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Activation of Piezo1 promotes osteogenic
differentiation of aortic valve interstitial cell through
YAP-dependent glutaminolysis
Guoheng Zhong1,2,3†, Shuwen Su1,2,3†, Juncong Li1,2,3, Hengli Zhao1,2,3, Dongtu Hu1,2,3,
Jun Chen1,2,3, Shichao Li1,2,3, Yingwen Lin1,2,3, LimingWen1,2,3, Xiangjie Lin1,2,3, Gaopeng Xian1,2,3,
Dingli Xu1,2,3*, Qingchun Zeng1,2,3*

Hemodynamic overload and dysregulation of cellular metabolism are involved in development of calcific aortic
valve disease (CAVD). However, how mechanical stress relates to metabolic changes in CAVD remains unclear.
Here, we show that Piezo1, a mechanosensitive ion channel, regulated glutaminase 1 (GLS1)–mediated gluta-
minolysis to promote osteogenic differentiation of valve interstitial cells (VICs). In vivo, two models of aortic
valve stenosis were constructed by ascending aortic constriction (AAC) and direct wire injury (DWI). Inhibition
of Piezo1 and GLS1 in these models respectively mitigated aortic valve lesion. In vitro, Piezo1 activation induced
by Yoda1 and oscillatory stress triggered osteogenic responses in VICs, which were prevented by Piezo1 inhi-
bition or knockdown. Mechanistically, Piezo1 activation promoted calcium-dependent Yes-associated protein
(YAP) activation. YAP modulated GLS1-mediated glutaminolysis, which enhanced osteogenic differentiation
through histone acetylation of runt-related transcription factor 2 (RUNX2) promoters. Together, our work pro-
vided a cross-talk between mechanotransduction and metabolism in the context of CAVD.
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INTRODUCTION
Calcific aortic valve disease (CAVD) is a common cardiovascular
disease with high morbidity and mortality in developed countries
(1). It is characterized by thickening and calcification of the aortic
valve, which further progress into a series of atypical hemodynamic
changes and, in due course, with severe aortic valve stenosis (2).
However, there are no effective pharmacological interventions to
terminate the progression of CAVD. Surgical and transcatheter
aortic valve replacement (TAVR) remain the standard treatment
for severe aortic stenosis patients (3).

Aortic valve interstitial cells (VICs), as the main cell population
in aortic valves, play a key role in the development of CAVD. VICs
stay quiescent in healthy aortic valve. In response to various path-
ological factors, such as proinflammatory cytokines and mechanical
stress, the quiescent VICs can transform into myofibroblast- and
osteoblast-like cells, which is recognized as the fundamental hall-
mark of the onset of CAVD. Mechanical stress is one of the major
contributors to the onset and development of CAVD. Altered shear
stress not only activates the endothelial cells but also recruits circu-
lating monocytes to promote local valvular inflammation (4–6).
Multiple previous studies have shown that mechanical cues such
as matrix or substrate stiffness promoted myofibroblastic and oste-
ogenic differentiation of VICs (7–9).

Piezo1, as a newly found mechanosensitive nonselective ion
channel, identifies various mechanical stresses (e.g., shear stress,
membrane stretch, matrix stiffness, compressive stress, and

osmotic stress) and regulates physiological function of various
tissue cells (10, 11). It was reported that Piezo1 is associated with
cardiovascular mechanobiology (12–14). Piezo1 activation by
high shear stress enhanced the cellular expression of inflammatory
cytokines in monocytes and increased monocyte adhesion to endo-
thelial cells in aortic valve (15). Yoda1, a specific chemical agonist of
Piezo1, keeps Piezo1 channel open by lowering the channel’s me-
chanical threshold for activation (16, 17). In addition to promoting
monocyte recruitment and inflammation, Piezo1 activation may
alter cellular metabolism. It was reported that Piezo1 participated
in the remodeling of small arteries by stimulating activity of trans-
glutaminases in smooth muscle cells (18) and promoted aerobic gly-
colysis in macrophages (19).

Recently, metabolism changes have drawn emerging attention
and been considered as a responder for mechanical stimuli and a
requirement for cell fate transitions. Increasing evidences suggest
that a central connection of mechanotransduction with cellular me-
tabolism through Yes-associated protein (YAP) pathway (20–22),
which was mechanoactivated by mechanical stimuli, functions as
a transcription coactivator to regulate target gene transcription
(23). YAP signaling has previously been demonstrated as a mecha-
nosensitive controller of VIC differentiation in response to substrate
stiffness (24, 25). Moreover, it was reported that metabolic repro-
gramming provides substrates or cofactors of chromatin-modifying
enzymes for epigenetic modifications, and eventually controls cell
fate and function. One of the most representative metabolic pro-
cesses is glutaminolysis, which begins with the lysis of glutamine
to glutamate, and then further yields many metabolites such as
acetyl–coenzyme A (CoA) to regulate histone acetylation. Gluta-
minase 1 (GLS1), the key enzyme in glutaminolysis, has recently
been shown to promote the inflammatory response and chondro-
cytic genes expression in chondrocyte, as well as myofibroblast for-
mation and persistence in heart failure (26, 27). Glutamine

1State Key Laboratory of Organ Failure Research, Department of Cardiology,
Nanfang Hospital, Southern Medical University, Guangzhou 510515, China.
2Guangdong Provincial Key Laboratory of Shock and Microcirculation, Southern
Medical University, Guangzhou 510515, China. 3Bioland Laboratory (Guangzhou
Regenerative Medicine and Health Guangdong Laboratory), Guangzhou, China.
*Corresponding author. Email: dinglixu@smu.edu.cn (D.X.); qingchunzeng@smu.
edu.cn. (Q.Z.)
†These authors contributed equally to this work.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Zhong et al., Sci. Adv. 9, eadg0478 (2023) 2 June 2023 1 of 19



metabolism has been linked to pathological cell proliferation in
cancer and cellular senescence, which may be relevant to CAVD,
an age-associated disorder (28). However, the cross-talk of Piezo1
activation and glutamine metabolism remains poorly understood
and how the metabolic changes regulate VIC differentiation needs
further investigation.

