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Calcific aortic valve disease (CAVD) is a prevalent condition characterized by pathological thickening and calcification of

the aortic valve, leading to increased pressure overload and cardiac remodeling, particularly in individuals aged 65 and

older. This review synthesizes recent advances in understanding the pathogenesis of CAVD, focusing on key mechanisms

including hemodynamic alterations, endothelial dysfunction, lipid deposition, inflammation, and fibrotic calcification. We

evaluate emerging therapeutic targets based on pivotal basic research and clinical trials, highlighting the potential for

mechanism-oriented interventions. Furthermore, we explore the implications of lipid-lowering therapies, anti-

inflammatory strategies, and antifibrocalcific agents, as well as novel bioprosthetic designs aimed at enhancing patient

outcomes. Additionally, we discuss the inherent genetic and molecular backgrounds influencing individual susceptibility

to CAVD, emphasizing the promise of personalized therapy. By bridging the gap between basic science and clinical

application, this review aims to guide future research efforts toward more effective prevention and treatment strategies

for CAVD. (JACC Asia. 2025;5:503–515) © 2025 The Authors. Published by Elsevier on behalf of the American College of

Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
C alcific aortic valve disease (CAVD) is charac-
terized by pathological thickening and calci-
fication of the aortic valve (AoV), which

leads to progressive increase of pressure overload
and eventually maladaptive cardiac remodeling.1 As
the most common nonrheumatic valvular disease,
especially in individuals aged 65 years and older,
CAVD constitutes a growing economic and health
burden,2,3 and aortic valve replacement is the only
accessible treatment option because effective conser-
vative therapy is absent by far. This led investigators
to ponder whether early surgical intervention might
provide earlier benefit in some asymptomatic pa-
tients with severe aortic stenosis. It turned out that
the early surgery group had a significantly lower
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incidence of all-cause mortality compared with the
conservatively treated group, as evidenced in 2 inde-
pendent clinical trials.4,5 Stagnation of clinical trans-
lation years earlier tipped the scales in the direction
of surgical intervention, even as evidence suggested
that patients with mild/moderate stenosis might still
benefit from early surgical intervention.6 As basic
research progressed in recent years, however, various
aspects of the pathogenesis of CAVD are gradually
being elucidated, and for each pathogenic segment,
there is a corresponding target that is either in need
of validation or has already shown preliminary clin-
ical results. Through reviewing the top-cited and
most influential basic research and corresponding
randomized controlled trials in recent years and
https://doi.org/10.1016/j.jacasi.2025.01.014

edical College, Huazhong University of Science and

.

es and animal welfare regulations of the authors’

t consent where appropriate. For more information,

ber 16, 2024, accepted January 14, 2025.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jacasi.2025.01.014
https://www.jacc.org/author-center
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacasi.2025.01.014&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ABBR EV I A T I ON S

AND ACRONYMS

BAV = bicuspid aortic valve

CAVD = calcific aortic valve

disease

CHIP = clonal hematopoiesis of

indeterminate potential

Lp(a) = lipoprotein (a)

RCT = randomized controlled

trial

VEC = valvular endothelial cell

VIC = valvular interstitial cell
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assessing them in terms of surveillance,
prevention, and treatment, this review aims
at providing guidance for subsequent
mechanism-oriented therapeutic research,
of which we are all drivers and witnesses
(Central Illustration).

A BRIEF OVERVIEW OF THE

PATHOGENIC MECHANISM OF CAVD

After endocardial cushion augmentation,
endothelial to mesenchymal transition
(EndoMT), and valve primordium remodel-
ing, the postnatal aortic valve presents a slender
3-layered structure consisting of fibrosa, spongiosa,
and ventricularis with distinct extracellular matrix
(ECM) stratification.7 Valvular endothelial cells
(VECs) encircle the outmost layer, the integrity of
which maintains the homeostasis of normal aortic
valve. As the most predominant cell population,
valvular interstitial cells (VICs) are in fact a highly
heterogeneous group, which was once hypothesized
to be classified into quiescent, activated, progenitor,
and osteoblastic subtypes.8 Subsequently redefined
VIC subtypes could more or less fit into these
4 categories. Taking the example of CD34þ/PGDFR-
aþ telocytes in aortic valve, the proportion of this
progenitor VIC subpopulation with restorative
function decreased progressively with aging.9 The
rest are tissue-resident immune cells, predomi-
nantly macrophages, whose function remains
uncharted.10

CAVD is now perceived as a multistage disease
spectrum with sequential yet intertwined pathogenic
mechanisms1 (Figure 1). Endothelial dysfunction
caused by disrupted blood flow and metabolic
abnormalities results in the deposition of lipoprotein,
which further stimulates macrophage infiltration,
oxidative stress, and the production of proin-
flammatory cytokines.11 Changes in valve homeostasis
trigger the activation of quiescent VICs into myofi-
broblasts that produce an excess of collagen.12 As a
result of repeated degradation and redeposition, ECM
becomes disorganized and stiff, further promoting
osteogenic differentiation of VICs through the
mechanosensitive Rho A/ROCK1 signaling pathway.13

Furthermore, disordered ECM is vulnerable to
dystrophic calcification characterized with the nucle-
ation of calcium phosphate crystals.14 The coupling of
passive calcification and active osteogenesis finally
resulted in mechanical aortic stenosis (AS).
HEMODYNAMICS AND

ENDOTHELIAL DYSFUNCTION

Congenital or acquired alteration of hemodynamic
pattern is generally considered to be the initiation of
CAVD.1,11 Typically, the ventricular side of the aortic
valve is exposed to laminar shear stress peaked at
71 dyn/cm2 during systole, while the aortic side is
exposed to low amplitude oscillatory shear stress
(OSS) peaked at only about 20 dyn/cm2.15,16 In vitro
analogs of OSS facilitated inflammatory activation of
VECs, along with Endo-MT.17,18 Consistent with the
difference in stress pattern, the fibrosa layer on the
aortic side is predisposed to be the key region of
calcification.19 Scanning electron microscopy images
visualized 2 patterns of injury of endothelium in the
aortic side-corrugation with microvilli, a sign of
endothelial activation, and scattered denudation
with platelet aggregation.20 Once the transvalvular
pressure comes to a pathological level arising from,
eg, hypertension, and elevates further with the de-
gree of stenosis, high shear stress will be transduced
into a “wear and tear” signal and promote endothelial
dysfunction.21

Currently, the valvular hemodynamic parameter
(mean transvalvular pressure gradient and
peak aortic jet velocity) is mainly assessed by
2-dimensional Doppler echocardiography based upon
hypothetic cross-section.6 However, when faced with
a complex hemodynamic environment, such a hy-
pothesis might lead to oversimplified conclusions.
Advances in 4-dimensional flow cardiac magnetic
resonance imaging technology made the compre-
hensive visualization and quantification of the
dynamics of aortic blood flow patterns possible
in vivo, because of the reconstruction of aortic and
the integration of the time dimension.22 Apart from
that, a series of new metrics provided by
4-dimensional cardiac magnetic resonance imaging,
such as shear stress and turbulent kinetic energy,
allow for more detailed risk and prognostic stratifi-
cation of CAVD.23

Through a novel hierarchical guidewire-induced
CAVD mouse model, valve endothelium was proven
capable of self-repairing upon mild injury, primarily
through noncanonical TGF-b signaling-related up-re-
gulation of collagen triple helix repeat containing 1
(Cthrc1),24,25 which declined with aging. This capacity
diminished even more dramatically for endothelium
exposed to OSS because its high turnover rate led
to premature replicative senescence.26 Senescent



CENTRAL ILLUSTRATION Mechanism-Oriented Therapeutic Target Identification of Calcific Aortic Valve Disease
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Calcific aortic valve disease (CAVD) is perceived as a multistage disease spectrum with sequential yet intertwined pathogenic mechanisms, classified as endothelial

dysfunction, inflammation, lipid infiltration, myofibroblast activation, and calcium deposition. Marked in red are representative therapeutic agents that are currently

undergoing clinical trials and have shown preliminary efficacy, along with corresponding therapeutic targets for each pathogenic segment. VEC ¼ valvular endothelial

cell; VIC ¼ valvular interstitial cell.
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endothelium is accompanied by several other
issues, including the release of proinflammatory
cytokines and EndoMT,27 while no studies have yet
emerged utilizing senolytics that target senescent
endothelium.

