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Icosapent ethyl reduces arterial thrombosis by inhibition of

cyclooxygenase-1 induced platelet reactivity
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OVERLINE:

One-sentence summary: Dose-dependent platelet inhibition by icosapent ethyl

contributes to beneficial effects of polyunsaturated omega-3 fatty acids.

Editor's summary:
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Abstract:

Large, randomized trials testing omega-3 polyunsaturated fatty acid (w-3 PUFA)
supplementation to reduce cardiovascular events have reported contradictory results.
Interpretation of these trials is challenging, as different dosages and formulations of w-3 PUFA
were tested. Furthermore, the exact mechanisms for the reduction in cardiovascular events
are unclear. In this study, we investigated the effects of w-3 PUFA on platelet adhesion,
degranulation and aggregation in vitro and in patients with cardiovascular disease using
different formulations of w-3 PUFA. We also investigated the effects of w-3 PUFA in rodent
models of arterial thrombosis and tail bleeding assay (including cyclooxygenase-1 deficient
animals), and in photoaffinity-labelling and in silico docking experiments to confirm binding of
eicosapentaenoic acid (EPA) to platelet cyclooxygenase-1 (COX-1). The w-3 PUFA EPA dose-
dependently reduced platelet adhesion, degranulation, and aggregation in vitro. Moreover,
arterial thrombus formation in wildtype mice was inhibited by oral EPA-administration before
thrombus formation. Photoaffinity-labelling and in silico docking analyses suggested a direct,
competitive interaction of EPA and arachidonic acid at the level of COX-1. COX-1-dependency
of EPA’s inhibitory effects was confirmed by platelet specific COX-1 deficient animals that had
no reduction of thrombus burden by EPA. In patients with cardiovascular disease, switching
from 2 grams EPA twice daily to 1 gram docosahexaenoic acid (460 mg EPA, 380 mg DHA)
once daily, completely blunted the platelet inhibition achieved by EPA. Our results may partially

explain contradictory results with different w-3 PUFA formulations in clinical trials.
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Introduction

Omega-3 polyunsaturated fatty acid (w-3 PUFA) supplementation to prevent cardiovascular
events remains a matter of debate. Initially, diet with high amounts of fish oil rich in w-3 PUFA
was shown to be associated with a reduction in cardiovascular disease in a Greenlandic
population which was the first study to show this association back in the 1970s(1).

Eicosapentaenoic acid (EPA) is an w-3 PUFA especially synthesized in marine fish.

Recent randomized controlled frials investigating w-3-PUFA-supplementation presented
inconsistent results. In ASCEND, patients with diabetes but without atherosclerotic
cardiovascular disease received 1 gram (g) w-3 PUFA per day or olive oil as matching placebo.
In this trial, the w-3 PUFA did not provide a benefit over the placebo regarding serious vascular
events like myocardial infarction.(2) VITAL tested 640 mg EPA and 380 mg docosahexaenoic
acid (DHA) per day in a context of primary prevention resulting in no reduction of
cardiovascular events in comparison to placebo(3). The STRENGTH-trial evaluated the effect
of 4 g w-3 PUFA per day combined of EPA and DHA in statin-treated patients with high
cardiovascular risk against corn oil as a placebo which again resulted in no relevant reduction
of cardiovascular events(4). However, the REDUCE-IT trial revealed cardiac risk reduction
using icosapent ethyl (IPE), the ethyl ester of EPA, in a dose of 2 g twice daily. In the REDUCE-
IT trial, a cohort of patients with high cardiovascular risk and high triglycerides were
included(5). Along this line, the Japanese JELIS-trial reported reduction of cardiovascular
events as well upon administration of 1.8g EPA per day in patients with
hypercholesterinaemia(6). Moreover bleeding events in JELIS and REDUCE-IT were higher in
patients receiving w-3 PUFA- supplementation with EPA which may indicate an antithrombotic
effect of EPA in these trials. In summary, the underlying mechanisms of these conflicting

clinical results on w-3 PUFA in cardiovascular disease remain elusive.

After intake, IPE is converted by gut lipases into EPA which is absorbed as active metabolite
into the circulation(7). EPA consists of 20 carbon atoms and 5 double bonds (C20:5) and is

structurally close to arachidonic acid (AA) a w-6 PUFA with 20 carbon atoms, but 4 double
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bonds (C20:4) a main regulator of platelet function. Platelet cyclooxygenase-1 (COX-1) is the
predominant AA metabolizing enzyme resulting in the production of thromboxane-A2 (TXA2)
which acts as platelet released agonist (8), augmenting platelet activation and thrombus
formation (9). Clinically, COX-1 inhibition by aspirin is frequently used to reduce TXA2
production, platelet activation and thrombosis while fostering bleeding events. Beyond this,
EPAs derived metabolites may impact platelet function. Endothelial COX-1 metabolizes EPA
into prostaglandin 13 (PGI3) attenuating platelet function in vitro(10). In contrast the role of
EPA-derived oxylipins including 5-lipoxygenase (LOX) derived 5- hydroxy-eicosapentaenoic
acid (5-HEPE), 12-LOX metabolite 12- HEPE, CYP450 metabolized 20-HEPE or non-

enzymatic oxidized 18-hydroxy-eicosapentaenoic acid remains elusive (11).

