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Abstract: Lipids contained in the plasma membrane of platelets play an important role in platelet
function. Modifications in the lipid composition can fluidify or rigidify the environment around
embedded receptors, in order to facilitate the access of the receptor by the drug. However, data con-
cerning the lipid composition of platelet plasma membrane need to be updated. In addition, data on
the impact of drugs on plasma membrane composition, in particular antiplatelet agents, remain sparse.
After isolation of platelet plasma membrane, we assessed, using lipidomics, the effect of ticagrelor,
a P2Y12 antagonist, and its active metabolite on the lipid composition of these plasma membranes.
We describe the exact lipid composition of plasma membrane, including all sub-species. Tica-
grelor and its active metabolite significantly increased cholesterol and phosphatidylcholine ether
with short saturated acyl chains 16:0/16:0, and decreased phosphatidylcholine, suggesting overall
rigidification of the membrane. Furthermore, ticagrelor and its active metabolite decreased some
arachidonylated plasmalogens, suggesting a decrease in availability of arachidonic acid from the
membrane phospholipids for synthesis of biologically active mediators. To conclude, ticagrelor and
its active metabolite seem to influence the lipid environment of receptors embedded in the lipid
bilayer and modify the behavior of the plasma membrane.

Keywords: lipidomics; platelets; plasma membrane; lipids; receptor; ticagrelor

1. Introduction

Blood platelets play a pivotal role as regulators of haemostasis and thrombosis [1].
The platelet plasma membrane, composed of a lipid bilayer with embedded proteins,
is the support for adhesion, activation and aggregation of platelets through receptors [2].
G-protein coupled seven-transmembrane P2Y12 receptors belonging to the transmembrane
proteins are present in the platelet plasma membrane. These receptors are implicated in
adenosine diphosphate (ADP)-induced activation of platelets and, therefore, constitute a
prime target to inhibit platelet aggregation [3]. Platelet aggregation contributes to the onset
of acute coronary syndrome, and current guidelines recommend dual antiplatelet therapy,
including a P2Y12 antagonist and aspirin, for at least 12 months after the cardiovascular
event [4].

In this context, P2Y12 antagonists such as clopidogrel, ticagrelor and prasugrel were
developed to prevent cardiovascular events, especially after acute coronary syndrome.
Among the available P2Y12 antagonists, ticagrelor has been widely used because of its
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superior efficacy, with less inter-individual variation and faster onset of action than clopi-
dogrel for the control of platelet aggregation [4,5]. This is probably related to its additional
mechanism of action by the inhibition of Equilibrative Nucleoside Transporter 1 (ENT1)
increasing circulating and tissues levels of adenosine [6,7].

Unlike other P2Y12 antagonists, ticagrelor is not a pro-drug and does not require hep-
atic biotransformation to be active. However, ticagrelor is also metabolized into an active
metabolite AR-C124910XX, which possesses similar potency to the parent ticagrelor [6].
We recently showed that platelet stimulation by ADP, or platelet inhibition by ticagrelor,
changes the organization of the platelet plasma membrane, with reorganization of choles-
terol and P2Y12 receptors to lipid rafts. This reorganization suggests that membrane
lipids, in particular cholesterol, play an important role in the anti-aggregant activity of
ticagrelor [8]. Despite the existence of abundant literature on ticagrelor/P2Y12 receptor
interactions, the direct effects of ticagrelor and its active metabolite AR-C124910XX on the
lipid composition of platelet plasma membrane remain to be determined.

It has been shown that changes in lipid composition induce structural and functional
changes in plasma membranes [9], so we aimed to describe as accurately as possible the
lipid composition of the platelet plasma membrane, including details of the different head
groups, fatty acyl chain length and saturation, both in resting platelets and after ticagrelor
treatment. Lipidomics has previously been used to investigate plasma and subcellular
membranes of whole platelets [10,11] but no lipidomic data are available for platelet plasma
membranes only.

Using advances in lipidomics, we first provide up-to-date data regarding the lipid
profile of the platelet plasma membrane and, secondly, we investigated the lipid changes
occurring in the platelet plasma membrane in the presence of ADP, ticagrelor or its ac-
tive metabolite.

2. Results
2.1. VASP Analysis

Inhibition of platelets in vitro was assessed with different concentrations using the
vasodilatator-stimulated phosphoprotein (VASP) index, which determines the platelet
reactivity index. Efficient platelet inhibition is obtained when the platelet reactivity index
(PRI) is below 50% [12]. We obtained a PRI of 29.5% for 1.5-µM ticagrelor, and 27.4% for
0.5-µM active metabolite. Therefore, concentrations of 1.5 µM of ticagrelor and 0.5 µM of
active ticagrelor metabolite were assumed to achieve excellent platelet inhibition and were
used for all subsequent lipidomics experiments.

2.2. Immunoblot Analysis

In order to ensure the position of the platelet plasma membrane in sucrose fractions,
the presence of specific protein markers was evaluated by immunoblot assay in the control
group. Our results showed that neutrophil cytosolic factor 1 (NCF1), a specific marker of
cytosol, was weakly present in the first five fractions and not expressed in fractions 6–12
(Figure 1a). Flotillin-1, a marker of cholesterol-rich microdomains, was mainly expressed
in fractions 5–7 (Figure 1b). Glycoprotein Ib (GP1b) was found in fractions 5–12 due to its
abundance as a principal protein of all intracellular platelet membranes, including plasma
and organelle membranes (Figure 1c). Finally, cytochrome c oxidase IV (COX IV), a marker
of mitochondria, was positive mainly in fractions 9–12. Taken together, we considered that
fractions 5–7 contained plasma platelet membrane and fractions 8–12 contained membranes
of mitochondria, lysosome and granules (Figure 1d). Consequently, fractions 5–7 were
analyzed using lipidomics.
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Figure 1. Specific protein markers assessed by immunoblot. (a) The neutrophil cytosolic factor 1 
(NCF1) marker of cytosol was present in the first four fractions. (b) The Flotillin-1 marker of cho-
lesterol-rich microdomains was mainly detected in fractions 5–7 of sucrose. (c) The glycoprotein Ib 
(GPIb) marker of platelet plasma membrane was present in fractions 5–12 and (d) the cytochrome 
c oxidase IV (COX IV) marker of mitochondria was mainly present in fractions 9–12. 

