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Abstract 

Calcific Aortic Valve Disease (CAVD) is prevalent among the elderly as the most common valvular heart disease. Cur-
rently, no pharmaceutical interventions can effectively reverse or prevent CAVD, making valve replacement the pri-
mary therapeutic recourse. Extensive research spanning decades has contributed to the establishment of animal 
and in vitro cell models, which facilitates a deeper understanding of the pathophysiological progression and underly-
ing mechanisms of CAVD. In this review, we provide a comprehensive summary and analysis of the strengths and limi-
tations associated with commonly employed models for the study of valve calcification. We specifically emphasize 
the advancements in three-dimensional culture technologies, which replicate the structural complexity of the valve. 
Furthermore, we delve into prospective recommendations for advancing in vivo and in vitro model studies of CAVD.
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Background
Calcific aortic valve disease (CAVD) is a chronic condi-
tion characterized by the hardening and calcification 
of the aortic valve leaflets (Voicu et al. 2023). Its preva-
lence increases with age, affecting over 25% of individu-
als aged 65 and older, and surpassing 50% in those over 
85 (Kraler et al. 2022). At early stage CAVD, non-symp-
tomatic thickening and sclerosis of valve leaflets do not 

necessitate immediate intervention. However, severe 
calcification, termed aortic stenosis, leads to a signifi-
cant reduction in blood flow, requiring surgical interven-
tion to replace the damaged valve with prosthetic valves, 
including mechanical valves, as well as biological valves 
derived from animal or human tissue (Lindman et  al. 
2013). Although surgical interventions are effective, they 
are associated with complications and suboptimal long-
term outcomes, as there are currently no medical thera-
pies available. Recognizing the urgency to enhance our 
understanding of CAVD pathogenesis and identify suit-
able therapies, various models have been proposed in 
recent years to facilitate the exploration of the underly-
ing mechanisms of CAVD. This review aims to succinctly 
outline the strengths and weaknesses of these models, 
providing insights into their utility for CAVD research, 
and discussing potential future directions.

Pathophysiology of CAVD
Calcific aortic valve disease is now recognized as an 
active process rather than a passive one, which is char-
acterized by the accumulation of calcium deposits and 
fibrosis in the aortic valve leaflets (Wang et  al. 2021a, 
b), leading to stiffening, narrowing, and eventually, 
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obstruction of blood flow through the valve (Moncla 
et  al. 2023). The pathophysiology of CAVD is complex 
and multifactorial, involving a combination of genetic 
and environmental factors, as well as various cellular and 
molecular mechanisms (Li et al. 2013). This understand-
ing has been supported by research findings that dem-
onstrate the active involvement of valvular interstitial 
cells in the development of CAVD. These cells undergo 
osteoblast-like differentiation, leading to extracellu-
lar matrix remodeling, collagen deposition, and ulti-
mately, the formation of bone-like structures within the 
valve. Additionally, genetic variations in certain genes 
have been associated with an increased risk of CAVD, 
although they explain only a limited number of cases. 
The interplay between genetic factors, environmental 
factors such as hypertension and hyperlipidemia, and 
cellular processes contributes to the complex pathogen-
esis of CAVD.

Risk factors of CAVD
Bicuspid aortic valve (BAV) is the most prevalent con-
genital heart defect, primarily linked to genetic fac-
tors and identified as a congenital risk factor for CAVD 
(Moncla et  al. 2023; Yoon et  al. 2020). Genomic studies 
have revealed associations between BAV and NOTCH1 
(Debiec et  al. 2022), SMAD6 (Kloth et  al. 2019), 
ADAMTS19 (Ackah et al. 2023), gene members of GATA 
(Gharibeh et  al. 2018) and ROBO (Mommersteeg et  al. 
2015) families. Furthermore, NOTCH1 (Majumdar et al. 
2021), LPA (Boffa & Koschinsky 2019; Smith et al. 2014), 
PALMD (Wang et al. 2022), IL6 and FADS1/2 are impli-
cated in the initiation and progression of CAVD. How-
ever, genetic variations within these genes explain only a 
restricted number of cases and contribute to a moderate 
to low population-attributable risk. Additional research 
is necessary to identify novel gene candidates and expand 
our understanding of the genetic factors influencing 
CAVD.

The susceptibility of CAVD is higher in the elderly and 
among men. Additionally, hypertension is associated 
with valvular calcification regardless of age; individuals 
with obesity, kidney dysfunction and mineral metabolism 
are more likely to develop valve calcification. Abnormal 
blood flow disrupts tissue balance by triggering inflam-
matory and fibrotic signals, thereby accelerating the pro-
gression of calcific aortic valve disease and ultimately 
leading to the development of aortic stenosis (Kraler et al. 
2022). Lipoprotein(a) fuels this process by promoting 
aortic valve endothelial dysfunction, inflammation, and 
oxidative stress in the valve (Boffa & Koschinsky 2019). 
Notably, oxidized phospholipids, converted by autotaxin 
into lysophosphatidic acid, trigger pro-inflammatory 
and procalcific responses through lysophosphatidic acid 

receptors (Pantelidis et al. 2023). Moreover, chronic renal 
disease and downstream vascular disorders are asso-
ciated with an elevated susceptibility to CAVD (Vavi-
lis et al. 2019). These risk factors can interact with each 
other, further amplifying the risk of developing CAVD.

CAVD pathophysiology
The normal aortic valve comprises three leaflets anchored 
to the fibrous ring at the left ventricle’s outlet. These leaf-
lets consist of fibrous, spongiosa, and ventricularis layers, 
which are populated with valve interstitial cells (VICs), 
with the entire structure wrapped by valve endothelial 
cells (VECs) (Voicu et al. 2023). Lamina fibrosa facing the 
aorta is rich in collagen fibers, lamina spongiosa layer is 
composed of loose connective tissue rich in glycosami-
noglycans, and lamina ventricularis oriented towards the 
ventricles is characterized by radially distributed elastic 
fibers (Jana et al. 2019). Under physiological conditions, 
the spongy layer of the aortic valve maintains the proper 
arrangement of the collagen layer (fibrous layer) and elas-
tic layer (ventricular layer) (Tseng & Grande-Allen 2011). 
The gaps in the spongy layer make it highly shockproof 
and lubricate the two adjacent layers at the same time. 
Due to the presence of elastin fibers, the ventricular layer 
reduces radial strain, making the valve elastic (Kraler 
et al. 2022). The valve is extremely elastic and compress-
ible, providing the biomechanical properties required to 
sustain repetitive cyclic strain over time.

The underlying pathological processes of CAVD 
involve dysfunction of VECs chronic inflammation, 
lipid deposition, remodeling of the extracellular matrix, 
and ectopic calcification primarily caused by VICs oste-
odifferentiation (Kraler et  al. 2022; Moncla et  al. 2023). 
Healthy VECs maintain an endothelial barrier ensuring 
optimal mating surfaces (Vesely & Noseworthy 1992). 
Atherogenic factors or increased mechanical stress lead 
to VECs injury, disrupting the endothelium, promoting 
oxidatively modified lipid uptake, and activating inflam-
mation-calcification loops within VICs. VICs then dif-
ferentiate into myofibroblasts and osteoblasts, triggering 
extracellular matrix remodeling, collagen deposition, 
nucleation loci formation, and ultimately, VICs-mediated 
bone formation (Decano et  al. 2022). Understanding 
VICs’ intricate differentiation between myofibroblast and 
osteoblast pathways is crucial in modeling calcific aortic 
valve disease.

Recent studies have shown that the pathological 
changes of CAVD are similar to atherosclerosis in the 
early stage, and may be similar to bone formation in 
the late stage (Yip & Simmons 2011). However, clini-
cal patient detection and diagnosis, as well as current 
basic research, mostly focus on changes in the late stages 
of the disease, and it is still difficult to carry out the 
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development of the early and progressive stages of the 
disease. This is partly due to the lack of suitable animal 
models of CAVD.

Animal models of CAVD
Animal models, aside from defined traits obtained from 
clinical patients with CAVD, are the most commonly 
used method for understanding its pathological pro-
cesses. Animal models like mice (Gollmann-Tepekoylu 
et  al. 2023), rabbits (Liu et  al. 2020), and porcine have 
been extensively discussed. Aortic valve calcification, 
assessed through histological techniques such as alizarin 
red, von Kossa or movat pentachrome staining, repre-
sents a prominent phenotype. Evaluation using imaging 
modalities like echocardiography and micro-CT aids in 
assessing valve characteristics, calcification, and hemo-
dynamic changes (Ahmad et  al. 2023). Additionally, 
molecular markers like Runx2 (Yu et  al. 2018), osteo-
pontin (OPN) (Passmore et  al. 2015; Rajamannan et  al. 
2003), BMP2 (Gomez-Stallons et  al. 2016), inflamma-
tory cytokines IL-1β, IL6, and TNF-α (Combi et al. 2023) 
serve as crucial indicators in CAVD models. Our analysis 
delves into diverse methodologies utilized for modeling 
CAVD, while assessing the strengths and limitations 
inherent in each approach. The advantages and disadvan-
tages of CAVD animal models are listed in Table 1.

Diet‑induced animal models
Diet-induced animal models are vital in understanding 
CAVD pathogenesis. High-fat or cholesterol-rich diets 
induce systemic inflammation and pathological changes 
similar to human CAVD. Rodents and large animals pos-
sess distinct characteristics when subjected to high-fat/
high-cholesterol diets. Mouse aortic valve tissue lacks the 
requisite trilayer structure for spontaneous calcification. 
Despite this, mice are predominantly chosen due to their 
small size, ease of maintenance, and genetic manipula-
bility in modeling CAVD (Ahmad et  al. 2023). While a 
high-cholesterol diet can cause lipid accumulation and 
macrophage infiltration in mouse valves (Li et  al. 2022; 
The et  al. 2022), their relevance is constrained by pro-
longed duration and limited clinical significance. There-
fore, the most commonly employed approach involves 
combining a high-fat diet with genetic or other altera-
tions to establish a CAVD model in mice.

Large animal models like rabbits exhibit a trilayer valve 
shape, making them suitable for simulating CAVD symp-
toms through dietary cholesterol. A high-cholesterol and 
vitamin D supplemented diet in rabbits triggers aortic 
valve stenosis, calcium deposition, and elevates DPP-4 
activity (Choi et al. 2021; Sider et al. 2014). However, dif-
ferences in lipid metabolism between humans and rab-
bits, extended experimental duration, and the necessity 

of Vitamin D for advanced CAVD stages are limitations. 
On the other hand, porcine models closely resemble 
human heart anatomy and lipid metabolism (Schus-
ter et  al. 2010). Under high-fat/cholesterol diets, pigs 
develop advanced aortic stenosis (AS) stages involving 
necrotic core, fibrous cap, hemorrhage, calcification, and 
medial thinning (Wang et al. 2002). Nonetheless, the pig 
model’s drawbacks include prolonged experimental time-
lines and high economic costs.

Genetically modified animal models
Genetically modified animal models serve as crucial 
tools to replicate human disease traits, aiding the study 
of underlying mechanisms and therapeutic avenues. 
ApoE −/− and Ldlr −/− mice are frequently utilized for 
CAVD modeling due to genetic modifications (Wang 
et  al. 2020; Weiss et  al. 2006). Noteworthy genes like 
Notch1, Postn, associated with congenital bicuspid aor-
tic valve, aid in studying valve development and the 
CAVD process using genetically modified mice (Cheng 
et  al. 2021; Gomez-Stallons et  al. 2016). Wirrig et  al. 
demonstrated in klotho-deficient mice that the activa-
tion of BMP signaling and the induction of osteochon-
drogenic genes precede and localize with aortic valve 
calcification, highlighting the essential role of BMP sign-
aling in the development of CAVD in vivo (Wirrig et al. 
2015). Beyond mice, Watanabe heritable hyperlipidemic 
(WHHL) rabbits (Rajamannan et al. 2005) and pigs with 
mutated LDLR and/or apolipoprotein genes (Grun-
wald et al. 1999; Prescott et al. 1991) are also employed 
in CAVD research. These models offer valuable insights 
into disease mechanisms and potential therapeutic tar-
gets. In genetic editing, mice hold an edge due to their 
clear genetic background, facilitating simpler gene edit-
ing and benefiting from a more mature antibody system 
in research. Conversely, large animals have complex 
genomes, posing challenges for transgenic manipula-
tions. A few strains are derived from spontaneous for-
mation, for example, pigs with hypercholesterolemia and 
aortic stenosis share several traits with human CAVD 
(Sider et  al. 2014; Skold et  al. 1966). The natural Nox2 
inhibitor, celastrol, was found to effectively alleviate 
CAVD by inhibiting Nox2-mediated glycogen synthase 
kinase 3 beta/β-catenin pathway in aortic valvular inter-
stitial cells (AVICs), and was also found to reduce ROS 
production, fibrosis, and severity of aortic stenosis in a 
rabbit CAVD model (Liu et al. 2020).