Given the structural similarities between EPA and AA, it can be hypothesized that IPE-
supplementation may lead to a substrate competition on the level of COX-1 potentially

interfering with AA-induced platelet activation and platelet driven thrombosis.
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Results

IPE reduces arterial thrombosis in vivo

First, we investigated the impact of oral long term (14 days) IPE-supplementation on arterial
thrombus formation in a murine FeCls-carotid injury model by intravital microscopy. Upon IPE-
treatment we observed a delayed occlusion (control: 9.4 min + 1.6 min vs. IPE: 60 min £ 0
p<0.0001), followed by an earlier reperfusion in IPE-treated mice. In addition, maximal
thrombus sizes were decreased after IPE-treatment (Fig. 1A and S1A). Subsequently,
histological analysis of thrombi revealed a reduced coverage of CD41 and fibrinogen
accompanied by a less compact thrombus structure (Fig. 1B and S1B). A bleeding assay
revealed increased blood-loss and elevated bleeding time after IPE-intake in comparison to

corn oil as placebo (Fig. 1C).

Next, we evaluated the influence of intravenous EPA on arterial thrombus formation in
comparison to placebo. We injected EPA emulsion in increasing concentrations intravenous
into mice and performed in vitro arterial thrombus formation. We found that 10 % and 20 %
emulsions of EPA resulted in an inhibition of arterial thrombus formation and displayed
significantly higher time to first occlusion (p<0.0001, fig. S2A). Moreover, even a 5 % EPA
emulsion resulted in a numerically, but not statistically significant, shorter duration of first

occlusion (fig. S2B).

EPA reduces platelet aggregation, adhesion, activation, degranulation and calcium signaling

in vitro

To further investigate the underlying mechanism driving the observed antithrombotic effects
under IPE treatment, we investigated the impact of EPA, the bioactive metabolite of IPE, on
human platelet function in vitro. First, we studied EPA’s effect on in vitro thrombus formation
under arterial flow on collagen and human atherosclerotic plaque material. EPA treatment
reduced platelet adhesion (control: 29.6 % = 20.7 % vs. EPA 1000 uM: 6.8 % % 3.7 %,

p=0.0367) and thrombus burden on plaque material (Fig. 2A and B). In addition, we found
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reduced platelet aggregation with EPA upon stimulation with plaque material in comparison to

control (fig. S3A).

Light transmission aggregometry (LTA) and whole blood impedance aggregometry were used
to evaluate EPA’s in vitro effects on platelet aggregation. We revealed a concentration-
dependent inhibition of EPA on both aggregation responses in platelet rich plasma (control:
83.0 % £ 6.3 % vs. EPA 1000 puM: 20.9 % + 36.3 %, p=0.0099) and whole blood in comparison
to vehicle treated control blood (Fig. 2C and D, fig. S3B and C). EPA reduced ATP release as
marker for dense granule release in comparison to the control (Fig. 2E). Furthermore, alpha-
granule release after activation was inhibited by EPA assessed by p-selectin-expression when
compared to the control (Fig. 2F). Moreover, EPA reduced platelet activation on single cell
level in a concentration-dependent manner in comparison to the control after stimulation with
AA, ADP, and collagen quantified by CD41/61, CD40, CD40L, and PAC-1-expression (fig.
S3D). In addition, AA-induced intracellular Ca?*-concentration was impaired by EPA
preincubation (Fig. 2G). Moreover, we measured TXB2 as a stable metabolite of TXA2 after in
vitro incubation of platelets with increasing concentrations of EPA. We found that EPA inhibited

AA-induced TXB2-production in vitro in comparison to the control (Fig. 2H).

EPA treatment alters intracellular platelet signaling in vitro

To elucidate the molecular basis of EPA treatment on platelet physiology we performed
phosphoproteomics analysis with human platelets. EPA treatment resulted in modulation of
intracellular protein phosphorylation and abolished AA-induced protein phosphorylation (Fig.
3A and B). Adenylate cyclase type 6 was increased due to AA-treatment in comparison to the
vehicle treated control. This effect was reduced by additional EPA treatment. Next, we
investigated diacylglycerol kinase gamma which has an important role in calcium release in
platelets. Again, AA-treatment led to an increasement, and EPA-treatment abolished this in
comparison to the control. Third, we observed a similar pattern for inositol 1, 4, 5-triphosphate

receptor associated 1 which is also involved in the calcium release in platelets. AA-treatment
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led to an increase in comparison to the control and an additional EPA-treatment reduced the

AA-induced increase (Fig. 3C).

EPA and AA interact competitive at platelet COX-1

To address whether the observed alteration in platelet function are due to a competition of AA
and EPA for COX-1 binding, we designed a covalent chemical probe suitable for photoaffinity
labeling on recombinant human COX-1. Photo crosslinking was carried out under UV
irradiation (365nm) at room temperature. The fluorescently labeled protein was detected by in-
gel scanning confirming platelet COX-1 as target of EPA in vitro. Fluorescence intensity was

higher with the probe (EPA) in comparison to the DMSO-control. (Fig. 4A).

Next, we aimed to identify EPA’s molecular mode of action. We hypothesized direct interaction
between EPA and COX-1. Virtual docking suggested a position with maximal affinity for EPA
in COX-1 with the carboxylic acid group of EPA oriented toward one of two hydrophilic regions
close to the channel. In this configuration, the aliphatic chain of EPA blocks the hydrophobic
channel pointing towards the serine530 and tyrosine385 of platelet COX-1. Comparison of
docking of AA into COX-1 with its position in a crystal structure revealed good overlap of the
docked structure.(Fig. 4B). We then docked EPA into the COX-1 structure and found that the

position and affinity of nine modes was similar to AA (Fig. 4B).

