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Abstract 

 

Background: Extracellular vesicles (EVs) are proposed to play a role in the development of 1 

cardiovascular diseases (CVDs) and are considered emerging markers of CVDs. N-3 2 

polyunsaturated fatty acids (PUFAs) are abundant in oily fish and fish oil and are reported to 3 
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reduce CVD risk, but there has been little research to date examining the effects of n-3 PUFAs on 4 

the generation and function of EVs.   5 

Objective: The objective of the study was to investigate the effects of fish oil supplementation on 6 

the number, generation and function of EVs in subjects with moderate risk of CVDs.  7 

Methods: A total of 40 participants with moderate risk of CVDs were supplemented with capsules 8 

containing either fish oil (1.9 g/d n-3 PUFAs) or control oil (high-oleic safflower oil) for 12 weeks 9 

in a randomized, double-blind, placebo-controlled crossover intervention study. The effects of fish 10 

oil supplementation on conventional CVD and thrombogenic risk markers were measured, along 11 

with the number and fatty acid composition of circulating and platelet-derived EVs (PDEVs). 12 

PDEVs proteome profiles were evaluated, and their impact on coagulation was assessed using 13 

assays including fibrin clot formation, thrombin generation, fibrinolysis and ex vivo thrombus 14 

formation.  15 

Results: N-3 PUFAs decreased the numbers of circulating EVs by 27%, doubled their n-3 PUFA 16 

content and reduced their capacity to support thrombin generation by >20% in subjects at moderate 17 

risk of CVDs. EVs derived from n-3 PUFA-enriched platelets in vitro also resulted in lower 18 

thrombin generation, but did not alter thrombus formation in a whole blood ex vivo assay.  19 

Conclusions: Dietary n-3 PUFAs alter the number, composition and function of EVs, reducing 20 

their coagulatory activity. This study provides clear evidence that EVs support thrombin 21 

generation and that this EV-dependent thrombin generation is reduced by n-3 PUFAs, which has 22 

implications for prevention and treatment of thrombosis. 23 

Abbreviations:  

AA: arachidonic acid 

ALA: α-linolenic acid 

BMI: body mass index 

CVD: cardiovascular disease 

DBP: diastolic blood pressure 

EV: extracellular vesicle 

Jo
urn

al 
Pre-

pro
of



3 

 

FCM: flow cytometer 

FFQ: food frequency questionnaire 

NTA: nanoparticle tracking analysis  

PDEVs: platelet-derived extracellular vesicles 

PPP: platelet-poor plasma 

PRP: platelet-rich plasma 

PS: phosphatidylserine 

PUFA: polyunsaturated fatty acid 

SBP: systolic blood pressure 

SEC: size exclusion chromotography 

SP-EV: Stimulated platelet-derived extracellular vesicle 

TAG: triacylglycerol 

TRAP-6: thrombin receptor activating peptide 6 

UP-EV: Unstimulated platelets-derived extracellular vesicle 

VDP: vesicle-depleted plasma 

WASHC2A: WASH complex subunit 2A 

 

 

Registration: URL: https://clinicaltrials.gov/ct2/show/NCT03203512; Unique identifier: 24 

NCT03203512. 25 

Keywords: Cardiovascular disease; extracellular vesicles; platelet-derived extracellular vesicles; 26 

fish oil; thrombosis; coagulation.  27 

Introduction 28 

Extracellular vesicles (EVs) are lipid bilayer-enclosed vesicles derived from almost all cells under 29 

both physiological and pathological conditions. These structures are reported to play roles in 30 

endothelial dysfunction, inflammation and thrombosis (1) and there are positive associations 31 

between elevated circulating EV numbers and cardiovascular and thrombogenic risk markers (2), 32 

as well as hypercholesterolaemia (3), dyslipidaemia (4) and hypertension (5). Numbers of EVs are 33 

increased in cardiovascular diseases (CVDs), including ischemic stroke (6) and coronary artery 34 

disease (7). 35 

Platelet-derived EVs (PDEVs) comprise the major EV population in the circulation, representing 36 

60–90% of circulating EVs (8), and are considered particularly important contributors to the 37 

development and progression of CVDs, potentially serving as biomarkers for cardiovascular health 38 
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(9). EVs released from platelets support platelet activation, thrombin generation and thrombus 39 

formation (10), potentially playing an important role in vascular dysfunction and thrombosis (11). 40 

Their coagulatory activity is attributed to exposure of negatively-charged phospholipids, including 41 

phosphatidylserine (PS), which provide a catalytic surface for the assembly and activation of 42 

tenase (factors IXa, VIIIa, and X) and prothrombinase complexes (factors Xa, Va, and 43 

prothrombin), thereby supporting further activation of the coagulation cascade to generate 44 

thrombin and the subsequent conversion of fibrinogen to fibrin (12). Indeed, EVs released from 45 

platelets are reported to be 50- to 100-fold more pro-coagulant than activated platelets due to 46 

elevated expression of PS, P-selectin and factor X (13). 47 

Dietary and lifestyle interventions have been demonstrated to modify CVD risk factors (14). The 48 

cardio-protective effects of fish oil n-3 PUFAs could be attributed to lowering of plasma 49 

triacylglycerol (TAG) concentration (15) and/or anti-inflammatory, anti-thrombogenic  and anti-50 

atherogenic properties (16). Moreover, it is well-established that dietary n-3 PUFAs are 51 

incorporated into plasma phospholipids, platelets and cell membranes (17). There is, therefore, a 52 

sound basis for proposing that modulation of platelet and cell membranes by n-3 PUFAs could 53 

influence the generation, composition and function of EVs. Although a few studies have 54 

investigated the effects of n-3 PUFA supplementation on EVs (18-28), the reported effects are 55 

inconsistent. There are limitations in study design and methodology, and there is no insight into 56 

the impact of supplementation with n-3 PUFAs on the ability of platelets to generate EVs in vitro, 57 

nor is there any information about the characteristics and functional activities of EVs generated 58 

from n-3 PUFA-enriched platelets in vitro.  59 
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This randomized, double-blind, placebo-controlled, crossover trial aimed to investigate whether 60 

daily supplementation of participants at moderate risk of CVDs with 1.8 g/d of fish oil-derived n-61 

3 PUFAs altered the generation, composition and function of circulating and PDEVs. 62 

Methods 63 

This study was conducted in the Hugh Sinclair Unit of Human Nutrition, School of Chemistry, 64 