Mechanical injury models
Mechanical injury models involve applying stress or 
damage to valve leaflets, initiating an inflammatory 
response and pathological tissue remodeling leading to 
CAVD. A commonly used model is employing balloon 
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catheters or wire probes to induce damage, as observed 
in rabbit models (Kim et al. 2023). Iqbal et al. utilized a 
mouse model deficient in sortilin and subjected it to 
aortic valve (AV) wire injury (AVWI) to investigate the 
impact of sortilin on AV stenosis, fibrosis, and calcifi-
cation (Iqbal et  al. 2023). Honda et  al. (Toshima et  al. 
2020) induced aortic valve injury in male C57/BL6 mice 
by inserting and maneuvering a spring guidewire under 
echocardiographic guidance through the right common 
carotid artery into the left ventricle. Serial echocardio-
graphic assessments revealed a significant increase in 
aortic velocity one-week post-injury, persistently elevated 
until 16  weeks’ post-injury. AVS mice showed a higher 
heart weight/body weight ratio, decreased cardiac func-
tion, increased valve leaflets proliferation, inflammatory 
cytokines and osteochondrogenic factors within 4 weeks 
post injury. Alizarin red staining showed valvular calcifi-
cation 12 weeks after injury (Honda et al. 2014).

While each model describes different aspects of CAVD 
development, no single animal model consistent com-
pletely represents human CAVD with its wide spectrum 
of risk factors and heterogeneity. Therefore, it is recom-
mended to use orchestrated combination of multiple 
animal models with in vitro studies to demystify CAVD 
mechanisms further and develop effective therapeutic 
interventions for patients with CAVD.

In vitro models
With regard to in  vitro models, mimicking aortic valve 
structure and modeling the progression of CAVD 
dynamics are key issues that need to be addressed. We 
will discuss in vitro CAVD models from plane cell model, 
3 dimensional (3D) cell culture model, as summarized in 
Fig. 1.

2D cell culture models
There exist various in  vitro cell models designed for 
investigating CAVD, categorized into two primary 
strategies: 1) Isolation of aortic valve cells from calcific 
aortic valves across different species, encompassing sam-
ples from CAVD patients. 2) Induction of calcification 
through osteogenic differentiation medium applied to 
VICs. Regarding the latter approach, several factors are 
usually taken into account, such as the heterogeneity of 
aortic valve cells, the authenticity of both external and 
internal stimuli, and the configuration that best mimics 
valve morphology or function.

Cell resources

Primary cells  The isolation of VECs and VICs is an essen-
tial step in studying CAVD in vitro. VECs are prone to con-
tamination with VICs, necessitating further enrichment 

Fig. 1  Different types of in vitro CAVD models. The most straightforward, but challenging, approach is to isolate calcified aortic valves from CAVD 
patients or animals. Alternatively, healthy valves can be induced using osteogenic medium. VICs and VECs are more common cell types used 
for in vitro CAVD modeling. These cells, isolated from healthy animals or differentiated from hiPSCs, are then treated with osteogenic or myofibrotic 
medium to mimic the pathophysiological processes of CAVD. In addition, 3D culture systems including micropatterns, microfluidic devices, 
bioreactors, hydrogels, and scaffolds can be employed to mimic the aortic valve structure, function, and complex environmental stresses associated 
with CAVD
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through cell sorting methods (Gould & Butcher 2010). 
VICs are crucial contributors to the pathogenesis of cal-
cific aortic valve disease by transforming into activated 
myofibroblasts-like cells. These myofibroblast-like cells 
play dual roles in the disease process: they synthesize and 
remodel the extracellular matrix (Gee et  al. 2021), while 
also undergoing differentiation into osteoblast-like cells, 
promoting calcium deposition (Hjortnaes et  al. 2015). 
VICs can be derived from either calcified or healthy, 
non-calcified valves. VICs obtained from calcified valves, 
sourced from patients undergoing valve replacement sur-
gery, offer a direct examination of pathological phenotypes 
compared to VICs from normal valves (Duan et al. 2013; 
Li et al. 2013). While human valves are preferred to elimi-
nate species differences, acquiring valve cells from healthy 
individuals is challenging (Ferdous et al. 2011). Obtaining 
primary aortic valve cells from mammals, such as sheep 
(Immohr et  al. 2022; Weber et  al. 2021), porcine (Bram-
sen et al. 2022; Hjortnaes et al. 2016; Meerman et al. 2021), 
bovine (Wang et al. 2021a, b) and mice (Lim et al. 2016), 
are more straightforward compared to human aortic valve 
cells. However, these cells only partially recapitulate the 
human CAVD procedures. The most practical approach 
for in vitro studies is to isolate viable VICs from valves of 
healthy animals and then subject them to an activating and 
osteogenic differentiation medium to induce calcification.

hPSC‑derived valvular cell model  Human-induced 
pluripotent stem cells (hiPSCs) have revolutionized the 
field of regenerative medicine by enabling the production 
of robust functional cells that were previously difficult 
to obtain, such as cardiomyocytes (Yoshida & Yamanaka 
2017), neural cells (Chang et  al. 2019), and hepatocytes 
(Ramli et  al. 2020). This remarkable ability extends to 
the generation of VECs and VICs, offering a promising 
source of cells for heart valve research and therapy.

The current strategy for directed differentiation of hiP-
SCs into valve cells is a three-stage process (Cheng et al. 
2021), as illustrated in Fig.  2. While different differen-
tiation protocols employ varying inducer molecules, 
they all converge on the goal of recapitulating the early 
stages of valve formation and specialization during 
heart development (Armstrong & Bischoff 2004). Pluri-
potent stem cells (PSCs) are differentiated into meso-
dermal cardiac progenitor cells (CPCs) using a combi-
nation of factors, including WNT agonists (WNT3a or 
CHIR99021), BMP4, and bFGF. This approach has been 
shown to generate ISL1+ KDR+NKX2.5low CPCs (Wang 
et al. 2021a, b) or MesP1+ CPCs (Neri et al. 2019), which 
are more likely to develop into heart valve endothelial 
cells. In the second stage, two or more signals, such as 
BMP, FGF, TGFβ, and NOTCH, are simultaneously 
activated to promote the generation of valvular endo-
cardial cells (ECCs), which have been demonstrated to 
be the major origin of valvular cell (Lincoln et al. 2006). 
Subsequently, 80% of the cells become CD31+CD144+ 
VECs (Toshima et  al. 2020). VEGF has been shown to 
induce endothelial cell fate (Gomez-Stallons et al. 2016). 
In the third stage, TGF-β, retinoic acid, BMP, or FGF is 
employed to trigger the endothelial-to-mesenchymal 
transition (EMT) to obtain VICs. BMP and epidermal 
growth factor (EGF) signaling play crucial roles in VICs 
proliferation and maturation. Matrices such as collagen 
hydrogels have been reported to promote the EMT pro-
cess (Nachlas et al. 2018).

In the realm of hiPSC differentiation into valve cells, the 
yield of VECs and VICs remains relatively low. Single-cell 
sequencing data from human valves have revealed a high 
degree of heterogeneity in both endothelial and inter-
stitial cells within calcified valves (Xu et al. 2020). How-
ever, due to the absence of specific cell markers, this issue 

Fig. 2  Strategy of hiPSC-derived valve endothelial cells and valve interstitial cells. hiPSC differentiation into VICs was achieved through a three-stage 
approach. Stage 1 involved mainly WNT signaling activation, promoting cardiac progenitor cell specification. Stage 2 employed BMP signaling 
activation for VEC generation. Finally, endothelial-mesenchymal transition was induced to obtain VICs. Magnetic bead sorting was implemented 
at each stage to enhance VIC purity and homogeneity
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has yet to be resolved. To address these challenges and 
advance the field, researchers are exploring various strat-
egies. The development of novel single-cell sequencing 
techniques, spatial transcriptomics, and high-resolution 
mass spectrometry will provide a deeper understanding 
of valve development and calcification processes. Addi-
tionally, the integration of high-throughput compound 
screening and machine learning approaches could facili-
tate the identification of novel signaling pathways and 
small molecules that enhance hiPSCs differentiation into 
functional valve cells.

In conclusion, while challenges remain in the field of 
hiPSCs differentiation into valve cells, the advent of 
innovative technologies and the adoption of data-driven 
approaches hold promise for significant advancements. 
Overcoming these challenges will pave the way for the 
development of robust and efficient differentiation proto-
cols, enabling the production of high-quality valve cells 
for regenerative medicine applications.

Calcific induce approaches
As key inducers of valve calcification, valve interstitial 
cells (VICs) undergo force stress and chemical stimuli 
that facilitate myofibroblast differentiation and osteo-
genic differentiation. Myofibroblast-like cells play a 
pivotal role in extracellular matrix remodeling dur-
ing the pathogenesis of aortic valve calcification (Jian 
et al. 2003). TGFβ-1 is the most extensively studied fac-
tor in inducing α-SMA+ myofibroblast-like cells (Jian 
et  al. 2003; Walker et  al. 2004). This process is influ-
enced by matrix stiffness (Gwanmesia et  al. 2010; Rod-
riguez & Masters 2009). Regarding pro-osteogenic 
progression, there are two major mediums: 1) osteo-
genic medium: This medium includes dexamethasone, 
β-glycerophosphate, and L-ascorbic acid (AC) (Osman 
et  al. 2006). β-Glycerophosphate serves as a phosphate 
source for bone mineral and induces osteogenic gene 
expression via extracellular related kinase phosphoryla-
tion; ascorbic acid facilitates osteogenic differentiation 
by increasing collagen type 1 secretion, and dexametha-
sone induces Runx2 expression, and Runx2-bone mor-
phogenetic protein interaction is essential for osteogenic 
differentiation (Hamidouche et  al. 2008; Kundu et  al. 
2009). 2) Pro-calcifying medium containing NaH2PO4 
and ascorbic acid promotes inflammation and minerali-
zation in VICs (Bouchareb et al. 2015; Goto et al. 2019). 
Other factors like LPS (Babu et al. 2008), VIC and VEC 
co-culture(Hjortnaes et al. 2015; Stadelmann et al. 2022) 
also activates inflammation and osteogenesis.

3D in vitro models of CAVD
Though VICs in culture appear to be the most relevant 
in vitro model for valve calcification, VICs are proved to 
undergo spontaneous activation in 2D culture (Benton 
et al. 2009a, b). Therefore, 3D in vitro CAVD models are 
actively explored. We classified 3D CAVD models into 
ex vivo model and 3D cell culture model by ECM compo-
sition, as summarized in Table 2.

