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Summary 

Acetyl-CoA carboxylase (ACC) catalyzes the first step of de novo lipogenesis (DNL). 

Pharmacologic inhibition of ACC has been of interest for therapeutic intervention in a 

wide range of diseases, including type II diabetes and cancer. However, the impact of 

its inhibition on hemostasis remains under-investigated. We previously demonstrated 

that ACC1 activation promotes thrombus formation by increasing platelet AA-

containing phosphatidylethanolamine plasmalogen (PEP) content and 

thromboxane A2 generation. Inhibition of ACC activity decreases lipogenesis and 

increases acetyl-CoA content which can serve as a substrate for protein acetylation. 

This posttranslational modification plays a key role in the regulation of platelet 

aggregation, via tubulin acetylation. Therefore, we hypothesized that ACC 

inhibition or deletion may affect platelet functions via an alteration of lipid content 

and/or tubulin acetylation and that it could be a protective mechanism against 

thrombus formation, especially in prothrombotic diseases such as atherosclerosis. 

Treatment with CP640.186, a pharmacological ACC inhibitor, decreased platelet 

lipogenesis. However, the quantitative lipidomics analyses showed that 2 hours 

preincubation with the compound didn’t affect global platelet lipid content. 

Interestingly, this short-term ACC inhibition was sufficient to increase tubulin 

acetylation level, at basal state and after thrombin stimulation. It was associated 

with an impaired platelet aggregation, in response to low thrombin concentration, 

while granules secretion wasn’t affected. Mechanistically, we highlighted a 

decrease in Rac1 activity, associated with a reduced phosphorylation of its 

downstream effector PAK2. Surprisingly, the actin cytoskeleton was not impacted 

but we evidenced a significant decrease in ROS production which could result from 

a decreased NOX2 activity. The use of megakaryocyte/platelet-specific ACC1 

deletion (ACC1 pKO) mouse model allowed us to evaluate the impact of a long-term 

ACC inhibition on platelet functions and thrombus formation. We revealed that this 



 
 

 
 

enzyme is a tight regulator of saturated and polyunsaturated fatty acyl chain levels 

contained in platelet phospholipids. In particular, ACC1 pKO platelets have a 

decrease in AA-containing PEP content leading to a subsequent decrease in TxA2 

secretion and dense granules secretion. This results in a reduced thrombus 

formation on collagen-coated surfaces under flow conditions. Collectively, our data 

demonstrate that ACC1 is essential to maintain specific phospholipid pools required 

for platelet reactivity and might therefore constitute a novel potential target for 

anti-thrombotic applications. 
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INTRODUCTION 

 

I. Platelets in hemostasis and diseases 

1. Platelet origin 

Platelets are small anucleate cell fragments derived from megakaryocytes (MKs). For 

platelet formation, MKs undergo a maturation process and restructure their cytoplasm. 

During maturation, MKs undertake endomitosis, increase their size to reach up to 100 

µm, fill their cytoplasm with platelet granules and cytoskeletal proteins and develop an 

invaginated membrane system called demarcation membrane system (DMS). Once 

mature, MKs extend, into bone marrow (BM) sinusoids, long cytoplasmic protrusions 

(100-500 µm) called proplatelets. These proplatelets are released into peripheral blood 

and are fragmented into platelets. Their diameter is around 2-5 µm with a thickness of 

0.5 μm and a mean platelet volume of 6-10 fL. Approximately 100 x 109 platelets are 

produced every day to maintain platelets count between 150 and 400 x 109 per liter in 

a human adult. Their lifespan is 7-10 days for humans and 4-5 days for rodents [2-4]. 

2. Platelet structure 

Platelets can be structured in four theoretical zones: a peripheral zone, a sol-gel zone, 

an organelle zone, and membrane systems. A schematic overview of platelet structure 

is represented in Figure 1. 
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2.1. The peripheral zone 

The peripheral zone contains the plasma membrane surrounded, above, by a layer of 

glycocalyx and, under, by a submembrane region containing the membrane contractile 

cytoskeleton. The glycocalyx is composed of glycoproteins (GPs) and glycolipids. The 

high number of GPs receptors (GPIb/IX/V, GPIV, GPVI, 21, IIb3, 51, v3, 61) 

ensures platelet adhesion, activation and aggregation. Besides its role in hemostasis, 

glycocalyx, via its negative net charge, favors plasma component endocytosis, prevents 

spontaneous platelet aggregation, and regulates Ca2+ signaling via the capture of 

exported Ca2+ ions from platelets [4, 5]. The plasma membrane is composed of 

glycerophospholipid (phosphatidylcholine [PC] 37%, phosphatidylethanolamine [PE] 

17%, phosphatidylserine [PS] 6%, phosphatidylinositol [PI] 3%, phosphatidylglycerol 

[PG] and phosphatidic acid [PA] 2%), sphingomyelin [SM] 7%  and cholesterol (28%). In 

resting platelets, phospholipids (PLs) are asymmetrically distributed with PC and SM 

Plasma membrane 
Spectrin 
Microtubule coil 
Actin 

Glycogen 

 granule 

Dense granule 

Lysosome 

Mitochondria 

OCS 

DTS 

Golgi 

Figure 1. Platelet structure. Schematic overview of the organization of a resting platelet. Compared to other 

cells, platelets contain an organized spectrin-actin-microtubule cytoskeleton, different types of granules ( and 

dense), an open canalicular system (OCS) and a dense tubular system (DTS).  
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mainly present at the outer leaflet of the plasma membrane whereas PE and PS are 

located at the inner leaflet (see section II.1.1). Upon activation, phospholipid 

scramblases, like TMEM16F, are activated and expose PS at the platelet surface, 

generating a procoagulant surface (see section II.1.4.) [6-8]. The submembrane area is 

characterized by the junction of the open canalicular system (OCS) with the plasma 

membrane and the association of cytoplasmic transmembrane receptors with 

cytoskeletal filament/proteins [4, 5].  

2.2. The sol-gel zone 

The sol-gel zone includes platelet cytoskeleton (a spectrin-based membrane skeleton, 

a microtubule (MT) coil and actin filaments), glycogen and secretory organelles. The 

spectrin membrane skeleton ensures the link between the plasma membrane and the 

actin network. The latter form a matrix in which organelles and structural compounds 

can tie. The MT coil, located below the spectrin skeleton, is formed from 3-24 MTs and 

is important for maintaining the discoid shape of resting platelets. Upon stimulation, 

platelet cytoskeleton helps granule relocation toward platelet center where they merge 

with OCS and secrete their content [4, 5]. 

2.3. The organelle zone 

Platelet organelles include three different types of granules ( and dense granules and 

lysosomes), mitochondria, glycosomes, Golgi complexes, rough endoplasmic reticulum, 

smooth and coated vesicles, electron-dense chains and clusters and tubular inclusions. 

With 50 to 80 granules (200-500 nm each),  granule is the most frequent organelle 

and constitutes ~10% of platelet volume. It also contains numerous and diversified 

proteins (more than 200 were detected by mass spectrometry [9]) originating from MKs 

or uptake by endocytosis from the plasma. These proteins are implicated in 

- platelet adhesion (endothelial cell-selective adhesion molecule [ESAM], platelet 

endothelial cell adhesion molecule-1 [PECAM-1], junctional adhesion molecule A [JAM-
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A], fibronectin, von Willebrand factor [vWF], thrombospondin-1, fibrinogen, P-selectin, 

GPIb, GPIb, GPIX, GPV, integrin IIb and 3),  

- coagulation (antithrombin III, factor V, IX and XIII) 

- fibrinolysis (plasminogen, plasminogen activator inhibitor [PAI]) 

- angiogenesis (angiopoietin-1, platelet-derived growth factor [PDGF], vascular 

epidermal growth factor [VEGF], angiostatin, endostatin) 

- cellular growth (epidermal growth factor [EGF], transforming growth factor- [TGF-

) 

- metabolism (facilitated glucose transporter member 3 [GLUT3]) 

- chemoattraction (β-thromboglobulin [CXCL7], platelet factor 4 [PF4], C-C motif 

chemokine ligand 5 [CCL5], interleukin 8 [IL-8]). 

- immunity (complement C3 precursor, complement C4 precursor) 

In humans, two inherited platelet disorders involve abnormal or absent granules: 

gray platelet syndrome (GPS) and Arthrogryposis, Renal dysfunction, and Cholestasis 

(ARC) syndrome [4, 9, 10]. Dense granules differ from  granules in terms of number 

(3-8), size (150 nm) and content (Ca2+, Mg2+, K+, ADP, ATP, serotonin, histamine, 

polyphosphate and pyrophosphate). A deficit in these granules is found in Hermansky-

Pudlak Syndrome.  

2.4. The membrane systems 

Golgi complexes and rough endoplasmic reticulum (RER) are also included in 

membrane systems just like the plasma membrane, OCS and dense tubular system 

(DTS).  Golgi complexes, mostly residues from MKs, and RER are rare in human platelets 

and mainly found in patients with hypogranular syndromes or immune 

thrombocytopenia, respectively [4]. OCS can be defined as an invagination of the 

plasma membrane, which takes up plasma proteins and distributes them into granules. 

It serves also as a reservoir for membrane extension during platelet spreading and 

allows granule content release upon stimulation [11]. DTS is the remains of MKs’ 

smooth endoplasmic reticulum (SER) and is the main Ca2+ store in platelets. Unlike OCS, 
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DTS is not in direct contact with the plasma membrane but rather in platelet cytosol 

with few channels near the MT coil. It appears to participate in thromboxane A2 (TxA2) 

generation as arachidonic acid (AA) can be incorporated into DTS phospholipid 

membrane [12] and DTS has cyclooxygenase (COX) and thromboxane synthase (TxAS) 

activities [13].   

3. The physiological role of platelets 

At the end of the 19th century, Bizzozero discovered the physiological role of platelets 

(Figure 2): “Blood platelets, […] are held up at the damaged spot as soon as they arrive 

at it. At first one sees only 2 to 4 to 6 (platelets); very soon the number climbs to 

hundreds. […] Little by little the volume increases and soon the thrombus fills the lumen 

of the blood vessel, and impedes the blood stream more and more. […] Fibrous material 

is deposited on the layer of platelets and as the flow continues it is laid down 

predominantly in long bundles of threads. […] Blood platelet […] has already provided 

a fundamental contribution to the explanation of the phenomena of thrombosis and 

blood clotting” [1]. The steps leading to thrombus formation are represented in Figure 

3 and detailed below. 

 

 

Figure 2. Platelet function discovery. Draw of thrombus formation in a small artery of a guinea pig by Bizzozero 

in 1882 [1]. 
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3.1. Platelet adhesion 

Following vascular injury, platelet adhesion to the subendothelium is the first step 

leading to clot formation. To do so, several platelet GP receptors, adhesive proteins and 

extracellular matrix components from the vessel wall act together to seal the vessel 

breach. Initial tethering is mediated by the binding of platelet GPIb,a subunit of GPIb-

V-IX receptor, to the activated immobilized vWF. The high association and dissociation 

rate of this bound makes platelet adhesion reversible and induces platelet rolling. This 

process allows a direct association between collagen (GPVI and 21) receptors and 

the exposed collagen, leading to a stable adhesion. Other receptors and adhesive 

components are also involved: 51 and fibronectin, 61 and laminin, CD36 and 

thrombospondin, IIb3 and fibrinogen, v3 and vitronectin. At a high shear rate (> 

500s-1 for human blood and > 2000s-1 for mice blood), vWF is the only component 

capable of inducing platelet adhesion via its association with GPIb [14, 15] (Figure 3). 

vWF low- and high-  
affinity conformation 
Collagen 
GPIb-V-IX; GPVI 

 and dense granules 

IIb3 
PS 

Fibrin 
Resting and activated 
platelets 
Smooth muscle cell 
Endothelial cell 

Figure 3. Thrombus formation. After a vessel injury, circulating vWF attach to collagen fibers and adopt a high-

affinity conformation (activated state). Resting platelets adhere to the subendothelium via GPIb-activated vWF 

interaction followed by GPVI-collagen binding, both initiating platelet activation. Consequently,  and dense 

granules are released, TxA2 is secreted, IIb3 is activated and PS are exposed to the outer leaflet of the plasma 

membrane. ADP, from dense granule, and TxA2, activate and recruit other platelets, IIb3 contributes to platelet 

aggregation and PS exposure allows thrombin generation which result in fibrin formation to stabilize the clot. PS: 

phosphatidylserine; TxA2: thromboxane A2; vWF: von Willebrand factor. 
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3.1.1. vWF – GPIb interaction 

vWF is found in Weibel-Palade bodies of endothelial cells and  granules. Endothelial 

cells secrete and tie ultra-large vWF that binds directly to platelet GPIb receptor. In 

opposition, soluble vWF, found in plasma and originating from platelets, is smaller and 

has to be immobilized to extracellular matrix components (vWF or collagen) and 

activated (high-affinity conformation) to interact with platelets. First, soluble vWF binds 

to vWF or type I and III collagen, via its A3 domain, and type VI collagen via the A1 

domain. Of note, type I and III collagen are mainly found in deep layer of the vessel and 

type VI in the subendothelium. Secondly, high shear stress influences and favors vWF 

binding to platelets as it induces its conformational change into a – so-called – activated 

form where the A1 domain of vWF is made accessible for the GPIb subunit [14]. 

Besides high shear stress, GP receptor presence in lipid rafts [16] and association of the 

GPIb cytoplasmic tail with 14-3-3ζ [17] and filamin A are required for a firm vWF - 

GPIbinteraction and platelet adhesion [18]. Mutations in the vWF gene (known as vW 

disorder) cause a decrease in platelet adhesion and factor XIII binding or induce 

spontaneous association with GPIb [19]. 

3.1.2. GPIb-V-IX receptor and signaling 

In the middle of the 20th century, several cases of an autosomal recessive disorder 

characterized by macrothrombocytopenia were reported in patients suffering from 

severe bleeding. This disease, called Bernard-Soulier syndrome, is linked to mutations 

in GPIb,  and GPIX subunits of the GPIb-V-IX complex [20]. With more than 25,000 

copies/platelet, GPIb-V-IX is the second most abundant platelet receptor and it is 

composed of four subunits: 2 GPIbα, 4 GPIbβ, 2 GPIX, and 1 GPV (Figure 4). To induce 

platelet adhesion, it associates with vWF through the GPIbsubunit (see section 

I.3.1.1). Of note, GPIb-V-IX can also bind to several other platelet agonists (thrombin, 

thrombospondin and collagen), coagulation factors (kininogen, factor XI and XII), 

integrin αMβ2, β2-glycoprotein I or P-selectin [21]. 
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The signaling cascade following vWF binding to GPIb induces platelet activation, i.e. 

IIb3 activation, TxA2 and granule secretion. Upon platelet adhesion, Src and Lyn 

associate to GPIb-IX, and phosphoinositide 3-kinase (PI3K) binds 14-3-3ζ, newly located 

at the cytoplasmic domain of GPIb Latter one, Lyn induces Akt phosphorylation via 

Rac1-induced PI3K activation [22]. Then, through the NO-cGMP-PKG pathway, Akt 

induces p38 and ERK activation [23, 24] leading to TxA2 secretion, either via direct 

phosphorylation of cytosolic phospholipase A2 (cPLA2) or indirectly via LIMK1 activation 

[25, 26]. PKG-ERK signaling also leads to granule secretion and integrin IIb3 

activation [23]. Moreover, phospholipase C2 (PLC2), activated downstream of PI3K, 

cleaves phosphoinositol bisphosphate (PIP2) into inositol trisphosphate (IP3) and 

diacylglycerol (DAG). IP3 binding to its receptor (IP3R) on DTS  increases intracellular 

calcium (Ca2+) [27]. Both DAG and Ca2+ activate CalDAG-GEFI and protein kinase C (PKC), 

which are involved in integrin activation and granule secretion [28] (Figure 4).  

3.1.3. Collagen - GPVI interaction and signaling 

Collagen is considered the main ligand for GPVI even though it can also bind to fibrin, 

laminin, fibronectin or vitronectin. Among all types of collagen present in the vascular 

wall, type I and III account for 60% and 30% of total collagen, respectively. These two 

are the only ones that form large banded collagen fibers and bind to GPVI. The peptide 

sequence recognized by the receptor is glycine-proline-hydroxyproline (GPO) [14, 29, 

30]. Of note, collagen-related peptide (CRP) is synthesized based on this motif, which 

makes it specific to GPVI receptor [31]. 

GPVI is a transmembrane GP that exists as mono-, di- and oligomers. Each monomer is 

linked with two FcRγ chains containing an immunoreceptor tyrosine-based activation 

motif (ITAM). GP dimerization is required to induce the downstream signaling cascade 

leading to platelet activation. The first event is tyrosine phosphorylation in the ITAM 

domain by Src family kinases, Fyn and Lyn. Spleen tyrosine kinase (Syk) associates with 

the phosphorylated residues, becomes activated and initiates signalosome formation. 

The intracellular framework of the signalosome includes linker of activated T-cells (LAT) 
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and the cytosolic adaptors SLP-76, Gads and Grb2. LAT signalosome is responsible for 

PI3K and PLC2 activation and the downstream signaling cascade resulting from it (see 

section 3.1.2) [32, 33]. Of note, GPVI and GPIb are physically associated at the plasma 

membrane [34] (Figure 4). 

3.1.4. Collagen - 21 interaction and signaling 

The integrin 21 binds to collagen type I and IV through a different peptide sequence 

than GPVI: glycine-phenylalanine-hydroxyproline-glycine-glutamic acid-arginine 

(GFOGER). It associates with spiral microfibrils rather than banded fibers [14]. Like 

other integrins, the activated state, i.e. high-affinity conformation, of 21 is the more 

potent to interact with its ligand. The conformational change is due to the activation of 

the inside-out signaling [35]. Like GPVI, the signaling cascade activated downstream of 

21 involves Src kinases and PLC2, and leads to platelet activation (see section 

I.3.1.3) [36, 37] (Figure 4).  
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3.2. Platelet spreading 

The signaling cascade, activated downstream platelet adhesion, triggers a coordinated 

reorganization of MTs and actin cytoskeleton and activation of the actomyosin 

complex, features of platelet shape change and spreading. To go from a discoid to a 

spherical shape, spectrin-based membrane cytoskeleton reorganizes, and actin 

polymerizes. Elongation of F-actin gives rise to a finger-like structure called filopodia 

and lateral F-actin expansion called lamellipodia, localized between filopodia. It occurs 

Figure 4. Signaling pathways of platelet adhesion receptors. Von Willebrand factor (vWF) binding to GPIb 

from GPIb-V-IX receptor, triggers Src, Lyn and phosphoinositide-3 kinase (PI3K) activation. The latter leads to, 

on one hand, Akt-PKG-MAPKs activation and, on the other hand, PLC2-induced PIP2 cleavage to IP3 and DAG. 

Both of them contribute to CalDAG-GEF1 and PKC activation, which participate in granule secretion and IIb3 

activation. Activation of MAPKs (ERK1/2 and p38) induces TxA2 secretion either via cPLA2 or LIMK1 activation; 

which, later on, triggers granule secretion and integrin activation. Collagen binding to GPVI leads to Fyn/Lyn-

induced ITAM phosphorylation. Syk binds to the phosphorylated residues and initiates LAT signalosome 

formation. In fine, platelets are activated via the same pathway as vWF receptor, i.e. via PI3K-PLC2 pathway. 

The signalling cascade activated downstream of 21 includes Fyn/Lyn-Syk-PI3K-PLC2 pathway. CalDAG-

GEF1: Ca2+diacylglycerol guanine nucleotide exchange factor1; cPLA2: cytosolic phospholipase A2; DAG: 

diacylglycerol; ERK1/2: extracellular signal-regulated kinases; IP3: inositol 1,4,5-trisphosphate; ITAM: 

immunoreceptor tyrosine-based activation motif; MAPKs: mitogen-activated protein kinases; PIP2: 

phosphatidylinositol 4,5-bisphosphate; PKC: protein kinase C; PKG: protein kinase G; PLCγ2: phospholipase 

Cγ2; TXA2: thromboxane A2. 
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concurrently with OCS extrusion and granule centralization. Activation of the 

actomyosin complex participates, on one hand, in organelle centralization, which then 

fuse with OCS to secrete their content, and on the other hand, in circular or triangular 

stress fiber formation, characteristic of a fully spread platelet. In parallel, MTs 

condensate towards platelet center and depolymerize. A tiny MT ring persists at the 

center of the platelet and from there MT polymerization occurs into the cytosol (Figure 

5) [5, 38, 39]. 

 

 

3.2.1. Actin polymerization 

Actin polymerization occurs either from existing actin filament (F-actin) along with 

severing and uncapping proteins (gelsolin, CapZ, adducin and VASP) or de novo with the 

help of nucleating proteins (Arp2/3 complex and formins). Gelsolin activation initiates 

actin reorganization by severing F-actin and capping newly barbed ends to prevent the 

addition or removal of actin monomer (G-actin). Afterward, gelsolin and CapZ bind to 

Figure 5. Platelet spreading. At resting state, platelets are discoid and MTs form the marginal band. During 

platelet spreading, F-actin elongates to give rise to finger-like structure called filopodia (white arrow) and MTs 

condensate towards the center. Then, lateral F-actin expansion results in lamellipodia formation (white arrow) 

and MTs depolymerize. Finally, platelets form stress fibers (white arrow) and a tiny MT ring persists at the 

center of the platelet (white arrow) and from there MT polymerization occurs into the cytosol and a new MT 

ring is formed at the periphery (white arrow). Scale bar: 5µM. MT: microtubule. 
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PIP2 at the plasma membrane and -adducin is phosphorylated. Both processes induce 

their dissociation from F-actin, creating free barbed ends available for actin 

polymerization. De novo actin polymerization requires G-actin formation. These 

monomers are formed due to gelsolin severing activity and act as substrates for Arp2/3 

complex and formins to generate new F-actin [5, 38, 39]. 

3.2.2. Rho GTPases in platelet remodeling and their downstream signaling  

Small Rho GTPases cdc42, Rac1 and RhoA play a key role in actin cytoskeleton 

remodeling. They are activated by collagen, via GPVI and 21, by fibrinogen binding 

to its receptor, IIb3, or by thrombin and TxA2 via G protein-coupled receptor (GPCR) 

subunits Gq and G12/13.  

GPVI signaling leads to Rac1 guanine nucleotide exchange factor (GEF) activation either 

via PI3K-PDK1 pathway or via Src-induced Syk phosphorylation [40]. Once in its 

activated form (i.e. GTP bound), Rac1 induces, on one hand, ORAI1 (calcium release-

activated calcium channel protein 1) translocation to the plasma membrane which 

allows the entry of extracellular Ca2+ in platelets and, on the other hand, activation of 

WAVE-Arp2/3 complex, p21-activated kinase (PAK) and its effectors [41, 42]. The 

increased intracellular Ca2+, due to ORAI1 translocation and Rac1-induced PLC2 

activation, leads to 1) MLC phosphorylation, via Ca2+-calmodulin-induced MLCK 

activation, and 2) inside-out signaling, i.e. IIb3 conformational change, and 

thereafter Rac1-activatory feedback loop [41-44]. Furthermore, Rac1-GTP induces 

cofilin phosphorylation via PAK2-induced LIM domain kinase 1 (LIMK1) activation and 

dephosphorylation via PAK4. Upon stimulation, cofilin is, first, dephosphorylated which 

triggers F-actin binding and severing and therefore promotes actin polymerization by 

forming newly barbed ends. Re-phosphorylation inhibits cofilin activity. Other PAK2 

effectors, i.e. mitogen-activated protein kinase kinase (MEK), which phosphorylates 

extracellular signal-regulated kinase 1/2 (ERK1/2) and Akt, are also activated upon GPVI 

binding and participate in lamellipodia formation, F-actin polymerization, IIb3 

activation, granule secretion and aggregation [45, 46] (Figure 6).  
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Soluble platelet agonists, thrombin and TxA2, bind GPCR protease-activated receptors 

(PARs) and TxA2 receptor (TP), respectively, to activate cdc42, Rac1 and RhoA and 

reshape actin cytoskeleton. Gq subunit induces PLC activation and subsequently a 

rise in Ca2+ level, resulting in the same downstream signaling cascade as GPVI [47, 48]. 

Moreover, Rac1-GTP is involved in reactive oxygen species (ROS) generation via its 

binding to a subunit of NADPH oxidase 2 (NOX2), p67phox, which induces its 

translocation to NOX2/p22phox complex, located at the plasma membrane [49, 50]. In 

addition to p67phox, translocation of p47phox and p40phox, mediated by 

phosphorylation, are also required for NOX2 activity. Several kinases trigger p47phox 

phosphorylation, namely PAK, ERK1/2, p38, Akt and PKC [51]. In platelets, rho-

associated protein kinase (ROCK) also promotes p47phox phosphorylation. The 

subsequent ROS generation induces a direct activation of RhoA which participates in 

stress fiber formation via ROCK-induced myosin-phosphatase targeting subunit 1 

(MYPT1) inhibition [49, 52]. The typical pathway leading to RhoA-ROCK activation 

downstream GPCR happens via G12/13. Recently, pyk2, a non-receptor tyrosine 

kinase of focal adhesion kinase (FAK) family, has been shown to regulate RhoA 

activation downstream of G13 [53]. Besides its role in MLC phosphorylation via MYPT1 

inhibition, ROCK regulates F-actin content via the LIMK1-cofilin pathway [54] (Figure 6).  

Integrin 21 contributes to platelet cytoskeletal remodeling either, via Src activation 

and Rac-PAK downstream signaling cascade or, via PLC2 activation, independently of 

its phosphorylation by Src. PLC2-induced Ca2+-CalDAG-GEF1 activation is mediated 

through pyk2-induced PI3K activation. Once activated, CalDAG-GEF1 triggers IIb3 

inside-out signaling via GDP/GTP exchange of Rap1b (see section I.3.5.1). As a result, 

the binding of fibrinogen to the activated IIb3 triggers outside-in signaling (see 

section I.3.7) [37, 43, 55, 56] (Figure 6). 
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3.3. Platelet secretion  

In parallel with cytoskeleton remodeling, platelet activation causes granule secretion. 

This phenomenon is crucial for autocrine and paracrine platelet activation, platelet 

Figure 6. RhoGTPases signalling cascade upon platelet activation. GPVI downstream signalling leads to Rac1-

GEF activation either via PI3K-PDK1 or Src-Syk-PI3K pathway. Rac1-GTP induces Ca2+ 
increased via 1) ORAI1 

translocation to the plasma membrane or 2) PLC2 activation. Consequently, Ca2+
 
activates CalDAG-GEF1, which 

switches IIb3 conformational state and binds to calmodulin that modulates MLC phosphorylation via MLCK 

activation. Once activated, IIb3 triggers Rac1 activation through Src and via MLC participates in stress fiber 

formation. Rac1-GTP contributes to PAKs and its effectors (Akt, MEK, LIMK1), PI3K, Arp2/3-WAVE complex and 

NOX2 activation. All of them support platelet activation. 21 contributes to Rac1-GTP formation via Src-PI3K 

pathway and activates PLC2 via pyk2-PI3K pathway. GPCRs (PARs or TP) downstream signaling activates 

cdc42, Rac1 and RhoA. Cdc42 participates in PAKs-Akt and Arp2/3-WASP activation. Gq subunit triggers PLC 

activation and the downstream signaling due to an increase of Ca2+. G13 induces Rho-GTP formation that 

participates 1) in actin polymerization via ROCK-LIMK1-cofilin signaling and 2) NOX2 activation via p47phox 

phosphorylation. CalDAG-GEF1: Ca2+diacylglycerol guanine nucleotide exchange factor1; GPCR: G protein-

coupled receptor; LIMK1: LIM domain kinase 1; MEK: mitogen-activated protein kinase kinase; MLC: myosin 

light-chain; MLCK: MLC kinase; NOX2: NADPH oxidase 2; PAK: p21-activated kinase; PAR: protease-activated 

receptor; PDK1: phosphoinositide-dependent kinase-1; PI3K: phosphoinositide-3 kinase; PLCγ2: phospholipase 

Cγ2; ROCK: Rho-associated protein kinase; TP: thromboxane receptor. 

Actin-myosin interaction 

Stress fiber formation 

Actin polymerization Lamellipodia formation, actin 

polymerization, granule secretion 

and platelet aggregation 
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recruitment at the lesion site and thrombus build-up. Indeed, granules contain 

secondary platelet agonists (ADP, ATP, 5-HT), vWF and the main component for 

interplatelet bridge formation, i.e. fibrinogen (see section I.2.3) (Figure 3). 

3.3.1. Granule fusion 

 and dense granule secretion are differentially regulated as seen with mutated mouse 

models that only impair one of two types of granule secretion [57, 58]. Dense granules 

merge with OCS before -granules and lysosomes. Of note, -granule secretion kinetics 

varies, and its content is heterogeneous [59, 60]. Granule fusion happens with the help 

of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 

proteins. The main vesicle or granule (v) SNAREs participating in granule release are 

VAMP 7 and 8. They interact with target membrane (t) SNARE, i.e. syntaxins and 

SNAP23/25, located on the plasma membrane. Association of VAMP 8, SNAP23 and 

syntaxin 11 is required for proper fusion of all types of granules whereas syntaxin 8 is 

only involved in dense granule secretion [61]. Some docking factors favor granule fusion 

such as Munc18b, STXBP5, Rab27a/b and SLP4. The small GTPase Rab27b is specifically 

involved in dense granule release [62]. In addition to regulate cytoskeleton remodeling, 

Rac1 and RhoA participate in granule secretion via the Rac1-PAK pathway and RhoA-

ROCK-PKC signaling cascade [46, 53].  

3.3.2. ADP signaling 

ADP, released from dense granules, binds to its two purinergic receptors: P2Y1 and 

P2Y12. P2Y1 is a GPCR with Gq subunit that triggers platelet shape change and 

initiates aggregation via PLC activation, Ca2+ increase and PKC activation. The binding 

of ADP to P2Y12 allows full platelet aggregation and amplifies platelet activation 

initiated by other agonists. P2Y12 is coupled to Gi2, resulting in adenylate cyclase 

inhibition, and G leading to PI3K/Akt activation. cAMP-PKA-induced VASP 

phosphorylation is decreased downstream Gi2. VASP regulates actin cytoskeleton and 
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its dephosphorylation favors granule secretion. Integrin activation and TxA2 secretion 

occur downstream G via PI3K-Rab1b or PI3K-ERK signaling events [63-65] (Figure 7).  