Consequently, in this study, we investigated whether Piezo1 ac-
tivation alters glutamine metabolism to regulate osteogenic differ-
entiation. Specifically, we found that Piezo1 was highly expressed in
human calcific aortic valves. We also demonstrate that in response
to ascending aortic constriction (AAC) and direct wire injury
(DWI)–induced hemodynamic overload, mice aortic valves
showed increased expression of Piezo1 and calcification, while inhi-
bition of Piezo1 by Dooku1 attenuated these changes. Piezo1 acti-
vation by Yoda1 triggers GLS1-mediated glutamine metabolic
reprogramming by YAP mechanotransduction and was associated
with CAVD progression in vitro. Further study showed that gluta-
mine metabolism promotes histone acetylation. Inhibition of GLS1
ameliorated osteogenic differentiation in vitro and in vivo. There-
fore, this study provides a cross-talk between Piezo1 activation and
glutamine metabolism in the development of CAVD.

RESULTS
Patients with CAVD have increased Piezo1 expression in
aortic valve tissue and elevated glutaminolysis in plasma
To determine the association between expression of Piezo1 and
metabolic changes in CAVD, we first collected human aortic
valves in patients with or without CAVD (patient information
shown in table S1). We examined the expression of Piezo1 in calcific
aortic valves and normal aortic valves. Using quantitative polymer-
ase chain reaction (qPCR) analysis, we found that Piezo1, not
Piezo2, was increased in calcific aortic valves (Fig. 1, A and B). Sim-
ilarly, immunoblots showed that the protein expression was highly
expressed in calcific aortic valves (Fig. 1, C and D, and fig. S1A).
Masson’s trichrome staining and alizarin red staining showed
severe fibrocalcific remodel in aortic valves from CAVD patients
(Fig. 1E and fig. S1B). We then used immunohistochemical staining
to test the distribution of Piezo1 in the three-layer structure of
human aortic valve leaflets, including the spongiosa layer (Spg),
fibrous layer (Fbs), and ventricular layer (Vet). Normal rabbit im-
munoglobulin G (IgG) as the negative control antibody revealed no
staining over the background in aortic valves from either normal or
CAVD groups (fig. S1C). We found that compared with normal
aortic valves, Piezo1 expression was elevated in all three-layer struc-
tures in calcific aortic valves, especially primarily distributed in the
Spg layer, with Fbs and Vet layers following. Aortic valves from both
normal and CAVD groups showed relatively high expression in the
endothelium of the aortic side, which may be relevant to the fluid
shear stress (Fig. 1F). Immunofluorescence further revealed that the
expression of Piezo1 was up-regulated and colocalized with osteo-
genic marker runt-related transcription factor 2 (RUNX2) in aortic
valves from CAVD group (Fig. 1G). Piezo1 was also colocalized with
CD31, a marker of endothelial cells (Fig. 1H).

To test the possible metabolic changes between patients with
CAVD and the control group, we collected peripheral venous
plasma from CAVD and age-matched non-CAVD patients (table
S2) and measured candidate metabolites that reflect the activity of
glutaminolysis, glycolysis, anaplerosis, and the tricarboxylic acid

(TCA) cycle by liquid chromatography–tandem mass spectrometry
(LC-MS/MS) in peripheral venous plasma. We observed markedly
decreased glutamine level and increased glutamate level (fig. S2, A
and B), while lactate, aspartate, and pyruvate levels were not signifi-
cantly changed in the CAVD group (fig. S2, C to E). Together,
CAVD was associated with high expression of Piezo1 in aortic
valve tissue and increased glutaminolysis in plasma.