Ex vivo CAVD model
Ex vivo CAVD models aim to preserve the intact valve 
structure in vitro, providing direct evidence to elucidate 
the structural destruction and calcification induced by 
mechanical and metabolic factors. Valves can be sub-
jected to various biochemical and hemodynamic stimuli 
to explore their role in cardiac valve remodeling. Uti-
lizing the Miniature Tissue Culture System (MTCS) 
(Kruithof et al. 2015), researchers perfused fresh mouse 
hearts in  vitro, demonstrating that inorganic phosphate 
plus Dex, not osteogenic medium, induced valve leaflet 
calcification (Kruithof et al. 2021). Pig aortic valves sewn 
into the heart valve chamber of a bioreactor system and 
cultured in pro-degenerative medium for 7  days exhib-
ited significant leaflet calcification (Niazy et al. 2021). In 
contrast, mechanical stress is more commonly employed 
in ex vivo models. Rat aortic valves cultured in a bioreac-
tor flow culture system to replicate normal valve cycling, 
with constant opening and closing, altered gene expres-
sion profiles associated with valve remodeling or repair 
(Maeda et al. 2016) designed a device that simultaneously 
exposes both surfaces of aortic valve leaflets to their 
native side-specific shear stress, elucidating the role of 
fluid shear stress, maintaining leaflet structure, cell via-
bility, and cell proliferation for the intended culture dura-
tion of 96 h (Sun et al. 2011).

Ex vivo CAVD models often require complex equip-
ment and incur significant costs, making them suscep-
tible to contamination or loss of sterility. Moreover, the 
intrinsic complexity of tensional bioreactor systems leads 
to highly variable outcomes, compromising the reliabil-
ity of study results. As the convergence of biomedical and 
tissue engineering technologies progresses, the develop-
ment of ex vivo calcification models will evolve towards 
greater precision and standardization, while also increas-
ing in complexity to accurately replicate the pathophysi-
ological environment of human valves, including the 
presence of inflammatory cell infiltrates. These advance-
ments will provide essential support for elucidating the 
mechanisms of valve calcification and paving the way for 
novel therapeutic strategies.
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3D cell culture model

Scaffold‑based 3D system  Apart from ex  vivo models 
that preserve the valve’s native ECM, constructing 3D 
cell culture models of VICs and/or VECs using various 
matrices appear to be a more straightforward and practi-
cal approach. Based on the matrix type, we can catego-
rize 3D culture models into scaffold-based co-culture 
systems and hydrogel-based systems. Scaffolds can be 
derived from decellularized ECM or non-hydrogel syn-
thetic materials. Decellularized sheep aortic valves 
treated with trypsin or fsL-mediated photodisruption to 
enhance dECM permeability, when reseeded with sheep 
VICs, can potentially recreate the native valve’s cell-ECM 
interactions (Sun et al. 2011). However, improving inter-
stitial repopulation in detergent-derived dECM remains 
challenging. Another study used cryo-electrostatic spin-
ning technology to construct a bilayer scaffold that 
was encoded with fibronectin to support the growth of 
porcine VICs and VECs. The scaffold was then treated 
with osteogenic medium, which resulted in increased 
cell interaction and the expression of Runx2 and SPP1 
(Stadelmann et al. 2022).

Hydrogel‑based 3D culture model  Three-dimensional 
(3D) cell culture systems, particularly those employing 
naturally derived extracellular matrix (ECM) polymers, 
offer a promising approach to mimicking the microenvi-
ronment of native valve tissue and studying the behavior 
of valve cells (Hjortnaes et al. 2016). Hydrogels are broadly 
categorized into natural hydrogels, synthetic hydrogels, 
and hybrid hydrogels. Natural hydrogels exhibit excellent 
biocompatibility but are limited in mechanical proper-
ties like stiffness and stretchability. For instance, collagen 
hydrogels are widely employed for the 3D culture of valve 
interstitial cells (VICs) due to their ability to support cell 
spreading and proliferation (Gee et  al. 2021; Hof et  al. 
2016; Lim et  al. 2016; Sapp et  al. 2015). However, colla-
gen hydrogels are prone to shrinkage and may not pro-
vide adequate mechanical support (Hof et al. 2016). Syn-
thetic hydrogels achieve superior mechanical properties 
through chemical cross-linking, but their biocompatibil-
ity may be compromised. Hybrid hydrogels, which com-
bine natural and synthetic biomaterials, have emerged as 
promising ECM analogues for studying VICs behavior in 
3D microenvironments. VICs cultured in 3D methacrylic 
hyaluronic acid (Me-HA) hydrogels exhibit restricted 
spreading morphology in the absence of cell adhesion 
motifs (Duan et al. 2013). Additionally, methacrylic gela-
tin (Me-Gel) hydrogel allows VICs to retain their native 
morphology (Benton et  al. 2009a, b). Hybrid hydrogels 
employed in CAVD tissue construction include colla-
gen-Glycosaminoglycans(GAGs) (Bramsen et  al. 2022), 

HAMA-GelMA (Hjortnaes et  al. 2016; Meerman et  al. 
2021), Gelatin methacrylation/GAG (Porras et  al. 2018), 
Me-HA-Me-Gel (Duan et al. 2019), and matrigel-collagen 
(Lam et  al. 2019) hydrogel. These hybrid hydrogels offer 
a balance of biocompatibility and mechanical proper-
ties that better recapitulate the native valve tissue micro-
environment. Additionally, hydrogels can be fabricated 
into shaped substrates to induce valve calcification. Duan 
et al. employed a custom photomask-guided photo-cross-
linking technique with human aortic valve interstitial 
cells (HAVICs) to generate 3D micropatterned bioactive 
hydrogels, demonstrating that striped micropatterning 
promotes osteogenic differentiation of diseased HAVICs 
in osteogenic medium (Duan et al. 2019).

With regard to cell selection for CAVD 3D culture mod-
els, hydrogels are most commonly mixed with VICs, and 
then induction conditions, such as osteogenic medium, 
TNF-α, and TGFβ, are added to stimulate calcification 
formation and prevent spontaneous activation of VICs 
in planar culture (Lim et al. 2016; Hjortnaes et al. 2015). 
To further elucidate the interactions between VECs 
and VICs in CAVD, researchers have employed vari-
ous in  vitro culture models. One approach involves co-
seeding VECs and VICs within mechanically constrained 
collagen hydrogels (Gee et al. 2021). Alternatively, VICs 
can be encapsulated within a hydrogel, with VECs 
seeded on top (Bramsen et  al. 2022). By manipulating 
the hydrogel stiffness (Bramsen et  al. 2022) or exposing 
the cells to osteogenic medium (Vadana et al. 2020), the 
formation of calcified nodules can be enhanced, facili-
tating the study of VECs-VICs interactions under these 
conditions. Grande-Allen’s study, which cultured por-
cine aortic valve interstitial cells (PAVICs) and porcine 
aortic valve endothelial cells (PAVECs) within collagen I 
hydrogels containing the GAGs, chondroitin sulfate (CS) 
or hyaluronic acid (HA), demonstrated that CS enhanced 
the formation of calcified nodules even in the absence of 
osteogenic culture medium (Grande-Allen et  al. 2007). 
These methods have provided valuable insights into cell–
cell interactions in the context of CAVD. 3D bioprinting 
technology has emerged as a valuable tool for generating 
3D valve culture systems. Immohr et al. investigated opti-
mal printing and culture parameters and hydrogel com-
position for 3D bioprinting of VICs (Immohr et al. 2022, 
2023). They proved that using DMEM-based hydrogels 
can significantly improve the long-term cell viability and 
overcome printing-related cell damage.

In addition to cellular considerations, shape and func-
tion mimicry are also crucial aspects of in vitro valve and 
calcification modeling. Sapp et al. seeded VICs within a 
3D stacked paper-based system to effectively replicate 
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the full thickness of native valve tissue (Sapp et al. 2015). 
Other approaches utilize functional bioreactors with 
engineering technology to investigate the effects of 
mechanical strain on valvular interstitial cells (VICs) and 
the underlying molecular pathways involved in valve cal-
cification. For instance, pig VICs mixed with type I col-
lagen inoculated into an anisotropic biaxial strain bio-
reactor exhibited time-dependent VICs orientation and 
collagen fiber alignment (Gould et  al. 2012). Another 
study combined collagen I, human aortic smooth mucle 
cells (HASMCs), and HAVICs with osteogenic condi-
tions to evaluate the effect of cyclic strain on calcifica-
tion (Ferdous et  al. 2011). Mendoza et  al. developed a 
three-dimensional microfluidic device of the aortic valve 
fibrosa to study the effects of shear stress and endothe-
lial cell presence on calcification (Mendoza et  al. 2022).
Other type is using functional bioreactors with engineer-
ing technology, to investigate the effects of mechani-
cal strain on valvular interstitial cells (VICs) and the 
underlying molecular pathways involved in valve calci-
fication. Pig VICs mixed with type I collagen inoculated 
into anisotropic biaxial strain bioreactor causes time 
dependent VICs orientation and collagen fiber alignment 
(Gould et al. 2012). Another research combined collagen 
I, HASMCs and HAVICs with osteogenic conditions to 
evaluate effect of cyclic strain on calcification (Ferdous 
et  al. 2011). Furthermore, Mendoza et  al. developed a 
three-dimensional microfluidic device of the aortic valve 
fibrosa to study the effects of shear stress and endothelial 
cell presence on calcification (Mendoza et al. 2022).

Despite relatively rapid development of in vitro 3D mod-
els of CAVD in recent years, there are still some limita-
tions. Firstly, current hydrogel systems fail to replicate the 
composition and high cell activity of the native extracel-
lular matrix, necessitating further experimentation and 
refinement. Secondly, due to the inherent nature of gels, 
diffusion must be considered when applying risk factors 
stimulation. Thirdly, simulating mechanical stimulation 
of valve tissue remains a challenge. Overall, 3D aortic 
valve calcification tissue models are still in their nascent 
stages, but their potential applications hold immense 
promise. With the continuous advancement of interdis-
ciplinary integration, innovation in material science, and 
the refinement of valve cell differentiation and 3D print-
ing technologies, 3D tissue models are poised to become 
indispensable tools for CAVD research and treatment.

Conclusions
CAVD is the most common valvular heart disease, pri-
marily affecting the elderly population. As the aging prob-
lem worsens, the incidence of CAVD is expected to rise 

significantly. Establishing reliable CAVD models is crucial 
for advancing our understanding of the disease’s patho-
genesis and identifying effective treatment strategies. The 
development of CAVD models has undergone significant 
advancements over the past two decades. Animal models 
have played a pivotal role in elucidating the disease’s intri-
cacies and have reached a considerable level of maturity. 
Transgenic mice models, combined with high-fat diet 
feeding or mechanical injury, allow for in-depth analysis of 
the impact of target genes on CAVD progression. Larger 
animal models, such as pigs, offer closer resemblance to 
human valve structure and pathophysiological responses. 
Each species, including mice, rabbits, and pigs, possesses 
unique advantages, and these animal models have made 
substantial contributions to our understanding of CAVD 
pathogenesis. However, they face limitations in clearly 
defining the distinct stages of CAVD disease and overcom-
ing phenotypic differences arising from species variations.

In vitro models, utilizing valve interstitial cells (VICs), 
have provided valuable insights into CAVD pathogen-
esis by examining the effects of various stimuli, such 
as chemical factors, shear stress, and cyclic strain. The 
advantage of in  vitro models lies in their ability to rap-
idly and precisely manipulate a large number of variables. 
Additionally, iPSCs-based differentiation technology 
holds promise for generating large quantities of human 
valve cells. However, VICs in flat culture have a tendency 
to spontaneously activate, and simulating the calcifica-
tion changes induced by stress shock in the valve is chal-
lenging at the monolayer cell level. In response to these 
limitations, 3D culture systems, including bioreactors, 
microfluidic systems, and hydrogel hybrid systems, have 
emerged as promising advancements in CAVD in  vitro 
disease modeling. These systems offer a more realis-
tic representation of the complex microenvironment of 
the native aortic valve, enabling a more comprehensive 
assessment of cellular interactions and responses.

Despite the shortcomings of various models, the 
intersection of disciplines and the emergence of new 
technologies hold immense potential to further refine 
CAVD models. By addressing these limitations and 
embracing innovative approaches, researchers can 
gradually unravel the intricacies of CAVD and ulti-
mately pave the way for the development of effective 
therapies to prevent and mitigate the disease.
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PAVECs	� Porcine Aortic Valve Endothelial Cells
PAVICs	� Porcine Aortic Valve Interstitial Cells
PSCs	� Pluripotent Stem Cells
SMCs	� Smooth Muscle Cells
VECs	� Valve Endothelial Cells
VICs	� Valve Interstitial Cells
WHHL	� Watanabe Heritable Hyperlipidemic

Acknowledgements
Figures 1 and 2 were created with Biorender.com. During the preparation of 
this work the authors used https://​bard.​google.​com/​chat in order to modify 
English grammar and improve readability.

