00 57.23±2.76 0.209 
Gender 1.36±0.13 1.18±0.12 1.23±0.12 0.603 
Height (m) 1.65±0.02 1.68±0.02 1.69±0.02 0.561 
Weight (kg) 68.85±2.83 73.63±4.64 75.86±3.40 0.370 
BMI (kg/m2) 25.16±0.98 25.83±1.50 27.10±1.45 0.675 
SBP (mm Hg) 128.15±3.96 125.18±6.13 127.91±4.67 0.855 
DBP (mm Hg) 72.30±2.88 72.81±2.35 69.66±2.25 0.586 
Biochemical values (mmol/L)     
Total cholesterol 4.30±0.17 4.57±0.30 4.90±0.28 0.079 
Triglycerides 1.31±0.29 0.95±0.15 1.21±0.15 0.769 
HDL 1.15±0.08 1.48±0.08 1.41±0.05 0.062 
LDL 2.55±0.18 2.66±0.23 2.94±0.23 0.106 
Glucose 4.93±0.09 4.84±0.13 5.20±0.21 0.060 
FMD measures 
MAP (mm Hg) 90.92±2.99 90.27±3.38 89.08±2.55 0.904 
HR (beats/pm) 68.38±3.40 62.36±4.02 64.91±2.49 0.419 
Baseline diameter (mm) 0.37±0.01 0.34±0.02 0.38±0.01 0.317 
Peak diameter (mm) 0.40±0.01 0.35±0.02 0.40±0.02 0.159 
FMD% 7.30±1.14 4.39±0.53 7.18±0.94 0.068 
TTP (s) 53.43±5.14 67.81±11.2 56.87±7.17 0.423 

SRAUC 5.1E+4±2.1E+3 2.1E+4±3.3E+3 2E+4±3.2E+3 0.985 

Values are mean ± SEM. SBP: FMD, Flow- mediated dilation, BMI: body mass index, systolic blood pressure, SBP: systolic blood pressure, HDL: high-
density lipoprotein, LDL: low-density lipoprotein, MAP: mean atrial pressure, HR: heart rate, TTP: time to peak, SRAUC: shear rate area under the 
curve. There were no significant differences observed between the treatment groups (General Linear Model). 
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Table 4.4 Fatty acid composition of EVs before and after intervention. 

 Oily fish Placebo Fish oil supplement P value 

Fatty acids PRE (%) POST (%) PRE (%) POST (%) PRE (%) POST (%)  

SFA 
Palmitic acid (16:0) 

 
25.86±0.62 

 
25.15±0.55 

 
24.50±0.38 

 
24.75±0.52 

 
24.83±0.64 

 
26.05±0.61 

 
0.372 

Stearic acid (18:0) 8.93±0.75 8.56±0.57 9.83±0.74 9.60±0.80 9.66±0.91 8.71±0.55 0.570 

MUFA        

Oleic acid (18:1, n-9) 30.34±1.08 29.21±1.07 30.52±1.08 29.89±0.93 30.28±1.03 28.43±0.66 0.805 

n-3 PUFA 
DPA (22:5, n-3) 

 
0.44±0.02 

 
0.42±0.02 

 
0.36±0.02 

 
0.31±0.01 

 
0.36±0.02 

 
0.39±0.02 

 
0.249 

DHA (22:6, n-3) 1.10±0.08 1.53±0.06 0.91±0.07 0.94±0.10 1.06±0.06 1.45±0.07 <0.001 

EPA (20:5, n-3) 0.45±0.03 1.03±0.06 0.44±0.03 0.48±0.04 0.43±0.03 1.07±0.06 <0.001 

ALA (18:3, n-3) 0.25±0.02 0.20±0.02 0.23±0.01 0.23±0.02 0.25±0.02 0.25±0.01 0.386 

n-6 PUFA 
Linoleic acid (18:2, n-6) 

 
17.56±0.77 

 
18.58±0.96 

 
17.44±1.05 

 
17.97±1.08 

 
17.15±0.44 

 
17.48±0.44 

 
0.740 

Arachidonic acid (20:4, 
n-6) 

3.68±0.20 3.05±0.23 3.69±0.16 3.44±0.23 3.41±0.21 2.90±0.13 0.247 

Total 
Total SFA 

 
35.44±1.03 

 
34.32±0.93 

 
35.28±0.70 

 
35.37±1.07 

 
35.25±1.06 

 
35.54±0.87 

 
0.883 

Total MUFA 33.72±1.08 32.47±1.03 33.93±1.11 33.33±0.95 33.34±1.11 31.84±0.76 0.735 