In addition to direct endothelial injury, endothelial
dysfunction in a broad sense encompasses sorts of
maladaptive changes in endothelial functions when
presented with pathophysiological stimuli (eg, dysli-
pidemia, hypertension, obesity, and aging).
VEC-derived nitric oxide (NO) guarantees the normal
development of AoV and maintains the homeostasis
between VECs and VICs through the activation of
NOTCH1 signaling pathway.28 The deficiency of NOS3,
which encodes endothelial NO synthase, significantly
increased the prevalence of CAVD and bicuspid aortic
valve (BAV).29 Meanwhile, VECs in calcific AoV
exhibited profound endothelial NO synthase uncou-
pling. Normal eNOs depends on tetrahydrobiopterin
(BH4) to maintain itself as a coupling dimer. It was
demonstrated that the inhibition of de novo or
salvage pathway of BH4 biosynthesis resulted in the
uncoupling of eNOs, fueling oxidative stress in the
endothelium.30 Together with the deficiency of
superoxide dismutase (SOD) in the aortic side endo-
thelium, the persistent oxidative stress ultimately led
to myofibroblast activation and calcification of VICs.31

It is noteworthy that folic acid has been demonstrated
to inhibit aortic valve calcification and to reduce the
risk of cardiovascular disease by increasing the



FIGURE 1 Pathogenic Mechanism of Calcific Aortic Valve Disease

Endothelial dysfunction disrupts the balance of activation and quiescence within the valve, leads to lipid deposition and immune cell infiltration. Furthermore, valvular

interstitial cells (VICs) undergo myofibroblast activation and result in collagen accretion presenting as valvular fibrosis. The combination of apoptotic myofibroblasts

and actively differentiating osteoblast-like cells leads to eventual calcium deposition. VEC ¼ valvular endothelial cell.
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bioavailability of BH4, and related clinical trials have
also been registered.32 Besides, pathological VECs
exhibited high expression of a range of major histo-
compatibility complex II molecules upon pro-
inflammatory stimuli,33 whereas the subsequent
adaptive immune response is scarcely investigated.
In addition to known stimuli such as OSS and
oxidized lipids, a range of pathogen-associated mo-
lecular patterns and damage-associated molecular
patterns remain to be explored with the aim of
targeting these proinflammatory factors for
intervention.27

Taken together, alleviation or reversal of endo-
thelial dysfunction is a potentially effective strategy,
while it is now targeted only for known risks, such as
hyperlipidimia.34 However, a recent study suggested
that statins inhibited the transcriptional activity of
EndoMT-regulated genes by decreasing chromatin
accessibility at the SOX9 enhancer region.35 It reveals
the significance of endothelium-targeted therapy,
complemented by a shear-responsive carrier that
enables AoV-specific drug delivery. Meanwhile,
various endothelium-specific protective agents
also provided guidance for the optimization of
bioprosthetic valves. The novel bioprosthetic valve
developed by our group with enhanced NO release
had better reendothelialization efficacy and better
long-term prognostic potential compared to
commercially available ones currently.36

LIPID DEPOSITION AND LIPID-LOWERING THERAPY

The similarities in the pathophysiology of athero-
sclerosis and CAVD prompted the clinical trials into
the adoption of statins to alleviate CAVD while no
benefits were demonstrated.37,38 The initial conjec-
ture of the potential reason for the failure of statins is
the early involvement of lipid deposition in the pro-
gression of CAVD, while the majority of the partici-
pants were characterized with moderate to severe
AS.37-39 The failure of statins does not modify the
consensus about the feasibility of lipid-lowering
therapy, rather it has propelled subsequent research
toward more precise targets (Table 1).

Over the past decade, the association of sequence
variation in LPA with atherosclerotic cardiovascular
disease and CAVD has been established sequen-
tially.40,41 Increased plasma Lp(a) level determined



TABLE 1 Representative RCTs With Lipid-Lowing Therapy as the Intervention to Treat CAVD

Study Phase Intervention Assessments

Main
Inclusion
Criteria

Primary
Endpoint

Secondary
Endpoint

Preliminary
Results

NCT Identifier
(Ref. #)

Aortic Stenosis Progression
Observation: Measuring
the Effects of
Rosuvastatin
(ASTRONOMER)

3 Placebo or
rosuvastatin
40 mg daily

Echocardiography Mild AS; moderate
risk for coronary
artery disease

Changes in peak
transvalvular
aortic velocity,
transvalvular
gradients, and
aortic valve area

Cardiac death;
aortic valve
replacement

Rosuvastatin did not
reduce the
progression
of AS

NCT00800800 (37)

Effect of PCSK9 InhibitorS
on Calcific Aortic Valve
DiseasE (EPISODE)

3 PCSK9i and
statin vs
Statin

Echocardiography;
CT

Asymptomatic
CAVS

Change in aortic-jet
velocity

Change of aortic
valve calcium
score

NA NCT04968509

A Multicenter Trial
Assessing the Impact of
Lipoprotein(a) Lowering
with Pelacarsen
(TQJ230) on the
Progression of Calcific
Aortic Valve Stenosis

2 Pelacarsen
(TQJ230) vs
placebo

Echocardiography;
CT

Mild or moderate
CAVS

Change in peak aortic
jet velocity;
Change in aortic
valve calcium
score

Change in Lp(a)
levels

NA NCT05646381

AS ¼ aortic stenosis; CAVS ¼ calcific aortic valve stenosis; CT ¼ computed tomography; Lp(a) ¼ lipoprotein (a).
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by the variant rs10455872 was causally related to
CAVD and AS.42 Of all the known LPA variants,
rs10455872 is representative of the one that leads to
increased Lp(a) concentrations, primarily because of
the yield advantage from the lower Kringle-IV type-2
region copies.43

Concerning the structure of Lp(a), the KIV10 do-
mains of apo(a) are covalently bonded with oxPL.44

This represents not only the most significant point of
divergence in the structural composition of Lp(a) and
low-density lipoprotein (LDL) cholesterol, but also
the pivotal mechanism underlying the heightened
pathogenicity of Lp(a). Lp(a) is the major carrier of
oxPL in plasma, as detected by the phosphorylcholine
(PC) specific E06 antibody. Inspired by the naturally
secreted T15 anti-PC Abs of B-1 cell origin in natural
immune defense, this synthesized murine mono-
clonal IgM antibody that can recognize the phos-
phorylcholine head group yielded during the
oxidation of phospholipids was able to inhibit the
uptake of oxLDL by macrophages in vitro.45 Decades
later, Que et al45 proved that the constitutively
expressed scFv fragment of E06 in LDLr�/� mice can
effectively attenuate the progression of atheroscle-
rosis, aortic valve calcification, and systemic
inflammation.

Another important cargo carried by Lp(a) is phos-
pholipase A2 (PLA2). PLA2 can hydrolyze oxPL at the
sn-2 position and generate lysophosphatidylcholine
(Lyso-PLC). The discrepancy though was that with the
higher serum level of Lp(a) came the weaker catalytic
ability of Lp-PLA2, thus leading to increased oxPL
level.43 In addition, autotaxin carried by Lp(a),
demonstrated by in situ proximity ligation assay, can
hydrolyze Lyso-PLC into lysophosphatidic acid (Lyso-
PA). Lyso-PA was found to promote nuclear trans-
location of the p65 subunit of NF-kB through LysoPA
receptor1, further activating the expression of inter-
leukin (IL)-6, and ending in the osteogenic transition
of VICs through BMP2-dependent pathway.46,47 At
the same time, the down-regulation of phospholipid
phosphatases (PLPPs), which is constitutively present
in the membrane to degrade LysoPA, amplified the
effect of LysoPA during CAVD.48 Autotaxin was also
secreted by VIC itself in response to inflammatory
stimuli, creating a vicious cycle of response to
Lp(a).46

Of note, however, a study with a median follow-up
of up to 14 years (Q1-Q3: 13.9-14.2 years) demon-
strated that Lp(a) was significantly associated only
with baseline and new-onset CAVD, but not with the
progression of CAVD,49 which further revealed the
potential of Lp(a) as an early-stage biomarker. The
statin regulatory spectrum is predominantly oriented
toward LDL, and an additional potential explanation
for its ineffectiveness against CAVD is its inability to
effectively regulate Lp(a), which may even lead to its
paradoxical up-regulation.50 It is therefore impera-
tive that novel and effective strategies for lowering
lipids be sought. In a secondary analysis of 63
patients in the Further Cardiovascular Outcomes
Research With PCSK9 Inhibition in Subjects With
Elevated Risk (FOURIER) trial, the proprotein con-
vertase subtilisin/kexin type 9 (PCSK9) inhibitor
evolocumab reduced median Lp(a) and LDL-C syn-
chronously at 48 weeks, and 1 year treatment signif-
icantly lowered the risk of AS events.51 Notably, one
of the loss-of-function mutations of PCSK9 was
proven associated with a lower prevalence of CAVD.52

A phase 3 clinical trial utilizing a PCSK9 inhibitor as

https://www.clinicaltrials.gov/study/NCT00800800?term=Aortic%20Stenosis%20Progression%0AObservation:%20Measuring%0Athe%20Effects%20of%0ARosuvastatin%0A(ASTRONOMER)&amp;rank=1
https://www.clinicaltrials.gov/study/NCT04968509?term=NCT04968509&amp;rank=1
https://clinicaltrials.gov/study/NCT05646381


Qian et al J A C C : A S I A , V O L . 5 , N O . 4 , 2 0 2 5

Translational Medicine of CAVD A P R I L 2 0 2 5 : 5 0 3 – 5 1 5

508
an intervention is currently in the subject recruitment
stage (Table 1). Great advances were made toward
significant and specific inhibition of Lp(a) recently. Of
them, Pelacarsen (Ionis Pharmaceuticals),53 an anti-
sense oligonucleotide drug, and Olpasiran (AMG 890;
Amgen),54 a siRNA drug, both target the mRNA
product of LPA. Another one was the first oral drug,
muvalaplin (LY3473329),55 which specifically reduced
Lp(a) by mimicking a natural variant of apo(a) and
preventing its noncovalent interaction with apo B100.
Although all of these therapies reduce Lp(a) by more
than 80%, clinical studies linking them to cardiovas-
cular events are still ongoing (Table 1), and the results
of these studies will be critical in translating them
into primary prevention or secondary treatment
options.