Authors’ contributions
Z.Z. and Z.L. reviewed the literature, drafted and wrote the manuscript; J.P. 
and L.L. revised the manuscript; D.Z. provided constructive suggestions to 
the manuscript; L.C. proposed the topic of this manuscript and revised the 
manuscript. All authors have read and agreed to the published version of the 
manuscript.

Funding
The authors are supported by grants from the National Key R&D Program of 
China to D.Z. (2021YFA1101902), the National Natural Science Foundation 
of China to D.Z. (32171107) and J.P. (82300301, U23A20399), Open Funding 
Project of the State Key Laboratory of Biocatalysis and Enzyme Engineer-
ing (SKLBEE2021009), and the Fundamental Research Funds for the Central 
Universities (3332022022).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 7 December 2023   Accepted: 6 February 2024

References
Ackah RL, Yasuhara J, Garg V. Genetics of aortic valve disease. Curr Opin 

Cardiol. 2023;38(3):169–78. https://​doi.​org/​10.​1097/​hco.​00000​00000​
001028.

Ahmad AA, Ghim M, Toczek J, Neishabouri A, Ojha D, Zhang Z, . . . Sadeghi MM. 
Multimodality Imaging of Aortic Valve Calcification and Function in a 
Murine Model of Calcific Aortic Valve Disease and Bicuspid Aortic Valve. 
J Nucl Med. 2023;64(9):1487–94. https://​doi.​org/​10.​2967/​jnumed.​123.​
265516.

Aikawa E, Aikawa M, Libby P, Figueiredo JL, Rusanescu G, Iwamoto Y, . . . 
Weissleder R. Arterial and aortic valve calcification abolished by 
elastolytic cathepsin S deficiency in chronic renal disease. Circulation. 
2009;119(13), 1785–1794. https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​
108.​827972.

Arishiro K, Hoshiga M, Negoro N, Jin D, Takai S, Miyazaki M, . . . Hanafusa T. 
Angiotensin receptor-1 blocker inhibits atherosclerotic changes and 
endothelial disruption of the aortic valve in hypercholesterolemic 
rabbits. J Am Coll Cardiol. 2007;49(13):1482–1489. https://​doi.​org/​10.​
1016/j.​jacc.​2006.​11.​043.

Armstrong EJ, Bischoff J. Heart valve development: endothelial cell signaling 
and differentiation. Circ Res. 2004;95(5):459–70. https://​doi.​org/​10.​1161/​
01.​RES.​00001​41146.​95728.​da.

Babu AN, Meng X, Zou N, Yang X, Wang M, Song Y, . . . Fullerton DA. Lipopoly-
saccharide stimulation of human aortic valve interstitial cells activates 
inflammation and osteogenesis. Ann Thorac Surg. 2008;86(1):71–76. 
https://​doi.​org/​10.​1016/j.​athor​acsur.​2008.​03.​008.

Benton JA, DeForest CA, Vivekanandan V, Anseth KS. Photocrosslinking of 
gelatin macromers to synthesize porous hydrogels that promote val-
vular interstitial cell function. Tissue Eng Part A. 2009a;15(11):3221–30. 
https://​doi.​org/​10.​1089/​ten.​TEA.​2008.​0545.

Benton JA, Fairbanks BD, Anseth KS. Characterization of valvular interstitial cell 
function in three dimensional matrix metalloproteinase degradable 
PEG hydrogels. Biomaterials. 2009b;30(34):6593–603. https://​doi.​org/​10.​
1016/j.​bioma​teria​ls.​2009.​08.​031.

Boffa MB, Koschinsky ML. Oxidized phospholipids as a unifying theory 
for lipoprotein(a) and cardiovascular disease. Nat Rev Cardiol. 
2019;16(5):305–18. https://​doi.​org/​10.​1038/​s41569-​018-​0153-2.

Bouchareb R, Mahmut A, Nsaibia MJ, Boulanger MC, Dahou A, Lépine JL, . . . 
Mathieu P. Autotaxin Derived From Lipoprotein(a) and Valve Interstitial 
Cells Promotes Inflammation and Mineralization of the Aortic Valve. 
Circulation. 2015;132(8):677–690. https://​doi.​org/​10.​1161/​circu​latio​
naha.​115.​016757.

Bramsen JA, Alber BR, Mendoza M, Murray BT, Chen MH, Huang P, Mahler 
GJ. Glycosaminoglycans affect endothelial to mesenchymal transfor-
mation, proliferation, and calcification in a 3D model of aortic valve 
disease. Front Cardiovasc Med. 2022;9:975732. https://​doi.​org/​10.​3389/​
fcvm.​2022.​975732.

Chang EA, Jin SW, Nam MH, Kim SD. Human induced pluripotent stem cells : 
clinical significance and applications in neurologic diseases. J Korean 
Neurosurg Soc. 2019;62(5):493–501. https://​doi.​org/​10.​3340/​jkns.​2018.​
0222.

Cheng L, Xie M, Qiao W, Song Y, Zhang Y, Geng Y, . . . Sun Y. Generation and 
characterization of cardiac valve endothelial-like cells from human 
pluripotent stem cells. Commun Biol. 2021;4(1):1039. https://​doi.​org/​10.​
1038/​s42003-​021-​02571-7.

Choi B, Kim EY, Kim JE, Oh S, Park SO, Kim SM, . . . Chang EJ. Evogliptin Sup-
presses Calcific Aortic Valve Disease by Attenuating Inflammation, 
Fibrosis, and Calcification. Cells. 2021;10(1).https://​doi.​org/​10.​3390/​cells​
10010​057.

Cimini M, Boughner DR, Ronald JA, Aldington L, Rogers KA. Development of 
aortic valve sclerosis in a rabbit model of atherosclerosis: an immuno-
histochemical and histological study. J Heart Valve Dis. 2005;14(3):365–
375. Retrieved from https://​www.​ncbi.​nlm.​nih.​gov/​pubmed/​15974​532

Combi Z, Potor L, Nagy P, Sikura KE, Ditroi T, Juranyi EP, . . . Balla J. Hydrogen 
sulfide as an anti-calcification stratagem in human aortic valve: Altered 
biogenesis and mitochondrial metabolism of H(2)S lead to H(2)S 
deficiency in calcific aortic valve disease. Redox Biol. 2023;60:102629. 
https://​doi.​org/​10.​1016/j.​redox.​2023.​102629.

Debiec RM, Hamby SE, Jones PD, Safwan K, Sosin M, Hetherington SL, . . . 
Bolger AP. Contribution of NOTCH1 genetic variants to bicuspid aortic 
valve and other congenital lesions. Heart. 2022;108(14):1114–1120. 
https://​doi.​org/​10.​1136/​heart​jnl-​2021-​320428.

Decano JL, Iwamoto Y, Goto S, Lee JY, Matamalas JT, Halu A, . . . Aikawa E. A 
disease-driver population within interstitial cells of human calcific 

https://bard.google.com/chat
https://doi.org/10.1097/hco.0000000000001028
https://doi.org/10.1097/hco.0000000000001028
https://doi.org/10.2967/jnumed.123.265516
https://doi.org/10.2967/jnumed.123.265516
https://doi.org/10.1161/CIRCULATIONAHA.108.827972
https://doi.org/10.1161/CIRCULATIONAHA.108.827972
https://doi.org/10.1016/j.jacc.2006.11.043
https://doi.org/10.1016/j.jacc.2006.11.043
https://doi.org/10.1161/01.RES.0000141146.95728.da
https://doi.org/10.1161/01.RES.0000141146.95728.da
https://doi.org/10.1016/j.athoracsur.2008.03.008
https://doi.org/10.1089/ten.TEA.2008.0545
https://doi.org/10.1016/j.biomaterials.2009.08.031
https://doi.org/10.1016/j.biomaterials.2009.08.031
https://doi.org/10.1038/s41569-018-0153-2
https://doi.org/10.1161/circulationaha.115.016757
https://doi.org/10.1161/circulationaha.115.016757
https://doi.org/10.3389/fcvm.2022.975732
https://doi.org/10.3389/fcvm.2022.975732
https://doi.org/10.3340/jkns.2018.0222
https://doi.org/10.3340/jkns.2018.0222
https://doi.org/10.1038/s42003-021-02571-7
https://doi.org/10.1038/s42003-021-02571-7
https://doi.org/10.3390/cells10010057
https://doi.org/10.3390/cells10010057
https://www.ncbi.nlm.nih.gov/pubmed/15974532
https://doi.org/10.1016/j.redox.2023.102629
https://doi.org/10.1136/heartjnl-2021-320428


Page 13 of 16Zhu et al. Cell Regeneration            (2024) 13:6 	

aortic valves identified via single-cell and proteomic profiling. Cell Rep. 
2022;39(2):110685. doi:https://​doi.​org/​10.​1016/j.​celrep.​2022.​110685.

Dharmarajan S, Speer MY, Pierce K, Lally J, Leaf EM, Lin ME, . . . Giachelli CM. 
Role of Runx2 in Calcific Aortic Valve Disease in Mouse Models. Front 
Cardiovasc Med. 2021;8:687210. https://​doi.​org/​10.​3389/​fcvm.​2021.​
687210.

Drolet MC, Couet J, Arsenault M. Development of aortic valve sclerosis or 
stenosis in rabbits: role of cholesterol and calcium. J Heart Valve Dis. 
2008;17(4):381–387. Retrieved from https://​www.​ncbi.​nlm.​nih.​gov/​
pubmed/​18751​467.

Duan B, Hockaday LA, Kapetanovic E, Kang KH, Butcher JT. Stiffness and adhe-
sivity control aortic valve interstitial cell behavior within hyaluronic acid 
based hydrogels. Acta Biomater. 2013;9(8):7640–50. https://​doi.​org/​10.​
1016/j.​actbio.​2013.​04.​050.

Duan B, Xu C, Das S, Chen JM, Butcher JT. Spatial Regulation of Valve Interstitial 
Cell Phenotypes within Three-Dimensional Micropatterned Hydrogels. 
ACS Biomater Sci Eng. 2019;5(3):1416–25. https://​doi.​org/​10.​1021/​acsbi​
omate​rials.​8b012​80.

Ferdous Z, Jo H, Nerem RM. Differences in valvular and vascular cell responses 
to strain in osteogenic media. Biomaterials. 2011;32(11):2885–93. 
https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2011.​01.​030.

Gao C, Hu W, Liu F, Zeng Z, Zhu Q, Fan J, . . . Wang J. Aldo-keto reductase family 
1 member B induces aortic valve calcification by activating hippo 
signaling in valvular interstitial cells. J Mol Cell Cardiol. 2021;150:54–64. 
https://​doi.​org/​10.​1016/j.​yjmcc.​2020.​10.​002. 

Gee TW, Richards JM, Mahmut A, Butcher JT. Valve endothelial-interstitial 
interactions drive emergent complex calcific lesion formation in vitro. 
Biomaterials. 2021;269:120669. https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​
2021.​120669.

Gharibeh L, Komati H, Bosse Y, Boodhwani M, Heydarpour M, Fortier M, . . . 
Bicuspid Aortic Valve C. GATA6 Regulates Aortic Valve Remodeling, and 
Its Haploinsufficiency Leads to Right-Left Type Bicuspid Aortic Valve. 
Circulation. 2018;138(10):1025–1038. https://​doi.​org/​10.​1161/​CIRCU​
LATIO​NAHA.​117.​029506.

Gkizas S, Koumoundourou D, Sirinian X, Rokidi S, Mavrilas D, Koutsoukos P, . 
. . Papadaki H. Aldosterone receptor blockade inhibits degenerative 
processes in the early stage of calcific aortic stenosis. Eur J Pharmacol. 
2010;642(1–3):107–112. https://​doi.​org/​10.​1016/j.​ejphar.​2010.​05.​048.