Total n-3 PUFA 2.98±0.13 4.17±0.14 2.98±0.19 2.88±0.17 2.76±0.13 4.11±0.17 0.003 

Total n-6 PUFA 23.54±0.86 24.14±1.04 23.59±1.07 24.02±1.20 22.79±0.52 22.60±0.50 0.465 

Values are expressed as mean ± SEM. DPA: Docosapentaenoic acid, DHA: Docosahexaenoic acid, EPA: Eicosapentaenoic acid, ALA: α-Linolenic 
acid, SFA: saturated fatty acids, MUFA: mono-unsaturated fatty acids, n-3 PUFA: n-3polyunsaturated fatty acids, n-6 PUFA: n-6 
polyunsaturated fatty acids. Data were analysed using general linear model. DHA: There was a significant effect of the treatment on EV 
composition of DHA (p<0.001) and significant time*treatment interaction (p=0.004). DHA concentration has increased after fish oil and oily 
fish groups compared to the control group (p-values are p=0.004 and p<0.001, respectively). However, there was no difference between fish 
oil and oily fish groups. There was also a significant effect of time (p<0.001).  EPA:  There was a significant effect of the treatment on EV 
composition of EPA (p<0.001) and significant time*treatment interaction (p<0.001). EPA concentration has increased after fish oil and oily fish 
groups compared to the control group (p<0.001). However, there was no difference between fish oil and oily fish groups. There was also a 
significant effect of time (p<0.001). Total n-3 PUFA: There was a significant effect of the treatment on EV composition of total n-3 PUFA 
(p=0.003) and significant time*treatment interaction (p<0.001). Total n-3 PUFA concentration has increased after fish oil and oily fish groups 
compared to the control group (p-values are p=0.004 and p=0.024, respectively). However, there was no difference between fish oil and oily 
fish groups. There was also a significant effect of time (p<0.001).  

 

 

 

Table 4.5 Fatty acid composition of RBCs before and after intervention. 

 Oily fish Placebo Fish oil supplement P value 

Fatty acids PRE (%) POST (%) PRE (%) POST (%) PRE (%) POST (%)  

SFA 
Palmitic acid (16:0) 

 
24.78±0.32 

 
24.81±0.32 

 
24.39±0.26 

 
24.26±0.19 

 
24.42±0.17 

 
24.72±0.24 

 
0.403 

Stearic acid (18:0) 12.51±0.17 13.21±0.29 12.93±0.24 13.62±0.32 12.59±0.22 13.15±0.21 0.265 

MUFA        

Oleic acid (18:1, n-9) 18.97±0.43 17.86±0.40 18.70±0.29 18.08±0.27 18.60±0.36 17.69±0.29 0.812 

n-3 PUFA 
DPA (22:5, n-3) 

 
2.08±0.09 

 
2.63±0.10 

 
2.21±0.12 

 
2.44±0.08 

 
2.07±0.06 

 
2.98±0.10 

 
0.179 

DHA (22:6, n-3) 3.72±0.15 5.69±0.19 3.51±0.15 4.51±0.18 3.92±0.17 5.31±0.16 0.005 

EPA (20:5, n-3) 1.00±0.07 2.22±0.11 0.93±0.08 1.20±0.07 1.07±0.07 2.77±0.16 <0.001 

ALA (18:3, n-3) 0.46±0.04 0.38±0.02 0.39±0.03 0.30±0.03 0.45±0.04 0.36±0.02 0.174 

n-6 PUFA 
Linoleic acid (18:2, n-6) 

 
16.77±0.79 

 
14.66±0.58 

 
17.33±0.50 

 
15.88±0.61 

 
17.17±0.40 

 
15.00±0.41 

 
0.456 

Arachidonic acid (20:4, 
n-6) 

12.73±0.41 12.97±0.36 13.16±0.37 14.13±0.45 12.84±0.41 12.48±0.31 0.122 

Total 
Total SFA 

 
37.45±0.28 

 
38.17±0.26 

 
37.47±0.40 

 
38.05±0.32 

 
37.15±0.20 

 
38.03±0.23 

 
0.781 

Total MUFA 20.66±0.50 18.83±0.46 20.17±0.37 19.12±0.35 20.13±0.41 18.66±0.32 0.796 

Total n-3 PUFA 7.46±0.22 11.09±0.33 7.20±0.27 8.60±0.26 7.74±0.22 11.59±0.33 <0.001 