To illustrate a COX-1-dependent antiplatelet effect of EPA, we examined platelet function
under pharmacological COX-1 blockade using acetylsalicylic acid (ASA). EPA showed no
additional effect on platelet adhesion and AA-induced aggregation after COX-1 blockade with
ASA in vitro (Fig. 4C and D). Vice versa, we tested the reversibility of EPA-effects on COX-1
using increasing AA concentrations. We found that COX-1 inhibition by EPA was overcome by
increasing concentrations of AA (0.5 mM AA: 25.8 % + 31.4 % vs. 1 mM AA: 78.3 % + 4.7 %,
p=0.0111; 1 mM AA vs. 2 mM AA: 65.9 % + 20.9 %, p=0.0397). In contrast, ASA pretreatment
was not reversible and increasing AA-concentrations did not overcome platelet inhibition by

ASA (Fig. 4E). To rule out that the mechanism of platelet inhibition is dependent on reduction
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of triglycerides, we analyzed platelet function in 370 patients treated with ASA, revealing no
correlation between AA-induced maximum of aggregation (MoA) and triglyceride-
concentrations (Fig. 4F). Patients treated with ASA were 67.8 + 12.3 years old, 60.8 % were
male and 23.3 % were obese. Further characteristics are presented in table S1. To investigate
if changed membrane composition contributed to IPE’s antiplatelet effects, we measured
membrane lipid release during platelet activation. The AA/EPA ratio during platelet activation
did not differ after IPE supplementation in comparison to baseline (Fig. 4G and H). This
suggested that the mechanism of reduced platelet reactivity in patients treated with IPE treated
did not require changes in platelet membrane composition. To further investigate the
interaction between COX-1 and EPA, we performed a COX-inhibition assay in vitro with
recombinant COX-1. Relative COX-1-inhibition increased with higher concentrations of EPA in

comparison to the control without EPA (Fig. 4l).

Pharmacological COX-1-blockade and platelet-specific COX-1 deficiency abolish IPE’s

antiplatelet effects in vivo

We next investigated the effects of IPE/EPA on thrombus formation in vivo by using two animal
models. First, we pretreated wildtype mice with ASA orally to inhibit COX-1 enzymatic activity.
To test whether IPE reduced platelet responses and arterial thrombus formation in vivo, we
visualized FeCls-induced thrombus formation in these mice. IPE pretreatment did not show any
additional effect on thrombus formation in comparison to ASA-treated mice. Time to first
occlusion, duration of first occlusion and thrombus size (ASA: 121974 pm? + 77183 pm?2 vs.

ASA + IPE: 161821 pm?2 + 76925 um?, p>0.05) were unaltered (Fig. 5A and fig. S4A).

Second, we investigated arterial thrombosis in a carotid injury model in bone marrow chimeras
reconstituted with bone marrow from endothelial and megakaryocytic Cox-1-deficient
(Ptgsiflox/flox;Tie2-Cre) mice. In conditional Cox-1-deficient chimeric mice, there was no
difference in time to first occlusion and duration of first occlusion of the carotid artery between
IPE- and placebo-treated mice. Furthermore, maximal thrombus size did not differ between

IPE- and placebo-treated mice (control: 230242 pm?2 + 1278817 pum?2 vs. IPE: 178939 pym?2 +

10
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29361 um?, p>0.05). To rule out bone marrow transplantation and radiation associated effects
on the platelet compartment and in vivo thrombus formation, chimeric mice reconstituted with
bone marrow of wildtype mice were investigated. In these mice, IPE reduced time to first
occlusion, duration of first occlusion and thrombus size in comparison to placebo-treated mice
(control: 342748 pym2 + 68969 pum2 vs. IPE: 191915 um? + 61610 um?2, p=0.0283) in a
comparable matter as in wildtype without bone marrow transplantation (Fig. 5B and fig. S4B).
Knockout efficiency in platelets from chimeric mice was confirmed by western blotting (Fig.
5C). Histological analysis of formed thrombi did not reveal any difference between IPE- and

placebo-treated mice (Fig. 5D and fig. S4C).

Switching from IPE to EPA/DHA-administration abolishes antiplatelet effects

To access lipidom alteration upon IPE supplementation we analyzed platelet lipid composition
after ten days of IPE intake in patients. As expected, the amount of 20:5 containing lipids in
the membrane increased indicating patients’ intake compliance (Baseline (BL): 14.1 pmol/mg

+ 13 pmol/mg vs. 10d: 63.7 pmol/mg + 60.1 pmol/mg, p<0.0001) (Fig. 6A).

To evaluate the influence of IPE on platelet function, patient blood was analyzed before and
ten days after intake of IPE (2g twice daily). Treatment with IPE suppressed platelet
aggregation following stimulation with AA (Fig. 6B). Similarly, we observed decreased ATP-
release, which is required for full-fledged platelet activation after IPE-intake (Fig. 6C).
Furthermore, p-selectin expression as a marker for platelet degranulation was attenuated

following AA- stimulation under IPE-intake (Fig. 6D).

In a second step, we investigated patients on IPE treatment who switched to EPA/DHA-
medication (1g per day) (Fig. 6E). Reduced AA-induced platelet aggregation under IPE-
treatment increased after ten days of EPA/DHA-intake (Fig. F6F). Subsequently, ATP-release
increased after switching the medication (Fig. 6G) as well as AA-induced p-selectin expression

(Fig. 6H).