Inhibition of Piezo1 ameliorates AAC- and DWI-induced
aortic valve calcification in mice
Since Piezo1 serves as an ion channel to sense fluid stress and reg-
ulate cell function, we investigated whether high shear stress in
aortic root could activate the expression of Piezo1 and induce
valve calcification, and inhibition of Piezo1 could prevent the
aortic valve calcification. For this purpose, we induced pressure
overload in mice valve leaflets by AAC (fig. S3, A and B). At the
same time, another CAVD model was constructed by direct wire
injury (DWI) to the aortic valve (fig. S5, A and B). Then, we admin-
istered vehicle or the Piezo1 inhibitor Dooku1 (10 mg/kg) via intra-
peritoneal injection every other day. After 8 weeks,
echocardiographic assessment of mice in both AAC and DWI
groups showed a notable increase in aortic valve (AV) peak velocity
mean gradient compared with those in the sham group, while inhi-
bition of Piezo1 restored these changes (Fig. 2, A and B, and figs.
S3C and S4C). Additional echocardiographic parameters related
to cardiac function can be found in figs. S3 (D to H) and S5 (D to
H). Both ejection fraction (EF) and fractional shortening (FS) de-
clined markedly in AAC + Vehicle and DWI + Vehicle groups, ac-
companied by increased left ventricular (LV) mass, diastolic LV
inner diameter (LVIDd), and systolic LV inner diameter (LVIDs)
compared with the sham group, while Dooku1 treatment in both
models partially preserved the cardiac function in two models.
We further found that aortic valves in both AAC and DWI
groups showed much more severe thickness, calcification, and fi-
brosis than those of sham, whereas Dooku1 intervention alleviated
these changes, as evidenced by hematoxylin and eosin (H&E) stain-
ing (Fig. 2, C and D), von Kossa staining (Fig. 2, E and F), alizarin
red staining (figs. S4A and S6A), and Masson’s staining (figs. S4B
and S6B). We also observed that Piezo1 expression was markedly
increased in the aortic valve in AAC and DWI mice, and Dooku1
partially decreased Piezo1 expression (Fig. 2, G to J). Besides, the
osteogenic differentiation marker Runx2 was significantly up-regu-
lated in AAC and DWI mice, while inhibition of Piezo1 reduced
osteogenic differentiation (Fig. 2, K and L). In addition, we observed
that both AAC- and DWI-operated mice showed increased macro-
phage infiltration, as indicated by CD68, the macrophage marker,
whereas a reduced number of macrophages were observed in the
Dooku1-treated mice (figs. S4C and S6C). We also found that
Piezo1 expression was up-regulated in endothelial cells (CD31 pos-
itive) of both two models, while Dooku1 treatment reduced Piezo1
expression in CD31+ cells (fig. S7, A and B). These results suggested
that high mechanical stress in aortic valve by AAC and DWI models
activated Piezo1 expression and induced aortic valve calcification,
while inhibition of Piezo1 by Dooku1 partially prevented
these changes.
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Fig. 1. Increased expression of Piezo1 in CAVD. (A and B) mRNA level of Piezo1 and Piezo2 in human aortic valve from CAVD and normal groups (n = 10). (C and D)
Representative immunoblots and densitometric data showed protein Piezo1 level in the CAVD group and non-CAVD (n = 10, 6 versus 6 were shown in this figure, another
4 versus 4 were shown in fig. S1A). (E) Masson’s trichrome staining of collagen in human aortic valve; scale bar, 100 μm; n = 10. (F) Immunohistochemical staining showed
Piezo1 protein localization in normal and CAVD aortic valve tissue in full size (left; scale bar, 500 μm) and in enlarged images (right; scale bar, 50 μm); n = 10. (G) Rep-
resentative immunofluorescence images showed that Piezo1 protein colocalized with RUNX2 in human aortic valve tissue from normal and CAVD groups. Scale bar, 100
μm; n = 10. (H) Representative images of immunofluorescence staining for CD31 (green) and Piezo1 (red) in aortic valve. Scale bar, 100 μm; n = 10. Data are means ± SEM
(Student’s t test). ***P < 0.001; ****P < 0.0001; ns, P > 0.05.
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Fig. 2. Inhibition of Piezo1 prevents AAC- and DWI-induced aortic valve calcification. (A and B) Aortic valve (AV) peak velocity of C57BL/6J mice treated with Sham,
AAC + Vehicle, and AAC + Dooku1 (n = 8 per group), as well as C57BL/6J mice treated with Sham, DWI + Vehicle, and DWI + Dooku1 (n = 8 per group). (C and D) H&E
staining of aortic valve leaflets from C57BL/6J mice treated with Sham, AAC + Vehicle, and AAC + Dooku1 (n = 8 per group), as well as C57BL/6J mice treated with Sham,
DWI + Vehicle, and DWI + Dooku1 (n = 8 per group); scale bar, 100 μm. (E and F) Representative image of von Kossa staining of mice aortic valve leaflets in AAC-treated
mice (n = 8 per group) and DWI-treated mice (n = 8 per group); scale bar, 100 μm. (G and H) Representative images of immunohistochemical Piezo1 staining in AAC-
treated mice (n = 8 per group) and DWI-treated mice (n = 8 per group); scale bar, 100 μm. (I to L) Representative images of Piezo1 (I) and (J) and RUNX2 (K) and (L)
immunofluorescence in AAC-treatedmice (n = 8 per group) and DWI-treatedmice (n = 8 per group); scale bar, 100 μm. Data aremeans ± SEM. ***P < 0.001; ****P< 0.0001;
ns, P > 0.05.
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Activation of Piezo1 promotes osteogenic phenotypes in
human aortic VICs
To further examine the association between Piezo1 and aortic valve
calcification in vitro, we used the Piezo1-specific agonist Yoda1 to
treat human aortic VICs. Primary aortic VICs were isolated from
human aortic valves and cultured until passage 7. Immunofluores-
cence staining confirmed that the isolated VICs were positive for
vimentin but negative for CD31 (fig. S8). We first determined the
effect of various concentrations of Yoda1 (0, 2.5, 5, and 10 μM) on
the myofibroblastic and osteogenic responses in human VICs from
normal and CAVD aortic valves. As shown in Fig. 3A and fig. S9A,
stimulation with Yoda1 resulted in a dose-dependent increase of os-
teogenic markers alkaline phosphatase (ALP), RUNX2, and bone
morphogenetic protein 2 (BMP2) and the myofibroblast marker
α-smooth muscle actin (α-SMA) (Fig. 3A and figs. S9A and
S10A). In addition, the myofibroblastic and osteogenic response
was greater in VICs of CAVD when the concentration of Yoda1
reached 5 μM, compared with the normal group. To further validate
the profibrotic-osteogenic effect of Piezo1 in VICs, we used the
Piezo1 inhibitor Dooku1 to pretreat VICs. As expected, inhibition
of Piezo1 by Dooku1 dose dependently reduced myofibro-osteo-
genic marker expression in response to Yoda1, with a greater reduc-
tion in cells from CAVD valves (Fig. 3B and figs. S9B and S10B).
Moreover, we stimulated VICs from normal aortic valves with
Yoda1 in the presence and absence of Dooku1 to determine the
effect of Piezo1 on in vitro osteogenic activity. We observed that
Yoda1 promoted the accumulation of calcium deposits and the ac-
tivity of ALP in VIC osteogenic medium culture, as evidenced by
alizarin red and ALP staining, while inhibition of Piezo1 reduced
osteogenic differentiation in VICs (Fig. 3, C and D). To determine
whether Piezo1 modulates the osteogenic responses, we performed
Piezo1 knockdown in VICs from normal aortic valves. Consistent
with pharmacologic inhibition of Piezo1, Piezo1 knockdown with
small interfering RNA (siRNA) markedly reduced the protein
level of ALP, RUNX2, and BMP2 in VICs, as evidenced by immu-
noblots and immunofluorescence staining of RUNX2 (Fig. 3, E and
F). Similarly, Piezo1 knockdown reduced α-SMA expression (fig.
S10C). Furthermore, in response to Yoda1, VICs in the si-Piezo1
group showed less calcium deposits and activity of ALP than the
scrambled siRNA group (Fig. 3, G and H). These results show
that activation of Piezo1 by Yoda1 induced osteogenic differentia-
tion in VICs, which could be improved by inhibition or knockdown
of Piezo1.