2.3. Lipid Composition of Plasma Membrane in Resting Platelets 
Mass spectrometry-based lipid analysis was performed in the control group. Our re-

sults showed that the plasma membrane of resting platelets was mainly composed of 
phosphatidylcholines (PC): 35.2 ± 0.8%; cholesterol (Chol): 28.35 ± 0.7%; phosphatidyleth-
anolamines ether (PE O-): 10.40 ± 0.2%; sphingomyelins (SM): 7.26 ± 0.3%; phosphatidyl-
serines (PS): 6.06 ± 0.1%; phosphatidylethanolamines (PE): 6.41 ± 0.1%; phosphatidylino-
sitols (PI): 2.41 ± 0.03% and phosphatidylcholines ether- (PC O-): 1.84 ± 0.04%. These re-
sults were compared to others in Table 1. Other lipid classes are also present in much 
smaller amounts (see Supplementary Materials Table S1). 

Figure 1. Specific protein markers assessed by immunoblot. (a) The neutrophil cytosolic factor
1 (NCF1) marker of cytosol was present in the first four fractions. (b) The Flotillin-1 marker of
cholesterol-rich microdomains was mainly detected in fractions 5–7 of sucrose. (c) The glycoprotein
Ib (GPIb) marker of platelet plasma membrane was present in fractions 5–12 and (d) the cytochrome
c oxidase IV (COX IV) marker of mitochondria was mainly present in fractions 9–12.

2.3. Lipid Composition of Plasma Membrane in Resting Platelets

Mass spectrometry-based lipid analysis was performed in the control group. Our re-
sults showed that the plasma membrane of resting platelets was mainly composed of phos-
phatidylcholines (PC): 35.2± 0.8%; cholesterol (Chol): 28.35± 0.7%; phosphatidylethanolamines
ether (PE O-): 10.40 ± 0.2%; sphingomyelins (SM): 7.26 ± 0.3%; phosphatidylserines (PS):
6.06 ± 0.1%; phosphatidylethanolamines (PE): 6.41 ± 0.1%; phosphatidylinositols (PI):
2.41 ± 0.03% and phosphatidylcholines ether- (PC O-): 1.84 ± 0.04%. These results were
compared to others in Table 1. Other lipid classes are also present in much smaller amounts
(see Supplementary Materials Table S1).

Since the size of headgroups, length and saturation of acyl chains of lipids are re-
sponsible for the physicochemical properties of the plasma membrane, we assessed in
resting platelets the exact composition of lipids in the platelet plasma membrane, with size,
length and saturation of their acyl chains in each subclass. In summary, in the plasma
membrane, our results showed that short fatty acyl chains, with 14, 16 or 18 carbons, are pre-
dominant in all subclasses (Figure 2). Arachidonic acid (20:4) is also well-represented,
especially in PC O- and PE O-, which contain plasmalogens, that play an important role
both for the structure of plasma membrane and for cell signalling. Concerning the fatty
acid composition of the platelet plasma membrane, the main saturated fatty acids were
palmitic acid 16:0 (17.1 ± 0.2%) and stearic acid 18:0 (14.9 ± 0.1%), whereas the main unsat-
urated fatty acids were oleic acid 18:1 (19.3 ± 0.02%), arachidonic acid 20:4 (18.0 ± 0.2%),
and linoleic acid 18:2 (10.6 ± 0.2%) (Figure 2 and Table S1). Eicosapentaenoic acid 20:5 (EPA)
and Docosahexaenoic acid 22:6 (DHA) are minor among the acyl chain of phospholipids,
with 0.49 ± 0.01 % and 0.79 ± 0.04%, respectively, (Figure 2 and Table S1).
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Table 1. Results of our lipid composition of plasma membrane of resting platelet or whole resting platelets compared to the previous lipid profile of the platelet described.

Cholesterol (%)
PC and Related Species (%) PE and Related Species (%)

PI (%) PS (%) SM (%)
Other Lipids

Species Method Ref/Years
PC PC O- PE PE O-

Plasma
membrane
of resting
platelet

Unknown 35 - 26.1 - 5.6 9.9 23.4

Two-dimensional
thin layer

chromatography
and gas–liquid

chromatography

Perret et al.
[13]/1979

Unknown 39.2 - 27.8 - 2.5 8.6 22.1

Thin layer
chromatography
and gas–liquid

chromatography
after

transmethylation

Skeaff et al.
[14]/1985

7.5 34.8 - 25.3 - 5.8 6.4 14.6 5.2 Rod like thin-layer
chromatography

Tsvetkova et al.
[15]/1999

Unknown 27 - 29 - 2 19 22 -
High performance

thin layer
chromatography

Biró et al.
[16]/2005

28.35
37.01 16.81

2.41 6.06 7.28 2.08 Mass
spectrometry

Result of
our study35.17 1.84 6.41 10.40

Without
cholesterol

51.92 23.59
3.38 8.50 10.19 2.42 Mass

spectrometry
Result of
our study49.34 2.58 9.00 14.59

Lipid
composition

of whole
resting
platelet

Unknown 39.8 1.7 13.6 14.0 3.7 8.8 18.4
Thin layer and

gas–liquid
chromatography

Cohen et al.
[17]/1969

Unknown 38.56 - 29.12 - 4.17 10.98 14.96 2.21

Two-dimensional
thin layer

chromatography
and gas

chromatography

Broekman et al.
[18]/1980
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Table 1. Cont.

Cholesterol (%)
PC and Related Species (%) PE and Related Species (%)

PI (%) PS (%) SM (%)
Other Lipids

Species Method Ref/Years
PC PC O- PE PE O-

Unknown 38.7 - 26.9 - 4.4 9.8 18.5 1.7

Thin-layer
chromatography
and gas–liquid

chromatography

Hamid et al.
[19]/1980

31.5 27.5 - 18.9 - 1.8 6.3 13.1 0.9
Two-dimensional

thin layer
chromatography

Owen et al.
[20]/1981

18.9 34.8 - 18.8 - 11.8 13.2 16.0
Thin layer and

gas–liquid
chromatography

In Italy, Dougherty
et al. [21]/1987

22.2 38.2 - 25.8 - 6.5 10.6 13.2
Thin layer and

gas–liquid
chromatography

In Finland,
Dougherty et al.

[21]/1987

19.3 31.1 - 23 - 10.6 12.0 16.5
Thin layer and

gas–liquid
chromatography

In USA,
Dougherty et al.

