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Aims Calcific aortic valve stenosis (CAVS) is characterized by a fibrocalcific process. Studies have shown an association
between CAVS and the activation of platelets. It is believed that shear stress associated with CAVS promotes the
activation of platelets. However, whether platelets actively participate to the mineralization of the aortic valve (AV)
and the progression of CAVS is presently unknown. To identify the role of platelets into the pathobiology of
CAVS.

...................................................................................................................................................................................................
Methods
and results

Explanted control non-mineralized and mineralized AVs were examined by scanning electron microscope (SEM)
for the presence of activated platelets. In-depth functional assays were carried out with isolated human valve inter-
stitial cells (VICs) and platelets as well as in LDLR-/- apoB100/100 IGFII (IGFII) mice. Scanning electron microscope
and immunogold markings for glycoprotein IIb/IIIa (GPIIb/IIIa) revealed the presence of platelet aggregates with fi-
brin in endothelium-denuded areas of CAVS. In isolated VICs, collagen-activated platelets induced an osteogenic
programme. Platelet-derived adenosine diphosphate induced the release of autotaxin (ATX) by VICs. The binding
of ATX to GPIIb/IIIa of platelets generated lysophosphatidic acid (LysoPA) with pro-osteogenic properties. In IGFII
mice with CAVS, platelet aggregates were found at the surface of AVs. Administration of activated platelets to
IGFII mice accelerated the development of CAVS by 2.1-fold, whereas a treatment with Ki16425, an antagonist of
LysoPA receptors, prevented platelet-induced mineralization of the AV and the progression of CAVS.

...................................................................................................................................................................................................
Conclusions These findings suggest a novel role for platelets in the progression of CAVS.
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Introduction

Calcific aortic valve stenosis (CAVS) is a prevalent heart valve dis-
order.1 Studies have highlighted that CAVS is associated with haemo-
static abnormalities. Calcific aortic valve stenosis-related high shear

stress promotes the degradation of high molecular weight multimers
of von Willebrand factor (vWF) and is associated with mucosal
haemorrhage (acquired Type 2A von Willebrand syndrome).2 On
the other hand, the elevated shear stress created by CAVS has been
linked with increased release of thrombin and activation of platelets
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even in patients with acquired Type 2A von Willebrand syndrome.3

Also, the level of circulating platelet-derived microparticles is
increased in patients with CAVS.4 These findings are in line with the
increased risk of thromboembolism documented in patients with
CAVS.5,6

In porcine aortic valves (AVs), several key regulators of haemosta-
sis are expressed and their levels are modulated by ageing.7

Examination of surgically explanted mineralized AVs has demon-
strated the presence of tissue factor, a promoter of blood coagula-
tion, in leaflets.8,9 Moreover, CAVS-related shear stress and
turbulent blood flow patterns could activate the endothelium and
promote the adhesion and activation of platelets on the surface of
AVs. Platelets liberate a vast array of mediators including bioactive
lipids such as lysophosphatidic acid (LysoPA), which have pro-
osteogenic activity in the AV.10 However, despite mounting evidence
showing an association between the activation of platelets and CAVS,
there is a lack of data on whether platelets may actively promote the
progression of CAVS. In this work, using both in vitro and in vivo mod-
els of CAVS, we unravel a novel mechanism whereby activated plate-
lets promote an osteogenic programme and the progression of
CAVS through activation of the purinergic receptor P2Y1 (P2RY1)-
glycoprotein IIb/IIIa(GPIIb/IIIa)-LysoPA pathway.

Methods

Expanded method section is provided in the Supplementary material
online.

Procurement of tissues for analyses
We examined stenotic AVs (CAVS) that were explanted from patients at
the time of AV replacement. Control non-calcified AVs with normal
echocardiographic analyses were obtained during heart transplant proce-
dures. The protocol was approved by the local ethical committee and
informed consent was obtained from the subjects. The study conforms
with the declaration of Helsinki.

Scanning electron microscopy
Following AV replacement or heart transplant procedures, valves were
immersed in saline, transported to the laboratory, where they were im-
mediately fixed for SEM studies (Quanta 3D FEG, FEI, USA).

In vitro analyses of calcification
Valve interstitial cells (VICs) were incubated for 7 days with a mineralizing
medium containing: DMEM þ 5% FBS, 10-7 M insulin, 50lg/mL ascorbic
acid, and NaH2PO4 at 2 mM. Cells were then incubated 24 h in 0.6 N
HCl, supernatants was harvested and sent for quantification and cells
were harvested in 1%SDS, 0.1 N NaOH for protein quantification.