Food and Pharmacy, University of Reading, in accordance with guidelines detailed in the 65 

Declaration of Helsinki and approved by the University of Reading Research Ethics Committee 66 

(reference: UREC 17/18). Written informed consent was obtained from participants. 67 

Trial Design 68 

The trial was a randomized, double-blind, placebo-controlled crossover. Eligible participants 69 

were randomly allocated to supplementation with capsules containing either fish oil or high-oleic 70 

safflower oil (control) in the first 12-week treatment period, followed by a 12-week wash-out 71 

period and then crossover to the other intervention for a further 12 weeks. Random assignment of 72 

subjects for intervention order (“1” and “2”) was performed with an online software 73 

(https://www.randomizer.org/). The study capsules were blinded by a researcher not involved in 74 

the study and the code was not revealed until all statistical analyses had been completed. 75 

Anthropometric measurements (weight and height), blood pressure and blood sampling were 76 

conducted at the beginning and end of each treatment period after an overnight fast, as 77 

previously described (2). Participants were asked to abstain from alcohol and strenuous exercise 78 

(>20 min three times per week) during the 24 hours prior to the study day and to continue with 79 

their normal diet, consuming no more than two portions of oily fish per month. Prior to enrolling 80 

on the study and on each visit day, participants returned completed food frequency 81 

questionnaires (FFQs), which were modified from the European Prospective Investigation of 82 
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Cancer (EPIC)-Norfolk FFQ to include additional focus on the daily consumption of oily fish 83 

(29). Data were analysed by the FFQ EPIC Tool for Analysis (FETA) software and were used to 84 

record habitual dietary intakes during the previous year and dietary intake during the intervention 85 

periods, and the baseline data suggested that participants were consuming less than one portion 86 

of oily fish per month, below the required threshold of two portions per month. After the first 87 

visit, participants were asked to take 6 capsules per day of either fish oil, providing a total daily 88 

intake of 1.9 g n-3 PUFA (1080 mg EPA and 810 mg DHA) or high-oleic safflower oil, 89 

providing 740 mg oleic acid plus 120 mg linoleic acid, for 12 weeks. The fish oil, an 90 

AlaskOmega® omega-3 concentrate (EE 400300) derived from Alaskan Pollock (Gadus 91 

chalcogrammus), and safflower oil capsules were provided by Wiley Companies, Coshocton, 92 

Ohio.  Participants were advised to take capsules with breakfast, lunch and dinner (2 at each 93 

meal). 94 

Compliance was monitored by providing participants with a daily checklist, which they returned 95 

at the end of each arm, by capsule counts and by modification of the plasma fatty acid composition. 96 

Participants were provided with capsules in excess of requirements, and remaining capsules at the 97 

end of the 12-week treatment period were counted. Compliance was >98% throughout the trial, as 98 

judged by capsule counts. Changes in the fatty acid composition of plasma total phospholipids also 99 

reflected good compliance, as indicated in the Results. 100 

Participants 101 

A total of 40 participants aged between 40 and 70 years (median 64 y) with moderate CVD risk, 102 

comprising 24 males and 16 females, recruited from the community of Reading, UK, completed 103 

the study, as illustrated in the participant flow diagram (Supplementary Figure 1). From the total 104 

of 58 volunteers screened, 42 were enrolled on the trial between January 2018 and March 2019, 105 

Jo
urn

al 
Pre-

pro
of



7 

 

with 40 subjects successfully completing the trial in November 2019, with no serious adverse 106 

events and supplements well tolerated by all subjects.  107 

Volunteers interested in the study were first assessed using a medical and lifestyle questionnaire 108 

administered via email or telephone. Potential eligible volunteers were invited to a screening visit 109 

to undergo anthropometric measurements and biochemical tests in order to assess their eligibility 110 

for the study. Moderate CVD risk was determined by the QRISK2 scoring system 111 

(https://qrisk.org/2017/), which is defined as 10-20% risk of a heart attack or stroke in the next 10 112 

years (Hippisley-Cox et al., 2008). QRISK2 is based on nine risk factors, which include age, 113 

systolic blood pressure, smoking status , ratio of total serum cholesterol to high-density lipoprotein 114 

cholesterol), body mass index (BMI), ethnicity, measures of deprivation, family history 115 

(cardiovascular disease in first degree relative under 60 years) and ethnicity. Exclusion criteria 116 

included underweight (<18.5 kg/m2); anemia (haemoglobin concentration ＜12.5 g/L in males and117 

＜11.5 g/L in females); hyperlipidaemia (total cholesterol >8 mmol/L); diabetes (diagnosed or 118 

fasting glucose concentration ＞7 mmol/L) or other endocrine disorders; angina, stroke, or any 119 

vascular disease in the past 12 months; renal, gastrointestinal, respiratory, liver or bowel disease; 120 

inflammatory disease; drug treatment for hypertension, hyperlipidaemia, inflammation, depression 121 

or thyropathy; aspirin, ibuprofen or other nonsteroidal anti-inflammatory drugs (NSAIDs) > 4 122 

times per month, or once in the week preceding the study; any other anti-platelet or anti-coagulant 123 

drugs (e.g. triflusal, clopidogrel and warfarin); allergies; smoking (including e-cigarettes and 124 

nicotine products); alcohol misuse or intakes ＞21 units/wk for males and ＞15 units/wk for 125 

females or a history of alcohol misuse; regular consumption of oily fish (more than 2 portions per 126 

month); consumption of dietary supplements; planning to start or on a weight reducing regimen; 127 

intense aerobic exercise (＞20 min, three times a week); pregnancy or lactation, or if of 128 
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reproductive age and not using a reliable form of contraception (including abstinence); 129 

participation in another clinical trial within the last three months. All enrolled participants are non-130 

smokers, without any diagnosed diseases and do not take any medication and/or supplements. 131 

Baseline characteristics of the 40 participants completing the study were reported and associations 132 

between these characteristics and EV numbers and function have been previously published (2). 133 

The study population was mildly hypertensive (SBP=134±2.2) and mildly hypercholesterolemic 134 

