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Abstract: Aortic valve stenosis (AS) is a common heart valve disease in the elderly population, and
its pathogenesis remains an interesting area of research. The degeneration of the aortic valve leaflets
gradually progresses to valve sclerosis. The advanced phase is marked by the presence of extracellular
fibrosis and calcification. Turbulent, accelerated blood flow generated by the stenotic valve causes
excessive damage to the aortic wall. Elevated shear stress due to AS leads to the degradation of high-
molecular weight multimers of von Willebrand factor, which may involve bleeding in the mucosal
tissues. Conversely, elevated shear stress has been associated with the release of thrombin and
the activation of platelets, even in individuals with acquired von Willebrand syndrome. Moreover,
turbulent blood flow in the aorta may activate the endothelium and promote platelet adhesion
and activation on the aortic valve surface. Platelets release a wide range of mediators, including
lysophosphatidic acid, which have pro-osteogenic effects in AS. All of these interactions result in
blood coagulation, fibrinolysis, and the hemostatic process. This review summarizes the current
knowledge on high shear stress-induced hemostatic disorders, the influence of AS on platelets and
antiplatelet therapy.

Keywords: aortic stenosis; platelets function; hemodynamics; wall shear stress; valvular heart disease;
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1. Introduction

Aortic valve stenosis (AS) is one of the most severe valvular diseases. According
to the Euro Heart Survey, which examined the distribution of valvular heart disease in
25 European countries using a sample of approximately five thousand patients, AS is the
most common valvular heart disease [1]. Its reported prevalence rises to nearly 10% in
adults aged 80 years old and older, while the projected overall frequency reaches 3% in
adults aged 75 years old and older [2]. As a result, AS has become a significant societal
and economic challenge that is expected to advance in the near future. A comprehensive
understanding of the underlying pathobiological mechanisms that drive AS is needed
to improve prevention and treatment strategies. Aortic valve disease is a progressive
chronic condition, which starts from minor fibrocalcific changes in the leaflets, known as
aortic sclerosis, and progresses to more pronounced calcification, resulting in significant
obstruction of left ventricular ejection in the later stages [3]. The leaflets of the aortic valve
can slowly develop sclerosis, and the underlying pathological process is likely to be similar
to that observed in atherosclerosis. This condition includes factors such as damage to
the valve endothelium, lipid deposition, and an inflammatory response. Extracellular
fibrosis and calcification characterize the advanced stage of the disease. The abnormal
transformation of valvular interstitial cells (VICs) into osteoblasts may be the underlying
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concept for the ectopic ossification of the aortic valve [4]. Recent studies show that autotaxin
(ATX) and lysophosphatidic acid (LPA) promote an osteogenic program in VICs [5]. It
seems that activated platelets, which induce the release of autotaxin by VICs, may play
a critical role in the pathogenesis of aortic valve stenosis. Although aortic stenosis is a
common problem, its pathogenesis remains an interesting area of research. It should be
noted that there is no prevention and conservative treatment available for patients with
both early and advanced forms of the disease [3].

2. Mechanisms of Hemodynamics and Wall Shear Stress in Aortic Stenosis

The main role of the aortic valve is to maintain appropriate pressure in the aorta
during diastole of the heart and prevent regurgitation. A normal valve provides a laminar
systolic blood flow. In the course of time, the leaflets of the aortic valve degenerate and
fuse, which leads to the narrowing of the valve orifice. Blood flow through the aortic
valve becomes turbulent as the stenosis progresses and the valve orifice area decreases [6].
The abovementioned changes influence the hemodynamics. Shear stress generated via
abnormal blood flow involves a tangential force against the surface of the blood vessels [7].
This force increases with blood viscosity and flow velocity. Furthermore, shear stress
affects not only the endothelium and vascular smooth muscle, but also impacts blood
cells, leading to alterations in their functioning [8]. Changes occur in the anticoagulant
capacity and permeability of the vascular endothelium, leading to conditions associated
with atherosclerosis and promoting vascular calcification [4]. The effect of WSS was also
demonstrated in coronary arteries, suggesting that WSS profiling may play an important
role in plaque instability [9]. The inner layer of blood vessels, known as the intima,
experiences constant exposure to hemodynamic pressures, such as vertical circulatory force
and fluid shear stress. Turbulent, accelerated blood flow generated by the stenotic valve
causes excessive damage of the aortic wall. Some researchers started to evaluate the fluid
dynamics of aortic stenosis in many in vivo, in vitro, and in silico studies [10–16]. Blood
flow velocity and valve pressure gradients were only examined in in vivo studies [11,12].
Early in vitro experiments used either straight circular tubes [10,15,16] with water as the
medium, which could not adequately replicate the uneven characteristics of turbulence,
particularly in regions such as the ascending aorta and aortic arch, or a curved circular tube
with a fluid analogous to blood [13]. Yearwood et al. performed one of the first in vitro
experiments using a human aortic model to study velocity, valvular pressure gradients, and
turbulent axial stress [14]. The initial in silico studies were limited to the flow conditions
of a 75% stenosis with viscous forces estimated using a Reynolds number up to 1000
and 2000 [15,16]. In the course of time, the studies’ conditions became close to those of
real properties. Juhn et al. assessed the hemodynamic characteristics of mild, moderate,
and severe AS by analyzing velocity patterns, laminar viscous wall shear, transvalvular
pressure gradients and turbulent shear stress [17]. This evaluation was carried out using
computational fluid dynamics (CFD) validated via experimental data. Three physiologically
representative three-dimensional AS models covering ascending and descending aorta and
aortic arch reflected more realistic fluid flow for the purpose of CFD (Figure 1).

Juhn et al. performed series of flow simulations using the large eddy simulation (LES)
technique, which is a mathematical model designed for tackling turbulence within the
realm of computational fluid dynamics. To confirm the accuracy of the LES applied to the
aortic stenosis model, they created a replica of the geometry using acrylic material. This
step was performed to provide optical access for imaging with particle image velocimetry.
A Newtonian blood substitute consisting of glycerol, water, and sodium iodide was used for
this validation. The peak velocities were 2.0 m/s, 4.0 m/s, and 8.0 m/s for mild, moderate,
and severe AS, respectively [17]. The jet flows of all AS became more skewed and narrower
as the degree of stenosis increased. The areas of flow separation and stagnation increased
with stenosis severity. In both moderate and severe AS, an asymmetric and irregular jet
flow was observed as the fluid exited the stenotic area. The dimensions and form of the
jet changed according to the severity of the AS, thus influencing the degree of asymmetric



J. Clin. Med. 2023, 12, 6301 3 of 16

and irregular flow behavior. As the stenosis increased, the jet core moved closer to the
posterior aortic wall and the jet length extended further into the aortic arch, causing the
flow field to become more disturbed and chaotic. The extent of flow separation occurring
immediately after the stenosis, along with its asymmetrical characteristics, expanded in
proportion to the severity of AS. In cases of severe AS, the jet velocity shows significant
asymmetry, with markedly elevated velocities (up to 8 m/s) adjacent to the posterior aortic
wall and extending toward the aortic arch. Larger areas of flow separation and stagnation
were observed around the jet near the anterior aortic wall. Transvalvular pressure gradients
were measured at 14 mm of Hg for mild, 30 mm of Hg for moderate, and 113 mm of Hg
for severe AS. The mean wall shear stress (WSS) and its standard deviations within the
narrowed regions were as follows: 39.6 ± 12.4 Pa for mild AS, 104.7 ± 23.0 Pa for moderate
AS, and 180.8 ± 95.2 Pa for severe AS (Table 1). In cases of both mild and moderate AS, the
highest RSSmax values were noted in the regions of jet protrusion, but the highest RSSmax
near to the anterior aortic wall was even more pronounced. Conversely, in severe AS, the
RSSmax was most pronounced in the central part of the jet, coinciding with the zones of
rapid velocity gradients and fluctuations.
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Figure 1. Hemodynamic models of aortic stenosis for (A) mild, (B) moderate, and (C) severe AS used
in the experiment based on Juhn et al. [17]. Black arrow—direction of the stream flow, white arrows
and numbers—diameter of the model expressed in centimeters.

Table 1. Flow simulation data in the models of AS [17]. AS—aortic stenosis, WSS—wall shear stress,
RSSmax—maximal value of Reynolds shear stress.