3.3.3. ATP signaling 

Another released nucleotide acting as a platelet agonist is ATP. It increases intraplatelet 

Ca2+ level by binding to its receptor P2X1, a ligand-gated Ca2+ channel, and mediates 

reversible shape change. Although it does not trigger platelet aggregation in vitro, it 

plays a role in thrombus formation ex vivo, on a collagen surface at a shear rate of 

1000s-1. The signaling cascade activated downstream Ca2+ entrance involved MEK-ERK 

and calmodulin-MLCK pathways [64, 66, 67].  

3.3.4. Serotonin signaling 

Serotonin (5-HT), also contained in dense granules, amplifies platelet activation via its 

binding to GPCR - Gq, 5-HT2A. Integrin activation and platelet aggregation occur via 

PLC-IP3-Ca2+-PKC pathway [68].     

3.4. TxA2 generation  

TxA2 is a significant secondary mediator of platelet activation. It is generated from the 

cleavage of AA linked to PLs. AA is, first, oxidized into prostaglandin G2 (PGG2) by COX1 

and then reduced into PGH2. The latter is converted into TxA2 by TxAS [69]. PLA2 are the 

main enzymes responsible for AA release into the cytosol (see section II.2.2.2.1). TxA2 

binds to its GPCR receptors, i.e. TP and TP and amplifies platelet reactivity via Gq- 

PLC and G12/13 – RhoA downstream signaling cascade [70] (Figure 7). 
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3.5. Platelet aggregation 

Once activated, platelets’ fate is to form aggregates (Figure 3). The main receptor for 

platelet aggregation is IIb3. Indeed, inherited modifications in this receptor, leading 

to Glanzmann thrombasthenia disorder, prevent platelet aggregation [71, 72]. In order 

to form platelet connections, this integrin has to switch from an inactive (low binding 

affinity) to an active state (high binding affinity). This process is called inside-out 

signaling and is triggered by soluble (thrombin, ADP, 5-HT, TxA2) and immobilized (vWF, 

collagen) platelet agonists. Interestingly, filopodia either enhance platelet aggregation, 

if their length is higher than usual, or prevent large aggregate formation if they are 

shorter [73, 74]. 

Actin polymerization 

Granule secretion 

Granule secretion 

Platelet aggregation 

Granule 

secretion 

IIb3 

activation 

TxA2 

secretion 

Figure 7. Signaling pathways of GPCR receptors. The subunit Gi participates in actin cytoskeleton 

reorganisation and granule secretion via inhibition of AC and subsequently, cAMP-PKA-VASP pathway. Gq 

contributes to granule secretion and platelet aggregation via PLC activation. The latter induces CalDAG-GEF1 

and PKC activation via an increase in Ca2+
 
and DAG formation. G activates PI3K, which induces TxA2 secretion, 

granule secretion and platelet aggregation via Akt, ERK1/2 or CalDAG-GEF1 activation. AC: adenylate cyclase; 

ATP: adenosine triphosphate; CalDAG-GEF1: Ca2+diacylglycerol guanine nucleotide exchange factor1; cAMP: 

cyclic adenosine monophosphate; DAG: diacylglycerol; ERK1/2: extracellular signal-regulated kinases; GPCR: 

G protein-coupled receptor; IP3: inositol 1,4,5-trisphosphate; PKA: protein kinase A; PKC: protein kinase C; 

PIP2: phosphatidylinositol 4,5-bisphosphate; PLC: phospholipase C; TXA2: thromboxane A2; VASP: 

vasodilator-stimulated phosphoprotein. 



 
 

18 
 
 

3.5.1. The inside-out signaling 

The first step is DAG and IP3 generation via PLC activation ( for GPCR and y2 for GP 

receptors). IP3-induced Ca2+ increase activates CalDAG-GEF1, leading to GTP association 

to Rap1 and its translocation to the plasma membrane. It forms a complex with Rap1-

GTP-interacting adaptor molecule (RIAM) that binds to talin-1 at integrin 3 tail. 

Kindlins, along with talin, enhance integrin activation, i.e. high-affinity conformation 

(Figure 8). How they exactly cooperate is unknown but some studies suggest the 

participation of bridging proteins such as integrin-linked kinase (ILK), ADAP, paxillin, and 

Hic-5 [75]. 

3.5.2. Adhesive molecules in platelet aggregation 

Platelet-platelet interaction can be further reinforced by adhesive molecules. 

JAM-A and PECAM-1 are negative regulators of platelet aggregation and thrombus 

formation [76-78]. At resting state, JAM-A negatively regulates IIb3 outside-in 

signaling by recruiting C terminal Src kinase (Csk), a suppressor of Src activity, to the 

integrin. Upon stimulation, this association is lost and favors platelet aggregation and 

thrombus formation in vivo without affecting granule secretion and inside-out signaling 

[79, 80]. 

Close contact mediated secondary to integrin binding, notably by signaling lymphocytic 

activation molecule (SLAM), epithelial (E)-cadherin (CDH1) or by an interaction 

between Eph kinase A4 and B1 and their ligands, ephrin B1, positively regulate platelet 

aggregation and thrombus formation [81-84]. Like EphA4, some transmembrane 

protein expression, such as platelet endothelial aggregation receptor-1 (PEAR1), are 

increased at platelet surface upon stimulation. PEAR1 activation has been reported to 

amplify inside-out signaling and therefore plays a role in aggregation [85]. Interactions 

implicating CD40L and Gas6 receptors (Axl, Tyro3 and Mer) are not important for 

initiating platelet aggregation but rather participate in thrombus stabilization [86, 87].  
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3.6. Thrombus formation 

Platelet aggregation leads to hemostatic plug formation with tightly packed and fully 

activated platelets in the core region and loosely packed and less activated platelets in 

the shell region. Secondary agonists, ADP and TxA2, are recognized as drivers of platelet 

accumulation at thrombus shell. Indeed, mice lacking either TP receptors or Gi2 or 

mice fed with aspirin or injected with cangrelor, a P2Y12 antagonist, only have an 

altered platelet accumulation in the shell area of the thrombus [88, 89]. Interestingly, 

the not fully activated platelets present at thrombus periphery extend filopodia. In a 

thrombus core, platelet activation is driven by thrombin. It is a protease that activates 

platelets by the cleavage of the N terminal domain of PARs receptors (3 and 4 in murine 

platelets; 1 and 4 in human platelets). The newly N terminal part binds to PARs 

receptors and induces a downstream signaling cascade leading, ultimately, to platelet 

activation (see section I.3.2.2) (Figures 6-7).  Thrombin is generated via the coagulation 

cascade (see section I.3.8), and contributes also to the formation of a fibrin network 

that thickens the thrombus core [90, 91]. 

3.7. Clot retraction – the outside-in signaling 

The thrombus core is consolidated and the gap between platelets is reduced via their 

contraction. The outside-in signaling, triggered after fibrinogen binding to IIb3, 

initiates this clot retraction. The first step consists in G13 binding to 3 cytoplasmic 

tail and c-Src activation. The latter phosphorylates 3 tail, which then provides an 

anchor site for myosin II, promoting integrin-cytoskeleton connection. Moreover, c-Src 

and Syk phosphorylate a plethora of cytoskeletal-associated proteins including some 

RhoGEF that activate Rac1. Interestingly, c-Src induces RhoA inhibition by RhoGAP 

phosphorylation. This inhibition is relieved during thrombus formation by the cleavage 

of c-Src 3 binding site and triggers the RhoA-ROCK-MLC signaling cascade. RhoA can 

also be activated, independently of c-Src, after the binding of VPS33B to 3 tail [92, 93] 

(Figure 8).  
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3.8. The coagulation cascade 

Two ways initiate the coagulation cascade, the intrinsic pathway, via contact system, or 

the extrinsic pathway, via association between activated factor VII (FVIIa) and the 

exposed tissue factor (TF) of injured endothelial cells. Collagen, polyphosphates and 

neutrophil extracellular traps (NETs) activate FXII, initiating the intrinsic pathway. FXIIa 

leads to FXI and subsequently FIX activation. Tenase complex, i.e. FVIIIa.FIXa, cleaves 

Actin reorganization 

Clot retraction 

Figure 8. The inside-out and outside-in signaling pathways. Platelet stimulation leads to PLC activation which 

induces CalDAG-GEF1 activation via a Ca2+
 
increase and DAG formation. CalDAG-GEF1 exchanges GDP from 

Rap1 by GTP and allow its translocation to the plasma membrane where it forms a complex with RIAM at 3 

integrin. Consequently, talin-Knl binds to 3 integrin and enhances IIb3 switch to a high-affinity 

conformation. This pathway is called inside-out signaling. Fibrinogen binding to IIb3, in turn, activates a 

signaling cascade leading to actin cytoskeleton reorganisation and platelet clot retraction, i.e. outside-in 

signaling. G13 and VSP33B associates with 3 cytoplasmic tail and regulates RhoA-ROCK activation. 

Phosphorylation of 3 by c-Src, activated upon fibrinogen binding, provides an anchor site for myosin II, 

promoting integrin-cytoskeleton interaction. Furthermore, Src activates Rac1-PAK pathway that contributes 

to actin reorganization. CalDAG-GEF1: Ca2+diacylglycerol guanine nucleotide exchange factor1; DAG: 

diacylglycerol; GP: glycoprotein; GPCR: G protein-coupled receptor; IP3: inositol 1,4,5-trisphosphate; Knl: 

kindlin; PAK: p21-activated kinase; PIP2: phosphatidylinositol 4,5-bisphosphate; PLC: phospholipase C; RIAM: 

Rap1-GTP-interacting adaptor molecule; ROCK: Rho-associated protein kinase. 
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FX allowing the formation of FXa.FVa prothrombinase complex. The latter generates 

thrombin (FIIa) from prothrombin. The extrinsic pathway activates FX via TF.FVIIa 

complex, which also leads to prothrombinase complex and FIIa formation. Thrombin 

amplifies the coagulation cascade by activating FVIII and FV. Finally, thrombin converts 

fibrinogen to fibrin and activates FXIII, which participates in clot formation and 

catalyzes covalent fibrin interactions to stabilize the clot, respectively (Figure 8). 

Procoagulant platelets, i.e. with exposed PS, bind coagulation factors and serve as a 

platform for their activation [90, 91]. 

3.9. Fibrinolysis 

To prevent any uncontrolled thrombus growth, the fibrin clot is degraded by a process 

called fibrinolysis. The serine protease plasmin is responsible for the cleavage of the 

cross-linked fibrin polymers. It is generated, from plasminogen, by tissue and urokinase 

plasminogen activator (tPA; uPA). Fibrinolysis can be downregulated by serpins. Some 

targets t and uPA, such as PAI-1, and other directly plasmin, such as 2-antiplasmin 

(Figure 9). The level of fibrin degradation products, called D-dimers, are analyzed in 

clinics as an indirect marker of thrombin generation [94, 95]. 
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4. Platelet in atherosclerosis 

4.1. Atherosclerosis 

In 2019, the World Health Organization (WHO) estimated that 32% of deaths were due 

to cardiovascular diseases. Heart attack and stroke, mainly resulting from 

Figure 9. The coagulation cascade and fibrinolysis. The instrinsic pathway, triggered by activating surface 

(collagen, polyphosphates or NETs) activates FXII. FXIIa leads to XIa and, subsequently, IXa formation. Once 

IXa and VIIIa associate, they form the tenase complex which cleaves FX into Xa allowing prothrombinase 

complex formation. The latter generates thrombin (IIa) from prothrombin. The extrinsic pathway generates 

Xa via TF.FVIIa complex. Thrombin amplifies the coagulation cascade by activating FVIII and FV, induces fibrin 

formation from fibrinogen and stabilizes fibrin clot by generating XIIIa. Fibrinolysis is initiated by tPA or uPA 

cleaving plasminogen into plasmin. It ends with D dimers formation from cross-linked fibrin polymer 

degradation by plasmin. It is regulated by serpins, PAI-1, inhibiting t/uPA and 2-antiplasmin, preventing 

plasmin action. NETs: neutrophil extracellular traps; PAI-1: plasminogen activator inhibitor-1; TF: tissue factor; 

t or u PA: tissue or urokinase plasminogen activator. 
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atherothrombosis, account for ~80% of these deaths [96]. Dyslipidemia, due to 

elevated low-density lipoprotein (LDL) and triglyceride-rich lipoproteins (TGRL) and low 

high-density lipoprotein (HDL), and inflammation, due to high blood pressure or 

smoking, are the major triggers of atherosclerosis. Both participate in endothelial cell 

activation/dysfunction that promotes chemokine secretion and adhesion molecule 

expression at cell surface. Then, circulating monocytes are attracted and adhere to the 

activated endothelium via P-selectin glycoprotein ligand-1 (PSGL-1) - P-selectin 

interaction. Firm adhesion is mediated by macrophage-1 antigen (Mac-1) - Mac-1 or 

intercellular adhesion molecule/vascular cell adhesion molecule (ICAM/VCAM) - very 

late antigen-4/lymphocyte function-associated antigen-1 (VLA-4/LFA-1) interactions 

and results in endothelium disruption. Consequently, LDLs and monocytes enter into 

the intima where they turn into oxidized LDLs (ox-LDLs) and macrophages, respectively. 

Macrophages uptake ox-LDLs and are converted into foam cells, which secrete pro-

inflammatory cytokines and growth factors. The inflammatory environment 

participates in leucocyte recruitment and smooth muscle cell migration and 

proliferation into the intima. Some smooth muscle cells form the fibrous cap and others 

uptake LDL aggregates through receptors of the LDL receptor-related protein (LRP) 

superfamily. Lipid-rich and necrotic core of atherosclerotic plaques is formed after 

macrophage and smooth muscle cell death and a defective efferocytosis, i.e. cell death 

clearance. Atherosclerotic plaque rupture exposes fibrillary collagen to circulating 

platelets leading, ultimately, to thrombus formation (Figure 10). An obstructive 

thrombus induces myocardial infarction and platelet aggregates embolization a stroke 

[97-99].  
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4.2. Role of platelets in atherosclerosis progression 

4.2.1. Platelets in atherosclerosis  

Platelets do not only play a role in atherothrombosis but also take part in 

atherosclerosis progression. The relevance of platelets in this pathology is emphasized 

by studies showing that reducing the platelet count slows down atherosclerosis 

progression in diabetic and atherosclerotic (LDLR-/-) mice. The underlying mechanism 

involves an altered monocyte recruitment [100, 101]. Moreover, increasing platelet 

activation enhances atherosclerotic lesions and blocking platelet adhesion to the 

endothelium decreases plaque formation [102-104]. 

4.2.2. Platelets – monocytes in atherosclerosis 

By adhering to the activated endothelium, platelets mediate monocyte activation and 

recruitment. Initial contact is made between PSGL-1 or GPIb and P- or E-selectin and 

Figure 10. Atherosclerosis. Dyslipidemia and inflammation induce endothelial cell activation, leading to 
chemokine secretion and adhesion molecule expression (P-selection, ICAM/VCAM, Mac-1). Circulating 
monocytes are attracted and adhere to endothelial cells via PSGL-1 - P-selectin interaction followed by firm 
adhesion mediated by VLA-4/FLA-1 – ICAM/VCAM and Mac-1 - Mac-1 interactions. Endothelial disruption 
allows monocyte transmigration. Once into the intima, monocytes become macrophages and uptake oxLDL, 
leading to foam cell formation. The pro-inflammatory environment induces cell death and smooth muscle cell 
migration leading to lipid-rich necrotic core (= atherosclerotic plaque) and fibrous cap formation, respectively. 
Plaque ruptured exposes fibrillary collagen to circulating platelets, which triggers thrombus formation. ICAM: 
intercellular adhesion molecule; LDL: low-density lipoprotein; LFA-1: lymphocyte function-associated antigen-
1; Mac-1: macrophage-1 antigen; oxLDL: oxidized LDL; PSGL-1: P-selectin glycoprotein ligand-1; VCAM: 
vascular cell adhesion molecule; VLA-4: very late antigen-4. 
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triggers platelet rolling and activation. Following platelet activation, PF4 and CCL5 are 

released from -granules or platelet-derived microparticles and promote leukocyte 

recruitment [105]. Integrin activation and CD40L surface expression induce firm 

platelet - endothelium adhesion, amplifying endothelial cell activation via cytokine and 

chemokine secretion (IL-8, MCP-1) and adhesion molecule expression (E-Selectin, 

VCAM-1, ICAM-1). Monocytes are attracted to the inflamed endothelium and bind to 

platelets thanks to CD40L – platelet CD40, PSGL-1 - P-selectin, Mac-1 - 

GPIbα/JAM/CD40L/ICAM-2/fibrinogen-IIb3 interactions, leading to Mac-1 and VLA-

4 upregulation on monocytes. Consequently, monocytes adhere to the activated 

endothelium and transmigrate [106-108]. In addition, platelets promote macrophage 

accumulation and transition into an inflammatory M1-state and decrease their 

efferocytotic capacity, leading to a higher necrotic core and plaque lesion [101] (Figure 

11).  

4.2.3. Platelets – neutrophils in atheroclerosis 

Neutrophils, as well as monocytes, adhere to activated platelets in a PSGL-1 - P-selectin 

or Mac-1 - GPIb-dependent manner. Platelet helps neutrophil recruitment at the 

inflammatory sites and amplifies their activation and vice versa. Activated platelets 

trigger neutrophil-induced ROS production and NETs release by direct contact or by 

mediators (PF4 or CCL5) whereas neutrophils activate PARs-induced platelet activation 

via cathepsin G and elastase secretion. NET formation promotes atherosclerosis as its 

inhibition reduced atherosclerotic plaque size. Indeed, NETs alter HDL capacity to 

extrude cholesterol, promote endothelial cell activation and even induce endothelial 

cell apoptosis (Figure 11). In addition, NETs participate in atherothrombosis as they 

were found in coronary thrombi [109-111].  

4.2.4. Platelets – eosinophils in atherosclerosis 

Even if eosinophils are not present in stable atherosclerotic plaque, they play a role in 

the progression of the disease as their depletion reduced atherosclerosis. The potential 
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mechanism involves endothelium activation by eosinophil degranulation products, 

major basic protein (MBP) and eosinophil cationic protein (ECP), known to participate 

in tissue damage and inflammation. Platelets adhering to the endothelium capture 

eosinophils, which then secrete eosinophil extracellular traps (EETs) (Figure 11).  As 

NETs, EETs promote platelet activation and are found in murine and human thrombi 

[112].  

 

4.2.5. Platelets – immune cells in atherosclerosis 

Immune cells are also attracted to the inflamed area and their interactions with 

platelets enhance their recruitment. TH1 lymphocytes, via IFN secretion, aggravates 

atherosclerosis whereas TH2 lymphocytes and T regulator (Treg) tend to limit the 

Figure 11. Platelets and leucocytes in atherosclerosis. Platelets adhere to the activated endothelium and 
recruit monocytes, neutrophils and eosinophils leading to atherosclerosis progression. Contact between 

platelets and endothelial cells is made between PSGL-1 or GPIb and P- or E-selectin and triggers platelet 

rolling and activation. Firm adhesion occurs after IIb3 - VCAM and CD40L - CD40 interactions. Chemokine 
and cytokine secretion from activated platelets and endothelial cells enhance leucocyte recruitment and 
endothelial cell activation. Circulating monocytes bind to platelets via several interactions (CD40L – CD40, 

PSGL-1 – P-selectin and Mac-1 - GPIbα/JAM/CD40L/ICAM-2/fibrinogen-IIb3) leading to VLA-4 and Mac-1 
upregulation on monocyte surface. Consequently, monocytes firmly adhere to the endothelium and migrate 
towards the intima, promoting macrophage accumulation, their transition into M1-state and decreasing their 
efferocytotic capacity. Neutrophils are attracted to the inflamed endothelium and binds to platelets in a PSGL-

1 - P-selectin or Mac-1 - GPIb-dependent manner. This association triggers neutrophil ROS production, 
followed by NETs formation, which, in turn, enhance platelet and endothelial cell activation, decrease 
cholesterol efflux from HDL and increase endothelial cell death. Adhesion of eosinophils to platelets induces 
eosinophil degranulation and EET formation, leading to an intensification of endothelial cell and platelet 
activation, respectively. ECP: eosinophil cationic protein; EET: eosinophil extracellular traps; HDL: high-density 
lipoprotein; ICAM: intercellular adhesion molecule; LDL: low-density lipoprotein; LFA-1: lymphocyte function-
associated antigen-1; Mac-1: macrophage-1 antigen; MBP: major basic protein; NETs: neutrophil extracellular 
traps; oxLDL: oxidized LDL; PSGL-1: P-selectin glycoprotein ligand-1; VCAM: vascular cell adhesion molecule; 
VLA-4: very late antigen-4.  
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progression of the disease by decreasing inflammation via IL-10 and TGF secretion 

[99]. 

5. Platelets in inflammation, immunity and tissue regeneration 

5.1. Platelets in inflammation 

In case of inflammation such as atherosclerosis (see section 4), ischemic stroke or 

ischemia-reperfusion injury, leukocytes and platelets interact and mediate thrombo-

inflammation [113]. As discussed above, an inflammatory state damages or activates 

endothelial cells allowing platelet and leucocyte adhesion. Platelet CD40L - 

endothelium CD40 interaction promotes chemokine release that favors neutrophil 

recruitment and expression of adhesion molecules. Platelet-neutrophil aggregate 

formation amplifies their activation and NET release leading to thrombus formation 

[114]. In case of ischemia-reperfusion injury, platelets worsen tissue damage via 

neutrophils induced-ROS production and matrix metalloproteinase (MMP) secretion. In 

the brain, the exacerbated inflammation disrupts the blood brain barrier facilitating 

neutrophil transmigration into the parenchyma. This phenomenon can cause axonal 

damage via astrocyte and microglial cell activation [115]. In autoimmune diseases such 

as systemic lupus erythematosus, systemic sclerosis or rheumatoid arthritis, platelets, 

platelet-derived microparticles and neutrophils interplay and accentuate inflammation 

and tissue lesion [116]. 

5.2. Platelets in infection 

Beyond its role in hemostasis and inflammation, platelets are involved in immunity. 

Platelets regulate immune responses either by binding to bacteria or viruses, or by 

recruiting and modulating the activity of leukocytes.  

Platelets bind directly to bacteria via GPIb, activated IIb3 or TLR2 and 4, or through 

plasma proteins such as fibrinogen or vWF. By secreting antibacterial molecules, i.e. 

thrombocidins, kinocidins and -defensin-1, platelets are able to kill bacillus subtilis, E. 

coli, lactococcus lactis and S. aureus. Some pathogen’s clearance requires the 
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contribution of immune cells. A sustained platelet-bacteria bundle presence in the 

circulation has been shown to favor their detection and death by cytotoxic T 

lymphocytes (CTLs) or neutrophils [117]. In addition, neutrophils secrete NETs to trap 

pathogens and kill them [109]. After an infection, platelets, activated through TLR4, are 

able to bind neutrophils. Platelet-neutrophil aggregates further enhance neutrophil-

induced NET secretion [117]. Interestingly, a decrease in platelet-bacteria aggregates 

impaired NETosis and mice survival [118]. Activation of the classical and alternative 

complement pathways by platelets also promotes the lysis and elimination of germs 

[117]. With these functions, platelets play a key role in the development of 

immunothrombosis during sepsis, a disease characterized by endothelial dysfunction 

and a hypercoagulable state [119].  

Depending on the type of virus and the time after infection, platelets and their 

releasates either help or decrease viral clearance. Some viruses are internalized by 

platelets, which limits their propagation and others bind to platelets leading to platelet-

neutrophil and -monocyte aggregate formation and innate responses [120]. The 

inflamed state due to influenza or SARS-CoV-2 infection activates endothelial cells 

leading to platelet-neutrophil interaction, NETosis and microthrombi formation. 

Moreover, endothelium damage, caused by a virus infection, induces thrombus 

formation on the exposed subendothelium in order to seal the breach [121].  

5.3. Platelets in cancer 

Since long, it has been known that platelets are involved in the pathogenesis of cancer. 

Indeed, a reduction in the platelet count is associated with fewer metastases [122]. 

Furthermore, cancer cells trigger platelet activation either by direct association or by 

the release of thrombin, TxA2 or ADP. Platelet-cancer cell aggregate formation, through 

P-selectin, IIb3, GPIb or PECAM-1, protects the membrane of cancer cells from its 

destruction under high shear stress and cancer cell recognition by natural killer. The 

adhesion of activated platelets, “carrying” cancer cells, to endothelial cells allows 

cancer cell anchoring to the endothelium. Furthermore, platelets release chemokines, 
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MMPs and pro-angiogenic factors (TGF, VEGF and PDGF) that contribute to leukocyte 

recruitment, extracellular matrix destruction for the metastatic nest, angiogenesis and 

tumoral neovascularization [123].  

5.4. Platelets in tissue revascularization and regeneration 

Platelet -granule secretion leads to the release of a plethora of factors that stimulate 

angiogenesis, and therefore endothelial cell proliferation and migration. The first pro-

angiogenic factors to step in are VEGF and basic FGF. Migration of endothelial cells is 

further enhanced by the chemotactic effect of sphingosine-1-phosphate (S1P) and 

platelet-derived endothelial growth factor (PD-ECGF) and via MMP-induced 

extracellular matrix destruction. In the later stages of angiogenesis, smooth muscle 

cells, fibroblasts, progenitors of endothelial cells and stem cells are recruited to 

enhance and stabilize the new vessel [124]. Studies revealed that GPVI and CLEC2 

receptors, both containing ITAM motifs, are required to maintain vascular integrity 

during inflammation [125]. Platelets also contain factors that repress angiogenesis to 

prevent an uncontrolled growth of the vessels. Such type of factors, like TSP-1, are 

important to impair tumor angiogenesis [126]. Platelet-derived microparticles 

containing pro-angiogenic factors (VEGF, bFGF, and PDGF) are released at sites of 

inflammation or endothelial injury. Their role in angiogenesis was highlighted in a 

model of myocardial infarction where they have been shown to promote 

revascularization of the ischemic tissue [127]. In addition to vessel regeneration, 

platelets contribute to cardiac stem cell migration to the myocardium via stromal-

derived factor 1 (SDF-1) secretion [128]. SDF-1 is also implicated in hepatocyte and 

pulmonary capillary endothelial cell proliferation after injury. However, even if platelets 

seem beneficial in acute inflammation, in case of chronic injury, such as asthma or 

myocardial ischemia, platelets, by secreting serotonin and TGF-1, participate in 

fibrosis and therefore could be deleterious [124]. 
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II. Key roles of lipids in platelet 

Lipids are key elements in platelets as they fulfill significant roles for their functions. 

Indeed, lipids participate in membrane cell structure, granule secretion, signaling 

molecule generation, metabolism and post-translational modifications. 

1. Lipids in the plasma membrane 

The plasma membrane and membrane of organelles, i.e. granules, DTS and 

mitochondria are made up of a bilayer of PLs and cholesterol. In resting platelets, the 

plasma membrane is composed of 70% PLs (37% PC, 17% PE, 7% SM, 6% PS, 3% PI, 2% 

PG/PA) and 30% cholesterol [8]. Granule membrane has the same cholesterol/PLs ratio. 

However, among PLs, PC is increased, and PS decreased, compared to their level in the 

plasma membrane. Interestingly, intracellular membrane has less cholesterol and a 

modified PL composition compared to the plasma membrane. PE is slightly decreased, 

SM and PS are present in small amounts whereas PC and PI are increased by 2 and 3 

fold, respectively. Membrane from platelets-derived microparticles only differs from 

the plasma membrane in terms of PS content [129]. 

1.1. Phospholipid structure 

PLs and fatty acids can be synthesized de novo (see section III.1.) or taken from the 

plasma. PLs are asymmetrically distributed beyond the two leaflets. PS, PA, PI and PE 

are mainly in the inner leaflet whereas PC and SM are in the outer leaflet. A PL contains 

one head group, a glycerol backbone and two fatty acyl chains. Those are linked at the 

sn-1 position with three possible bounds: ester (acyl), ether (alkyl or plasmanyl) or vinyl-

ether (alkenyl or plasmalogen). Fatty acyl chains found at the sn-2 position are linked 

via an ester bond. PLs remodel their fatty acyl chains via deacylation-reacylation and 

transacylation reactions. Deacylation occurs following PL cleavage by PLA1 or PLA2, at 

sn-1 or sn-2 position, respectively, and results in the formation of a lyso-PL and a fatty 

acyl chain. Reacylation is the process by which lysophospholipid acyltransferases 

transfer a fatty acyl-CoA to a lyso-PL, forming a PL with new fatty acyl chains. 
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Transacylation generates the transfer of one fatty acyl chain from a PL to a lyso-PL 

[130]. Depending on the head group, the type of fatty acyl chains (length and number 

of double bond) or the type of linkage, PLs have various properties [131] (Figure 12). 

1.1.1. Phospholipid head group 

PLs can adopt three different conformations: cylindrical, conical and inverted-conical. 

If the width of the polar head is similar to the one of the tail, PLs, namely PC, PS and 

PG, are cylindrical and form a flat and quite rigid monolayer. If the tail is wider than the 

polar head, as for PE and PA, PLs adopt a conical shape and a negative spontaneous 

curvature. Lyso-PLs and PI have a spontaneous positive curvature due to their wide 

head when compared to their tail [132] (Figure 12).  

1.1.2. Phospholipid fatty acyl chain 

Membrane stability and fluidity are also affected by the length and degree of 

unsaturation of fatty acyl tails. Long and saturated acyl chains promote lipid-lipid 

interaction and render membrane less fluid. In contrast, polyunsaturated lipids 

decrease membrane rigidity [131]. A recent study in erythrocytes showed that the 

plasma membrane is also asymmetrical in terms of unsaturation of the fatty acyl chain. 

The inner leaflet appears two times more unsaturated than the outer leaflet [133]. 

