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Mechanosensor Piezol-mediated smooth muscular cell
pyroptosis contributes to vascular calcification
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Abstract. Vascular calcification is a pathological consequence
of chronic inflammation and phenotypic switching in smooth
muscle cells (SMCs). However, the mechanisms underlying
vascular calcification remain unclear. The present study
explores the role of the mechanosensor channel, Piezol, in
regulating vascular SMC (VSMC) death and vascular calcifica-
tion. The findings of the present study demonstrated that Piezol
expression is upregulated in the atherosclerotic plaques of both
mice and patients. In vitro experiments revealed that calcifying
medium (CM) induced an increase in Piezol and runt-related
transcription factor 2 (RUNX?2) expression, triggered pyroptosis
in cultured VSMCs and promoted calcium deposition in arterial
rings. These effects were mitigated by a Piezol inhibitor and
exacerbated by a Piezol agonist. Furthermore, gene deletion
of NLR family pyrin domain containing 3 (NLRP3), caspasel
or gasdermin D also reduced CM-induced pyroptosis and
calcium deposition in VSMCs. Immunoprecipitation assays
showed that calcium/calmodulin dependent protein kinase II
(CaMKII), a downstream effector of Piezol, interacted with
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RUNX?2, and CaMKII inhibition attenuated both pyroptosis
and calcification in VSMCs exposed to CM. The role of Piezol
in mediating VSMC pyroptosis and vascular calcification was
confirmed in a mouse model, where VSMC-specific deletion of
Piezol inhibited arterial calcification in chronic kidney disease.
In conclusion, Piezol is a key regulator of vascular calcifica-
tion via Ca**-CaMKII-mediated activation of the NLRP3
inflammasome and subsequent VSMC pyroptosis.

Introduction

Arterial calcification is marked by abnormal calcium depo-
sition and increased arterial stiffness, commonly observed
in patients with atherosclerosis or chronic kidney disease
(CKD); it is strongly linked to oxidative stress, chronic inflam-
mation and abnormal cell death, all of which contribute to
heightened cardiovascular risk (1). A key initiating event in
vascular calcification is the phenotypic switch of vascular
smooth muscle cells (VSMCs) into osteoblast-like cells. This
transformation is characterized by the loss of VSMC-specific
markers and the acquisition of osteochondrogenic markers
such as runt-related transcription factor 2 (RUNX?2) and bone
morphogenetic protein 2 (BMP2), along with aberrant VSMC
death (2). Inflammation acts as both a trigger and conse-
quence of calcification, creating a potentially vicious cycle
between inflammatory processes and arterial calcification.
Calcium phosphate crystals, which function as danger-asso-
ciated molecular patterns (DAMPs), activate caspasel and
promote the maturation of interleukin-1p (IL-1p), initiating a
pro-inflammatory cascade (3). A study has shown increased
IL-1p expression in CKD models with vascular calcifica-
tion, underscoring the pivotal role of inflammation in this
pathology (4). Nonetheless, the extent to which suppressing
inflammation in VSMCs might mitigate vascular calcification
remains largely unresolved.

Pyroptosis, a form of regulated cell death, was initially
identified as pro-inflammatory cell death in Salmonella-infected
macrophages (5). This form of cell death is driven by
inflammatory caspases, primarily caspasel, which activate
inflammatory cytokines and induce cell death, largely
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mediated by inflammasomes (6). The NLR family pyrin
domain containing 3 (NLRP3) inflammasome is composed
of NLRP3, caspasel and apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC). A
priming event stimulates the transcription of NLRP3 and
precursors of caspasel (pro-caspasel) and IL-1p (pro-IL-1f)
via toll-like receptor (TLR) and nuclear factor kB signaling.
The subsequent assembly of NLRP3, ASC and pro-caspasel
leads to the formation of the NLRP3 inflammasome, trig-
gering auto-cleavage of pro-caspasel and the maturation of
pro-IL-1p and pro-IL-18 (7). Simultaneously, caspasel cleaves
gasdermin D (GSDMD), generating an N-terminal GSDMD
fragment (GSDMD-NT) that forms pores in the plasma
membrane, facilitating pyroptotic cell death (8). Pyroptosis
has been implicated in the progression of several diseases,
including cardiovascular disease, diabetes and neurological
disorders (9). In cardiovascular contexts, NLRP3 inflamma-
some activation has been shown to regulate VSMC phenotypic
switching in conditions such as atherosclerosis and abdominal
aortic aneurysms (10,11). However, its specific role in VSMCs
during arterial calcification remains unclear.

Piezol is a non-selective, mechanically gated cation
channel that converts mechanical stimuli into electrochemical
signals by facilitating the influx of cations such as calcium,
sodium and potassium across various cell types, including
endothelial cells, red blood cells and SMCs (12-14). This
mechanotransduction is involved in several physiological
and pathological processes, such as the development of blood
and lymphatic vessels (12,13), the regulation of vascular
tone (15,16) and arterial remodeling (15). Additionally,
Piezol-induced Ca** influx plays a critical role in the functions
of macrophages, particularly in inflammatory activation (17).
As a key intracellular second messenger, Ca®* is essential for
calcium/calmodulin dependent protein kinase II (CaMKII)
activation. Upon binding to the regulatory domain of CaMKII,
Ca?* triggers autophosphorylation at threonine 286, leading to
its sustained activation. CaMKII is widely recognized as a
key downstream effector of Piezol signaling (18,19). Previous
research has shown that Piezol contributes to the pathology of
aortic aneurysms and that inhibiting Piezol reduces atheroscle-
rotic plaque formation in mice (20). However, its involvement
in the inflammatory response and pyroptosis during arterial
calcification remains unexplored.

The present study aims to determine whether Piezol
modulates NLRP3 inflammasome-mediated VSMC pyrop-
tosis and contributes to arterial calcification while elucidating
the underlying mechanisms.