Treatment with platelets
Platelets were isolated from plasma of healthy donors. Platelets were
activated by incubation with collagen (2.5mg for 3.2� 106 platelets) for
2 min at 37�C with constant agitation. Cells were treated twice with
3.2� 106 activated platelets during the 7 days mineralization protocol.

Animals
All animal protocols were conducted according to guidelines set out by
the Laval University Animal Care and Handling Committee and are con-
form with the NIH guidelines for the care and use of laboratory animals.
LDLR-/-/ApoB100/100/IGFII (on C57Bl/6J background) were generated
from an established colony at the Heart and Lung Institute of Laval
University from original founders kindly provided by Dr SeppoYlä-
Herttuala (University of Eastern Finland, Finland).

Treatment with platelets in mice
Platelets were isolated from C57BL6 mice, activated with collagen for
1 min at 37�C. The activation was performed just before the injection in
IGFII mice. Platelets were kept on ice and rapidly injected into treated
mice (1.5�107 platelets/10 g/week).

Statistical analyses
Continuous data were expressed as mean ± standard deviation. The
Shapiro–Wilk tests were performed on data. When distribution was nor-
mal, Student’s t-test, or ANOVA (post hoc Tukey) statistical analyses
were performed. When distribution was not normal, Mann–Whitney, or
Kurskal–Wallis (post hoc Steel-Dwass) statistical analyses were per-
formed. Categorical data were expressed as absolute values and percen-
tages and were compared with Fisher’s exact test. For in vitro
experiments with VICs, n represents the number of experiment per-
formed with different donors. A P-value <0.05 was considered significant.
Statistical analysis was performed with a commercially available software
package JMP 12.0 or Prism 6.0.

Results

Activated platelets and mineralized
aortic valves
Explanted control non-mineralized (n = 9) and mineralized AVs
(n = 8) were obtained from heart transplant and AV replacement sur-
geries, respectively (Supplementary material online, Table S1). We
examined by scanning electron microscope (SEM) the aorta-facing
and the ventricle-facing surfaces of mineralized AVs, which were
compared with control non-mineralized AVs. Compared with con-
trol non-mineralized AVs (Figure 1A), we found in mineralized valves
that the endothelium was activated in areas located on the aorta-
facing side of the AVs (Figure 1B). In CAVS, the endothelium was ir-
regular and showed the presence cuboidal cells protruding towards
the lumen, suggesting activation of the endothelial cells (Figure 1B).
On closer inspection, the cell membrane of endothelial cells was cor-
rugated with many microvilli, a pattern associated with the activation

Translational perspective
Previous studies underlined that platelets are activated during
calcific aortic valve stenosis (CAVS). However, whether platelets
actively participate to the progression of CAVS is presently un-
known. We found that surgically explanted aortic valves (AVs)
present endothelium denudation areas, which are covered by
activated platelets. Functional assays showed that autotaxin
(ATX)- and glycoprotein IIb/IIIa-mediated processes promote the
osteogenic transition of valve interstitial cells. In patients with
CAVS, platelet-associated ATX activity is increased. In mice, ad-
ministration of activated platelets accelerated the progression of
CAVS, which was inhibited by the blockade of the ATX pathway.
These data thus underline a novel role for platelet in CAVS.
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of the endothelium (Figure 1C). The activation of the endothelium in
mineralized AVs was confirmed by measuring the level of vascular
cell adhesion-molecule 1 (VCAM1), a marker of cytokine-activated
endothelium. In western blotting, we found that VCAM1 was not
detected in control non-mineralized AVs, whereas it was expressed
in mineralized AVs (Supplementary material online, Figure S1).
Scattered areas of endothelium denudation were also observed on
the aorta-facing side of mineralized AVs where microaggregates
were present (Figure 1D). These microaggregates were composed of
fibrin-like material and platelets showing numerous cell extensions
such as filipodia, which is a hallmark of activated platelets (Figure 1E).
Quantitative morphometric analyses showed that platelets were not
detected in control non-mineralized AVs, whereas the area ratio cov-
ered by platelets (for the examined surface under SEM) averaged
12% per mineralized AVs (Figure 1F). Fibrin-like material was often

calcified on electron dispersive X-ray (EDX) analysis (Figure 1G and
H). To confirm the presence of platelet microaggregates on the sur-
face of AVs, we performed markings for GPIIb/IIIa (aIIb b3) by using
immunogold and SEM. Immunogold labelling showed in SEM the
presence of GPIIb/IIIa in microaggregates, thereby confirming the
presence of platelets (Figure 1G). These data suggested that micro-
aggregates of platelets at the surface of AVs may interact with VICs
during CAVS.