Type of AS Model Mild Moderate Severe

Peak velocities 2.0 m/s 4.0 m/s 8.0 m/s

Transvalvular pressure gradients 14 mmHg 30 mmHg 113 mmHg

Mean WSS 39.6 ± 12.4 Pa 104.7 ± 23.0 Pa 180.8 ± 95.2 Pa

RSSmax at centerline 260 Pa 490 Pa 2500 Pa

Another interesting diagnostic tool for assessing aortic WSS is four-dimensional (4D)
flow cardiovascular magnetic resonance (CMR). Blood flow dynamic parameters obtained
with 4D flow CMR are expected to be an important indicator of left ventricular afterload,
which may be related to remodeling or impaired left ventricular dilatation. Komoriyama
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and Kamiya et al. examined 32 patients with severe AS before and after TAVR using 4D
flow CMR [18]. The study also included 12 control subjects who did not have significant
aortic stenosis (AS) or aortic regurgitation. The assessment of blood flow patterns in the
ascending aorta involved the use of streamlines, which represent the instantaneous velocity
field at a specific temporal phase. Helical blood flow values were higher in the pre-TAVR
group compared to the control group; however, there was no significant difference after
TAVR. Moreover, the extent of vortical blood flow did not significantly differ between the
pre-TAVR and post-TAVR groups compared to the control group. The average WSS and
peak WSS in the entire ascending aorta were notably higher in both the pre-TAVR and
post-TAVR groups compared to the control group. Patients after TAVR showed regional
and global decreases in WSS, but it did not reach the level of the non-AS control subjects.
Average WSS significantly decreased from 6.7 to 6.0 Pa and WSS peak from 52.0 to 47.5 Pa.
TAVR reduced WSS in the right posterior wall of the middle ascending aorta and the
anterior wall of the distal ascending aorta, which are strongly aggravated by the increased
counterclockwise helical blood flow that passes through the stenotic aortic valve.

3. Influence of Shear Stress in Aortic Stenosis on Platelet Function

Aortic stenosis is associated with hemostatic abnormalities. Shear stress within the
physiological range is required to maintain vascular function, but excessive WSS causes
damage to blood vessels and blood cells. In healthy conditions, WSS promotes the pro-
duction of nitric oxide, a potent vasodilator that helps to maintain normal blood flow
and prevents platelet activation and adhesion. However, in the case of AS, the altered
hemodynamics result in changes to WSS patterns, leading to endothelial dysfunction and
subsequent platelet activation. Endothelial dysfunction triggered by AS-induced changes
in WSS leads to the upregulation of adhesion molecules and the release of von Willebrand
factor (vWF), a protein involved in platelet adhesion. Consequently, platelets become
activated and undergo shape changes, promoting the exposure of glycoprotein receptors
on their surface. These receptors facilitate the binding of platelets to vWF and collagen,
initiating platelet aggregation and clot formation.

Shear stresses in AS may involve pressure above 5 Pa. It is also related to type
2A acquired von Willebrand syndrome caused by the degradation of high-molecular
weight multimers (HMWM) of vWF [19–22]. It can lead to gastrointestinal bleeding from
angiodysplasia in the presence of aortic stenosis, i.e., so-called Heyde’s syndrome [23].
Shear stresses beyond normal physiological levels that arise within turbulent flows in AS
prompt a structural alteration of von Willebrand factor (vWF) molecules. This alteration
results in the exposure of binding sites (A1, A2, and A3) to ADAMTS-13, a vWF cleaving
protease. The proteolysis of HMWM of vWF occurs at A2 cleavage site, leading to the
formation of smaller multimers. Conversely, elevated shear stress has been associated with
the release of thrombin and the activation of platelets, even in individuals with acquired
von Willebrand syndrome [24]. Past studies showed the presence of tissue factor in leaflets
of surgically explanted mineralized aortic valves [25,26].

Turbulent blood flow and shear stress may affect the endothelium and enhance platelet
activation. Activated platelets release proinflammatory cytokines and chemokines that
contribute to the development of inflammation within the aortic valve. This inflammatory
response promotes the deposition of lipids and calcium, accelerating the calcification
process and further narrowing the valve opening. Platelet-mediated inflammation also
stimulates the production of reactive oxygen species, amplifying oxidative stress and
vascular damage. Platelets can liberate mediators, including bioactive lipids such as LPA,
which intensify local calcification (Figure 2).
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arrows symbolize the interaction between the different molecules. Ca2+—calcium ions.

Bouchareb et al. [5] proposed the hypothesis that activated platelets contribute to an
osteogenic process and promote the progression of AS through the purinergic receptor
P2Y1 (P2RY1)-glycoprotein IIb/IIIa (GPIIb/IIIa)-LPA pathway. They used a scanning
electron microscope to analyze both the surfaces of the aorta-facing and ventricle-facing
sections of mineralized aortic valves and then compared them to control aortic valves that
were not mineralized. The activation of the endothelium was evident in regions situated
on the side facing the aorta in mineralized valves compared to non-mineralized control
valves [5]. The verification of endothelium activation in mineralized aortic valves was
achieved through the assessment of vascular cell adhesion molecule 1 (VCAM1) levels
using Western blotting. Microaggregates were also observed on the aorta-facing side of
mineralized AVs, which consisted of fibrin-like material and platelets showing filipodia,
a hallmark of activated platelets. All of the results suggest that the micro-aggregates
of platelets at the surface of AVs may interact with VICs. To explore whether platelets
stimulate calcification in aortic valves, Bouchareb et al. isolated human primary valvular
interstitial cells (VICs) from non-mineralized aortic valves. They then cultured these cells
in a medium that promotes mineralization, both with and without the addition of platelets
activated by collagen. Adding collagen-activated platelets increased the mineralization of
VIC cultures 1.2-fold [5]. Furthermore, the simultaneous treatment of VICs with both the
osteogenic medium and activated platelets for a duration of 24 h resulted in an elevated
expression of RUNX2 and BGLAP (Bone Gamma-Carboxyglutamate Protein) transcripts.
In addition, activated platelets enhanced the activity of alkaline phosphatase, a marker of
osteogenesis, by 2.2-fold. The above data confirm that platelets stimulate the osteogenic
transition and mineralization of VIC cultures. Moreover, the researchers hypothesized



J. Clin. Med. 2023, 12, 6301 6 of 16

that the mineralization of VIC cultures induced by platelets might be dependent on the
autotaxin (ATX) released by VICs and its subsequent product, i.e., lysophosphatidic acid
(LPA). The addition of an ATX inhibitor (HA130) prevented the mineralization of VIC
cultures triggered by platelets [5]. In VICs, the addition of HA130 to the growth medium
also prevented the release of BMP2. The experiment revealed that cells treated with
HA130 released a smaller amount of BMP2, even in comparison to control VICs without
platelets. This result can be associated with strong basal ATX activity in VICs, which
could promote LPA-mediated BMP2 activation under baseline conditions [27–29]. In
addition, the application of Ki16425, an inhibitor targeting LPA receptors 1–3, reversed the
platelet-induced mineralization that was observed in VIC cultures [5]. The use of small
interfering RNA specifically targeting ATX in VICs resulted in a significant reduction in
ATX levels, as determined via ELISA. This intervention also stopped the platelet-triggered
mineralization observed in cell cultures. The researchers quantified the release of LPA
using a specific ELISA method that does not cross-react with associated lipids, such as
phospholipids, lysophosphatidylcholine, and sphingosine-1-phosphate. When platelets
were co-cultured with VICs, the release of LPA into the supernatant increased by a factor of
4.1. This effect was abolished by HA130, an inhibitor of ATX. The results suggest that the
mineralization-promoting effect of platelets may be facilitated by LPA produced from ATX.
Activated platelets produce mediators such as an adenosine diphosphate (ADP), while
VICs contain ADP-responsive P2RY1 receptors [30]. Bouchareb et al. added the P2RY1
inhibitor MRS2279 to VICs cultures and measured ATX activity in the growth medium as
a marker of enzyme secretion. Activated platelets triggered the release of ATX, and this
process was stopped by MRS2279. Furthermore, the introduction of apyrase, an enzyme
that reduces ADP levels, into the growth medium prevented the release of ATX induced
by platelets in VICs. Similarly, exposing valvular interstitial cell (VIC) cultures to the
P2RY1 agonist 2-methylthioadenosine diphosphate trisodium salt (2MeS-ADP) resulted
in a 3.7-fold rise in ATX mRNA levels [5]. The impact was notably diminished through a
significant reduction achieved using siRNA to downregulate P2RY1 in valvular interstitial
cells (VICs). Furthermore, the suppression of P2RY1 in VICs resulted in a significant
reduction in the platelet-induced mineralization observed in cell cultures. The treatment
of VIC cultures with GR144053, which is an inhibitor of GPIIb/IIIa, negated the platelet-
induced mineralization of cell culture. In the next phase of the study, the researchers
quantified ATX activity in platelets freshly collected from both control subjects and patients
with AS (mild to severe). Compared to controls without valvular disease, platelet-associated
ATX activity increased four-fold in patients with AS [5]. Platelet-associated ATX activity
was positively associated with the peak transaortic velocity and inversely associated with
the aortic valve area. A number of different biological markers influence VICs in the
progression of AS. A list of the most important interactions is presented in Table 2.
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Table 2. List of molecules interfering with valvular interstitial cells in progression of AS based on
Rutkovskiy et al. [31]. AKT—protein kinase B; BMP—bone morphogenetic protein; BSP—bone
sialoprotein; GPIIb/IIIa—glycoprotein IIb/IIIa; HIF—hypoxia inducible factor; HOTAIR—HOX
transcript antisense RNA; IFN—interferon; LPS—lipopolysaccharide; MMP—matrix metallopro-
teinase; NFκB—Nuclear factor kappa-light-chain-enhancer of activated B cells; OSP—osteopontin,
PALMD—palmdelphin; P2Y2—purinoceptor 2; shRNA—short hairpin RNA; SORT—sortilin; STAT—
signal transducer and activator of transcription; TGFβ—transforming growth factor β; TNF—tumor
necrosis factor; TRAIL—TNF-related apoptosis-inducing ligand; VCAM—vascular cell adhesion
molecule, V-LPP—VCAM-1 targeted lipopolyplexes.