Materials and methods

Animal model. The procedures involving Apolipoprotein
E knockout (ApoE™) mice (Beijing Vital River Laboratory
Animal Technology Co., Ltd.) were conducted as previ-
ously described (21). ApoE” mice (8-week-old male) were
housed in a controlled facility. Mice were randomly divided
into control and high-fat diet (HFD) (n=6 for each group).
The control and HFD mice were fed a regular diet and
HFD (Dyets, Inc.) for 12 weeks, respectively. Piezolox/flox
mice were generously provided by Jiaguo Zhou's laboratory
(Department of Pharmacology, Cardiac and Cerebral Vascular

Research Center, Zhongshan School of Medicine, Sun
Yat-Sen University, Guangzhou, China). For the generation of
SMC-specific Piezol knockout mice, the loxP-Cre system was
utilized by administering an adeno-associated virus (AAV)
vector expressing Cre recombinase into Piezol™°* mice
(described below). NLRP3™ and caspasel” male mice, with a
C57BL/6J background, were obtained from ViewSolid Biotech
Co., Ltd. and their genotypes were validated through DNA
sequencing as previously described (22). GSDMD™ mice were
generously provided by Xun Zhu's laboratory (Department of
Microbiology, Zhongshan School of Medicine, Sun Yat-Sen
University, Guangzhou, China.). All mice were housed in a
specific pathogen-free grade animal laboratory (temperature
20+8°C, humidity 60+10%, with a 12-h light/dark cycle) and
given ad libitum access to standard rodent chow and water.

The mice were checked daily for weight, health and
behavior. Animals were euthanized if they met the predefined
criteria, including rapid weight loss exceeding 15-20% of initial
body weight, severe weakness preventing independent access
to food or water, prolonged inability to stand (=24 h) or clinical
signs of distress such as marked lethargy and hypothermia
(core temperature <37°C) in the absence of anesthesia. No
mice in the present study required euthanasia due to reaching
these endpoints, as all maintained stable health throughout the
experimental period. Euthanasia was conducted using CO, at
30-70% vol/min displacement in compliance with the AVMA
guidelines: 2020 Edition (23). The mice were confirmed to be
dead when the absence of a heartbeat, pulse, breathing and
corneal reflex was observed for >3 min. The animal experi-
ments adhered to ethical standards for animal research and
was approved by the Ethics Committee of Zhongshan School
of Medicine, Sun Yat-sen University (Guangzhou, China).

AAV construction and administration. The AAV vectors
carrying Cre and the negative control were constructed and
packaged by HanBio Biotechnology Co., Ltd. Briefly, the
pHBAAV-SM22a vector was selected for the present study
and the restriction enzymes, BamHI and HindlIIl, were used
to cleave the vector, yielding a purified linearized construct.
Mouse Cre fragments were amplified using the 2X Flash PCR
MasterMix (Dye) kit (CWbio), following the manufacturer's
protocol. The HB Infusion™ kit (Hanbio Biotechnology Co.,
Ltd.) was then employed for the ligation of the linearized
vector and mouse Cre fragments, according to the manufac-
turer's instructions, followed by the transformation of DH5a
competent cells (Tiangen Biotech Co., Ltd.). After cultivation
in LB medium (Shanghai Yeasen Biotechnology Co., Ltd.)
for 12-16 h (selected by antibiotic resistance selection using
100 pg/ml ampicillin), the bacterial cultures were subjected to
PCR identification using the 2X Hieff PCR Master Mix (Dye)
kit (Shanghai Yeasen Biotechnology Co., Ltd.). The ampli-
fied sequence was verified by Sanger sequencing to ensure
consistency with Cre.

The plasmid was extracted using the TIANpure Mini
Plasmid Kit (Tiangen Biotech Co., Ltd.), and subsequently
co-transfected with packaging plasmids (pAAV-RC and
pHelper) into 293T cells (Hanbio Biotechnology Co., Ltd.)
using Lipofiter™ transfection reagent (HanBio Biotechnology
Co., Ltd.). The transfection complex was prepared by mixing
the following components: pAAV-RC plasmid 10 ug, pHelper
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plasmid 20 pg, Shuttle plasmid 10 g and Lipofiter 120 pl. The
transfection complex was added to the cell culture medium
at room temperature. Following 72 h of transfection at 37°C
with 5% CO,, the 293T cells were harvested, lysed using
RIPA (Beyotime Institute of Biotechnology) and centrifuged
at 4°C for 30 min (3,000 x g), with the supernatant collected
for virus purification using the ViraTrap™ AAV Purification
Maxiprep Kit (Biomiga, Inc.). The resulting viral titer was
1.6x10'? vg/ml. For gene delivery of Cre specifically to SMCs,
the AAV was administered via direct microinjection into the
tail vein (1x10" vg per mouse).

Mice and cell calcification construction. A total of 18 healthy
Piezol™°* male mice were randomly divided into three
experimental groups (n=6/group): Normal diet, high-adenine
diet (HAD) + AAV-vector and HAD + AAV-SM?22a-cre.
The normal diet group received a standard pellet chow diet,
while the HAD + AAV-vector group was fed a HAD (0.25%
adenine and 1.2% phosphorus) after AAV-vector injection for
4 weeks. The HAD + AAV-SM22a-cre group also received
HAD following AAV-SM22a-cre injection for 4 weeks. After
12 weeks of receiving the normal or special diet, the animals
were sacrificed. Western blot analysis was performed to
validate the efficiency of SMC-specific Piezol knockout.

The mice were checked daily for weight, health and
behavior. Animals were euthanized if they met the predefined
criteria, including rapid weight loss exceeding 15-20% of initial
body weight, severe weakness preventing independent access
to food or water, prolonged inability to stand (=24 h) or clinical
signs of distress such as marked lethargy and hypothermia
(core temperature <37°C) in the absence of anesthesia. No
mice in the present study required euthanasia due to reaching
these endpoints, as all maintained stable health throughout the
experimental period. Euthanasia was conducted using CO, at
30-70% vol/min displacement in compliance with the AVMA
guidelines: 2020 Edition (23). The mice were confirmed to be
dead when the absence of a heartbeat, pulse, breathing and
corneal reflex was observed for >3 min, then the peripheral
venous blood and aorta tissues were harvested.

Primary VSMCs were isolated from C57BL/6J mice
(8 weeks, 20-25 g, male, n=6/group; Laboratory Animal
Center, Sun Yat-sen University), as previously described (24).
In brief, after sacrificing the mice (as aforementioned), the
thoracic and abdominal aortas were dissected, minced and
digested with collagenase (2 mg/ml) for 4 h. The VSMCs
were then cultured in Ham's F12 nutrient medium (Gibco;
Thermo Fisher Scientific, Inc.) containing 7.5% FBS
(Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin,
100 pg/ml streptomycin and 2 mmol/l L-glutamine at 37°C
with 5% CO,. First-passage (P1) cells was used in subsequent
cell experiments. Human aortic SMCs (HASMCs) were
kindly provided by Professor Zhihan Tang's lab (Department
of Pathophysiology, Institute of Cardiovascular Disease,
Key Laboratory for Arteriosclerology of Hunan Province,
University of South China, Hengyang, China) and were
cultured in Ham's F12 nutrient medium supplemented with
7.5% FBS at 37°C under 5% CO, (24). For the calcification
model, VSMCs at 60% confluency were incubated in a calci-
fying medium (CM; containing 3.5 mM inorganic phosphate
and 3 mM calcium) for 7 days, with comparisons made to
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VSMCs in growth medium (GM). SMCs at passages 3 to 8
were used for the experiments.