Total n-6 PUFA 31.71±0.60 29.50±0.57 32.48±0.50 31.91±0.48 32.36±0.41 29.35±0.47 0.037 
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Values are expressed as mean ± SEM. DPA: Docosapentaenoic acid, DHA: Docosahexaenoic acid, EPA: Eicosapentaenoic acid, ALA: α-Linolenic 
acid, SFA: saturated fatty acids, MUFA: mono-unsaturated fatty acids, n-3 PUFA: n-3polyunsaturated fatty acids, n-6 PUFA: n-6 
polyunsaturated fatty acids (p<0.001). DHA: There was a significant effect of the treatment on RBC composition of DHA (p=0.005) and 
significant time*treatment interaction (p=0.001). DHA concentration has increased after fish oil and oily fish groups compared to the control 
group (p-values are p=0.022 and p=0.007, respectively). However, there was no difference between fish oil and oily fish groups. There was 
also a significant effect of time (p<0.001).  EPA:  There was a significant effect of the treatment on RBC composition of EPA (p<0.001) and 
significant time*treatment interaction (p<0.001). EPA concentration has increased after fish oil and oily fish groups compared to the control 
group (p<0.001). However, there was no difference between fish oil and oily fish groups. There was also a significant effect of time (p<0.001). 
Total n-3 PUFA: There was a significant effect of the treatment on RBC composition of total n-3 PUFA (p=0.003) and significant time*treatment 
interaction (p<0.001). Total n-3 PUFA concentration has increased after fish oil and oily fish groups compared to the control group (p-values 
are p=0.004 and p=0.024, respectively). However, there was no difference between fish oil and oily fish groups. There was also a significant 
effect of time (p<0.001). Total n-6 PUFA: There was a significant effect of the treatment on RBC composition of total n-6 PUFA (p=0.037) and 
significant time*treatment interaction (p=0.008). Total n-6 PUFA concentration has increased after oily fish group compared to the control 
group (p-values =0.043). However, there was no difference between fish oil and oily fish groups, and no difference between fish oil and control. 
There was also a significant effect of time (p<0.001).  

 

 

 

Figure 4.1 Participant flow diagram for the intervention study  
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Figure 4.2 Effect of oily fish and fish oil supplements on the number (A) and mean size (B) of circulating EVs as measured by general linear model (n=42). (A) There 
is a significant effect of the treatment on EV number (p=0.004) and significant time*treatment interaction (p<0.001). EV number has significantly decreased after 
fish oil supplement compared to oily fish (p=0.023) and control (p=0.007).  Also, there was a significant effect of time on EV total concentration (p<0.001). (B) There 
were no statistically significant effects of oily fish and fish oil on EV size (p=0.299) and no significant effect of time on  EV size (p=0.389). Data are means ± SEM. 
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1st approach: Difference in thrombin generation between PFP and VFP 

2nd approach: SEC-isolated EVs  added to pooled VFP 
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Figure 4.3 Effect of intervention with oily fish or fish oil supplements on EV-supported thrombin generation as measured by general linear model (n=42). In the 1st approach 
(PFP vs VFP), (A, B, D) there were significant effects of the treatment on EV-dependant thrombin peak (p<0.001), AUC (p<0.001) and velocity index (p=0.015), where thrombin 
peak, AUC and velocity index have decreased after fish oil compared to oily fish and control. Also, there were significant time*treatment interaction and significant effect of time 
(p<0.001). (C) However, there were no statistically significant effects of the treatment and time on lag time.  
In the 2nd approach (isolated EVs added to VFP). (A, B, D) There were a significant effect of the treatment on EV-supported thrombin peak (p<0.001), AUC (p<0.001) and velocity 
index (0.017), where thrombin peak, AUC and velocity index have decreased after fish oil compared to oily fish and control. Also, there were significant time*treatment interaction 
(p=0.001) and significant effect of time (p=0.010).  (C) However, there were no statistically significant effects of the treatment and time on lag time. Data are means ± SEM. 
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Supplemental Table 4.1 Scoring tool for recruitment. The scoring tool was based on the Framingham Risk Score system [195], adapted by Chong et al 
[196] to include a score for family history of MI or T2D [223]. Participants were required to score ≥ 2 points to have an RR ≥ 1.5 of developing CVD, 
which could be achieved through a combination of CVD risk factors. MI, myocardial infraction; T2D, type 2 diabetes; NA, not applicable. 
 