(total cholesterol=6 mmol/l). 135 

Sample size 136 

A sample size calculation was performed for the main endpoints: EV numbers, thrombus formation 137 

and platelet aggregation. Based on a previous study (22), a total of 34 participants was considered 138 

sufficient to detect a 10% reduction in the number of EVs following fish oil supplementation, with 139 

a two-sided significance level of 5% and a power of 95%. A recruitment target of 40 allowed for 140 

a 15% dropout. 141 

Blood collection and processing 142 

Venous blood samples were collected into 3.2% sodium citrate and processed as previously 143 

described (2). Platelet-rich plasma (PRP) and platelet-poor plasma (PPP) was used in platelet 144 

aggregation, while the remaining PRP was used to isolate platelets. Platelet-free plasma (PFP) was 145 

used for the enumeration and characterization of circulating EVs, or stored at −80 °C for the further 146 

analysis of thrombogenic activity of EVs (thrombin generation) and of PFP (thrombin generation 147 

and fibrin clot properties). 148 

Measurement of platelet aggregation 149 

A high throughput, plate-based, platelet aggregation was conducted as previously described (2). 150 

Thrombodynamics analysis for fibrin clot formation and fibrinolysis 151 
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Thrombodynamics analysis was performed to determine the formation of a fibrin clot using a 152 

thrombodynamics analyser and thrombodynamics kit (HemaCore, Moscow, Russia), as described 153 

by Zhou et al (2).  154 

Isolation of EVs 155 

Circulating EVs from PFP were isolated by size exclusion chromatography (SEC) using Izon qEV 156 

columns (Izon Science Ltd, Oxford, United Kingdom). Fractions 7-9 were pooled together and 157 

concentrated using a centrifugal concentrator (Fisher Scientific, Leicestershire, UK) at 1000 x g 158 

for 10 minutes at room temperature. 159 

The isolation process for PDEVs generated in vitro from unstimulated and stimulated platelets 160 

consisted of i) isolation of platelets from whole blood, ii) stimulation (or not) of isolated platelets 161 

with thrombin receptor activator peptide-6 (TRAP-6)  and iii) isolation of EVs from the 162 

supernatants of stimulated and unstimulated platelets as previously described (30). In brief, 163 

isolated platelets at 3 x 108 platelets/ml were stimulated with either 30 µM of TRAP-6 (stimulated 164 

platelets) or PBS (unstimulated platelets) in the presence of 2 mM of CaCl2 (Sigma-Aldrich, 165 

Dorset, UK) and incubated at 37°C for 2 hours. Platelets were then removed by two sequential 166 

centrifugations at 1,200 x g for 10 minutes. The upper 90% of the supernatant, which contains the 167 

EVs, was collected and pelleted by centrifugation at 15,000 x g for 30 minutes at 4 °C. The 168 

supernatant was discarded and the pellet rich in PDEVs was resuspended. Isolated PDEVs were 169 

pooled and stored in aliquots at -80ºC until use. 170 

Enumeration and characterization of EVs 171 

Nanoparticle tracking analysis 172 

The size distribution and concentration of EVs were determined by Nanoparticle tracking analysis 173 

(NTA) using a NanoSight 300 (NS300; Malvern, Amesbury, UK) (2).  174 
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Characterisation of EVs using flow cytometry 175 

A flow cytometer (FCM; Canto II Flow Cytometer, BD Biosciences, UK), equipped with a blue 176 

(488 nm), a red (633 nm) and violet (405 nm) laser, was used to characterise circulating EV 177 

subpopulations and detect PS expression on PDEVs generated in vitro from platelets, details of 178 

which have been previously reported in Zhou et al (2) and Ferreira et al (30), respectively.  179 

Measurement of protein concentration of EVs using NanoDrop 180 

Protein concentration measurements were conducted by a NanoDrop-1000 spectrophotometer 181 

using protein A280 measurements following the manufacturer’s instruction (Thermo Scientific). 182 

Prior to measurement, the instrument was cleaned with distilled water and blanked using 2 μl of 183 

nuclease20 free water. Sample (2 μl) was then loaded onto the pedestal and this was repeated three 184 

times to obtain average protein concentration. 185 

Preparation of pooled vesicle-depleted plasma  186 

Venous blood samples were collected from three healthy, fasted participants (not involved in the 187 

trial) to prepare pooled vesicle-depleted plasma (VDP). Whole blood was first centrifuged twice 188 

at 2,500 x g for 15 min to remove blood cells and obtain pooled plasma. Vesicles were depleted 189 

from the pooled plasma by ultracentrifugation at 20,000 x g for 1 hour at 4 °C, which pellets the 190 

EVs, leaving vesicle-poor supernatant. The vesicle poor supernatant was ultracentrifuged at 191 

100,000 x g for 1 hour at 4 °C, followed by filtration four times through a 0.1 µm filter (Merk 192 

Millipore, Billerica, MA). This filtered supernatant was considered VDP and stored in 1 ml 193 

aliquots at -80 °C until use. Removal of vesicles at each stage of preparation of VDP was verified 194 

by NTA and FCM (Annexin V staining), which showed that 86.4% of particles detectable by NTA 195 

were removed from plasma, with 97.3% removal of PS+ EVs from plasma, as shown in 196 

Supplementary Figure 2. 197 
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Functional assays of PDEVs 198 

The effect of fish oil on EV functions was assessed through different stages of the coagulation 199 

cascade in functional assays, including clot formation, thrombin generation, fibrinolysis as well as 200 

thrombus formation. Full details of functional assays are provided in the Supplementary   201 

Measurement of thrombin generation  202 

Thrombin formation was assessed using a commercially available, plate-based thrombin 203 

generation assay (Technothrombin TGA kit, Austria), which assesses a change in fluorescence as 204 

a result of cleavage of a fluorogenic substrate by thrombin over time upon activation of the clotting 205 

cascade by tissue factor. Two separate analyses were conducted: (i) determination of the effect of 206 

n-3 PUFA supplementation on thrombin generation in PFP from study samples relative to pooled 207 

VDP and (ii) determination of the effects of circulating EVs and in vitro-generated PDEVs derived 208 

from study samples on thrombin generation in pooled VDP. Prior to analysis, a thrombin 209 

calibration curve was constructed from dilutions of lyophilised Hepes-NaCl-buffer containing 210 

0.5 % bovine serum albumin and ~1000 nM thrombin in buffer with BSA. A kinetic reading of the 211 

plate was initiated by addition of 50 µl of fluorogenic substrate solution containing fluorogenic 212 

substrate 1 mM Z-G-G-R-AMC and 15 mM CaCl2. Calibration curves were recorded at 37 °C for 213 