VSMCs were stimulated with oxidized low-density
lipoprotein (oxLDL; Guangzhou Yiyuan Biotechnology Co.,
Ltd.) at varying concentrations (25, 50 and 100 pg/ml), with
untreated cells serving as the blank control. After 24 h, cell
lysates were collected for subsequent analysis. To assess the
impact of NLRP3 inhibition by MCC950 (Selleck Chemicals)
on CM-induced calcification, cells were divided into four
groups: Control (GM), CM, CM + MCC950 (CM + 100 uM
MCC950) and MCC950 (GM + 100 pM MCC950). Similarly,
the role of CaMKII inhibition by KN93 (Selleck Chemicals)
in CM-triggered pyroptosis was examined using three groups:
Control (GM), CM, and CM + KN93 (CM + 10 uM KNO93).
After 7 days, cell lysates were harvested for further analysis.

Piezol differential analysis using gene expression omnibus
(GEO) data. Data of the differential expression of Piezol
(NCBI GEO datasets portal: http://www.ncbi.nlm.nih.
gov/geo/; GEO accession no. GSE43292) between macro-
scopically intact tissue and atheroma plaque was analyzed.
The mRNA from microarray analysis had been submitted
by Ayari and Bricca (25). Data analysis was performed using
GraphPad Prism 6.02 (Dotmatics).

Aortic ring culture. Thoracic to iliac aortas were asepti-
cally excised from male wild type (n=6) and knockout mice
(NLRP37, caspasel” or GSDMD™) (8 weeks, 20-25 g,
n=6/group). After meticulous removal of the adventitia and
endothelium, the vessels were segmented into 2-3 mm rings.
These segments were then cultured for 7 days at 37°C under
5% CO,, with media refreshed every 48 h, using either the
calcification medium or standard culture medium. The
organ culture experiments were replicated three times under
identical conditions.

Antibodies and reagents. The primary antibodies employed
in the experiments included anti-Piezol (Proteintech Group,
Inc.; cat. no. 15939-1-AP; 1:1,000), anti-a smooth muscle actin
(a-SMA; Cell Signaling Technology, Inc.; cat. no. 19245s;
1:2,000), anti-alkaline phosphatase (ALP; Novus Biologicals,
LLC; Bio-Techne; cat. no. NBP2-67295; 1:2,000), anti-BMP2
(Novus Biologicals, LLC; Bio-Techne; cat. no. NBP1-19751;
1:2,000), anti-RUNX?2 (Cell Signaling Technology, Inc.; cat.
no. 8486s; 1:2,000), anti-B-actin (Cell Signaling Technology,
Inc.; cat. no. 3700S; 1:5,000), anti-NLRP3 (Adipogen Life
Sciences; cat. no. AG-20B-0014-C100; 1:2,000), anti-caspasel
(Abclonal Biotech Co., Ltd.; cat. no. A0964; 1:2,000),
anti-caspasel p20 (Biorbyt, Ltd.; cat. no. orb221355; 1:2,000),
anti-GSDMD (ImmunoWay Biotechnology Company;
cat. no. YT7991; 1:2,000), anti-pro-IL-1f (ImmunoWay
Biotechnology Company; cat. no. YM8498; 1:2,000),
anti-IL-1f (ImmunoWay Biotechnology Company; cat.
no. YT5201; 1:2,000) and anti-CaMKIId (Abcam; cat.
no. ab181052; 1:2,000). Secondary antibodies used for
western blotting included HRP-conjugated goat anti-mouse
IgG (H+L) (Cell Signaling Technology, Inc.; cat. no. 7076s;
1:5,000) and HRP-conjugated goat anti-rabbit IgG (H+L)
(Cell Signaling Technology, Inc.; cat. no. 7074s; 1:5,000).
For immunofluorescence, Alexa Fluor 488-conjugated goat
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anti-rabbit IgG (Abcam; cat. no. ab150077; 1:50) and Alexa
Fluor 647-conjugated goat anti-mouse IgG (Abcam; cat.
no. ab150115; 1:50), GsMTx4 (Abcam; cat. no. abl41871) and
Yodal (Sigma-Aldrich; Merck KGaA; cat. no. SML1558) were
used.

Mouse echocardiography. Echocardiography was performed
prior to sacrifice while the mice were anesthetized with isoflu-
rane (induction, 3%; maintenance, 1.5%). Data were collected
using the Vivo 2100 imaging system (FUJIFILM VisualSonics,
Inc.), as described previously (26). Measurements of wall
thickness and lumen diameter were obtained using the system's
dedicated software.

Small interfering RNA (siRNA) transfection. siRNA trans-
fection was performed when cells reached 80% confluency,
employing the riboFECT™ CP Transfection Kit (Guangzhou
RiboBio Co., Ltd.) according to the manufacturer's protocol.
For Piezol knockdown, VSMCs were treated with siRNA
against mouse Piezol (siPiezol). The sequence of siPiezol was
as follows: 5-UACCGAUCUCCAGAGACCAUGAUUA-3'
for the sense strand, and 5'-UAAUCAUGGUCUGUGGAG
AUCGGUU-3' for the antisense strand. The sequence of the
control siRNA was as follows: 5'-UUCUCCGAACGUGUC
ACGU-3' for the sense strand, and 3'-DTDTAAGAGGCU
UGCACAGUGCA-5' for the antisense strand. A 10 ul aliquot
of 50 uM siPIEZO1 (Thermo Fisher Scientific, Inc.) or nega-
tive control was combined with 120 ul of 1X riboFECT CP
buffer, followed by the addition of 12 y1 riboFECT CP reagent.
After brief vortexing, the solution was maintained at 23°C
for 15 min. Culture medium was then added to the prepared
complex to achieve a 2 ml final volume at room temperature,
before application to the plated cells. After 48 h of transfection,
western blot analysis was performed to validate the efficiency
of Piezol knockdown.