INFLAMMATION AND DRUG REPOSITIONING

Inflammation plays a predominant role in the early
stage of CAVD.56 With 18F-fluorodeoxyglucose as the
representative tracer, positron emission tomography
has become the sophisticated technique to identify
valvular inflammation in a noninvasive manner.57

Preliminary in-human evidence indicated a signifi-
cantly increased 18F-fluorodeoxyglucose uptake in
patients with mild to moderate AS compared with no
AS groups, while the severe AS group did not mani-
fest remarkable inflammation.58 Another promising
tracer is 68Ga-DOTATATE,59 but they both exist only
in clinical trials because of their steep cost and
limited availability.

Genome-wide association studies incorporating
larger samples identified that polymorphisms in IL6
and NLRP6 were associated with CAVD,60,61 further
validating the pivotal role of the inflammation. Given
the long insidious phase of CAVD, elucidating the
causes and pathogenic mechanisms of inflammation
is essential for clinical translation. Recent research
indicated that clonal hematopoiesis of indeterminate
potential (CHIP), which is defined as the presence of
an expanded somatic blood cell clone without other
hematological abnormalities, increased with age and
was linked to CAVD.62 Acquired somatic mutations in
the most frequently mutated CHIP-driver genes
(DNMT3A and TET2) were associated with an increase
in pro-inflammatory leukocyte subsets,63,64 suggest-
ing the potential of CHIP as an early indicator.

Various predisposing conditions such as aging,
hypertension, dyslipidemia, smoking, and obesity can
induce leukocyte recruitment into the aortic valve.
The recruited leukocytes release proinflammatory
cytokines such as tumor necrosis factor-a, IL-1b, and
IL-6, which trigger the osteogenic differentiation of
VICs. As the predominantly infiltrated immune cell
type in normal and calcific valves, macrophages play a
crucial role in modulating the local immune
response.65,66 In addition to the remotely acting
secretion function, several studies recently confirmed
that macrophages may promote fibrosis/calcification
through direct contact with VICs in a cdh11-dependent
manner.67,68 Conventional notion identifies macro-
phages by simple dichotomization (M1 and M2), and
similarly, with the advancement of multi-omics
studies, inflammation in the AoV was thought to be
the result of the synergistic action of recruited mac-
rophages and tissue-resident macrophages.10 Pre-
liminary evidence suggested that niche-dependent
resident macrophage dysfunction is an important
cause and the major histocompatibility complex-
IIloLyve1þ subtype with anti-inflammation gene
expression showed a significant decrease in calcified
AoV.69 Among the array of secretory profiles of mac-
rophages, the role of TGF-b remains equivocal, with
some studies suggesting that it promoted osteo-
genesis,70 while others suggested that its effects only
persist in the fibrogenesis phase.71 This suggests that
subsequent studies would require the tissue-
mimicking 3-dimensional model to minimize back-
ground activation to achieve relatively consistent
results.

All of the previously mentioned evidence suggests
that inflammatory modulation could be a potential
target for the treatment of CAVD. IL37 has shown
promising results in animal models and in vitro ex-
periments,72,73 but there are no effective results of in-
human trials yet. Researchers dedicated to this field
can take inspiration from recent advances in the
treatment of atherosclerosis, whereby current anti-
inflammatory drugs can be repositioned given the
prolonged cycle for new drug development. Drug
repurposing is not an aimless screen per se, by
leveraging large-scale genomic and transcriptomic
data, the spotlight can be focused on the most
promising ones early on.74 A recently published
Mendelian randomization study suggested the
genetically proxied tocilizumab (IL-6R inhibitor) was
significantly associated with reduced risk of AS.75

Besides, colchicine was evaluated in several clinical
trials for the treatment of cardiovascular diseases
caused by its efficient inhibition of NLRP3 inflam-
masome, with generally favorable results,74 and
clinical trials of colchicine as the treatment of AS are
currently underway (Table 2).

However, the foreseeable consequence of the
global adoption of these drugs is a decrease in host



TABLE 2 RCTs With Colchicine as the Intervention

Study Phase Intervention Assessments
Main Inclusion

Criteria Primary Endpoint Secondary Endpoint
Preliminary

Results NCT Identifier

Colchicine and inflammation in
aortic stenosis (CHIANTI)

3 Colchicine
vs
Placebo

CT Asymptomatic
moderate
aortic valve
stenosis

Change in aortic
valve calcium
score

Difference in aortic valve
18F-NaF uptake; change
in echocardiographic
parameter for aortic
stenosis

NA NCT05162742

Effect of Colchicine on the
Progression of Aortic Valve
Stenosis – A Pilot Study
(COPAS-Pilot)

2 Colchicine
vs
Placebo

18F-NaF
PET; CT

Mild to
moderate
aortic
stenosis

Change in aortic
valve
calcification
activity

Change in aortic valve
calcification

NA NCT05253794

CT ¼ computed tomography; PET ¼ positron emission tomography; RCT ¼ randomized controlled trial.

J A C C : A S I A , V O L . 5 , N O . 4 , 2 0 2 5 Qian et al
A P R I L 2 0 2 5 : 5 0 3 – 5 1 5 Translational Medicine of CAVD

509
immunity, so the search for drug targets should be
accompanied by an effort toward targeted delivery
and disease-stage-specific application.

FIBROTIC CALCIFICATION AND THE

CALCIFICATION PARADOX

It is customary to assume that before the onset of
calcification, a long and insidious phase of fibrosis
occurs,76 against which angiotensin receptor blockers
and angiotensin convertase enzyme inhibitors are
currently under clinical trials77 (Table 3). The patho-
genic role of renin-angiotensin-aldosterone system
(RAAS) has long been well-documented. In brief,
activated mast cells facilitate the accumulation of
angiotensin II accumulation by secreting chymase,
which initiates myofibroblast activation of VICs.78

Indeed, before investigating the potential for RAAS
inhibition to mitigate AS, it was already known that
this approach could be beneficial in the context of
compensated left ventricular hypertrophy caused by
AS. A number of clinical trials have demonstrated that
TABLE 3 RCTs Targeting the Fibrosis Stage

Study Phase Intervention Assessments
M

Angiotensin Receptor
Blockers in Aortic
Stenosis (ARBAS)

4 Angiotensin
receptor
blockers
vs
placebo

CT Mild
a
(
v
a

A Randomized Trial of
Angiotensin Receptor
bLocker, Fimasartan,
in Aortic Stenosis
(ALFA)

4 Fimasartan
vs
placebo

Echocardiography Mod
A

A Study Evaluating the
Effects of Ataciguat
(HMR1766) on Aortic
Valve Calcification
(CAVS)

2 Ataciguat vs
placebo

CT Mod

Abbreviations as in Table 1.
RAAS inhibition is an effective treatment for
myocardial fibrosis.79 Besides, C-type natriuretic
peptide was proven to significantly inhibit myofi-
broblast activation through the activation of cyclic
guanosine monophosphate signaling,80 and the acti-
vator of soluble guanylate cyclase, Ataciguat
(HMR1766), is currently in a phase 2 clinical trial
(Table 3).

In contrast to the conventional, stepwise progres-
sion of CAVD, growing evidence suggests that fibrosis
and calcification appear to be concomitant. Iqbal
et al81 identified the pathological role of sortilin in the
global spectrum of CAVD and thus identified a novel
combined inflammatory myofibroblastic-osteogenic
VIC phenotype, and specific antagonists targeting
sortilin probably hold broad promise.

At the terminal phase, mineralization activity be-
comes dominant in disease progression.82 Albeit
echocardiology remains the first-line AS grading
strategy, one of its major defects is the ambiguity
regarding the actual extent of the calcification,6 while
the computed tomography–basedAgatston scoring has
ain Inclusion
Criteria Primary Endpoint

Secondary
Endpoint

Preliminary
Results NCT Identifier

to moderate
ortic stenosis
peak aortic jet
elocity $2.5
nd <4 m/s)

Change in the
anatomic
progression of
aortic stenosis

Change in peak aortic
jet velocity

NA NCT04913870

erate to severe
S

Change of VmaxO2 in
cardiopulmonary
exercise test

Change of peak
aortic jet
velocity in
echocardiography

NA NCT01589380

erate CAVS Changes in aortic
valve calcium
levels

Change in levels of
plasma
interleukin-6

Ataciguat
significantly
lowered
aortic valve
calcium

NCT02481258

https://www.clinicaltrials.gov/study/NCT04913870?term=NCT04913870&amp;rank=1
https://www.clinicaltrials.gov/study/NCT01589380?term=NCT01589380&amp;rank=1
https://www.clinicaltrials.gov/study/NCT02481258?term=NCT02481258&mp;rank=1
https://www.clinicaltrials.gov/study/NCT05162742?term=Colchicine%20and%20inflammation%20in%0Aaortic%20stenosis%20(CHIANTI)&amp;rank=1
http://https://www.clinicaltrials.gov/study/NCT05253794?term=Effect%20of%20Colchicine%20on%20the%0AProgression%20of%20Aortic%20Valve%0AStenosis%20%E2%80%93%20A%20Pilot%20Study%0A(COPAS-Pilot)&amp;rank=1