[21]/1987

15,15 43 - 21.47 - 8.8 26 -

thin-layer
chromatography

using a plate
scanner with a

flame ionization
detector

Watanabe et al.
[22]/1998

30 26 - 12 - 1 9 11 2 Mass spectrometry Leidl et al.
[23]/2008

Lipid
composition

of whole
stimulated

platelet
by thrombin

Unknown 38.44 - 28.96 - 3.00 11.01 15.1 3.49

Two-dimensional
thin layer

chromatography
and gas

chromatography

Broekman et al.
[18]/1980

Unknown 36.2 - 29.4 - 1.6 9.3 23.6 - Gas–liquid
chromatography

Skeaff et al.
[14]/1985

Our results are presented in bold, with phosphatidylcholines (PC); phosphatidylcholines ether (PC O-); phosphatidylethanolamines (PE); phosphatidylethanolamines ether (PE O-); phosphatidylinositols (PI);
phosphatidylserines (PS) and sphingomyelins (SM). Complete values are available in Supplementary Materials Table S1.
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tidylethanolamines ether (PE O-), (c) Sphingomyelins (SM), (d) Phosphatidylethanolamines (PE), (e) Phosphatidylserines 
(PS), (f) Phosphatidylcholines ether (PC O-) and (g) Phosphatidylinositols (PI). Results are expressed in mol% inside each 
sub-class of lipids. Lipids below 2% of its sub-classes were not represented. Complete values are available in supplemen-
tary data (Table S1). 

Among the phospholipids, 61.56% of their fatty acids were unsaturated, with an un-
saturated/saturated ratio of fatty acids of 1.60. Polyunsaturated fatty acids (PUFA) repre-
sented 35.9 ± 0.1% of these fatty acids (Figure 3). 
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2.4. Impact of ADP, Ticagrelor and Its Active Metabolite on Lipid Classes of Plasma Membrane  
For comparison of the effect of ADP, ticagrelor and its active metabolite on the plate-

let plasma membrane, we chose first to focus on the main sub-classes of lipids, represented 
by a percentage above 1% of the total amount of lipids in the plasma membrane, and sec-
ond, to investigate changes in each sub-class, especially in different fatty acyl chains of 
lipids (Figure 4). Principal component analysis (PCA) with data for the lipid species 
showed that replicates are close to each other. Accordingly, all replicates were included 
in the analysis. 

The distribution of the main lipid classes in the platelet plasma membrane showed 
significant differences between experimental groups for two major classes, namely cho-
lesterol and PC (Figure 4). Cholesterol was significantly more present in the Ticagrelor 

Figure 2. Lipid composition of the plasma membrane of resting platelets with (a) Phosphatidylcholines (PC), (b) Phos-
phatidylethanolamines ether (PE O-), (c) Sphingomyelins (SM), (d) Phosphatidylethanolamines (PE), (e) Phosphatidylserines
(PS), (f) Phosphatidylcholines ether (PC O-) and (g) Phosphatidylinositols (PI). Results are expressed in mol% inside each
sub-class of lipids. Lipids below 2% of its sub-classes were not represented. Complete values are available in supplementary
data (Table S1).
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Among the phospholipids, 61.56% of their fatty acids were unsaturated, with an
unsaturated/saturated ratio of fatty acids of 1.60. Polyunsaturated fatty acids (PUFA)
represented 35.9 ± 0.1% of these fatty acids (Figure 3).
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Figure 3. Fatty acid species in the plasma membrane of resting platelets represented by chain length
and number of double bonds. The area of each circle is proportional to the abundance of each fatty
acid in mol%.

2.4. Impact of ADP, Ticagrelor and Its Active Metabolite on Lipid Classes of Plasma Membrane

For comparison of the effect of ADP, ticagrelor and its active metabolite on the platelet
plasma membrane, we chose first to focus on the main sub-classes of lipids, represented by
a percentage above 1% of the total amount of lipids in the plasma membrane, and second,
to investigate changes in each sub-class, especially in different fatty acyl chains of lipids
(Figure 4). Principal component analysis (PCA) with data for the lipid species showed that
replicates are close to each other. Accordingly, all replicates were included in the analysis.
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expressed as mol% (mean ± SD) of lipid sub-classes. Cholesteryl esters (CE), cholesterol (Chol), phosphatidylcholines
(PC), phosphatidylcholines ether (PC O-), phosphatidylethanolamines (PE), phosphatidylethanolamines ether (PE O-),
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compared to the control group; � = p < 0.05, �� = p < 0.01, ���� = p < 0.001 compared to the adenosine diphosphate
(ADP) group, # = p < 0.05, #### = p < 0.001 compared to the Ticagrelor group; ∆∆∆ = p < 0.005, ∆∆∆∆ = p < 0.001
compared to the Metabolite group).
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The distribution of the main lipid classes in the platelet plasma membrane showed sig-
nificant differences between experimental groups for two major classes, namely cholesterol
and PC (Figure 4). Cholesterol was significantly more present in the Ticagrelor (30.6 ± 0.5%)
compared to control groups (28.4 ± 0.7%, p < 0.001) and in Metabolite (29.6 ± 0.4%) com-
pared to ADP groups (27.9 ± 1.2%, p < 0.05). PC were significantly less present in the
Ticagrelor (31.7 ± 1.8%) compared to the control groups (35.2 ± 0.8%, p < 0.001) and in
Metabolite (32.9 ± 1.4%) compared to ADP groups (35.0 ± 0.8%, p < 0.01). For cholesterol
and PC, when platelets were pre-treated by ticagrelor or its active metabolite, stimulation
by ADP induced a return to the initial lipid composition found in the control group or ADP
treated platelets. A small amount of cholesteryl esters was found in all groups. This can be
explained by the interaction of lipoproteins with the surface of the platelets, especially in
the open canalicular system of the platelet [24]. No significant difference was found for PC
O-, PE O-, PE, PI, PS, or SM between experimental groups (Figure 4).

However, lipid classes were composed of many subspecies with a variety of fatty acid
chain lengths, so we investigated these subspecies to assess whether some subspecies were
different between experimental groups, and if the significant difference in PC was due to a
particular subspecies (Figure 5a). In the PC class, PC 14:0/18:2 decreased significantly in
the Ticagrelor (12.2 ± 3.5 %) and Metabolite groups (13.5 ± 1.2%) compared to the control
group (15.6 ± 0.9%, p < 0.001 and p < 0.001, respectively), whereas PC 16:0/18:1 increased
significantly in the Ticagrelor (24.2 ± 1.4%) compared to the control group (22.6 ± 0.2%,
p < 0.001) (Figure 5b).
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Figure 5. Composition of the platelet membrane. (a) Fatty acids species in the platelet plasma membrane represented by
chain length and number of double bonds. The area of each circle is proportional to the abundance of each fatty acid in mol%.
Subspecies which represent more than 2% of (b) phosphatidylcholines (PC), (c) phosphatidylethanolamines ether (PE O-),
(d) sphingomyelins (SM), (e) phosphatidylethanolamines (PE), (f) phosphatidylserines (PS), (g) phosphatidylcholines ether
(PC O-) and (h) phosphatidylinositols (PI). p-value was determined by a two-way ANOVA test (* = p < 0.05, ** = p < 0.01,
*** = p < 0.005, **** = p < 0.001 versus the control group).