CVD risk factors 

1 point 

 
 

Men                                      Women 

2 points 

 
 

Men                                                 Women 

Total Cholesterol (mmol/L) 5.18-6.21 5.18-6.21 6.22-7.99 6.22-7.99 

HDL Cholesterol (mmol/L) 0.91-1.16 1.17-1.29 <90 <1.16 

Glucose (mmol/L) 6.00-6.99 6.00-6.99 NA NA 

BMI (kg/m2) 25.5-29.9 25.5-29.9 30.0-39.9 30.0-39.9 

Waist circumference (cm) >94 >80 >102 >88 

Systolic blood pressure (mm Hg) 130-139 130-139 140-159 140-159 

Diastolic blood pressure (mm Hg) NA NA 90-99 90-99 

First degree relative diagnosed with MI 

or T2D (age of diagnosis) (y) 

NA NA <55 y in male relatives; 

<65 y in female relatives 

<55 y in male relatives; 

<65 y in female relatives 

 

Figure 4.4 Effect of intervention with oily fish or fish oil supplements on clot formation and lysis supported by EVs as measured by general linear model 

(n=42). (A) There was a significant effect of the treatment on EV dependant clot formation as indicated by AUC (p=0.002), where fish oil supplement significantly 

decreased the clot formation capacity as indicated by AUC compared to oily fish group and control group (p=0.002). There are also significant time*treatment 
interaction and significant effect of time (p<0.001). (B) There is no significant effect of the treatment and time on EV dependant clot lysis. Data are means ± SEM. 
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Supplemental Table 4.2 Plasma lipid profile pre and post intervention (n=42). 

 Oily fish Control Fish oil supplement P value 

Plasma lipids 
(mmol/L) 

PRE POST PRE POST PRE POST  

Total cholesterol 4.30±0.17 4.70±0.17 4.57±0.30 4.79±0.35 4.90±0.28 4.99±0.25 0.218 

LDL cholesterol 2.55±0.18 2.99±0.15 2.66±0.23 2.84±0.30 2.94±0.23 3.11±0.21 0.218 

HDL cholesterol 1.15±0.08 1.30±0.08 1.48±0.08 1.54±0.06 1.41±0.05 1.43±0.10 0.173 

Triglycerides 1.31±0.29 0.89±0.15 0.95±0.15 0.90±0.19 1.21±0.15 0.99±0.07 0.988 

Values are expressed as mean ± SEM. LDL: low density lipoprotein, HDL: high density lipoprotein. 

 

Supplemental Table 4.3 Effects of fish oil or oily fish on numbers of EV subtypes (n=42). 

 Annexin V positive EVs Platelets-derived EVs Endothelial- derived EVs 

Group 
Pre 

Mean ± SE 
Post 

Mean ± SE 
Pre 

Mean ± SE 
Post 

Mean ± SE 
Pre 

Mean ± SE 
Post 

Mean ± SE 

Oily fish 1.19E+8±1.43E+7 6.90E+7±1.31E+7 7.86E+7±1.33E+7 3.96E+7± 7.11E+6 1.43E+7±4.33E+6 8.14E+6 ±1.90E+6 
Placebo 1.16E+8±4.12E+7 6.81E+7±1.63E+7 8.63E+7±3.97E+7 4.22E+7± 7.43E+6 1.36E+7±4.54E+6 8.26E+6±1.21E+6 
Fish oil 1.16E+8 ±1.61E+7 6.22E+07±9.30E+6 5.59E+7±9.76E+6 3.34E+7±9.89E+6 1.75E+7±2.08E+6 1.23E+7±1.46E+6 

P-value P= 0.976 P= 0.567 P= 0.387 

Data are shown as mean ± SE. Difference in means was analysed using general linear model. 

 
 
 
 

 
 

 
 
 
 
 

 

 

 

 

Supplemental Figure 4.1. EV gating strategy. (A) gate (P1) shows annexin positive EVs; (A, B) gates (P2) and (P3) are 

subsets of gate (P1) and shows CD41 positive EVs (platelets-derived EVs) and CD105 positive EVs (endothelial-derived 

EVs) respectively. 
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Chapter V: General discussion, future perspectives, and conclusion 

This chapter summarises and reflects on the key findings of the studies presented in this thesis 

and makes some recommendations for future research.  

 

5.1 introduction  

Cardiovascular diseases are the leading cause of death globally accounting for almost 18 

million deaths [42]. EVs are small vesicles released from activated cells and their number has 

been reported to increase in patients with CVD compared to healthy individuals [224]. 