TABLE 4 Representative RCTs Targeting Osteogenesis and Calcification Stage

Study Phase Intervention Assessments Main Inclusion Criteria Primary Endpoint
Secondary
Endpoint Preliminary Results NCT Identifier (Ref. #)

Study Investigating
the Effect of
Drugs Used to
Treat
Osteoporosis
on the
Progression of
Calcific Aortic
Stenosis
(SALTIRE II)

2 Denosumab;
alendronic
acid
vs placebo

CT; 18F-NaF PET Age >50 y, peak
aortic jet velocity
of >2.5 m/s,
grade 2-4
calcification of
the aortic valve

Change in aortic valve
calcium score

Change in
aortic valve
18F-NaF
uptake

Neither denosumab
nor alendronic
acid affected
progression of
aortic valve
calcification

NCT02132026 (94)

Vitamin K
Supplement for
Inhibition of
the Progress in
Aortic Valve
Calcification

3 Vitamin K2 vs
placebo

CT;
echocardiography

CAVD Decrease of aortic valve
calcification

Progression of
diastolic
and systolic
dysfunction

Vitamin K
significantly
attenuated AVC
progression

NCT00785109 (87)

The Aortic Valve
DECalcification
(AVADEC) Trial
(AVADEC)

NA MK-7 and VitD vs
placebo

CT;
echocardiography

aortic valve
calcification score
above 300; no
aortic valve
stenosis

Change in aortic valve
calcium score

Change in
compiled
arterial
calcification

MK-7 plus vitamin D
supplementation
did not influence
AVC progression

NCT03243890 (88)

Bicuspid aortic
valve stenosis
and the effect
of vitamin K2
on calcium
metabolism on
18F-NaF PET/
MRI (BASIK2)

2 Vitamin K2 vs
placebo

18F-NaF PET; CT Bicuspid aortic valve
with mild to
moderate aortic
stenosis

Change in calcium
metabolism,
measured as uptake
of the 18F-NaF tracer
on an 18F-NaF PET/
CMR scan

Change in
aortic valve
calcium
score,
measured
on CT

NA NCT02917525 (85)

CMR ¼ cardiac magnetic resonance imaging; other abbreviations as in Tables 1 and 2.

TABLE 5 Representa

Gene

NOTCH1

GATA4

GATA6

ROBO4

NOS3

ADAMTS5

ADAMTS19

ADAMTS16

PALMD

BAV ¼ bicuspid aortic valv
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been recognized as a valuable supplementary indica-
tor.83 Furthermore, a unique tracer of calcification
activity, 18F-NaF, was employed to visualize devel-
oping calcium thus predicting the location of macro-
calcific deposits.84 Although it is not yet available in
clinical practice, it was utilized as a measurement in
several randomized controlled trials (Table 4).85

The generally termed valvular “calcification” is
manifested as either dystrophic calcification charac-
terized by disorganized calcium phosphate crystal on
apoptotic debris, or organized hydroxyapatite crystal
lattice reflecting active osteogenic processes.86

Collagen disruption caused by massive apoptosis of
tive BAV/CAVD-Related Genetic Variants

Phenotype Roles in AoV Development Genetic

BAV/CAVD Cell proliferation and apoptosis Linkage ana

BAV EndoMT GW

BAV ECM remodeling Linkage

BAV Axon guidance and cell adhesion Linkage

BAV/CAVD Nitric oxide production N

BAV ECM remodeling N

BAV/CAVD ECM modeling and EndoMT Linkage

BAV/CAVD ECM remodeling Linkage

BAV/CAVD Cytoskeletal regulation GWAS

e; CAVD ¼ calcific aortic valve disease; eQTL ¼ expression quantitative trait locus; GWAS ¼
myofibroblasts and increased expression of matrix
metalloproteinases provided an optimal site for the
aggregation of hydroxyapatite. Earlier studies
demonstrated the effectiveness of vitamin K2 which
enhanced the anticalcific effects of matrix-Gla protein
to alleviate CAVD progression.87 However, the result
of the AVADEC (Aortic Valve DECalcification) trial
extinguished the nascent hope—2 years of vitamin K2
plus vitamin D did not postpone CAVD progression.88

The major discrepancy between these 2 trials lies in
the inclusion criteria, where the enrolled patients in
AVADEC had heavier baseline calcification (AVC score
>300). Subsequent studies are in urgent need to
Evidence Mouse Model Ref. #

lysis; GWAS Notch1þ/� mTRG2 104

AS NA 114

analysis Gata6þ/� 115

analysis Robo4tm1Lex/tm1Lex 106

A NOS3�/� 100

A Adamts5�/� 116

analysis Adamts19�/� 107

analysis Adamts16þ/�/ Adamts16þ/H355Q 108

; eQTL PALMD�/� 110,113

genome-wide association study.

https://www.clinicaltrials.gov/study/NCT02132026?term=NCT02132026&amp;rank=1
https://www.clinicaltrials.gov/study/NCT00785109?term=NCT00785109&amp;rank=1
https://www.clinicaltrials.gov/study/NCT03243890?term=NCT03243890&amp;rank=1
https://www.clinicaltrials.gov/study/NCT02917525?term=NCT02917525&amp;rank=1
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determine the actual effectiveness of vitamin K. As
for the studies of the mechanism into osteogenic
differentiation, several previous reviews have sum-
marized in detail.1,12 Among these potential mecha-
nisms, inflammation-induced expression of
dipeptidyl peptidase-4 (DPP-4) appeared to be an
essential mediator of osteogenesis,89 and targeted
inhibition or promotion of its ubiquitination could
significantly alleviate AVC in ApoE KO mice.90

What is more, the calcification paradox initially
defined the association between ectopic arterial
mineralization and reduced bone mineral density,91

and over the last few years, this concept has been
extended to valvular calcification. Reduced bone
mineral density and osteoporosis were both found to
be significantly associated with accelerated progres-
sion of AS.92,93 These findings certainly brought up
the subsequent question of whether antiosteoporotic
drugs could be used to treat CAVD. It turned out that
even up to 2 years of medication (denosumab or
alendronate) failed to make any substantial progress
in the alleviation of valvular calcification.94 One po-
tential explanation for the result of SALTIRE (Study
Investigating the Effect of Drugs Used to Treat Oste-
oporosis on the Progression of Calcific Aortic Steno-
sis) is the long-neglected role of osteoclasts in aortic
valve, which is excusable since they were barely
found and tended to be dysfunctional.95 Hence,
activating osteoclasts via RANKL signaling rather
than inhibiting might be the only underlying biolog-
ical approach to reverse calcification. In addition to
this, recently a noninvasive ultrasound device
demonstrated spectacular benefits by delivering en-
ergy to soften the calcified portion in valve leaflets,
thus enhancing its mobility.96

INHERENT BACKGROUND AND

PERSONALIZED THERAPY

Growing evidence pointed to a significant genetic
background of CAVD.97 In particular, BAV is repre-
sentative of hereditary abnormalities linked with
CAVD. Altered aortic root hemodynamics caused by
BAV accelerated routine wear-and-tear thus causing
earlier-onset CAVD. The representative BAV/CAVD-
related genetic variants identified to date were
detailed in Table 5.

NOTCH1 mutations were the first reported genetic
variants causing familial BAV and the series of
research performed by Garg et al98 could serve as a
paradigm for the subsequent unraveling. Since the
first familial with NOTCH1 mutation was identified,
various embryological and biomolecular experiments
have elucidated the role of NOTCH signaling in valve
development.99 Briefly, following the augmentation of
endocardial cushion, the activation of NOTCH1 is
essential for the initiation of EndoMT.100 Once the
cellularization of the cardiac cushion is completed, the
primary function of NOTCH shifted to “decellulariza-
tion”- the proliferation-apoptosis balance of VICs was
disrupted through the selective activation of tumor
necrosis factor-a and the valve primordiumwas finally
sculpted into thin valve leaflets.101 VEC-specific
Notch1 deficient mice resulted in the excessive
fusion of the outflow tract. Intriguingly, mutation of
NOTCH1 alone results in a maximum of 30% BAV
penetration, whereas the addition of NOS3 perturba-
tion considerably increased to 64%,100 further indi-
cating the complex polygenic background of BAV.
Human induced pluripotent stem cells offered an
intuitive platform for further study.102 NOTCH1-
haploinsufficient human induced pluripotent stem
cell–derived endothelial cells were proven with dis-
rupted epigenetic architecture and resulted in the
activation of latent pro-osteogenic and pro-
inflammatory gene networks,103 which might be cor-
rected by a small molecular, XCT790.104 Linkage
analysis of BAV pedigrees also identified genetic loci
including GATA6,105 ROBO4,106 ADAMTS19,107 and
ADAMTS16,108 whose pathological mechanism re-
mains to be further elucidated. However, caused by
the fact that themajority of BAV cases were sporadical,
prophylactic screening for first-degree relatives of
BAV patients has not yet been implemented in clinical
practice. The intertwined genetic backgrounds of
those sporadical cases are also gradually being eluci-
dated. The most extensive genome-wide association
study conducted thus far confirmed the contribution
of risk loci TEX41, GATA4, and MUC4 to BAV.109

Despite the fact that congenital AoV malformation
obscures the connection between the pathogenic
genes listed above and CAVD, recent progress in ge-
nomics allowed us to better identify direct inherited
risk factors for CAVD. Combining the genome-wide
association study and valve expression quantitative
trait locus data sets, the first transcriptome-wide as-
sociation analysis identified PALMD, encoding palm-
delphin, an essential component of cytoskeleton, as a
susceptibility gene of CAVD.110 Risk allele at
rs6702619 suppressed the expression of PALMD via
inhibiting the recruitment of NFATC2,111 leading to
the inability of VECs to generate a perinuclear actin
cap resisting mechanical stress when exposed to
shear stress.112 PALMD�/� mice demonstrated exac-
erbation of CAVD through the activation of NF-kB
signaling, which could be moderated by the injection



HIGHLIGHTS

� Limited therapeutic options for CAVD
urgently require the development of
therapeutic targets.