In the PE O- class, PE O- 18:1/20:4 increased significantly in the Ticagrelor (27.5 ± 0.5%)
versus the control group (27 ± 0.1%, p < 0.001) (Figure 5c). In contrast, PE O- 16:1/20:4 and PE
O- 18:2/20:4 were significantly decreased in the Ticagrelor group (21.6 ± 0.09% and 8.3 ± 0.1,)
versus the control group (21.9 ± 0.04%, p < 0.05 and 8.6 ± 0.1%, p < 0.01) (Figure 5c).

For the SM class, no significant differences were found between groups (Figure 5d).
In the PE class, PE 16:0/18:1 was higher in the control (3.8 ± 0.2%) than in the ADP

(3.3 ± 0.3%, p < 0.01), Ticagrelor (3.3 ± 0.2%, p < 0.01) and Meta + ADP (3.3 ± 0.1%, p < 0.01)
groups. PE 18:0/20:4 was higher in the Meta + ADP (47.7 ± 0.1%) than in the control group
(47.0 ± 0.1%, p < 0.001) (Figure 5e).

In the PS class, PS 18:0/18:1 was higher in the Tica + ADP (35.9 ± 2.3%) than in
the control group (32.6 ± 0.4%, p < 0.01). PS 18:0/20:4 was higher in the Meta + ADP
(50.7 ± 2.0%) than in the control group (47.9 ± 2.4%, p < 0.05) (Figure 5f).

PC O- with short acyl chains such as 16:0/16:0 increased significantly in the Ticagrelor
(14.2 ± 0.4%) and metabolite groups (12.6 ± 1.1%) versus the control group (11.2 ± 1.4%,
p < 0.001 and p < 0.001, respectively), whereas PC O- with arachidonic acid, 16:0/20:4
decreased significantly in the Ticagrelor (12.7 ± 0.5%) and metabolite groups (13.1 ± 0.7%)
versus the control group (14.1 ± 0.5%, p < 0.005 and p < 0.05, respectively) (Figure 5g).



Int. J. Mol. Sci. 2021, 22, 1432 10 of 23

In the Metabolite group, several PC O- species containing arachidonic acid 16:1/20:4,
18:1/20:4, 16:2/20:4 were significantly decreased (6.0 ± 0.3%; 9.7 ± 0.4% and 3.2 ± 0.5%)
compared to the control group (7.0 ± 0.2%, p < 0.05; 11.7 ± 0.3%, p < 0.001 and 2.2 ± 0.1%,
p < 0.05, respectively) (Figure 5g). In the PI class, PI 18:0/20:4 was significantly increased in
the Ticagrelor (87.5 ± 0.7%) and metabolite groups (90.8 ± 4.6%) compared to the control
group (81.6 ± 5.7%, p < 0.01 and p < 0.001, respectively) (Figure 5h).

Plasmalogens, such as PUFA containing arachidonic acid in their acyl chains were
significantly decreased for both ticagrelor and its metabolite (PC O- 16:0/20:4, PC O-
18:1/20:4), or for ticagrelor only (PE O- 16:1/20:4, PE O- 18:2/20:4).

The amount of PC and SM subspecies are shown in the heatmap (Figure 6a,b). Stim-
ulation by ADP did not lead to a return to a PC composition similar to ADP-isolated
stimulation but resulted in an overall increase in all PC species (Figure 6a). The reverse
phenomenon was observed with SM subspecies. Indeed, when platelets were pre-treated
by ticagrelor or its active metabolite, stimulation by ADP did not lead to a composition
similar to ADP-isolated stimulation, but, in contrast, we observed an overall decrease in all
SM (Figure 6b).
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Figure 6. Heatmap representing fold change in (a) Phosphatidylcholines (PC) or (b) Sphingomyelins
(SM) subspecies compared to the ADP group, according the experimental groups. When platelets
were pre-treated by ticagrelor or its active metabolite, stimulation by ADP did not lead to an SM or
PC composition similar to ADP-isolated stimulation but led to an increase in PC and a decrease in
SM fold change compared to the ADP group.

To investigate whether treatment induced more significant variations in the number
of specific lipids, we decided to build volcano plots and to compare the control group to
other experimental groups (Figure 7).
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We noted that a greater number of lipid species were significantly different in the
Ticagrelor (Figure 7a) and Metabolite (Figure 7b) groups compared to the Tica + ADP
(Figure 7c) and Meta + ADP (Figure 7d) groups. Thus, treatment by drugs led to a greater
number of lipid species having significantly different amounts, in the plasma membrane
than in the ADP (Figure 7e), Tica + ADP, and Meta + ADP groups.

3. Discussion

To the best of our knowledge, this is the first study to describe the lipid composition of
plasma membrane of resting platelets using advances in lipidomics. Moreover, our study is
the first to investigate the lipid changes in the plasma platelet membrane after stimulation
of platelets by ADP, or inhibition by antiplatelet agents such as ticagrelor and its active
metabolite. Our major findings were, (i) the precise determination of the lipid composition
of plasma membrane of resting platelets, (ii) a significant increase in cholesterol and PC
O- with short acyl chains 16:0/16:0 in platelet plasma membrane treated with ticagrelor
and its metabolite, (iii) a significant decrease in PC and some PC O- or PE O- enriched in
arachidonic acid (PE O- 16:1/20:4, PE O- 18:2/20:4, PC O- 16:0/20:4, PC O- 18:1/20:4) with
ticagrelor, (iv) pre-treatment by ticagrelor and its active metabolite induces a long-lasting
effect over time on lipid composition, especially for PC and SM even if ADP is present.

Describing as accurately as possible the lipid composition of the platelet plasma
membrane, including details of the different properties of lipids such as head groups,
fatty acyl chain length and saturation, is key to understanding the structural and functional
changes in the platelet plasma membrane [9]. The structure of human eukaryotic plasma
membranes has been extensively investigated. Indeed, human erythrocytes were used as
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a simple model because of their lack of nucleus and internal organelles [25]. Moreover,
erythrocytes can easily be collected from individuals for many experiments. Although the
composition of red blood cells is relatively well described, other type of cells such as
platelets remain poorly detailed in the literature. Few data are available concerning the
composition of the platelet plasma membrane. In addition, previous studies are quite
old and used less sensitive and specific techniques, explaining the variations between
studies (Table 1). Furthermore, previous determinations of lipid composition in plasma
membrane were limited to the few major lipid types defined by their polar headgroups.
Advances in lipidomics have revealed a vast diversity of lipid species in cell membranes,
including hundreds of lipid subspecies with distinct headgroups, acyl chains, and backbone
linkages [26]. With our study, we provide updated data using new lipidomics techniques
and summarize all pre-existing data in the literature in Table 1.