11
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EPA-derived oxylipins do not contribute to IPEs antiplatelet effects

To evaluate if changes in EPA-derived oxylipins may be responsible for EPA’s antiplatelet
effects we measured representative oxylipins derived from different oxygenases in human
plasma after ten days of IPE-intake. We found a significant increase of 5-HEPE produced by
5-LOX (p=0.0006, fig. S5A), 12-HEPE produced by 12-LOX (p=0.0034, fig. S5B), 18-HEPE
resulting from non-enzymatic oxidation of EPA (p<0.0001, fig. S5C) and 20-HEPE produced
by CYP450 enzymes (p<0.0001,fig. S5D). Moreover, we found no significant difference in
PGE3. PGE3 as an EPA-derived oxylipin produced by COX-1 pathway was below the
detection limit in most of the samples (fig. S5E). In addition, we measured TXB2 after ten days
of IPE-intake. We found decreased TXB2 amounts indicating COX-1-inhibition by EPA (fig.
S5F). To investigate if these oxylipins might affect platelet function, we analyzed dose
responses for LTA, p-selectin expression by flow cytometry, and ATP-release from healthy
human platelets upon stimulation with the determined oxylipins. 5-HEPE did not affect
aggregation and ATP-release, but increased P-selectin expression on a single platelet level at
a concentration of 0.3 nM and 1.5 nM (fig. S6A to C). 12-HEPE, 18-HEPE and 20-HEPE did
not affect aggregation, P-selectin expression, or ATP-release (fig. S6D to L). PGE3 did not
alter aggregation (fig. S6M), reduced P-selectin expression following stimulation with 0.05 nM
and 0.1 nM PGE3 (fig. S6N) and attenuated ATP-release at all tested concentrations (fig.
S60). To guestion whether endothelial cell COX-1 derived PGI2 or PGI3 may contribute to
antiplatelet effects we measured 6-keto-PGF1la (a stable metabolite of PGI2) and deltal7-6-
keto-PGF1la (a stable metabolite of PGI3) after ten days of IPE-intake in plasma of patients.
However, both metabolites could not be detected in were under the limit of detection, excluding

a relevant role of EC derived PGls.

12
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Discussion

In this study, we identified an antithrombotic platelet derived mechanism under omega-3
polyunsaturated fatty acid supplementation with IPE providing translational evidence to current

clinical trials.

A variety of clinical randomized trials assessed the efficiency of different omega-3
polyunsaturated fatty acid intake on cardiovascular effects and outcome. ASCEND(2),
VITAL(3), and STRENGTH(4) failed to show a cardiovascular benefit of w-3 PUFA
supplementation. In contrast cardiovascular risk reduction was observed in the international
REDUCE-IT (5) and the Japanese JELIS(6) trial that supplemented 2 g IPE twice daily or 1.8

g EPA once daily respectively.

Indeed, in REDUCE-IT, IPE supplementation yielded highest patient plasma level of EPA with
median plasma concentration was 476 UM which could not be achieved by other w-3 PUFA
intake schemes (4, 5). Interestingly the STRENGTH-trial in which patients received a 4g
EPA/DHA combination formulation yielded lower EPA plasma level (296 uM) while no
cardiovascular benefits were found. Our dose-response measurements in vitro provide some
insight on this, as addition of 250 uM EPA showed only a minor antiplatelet effect, suggesting
high dosage regimes for EPA are needed to induce a clinically relevant thromboprotection. In
addition our study provides experimental evidence that PUFA composition is crucial for

antiplatelet effects.

Earlier in vitro studies reported stronger antiplatelet effects of DHA in comparison to EPA(12).
However we found an augmented platelet reactivity upon switching from IPE to an EPA/DHA-
formulation. Several aspects have to be considered. First, patients were supplemented with a
clinically used EPA/DHA formulation, containing 460 mg EPA combined with 380 mg DHA
once daily in contrast to guideline-recommended 2 g IPE twice daily dose(13). Second, in
human DHA preferentially incorporates in cell membranes within the brain and the retina
leading to an unequal distribution of EPA and DHA within the body potentially limiting the
amount of DHA which can act at the platelet in vivo(14). Third, differences in the chemical

13
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formulation affect pharmacokinetic properties(15). This is of particular interest given that

combined w-3 PUFA formulations contain EPA as carboxylic acid instead to as ethyl ester.

On a molecular level we found a competitive binding of EPA and AA to platelet COX-1 that
eventually attenuates AA metabolization to prothrombotic TXAZ2 resulting in platelet inhibition.
Of note, photoaffinity labeling and in silico docking analysis revealed similar binding affinities
of AA and EPA to the active site of platelet COX-1, supporting our findings that EPA
competitively interacts with AA at the active site of COX-1. Moreover, we demonstrated that
EPA in vivo effects on arterial thrombosis depend on COX-1 underscoring the translational
implications of our findings in patients on risk for atherothrombosis. To further support our
hypothesis of an interaction between EPA and AA at the level of platelet COX-1, we showed
that TXB2 amounts were decreased in vitro and ex vivo in human plasma after EPA-treatment.
This is important as TXB2 is the stable metabolite of TXA2. TXA2 derives from AA through
COX-1-metabolisation and is known to foster auto- and paracrine activation of platelets after
activation(16). Therefore, a reduction in TXB2 goes in line with a reduced platelet reactivity.
Moreover, reduction of TXB2 may be clinically relevant as high TXB2 concentrations are
associated with cardiovascular events and therefore contribute to the risk reduction observed

in REDUCE-IT and JELIS.(17)

Modulation of platelet membrane composition is known to modulate platelet function(18) and
might occur under EPA supplementation. However, our data show that ratios of AA- and EPA-
release from platelet membrane after activation did not change under IPE supplementation
suggesting that additional incorporation of EPA into the platelet membrane is not a key driver
of the observed antiplatelet effect. Moreover, we found that EPAs antiplatelet effect is
independent from its triglyceride lowering effect. This is in line with a trial in which early
administration of EPA after percutaneous coronary intervention in acute coronary syndrome

leads to reduction of cardiovascular events without change in triglyceride concentration(19).

Platelet proteomics and phosphoproteomics revealed an influence of EPA on effector

molecules in different pathways following platelet activation. This includes molecules which

14
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are important for intracellular calcium release and the formation of cAMP as second
messenger. Moreover, EPA also affects pathways that are not COX-1-associated like the
vasodilator-stimulated phosphoprotein. These mediators are involved in auto- and paracrine
augmentation of platelet activation. This underlines that EPA also affects the auto- and

paracrine activation besides the inhibition of the initial platelet activation.