� Mechanism-driven target identification
has led to clinical trials of various ther-
apeutic agents for CAVD.

� The development of novel monitoring
techniques and personalized therapy is
still in progress.
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of AAV-PALMD,113 suggesting its potential as a ther-
apeutic target.

Despite major limitations in genetically modified
models, targeted gene deletions in mice, zebrafish,
and cultured aortic valve cells have offered important
insights into potential gene involvement in aortic
valve formation.97 These approaches may be turned
into high-throughput assays to evaluate potential
genes for BAV generation or disease progression, thus
providing a solid basis for personalized therapy for
the specific mutant carriers.

CONCLUSIONS

CAVD is a disorder of complex traits caused by
interactions between genetic and metabolic risk fac-
tors (Central Illustration). Several molecular mecha-
nisms and modifiable risk factors for CAVD have been
identified over the past 2 decades. Targeting
AoV-specific signaling pathways and attaining
desired biomechanical results to restore normal aortic
valve function should be the main emphasis in order
to satisfy the objective of a CAVD therapy and it is
imperative to tackle the processes of fibrosis and
calcification that result in CAVD concurrently. To
fulfill the unmet clinical needs, additional innovative
research paradigms integrating multiomics, preclini-
cal and clinical investigations will be required.

ACKNOWLEDGMENT The authors thank Prof Shi
Jiawei and Prof Qiao Weihua for providing threads for
this paper; Prof Zhang Donghui of Hubei University
for her guidance; Tong Fuqiang, Zheng Yidan, and
Wai Yen Yim for their help in the writing process;
Peng Junying for the drawing guidance provided; and
Chen Yian for the support of the first author.

FUNDING SUPPORT AND AUTHOR DISCLOSURES

This work was supported by the National Key Project of Research and

Development Plan (2021YFA1101900, 2022YFC2503400) and National

Natural Science Foundation of China (82322007, 82300417). The au-

thors have reported that they have no relationships relevant to the

contents of this paper to disclose.

ADDRESS FOR CORRESPONDENCE: Dr Nianguo
Dong, Department of Cardiovascular Surgery, Union
Hospital, Tongji Medical College, Huazhong Univer-
sity of Science and Technology, Jiefang Road 1277#,
Wuhan 430030, China. E-mail: dongnianguo@
hotmail.com. OR Dr Fei Li, Department of Cardio-
vascular Surgery, Union Hospital, Tongji Medical
College, Huazhong University of Science and Tech-
nology, Jiefang Road 1277#, Wuhan 430030, China.
E-mail: lifei_union@hust.edu.cn.
RE F E RENCE S
1. Goody PR, Hosen MR, Christmann D, et al.
Aortic valve stenosis: from basic mechanisms to
novel therapeutic targets. Arterioscler Thromb
Vasc Biol. 2020;40:885–900.

2. Coffey S, Cairns BJ, Iung B. The modern epide-
miology of heart valve disease. Heart. 2016;102:
75–85.

3. Coffey S, Roberts-Thomson R, Brown A, et al.
Global epidemiology of valvular heart disease. Nat
Rev Cardiol. 2021;18:853–864.

4. Kang D-H, Park S-J, Lee S-A, et al. Early surgery
or conservative care for asymptomatic aortic ste-
nosis. N Engl J Med. 2020;382:111–119.

5. Banovic M, Putnik S, Penicka M, et al. Aortic
valve replacement versus conservative treatment
in asymptomatic severe aortic stenosis: the
AVATAR Trial. Circulation. 2022;145:648–658.

6. Lindman BR, Sukul D, Dweck MR, et al. Evalu-
ating medical therapy for calcific aortic stenosis:
JACC state-of-the-art review. J Am Coll Cardiol.
2021;78:2354–2376.
7. O’Donnell A, Yutzey KE. Mechanisms of heart
valve development and disease. Development.
2020;147(13):dev183020.

8. Liu AC, Joag VR, Gotlieb AI. The emerging role
of valve interstitial cell phenotypes in regulating
heart valve pathobiology. Am J Pathol. 2007;171:
1407–1418.

9. Lis GJ, Dubrowski A, Lis M, et al. Identification
of CD34þ/PGDFRaþ valve interstitial cells (VICS)
in human aortic valves: association of their abun-
dance, morphology and spatial organization with
early calcific remodeling. Int J Mol Sci. 2020;21:
6330.

10. Chakarov S, Lim HY, Tan L, et al. Two distinct
interstitial macrophage populations coexist across
tissues in specific subtissular niches. Science.
2019;363.

11. Blaser MC, Kraler S, Lüscher TF, Aikawa E.
Multi-omics approaches to define calcific aortic
valve disease pathogenesis. Circ Res. 2021;128:
1371–1397.
12. Rutkovskiy A, Malashicheva A, Sullivan G, et al.
Valve interstitial cells: the key to understanding
the pathophysiology of heart valve calcification.
J Am Heart Assoc. 2017;6(9):e006339.

13. Liu H, Yin H, Wang Z, et al. Rho A/ROCK1
signaling-mediated metabolic reprogramming of
valvular interstitial cells toward Warburg effect
accelerates aortic valve calcification via AMPK/
RUNX2 axis. Cell Death Dis. 2023;14:108.

14. Anousakis-Vlachochristou N, Athanasiadou D,
Carneiro KMM, Toutouzas K. Focusing on the
native matrix proteins in calcific aortic valve ste-
nosis. JACC: Basic Transl Sci. 2023;8:1028–1039.

15. Yap CH, Saikrishnan N, Yoganathan AP.
Experimental measurement of dynamic fluid shear
stress on the ventricular surface of the aortic valve
leaflet. Biomech Model Mechanobiol. 2012;11:231–
244.

16. Yap CH, Saikrishnan N, Tamilselvan G,
Yoganathan AP. Experimental measurement of
dynamic fluid shear stress on the aortic surface of

mailto:dongnianguo@hotmail.com
mailto:dongnianguo@hotmail.com
mailto:lifei_union@hust.edu.cn
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref1
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref1
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref1
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref1
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref2
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref2
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref2
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref3
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref3
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref3
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref4
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref4
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref4
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref5
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref5
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref5
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref5
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref6
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref6
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref6
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref6
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref7
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref7
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref7
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref8
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref8
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref8
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref8
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref9
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref9
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref9
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref9
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref9
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref9
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref9
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref9
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref10
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref10
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref10
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref10
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref11
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref11
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref11
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref11
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref12
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref12
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref12
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref12
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref13
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref13
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref13
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref13
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref13
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref14
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref14
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref14
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref14
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref15
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref15
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref15
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref15
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref15
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref16
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref16
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref16


J A C C : A S I A , V O L . 5 , N O . 4 , 2 0 2 5 Qian et al
A P R I L 2 0 2 5 : 5 0 3 – 5 1 5 Translational Medicine of CAVD

513
the aortic valve leaflet. Biomech Model Mechano-
biol. 2012;11:171–182.

17. Faure E, Bertrand E, Gasté A, Plaindoux E,
Deplano V, Zaffran S. Side-dependent effect in the
response of valve endothelial cells to bidirectional
shear stress. Int J Cardiol. 2021;323:220–228.

18. Xu K, Xie S, Huang Y, et al. Cell-type tran-
scriptome atlas of human aortic valves reveal cell
heterogeneity and endothelial to mesenchymal
transition involved in calcific aortic valve disease.
Arterioscler Thromb Vasc Biol. 2020;40:2910–
2921.

19. Schlotter F, Halu A, Goto S, et al. Spatiotem-
poral multi-omics mapping generates a molecular
atlas of the aortic valve and reveals networks
driving disease. Circulation. 2018;138:377–393.

20. Bouchareb R, Boulanger M-C, Tastet L, et al.
Activated platelets promote an osteogenic pro-
gramme and the progression of calcific aortic
valve stenosis. Eur Heart J. 2019;40:1362–1373.

21. Baratchi S, Khoshmanesh K, Woodman OL,
Potocnik S, Peter K, McIntyre P. Molecular sensors
of blood flow in endothelial cells. Trends Mol Med.
2017;23:850–868.

22. Fernandes JF, Gill H, Nio A, et al. Non-invasive
cardiovascular magnetic resonance assessment of
pressure recovery distance after aortic valve ste-
nosis. J Cardiovasc Magn Reson. 2023;25:5.

23. Garcia J, Barker AJ, Markl M. The role of im-
aging of flow patterns by 4D flow MRI in aortic
stenosis. JACC Cardiovasc Imaging. 2019;12:252–
266.