10 minutes with 30 second intervals using the plate reader (FlexStation 3, United State) at 360 nm 214 

for excitation and at 460 nm for emission. 215 

The methods for both approaches were based on the use of pooled VDP as a negative control to 216 

allow assessment of thrombin generation specifically resulting from the presence of EVs. For the 217 

first approach, 40 µl aliquots of either pre-thawed study sample PFP or pooled VDP or pooled PFP 218 

were added into the plate. For the second approach, PDEVs (10 µl of EV suspensions at 5 µg/ml 219 

final protein concentration) produced from either unstimulated or stimulated platelets (UP-EVs 220 
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and SP-EVs, respectively) from intervention samples, or PBS (negative control) were added to 30 221 

µl VDP. The concentration of 5 µg/ml protein was determined through trials as an appropriate 222 

concentration for thrombin generation in this assay. This was followed by addition of a 10 µl 223 

suspension of phospholipid micelles containing recombinant human tissue factor (TF) in Tris-224 

Hepes-NaCl buffer (RCL), which was provided in the kit. Formation of thrombin was initiated by 225 

addition of 50 µl of fluorogenic substrate solution containing 1 mM Z-G-G-R-AMC and 15 mM 226 

CaCl2. Plates were immediately read at 37 °C for 1 hour at 1 min intervals using a fluorescence 227 

plate reader (FlexStation 3, United State) at excitation and emission wavelengths of 360 and 460 228 

nm, respectively. All samples were measured in duplicate. Fluorescence intensity was detected by 229 

TGA Evaluation Software to calculate thrombin generation in samples. Data were then analysed 230 

by the TGA Evaluation Software manually to convert the unit of thrombin generation from RFU 231 

to nM and presented as five variables: lag time, time to the peak, peak concentration of thrombin 232 

(nM), velocity-index and area under the curve. 233 

Composition of EVs 234 

To determine the composition of EVs fatty acid analysis and proteomics were performed, as 235 

described in the Supplementary Methods.  236 

Statistical analysis 237 

Dose-response curves of platelet aggregation for each baseline and intervention were constructed 238 

using a 4-parameter log-linear function in GraphPad Prism Software 9 (GraphPad, La Jolla, CA). 239 

These dose-response curves of platelet aggregation were used to calculate relative parameters, 240 

including LogEC50, maximum response, minimum and hill slope values. Comparisons of these 241 

parameters after each intervention were made using 2-way ANOVA with the Tukey multiple 242 

comparisons test. These statistical analyses were carried out using GraphPad Prism Software 9. 243 
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Error bars denote standard error of the mean (SEM) and a p value of <0.05 was considered 244 

statistically significant. 245 

Comparisons after each intervention for other assays were made using a General Linear Model 246 

(GLM), fitted to analyse time course data for study test points in order to determine individual 247 

treatment effects with fixed factors of time (repeated measures) and treatment. SPSS 24.0 software 248 

for Windows (SPSS, Inc., Chicago, IL) was used to perform this statistical analysis. Error bars 249 

denote SEM and a p value of <0.05 was considered statistically significant. 250 

Results 251 

The study population exhibited  mild hypertension (SBP=134±2.2) and mild hypercholesterolemia 252 

(total cholesterol=6 mmol/l). Baseline characteristics of the 40 participants completing the study 253 

and associations between these characteristics and EV numbers and functions have been 254 

previously published; there was no influence of baseline characteristics on the outcomes of the 255 

trial (2). FFQ analysis demonstrated that subjects consumed a diet containing approximately 60-256 

65 g/d total fat, of which <1.5 g/d was derived from n-3 PUFAs (Supplementary Table 1). There 257 

was no impact of the intervention on habitual dietary intakes (Supplementary Table 1). 258 

Supplementation with n-3 PUFAs altered the fatty acid profile of plasma phospholipids and 259 

lowered blood pressure and plasma TAG concentration 260 

As expected, there were a broad range of effects of fish oil on plasma lipids, blood pressure and 261 

plasma fatty acid composition, chiefly a lowering of plasma TAG concentration, an increase in 262 

plasma LDL-C concentration, a lowering of SBP, and increased proportions of n-3 PUFAs in 263 

plasma phosphatidycholine and phosphatidylethanolamine. These effects provide confirmatory 264 

context for the trial and are described in Supplementary Tables 2-4.   265 
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Supplementation with n-3 PUFAs decreased clot growth, clot size and thrombin generation, 266 

but did not alter fibrinolysis or platelet aggregation 267 

Fish oil supplementation affected some aspects of coagulation: it decreased the rate of clot growth 268 

and clot size at 30 min, but did not affect clot density, fibrinolysis parameters or platelet 269 

aggregation in response to a range of agonists (Supplementary Figure 3 and Table 5). 270 

Supplementation with n-3 PUFAs decreased numbers of circulating EVs 271 

Supplementation with fish oil significantly decreased numbers of circulating EVs (Figure 1A), 272 

but did not affect size or size distribution (Figure 1B-C). Notably, numbers of PS-positive 273 

circulating EVs, PDEVs and endothelial cell derived EVs (EDEVs) were decreased significantly 274 

by fish oil supplementation compared to the control oil (Figure 1D-F). 275 

Supplementation with n-3 PUFAs decreased EV-dependent thrombin generation 276 

Thrombin generation in pooled PFP from healthy individuals (n=3) was approximately double that 277 

in VDP, demonstrating that the presence of EVs in PFP supports EV-dependent thrombin 278 

generation (Figure 2). The absence of vesicles in VDP resulted in significantly prolonged lag time 279 

and time to reach peak thrombin generation, as well as lower peak thrombin concentration, slope 280 

(velocity index) and area under the curve compared to pooled PFP from the same participants 281 