To address the impact of EPA-derived oxylipins on EPA’s platelet inhibitory effects, we
measured EPA-derived oxylipins in plasma in patients with cardiovascular disease and
analyzed the effect of oxylipins on platelet function. Platelet reactivity was not affected by
oxylipins derived from 5-LOX, 12-LOX, CYP450 and non-enzymatic oxidation. This goes in
line with the current literature. Most evidence for the antiplatelet effects of these oxylipins is
derived from in vitro studies with much higher concentrations in comparison to the measured
concentration from human plasma in our study which are in nanomolar range. An I1Csg of 25 pM
was shown for 5-HETE(20), CYP450 derived oxylipins were shown to have an ICs of about 5
uM(21) and for 12-HEPE a slight decrease of aggregation was shown with 20 uM(22). In
contrast, we found that PGE3 affects degranulation in the concentration we measured in
plasma at about 0.01 nM. This supports our hypothesis of EPA competing with AA at the active
site of COX-1 resulting in inhibition of platelet function as PGE3 is an EPA/ COX-1-derived
oxylipin. PGE3 contributes to EPAs antiplatelet effects only partly as merely dense granule
degranulation is affected by a PGE3-concentration of 0.01 nM and alpha-granule release and
platelet aggregation are not. Moreover, our data show that IPE intake does not lead to
measurable concentrations of endothelial cell derived COX-1 metabolite PGI3 that may impact
on thrombus formation. Of note the role of endothelial COX-1 derived metabolites was reported
to be minor as genetic ablation of endothelial COX-1 in mice does not affect platelet

function(23).

Besides the well-known effects of EPA regarding inflammation and lipid metabolism(24), we

revealed a relevant antithrombotic effect. This leads to the conclusion that IPE as precursor of

15
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EPA addresses residual risks in inflammation, lipid metabolism and thrombotic risk in addition

to established optimal medical treatment in REDUCE-IT(5, 25).

Our study has several limitations. Sample size for human studies was small, precluding follow
up for clinical events. Next, 6-keto-PGFla and deltal7-6-keto-PGFla concentrations in
humans after ten days of IPE-intake were under the limit of detection. PGE3 was also under
the limit of detection in some samples. In addition, in vivo experiments were performed in male
mice. However, there is no data available indicating a difference of effects of polyunsaturated

fatty acids between different genders.

In summary our study provides mechanistic insights to the observed reduction of ischemic
events in the REDUCE-IT and JELIS trials. In terms of safety, bleeding events in these two
trials were just slightly higher in the intervention groups. Therefore, higher bleeding risk due to
EPA-treatment may be negligible. We revealed an antithrombotic mechanism under w-3
PUFA-supplementation with IPE resulting in platelet inhibition. This is of great importance as
reasons for contradicting results between trials evaluating w-3 PUFA are unclear. Our study
adds evidence that concentration-dependent platelet inhibition by EPA may play a role in
achieving cardiovascular risk reduction with EPA. Therefore, this study builds the base for

further clinical trials investigating high dose EPA in patients with high risk for ischemic events.
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Materials and Methods

Study design

The aim of this study was to evaluate potential antiplatelet effects of IPE mediated via COX-1-
inhibition. We analyzed the effects of IPE on arterial thrombosis in wildtype and platelet Cox-
1-deficient mice using a carotid injury model and a tail bleeding assay. The impact of IPE on
platelet function in humans with cardiovascular disease was evaluated using flow chamber,
aggregation, flow cytometry and an ATP-release assay in an observational study. The same
methods were used for in vitro assessment of antiplatelet effects of EPA on human platelets
from healthy donors. Twenty healthy donors were included and randomly assigned to the
experiments. Moreover, lipidomics and phosphoproteomics were performed. At least four mice
per group were used matched by age and genetic background with random assignment to the
groups. There was no blinding for the investigators. All mouse studies were approved by the
State Agency for Nature, Environment and Consumer Protection North Rhine-Westphalia,
Germany (Landesamt fur Natur, Umwelt und Verbraucherschutz - LANUV NRW, 81-
02.04.2020.A319). Human studies were approved by the University of Diisseldorf Ethics

Committee (No. 5823R).

Animals

Male C57BL/6J mice were purchased from Janvier Laboratory. All mice were 11-13 weeks old
at the beginning of IPE-administration. Mice were fed a complete diet including 23% crude
protein, 6% crude fat and 3.3% crude fiber from ssniff. IPE (TCI Chemicals) was administered
by oral gavage every two days (2 g/kg body weight) for 14 days. If needed, ASA was
administered via oral gavage 30 minutes prior to induction of arterial thrombosis (12.5 mg/kg
body weight). If necessary, intravenous EPA was administered as emulsion in concentrations
with 5 %, 10 % and 20 % EPA. Tween-20 was used as emulsifier and a volume of 150 ul was

injected into the mice’ tail vein.

17



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

In vivo arterial thrombus formation

Arterial thrombosis was induced by vessel injury using a Fe-(lll)-chloride-soaked tissue. The
tissue was placed at the outer surface of the arteria carotis communis. Visualization of platelets
was ensured by injecting GPib-DYLight 488 tagged antibody (clone: X488, Emfret). For
fluorescence microscopy, a Leica DM6FS was used. Evaluation of data was performed using

Leica LASX software.