Gollmann-Tepekoylu C, Graber M, Hirsch J, Mair S, Naschberger A, Polzl L, 
. . . Holfeld J. Toll-Like Receptor 3 Mediates Aortic Stenosis Through 
a Conserved Mechanism of Calcification. Circulation. 2023;147(20): 
1518–1533. https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​122.​063481.

Gomez-Stallons MV, Wirrig-Schwendeman EE, Hassel KR, Conway SJ, Yutzey KE. 
Bone Morphogenetic Protein Signaling Is Required for Aortic Valve Cal-
cification. Arterioscler Thromb Vasc Biol. 2016;36(7):1398–405. https://​
doi.​org/​10.​1161/​atvba​ha.​116.​307526.

Goto S, Rogers MA, Blaser MC, Higashi H, Lee LH, Schlotter F, . . . Aikawa E. 
Standardization of Human Calcific Aortic Valve Disease in vitro Mod-
eling Reveals Passage-Dependent Calcification. Front Cardiovasc Med. 
2019;6:49. https://​doi.​org/​10.​3389/​fcvm.​2019.​00049.

Gould RA, Butcher JT. Isolation of valvular endothelial cells. J Vis Exp. 2010;(46). 
https://​doi.​org/​10.​3791/​2158.

Gould RA, Chin K, Santisakultarm TP, Dropkin A, Richards JM, Schaffer CB, 
Butcher JT. Cyclic strain anisotropy regulates valvular interstitial cell 
phenotype and tissue remodeling in three-dimensional culture. Acta 
Biomater. 2012;8(5):1710–9. https://​doi.​org/​10.​1016/j.​actbio.​2012.​01.​
006.

Grande-Allen KJ, Osman N, Ballinger ML, Dadlani H, Marasco S, Little PJ. Gly-
cosaminoglycan synthesis and structure as targets for the prevention 
of calcific aortic valve disease. Cardiovasc Res. 2007;76(1):19–28. https://​
doi.​org/​10.​1016/j.​cardi​ores.​2007.​05.​014.

Grunwald KA, Schueler K, Uelmen PJ, Lipton BA, Kaiser M, Buhman K, Attie AD. 
Identification of a novel Arg–>Cys mutation in the LDL receptor that 
contributes to spontaneous hypercholesterolemia in pigs. J Lipid Res. 
1999;40(3):475–85. https://​doi.​org/​10.​1016/​S0022-​2275(20)​32452-4.

Guerraty MA, Grant GR, Karanian JW, Chiesa OA, Pritchard WF, Davies PF. 
Hypercholesterolemia induces side-specific phenotypic changes and 
peroxisome proliferator-activated receptor-gamma pathway activa-
tion in swine aortic valve endothelium. Arterioscler Thromb Vasc Biol. 
2010;30(2):225–31. https://​doi.​org/​10.​1161/​ATVBA​HA.​109.​198549.

Gwanmesia P, Ziegler H, Eurich R, Barth M, Kamiya H, Karck M, . . . Akhyari 
P. Opposite effects of transforming growth factor-β1 and vascular 
endothelial growth factor on the degeneration of aortic valvular inter-
stitial cell are modified by the extracellular matrix protein fibronectin: 
implications for heart valve engineering. Tissue Eng Part A. 2010;16(12), 
3737–46. https://​doi.​org/​10.​1089/​ten.​tea.​2010.​0304.

Haberland, M. E., Mottino, G., Le, M., & Frank, J. S. (2001). Sequestration of 
aggregated LDL by macrophages studied with freeze-etch electron 
microscopy. J Lipid Res, 42(4), 605–619. Retrieved from https://​www.​
ncbi.​nlm.​nih.​gov/​pubmed/​11290​833. https://​doi.​org/​10.​1016/​S0022-​
2275(20)​31170-6.

Hakuno D, Kimura N, Yoshioka M, Mukai M, Kimura T, Okada Y, . . . Fukuda K. Peri-
ostin advances atherosclerotic and rheumatic cardiac valve degeneration 
by inducing angiogenesis and MMP production in humans and rodents. J 
Clin Invest. 2010;120(7):2292–306. https://​doi.​org/​10.​1172/​JCI40​973.

Hamidouche Z, Hay E, Vaudin P, Charbord P, Schule R, Marie PJ, Fromigue O. 
FHL2 mediates dexamethasone-induced mesenchymal cell differentia-
tion into osteoblasts by activating Wnt/beta-catenin signaling-depend-
ent Runx2 expression. FASEB J. 2008;22(11):3813–22. https://​doi.​org/​10.​
1096/​fj.​08-​106302.

Hamilton AM, Boughner DR, Drangova M, Rogers KA. Statin treatment of 
hypercholesterolemic-induced aortic valve sclerosis. Cardiovasc Pathol. 
2011;20(2):84–92. https://​doi.​org/​10.​1016/j.​carpa​th.​2010.​01.​004.

Hjortnaes, J., Butcher, J., Figueiredo, J. L., Riccio, M., Kohler, R. H., Kozloff, K. M., . 
. . Aikawa, E. (2010). Arterial and aortic valve calcification inversely cor-
relates with osteoporotic bone remodelling: a role for inflammation. Eur 
Heart J, 31(16), 1975–1984. https://​doi.​org/​10.​1093/​eurhe​artj/​ehq237.

Hjortnaes, J., Camci-Unal, G., Hutcheson, J. D., Jung, S. M., Schoen, F. J., Kluin, 
J., . . . Khademhosseini, A. (2015). Directing valvular interstitial cell 
myofibroblast-like differentiation in a hybrid hydrogel platform. Adv 
Healthc Mater, 4(1), 121–130. https://​doi.​org/​10.​1002/​adhm.​20140​0029.

Hjortnaes, J., Goettsch, C., Hutcheson, J. D., Camci-Unal, G., Lax, L., Scherer, K., . 
. . Aikawa, E. (2016). Simulation of early calcific aortic valve disease in a 
3D platform: A role for myofibroblast differentiation. J Mol Cell Cardiol, 
94, 13–20. https://​doi.​org/​10.​1016/j.​yjmcc.​2016.​03.​004.

Hjortnaes, J., Shapero, K., Goettsch, C., Hutcheson, J. D., Keegan, J., Kluin, J., . 
. . Aikawa, E. (2015). Valvular interstitial cells suppress calcification of 
valvular endothelial cells. Atherosclerosis, 242(1), 251–260. https://​doi.​
org/​10.​1016/j.​ather​oscle​rosis.​2015.​07.​008.

Hof, A., Raschke, S., Baier, K., Nehrenheim, L., Selig, J. I., Schomaker, M., . . . Akh-
yari, P. (2016). Challenges in developing a reseeded, tissue-engineered 
aortic valve prosthesis. Eur J Cardiothorac Surg, 50(3), 446–455. https://​
doi.​org/​10.​1093/​ejcts/​ezw057.

Honda, S., Miyamoto, T., Watanabe, T., Narumi, T., Kadowaki, S., Honda, Y., . . . 
Kubota, I. (2014). A novel mouse model of aortic valve stenosis induced 
by direct wire injury. Arterioscler Thromb Vasc Biol, 34(2), 270–278. 
https://​doi.​org/​10.​1161/​ATVBA​HA.​113.​302610.

Immohr, M. B., Dos Santos Adrego, F., Teichert, H. L., Schmidt, V., Sugimura, Y., 
Bauer, S., . . . Akhyari, P. (2022). 3D-bioprinting of aortic valve interstitial 
cells: impact of hydrogel and printing parameters on cell viability. 
Biomed Mater, 18(1). https://​doi.​org/​10.​1088/​1748-​605X/​ac9f91.

Immohr, M. B., Teichert, H. L., Dos Santos Adrego, F., Schmidt, V., Sugimura, Y., 
Bauer, S. J., . . . Akhyari, P. (2023). Three-Dimensional Bioprinting of Ovine 
Aortic Valve Endothelial and Interstitial Cells for the Development 
of Multicellular Tissue Engineered Tissue Constructs. Bioengineering 
(Basel), 10(7). https://​doi.​org/​10.​3390/​bioen​ginee​ring1​00707​87.

Iqbal, F., Schlotter, F., Becker-Greene, D., Lupieri, A., Goettsch, C., Hutcheson, J. 
D., . . . Aikawa, E. (2023). Sortilin enhances fibrosis and calcification in 
aortic valve disease by inducing interstitial cell heterogeneity. Eur Heart 
J, 44(10), 885–898. https://​doi.​org/​10.​1093/​eurhe​artj/​ehac8​18.

Jana S, Hu M, Shen M, Kassiri Z. Extracellular matrix, regional heterogeneity of 
the aorta, and aortic aneurysm. Exp Mol Med. 2019;51(12):1–15. https://​
doi.​org/​10.​1038/​s12276-​019-​0286-3.

Jian, B., Narula, N., Li, Q. Y., Mohler, E. R., 3rd, & Levy, R. J. (2003). Progression of 
aortic valve stenosis: TGF-beta1 is present in calcified aortic valve cusps 
and promotes aortic valve interstitial cell calcification via apoptosis. 
Ann Thorac Surg, 75(2), 457–465; discussion 465–456. https://​doi.​org/​
10.​1016/​s0003-​4975(02)​04312-6.

Jung, J. J., Razavian, M., Challa, A. A., Nie, L., Golestani, R., Zhang, J., . . . Sad-
eghi, M. M. (2015). Multimodality and molecular imaging of matrix 

https://doi.org/10.1016/j.celrep.2022.110685
https://doi.org/10.3389/fcvm.2021.687210
https://doi.org/10.3389/fcvm.2021.687210
https://www.ncbi.nlm.nih.gov/pubmed/18751467
https://www.ncbi.nlm.nih.gov/pubmed/18751467
https://doi.org/10.1016/j.actbio.2013.04.050
https://doi.org/10.1016/j.actbio.2013.04.050
https://doi.org/10.1021/acsbiomaterials.8b01280
https://doi.org/10.1021/acsbiomaterials.8b01280
https://doi.org/10.1016/j.biomaterials.2011.01.030
https://doi.org/10.1016/j.yjmcc.2020.10.002
https://doi.org/10.1016/j.biomaterials.2021.120669
https://doi.org/10.1016/j.biomaterials.2021.120669
https://doi.org/10.1161/CIRCULATIONAHA.117.029506
https://doi.org/10.1161/CIRCULATIONAHA.117.029506
https://doi.org/10.1016/j.ejphar.2010.05.048
https://doi.org/10.1161/CIRCULATIONAHA.122.063481
https://doi.org/10.1161/atvbaha.116.307526
https://doi.org/10.1161/atvbaha.116.307526
https://doi.org/10.3389/fcvm.2019.00049
https://doi.org/10.3791/2158
https://doi.org/10.1016/j.actbio.2012.01.006
https://doi.org/10.1016/j.actbio.2012.01.006
https://doi.org/10.1016/j.cardiores.2007.05.014
https://doi.org/10.1016/j.cardiores.2007.05.014
https://doi.org/10.1016/S0022-2275(20)32452-4
https://doi.org/10.1161/ATVBAHA.109.198549
https://doi.org/10.1089/ten.tea.2010.0304
https://www.ncbi.nlm.nih.gov/pubmed/11290833
https://www.ncbi.nlm.nih.gov/pubmed/11290833
https://doi.org/10.1016/S0022-2275(20)31170-6
https://doi.org/10.1016/S0022-2275(20)31170-6
https://doi.org/10.1172/JCI40973
https://doi.org/10.1096/fj.08-106302
https://doi.org/10.1096/fj.08-106302
https://doi.org/10.1016/j.carpath.2010.01.004
https://doi.org/10.1093/eurheartj/ehq237
https://doi.org/10.1002/adhm.201400029
https://doi.org/10.1016/j.yjmcc.2016.03.004
https://doi.org/10.1016/j.atherosclerosis.2015.07.008
https://doi.org/10.1016/j.atherosclerosis.2015.07.008
https://doi.org/10.1093/ejcts/ezw057
https://doi.org/10.1093/ejcts/ezw057
https://doi.org/10.1161/ATVBAHA.113.302610
https://doi.org/10.1088/1748-605X/ac9f91
https://doi.org/10.3390/bioengineering10070787
https://doi.org/10.1093/eurheartj/ehac818
https://doi.org/10.1038/s12276-019-0286-3
https://doi.org/10.1038/s12276-019-0286-3
https://doi.org/10.1016/s0003-4975(02)04312-6
https://doi.org/10.1016/s0003-4975(02)04312-6


Page 14 of 16Zhu et al. Cell Regeneration            (2024) 13:6 

metalloproteinase activation in calcific aortic valve disease. J Nucl Med, 
56(6), 933–938. https://​doi.​org/​10.​2967/​jnumed.​114.​152355.