Activated platelets promote
mineralization of valve interstitial cell
cultures
Human primary VICs were isolated from non-mineralized AVs and
cultured in a mineralizing medium for 7 days with or without Type I

Figure 1 Activated platelets in mineralized aortic valves. (A–E) Scanning electron microscope analyses of control (n = 9) (A) and mineralized
(n = 8) (B–E) valves showing activation of endothelium (B and C) platelets aggregates and red blood cells (D and E). (F) Quantification of platelets in
control (n = 9) vs. calcific aortic valve stenosis (n = 8). (G) Immunogold labelling for glycoprotein IIb/IIIa confirming the presence of platelet aggregates
on calcific aortic valve stenosis. (H) Energy-dispersive X-ray spectroscopy analysis of platelet aggregates, demonstrating the presence of calcification.
Scale bars: (A and B) 20mM, (C) 2mM, (D) 10mM, (E) 5mM, (G) 4mM. Values are presented as mean ± standard deviation. CAVS, calcific aortic valve
stenosis; CTL, control; GPIIb/IIIa, glycoprotein IIb/IIIa.
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collagen-activated platelets obtained from healthy donors. Collagen
Type I was selected as it is an important component of human AVs
extracellular matrix where platelets were found on extracellular ma-
trix. A high proportion of plated VICs (81%) expressed a-smooth
muscle actin (a-SMA/ACTA2) and were thus activated
myofibroblast-like cells, which are believed to play a key role in driv-
ing osteogenesis in the AV (Supplementary material online, Figure S2).
In mineralization assays, the amount of extracellular calcium was
determined biochemically with the Arsenazo III method, which is spe-
cific for calcium, and corrected with the protein content.11 The add-
ition of Type I collagen-activated platelets to the growth medium at a
concentration equivalent to 1.3� 109/L (normal value in circulation
is 150–450� 109/L), increased by 130% the mineralization of VIC cul-
tures (Figure 2A) (range absolute value of calcium: 1057–3419mg Ca/
mg protein). In order to establish if platelet-induced mineralization of
VIC cultures relied on cell contact or the production of soluble fac-
tor(s), we carried out the mineralization experiment in a transwell
co-culture system. Valve interstitial cells were plated and collagen-
activated platelets were added in a transwell permeable to solutes
but not to platelets (mesh size 0.2mm). In transwell assay, collagen-
activated platelets strongly increased the mineralization of VIC cul-
tures (Figure 2B) (range absolute value of calcium: 2290–5830mg Ca/
mg protein). These data suggest that soluble factor(s) is/are released
by the activated platelets and promote the mineralization of VIC cul-
tures. We next evaluated if collagen-activated platelets could pro-
mote the osteogenic transition of VICs. Co-treatment of VICs with
the osteogenic medium and activated platelets for 24 h led to higher
level of RUNX2 and BGLAP transcripts (Figure 2C and D). RUNX2 is a

bone-related transcription factor that positively regulates BGLAP and
the mineralization process. Bone morphogenetic protein 2 (BMP2) is
an important promoter of mineralization and it drives the expression
of RUNX2. We documented that activated platelets increased the
release of BMP2 by VICs after 24 h of treatment (Figure 2E). In add-
ition, activated platelets increased the activity of alkaline phosphatase
(ALP), an osteogenic marker, by 2.2-fold (Figure 2F). These findings in-
dicate that platelets promote the osteogenic transition and the min-
eralization of VIC cultures.

Platelet-induced mineralization relies on
valve interstitial cell-derived autotaxin
and the production of lysophosphatidic
acid
Platelets express phospholipase A1, which produces lysophosphati-
dylcholine, a substrate for autotaxin (ATX).12 The addition of pal-
mostatin B, a blocker of phospholipase A1 and A2, abrogated
platelet-induced mineralization of VIC cultures (Figure 3A) (range ab-
solute value of calcium: 365–662mg Ca/mg protein). Autotaxin, a
lysophospholipase D that interacts with platelets,13 is highly
expressed by VICs.14 We thus hypothesized that platelet-induced
mineralization of VIC cultures may rely on ATX released by VICs and
its downstream product LysoPA. The addition of HA130, an ATX in-
hibitor, abrogated platelet-induced mineralization of VIC cultures
(Figure 3B) (range absolute value of calcium: 663–5257mg Ca/mg pro-
tein). In VICs, platelet-induced release of BMP2 was prevented by the
addition of HA130 to the growth medium (Figure 3C). In this