Therefore, measuring EV concentration can provide useful information when making 

comparisons between health and disease. Despite the availability of various techniques for EV 

isolation, separating EVs from biological fluids is potentially hampered by the presence of non-

EV particles such as lipoproteins. There is a lack of information about whether lipoproteins co-

isolate with EV and interfere with its quantification and labelling in the postprandial state. The 

aim of chapter 2 was therefore to test the efficiency of SEC in removing lipoprotein particles 

from EV enriched fractions, and to ascertain the reliability of the reported findings in relation 

to EV quantification and function. 

 

IE were introduced in food industries to replace hydrogenated fats due to their lower content 

of TFA and SFA [72, 73]. Despite the fact that dietary fats have been widely investigated in 

relation CVD, there is very little information on IE fats and CVD. Postprandial lipemia has 

been associated with endothelial dysfunction, cell activation, blood coagulation and EV release 

[109-111, 167, 168], but there has been no study investigating the effects of IE fats on EV 

number and its procoagulant activity.  Therefore, chapter 3 focused on investigating the effects 

of IE fats on the number and procoagulant behaviour of EVs in healthy subjects.  
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N-3 PUFAs have been demonstrated to have cardioprotective effects on CVD and although the 

strength of evidence has been questioned, most of the recent meta-analyses and systematic 

reviews support the cardioprotective role of n-3 PUFA [191, 192]. N-3 PUFA have also been 

demonstrated to protect against CVD by improving endothelial and vascular function [199], 

contributing to plaque stability [200], reducing plasma TAG [201] and exerting anti-thrombotic 

effects [202]. The literature on n-3 PUFA has focused mainly on studying the effects of n-3 

PUFA capsules on CVD markers, but there is limited data on oily fish and CVD. In addition, 

a few studies have investigated the effects of n-3 PUFA capsules on EVs and reported a 

decrease in EV number and thrombotic behaviour [99, 103]. However, there is no study 

examining the effects of n-3 PUFA in the form of oily fish, at a level achievable in the diet, in 

comparison to fish oil supplements on EV number and thrombogenic activity. Chapter 4 

therefore examines, for the first time, whether n-3 PUFA delivered in the form of oily fish are 

able to modify the profile and coagulatory behaviour of EVs in the circulation in the same way 

as fish oil supplements.  

 

The key findings of this thesis are summarised below: 

 

• SEC is an efficient method for purifying EV free from contamination with lipoproteins, 

such as CM and VLDLs.  

 

• In healthy human volunteers, there was no difference in the number and thrombogenic 

activity of circulating EV following the consumption of industrially produced IE fats 

and non-IE fats, but there was a marked postprandial effect on the number and 

thrombogenicity of EVs following consumption of a high fat meal, regardless of the 

type of fat.  
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• In subjects with moderate CVD risk, fish oil supplements reduced the number and 

thrombogenic activity of circulating EVs compared to oily fish. The higher content of 

EPA in the fish oil capsules might be the important element in driving the protective 

effects on EVs.   

 

5.2 Do lipoproteins co-isolate with EVs in the postprandial state?   

Although different techniques have been developed for EV isolation, it was unknown whether 

lipoproteins particles co-isolate with EVs in the postprandial state after consuming a high fat 

meal, particularly when using size-based isolation method. To address this gap in knowledge, 

the first trial (chapter 2) investigated the presence of non-EV components, whose size overlaps 

with EVs. The results in chapter 2 demonstrated that SEC is efficient in separating EV enriched 

fractions (7,8,9) free from contamination with lipoproteins, since ApoB48 and ApoB100 eluted 

after the EV fractions, indicating that lipoproteins eluted later than EVs. This is consistent with 

lipoproteins generally having a smaller diameter than EVs. The efficacy of SEC in removing 

contaminants from EV fractions was also confirmed by the fact that purified lipoproteins (CM, 

VLDL1 and VLDL2) subjected to SEC did not elute in EV enriched fractions and only eluted 

in the later fractions. The majority of EVs are reported to elute in fractions 7,8 and 9, which 

contain minimum interference with plasma proteins and although some EVs will appear later 

than fraction 9, only fractions 7,8 and 9 were collected for EV analysis to avoid collecting any 

contaminating proteins  [36, 138, 139]. It has also been reported that SEC is efficient in 

removing HDL and VLDLs particles from EV fractions [134]. Other particles such as LDL 

and albumin were not investigated in chapter 2, since their size is less than 70 nm and therefore 

they would be retained by the beads in the column, and elute much later than EVs and the larger 

lipoproteins.  
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Since FCM can detect all EVs and non-EV particles above the detection threshold, fluorescent 

markers used to stain EVs may also stain lipoproteins due to non-specific binding and cross-

reactivity, leading to misidentification of EVs [136]. There was very little information about 

the potential interference of lipoproteins with EV labelling. Chapter 2 investigated whether 

lipoproteins interfere with the staining specificity of EV by FCM. Lipoprotein fractions (CM, 