Author, Year Factor Key Result, End Point

Osman, 2006 [32] TGF β family cytokines
and statins

Cytokines from the TGFβ family promote the differentiation of
osteoblasts, whereas atorvastatin inhibits this process.

Osman, 2006 [33] Adenosine triphosphate
and statins

The activation of osteoblast differentiation is facilitated by
adenosine triphosphate, but this effect is counteracted
by atorvastatin.

Yang, 2009 [34] LPS and peptidoglycan
Osteoblast differentiation is prompted by lipopolysaccharides (LPS)
and peptidoglycan through the activation of toll-like receptors 2
and 4.

Yang, 2009 [35] BMP 2 BMP2 triggers the early phases of osteoblast differentiation through
both canonical and non-canonical pathways.

Yu, 2011 [36] TNF α and BMP2 Tumor necrosis factor α exclusively triggers osteoblast
differentiation in calcified VICs via BMP2 and NFkB signaling.

Carthy, 2012 [37] Versican
VICs secrete versican in the wound assay; inhibiting its receptor
CD44 leads to a reduction in stress fiber (αSMA) formation during
VIC migration and inhibits collagen gel contraction.

Song, 2012 [38] Biglycan

VICs derived from calcified valves exhibit elevated levels of
biglycan expression. Biglycan, in turn, promotes osteoblast
differentiation through the toll-like receptor 2 and ERK signaling
pathways. The expression of biglycan and the calcification process
are further stimulated by oxidized low-density lipopolysaccharides.

Zeng, 2012 [39] LPS, toll-like receptor 4,
and Notch

LPS activates an inflammatory phenotype through toll-like receptor
4 (TLR4). In calcified VICs, Notch1 enhances the responsiveness of
toll-like receptor 4 to LPS through NFκB signaling.

Poggio, 2013 [40] BMP 4
Bone morphogenetic protein 4 exclusively initiates osteoblast
differentiation in non-calcified VICs, leading to higher levels of
differentiation compared to osteogenic medium alone.

Zeng, 2013 [41] LPS, Notch1

LPS stimulates the cleavage and nuclear translocation of the Notch1
intracellular domain, which subsequently triggers osteoblast
differentiation via the activation of ERK and NFκB
signaling pathways.

Nadlonek, 2013 [42] Interleukin-1β Interleukin-1β induces an inflammatory phenotype in VIC via
NFκB.

Zhang, 2014 [43] MicroRNA 30b
BMP2 initiates osteoblastic differentiation in VICs and suppresses
the expression of microRNA 30b. MicroRNA 30b, in turn, inhibits
osteoblastic differentiation and apoptosis.

Galeone, 2013 [44]
TNF-related
apoptosis-inducing
ligand (TRAIL)

Calcified VICs exhibit the presence of TRAIL receptors. The
addition of TRAIL to the osteogenic medium enhances the
formation of calcified nodules and promotes apoptosis.

El Husseini, 2014 [45] AKT kinase and P2Y2
receptor

NFκB pathway is involved in inhibiting the expression of IL-6,
which is a necessary factor for mineralization. Both AKT kinase and
P2Y2 receptor activate this pathway, thereby suppressing IL-6
expression. Cells derived from P2Y2−/− mice are prone to
osteoblast differentiation.
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Table 2. Cont.

Author, Year Factor Key Result, End Point

Zhang, 2014 [46] Transcription factor Twist

The osteogenic medium leads to the upregulation of Twist. This
process leads to a decrease in the expression of other
calcification-related genes. Conversely, the use of Twist siRNA
induces osteoblast differentiation.

Carrion, 2014 [47] Long noncoding
RNA HOTAIR

Stretching downregulates HOTAIR through the Wnt signaling
pathway. When siRNA is used to target HOTAIR, it leads to the
upregulation of BMP2 and alkaline phosphatase expression.

Zeng, 2014 [48]
Oxidized low-density
lipoproteins, LPS,
and Notch1

Oxidized low-density lipoproteins enhance LPS-induced
osteoblastic differentiation through the activation of NFκB and
cleavage of Notch1.

Witt, 2014 [49] Polyunsaturated fatty acids
Several polyunsaturated fatty acids can temporarily inhibit
myofibroblast activation through the suppression of Rho kinase
and ROCK kinase.

Song, 2014 [50] Biglycan
Biglycan acts as a ligand for toll-like receptors 2 and 4, contributing
to the activation of inflammation in VICs. This effect is mediated
through NFκB and ERK pathways

Bouchareb, 2019 [5] Autotaxin and
lysophosphatidic acid

The release of autotaxin by VICs was induced by adenosine
diphosphate derived from platelets. Autotaxin, in turn, bound to
GPIIb/IIIa receptors on platelets, resulting in the generation of
lysophosphatidic acid, which possesses pro-osteogenic properties.

Parra-Izquierdo, 2019 [51] HIF-1α
HIF-1α activation via STAT1 in valve cells results in the
proangiogenic, proinflammatory, and pro-osteogenic effects
of IFN-γ

Wang, 2022 [52] PALMD (Palmdelphin)
PALMD, a protein involved in myoblast differentiation, enhancing
VIC osteogenic differentiation and inflammation through the
activation of NF-κB.

Voicu, 2022 [53] V-LPP/shRunx2
lipopolyplexes

VCAM-1 targeted lipopolyplexes, which downregulate the Runx2
gene and decrease the expression of osteogenic molecules OSP, BSP,
and BMP-2 in VICs

Liu, 2022 [54] MMP9
MMP9 expression was distinctly increased in AS, and its inhibition
attenuated the calcification of valve interstitial cells by suppressing
mitochondrial damage and oxidative stress.