Figure 2 Activated platelets enhance valve interstitial cell mineralization in vitro. (A and B) Calcification assay showing the effect of platelets added
directly (n = 6) (A) or in co-culture (n = 6) (B) with valve interstitial cells. (C and D) RUNX2 (n = 6) (C) and BGLAP (n = 6) (D) gene expression is
increased in valve interstitial cells following addition of activated platelets to cells cultured in mineralizing medium (PO4). (E) Measurements of BMP2
in cell supernatants show that the protein expression rises with platelets addition (n = 6). (F) Platelets stimulates alkaline phosphatase enzymatic activ-
ity in valve interstitial cells (n = 6). Values are presented as mean ± standard deviation. ALP, alkaline phosphatase; BGLAP, bone gamma-carboxygluta-
mic acid-containing protein; BMP2, bone morphogenetic protein 2; CTL, control; RUNX2, Runt-related transcription factor 2.
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..experiment, HA130 treated cells released less BMP2 even compared
with control VICs without platelet; this is possibly related to strong
basal ATX activity in VICs, which could promote LysoPA-mediated
BMP2 activation at the basal state.10,14 Also, treatment of cells with
Ki16425, an inhibitor of LysoPA receptors 1-3 (LPAR1-3), negated
platelet-induced mineralization of VIC cultures (Figure 3D) (range ab-
solute value of calcium: 1911–5844mg Ca/mg protein). These data
suggest that LysoPA derived from ATX mediated the pro-
mineralizing effect of platelets. We next hypothesized that ATX
released by VICs could play a significant role in platelet-induced

mineralization of cell cultures. In VICs, small interfering RNA (siRNA)
targeting ATX, which lowered significantly ATX level measured by
ELISA (Figure 3E), abrogated platelet-induced mineralization of cell
cultures (Figure 3F) (range absolute value of calcium: 237–1199mg
Ca/mg protein). These data suggest that platelets induce the release
of ATX by VICs, which may, in turn, interact with platelets and gener-
ate LysoPA. To further corroborate this hypothesis we measured the
release of LysoPA by using a specific ELISA, which does not cross
react with related lipids such as phospholipids, lysophosphatidylcho-
line and sphingosine-1 phosphate.15 We found that co-incubation of

Figure 3 Effect of platelets on valve interstitial cells relies on autotaxin. (A) Effect of palmostatin B on platelet-induced mineralization of valve inter-
stitial cell cultures (n = 6). (B and C) ATX inhibitor HA130 reduces platelet-induced mineralization (n = 6) (B) and BMP2 expression (n = 6,
PO4þplateletsþHA130 n = 4) (C). (D) Ki16425 (n = 6) impedes on platelet-mediated mineralization. (E) ATX protein measurements by ELISA dem-
onstrating small interfering RNA efficiency (n = 4). (F) ATX silencing abrogates platelet-induced mineralization (n = 5). (G) ATX activity contributes
to lysophosphatidic acid increase following addition of platelets to cultured valve interstitial cells (VICs, platelets n = 4, VICsþplatelets,
VICsþplateletsþHA130 n = 5). HA130: 100 nM (DMSO: 1mL/mL), Ki16425: 1mM (DMSO: 0.24mL/mL), palmostatin B: 1.6mM (DMSO: 0.16mL/mL).
Values are presented as mean ± standard deviation. ATX, autotaxin; BMP2, bone morphogenetic protein 2; CTL, control; DMSO, dimethyl sulfoxyde;
LysoPA, lysophosphatidic acid; VICs, valvular interstitial cells.
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platelets with VICs increased the release of LysoPA in the super-
natant by 4.1-fold, whereas HA130, an ATX inhibitor, abrogated this
effect (Figure 3G).

Platelet-derived adenosine diphosphate
promotes the expression of autotaxin by
valve interstitial cells through P2Y1
receptor
One major mediator released by activated platelets is adenosine di-
phosphate (ADP). Valve interstitial cells express ADP-responsive
P2RY1.16 We thus treated cell cultures with the P2RY1 inhibitor
MRS2279 and we measured ATX activity in the growth medium as a
readout for the release of this enzyme. Activated platelets induced
the release of active ATX, which was abrogated by the addition of
MRS2279 (Figure 4A). Also, the addition of apyrase, a nucleotidase
that depletes ADP, to the growth medium prevented platelet-
induced release of ATX by VICs (Figure 4B). In the same line, treat-
ment of VIC cultures with the P2RY1 agonist 2-methylthioadenosine
diphosphate trisodium salt (2MeS-ADP) was found to increase ATX
mRNA level by 3.7-fold (Figure 4C). This effect was reduced signifi-
cantly by siRNA-mediated knockdown of P2RY1 in VICs (Figure 4C–
E). In addition, knockdown of P2RY1 in VICs reduced significantly
platelet-induced mineralization of cell cultures (Figure 4F) (range ab-
solute value of calcium: 237–1199mg Ca/mg protein). These data are
consistent with the hypothesis that platelet-derived ADP up-
regulates the expression and release of ATX by VICs through P2RY1
and promotes the mineralization of VIC cultures.