VLDL1 and VLDL2), prepared by density gradient centrifugation and stained using EV 

specific markers to detect annexin V positive EVs, platelet-derived EVs and endothelial 

derived EVs contained very small amounts of EVs. The use of ApogeeMix reference beads in 

this project for EV gating with a threshold refractive index of ɳ=1.43, similar to the refractive 

index of EVs ɳ~1.39 helps to discriminate between EV and lipoprotein populations. This 

consequently prevent the detection of lipoprotein particles and its contents (lipids and proteins) 

which have a refractive index of > 1.42, while EVs have a refractive index equal to 1.39 [136]. 

In addition, the minimum detection threshold for the FCM was set at 240 nm to avoid 

background and instrument noise. Consequently, this will exclude any labelling for lipoprotein 

particles smaller than 240 nm in diameter, which includes the majority.  

 

Taken together, SEC is an effective method to separate EVs from potential contaminating 

particles and collecting only the purest EV fractions helps to avoid the interference of 

contaminants. Additionally, applying reference beads with refractive index similar to EVs for 

EV gating helps to prevent the detection of lipoproteins within the EV gate. 
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5.3 Comparing the effects of commercially available IE fats and non-IE fats on number 

and procoagulant activity of EVs 

Despite the wide use of industrially relevant IE fats in food products, their effect on 

cardiovascular health is unknown [73]. There are very few studies on IE fats and CVD markers. 

However, these studies have used non commercially available IE fats and reported inconsistent 

results. Some studies reported an increase in plasma TAG after consuming non-IE fat compared 

to IE fats [74, 75], while others reported no difference in the plasma TAG between IE fat and 

non-IE fats [76]. The inconsistency may be due to variations in the solid contents of the test 

fats, where the digestion of fats with high solid contents is delayed due to their high melting 

point leading to a slow release of the plasma TAG in the circulation [74, 76]. Chapter 4 

compared the effects of commercially available IE fats and non-IE fats on the concentration 

and procoagulant activity of EVs and demonstrated for the first time that there was no 

difference in response between IE fat and non-IE fats, where all fat spreads increased the 

number and procoagulant activity of EVs postprandially. Dietary fats have been studied in 

relation to EVs and found to increase EV number postprandially [109], but this was the first 

study to have investigated the effects of industrially available IE fats on EVs. The mechanisms 

explaining the postprandial increase in EV number and TF-dependent thrombin generation 

following IE fats are not clear. Postprandial hypertriglyceridemia could be implicated in the 

elevation of EV numbers, since plasma TAG concentration was strongly associated with EV 

number, consistent with previous findings [156-158]. Hypertriglyceridemia has been 

demonstrated to induce the release of cytosolic calcium, stimulate PS exposure into cells and 

the cleavage of apoptotic markers, indication of cells undergoing apoptosis [159]. Additionally, 

during hypertriglyceridemia, TAG particles circulate into the blood attached to LDLs, which 

are small and dense particles, and their metabolism is slow, therefore they exist in the blood 

for a long time, placing them in direct contact with endothelial cells, where they accumulate 
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into the sub-endothelium, causing endothelial dysfunction and potentially EV release [160]. 

Moreover, there was also a positive relationship between EV numbers and insulin 

concentration, in line with  previous studies [161, 162]. High insulin concentrations have been 

implicated in the apoptotic process and EV production, through the increased production of 

caspase and lactate dehydrogenase, enzymes released during plasma membrane damage and 

cell death [166].  

 

Chapter 3 demonstrated a strong postprandial effect, but no difference in EV dependent 

thrombotic behaviour between IE and non-IE fats. Studies on dietary fat modulation of EV 

procoagulant activity are limited. The increase in EV procoagulant activity following the 

consumption of the fat spreads might be due to the increase in PS exposure on EVs (one of the 

main triggers of coagulation) as measured by FCM. A previous study reported no difference in 

EV procoagulant behaviour between baseline and the postprandial state due to the unchanged 

amount of PS exposure on EV at postprandial state compared to baseline, indicating the 

importance of PS exposure in initiating coagulation [180]. Furthermore, a positive correlation 

between plasma TAG and insulin concentrations with thrombin AUC mediated by EVs might 

play a role in EV thrombogenicity. High levels of TAG have been reported to induce 

coagulation and endothelial dysfunction [178, 179], which might stimulate EV production. In 

addition, high insulin levels trigger platelet activation [181], stimulate EV release and cause 

rapid increases in circulating TFs procoagulant activity associated with thrombin generation 

and acute cardiovascular events [182, 183].  