Tail bleeding assay

Mice were anesthetized with a mixture of ketamine (100 mg/kg BW) and xylazine (10 mg/kg
BW). Mice were placed on a 37 °C heating plate in a prone position and a 5mm segment of
the tail tip was amputated and dipped in a tube filled with 37 °C pre-warmed isotonic saline.
Each animal was monitored for 30 minutes even if bleeding was interrupted to detect any re-
bleedings. To analyze the bleeding volume, blood cells were separated by centrifugation at
1500 g for 5 min at room temperature. Erythrocytes were re-suspended and lysed in 2 ml of
lysis buffer (pH 7.4) after the supernatant was discarded. After 10 minutes of incubation, tubes
were centrifuged at 2000 g for 5 minutes. Haemoglobin concentration was measured
spectrophotometrically at 550 nm. The volume of blood loss in each sample was calculated
from a standard curve which was obtained by lysing defined volumes (0.3 — 300pl) of mouse

blood. (26, 27)

Generation of bone marrow chimera

Cox-1-deficient chimeric mice were generated by radiation and following bone marrow
transplantation (BMT) in wildtype mice. Recipient mice received two rounds of whole-body
radiation (2 x 6.5 Gy) in an interval of 5 hours (Gulmay RS 225, 0.2 Cu, 175 kV). Purified bone
marrow of Cox-1-knockout-mice (Ptgslflox/flox;Tie2-Cre) was administered intravenously into
the tail vein of recipient mice (10x10° cells/mouse) followed by three weeks of anti-infective

prophylaxis with enrofloxacin (10 mg/kg BW). After this, the animals were given further three
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weeks to recover. Chimerism was verified six weeks after transplantation by western blotting

and flow cytometry-analysis.

Patients

We included 20 patients with first initiation of IPE (VASCEPA, Amarin) 2 grams twice daily due
to elevated cardiovascular risk that we identified during routine practice at the division of
cardiology of the University Hospital Dusseldorf. IPE was dosed according to the REDUCE-IT
trial (2g twice daily). Blood sampling was conducted before the first intake and 10 days after
beginning of supplementation. Exclusion criteria were antithrombotic medications,
hematological diseases, malignant neoplasia, impaired kidney function, and age below 18
years. All patients gave informed written consent. In these patients, platelet function was
assessed using light transmission aggregometry (LTA), flow cytometry, and adenosine-
triphosphate (ATP)-release assay. We included 10 patients who had to change from IPE to an
EPA/DHA (460 mg EPA and 380 mg DHA) combination formulation since VASCEPA (Amarin)
is no longer paid by health insurances in Germany. Again, we assessed platelet function using
LTA, ATP-release assay, and flow cytometry. Platelets were analyzed at the last day of IPE
treatment and ten days after switching to EPA/DHA. Adherence to medication was monitored
by personal interview. Furthermore, we included 370 patients in a monocentric all-comers
study at the division of cardiology of the University Hospital Duesseldorf. Inclusion criteria were
ASA medication and informed consent. Exclusion criteria were hematological diseases and
age below 18 years. We evaluated platelet function using LTA in these patients and correlated

with plasma triglycerides. Patients’ characteristics are given in table S1.

Statistical analysis

Statistical analyses were conducted using IBM SPSS-Software and GraphPad-Prism
statistical software (GraphPad Software Inc). Normality of distribution was tested with
Kolmogorov-Smirnov test, D’Agostino-Pearson test, gg-plots and histograms. Normally
distributed continuous variables were analyzed using the t-test; non-normally distributed
variables using the Mann-Whitney U test. Comparison of three or more groups was performed
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using ANOVA-analysis, Friedman-test or mixed-effect-analysis in dependence of normal
distribution. For post-hoc analysis, Dunnett’'s and Dunn’s test were used. P values below 0.05

were defined significant.
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Figures:

Figure 1: Icosapent ethyl (IPE) reduced arterial thrombus formation in vivo.
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A) The bar plots show time to first occlusion (left, unpaired t-test, p>0.0001, Ncontroi=15, Nipe=7,
data are means = SD) and maximal thrombus size (middle, unpaired t-test, p=0.0170,
Neontroi=15, Nipe=7, data are means £ SD) in in vivo arterial thrombus formation model using the
carotid artery injury model in wildtype mice. Representative pictures of arterial thrombi (right)
show intravascular thrombi in green (control on the left and IPE-treated mice on the right, scale
bars indicate 500 um) B) The plots show CD41-negative thrombus area (left, unpaired t-test,
p=0.0042, ncontro=5, Nipe=6, data are means = SD) and fibrinogen-negative thrombus area
(right, unpaired t-test, p=0.0003, nconroi=5, Nipe=6, data are means + SD) for histological
analysis of carotid thrombi after carotid artery injury model in wildtype mice. Representative
histological images (below) show CD41 in green, fibrinogen in red, and DAPI stained nuclei in
blue. Control is shown in the upper line and IPE-treatment is shown below. Scale bars are
given for 100uM. C) The bar plots show loss of blood (left, unpaired t-test, n=7, p=0.0177, data
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are means * SD) and bleeding time (right, unpaired t-test, n=7, p=0.0073, data are means +
SD) in a tail bleeding assay in mice treated with IPE or placebo.