Interestingly, PE effect on membrane deformability can be overshadowed by increasing 

oleic acid (18:1) into membrane bilayer as it enhances lipid compaction [134]. 

1.1.3. Fatty acyl chain linkage 

The type of linkage of fatty acyl chains to the glycerol backbone of PL is also known to 

influence membrane properties. The lack of carbonyl oxygen in ether bound (plasmanyl 

and plasmalogen) increases the intermolecular hydrogen bond between head groups 

of PLs, promoting a highly curved membrane. However, the specific vinyl-ether bond 

(plasmalogen) at the sn-1 position allows close contact between saturated (sn-1) and 

polyunsaturated (sn-2), mainly C20:4 and C22:6, acyl chains, which induces a tightly 

packed and less fluid membrane. Furthermore, vinyl-ether bonds are preferentially 
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oxidized and act as ROS scavengers to protect other lipids from oxidation [135, 136]. 

Therefore, tight regulation of PL type and fatty acyl chain is required to ensure good 

membrane functioning.  

 

1.2. Cholesterol in the plasma membrane 

The plasma membrane also contains a liquid-ordered domain enriched in SM and 

cholesterol. These domains, called lipid rafts, are important for granule fusion and 

signaling events (see section II.2). The platelet plasma membrane composition can be 

Figure 12. The plasma membrane and phospholipid structure and remodelling. The platelet plasma 

membrane is composed of cholesterol and a phospholipid bilayer with, in the outer leaflet, PC and SM and, in 

the inner leaflet PE, PS, PG and PI. Depending on the type of PL, the plasma membrane can be flat or adopt a 

negative or a positive curvature. A PL is composed of a head group, a glycerol backbone and two fatty acyl 

chains. Each type of PL has a different head group and link different fatty acyl chains. 

Saturated/monounsaturated fatty acyl chains are linked both at sn-1 and sn-2 position whereas 

polyunsaturated are preferentially linked at sn-2 position. Fatty acyl chain linkage at sn-1 position are either 

ester, ether or vinyl-ether. Remodelling of PL fatty acyl chains via deacylation – reacylation requires 1) PL 

cleavage by PLA1 (sn-1) or PLA2 (sn-2) and 2) addition of a newly formed acyl-CoA. Remodelling by 

transacylation result in the transfer of a fatty acyl chain from a PL to a lyso-PL. Chol: cholesterol; n-3: omega 

3; n-6: omega 6; PA: phosphatidic acid; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PG: 

phosphatidylglycerol; PI: phosphatidylinositol; PL: phospholipid; PLA1: phospholipase A1; PLA2: phospholipase 

A2; PLC: phospholipase C; PS: phosphatidylserine; SM: sphingomyeline. 
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affected by cholesterol lowering drugs, i.e. statin, which decreases cholesterol/PL ratio 

and impaired platelet aggregation [137]. Antiplatelet therapy drugs, such as ASA or 

ticagrelor, an anti-P2Y12 receptor, are able to increase plasma membrane rigidity. A 

recent lipidomic study showed that ticagrelor effect on the plasma membrane is 

probably due to an increase in cholesterol and saturated acyl chain (16:0-16:0) – 

containing plasmanyl PC (O-) in the membrane. Interestingly, polyunsaturated acyl 

chains, specifically 16:0-20:4, 18:1-20:4 PCO, 16:1-20:4 and 18:2-20:4 PEO, known to 

increase membrane fluidity, are decreased with ticagrelor [8]. 

1.3. Membrane lipids in granule secretion 

Upon stimulation, granule concentration and localization near OCS favor their 

secretion. Cholesterol and PE are necessary for the merger. Due to its intrinsic negative 

curvature, PE presence in the inner leaflet is required for membrane fusion and stability 

of the fusion pore [138]. Microdomains of cholesterol also help granule fusion either 

by localizing SNARE proteins, implicated in exocytosis process (see section I.3.3.1), or 

by stabilizing the negative curvature and therefore the fusion pore [139]. Furthermore, 

PS externalization is important in granule fusion stabilization [140]. Cholesterol is 

involved in other vesicle secretion as its depletion has been shown to decrease the 

release of PS-exposing extracellular vesicles [141].  

1.4. Membrane lipids in procoagulant activity 

PS asymmetry is maintained by flippase, P4-ATPase, activity which transfers PS from 

the outer leaflet to the inner leaflet. Upon platelet activation, the increased Ca2+ 

inhibits flippase activity and induces scramblase TMEM16F conformational change. The 

open state of TMEM16F favors PS transition to the outer leaflet and therefore induces 

the coagulation cascade (see section I.3.8) [142]. As PS, PE is also externalized and 

supports coagulation depending on the length and saturation of their fatty acyl chains. 

Short chain in PE sn-1 position, i.e. 14:0, does not induce coagulation whereas 18:0-

20:4 PE and PEP or 14:0- and 18:0-20:4 PS do. Longer chain, i.e. 18:0-22:6 PE reduced 
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coagulation [143]. Furthermore, oxidation of 20:4 PE at the sn-2 position, generating 

12-HETE-PE, does not change its tendency to enhance coagulation [144]. Vesicles 

secreted after platelet stimulation also participate in thrombin generation as they 

expose PS at their surface [141]. Interestingly, an impaired transversal mobility during 

platelet activation, as seen in platelets from patients suffering from Scott syndrome, 

characterized by an altered PS externalization, is associated with a defect in filopodia 

formation [145]. 

2. Lipids in platelet signaling 

2.1. Lipid rafts 

Lipid rafts form a dynamic microdomain composed of SM, saturated PLs, and 

cholesterol. During platelet spreading, cholesterol-rich rafts are found mostly at 

filopodia structure whereas SM-rich rafts are localized at platelet center. SM-rich rafts 

link the actomyosin system to extracellular fibrin, crosslinked by FXIII, mediating clot 

retraction [146]. Lipid rafts incorporate proteins participating in granule fusion. Some 

proteins, such as stomatin, contained in  granule lipid raft, may participate specifically 

in  granule fusion [147]. Furthermore, lipid rafts integrate platelet receptors ensuring 

the activation of the downstream signaling cascade. Some, like TP and IIb3, are 

already present in rafts at resting state and others, such as GPIb/IX/V, GPVI, P2Y12, 

P2Y1 move into rafts upon stimulation [146]. Signaling event such as ITAM Fc-chain 

phosphorylation by Lyn and Syk requires the translocation of GPVI and GPIb/IX/V into 

rafts [16]. The presence of PIP2 into lipid rafts favors PIP3 production by PI3K into these 

rafts. PIP3 allows PLC2 recruitment into the rafts and its activation, which later on, 

leads to platelet activation (see section I.3.1) [148] (Figure 13). Furthermore, 

partitioning of P2Y12 and P2Y1 into rafts is necessary to induce their signaling pathway 

[149, 150].  
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2.2. Plasma membrane-derived lipid mediators 

2.2.1. Phosphatidylinositol (4,5) bisphosphate, phosphatidylinositol (3,4,5) 

trisphosphate and diacylglycerol 

PIP2 is synthesized through the PI cycle. PI synthase generates PI from inositol and CDP-

DAG, deriving from PA. Then, PI is phosphorylated twice to form PIP2. The latter is 

phosphorylated by PI3K to produce PIP3 or is cleaved by PLC to give rise to IP3 and DAG. 

Via diacylglycerol kinase  (DGK), DAG is converted back to PA, providing a substrate 

for the PI cycle [151]. Interestingly, a highly negative membrane curvature favors the 

activity of DGK, and therefore PI cycle. This enzyme shows a high preference for DAG 

containing 1-stearoyl-2-arachidonoyl acyl (18:0-20:4) chain [152]. This could explain 

why, in resting human or mouse platelets, around 40% of PI contains 18:0-20:4 acyl 

chain and 20% 16:0-16:0 acyl chain. Interestingly, PIP or PIP2 do not have 16:0-16:0 fatty 

acyl chains and 70% of them carry 18:0-20:4 fatty acyl chains. Upon short thrombin or 

CRP stimulation, 18:0-20:4 PI decreases, 18:0-20:4 PIP2 barely changed and 18:0-20:4 

PIP3 increases. Interestingly, thrombin is more potent to increase 18:0-20:4 PIP3 in 

human platelets whereas in mouse platelets it is CRP stimulation. Of note, stimulation 

does not change 16:0-16:0 PI content [153]. 

While PIP3 is rapidly synthesized upon platelet activation, PIP2 accumulates later to 

support actin remodeling, platelet aggregation and clot retraction. PIP2 is a major actor 

in actin remodeling by binding to gelsolin, CapZ, WASP/Arp2/3 or cofilin, which favors 

F-actin polymerization. Furthermore, PIP2 recruits GEF and GAP of RhoGTPases and 

participates in platelet activation via their downstream signaling (see section I.3.2.2) 

[5]. A recent proteomic study discovered new PIP2 effectors, which pave the way for a 

better characterization of PIP2 role in platelet functions [154]. Whether fatty acyl chain 

composition affects PIP2 effector binding is still unknown. 

PIP3 is known to bind pleckstrin homology domain of proteins. For example, its 

interaction with PLC2 or PDK1, participates in signaling events leading to platelet 

activation. Its role in platelet functions is emphasized by studies showing that PI3K 
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inhibition or PI3K deletion in mice results in mild platelet aggregation and an altered 

thrombus growth in vivo [7]. 

DAG, produced by PLC-induced PIP2 cleavage, is another important signaling molecule 

that promotes platelet aggregation by activating, for example, PKC and CalDAG-GEF1 

(see section I.3.1) (Figure 13).  

2.2.2. Arachidonic acid and eicosanoids 

2.2.2.1. Arachidonic acid and phospholipase A2  

AA comes directly from a dietary source or indirectly, via conversion of dietary linoleic 

acid (18:2). AA is mostly found esterified to PLs, triglycerides and cholesterol in the 

plasma. It has been shown that LDL delivers AA-PC and AA-PE to platelets [155]. The 

small amount of free AA can be converted into arachidonoyl-CoA via acyl-CoA 

synthetase and incorporated into lysoPL via lysophospholipid acyl-CoA acyltransferase 

to form AA-containing PL. AA is initially incorporated at the sn-2 position of acyl-lysoPC 

and to a lesser extent in acyl-lysoPE. Afterward, AA from diacyl-PC is integrated into 

alkyl and alkenyl-lysoPE and alkyl-lysoPC, via CoA-independent transacylation reaction 

[156, 157]. AA is predominantly found in PE with an enrichment in plasmalogens [156, 

158]. 

PL cleavage, at the sn-2 position, to generate lysoPL and free AA is mediated by PLA2. 

Interestingly, PLA2 seems to cleave preferentially acyl chains 20:4 > 20:5 > 18:2 = 18:3 = 

22:6 >> 18:1 [159]. The remodeling of AA between PLs requires a specific PLA2, different 

from the ones involved in AA release response, a Ca2+-independent cPLA2 [160]. Three 

types of PLA2 are present in platelets to mediate AA release: two Ca2+-dependent, 

namely, cPLA2 and soluble (s)PLA2 and one Ca2+-independent, iPLA2. cPLA2 is more 

sensitive to Ca2+ than sPLA2 as it becomes activated with 1000X less Ca2+ (µM vs mM). 

PLA2 are activated differentially depending on the specie, the platelet agonist and the 

concentration used. In human platelets, iPLA2 mediates AA release under low 

thrombin concentration whereas cPLA2 takes over at high concentration [158, 161]. 

In murine platelets, cPLA2 is the more potent to cleave AA-containing PL upon thrombin 
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stimulation whereas cPLA2 and iPLA2are both needed upon collagen stimulation [162]. 

Even if PC and PE are cleaved by PLA2, our lab and others have highlighted the major 

role of PL plasmalogens in TxA2 generation [57, 163-165]. Furthermore, a recent 

lipidomic study revealed that PI plays a non-negligible role in AA production. Indeed, 

18:0-20:4 PI, the second most lipid present in platelet after cholesterol, is 

downregulated upon stimulation and mediates eicosanoid production [166]. A 

summary of the current knowledge of the type of PLA2 and AA-containing PL involved 

in TxA2 generation regarding platelet specie and agonist is represented in Table 1. 

Agonist Specie PLA2 
PL-induced TxA2 

secretion 
References 

Thrombin 

Human 

Low concentration: iPLA2 

High concentration: 

cPLA2 

PCP and PEP 

PCP; PEP; PI; PC 

and PE 

[158, 161, 165] 

Mouse 

cPLA2 PEP  [162] 

[[57]Unpublished 

data], our data 

collagen 

Human 
? 

? 

PEP 

(CRP) PI 

[163] 

[166] 

Mouse 

iPLA2 

cPLA2 

? 

? 

? 

(CRP) PEP 

[162] 

[167] 

Our data 

U46619 Human ? PEP [164] 

ADP Mouse iPLA2 PEP [162, 167] 

 

2.2.2.2. Eicosanoids and platelet functions 

AA oxidation by COX or lipoxygenase (LOX) generates eicosanoids. In platelets, PGH2, 

derived from COX1 action, is metabolized, by PG synthase, into PGE2 or PGD2 or, by 

Table 1. PL cleavage by PLA2 leading to TxA2 secretion upon stimulation in human and murine platelets. Table 

showing which type of PLA2 is activated according to the agonist and the specie and which PL is cleaved to 

generate TxA2. CRP: collagen-related peptide; PCP: phosphatidylcholine plasmalogen; PEP: 

phosphatidylethanolamine plasmalogen; PI: phosphatidylinositol; PL: phospholipid; PLA2: phospholipase A2. 
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TxAS, into TxA2. Besides producing prostanoids, AA can also be oxidized by platelet-type 

12-lipoxygenase (12-LOX) to form 12-hydroperoxyeicosatetraenoic acid (12-HPETE). 

This AA derivative can be further reduced into 12-hydroxyeicosatetraenoic acid (12-

HETE). 12-LOX is also responsible for platelet lipoxin A4 (LXA4) and B4 (LXB4) 

production from leukotriene A4 (LTA4), a molecule produced by neutrophils. This 

uptake of LTA4 by platelets also induces LTC4 generation [168] (Figure 13).  

PGE2 exerts either platelet activation via EP3 receptor or platelet inhibition via EP2 and 

EP4 receptors. EP3 is a GPCR coupled with Gq or Gi. Gq signaling leads to PLC activation 

and Ca2+ increase whereas Gi decreases cAMP concentration and inhibitory signaling 

events. In opposition, EP2 and EP4 are GPCR coupled with Gs that stimulates cAMP 

production. At high concentrations (>10µM), PGE2 has an inhibitory effect. In human 

platelets, PGD2 mediates platelet aggregation inhibition via its receptor, DP1, coupled 

to Gs [169] (Figure 13).  

TxA2 is an important secondary platelet agonist, participating in platelet activation and 

thrombus build-up (see sections I.3.4 and I.3.6). PAR1 triggers TxA2 formation within 

15s whereas 12-HETE reaches maximal level after 120s. This AA derivative has pro and 

anti-aggregatory effects. It inhibits PLA2, AA cleavage from the plasma membrane and 

collagen or TxA2-induced platelet aggregation. In addition, platelets lacking 12-LOX 

have a hyperresponsiveness to ADP-induced platelet aggregation that can be reversed 

by incubating platelets with 12-(S)-HETE [170]. On the contrary, it enhances thrombin-

induced platelet aggregation (Figure 13). Several studies highlighted a role of 12-HETE 

in neutrophil recruitment, angiogenesis and atherosclerosis [171]. 

LXA4 is an anti-inflammatory molecule as it inhibits leukocyte, and in particular 

neutrophil, recruitment in inflamed tissue and decreases vascular permeability [172, 

173]. Pro-inflammatory mediators are also produced such as LTC4, which is primarily 

implicated in eosinophilic pulmonary infection. LTC4 mediates platelet activation via 

cysteinyl leukotriene receptor, CysLT2R, and induces TxA2 secretion. This prostanoid 

secretion leads to ICAM and VCAM upregulation and enhances platelet-eosinophil 

recruitment at pulmonary inflammatory site [174] (Figure 13). 
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2.2.3. Sphingosine-1-phosphate 

Another lipid mediator, produced by sphingosine kinase 2 and released by platelets 

upon activation, is S1P. Generation of S1P participates in thrombin-induced TxA2 

secretion, thrombin- or ADP-induced platelet aggregation and thrombus growth in vivo 

[175]. Furthermore, TxA2, by enhancing S1P release, helps monocyte recruitment. In an 

inflamed state, monocyte recruitment to endothelial cells promotes their activation 

and adhesion (see section I.4.) [176] (Figure 13). 

2.2.4. Platelet-activating factor (PAF) 

PAF or 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine is a lipid mediator formed by de 

novo synthesis or via PL remodeling. The first step of PL remodeling is lysoPAF synthesis. 

It occurs via deacylation at the sn-2 position of an alkyl-acyl-PC (x-20:4), mediated by 

PLA2, or via transacylation, in particular from alkenyl-acyl-PE. Acetylation of lysoPAF 

generates PAF [177]. It’s a pro-inflammatory mediator involved in platelet aggregation, 

leukocyte recruitment and adhesion to the endothelium and vascular permeability. PAF 

induces platelet aggregation via the binding to its GPCR, PAF receptor (PAFR) [178] 

(Figure 13).  
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3. Lipids in metabolism 

3.1. In resting platelets 

At basal state, glycolysis generates around ¼ of total ATP synthesis while oxidative 

phosphorylation accounts for ¾, with approximately 30% coming from endogenous 

Figure 13. Lipid mediators in platelet signaling and metabolism and leucocyte recruitment. PI derivatives, such 

as PIP2, PIP3 or DAG, and SM derivative, like S1P, contribute to platelet activation. In addition, S1P enhances 

monocyte recruitment at inflamed areas as PAF does. Lipid rafts, enriched in SM and Chol, participate in granule 

fusion and platelet receptor downstream signaling cascade leading to platelet activation. The cleavage of 20:4-

containing PLs by PLA2 generates AA, which is either transformed into PGH2 by COX1 or into 12-HETE by 12-LOX. 

PGH2 gives rise to platelet inhibitory (PGE2 and PGD2) and prothrombotic (TxA2) lipid mediators and 12-HETE 

exerts pro or anti-aggregatory effects depending on the agonist used. Another eicosanoid, LTA4, is either 

converted into anti-inflammatory (LXA4, LXB4) or pro-inflammatory (LTC4) lipid mediators. Furthermore, 

eicosanoids and some fatty acids act as substrates for mitochondrial fatty acid oxidation to generate ATP. 12-

HETE: 12-hydroxyeicosatetraenoic acid; 12-HPETE: 12-hydroperoxyeicosatetraenoic acid; 12-LOX: 12-

lipoxygenase; AA: arachidonic acid; COX1: cyclooxygenase 1; Chol: cholesterol; DAG: diacylglycerol; LTA4: 

leukotriene A4; LXA4: lipoxin A4; LXB4: lipoxin B4; PAF: platelet-activating factor; PC: phosphatidylcholine; PE: 

phosphatidylethanolamine; PGG2: prostaglandin G2; PGH2: prostaglandin H2; PGS: prostaglandin synthase; PI: 

phosphatidylinositol; PIP2: phosphatidylinositol 4,5-bisphosphate; PIP3: phosphatidylinositol 3,4,5-

trisphosphate; PL: phospholipid; PLA2: phospholipase A2; PLC: phospholipase C; PS: phosphatidylserine; S1P: 

sphingosine-1-phosphate; SM: sphingomyeline; TxAS: thromboxane synthase; TxA2: thromboxane A2.  
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lipid oxidation [179, 180]. Fatty acid substrates for mitochondrial -oxidation are 

generated de novo (see section III.1.1) or by PL cleavage. A lipidomic study revealed 

that palmitoleic acid (C16:1) is the most likely fuel for mitochondria -oxidation and it 

does not require PL cleavage by cPLA2. Other fatty acid fuels, i.e. palmitic acid (C16:0), 

oleic acid (C18:1), stearic acid (C18:0), linoleic acid (C18:2) and AA (C20:4), require, 

partly, cPLA2 action [181]. Long chain fatty acyls have to be converted into their acyl-

CoA counterpart by long-chain acyl-CoA synthetase before being transported, via the 

carnitine palmitoyltransferase (CPT) system, into the mitochondria. CPT system 

involves, 1) acyl-CoA transformation into acylcarnitine by CPT1, localized at the outer 

mitochondrial membrane, 2) acylcarnitine transfer into mitochondrial matrix via the 

carnitine acylcarnitine translocase and 3) acylcarnitine conversion into acyl-CoA by 

CPTII, located at the inner mitochondrial membrane. The catabolism of one molecule 

of palmitoyl-CoA gives rise to 8 acetyl-CoA, 7 FADH2 and 7 NADH + H+ molecules. Once 

acetyl-CoA enters the tricarboxylic acid (TCA) cycle, 3 NADH, 1 FADH2 and 1 ATP are 

produced. The mitochondrial respiratory chain complex I and II oxidize NADH and 

FADH2, respectively, which leads to ATP production [182]. At resting state, this ATP 

synthesis, accounting for 50% of platelet mitochondrial function, is mainly used by 

flippase to maintain PL asymmetry (see section II.1.4) and by Ca2+-ATPase pumps to 

maintain Ca2+ concentration at a low level [183]. The latter is achieved by the plasma 

membrane Ca2+-ATPase (PMCA), which extrudes Ca2+ from cytosol towards 

extracellular medium and the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA), 

which uptakes Ca2+ into DTS [184].  

3.2. In activated platelets 

During activation, glucose and glutamine uptake, glycogen breakdown and fatty acid 

cleavage increase energetic substrate availability, which is important to respond to the 

enhanced ATP demand required to support platelet activation [180, 185, 186]. 

Interestingly, PA accumulation, PI and AA breakdown depend more on ATP than 

granule secretion or platelet aggregation [187]. PL breakdown is required for thrombin-
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induced increase in oxygen consumption rate (OCR). Thrombin-induced PL cleavage by 

cPLA2 generates mainly eicosanoids, C20:4, C18:0; C18:1, C18:2 and C16:0 fatty acyl 

chains, which fuel mitochondria -oxidation [181] (Figure 13). Even if inhibiting fatty 

acid oxidation leads to an inhibition of thrombin-induced an increase in OCR, it is not 

sufficient to impair platelet aggregation [180]. Indeed, glycolysis is increased during 

platelet activation and can probably compensate for the lack of fatty acid oxidation. 

Inhibition of both glycolysis and fatty acid oxidation are required to drastically impair 

platelet functions [180, 188].  

4. Lipids as substrates for post-translational modifications 

Fatty acyl chains can act as donor groups for protein modifications. Even if very short 

acyl chains (from malonyl-CoA (C3:0) to succinyl-CoA C4:0) transfer to lysine residues 

of proteins has been characterized in cells, their role in platelets is still unknown [189]. 

Nevertheless, myristoylation (C14:0) and palmitoylation (C16:0) have been found and 

studied in platelets. 

4.1. Myristoylation 

N-myristoylation is a process mediated by N-myristoyl transferase and characterized by 

myristoyl-CoA addition to the N-terminal glycine of proteins. In platelets, this process 

occurs rarely and up to now, few proteins are known to carry this modification. 

Recently, it has been shown that myristoylated SR2 peptide linked to G13 impaired 

talin activation and subsequently integrin activation [190, 191]. Platelet functions are 

also impacted as a reduction in platelet adhesion and aggregate size were observed 

[192]. 

4.2. Palmitoylation 

S-palmitoylation refers to the transfer of palmitoyl-CoA, by palmitoyl acyltransferases 

(PATs), to cysteine residues. The removal of s-acyl modifications occurs thanks to acyl 

protein thioesterase (APT) 1. The platelet palmitoylome identifies more than 200 
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protein candidates, with 1/3 involved in signal transduction, 1/5 in vesicle and small 

molecule transport and 1/10 in metabolism [193]. Palmitoylation has been shown to 

partition proteins into lipid rafts, which triggers some signaling events important for 

platelet activation (see section II.2.1.), and to regulate granule secretion, platelet 

aggregation and thrombi accumulation in vivo [146, 194, 195].  

III.  De novo lipogenesis and acetyl-CoA carboxylase 

De novo lipogenesis (DNL) refers to the conversion of non-lipid based substrates, such 

as carbohydrates, into lipids (Figure 14).  

1. De novo lipogenesis in health and diseases 

1.1. De novo fatty acid synthesis 

Platelets have all of the enzymes required for fatty acid synthesis [196, 197]. Three are 

implicated in this process: 1) ATP citrate lyase (ACL), which produces acetyl-CoA from 

citrate, 2) acetyl-CoA carboxylase (ACC), which carboxylates acetyl-CoA into malonyl-

CoA and finally 3) fatty acid synthase (FAS) that generates acyl-CoA from malonyl-CoA 

(up to C16:0). Citrate is provided by glucose (glycolysis) or glutamine (catabolism) 

before being converted to acetyl-CoA in the cytoplasm. In addition to citrate, carnitine 

and acetate are also substrates for acetyl-CoA. Carboxylation of acetyl-CoA into 

malonyl-CoA is the rate-limiting step of lipogenesis. FAS catalyzes palmitate production 

from acetyl-CoA and malonyl-CoA. The reaction requires NADPH and includes the 

sequential formation of acyl intermediates [198]. Elongases and desaturases form more 

complex fatty acids. Elongases convert acyl-CoA (CX:0) into longer saturated acyl-CoA 

(CX+2:0) by addition of malonyl-CoA and desaturases induce double bound formation 

into acyl-CoA (CX:0+1) (Figure 14). Some polyunsaturated fatty acids (PUFAs) can only 

be synthesized from precursors found in the diet, i.e. omega6-linoleic acid (C18:2) and 

omega3--linolenic acid (C18:3). As for de novo fatty acid synthesis, elongases and 

desaturases are responsible for the formation of longer and more PUFA such as 
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omega6-AA or omega3-docosahexaenoic acid (C22:6) [199]. Fatty acyl chains are then 

esterified into PL, DAG or TAG [131]. 

  

1.2. De novo synthesis of phospholipids 

Platelets can also synthesize PL de novo [200]. Glycolysis and DNL are required for PL 

formation. Two intermediate products of glycolysis are used as PL backbone: 

glyceraldehyde-3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP). The 

addition of two acyl-CoAs to G3P induces PA formation which is the precursor for all 

PLs, i.e. PC, PE, PS, PI, and DAG. Conversion of acyl-DHAP into alkyl-DHAP allows alkyl-

PA formation, the precursor for alkyl-PC and -PE. The latter can be converted into 

Figure 14. De novo lipogenesis (DNL). Non lipid-based substrates are converted into palmitic acid via 1) citrate 

production, either into the mitochondria via glucose or glutamine catabolism, or, into the cytoplasm via 

glutamine catabolism, 2) citrate conversion into acetyl-CoA by ACL, 3) carboxylation of acetyl-coA into 

malonyl-CoA by ACC, 4) elongation of malonyl-CoA by addition of acetyl-CoA up to C16:0 (palmitic acid) by 

FAS. Elongases and desaturases form longer and unsaturated fatty acid, respectively. ACC: acetyl-CoA 

carboxylase; ACL: ATP-citrate lyase; DHAP: dihydroxyacetone phosphate; F1,6P: fructose-1,6-bisphosphate; 

F6P: fructose-6-phosphate; FAS: fatty acid synthase; G3P: glyceraldehyde-3-phosphate; G6P: glucose-6-

phosphate. 
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alkenyl-PE, which can be transformed into alkenyl-PC [131] (Figure 15). Afterwards, 

deacylation-reacylation and transacylation reactions remodel fatty acyl chains of PL. 

The diversity of PL is important to ensure proper membrane function (see section 

II.1.1). 

 

1.3. De novo lipogenesis in diseases 

1.3.1. DNL and nonalcoholic fatty liver disease (NAFLD) 

NAFLD is a disease characterized by TAG accumulation in the liver. These lipids come 

from excessive fatty acid intake, insulin resistance-induced increased lipid influx in the 

liver and hepatic DNL. Increased DNL accounts for ¼ of fat accumulation in patients 

suffering from NAFLD [201, 202]. Therefore, targeting DNL has become one therapeutic 

Figure 15. De novo synthesis of phospholipids. PL production consists in the addition of two acyl-CoAs to DHAP 

or G3P, products of glycolysis, forming PA. The addition of G3P or inositol to PA gives rise to PG and PI, 

respectively. Conversion of PA into DAG allows PE and PC formation, which can turn into PS. Conversion of acyl-

DHAP into alkyl-DHAP allows alkyl-PA formation, the precursor for alkyl-PC and -PE. The latter can be converted 

into alkenyl-PE, which can be transformed into alkenyl-PC. CDP-Cho: cytidine diphosphate-choline; CDP-Eth: 

cytidine diphosphate-ethanolamine; DAG: diacylglycerol; DHAP: dihydroxyacetone phosphate; F1,6P: fructose-

1,6-bisphosphate; F6P: fructose-6-phosphate; G3P: glyceraldehyde-3-phosphate; G6P: glucose-6-phosphate; 

PA: phosphatidic acid; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PG: phosphatidylglycerol; PI: 

phosphatidylinositol; PL: phospholipid; PS: phosphatidylserine; Ser: serine; TAG: triacylglycerol.  
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strategy to limit NAFLD. Inhibitors of FAS, ACC, stearoyl-CoA desaturase (SCD) and 

diacylglycerol acyltransferase (DGAT) have been or are being tested [203]. Two years 

ago, a liver-specific allosteric ACC inhibitor, GS-0976 or Firsocostat, has been used in a 

phase II trial. Results showed a significant decrease (29%) in liver fat content in 

nonalcoholic steatohepatitis (NASH) patients [204]. 

1.3.2. Type 2 diabetes 

Type 2 diabetes patients are characterized with abnormal hepatic fatty acid 

accumulation and insulin resistance. As for NAFLD, DNL participates in hepatic lipid 

deposition in insulin-resistant patients. The dysregulated DNL, in turn, exacerbates 

insulin resistance. As such, ACC inhibition by antisense oligonucleotide decreases 

hepatic steatosis and insulin resistance. Therefore, orally administered ACC inhibitors 

seemed to be good candidates for type 2 diabetic patients [205, 206]. Interestingly, 

clinical trial of a non-selective ACC1/ACC2 inhibitor, PF-05175157, ended early because 

of an unexpected platelet count decrease [207]. 