Western blotting. Protein expression was determined by
western blotting as previously described (22). In brief, total
protein was extracted from treated cells using RIPA buffer
supplemented with a protease inhibitor cocktail and quantified
using the BCA Protein Assay Kit (Thermo Fisher Scientific,
Inc.). After separating 40 ug of protein per lane by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), the proteins were transferred to polyvinylidene
fluoride membranes and blocked with 5% skim milk at room
temperature for 2 h. Membranes were incubated overnight at
4°C with primary antibodies, followed by a 2-h incubation with
secondary antibodies at room temperature. Bound proteins
were visualized using ECL (MilliporeSigma) and detected
on the Bio-Rad ChemiDoc XRS+ chemiluminescent imaging
system. Relative protein levels were normalized to f-actin as
a loading control and quantified using ImageJ 1.52a software
(National Institutes of Health).

Measurement of mitochondrial membrane potential (MMP).
The MMP was assessed using JC-1 staining following the
manufacturer's protocol. Briefly, cells were incubated in fresh
culture medium containing JC-1 dye (Beyotime Institute
of Biotechnology) for 30 min at 37°C in the dark. After two
washes with phosphate-buffered saline (PBS), a confocal

laser scanning microscope (LSM780; Zeiss GmbH) was used
to immediately analyze the samples with 490 nm excitation.
Green fluorescence, indicating JC-1 monomers, was recorded
at 530 nm emission, while red fluorescence, representing JC-1
aggregates, was recorded at 590 nm. The ratio of yellow fluo-
rescence intensity was calculated using ImageJ 1.52a software
to assess the results.

Immunofluorescent staining. Immunofluorescence staining
was conducted as previously outlined (22). In summary,
aortic rings or cells were fixed in 4% paraformaldehyde for
24 h at 4°C, sectioned into 7 pm cryostat slices or prepared
on chamber slides, followed by blocking with 10% FBS at
room temperature for 2 h and permeabilization with Triton
X-100. The slides were then incubated overnight at 4°C with
primary antibodies against Piezol (1:50), NLRP3 (1:50), ASC
(1:50) and a-SMA (1:50). After washing with PBS, secondary
antibodies were applied for 1 h at room temperature. Finally,
the slides were mounted using a DAPI-containing solution
and visualized using a confocal laser scanning microscope
(LSM780; Zeiss GmbH). Data analysis was performed using
Image] 1.52a software.

Alizarin Red S and von Kossa staining. Calcium deposition
in the aorta and VSMCs was evaluated using Alizarin Red
S staining. Aortic rings were fixed in 4% polyoxymethylene
for 1 h at room temperature, and cells for 20 min. After two
PBS washes, both aortic rings and cells were stained with 1%
Alizarin Red solution for 10 min at room temperature, followed
by three additional PBS washes before imaging under a light
microscope. For von Kossa staining, aortic sections were
dewaxed, hydrated and treated with 1% silver nitrate under
ultraviolet light for 10 min. Calcified nodules were visual-
ized as brown to black under a light microscope or ELISPOT
analyzer (CTL ImmunoSpot® S6 Ultimate) following multiple
washes. Data analysis was performed using ImageJ 1.52a
software.

Hematoxylin and eosin (H&E) staining. Following a 2-h
baking period at 60°C to ensure tissue adhesion, lesion sections
underwent standard H&E staining. Deparaffinization was
performed through two 5-min xylene immersions, followed
by graded rehydration in absolute ethanol and decreasing
ethanol concentrations (95, 80 and 70%, 5 min each) and
three 2-min distilled water washes. Nuclear staining was
achieved via 5-min hematoxylin incubation, followed by
running water rinsing, brief acidic ethanol differentiation and
a 5-min water wash. Cytoplasmic staining employed 2-min
eosin application with subsequent water rinsing. Dehydration
involved sequential 10-sec immersions in 70, 80 and 90%
ethanol, 5 min in absolute ethanol and two final 5-min
xylene clears before neutral resin mounting. All procedures
except the initial baking were conducted at 20-25°C. Stained
sections were examined using an Olympus VS200 automated
microscope.

Co-immunoprecipitation (Co-IP). Cells were lysed on
ice for 15 min using RIPA buffer containing a protease
inhibitor cocktail and PMSF. After centrifugation at
14,000 x g (15 min, 4°C), the resulting 40 pg supernatant was
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subjected to co-immunoprecipitation with an anti-CaMKIId
(GeneTex, Inc.; cat. no. GTX111401; 1:100) or anti-RUNX2
antibody (Abcam; cat. no. ab236639; 1:100) or anti-rabbit
IgG (Proteintech Group, Inc.; cat. no. SA00001-2; 1:1,000)
overnight at 4°C. Protein A-conjugated agarose beads
(MilliporeSigma; cat. no. IP05; 40 pl) were then introduced,
followed by a 1-h incubation at 4°C with rotation. The beads
underwent six washes with chilled lysis buffer before resus-
pension in SDS-PAGE loading buffer. Bound proteins were
eluted by heating at 92°C for 3 min and separated on a 10%
polyacrylamide gel via SDS-PAGE. Finally, CaMKII and
RUNX?2 levels were detected by immunoblotting as previ-
ously described.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) staining. Aortic ring sections
(7 ym) were fixed in 4% paraformaldehyde 1 h at room
temperature and incubated with TUNEL reaction mixture
(Beyotime Institute of Biotechnology) at 37°C for 1 h
in a light-protected environment. Nuclear staining was
performed using mounting medium with DAPI (Abcam; cat.
no. ab1041395) for 10 min at room temperature, ensuring
light protection throughout the procedure. A fluorescence
microscope (Leica DM6B; Leica Microsystems GmbH) was
employed to capture images at various magnifications, and
TUNEL-positive cells were counted from three randomly
selected fields for each sample.

Statistical analysis. All data are presented as mean + SD. Each
in vitro experiment was repeated at least three times. Pearson's
correlation analysis coefficient was employed for correlation
analysis. Unpaired Student's t-test was used to compare the
mean of two groups. For comparisons across multiple groups,
one-way ANOVA with the Tukey's multiple comparisons test
was applied. Data analysis was performed using GraphPad
Prism 6.02 (Dotmatics). P<0.05 was considered to indicate a
statistically significant difference.