Piezo1 activates YAP in human VICs
YAP, as a mechanosensitive transcriptional activator, plays a critical
role in tissue homeostasis and cell differentiation, and its signaling
pathway can be regulated by mechanical stress (23). Since mechan-
ical stress stimulates the activity of Piezo1, we hypothesized that
Piezo1 activates YAP to promote osteogenic differentiation in
aortic valve. We first tested the expression of YAP and its phosphor-
ylation under Yoda1 stimulation and found that YAP expression
was increased in a dose-dependent manner, while its phosphoryla-
tion was significantly decreased. Furthermore, VICs from CAVD
aortic valves showed greater YAP expression than that of the
normal group (Fig. 4A). To further investigate the function of
YAP in Piezo1-induced aortic valve fibrosis and calcification, we
pretreated normal VICs with a specific YAP inhibitor, verteporfin,
and then exposed them to Yoda1. Western blots were conducted to

detect the protein expression of ALP, RUNX2, BMP2, and α-SMA.
As expected, inhibition of YAP in VICs suppressed osteogenic re-
sponses in Yoda1-induced VICs (Fig. 4B and fig. S11A). Further
study found that inhibition of YAP attenuated the production of
calcium deposition and the activity of ALP in normal VICs
(Fig. 4, C and D). We further confirmed the role of YAP in the mod-
ulation of VIC osteogenic differentiation by transfecting with YAP
siRNA or scramble RNA in VICs from normal aortic valves. Con-
sistently, the expression of ALP, RUNX2, BMP2, and α-SMA was
markedly lower in VICs with si-YAP compared with the scrambled
siRNA group (Fig. 4, E and F), which coincided with a decrease in
calcium deposition and ALP activity (Fig. 4, G and H). These results
indicated that YAP was involved in Piezo1-mediated osteogenic
differentiation.

Piezo1 drives YAP activation through intracellular Ca2+

accumulation
As a calcium-permeable ion channel, Piezo1 regulates Ca2+ homeo-
stasis to control various signal activation. Moreover, calcium func-
tions as a second messenger, which participates in action potential,
contraction, transcription, and cell death. We hypothesized that
Ca2+ is required for Piezo1-YAP mechanoactivation. We first de-
tected the intracellular Ca2+ concentration in VICs using Fluo-4
AM. We found that Yoda1 significantly increased concentrations
of cytosolic Ca2+, whereas Piezo1 knockdown reduced the Ca2+

influx (Fig. 5A). Furthermore, we further performed immunofluo-
rescence to assay YAP subcellular localization. We noticed that
Yoda1 triggered YAP nucleus translocation, whereas Piezo1 knock-
down arrested YAP in cytoplasm (Fig. 5B). The nucleocytoplasmic
separation analysis consistently confirmed the Piezo1 regulation of
YAP nucleus translocation (Fig. 5C). To investigate the role of Ca2+

influx in Piezo1-YAP mechanotransduction, we then treated VICs
with or without 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetra-
acetic acid (BAPTA)–AM following Yoda1 stimulation. BAPTA-
AM is an intracellular Ca2+ chelator that acts as a Ca2+ sponge to
reduce intracellular Ca2+ concentration. We observed that
BAPTA-AM intervention abolished the intracellular Ca2+ accumu-
lation induced by Yoda1 (Fig. 5D). Moreover, as shown in immu-
nofluorescence, BAPTA-AM inhibited Yoda1-induced YAP
nucleus translocation (Fig. 5E). Moreover, nucleocytoplasmic sepa-
ration analysis showed that Yoda1-treated VICs displayed increased
YAP expression in the nucleus, while BAPTA-AM treatment made
YAP largely localized in the cytoplasm (Fig. 5F). These findings in-
dicated that intracellular Ca2+ accumulation is responsible for
Piezo1-induced YAP nucleus translocation.

Piezo1 modulates GLS1-mediated glutamine metabolism
remodeling through YAP
It was reported that glutaminolysis, initiated by GLS1-mediated
lysis of glutamine into glutamate, was related to mechanotransduc-
tion in tumor and pulmonary hypertension. To determine whether
mechanical cues by Piezo1 modulate glutamine metabolism of
VICs, we tested the GLS1 mRNA and GLS1 protein expression in
VICs from both normal and CAVD aortic valves with Yoda1 treat-
ment compared with the control group (Fig. 6, A and B). As expect-
ed, both mRNA and protein expression of GLS1 were elevated
under Yoda1 treatment, with greater increase in VICs of CAVD
than that of the normal group. We further measured intracellular
metabolites glutamine and glutamate. Yoda1 decreased intracellular
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Fig. 3. Activation of Piezo1 by Yoda1 induced osteogenic differentiation of VICs. (A) Human aortic VICs from normal and CAVD aortic valves were treated with Yoda1
(0, 2.5, 5, and 10 μM) for 24 hours. Data showed ALP, RUNX2, and BMP2 protein levels; n = 5. (B) VICs from normal and CAVD aortic valves were pretreated with the Piezo1
inhibitor Dooku1. Representative immunoblots and densitometric data showed the protein level of ALP, RUNX2, and BMP2; n = 5. (C) Alizarin red staining of mineral-
ization nodules showed that Dooku1 treatment significantly reduced Yoda1-induced mineralization nodule formation of normal VICs; n = 5; scale bar, 500 μm. (D) ALP
staining showed that Dooku1 treatment significantly reduced Yoda1-induced ALP activity of VICs; n = 5; scale bar, 500 μm. (E) Representative immunoblots and densito-
metric data showed that knockdown of Piezo1 in normal VICs reduced Yoda1-induced osteogenic responses; n = 5. (F) Immunofluorescence staining of RUNX2 in VICs; n =
5; scale bar, 50 μm. (G) Alizarin red staining of mineralization nodules showed that knockdown of Piezo1 significantly reduced Yoda1-induced mineralization nodule
formation of VICs; n = 5; scale bar, 500 μm. (H) ALP staining showed that knockdown of Piezo1 significantly reduced Yoda1-induced ALP activity of VICs; n = 5; scale bar,
500 μm. Data are means ± SEM. ****P < 0.0001; ns, P > 0.05.
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Fig. 4. Piezo1 activated YAP to control osteogenic differentiation of VICs. (A) Representative immunoblots and densitometric data showed YAP and its phosphor-
ylation expression in VICs from normal and CAVD aortic valves under Yoda1 stimulation; n = 5. (B) Representative immunoblots and densitometric data showed that
verteporfin markedly reduced Yoda1-induced osteogenic responses; n = 5. (C) Alizarin red staining of mineralization nodules showed that verteporfin treatment signifi-
cantly reduced Yoda1-inducedmineralization nodule formation of VICs; n = 5; scale bar, 500 μm. (D) ALP staining showed that verteporfin treatment significantly reduced
Yoda1-induced ALP activity of VICs; n = 5; scale bar, 500 μm. (E) Representative immunoblots and densitometric data showed that knockdown of YAP reduced Yoda1-
induced osteogenic responses in normal VICs; n = 5. (F) Immunofluorescence staining of RUNX2 in VICs; n = 5; scale bar, 50 μm. (G) Alizarin red staining of mineralization
nodules showed that knockdown of YAP significantly reduced Yoda1-induced mineralization nodule formation of VICs; n = 5; scale bar, 500 μm. (H) ALP staining showed
that knockdown of YAP significantly reduced Yoda1-induced ALP activity of VICs; n = 5; scale bar, 500 μm. Data are means ± SEM. ****P < 0.0001; ns, P > 0.05.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Zhong et al., Sci. Adv. 9, eadg0478 (2023) 2 June 2023 7 of 19