(Figures 2 and 3). 282 

Prior to supplementation, thrombin generation in pooled PFP from study participants tended to be 283 

higher than that in the pooled samples from healthy individuals (Figure 2 and 3). Supplementation 284 

with fish oil resulted in a reduction in peak thrombin generation, time to reach peak thrombin 285 

generation, velocity index and area under the curve, and prolonged lag time for thrombin 286 

generation (Figures 2 and 3) to the extent that at 30-40 min, thrombin generation in PFP from 287 

participants supplemented with fish oil was lower than that in the pooled PFP from healthy 288 
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individuals (Figure 2). This indicates that overall, there was less thrombogenic activity in platelet-289 

free plasma following fish oil supplementation, and the comparison with VDP suggests that this 290 

was at least partly attributable to EVs. 291 

 292 

Figure 4 represents thrombin generation in VDP to which EVs from participants supplemented 293 

with fish oil were added. EVs modified by n-3 PUFAs were less able to support TF-dependent 294 

thrombin generation than those from participants supplemented with control oil, confirming that 295 

the effect of n-3 PUFAs on TF-dependent thrombin generation was mediated through EVs.  296 

Supplementation with n-3 PUFAs altered the fatty acid profile of circulating EVs and EVs 297 

generated in vitro from platelets 298 

Fish oil supplementation did not alter the generation or size distribution of EVs from stimulated 299 

or unstimulated platelets in vitro, but it did decrease the expression of PS by PDEVs derived from 300 

unstimulated platelets(data not shown). N-3 PUFA supplementation more than doubled the content 301 

of EPA and DHA in circulating EVs and significantly increased the proportion of DPA, resulting 302 

in a substantial overall increase in total n-3 PUFAs.  Supplementation also significantly decreased 303 

the proportions of oleic acid and AA in circulating EVs (Table 1).  There was a significant 304 

treatment*time interaction for DPA (p=0.017), suggesting that the effect of fish oil on DPA was 305 

time-dependent.  306 

Intervention with fish oil significantly increased the n-3 PUFA content of PDEVs derived from 307 

both stimulated and unstimulated platelets in vitro, while decreasing that of AA. In stimulated 308 

platelets there also appeared to be enrichment of GLA, ALA and eicosenoic acid following fish 309 

oil supplementation (Table 2). 310 
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PDEVs from platelets enriched with n-3 PUFAs altered clot formation and thrombin 311 

generation, but not ex vivo thrombus formation 312 

PDEVs derived from the stimulated/unstimulated platelets of participants supplemented with fish 313 

oil reduced fibrin clot formation and thrombin generation and increased fibrinolysis compared with 314 

those following the control intervention and for PDEVs derived from unstimulated platelets, there 315 

was also delayed clotting time (Supplementary Figures 4-5 and Figure 5). However, there was 316 

no effect of the intervention on thrombus formation induced by PDEVs derived in vitro from 317 

stimulated platelets, including endpoints of thrombus formation, maximum thrombus formation 318 

and AUC, although there was a trend for a decrease in these parameters (Supplementary Figure 319 

6).  320 

Supplementation with fish oil altered the proteome of EVs generated in vitro from platelets 321 

An untargeted approach to investigate global protein changes in the EV proteome following fish 322 

oil supplementation identified 409 proteins in EVs derived from stimulated platelets, of which 13 323 

were exclusively present after fish oil and 42 only after control oil. For EVs derived from 324 

unstimulated platelets, a total of 595 proteins were identified, of which 33 were exclusively present 325 

after fish oil and 142 only after control oil (Supplementary Figure 7). Quantitative changes in 326 

proteins were expressed as fold change relative to the matched control sample and analysis 327 

demonstrated a relative downregulation of proteins following fish oil supplementation.  There were 328 

a total of 12 proteins in EVs derived from stimulated platelets which had a log fold change > 1.5 329 

after either fish oil or control oil, most of which were downregulated after fish oil (Supplementary 330 

Figure 8A). In contrast, these proteins were upregulated after control oil (Supplementary Figure 331 

8B). The exception was WASH complex subunit 2A (WASHC2A), which was upregulated after 332 

both fish oil and control oil (Supplementary Figures 7-8). For EVs from unstimulated platelets, 333 
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there were a total of 21 proteins which demonstrated a log fold change > 1.5 after either fish oil or 334 

control oil and the majority of these were different from those altered in EVs from stimulated 335 

platelets. A total of 8 proteins were downregulated after fish oil, with little effect after control oil 336 

(Supplementary Figures 7-8 C,D). However, 13 proteins were upregulated after fish oil but 337 

downregulated after control oil (Supplementary Figure 7-8 C,D). 338 

 339 

Discussion 340 

This study demonstrated that supplementing participants at moderate risk of CVDs with fish oil 341 

altered the number and fatty acid profile of circulating EVs, enriching them with n-3 PUFAs and 342 

decreasing their capacity to support thrombin generation, as well as reducing the ability of EVs 343 

generated from n-3 PUFA-enriched platelets in vitro to support thrombin generation and clot 344 

formation. This raises the possibility that the anti-coagulatory and cardioprotective properties of 345 

n-3 PUFAs could be mediated in a meaningful way through alterations in the number and function 346 

of circulating EVs. The study demonstrated wide-ranging effects of fish oil delivering 1.9 g/d n-3 347 

PUFAs, which was sufficient to decrease blood pressure and plasma TAG concentration, as well 348 

alter EV number and ability to support thrombin generation. A significant reduction in plasma 349 

TAG concentration is a hallmark of fish oil supplementation (31) and the confirmatory results in 350 

this study therefore demonstrate the efficacy of the intervention and overall compliance of the 351 

subjects. The effect of n-3 PUFA supplementation on blood pressure is also broadly in agreement 352 

with published literature (32) and has been explained by an improvement in endothelial function 353 

in response to reduced systemic vascular resistance (33) and the vasodilatory effects of 354 

eicosanoids, whose metabolism is altered when synthesised from EPA and DHA (34). The LDL-355 

C raising effect of n-3 PUFAs has been known for some time (35) and is suggested to be due to an 356 
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increase in particle size, mainly due to DHA, which reduces atherogenicity, and is therefore not 357 

necessarily detrimental (36). In contrast, some of the high-profile trials suggest reduction of CVD 358 

events by EPA alone (37). The relative effects of EPA vs DHA on coagulation and fibrinolysis are 359 

poorly understood and the effects of both on platelet aggregation continue to be inconsistent, 360 

despite a large body of published data (38). 361 

The current study is the first to assess the effect of n-3 PUFAs on fibrin clot properties using a 362 

spatial clot growth assay, providing a real-time observation of clot growth and lysis, and 363 

demonstrating significant effects on clot growth, but not on fibrinolysis.  Some studies using high 364 

doses of n-3 PUFAs (ranging from 2-4 g/d) reported no effect of fish oil on fibrinolysis,(39-42) 365 

while others reported an increase (43, 44). Fish oil does reduce levels of coagulation factors, 366 

including factors II, V,  VII and X and fibrinogen, which is consistent with the effects on clot 367 

growth (45). 368 

The current study also demonstrated that supplementation with n-3 PUFAs reduced thrombin 369 

generation in PFP, in agreement with other well-controlled studies in healthy individuals (43) and 370 

patients with CAD (44) and diabetes mellitus (45). Subjects at moderate risk for CVD 371 

demonstrated greater thrombin generation than healthy individuals and supplementation with n-3 372 