Autotaxin interacts with glycoprotein
IIb/IIIa and promotes mineralization of
valve interstitial cell cultures
Valve interstitial cell-derived ATX may interact with platelets in driving
the production of osteogenic LysoPA. In binding assay, we found that
recombinant ATX interacted with activated platelets (Figure 5A). Arg-
Gly-Asp-Ser peptide (RGDS), which interacts with integrins b1 and
b3, dose-dependently reduced the interaction between ATX and acti-
vated platelets (Figure 5A). Also, GR144053, an inhibitor of GPIIb/IIIa
(aIIb b3), abrogated the interaction between ATX and activated plate-
lets (Figure 5B). We thus hypothesized that the binding of ATX to
platelet GPIIb/IIIa was crucial in promoting the mineralization of VIC
cultures. In this regard, a treatment of VIC cultures with GR144053
negated platelet-induced mineralization of cell culture (Figure 5C)
(range absolute value of calcium: 300–5948mg Ca/mg protein). These
data suggest that ATX is captured by platelets, which, in turn, pro-
motes the mineralization of the AV. Next, we hypothesized that ATX
activity in circulating platelets is elevated during CAVS since blood
plasma level of ATX is increased in patients with CAVS.17 We meas-
ured ATX activity in freshly isolated platelets of control subjects
(n = 9) and in patients with CAVS (mild to severe; n = 18) (Supplemen-
tary material online, Table S2). Control and cases had similar risk fac-
tors except for a higher proportion of hypertension in CAVS patients
(P = 0.001) (Supplementary material online, Table S2). Compared with
control individuals with no valvulopathy, platelet-associated ATX ac-
tivity was increased by four-fold in patients with CAVS (Figure 5D and
Supplementary material online, Table S2). Platelet-associated ATX ac-
tivity was positively and inversely associated with the peak transaortic

velocity and the aortic valve area, respectively (Figure 5E and F). There
is one outlier in graphs of Figure 5E and F; when removing this patient
correlations remained highly significant (R2 = 0.52, P < 0.0001 and
R2 = 0.58, P < 0.0001 respectively for Figure 5E and F).

Activated platelets accelerate the
progression of calcific aortic valve
stenosis in mice
We next assessed the presence of platelet micro-aggregates in
LDLR-/- apoB100/100 IGFII transgenic mice (IGFII) which develop
CAVS when fed a high-fat, high-sucrose diet (HFHS).18 Compared
with control C57BL/6 mice (same background of IGFII mice), which
showed normal endothelium covering AVs (Figure 6A), we found by
using SEM that activated platelets were located on the aorta-facing
side of AVs in IGFII mice after 6 months of HFHS diet (Figure 6A).
Platelets were not detected in C57BL/6 mice, whereas the area ratio
covered by platelet in examined surfaces averaged 11% in IGFII mice
(Figure 6A). In order to determine whether circulating activated plate-
lets may accelerate CAVS, we administered by intravenous injections
collagen-activated platelets to IGFII mice. After 16 weeks of HFHS
diet, echocardiographic analyses were performed and IGFII mice
were injected collagen-activated mouse platelets isolated from
C57BL/6 mice (1.5� 107 platelets/10 g weight, which corresponds to
5% of total mouse platelets in circulation)19 once a week during
5 weeks (Figure 6B). This time point (16 weeks) was selected as it rep-
resents early CAVS process where altered haemodynamics could
play a role in promoting the activation of endothelium-platelets and
the progression of the disease process. Control mice were injected
saline (vehicle). Echocardiographic analyses were performed before
and after platelets administration. Baseline transaortic peak velocities
(4 months) were similar in control (saline) and mice receiving
collagen-activated platelets (Supplementary material online, Table
S3). The injection of platelets during 5 weeks was found to increase
the progression rate of CAVS by 2.1-fold as shown by the rise of
transaortic velocities between the baseline (16 weeks) and after
5 weeks of treatment (21 weeks) (Figure 6C and Supplementary ma-
terial online, Table S3). In order to document whether LysoPA was
involved in this response, a group of mice was co-administered the
Lpar1-3 blocker Ki16425 (5 mg/kg/d i.p.) along with activated plate-
lets during 5 weeks (Figure 6B). Of interest, Ki16425 abrogated
platelet-induced rise of peak transaortic velocities (Figure 6C and
Supplementary material online, Table S3). Platelet-associated ATX ac-
tivity was increased in IGFII mice and as expected neither the injec-
tion of activated platelets nor the administration of Lpar1-3 blocker
affected platelet-ATX activity (Supplementary material online, Figure
S3). However, platelet-associated ATX activity was positively associ-
ated with the peak transaortic velocity (Figure 6D). Post-mortem anal-
yses performed at 21 weeks showed that platelets microaggregates
and fibrin were present in mice injected with activated platelets
(Figure 6E). Compared to control IGFII mice injected with vehicle (sa-
line), the area ratio of platelets covering the AVs examined surfaces
was significantly increased in mice injected with activated platelets
(Figure 6E). As expected, the administration of Ki16425 (Lpar1-3
blocker) did not prevent the recruitment of platelets on AVs
(Figure 6E). The expression of BMP2 determined by immunofluores-
cence was increased in AVs of IGFII mice receiving activated platelets
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..(Figure 6F). The administration of Ki16425 (Lpar1-3 blocker) pre-
vented the rise of BMP2 in leaflets induced by the injection of acti-
vated platelets (Figure 6F). The osteogenic activity, measured with a
near infrared fluorescent marker (OsteoSense 680EX) recognizing
hydroxyapatite of calcium, was increased significantly in AVs of mice
receiving the injection of platelets (Figure 6G). However, osteogenic
activity in AVs was significantly reduced in IGFII mice receiving acti-
vated platelets and Ki16425 (Lpar1-3 blocker) (Figure 6G). The osteo-
genic activity measured in the aorta (aortic root) was not significantly
modified by the injection of activated platelets (Supplementary ma-
terial online, Figure S4). The assessment of fibrosis with trichrome
Masson staining revealed that administration of Ki16425 decreased