1.3.3. Cancer 

Most cancer cells increase DNL to support the energy demands for proliferation and 

migration. The common lipids produced by DNL are saturated fatty acids, which are 

known to induce thigh membrane packing and reduce membrane fluidity (see section 

II.1.1). Consistent with that, cancer cells with an active DNL have a less fluid membrane, 

conferring them resistance to chemotherapy drug uptake [208]. Studies in breast and 

prostate cancer cells have shown the detrimental impact of silencing ACC1 on growth 

and cell survival. Therefore, the use of pharmacological ACC inhibitors for highly 

lipogenic cancer cells could be beneficial [209]. 
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2. Acetyl-CoA carboxylase 

2.1. Structure, reaction and isoforms 

ACC contains three domains required for its catalytic activity: a biotin carboxylase (BC), 

a biotin carboxyl carrier protein (BCCP), and a carboxyl transferase (CT) domain. An 

interaction domain (BT), which mediates the association between BC and CT domains 

and a non-catalytic central domain region (CD) are also present. It can be found as a 

homodimer (low activity) or polymers (high activity) [210].  

Its reaction, i.e. the carboxylation of acetyl-CoA into malonyl-CoA in the presence of 

ATP and bicarbonate, takes place in two steps. First, BC domain carboxylates the biotin 

protein bound to the BCCP domain, in an ATP-dependent manner. Secondly, the newly 

formed carboxybiotin moves towards the CT site, which allows the transfer of the 

carboxy group from the biotin to acetyl-CoA, generating malonyl-CoA [211] (Figure 16).  

Our DNA encodes for two different ACC isoforms: ACC1 and ACC2. Both catalyze the 

same reaction but differ in terms of tissue and cellular localization and role. ACC1 (265 

KDa) is mainly expressed in lipogenic tissues such as the liver or adipocytes and ACC2 

(280 kDa) in oxidative organs such as the heart, skeletal muscles and also the liver [212]. 

The molecular weight variation is due to the additional 114 amino acids found in the N-

terminal sequence of ACC2. This extra sequence contains a hydrophobic part with a 

mitochondrial targeting motif [213]. Studies of ACC1 or ACC2 knockout (KO) mice have 

revealed roles discrepancy between the two enzymes [212, 214]. Malonyl-CoA 

produced by ACC1 acts mainly as a substrate for lipogenesis whereas malonyl-CoA from 

ACC2 inhibits CPT1 and therefore controls fatty acid oxidation. In murine and human 

platelets, ACC1 is the only isoform detected [57, 197, 215]. 

2.2. Regulation  

Several transcription factors regulate ACC level. Sterol regulatory element binding 

protein 1c (SREBP1c) and carbohydrate response element binding protein (ChREBP) are 

activated via an increase in insulin and glucose, respectively, and enhance ACC1 
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expression. Peroxisome-proliferator-activated receptors (PPARs) are also known to 

increase ACC transcription [202].  

ACC activity is regulated by allosteric modulators and phosphorylation. ACC activity is 

increased by citrate, which enhances its polymerization, and glutamate and insulin, 

which induces ACC dephosphorylation by protein phosphatase 2A (PP2A) and further 

ACC polymerization [216, 217]. Palmitoyl-CoA binding to the BC domain reduces 

catalytic ACC activity. If its concentration is 10 times higher than citrate, palmitoyl-CoA 

prevents citrate-induced ACC polymerization. Two kinases are known to phosphorylate 

ACC: AMP-activated protein kinase (AMPK), on residues Ser79, Ser1200 and Ser1215 

(ACC1), and protein kinase A (PKA), on residues Ser77 and Ser1200 (ACC1) [210]. Only, 

AMPK-mediates Ser79/Ser212 phosphorylation inhibits ACC1/ACC2 activity [218, 219]. 

This inhibition seems to be mediated by a disruption of the BC dimerization. Moreover, 

breast cancer type 1 susceptibility protein (BRCA1) binding to the phosphorylated 

Ser1262 residue prevents Ser79 dephosphorylation, reinforcing ACC inhibition. Once 

phosphorylated, citrate can barely induce ACC activity [210] (Figure 16).  

Several pharmacological compounds have already been developed in order to 

modulate the activity of ACC. Some inhibit the enzyme thanks to a structure related to 

an acyl-CoA (TOFA) [220] while others bind to a specific catalytic domain, i.e. either BC 

domain (Soraphen A) or CT domain (CP640.186) [221]. A crystal structure study 

revealed that CP640.186 binds at the interface between the two monomers of CT dimer 

and prevents the binding of the biotin substrate to inhibit ACC activity. Of note, 

CP640.186 does not need a conformational change of the CT domain to interact with it 

[222]. 
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2.3. Role of acetyl-CoA carboxylase in phospholipid composition 

Through its role in DNL, ACC is a regulator of membrane PL composition. As such, 

lipidomic analyses of endothelial or cancer cells treated with a pharmacological ACC 

inhibitor, soraphen A or TOFA, revealed that long-term ACC inhibition modulates PL 

composition and not cholesterol concentration. More precisely, ACC inhibition is 

associated with a reduction in saturated or monounsaturated acyl chains and an 

Figure 16. ACC reaction and regulation. First, BC domain of ACC carboxylates the biotin protein bound to the 

BCCP domain, in an ATP-dependent manner. Then, the carboxybiotin is heading to the CT site. There, the 

carboxy group is transfered from the biotin to acetyl-CoA, generating malonyl-CoA. ACC is inhibited via the 

binding of palmitoyl-CoA or by phosphorylation by AMPK on residue Ser79. BRCA1 interaction with ACC 

prevents Ser79 dephosphorylation, reinforcing ACC inhibition. In addition to be activated by 

dephosphorylation, ACC activity is enhanced by citrate, which induces its polymerization. ACC: acetyl-CoA 

carboxylase; AMPK: AMP-activated protein kinase; BC: biotin carboxylase; BCCP: biotin carboxyl carrier 

protein; BRCA1: breast cancer type 1 susceptibility protein; CT: carboxyl transferase. 



 
 

50 
 
 

increase in PUFA chains (more than three unsaturations) mainly in PC [223-226]. 

Interestingly, ACC inhibition increases membrane lateral and transversal mobility 

probably due to the increment in PUFA content [224]. However, even if it’s known that 

PUFA decreases membrane rigidity (see section II.1.1), ACC1 inhibition renders plasma 

membrane less fluid and more rigid [223, 225, 226]. In CD34+cell-derived 

megakaryocytes, ACC inhibition reduces saturated PC content. The effect on 

polyunsaturated fatty acids is disparate as some decrease (C38:3, C38:4 and C38:5) and 

some increase (C34:3 and C36:4). This change in fatty acyl chain composition lead to an 

underdeveloped DMS [207]. Our previous work showed that platelets with an active 

ACC have a decrease in PC and an increase in PEP content. Interestingly, the 

polyunsaturated fatty acyl chain 20:4 follows the same trend, i.e. AA-containing PC is 

decreased whereas AA-containing PEP is increased. No particular effect on platelet 

morphology was observed [57]. In a hyperlipidemic environment such as 

atherosclerosis, platelet ACC is more phosphorylated/inhibited, which is associated 

with a downregulation of C14:0-containing TAG content [227]. So far, the specific 

contribution of platelet ACC1 on platelet lipid content is not known. 

3. Role of acetyl-CoA carboxylase in platelets and thrombosis: our 

previous work 

A recent study highlighted the role of human ACC in megakaryocyte maturation and 

platelet production but the impact on platelet functions was not investigated [207]. A 

few years ago, we started to decipher the role of ACC activity on platelet functions [57]. 

The impact of an active ACC on platelet activation and thrombus formation was 

assessed thanks to ACC1-S79A and ACC2-S212A knock-in (ACC DKI) mice. Mutations 

render the residues insensitive to AMPK-induced ACC phosphorylation/inhibition. 

Accordingly, hepatic DNL was increased and fatty acid oxidation decreased in ACC DKI 

mice [219]. The lack of AMPK-induced ACC phosphorylation was also validated in ACC 

DKI platelets. These mutations do not impact platelet bioenergetics as seen by 
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comparable values of mitochondrial OCR. However, lipidomic analyses revealed that 

ACC DKI platelets have an increase in AA-containing PEP content. Platelet functions 

analyses revealed that this change in lipid content is associated with an enhancement 

of TxA2 secretion followed by dense granule release upon collagen stimulation. As a 

result, thrombus formation, on collagen-coated surface, and thrombus growth, in vivo, 

after ferric chloride (FeCl3)-induced carotid injury, were increased [57] (Figure 17). The 

impact of platelet-specific ACC inhibition or deletion on platelet functions is still 

unknown.  

Interestingly, we observed elevated levels of phosphorylated ACC in platelets from 

coronary artery disease (CAD) patients. Thrombin generation, evaluated by D-dimers, 

thrombin anti-thrombin complex (TATc) and fragment 1.2 (F1.2) formation, is increased 

in CAD patients. Even if short thrombin stimulation induces ACC phosphorylation, the 

increased ACC phosphorylation in CAD patients is not due to thrombin generation but 

rather due to oxLDL [227, 228]. The impact of sustained ACC inhibition or deletion on 

thrombus formation in an atherosclerotic environment is still unknown. 
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IV. Protein acetylation and acetyl-CoA carboxylase 

1. Regulation of acetylation 

Acetylation refers to the addition of an acetyl group, provided by acetyl-CoA, to lysine 

residues of proteins. It occurs non-enzymatically or enzymatically via acetyllysine 

transferases (KATs) when acetyl-CoA level is high. The removal of acetyl group is 

mediated by two groups of lysine deacetylases (KDACs): Zn2+-dependent lysine 

deacetylase, called histone deacetylase (HDAC) or NAD+-dependent lysine deacetylase, 

called sirtuin (SIRT) [229] (Figure 18).  In cells, at least 20 KATs and 18 KDACs have been 

identified. They are located in the cytoplasm, the nucleus or mitochondria. In platelets, 

three KATs have been described so far: p300, p300/CBP-associated factor (PCAF) and 

alpha tubulin acetyltransferase 1 (TAT1). Upon stimulation, p300 activity is increased 

and dephosphorylated on its Ser89 residue [230, 231]. Among the 11 HDACs and 7 SIRTs 

Figure 17. AMPK-ACC signaling potentiates thrombus growth. Upon collagen stimulation, the increased AA-

containing PEP level observed in ACC DKI platelets leads to more TxA2 generation. Once secreted, it enhances 

dense granule release. Both TxA2 and ADP (from dense granules) amplify thrombus formation ex vivo, in flow 

chamber model and in vivo, in FeCl3-induced thrombosis model. AA: arachidonic acid; ACC: acetyl-CoA 

carboxylase; AMPK: AMP-activated protein kinase; DKI: double knock-in; P-ACC: ACC phosphorylation; PEP: 

phosphatidylethanolamine plasmalogen; S79/212A: Serine79/212Alanine; TxA2: thromboxane A2; WT: wild-

type.  
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present in mammalian cells, only HDAC4, HDAC6, SIRT1, SIRT2, SIRT3 and SIRT5 have 

been found at protein level in platelets [197, 232-235].  

 

2. Linking protein acetylation and acetyl-CoA carboxylase 

Cytosolic acetyl-CoA pool is the driver of histone acetylation. Indeed, blocking citrate 

conversion into acetyl-CoA by siRNA against ACL decreases histone acetylation [236], 

whereas repressing ACC1 expression, and so far acetyl-CoA carboxylation, leads to an 

increase in histone acetylation either in yeast, plant or cells [237-239]. In addition, liver-

specific ACC KO mice showed an enhancement in acetylation of non-histone proteins. 

More precisely, they showed that ACC deletion results in an increase in extra-

mitochondrial protein acetylation and a decrease in mitochondrial protein acetylation 

[240].  

3. Protein acetylation in platelets: focus on -tubulin 

3.1. Acetylation in platelets 

Platelet proteomics analysis identified 273 acetylable proteins with 2/3 of them 

involved in platelet metabolism or cytoskeleton. Upon stimulation, some proteins 

become more acetylated while others are deacetylated. Consequently, it has been 

Figure 18. Regulation of protein acetylation. Protein acetylation occurs non enzymatically or enzymatically 

by KATs. Protein deacetylation is mediated by KDACs or sirtuins. KATs: acetyllysine transferases; KDACs: lysine 

deacetylases; NAD: nicotinamide adenine dinucleotide; NAM: nicotinamide. 
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shown that blocking acetylation or deacetylation impairs platelet functions. Upon CRP 

stimulation, actin, cortactin and filamin are acetylated in a p300-dependent manner. 

Inhibition of p300-induced protein acetylation altered F-actin polymerization, IIb3 

activation, platelet spreading and aggregation [230]. Furthermore, enhancing SIRT1 

deacetylase activity decreases PAFR expression on platelet surface leading to an 

impaired PAF or AA-induced platelet aggregation and pulmonary thrombus formation 

[241]. On the other hand, increasing protein acetylation also alters platelet functions. 

Indeed, enhancing Akt or -tubulin acetylation level, via SIRT2 and HDAC6 inhibition, 

respectively, is associated with an impaired platelet aggregation [232, 235]. 

Furthermore, SIRT2, and not SIRT1 or 5, is involved in the regulation of collagen-induced 

platelet aggregation [234, 235, 241]. In addition to control platelet functions, 

acetylation plays a role in apoptosis. Indeed, via p53 acetylation, sirtuins inhibition 

prevents p53 degradation, allows its translocation into the mitochondria, Bax activation 

and later on calpain-induced platelet apoptosis [233].   

3.2. -tubulin acetylation in platelets 

-tubulin in association with -tubulin polymerize to form MTs. Their association at 

platelet circumference forms the marginal band, which maintains resting platelets in 

their discoid shape. Upon stimulation, a huge MT reorganization takes place, which 

involves MTs condensation towards the center of platelets, depolymerization, 

fragmentation and repolymerization to generate a new MT coil [242-244]. The marginal 

band is acetylated at basal state and becomes deacetylated during platelet activation 

[232]. Therefore, stable and dynamics MTs are characterized by elevated or low 

acetylated -tubulin level, respectively [242-244]. In platelets, TAT1 is, in part, 

responsible for -tubulin acetylation at Lys40 residue and HDAC6 is the only KDAC 

mediating its deacetylation upon stimulation [231, 232, 235]. Altering -tubulin 

acetylation level in platelets barely affects their structure. Indeed, increasing -tubulin 

acetylation, via HDAC6 inhibition by tubacin, slightly altered the marginal band whereas 

its deacetylation, induced by TAT1 deletion, has no impact [231, 232]. Moreover, -



 
 

55 
 
 

tubulin deacetylation during platelet activation is not required to allow platelet shape 

change as platelet morphology and actin structure are not affected by HDAC6 deletion. 

However, preventing -tubulin deacetylation affects platelet spreading kinetics and 

aggregation [231, 245]. Interestingly, tubacin treatment only impairs CRP-induced 

platelet aggregation but not  granule secretion or IIb3 activation. The signaling 

cascade involved includes PAK, LIMK1, MEK, ERK1/2 and Akt [232]. A summary of the 

impact of protein acetylation and deacetylation on platelet functions is represented in  

Table 2. 

  

Protein 

modification 
Enzyme Protein Platelet function References 

Acetylation 

p300 

Actin, 

cortactin, 

filamin 

F-actin polymerization 

IIb3 activation 

Platelet spreading 

Platelet aggregation 

[230] 

TAT -tubulin 
Platelet aggregation 

Platelet spreading kinetics 
 [231] 

Deacetylation 

SIRT1 ? 

PAF or AA-induced platelet 

aggregation 

Pulmonary thrombus formation 

[241] 

HDAC6 -tubulin 
Platelet aggregation 

Platelet spreading kinetics 
[232, 245] 

SIRT2 Akt Platelet aggregation [235] 

Sirtuins  p53 Platelet apoptosis [233] 

Table 2. Impact of protein acetylation and deacetylation on human and murine platelet functions. Enzyme in 

red: what happens on platelet functions if inhibition, enzyme in green: what happens on platelet functions if 

activation (in red: a decrease, in green: an increase).  
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Aim 

I. Evaluating the impact of ACC inhibition or invalidation on 

platelet lipid content and functions. 

Lipids fulfill significant roles for platelet functions, as they ensure membrane 

composition and structure, granule secretion, signaling molecule generation, ATP 

production and post-translational modifications. ACC is the first rate-limiting enzyme 

regulating lipogenesis [211]. Preventing AMPK-induced ACC phosphorylation/inhibition 

renders basal ACC active and increases AA-containing PEP content. Upon collagen 

stimulation, this higher pool of AA-PEP participates in the increased TxA2 generation, 

dense granule secretion and thrombus growth [57]. Therefore, we hypothesized that 

ACC inhibition or deletion could be a protective mechanism against thrombus 

formation.  

To investigate this, we used two different approaches, one using human platelets 

treated with a pharmacological ACC inhibitor, CP640.186, before thrombin stimulation 

and one using a platelet-specific ACC1 KO mouse model. Our main objectives were  

1) to evaluate the impact of ACC inhibition/deletion on platelet lipid content, 

bioenergetics and platelet functions  

2) to assess the role of ACC1 deletion, in vivo, on hemostasis and arterial thrombus 

formation. 

 

Results of the impact of pharmacological ACC inhibition by CP640.186 on human 

platelet functions are described in the manuscript “Acetyl-CoA Carboxylase Inhibitor 

CP640.186 Increases Tubulin Acetylation and Impairs Thrombin-Induced Platelet 

Aggregation” published in International Journal of Molecular Sciences (DOI: 

10.3390/ijms222313129).  



 
 

58 
 
 

II. Impact of platelet ACC phosphorylation on thrombus growth 

in an atherosclerotic mice model 

We demonstrated that patients at risk of thrombotic events, i.e. CAD patients, have an 

increase in platelet ACC phosphorylation level. This was confirmed in an atherosclerotic 

mouse model, the ApoE-/- x SRBIflx/flx mouse model. Moreover, platelet ACC 

phosphorylation level increases with the severity of atherosclerosis [227]. Given the 

impact of an active ACC on thrombus growth, we postulated that platelet ACC 

phosphorylation/inhibition could be a protective mechanism to attenuate platelet 

activation in an atherogenic environment. To address this assumption, we generated 

an atherosclerotic mouse model (ApoE-/- x SRBIflx/flx) expressing either ACC WT or ACC 

DKI isoforms in their hematopoietic stem cells. Our main objectives were 

1) to assess atherosclerosis development and  

2) to evaluate FeCl3-induced thrombus formation. 
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Results 

PART1: Acetyl-CoA Carboxylase Inhibitor CP640.186 Increases Tubulin 

Acetylation and Impairs Thrombin-Induced Platelet Aggregation 

 

This chapter is dedicated to the work we published in the International Journal of 

Molecular Sciences in 2021. The aim of the paper was to assess the impact of 

pharmacological ACC inhibition (2 hours, 60 µM CP640.186) on platelet lipid content, 

-tubulin acetylation level and functions. Then, we deciphered the signaling pathway 

involved in the alteration of platelet aggregation. 

In this article, we reported that: 

1) Lipogenesis occurs in human platelet and is inhibited by pharmacological ACC 

inhibitor (CP640.186). 

2) Two hours of ACC inhibition does not drastically change platelet lipid content or 

mitochondrial function but is sufficient to increase -tubulin acetylation level. 

3) Two hours of ACC inhibition recapitulates the impact of an increased -tubulin 

acetylation level on platelet functions, i.e. a decrease in platelet aggregation without 

any impact on granule secretion or IIb3 activation. 

4) Two hours of ACC inhibition does not alter MT or actin cytoskeleton. 

5) Downstream signaling cascade involved Rac1-PAK2 pathway and PAK effectors 

(NOX2, ERK). 
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Abstract 

 

Acetyl-CoA carboxylase (ACC) is the first enzyme regulating de novo lipid synthesis via 

the carboxylation of acetyl-CoA into malonyl-CoA. The inhibition of its activity 

decreases lipogenesis and, in parallel, increases the acetyl-CoA content, which serves 

as a substrate for protein acetylation. Several findings support a role for acetylation 

signaling in coordinating signaling systems that drive platelet cytoskeletal changes and 

aggregation. Therefore, we investigated the impact of ACC inhibition on tubulin 

acetylation and platelet functions. Human platelets were incubated 2 h with 

CP640.186, a pharmacological ACC inhibitor, prior to thrombin stimulation. We have 

herein demonstrated that CP640.186 treatment does not affect overall platelet lipid 

content, yet it is associated with increased tubulin acetylation levels, both at the basal 

state and after thrombin stimulation. This resulted in impaired platelet aggregation. 

Similar results were obtained using human platelets that were pretreated with tubacin, 

an inhibitor of tubulin deacetylase HDAC6. In addition, both ACC and HDAC6 inhibitions 

block key platelet cytoskeleton signaling events, including Rac1 GTPase activation and 

the phosphorylation of its downstream effector, p21-activated kinase 2 (PAK2). 

However, neither CP640.186 nor tubacin affects thrombin-induced actin cytoskeleton 

remodeling, while ACC inhibition results in decreased thrombin-induced reactive 

oxygen species (ROS) production and extracellular signal-regulated kinase (ERK) 

phosphorylation. We conclude that when using washed human platelets, ACC inhibition 

limits tubulin deacetylation upon thrombin stimulation, which in turn impairs platelet 

aggregation. The mechanism involves a downregulation of the Rac1/PAK2 pathway, 

being independent of actin cytoskeleton. 
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1. Introduction  

Acetyl-CoA carboxylase (ACC) catalyzes the first step of de novo lipogenesis (DNL) by 

carboxylating acetyl-CoA into malonyl-CoA [246]. There are two ACC isoforms, ACC1 

and ACC2, which are differentially distributed amongst cells and tissues [247]. ACC1 

provides a pool of cytosolic malonyl-CoA, which serves as a substrate for fatty acid 

synthase and chain elongation systems. ACC2 produces malonyl-CoA near the 

mitochondrial membrane where it acts as an allosteric inhibitor of carnitine 

palmitoyltransferase 1 (CPT1); this enzyme is responsible for transporting long-chain 

fatty acids into mitochondria [211-213]. ACC activity is acutely controlled by both 

allosteric modulators and the phosphorylation of several serine residues [211, 248]. We 

previously demonstrated that ACC1 is the predominant isoform in murine and human 

platelets [57]. ACC1 promotes thrombosis through platelet phospholipid production, 

which is required for the synthesis of arachidonic acid (AA), a key mediator of platelet 

activation [57]. More recently, the presence of ACC in DNL has also been implicated in 

megakaryocyte (MK) maturation and platelet production [207]. ACC’s critical role in 

megakaryocytes (MKs) and platelets raises the question of a potential therapeutic 

usefulness of prescribing pharmacological ACC inhibitors for a plethora of diseases 

characterized by DNL dysregulation [204, 205, 208, 209], including Type 2 diabetes, 

cancer, or non-alcoholic fatty liver disease [202, 208].  

ACC inhibition not only decreases lipogenesis, but concomitantly results in elevated 

cytoplasmic levels of acetyl-CoA, which serves as a substrate for protein acetylation 

[237, 239]. The latter process is a posttranslational modification that is regulated by 

lysine acetyltransferases (KATs) and histone deacetylases and sirtuins (HDACs, SIRTs) 

[249]. In platelets, protein acetylation on lysine residues is catalyzed by KATs p300 and 

-TAT [230, 231]. Deacetylation is induced by lysine deacetylases HDAC6 and SIRT2 

[232, 235]. Among acetylable proteins, as identified in platelets using proteomic studies 

[230], tubulin is recognized to play a crucial role in regulating platelet formation and 

functions [232, 250-252]. MKs and platelets express at least six isoforms of - and -
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tubulin. In resting platelets, stable microtubules that form the marginal band are 

composed of - and -tubulin heterodimers, which are highly acetylated (on Lys40 

residue of -tubulin) so as to preserve the discoid shape [242-244]. Upon agonist 

stimulation, -tubulin is massively deacetylated by HDAC6, which results in the 

condensation of microtubules towards the platelets’ center, where they undergo de-

polymerization [232]. This process is followed by their fragmentation and re-

polymerization in order to generate a new microtubule coil [24–26]. According to 

several studies, this deacetylation process coordinates cytoskeletal and signaling 

events upon platelet activation, which in turn promote platelet spreading and 

aggregation [232, 245]. 

In this study, we focused on the impact of the pharmacological ACC inhibitor, 

CP640.186, on the acetylation status of tubulin in human platelets. In addition, we 

examined the effect of ACC inhibition on platelet aggregation and secretion, as well as 

on cytoskeleton signaling and organization. We have herein demonstrated for the first 

time that ACC inhibition limits tubulin deacetylation upon thrombin stimulation, 

thereby impairing platelet aggregation. The molecular mechanism involves a 

downregulation of the Rac1/PAK2 pathway, while being independent of actin 

cytoskeleton. Similar results were obtained with tubacin, an inhibitor of HDAC6. 

Moreover, we have detected a decrease in thrombin-induced reactive oxygen species 

(ROS) production and extracellular signal-regulated kinase (ERK) phosphorylation in 

CP640.186-treated platelets. These findings suggest that ACC inhibitors may possibly 

alter platelet functions through a mechanism that is similar, at least to some extent, to 

that of HDAC inhibitors, which are well recognized to result in thrombocytopenia and 

hemostasis defects [253, 254].  
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2. Results 

2.1.  Short-term ACC Inhibition Using CP640.186 Does Not Reduce Lipid Content 

in Human Platelets and Preserves Mitochondrial Function 

We first investigated whether short-term pharmacological ACC inhibition would be able 

to reduce DNL in human platelets. Platelets were incubated with [1-14C]-acetic acid and 

treated for 2 h with DMSO or CP640.186 (60 µM), the latter being an isozyme-

nonselective inhibitor of mammalian ACC. As a result, fatty acid synthesis was 

drastically reduced in CP640.186-treated platelets (Figure 1a). To evaluate the 

consequences of CP640.186 treatment on overall platelet lipid content, we undertook 

a quantitative lipidomic analysis of dimethyl sulfoxide (DMSO)- and CP640.186-treated 

platelets. Overall, 672 lipids were detected, including different phospholipids 

(phosphatidylethanolamine [PE], phosphatidylethanolamine plasmalogen [PEP], 

plasmanyl phosphatidylethanolamine [PEO], phosphatidylcholine [PC], 

lysophosphatidylethanolamine [LPE], lysophosphatidylcholine [LPC]), sphingomyelin 

[SM], cholesteryl esters [CE], free fatty acids [FFA], diacylglycerol [DAG], and 

triacylglycerol [TAG]) (Figure 1b). Paradoxically, a slight increase in 63 lipids belonging 

to TAG, LPC, and LPE lipid classes was observed following CP640.186 treatment (Figure 

1b; Table S1). However, lipid variations were low, consisting of a maximum 1.25-fold 

change, which indicates that a 2-h CP640.186 treatment does not drastically modify 

overall platelet lipid composition. 
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Figure 1. ACC inhibition induced by CP640.186 does not reduce overall lipid content and pre-serves mitochondrial function. (a) 

Washed human platelets were incubated with [1 − 14C]−-acetic acid for 2 h in the presence of dimethyl sulfoxide (DMSO) or 

CP640.186 (60 μM). Radioactivity incorporation into lipid fractions was determined. Data were expressed as means ± SEM (n = 

3); # p-value ≤ 0.0001 as compared to DMSO condition. Data underwent unpaired t-test. (b) Washed human platelets were 

preincubated with DMSO or CP640.186 (60 μM) before lipid extraction. Volcano plot representation of 672 detected lipid species. 

Lipids above the horizontal dotted line were up (right)−- or down (left)−-regulated with significant adjusted p-values ≤ 0.05. Log 

fold-changes and adjusted p-values were calculated from the multivariate regression model. CE = cholesterol ester; DAG = 

diacylglycerol; FFA = free fatty acid; LPC = lysophosphatidylcholine; LPE = lysophosphatidylethanolamine; PC = 

phosphatidylcholine; PE = phosphatidylethanola-mine; PEO = plasmanyl phosphatidylethanolamine; PEP = plasmalogen 

phosphatidylethanola-mine; SM = sphingomyelin; TAG = triacylglycerol. (c,d) Oxygen consumption rate (OCR) was measured in 

washed human platelets preincubated for 2 h with DMSO or CP640.186 before bio-energetic measurements. OCR was assessed 

under basal condition and after treatment with 1 µM oligomycin (O), 0.45 µM carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (F), and a mix of 1µM antimycin A (aA) and 1µM rotenone (R). (c) OCR profile is shown. (d) 

Mitochondrial func-tion was evaluated by calculating basal, ATP-linked, maximum, non-mitochondrial OCR, re-serve capacity, 

and proton leak. Results were expressed as means ± SEM (n = 4). The data were analyzed using unpaired t−-test. 
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Next, we sought to investigate whether pharmacological ACC inhibition within platelets 

actually affected platelet bioenergetics, which was assessed by measuring 

mitochondrial function. As illustrated in Figure 1c,d, extracellular flux analysis revealed 

that the platelets’ basal oxygen consumption rate (OCR) was similar between DMSO- 

and CP640.186-treated platelets, and it was comparable to data published in the 

literature, as well [30]. The oxidative phosphorylation component was further assessed 

by injecting oligomycin, which is a complex V inhibitor. This led to an expected decrease 

in OCR. ATP-linked respiration was similar under both conditions. An injection of 

carbonyl cyanide p-trifluoromethoxyphenylhydrazone, a proton-ionophore, induced 

maximal OCR. DMSO and CP640.186-treated platelets displayed a similar maximal OCR 

and reserve capacity. Finally, antimycin A and rotenone, which are complex III/I 

inhibitors, totally inhibited mitochondrial-induced OCR. The non-mitochondrial OCR 

and proton leak remained unchanged (Figure 1c,d). These data confirm that, in 

platelets, ACC1 does not play a major role in mitochondrial respiration. 

2.2. CP640.186 Increases -Tubulin Acetylation Level and Impairs Platelet 

Aggregation 

To examine the impact of CP640.186 on platelet -tubulin Lys 40 acetylation, we 

performed western blot analysis of -tubulin deacetylation upon thrombin stimulation. 