PUFAs reduced thrombin generation to below the level seen in healthy individuals. An elevated 373 

level of thrombin generation has been found to be associated with venous thromboembolism (46), 374 

and acute ischemic stroke (47), indicating that greater thrombin generation might be expected in 375 

people at risk for CVD. The assessment of thrombin generation in VDP provided insight into the 376 

impact of removal of EVs on thrombin generation, consistent with evidence that the presence of 377 

EVs in plasma enhanced tissue factor-stimulated thrombin generation (9). Although TF and PS are 378 

Jo
urn

al 
Pre-

pro
of



19 

 

thought to be the main contributors of the thrombogenicity of EVs, bioactive lipids, protein 379 

disulphide isomerase and factors VIII and Va have also been implicated (9).   380 

Published data are broadly consistent with n-3 PUFAs decreasing numbers of circulating EVs 381 

and/or EVs subpopulations, although studies have tended to be small, uncontrolled, included 382 

people with wide-ranging characteristics, used a wide range of doses of n-3 PUFAs, did not 383 

account for confounding factors, such as age and BMI, and provided insufficient information about 384 

the collection, isolation and characterisation of EVs (18-27). Although the exact mechanism by 385 

which n-3 PUFA intervention leads to a reduction in the number of circulating EVs and EV 386 

subpopulations is not fully understood, the incorporation of n-3 PUFAs into the phospholipids of 387 

cell membranes in response to fish oil supplementation may significantly influence the 388 

remodelling of membrane lipid and subsequently the generation and behaviour of EVs (48, 49). 389 

Flaxseed oil-derived α-linolenic acid  has been shown to inhibit the process of externalising PS to 390 

the outer leaflet of the cell membrane during cell activation, which is a critical stage in the 391 

production of EV (50). Additionally, the release of EVs relies heavily on cholesterol, which is both 392 

plentiful and essensial in the structure of membrane lipid rafts. DHA has been observed to modify 393 

the size and composition of these rafts, forming a distinct, DHA-rich, and highly disordered non-394 

raft area because it resists separating from cholesterol (51). Consequently, n-3 PUFAs, especially 395 

DHA, might disrupt lipid rafts to such an extent that it reduces the process of EV shedding. 396 

Alteration of the plasma fatty acid profile and enrichment of n-3 PUFAs at the expense of n-6 397 

PUFAs is often used as a marker of compliance in human intervention trials, as was demonstrated 398 

for plasma PC and PE in the current study. However, this has never previously been reported for 399 

EVs taken either directly or prepared from platelets from participants undergoing a fish oil 400 

intervention, where enrichment of EV phospholipids with n-3 PUFAs occurred at the expense of 401 
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n-6 PUFAs, particularly AA, and sometimes also the monounsaturated fatty acid, oleic acid (52). 402 

The remodelling of EV lipids is therefore highly novel and the doubling of EPA and DHA content 403 

in circulating EVs at the expense of oleic acid and AA is remarkable. Although fatty acid profile 404 

changes in EVs generated from platelets in vitro followed the same general pattern as for 405 

circulating EVs, it was surprising to see that only the EPA content (and not DHA content) was 406 

significantly higher in the EVs generated from platelets prepared following fish oil intervention, 407 

suggesting that there may be some selectivity with respect to incorporation of n-3 PUFAs into 408 

PDEVs generated in vitro, but this requires further investigation. In both the circulating and in 409 

vitro-generated PDEVs, n-3 PUFAs replaced arachidonic acid, which could be key to biological 410 

and functional consequences. 411 

Preliminary observations using an untargeted proteomics apparoch suggested that fish oil altered 412 

the proteome of in vitro-generated PDEVs, regardless of whether they were derived from 413 

unstimulated or stimulated platelets, leading to changes in the expression of various proteins 414 

involved in the pathogenesis of CVDs. However, while the expression of some pro-inflammatory 415 

and/or pro-atherosclerotic proteins, such as RBP4, PF4V1, ESAM and FBLN1, was 416 

downregulated and the nature of the stimulus for EV generation by platelets appeared to influence 417 

the proteome profile, a clear pattern was lacking. It is also important to consider that EVs are a 418 

rich source of bioactive lipids and analysis of the lipidome would provide a much fuller 419 

understanding of the impact of n-3 PUFA.  420 

Supplementation with n-3 PUFAs significantly reduced the thrombogenicity of both circulating 421 

EVs and in vitro-generated PDEVs, regardless of whether they were derived from unstimulated or 422 

stimulated platelets, but did not alter thrombus formation in a whole blood assay, despite the 423 

marked effects on clot formation and thrombin generation, most likely due to the practicalities of 424 
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generating sufficient numbers of PDEVs to employ in an ex vivo thrombus formation assay 425 

requiring continuous flow of particles. Overcoming these technical limitations would be key to 426 

addressing the question of the biological and clinical implications of the observations reported in 427 

this paper and a lack of effect should therefore not be taken to downplay the effects of n-3 PUFA 428 

on EV thrombogenicity. 429 

Thrombin generation has been shown to be associated with phospholipid concentration in the 430 

plasma (53) and surface exposure of PS, as well as TF, on EVs is key to thrombin generation as 431 

they promote the assembly and activation of the prothrombinase complex to form thrombin (11). 432 

The fact that n-3 PUFAs decreased PS expression by PDEVs in the current study may therefore at 433 

least partially account for the antithrombogenic effects of fish oil on thrombin generation induced 434 

by PDEVs. Replacement of AA with EPA in PDEVs produced in vitro from n-3 PUFA-enriched 435 

platelets may also affect thrombin generation through alterations in eicosanoid biosynthesis (54). 436 