Fig. 5. Ca2+ influx is responsible for Piezo1-YAP mechanotransduction. (A) Representative fluorescence imaging of intracellular Ca2+ in VICs using Fluo-4 AM; n = 5;
scale bar, 50 μm. (B) Immunofluorescence showed that Piezo1 knockdown inhibited YAP nucleus translocation; n = 5; scale bar, 50 μm. (C) Representative immunoblots
and densitometric data showed that Piezo1 knockdown aborted YAP nucleus translocation induced by Yoda1; n = 5. (D) Representative fluorescence imaging of intra-
cellular Ca2+ in VICs; n = 12; scale bar, 50 μm. (E) Immunofluorescence showed that Yoda1 promoted YAP nucleus translocation, which was blocked by BAPTA-AM; n = 12;
scale bar, 50 μm. (F) Representative immunoblots and densitometric data showed that YAP was mainly localized in the nuclear by Yoda1 treatment but was largely
localized in the cytoplasm by BAPTA-AM treatment; n = 5. Data are means ± SEM. *P < 0.05; **P < 0.01; ****P < 0.0001; ns, P > 0.05.
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Fig. 6. Piezo1 modulates GLS1-mediated glutaminolysis through YAP. (A) Representative immunoblots and densitometric data showed that VICs from the CAVD
group had greater GLS1 expression after Yoda1 stimulation. (B) Representative qPCR data showedmRNA level of GLS1 in VICs; n = 5. (C) Intracellular metabolite glutamine
in control and Yoda1-treated VICs from normal and CAVD groups; n = 5. (D) Intracellular metabolite glutamate in control and Yoda1-treated VICs from normal and CAVD
groups; n = 5. (E) Representative immunoblots and densitometric data showed that, under Yoda1 treatment, normal VICs transfected with si-YAP showed reduced
expression of GLS1 compared with scrambled siRNA–transfected normal VICs; n = 5. (F) Intracellular metabolites glutamine and glutamate in si-YAP and scrambled
siRNA–transfected normal VICs with or without Yoda1 treatment; n = 5. (G) Representative immunofluorescence staining of GLS1; scale bar, 50 μm. (H) Representative
immunoblots and densitometric data showed that YAP inhibitor verteporfin markedly reduced Yoda1-induced GLS1 expression; n = 5. (I) Intracellular metabolites glu-
tamine and glutamate in VICs with Yoda1 and verteporfin treatment; n = 5. (J) Representative immunofluorescence staining of GLS1; scale bar, 50 μm. Data are means ±
SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, P > 0.05.
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glutamine accompanied by an increase of glutamate, with greater
effect of glutaminolysis in VICs of CAVD (Fig. 6, C and D). Since
we previously found that YAP acts as a downstream mechanosen-
sors of Piezo1 in VICs, we investigated whether YAP is crucial in
modulating the mechanotransduction of Piezo1 on glutamine met-
abolic reprogramming. In VICs treated with Yoda1, knockdown of
YAP with siRNA reduced GLS1 expression compared with the
scrambled siRNA group, as evidenced by Western blots and immu-
nofluorescence staining (Fig. 6, E and G). Knockdown of YAP also
blunted the effects of Yoda1 on intracellular glutamine and gluta-
mate. Accordingly, the effect of Yoda1 on intracellular glutamine
and glutamate was also blunted by knockdown of YAP (Fig. 6F).
Similarly, inhibition of YAP with verteporfin suppressed Yoda1-
induced GLS1 expression and glutaminolysis (Fig. 6, H to J).

Glutamine metabolism remodeling regulates osteogenic
differentiation of VICs through histone acetylation
To determine the role of GLS1 in osteogenic differentiation of VICs
induced by Piezo1 activation, we used the GLS1-specific inhibitor
bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide
(BPTES) in cultures of human VICs from normal aortic valves.
We found that BPTES reduced the protein expression of ALP,
RUNX2, BMP2, and α-SMA in Yoda1-induced VICs (Fig. 7A and
fig. S12A). Moreover, the content of calcification nodules and ALP
activity were also reduced in VICs treated with BPTES (Fig. 7, B and
C). We further asked about the mechanism of how glutaminolysis
enhances osteogenic differentiation of VICs. It was reported that
GLS1 mediated the lysis of glutamine to glutamate, and the latter
will then enter the citric acid cycle (TCA), which yields many inter-
mediate metabolites such as acetyl-CoA. Acetyl-CoA is the acetyl
carrier for histone acetylation, which links metabolism and epige-
netics (29). We hypothesized that glutaminolysis might promote the
myofibroblastic and osteogenic differentiation of VICs via an in-
crease in acetyl-CoA–associated histone acetylation. Thus, we de-
tected the acetyl-CoA concentration in Yoda1-induced VICs
treated with or without BPTES and checked the acetylation status
of histone 3 at lysine-27. The Yoda1-induced VICs showed in-
creased production of acetyl-CoA and elevated histone acetylation,
while BPTES reduced the effects (Fig. 7, D and E). Chromatin im-
munoprecipitation (ChIP)–PCR analysis showed that H3K27Ac en-
richment in the RUNX2 gene promoter was notably increased by
Yoda1, which was diminished by BPTES (Fig. 7F). Next, we directly
added acetate to BPTES-treated cells, which can be converted into
acetyl-CoA by acetyl-CoA synthesis, and found that acetate addition
restored H3K27Ac levels (Fig. 7G).