As seen in Figure 2a, platelet pretreatment using CP640.186 increased -tubulin 

acetylation levels at basal state and after thrombin stimulation. Next, we investigated 

the consequences of ACC inhibition on platelet functions. CP640.186 inhibited platelet 

aggregation in response to low thrombin doses (Figure 2b). A similar effect was 

observed using tubacin, an HDAC6 inhibitor causing a drastic increase in -tubulin 

acetylation (Figures S1a and 2c). Impaired platelet aggregation was unlikely accounted 

for altered platelet secretion processes, given that neither CP640.186 nor tubacin 

decreased P-selectin surface exposure or ATP secretion upon thrombin stimulation 

(Figures 2d,e and S1b,c). Moreover, ACC inhibition did not affect thrombin-induced 
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platelet IIb3 activation, as measured by the binding of PAC-1 to platelets (Figure 2f). 

A comparable result was obtained with tubacine (Figure S1d). 

 

 

 

 

Figure 2. CP640.186-induced ACC inhibition increases tubulin acetylation levels and impairs platelet aggregation. (a,b,d,f) 

Washed human platelets were pre-incubated for 2 h with dimethyl sulfoxide (DMSO) or CP640.186 (60μM) or (c) for 1 h with 

DMSO or tubacin (10 µM), before being stimulated with thrombin (Thr). (a) Platelets were stimulated with 100mU/mL Thr at 

different time points. Whole platelet lysates were subjected to western blot analysis and probed with acetyl α-tubulin (Ac α-

tubulin), α-tubulin, or gelsolin antibodies. Data were expressed as means ± SEM (n = 10); * p-value ≤ 0.05 in relation to 

unstimulated conditions. # p-value ≤ 0.05 in relation to DMSO conditions. Data were analyzed using 2−-way ANOVA (analysis 

of variance). (b,c) Aggregation was analyzed by turbidimetry (Chrono-Log) in platelets stimulated with various Thr 

concentrations. Profile is shown on the right. Data were expressed as means ± SEM (n = 7). # p-value ≤ 0.0001 in relation to 

DMSO conditions. Data were analyzed using 2−-way ANOVA. (d) P-selectin (CD62P) exposure was analyzed, by flow cytometry, 

in platelets stimulated with 100mU/mL Thr at various time points. Data were expressed as means ± SEM (n = 6). * p-value ≤ 

0.05 in relation to unstimulated conditions. Data were analyzed using 2−-way ANOVA. (e) Dense granule secretion was 

assessed following addition of lucifer-ase-luciferin reagent in platelets stimulated with various Thr concentrations. Data were 

expressed as means ± SEM (n = 7). Data were analyzed using 2−-way ANOVA. (f) Platelets were stimulated with 100mU/mL 

Thr at various time points, while αIIbβ3 activation (PAC-1) was detected by flow cytometry. Data were expressed as means ± 

SEM (n = 6). * p-value ≤ 0.05 in relation to unstimulated condition. Data were analyzed using 2−-way ANOVA. 
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2.3. CP640.186 Does Not Affect Platelet Microtubule Dynamics 

Given the impact of a-tubulin acetylation on microtubule dynamics in resting and 

collagen-related peptide (CRP)-activated platelets [232], we postulated that an altered 

microtubule structure could explain the effect of CP640.186 on thrombin-induced 

platelet aggregation. To assess the impact of CP640.186-induced tubulin acetylation on 

microtubules, washed human platelets were treated with or without the ACC inhibitor; 

then, they were fixed, plated onto fibrinogen-coated coverslips, and incubated with 

specific antibodies targeting both -tubulin and acetylated -tubulin (K40) (Figure 3a). 

In DMSO-treated platelets, the marginal band was observed as a continuous ring 

structure, which was not altered by CP640.186 pre-incubation (Figure 3a; white arrow). 

Next, we examined tubulin condensation in platelets plated onto fibrinogen-coated 

coverslips for 10 min, with or without thrombin, then fixed and stained as described 

above. In DMSO- and CP640.186-treated platelets, the sole activation by fibrinogen 

induced the coiling of the microtubule ring, in parallel of -tubulin deacetylation 

(Figure 3b). Thrombin-induced platelet activation further promoted the microtubules’ 

remodeling by inducing their depolymerization and formation of a new flat and de-

acetylated ring at platelet periphery, in addition to the small one observed in the 

platelet center (Figure 3c, white arrow). The degree of platelet -tubulin condensation 

did not differ between DMSO- and CP640.186-treated platelets (Figure 3d,f), indicating 

that ACC inhibition and the subsequent increase in -tubulin acetylation did not result 

in obvious tubulin cytoskeleton changes in resting and thrombin-stimulated platelets. 

These conclusions were supported by results showing that tubacin, which drastically 

increases tubulin acetylation, did not alter the dynamics of tubulin organization either 

in resting or thrombin-activated platelets (Figure S2). 
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Figure 3. CP640.186-induced ACC inhibition does not affect microtubule dynamics. (a–f) Washed human platelets were pre−-

incubated for 2 h with dimethyl sulfoxide (DMSO) or CP640.186 (60μM) before being added to fibrinogen−-coated coverslips 

for 10 min. (a) Unstimulated plate-lets were fixed directly using 1% PFA, before being added to coverslips. (b) Platelets were 

added to coverslips before being fixed with 1% PFA. (c) Platelets were stimulated with 100mU/mL thrombin and then added 

to coverslips before being fixed with 1% PFA. (a–c) Platelets were stained using tubulin (red) or acetyl α-tubulin (green) 

antibodies. Representative pictures are shown. Microtubule rings are indicated by white arrows. Scale bar: 5 µm. (d–f) 

Quantification of tubulin area. Data were expressed as means ± SEM (n = 3). Data were compared using unpaired t−-test. 
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2.4. CP640.186 Reduces the Activation of Rac1-PAK2 Pathway in Response to 

Thrombin, without Affecting Actin Cytoskeleton Remodeling 

Next, we hypothesized that the increased acetylation state of platelet -tubulin could 

regulate specific signaling pathways activated downstream of protease-activated 

receptor 1 (PAR1) or PAR4, and that this mechanism could contribute to the partial 

disruption of platelet aggregation induced by ACC or HDAC6 inhibition. Aslan et al. 

previously reported that HDAC6 influences signaling upstream of the Rho GTPase Rac 

and its effector, p21-activated kinase (PAK) [232]. Both proteins likely appear to be 

critical players in platelet activation downstream of PAR receptors [47]. Importantly, 

Rac1 and PAK2 have previously been implicated in regulating actin polymerization in 

platelets, MKs, [47, 255] and other cell types [256-258]. We sought to better 

understand whether this pathway’s downregulation could contribute to the reduced 

aggregation as observed in CP640.186-treated platelets. To address this issue, we 

investigated the CP640.186 effect on Rac1 activation, PAK2 phosphorylation, and actin 

polymerization in thrombin-stimulated platelets. Thrombin caused a rapid and 

sustained activation of Rac1, with maximal activity reached within 30 s (Figure 4a). 

Thrombin-induced Rac1 activity was reduced in CP640.186-treated platelets (Figure 

4a), as was PAK2 phosphorylation (Figure 4b). Comparable results were obtained with 

tubacin (Figure 4c,d). Since the Rac1-PAK pathway tightly regulates actin cytoskeletal 

polymerization, we investigated the CP640.186 effect on the phosphorylation state of 

cofilin, which represents a downstream cytoskeletal target that is involved in actin 

turnover regulation. In platelets, a rapid first phase of cofilin de-

phosphorylation/activation is detected, which is then followed by a second phase 

consisting of LIM domain kinase 1 (LIMK1)-mediated slow cofilin re-

phosphorylation/inactivation [45, 54]. As seen in Figure 4e, CP640.186 pre-incubation 

did not influence the cofilin de-phosphorylation/phosphorylation cycle in response to 

thrombin. Accordingly, thrombin-induced F-actin formation was not altered in 

CP640.186-treated platelets (Figure 4f). To confirm that actin cytoskeleton was not 
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impacted by ACC inhibition, nor by the subsequent alteration of thrombin-induced 

Rac1-PAK2 signaling, we additionally examined filopodia, lamellipodia, and stress fiber 

formation within platelets plated onto fibrinogen-coated coverslips and stimulated 

with thrombin for 15 min. Under thrombin stimulation, most platelets were fully spread 

and actually formed stress fibers. CP640.186 treatment did not change the proportion 

of platelets containing filopodia, lamellipodia, or stress fibers (Figure S3). Again, the 

impact of tubacine on cofilin phosphorylation and actin polymerization/organization 

was comparable to that of CP640.186 (Figure S4). This observation clearly supports 

that, under these experimental conditions, the inhibitory effect of CP640.186 on 

platelet aggregation is most likely due to the increased -tubulin acetylation level 

without being caused by altered actin cytoskeleton remodeling. 
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Figure 4. CP640.186-induced ACC inhibition reduces the Rac1−-PAK2 pathway activation without impacting actin polymerization 

upon thrombin stimulation. (a,b,e,f) Washed human plate-lets were pre-incubated for 2 h with dimethyl sulfoxide (DMSO) or 

CP640.186 (60 μM) or (c,d) for 1 h with DMSO or tubacin (10 µM), before being stimulated with thrombin (100 mU/mL) at 

different time points. (a,c) Rac1 activity was assessed by means of G−LISA in whole platelet lysates. Data were expressed as 

means ± SEM (n = 5). * p-value ≤ 0.01 in relation to unstimulated condi-tions. Data were analyzed using 2-way ANOVA. (b,d,e) 

Whole platelet lysates were subjected to western blot and probed using phophoPAK, PAK2, GAPDH, phosphoCofilin, Cofilin, or 

gelsolin antibodies. Data were expressed as means ± SEM (at least n = 7). * p-value ≤ 0.05 in relation to unstimulated condition. 

# p-value ≤ 0.05 in relation to DMSO conditions. Data were analyzed using 2−-way ANOVA (anal-ysis of variance). (f) Platelets 

were stained with FITC−conjugated phalloidin (10 µM) for 1 h. F-actin content was analyzed by means of flow cytometry. Data 

were expressed as means ± SEM (n = 3). * p-value ≤ 0.05 in relation to unstimulated conditions. Data were analyzed using 2−way 

ANOVA. 
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2.5. CP640.186 Alters Thrombin-Induced ROS Production and ERK 

Phosphorylation 

Rac1 and PAK likely affect downstream signaling events that are unrelated to actin 

cytoskeleton. For instance, Rac1 is an integral part of ROS generation by NADPH oxidase 

isoforms NOX1 and NOX2 [50, 259]. To test whether ACC inhibition did alter ROS 

production, platelets were incubated with 2’,7’-dichlorodihydrofluorescein diacetate 

(H2DCFDA) probe. Consistent with Rac1′s role in NOX2 activation, CP640.186-treated 

platelets exhibited a significant decrease in basal and thrombin-induced ROS 

production (Figure 5a). Similar results were obtained in tubacin-treated platelets 

(Figure S5a). PAK also displays non-cytoskeletal substrates, as demonstrated by the 

mitogen-activated protein kinase (MAPK) activation through phosphorylation and 

activation of MEK proteins [46, 47]. Accordingly, the downstream MEK-driven 

phosphorylation of ERK was reduced in CP640.186-treated platelets following thrombin 

stimulation (Figure 5b). However, under these experimental conditions, we were 

unable to reveal any tubacin impact on ERK phosphorylation (Figure S5b). 

 

Figure 5. CP640.186 decreases thrombin-induced reactive oxygen species (ROS) production and ERK phosphorylation. (a,b) 

Washed human platelets were pre-incubated for 2 h with dimethyl sulfoxide (DMSO) or CP640.186 (60 μM) before being 

either stimulated or not with thrombin (100 mU/mL) at different time points. (a) Reactive oxygen species (ROS) were detected 

by means of flow cytometry using H2DCFDA (10 µM) probe. Data were expressed as means ± SEM (n = 6). * p-value ≤ 0.05 in 

relation to unstimulated conditions. # p-value ≤0.05 in relation to DMSO conditions. Data were compared using 2-way ANOVA 

(analysis of variance). (b) Whole platelet lysates were subjected to western blot and probed with phosphoERK, ERK, or gelsolin 

antibodies. Data were expressed as means ± SEM (n = 6). * p-value ≤ 0.05 in relation to unstimulated conditions. # p-value ≤ 

0.05 in relation to DMSO conditions. Data were analyzed using 2−way ANOVA. 
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3. Discussion 

ACC is a key enzyme of lipid synthesis and oxidation pathways, rendering it an attractive 

target for various metabolic diseases [204, 205, 208, 209]. Over the last years, several 

ACC inhibitors have entered various stages of clinical testing or have already been 

approved for clinical use [260]. Moreover, this new class of therapeutics has been 

stated to share unexpected clinical implications, including the potential to lower 

platelet counts in humans and nonhuman primates [207]. Regarding platelet functions, 

the potential impact of these molecules remains elusive. In this study, we examined in 

vitro the impact of ACC inhibition on platelet activation, while investigating the 

underlying mechanisms. Using washed human platelets, we have demonstrated for the 

first time that a short-term incubation with CP640.186, which is a nonselective, 

reversible, and ATP-noncompetitive inhibitor of ACC1/2 [261], increases -tubulin 

acetylation levels in both resting states and under thrombin-stimulated conditions. This 

was associated with impaired platelet aggregation. The molecular mechanism connects 

-tubulin acetylation to the down-regulation of Rac1-PAK2 signaling and decreased 

ROS production. 

The first publications reporting a beneficial impact of ACC inhibition on various 

metabolic diseases originated from studies investigating the long-chain fatty acid 

analog, 5-(tetradecyloxy)-2-furoic acid (TOFA) [262]. However, the similarity of TOFA to 

various long-chain fatty acids raised the issue as to the specificity of this drug with 

respect to ACC, and this in relation to the inhibition of other long-chain fatty acyl-CoA-

utilizing enzymes [261, 263]. CP640.186 binds ACC within the carboxyltransfer domain, 

and the agent has been identified by Pfizer researchers through high-throughput 

screening [261]. Its binding site appears to be distinct from that found on other 

enzymes that catalyze carboxyltransfer reactions, including pyruvate carboxylase and 

propionyl-CoA carboxylase, which renders this drug highly specific [222]. This 

compound was shown to inhibit DNL in hepatic cells [261]. In human platelets, 

CP640.186 treatment for a maximum of 2 h was associated with DNL decreases without 
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drastically affecting overall platelet lipid composition. Several lipid species among TAG, 

LPC, and LPE classes were even found to be increased. Similar paradoxical findings have 

been reported in neuroblastoma cells in which TOFA-induced DNL inhibition resulted in 

an elevation of long chain fatty acids (tetracosanoic acid [C24:0]) and of some 

sphingomyelins, as well [46]. Regarding fatty acid utilization to produce ATP, our results 

clearly showed that mitochondrial respiration is not affected by pharmacological ACC 

inhibition. 

In an earlier study, a lower ACC1 expression in yeast was demonstrated to be associated 

with the hyperacetylation of several proteins, including histones and cytoplasmic 

proteins that are involved in metabolism [237]. More recently, the impact of ACC 

inhibition on protein acetylation was found to be linked to cancer cells’ metastatic 

capacity [239]. The present study is the first to connect ACC inhibition and protein 

acetylation within human platelets. The results clearly showed CP640.186, similarly to 

HDAC6-specific inhibitor tubacin, to be able to limit thrombin-induced deacetylation of 

tubulin, thereby inhibiting platelet aggregation. The acetylation of -tubulin has been 

recognized to play a key role in microtubule organization and stability [232, 264, 265]. 

However, following the immobilization of CP640.186-treated platelets on fibrinogen-

coated coverslips, we were unable to identify any treatment impact on the marginal 

band of resting platelets, nor on their ability to condense upon fibrinogen and thrombin 

stimulation. Platelet spreading and morphology were also preserved. These results are 

supported by similar observations reported in tubacin-treated human platelets or in 

platelets isolated from HDAC6 knockout mice [231, 245]. In contrast, Aslan et al. did 

not reach the same conclusions. Indeed, based on the visualization of tubacin-treated 

human platelets using super-resolution structured illumination microscopy, these 

authors described a disrupted marginal band at resting state, along with a reduced 

ability to condense upon CRP stimulation [232]. 

Additionally, CP640.186 and tubacin were shown to reduce PAK2 phosphorylation 

downstream of Rac1 GTPase activation, although the molecular link between 

microtubule acetylation and Rac1 is still poorly understood. In neurons, it has been 
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proposed that p120 catenin associates with and stabilizes microtubules, which 

promotes Rac1 activation and neurite outgrowth [266]. Interestingly, p120-catenin is 

present in platelets and likely influences Rho-GTPases activity and key signaling 

molecules involved in platelet aggregation, including E-cadherin [267]. The potential 

contribution of p120-catenin to the mechanism by which CP640.186 regulates Rac1 in 

platelets warrants further investigations. Once activated, Rac1 is able to modulate 

different enzymatic activities. For instance, Rac1 plays a crucial role in activating Nox 

family NADPH oxidase enzymes dedicated to ROS production, including superoxide 

anion radical or hydrogen peroxide. NOX2 is activated in a Rac1-dependent manner. In 

the GTP-bound form, Rac1directly binds to the oxidase activator p67 (PHOX), which in 

turn interacts with NOX2, leading to superoxide anion production [50]. Consistent with 

the CP640.186 effect on Rac1 activity, ROS generation was significantly decreased in 

response to thrombin stimulation. 

PAK mediates the phosphorylation of a plethora of proteins involved in actin 

cytoskeleton, such as LIMK1, merlin, or myosin light chain kinase (MLCK) [257]. In 

platelets, the Rac1-PAK signaling cascade has been shown to regulate actin 

polymerization via LIMK1-cofilin phosphorylation and lamellipodia formation [46, 47, 

268]. However, we did not observe any differences in thrombin-induced cofilin 

(de)phosphorylation, shape alterations, or F-actin content between DMSO- and 

CP640.186-treated platelets. Accordingly, platelets from HDAC6 KO mice displayed 

normal platelet shape changes, which let us assume that acetylated -tubulin is not 

implicated in the regulation of actin cytoskeleton [231, 245]. Interestingly, PAK is able 

to activate substrates other than proteins regulating cytoskeleton organization. For 

instance, ERK is rapidly phosphorylated in activated platelets. This phosphorylation 

notably depends on PAK [46, 47, 257], and it has been shown to play a role in platelet 

aggregation and thrombus formation in a laser-injured subcutaneous arteriole model 

[269, 270]. Mechanistically, ERK activation has been reported to constitute a key 

signaling event designed to expose on platelet surface adhesion molecules that are 

necessary for platelet tethering. The latter constitutes the first step of platelet 
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aggregation [269]. The impaired thrombin-induced aggregation of CP640.186-treated 

platelets possibly results from a similar mechanism. Moreover, our data are in line with 

studies showing that tubacin-induced increases in -tubulin acetylation levels were 

associated with a decrease in CRP-induced ERK phosphorylation [232, 271]. We failed 

to detect any significant decrease in ERK phosphorylation in thrombin-stimulated, 

tubacin-incubated platelets. This observation suggests that ACC and HDAC6 inhibitions 

likely exhibit different downstream effects. A limitation of our study is that we only 

correlate -tubulin acetylation with the inhibition of platelet aggregation and 

Rac1/PAK2 signaling. We cannot exclude that other acetylated proteins may contribute 

to the effects of both CP640.186 and tubacin. 

In summary, our data demonstrate that pharmacological ACC inhibition is able to impair 

thrombin-induced platelet aggregation, an effect which is associated with an increase 

in -tubulin acetylation levels. The underlying mechanisms involve a downregulation 

of the Rac1-PAK2 signaling pathway, which is associated with a decrease in ROS 

production and ERK phosphorylation. Our work adds momentum to the emerging 

notion that precautions would be needed for studies using ACC inhibitors in Type 2 

diabetes, cancer, or nonalcoholic steatohepatitis. Reducing platelet activation may 

likewise exert positive effects, notably in some inflammatory or thrombotic disorders. 

Future research investigating in vivo the impact of DNL inhibitors on platelet functions 

are now needed, given that new molecules are currently entering clinical development. 
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4. Materials and Methods 

4.1. CP640.186 Alters Thrombin-Induced ROS Production and ERK 

Phosphorylation 

CP640.186 (#17691) was purchased from Cayman Chemical (Ann Arbor, Michigan, 

United States of America [USA]). Thrombin from bovine plasma (#T6634), apyrase 

(#A6132), fibrinogen (#F4129), fluorescein isothiocyanate (FITC)-conjugated phalloidin 

(#P5282), sigmacote (#SL2), Dulbecco0s Modified Eagle0s Medium (DMEM, #D5030), 

prostaglandin E1 (PGE1) (#P5515), and horse radish peroxidase (HRP)- conjugated anti-

rabbit (#A0545) antibodies (Abs) were purchased from Sigma-Aldrich (Overijse, 

Belgium). [1-14C]-Acetic Acid was obtained from Perkin Elmer (#NEC084H001MC) 

(Zaventem, Belgium). S-MONOVETTE CPDA tube (#11610001) was from Sarstedt 

(Etten-Leur, The Netherlands). Eptifibatide was obtained from GlaxoSmithKline (Wavre, 

Belgium). Bovine serum albumin (BSA) (#3854.4) was purchased from Roth 

(Keerbergen, Belgium). Fatty acid-free BSA (#126575) was from Millipore (Overijse, 

Belgium). Anti-tubulin antibody (#62204) and H2DCFDA probe (#D-399) were purchased 

from Thermo-Fisher Scientific (Waltham, MA, USA). Complete, Mini Protease Inhibitor 

Cocktail (#11836153001) was obtained from Roche (Brussels, Belgium). Luciferin-

luciferase reagent (#CH395) was from Stago BNL (Mont-Saint-Guibert, Belgium), and 

Cell Tak (#354240) was from Corning (Lasne, Belgium). Oligomycin, FCCP, antimycin-A, 

and rotenone were from Agilent (Mito Stress Test Kit, #103015-100) (Santa Clara, CA, 

USA). Rac1 G-LISA kit (#BK128) was from Cytoskeleton, Inc, (Denver, CO, USA). Anti-

phospho-cofilin (#3313), anti-cofilin (#5175), anti-phospho-ERK (Thr202/Tyr204) 

(#9101), anti-ERK (#9102), anti-phospho-PAK (Ser199/204; Ser 192/197) (#2605), anti-

PAK2 (#2615), anti-acetyl--tubulin (#5335), anti-GAPDH (#2118), anti-rabbit IgG HRP-

linked (#7074), and anti-gelsolin (#12953) antibodies were obtained from Cell Signaling 

(Danvers, MA, USA). Phycoerythrin-conjugated anti-CD62P (#555524), FITC-conjugated 

anti-active IIb3 (PAC-1) (#340507), HRP-conjugated anti-mouse (#554002), donkey 

anti-mouse IgG coupled with alexa fluor 594 (#A-21203), and donkey anti-rabbit IgG 
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coupled with alexa fluor 488 (#A-21206) antibodies were purchased from BD Bioscience 

(San Jose, CA, USA). 

4.2. Human Platelets Preparation 

Venous blood was taken from human healthy volunteers (without drug intake one week 

before blood sampling) having provided their consent in citrated tubes (1/10; citrate, 

phosphate, dextrose, adenine). Platelet rich plasma (PRP) was obtained by 

centrifugation at 330 x g for 20 min. After adding eptifibatide (4 µg/mL) and apyrase (1 

U/mL), platelets were pelleted by a centrifugation at 800x g for 10 min. Platelets were 

washed once with a modified Tyrode’s buffer (135 mM NaCl, 12 mM NaHCO3, 3 mM 

KCl, 0.3 mM Na2HPO4, 1 mM MgCl2, 5 mM D-glucose, 10 mM Hepes, and 0.35% BSA, 

pH 7.4, 37°C) containing eptifibatide (4 µg/mL) and apyrase (1 U/mL) at 1000x g for 10 

min. Platelets were re-suspended in modified Tyrode’s buffer to a density of 2.5 x 

105/µL (unless said otherwise). Washed platelets were incubated 2 h at 37°C with 

CP640.186 before platelet function assays. 

4.3. Lipogenesis Measurement 

Platelets were re-suspended in a modified Gaintner buffer (4.92 mM KH2PO4, 40 mM 

NaH2PO4.H2O, 102.7 mM NaCl, 40 mM NaOH, and 5.5 mM D-glucose, pH 6.5, 37°C) at 

a density of 6.5 x 105/µL. Washed platelets (6.5 x 108) were incubated for 2 h at 37°C in 

a solution including 1mL of modified Gaintner buffer, 4.15 mM acetate, and 4.415 

µCi/µmol [1-14C]-acid acetic. To stop the reaction, samples were centrifuged at 2500x g 

for 10 min at 4°C. After two washings, lipids were extracted with methanol/chloroform 

(1:2 v/v). The addition of NaCl 0.9% enabled the formation of hydrophilic (upper) and 

hydrophobic (lower) parts. The hydrophobic part was washed three times (1000x g, 10 

min, 25°C) before being added to scintillation vials. Lipids were concentrated via 

nitrogen flow. Radioactivity was measured using a scintillation counter (Tri-Carb 

2800TR, PerkinElmer). 
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4.4. Lipidomics Analysis 

The platelets were re-suspended in a modified Tyrode’s buffer with 0.35% free fatty 

acid BSA at a density of 10 x 105/µL. Washed platelets (1.5 x 109) were centrifuged at 

11,700x g for 15 sec before being frozen. Lipid extraction and a lipidomics analysis were 

carried out, as previously described [57]. 

4.5. Extracellular Flux Analysis of Mitochondrial Respiration 

PRP was centrifuged at 800g for 10 min in the presence of PGE1 (100 ng/mL) and 

apyrase (1 U/mL). Platelet pellets were washed in modified Tyrode’s buffer without BSA 

containing apyrase (1 U/mL) and PGE1 (100 ng/mL).Washed platelets were re-

suspended in modified DMEM’s medium (DMEM, 143mM NaCl, 0.5% phenol red, 5 mM 

D-glucose, 1mM sodium pyruvate, and 4 mM L-glutamine, pH 7.35) at a density of 2 x 

106/µL and incubated for 30 min at 37°C with CP640.186. The 96-well plate was coated 

with 150 µg/mL “cell tak” solution (diluted in 0.1 M NaHCO3, pH 8.0) for 20 min at room 

temperature (RT) before being washed with distillated water. Overall, 15 x 106 platelets 

were added to the 96-well plate, and their adhesion was induced by two centrifugations 

at RT (148x g for 1 min and 213x g for 1 min). The 96-well plate was incubated for 1 h 

15 min in a CO2-free incubator before the assay. After basal oxygen consumption rate 

(OCR) measurement, 1 µM oligomycine, 0.45 µM FCCP, and 1µM rotenone/antimycin 

A mix were sequentially injected into the wells every 12 min. OCR was measured every 

4 min using Seahorse extracellular flux XFp (Biosciences). Mitochondrial functional 

parameters were assessed via basal OCR, which was estimated by subtracting 

rotenone/antimycin A OCR from basal OCR, ATP-linked OCR, calculated by subtracting 

OCR after oligomycin from baseline, maximal OCR, reserve capacity, evaluated by 

subtracting basal OCR from OCR after FCCP, non-mitochondrial OCR, obtained after 

rotenone/antimycin A injection and proton leak, calculated by subtracting 

rotenone/antimycin A OCR from OCR after oligomycin.  
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4.6. Western Blotting 

Washed human platelets (5 x 107) were stimulated with 100 mU/mL thrombin for the 

indicated time points in the presence of 2 mM Ca2+ before being lysed in modified blue 

Laemmli’s buffer (50mMTris pH 6.8, 10% [w/v] glycerol, 2% [w/v] SDS, 0.5mM EDTA, 

0.01% [w/v] bromophenol blue, and 25mM DTT). Whole platelet lysates were subjected 

to western blot. All antibodies were diluted in 5% BSA. The dilution for primary 

antibodies were (1/1000) except for anti-acetyl--tubulin (1/4000), anti-tubulin 

(1/10,000), anti-phosphocofilin (1/10,000), anti-cofilin (1/20,000), anti-phospho-ERK 

(1/100,000), anti-ERK (1/2000), anti-gelsolin (1/50,000), and anti-GAPDH (1/100,000). 

Secondary HRP-conjugated anti-rabbit antibodies from Cell Signaling were diluted 

(1/5000), as were HRP-conjugated anti-rabbit and anti-mouse antibodies from Sigma 

(1/20,000). Band intensities were normalized to loading controls on the same gel. The 

respective total protein analyses were performed on different gels. Image J was applied 

to quantify all bands. 

4.7. Platelet Aggregation and ATP Secretion 

Aggregation and dense granules secretion were assessed using an aggregometer 

(Chrono-log 700, STAGO).Washed platelets (52.5 x 106) were constantly stirred at 1200 

rpm, 37°C. Light transmission was recorded after CaCl2 (2 mM) addition and thrombin 

stimulation. To analyze ATP secretion, a luciferase/luciferin mix was added, which was 

followed by ATP standard. 

4.8. Flow Cytometry Analysis 

For CD62P exposure and IIb3 activation, PGE1 (100 ng/mL) and apyrase (1 U/mL) 

were added to PRP before being centrifuged at 800x g for 10 min. Platelets were 

washed in a modified Tyrode’s buffer with 1.5% BSA.Washed platelets (6.25 x 106) were 

incubated with anti-CD62P and PAC-1 antibodies (1/14.5) for 20 min at RT. Platelets 

were stimulated with thrombin 100 mU/mL at the indicated time points at 37°C before 

being fixed with paraformaldehyde (PFA) 4%. For ROS production, washed platelets 
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(6.75 x 106) were resuspended in a modified Tyrode’s buffer without BSA and incubated 

with 10µM H2DCFDA probe for 30 min at 37°C. Platelets were washed two times with a 

modified Tyrode’s buffer without BSA containing apyrase (1 U/mL). Re-suspended 

platelets were stimulated with 100 mU/mL thrombin at different time points. The 

reaction was stopped by diluting platelets 14X with the modified Tyrode’s buffer 

without BSA. For F-actin content, washed platelets (6.25 x 106) were re-suspended in 

the modified Tyrode’s buffer with 1.5% BSA. Re-suspended platelets were stimulated 

with 100 mU/mL thrombin at different time points at 37°C before being fixed with 4% 

PFA. Platelets were permeabilized with 0.1% Triton and stained with FITC-conjugated 

phalloidin (10 µM) for 1 h at RT. Platelets were washed two times with phosphate buffer 

saline (PBS). All samples were analyzed using BD Canto II flow cytometer, and 10,000 

events were recorded. As necessary, appropriate compensation controls were 

included. 