the level of fibrotic tissues in AVs of mice injected with activated pla-
telets (Figure 7A). Neither the injection of activated platelets nor the
administration of Ki16425 modified the blood cholesterol levels
(16.9 ± 2.5 mmol/L, 15.6± 3.9 mmol/L and 15.8 ± 2.9 mmol/L for con-
trol, activated platelets and activated platelets þ Ki16425 mice, re-
spectively, P = 0.55).

Discussion

In this work, we provide compelling data for a novel role of platelets
in promoting the progression of CAVS (Extended Discussion

Figure 4 Platelets-derived adenosine diphosphate stimulates ATX expression and activity through P2Y1R signalling. (A) P2Y1R inhibitor,
MRS2279, impedes on platelet-induced ATX activity in valve interstitial cells (n = 4). (B) Apyrase reduces platelet-mediated release of ATX (ATX ac-
tivity) (n = 5). (C) Adenosine diphosphate analogue 2MeS-ADP signals through P2Y1R (showed by small interfering RNA) to promote ATX expres-
sion (n = 4). (D and E) qPCR (n = 4) (D) and western blot (n = 4) (E) analyses showing siP2Y1R efficiency. (F) P2Y1R is required for platelet-induced
mineralization of valve interstitial cell cultures (n = 5, PO4þplatelets n = 4). MRS2279: 100 nM (H2O), 2MeS-ADP: 20mM (H2O). Values are pre-
sented as mean ± standard deviation. ATX, autotaxin; CTL, control; 2MeS-ADP, 2-methylthioadenosine diphosphate trisodium salt; P2RY1, puriner-
gic receptor P2Y1.
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..available in Supplementary material online). In mineralized valves, we
found that altered endothelial cell morphology and denudation on
the aorta-facing side of AVs was a prevalent feature associated with
the presence of platelet microaggregates. Through a series of func-
tional studies, we showed that activated platelets promoted the
osteogenic transition of VICs through a P2RY1-GPIIb/IIIa-LysoPA
pathway, which triggered a faster progression of CAVS in a preclinical
model. Specifically, we highlighted in vitro that platelet-derived ADP

stimulated the release of ATX by VICs, which, in turn, interacted
with GPIIb/IIIa in promoting the mineralization of VICs through the
production of LysoPA (Figure 7B).

Coagulation defect and platelet
activation in calcific aortic valve stenosis
A significant proportion of patients (�20%) with CAVS develop
haemorrhagic diathesis, which is related to shear stress-induced