Similarly, by silencing GLS1 in VICs of normal valves, osteogen-
ic markers ALP, RUNX2, and BMP2 and myofibroblast marker α-
SMA were markedly reduced (Fig. 7, H and I, and fig. S12B). GLS1
knockdown also reduced acetyl-CoA concentration (fig. S13A), as
well as the level of H3K27Ac and its enrichment in the RUNX2 gene
promoter (Fig. 7, J and K). Moreover, alizarin red staining and ALP
staining indicated that GLS1 knockdown inhibited osteogenic dif-
ferentiation of VICs (Fig. 7, L and M). Together, these results re-
vealed that in VICs, H3K27 acetylation and osteogenic gene
expression are dependent on GLS1-mediated glutamine
metabolism.

Piezo1 mediates oscillatory stress–induced osteogenic
responses through Piezo1-YAP-GLS1 axis in VICs
Because Piezo1 serves as an ion channel to sense fluid stress, Piezo1
activation by fluid stress may promote osteogenic responses in
VICs. To investigate the role of fluid stress in myofibroblast and os-
teogenic responses in VICs, and the possible mechanism linking the
Piezo1-YAP-GLS1 axis, we examined the responses of VICs to three
different fluid conditions [static (ST), laminar stress (LS), and oscil-
latory stress (OS)]. As shown in fig. S14 (A and C), it is OS, not LS,
that markedly increased expression of Piezo1 in VICs. We also
found that YAP and GLS1 expression were decreased by LS but in-
creased by OS. Moreover, OS promoted profibrotic and osteogenic
responses in VICs, as evidenced by elevated expression of ALP,
RUNX2, BMP2, and α-SMA (fig. S14B). We then assessed cellular
Ca2+ in VICs after exposure to three different fluid conditions and
found that OS had greater effect on the increased intracellular con-
centration of Ca2+ compared to LS (fig. S14D). To further confirm
that Piezo1 was involved in OS-induced myofibroblastic and osteo-
genic differentiation of VICs, we performed Piezo1 knockdown in
VICs and then exposed VICs to ST or OS. Piezo1 knockdown
notably reduced the flow-mediated regulation of YAP and GLS1,
as well as the myofibroblast marker and osteogenic markers (fig.
S14, D and E). Together, these data indicated that Piezo1 is neces-
sary for OS-induced VIC myofibroblastic and osteogenic
differentiation.

Inhibition of GLS1 decreases glutaminolysis and
consequent aortic valve calcification in vivo
Last, to investigate whether GLS1-mediated glutaminolysis is essen-
tial for promoting aortic valve calcification in vivo, we administered
vehicle or GLS1 inhibitor, BPTES (10 mg/kg), via intraperitoneal
injection in AAC and DWI mice every other day. As expected,
after 8 weeks, echocardiography revealed an obvious decrease in
transvalvular peak jet velocity and mean gradient in BPTES-
treated AAC and DWI mice compared with the vehicle-treated
group (Fig. 8, A and B, and figs. S15A and S17A). The cardiac func-
tion data were available in figs. S15 (B to F) and S17 (B to F). We
observed the restored EF and FS, as well as reduction of LV mass,
LVIDd, and LVIDs in BPTES treatment groups compared with
AAC and DWI + Vehicle groups, which indicated that BPTES
could prevent cardiac remodeling. Besides, BPTES partially pre-
vented AAC- and DWI-induced aortic valve thickness, fibrosis,
and calcification (Fig. 8, C to F, and figs. S16, A and B, and S18,
A and B) and markedly reduced GLS1 expression (Fig. 8, G to J).
Immunofluorescence staining of CD68 showed a reduced invasion
of macrophages into valves of the BPTES-treated group compared
to AAC and DWI + Vehicle groups (figs. S16C and S18C). Allevi-
ation of aortic valve calcification by BPTES was further confirmed
by immunofluorescence for RUNX2 (Fig. 8, K and L). Together,
these results implicated that inhibition of GLS1 by BPTES prevent-
ed aortic valve calcification.