Results

Piezol is upregulated in the atherosclerotic plaques
of mice and patients. Vascular calcification frequently
occurs within atherosclerotic plaques (27). To investigate
the role of Piezol in this process, Piezol expression was
examined in ApoE™"" mice subjected to a high-fat diet, which
induces atherosclerotic calcification (28). Elevated Piezol
expression was observed in both the necrotic core of athero-
sclerotic plaques and the adjacent vascular wall (Fig. 1A).
To corroborate this finding in humans, data from the
human carotid atheroma dataset (GSE43292) was analyzed,
revealing that Piezol expression was significantly higher
in atherosclerotic plaques compared with macroscopically
intact tissue (Fig. 1B). In addition, primary VSMCs from
mice were treated with ox-LDL at varying concentrations,
resulting in a dose-dependent increase in Piezol expression
(Fig. 1C). Immunofluorescence staining confirmed that
Piezol expression was upregulated and primarily localized
on the cell membrane (Fig. 1D). These results suggest a
potential connection between Piezol and the progression of
atherosclerosis.
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CM-induced osteogenic differentiation is associated with
Piezol expression, NLRP3 inflammasome activation and
pyroptosis in aortic ring and VSMCs. To further elucidate
the role of Piezol in vascular calcification, aortic rings were
cultured in either GM or CM. Exposure to CM over time
compromised vascular integrity (Fig. 2A), coinciding with
increased Piezol expression and decreased a-SMA levels
(Fig. 2A-C). Pyroptosis of plaque VSMCs, a known contrib-
utor to plaque rupture and instability (29), was examined next.
CM-induced osteogenic differentiation in primary VSMCs
was demonstrated by increased expression of the osteogenic
markers, ALP, BMP2 and RUNX2, alongside elevated
Piezol levels (Fig. 2D and E). Pyroptotic markers, including
cleaved caspasel, cleaved IL-1 and GSDMD-NT, were also
upregulated in CM-treated VSMCs (Fig. 2D-F). Notably,
Piezol expression showed a positive correlation with RUNX?2
(R?=0.3089; P=0.0354; Fig. 2G) and IL-1p (R*=0.7693;
P=0.0154; Fig. 2H), suggesting a potential link between
Piezol and both osteogenic differentiation and inflammation.
To further elucidate the mechanisms driving calcification
and pyroptosis, mitochondrial function was assessed. CM
treatment caused mitochondrial dysfunction in VSMCs, as
indicated by a disrupted MMP (Fig. 21). Additionally, activated
NLRP3 inflammasomes, marked by NLRP3-ASC binding,
were observed in VSMCs following CM exposure (Fig. 2J).
These results indicate that CM promotes Piezol expression
in a time-dependent manner which may lead to pyroptosis in
VSMCs, contributing to vascular calcification.

VSMC-specific knockout of Piezol alleviates arterial calcifi-
cation in mice. To further explore the involvement of Piezol
in arterial calcification, VSMC-specific Piezol knockout
mice were generated by administering AAV-SM22a-Cre to
Piezol™1x mice, followed by an HAD to induce vascular
calcification (Fig. 3A). HAD significantly impaired cardiac
function, which was mitigated in the Piezol knockout group
(Fig. 3B). Moreover, the knockout of Piezol in VSMCs attenu-
ated HAD-induced aortic calcification, as demonstrated by
M-mode echocardiography of the thoracic and abdominal
aorta (Fig. 3C). Alizarin Red staining further confirmed
the reduction in HAD-induced calcium deposition in the
knockout mice (Fig. 3D and E). Notably, VSMC-specific
Piezol knockout resulted in increased aortic lumen thickness
(Fig. 3F). Collectively, these results suggest that Piezol defi-
ciency in VSMCs inhibits arterial calcification and improves
cardiac function.

Piezol inhibition blocks CM-induced NLRP3 inflammasome
activation and pyroptosis and alleviates calcification. Von
Kossa staining showed that CM-induced vascular calcifica-
tion and structural damage in cultured aortic rings, which
was alleviated by the Piezol-specific inhibitor, GsMTx4
(5 uM) (Fig. 4A and B). Given the role of VSMC death in
vascular calcification (30), TUNEL staining was performed
to assess cell death in the cultured cells. Calcifying condi-
tions significantly increased cell death, which was reduced
by GsMTx4 (Fig. 4C and D). Alizarin Red S staining also
confirmed that Piezol inhibition reduced calcium deposition
in VSMCs (Fig. 4E and F). Moreover, CM treatment led to
increased expression of the osteogenic markers, ALP, BMP2
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Figure 1. Piezol is upregulated in atherosclerosis plaques in both patients and mice. (A) Representative immunofluorescence stained images of aortic tissues
isolated from Apolipoprotein E” mice (scale bars, 200 ym). Piezol is shown in green and DAPI is shown in blue; n=6 rats per group. (B) Relative mRNA
expression of Piezol in human carotid samples (data from GEO dataset, GSE43292; paired t-test; n=32); *""P<0.0001 vs. MIT. Statistical significance of
mRNA expression was assessed by paired Student's t-test (C) VSMCs were treated with oxLDL for 24 h, and Piezol protein expression was determined by
western blot; "P<0.05, “P<0.01 vs. control. Statistical significance was assessed by one-way ANOVA followed by Tukey's. (D) Representative immunofluores-
cence stained images of Piezol (green) in VSMCs (scar bar, 20 ym). Cell nuclei were counterstained with DAPI (blue). All values are presented as mean + SD.
AP, atheroma plaque; MIT, macroscopically intact tissue; oxLDL, oxidized low-density lipoprotein; HFD, high-fat diet; VSMCs, vascular smooth muscle cells.

and RUNX?2, which were significantly inhibited by either
Piezol inhibitor or Piezol siRNA (Fig. 4G-J). Similarly,
CM-induced activation of the NLRP3 inflammasome and
pyroptosis in VSMCs was blocked by Piezol inhibition or
knockdown (Fig. 4G-I). These results confirm that Piezol
plays a key role in VSMC osteogenic differentiation, with its
effects closely linked to NLRP3 inflammasome activation
and pyroptosis.

Piezol activator promotes CM-induced NLRP3
inflammasome activation and pyroptosis and enhances
calcification. To further clarify the role of Piezol in the
osteogenic differentiation of VSMCs, Piezol was activated
using Yodal (30 yM), which enhanced calcium deposition.
Yodal significantly promoted CM-induced calcium deposits
in aortic rings (Fig. 5A and B). Additionally, calcifying condi-
tions increased cell death, which was exacerbated by Yodal
(Fig. 5C and D). Alizarin Red S staining confirmed that Yodal
further enhanced CM-induced calcium deposition in VSMCs
(Fig. 5E and F). Consistently, Yodal increased the expression
of the osteogenic markers, ALP and BMP2, and promoted
NLRP3 inflammasome activation and pyroptosis (Fig. 5G-I).

These results further demonstrate that Piezol may be a
critical modulator of VSMC osteogenic differentiation and
vascular calcification, with its activity being associated with
inflammasome activation and pyroptosis.