Iqbal, 2023 [55] Sortilin (SORT1)
Sortilin enhances fibrosis and calcification in aortic valve disease
via the transformation of valvular interstitial cells into
pathological phenotypes

A pivotal interaction between platelets and blood vessels involves vWF, a multimeric
glycoprotein that plays a crucial role in maintaining hemostasis within the bloodstream.
Megakaryocytes and endothelial cells are responsible for producing, storing, and releasing
vWF in the form of ultra-large multimers. These multimers undergo cleavage upon release,
facilitated by a-disintegrin and metalloprotease with a thrombospondin type-1 motif family
(ADAMTS13). The vWF molecules range in size from single dimers to large multimers that
circulate throughout the plasma. HMWM are composed of over 20 to 30 vWF subunits
and exhibit optimal effectiveness in terms of hemostasis. Under conditions of elevated
WSS, these HMWM undergo activation and elongation. This process enhances interactions
with collagen and platelets, promoting their binding and activation. Additionally, this
elongation exposes the binding domain for ADAMTS13. Ultimately, these HMWM undergo
deactivation and are cleaved by circulating ADAMTS13, resulting in the generation of
smaller and less effective multimers. Patients with AS have fibrotic and calcified valve
leaflets that expose the circulating blood to high WSS. As a result, a significant number
of circulating high molecular weight multimers (HMWM) undergo proteolysis. Conse-
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quently, patients with AS have lower circulating concentrations of these HMWM, and the
concentrations are proportional to the degree of WSS. From a clinical perspective, this
outcome leads to the observation that in severe AS, acquired vWF syndrome becomes
an important concern. Additionally, the seriousness of AS, as determined based on the
mean transvalvular gradient, exhibits a linear correlation with the reduction in circulating
HMWM measured through blood tests. Thus, vWF has been demonstrated to be corelated
with the severity of AS. Subsequent to clinical treatment, the concentration of HMWM
instantly increases following transcatheter aortic valve replacements (TAVRs). This phe-
nomenon is attributed to the normalization of shear stress levels, which consequently
prevents proteolysis and the acute release of vWF from the endothelium. The levels of vWF
are of significant importance in patients undergoing transcatheter aortic valve replacement
(TAVR). A deficiency in vWF has been suggested to be associated with an elevated risk of
bleeding during the procedure and proposed as a method for stratifying risk. However,
conflicting data exist concerning the supporting evidence for these particular patients. For
instance, Sedaghat et al. demonstrated that the levels of HMW vWF multimers were not
associated with bleeding, but reduced vWF activity to antigen ratios was associated with
bleeding [56]. Kibler et al. established a connection between vWF and late bleeding events
following TAVR [57], while Grodecki et al. found that vWF analysis had no predictive
value in patients undergoing TAVR [58]. More studies evaluating vWF and peri-operative
and post-discharge bleeding are needed to further evaluate the utility of vWF analysis
for determining bleeding risk. This aspect will play a pivotal role in finding a balance
between the advantages and disadvantages of anticoagulation therapy, aiming to prevent
valve thrombosis while considering the potential risk of bleeding that could affect patient
outcomes.

4. Platelets Function in High- and Low-Gradient Aortic Stenosis

AS can be classified into a high-gradient (HG) or low-gradient (LG) type based on
the transvalvular pressure gradient. In HG AS, the obstruction of blood flow through the
narrowed valve leads to increased pressure gradients across the aortic valve. The elevated
shear stress and turbulent flow in HG AS can activate platelets, leading to shape change,
increased surface expression of adhesive receptors, and enhanced platelet aggregation. HG
AS has been associated with platelet hyper-reactivity and increased platelet–monocyte
aggregation, which may contribute to inflammation and endothelial dysfunction. LG AS
is characterized by a smaller pressure gradient across the aortic valve, often associated
with reduced left ventricular function. In this condition, platelet function in AS may differ
compared to HG AS. Reduced shear stress and turbulent flow in LG AS may result in less
platelet activation compared to HG AS. However, platelet activation can still occur due
to factors such as the platelet’s interaction with the damaged endothelium. Impaired left
ventricular function in LG AS may lead to platelet dysfunction, including the impaired
aggregation and secretion of platelet-derived bioactive molecules. Unfortunately, data
specifically focused on platelet function in LG AS are limited.

Knada et al. conducted a study to investigate the relationship between platelet activity
and echocardiographic pressure gradients [59]. They studied individuals who had under-
gone surgical aortic valve replacement (SAVR). Peripheral blood samples were obtained at
different time points: prior to surgery (T1), on the third (T2) and seventh (T3) postoperative
days, and on the day of discharge (T4). Patients were assigned into groups with HG (peak
pressure gradient > 100 mmHg) and LG (peak pressure gradient < 100 mmHg). At T1,
there were no changes in four platelet factors in either group (PLT count, MPV, PDW, and
P-LCR). Although there was a decrease at T2 in both groups, the PLT count increased
more in the HG group than in the LG group at T4. In contrast, MPV, PDW and P-LCR
were increased at T2 in both groups and diminished more at T4 in the group with HG [59].
In classifications based on the peak gradient, no differences in preoperative values were
observed. However, there was a difference in postoperative platelet morphology, probably
due to differences in shear stress. To establish a novel predictor to assess the magnitude
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of shear stress, plateletcrit (PCT) was calculated to represent the total volume of platelets
in the blood both before and after surgery. There was no significant difference in PCT
between HG and LG types. Consequently, patients were categorized into two groups based
on whether they exhibited a substantial rise in plateletcrit (high PCT) or a minor increase
in plateletcrit (low PCT). The researchers then compared preoperative platelet factors, PLT
count, MPV, PDW, and P-LCR between these groups based on their respective rates of PCT.
Notably, the group with a low rate of PCT increase demonstrated a significantly higher
PLT count [59]. Conversely, PDW was significantly higher in the group with a higher PCT
increasing rate. Neither MPV nor P-LCR underwent significant change. These findings
indicate that elevated PCT, which should indicate high shear stress, leads to a reduced PLT
count and an enlarged PDW prior to surgical aortic valve replacement (SAVR). Essentially,
the impact of shear stress on platelets was more pronounced among patients with a lower
PLT count and a larger PDW before surgery. WSS generated by AS activates platelets and
influences their consumption and production (Figure 3).
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Intervention in symptomatic patients with high-gradient AS is recommended, regard-
less of the left ventricular ejection fraction (LVEF) [60]. However, the management of
patients with low-flow low-gradient AS poses more problems. In patients with low-flow
low-gradient AS with reduced ejection fraction, LV function usually improves after inter-
vention if the reduction in LVEF mainly occurs due to excessive afterload. In contrast, this
improvement is uncertain if the main cause of LVEF reduction is postinfarction scarring
or cardiomyopathy. Intervention is recommended if stress echocardiography confirms
the presence of severe aortic stenosis, while patients with pseudo-severe AS should be
treated with conventional therapy. The presence flow reserve (an increase in the LV stroke
volume of >20%) via a low-dose dobutamine test allows us to differentiate severe AS from
pseudo-severe AS. On the other hand, higher procedural mortality is found among patients
without flow reserve. Therapeutic decisions in such patients should take into account
comorbidities, the severity of valve calcification, the extent of coronary artery lesions, and
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the revascularization options. Data on the natural course of low-flow, low-gradient AS
with preserved ejection fraction, as well as the results of SAVR and TAVI in this group,
remain controversial. An intervention should only be considered in patients with symp-
toms and significant valve stenosis after the effective treatment of the comorbidities. The
prognosis of patients with normotensive, low-gradient AS with preserved ejection fraction
is similar to that of moderate AS—systematic clinical and echocardiographic follow-up is
recommended [60].

5. Platelets Function in Aortic Stenosis and Cerebrovascular Events

AS is related to various risk factors associated with atherosclerosis, such as hyper-
cholesterolemia, arterial hypertension, and advanced age. Conditions such as high left
ventricular pressure with volume overload, hypertrophy, and remodeling can result in
symptoms like sudden cardiac death, angina, syncope, and congestive heart failure. More-
over, AS is associated with an increased risk of atrial fibrillation and contributes to an
elevated stroke risk among these individuals. The presence of a calcified aortic valve has
been linked to occurrences of spontaneous cerebral embolisms. Additionally, aortic stenosis
(AS) has been found to enhance the generation of thrombin, elevate platelet activation,
and reduce fibrinolysis within the valve region. As a result, individuals with AS could
have increased vulnerability to experiencing thromboembolic events and cardioembolic
strokes. Understanding the relationship between AS, wall shear stress, and platelet function
holds clinical relevance. Platelet dysfunction contributes to the development of thrombotic
complications, which are often observed in patients with aortic valve stenosis.