Kim, E., Park, E. H., Kim, J. M., Lee, E., Park, S. H., Kim, C. W., . . . Chang, K. (2023). A 
Rabbit Aortic Valve Stenosis Model Induced by Direct Balloon Injury. J 
Vis Exp(193). https://​doi.​org/​10.​3791/​65078. 

Kloth, K., Bierhals, T., Johannsen, J., Harms, F. L., Juusola, J., Johnson, M. C., . 
. . Kutsche, K. (2019). Biallelic variants in SMAD6 are associated with 
a complex cardiovascular phenotype. Hum Genet, 138(6), 625–634. 
https://​doi.​org/​10.​1007/​s00439-​019-​02011-x.

Kraler S, Blaser MC, Aikawa E, Camici GG, Luscher TF. Calcific aortic valve dis-
ease: from molecular and cellular mechanisms to medical therapy. Eur 
Heart J. 2022;43(2):683–97. https://​doi.​org/​10.​1093/​eurhe​artj/​ehab7​57.

Kruithof, B. P., Lieber, S. C., Kruithof-de Julio, M., Gaussin, V., & Goumans, M. J. 
(2015). Culturing Mouse Cardiac Valves in the Miniature Tissue Culture 
System. J Vis Exp(105), e52750. https://​doi.​org/​10.​3791/​52750.

Kruithof, B. P. T., van de Pol, V., Los, T., Lodder, K., Mousavi Gourabi, B., DeRuiter, 
M. C., . . . Ajmone Marsan, N. (2021). New calcification model for intact 
murine aortic valves. J Mol Cell Cardiol, 156, 95-104. https://​doi.​org/​10.​
1016/j.​yjmcc.​2021.​03.​003.

Kundu AK, Khatiwala CB, Putnam AJ. Extracellular matrix remodeling, integrin 
expression, and downstream signaling pathways influence the osteo-
genic differentiation of mesenchymal stem cells on poly(lactide-co-
glycolide) substrates. Tissue Eng Part A. 2009;15(2):273–83. https://​doi.​
org/​10.​1089/​ten.​tea.​2008.​0055.

Lam NT, Tandon I, Balachandran K. The role of fibroblast growth factor 1 and 2 
on the pathological behavior of valve interstitial cells in a three-dimen-
sional mechanically-conditioned model. J Biol Eng. 2019;13:45. https://​
doi.​org/​10.​1186/​s13036-​019-​0168-1.

Li, S., Luo, Z., Su, S., Wen, L., Xian, G., Zhao, J., . . . Zeng, Q. (2023). Targeted inhibi-
tion of PTPN22 is a novel approach to alleviate osteogenic responses in 
aortic valve interstitial cells and aortic valve lesions in mice. BMC Med, 
21(1), 252. https://​doi.​org/​10.​1186/​s12916-​023-​02888-6.

Li C, Xu S, Gotlieb AI. The progression of calcific aortic valve disease through 
injury, cell dysfunction, and disruptive biologic and physical force 
feedback loops. Cardiovasc Pathol. 2013;22(1):1–8. https://​doi.​org/​10.​
1016/j.​carpa​th.​2012.​06.​005.

Li, J., Zeng, Q., Xiong, Z., Xian, G., Liu, Z., Zhan, Q., . . . Xu, D. (2022). Trimethyl-
amine N-oxide induces osteogenic responses in human aortic valve 
interstitial cells in vitro and aggravates aortic valve lesions in mice. Car-
diovasc Res, 118(8), 2018–2030. https://​doi.​org/​10.​1093/​cvr/​cvab2​43.

Liberman M, Bassi E, Martinatti MK, Lario FC, Wosniak J Jr, Pomerantzeff PM, 
Laurindo FR. Oxidant generation predominates around calcifying foci 
and enhances progression of aortic valve calcification. Arterioscler 
Thromb Vasc Biol. 2008;28(3):463–70. https://​doi.​org/​10.​1161/​ATVBA​HA.​
107.​156745.

Lim, J., Ehsanipour, A., Hsu, J. J., Lu, J., Pedego, T., Wu, A., . . . Tintut, Y. (2016). 
Inflammation Drives Retraction, Stiffening, and Nodule Formation via 
Cytoskeletal Machinery in a Three-Dimensional Culture Model of Aortic 
Stenosis. Am J Pathol, 186(9), 2378–2389. https://​doi.​org/​10.​1016/j.​
ajpath.​2016.​05.​003.

Lincoln J, Alfieri CM, Yutzey KE. BMP and FGF regulatory pathways control 
cell lineage diversification of heart valve precursor cells. Dev Biol. 
2006;292(2):292–302. https://​doi.​org/​10.​1016/j.​ydbio.​2005.​12.​042.

Lindman BR, Bonow RO, Otto CM. Current management of calcific aortic 
stenosis. Circ Res. 2013;113(2):223–37. https://​doi.​org/​10.​1161/​circr​
esaha.​111.​300084.

Liu, F., Chen, J., Hu, W., Gao, C., Zeng, Z., Cheng, S., . . . Wang, J. (2022). PTP1B 
Inhibition Improves Mitochondrial Dynamics to Alleviate Calcific Aortic 
Valve Disease Via Regulating OPA1 Homeostasis. JACC Basic Transl Sci, 
7(7), 697–712. https://​doi.​org/​10.​1016/j.​jacbts.​2022.​03.​002.

Liu, H., Wang, L., Pan, Y., Wang, X., Ding, Y., Zhou, C., . . . Zhang, M. (2020). Celas-
trol Alleviates Aortic Valve Calcification Via Inhibition of NADPH Oxidase 
2 in Valvular Interstitial Cells. JACC Basic Transl Sci, 5(1), 35–49. https://​
doi.​org/​10.​1016/j.​jacbts.​2019.​10.​004.

Maeda, K., Ma, X., Chalajour, F., Hanley, F. L., & Riemer, R. K. (2016). Critical Role 
of Coaptive Strain in Aortic Valve Leaflet Homeostasis: Use of a Novel 
Flow Culture Bioreactor to Explore Heart Valve Mechanobiology. J Am 
Heart Assoc, 5(8). https://​doi.​org/​10.​1161/​JAHA.​116.​003506.

Majumdar, U., Manivannan, S., Basu, M., Ueyama, Y., Blaser, M. C., Cameron, E., 
. . . Garg, V. (2021). Nitric oxide prevents aortic valve calcification by 

S-nitrosylation of USP9X to activate NOTCH signaling. Sci Adv, 7(6). 
https://​doi.​org/​10.​1126/​sciadv.​abe37​06.

Marechaux, S., Corseaux, D., Vincentelli, A., Richardson, M., Ung, A., Susen, S., . 
. . Le Tourneau, T. (2009). Identification of tissue factor in experimental 
aortic valve sclerosis. Cardiovasc Pathol, 18(2), 67–76. https://​doi.​org/​10.​
1016/j.​carpa​th.​2007.​12.​014.

Matsumoto Y, Adams V, Jacob S, Mangner N, Schuler G, Linke A. Regular exer-
cise training prevents aortic valve disease in low-density lipoprotein-
receptor-deficient mice. Circulation. 2010;121(6):759–67. https://​doi.​
org/​10.​1161/​CIRCU​LATIO​NAHA.​109.​892224.

Meerman, M., Driessen, R., van Engeland, N. C. A., Bergsma, I., Steenhuijsen, J. 
L. G., Kozono, D., . . . Bouten, C. V. C. (2021). Radiation Induces Valvular 
Interstitial Cell Calcific Response in an in vitro Model of Calcific Aortic 
Valve Disease. Front Cardiovasc Med, 8, 687885. https://​doi.​org/​10.​
3389/​fcvm.​2021.​687885.

Mendoza M, Chen MH, Huang P, Mahler GJ. Shear and endothelial induced 
late-stage calcific aortic valve disease-on-a-chip develops calcium 
phosphate mineralizations. Lab Chip. 2022;22(7):1374–85. https://​doi.​
org/​10.​1039/​d1lc0​0931a.

Miller JD, Weiss RM, Serrano KM, Castaneda LE, Brooks RM, Zimmerman K, 
Heistad DD. Evidence for active regulation of pro-osteogenic signal-
ing in advanced aortic valve disease. Arterioscler Thromb Vasc Biol. 
2010;30(12):2482–6. https://​doi.​org/​10.​1161/​ATVBA​HA.​110.​211029.

Mommersteeg MT, Yeh ML, Parnavelas JG, Andrews WD. Disrupted Slit-Robo 
signalling results in membranous ventricular septum defects and 
bicuspid aortic valves. Cardiovasc Res. 2015;106(1):55–66. https://​doi.​
org/​10.​1093/​cvr/​cvv040.

Moncla LM, Briend M, Bosse Y, Mathieu P. Calcific aortic valve disease: mecha-
nisms, prevention and treatment. Nat Rev Cardiol. 2023;20(8):546–59. 
https://​doi.​org/​10.​1038/​s41569-​023-​00845-7.

Nachlas ALY, Li S, Jha R, Singh M, Xu C, Davis ME. Human iPSC-derived mesen-
chymal stem cells encapsulated in PEGDA hydrogels mature into valve 
interstitial-like cells. Acta Biomater. 2018;71:235–46. https://​doi.​org/​10.​
1016/j.​actbio.​2018.​02.​025.

Neri, T., Hiriart, E., van Vliet, P. P., Faure, E., Norris, R. A., Farhat, B., . . . Puceat, M. 
(2019). Human pre-valvular endocardial cells derived from pluripotent 
stem cells recapitulate cardiac pathophysiological valvulogenesis. Nat 
Commun, 10(1), 1929. https://​doi.​org/​10.​1038/​s41467-​019-​09459-5.

Ngo, D. T., Stafford, I., Sverdlov, A. L., Qi, W., Wuttke, R. D., Zhang, Y., . . . Horowitz, 
J. D. (2011). Ramipril retards development of aortic valve stenosis in 
a rabbit model: mechanistic considerations. Br J Pharmacol, 162(3), 
722–732. https://​doi.​org/​10.​1111/j.​1476-​5381.​2010.​01084.x.

Niazy, N., Barth, M., Selig, J. I., Feichtner, S., Shakiba, B., Candan, A., . . . Akhyari, P. 
(2021). Degeneration of Aortic Valves in a Bioreactor System with Pulsatile 
Flow. Biomedicines, 9(5). https://​doi.​org/​10.​3390/​biome​dicin​es905​0462.

Nigam V, Srivastava D. Notch1 represses osteogenic pathways in aortic valve cells. 
J Mol Cell Cardiol. 2009;47(6):828–34. https://​doi.​org/​10.​1016/j.​yjmcc.​2009.​
08.​008.

Osman L, Yacoub MH, Latif N, Amrani M, Chester AH. Role of human valve 
interstitial cells in valve calcification and their response to atorvastatin. 
Circulation. 2006;114(1 Suppl):I547–552. https://​doi.​org/​10.​1161/​circu​
latio​naha.​105.​001115.

Pantelidis, P., Oikonomou, E., Lampsas, S., Zakynthinos, G. E., Lysandrou, A., 
Kalogeras, K., . . . Vavouranakis, M. (2023). Lipoprotein(a) and calcific 
aortic valve disease initiation and progression: a systematic review and 
meta-analysis. Cardiovasc Res, 119(8), 1641–1655. https://​doi.​org/​10.​
1093/​cvr/​cvad0​62.