Unlike previous studies, we provide up-to-date data not for plasma and the sub-
cellular membrane of the whole platelet [17–21], but rather only for the platelet plasma
membrane, including the cholesterol amounts. Indeed, several studies explored only major
phospholipids grouped by their polar headgroup and did not include cholesterol analysis
in the plasma membrane [13–16]. Tsvetkoya et al. [15] described the lipid composition
using rod like thin layer chromatography in resting platelet plasma membrane including
cholesterol. They reported 7.5% of cholesterol, which is surprising because typically most
cell membranes have a cholesterol level between 10 and 30% of all lipids [27]. In our study,
resting platelet plasma membrane was composed of 28.35% cholesterol, which is coherent
for a cell membrane, but one of the highest values described in the literature for platelets.
This difference could be explained by the use of mass tandem spectrometry, which is more
sensitive and more specific than thin layer chromatography and gas–liquid chromatogra-
phy.

Our study also distinguished PC, PC O-, PE and PE O-. Previous studies using
thin layer chromatography and gas–liquid chromatography probably did not distinguish
between PC/PC O-, and PE/PE O-. It is for this reason that our study found a lower
level of PC and PE than other studies, but if we add the PC O-, or PE O- within the
same subclasses of PC and related species or PE and related species, our results are in
accordance with studies using thin layer chromatography. However, sphingomyelins were
less abundant than expected in the platelet plasma membrane. Several studies investigated
the lipidome of whole platelets, without quantification of cholesterol [17–19], except Owen
et al. [20], Dougherty et al. [21] and Leidl et al. [23]. These studies showed that the whole
lipidome of platelet contained a similar proportion of cholesterol, i.e., approximately 30%,
less PC and related PC and higher sphingomyelin levels than our results on the plasma
membrane. Concerning the fatty acid composition of phospholipids, Watanabe et al. [22]
showed that major saturated fatty acids on platelet plasma membrane were 17% palmitic
acid, 21.3% stearic acid, and major unsaturated fatty acids were 22% arachidonic acid,
17.1% oleic acid, 6% linoleic acid, 2.5% DHA, and 2% EPA. These values are in accordance
with our results, although we found that unsaturated fatty acids were more abundant,
with oleic and linoleic acid being more present, while arachidonic acid was less present.
PUFAs are related to important biological functions in health and disease, especially in
cardiovascular diseases [28]. In the plasma membrane, phospholipids containing PUFAs
decrease membrane bending rigidity [29] and render the membrane more flexible [9],
by reducing the energy required for deformation and fission [30].

Potential changes in the lipid composition of the platelet plasma membrane cause
structural and functional changes in the platelet plasma membrane. Indeed, the lipid
composition of plasma membrane changes these physicochemical properties. Lipids have
intrinsic shapes depending on the size of their headgroups, length and saturation of
their acyl chains [31]. Therefore, modification of the lipid composition affects the shape
and the spontaneous curvature of the plasma membrane [29,31] and its flexibility [9].
Lipids with long and saturated fatty acids render membranes thicker and less fluid owing
to the tight packing of their hydrophobic tails and stronger lipid–lipid interactions. Con-
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versely, lipids with unsaturated fatty acids prevent tight packing because of acyl-chain
kinks [29]. Thus, plasma membranes are defined by regions with more or less liquid
packing, named liquid ordered domains and liquid disordered domains, respectively [29].
Liquid ordered domains contain microdomains enriched in cholesterol, relatively saturated
lipids and sphingolipids, which act as a functional platform to recruit other lipids and
proteins and regulate cellular functions [32,33]. These microdomains promote protein–
protein and lipid–protein interactions [34]. Lipid–protein interactions have been garnering
increased interest; in particular, the modulation of the biophysical properties of the plasma
membrane by lipids and key functional roles of specific lipids [35]. Thus, lipid–protein
interactions are influenced by the modification of the lipid composition, which implies a
modification of the shape, the physicochemical behavior and the functional properties of
the plasma membrane, therefore modifying the environment of the target receptor.

Previously, lipid changes in platelet plasma membrane were described with platelet
activators. Thrombin, a human platelet activator, caused significant alteration in lipids of
platelet plasma membrane with a decrease in PI of up to 45%. In platelets activated by
thrombin, the proportion of PI and PC with arachidonic acid decreased, which suggests that
PI and PC enriched in arachidonic acid were the source of the eicosanoid synthesis [14,36].
In our study, the impact of ADP-induced activation on lipid changes in the platelet plasma
membrane was investigated and compared to ticagrelor. In this study, we used only a
single concentration of ADP (20 µM) to achieve effective and total platelet aggregation.
This concentration was chosen in accordance with the manufacturer’s instructions in order
to avoid partial or delayed activation. However, this choice could be considered as a
limitation of the experimental study. Surprisingly, no major changes in membrane lipid
composition were observed between control and ADP stimulated platelets. However,
when platelets where pre-treated by ticagrelor or its active metabolite before stimulation
by ADP, a decrease in SM and an increase in PC can be observed compared to the ADP
group. Thus, interestingly, pre-treatment by inhibitors before ADP stimulation did not
lead to a return to the lipid profile similar to the ADP group. Ticagrelor and its active
metabolite seem to have a long-term effect on the lipid composition even if an agonist such
as ADP is once again present to stimulate platelets. These results suggest that the effect of
ticagrelor and its active metabolite on the lipid composition of platelet plasma membrane
is long-lasting.

Changes in the lipid profile of the platelet plasma membrane have also been described
in several diseases, but drug-induced modifications have been rarely investigated to the
best of our knowledge. Watanabe et al. showed that PS and PI decreased significantly in
platelet plasma of patients with alcoholic liver disease [22]. Palmitic acid and EPA were
also significantly decreased in the platelet plasma membrane of these patients. Prisco et al.
reported that platelet lipid composition was altered in neoplastic patients with pulmonary
cancer, in particular with a decrease in PC and PE enriched in linoleic acid and n-3 PUFA
esterified, such as 20:5; 22:5; 22:6 unsaturated acyl chains [37]. Interestingly, Ren et al.
also showed a decrease in PE enriched in linoleic acid and 22:6 n-3 (DHA) as well as a
greater proportion of arachidonic acid in whole platelets of patient with homozygous
sickle cell disease versus healthy patients [38]. Recently, García-Rubio et al. showed
that platelet plasma membrane from patients with arterial hypertension also presented
lipid alterations, including phosphatidylcholine and cholesterol depletion [39]. In the
same manner, we observed here a depletion of phosphatidylcholine in plasma membrane
after treatment of platelets by ticagrelor and its active metabolite. Thus, regulation of the
lipid composition of platelet plasma membrane seems complex and could be impacted
by both pathologies and drugs. Exploration of these modifications by drugs are still
limited but are essential to better understand the potential reorganization of the plasma
membrane structure constituting the environment of the target receptor of the drugs.
Indeed, molecular dynamics studies confirmed the role of membranes in modulating
proteins’ conformational state [35,40,41]. Modifications of the lipid composition lead to
fluidifying, rigidifying, stabilizing environment around embedded receptors, in order to
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facilitate the access to the receptor by the drug. Interestingly, Mahmood et al. showed
that lipid composition affects conformation of β2 adrenergic receptor which is a G-protein
coupled receptor, in the same way as P2Y12 [41].