Cardioembolic stroke is associated with worse outcomes, underscoring the need for
effective prevention strategies in high-risk individuals, potentially including patients with
AS. If AS is a strong and independent risk factor for ischemic stroke, antithrombotic therapy
may be considered in some patients, even in the absence of other risk factors. The potential
for thrombosis to develop on the surface of the native valve raises the risk of thromboem-
bolic incidents for the patient. A pioneering study by Stein et al. in 1977 provided data
concerning the native aortic valves of 19 patients with AS [61]. Among more than half of
these patients, the researchers identified the presence of microthrombotic formations on the
valve surface. Cardiovascular risk also increases in patients with aortic valve bioprosthesis.
Tian et al. conducted a meta-analysis of the impact of leaflet thrombosis on hemodynamics
and clinical outcomes after bioprosthetic aortic valve replacement. Twelve studies with
4820 patients were included. Leaflet thrombosis (LT) detected via multidetector computed
tomography (CT) is common in bioprosthetic aortic valve replacement. The total prevalence
of LT was 9.7% [62]. Patients with LT had a significantly higher mean pressure gradient
compared to those without LT. Four studies reported the incidence of LT, showing an
elevated risk of Major Adverse Cardiac and Cerebrovascular Events (MACCE) in these
patients. When the results of these studies were combined, they indicated a heightened
risk of adverse cerebrovascular events, particularly strokes, among the patients with LT.

According to a comprehensive Danish cohort study, patients with AS have an increased
risk of ischemic stroke compared to controls of similar age and sex, even in the presence of
atrial fibrillation [63]. Among all age groups, the incidence rates of ischemic stroke and the
associated relative risks were notably higher in individuals with AS compared to controls.
However, the relative risk was more pronounced in younger individuals. For patients
with AS aged 65 years old or older, the risk of ischemic stroke significantly decreased
after undergoing SAVR. In cases where atrial fibrillation was also present, the incidence
of ischemic stroke was 1.5 times higher when aortic valve stenosis coexisted. Importantly,
this elevated risk of ischemic stroke was substantially reduced within 6 months following
SAVR, indicating a prothrombotic effect associated with the stenotic aortic valve.

6. Aortic Stenosis and Antiplatelet Therapy

Antiplatelet therapy, commonly used in the management of cardiovascular diseases,
aims to inhibit platelet activation and aggregation, thereby reducing the risk of thrombosis.
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While the use of antiplatelet agents in AS is not as established as it is in other cardiovas-
cular conditions, several studies have explored their potential benefits. Aortic stenosis is
associated with an increased risk of thrombotic events, such as strokes and myocardial
infarctions. Antiplatelet therapy may play a role in reducing the risk of these complications
by inhibiting platelet activation and reducing thrombus formation on the dysfunctional
valve or the damaged endothelium. Focusing on platelet receptors and their signaling
serves as the fundamental groundwork for current and emerging antiplatelet therapies.
The majority of antiplatelet therapies employed in clinical practice are directed toward
platelet receptors, such as cyclo-oxygenase (COX)-1, the P2Y12 receptor, or the integrin
receptor. COX-1 inhibitors, such as aspirin, have been used to irreversibly bind COX-1 to
decrease prothrombotic activity in platelets. P2Y12 receptor inhibitors prevent the P2Y12
activation that leads to platelet activation, including granule secretion and integrin activa-
tion through the PI3K/Akt pathway. Clopidogrel, prasugrel, and ticlopidine are classified
as irreversible inhibitors of the P2Y12 receptor, while ticagrelor and cangrelor belong to the
category of reversible P2Y12 receptor inhibitors. The significance of platelets in relation to
leaflet thrombosis on bioprosthetic valves, as well as their subsequent effects on clinical
results and valve durability, has garnered increasing attention due to their pivotal roles
in thrombus formation. Subclinical bioprosthetic leaflet thrombosis and the associated
restricted leaflet motion was first described by Makkar et al. in 2015 [64]. In some patients
who underwent bioprosthetic AV replacement, restricted leaflet opening was evident via
CT. The use of therapeutic anticoagulation in these patients can lower the incidence of
leaflet restriction on follow-up CT. The most effective approach to antiplatelet and anti-
coagulation therapy after transcatheter aortic valve replacement (TAVR) for reducing the
risk of stroke and preventing or treating leaflet thrombosis is still a subject of debate. The
exact cause of thromboembolic complications and leaflet thrombosis after TAVR, whether
primarily stemming from platelet-mediated or thrombin-mediated clot formation, remains
uncertain. Current ACC/AHA guidelines advocate using dual antiplatelet therapy (aspirin
and clopidogrel) for 6 months post-TAVR, followed by lifelong aspirin monotherapy in
patients with no other indication for anticoagulation [65]. However, the ESC guidelines
revealed a meta-analysis of three small RCTs, which showed a significant increase in ma-
jor or life-threatening bleeding with dual antiplatelet therapy over acetylsalicylic acid at
30 days, with no difference in the ischemic outcomes [60]. Therefore, according to up-
dated ESC guidelines, single antiplatelet therapy with acetylsalicylic acid is recommended.
Additionally, three large, randomized trials have assessed clinical outcomes with various
antiplatelet/anticoagulation strategies in patients undergoing TAVR. In the large GALILEO
trial, patients following TAVR without another clinical indication for oral anticoagulation
were randomly assigned to receive 3 months of treatment with either the direct factor Xa
inhibitor rivaroxaban with aspirin or dual antiplatelet therapy with aspirin and clopidogrel.
Treatment with rivaroxaban was associated with a higher risk of death and thromboembolic
events, as well as major, disabling, or life-threatening bleeding [66]. In the recent POPULAR
TAVR trial, patients without a clinical indication for anticoagulation were randomly as-
signed to receive either three months of aspirin alone or dual antiplatelet therapy consisting
of aspirin and clopidogrel following TAVR. The trial found that the incidence of bleeding
events and the composite outcome of bleeding or thromboembolic events after one year
were lower in the group receiving aspirin monotherapy [67]. No clear association between
restricted leaflet motion and stroke or transient ischemic attack was observed. The use
of antiplatelet therapy in aortic stenosis remains an area of ongoing research, and there
is currently no consensus regarding its routine use. The decision to initiate antiplatelet
therapy should be individualized, considering factors such as the severity of AS, presence
of comorbidities, and bleeding risk.

7. Conclusions

The influence of AS and wall shear stress on platelet function has emerged as an impor-
tant area of study in cardiovascular research. Platelet activation and aggregation, triggered
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by altered hemodynamics in AS, contribute to thrombus formation, inflammation, and
disease progression. The altered hemodynamics result in changes to wall shear stress
patterns. Turbulent blood flow and shear stress activate the endothelium and promote the
adhesion and activation of platelets. Activated platelets release proinflammatory cytokines
and chemokines that contribute to the development of inflammation within the aortic valve.
Platelets can liberate mediators, including bioactive lipids such as LPA, which intensify
local calcification. Activated platelets promote an osteogenic program and the progression
of AS through activation of the P2RY1—GPIIb/IIIa-LPA pathway. Antiplatelet therapy,
commonly used in cardiovascular diseases, aims to prevent platelet activation and aggrega-
tion, reducing the risk of thrombotic events. In the context of aortic stenosis, the potential
benefits of antiplatelet therapy have been investigated, although the optimal approach
remains a topic of debate. Given the heterogeneity of AS patients and the complexity
of thrombotic mechanisms, an individualized approach to antiplatelet therapy is crucial.
Patient factors, such as age, comorbidities, bleeding risk, and concomitant medications,
should be carefully considered when deciding on the best antiplatelet treatment. Under-
standing these mechanisms provides insights into potential therapeutic strategies aiming to
modulate platelet function to reduce the burden of AS. Further research and clinical trials
are necessary to develop targeted therapies and optimize management approaches, as well
as to understand underlying molecular mechanisms linking altered wall shear stress to
platelet dysfunction in AS.
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and metalloproteinase with thrombospondin motifs; ATX—autotaxin; AV—aortic valve;
BMP—Bone morphogenetic protein; CFD—computational fluid dynamics; COX—cyclo-
oxygenase; CT—computed tomography; ELISA—enzyme-linked immunosorbent assay;
HG—high gradient; HMWM—high molecular weight multimers; LES—large eddy simula-
tion; LG—low gradient; LPA—lysophosphatidic acid; LT—leaflet thrombosis; MACCE—ma-
jor adverse cardiac and cerebrovascular events; P2RY1—purinergic receptor P2Y12;
PCT—plateletcrit; PDW—platelet distribution width; PLT—platelet; P-LCR—platelet large
cell ratio; RNA—ribonucleic acid; RSSmax—maximal value of Reynolds shear stress;
SAVR—surgical aortic valve replacement; TAVR—transcatheter aortic valve replacement;
VIC—valvular interstitial cell; vWF—von Willebrand factor; VCAM—vascular cell adhe-
sion molecule; WSS—wall shear stress.