While supplementation with fish oil also had favourable effects on both fibrin clot formation and 437 

on fibrinolysis triggered by PDEVs, there are no directly comparable published data, although 438 

supplementation of patients post myocardial infarction with 5.2 g/d of n-3 PUFAs for 12 weeks 439 

reduced fibrin generation capacity by prolonging lag time to clotting, and this was associated with 440 

a reduction in CD61+ PDEV numbers (23). Thus, n-3 PUFAs could potentially alter the 441 

thrombogenicity of EVs through multiple mechanisms: a reduction in the number of circulating 442 

EVs, reduced expression of TF and/or PS, or alterations in bioactive lipids or other bioactive cargo. 443 

The strengths of this study include the fact that it has a suitably powered crossover design with an 444 

appropriate length of intervention and washout period, and it demonstrates significant changes in 445 

the fatty acid composition of both plasma phospholipids and EVs, with corresponding dramatic 446 

effects on EV-dependent thrombin generation, the main outcome of the study . The main 447 
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limitations of the study relate to the general lack of standardization of EV isolation and analysis, 448 

the challenges associated with characterizing a heterogeneous population of small particles and 449 

the untargeted nature of the proteomics analysis. Future work will focus on mechanisms by which 450 

modification of the fatty acid composition of EVs alters thrombin generation. 451 

In conclusion, n-3 PUFAs decreased numbers of circulating EVs, altered their fatty acid and 452 

proteome profile and reduced their pro-coagulant activity in participants at moderate risk of CVDs. 453 

EVs derived in vitro from n-3 PUFA-enriched platelets also demonstrated reduced coagulatory 454 

activity, but did not alter thrombus formation in a whole blood ex vivo assay. This study therefore 455 

provides novel evidence of potential anti-coagulatory activity of n-3 PUFAs mediated through 456 

modification of EVs. 457 
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Table 1. Effect of fish oil supplementation on the fatty acid composition of circulating EVs 

 

Fish Oil  

Control 

Oil 

 p-value 

 Before 

(wt%) 

After 

(wt%) 

Before 

(wt%) 

After 

(wt%) 

treatment 

Palmitic acid (16:0) 26.9±0.5 26.8±0.4 27.0±0.6 26.6±0.5 0.996 

Stearic acid (18:0) 10.9±0.6 11.4±0.7 10.3±0.6 10.3±0.6 0.636 

Oleic acid (18:1n-9) 29.4±0.7 27.5±0.7 29.9±0.7 30.4±0.8 0.011 

Linoleic acid (18:2n-6) 17.1±0.5 17.0±0.6 17.7±0.5 17.6±0.5 0.807 

ALA (18:3n-3) 1.1±0.1 1.12±0.1 1.1±0.1 1.1±0.1 0.461 

DGLA (20:3n-6) 1.8±0.1 1.7±0.1 1.8±0.1 1.7±0.1 0.718 

AA (20:4n-6) 2.9±0.1 2.5±0.1 2.9±0.1 2.9±0.1 <0.001 

ETA (20:4n-3) 1.7±0.2 2.0±0.2 1.4±0.2 1.5±0.2 0.436 

EPA (20:5n-3) 0.7±0.1 1.6±0.1 0.6±0.1 0.5±0.1 <0.001 

DPA (22:5n-3) 0.4±0.03 0.6±0.03 0.4±0.02 0.4±0.03 0.004 

DHA (22:6n-3) 0.9±0.1 1.9±0.1 0.9±0.1 0.9±0.1 <0.001 

Total SFAs 37.8±0.9 38.2±0.9 37.3±0.9 36.9±0.9 0.773 

Total MUFAs 34.3±0.8 32.1±0.8 34.9±0.8 35.1±0.9 0.013 

Total n-3 PUFAs 4.7±0.3 7.2±0.2 4.3±0.2 4.5±0.2 <0.001 
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Total n-6 PUFAs 21.9±0.6 21.2±0.6 22.3±0.6 22.2±0.5 0.627 

Data are mean ± SEM (n = 40). Comparisons after each intervention were drawn using General Linear Model 

(GLM), with differences shown at p < 0.05. AA, arachidonic acid; ALA, alpha-linolenic acid; DGLA, dihomo-γ-

linolenic acid; ETA, eicosatetraenoic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, 

docosahexaenoic acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated 

fatty acid. 
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Dietary n-3 polyunsaturated fatty acids alter the number, fatty acid profile and coagulatory activity of circulating and platelet-derived extracellular 

vesicles 

Esra Bozbas 

Table 2. Effect of fish oil supplementation on the fatty acid composition of EVs derived from unstimulated or stimulated platelets 

 EVs from unstimulated platelets EVs from stimulated platelets 

 Fish Oil Control Oil p-value Fish Oil Control Oil p-value 

 Before 

(wt%) 

After 

(wt%) 

Before 

(wt%) 

After 

(wt%) 

treatment Before 

(wt%) 

After 

(wt%) 

Before 

(wt%) 

After 

(wt%) 

treatment 

Palmitic acid (16:0) 35.0±1.0 34.9±1.0 34.7±0.9 34.3±1.1 0.570 33.9±1.1 33.7±1.0 33.8±0.9 34.8±1.0 0.324 

Stearic acid (18:0) 31.3±0.8 31.3±0.8 31.2±0.8 31.0±0.6 0.971 30.7±0.8 31.6±0.8 31.4±0.7 30.5±0.7 0.089 

Oleic acid (18:1n-9) 7.9±0.4 8.1±0.5 7.8±0.4 8.0±0.4 0.686 9.1±0.5 8.3±0.5 8.6±0.5 8.7±0.5 0.236 

Linoleic acid (18:2n-6) 2.6±0.2 2.5±0.2 2.5±0.2 2.7±0.2 0.433 2.8±0.2 2.6±0.2 2.6±0.2 2.7±0.2 0.196 

GLA (18:3n-6) 1.0±0.1 1.0±0.1 0.9±0.1 0.9±0.1 0.350 0.9±0.1 1.0±0.1 1.0±0.1 0.8±0.1 0.006 

ALA (18:3n-3) 2.8±0.2 2.8±0.2 2.9±0.2 2.8±0.3 0.236 2.7±0.2 2.9±0.3 2.9±0.2 2.8±0.3 0.017 