Passmore M, Nataatmadja M, Fung YL, Pearse B, Gabriel S, Tesar P, Fraser JF. 
Osteopontin alters endothelial and valvular interstitial cell behaviour in 
calcific aortic valve stenosis through HMGB1 regulation. Eur J Cardio-
thorac Surg. 2015;48(3):e20–29. https://​doi.​org/​10.​1093/​ejcts/​ezv244.

Peng X, Su S, Zeng J, Xie K, Yang X, Xian G, . . . Zeng Q. 4-Octyl itaconate sup-
presses the osteogenic response in aortic valvular interstitial cells via 
the Nrf2 pathway and alleviates aortic stenosis in mice with direct wire 
injury. Free Radic Biol Med. 2022;188:404–18. https://​doi.​org/​10.​1016/j.​
freer​adbio​med.​2022.​06.​246.

Porras AM, Westlund JA, Evans AD, Masters KS. Creation of disease-inspired 
biomaterial environments to mimic pathological events in early calcific 
aortic valve disease. Proc Natl Acad Sci U S A. 2018;115(3):E363–71. 
https://​doi.​org/​10.​1073/​pnas.​17046​37115.

https://doi.org/10.2967/jnumed.114.152355
https://doi.org/10.3791/65078
https://doi.org/10.1007/s00439-019-02011-x
https://doi.org/10.1093/eurheartj/ehab757
https://doi.org/10.3791/52750
https://doi.org/10.1016/j.yjmcc.2021.03.003
https://doi.org/10.1016/j.yjmcc.2021.03.003
https://doi.org/10.1089/ten.tea.2008.0055
https://doi.org/10.1089/ten.tea.2008.0055
https://doi.org/10.1186/s13036-019-0168-1
https://doi.org/10.1186/s13036-019-0168-1
https://doi.org/10.1186/s12916-023-02888-6
https://doi.org/10.1016/j.carpath.2012.06.005
https://doi.org/10.1016/j.carpath.2012.06.005
https://doi.org/10.1093/cvr/cvab243
https://doi.org/10.1161/ATVBAHA.107.156745
https://doi.org/10.1161/ATVBAHA.107.156745
https://doi.org/10.1016/j.ajpath.2016.05.003
https://doi.org/10.1016/j.ajpath.2016.05.003
https://doi.org/10.1016/j.ydbio.2005.12.042
https://doi.org/10.1161/circresaha.111.300084
https://doi.org/10.1161/circresaha.111.300084
https://doi.org/10.1016/j.jacbts.2022.03.002
https://doi.org/10.1016/j.jacbts.2019.10.004
https://doi.org/10.1016/j.jacbts.2019.10.004
https://doi.org/10.1161/JAHA.116.003506
https://doi.org/10.1126/sciadv.abe3706
https://doi.org/10.1016/j.carpath.2007.12.014
https://doi.org/10.1016/j.carpath.2007.12.014
https://doi.org/10.1161/CIRCULATIONAHA.109.892224
https://doi.org/10.1161/CIRCULATIONAHA.109.892224
https://doi.org/10.3389/fcvm.2021.687885
https://doi.org/10.3389/fcvm.2021.687885
https://doi.org/10.1039/d1lc00931a
https://doi.org/10.1039/d1lc00931a
https://doi.org/10.1161/ATVBAHA.110.211029
https://doi.org/10.1093/cvr/cvv040
https://doi.org/10.1093/cvr/cvv040
https://doi.org/10.1038/s41569-023-00845-7
https://doi.org/10.1016/j.actbio.2018.02.025
https://doi.org/10.1016/j.actbio.2018.02.025
https://doi.org/10.1038/s41467-019-09459-5
https://doi.org/10.1111/j.1476-5381.2010.01084.x
https://doi.org/10.3390/biomedicines9050462
https://doi.org/10.1016/j.yjmcc.2009.08.008
https://doi.org/10.1016/j.yjmcc.2009.08.008
https://doi.org/10.1161/circulationaha.105.001115
https://doi.org/10.1161/circulationaha.105.001115
https://doi.org/10.1093/cvr/cvad062
https://doi.org/10.1093/cvr/cvad062
https://doi.org/10.1093/ejcts/ezv244
https://doi.org/10.1016/j.freeradbiomed.2022.06.246
https://doi.org/10.1016/j.freeradbiomed.2022.06.246
https://doi.org/10.1073/pnas.1704637115


Page 15 of 16Zhu et al. Cell Regeneration            (2024) 13:6 	

Prescott MF, McBride CH, Hasler-Rapacz J, Von Linden J, Rapacz J. Develop-
ment of complex atherosclerotic lesions in pigs with inherited hyper-
LDL cholesterolemia bearing mutant alleles for apolipoprotein B. Am J 
Pathol. 1991;139(1):139–47. https://​pubmed.​ncbi.​nlm.​nih.​gov/​18539​29.

Rajamannan NM, Subramaniam M, Caira F, Stock SR, Spelsberg TC. Atorvastatin 
inhibits hypercholesterolemia-induced calcification in the aortic valves 
via the Lrp5 receptor pathway. Circulation. 2005;112(9 Suppl):I229–234. 
https://​doi.​org/​10.​1161/​01.​Circu​latio​naha.​104.​524306.

Rajamannan, N. M., Subramaniam, M., Rickard, D., Stock, S. R., Donovan, J., 
Springett, M., . . . Spelsberg, T. (2003). Human aortic valve calcifica-
tion is associated with an osteoblast phenotype. Circulation, 107(17), 
2181–2184. https://​doi.​org/​10.​1161/​01.​CIR.​00000​70591.​21548.​69.

Ramli, M. N. B., Lim, Y. S., Koe, C. T., Demircioglu, D., Tng, W., Gonzales, K. A. U., . 
. . Chan, Y. S. (2020). Human Pluripotent Stem Cell-Derived Organoids 
as Models of Liver Disease. Gastroenterology, 159(4), 1471–1486.e1412. 
https://​doi.​org/​10.​1053/j.​gastro.​2020.​06.​010.

Rodriguez KJ, Masters KS. Regulation of valvular interstitial cell calcification 
by components of the extracellular matrix. J Biomed Mater Res A. 
2009;90(4):1043–53. https://​doi.​org/​10.​1002/​jbm.a.​32187.

Sapp MC, Fares HJ, Estrada AC, Grande-Allen KJ. Multilayer three-dimensional 
filter paper constructs for the culture and analysis of aortic valvular 
interstitial cells. Acta Biomater. 2015;13:199–206. https://​doi.​org/​10.​
1016/j.​actbio.​2014.​11.​039.

Schlotter F, Matsumoto Y, Mangner N, Schuler G, Linke A, Adams V. Regular 
exercise or changing diet does not influence aortic valve disease pro-
gression in LDLR deficient mice. PLoS ONE. 2012;7(5): e37298. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00372​98.

Schuster, A., Grunwald, I., Chiribiri, A., Southworth, R., Ishida, M., Hay, G., . . . 
Nagel, E. (2010). An isolated perfused pig heart model for the develop-
ment, validation and translation of novel cardiovascular magnetic 
resonance techniques. J Cardiovasc Magn Reson, 12(1), 53. https://​doi.​
org/​10.​1186/​1532-​429X-​12-​53.

Sider KL, Zhu C, Kwong AV, Mirzaei Z, de Lange CF, Simmons CA. Evaluation 
of a porcine model of early aortic valve sclerosis. Cardiovasc Pathol. 
2014;23(5):289–97. https://​doi.​org/​10.​1016/j.​carpa​th.​2014.​05.​004.

Simmons CA, Grant GR, Manduchi E, Davies PF. Spatial heterogeneity of 
endothelial phenotypes correlates with side-specific vulnerability to 
calcification in normal porcine aortic valves. Circ Res. 2005;96(7):792–9. 
https://​doi.​org/​10.​1161/​01.​RES.​00001​61998.​92009.​64.

Skold BH, Getty R, Ramsey FK. Spontaneous atherosclerosis in the arterial 
system of aging swine. Am J Vet Res. 1966;27(116):257–73. https://​
pubmed.​ncbi.​nlm.​nih.​gov/​41617​99.

Smith, J. G., Luk, K., Schulz, C. A., Engert, J. C., Do, R., Hindy, G., . . . Thanassoulis, 
G. (2014). Association of low-density lipoprotein cholesterol-related 
genetic variants with aortic valve calcium and incident aortic stenosis. 
Jama, 312(17), 1764–1771. https://​doi.​org/​10.​1001/​jama.​2014.​13959.

Srivastava, S., Sithu, S. D., Vladykovskaya, E., Haberzettl, P., Hoetker, D. J., 
Siddiqui, M. A., . . . Bhatnagar, A. (2011). Oral exposure to acrolein 
exacerbates atherosclerosis in apoE-null mice. Atherosclerosis, 215(2), 
301–308. https://​doi.​org/​10.​1016/j.​ather​oscle​rosis.​2011.​01.​001.

Stadelmann K, Weghofer A, Urbanczyk M, Maulana TI, Loskill P, Jones PD, 
Schenke-Layland K. Development of a bi-layered cryogenic electrospun 
polylactic acid scaffold to study calcific aortic valve disease in a 3D 
co-culture model. Acta Biomater. 2022;140:364–78. https://​doi.​org/​10.​
1016/j.​actbio.​2021.​11.​030.

Sun L, Rajamannan NM, Sucosky P. Design and validation of a novel bioreactor 
to subject aortic valve leaflets to side-specific shear stress. Ann Biomed 
Eng. 2011;39(8):2174–85. https://​doi.​org/​10.​1007/​s10439-​011-​0305-6.

Tanaka, K., Sata, M., Fukuda, D., Suematsu, Y., Motomura, N., Takamoto, S., . 
. . Nagai, R. (2005). Age-associated aortic stenosis in apolipoprotein 
E-deficient mice. J Am Coll Cardiol, 46(1), 134–141. https://​doi.​org/​10.​
1016/j.​jacc.​2005.​03.​058.

The, E., de Graaf, D. M., Zhai, Y., Yao, Q., Ao, L., Fullerton, D. A., . . . Meng, X. (2022). 
Interleukin 38 alleviates aortic valve calcification by inhibition of NLRP3. 
Proc Natl Acad Sci U S A, 119(36), e2202577119. https://​doi.​org/​10.​
1073/​pnas.​22025​77119.

Toshima, T., Watanabe, T., Narumi, T., Otaki, Y., Shishido, T., Aono, T., . . . Wata-
nabe, M. (2020). Therapeutic inhibition of microRNA-34a ameliorates 
aortic valve calcification via modulation of Notch1-Runx2 signalling. 
Cardiovasc Res, 116(5), 983–994. https://​doi.​org/​10.​1093/​cvr/​cvz210.

Towler DA, Bidder M, Latifi T, Coleman T, Semenkovich CF. Diet-induced 
diabetes activates an osteogenic gene regulatory program in the 
aortas of low density lipoprotein receptor-deficient mice. J Biol Chem. 
1998;273(46):30427–34. https://​doi.​org/​10.​1074/​jbc.​273.​46.​30427.

Tseng H, Grande-Allen KJ. Elastic fibers in the aortic valve spongiosa: a fresh 
perspective on its structure and role in overall tissue function. Acta Bio-
mater. 2011;7(5):2101–8. https://​doi.​org/​10.​1016/j.​actbio.​2011.​01.​022.

Vadana, M., Cecoltan, S., Ciortan, L., Macarie, R. D., Tucureanu, M. M., Mihaila, A. 
C., . . . Manduteanu, I. (2020). Molecular mechanisms involved in high 
glucose-induced valve calcification in a 3D valve model with human 
valvular cells. J Cell Mol Med, 24(11), 6350–6361. https://​doi.​org/​10.​
1111/​jcmm.​15277.

Vavilis, G., Bäck, M., Occhino, G., Trevisan, M., Bellocco, R., Evans, M., . . . Carrero, 
J. J. (2019). Kidney Dysfunction and the Risk of Developing Aortic 
Stenosis. J Am Coll Cardiol, 73(3), 305–314. https://​doi.​org/​10.​1016/j.​
jacc.​2018.​10.​068.