NLRP3, caspasel or GSDMD deletion inhibits CM-induced
calcification with/without Piezol agonist. To investigate the
specific role of NLRP3 inflammasome activation and pyrop-
tosis in arterial calcification, aortic rings from NLRP3",
caspasel” and GSDMD™" mice were treated with CM in the
presence or absence of the Piezol activator, Yodal. Notably,
CM-induced arterial calcification was significantly suppressed
by the deletion of NLRP3, caspasel or GSDMD, even when
Yodal was present in the medium (Fig. 6A and B). TUNEL
staining also revealed that the deletion of these genes reduced
cell death in CM-cultured aortic rings, despite Yodal treat-
ment (Fig. 6C and D). Moreover, the NLRP3-specific inhibitor,
MCC950, effectively blocked CM-induced calcium nodule
formation and calcium deposition in VSMCs (Fig. 6E and F).
These results suggest that NLRP3 inflammasome activation
and pyroptosis may be key contributors to Piezol-mediated
arterial calcification.
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(J) Representative immunofluorescence images of inflammasome marker NLRP3 and ASC expression in the VSMCs of mice. Scale bars, 10 gm; n=3 inde-
pendent experiments; ““P<0.001 vs. GM. All values are presented as mean = SD. CM, calcifying medium; GM, growth medium; NLRP3, NOD-like receptor
thermal protein domain-containing protein 3; VSMCs, vascular smooth muscle cells; a-SMA, a-smooth muscle actin; ALP, alkaline phosphatase; BMP2, bone
morphogenetic protein 2; RUNX2, runt-related transcription factor 2; GSDMD, gasdermin D; GSDMD-NT, gasdermin D N-terminal; IL-1f, interleukin-1f3;
MMP, mitochondrial membrane potential; ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain.

MERGED

GM

CM

CaMKII promotes CM-induced calcium deposits via binding  between Piezol and transcription factors involved in osteo-
to RUNX2 in VSMCs. To further explore the downstream  blast mineralization was examined. It has been reported
mechanisms of Piezol in arterial calcification, the interaction  that Ca2*/calmodulin signaling regulates RUNX2 activity,
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Figure 3. Specific knockout of Piezol in VSMCs alleviates arterial calcification in mice. (A) Schematic representation of the arterial calcification in vivo
protocol. (B) Representative echocardiographic recordings revealed that HAD induced cardiac dysfunction in VSMC-specific Piezol knockout mice (gener-
ated via AAV-SMA22a-cre). Cardiac dysfunction was evaluated using echocardiographic parameters including EF, FS and CO; ""P<0.001, “*"P<0.0001.
(C) Representative 2D B-mode images from the in vivo ultrasound scanning of the aortic arch, thoracic aorta and abdominal aorta. White arrows indicate
vascular calcifications. (D and E) Representative images of Alizarin red staining revealed that a HAD-induced calcium deposition in the aorta (reddish signal)
of VSMC-specific Piezol knockout mice. The whole-aorta analysis further confirmed calcification extent; “*“P<0.0001. (F) Recorded aortic thickness; "P<0.05,
"P<0.01. Statistical significance was assessed by one-way ANOVA followed by Tukey's. All values are presented as mean + SD. AAV, adeno-associated virus;
HAD, high-adenine diet; w, weeks; EF, ejection fraction; FS, fraction shortening; CO, cardiac output; VSMC, vascular smooth muscle cells.

a critical mediator in osteoblast differentiation (31,32),
suggesting a Ca2’-dependent regulatory pathway in vascular
calcification. Hence, the interaction between CaMKII and
RUNX?2 in Piezol-mediated VSMC osteogenic transition
was investigated in the present study. Immunoprecipitation
confirmed that CaMKII directly interacts with RUNX2
(Fig. 7A and B), and immunofluorescence demonstrated that
CM treatment promoted the co-localization of CaMKII and
RUNX2 in VSMCs (Fig. 7C). Alizarin Red S staining also
showed that KN93 reduced CM-induced calcium nodule
formation and calcium deposition in VSMCs (Fig. 7D).
Furthermore, inhibition of CaMKII with KNO93 significantly
alleviated CM-induced pyroptosis and the expression of
osteogenic markers in VSMCs (Fig. 7E-G). These results
suggest that activated CaMKII binding to RUNX2 may

play a pivotal role in modulating VSMC differentiation into
osteoblast-like cells.