Figure 5 ATX interacts with glycoprotein IIb/IIIa. (A) Binding assay demonstrating an interaction between ATX and platelets that is inhibited by the
addition of RGDS peptide (n = 4). (B) Binding of autotaxin to platelets is negated by GR144053 (n = 4). (C) Treatment with glycoprotein IIb/IIIa inhibi-
tor (GR144053) abrogates platelet-induced valve interstitial cell mineralization (n = 6). (D) Platelet-associated ATX activity in control and calcific aor-
tic valve stenosis patients (n = 27). (E and F) Spearman correlations between platelet-associated autotaxin activity and peak transaortic velocity (E)
and aortic valve area (F) (n = 27). RGDS: 0.1–1mM (DMSO: 0.02mL/mL), GR144053: 60 nM (H2O). Values are mean ± standard deviation. ATX, auto-
taxin; AVA, aortic valve area; CAVS, calcific aortic valve stenosis; CTL, control; DMSO, dimethyl sulfoxyde; RFU, relative fluorescence unit; RGDS,
arginyl-glycyl-a-aspartyl-serinyl.
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Figure 6 Platelets accelerate calcific aortic valve stenosis progression in mice. (A) Scanning electron microscope studies of aortic valves (aorta fac-
ing side) of C57BL6 and IGFII mice under high-fat, high-sucrose diet and quantification of area ratio occupied with platelets (n = 10). (B) Mouse proto-
col. (C) Platelet-induced rise of DV2 between weeks 16 and 21 was abrogated by treatment with Ki16425 (n = 40). (D) Spearman correlation
between platelets-associated autotaxin activity and peak transaortic gradient (n = 34). (E) Scanning electron microscope studies of mice aortic valves
(aorta-facing side) showing aggregates of platelets (arrows) and quantification of area ratio occupied with platelets (n = 12). (F) Immunofluorescence
analyses show that BMP2 level was elevated in leaflets of mice receiving platelets, but not in mice receiving Ki16425 (n = 27). (G) Leaflets mineraliza-
tion was quantified by using Osteosense 680 and showed that platelet-induced mineral deposits on aortic valve leaflets was inhibited by Ki16425
(n = 24). Scale bars: (A) 10mM, inset 1mM (D) 20mM (E and F) 200mM. Ki16425: 5 mg/kg/day (DMSO: 10mL/mL). Values are presented as mean ±
standard deviation. ATX, autotaxin; BMP2, bone morphogenetic protein 2; DAPI, 40,6-diamidino-2-phénylindole; HFHS, high fat high sucrose; IGFII,
LDLR-/- apoB100/100 IGFII transgenic mice; RFU, relative fluorescence unit; DV2, delta peak transaortic velocity.
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Figure 7 Blockade of Lpar1 decreased platelet-mediated fibrosis. (A) Trichrome Masson analysis of mouse leaflets demonstrating that Ki16425
decreases the level of fibrotic tissues in aortic valves of mice injected with platelets (n = 22). Scale bar: 100mM. (B) Proposed working model. ADP,
adenosine diphosphate; ALP, alkaline phosphatase; ATX, autotaxin; BGLAP, bone gamma-carboxyglutamic acid-containing protein; BMP2, bone mor-
phogenetic protein 2; GPIIb/IIIa, glycoprotein IIb/IIIa; LPAR1, lysophosphatidic acid receptor 1; lysoPC, lysophosphatidylcholine; LysoPA, lysophos-
phatidic acid; PLA1, phospholipase A1; P2RY12, purinergic receptor P2Y1; RGDS: arginyl-glycyl-a-aspartyl-serinyl; RUNX2, Runt-related
transcription factor 2; VICs: valvular interstitial cells.
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proteolysis of vWF.2 On the other hand, a growing number of
reports suggest that platelets are activated during CAVS.3,4 Patients
with CAVS have lower platelet response to nitric oxide (NO) and
have increased circulating level of platelet-derived microparticles.20

Also, the anti-aggregating effect of the AV is decreased during min-
eralization.21 In mice, ascending aorta constriction led to shear
stress-induced activation of latent TGFb1 complex released by plate-
lets.22 These data are in line with the present findings where we
documented, in both human and mice, by SEM the presence of acti-
vated platelets on the aorta-facing side of mineralized AVs, where
turbulent flow and high shear stress is present. Of note, we found evi-
dence of endothelium activation typified by the presence of cuboidal
endothelial cells with membrane microvilli.23 Also, scattered areas of
endothelial denudation were observed where microthrombi and
microcalcifications were detected. Taken together, these data thus
strongly suggest that activated platelets could play a significant role in
the development/progression of CAVS.

Activated platelets promote the
osteogenic transition of valve interstitial
cells
Mineralization of the AV is an organized process that involves the ex-
pression of key osteogenic genes. We documented that activated pla-
telets exacerbated the mineralization of VIC cultures, which was
associated with the expression of osteogenic genes such as RUNX2
and BGLAP. Valve interstitial cells reprograming was associated with the
activation of BMP2, a key driver of osteogenic transition in the AV.24