Figure 2: Eicosapentaenoic acid (EPA) inhibited platelet adhesion, aggregation,
degranulation and intracellular calcium-signaling in a concentration-dependent
manner.
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A) The bar plots show platelet adhesion of human platelets in vitro on a collagen-coated flow
chamber (ANOVA-analysis, p=0.0345; Dunnett’s test for multiple comparison: control vs.
1000 uM EPA: p=0.0367, n=6, data are means + SD). Representative images of the flow
chamber are shown on the right. Green fluorescence indicates platelets. Control is shown
upper left, 250 uM EPA in the upper right, 500 uM EPA in the lower left and 1000 uM EPA in
the lower right box. B) The bar plots show platelet adhesion on human plaque material (paired
t-test, p=0.0127, n=6, data are means * SD) C) The bar plots show platelet aggregation in light
transmission aggregometry induced by arachidonic acid (AA) (Friedman-test, p=0.0055,
Multiple comparison with Dunn’s correction, con vs. 500 uM: p=0.0212, con vs. 1000 uM:
p=0.0099, n=5, data are means + SD). Representative analysis is shown on the right (orange
= control, blue = 250 uM EPA, red = 500 uM EPA and black = 1000 uM EPA) D) The bar plots
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show AA-induced platelet aggregation in impedance aggregometry (ANOVA-analysis,
p=0.0017, Dunnett’s multiple comparison test, control vs. 1000 uM EPA: p=0.0060, n=10, data
are means = SD). Representative aggregation curves for control and 1000 uM EPA are shown
on the right. E) The bar plots show AA-induced adenosine triphosphate (ATP) release from
human platelets (ANOVA-analysis, p=0.0031, Dunnett’s multiple comparison test, control vs.
250 uM EPA: p=0.0083, control vs. 500 uM EPA: p=0.0107, control vs. 1000 uM EPA:
p=0.0088, n=7, data are means + SD). F) The bar plots show AA-induced p-selectin expression
on human platelets (ANOVA-analysis, p<0.0001; Dunnett’s multiple comparison test, control
vs. 250 uM EPA: p=0.0003, control vs. 500 uM EPA: p<0.0001, control vs. 1000 uM EPA:
p<0.0001, n=19, data are means = SD). Representative flow cytometry-plots are shown on the
right (control on the left, and 1000 uM EPA on the right). G) The bar plots show delta of
transcellular calcium-concentration in human platelet after stimulation (ANOVA-analysis,
p=0.0004; Dunnett’'s multiple comparison test, control vs. 250 uM EPA: p=0.0038, control vs.
500 uM EPA: p=0.0060, control vs. 1000 uM EPA: p=0.0080, n=8, data are means * SD).
Representative plot of intracellular calcium changes is shown on the right (black = control, blue
=250 uM EPA, yellow =500 uM EPA, red = 1000 uM EPA). H) The bar plots show AA-induced
TXB2-production from human platelets in vitro (ANOVA-analysis, p=0.0118, Dunnett’s multiple
comparison test, control vs. 500 uM EPA: p=0.0433; control vs. 1000uM EPA: p=0.0434, n=7,
data are means * SD).

Figure 3: Eicosapentaenoic acid (EPA) abolished the effect of arachidonic acid (AA) on
platelet proteomics and phosphoproteomics in various intracellular signhaling
pathways.
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A) Heat map representing the proteome changes in comparison of AA-stimulation and AA-
stimulation with EPA-treatment. Scale bar indicates fold change in comparison to untreated
control. B) Heat map representing phosphoproteomic changes in comparison of AA-
stimulation and AA-stimulation with EPA-treatment. Proteins are given with phosphorylation
sites on the left axis. Scale bar on the right side indicates fold change in comparison to
untreated control. C) The bar plots show regulated proteins in different intracellular signaling
pathways in human platelets with control treatment, AA-stimulation and AA-stimulation with
EPA-treatment. Adenylate cyclase type 6 (left, p=0.0007, con vs: AA: p= 0.0002, AA vs. AA +
EPA: p=0.0389, n=5, data are means + SD), diacylglycerol kinase gamma (middle, p=0.0007,
convs. AA: p=0.0015, AA vs AA + EPA: p=0.0419 n=5, data are means * SD), inositol 1, 4, 5-
triphsophate receptor associated 1 (right, p=0.0052, con vs. AA: p=0.0204, AA vs. AA + EPA:
p=0.0031 n=5, data are means * SD) (all ANOVA-analysis and Dunnett’s test for multiple
comparison).

Figure 4: Eicosapentaenoic acid (EPA) and arachidonic acid (AA) interacted
competitively at the active site of platelet cyclooxygenase (COX)-1.
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A) The schematic (left) shows the experimental design of photo affinity labeling. The bar plot
(right) shows fluorescence intensity of control compared with the probe (ANOVA-analysis,
p=0.0005; Dunnett’s test for multiple comparison, DMSO vs. probe: p=0.0032, probe vs.
comp.: p= 0.0004, n=4, data are means + SD). B) In silico docking analysis C) Platelet
adhesion on collagen-coated flow chamber comparing control, ASA-treatment and ASA- and
EPA-treatment (paired t-tests, control vs. ASA, p=0.0064, ASA vs. ASA + EPA, p>0.05, data
are means + SD) (D) The bar plot shows AA-induced maximum of aggregation in control, ASA-
and ASA + EPA-treated human platelets.(paired t-tests, p>0.05, n=4, data are means + SD).
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E) The bar plot shows AA-induced maximum of aggregation with different concentration of AA
in control and ASA- and EPA-treated human platelets. (EPA-treated platelets on the right:
ANOVA-analysis, p=0.0313; Dunnetts’ test for multiple comparison, 0.5mM vs. 1mM:
p=0.0111, 0.5 mM vs. 2 mM: p=0.0397, n=7, data are means + SD; ASA-treated platelets in
the middle, ANOVA-analysis, p>0.05, n=7, data are means = SD). F) Correlation of AA-induced
maximum of aggregation (MoA) and plasma triglyceride concentrations (Pearson-correlation,
n=370, p=0.6235, R2= 0.0006556, r=0.02560). G) The bar plots show delta of t10-t0 AA/EPA
ratio during ex-vivo platelet activation (unpaired t-test, p>0.05, n=27, data are means * SD).
H) Heat map of 20:4 and 20:5 containing lipids showing the comparison between before and
after ten days of IPE-supplementation. Scale bar indicates fold change in comparison to
control. Relative changes in AA stimulated samples vs control are shown for tO (before intake)
and t10 (10 days of treatment). 1) Relative COX-1 inhibition is shown in dependency of EPA-
concentrations (n=3, data are means + SD).