References
1. Iung, B.; Baron, G.; Butchart, E.G.; Delahaye, F.; Gohlke-Bärwolf, C.; Levang, O.W.; Tornos, P.; Vanoverschelde, J.-L.; Vermeer, F.;

Boersma, E.; et al. A prospective survey of patients with valvular heart disease in Europe: The Euro Heart Survey on Valvular
Heart Disease. Eur. Heart J. 2003, 24, 1231–1243. [CrossRef] [PubMed]

2. Eveborn, G.W.; Schirmer, H.; Heggelund, G.; Lunde, P.; Rasmussen, K. The evolving epidemiology of valvular aortic stenosis:
The Tronso study. Heart 2013, 99, 396–400. [CrossRef]

3. Lindman, B.R.; Clavel, M.A.; Mathieu, P.; Iung, B.; Lancellotti, P.; Otto, C.M.; Pibarot, P. Calcific aortic stenosis. Nat. Rev. Dis.
Primers 2016, 2, 16006. [CrossRef] [PubMed]

4. Gould, S.T.; Srigunapalan, S.; Simmons, C.A.; Anseth, K.S. Hemodynamic and cellular response feedback in calcific aortic valve
disease. Circ. Res. 2013, 113, 186–197. [CrossRef] [PubMed]

5. Bouchareb, R.; Boulanger, M.-C.; Tastet, L.; Mkannez, G.; Nsaibia, M.J.; Hadji, F.; Dahou, A.; Messadeq, Y.; Arsenault, B.J.; Pibarot,
P.; et al. Activated platelets promote an osteogenic programme and the progression of calcific aortic valve stenosis. Eur. Heart J.
2019, 40, 1362–1373. [CrossRef]

https://doi.org/10.1016/S0195-668X(03)00201-X
https://www.ncbi.nlm.nih.gov/pubmed/12831818
https://doi.org/10.1136/heartjnl-2012-302265
https://doi.org/10.1038/nrdp.2016.6
https://www.ncbi.nlm.nih.gov/pubmed/27188578
https://doi.org/10.1161/CIRCRESAHA.112.300154
https://www.ncbi.nlm.nih.gov/pubmed/23833293
https://doi.org/10.1093/eurheartj/ehy696


J. Clin. Med. 2023, 12, 6301 14 of 16

6. Vahidkhah, K.; Cordasco, D.; Abbasi, M.; Ge, L.; Tseng, E.; Bagchi, P.; Azadani, A.N. Flow-Induced Damage to Blood Cells in
Aortic Valve Stenosis. Ann. Biomed. Eng. 2016, 44, 2724–2736. [CrossRef]

7. Sriram, K.; Intaglietta, M.; Tartakovsky, D.M. Non-newtonian flow of blood in arterioles: Consequences for wall shear stress
measurements. Microcirculation 2014, 21, 628–639. [CrossRef]

8. Baeyens, N.; Bandyopadhyay, C.; Coon, B.G.; Yun, S.; Schwartz, M.A. Endothelial fluid shear stress sensing in vascular health and
disease. J. Clin. Investig. 2016, 126, 821–828. [CrossRef]

9. Russo, G.; Pedicino, D.; Chiastra, C.; Vinci, R.; Rizzini, M.L.; Genuardi, L.; Sarraf, M.; D’Aiello, A.; Bologna, M.; Aurigemma, C.;
et al. Coronary artery plaque rupture and erosion: Role of wall shear stress profiling and biological patterns in acute coronary
syndromes. Int. J. Cardiol. 2022, 370, 356–365. [CrossRef]

10. Clark, C. Turbulent velocity-measurements in a model of aortic-stenosis. J. Biomech. 1976, 9, 677–687. [CrossRef]
11. Bird, J.J.; Murgo, J.P.; Pasipoularides, A. Fluid dynamics of aortic stenosis: Subvalvular gradients without subvalvular obstruction.

Circulation 1982, 66, 835–840. [CrossRef]
12. Pasipoularides, A.; Murgo, J.P.; Bird, J.J.; Craig, W.E. Fluid dynamics of aortic stenosis: Mechanisms for the presence of subvalvular

pressure gradients. Am. J. Physiol. 1984, 246, H542–H550. [CrossRef] [PubMed]
13. Yoganathan, A.P. Fluid mechanics of aortic stenosis. Eur. Heart J. 1988, 9 (Suppl. E), 13–17. [CrossRef] [PubMed]
14. Yearwood, T.L.; Misbach, G.A.; Chandran, K.B. Experimental fluid dynamics of aortic stenosis in a model of the human aorta.

Clin. Phys. Physiol. Meas. 1989, 10, 11–24. [CrossRef] [PubMed]
15. Pal, A.; Anupindi, K.; Delorme, Y.; Ghaisas, N.; Shetty, D.A.; Frankel, S.H. Large eddy simulation of transitional flow in an

idealized stenotic blood vessel: Evaluation of subgrid scale models. J. Biomech. Eng. 2014, 136, 071009. [CrossRef] [PubMed]
16. Ha, H.; Lantz, J.; Haraldsson, H.; Casas, B.; Ziegler, M.; Karlsson, M.; Saloner, D.; Dyverfeldt, P.; Ebbers, T. Assessment of

turbulent viscous stress using ICOSA 4D Flow MRI for prediction of hemodynamic blood damage. Sci. Rep. 2016, 6, 39773.
[CrossRef]

17. Jhun, C.-S.; Newswanger, R.; Cysyk, J.P.; Ponnaluri, S.; Good, B.; Manning, K.B.; Rosenberg, G. Dynamics of Blood Flows in
Aortic Stenosis: Mild, Moderate, and Severe. ASAIO J. 2021, 67, 666–674. [CrossRef]

18. Komoriyama, H.; Kamiya, K.; Nagai, T.; Oyama-Manabe, N.; Tsuneta, S.; Kobayashi, Y.; Kato, Y.; Sarashina, M.; Omote, K.;
Konishi, T.; et al. Blood flow dynamics with four-dimensional flow cardiovascular magnetic resonance in patients with aortic
stenosis before and after transcatheter aortic valve replacement. J. Cardiovasc. Magn. Reson. 2021, 23, 81. [CrossRef]

19. Rosenberg, G.; Siedlecki, C.A.; Jhun, C.; Weiss, W.J.; Manning, K.; Deutsch, S.; Pierce, W. Acquired Von Willebrand Syndrome and
Blood Pump Design. Artif. Organs 2018, 42, 1119–1124. [CrossRef]

20. Vincentelli, A.; Susen, S.; Tourneau, T.L.; Six, I.; Fabre, O.; Juthier, F.; Bauters, A.; Decoene, C.; Goudemand, J.; Prat, A.; et al.
Acquired von Willebrand syndrome in aortic stenosis. N. Engl. J. Med. 2003, 349, 343–349. [CrossRef]

21. Blackshear, J.L.; Wysokinska, E.M.; Safford, R.E.; Thomas, C.S.; Shapiro, B.P.; Ung, S.; Stark, M.E.; Parikh, P.; Johns, G.S.; Chen, D.
Shear stress-associated acquired von Willebrand syndrome in patients with mitral regurgitation. J. Thromb. Haemost. 2014, 12,
1966–1974. [CrossRef] [PubMed]

22. Bortot, M.; Ashworth, K.; Sharifi, A.; Walker, F.; Crawford, N.C.; Neeves, K.B.; Bark, D.; Di Paola, J. Turbulent flow promotes
cleavage of VWF (von Willebrand factor) by ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type-1
motif, member 13). Arter. Thromb. Vasc. Biol. 2019, 39, 1831–1842. [CrossRef] [PubMed]

23. Waldschmidt, L.; Seiffert, M. Heyde syndrome: Treat aortic valve disease to stop gastrointestinal bleeding? Eur. Heart J. 2023, 44,
3178–3180. [CrossRef] [PubMed]

24. Natorska, J.; Bykowska, K.; Hlawaty, M.; Marek, G.; Sadowski, J.; Undas, A. Increased thrombin generation and platelet activation
are associated with deficiency in high molecular weight multimers of von Willebrand factor in patients with moderate-to-severe
aortic stenosis. Heart 2011, 97, 2023–2028. [CrossRef]

25. Natorska, J.; Marek, G.; Hlawaty, M.; Sobczyk, D.; Sadowski, J.; Tracz, W.; Undas, A. Evidence for tissue factor expression in
aortic valves in patients with aortic stenosis. Pol. Arch. Intern. Med. 2009, 119, 636–643. [CrossRef]