4.9. Platelet Spreading and Immunofluorescence Staining 

Washed platelets were re-suspended at a density of 3 x 104/µL. Coverslips were coated 

with fibrinogen (100 µg/mL) overnight at 4°C, blocked with PBS-BSA (5 mg/mL) for 1 h 

at RT and then washed with PBS. Platelets (6 x 106) were either stimulated or not with 

100 mU/mL thrombin in the presence of 2 mM CaCl2 and were immediately placed on 

coverslips for 15 min (actin) or 10 min (tubulin) at RT. Unstimulated platelets were fixed 

directly with 1% PFA and then added to coverslips. Non-adherent platelets were 

removed using a PBS wash. For actin visualization, adherent platelets were fixed with 

1% PFA for 30 min at RT, permeabilized with 0.1% Triton, and stained with FITC-

conjugated phalloidin (1:300) for 45 min at RT. To visualize the microtubule 

cytoskeleton, adherent platelets were blocked 30 min at RT before being incubated 

with anti-tubulin (1/800) and anti-acetyl--tubulin (1/100) antibodies for 1 h at RT. 

Coverslips were washed with PBS; anti-rabbit IgG coupled with alexa fluor 488 (1/500) 

and anti-mouse IgG coupled with alexa fluor 594 (1/1000) antibodies were added for 1 

h at RT. Platelets were visualized using a Zeiss (x 100 oil immersion) fluorescence 
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microscope (Carl Zeiss) equipped with ApoTome (AxioImager). The area (actin) covered 

by adherent platelets were quantified by means of Visiopharm software. Tubulin area 

was quantified using Image J. 
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6. Abbreviations 

aA Antimycin A SM Sphingomyelin 
AA Arachidonic acid SIRT Sirtuin 
ACC Acetyl-CoA carboxylase TAG Triacylglycerol 
CE Cholesteryl ester Thr Thrombin 
CPT1 Carnitine palmitoyltransferase 1 TOFA 5-(tetradecyloxy)-2-furoic acid 
CRP Collagen-related peptide   
DAG Diacylglycerol   
DMSO Dimethyl sulfoxide   
DNL De novo lipogenesis   
ERK Extracellular signal-regulated kinase   

F 
carbonyl cyanide p-
trifluoromethoxyphenylhydrazone 

  

FFA Free fatty acid   
FITC Fluorescein isothiocyanate   
H2DCFDA 2’,7’-dichlorodihydrofluorescein diacetate   
HDAC Histone deacetylase   
HRP Horse radish peroxidase   
KAT Lysine acetyltransferase   
LIMK1 LIM domain kinase 1   
LPC Lysophosphatidylcholine   
LPE Lysophosphatidylethanolamine   
MAPK Mitogen-activated protein kinase   
MK Megakaryocyte   
MLCK Myosin light chain kinase   
NOX NADPH oxidase   
O Oligomycin   
OCR Oxygen consumption rate   
PAK p21-activated kinase   
PAR Protease-activated receptor   
PBS Phosphate buffer saline   
PC Phosphatidylcholine   
PE Phosphatidylethanolamine     
PEO Plasmanyl phosphatidylethanolamine   
PEP Phosphatidylethanolamine plasmalogen   
PFA Paraformaldehyde   
PGE1 Prostaglandin E1   
R Rotenone   
ROS Reactive oxygen species   

 

 

 

 

 

 

 



 
 

86 
 
 

7. Supplementary materials 

 

Figure S1. HDAC6 inhibition induced by tubacin increases a-tubulin acetylation level with no impact on granules secretion 

or IIb3 activation upon thrombin stimulation. 

(a-e) Washed human platelets were preincubated for 1 hour with DMSO or tubacin (10 μM) before being stimulated with 

thrombin (Thr). (a) Platelets were stimulated with 100mU/mL Thr at different time points. Whole platelet lysates were 

subjected to western blot and probed with acetyl a-tubulin (Ac -tubulin), a-tubulin or gelsolin antibodies. Data are expressed 

as means ± SEM (n = 6). # p-value ≤ 0.0001 relative to DMSO condition. Data were compared using 2-way ANOVA. (b) P-

selectin (CD62P) exposure was analyzed by flow cytometry in platelets stimulated with 100mU/mL Thr at different time points. 

Data are expressed as means ± SEM (n = 7). * p-value ≤ 0.05 relative to unstimulated condition. Data underwent 2-way ANOVA. 

(d) Dense granules secretion was assessed via addition of luciferase-luciferin reagent in platelets stimulated with different Thr 

concentrations. Data are expressed as means ± SEM (n = 4). Data were compared using 2-way ANOVA. (e) Platelets were 

stimulated with 100mU/mL thrombin (Thr) at different time points and aIIbb3 activation (PAC-1) was detected by flow 

cytometry. Data are expressed as measn ± SEM (n = 7). * p-value ≤ 0.05 relative to unstimulated condition. Data were 

compared using 2-way ANOVA. 
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Figure S2. HDAC6 inhibition induced by tubacin does not affect microtubules organization. 

(a-f) Washed human platelets were preincubated for 1 hour with DMSO or tubacin (10μM) before being added to fibrinogen-

coated coverslips for 10 min. (a) Unstimulated platelets were fixed directly with 1% PFA and then added to coverslips. (b) 

Platelets were added to coverslips before being fixed with 1% PFA. (c) Platelets were stimulated with 100mU/mL thrombin 

and then added to coverslips before being fixed with 1% PFA. (a-c) Platelets were stained with tubulin (red) or acetyl -

tubulin (green) antibodies. Representative pictures are shown. Microtubule rings are indicated by white arrows. Scale bar, 5 

µm. (d-f) Quantification of tubulin area. Data are expressed as means ± SEM (n = 3). Data were compared using unpaired t-

test. 
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Figure S3. HDAC6 inhibition induced by tubacin reduces the activation of Rac1-PAK2 pathway in response to thrombin but does 

not affect actin polymerization. 

(a-d) Washed human platelets were preincubated for 1 hour with DMSO or tubacin (10μM) before being stimulated with thrombin 

(Thr) (100mU/mL) at different time points. (a) Whole platelet lysates were subjected to western blot and probed with 

phosphoCofilin, Cofilin or GAPDH antibodies. Data are expressed as means ± SEM (n = 6). * p-value ≤ 0.05 relative to unstimulated 

condition. Data were analyzed using 2-way ANOVA. (b) Platelets were stained with FITC-conjugated  phalloidin  (10µM) for  1 

hour. F-actin content was analyzed by flow cytometry. Data are expressed as means ± SEM (n = 3). * p-value ≤ 0.05 relative to 

unstimulated condition. Data were analyzed using 2-way ANOVA. 

Figure S4. ACC or HDAC6 inhibition does not impact actin cytoskeleton remodeling. 

(a-b) Washed human platelets were preincubated for 2 h with DMSO or CP640.186 (60 μM) or 1 h with tubacin (10µM) (a; left 

panel) without thrombin (Thr) or (a; right panel) after Thr stimulation (100mU/mL) for 15 minutes. Platelets were stained with 

phalloidin-FITC for 45 min. (a) Representative pictures are shown. Scale bar, 5 µm. (b) Quantification of area covered by 

stimulated platelets expressing filopodia, lamellipodia or being fully spread. Data underwent 2-way ANOVA. 
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Figure S5. HDAC6 inhibition induced by tubacine decreases thrombin-induced reactive oxygen species (ROS) production 
but does not impact ERK phosphorylation. 
(a-b) Washed human platelets were preincubated for 1 h with DMSO or tubacin (10μM) before being stimulated or not with 
thrombin (100mU/mL) at different time points. (a) Reactive oxygen species (ROS) were detected by flow cytometry using 
H2DCFDA (10µM) probe. Data are expressed as means ± SEM (n = 6). * p-value ≤ 0.05 relative to unstimulated condition. # p-
value ≤ 0.05 relative to DMSO condition. Data underwent 2-way ANOVA. (b) Whole platelet lysates were subjected to western 
blot and probed with phosphoERK, ERK or gelsolin antibodies. Data are expressed as means ± SEM (n = 6). * p-value ≤ 0.05 
relative to unstimulated condition. Data underwent 2-way ANOVA. 
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PART2: Deletion of platelet ACC1 alters phosphatidylethanolamine 

plasmalogen level and limits platelet activation and thrombosis 

 

 

The aim of this chapter was to evaluate the impact of platelet-specific ACC1 deletion 

on platelet lipid content, platelet functions and thrombus formation ex vivo. 

In this article, we reported that: 

1) Platelet-specific ACC1 deletion reduces platelet count and increases mean platelet 

volume 

2) Platelet-specific ACC1 deletion results in higher polyunsaturated fatty acyl chain-

containing phospholipid level compared to the low saturated fatty acyl chain level. 

3) Platelet-specific ACC1 deletion results in a decrease in PEP content and especially, 

AA-containing PEP 

4) ACC1 pKO platelets exhibit a slight decrease in thrombin-induced oxygen 

consumption rate and a reduction in ECAR, reflecting an altered glycolysis  

5) ACC1 pKO platelets have a reduced thrombin and CRP-induced TxA2 generation and 

dense granule secretion. 

6) Platelet-specific ACC1 deletion results in a decreased thrombus formation over a 

collagen-coated surface under flow conditions. 
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Abstract 

 

We recently discovered that systemic activation of acetyl-CoA carboxylase (ACC) 

increases the platelet content of arachidonic acid (AA)-containing 

phosphatidylethanolamine plasmalogen (PEP) and influences platelet reactivity to 

collagen. We thus hypothesized that platelet ACC was a key enzyme in regulating 

platelet lipid levels and functions. Using platelet-specific ACC1 knockout mice (ACC1 

pKO), we reveal that this enzyme is a tight regulator of saturated and polyunsaturated 

fatty acyl chain levels contained in platelet phospholipids. In particular, ACC1 pKO 

platelets have a decrease in AA-containing PEP content. These arachidonylated 

plasmalogens represent a main source of thromboxane and other eicosanoids, 

respectively involved in platelet activation and bioenergetics. Accordingly, we 

demonstrate that ACC1 deletion impairs mitochondrial respiratory capacity, 

thromboxane generation and dense granule secretion in activated platelets. This 

results in a reduced thrombus formation on collagen-coated surfaces under flow 

conditions. Collectively, our data demonstrate that ACC1 is essential to maintain 

specific phospholipid pools required for platelet energy and reactivity and might 

therefore constitute a novel potential target for pharmacological anti-thrombotic 

applications. 

 

 

Keywords: acetyl-CoA carboxylase, collagen-related peptide, granule, phospholipid, 

platelet, thrombin, thromboxane, thrombus 
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1. Introduction 

 

Blood platelets are essential for mediating hemostasis in response to injury [272]. Most 

of their functionalities largely depend on the plasma membrane composition which 

plays a pivotal role in membrane fluidity and curvature, platelet shape change, and 

generation of bioactive signaling molecules [131, 140, 181, 273, 274]. As such, analysis 

of the lipidome is a valuable tool to better understand platelet function and 

consequently, several lipidomic studies have been undertaken, on either resting or 

stimulated platelets, to characterize the global platelet lipid profile [8, 150, 165, 166, 

181, 275]. Phospholipids are the dominant category of lipids in platelets and include 

phosphatidylcholine (PC; 37%), phosphatidylethanolamine (PE; 17%), 

phosphatidylserine (PS; 6%) and phosphatidylinositol (PI; 2%) [8]. These lipids are not 

only defined by their head groups but also by the length and saturation of their two 

fatty acyl chains [131]. Watanabe et al previously reported that major saturated fatty 

acids on platelet plasma membrane are palmitic acid (PAL, 16:0) and stearic acid (SA, 

18:0), while oleic acid (OA, 18:1) and arachidonic acid (AA, 20:4) represent the 

dominant unsaturated fatty acids [276]. Interestingly, AA is particularly present in PE 

plasmalogen (PEP), a PE subclass characterized by a vinyl-ether bound at the sn-1 

position of the glycerol backbone [131]. These arachidonylated plasmalogens are 

known to be selectively hydrolyzed by phospholipase A2 (PLA2) upon platelet agonist 

stimulation, which leads to AA release and lysophospholipid species formation [156, 

158, 159]. Oxidation of AA by the cyclooxygenase and lipoxygenase pathways then 

yields key lipid mediators such as thromboxane A2 (TxA2) and other eicosanoids, 

respectively involved in platelet activation and bioenergetics [57, 166, 181]. 

Platelets have the ability to synthesize phospholipids and fatty acyls de novo [200, 277]. 

Acetyl-CoA carboxylase (ACC) is a key enzyme regulating lipid metabolism since it 

catalyzes the production of malonyl-CoA, the rate limiting substrate for de novo 

lipogenesis (DNL) [246]. There are two isoforms, ACC1 and ACC2, that differ in tissue 

distribution [247]. ACC1 is predominant in lipogenic tissue and produces malonyl-CoA 
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as a substrate for the fatty acid synthase (FAS) enzyme and chain elongation system. 

Malonyl-CoA generated through the action of ACC2, acts as an inhibitor of carnitine 

palmitoyltransferase 1 (CPT1) and thus regulates lipid β-oxidation in oxidative tissue 

[211-213]. ACC1 is the main isoform expressed in platelets [57, 197, 215].  

Although DNL is described as a moderate contributor to intracellularly stored and 

circulating lipids, shifting lipid acquisition from lipid uptake toward DNL can 

dramatically change membrane lipid saturation and properties in various cells including 

endothelial cells [223] and cancer cells [224, 225]. In platelets, our research group has 

previously demonstrated that sustained ACC activation modifies specifically AA-

containing PEP content and influences platelet reactivity to collagen and thrombosis 

through increased TxA2 generation [57]. More recently, ACC has also been implicated 

in megakaryocyte (MK) demarcation membrane formation, a process required for 

platelet biogenesis [207]. However, whether platelets produced from ACC-deficient 

MKs are dysfunctional or less activatable is not known. The objective of the present 

work was to determine the impact of ACC1 invalidation on platelet lipid content and 

functions. By using platelet-specific ACC1 knockout mice, we demonstrate that this 

enzyme is a tight regulator of platelet PEP lipid class and overall levels of saturated and 

unsaturated fatty acyl chains contained in phospholipids, especially AA-containing PEP. 

Ablation of ACC1 strongly affects the intrinsic functions of platelets which results in 

reduced thrombus formation. Our data support a mechanism in which ACC1 deletion 

impaired glycolysis, TxA2 generation and dense granule secretion in activated platelets. 

DNL or ACC1 inhibition may therefore represent a novel strategy to reduce platelet 

activation in thrombotic disorders. 
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2. Results 

2.1. Platelet-specific ACC1 knockout mice display reduced platelet count and 

increased αIIbβ3 expression. 

Platelet-specific ACC1 knockout (GPIbα-Cre+/KI x ACC1flx/flx; ACC1 pKO) mice, generated 

by crossing GPIbα-Cre+/KI males with homozygous floxed ACC1 (ACC1flx/flx) females, have 

an efficient loss of ACC1 protein in platelets, with no compensatory ACC2 upregulation 

(Fig. 1a). ACC1 was similarly expressed in leukocytes isolated from ACC1 pKO and their 

wild-type littermates (GPIbα-Cre+/+ X ACC1flx/flx, ACC1 WT) (Fig. 1b), confirming that the 

GPIbα-Cre deleter mouse enables highly specific ablation of the ACC1 floxed gene in 

the MK lineage. Liver extract was used as a positive control for ACC2 detection (Fig. 1a, 

b). ACC1 deficiency was associated with a reduction of platelet count by 30% and an 

increase in platelet volume by 30% in ACC1 pKO compared with ACC1 WT mice (Fig. 

1c, d). No major differences were found in white blood cell, lymphocyte, granulocyte 

or red blood cell counts, and hemoglobin and hematocrit levels, between both 

genotypes (Supplementary Table 1). Flow cytometry measurement of major platelet 

surface receptors revealed a significant increase in αIIbβ3 expression in ACC1 pKO 

compared to ACC1 WT platelets, likely reflecting the increase in platelet volume. 

However, the surface expression of GPIbα and GPVI was similar between both 

genotypes (Fig. 1e). When using GPIbα-Cre+/KI mice as an alternative control, we 

observed that GPIbα expression was significantly reduced in platelets from these mice, 

and this was associated with an increase in platelet volume, as previously described 

[278] (Fig. 1d, e). The comparison between ACC1 pKO and GPIbα-Cre+/KI mice still 

highlights the difference in platelet volume, integrin αIIbβ3 surface expression and the 

reduction in platelet count, although to a lower extent (Fig. 1c-e). To determine 

whether the lower platelet count in ACC1 pKO mice resulted from an increased platelet 

turnover, the in vivo lifespan of ACC1 pKO platelets was evaluated by flow cytometry 
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after injection of Alexa488-GPIbβ antibodies into mice. No significant differences were 

observed between ACC1 WT and ACC1 pKO animals (Fig. 1f).  

 

Figure1. Platelet parameters of ACC1 WT, GPIbα-Cre+/KI and ACC1 pKO. (a-b) Washed murine platelets (a) or leukocytes (b) 
were lysed and subjected to western blotting for ACC1 and ACC2 expression analysis. Liver extract was used as positive control 
for ACC2. Gelsolin and EeF2 served as loading control for platelets and leukocytes/liver, respectively. (c-d) Platelet counts and 
mean platelet volumes. Data are expressed as means ± SEM (n = at least 27). # p-value ≤ 0.0001 relative to ACC1 WT mice, 
$ p-value ≤ 0.0001 relative to GPIbα-Cre+/KI mice. Data underwent one-way ANOVA. (e) Platelet surface receptor expression 
of GPIbα, αIIbβ3 and GPVI were measured by flow cytometry. Data are expressed as median fluorescence intensity (MFI) ± 
SEM (n = at least 8). # p-value ≤ 0.05 relative to ACC1 WT mice. $ p-value ≤ 0.01 relative to GPIbα-Cre+/KI mice. Data underwent 
2-way ANOVA. (f) GPIbβ-X488 Ab was injected (IV) into ACC1 WT and ACC1 pKO mice to visualize platelet lifespan. Blood was 
taken every day during 5 days and % of positive platelets was analyzed by flow cytometry. Data are expressed as means ± 
SEM (n = at least 4). Data underwent unpaired t-test. 
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2.2. ACC1 deficiency results in a decrease in AA-containing PEP content. 

To analyze platelet lipid content, we performed an untargeted lipidomic analysis of 

resting platelets from ACC1 WT and ACC1 pKO mice using the Lipidyzer platform. The 

analysis identified 390 lipid species originating from 14 different lipid classes including 

cholesterol ester (CE), ceramide (CER), dihydroceramide (DCER), hydroxyceramide 

(HCER), diacylglycerol (DAG), free fatty acid (FFA), lysophosphatidylcholine (LPC), 

lysophosphatidylethanolamine (LPE), PC, PE, plasmanyl PE (PEO), PEP, sphingomyelin 

(SM), and triacylglycerol (TAG). A total of 127 lipid species, representing 33% of the 

analyzed platelet lipidome, showed a differential regulation between both genotypes 

(Fig. 2a, Supplementary Table 2). Class enrichment analysis indicated that ACC 

deficiency resulted in enrichment of downregulated lipids among PEP and PEO lipid 

classes, while an upregulation among CER and PC lipid classes was observed (Fig. 2b). 

To assess whether the difference between both experimental groups was due to 

specific subspecies, we next focused on fatty acid chain length. In agreement with 

previous data [57, 223, 225], analysis of fatty acyl chain length, at the sn-2 position, 

indicated that ACC1 deficiency was associated with a decrease in PAL (C16:0) contained 

in the four phospholipid classes (Fig. 2c). Moreover, when compared to PAL-containing 

phospholipids, long polyunsaturated fatty acids (PUFA) including AA (C20:4), 

eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid (DHA, C22:6) were 

increased (Fig. 2c). Interestingly, ACC1 pKO platelets displayed a significant 

downregulation of all AA-containing PEP and one AA-PEO, compared to AA -PE and -PC 

(Fig. 2d). Taken together, our results demonstrate that ACC1 influences the level of 

saturated and polyunsaturated fatty acyl chains in platelet phospholipids. Of particular 

interest, the regulation of arachidonylated plasmalogens is susceptible to affect the 

platelet response to agonists through modulation of mitochondrial respiratory capacity 

and/or TxA2 generation. 
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Figure 2. Platelet-specific ACC1 deletion decreases AA-containing phosphatidylethanolamine plasmalogen content. 
Untargeted lipid extraction were performed from washed murine platelets. (a) Volcano plot representation of 390 lipid 
detected species. Lipids above the horizontal dotted line were up (right)- or down (left)-regulated with significant adjusted p-
values ≤ 0.05 (n=6). Log fold-changes and adjusted p-values were calculated from the multivariate regression model. (b) The 
percentage (dark gray bar) of down- or upregulated lipid species relative to the whole lipid class was calculated in ACC1 pKO 
relative to ACC1 WT platelets. * adjusted p-value ≤ 0.05. (c) Fatty acyl chain length from phospholipids (PC, PE, PEO and PEP) 
are arranged in ascending order. (d) Comparison of AA-containing PC, PE, PEO and PEP between ACC1 WT and ACC1 pKO mice. 
The data are presented as log fold change (squares) relative to ACC1 WT platelets. Statistical significance was based on false 
discovery rate p-values (adjusted p-values). Multivariate regression analysis was performed. * adjusted p-value ≤ 0.05 
between ACC1 WT mice and ACC1 pKO mice. AA = arachidonic acid; CE = cholesterol ester; CER = ceramide; DAG = 
diacylglycerol; DCE = dihydroceramide; FFA = free fatty acid; HCE = hydroxyceramide; LPC = lysophosphatidylcholine; LPE = 
lysophosphatidylethanolamine; PC = phosphatidylcholine; PE = phosphatidylethanolamine; PEO = plasmanyl 
phosphatidylethanolamine; PEP = phosphatidylethanolamine plasmalogen; SM = sphingomyelin; TAG = triacylglycerol. 
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2.3. ACC1 pKO platelets exhibit defective mitochondrial respiratory capacity and 

glycolysis upon thrombin stimulation. 

Since acyl-CoA, and in particular AA (C20:4) and eicosanoids are substrates for platelet 

mitochondrial β-oxidation [166, 181], we evaluated the impact of ACC1 deficiency on 

energy metabolism. Basal oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) were measured followed by programmed sequential injection 

of oligomycin (ATP synthase inhibitor), carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP), an uncoupler that disrupts the 

mitochondrial membrane potential, antimycin A (complex III inhibitor), and rotenone 

(complex I inhibitor) to evaluate mitochondrial bioenergetics. Under non-stimulated 

condition, we found no significant difference in basal or maximal OCR between ACC1 

WT and ACC1 pKO platelets. ATP turnover demonstrated equimolecular oxygen use for 

ATP production by oxidative phosphorylation in both genotypes (Fig. 3a, b). Thrombin 

stimulation increases mitochondrial respiration in platelets, which has been shown to 

be a result of increased mitochondrial lipid oxidation [180, 181]. Consistent with these 

observations, thrombin increased mitochondrial respiration in ACC1 WT platelets. 

However, a reduced OCR stimulation was observed in ACC1 pKO platelets (Fig. 3a, b). 

Alternatively, a compensatory increase in glycolysis could offset impaired 

mitochondrial metabolism to sustain normal levels of ATP [180]. However, ACC1 

deletion reduced ECAR, at basal state or after thrombin stimulation (Fig. 3c, d), 

indicating that ACC1 pKO platelets are not able to compensate for a loss of oxidative 

phosphorylation. Next, we added FCCP to determine the maximal OCR that the cells 

can sustain, and the reserve capacity, which represents the theoretical extra capacity 

of the electron transport chains to drive oxidative phosphorylation under situations of 

energetic stress. Maximal OCR and reserve capacity were similar in both genotypes, in 

basal conditions. As previously reported [57, 180, 181], thrombin stimulation induced 

a drop in maximal OCR and abolished reserve capacity in ACC1 WT platelets (Fig. 3a, b), 

which is likely the result of a modest inhibition of complex II linked substrates oxidation 
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[180, 181]. We show that the inhibitory impact of thrombin on reserve capacity is 

reduced in ACC1 pKO platelets (Fig. 3a, b). When rotenone and antimycin A were added 

to inhibit electron transport, the OCR falls to equally low level for both ACC1 WT and 

pKO platelets. Finally, proton leak was unchanged in all groups (Fig. 3a, b). Taken 

together, these findings indicate defective mitochondrial respiratory capacity following 

thrombin stimulation in ACC1 pKO platelets, which could possibly result from the 

reduced availability of endogenous substrates. The reduction of thrombin-induced OCR 

was not compensated by increased ECAR, reinforcing the conclusion that ACC1 pKO 

platelets are energetically impaired under the tested conditions.  
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2.4. Reduced content of arachidonylated PEP limits TxA2 generation and dense 

granule release in ACC1 pKO platelets. 

We next evaluated the impact of ACC1 deficiency on TxA2 production, measured by 

TxB2 detection. Lack of platelet ACC1 significantly reduced thrombin and CRP-induced 

TxA2 generation (Fig. 4a). Since TxA2 is a secondary platelet agonist implicated in αIIbβ3 

activation and dense granule secretion [279], we further assessed the effect of 

thrombin and CRP on platelet reactivity. First, we investigated αIIbβ3 inside-out 

Figure 3. ACC1 pKO platelets exhibit defective mitochondrial respiratory capacity and glycolysis upon thrombin stimulation. 
(a-d) Oxygen consumption rate (OCR) (a; c) and extracellular acidification rate (ECAR) (b; d) were measured in washed murine 
platelets. OCR et ECAR were assessed under basal or 1 U/mL thrombin (Thr)-stimulated conditions and after treatment with 
1 µM oligomycin (O), 0.4 µM carbonyl cyanide p-trifluoromethoxyphenylhydrazone (F), and a mix of 1 µM antimycin A (atA) / 
rotenone (R). (a; c) OCR and ECAR profiles are shown as means ± SEM (n=4). (b) Mitochondrial function was evaluated by 
calculating basal, ATP-linked, maximal, non mitochondrial OCR, reserve capacity and proton leak. Results are expressed as 
means ± SEM (n = 4). * p-value ≤ 0.05 relative to unstimulated condition. # p-value ≤ 0.05 relative to ACC1 WT mice. Data 
underwent 2-way ANOVA. (d) Quantification of basal and thrombin-induced ECAR. Results are expressed as means ± SEM (n 
= 4). Data underwent 2-way ANOVA. 
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activation by analyzing platelet aggregation. Platelets from ACC1 pKO mice had a 

reduced thrombin and CRP-induced platelet aggregation when compared to ACC1 WT 

platelets (Fig. 4b, c). Impaired aggregation was associated with less αIIbβ3 activation, 

detected by JON/A Abs (Fig. 4d). Next, we analyzed platelet granule secretion. P-

selectin surface exposure was similar between ACC1 pKO and WT platelets (Fig. 4e), 

indicating that the ACC1 pKO phenotype does not seem associated with a change in α-

granule secretion, at least for those containing P-selectin. Regarding dense granule 

secretion, a significant decrease in ATP secretion was detected after thrombin or CRP 

stimulation in ACC1 pKO platelets compared with WT (Fig. 4f, g). Importantly, similar 

effects on aggregation and dense granule release can be reached by comparing 

platelets from GPIbα-Cre+/KI and ACC1 pKO mice (Supplementary Fig. 1a-d). Taken 

together, these data emphasize the central role of ACC1 in the regulation of platelet 

reactivity through the synthesis of AA-containing PEP, which serves as a source for both 

endogenous energy substrates and TxA2. 
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Figure 4. Reduced level of AA-containing PEP limits TxA2 generation and dense granule release in ACC1 pKO platelets. (a-g) 
Washed murine platelets were stimulated with various thrombin (Thr) or collagen-related peptide (CRP) concentrations. (a) 
Platelets were stimulated with 100mU/mL Thr or 0.3µg/mL CRP for 5min and TxB2 was measured in the supernatant using 
ELISA kit. Data are expressed as means ± SEM (n=4). * p-value ≤ 0.05 relative to unstimulated condition. # p-value ≤ 0.05 
relative to ACC1 WT mice. Data underwent unpaired 2-way ANOVA. (b-c) Aggregation was analyzed by turbidimetry (Chrono-
Log). (c) Profiles are shown. Data are expressed as means ± SEM (n= at least 3). * p-value ≤ 0.05 relative to the first agonist 
concentration. # p-value ≤ 0.05 relative to ACC1 WT mice. Data underwent 2-way ANOVA. (d-e) αIIbβ3 activation (JON/A) (d) 
and p-selectin (CD62P) exposure (e) were detected by flow cytometry. Data are expressed as means fold change ± SEM (n = 
4). * p-value ≤ 0.05 relative to unstimulated condition. # p-value ≤ 0.05 relative to ACC1 WT mice. Data underwent 2-way 
ANOVA. (f-g) Dense granules secretion was assessed via addition of luciferase-luciferin reagent (Chrono-log). (g) Profiles are 
shown. Data are expressed as means ± SEM (n=4). * p-value ≤ 0.05 relative to the first agonist concentration. # p-value ≤ 0.05 
relative to ACC1 WT mice. Data underwent 2-way ANOVA. 
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2.5. Platelet-specific ACC1 deletion reduces thrombus formation on collagen-

coated surface in flow conditions. 