Few studies have demonstrated the impact of drugs on the plasma membrane, ei-
ther directly by modification of the lipid composition [8], or indirectly, by modification
of the fluidity of the membrane [42]. Conversely, the lipid composition of the plasma
membrane could impact the behavior of drugs, especially the incorporation of the drug
into the lipid membrane [43,44]. Thus, aspirin, an antiplatelet agent, induced a reduc-
tion in membrane lipid fluidity, independently of its acetylating effect on platelet cyclo-
oxygenase [42,45]. This result is in line with our study showing that ticagrelor increases
cholesterol level, inducing an overall rigidification of the plasma membrane, with a de-
crease in membrane fluidity close to the bilayer surface and an increase in fluidity near the
bilayer center [27].

Cholesterol is a key molecule in controlling membrane fluidity. It exhibits a stronger
stiffening effect in the presence of saturated fatty acids than in the presence of unsat-
urated fatty acids [46]. Here, ticagrelor increases the cholesterol level and ether phos-
phatidylcholines enriched in short, saturated acyl chains such as PC O- 16:0/16:0. Thus,
with ticagrelor or its active metabolite, the dynamics of the lipid composition of the platelet
plasma membrane probably leads to an increase in membrane bending rigidity. Moreover,
it has been shown that aspirin influences the conformation of membrane proteins, per-
haps through the reduction in membrane lipid fluidity, rigidifying the lipid environment
around the embedded proteins. Consequently, changes in the dynamics of the lipid bi-
layer could render some membrane receptors more exposed at the surface of the plasma
membrane [42]. The lipid composition of the plasma membrane influences the deformabil-
ity and the intrinsic curvature of this membrane and impacts the recruitment of specific
proteins [29]. Other classes of drugs are responsible for an alteration of the whole lipid
composition of the platelet. Lipid lowering drugs, such as statin drugs (i.e., fluvastatin)
were shown to induce a decrease in the cholesterol/phospholipid ratio in platelets [47].

In our study, ticagrelor and its active metabolite modified the lipid composition in the
plasma membrane. Concentrations of 1.5 µM ticagrelor and 0.5 µM active metabolite were
chosen to be as close as possible to physiological blood concentrations found in treated
patients. Indeed, patients with a dose regimen of 90 mg bid have a peak at 770 ng/mL for
ticagrelor, and 257 ng/mL for its active metabolite, after 4 weeks [48]. Moreover, the ratio
of three to one between ticagrelor and its active metabolite found in vivo has been also
respected. Therefore, concentrations of 1.5 µM ticagrelor (i.e., 783.9 ng/mL), and 0.5 µM
active metabolite (i.e., 239.3 ng/mL) were presumed to achieve effective platelet inhibition.
Consequently, we used these concentrations for all subsequent lipidomics experiments.
However, the use of a single concentration of ticagrelor and its metabolite remains a limita-
tion of our study. Some specific lipid species with high biological functionality are impacted,
especially ether lipids, which are subdivided into alkyl-ether and alkenyl-ether, the latter
being also named plasmalogens [49]. Plasmalogens, especially plasmenylethanolamines,
play a crucial role both for the structure of the cell membrane and cell signaling through
the plasma membrane. These ether lipids form non-lamellar inverted hexagonal structures
involved in facilitating fusion processes [50,51]. Moreover, ether lipids are important for the
organization and the stability of cholesterol-enriched microdomains, and act as a platform
in cellular signaling. Ether lipids and derivatives were also described as endogeneous
antioxidants, directly implicated in cell differentiation and signaling pathways, such as
AKT/PKB; PKC; PPAR; GPCR; and MAPK [52]. Plasmalogens including PUFA containing
arachidonic acid in their acyl chains, especially PC O- 16:0/20:4, PC O- 18:1/20:4 or PE O-
16:1/20:4, PE O- 18:2/20:4 were significantly decreased for both molecules or for ticagrelor
only, respectively.

As reported by Wood et al., certain neuronal pathologies, such as schizophrenia,
induce an alteration of the dynamics of plasmalogens in platelets [53]. Involvement of
ether lipids in neuronal diseases is now well established in the literature [52,54,55] but the
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physiopathology remains incompletely elucidated. Our study highlights that drugs such
as antiplatelet agents induced modifications in the lipid composition of the membrane,
in particular in these ether lipids enriched in arachidonic acid, providing a source of arachi-
donic acid for phospholipase A2 hydrolysis [54,56]. Indeed, arachidonic acid is a substrate
for the synthesis of biologically active mediators such as eicosanoids with prostaglandines,
thromboxanes and leukotrienes, implicated in platelet aggregation and proinflammatory
processes [57–59]. We can hypothesize that these changes may lead to a decrease in the
potential mobilization of arachidonic acid from the membrane phospholipids for synthesis
of biologically active mediators. This hypothesis warrants confirmation in further investi-
gations especially through assessment of thromboxane B2 (TXB2) levels, the precursor of
arachidonic acid [60]. However, the assessment of TXB2 levels was not initially included in
our experimental protocol, which is a limitation of our study to confirm this hypothesis.

High arachidonic acid proportions promote inflammation, endothelial activation,
leukocyte adhesion and thrombosis. Mobilization of arachidonic from diacyl phospholipid
species (PC or PI) to ether-phospholipids, especially the ethanolamines plasmalogens,
is due to the action of coenzyme A-independent transacylase [61,62]. A recent study
showed that the coenzyme A-independent transacylase is not influenced by the mem-
brane plasmalogen content to regulate the availability of arachidonic acid [61]. Never-
theless, arachidonylated plasmalogens were selectively hydrolyzed by cytosolic PLA2 in
platelets [63,64]. Thus, these plasmalogens enriched in arachidonic acid play a crucial role
in the platelets and could be mobilized by the cytosolic PLA2. The decrease in arachidonic
acid in phosphatidyl-ether with ticagrelor and its active metabolite suggest that these drugs
may be of clinical benefit in addition to their action on the P2Y12 receptor to reduce the
availability of arachidonic acid by decreasing its proportion in plasmalogens.