Piezol inhibition alleviates HASMC differentiation into
osteoblasts. Consistent with the findings in VSMCs, CM
treatment also increased Piezol expression, activated the
NLRP3 inflammasome and induced pyroptosis in HASMCs
(Fig. 8A and C-E). In parallel, CM-treated HASMCs exhibited
significantly elevated expression of the osteoblast differen-
tiation markers, ALP, BMP2 and RUNX2 (Fig. 8C and D).
Notably, these effects were significantly inhibited by the
Piezol inhibitor, GsMTx4 (Fig. 8C-E). Alizarin Red S
staining further confirmed that Piezol inhibition abolished
CM-induced calcium nodule formation and calcium deposi-
tion in HASMC:s (Fig. 8B). Collectively, these results confirm
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Figure 4. Piezol inhibition blocks CM-induced NLRP3 inflammasome activation and pyroptosis and alleviates calcification. (A and B) Representative HE
staining, Von Kossa staining and quantification of the Von Kossa positive area in the aortic sections of mice (scale bars, 200 zm); "P<0.05. (C and D) TUNEL
staining analysis was used to evaluate cell death (scale bars, 200 xm); "P<0.05. (E and F) Representative images of Alizarin red S staining showing calcium
nodule formation (reddish signal) in VSMCs cultured with GM/CM under Piezol inhibitor treatment (scale bars, 200 ym); ““P<0.0001; n=3 independent
experiments. (G-J) Representative immunoblot images of Piezol, ALP, BMP2, RUNX2, NLRP3, pro-caspasel, cleaved-caspasel, GSDMD, GSDMD-NT,
pro-IL-1p, cleaved-IL-1p, cleaved caspasel/total-caspasel, GSDMD-NT/total GSDMD and cleaved IL-1f/total IL-1f in mouse VSMC extracts. 3-actin was
used as a loading control. “P<0.01, ““P<0.001, **"P<0.0001. Statistical significance was assessed by one-way ANOVA followed by Tukey's. All values are
presented as mean + SD. CM, calcifying medium; GM, growth medium; VK, von kossa; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling; VSMCs, vascular smooth muscle cells; ALP, alkaline phosphatase; BMP2, bone morphogenetic protein 2; RUNX2, runt-related transcrip-
tion factor 2; NLRP3, NOD-like receptor thermal protein domain-containing protein 3; GSDMD, gasdermin D; GSDMD-NT, gasdermin D N-terminal; IL-1f3,
interleukin-1f; siRNA, small interfering RNA.
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Figure 5. Piezol activator promotes CM-induced NLRP3 inflammasome activation and pyroptosis and enhances calcification. (A and B) Representative HE
staining, Von Kossa staining and quantification of the Von Kossa positive area in the aortic sections of mice (scale bars, 200 zm); “P<0.05. (C and D) TUNEL
staining analysis was used to evaluate cell death (scale bars, 200 gm); “P<0.05, “*“P<0.0001. (E and F) Calcium deposition was visualized by Alizarin
red S staining at the light microscopic level (scale bars, 200 gm); “*“P<0.0001; n=3 independent experiments. (G-I) Representative immunoblot images of
Piezol, ALP, BMP2, RUNX2, NLRP3, pro-caspasel, cleaved-caspasel, GSDMD, GSDMD-NT, pro-IL-1f, cleaved-IL-1p, cleaved caspasel/total-caspasel,
GSDMD-NT/total GSDMD and cleaved IL-1f/total IL-1p in mouse VSMC extracts. 3-actin was used as a loading control. "P<0.05, **P<0.01, “"P<0.001,
"*P<0.0001. Statistical significance was assessed by one-way ANOVA followed by Tukey's. All values are presented as mean + SD. CM, calcifying medium;
GM, growth medium; VK, von kossa; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; ALP, alkaline phosphatase; BMP2,
bone morphogenetic protein 2; RUNX2, runt-related transcription factor 2; NLRP3, NOD-like receptor thermal protein domain-containing protein 3; GSDMD,
gasdermin D; GSDMD-NT, gasdermin D N-terminal; IL-1f, interleukin-1f; VSMC, vascular smooth muscle cells.
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Figure 6. NLRP3, caspasel or GSDMD deletion inhibits CM-induced calcification with/without Piezol agonist. (A and B) Representative HE staining, Von
Kossa staining and quantification of the Von Kossa positive area in the aortic sections of NLRP3", caspasel” and GSDMD™ mice (scale bars, 200 ym);
“*P<0.0001 vs. CM. (C and D) TUNEL staining analysis was used to evaluate cell death (scale bars, 200 gm); “““P<0.0001 vs. CM. (E and F) Calcium deposi-
tion in VSMCs was visualized by Alizarin red S staining at the light microscopic level (scale bars, 200 ym); “““P<0.0001. Statistical significance was assessed
by one-way ANOVA followed by Tukey's. All values are presented as mean + SD. CM, calcifying medium; GM, growth medium; VK, von kossa; TUNEL,
terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling; NLRP3, NOD-like receptor thermal protein domain-containing protein 3; GSDMD,
gasdermin D; VSMC, vascular smooth muscle cells.
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Figure 7. CaMKII promotes CM-induced calcium deposits via binding RUNX2 in VSMCs. (A and B) Co-immunoprecipitation of CaMKII with RUNX?2
in VSMCs. (C) Representative immunofluorescence images of CaMKII and RUNX?2 in VSMCs (scale bars, 20 ym). (D) Calcium deposition of VSMCs was
visualized in 24-well plate by Alizarin red S staining at the light microscopic level; ““P<0.001, “*P<0.0001. (E-G) Representative immunoblot images of
Piezol, ALP, BMP2, RUNX?2, NLRP3, pro-caspasel, cleaved-caspasel, GSDMD, GSDMD-NT, pro-IL-1f, cleaved-IL-1p, cleaved caspasel/total-caspasel,
GSDMD-NT/total GSDMD and cleaved IL-1p/total IL-1p in mouse VSMC extracts. 3-actin was used as a loading control. "P<0.05, ““P<0.01, ““P<0.001,
"P<0.0001. Statistical significance was assessed by one-way ANOVA followed by Tukey's. All values are presented as mean + SD. CM, calcifying medium;
GM, growth medium; CaMKII, calcium/calmodulin dependent protein kinase II; VSMCs, vascular smooth muscle cells; IP, immunoprecipitation; ALP,
alkaline phosphatase; BMP2, bone morphogenetic protein 2; RUNX2, runt-related transcription factor 2; NLRP3, NOD-like receptor thermal protein
domain-containing protein 3; GSDMD, gasdermin D; GSDMD-NT, gasdermin D N-terminal; IL-1§, interleukin-1p.
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Figure 8. Piezol inhibition alleviates HASMC differentiation into osteoblasts. (A) Representative immunoblot images of Piezol in HASMC extracts.

Hhk

B-actin was used as a loading control;

P<0.001. Statistical significance of mRNA expression was assessed by unpaired Student's t-test (B) Calcium deposi-

tion of HASMCs was visualized in 24-well plate by Alizarin red S staining at the light microscopic level; ““P<0.001, “*“P<0.0001. (C-E) Representative
immunoblot images of Piezol, ALP, BMP2, RUNX2, NLRP3, pro-caspasel, cleaved-caspasel, GSDMD, GSDMD-NT, pro-IL-1f, cleaved-IL-1f, cleaved
caspasel/total-caspasel, GSDMD-NT/total GSDMD and cleaved IL-1f/total IL-1f3 in HASMCs extracts. $-actin was used as a loading control; “P<0.05,
“P<0.01, "P<0.0001. Statistical significance was assessed by one-way ANOVA followed by Tukey's. All values are presented as mean + SD. HASMC,

human aortic smooth muscle cells; CM, calcifying medium; GM, growth

medium; ALP, alkaline phosphatase; BMP2, bone morphogenetic protein 2;

RUNX2, runt-related transcription factor 2; NLRP3, NOD-like receptor thermal protein domain-containing protein 3; GSDMD, gasdermin D; GSDMD-NT,

gasdermin D N-terminal; IL-1f, interleukin-1f.

that Piezol activation may promote osteogenic differentiation
and calcification in HASMCs through NLRP3 inflammasome
activation and pyroptosis.

Discussion

In the present study, the detrimental role of Piezol in arterial
calcification was identified. To the best of our knowledge, the
present study is the first to report that depletion of Piezol in
VSMCs effectively protected mice from developing arterial

calcification. Additionally, in vitro experiments demonstrated
that Piezol activation significantly contributed to IL-1[3 expres-
sion and pro-inflammatory cell death (pyroptosis), which
subsequently drove VSMC calcification. Mechanistically, the
present study provided the first evidence that the downstream
effector of Piezol, CaMKII, initiated inflammasome assembly
and pyroptosis, leading to VSMC calcification. Simultaneously,
CaMKII interacted with RUNX2, promoting the expression
of osteogenic proteins. These novel findings highlight Piezol
as a promising therapeutic target for arterial calcification by
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regulating VSMC pyroptosis. Notably, aberrant Piezol-induced
vascular pyroptosis and calcification were reversed by Piezol
inhibition, whether through pharmacological or genetic
approaches.