To assess platelet functions in dynamic conditions, we perfused anti-coagulated blood 

over collagen I- and III-coated surfaces, at a shear rate of 1000 s-1, and analyzed 

thrombus formation. Brightfield images were captured to evaluate platelet adhesion 

and thrombus buildup. Platelet adhesion was quantified by the conventional analysis 

of platelet surface area coverage (SAC%). Thrombus signature was composed of 

thrombus multilayer (SAC%), and thrombus contraction score [280, 281]. Both the 

surface area covered by adherent platelets and buildup of multilayered platelet 

thrombi were decreased with ACC1 pKO blood compared to ACC1 WT or GPIbα-Cre+/KI 

blood (Fig. 5a-d, Supplementary Fig. 2a-d). This effect likely results from the reduced 

level of secreted TxA2 and ADP, seen with ACC1 pKO platelets, as both of them are 

secondary agonists playing a central role in the formation of platelet aggregates on 

collagen [57, 91, 282]. Platelet activation was simultaneously monitored by perfusing 

fluorescent anti-P-selectin Ab as a marker of α-granule secretion, JON/A Ab to measure 

αIIbβ3 activation, and annexin V to analyze PS externalization, reflecting platelet 

procoagulant activity. The thrombi in the flow chamber were stained for the three 

platelet activation markers confirming that platelets were indeed activated (Fig. 5a, 

Supplementary Fig. 2a). The quantification demonstrated lower level of platelet 

activation markers with ACC1 pKO perfused blood (Fig. 5e-g, Supplementary Fig. 2e-g), 

confirming the loss-of-function phenotype of ACC1 pKO mice, even under conditions 

mimicking those in a blood vessel in which thrombus formation occurs under flow 

conditions.  
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Figure 5. Platelet-specific ACC1 deletion decreases thrombus formation ex vivo. (a-g) Whole blood from ACC1 WT, GPIbα-
Cre+/KI and ACC1 pKO mice was perfused over collagen I-coated surface (50 µg/mL) at a shear rate of 1000 s-1. (a) 
Representative images of multilayered platelet thrombi and JON/A, CD62P and PS exposure staining. (b-d) Platelet deposition, 
thrombus formation and contraction score were assessed on brightfield images. (e-g) αIIbβ3 activation was evaluated by 
JON/A Ab (e), p-selectin expression by staining with CD62P Ab (f) and phosphatidylserine (PS) exposure by Annexin V (g). The 
results are expressed as means ± SD (at least 4 mice/group). # p-value ≤ 0.05 relative to ACC1 WT mice. $ p-value ≤ 0.05 
relative to GPIbα-Cre+/KI mice. Data underwent one-way ANOVA. 
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3. Discussion 

 

Lipid metabolism in platelets has gained attention in recent years. We previously 

demonstrated that ACC, when active, promotes platelet activation and thrombosis, 

based on its ability to stimulate endogenous lipid synthesis [57]. However, the impact 

of specific platelet ACC deletion on platelet lipid levels and functions has not been 

investigated so far. We thus generated platelet-specific ACC1 knockout mice by using 

the GPIbα-Cre deleter mouse strain [278]. This model allows MK/platelet-specific gene 

invalidation, while ACC1 expression in leukocytes is preserved, confirming the lineage-

specific gene ablation provided by the GPIbα-Cre mouse [278]. Analysis of 

hematological parameters shows that the absence of ACC1 is associated with an 

increase in MPV. This result may explain, on one hand, the increase in surface 

expression of αIIbβ3 in ACC1 pKO platelets as fibrinogen receptor level is known to 

correlate with MPV [278, 283, 284] and, on the other hand, the modest decrease in 

GPIbα expression observed in GPIbα-Cre+/KI mice as a reduced GpIb is associated with 

an increased MPV [285, 286]. Interestingly, ACC1 deficiency also leads to a significant 

reduction in platelet count. This is in agreement with a recent report demonstrating the 

inhibitory impact of pharmacological ACC inhibitors on platelet biogenesis in humans 

and monkeys [207]. The proposed mechanism involves an inhibition of DNL-dependent 

fully saturated PC species synthesis, resulting in an impaired MK demarcation 

membrane formation [207]. Surprisingly, in this study, the authors failed to highlight a 

default of platelet production in rodents. Our findings, however, indicate that the 

platelet count is reduced in ACC1 pKO mice and does not result from an increased 

platelet turnover. The reason for this discrepancy is not clear but the possibility that a 

higher dose of ACC inhibitors or a longer duration of administration in rodents could 

reach comparable effects to those observed in monkeys and humans, cannot be 

excluded.  

A very important finding in our study is that the specific genetic ACC1 invalidation in 

platelets affects the levels of saturated and polyunsaturated fatty acyl chains contained 
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in phospholipids, with a decrease of PAL, and an increase in PUFA mainly in PC and PE 

classes. Similar observations were reported in endothelial and cancer cells where ACC 

inhibitors reduced saturated and increased polyunsaturated fatty acyl chains, which 

reduced membrane fluidity and altered the migratory capacity of cells [223-225]. In 

platelets, a modification of phospholipid composition in the plasma membrane can also 

fluidize or rigidify the lipid bilayer and influence platelet shape, volume, and response 

to drugs [8]. Some specific lipid species with high biological functionality can also be 

impacted, especially plasmalogens such as PEP, which play a crucial role in platelet 

plasma membrane-derived lipid signaling molecules [57, 158, 162]. Our study highlights 

that ACC1 deficiency is associated with a decrease in AA-containing PEP, limiting the 

production of biologically active mediators such as TxA2 and eicosanoids. The 

mechanism by which ACC1 deletion decreases AA-containing PEP levels is not clear. As 

the CoA-independent transacylase is the enzyme responsible for the mobilization of AA 

from diacyl phospholipids such as PC to ether-phospholipids, especially PEP [156, 157], 

it can be postulated that ACC1 deficiency would result in an alteration of its activity, 

but this remains to be investigated in further studies. 

Importantly, our data reinforce the link between ACC1, AA-containing PEP level, TxA2 

generation and dense granule secretion in activated platelets. We also show that ACC1 

deletion in platelets causes a reduced platelet aggregation and thrombus formation 

under flow, a result that contrasts with our previous study showing that sustained ACC1 

activation may augment thrombosis through mechanisms that are independent of 

αIIbβ3 [57]. A plausible hypothesis to explain the default in platelet aggregation might 

be the reduction of glycolysis upon agonist stimulation. Indeed, Ravi et al. previously 

reported that inhibition of glycolysis is sufficient to inhibit platelet aggregation [180]. It 

is not fully understood why glycolysis is impaired upon ACC1 invalidation. Interestingly, 

lower ACC1 expression and ACC1 inhibition have been associated with the 

hyperacetylation of several proteins, including histones and cytoplasmic proteins 

involved in metabolism, in yeast, liver or cancer cells [237-239]. We recently 

demonstrated, using washed human platelets, that pharmacological ACC inhibition 



 
 

110 
 
 

limits α-tubulin deacetylation upon thrombin stimulation, which in turn impairs platelet 

aggregation [277]. It would be worth analyzing the impact of ACC1 invalidation on 

acetylation level of cytoskeletal or glycolytic enzymes in platelets, and how it influences 

their activity and/or energy metabolism.  

In conclusion, we report here the essential roles of ACC1 and de novo lipogenesis in 

platelets. Our work clearly demonstrates that this enzyme is crucial for specific 

phospholipid pools required, not only for platelet biogenesis, but also for platelet 

energy and reactivity. Further studies are needed to investigate potential clinical 

applications based on the use of DNL inhibitors in the field of thrombotic disorders. 
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4. Material and methods 

4.1. Chemicals and reagents. 

Collagen-related peptide (CRP) was obtained from Cambcol laboratories. Thrombin 

from bovine plasma (#T6634), apyrase (#A6132), acetylsalicylic acid (ASA) (#A5376), 

acid citrate-dextrose solution (ACD) (#C3821), Dulbecco’s Modified Eagl’s Medium 

(DMEM, #D5030), histopaque-1077 (10771), histopaque-1119 (11191) and horse radish 

peroxidase (HRP)-conjugated anti-rabbit (#A0545) antibodies (Abs) were purchased 

from Sigma. Horm type I collagen (#10345787) was from Nycomed.  Human type III 

collagen (1230-01S) was purchased from SouthernBiotech. Bovine serum albumin (BSA) 

(#3854.4) was purchased from Roth. Fatty acid-free BSA (#126575) was from Millipore. 

Luciferin-luciferase reagent (#CH395) was from Stago BNL, and Cell Tak (#354240) was 

from Corning. Oligomycin, FCCP, antimycin A and rotenone were from Agilent (Mito 

Stress Test Kit, #103015-100). Anti-ACC1 (#4190), anti-ACC2 (#8578), anti-rabbit IgG 

HRP-linked (#7074) and anti-gelsolin (#12953) Abs were obtained from Cell Signaling. 

Anti-eEF2 (#PA5-17794), anti-P2Y12 recombinant (#702516), halt protease and 

phosphatase inhibitor cocktail 100X and carboxyfluorescein succinimidyl ester (CFSE) 

(#C34554) were purchased from ThermoFisher Scientific. TxA2 ELISA kit (#ADI-900-002) 

came from Enzo Life Science. U46619 (#1932) was purchased from Tocris. Anti-PAR-3 

(#sc-393127) was from Santa Cruz. Phycoerythrin (PE) -conjugated anti-active αIIbβ3 

(JON/A) (#MO23-2), PE-conjugated rat IgG (#P190-2), PE-conjugated anti-CD42b 

(#MO40-2), PE-conjugated anti-αIIbβ3 (#MO25-2) and Fluorescein isothiocyanate 

(FITC)-conjugated anti-GPVI (#MO11-1) Abs were purchased from Emfret analytics. 

FITC-conjugated anti-CD62P (#553744), FITC-conjugated rat IgG1 λ (#553995), PE-

conjugated rat IgG2b (#556925), PE-conjugated rat IgG2a (#553930) and FITC-

conjugated rat IgG2a (#553929) were from BD pharmingen. Anti- protease-activated 

receptor-4 (PAR-4) (#APR-034) Ab was obtained from Alomone Labs. Ketamine 

(Nimatek) was purchased from Dechra. Xylazine (Rompun) was obtained from Bayer. 

Domitor and antisedan were purchased from Orion pharma. 
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4.2. Animals. 

ACC1flx/flx mice purchased from Jackson laboratory, and GPIbα-Cre+/KI mice generated 

as described previously [278] served as controls. All mice were in C57BL/6 background. 

Platelet-specific ACC1 knockout mice (ACC1 pKO) were generated by crossing a GpIbα-

Cre+/KI male with a homozygous floxed ACC1 (ACC1flx/flx) female. Deletion of ACC1 was 

confirmed by western blot. Eight- to sixteen-week-old male mice were used and fed 

with a normal chow diet. Animal procedures and protocols were approved by local 

authorities (Comité d’éthique facultaire pour l’expérimentation animale, 

2016/UCL/MD/027 and 2021/UCL/MD/012) and performed in accordance with the 

Guide for the Care and Use of Laboratory Animals, published by the US National 

Institutes of Health (NIH Publication, revised 2011). 

4.3. Blood collection and platelet preparation. 

Mice were anesthetized with a mix of ketamine:xylazine (150mg/Kg:20mg/Kg). Blood 

was taken from the retro-orbital plexus and collected in a mix of ACD:apyrase 

(1/6:1U/mL). It was centrifuged at 800g for 5 seconds, followed by 5 minutes at 100g. 

A mix of ACD:apyrase (2/3:1U/mL) was added to the obtained platelet-rich plasma 

(PRP) before centrifugation at 400g for 5 minutes. Platelets pellet was resuspended to 

a density of 2.5 x 105/µL (unless stated otherwise) in modified Tyrode’s buffer (135mM 

NaCl, 12mM NaHCO3, 3mM KCl, 0.3mM Na2HPO4, 1mM MgCl2, 5mM D-glucose, 10mM 

Hepes, 0.35 % BSA, pH 7.4, 37 °C). Hematological parameters were measured using Cell-

dyn Emerald (Abbott).  

4.4. Untargeted lipidomics. 

Platelets (2 x 108) were resuspended in modified Tyrode’s buffer with 0.35% free fatty 

acid BSA. A dry platelet pellet was obtained by centrifugation at 11,700g for 15 seconds. 

Platelet pellets were kept at -80°C before lipid extraction. Lipid extraction and 

lipidomics analysis were carried out as previously described [57]. 
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4.5. Extracellular flux analysis of mitochondrial respiration. 

Platelets were resuspended in modified DMEM’s medium (DMEM, 143mM NaCl, 0.5% 

phenol red, 5mM D-glucose, 1mM sodium pyruvate, 4mM L-glutamine, pH 7.35). 

Platelets (30 x 106) were added to 96-well plate coated with 150µg/mL Cell Tak (diluted 

in 0.1M NaHCO3, pH 8.0). Platelet adhesion was induced by two centrifugations at RT 

(148 x g for 1min and 213 x g for 1min). Platelets were incubated for 1h at 37°C in a 

CO2-free incubator before the assay. OCR and ECAR were measured every 4 minutes 

with Seahorse extracellular flux XFp (Biosciences). After basal OCR measurement, 

1U/mL thrombin or DMEM, 1µM oligomycin, 0.4µM FCCP and 1µM 

rotenone/antimycin A (R/AtA) mix were sequentially injected into wells every 12 

minutes to allow assessment of mitochondrial functional parameters. Basal OCR was 

evaluated by subtracting R/AtA OCR from basal OCR and thrombin-induced OCR by 

subtracting the baseline from OCR after thrombin injection. ATP-linked OCR was 

calculated by subtracting OCR after oligomycin from the baseline. Reserve capacity was 

evaluated by subtracting the baseline from OCR after FCCP. Non mitochondrial OCR 

was obtained after R/AtA injection and proton leak by subtracting R/AtA OCR from OCR 

after oligomycin. 

4.6. TxA2 assay. 

TxA2 was evaluated by enzyme-linked immunosorbent assay (ELISA). Platelets (18 x 106) 

were stimulated with 100mU/mL thrombin or 0.3µg/mL CRP for 5 minutes at 37°C. 

Platelet supernatants were collected after centrifugation at 11,700 g for 15 seconds 

and then frozen in liquid nitrogen. Before TxA2 analysis, supernatants were diluted 20X 

for thrombin- and CRP-stimulated conditions. TxA2 analysis was performed according 

to the manufacturer’s instructions. 

4.7. Leukocyte isolation. 

Mouse tibia and femur were flushed in modified Hank's Balanced Salt Solution’s (HBSS) 

buffer (137mM NaCl, 5.4mM KCl, 0.44mM KH2PO4, 5.5mM glucose, 0.4mM NaH2PO4, 
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3.3mM Na2CO3, 19.8mM citrate, pH 7.4) to isolate bone marrow cells. Cells were 

filtered and washed twice (centrifugation of 230g for 6 minutes). Cells pellets were 

resuspended in 3mL modified HBSS’s buffer and added to a Falcon containing 3mL 

histopaque-1077 and 3mL histopaque-1119 (at the bottom). White blood cells were 

separated from the rest of the bone marrow cells thanks to a centrifugation of 900g for 

30 minutes. The upper phase, containing leukocytes with a minority of neutrophils, was 

washed with 15mL of modified HBSS’s buffer (354g, 7minutes). Cells were resuspended 

in 1mL modified HBSS’s buffer and centrifuged at 230g for 7 minutes. Cell pellets were 

frozen in liquid nitrogen. White blood cell concentration was evaluated with Cell-dyn 

Emerald. 

4.8. Western blot analysis. 

Liver, leukocytes and platelets were lysed in triton-lysis buffer (50mM Tris pH 7.5, 

0.27M sucrose, 1% triton, 1mM EGTA, 1mM EDTA, 25mM dithiothreitol (DTT), halt 

protease and phosphatase inhibitor cocktail 1X). Protein concentration was evaluated 

thanks to the Bradford protein assay. Protein extracts were diluted 4X in modified blue 

Laemmli’s buffer (50mM Tris pH 6.8, 10% (w/v) glycerol, 2% (w/v) SDS, 0.5mM EDTA, 

0.01% (w/v) bromophenol blue, 25mM DTT) to obtain a concentration of 5/20µg/mL, 

10µg/mL and 15µg/mL for liver (ACC1/ACC2), white blood cells and platelets 

respectively. Lysates were subjected to western blot for ACC1 and ACC2. All Abs were 

diluted in 5% BSA. The dilution for primary Abs were (1/1,000) except for anti-gelsolin 

(1/50,000) and anti-eEF2 (1/4,000). Secondary HRP-conjugated anti-rabbit Abs from 

Cell Signaling were diluted 1/5,000 and HRP-conjugated anti-rabbit Abs from Sigma 

were diluted 1/20,000. 

4.9. Platelet aggregation and ATP secretion. 

An aggregometer (Chrono-log 700, STAGO) was used to assess aggregation and dense 

granules secretion. Light transmission, reflecting platelet aggregation, was recorded 

under constant stirring (1200 rpm) at 37°C, after CaCl2 (2mM) addition and agonist 
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stimulation. ATP secretion was evaluated by adding Luciferase/Luciferin reagent and 

comparing the luminescence generated by platelet ATP release with an ATP standard. 

4.10. Flow cytometry analysis. 

For mouse platelet receptors GPIbα, αIIbβ3 and GPVI, platelets were resuspended in 

Tyrod’s modified buffer at a concentration of 50 x 10³/µL. Platelets (1 x 106) were 

incubated with either PE-anti-CD42b, PE-anti-αIIbβ3, FITC-anti-GPVI or their isotype 

control Abs (1/5) for 15 minutes at RT. The reaction was stopped by adding 400µL PBS-

BSA 0.1%-azide 0.1%. For CD62P exposure and αIIbβ3 activation, platelets were 

resuspended in modified Tyrode’s buffer with 1.5% BSA. Platelets (3.75 x 106) were 

incubated with anti-CD62P and JON/A Abs (1/14.5) for 15 minutes at RT. Platelets were 

stimulated with thrombin or CRP at the indicated concentration, at 37°C, for 8 minutes 

or 5 minutes, respectively, before being fixed with paraformaldehyde (PFA) 4%. For 

platelet clearance, mice were anesthetized with a mix of ketamine:domitor 

(75mg/Kg:1.5mg/Kg). X488-anti-GpIbβ Ab diluted in sterile PBS was injected (IV, 0.5g/g) 

into mice. Mice were woken up at 37°C with an IP injection of antisedan (1.5mg/Kg). 

Platelet staining was analyzed from 1 hour up to 5 days after Ab injection. Blood (5µL) 

was collected from mice tails into modified Tyrod’s buffer with a mix of ACD:apyrase 

(1/6:1U/mL). Platelets were isolated via centrifugation at 125g for 5 minutes and 

stained with PE-anti-αIIbβ3 (1/100) for 40 minutes at room temperature (RT). Samples 

were diluted with modified Tyrod’s buffer with a mix of ACD:apyrase (1/3:1U/mL) and 

centrifuged at 800g for 5 minutes. Platelet pellet was resuspended into 300µL of 

modified Tyrod’s buffer. All samples were analyzed by BD Canto II flow cytometer, and 

10,000 events were recorded. When necessary, appropriate compensation controls 

were included. 

4.11. Thrombus formation in a flow chamber system.  

Experiment was carried out as previously described [57]. Briefly, blood was taken from 

the retro-orbital plexus into 48 mM D-Phenylalanyl-prolyl-arginyl Chloromethyl Ketone, 
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5 U/mL heparin and 40 U/mL fragmin. 500µL of anti-coagulated blood was perfused 

over type I collagen- (50µg/mL) or type III collagen (100µg/mL)-coated coverslips 

mounted on a transparent flow chamber (50 mm depth, 3mm width and 20 mm length) 

at a shear rate of 1000 s-1. After 3.5 minutes, platelets were stained with FITC-anti-P-

selectin Ab (1:20), PE-JON/A Ab (1:20) and Alexa Fluor 647-annexin A5 (1:200). 

Brightfield phase-contrast and fluorescence images were recorded by a nonconfocal 2-

camera system. Surface coverage was analyzed by ImagePro software (Media 

Cybernetics) [280]. 

4.12. Lipidomic statistical analysis.  

Lipid species concentrations were analyzed using R.4.2.0 according to the following 

bioinformatics pipeline. The lipid species concentration matrix and the associated 

metadata were imported into a SummarizedExperiment object from the 

SummarizedExperiment v.1.26.1 Bioconductor package. Lipid associated with more 

than 80 percent of missing data were filtrated out. Data were normalized with the 

MS total useful signal (MSTUS) method, and a log2 transformation was applied on 

normalized concentrations. The Limma v.3.52.0 Bioconductor package was used to 

build a regression model for each lipid species. Fold-change estimates and 

corresponding P-values were derived from regression models for each lipid species. 

To control for multiple testing, all P-values were further adjusted for the Benjamini-

Hochberg false discovery rate (FDR), and FDR ≤0.05 was considered as significant. 

Considering that the lipid species belong to 14 lipid classes (CE, CER, DAG, DCER, 

FFA, HCER, LPC, LPE, PC, PE, PEO, PEP,SM, TAG), a lipid set enrichment analysis was 

conducted by using the fgsea  v.1.22.0 Bioconductor package.  

4.13. Statistical analysis.  

Statistical parameters including sample size, mean, standard error of the mean (SEM) 

and statistical significance are described in figure legends. P-values ≤ 0.05 were 



 
 

117 
 
 

considered significant. Statistical analyses were made in GraphPad Prism 9.1.2 

(GraphPad Software, San Diego, CA). 
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5. Supplementary material 

 

 

Table 1. Hematological parameters of ACC1 WT, GPIbα-Cre+/KI and ACC1 pKO mice. 
Hematological parameters were analysed with Cell-dyn Emerald. Data are expressed as means ± SD (n= at least 27). # p-value 
relative to ACC1 WT mice. $ p-value relative to GPIbα-Cre+/KI mice. Data underwent one-way ANOVA.  WBC = white blood cell; 
Lym = lymphocyte; Mid = mid-range cell; Gra = granulocyte; RBC = red blood cell; HGB = Hemoglobin; HCT = haematocrit; MCV 
= mean cell volume; MHC = mean cell haemoglobin; MHCH = mean cell haemoglobin concentration; RDW = red cell 
distribution width; PLT = platelet; MPV = mean platelet volume. 
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Table 2. Complete list of significantly modified lipids analyzed in ACC1 WT versus ACC1 pKO platelet. 
Adj. P.Val: adjusted p-value; CE = cholesterol ester; CER = ceramide; DAG = diacylglycerol; DCE = dihydroceramide; FFA = free 
fatty acid; HCE = hydroxyceramide; LPC = lysophosphatidylcholine; LPE = lysophosphatidylethanolamine; PC = 
phosphatidylcholine; PE = phosphatidylethanolamine; PEO = plasmanyl phosphatidylethanolamine; PEP = 
phosphatidylethanolamine plasmalogen; SM = sphingomyelin; TAG = triacylglycerol. 
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Figure S1. Platelet-specific ACC1 deletion decreases thrombin and CRP-induced platelet aggregation. (a-d) Washed murine 
platelets were stimulated with various thrombin (Thr) or collagen-related peptide (CRP) concentrations. (a-b) Aggregation 
was analysed by turbidimetry (Chrono-Log). (b) Profiles are shown. Data are expressed as means ± SEM (n = at least 3). * p-
value ≤ 0.05 relative to the first agonist concentration. # p-value ≤ 0.05 relative to GPIbα-Cre+/KI mice. Data underwent 2-way 
ANOVA. (c-d) Dense granules secretion was assessed via addition of luciferase-luciferin reagent (Chrono-log). (d) Profiles are 
shown. Data are expressed as means ± SEM (n = at least 3). * p-value ≤ 0.05 relative to the first agonist concentration. Data 
underwent 2-way ANOVA. 
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Figure S2. Platelet-specific ACC1 deletion decreases thrombus formation ex vivo. (a-g) Whole blood from ACC1 WT, GPIbα-
Cre+/KI and ACC1 pKO mice was perfused over collagen III-coated surface (100 µg/mL) at a shear rate of 1000 s-1. (a) 
Representative images of multilayered platelet thrombi and JON/A, CD62P and PS exposure staining. (b-d) Platelet deposition, 
thrombus formation and contraction score were assessed on brightfield images. (e-g) αIIbβ3 activation was evaluated by 
JON/A Ab (e), p-selectin expression by staining with CD62P Ab (f) and phosphatidylserine (PS) exposure by Annexin V (g). The 
results are expressed as means ± SD (at least 4 mice/group). # p-value ≤ 0.05 relative to ACC1 WT mice. $ p-value ≤ 0.05 
relative to GPIbα-Cre+/KI mice. Data underwent one-way ANOVA. 
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PART3: Role of platelet acetyl-CoA carboxylase phosphorylation on 

thrombus formation in atherosclerosis 

 

 

The aim of this chapter was to evaluate the impact of platelet ACC phosphorylation on 

thrombus formation in vivo in an atherosclerotic environment. 

In this article, we reported that: 

1) Platelet ACC phosphorylation is increased in ApoE-/- x SRBIflx/flx mice transplanted with 

ACC WT bone marrow fed with a high-chol diet for four weeks. 

2) Platelet ACC phosphorylation does not alter atherosclerosis formation in ApoE-/- x 

SRBIflx/flx transplanted mice. 

3) Platelet ACC phosphorylation does not alter ferric chloride-induced thrombosis in 

ApoE-/- x SRBIflx/flx transplanted mice. 
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Abstract 

 

Acetyl-CoA carboxylase (ACC) is a rate-limiting enzyme in de novo lipogenesis (DNL) by 

carboxylating acetyl-CoA into malonyl-CoA. Its phosphorylation on serine 79 residue by 

AMP-activated protein kinase (AMPK) induces its inhibition. The lack of ACC 

phosphorylation/inhibition, as seen in ACC double knockin (DKI) mice, leads to an 

increased thrombus growth in vivo, while pharmacological ACC inhibition decreases 

platelet aggregation. We recently demonstrated that circulating platelet ACC 

phosphorylation level is associated with the severity of atherosclerotic plaque burden 

either in high-risk coronary artery disease (CAD) patients or in atherosclerotic mice. 

Therefore, we hypothesized that the higher level of ACC phosphorylation observed in 

acute coronary syndrome patients could be a counter-regulatory mechanism to limit 

thrombosis. To investigate this, we performed a bone marrow transplant (BMT) from 

ACC WT or ACC DKI mice to ApoE-/- x SRBIflx/flx mice, fed with a hypercholesterolemic 

diet. Our work demonstrate that phosphorylation of ACC does not influence 

atherosclerosis development or thrombus growth in atherosclerotic mice, at least in a 

model based on FeCl3-induced carotid artery injury. 

 

Keywords: acetyl-CoA carboxylase, atherosclerosis, platelet, thrombus. 
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1. Introduction 

 

In 2019, World Health Organization (WHO) estimated that 32% of deaths were due to 

cardiovascular diseases. Heart attack, mainly due to atherothrombosis, and stroke both 

account for 85% of these deaths [287]. Atherothrombosis is characterized by thrombus 

formation after rupture or erosion of an atherosclerotic plaque. When it obstructs 

coronary arteries, thrombosis leads to myocardial infarction [288]. Over the past 

decades, the Framingham risk score, based on sex, age, blood pressure, hyperlipidemia, 

smoking and diabetes, has been used to predict the occurrence of coronary artery 

disease (CAD) [289]. However, this score has limitations as some people with low or 

middle risk score experienced CAD. Therefore, several studies have tried to identify 

more efficient biomarkers to detect people with a higher risk of developing an acute 

coronary syndrome (ACS) [290]. Recently, we demonstrated that an increase in 

circulating platelet acetyl-CoA carboxylase (ACC) phosphorylation level is associated 

with the severity of atherosclerotic plaque burden either in high-risk coronary artery 

disease (CAD) patients or in ApoE-/- x SRBIflx/flx mice fed 12 weeks with a western type, 

hypercholesterolemic (high-chol), diet [227].  

ACC is the rate-limiting enzyme of de novo lipogenesis (DNL). It carboxylates acetyl-CoA 

into malonyl-CoA, the precursor for fatty acids synthesis [246]. Its phosphorylation on 

serine 79 residue by AMP-activated protein kinase (AMPK) induces its inhibition [211]. 

Using a mouse model expressing mutant ACC isoforms that can not be phosphorylated 

by AMPK, i.e. ACC double knock-in (ACC DKI) mice, we demonstrated that lack of ACC 

phosphorylation/inhibition leads to an increased thrombus growth in vivo [57]. 

Moreover, pharmacological ACC inhibition decreases thrombin-induced platelet 

aggregation [277]. However, the impact of ACC phosphorylation on thrombus 

formation in an atherogenic environment remains unknown. 

In this study, we explored the role of ACC phosphorylation on thrombus formation in 

ApoE-/- x SRBIflx/flx mice irradiated and transplanted with ACC WT or ACC DKI bone 

marrow (BM) and fed with a high-chol diet. We reported that bone marrow transplant 
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(BMT) of ACC WT hematopoietic stem cells in atherosclerotic mice fed with a high-chol 

diet show an increased level of ACC phosphorylation in circulating platelets, while 

platelet ACC is not phosphorylated after ACC DKI BMT. The development of 

atherosclerotic lesions into artery branch sites from the aortic arch and along the aorta 

does not differ between ApoE-/- x SRBIflx/flx mice transplanted with ACC WT or ACC DKI 

BM. Comparable results were obtained when atherosclerotic plaque formation was 

analyzed in the aortic root of mice. Finally, thrombus growth was not different between 

the two types of atherosclerotic mice, at least in a model based on FeCl3-induced 

carotid artery injury. 
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2. Results 

2.1. ACC phosphorylation is increased in ApoE-/- x SRBIflx/flx mice transplanted with 

ACC WT bone marrow fed with a high-chol diet for four weeks. 

First, we analyzed platelet ACC phosphorylation levels in our atherosclerotic mice, i.e. 

ApoE-/- x SRBIflx/flx mice irradiated, transplanted with ACC WT or ACC DKI BM and fed 

with a chow or a high-chol diet for four weeks. In agreement with our previous data 

[227], we show that platelets from ApoE-/- x SRBIflx/flx mice transplanted with ACC WT 

hematopoietic stem cells, and fed with a high-chol diet, have an enhancement in ACC 

phosphorylation level (Figure 1a). As expected, ApoE-/- x SRBIflx/flx mice receiving ACC 

DKI BM showed no phosphorylation of ACC, whatever the diet (Figure 1a). 