Figure 5: Pharmacological inhibition of platelet COX-1 and genetic deficiency of platelet
COX-1 abolished the antiplatelet effects of IPE-supplementation in vivo.
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A) The bar plots show time to first occlusion in a carotid injury model of arterial thrombosis
comparing ASA-treated and EPA+ASA-treated mice (left bar plot, unpaired t-test, p>0.05, n=4,
data are means + SD) and ( and maximal thrombus size (right bar plot, unpaired t-test, p>0.05,
Neontroi=16, Nasa=4, Nasa+ipe=5, data are means + SD). Representative images are shown on the
right with green fluorescence indicating thrombus in the carotid artery (left image, ASA, right
image, ASA + IPE). B) The bar plots show time to first occlusion (upper bar plot, wildtype:
control vs. IPE, unpaired t-test, p<0.0001, n=4, data are means + SD; COX-1-deficiency:
control vs. IPE, unpaired t-test, p>0.05, n=4, data are means *+ SD) and thrombus size (lower
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bar plot, wildtype: control vs. IPE, unpaired t-test, p=0.0283, n=4, data are means + SD; COX-
1-deficiency: control vs. IPE, unpaired t-test, p>0.05, n=4, data are means * SD
Representative images of intravital thrombus formation are shown on the right (upper left:
wildtype control, upper right: wildtype IPE-treatment, lower left: COX-KO control, lower right:
COX-KO IPE-treatment, green fluorescence indicates thrombus in the carotid artery). C)
Representative western blot for platelet COX-1 in wildtype and platelet Cox-1 deficient mice.
D) The bar plots show CD41-negative thrombus area (left, wildtype: control vs. IPE, unpaired
t-test, p=0.0042, Nconro=5, Nipe=6, data are means + SD, COX-1-deficiency: control vs. IPE,
unpaired t-test, p>0.05, n=6, data are means + SD) and fibrinogen-negative thrombus area
(right, wildtype: control vs. IPE, unpaired t-test, p=0.0003, Ncontro=5, Nipe=6, data are means *
SD; COX-1-deficiency: control vs. IPE, unpaired t-test, p>0.05, n=6, data are means + SD).
Representative histological images (below) show CD41 in green, fibrinogen in red, and DAPI
stained nuclei in blue. Control is shown in the upper line and IPE-treatment is shown below.
Scale bars are given for 100uM.

Figure 6: IPE reduced platelet adhesion, aggregation, and degranulation ex vivo.
Change from IPE treatment to EPA/DHA treatment abolished this effect.

35



—

o N O WNDN

>

300 <0.0001
(2} 4
o
2 °
©3 200 ¢ .
g -
'EE 2
53 . ;
€E
g 5 100~ "
v s2gigse-uyzpoo222a sy 222t
Q . ‘ A R R S SR R B R R P
- SEEEESERRRPEEESERRRREC 2RI RS Q
§S88S’5’8S8;‘&‘&EEEEEEE§§§§§§§§§2°£&2&’
BL 10d
B 0.0002 C D
<0.0001 = <0.0001
., 100+ 200+ 5 & 100- .
& = k]
= 804 = ° - )
S B E 150 g 0 -
= 60+ S ? = ..Q 60—
c ® o
9 9]
g £2 1004 2
5 40+ &L = O 404
el < Q
s =]
L= . < 504 8
<< T S 204
< 2
0- o_ i 0_
BL 10d BL 10d BL 10d
E
Long-term IPE Stop IPE, start Day 10
(29 twice EPA/DHA (1g EPA/DHA
daily) daily)
F G H
0.0286 0.0061
100 300+ o@‘ 0.0018
= ° & 100+ -
= g k]
< 80 - 2 80 s o9
£ o 8 2 2004 s
° ‘g © + 60—
g £3 . E
S 404 ¢ 2 °
= 22 1004 O 404
= = °
£ 504 2 oo ]
% S 2041
0- 2
0- :(;: 0-
IPE EPA/
IPE EPA/ IPE EPA/
DHA DHA DHA

A) The bar plots show amount of 20:5 containing lipids after ten days of IPE-supplementation
(left, Wilcoxon-test, p<0.0001, n=29, data are means + SD). Heat map (right) showing the
change of 20:5 containing lipids in the platelet membrane after 10 days. Scale bar indicates
fold change from baseline to day ten. B) The bar plot shows AA-induced platelet aggregation
(Wilcoxon-test, p=0.0002, n=20, data are means + SD). C) The bar plot shows AA-induced
adenosine-triphosphate (ATP)-release from platelets (paired t-test, p<0.0001, n=17, data are
means = SD). D) The bar plot shows AA-induced p-selectin expression on platelets (paired t-
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test, p<0.0001, n=17, data are means * SD). E) Blood was conducted from patients on long-
term IPE medication and ten days after switching to an EPA-DHA-combi preparation. F) The
bar plot shows AA-induced platelet aggregation before and after ten days of switching from
EPA to EPA/DHA (paired t-test, p=0.0286, n=10 data are means + SD). G) The bar plot shows
AA-induced ATP-release before and ten days after switching from IPE to EPA/DHA-medication
(paired t-test, p=0.0061, n=10, data are means + SD). H) The bar plot shows AA-induced p-
selectin expression before and ten days after switching from IPE to EPA/DHA-medication
(paired t-test, p=0.0018, n=10, data are means * SD).
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