Eicosenoic acid (20:1n-9) 1.9±0.2 2.1±0.1 1.9±0.1 1.9±0.1 0.291 1.9±0.2 1.9±0.1 2.1±0.1 1.6±0.1 0.011 
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DGLA (20:3n-6) 7.0±0.4 7.3±0.5 7.5±0.5 7.6±0.4 0.439 6.9±0.5 7.1±0.5 6.9±0.4 7.0±0.4 0.663 

AA (20:4n-6) 4.0±0.5 2.9±0.3 3.7±0.4 4.4±0.5 0.021 5.1±0.7 4.0±0.6 4.0±0.4 4.7±0.6 0.011 

ETA (20:4n-3) 0.4±0.1 0.6±0.1 0.4±0.1 0.4±0.1 0.006 0.4±0.1 0.6±0.0 0.4±0.1 0.5±0.1 0.167 

EPA (20:5n-3) 0.8±0.1 1.2±0.2 1.0±0.1 0.9±0.1 0.018 0.6±0.1 1.0±0.1 0.9±0.1 0.8±0.1 0.042 

DPA (22:5n-3) 0.6±0.1 0.6±0.1 0.6±0.1 0.6±0.1 0.676 0.7±0.1 0.7±0.1 0.6±0.1 0.6±0.1 0.689 

DHA (22:6n-3) 0.4±0.0 0.5±0.0 0.4±0.0 0.5±0.0 0.863 0.4±0.0 0.5±0.1 0.4±0.0 0.4±0.0 0.282 

Total SFAs 68.0±1.0 67.9±0.9 67.7±1.8 67.0±1.1 0.600 66.2±1.0 67.0±1.0 66.9±1.0 67.0±1.0 0.692 

Total MUFAs 11.6±0.5 11.7±0.5 11.3±0.7 11.4±0.5 0.761 12.4±0.5 11.7±0.5 12.4±0.6 11.9±0.5 0.759 

Total n-3 PUFAs 5.0±0.3 5.8±0.3 5.3±0.6 5.1±0.3 0.010 4.9±0.3 5.7±0.4 5.2±0.4 5.0±0.3 0.003 

Total n-6 PUFAs 15.4±0.6 14.6±0.5 15.7±1.2 16.5±0.6 0.069 16.5±0.7 15.5±0.6 15.5±0.6 16.2±0.6 0.114 

Data are mean ± SEM (n = 40). Comparisons after each intervention were drawn using General Linear Model (GLM), with differences shown at p < 0.05. AA, arachidonic 

acid; ALA, alpha-linolenic acid; DGLA, dihomo-γ-linolenic acid; ETA, eicosatetraenoic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, 

docosahexaenoic acid; GLA, gamma linolenic acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid. 
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Figure Legend 

Figure 1: Numbers and size of circulating EVs before and after intervention. Data are mean ± SEM (n=40). Data were analysed using 

the General Linear Model (GLM), including pairwise comparison test with Bonferroni for treatment, period and treatment*time 

interaction with differences shown at p < 0.05. A: Circulating EV numbers were significantly decreased in response to fish oil compared 

to control oil, but there were no effects on either B: mean or C: mode size. D: PS+EV, E: PS+PDEV and F: EDEV numbers were 

significantly decreased following fish oil supplementation. NTA, nanoparticle tracking analysis; EV, extracellular vesicles. 

Figure 2: Effect of EVs and fish oil supplementation on thrombin generation over a 60-minute time course. Pooled VDP and pooled 

PFP from 3 healthy individuals were used for benchmarking purposes in the assessment of thrombin generation in PFP from subjects 

participating in the intervention study. Thrombin-dependent cleavage of a fluorogenic substrate was quantified over 60 minutes. Data 

are mean ± SEM, (n=3 for pooled VDP and PFP; n=40 for the intervention). VDP, vesicle-depleted plasma; PFP, platelet-free plasma. 

Figure 3: Thrombin generation parameters before and after intervention. Data are mean ± SEM (n=40). Pooled VDP and pooled PFP 

were used for benchmarking purposes in the assessment of thrombin generation in PFP from participants in the intervention study. Data 

were analysed using the General Linear Model (GLM), including pairwise comparison test with Bonferroni for treatment, period and 

treatment*time interaction with differences shown at p < 0.05. Comparisons of the means between PFP, VDP, after fish oil intervention 

and after control oil intervention were drawn using one-way ANOVA, followed by the Tukey multiple comparison test, with differences 

shown as p < 0.05. The symbol of p denotes significantly different from PFP (p < 0.05); a symbol of v denotes significantly different 

from VDP (p < 0.05); a symbol of f denotes significantly different from fish oil post-intervention (p < 0.05) and a symbol of c denotes 
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significantly different from after control oil post-intervention (p < 0.05). *p<0.05 and ***p<0.001. VDP, vesicle-depleted plasma; PFP, 

platelet-free plasma. 

Figure 4:  Capacity of EVs to support TF-dependent thrombin generation before and after intervention. Data are mean ± SEM, (n=40). 

Comparisons after each intervention were drawn using the General Linear Model (GLM), including pairwise comparison with 

Bonferroni tests for treatment, period and treatment*time interaction, with differences shown at p < 0.05. Pooled VDP from healthy 

individuals (n=3) was used as negative control. There was a significant effect of fish oil on A: lag time for thrombin generation, B: peak 

thrombin concentration, C: time to reach peak thrombin, D: velocity index and E: area under curve for circulating EVs (treatment 

effects: p < 0.05; general linear model). ***p<0.001. EVs, extracellular. 

Figure 5: Thrombin generation induced by EVs generated in vitro from unstimulated or stimulated platelets before and after 

intervention. Circles represent baseline and triangles represent after intervention. Data are mean ± SEM, (n=40). Comparisons after each 

intervention were drawn using the General Linear Model (GLM), including pairwise comparison with Bonferroni tests for treatment, 

period and treatment*time interaction, with differences shown at p < 0.05. Pooled VDP from healthy individuals (n=3) was used as 

negative control. There was a significant effect of fish oil on A: lag time for thrombin generation, B: peak thrombin concentration, C: 

time to reach peak thrombin, D: velocity index and E: area under curve for both (left panel) UP-EVs and (right panel) SP-EVs 

(treatment effects: p < 0.05; general linear model). ***p<0.001. EVs, extracellular vesicles; SP-EVs, stimulated platelet-derived 

extracellular vesicles; UP-EVs, unstimulated platelet-derived extracellular vesicles; VDP, vesicle-depleted plasma.
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