 

Altogether, both commercially relevant IE and non-IE fat increases the number and 

procoagulant activity of EVs during the postprandial period, regardless of the structure, type, 

and content of the consumed fats. In addition, since EV numbers and procoagulant activity 
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were positively associated with plasma levels of TAG and insulin, postprandial 

hypertriglyceridemia and hyperinsulinemia might be causally connected to the postprandial 

increase in EV number and thrombogenicity.  

 

5.4 Comparing the effects of n-3 PUFAs in the form of fish oil capsules and oily fish on 

number and procoagulant activity of EVs 

We have previously demonstrated that supplementation with n-3 PUFA decreased the number 

of endothelial derived EVs in individuals with moderate risk of CVD [99]. It has been also 

reported that the consumption of fish oil supplements decreased the number and procoagulant 

activity of circulating EVs in patients with a previous myocardial infarction [103]. However, 

the studies relating to n-3 PUFA and EVs focused only on fish oil supplements and there are 

no studies investigating whether n-3 PUFAs in the form of oily fish, at a level achievable in 

the diet, alter EV number and procoagulant activity in the same way as fish oil supplements. 

Chapter 4 demonstrated for the first time that 12 weeks of intervention with fish oil 

supplements decreased the total number of circulating EVs and TF-dependent thrombin 

generation, whereas oily fish had no effect. The mechanisms by which only fish oil 

supplements decreased circulating EV number and procoagulant behaviour are unknown. The 

lack of effect in the oily fish group could be attributed to the lower dose of n-3 PUFAs delivered 

in the oily fish group (1.5 g/d) compared to the supplement group (2 g/d), and/or to the 

difference in ratio of EPA:DHA (1:1 in the oily fish and 3:1 in the fish oil capsules). In addition, 

the amount of EPA+DHA from the oily fish group (1 g/d), could be too low to exert a 

favourable effect on EV number and activity, since a dose of 1.5 g/d EPA+DHA has been 

reported to decrease the number of endothelial-derived EVs, but had no effect on platelet 

derived EVs. This brings into question the threshold dose of n-3 PUFA sufficient to 

significantly reduce numbers of circulating EVs.  
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EPA and DHA have been reported to incorporate into cells following the consumption of oily 

fish or fish oil capsules in a manner dependent on their ratio [205, 206]. However, chapter 4 

demonstrated that there was no difference in the incorporation of EPA and DHA into EVs and 

RBCs between the fish oil and oily fish groups, despite the difference in EPA:DHA ratio, 

although there was a trend towards an increase in the EPA content of RBCs in the fish oil group 

compared to the oily fish group.  The lack of significant difference could be due to the relatively 

small sample size, particularly for EVs, where detection of small differences in the content of 

minor fatty acids is challenging.  

 

The decrease in the number and function of circulating EVs only in the fish oil supplements 

group could be due to EPA rather than DHA, since EPA and DHA have been demonstrated to 

have different effects on membrane structure and lipid rafts, with DHA showing a greater 

ability to modify lipid rafts, which might lead to differential effects on membrane blebbing, 

membrane fluidity and cytosolic Ca2+ concentration [207], and therefore subsequently on EV 

production.  

 

Although fish oil significantly decreased total numbers of circulating EVs, neither fish oil nor 

oily fish altered numbers of EV subtypes, including annexin V positive or annexin V positive 

platelet/endothelial EVs. In contrast, fish oil supplements were reported to decrease the number 

of platelet- and monocyte-derived EVs, but not endothelial EVs [103]. In another study, fish 

oil supplements reduced the number of endothelial derived EVs, but had no effect on numbers 

of circulating platelet-derived EVs [99] The inconsistency in findings is unexplained, but 

indicates the challenges associated with comparative analysis of studies employing different 

subjects, doses, study designs and analytical techniques. 
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Furthermore, n-3 PUFA in the form of fish oil supplements reduced TF-stimulated thrombin 

generation, but had no effect when delivered in the form of oily fish. A previous study has also 

reported a decrease in the TF-dependent procoagulant activity of EVs following the 

consumption of fish oil supplements [103]. There are very few studies comparing fish oil and 

oily fish, which makes it difficult to ascertain whether the lack of effect in the oily fish group 

was due to the lower dose of n-3 PUFA or lower proportion of EPA compared with the fish oil 

supplements. However, the decrease in EV procoagulant activity in the fish oil group could be 

due to the higher proportion of EPA, since EPA, but not DHA, is reported to reduce mean 

platelet volume, a marker of platelet activation and blood coagulation [221]. EPA has been also 

reported to reduce the production of apolipoprotein B, which is associated with lower levels of 

PAI-1 and atherothrombotic events [213].  