24. Nordquist EM, Dutta P, Kodigepalli KM, et al.
Tgfb1-Cthrc1 signaling plays an important role in
the short-term reparative response to heart valve
endothelial injury. Arterioscler Thromb Vasc Biol.
2021;41:2923–2942.

25. Ruiz-Villalba A, Romero JP, Hernández SC,
et al. Single-Cell RNA sequencing analysis reveals
a crucial role for CTHRC1 (Collagen Triple Helix
Repeat Containing 1) cardiac fibroblasts after
myocardial infarction. Circulation. 2020;142:1831–
1847.

26. Bloom SI, Islam MT, Lesniewski LA, Donato AJ.
Mechanisms and consequences of endothelial cell
senescence. Nat Rev Cardiol. 2023;20:38–51.

27. Zhao P, Yao Q, Zhang P-J, et al. Single-cell
RNA-seq reveals a critical role of novel pro-
inflammatory EndMT in mediating adverse
remodeling in coronary artery-on-a-chip. Sci Adv.
2021;7(34):eabg1694.

28. Majumdar U, Manivannan S, Basu M, et al.
Nitric oxide prevents aortic valve calcification by
S-nitrosylation of USP9X to activate NOTCH
signaling. Sci Adv. 2021;7(6):eabe3706.

29. Peterson JC, Wisse LJ, Wirokromo V, et al.
Disturbed nitric oxide signalling gives rise to
congenital bicuspid aortic valve and aortopathy.
Dis Model Mech. 2020;13(9):dmm044990.

30. Liu Z, Dong N, Hui H, et al. Endothelial cell-
derived tetrahydrobiopterin prevents aortic valve
calcification. Eur Heart J. 2022;43:1652–1664.

31. Farrar EJ, Huntley GD, Butcher J. Endothelial-
derived oxidative stress drives myofibroblastic
activation and calcification of the aortic valve. PloS
One. 2015;10:e0123257.
32. Shu L, Yuan Z, Li F, Cai Z. Oxidative stress and
valvular endothelial cells in aortic valve calcifica-
tion. Biomed Pharmacother. 2023;163:114775.

33. Shu S, Fu M, Chen X, et al. Cellular landscapes
of nondiseased human cardiac valves from end-
stage heart failure–explanted heart. Arterioscler
Thromb Vasc Biol. 2022;42:1429–1446.

34. Gimbrone MA, García-Cardeña G. Endothelial
cell dysfunction and the pathobiology of athero-
sclerosis. Circ Res. 2016;118:620–636.

35. Liu C, Shen M, Tan WLW, et al. Statins improve
endothelial function via suppression of epigenetic-
driven EndMT. Nat Cardiovasc Res. 2023;2:467–
485.

36. Zhou Y, Yan G, Wen S, et al. Nitric oxide
generation and endothelial progenitor cells
recruitment for improving hemocompatibility and
accelerating endothelialization of tissue engi-
neering heart valve. Adv Funct Mater. 2023;33:
2211267.

37. Chan KL, Teo K, Dumesnil JG, Ni A, Tam J.
Effect of Lipid lowering with rosuvastatin on
progression of aortic stenosis: results of the aortic
stenosis progression observation: measuring ef-
fects of rosuvastatin (ASTRONOMER) trial. Circu-
lation. 2010;121:306–314.

38. Rossebø AB, Pedersen TR, Boman K, et al.
Intensive lipid lowering with simvastatin and
ezetimibe in aortic stenosis. N Engl J Med.
2008;359:1343–1356.

39. Cowell SJ, Newby DE, Prescott RJ, et al.
A randomized trial of intensive lipid-lowering
therapy in calcific aortic stenosis. N Engl J Med.
2005;352:2389–2397.

40. Clarke R, Peden JF, Hopewell JC, et al. Genetic
variants associated with lp(a) lipoprotein level and
coronary disease. N Engl J Med. 2009;361:2518–
2528.

41. Thanassoulis G, Campbell CY, Owens DS, et al.
Genetic associations with valvular calcification and
aortic stenosis. N Engl J Med. 2013;368:503–512.

42. Nazarzadeh M, Pinho-Gomes A-C, Bidel Z,
et al. Plasma lipids and risk of aortic valve steno-
sis: a Mendelian randomization study. Eur Heart J.
2020;41:3913–3920.

43. Boffa MB, Koschinsky ML. Oxidized phospho-
lipids as a unifying theory for lipoprotein(a) and
cardiovascular disease. Nat Rev Cardiol. 2019;16:
305–318.

44. Zheng KH, Tsimikas S, Pawade T, et al. Lip-
oprotein(a) and oxidized phospholipids promote
valve calcification in patients with aortic stenosis.
J Am Coll Cardiol. 2019;73:2150–2162.

45. Que X, Hung M-Y, Yeang C, et al. Oxidized
phospholipids are proinflammatory and proa-
therogenic in hypercholesterolaemic mice. Nature.
2018;558:301–306.

46. Bouchareb R, Mahmut A, Nsaibia MJ, et al.
Autotaxin derived from lipoprotein(a) and valve
interstitial cells promotes inflammation and
mineralization of the aortic valve. Circulation.
2015;132:677–690.

47. Nsaibia MJ, Boulanger M-C, Bouchareb R,
et al. OxLDL-derived lysophosphatidic acid pro-
motes the progression of aortic valve stenosis
through a LPAR1-RhoA-NF-kB pathway. Car-
diovasc Res. 2017;113:1351–1363.

48. Mkannez G, Gagné-Ouellet V, Jalloul Nsaibia
M, et al. DNA methylation of a PLPP3 MIR
transposon-based enhancer promotes an osteo-
genic programme in calcific aortic valve disease.
Cardiovasc Res. 2018;114:1525–1535.

49. Kaiser Y, van der Toorn JE, Singh SS, et al.
Lipoprotein(a) is associated with the onset but not
the progression of aortic valve calcification. Eur
Heart J. 2022;43:3960–3967.

50. Nsaibia MJ, Devendran A, Goubaa E,
Bouitbir J, Capoulade R, Bouchareb R. Implication
of lipids in calcified aortic valve pathogenesis: why
did statins fail? J Clin Med. 2022;11(12):3331.

51. Bergmark BA, O’Donoghue ML, Murphy SA,
et al. An exploratory analysis of proprotein con-
vertase subtilisin/kexin type 9 inhibition and aortic
stenosis in the FOURIER trial. JAMA Cardiol.
2020;5:709–713.

52. Perrot N, Valerio V, Moschetta D, et al. Genetic
and in vitro inhibition of pcsk9 and calcific aortic
valve stenosis. JACC: Basic Transl Sci. 2020;5:649–
661.

53. Viney NJ, van Capelleveen JC, Geary RS, et al.
Antisense oligonucleotides targeting apolipopro-
tein(a) in people with raised lipoprotein(a): 2
randomised, double-blind, placebo-controlled,
dose-ranging trials. Lancet. 2016;388:2239–2253.

54. O’Donoghue ML, Rosenson RS, Gencer B, et al.
Small interfering RNA to reduce lipoprotein(a) in
cardiovascular disease. N Engl J Med. 2022;387:
1855–1864.

55. Nicholls SJ, Nissen SE, Fleming C, et al.
Muvalaplin, an oral small molecule inhibitor of
lipoprotein(a) formation: a randomized clinical
trial. JAMA. 2023;330:1042–1053.

56. Bartoli-Leonard F, Zimmer J, Aikawa E. Innate
and adaptive immunity: the understudied driving
force of heart valve disease. Cardiovasc Res.
2021;117:2506–2524.

57. West HW, Dangas K, Antoniades C. Advances
in clinical imaging of vascular inflammation: a
state-of-the-art review. JACC: Basic Transl Sci.
2023;9(5):710–732.

58. Dweck MR, Jones C, Joshi NV, et al. Assess-
ment of valvular calcification and inflammation by
positron emission tomography in patients with
aortic stenosis. Circulation. 2012;125:76–86.

59. Tarkin JM, Joshi FR, Evans NR, et al. Detection
of atherosclerotic inflammation by 68Ga-DOTA-
TATE PET compared to [18F]FDG PET imaging.
J Am Coll Cardiol. 2017;69:1774–1791.

60. Yu Chen H, Dina C, Small AM, et al. Dyslipi-
demia, inflammation, calcification, and adiposity in
aortic stenosis: a genome-wide study. Eur Heart J.
2023;44:1927–1939.

61. Thériault S, Dina C, Messika-Zeitoun D, et al.
Genetic association analyses highlight IL6, ALPL,
and NAV1 as 3 new susceptibility genes underlying
calcific aortic valve stenosis. Circ Genom Precis
Med. 2019;12:e002617.