26. Breyne, J.; Juthier, F.; Corseaux, D.; Marechaux, S.; Zawadzki, C.; Jeanpierre, E.; Ung, A.; Ennezat, P.-V.; Susen, S.; Van Belle, E.;
et al. Atherosclerotic-like process in aortic stenosis: Activation of the tissue factor–thrombin pathway and potential role through
osteopontin alteration. Atherosclerosis 2010, 213, 369–376. [CrossRef]

27. Bolen, A.L.; Naren, A.P.; Yarlagadda, S.; Beranova-Giorgianni, S.; Chen, L.; Norman, D.; Baker, D.L.; Rowland, M.M.; Best, M.D.;
Sano, T.; et al. The phospholipase A1 activity of lysophospholipase A-I links platelet activation to LPA production during blood
coagulation. J. Lipid Res. 2011, 52, 958–970. [CrossRef]

28. Fulkerson, Z.; Wu, T.; Sunkara, M.; Kooi, C.V.; Morris, A.J.; Smyth, S.S. Binding of autotaxin to integrins localizes lysophosphatidic
acid production to platelets and mammalian cells. J. Biol. Chem. 2011, 286, 34654–34663. [CrossRef]

29. Bouchareb, R.; Mahmut, A.; Nsaibia, M.J.; Boulanger, M.-C.; Dahou, A.; Lépine, J.-L.; Laflamme, M.-H.; Hadji, F.; Couture, C.;
Trahan, S.; et al. Autotaxin derived from lipoprotein(a) and valve interstitial cells promotes inflammation and mineralization of
the aortic valve. Circulation 2015, 132, 677–690. [CrossRef]

30. Côté, N.; El Husseini, D.; Pépin, A.; Guauque-Olarte, S.; Ducharme, V.; Bouchard-Cannon, P.; Audet, A.; Fournier, D.; Gaudreault,
N.; Derbali, H.; et al. ATP acts as a survival signal and prevents the mineralization of aortic valve. J. Mol. Cell. Cardiol. 2012, 52,
1191–1202. [CrossRef]

https://doi.org/10.1007/s10439-016-1577-7
https://doi.org/10.1111/micc.12141
https://doi.org/10.1172/JCI83083
https://doi.org/10.1016/j.ijcard.2022.10.139
https://doi.org/10.1016/0021-9290(76)90169-X
https://doi.org/10.1161/01.CIR.66.4.835
https://doi.org/10.1152/ajpheart.1984.246.4.H542
https://www.ncbi.nlm.nih.gov/pubmed/6720911
https://doi.org/10.1093/eurheartj/9.suppl_E.13
https://www.ncbi.nlm.nih.gov/pubmed/2969808
https://doi.org/10.1088/0143-0815/10/1/002
https://www.ncbi.nlm.nih.gov/pubmed/2714057
https://doi.org/10.1115/1.4027610
https://www.ncbi.nlm.nih.gov/pubmed/24801556
https://doi.org/10.1038/srep39773
https://doi.org/10.1097/MAT.0000000000001296
https://doi.org/10.1186/s12968-021-00771-y
https://doi.org/10.1111/aor.13291
https://doi.org/10.1056/NEJMoa022831
https://doi.org/10.1111/jth.12734
https://www.ncbi.nlm.nih.gov/pubmed/25251907
https://doi.org/10.1161/ATVBAHA.119.312814
https://www.ncbi.nlm.nih.gov/pubmed/31291760
https://doi.org/10.1093/eurheartj/ehad277
https://www.ncbi.nlm.nih.gov/pubmed/37403478
https://doi.org/10.1136/hrt.2010.217273
https://doi.org/10.20452/pamw.791
https://doi.org/10.1016/j.atherosclerosis.2010.07.047
https://doi.org/10.1194/jlr.M013326
https://doi.org/10.1074/jbc.M111.276725
https://doi.org/10.1161/CIRCULATIONAHA.115.016757
https://doi.org/10.1016/j.yjmcc.2012.02.003


J. Clin. Med. 2023, 12, 6301 15 of 16

31. Rutkovskiy, A.; Malashicheva, A.; Sullivan, G.; Bogdanova, M.; Kostareva, A.; Stensløkken, K.; Fiane, A.; Vaage, J. Valve Interstitial
Cells: The Key to Understanding the Pathophysiology of Heart Valve Calcification. J. Am. Heart Assoc. 2017, 6, e006339. [CrossRef]
[PubMed]

32. Osman, L.; Yacoub, M.H.; Latif, N.; Amrani, M.; Chester, A.H. Role of human valve interstitial cells in valve calcification and their
response to atorvastatin. Circulation 2006, 114, I547–I552. [CrossRef] [PubMed]

33. Osman, L.; Chester, A.H.; Amrani, M.; Yacoub, M.H.; Smolenski, R.T. A novel role of extracellular nucleotides in valve calcification:
A potential target for atorvastatin. Circulation 2006, 114, I566–I572. [CrossRef] [PubMed]

34. Yang, X.; Fullerton, D.A.; Su, X.; Ao, L.; Cleveland, J.C.; Meng, X. Pro-osteogenic phenotype of human aortic valve interstitial cells
is associated with higher levels of toll-like receptors 2 and 4 and enhanced expression of bone morphogenetic protein 2. J. Am.
Coll. Cardiol. 2009, 53, 491–500. [CrossRef] [PubMed]

35. Yang, X.; Meng, X.; Su, X.; Mauchley, D.C.; Ao, L.; Cleveland, J.C.; Fullerton, D.A. Bone morphogenic protein 2 induces Runx2
and osteopontin expression in human aortic valve interstitial cells: Role of Smad1 and extracellular signal-regulated kinase 1/2. J.
Thorac. Cardiovasc. Surg. 2009, 138, 1008–1015. [CrossRef]

36. Yu, Z.; Seya, K.; Daitoku, K.; Motomura, S.; Fukuda, I.; Furukawa, K.-I. Tumor necrosis factor-α accelerates the calcification
of human aortic valve interstitial cells obtained from patients with calcific aortic valve stenosis via the BMP2-Dlx5 pathway. J.
Pharmacol. Exp. Ther. 2011, 337, 16–23. [CrossRef]

37. Carthy, J.M.; Boroomand, S.; McManus, B.M. Versican and CD44 in in vitro valvular interstitial cell injury and repair. Cardiovasc.
Pathol. 2012, 21, 74–82. [CrossRef]

38. Song, R.; Zeng, Q.; Ao, L.; Jessica, A.Y.; Cleveland, J.C.; Zhao, K.-S.; Fullerton, D.A.; Meng, X. Biglycan induces the expression of
osteogenic factors in human aortic valve interstitial cells via toll-like receptor-2. Atertio. Thromb. Vasc. Biol. 2012, 32, 2711–2720.
[CrossRef]

39. Zeng, Q.; Jin, C.; Ao, L.; Cleveland, J.C., Jr.; Song, R.; Xu, D.; Fullerton, D.A.; Meng, X. Cross-talk between the toll-like receptor 4
and Notch1 pathways augments the inflammatory response in the interstitial cells of stenotic human aortic valves. J. Pharmacol.
Exp. Ther. 2012, 126, S222–S230. [CrossRef]

40. Poggio, P.; Sainger, R.; Branchetti, E.; Grau, J.B.; Lai, E.K.; Gorman, R.C.; Sacks, M.S.; Parolari, A.; Bavaria, J.E.; Ferrari, G. Noggin
attenuates the osteogenic activation of human valve interstitial cells in aortic valve sclerosis. Cardiovasc. Res. 2013, 98, 402–410.
[CrossRef]

41. Zeng, Q.; Song, R.; Ao, L.; Weyant, M.J.; Lee, J.; Xu, D.; Fullerton, D.A.; Meng, X. Notch1 promotes the pro-osteogenic response of
human aortic valve interstitial cells via modulation of ERK1/2 and nuclear factor-κB activation. Arterioscler. Thromb. Vasc. Biol.
2013, 33, 1580–1590. [CrossRef] [PubMed]

42. Nadlonek, N.; Lee, J.H.; Reece, T.B.; Weyant, M.J.; Cleveland, J.C.; Meng, X.; Fullerton, D.A. Interleukin-1 beta induces an
inflammatory phenotype in human aortic valve interstitial cells through nuclear factor kappa beta. Ann. Thorac. Surg. 2013, 96,
155–162. [CrossRef] [PubMed]