The release of BMP2 by VICs was accompanied by a higher activity of
ALP, an osteogenic marker. We have identified that platelet-induced
osteogenic transition of VICs was largely dependent on LysoPA, a lipid
metabolite with a strong osteogenic activity that accumulates in miner-
alized AVs.14 We previously showed that ATX is transported in the
AV by lipoproteins and that VICs express a high level of ATX, which is
released during inflammation.14 Autotaxin converts LPC, which is liber-
ated by oxidized lipoproteins and activated platelets, into LysoPA with
strong osteogenic activity. In apoE-/- mice, Huo et al.19 showed that
intravenous administration of activated platelets (corresponding to 5%
of circulating platelets) every 5 days for 12 weeks increased athero-
sclerotic lesions by 39%. In this work, once a week intravenous

injection of activated platelets, which corresponded to 5% of total
mouse platelets in circulation, promoted the mineralization of the AV
and increased the progression rate of CAVS by 2.1-fold in only 5 weeks
in IGFII mice. Hence, these findings unravel a novel process whereby a
crosstalk between VICs and platelets promotes the mineralization of
the AV and accelerates significantly the progression of CAVS.

Crosstalk between platelets and valve
interstitial cells: role of purinergic
receptor P2Y1, glycoprotein IIb/IIIa, and
autotaxin
Purinergic signalling plays an important role in platelets and VICs biol-
ogy. Metabotropic receptors such as P2RY1 and purinergic receptor
P2Y1 (P2RY12) are involved in platelet aggregation and activation.
On the other hand, VICs express P2RY1 and P2RY2.16 The latter is
involved in VICs survival pathway and the control of inflammation,25

whereas the role of P2RY1 in VICs biology has not been explored
previously. In this work, we highlighted that platelet-induced mineral-
ization of cell cultures relied on the expression of P2RY1 by VICs. To
this effect, the knockdown of P2RY1 in VICs reduced significantly
platelets-induced mineralization of cell cultures. Conversely, stimula-
tion of P2RY1 with 2MeS-ADP in VICs induced the expression
mRNAs encoding for ATX. Activated platelets produce and liberate
ADP with pro-aggregating properties. Hence, it is possible that the
shear stress induced by CAVS activates platelets and promotes the
release of ADP, which, in turn, promotes the synthesis of ATX.
Autotaxin is secreted by different cells including VICs. The activity of
ATX in the blood plasma is increased in patients with CAVS.17

Previous studies have underlined that ATX binds to GPIIb/IIIa of pla-
telets, which is transported into the circulation.26 Also, Leblanc
et al.27 showed that platelets and megakaryocytes do not express
mRNA encoding for ATX. However, platelets can capture and in-
ternalize ATX, which is released upon activation.27 In this regard, we
found that platelet-associated GPIIb/IIIa was necessary to bind ATX
and to promote the mineralization of VIC cultures. Moreover,
platelet-associated ATX activity was increased in patients with CAVS
and it correlated with haemodynamic indices of disease severity.
Similarly, platelet-associated ATX activity was increased in IGFII mice
with CAVS and it correlated with the peak transaortic velocity.

Clinical implications
There is currently no medical treatment for CAVS.28 This findings
may thus have important translational impact. We identified that
P2RY1, ATX and LysoPA were involved in platelet-induced mineral-
ization of the AV. It is likely that activated platelets are a significant
contributor to CAVS during the disease process. In this regard, it is
possible that during CAVS elevated shear stress activate circulating
platelets, which form microaggregates in endothelium denuded areas
of AVs and contribute to amplify the osteogenic process. Thus block-
ing this pathway may provide a protection against the progression of
CAVS. Whether treatment with antiplatelet agents would translate
in protective effect during CAVS remains to be investigated.
However, our findings suggest that blockade of Lpar1-3 in IGFII mice,
an established preclinical model of CAVS pathogenesis, can prevent
the progression of CAVS. These data are of interest considering that
novel inhibitors to block LysoPA and ATX are under development

Take home figure
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and clinical evaluation.29 Also, further work is needed to explore the
role of P2RY1 as it is involved in platelet aggregation, inflammation,30

and the synthesis of ATX by VICs.

Limitations
In this work, we analysed surgically explanted mineralized AVs with
an advanced disease process as human tissues representing an earlier
stage of the disease were not available for SEM studies. Inherently,
control groups used for this study differ from CAVS with regard to
some risk factors. The process was examined in one mouse model of
CAVS. Experiments in other in vivo models should be carried out in
future studies to examine the mechanistic process whereby platelets
are recruited to the AV.

Conclusion

Our work shows that platelets are activated in CAVS and promote
the progression of the disease. The process relies on the activation of
P2RY1-GPIIb/IIIa-LysoPA pathway, which drives an osteogenic pro-
gramme in VICs. This work opens novel research perspective to-
wards the role of platelets in CAVS and may foster the development
of new therapeutic modalities.

Supplementary material

Supplementary material is available at European Heart Journal online.
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