DISCUSSION
Here, our work provided a cross-talk between Piezo1 activation and
glutamine metabolism in CAVD. Piezo1 is essential for identifying
various mechanical cues such as fluid flow, stretch/elasticity, and
membrane tension in the cardiovascular system. During embryo-
genesis, Piezo1 was involved in outflow tract and aortic valve
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Fig. 7. GLS1-mediated osteogenesis of VICs via histone. (A) Representative immunoblots and densitometric data showed that GLS1 inhibitor BPTESmarkedly reduced
Yoda1-induced osteogenic markers in VICs of normal aortic valves; n = 5. (B) Alizarin red staining of mineralization nodules showed that BPTES treatment significantly
reduced Yoda1-induced mineralization nodule formation of normal VICs; n = 5; scale bar, 500 μm. (C) ALP staining showed that BPTES treatment significantly reduced
Yoda1-induced ALP activity of normal VICs; n = 5; scale bar, 500 μm. (D) Acetyl-CoA concentration in VICs treated with Yoda1 and BPTES; n = 5. (E) Representative im-
munoblots and densitometric data showed that GLS1 inhibitor BPTES markedly reduced Yoda1-induced H3K27ac expression; n = 5. (F) ChIP-PCR showed histone acet-
ylation of RUNX2 promoter regions; n = 3. (G) Immunoblot of H3K27ac levels in control and BPTES-treated aortic VICs, with or without acetate supplementation; n = 5. (H)
Representative immunoblots and densitometric data showed that GLS1 knockdownmarkedly reduced Yoda1-induced osteogenicmarkers; n = 5. (I) Immunofluorescence
staining of RUNX2 in VICs; n = 5; scale bar, 50 μm. (J) Representative immunoblots and densitometric data showed that, under Yoda1 treatment, aortic VICs with GLS1
knockdown showed reduced expression of H3K27ac compared with scrambled siRNA–transfected VICs of normal aortic valves; n = 5. (K) ChIP-PCR showed histone
acetylation of RUNX2 promoter regions; n = 3. (L) Alizarin red staining of mineralization nodules showed that GLS1 knockdown significantly reduced Yoda1-induced
mineralization nodule formation of VICs of normal aortic valves; n = 5; scale bar, 500 μm. (M) ALP staining showed that GLS1 knockdown significantly reduced Yoda1-
induced ALP activity of normal VICs; n = 5; scale bar, 500 μm. Data are means ± SEM. ***P < 0.001; ****P < 0.0001; ns, P > 0.05.
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Fig. 8. Inhibition of GLS1 ameliorated aortic valve calcification in vivo. (A and B) Aortic valve peak velocity of C57BL/6J mice treated with Sham, AAC + Vehicle, and
AAC + BPTES (n = 8), as well as C57BL/6Jmice treatedwith Sham, DWI + Vehicle, and DWI + BPTES (n = 8). (C andD) H&E staining ofmice aortic valve leaflets in AAC-treated
mice (n = 8) and DWI-treated mice (n = 8); scale bar, 100 μm. (E and F) Representative image of von Kossa staining of mice aortic valve leaflets in AAC-treated mice (n = 8)
and DWI-treatedmice (n = 8); scale bar, 100 μm. (G andH) Representative images of immunohistochemical staining of GLS1 inmice aortic valves fromAAC-treatedmice (n
= 8) and DWI-treatedmice (n = 8); scale bar, 100 μm. (I to L) Representative images of GLS1 (I) and (J) and RUNX2 (K) and (L) immunofluorescence from AAC-treatedmice (n
= 8) and DWI-treated mice (n = 8); scale bar, 100 μm. Data are means ± SEM. ****P < 0.0001; ns, P > 0.05.
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development by regulating Klf2 and Notch activity in the endothe-
lium and YAP localization in smooth muscle progenitors (30, 31).
In aortic valve, Piezo1 expression can be found in various cell types,
including VICs, the main cell population, endothelial cells, the
shield of valve leaflets, as well as infiltrating cells such as monocytes,
macrophages, and T lymphocytes. Furthermore, different compo-
nents of the aortic valve experience different stresses, including
high-magnitude steady fluid shear stress on the ventricular
surface, oscillatory shear stress on the aortic surface, compressive
stress during diastolic pressure loading, and changes in leaflet stiff-
ness. All these stresses may contribute to Piezo1 activation. Baratchi
et al. (15) had reported that patients undergoing TAVR have shown
up-regulation of Piezo1 in monocyte populations and high shear
stress activation of Piezo1 in monocytes. In this study, we found
that Piezo1 expression was up-regulated in the three-layer structure
of calcified aortic valve, especially the Spg layer. The endothelium in
the aortic side of valve leaflets also highly expressed Piezo1. In
regard to that mechanical stimuli may be responsible for increased
Piezo1 expression, we tested Piezo1 expression in VICs that re-
sponded to LS and OS and found that OS had a greater increase
in Piezo1 expression and intercellular Ca2+ than LS. Furthermore,
Piezo1 activation by its agonist Yoda1 promoted osteogenic differ-
entiation of VICs, which confirmed that Piezo1 activation is neces-
sary for CAVD. Therefore, in CAVD, Piezo1 can be activated by OS
and was highly expressed in VICs, valve endothelial cells (VECs) in
the aortic side, and the monocytes. One of the limitations of this
study is that we focus on the effect of Piezo1 in VICs rather than
in VECs. VECs also express Piezo1 and may be involved in inflam-
mation or calcification in aortic valve. However, VICs have a major
role in the overall fibrotic and osteogenic response of aortic valve
tissue because they are the main cell type within the valve tissue.
Another limitation is that we did not conduct all of the mechanical
stress experiment in VICs, such as matrix stiffness or compressive
stress. These factors may be responsible for Piezo1-mediated aortic
calcification. However, in this study, we focused more on the
Piezo1-driven mechanisms of mechanoresponse to fluid stress,
which coincides with pressure overload created by two CAVD
murine models.

Two CAVD murine models are AAC and DWI. It is known that
aortic constriction by banding is a common method to induce LV
hypertrophy and human aortic stenosis with development of pres-
sure overload–induced LV hypertrophy (32). Previous studies have
found that constriction of transverse aorta increased Piezo1 expres-
sion in cardiomyocytes, resulting in cardiac hypertrophy, while car-
diomyocyte-specific deficiency of Piezo1 attenuated pressure
overload–induced cardiac hypertrophy, which indicated that
Piezo1 is essential for the development of cardiac hypertrophy
(12, 33). In this study, we used constriction of ascending aorta
because it provides a more direct and higher shear stress overload
on the aortic valves. Another CAVD model was constructed by DWI
to aortic valve, which has been commonly used to induce valve
stenosis (34–37). It seems that AAC and DWI models present
very different pathological and mechanical stresses to the aortic
valve. The former creates pressure overload, and the latter causes
injury in aortic valve. However, both of them result in the same con-
sequence, which is hemodynamic overload in aortic valve. We ob-
served that both AAC and DWI caused increased aortic velocity and
mean gradient, as well as increased aortic valve thickness and Piezo1
expression, which indicated that hemodynamic overload on aortic

valve up-regulated Piezo1 and promoted CAVD. Inhibitors of
Piezo1, including the ion pore inhibitors (Gd3+ and ruthenium
red) and the spider toxin GsMTx4, inhibit a range of mechanosen-
sitive ion channels (38). Dooku1, despite being less commonly used,
has selectivity for Piezo1. It was reported that Dooku1 selectively
inhibited the endogenous Piezo1 channel and Yoda1-induced dila-
tion in aorta (39). Recent study has also found that application of
Dooku1 could inhibit arterial medial calcification (40). Therefore,
we chose Dooku1 as a useful tool for in vivo study. Unexpectedly,
inhibition of Piezo1 by Dooku1 prevented both AAC- and DWI-
induced hemodynamic changes and calcification of aortic valve in
mice. Several potential mechanisms may be responsible for the
Dooku1’s effects seen in these models. First, the mouse models
are dependent on Piezo1 activation. Second, inhibition of Piezo1
partially prevented cardiac remodeling, thus leading to relative im-
proved cardiac function and reduced hemodynamic stress. Inhibi-
tion of Piezo1 in mice aortic valves reduced the Piezo1-driven
mechanoresponse to pressure overload. Therefore, these findings
suggested that high shear stress promotes Piezo1 activation and
sequent aortic valve calcification, while inhibition of Piezo1 could
prevent progression of CAVD.