4. Material and Methods
4.1. Experimental Groups

Human healthy platelets were studied in 6 experimental groups: (i) a control group,
(ii) platelets activated by ADP 20 µM, (iii) platelets treated by ticagrelor 1.5 µM, (iv) platelets
treated by ticagrelor active metabolite (AR-C124910XX, 0.5 µM), (v) platelets treated by
ticagrelor 1.5 µM for 10 min then by ADP 20 µM for 10 min, and (vi) platelets treated by tica-
grelor active metabolite 0.5 µM for 10 min then by ADP 20 µM for 10 min. After incubation
of treatment for 10 min in a water bath at 37 ◦C, platelet plasma membranes were isolated
using ultracentrifugation in a density gradient and subjected to mass spectrometry-based
lipid analysis (Lipotype GmbH, Dresden, Germany).

4.2. Extraction of Platelet Plasma

Platelets were obtained from healthy donors from the French Blood Transfusion Cen-
ter (Etablissement Français du Sang (EFS) Bourgogne Franche-Comté, Besançon, France).
According to the agreement between the EFS and the Bourgogne Franche-Comté University
(convention ref. DECO-15-0178), the EFS delivered anonymized samples after healthy adult
blood donors gave written informed consent specifying the exclusive research purpose and
the respect of ethical guidelines. Platelets were received in the laboratory for experiments
on the same day as collection. For each replicate (n = 3), the 6 experimental conditions were
performed on the same platelet concentrate from a pool of 5–7 donor units. Platelet pools
were resuspended in solution of buffer A (90 mg Bovine Serum Albumin (BSA), 45 mg
glucose, 50 mL 4-(2-hydroxyethyl)-1-piperazineethanesulfonicacid (HEPES), pH = 6.8) with
prostagladin I2 to avoid platelet activation, followed by centrifugation at 2500 rpm. Super-
natant was discarded, and a new wash with buffer A was performed. Then a third wash
was performed with a solution of buffer B (45 mg glucose, 50 µL Ca2+ 1M, 50 mL HEPES)
with apyrase into a water bath at 37 ◦C for 45 min. According to experimental groups,
whole platelets were incubated with PBS (control group), ADP (ADP group, Bio/Data
corporation, Horsham, PA, USA), ticagrelor (Ticagrelor group, Alsachim, Illkirch, France),
ticagrelor active metabolite (Metabolite group, Alsachim, Illkirch, France), ticagrelor and
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ADP (Tica + ADP) and ticagrelor active metabolite and ADP (Meta + ADP) for 10 min in a
water bath at 37 ◦C with regular gentle homogenization. After these incubations, a final
centrifugation was performed for each condition to remove the supernatant. Each pellet
was resuspended in PBS with antiprotease and EDTA, associated with gentle agitation.
Dounce homogenization was used on whole platelet thus obtained to induce platelet lysis
and were ultracentrifugated in sucrose gradient at 100,000 g for 2 h at 4 ◦C to remove
cytosolic fractions and intracellular organelle membranes.

4.3. VASP Phosphorylation Analysis

VASP phosphorylation analysis was performed using VASP kits (BioCytex, Marseille,
France) within 48 h after blood sampling collected on sodium citrate. Blood samples were
incubated in vitro with ADP and/or prostaglandin E1 (PGE1) before fixation, according to
the manufacturer’s instructions. Indirect immunolabeling on each sample was performed
with a first incubation with 16C2 monoclonal antibody, followed by staining with a goat
antimouse fluorescein isothiocyanate polyclonal reagent (BioCytex, Marseille, France).
Flow cytometric analysis was performed on a NAVIOS cytometer (Beckman Coulter Life
Sciences Inc., Brea, CA, USA). The platelet population was identified by its forward and
side scatter distribution, and 3000 platelet events were gated and analyzed for mean
fluorescence intensity (MFI), using NAVIOS software. An MFI corresponding to each
experimental condition (ADP, ADP + PGE1) was determined to establish a ratio that was
directly correlated with VASP phosphorylation state. A Platelet Reactivity Index (PRI VASP)
was calculated from the MFI of samples incubated with PGE1 or PGE1 and ADP according
to the formula: PRI VASP = [(MFI(PGE1) − MFI(PGE1) + ADP)/MFI(PGE1)] × 100. The PRI
is expressed as a percentage. The normal value of the PRI in healthy subjects is higher than
70% [12]. Efficient inhibition of platelets is obtained with a PRI below 50% [65].

4.4. Immunoblot Assay

In order to determine the position of platelet plasma membrane in sucrose fraction,
the presence of specific protein markers was evaluated by immunoblot assay in the con-
trol group.

Rabbit monoclonal anti-Flotillin-1 (ab411927, Abcam, Paris, France) anti-GpIb (ab192541,
Abcam, Paris, France), anti-NCF1 (ab181090, Abcam, Paris, France) and rabbit polyclonal
anti-COX IV (ab16056, Abcam, Paris, France) were used as markers of cholesterol rich
microdomains, platelet plasma membrane, cytosol and mitochondria, respectively.

Protein levels in each fraction were quantified by BCA Protein Assay (Thermo Scien-
tific France, Villebon sur Yvette, France). Three microliters of each fraction, containing the
same quantity of proteins, were put on nitrocellulose membrane directly. After blocking
non-specific binding sites for 1 h with BSA 5% in Tris Buffered Saline (TBS)-Tween (TBS with
0.1% Tween 20), membranes were incubated by primary antibodies, and horseradish per-
oxidase conjugated goat anti rabbit IgG Heavy & Light (ab6721, Abcam, Paris, France) was
used as secondary antibodies.

4.5. Lipid Extraction for Mass Spectrometry Lipidomics

Mass spectrometry-based lipid analysis was performed by Lipotype GmbH (Dresden,
Germany) as previously described [66]. Lipids were extracted from samples (n = 3 for each
experimental group) using a two-step chloroform/methanol procedure [67]. Samples were
spiked with internal lipid standard mixture containing: cardiolipin 16:1/15:0/15:0/15:0
(CL), ceramide 18:1;2/17:0 (Cer), diacylglycerol 17:0/17:0 (DAG), hexosylceramide 18:1;2/12:0
(HexCer), lyso-phosphatidate 17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lyso-
phosphatidylethanolamine 17:1 (LPE), lyso-phosphatidylglycerol 17:1 (LPG), lyso-
phosphatidylinositol 17:1 (LPI), lyso-phosphatidylserine 17:1 (LPS), phosphatidate 17:0/17:0
(PA), phosphatidylcholine 17:0/17:0 (PC), phosphatidylethanolamine 17:0/17:0 (PE), phos-
phatidylglycerol 17:0/17:0 (PG), phosphatidylinositol 16:0/16:0 (PI), phosphatidylserine
17:0/17:0 (PS), cholesterol ester 20:0 (CE), sphingomyelin 18:1;2/12:0;0 (SM), triacylglycerol
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17:0/17:0/17:0 (TAG) and cholesterol D6 (Chol). After extraction, the organic phase was
transferred to an infusion plate and dried in a speed vacuum concentrator. The first step dry
extract was re-suspended in 7.5 mM ammonium acetate in chloroform/methanol/propanol
(1:2:4, V:V:V) and the 2nd step dry extract in a 33% ethanol solution of methylamine in
chloroform/methanol (0.003:5:1; V:V:V). All liquid handling steps were performed using
the Hamilton Robotics STARlet robotic platform with the Anti Droplet Control feature for
organic solvent pipetting.