2.2. Platelet ACC phosphorylation does not alter atherosclerosis formation in ApoE-

/- x SRBIflx/flx transplanted mice. 

Next, we investigated whether platelet ACC phosphorylation could affect 

atherosclerosis. Aorta was isolated from the two types of atherosclerotic mice, then 

fixed and stained with Oil red O to visualize lipid-rich lesion areas. As observed in Figure 

1b, a four-week high-chol diet is sufficient to induce atherosclerotic lesions into artery 

branch sites from the aortic arch and along the aorta. However, no difference in lipid 

deposition was observed between mice with ACC WT or ACC DKI BM (Figure 1b-c). 

These results were confirmed after analysis of atherosclerotic plaque formation in the 

aortic root of mice fed with a high-chol diet for six weeks (Figure 1d-e). 
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Figure 1. Platelet ACC phosphorylation and lipid deposition in ApoE-/- x SRBIflx/flx mice transplanted with ACC WT or ACC DKI 
bone marrow (BM). (a-e) ApoE-/- x SRBIflx/flx mice were irradiated and transplanted with ACC WT or ACC DKI BM. After four 
weeks, mice were fed with either a chow or a high-cholesterol (high-chol) diet for four weeks (a-c) or six weeks (d-e). (a) 
Washed murine platelets were lysed and subjected to western blotting for phosphoACC, gelsolin or ACC expression analysis. 
Gelsolin served as loading control for platelets. (b-c) Lipid deposition in the aorta was stained with Oil Red O. Representative 
pictures (b) and their quantifications (c) are shown. Scale bar; 2.5mm. Data are expressed as means ± SEM (n= at least 3). # p-
value ≤ 0.001 relative to chow fed mice. Data underwent 2-way ANOVA. (d-e) Cross-sections of aortic roots from mice fed 
with high-chol diet were stained with Oil Red O. Representative pictures (d) and their quantifications (e) are shown. Scale bar; 
200µm. Data are expressed as means ± SEM (n= at least 9). Data underwent unpaired t-test. 
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2.3. Platelet ACC phosphorylation does not alter ferric chloride-induced thrombosis 

in ApoE-/- x SRBIflx/flx transplanted mice. 

To assess the impact of platelet ACC phosphorylation on thrombus formation in an 

atherosclerotic environment, we applied a 10% FeCl3 solution on a carotid artery of 

ApoE-/- x SRBIflx/flx transplanted mice fed with a high-chol diet for eleven weeks (Figure 

2a-c). FeCl3 application induced thrombus formation in ApoE-/- x SRBIflx/flx-transplanted 

mice within 12 minutes (Figure 2a-c). The area occupied by thrombus gradually 

increased over time, and tended to be increased in mice with ACC DKI BM, compared 

to mice with ACC WT BM (Figure 2b), while the time necessary to reach the thrombus 

maximal size was not different in both types of mice (Figure 2c). 
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Figure 2. Thrombus formation in ApoE-/- x SRBIflx/flx mice transplanted with ACC WT or ACC DKI bone marrow (BM). (a-c) 
ApoE-/- x SRBIflx/flx mice were irradiated and transplanted with ACC WT or ACC DKI BM. After four weeks, mice were fed with a 
high-cholesterol diet for eleven weeks. Then, mice were subjected to in vivo FeCl3-induced thrombosis in carotid artery (10% 
FeCl3, 10 min). Thrombus formation was visualized by analyzing exogenous carboxyfluorescein succinimidyl ester (CFSE)-
stained platelet accumulation by intravital microscopy. (a) Representative pictures of thrombus formation at 1, 6, 12 and 18 
min after FeCl3 application on a carotid artery. (b) Quantification of thrombus formation by measuring its area over time. Data 
are expressed as means ± SEM (n= at least 11). Data underwent unpaired t-test. (c) Analyses of the time when the thrombus 
reaches its maximal size. Data are expressed as means ± SEM (n= at least 11). Data underwent unpaired t-test. 
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3. Discussion 

 

We recently reported that platelet ACC phosphorylation level is a potential risk 

stratification biomarker of CAD [227]. We also showed that modulating ACC activity in 

a non-atherogenic environment alters platelet aggregation and thrombus growth [57, 

277]. Here, we investigated the impact of platelet ACC phosphorylation on thrombus 

formation in atherosclerotic mice. Using ApoE-/- x SRBIflx/flx mice irradiated, transplanted 

with ACC WT or ACC DKI BM and fed with a high-chol diet, we confirm that ACC 

phosphorylation is increased in ACC WT platelets of atherosclerotic mice. However, it 

does not influence atherosclerosis development and barely impacts thrombosis in a 

model of FeCl3-induced carotid artery injury. 

It is recognized that macrophage-derived ApoE protects these cells from lipid 

accumulation and foam cells formation by inducing cholesterol efflux. This effect limit 

the development of atherosclerotic lesions [291, 292]. Unsurprisingly, ApoE-/- mice 

transplanted with ApoE WT BM and fed with a western type diet for four weeks display 

complete protection against aortic atherosclerosis [292]. However, atherosclerotic 

lesions were observed after four weeks of high-chol diet in ApoE-/- x SRBIflx/flx mice 

transplanted with ACC WT or ACC DKI BM. This discrepancy can be explained by the fact 

that SRBIflx/flx mice are hypomorphic and develop atherosclerosis when fed with a 

western type diet [293]. Lowering SRBI expression in ApoE-/- mice further enhances 

atherosclerosis progression, compared to SRBI-/- or ApoE-/- mice [294, 295]. Moreover, 

the protective effect of macrophage-derived ApoE on atherosclerotic lesions in ApoE-/- 

mice is reduced when these mice are fed with a western type diet for a longer period 

(15 weeks) [296]. This data suggest a contribution of non-hematopoietic cells-derived 

ApoE in atherosclerosis development. 

Platelets are important in atherosclerosis progression. They recruit monocytes to the 

injured endothelium [100, 101]. While increasing platelet activation enhances 

atherosclerotic lesions, blocking platelet adhesion to the endothelium decreases 

plaque formation [102-104]. Here, we confirm that AMPK-ACC signaling is activated in 
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circulating platelets of atherosclerotic mice [227]. However, we previously showed that 

increased ACC phosphorylation, in atherosclerotic mice or in high-risk CAD patients, 

was not related to platelet activation, but was associated with altered metabolic 

phenotypes, especially triglyceride downregulation [227]. Although we did not evaluate 

platelet lipid content or reactivity after BMT experiments, we show here that the 

phosphorylation status of platelet ACC does not influence lipid deposition along the 

aorta and at the aortic root.  

As we demonstrated that ACC DKI mice had a prothrombotic phenotype [57], we 

hypothesized that a higher ACC phosphorylation level in platelets could be a counter-

regulatory mechanism for thrombosis in a proatherogenic environment. However, we 

do not see any differences in thrombus formation between ApoE-/- x SRBIflx /flx mice with 

ACC WT or ACC DKI BM, at least in a model based on FeCl3-induced carotid artery injury. 

Of note, this model has several limitations notably about the underlying mechanisms 

by which FeCl3 triggers thrombosis. It’s commonly admitted that FeCl3 induces oxidative 

stress that leads to lipid peroxidation and endothelial cell damages [297]. However, 

some studies suggest that red blood cells initiate thrombosis by binding to Fe3+ at the 

endothelium and then recruit platelets [298]. The potential implication of other blood 

components still needs further investigations. Moreover, thrombus stability differs 

depending on the mouse strain and the concentration of FeCl3 used [298].  

The complex regulation of ACC activity should also be taken into account. Indeed, 

allosteric binding of palmitoyl-CoA inhibit ACC activity [210].  Since platelets from CAD 

patients can uptake triglycerides (TAG) from the plasma [227], it is plausible that C16:0 

fatty acyl chains from TAG could act as ACC inhibitors and attenuate the impact of 

platelet ACC DKI on plaque development or thrombosis. Therefore, BMT experiments 

using platelet-specific ACC1 KO mice could help us to investigate whether ACC 

inactivation is a counter-regulatory mechanism limiting thrombosis in a proatherogenic 

environment. 
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4. Materiel and methods 

4.1. Reagents  

Apyrase (#A6132), acid citrate-dextrose solution (ACD) (#C3821), Oil Red O (#O0625) 

and horse radish peroxidase (HRP)-conjugated anti-rabbit (#A0545) antibodies (Abs) 

were purchased from Sigma. Bovine serum albumin (BSA) (#3854.4) and D-saccharose 

(#9286.1) were purchased from Roth. Fatty acid-free BSA (#126575) was from 

Millipore. Anti-ACC (#3676), anti-phospho-ACC (#11818) anti-rabbit IgG HRP-linked 

(#7074) and anti-gelsolin (#12953) Abs were obtained from Cell Signaling. 

Carboxyfluorescein succinimidyl ester (CFSE) (#C34554) and Red Blood cell Lysis buffer 

1X (#00-4333-57) were purchased from ThermoFisher Scientific. MEM 1X + Glutamax 

medium (#32561-029) was from Gibco. Iso-pentane was purchased from vWR 

(#103616V). Ketamine (Nimatek) was purchased from Dechra. Xylazine (Rompun) was 

obtained from Bayer. Tissue-Tek® O.C.T. compound was from Sakura (#4583). 

4.2. Mice  

ApoE-/- x SRBIflx/flx mice were kindly received from Philippe Lesnik [293]. ACC1/2 DKI 

mice were described previously [219]. Fourteen- to twenty-seven-week-old male and 

female mice were studied. Animal procedures and protocols were approved by local 

authorities (Comité d’éthique facultaire pour l’expérimentation animale, 

2016/UCL/MD/027 and 2021/UCL/MD/012) and performed in accordance with the 

Guide for the Care and Use of Laboratory Animals, published by the US National 

Institutes of Health (NIH Publication, revised 2011). 

4.3. Bone marrow transfer  

Six- to eight-week-old ApoE-/- x SRBIflx/flx mice (recipient mice) were irradiated (2 x 

25min; 10 Gy) and transplanted with ACC WT or ACC DKI bone marrow (BM; donor 

mice). BM cells were flushed from mice tibia and femur in MEM 1X + Glutamax + 

Pen/Strep (1%) medium. Cells were filtered and centrifuged at 300g for 7 minutes. Cells 
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pellet was resuspended into red blood cells lysis buffer for 5 minutes before being 

washed twice with PBS (300g; 7 minutes). Finally, cells were resuspended in PBS 

endotoxin free solution at 10X106 cell/mL. BM cells (2X106) were injected, via the retro-

orbital plexus, into recipient mice, previously anesthetized with a mix of ketamine: 

domitor (75mg/Kg:1.5mg/Kg). Mice were woke up at 37°C with an IP injection of 

antisedan (1.5mg/Kg) and kept in ventilated cages. After four weeks, mice were fed 

with either a chow or a hypercholeterolemic (high-chol), i.e. western type diet (A04 + 

1.25% cholesterol, 16% cocoa butter, U8220 version 151, Safe, Augy, France) for four 

weeks, unless says otherwise. 

4.4. Murine platelets preparation  

Mice were anesthetized with a mix of ketamine:xylazine (150mg/Kg:20mg/Kg). Blood 

was taken from retro-orbital plexus, collected in a mix of ACD : apyrase (1/6 : 1U/mL) 

and centrifuged at 800g for 5 seconds, followed by 5 minutes at 100g. Platelet-rich 

plasma (PRP) was isolated and mix with ACD : apyrase (2/3 : 1U/mL) before a 

centrifugation at 400g for 5 minutes. Platelets pellet was resuspended to a density of 

2.5 x 105/µL (unless say otherwise) in modified Tyrode’s buffer (135mM NaCl, 12mM 

NaHCO3, 3mM KCl, 0.3mM Na2HPO4, 1mM MgCl2, 5mM D-glucose, 10mM Hepes, 0.35 

% BSA, pH 7.4, 37 °C). Cell-dyn Emerald (Abbott) was used to verify platelet count.  

4.5. Western blotting  

Platelets were lysed with modified blue Laemmli’s buffer 1X (50mM Tris pH 6.8, 10% 

(w/v) glycerol, 2% (w/v) SDS, 0.5mM EDTA, 0.01% (w/v) bromophenol blue, 25mM 

DTT). Lysates were subjected to western blot for phospho-ACC, ACC and gelsolin. All 

Abs were diluted in 5% BSA. The dilution for primary Abs were (1/1,000) except for anti-

gelsolin (1/50,000). Secondary HRP-conjugated anti-rabbit Abs from Cell Signaling were 

diluted (1/5,000), HRP-conjugated anti-rabbit Abs from Sigma were diluted (1/20,000). 

4.6. Lipids staining in the aorta  
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Aorta was isolated and external fat removed before being fixed with 4% 

paraformaldehyde (PFA) solution for 20 minutes. Washed aorta was stained with 

0.2% Oil Red O for 20 minutes and then washed again. Aorta was open before taking 

pictures using a camera (Canon EOS M50 with EF-M 32mm f/1.4 STM lens) on a 

microscope (Olympus SZ61; KL 1500). Lipids deposition were quantified using 

Image J software. 

4.7. Lipids staining in aortic valves 

Mice were fed with high-chol diet for six weeks. Hearts were harvested and fixed in 4% 

PFA solution at 4°C, overnight. After three PBS washes, hearts were cut into three parts, 

i.e. the base, the middle and the apex, and put in 30% sucrose solution at 4°C, overnight. 

Sucrose solution was replaced by OCT:30% sucrose (1:1) solution for one night at 4°C. 

Pieces of the heart were embedded into OCT:30%sucrose solution and frozen with 

liquid nitrogen. Cross-sections of the aortic valve were stained with Oil Red O for 15 

minutes, washed and counterstained with hematoxylin for 2 minutes. Images were 

taken using Axio Scan.Z1 slide scanner (Zeiss) and analyzed by QuPath software. 

4.8. Ferric-chloride induced thrombosis 

Mice were fed for eleven weeks with a high-chol diet before the experiment. PRP 

was incubated 2 minutes with CFSE (4.3µg/mL) before being centrifuged at 958g 

for 10 minutes. Platelet pellet was resuspended in sterile 0.9% NaCl and injected in 

the jugular vein of anesthetized (150 mg/Kg ketamine : 10 mg/Kg xylazine) mice 

with the corresponding genotype. A carotid artery of the anesthetized mice was 

injured by local application of 10% ferric chloride (FeCl3) solution for 10 minutes. 

Fluorescence was recorded by Zeiss fluorescence microscope (Carl Zeiss). Images 

were captured using screenshot software (50 images/second) and exported every 

2 minutes for quantification. Thrombus formation was quantified using Image J 

software.
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General discussion and perspectives 

 

I. The contribution of acetyl-CoA carboxylase in the regulation 

of platelet functions: de novo lipogenesis and/or protein 

acetylation? 

Inhibition of ACC1 activity results, on one hand, in a modification of PL composition 

and, on the other hand, in an increase in protein acetylation. Both processes regulate 

platelet functions as modifying acetylation level by targeting HDAC6 impaired platelet 

aggregation, and increasing platelet AA-containing PEP content enhanced thrombus 

growth [57, 232]. The change in protein acetylation occurs faster than the modification 

of fatty acyl chains-containing PLs as inhibiting ACC for two hours is sufficient to 

increase -tubulin acetylation but does not alter significantly platelet PL content [277]. 

Accordingly, in endothelial cells, a short-time treatment (4 hours) with an ACC inhibitor 

does not affect significantly PL composition [223]. Therefore, the regulation of protein 

acetylation level seems to be a way by which a short-term ACC inhibition controls 

platelet aggregation in vitro.  

As it has been shown in Src-transformed 3T3 and endothelial cells, that 24 hours 

treatment with a pharmacological ACC inhibitor is sufficient to modify PL composition, 

it is not surprising that platelet-specific ACC1 deletion alters PL levels [223, 225]. As 

ACC1 is implicated in DNL, we could expect a global decrease in lipid content after its 

deletion. However, we only observed a downregulation of PEP and PEO lipid classes. 

Furthermore, it decreases saturated fatty acyl chains and increases polyunsaturated 

fatty acyl chains in PC and PE. These data are also observed in cells treated with 

pharmacological ACC inhibitor and result in a less fluid and more rigid membrane [223-

226]. Interestingly, omega-3 PUFA are known to exert cardioprotective effect via 

antithrombotic property. Indeed, mice fed six weeks with a DHA/EPA-enriched diet 

show a decrease in laser-induced cremaster arteriole thrombosis and fibrin formation 
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[299]. The decrease in AA-containing PEP and the modifications in PL composition 

observed in ACC1 pKO platelets are therefore probably responsible for the decrease in 

TxA2 generation and dense granule secretion, with subsequent decreased aggregation 

and thrombus formation ex vivo. Moreover, the assumed membrane rigidity might alter 

filopodia formation which is also known to stabilize platelet aggregates [73, 74]. 

Furthermore, the alteration of ACC interactome in ACC1 pKO mice could participate in 

the difference observed between our in vitro data using a pharmacological ACC 

inhibitor and our results obtained with ACC1 pKO mice. However, little is known about 

the proteins associated with ACC and it is therefore hard to speculate about proteins 

that would be directly impacted by ACC1 deletion in platelets [300]. 

We cannot leave out an impact of protein acetylation in ACC1 pKO platelets. In line with 

that statement, we observed an increase in -tubulin acetylation level in platelets from 

ACC1 pKO mice (data not shown). Moreover, it has previously been reported that 

inhibiting ACC modifies protein and histone acetylation [237, 240]. Interestingly, an 

increase in acetylated enzyme involved in glycogen breakdown, glycolysis and fatty acid 

oxidation were observed in mice lacking hepatic ACC1/2 [240]. It would be worth 

analyzing the impact of platelet-specific ACC1 deletion on protein level and acetylation 

level in platelets and MKs. 

II. Acetyl-CoA carboxylase in the regulation of phospholipid 

content 

Intriguingly, ACC inhibition increases some PUFA-containing PC and PE, while they have 

a dietary source [223-226]. Moreover, blocking DNL by inhibiting FAS enzyme also leads 

to an increase in PUFA-containing PC [301]. All together, these data raise the question 

about the source of these increased PLs in platelets. It is recognized that circulating LDL, 

HDL and VLDL can transfer PLs to platelet without lipoprotein internalization [155, 302]. 

However, in vitro studies showed an increase in some PUFA-PC and PE even in the 

absence of external sources of lipids, suggesting the participation of an endogenous 

regulation [223-226, 301]. A possible mechanism could be an increase of PA generation 



 
 

141 
 
 

(= PL precursor) from glucose catabolism (G3P and DHAP) in combination with PL 

remodeling, i.e. deacylation and reacylation cycle or transacylation. Lipidomic analyses 

of plasma and MKs of platelet-specific ACC1 KO mice might tell us if platelets acquire 

this modified PL content from plasma/MKs or if there are PL modifications occuring 

only in platelets.  

III. The involvement of acetyl-CoA carboxylase in platelet 

activation in an atherogenic environment 

Hyperlipidemic environment results in a prothrombotic phenotype in murine and 

human platelets [303, 304]. Because we showed that active ACC increases thrombus 

growth [57], while ACC inhibition/invalidation impairs platelet aggregation [277], we 

postulated that the higher ACC phosphorylation level seen in CAD patients could be a 

protective mechanism to attenuate platelet activation in an atherogenic environment. 

However, we did not observe any difference in thrombus formation between ApoE-/- x 

SRBIflx/flx with a high level of platelet ACC phosphorylation (ACC WT BM) and ApoE-/- x 

SRBIflx/flx with platelets without ACC phosphorylation (ACC DKI BM). One possible 

explanation could be that the hyperlipidemic environment hides ACC DKI-induced 

thrombus growth increase effect by enhancing platelet reactivity in both genotypes. It 

is also possible that ACC DKI platelets, lacking AMPK-induced ACC phosphorylation, can 

be allosterically inhibited by the increase in acyl-CoAs. As platelets from CAD patients 

uptake TAG from the circulation [227], we can postulate that platelets from our 

atherosclerotic mouse models have a higher TAG content acting as a reservoir of fatty 

acyl chains that, once cleaved, can inhibit ACC activity. Deciphering more precisely the 

role of platelet ACC1 on atherosclerosis and platelet aggregation requires further 

investigations. For example, we could study thrombus formation of platelets lacking 

ACC1 submitted to a proatherogenic environment. A BMT of ACC1flx/flx mice or ACC1 

pKO mice into ApoE-/- x SRBIflx/flx mice has to be performed, followed by the analysis of 

FeCl3-induced thrombosis. Several ACC inhibitors have also been developed and can be 

used in vivo. As a dysregulated DNL is associated with pathologies such as NAFLD, type 
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II diabetes or cancer [202, 208], ACC inhibitors were first designed as a potential 

treatment for these diseases [204, 205, 208, 209, 221]. To the best of our knowledge, 

the impact of ACC inhibitors has not been investigated in the context of atherosclerosis. 

In the case of NASH, a specific liver-targeted small-molecule ACC1/2 inhibitor shows a 

reduced liver TAG, while these lipids are increased in plasma [204, 305]. The latter has 

been confirmed in mice lacking liver ACC1/2 [305]. Interestingly, another study 

revealed that PF-05175157 ACC inhibitor decreases platelet count but still within the 

normal range [207]. Thus, it is possible that ACC inhibitors, by increasing plasma TAG, 

enhance platelet reactivity and therefore promote atherosclerosis development. In the 

contrary, it could also attenuate its progression by decreasing platelet count, 

macrophage-induced atherosclerotic lesions [306] and reduce platelet reactivity [277]. 

It could be worth analyzing the impact of clinically used ACC inhibitors on thrombus 

growth.  

IV. Lysine deacetylases in platelet activation in an atherogenic 

environment 

As a short-term ACC inhibition alters platelet aggregation via an increase in -tubulin 

acetylation level [277], HDAC or SIRT inhibitors could also be interesting targets as 

potential treatment for prothrombotic diseases like atherosclerosis. Unsurprisingly, the 

effect of HDAC inhibitors on endothelial dysfunction and atherosclerosis progression 

was already nicely reviewed in 2020. Depending on the type of HDACs targeted, 

inhibitors have pro- or anti-atherogenic properties [307]. Interestingly, specific HDAC6 

inhibitor, tubacin, prevents atherosclerosis development in atherosclerotic mice [308]. 

However, the authors did not assess the impact of tubacin on thrombosis in their 

model. Therefore, it would be worth analyzing the impact of HDAC6 inhibition on 

thrombus formation in atherosclerotic mice.  
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V. Acetyl-CoA carboxylase in the regulation of anti- and pro-

inflammatory lipid mediators 

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response 

to infection. It is characterized by vasodilatation, hyperpermeability and a procoagulant 

state leading to more thrombin generation [309, 310]. Moreover, an alteration of anti- 

and pro-inflammatory lipid mediators occurs during sepsis. The increase in AA release 

from PLs seems to promote inflammation as an enhancement of prostaglandins, TxA2, 

LTB4 or 12-HETE molecules occurs during sepsis. However, this could be 

counterbalanced by resolvins as their generation from either eicosapentaenoic acid 

(EPA, C20:5), docosahexaenoic acid (DHA, C22:6) or docosapentaenoic acid (DPA, 

C22:5) is also observed [311]. As thrombin increases platelet ACC phosphorylation level 

[228], we postulated that platelets from septic shock patients could have a higher level 

of ACC phosphorylation. This is now being evaluated by our group in the PLACCSEPS 

(Prospective evaluation of PLatelets Acetyl-CoA Carboxylase phosphorylation state in 

SEPtic Shock patients) clinical study (NCT04107402). Moreover, since we recently 

showed that platelet ACC1 is involved in the regulation of PL composition, its inhibition 

could modulate platelet inflammatory lipid mediators synthesis and subsequent 

endothelial cell and/or platelet activation. This hypothesis is currently tested in the lab 

in ACC WT and ACC DKI submitted to a sublethal dose of lipopolysaccharide (LPS) 

(10mg/Kg). 

VI. Polymorphisms in acetyl-CoA carboxylase 1 gene 

ACACA, the gene encoding for ACC1 is located, in humans, on chromosome 17. Some 

single nucleotide polymorphisms (SNPs) of this gene are associated with the overall 

survival of patients suffering from hepatocellular carcinoma (HCC), a disease linked with 

an increased hepatic DNL [312-314]. Given the role of ACC in lipogenesis, studies 

between ACACA SNPs and fatty acid content were investigated. They revealed that 

some SNPs are associated with a change in short-chain fatty acid (C8:0, C10:0 and 



 
 

144 
 
 

C12:0) and middle and long-chain fatty acid (C14:0, C16:0, C18:0) composition in bovine 

milk [315-317]. Another study showed an association with hypertriglyceridemia in 

patients taking some antipsychotic drugs [318]. So far, no research has been done 

regarding the impact of ACACA SNPs on platelet functions.  
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Cardiovascular Research Institute Maastricht, University of Maastricht, Maastricht, The Netherlands; 8Center for Proteomics and Metabolomics, Leiden

University Medical Center, Leiden, The Netherlands; 9Department of Pathology, University of Alabama at Birmingham Mitochondrial Medicine Laboratory,

Center for Free Radical Biology, University of Alabama at Birmingham, Birmingham, AL; 10Centre de Technologies Moléculaires Appliquées, Institut de
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K EY PO I N TS

l AMPK-ACC signaling

in platelets is a key

mechanism regulat ing

primary hemostasis

and arterial

thrombosis.

l AMPK-ACC signaling

cont rols collagen-

induced TXA2

generat ion and dense

granule release by

modulat ing platelet

phospholipid content .

AMP-act ivated protein kinase (AMPK) a1 is act ivated in platelets on thrombin or collagen

st imulat ion, and as a consequence, phosphorylates and inhibit s acetyl-CoA carboxylase

(ACC). Because ACC is crucial for the synthesis of fat t y acids, which are essent ial for platelet

act ivat ion, we hypothesized that this enzyme plays a cent ral regulatory role in platelet

funct ion. To invest igate this, we used a double knock-in (DKI) mouse model in which the

AMPK phosphorylat ion sites Ser79 on ACC1 and Ser212 on ACC2 were mutated to prevent

AMPK signaling to ACC. Suppression of ACC phosphorylat ion promoted injury-induced

arterial thrombosis in vivo and enhanced thrombus growth ex vivo on collagen-coated

surfaces under flow. After collagen st imulat ion, loss of AMPK-ACC signaling was associated

with amplified thromboxane generat ion and dense granule secret ion. ACC DKI platelets had

increased arachidonic acid-containing phosphat idylethanolamine plasmalogen lipids. In con-

clusion, AMPK-ACC signaling is coupled to the cont rol of thrombosis by specifically modu-

lat ing thromboxane and granule release in response to collagen. It appears to achieve this by

increasing platelet phospholipid content required for the generat ion of arachidonic acid, a

key mediator of platelet act ivat ion. (Blood. 2018;132(11):1180-1192)

Introduction
A growing body of evidence shows that lipids are essential in

regulating platelet functions. Indeed, the platelet exhibits

a complex array of more than 5000 distinct lipid species, with

more than 700 responding to thrombin activation.1 Given this in-

creased focus on the role of lipid species in platelet function, it is

imperative to understand the molecular basis of their regulation

during platelet activation. Acetyl-CoA carboxylase (ACC) is a

good candidate because of its established role as a central

regulator of fatty acid metabolism.2 ACC catalyzes acetyl-CoA

carboxylation to form malonyl-CoA. Its 2 isoforms, ACC1 and

ACC2, have distinct cellular distributions.3 ACC1 ispresent in the

cytosol and synthesizes malonyl-CoA for de novo lipogenesis,4

whereas ACC2 is localized on the outer mitochondrial membrane

and generates malonyl-CoA, which inhibits fatty acid transport

into mitochondria for oxidation.5,6 ACC isa bona fide substrate of

AMP-activated protein kinase (AMPK), and its phosphorylation

is typically used as a marker of AMPK activation in cells and tis-

sues, including platelets.7-9 AMPK phosphorylates ACC1/2 on

serine residues (Ser79/212), leading to suppression of ACC

activity.10,11 We have previously reported that AMPKa1 is activated

in platelets upon thrombin stimulation, and increases the phos-

phorylation of myosin regulatory light chains, cofilin, and vasodilator-

stimulated phosphoprotein.7 These cytoskeletal proteins are critical

for triggering platelet shape change and the centralization of se-

cretory granules during platelet activation.12 However, the effect

of AMPK-mediated ACC phosphorylation on platelet function

has never been investigated.

Fatty acids fulfill at least 3 main roles: structural, signaling, and

energy storage. Phospholipids (PL) are the major structural lipids

1180 blood®13 SEPTEMBER 2018 | VOLUME 132, NUMBER 11 © 2018 by The American Society of Hematology
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Abstract 

A current challenge concerns developing new bioresorbable stents that com-

bine optimal mechanical properties and biodegradation rates with limited 

thrombogenicity. In this context, twinning-induced plasticity (TWIP) steels 

are good material candidates. In this work, the hemocompatibility of a new 

TWIP steel was studied in vitro via hemolysis and platelet activation assess-

ments. Cobalt chromium (CoCr) L605 alloy, pure iron (Fe), and magnesium 

(Mg) WE43 alloy were similarly studied for comparison. No hemolysis was 

induced by TWIP steel, pure Fe, or L605 alloy. Moreover, L605 alloy did not 

affect CD62P exposure, αIIbβ3 activation at the platelet surface, or phospho-

rylation of protein kinase C (PKC) substrates upon thrombin stimulation. In 

contrast, TWIP steel and pure Fe significantly decreased platelet response to 

the agonist. Given that similar inhibitory effects were obtained when using a 

conditioned medium previously incubated with TWIP steel, we postulated 

TWIP steel corrosion to be likely to release components counteracting plate-

let activation. We showed that the main ion form present in the conditioned 

medium is Fe3+. In conclusion, TWIP steel resorbable scaffold displays an-

ti-thrombogenic properties in vitro, which suggests that it could be a prom-

ising platform for next-generation stent technologies. 
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