62. Mas-Peiro S, Hoffmann J, Fichtlscherer S,
et al. Clonal haematopoiesis in patients with
degenerative aortic valve stenosis undergoing

http://refhub.elsevier.com/S2772-3747(25)00109-7/sref16
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref16
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref17
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref17
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref17
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref17
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref18
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref18
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref18
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref18
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref18
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref18
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref19
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref19
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref19
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref19
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref20
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref20
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref20
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref20
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref21
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref21
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref21
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref21
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref22
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref22
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref22
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref22
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref23
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref23
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref23
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref23
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref24
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref24
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref24
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref24
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref24
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref25
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref25
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref25
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref25
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref25
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref25
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref26
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref26
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref26
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref27
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref27
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref27
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref27
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref27
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref28
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref28
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref28
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref28
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref29
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref29
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref29
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref29
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref30
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref30
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref30
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref31
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref31
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref31
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref31
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref32
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref32
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref32
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref33
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref33
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref33
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref33
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref34
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref34
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref34
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref35
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref35
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref35
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref35
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref36
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref36
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref36
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref36
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref36
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref36
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref37
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref37
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref37
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref37
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref37
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref37
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref38
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref38
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref38
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref38
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref39
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref39
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref39
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref39
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref40
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref40
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref40
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref40
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref41
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref41
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref41
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref42
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref42
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref42
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref42
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref43
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref43
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref43
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref43
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref44
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref44
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref44
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref44
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref45
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref45
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref45
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref45
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref46
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref46
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref46
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref46
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref46
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref47
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref47
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref47
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref47
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref47
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref48
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref48
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref48
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref48
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref48
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref49
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref49
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref49
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref49
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref50
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref50
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref50
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref50
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref51
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref51
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref51
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref51
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref51
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref52
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref52
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref52
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref52
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref53
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref53
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref53
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref53
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref53
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref54
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref54
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref54
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref54
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref55
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref55
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref55
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref55
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref56
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref56
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref56
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref56
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref57
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref57
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref57
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref57
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref58
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref58
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref58
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref58
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref59
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref59
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref59
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref59
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref60
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref60
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref60
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref60
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref61
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref61
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref61
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref61
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref61
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref62
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref62
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref62


Qian et al J A C C : A S I A , V O L . 5 , N O . 4 , 2 0 2 5

Translational Medicine of CAVD A P R I L 2 0 2 5 : 5 0 3 – 5 1 5

514
transcatheter aortic valve implantation. Eur Heart
J. 2020;41:933–939.

63. Vieceli Dalla Sega F, Palumbo D, Fortini F,
et al. Transcriptomic profiling of calcified aortic
valves in clonal hematopoiesis of indeterminate
potential carriers. Sci Rep. 2022;12:20400.

64. Abplanalp WT, Mas-Peiro S, Cremer S, John D,
Dimmeler S, Zeiher AM. Association of clonal he-
matopoiesis of indeterminate potential with in-
flammatory gene expression in patients with
severe degenerative aortic valve stenosis or
chronic postischemic heart failure. JAMA Cardiol.
2020;5:1170–1175.

65. Li G, Qiao W, Zhang W, Li F, Shi J, Dong N. The
shift of macrophages toward M1 phenotype pro-
motes aortic valvular calcification. J Thorac Car-
diovasc Surg. 2017;153(6):1318–1327.e1.

66. Grim JC, Aguado BA, Vogt BJ, et al. Secreted
factors from proinflammatory macrophages pro-
mote an osteoblast-like phenotype in valvular
interstitial cells. Arterioscler Thromb Vasc Biol.
2020;40:e296–e308.

67. Lodyga M, Cambridge E, Karvonen HM, et al.
Cadherin-11-mediated adhesion of macrophages
to myofibroblasts establishes a profibrotic niche of
active TGF-b. Sci Signal. 2019;12(564):eaao3469.

68. Raddatz MA, Huffstater T, Bersi MR, et al.
Macrophages promote aortic valve cell calcifica-
tion and alter STAT3 splicing. Arterioscler Thromb
Vasc Biol. 2020;40:e153–e165.

69. Lee SH, Kim N, Kim M, et al. Single-cell tran-
scriptomics reveal cellular diversity of aortic valve
and the immunomodulation by PPARg during
hyperlipidemia. Nat Commun. 2022;13:5461.

70. Liu Z, Wang Y, Liu F, et al. Long noncoding TSI
attenuates aortic valve calcification by suppress-
ing TGF-b1-induced osteoblastic differentiation of
valve interstitial cells. Metabolism. 2023;138:
155337.

71. Jenke A, Kistner J, Saradar S, et al. Trans-
forming growth factor-b1 promotes fibrosis but
attenuates calcification of valvular tissue applied
as a three-dimensional calcific aortic valve disease
model. Am J Physiol Heart Circ Physiol. 2020;319:
H1123–H1141.

72. The E, de Graaf DM, Zhai Y, et al. Interleukin
38 alleviates aortic valve calcification by inhibition
of NLRP3. Proc Natl Acad Sci U S A. 2022;119:
e2202577119.

73. The E, Zhai Y, Yao Q, et al. Recombinant IL-37
exerts an anti-inflammatory effect on human
aortic valve interstitial cells through extracellular
and intracellular actions. Int J Biol Sci. 2023;19:
3908–3919.

74. Abdelsayed M, Kort EJ, Jovinge S, Mercola M.
Repurposing drugs to treat cardiovascular disease
in the era of precision medicine. Nat Rev Cardiol.
2022;19:751–764.

75. Ciofani JL, Han D, Nazarzadeh M, et al. The
effect of immunomodulatory drugs on aortic ste-
nosis: a Mendelian randomization analysis. Sci Rep.
2023;13:18810.

76. Moncla L-HM, Briend M, Bossé Y, Mathieu P.
Calcific aortic valve disease: mechanisms, preven-
tion and treatment. Nat Rev Cardiol. 2023;20:
546–559.
77. Peltonen T, Ohukainen P, Ruskoaho H, Rysä J.
Targeting vasoactive peptides for managing
calcific aortic valve disease. Ann Med. 2017;49:63–
74.

78. Andersson C, Abdulla J. Is the use of renin-
angiotensin system inhibitors in patients with
aortic valve stenosis safe and of prognostic
benefit? A systematic review and meta-analysis.
Eur Heart J Cardiovasc Pharmacother. 2017;3:21–
27.

79. Goel SS, Kleiman NS, Zoghbi WA, Reardon MJ,
Kapadia SR. Renin-angiotensin system blockade in
aortic stenosis: implications before and after aortic
valve replacement. J Am Heart Assoc. 2020;9:
e016911.

80. Blaser MC, Wei K, Adams RLE, et al. Deficiency
of natriuretic peptide receptor 2 promotes
bicuspid aortic valves, aortic valve disease, left
ventricular dysfunction, and ascending aortic di-
latations in mice. Circ Res. 2018;122:405–416.

81. Iqbal F, Schlotter F, Becker-Greene D, et al.
Sortilin enhances fibrosis and calcification in aortic
valve disease by inducing interstitial cell hetero-
geneity. Eur Heart J. 2023;44:885–898.

82. Bäck M, Michel J-B. From organic and inor-
ganic phosphates to valvular and vascular calcifi-
cations. Cardiovasc Res. 2021;117:2016–2029.

83. Pawade T, Sheth T, Guzzetti E, Dweck MR,
Clavel M-A. Why and how to measure aortic valve
calcification in patients with aortic stenosis. JACC
Cardiovasc Imaging. 2019;12:1835–1848.

84. Dweck MR, Jenkins WSA, Vesey AT, et al. 18F-
sodium fluoride uptake is a marker of active
calcification and disease progression in patients
with aortic stenosis. Circ Cardiovasc Imaging.
2014;7:371–378.

85. Peeters FECM, van Mourik MJW, Meex SJR,
et al. Bicuspid aortic valve stenosis and the effect
of vitamin K2 on calcification using 18F-sodium
fluoride positron emission tomography/magnetic
resonance: the BASIK2 rationale and trial design.
Nutrients. 2018;10(4):386.

86. Bertazzo S, Gentleman E. Aortic valve calcifi-
cation: a bone of contention. Eur Heart J. 2017;38:
1189–1193.

87. Brandenburg VM, Reinartz S, Kaesler N, et al.
Slower progress of aortic valve calcification with
vitamin K supplementation. Circulation. 2017;135:
2081–2083.

88. Diederichsen ACP, Lindholt JS, Möller S, et al.
Vitamin K2 and D in patients with aortic valve
calcification: a randomized double-blinded clinical
trial. Circulation. 2022;145:1387–1397.

89. Choi B, Lee S, Kim S-M, et al. Dipeptidyl
peptidase-4 induces aortic valve calcification by
inhibiting insulin-like growth factor-1 signaling in
valvular interstitial cells. Circulation. 2017;135:
1935–1950.

90. Wang Y, Han D, Zhou T, et al. DUSP26 induces
aortic valve calcification by antagonizing MDM2-
mediated ubiquitination of DPP4 in human
valvular interstitial cells. Eur Heart J. 2021;42:
2935–2951.

91. Persy V, D’Haese P. Vascular calcification and
bone disease: the calcification paradox. Trends Mol
Med. 2009;15:405–416.
92. Massera D, Buzkova P, Bortnick AE, et al. Bone
mineral density and long-term progression of
aortic valve and mitral annular calcification: The
Multi-Ethnic Study of Atherosclerosis. Athero-
sclerosis. 2021;335:126–134.