4.6. MS Data Acquisition

Lipid extracts (n = 3 for each experimental group) were analyzed by direct infu-
sion on a QExactive mass spectrometer (Thermo Scientific, Osterode an Harz, Germany)
equipped with a TriVersa NanoMate ion source (Advion Biosciences, Ithaca, NY, USA).
Samples were analyzed in both positive and negative ion modes with a resolution of
Rm/z = 200 = 280,000 for MS and Rm/z = 200 = 17,500 for MSMS experiments, in a single
acquisition. MSMS was triggered by an inclusion list encompassing corresponding MS
mass ranges scanned in 1 Da increments [68]. Both MS and MSMS data were combined to
monitor CE, DAG and TAG ions as ammonium adducts; PC, PC O-, as acetate adducts;
and CL, PA, PE, PE O-, PG, PI and PS as deprotonated anions. MS only was used to
monitor LPA, LPE, LPE O-, LPI and LPS as deprotonated anions; Cer, HexCer, SM, LPC
and LPC O- as acetate adducts and cholesterol as the ammonium adduct of an acetylated
derivative [69].

4.7. Data Analysis and Post-Processing

Data were analyzed with a specifically developed lipid identification software based
on LipidXplorer [70,71]. Data post-processing and normalization were performed using a
developed data management system. Limits of quantification are in the lower µM to sub-
µM range, depending on the lipid class. Only lipid identifications with a signal-to-noise
ratio >5, and a signal intensity 5-fold higher than in corresponding blank samples were
considered for further data analysis.

4.8. Statistical Analysis

Data are expressed as mean ± SD. Significant differences among experimental groups
were determined by one-way or two ANOVA tests. A p-value < 0.05 was considered
significant. All tests were performed using GraphPad (GraphPad Software Inc., San Diego,
CA, USA) and SciPy (SciPy.org).

5. Conclusions

In conclusion, this study details for the first time the lipid composition of the plasma
membrane of resting platelets using advances in lipidomics. Moreover, this study shows
that antiplatelet agents, such as ticagrelor and its active metabolite, modify the lipid
composition of platelet plasma membrane. Our results suggest that ticagrelor and its
active metabolite have a long-lasting impact on the lipid composition of the platelet
plasma membrane. Thus, ticagrelor and its active metabolite could impact the lipid
environment of the receptor embedded in the lipid bilayer and modify the behavior of
the plasma membrane. Further studies will be required to investigate the relationship
between ticagrelor and the functional impact of alternations in the lipid composition for the
platelet plasma membrane in terms of regulation of platelet aggregability and therapeutic
implications. In this regard, molecular dynamics simulations appear to be a useful tool
to shed light on this new aspect of lipid–protein interactions. This work is currently
in progress.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/1422
-0067/22/3/1432/s1.

https://www.mdpi.com/1422-0067/22/3/1432/s1
https://www.mdpi.com/1422-0067/22/3/1432/s1


Int. J. Mol. Sci. 2021, 22, 1432 20 of 23

Author Contributions: Conceptualization, V.R. and S.D.; methodology, V.R., software, F.A., J.L.-R.,
V.R.; validation, V.R., J.L.-R. and S.D.; experiments, V.R., J.L.-R.; formal analysis, F.A., J.L.-R., V.R.,
C.R.; investigation, V.R., J.L.-R.; resources, V.R., C.R.; data curation, V.R. and J.L.-R.; writing—original
draft preparation, J.L.-R., F.A.; writing—review and editing, J.L.-R., V.R., C.R., and S.D.; visualization,
V.R.; supervision, C.R., S.D., V.R.; project administration, C.R. and S.D.; funding acquisition, C.R. and
S.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Région Franche-Comté, grant number 2018/0069.

Institutional Review Board Statement: Ethical review and approval were waived for this study,
due to blood samples were collected according to a national blood bank (Etablissement Français du
Sang) rules and policies, with written informed consent specifying the exclusive research purpose
and the respect of ethical guidelines. This study was performed with agreement between the EFS
and the Bourgogne Franche-Comté University (convention ref. DECO-15-0178).

Informed Consent Statement: Informed consent was obtained from all blood donnors.

Data Availability Statement: The data presented in this study are openly available in Supplementary
materials Table S1. Further inquiries can be directed to the corresponding author.

Acknowledgments: We thank Kyrylo Pyrshev, Valérie Nowicki and Laëtitia Robert for their help in
experiments, Lipotype GmbH, Dresden, Germany, for lipid analysis, and Fiona Ecarnot, PhD (EA3920,
Université de Franche-Comté, Besançon, France), for careful reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

Abbreviations

ADP Adenosine diphosphate
BSA Bovine Serum Albumin
CL Cardiolipin
Cer Ceramide
Chol Cholesterol
CE Cholesteryl ester
COX IV Cytochrome c oxidase IV
DAG Diacylglycerol
DHA Docosahexaenoic acid
EPA Eicosapentaenoic acid
ENT1 Equilibrative Nucleoside Transporter 1
GP1b Glycoprotein Ib
HexCer Hexosylceramide
LPA Lyso-phosphatidates
LPC Lyso-phosphatidylcholines
LPE Lyso-phosphatidylethanolamines
LPG Lyso-phosphatidylglycerols
LPI Lyso-phosphatidylinositols
LPS Lyso-phosphatidylserines
MFI Mean Fluorescence Intensity
NCF1 Neutrophil cytosolic factor 1
PA Phosphatidate
PCA Principal Component Analysis
PC Phosphatidylcholines
PC O- Phosphatidylcholines ether
PE Phosphatidylethanolamines
PE O- Phosphatidylethanolamines ether
PG Phosphatidylglycerols
PI Phosphatidylinositols
PS Phosphatidylserines
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PGE1 Prostaglandin E1
PRI Platelet Reactivity Index
PUFA Polyunsaturated Fatty Acids
SM Sphingomyelins
TAG Triacylglycerol
VASP Vasodilator-Stimulated Phosphoprotein
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