43. Zhang, M.; Liu, X.; Zhang, X.; Song, Z.; Han, L.; He, Y.; Xu, Z. MicroRNA-30b is a multifunctional regulator of aortic valve
interstitial cells. J. Thorac. Cardiovasc. Surg. 2014, 147, 1073–1080. [CrossRef] [PubMed]

44. Galeone, A.; Brunetti, G.; Oranger, A.; Greco, G.; Di Benedetto, A.; Mori, G.; Colucci, S.; Zallone, A.; Paparella, D.; Grano, M.
Aortic valvular interstitial cells apoptosis and calcification are mediated by TNF-related apoptosis-inducing ligand. Int. J. Cardiol.
2013, 169, 296–304. [CrossRef]

45. El Husseini, D.; Boulanger, M.-C.; Mahmut, A.; Bouchareb, R.; Laflamme, M.-H.; Fournier, D.; Pibarot, P.; Bossé, Y.; Mathieu, P.
P2Y2 receptor represses IL-6 expression by valve interstitial cells through Akt: Implication for calcific aortic valve disease. J. Mol.
Cell. Cardiol. 2014, 72, 146–156. [CrossRef]

46. Zhang, X.-W.; Zhang, B.-Y.; Wang, S.-W.; Gong, D.-J.; Han, L.; Xu, Z.-Y.; Liu, X.-H. Twist-related protein 1 negatively regulated
osteoblastic transdifferentiation of human aortic valve interstitial cells by directly inhibiting runt-related transcription factor 2. J.
Thorac. Cardiovasc. Surg. 2014, 148, 1700–1708. [CrossRef]

47. Carrion, K.; Dyo, J.; Patel, V.; Sasik, R.; Mohamed, S.A.; Hardiman, G.; Nigam, V. The long non-coding HOTAIR is modulated by
cyclic stretch and WNT/β-CATENIN in human aortic valve cells and is a novel repressor of calcification genes. PLoS ONE 2014,
9, e96577. [CrossRef]

48. Zeng, Q.; Song, R.; Ao, L.; Xu, D.; Venardos, N.; Fullerton, D.A.; Meng, X. Augmented osteogenic responses in human aortic
valve cells exposed to oxLDL and TLR4 agonist: A mechanistic role of Notch1 and NF-κB interaction. PLoS ONE 2014, 9, e95400.
[CrossRef]

49. Witt, W.; Büttner, P.; Jannasch, A.; Matschke, K.; Waldow, T. Reversal of myofibroblastic activation by polyunsaturated fatty acids
in valvular interstitial cells from aortic valves. Role of RhoA/G-actin/MRTF signalling. J. Mol. Cell. Cardiol. 2014, 74, 127–138.
[CrossRef]

50. Song, R.; Ao, L.; Zhao, K.S.; Zheng, D.; Venardos, N.; Fullerton, D.A.; Meng, X. Soluble biglycan induces the production of
ICAM-1 and MCP-1 in human aortic valve interstitial cells through TLR2/4 and the ERK1/2 pathway. Inflamm. Res. 2014, 63,
703–710. [CrossRef]

51. Parra-Izquierdo, I.; Castaños-Mollor, I.; López, J.; Gómez, C.; San Román, J.A.; Sánchez Crespo, M.; García-Rodríguez, C.
Lipopolysaccharide and interferon-γ team up to activate HIF-1α via STAT1 in normoxia and exhibit sex differences in human
aortic valve interstitial cells. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 2168–2179. [CrossRef] [PubMed]

https://doi.org/10.1161/JAHA.117.006339
https://www.ncbi.nlm.nih.gov/pubmed/28912209
https://doi.org/10.1161/CIRCULATIONAHA.105.001115
https://www.ncbi.nlm.nih.gov/pubmed/16820635
https://doi.org/10.1161/CIRCULATIONAHA.105.001214
https://www.ncbi.nlm.nih.gov/pubmed/16820639
https://doi.org/10.1016/j.jacc.2008.09.052
https://www.ncbi.nlm.nih.gov/pubmed/19195606
https://doi.org/10.1016/j.jtcvs.2009.06.024
https://doi.org/10.1124/jpet.110.177915
https://doi.org/10.1016/j.carpath.2011.03.003
https://doi.org/10.1161/ATVBAHA.112.300116
https://doi.org/10.1161/CIRCULATIONAHA.111.083675
https://doi.org/10.1093/cvr/cvt055
https://doi.org/10.1161/ATVBAHA.112.300912
https://www.ncbi.nlm.nih.gov/pubmed/23640488
https://doi.org/10.1016/j.athoracsur.2013.04.013
https://www.ncbi.nlm.nih.gov/pubmed/23735716
https://doi.org/10.1016/j.jtcvs.2013.05.011
https://www.ncbi.nlm.nih.gov/pubmed/23968872
https://doi.org/10.1016/j.ijcard.2013.09.012
https://doi.org/10.1016/j.yjmcc.2014.02.014
https://doi.org/10.1016/j.jtcvs.2014.02.084
https://doi.org/10.1371/journal.pone.0096577
https://doi.org/10.1371/journal.pone.0095400
https://doi.org/10.1016/j.yjmcc.2014.05.008
https://doi.org/10.1007/s00011-014-0743-3
https://doi.org/10.1016/j.bbadis.2019.04.014
https://www.ncbi.nlm.nih.gov/pubmed/31034990


J. Clin. Med. 2023, 12, 6301 16 of 16

52. Wang, S.; Yu, H.; Gao, J.; Chen, J.; He, P.; Zhong, H.; Tan, X.; Staines, K.A.; Macrae, V.E.; Fu, X.; et al. PALMD regulates aortic
valve calcification via altered glycolysis and NF-κB-mediated inflammation. J. Biol. Chem. 2022, 298, 101887. [CrossRef] [PubMed]

53. Voicu, G.; Rebleanu, D.; Mocanu, C.A.; Tanko, G.; Droc, I.; Uritu, C.M.; Pinteala, M.; Manduteanu, I.; Simionescu, M.; Calin,
M. VCAM-1 Targeted Lipopolyplexes as Vehicles for Efficient Delivery of shRNA-Runx2 to Osteoblast-Differentiated Valvular
Interstitial Cells; Implications in Calcific Valve Disease Treatment. Int. J. Mol. Sci. 2022, 23, 3824. [CrossRef] [PubMed]

54. Liu, C.; Liu, R.; Cao, Z.; Guo, Q.; Huang, H.; Liu, L.; Xiao, Y.; Duan, C.; Ma, R. Identification of MMP9 as a Novel Biomarker to
Mitochondrial Metabolism Disorder and Oxidative Stress in Calcific Aortic Valve Stenosis. Oxidative Med. Cell. Longev. 2022, 2022,
3858871. [CrossRef]

55. Iqbal, F.; Schlotter, F.; Becker-Greene, D.; Lupieri, A.; Goettsch, C.; Hutcheson, J.D.; A Rogers, M.; Itoh, S.; Halu, A.; Lee, L.H.; et al.
Sortilin enhances fibrosis and calcification in aortic valve disease by inducing interstitial cell heterogeneity. Eur. Heart J. 2023, 44,
885–898. [CrossRef]

56. Sedaghat, A.; Kulka, H.; Sinning, J.-M.; Falkenberg, N.; Driesen, J.; Preisler, B.; Hammerstingl, C.; Nickenig, G.; Pötzsch, B.;
Oldenburg, J.; et al. Transcatheter aortic valve implantation leads to a restoration of von Willebrand factor (VWF) abnormalities in
patients with severe aortic stenosis–Incidence and relevance of clinical and subclinical VWF dysfunction in patients undergoing
transfemoral TAVI. Thromb. Res. 2017, 151, 23–28. [CrossRef]

57. Kibler, M.; Marchandot, B.; Messas, N.; Caspar, T.; Vincent, F.; Von Hunolstein, J.-J.; Grunebaum, L.; Reydel, A.; Rauch, A.;
Crimizade, U.; et al. CT-ADP point-of-care assay predicts 30-day paravalvular aortic regurgitation and bleeding events following
transcatheter aortic valve replacement. Thromb. Haemost. 2018, 118, 893–905. [CrossRef]

58. Grodecki, K.; Zbroński, K.; Przybyszewska-Kazulak, E.; Olasińska-Wiśniewska, A.; Wilimski, R.; Rymuza, B.; Scisło, P.; Czub, P.;
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