Vesely I, Noseworthy R. Micromechanics of the fibrosa and the ventricularis in 
aortic valve leaflets. J Biomech. 1992;25(1):101–13. https://​doi.​org/​10.​
1016/​0021-​9290(92)​90249-z.

Voicu, G., Mocanu, C. A., Safciuc, F., Anghelache, M., Deleanu, M., Cecoltan, S., 
. . . Calin, M. (2023). Nanocarriers of shRNA-Runx2 directed to collagen 
IV as a nanotherapeutic system to target calcific aortic valve disease. 
Mater Today Bio, 20(1), 100620. https://​doi.​org/​10.​1016/j.​mtbio.​2023.​
100620.

Walker GA, Masters KS, Shah DN, Anseth KS, Leinwand LA. Valvular myofibro-
blast activation by transforming growth factor-beta: implications for 
pathological extracellular matrix remodeling in heart valve disease. Circ 
Res. 2004;95(3):253–60. https://​doi.​org/​10.​1161/​01.​RES.​00001​36520.​
07995.​aa.

Wang, Y. X., Fitch, R., Li, W., Werner, M., Halks-Miller, M., Lillis, B., . . . Verhallen, 
P. F. (2002). Reduction of cardiac functional reserve and elevation of 
aortic stiffness in hyperlipidemic Yucatan minipigs with systemic and 
coronary atherosclerosis. Vascul Pharmacol, 39(1–2), 69–76. https://​doi.​
org/​10.​1016/​s1537-​1891(02)​00247-1.

Wang, Y., Han, D., Zhou, T., Chen, C., Cao, H., Zhang, J. Z., . . . Dong, N. (2021). 
DUSP26 induces aortic valve calcification by antagonizing MDM2-
mediated ubiquitination of DPP4 in human valvular interstitial cells. Eur 
Heart J, 42(30), 2935–2951. https://​doi.​org/​10.​1093/​eurhe​artj/​ehab3​16.

Wang Y, Han D, Zhou T, Zhang J, Liu C, Cao F, Dong N. Melatonin ameliorates 
aortic valve calcification via the regulation of circular RNA CircRIC3/
miR-204-5p/DPP4 signaling in valvular interstitial cells. J Pineal Res. 
2020;69(2):e12666. https://​doi.​org/​10.​1111/​jpi.​12666.

Wang, X., Liu, J., Jing, H., Li, B., Sun, Z., Li, B., . . . Wang, Z. (2021). Biofabrication 
of poly(l-lactide-co-epsilon-caprolactone)/silk fibroin scaffold for the 
application as superb anti-calcification tissue engineered prosthetic 
valve. Mater Sci Eng C Mater Biol Appl, 121, 111872. https://​doi.​org/​10.​
1016/j.​msec.​2021.​111872.

Wang, S., Yu, H., Gao, J., Chen, J., He, P., Zhong, H., . . . Zhu, D. (2022). PALMD 
regulates aortic valve calcification via altered glycolysis and NF-kappaB-
mediated inflammation. J Biol Chem, 298(5), 101887. https://​doi.​org/​10.​
1016/j.​jbc.​2022.​101887.

Weber, A., Pfaff, M., Schottler, F., Schmidt, V., Lichtenberg, A., & Akhyari, P. (2021). 
Reproducible In Vitro Tissue Culture Model to Study Basic Mechanisms 
of Calcific Aortic Valve Disease: Comparative Analysis to Valvular Inter-
stitials Cells. Biomedicines, 9(5). https://​doi.​org/​10.​3390/​biome​dicin​
es905​0474.

Weiss RM, Ohashi M, Miller JD, Young SG, Heistad DD. Calcific aortic valve ste-
nosis in old hypercholesterolemic mice. Circulation. 2006;114(19):2065–
9. https://​doi.​org/​10.​1161/​circu​latio​naha.​106.​634139.

Wirrig EE, Gomez MV, Hinton RB, Yutzey KE. COX2 inhibition reduces aortic 
valve calcification in vivo. Arterioscler Thromb Vasc Biol. 2015;35(4):938–
47. https://​doi.​org/​10.​1161/​ATVBA​HA.​114.​305159.

Xu, K., Xie, S., Huang, Y., Zhou, T., Liu, M., Zhu, P., . . . Dong, N. (2020). Cell-Type 
Transcriptome Atlas of Human Aortic Valves Reveal Cell Heterogeneity 
and Endothelial to Mesenchymal Transition Involved in Calcific Aortic 
Valve Disease. Arterioscler Thromb Vasc Biol, 40(12), 2910–2921. https://​
doi.​org/​10.​1161/​atvba​ha.​120.​314789.

Yang R, Tang Y, Chen X, Yang Y. Telocytes-derived extracellular vesicles 
alleviate aortic valve calcification by carrying miR-30b. ESC Heart Fail. 
2021;8(5):3935–46. https://​doi.​org/​10.​1002/​ehf2.​13460.

https://pubmed.ncbi.nlm.nih.gov/1853929
https://doi.org/10.1161/01.Circulationaha.104.524306
https://doi.org/10.1161/01.CIR.0000070591.21548.69
https://doi.org/10.1053/j.gastro.2020.06.010
https://doi.org/10.1002/jbm.a.32187
https://doi.org/10.1016/j.actbio.2014.11.039
https://doi.org/10.1016/j.actbio.2014.11.039
https://doi.org/10.1371/journal.pone.0037298
https://doi.org/10.1371/journal.pone.0037298
https://doi.org/10.1186/1532-429X-12-53
https://doi.org/10.1186/1532-429X-12-53
https://doi.org/10.1016/j.carpath.2014.05.004
https://doi.org/10.1161/01.RES.0000161998.92009.64
https://pubmed.ncbi.nlm.nih.gov/4161799
https://pubmed.ncbi.nlm.nih.gov/4161799
https://doi.org/10.1001/jama.2014.13959
https://doi.org/10.1016/j.atherosclerosis.2011.01.001
https://doi.org/10.1016/j.actbio.2021.11.030
https://doi.org/10.1016/j.actbio.2021.11.030
https://doi.org/10.1007/s10439-011-0305-6
https://doi.org/10.1016/j.jacc.2005.03.058
https://doi.org/10.1016/j.jacc.2005.03.058
https://doi.org/10.1073/pnas.2202577119
https://doi.org/10.1073/pnas.2202577119
https://doi.org/10.1093/cvr/cvz210
https://doi.org/10.1074/jbc.273.46.30427
https://doi.org/10.1016/j.actbio.2011.01.022
https://doi.org/10.1111/jcmm.15277
https://doi.org/10.1111/jcmm.15277
https://doi.org/10.1016/j.jacc.2018.10.068
https://doi.org/10.1016/j.jacc.2018.10.068
https://doi.org/10.1016/0021-9290(92)90249-z
https://doi.org/10.1016/0021-9290(92)90249-z
https://doi.org/10.1016/j.mtbio.2023.100620
https://doi.org/10.1016/j.mtbio.2023.100620
https://doi.org/10.1161/01.RES.0000136520.07995.aa
https://doi.org/10.1161/01.RES.0000136520.07995.aa
https://doi.org/10.1016/s1537-1891(02)00247-1
https://doi.org/10.1016/s1537-1891(02)00247-1
https://doi.org/10.1093/eurheartj/ehab316
https://doi.org/10.1111/jpi.12666
https://doi.org/10.1016/j.msec.2021.111872
https://doi.org/10.1016/j.msec.2021.111872
https://doi.org/10.1016/j.jbc.2022.101887
https://doi.org/10.1016/j.jbc.2022.101887
https://doi.org/10.3390/biomedicines9050474
https://doi.org/10.3390/biomedicines9050474
https://doi.org/10.1161/circulationaha.106.634139
https://doi.org/10.1161/ATVBAHA.114.305159
https://doi.org/10.1161/atvbaha.120.314789
https://doi.org/10.1161/atvbaha.120.314789
https://doi.org/10.1002/ehf2.13460


Page 16 of 16Zhu et al. Cell Regeneration            (2024) 13:6 

Yip CY, Simmons CA. The aortic valve microenvironment and its role in calcific 
aortic valve disease. Cardiovasc Pathol. 2011;20(3):177–82. https://​doi.​
org/​10.​1016/j.​carpa​th.​2010.​12.​001.

Yoon, S. H., Kim, W. K., Dhoble, A., Milhorini Pio, S., Babaliaros, V., Jilaihawi, H., . . 
. Bicuspid Aortic Valve Stenosis Transcatheter Aortic Valve Replacement 
Registry, I. (2020). Bicuspid Aortic Valve Morphology and Outcomes 
After Transcatheter Aortic Valve Replacement. J Am Coll Cardiol, 76(9), 
1018–1030. https://​doi.​org/​10.​1016/j.​jacc.​2020.​07.​005.

Yoshida Y, Yamanaka S. Induced Pluripotent Stem Cells 10 Years Later: For 
Cardiac Applications. Circ Res. 2017;120(12):1958–68. https://​doi.​org/​10.​
1161/​circr​esaha.​117.​311080.

Yu C, Li L, Xie F, Guo S, Liu F, Dong N, Wang Y. LncRNA TUG1 sponges miR-
204-5p to promote osteoblast differentiation through upregulating 
Runx2 in aortic valve calcification. Cardiovasc Res. 2018;114(1):168–79. 
https://​doi.​org/​10.​1093/​cvr/​cvx180.

Zeadin M, Butcher M, Werstuck G, Khan M, Yee CK, Shaughnessy SG. Effect 
of leptin on vascular calcification in apolipoprotein E-deficient mice. 
Arterioscler Thromb Vasc Biol. 2009;29(12):2069–75. https://​doi.​org/​10.​
1161/​ATVBA​HA.​109.​195255.

Zeng, Z., Nievelstein-Post, P., Yin, Y., Jan, K. M., Frank, J. S., & Rumschitzki, D. S. 
(2007). Macromolecular transport in heart valves. III. Experiment and 
theory for the size distribution of extracellular liposomes in hyperlipi-
demic rabbits. Am J Physiol Heart Circ Physiol, 292(6), H2687–2697. 
https://​doi.​org/​10.​1152/​ajphe​art.​00606.​2006.

Zhao, H., Xian, G., Zeng, J., Zhong, G., An, D., Peng, Y., . . . Zeng, Q. (2022). 
Hesperetin, a Promising Dietary Supplement for Preventing the Devel-
opment of Calcific Aortic Valve Disease. Antioxidants (Basel), 11(11). 
https://​doi.​org/​10.​3390/​antio​x1111​2093.

Zhong G, Su S, Li J, Zhao H, Hu D, Chen J, . . . Zeng Q. Activation of Piezo1 pro-
motes osteogenic differentiation of aortic valve interstitial cell through 
YAP-dependent glutaminolysis. Sci Adv. 2023;9(22):eadg0478. https://​
doi.​org/​10.​1126/​sciadv.​adg04​78.

https://doi.org/10.1016/j.carpath.2010.12.001
https://doi.org/10.1016/j.carpath.2010.12.001
https://doi.org/10.1016/j.jacc.2020.07.005
https://doi.org/10.1161/circresaha.117.311080
https://doi.org/10.1161/circresaha.117.311080
https://doi.org/10.1093/cvr/cvx180
https://doi.org/10.1161/ATVBAHA.109.195255
https://doi.org/10.1161/ATVBAHA.109.195255
https://doi.org/10.1152/ajpheart.00606.2006
https://doi.org/10.3390/antiox11112093
https://doi.org/10.1126/sciadv.adg0478
https://doi.org/10.1126/sciadv.adg0478

	Models for calcific aortic valve disease in vivo and in vitro
	Abstract 
	Background
	Pathophysiology of CAVD
	Risk factors of CAVD
	CAVD pathophysiology

	Animal models of CAVD
	Diet-induced animal models
	Genetically modified animal models
	Mechanical injury models

	In vitro models
	2D cell culture models
	Cell resources
	Calcific induce approaches

	3D in vitro models of CAVD
	Ex vivo CAVD model
	3D cell culture model


	Conclusions
	Acknowledgements
	References