It is well-established that shear stress and tissue stiffness
are the primary factors driving Piezol activation through
mechanosensation (33,34). In human fibroatheromas, micro-
calcifications >5 ym have been shown to increase peak
circumferential stress by 2-7 times (35). The present study,
along with others, has reported elevated Piezol expression in
both human and murine atherosclerotic plaques (36) and calci-
fied vessels (37), which leads to vascular inflammation (38).
It has been demonstrated that VSMCs in the fibrous caps of
microcalcifications undergo calcification via Piezol activation
in response to mechanical stimuli such as tissue stiffness, shear
stress and extracellular pressure (39). Notably, the results of
the present study also revealed that Piezol could be activated
independently of mechanical forces, with elevated expression
observed under high calcium/phosphate conditions.

The findings of the present study, alongside previous
research, underscore the role of ion channels in the osteogenic

transition of VSMCs and arterial calcification (40,41). In the
present study, it was observed that CM induced Piezol upregu-
lation and calcification in a time-dependent manner, with
CM-induced calcification showing a synergistic effect with
Piezol activation. This synergistic interaction, supported by
the increased expression of osteogenic markers and a previous
study (37), helps to explain the strong correlation between
pulse pressure, isolated systolic hypertension and calcified
atherosclerosis (42). Thus, Piezol activation is essential for
arterial calcification.

Previous studies have demonstrated that Piezol-mediated
processes, such as cell death and division, play critical roles in
biological functions and disease progression (17,43,44). To the
best of our knowledge, the present study is the first to reveal
that Piezol activation induces pyroptosis in VSMCs and drives
inflammasome activation during CM-induced cell death and
osteogenic differentiation. Piezol-induced inflammasome
assembly appears to function in parallel with the canonical
pathway, in which NLRs and AIM2-like receptors detect
pathogen-associated molecular patterns and DAMPs, trig-
gering the assembly of a caspasel-activating complex (45). In
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line with the established role of Piezol as a calcium-dependent
mechanotransducer (46), Piezol-induced signaling, particu-
larly via CaMKII, under conditions of calcium-phosphate
dysregulation, is a significant mechanism leading to VSMC
pyroptosis.

The findings of the present study and previous
research (30) provide strong evidence that NLRP3-dependent
pyroptosis in VSMCs is a pivotal event in arterial calcifica-
tion. While previous research emphasized VSMC apoptosis
as a driver of calcification (47,48), recent consensus highlights
pyroptosis and phenotypic switching, including the transition
to osteochondrogenic cells, as central mechanisms in arterial
calcification and atherosclerotic plaque instability (10,49).
Given that TUNEL staining, which detects DNA fragmenta-
tion, cannot distinguish between apoptosis and pyroptosis (50),
additional evidence from GSDMD, caspase-1 and IL-1
cleavage in the present study demonstrated that pyroptosis
was the predominant cause and a key upstream event in the
calcification process. Notably, genetic deletion of inflamma-
some components (NLRP37, caspasel” and GSDMD™) in
mice prevented CM-induced calcification and cell death of
the isolated aortic rings, while NLRP3 inhibition significantly
reversed CM-induced calcification. This supports the inde-
pendent roles of NLRP3 and caspasel in mediating cell death,
as their deletion inhibited both cell death and arterial calcifi-
cation. Furthermore, the results of the present study support
that GSDMD cleavage is critical for pyroptotic cell death,
with GSDMD deletion also blocking calcification. Given
the established link between inflammatory cytokines and
vascular calcification, it is plausible that pyroptosis, through
the release of VSMC-derived cytokines, serves as the key
upstream event mediating CM-induced calcification. Notably,
the mechanisms driving intimal calcification in atherogenesis
may differ from those underlying medial calcification in
chronic renal failure.

The findings of the present study strongly support that
Piezol-CaMKII signaling activation is a critical upstream
event in CM-induced pyroptosis and calcification, as inhi-
bition of Piezol or CaMKII significantly reversed these
processes. CaMKII, as a downstream effector of Piezol,
plays a central role in initiating inflammasome activation
and is largely responsible for CM-induced pyroptosis and
calcification (37,51). The partial rescue effect observed with
CaMKII inhibition could be attributed to its incomplete
suppression of CaMKII activity, suggesting the possibility
of NLRP3 inflammasome activation via a TLR-independent
pathway (52). Furthermore, to the best of our knowledge,
the present study provides the first evidence of the binding
between CaMKII and RUNX2, reinforcing the conclusion
that CaMKII is a key upstream regulator of RUNX2-induced
osteoblast differentiation (53,54). However, further research
is needed to determine the exact effect of RUNX2-induced
osteogenic reprogramming on pyroptosis.

Two major conclusions of the present study are proposed.
First, the present study provides the first evidence that Piezol
activation contributes to high calcium/phosphate-induced calci-
fication in VSMCs. Second, NLRP3 inflammasome-mediated
pyroptosis is involved in Piezol activation-derived calcifica-
tion in VSMCs under calcium/phosphate disturbance (Fig. 9).
While these findings advance our understanding of vascular
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calcification mechanisms, several methodological constraints
should be noted. The HAD-induced CKD vascular calcifica-
tion model (55), which mimics VSMC osteogenic transition
through mechanisms shared with atherosclerosis (such as
oxidative stress and inflammation) (4), enables focused inves-
tigation of Piezol-mediated VSCM osteogenic differentiation.
However, although the high calcium/phosphate-induced VSMC
osteogenic differentiation model is widely adopted (55),
it cannot fully replicate the in vivo microenvironment.
Therefore, the applicability of these findings to other calcifica-
tion pathologies, such as atherosclerotic plaque formation or
age-related medial calcification, requires further validation
due to pathophysiological differences. While the present
study has characterized the role of Piezol in vascular calci-
fication through in vitro models, future studies should utilize
RNA interference approaches or Piezol-selective inhibitors
(GsMTx4 or Dookul) in well-established calcification animal
models, such as CKD or vitamin D3 overload models. These
investigations would help translate the mechanistic findings of
the present study to pathophysiological contexts, while simul-
taneously assessing therapeutic potential.
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