 

These findings together demonstrate that n-3 PUFA from fish oil is effective in reducing the 

number and thrombogenicity of circulating EVs compared to n-3 PUFA from oily fish meals. 

The higher ratio of EPA in the fish oil supplements may be the important element that drives 

the favourable effects on the number and procoagulant activity of EVs. 

 

5.5 Future perspectives 

This thesis describes some of the current limitations and challenges in EV isolation methods 

and addresses some of the gaps in relation to EV isolation and characterisation, particularly in 

the postprandial state, where the number of EVs increases postprandially. Also, it discusses the 

role of EVs in relation to CVD and the modulation of EVs by dietary fats. 

Although, using qEV/70nm columns to isolate EVs is efficient in removing contaminating 

particles, qEV/70nm column allow EV isolation in the range 70nm-1000nm, excluding those 



 113 

smaller than 70 nm. Recent availability of qEV/35nm columns will now allow particle isolation 

in the range 35nm-350nm and is recommended for future studies in combination with the 

traditional qEV columns to enable the isolation of both small and large EVs.  To resolve the 

possible co-isolation of small lipoproteins (HDL and VLDLs) when using the qEV/35nm 

columns, magnetic beads loaded with lipoprotein antibodies might be used to pull out the 

contaminants from EV samples, although this would be very costly.  

 

In this thesis, the detection threshold for the FCM was set at 240 nm to exclude the interference 

of background noise and this consequently excluded the detection of small EVs. It is 

recommended to wash the stained EV sample with wash buffer to ensure the removal of any 

excess antibody [225], which will decrease the background noise and therefore reduce the 

threshold to detect smaller EVs. In our lab, washing the stained EV sample dramatically 

reduced the number of positive events, which could be due to the loss of fluorescence intensity. 

Future work could focus on developing a protocol for removing unbound antibody from EV 

sample without affecting the fluorescence intensity of the antibodies.  

 

The characterisation protocol used in this thesis included the detection of PS exposing EVs, 

platelets and endothelial derived EVs. There is a need for the development of a complete 

labelling protocol to include the labelling of the majority of circulating EVs. It is still 

challenging to identify a universal EV marker for staining of the majority of the EV population, 

and the light scatter intensities of most EVs are often below the background noise of FCM. 

There is a demand to develop a method for the fluorescent labelling of EVs using NTA to 

provide a reliable detection of EV concentration, phenotyping, and size distribution. Current 

NTA techniques cannot discriminate between EV subtypes, and this work is still under 

development. 
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Dietary fat modulation (including n-3 PUFA and IE fats) of EV number and activity has 

provided important insight into the important role of dietary fats on EVs and CVD risk. Future 

work could study in vitro models by incubating these fats with cells and investigate their effects 

on EV production, composition, and functional activity. The generated EVs could also be 

injected into animal models to obtain information about the role of those EVs in haemostasis 

and blood coagulation.  

 

Future work could also focus on investigating the effects of matched doses of n-3 PUFA from 

fish oil capsules and oily fish on EV production and functional activity. Additionally, further 

work is required to understand the effects of fish oil containing different ratios of EPA and 

DHA on both EV number and thrombogenicity to clarify the likely thresholds for the effects 

and the influence of the ratio of EPA:DHA. This would also be important in evaluating 

implications for dietary guidance. 

 

5.6 Conclusions 

 

This thesis demonstrated that SEC is an efficient method for purifying EV free from 

contamination with lipoproteins. It demonstrated that there was a dramatic increase in numbers 

of EVs during the postprandial period following consumption of a high fat meal, but there were 

no differences in EV production or thrombogenic activity following acute consumption of 

industrially produced IE fats and non-IE fats. Fish oil reduced the number and thrombogenic 

activity of circulating EVs compared to oily fish and the higher content of EPA in the fish oil 

capsules was likely to be a key factor in the effects.   
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