93. Tastet L, Shen M, Capoulade R, et al. Bone
mineral density and progression rate of calcific
aortic valve stenosis. J Am Coll Cardiol. 2020;75:
1725–1726.

94. Pawade TA, Doris MK, Bing R, et al. Effect of
denosumab or alendronic acid on the progression
of aortic stenosis: a double-blind randomized
controlled trial. Circulation. 2021;143:2418–2427.

95. Chinetti-Gbaguidi G, Daoudi M, Rosa M, et al.
Human alternative macrophages populate calci-
fied areas of atherosclerotic lesions and display
impaired RANKL-induced osteoclastic bone
resorption activity. Circ Res. 2017;121:19–30.

96. Messas E, Ijsselmuiden A, Trifunovi�c-
Zamaklar D, et al. Treatment of severe symptom-
atic aortic valve stenosis using non-invasive
ultrasound therapy: a cohort study. Lancet.
2023;402(10419):2317–2325.

97. Dutta P, James JF, Kazik H, Lincoln J. Genetic
and developmental contributors to aortic stenosis.
Circ Res. 2021;128:1330–1343.

98. Garg V, Muth AN, Ransom JF, et al. Mutations
in NOTCH1 cause aortic valve disease. Nature.
2005;437:270–274.

99. MacGrogan D, D’Amato G, Travisano S, et al.
Sequential ligand-dependent notch signaling
activation regulates valve primordium formation
and morphogenesis. Circ Res. 2016;118:1480–
1497.

100. Koenig SN, Bosse K, Majumdar U,
Bonachea EM, Radtke F, Garg V. Endothelial
notch1 is required for proper development of the
semilunar valves and cardiac outflow tract. J Am
Heart Assoc. 2016;5(4):e003075.

101. Wang Y, Wu B, Farrar E, et al. Notch-Tnf
signalling is required for development and ho-
meostasis of arterial valves. Eur Heart J. 2017;38:
675–686.

102. Cai Z, Zhu M, Xu L, et al. Directed differen-
tiation of human induced pluripotent stem cells to
heart valve cells. Circulation. 2024;149(18):1435–
1456.

103. Theodoris CV, Li M, White Mark P, et al. Hu-
man disease modeling reveals integrated tran-
scriptional and epigenetic mechanisms of NOTCH1
haploinsufficiency. Cell. 2015;160:1072–1086.

104. Theodoris CV, Zhou P, Liu L, et al. Network-
based screen in iPSC-derived cells reveals thera-
peutic candidate for heart valve disease. Science.
2021;371.

105. Xu Y-J, Di R-M, Qiao Q, et al. GATA6 loss-of-
function mutation contributes to congenital
bicuspid aortic valve. Gene. 2018;663:115–120.

106. Gould RA, Aziz H, Woods CE, et al. ROBO4
variants predispose individuals to bicuspid aortic
valve and thoracic aortic aneurysm. Nat Genet.
2019;51:42–50.

107. Wünnemann F, Ta-Shma A, Preuss C, et al.
Loss of ADAMTS19 causes progressive non-
syndromic heart valve disease. Nat Genet.
2020;52:40–47.

http://refhub.elsevier.com/S2772-3747(25)00109-7/sref62
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref62
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref63
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref63
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref63
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref63
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref64
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref64
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref64
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref64
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref64
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref64
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref64
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref65
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref65
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref65
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref65
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref66
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref66
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref66
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref66
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref66
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref67
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref67
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref67
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref67
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref68
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref68
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref68
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref68
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref69
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref69
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref69
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref69
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref70
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref70
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref70
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref70
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref70
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref71
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref71
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref71
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref71
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref71
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref71
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref72
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref72
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref72
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref72
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref73
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref73
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref73
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref73
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref73
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref74
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref74
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref74
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref74
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref75
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref75
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref75
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref75
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref76
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref76
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref76
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref76
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref77
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref77
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref77
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref77
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref78
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref78
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref78
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref78
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref78
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref78
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref79
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref79
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref79
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref79
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref79
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref80
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref80
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref80
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref80
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref80
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref81
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref81
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref81
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref81
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref82
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref82
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref82
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref83
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref83
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref83
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref83
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref84
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref84
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref84
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref84
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref84
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref85
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref85
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref85
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref85
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref85
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref85
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref86
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref86
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref86
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref87
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref87
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref87
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref87
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref88
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref88
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref88
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref88
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref89
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref89
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref89
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref89
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref89
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref90
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref90
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref90
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref90
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref90
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref91
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref91
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref91
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref92
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref92
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref92
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref92
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref92
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref93
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref93
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref93
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref93
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref94
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref94
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref94
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref94
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref95
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref95
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref95
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref95
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref95
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref96
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref96
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref96
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref96
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref96
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref96
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref97
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref97
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref97
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref98
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref98
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref98
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref99
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref99
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref99
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref99
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref99
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref100
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref100
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref100
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref100
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref100
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref101
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref101
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref101
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref101
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref102
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref102
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref102
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref102
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref103
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref103
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref103
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref103
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref104
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref104
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref104
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref104
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref105
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref105
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref105
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref106
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref106
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref106
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref106
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref107
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref107
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref107
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref107


J A C C : A S I A , V O L . 5 , N O . 4 , 2 0 2 5 Qian et al
A P R I L 2 0 2 5 : 5 0 3 – 5 1 5 Translational Medicine of CAVD

515
108. Lin Y, Yang Q, Lin X, et al. Extracellular ma-
trix disorganization caused by ADAMTS16 defi-
ciency leads to bicuspid aortic valve with raphe
formation. Circulation. 2024;149(8):605–626.

109. Gehlen J, Stundl A, Debiec R, et al. Eluci-
dation of the genetic causes of bicuspid aortic
valve disease. Cardiovasc Res. 2023;119(3):857–
866.

110. Thériault S, Gaudreault N, Lamontagne M,
et al. A transcriptome-wide association study
identifies PALMD as a susceptibility gene for
calcific aortic valve stenosis. Nat Commun. 2018;9:
988.

111. Chignon A, Rosa M, Boulanger M-C, et al.
Enhancer-associated aortic valve stenosis risk
locus 1p21.2 alters NFATC2 binding site and pro-
motes fibrogenesis. Iscience. 2021;24:102241.

112. Sáinz-Jaspeado M, Smith RO, Plunde O, et al.
Palmdelphin regulates nuclear resilience to me-
chanical stress in the endothelium. Circulation.
2021;144:1629–1645.

113. Han Y, Zhang J, Yang Z, et al. Palmdelphin
deficiency evokes NF-kB signaling in valvular
endothelial cells and aggravates aortic valvular
remodeling. JACC Basic Transl Sci. 2023;8:1457–
1472.

114. Huang T, Cheng J, Feng H, et al. Bicuspid
aortic valve-associated regulatory regions reveal
GATA4 regulation and function during human-
induced pluripotent stem cell-based endothelial-
mesenchymal transition-brief report. Arterioscler
Thromb Vasc Biol. 2023;43:312–322.

115. Gharibeh L, Komati H, Bossé Y, et al. GATA6
regulates aortic valve remodeling, and its hap-
loinsufficiency leads to right-left type bicuspid
aortic valve. Circulation. 2018;138:1025–1038.

116. Dupuis LE, Nelson EL, Hozik B, et al.
Adamts5-/- mice exhibit altered aggrecan pro-
teolytic profiles that correlate with ascending
aortic anomalies. Arterioscler Thromb Vasc Biol.
2019;39:2067–2081.
KEY WORDS calcific aortic valve disease,
therapeutic targets, translational medicine

http://refhub.elsevier.com/S2772-3747(25)00109-7/sref108
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref108
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref108
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref108
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref109
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref109
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref109
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref109
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref110
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref110
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref110
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref110
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref110
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref111
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref111
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref111
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref111
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref112
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref112
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref112
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref112
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref113
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref113
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref113
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref113
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref113
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref114
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref114
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref114
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref114
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref114
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref114
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref115
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref115
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref115
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref115
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref116
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref116
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref116
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref116
http://refhub.elsevier.com/S2772-3747(25)00109-7/sref116

	Navigating the Landscape of Translational Medicine of Calcific Aortic Valve Disease
	A Brief Overview of the Pathogenic Mechanism of CAVD
	Hemodynamics and Endothelial Dysfunction
	Lipid Deposition and Lipid-Lowering Therapy
	Inflammation and Drug Repositioning
	Fibrotic Calcification and the Calcification Paradox
	Inherent Background and Personalized Therapy
	Conclusions
	Acknowledgment
	Funding Support and Author Disclosures
	References