As a mechanosensitive channel, Piezo1 converts mechanical
stimuli into biochemical signals to control cell function (41).
YAP, known as sensors and mediators of mechanical cues, regulates
various aspects of cell behavior, including proliferation, differenti-
ation, and cancer malignant progression (42). Multiple evidences
have shown that YAP, as a downstream of Piezo1, conducted me-
chanotransduction signaling for tumor progression and cardiac fi-
brosis (43–45). In addition, Santoro et al. (24) revealed that matrix
stiffness by two-dimensional poly-acrylamide gels activated YAP
translocation to promote VIC differentiation. Consistently, here,
we found that Yoda1 treatment increased the expression and
nuclear localization of YAP, and inhibition or knockdown of YAP
diminished the pro-osteogenic effect of Yoda1. In fluid stress
system, we found that YAP activity was inhibited by LS, which
was considered anti-inflammatory and atheroprotective, but pro-
moted by OS. These findings were consistent with previous
reports about the role of shear stress in YAP activation (46–48).
Thus, activation of YAP was an important regulatory mechanism
of Piezo1-mediated osteogenic differentiation. However, VIC dif-
ferentiation and YAP activation have been shown to be influenced
by substrate stiffness. The substrate we used in cell culture was
normal plastic culture dish. Neither VIC differentiation nor YAP
activation was found in untreated VICs, as evidenced by Western
blot and immunofluorescence staining of YAP. Moreover, the
VICs we used were under passage 7, which were unlikely to differ-
entiate. Therefore, we believed that YAP activation was driven by
Yoda1-induced Piezo1 activation.

We also observed that the effect of YAP activation was promoted
by Yoda1-induced calcium influx. Ca2+, as a secondary message,
mediates various signal pathways to maintain homeostasis. Ca2+

influx induced by Piezo1 activation has been demonstrated by mul-
tiple evidences, which plays a crucial role in pathological condition
like cardiac hypertrophy and osteoarthritis (12, 49). In this study,
Ca2+ signaling induced by Yoda1 was measured using Fluo-4 AM,
demonstrating that intracellular Ca2+ accumulation was increased
by Piezo1 activation. In addition, blocking Ca2+ influx with
BAPTA-AM reduced intracellular Ca2+ concentration and prevent-
ed YAP translocation. Together, these findings indicated that
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Piezo1 could trigger mechanotransduction signaling in VICs via
Ca2+ influx-dependent YAP activation.

Here, the identification of GLS1-mediated glutaminolysis as a
mechano-activated process advances our understanding of the con-
nection of mechanical stress and metabolic reprogramming in
CAVD. Such an interaction between mechanical stress and metab-
olism has been seen in tumor and pulmonary hypertension. It was
reported that matrix stiffness acts as an initiating pathogenic trigger
of metabolic changes especially glutaminolysis through YAP me-
chanoactivation (20, 21). Another mechano-metabolic connection
evidence lies on that mechano-induced glutamine metabolism pro-
motes microtubule glutamylation to guide breast cancer metastasis
(50). Consistent with these findings, our work noted that Piezo1-
initiated mechanotransduction promoted glutaminolysis in
CAVD. In addition, inhibition or knockdown of YAP abolished
the effect of glutaminolysis induced by Yoda1. These findings high-
lighted the dysregulation of glutaminolysis caused by the Piezo1-
YAP axis in CAVD.

Our study then focused on GLS1, a rate-limiting enzyme of glu-
tamine metabolism, which converts glutamine to glutamate. It was
reported that GLS1-mediated glutaminolysis was involved in in-
flammatory response, cardiac fibrosis, as well as chondrocyte and
osteogenic gene expression. Arra et al. (51) noted that glutamine
deprivation decreased chondrocyte expression of inflammatory
genes in response to interleukin-1β (IL-1β) stimulation. In addition,
it has been believed that metabolism has a crucial role in the epige-
netic control of genes through certain metabolites (52). The gluta-
mine metabolism, for example, generates multiple metabolites such
as α-ketoglutaric acid, 2-hydroxyglutarate, and acetyl-CoA, which
serve as substrates or cofactors of chromatin-modifying enzymes
and play critical roles in mediating epigenetic modification such
as methylation and acetylation (53). Recently, Xia et al. (54) identi-
fied that acetyl-CoA, generated by GLS1-mediated glutaminolysis,
enhanced acetylation of histone 3 in the IL-17A promoter and pro-
moted psoriasis development. Furthermore, Stegen et al. (55) re-
ported that glutaminolysis controls chondrogenic gene such as
aggrecan (ACAN) and collagen 2 (COL2) expression by generating
acetyl-CoA synthesis, which is necessary for histone acetylation. In
this study, we demonstrated acetyl-CoA as a functional metabolite
of glutaminolysis necessary for maintaining acetylation of histone 3
in the RUNX2 promoter. Consistently, we found that GLS1 inhibi-
tion decreased osteogenic differentiation in vivo. Together, gluta-
mine metabolism, as downstream of Piezo1-YAP
mechanotransduction signaling, regulates VIC osteogenic differen-
tiation through histone acetylation of the promoter region of the
osteogenic gene RUNX2, renders the condensed chromatin into a
more relaxed state, and thereby promotes calcification.

Although GLS1 inhibitors have been used to suppress various
tumor progressions in mice, some of which have entered clinical
trial (56–58), the effect of GLS1 inhibitors in other diseases re-
mained unclear. Recent studies revealed that BPTES treatment
(0.25 mg/20 g / 200 μl) of mice ameliorated age-associated disorders
(28). Here, we used a similar dose (10 mg/kg) of BPTES to treat both
AAC and DWI mice and observed that BPTES ameliorated aortic
valve calcification in mice. Therefore, our findings indicate that
the GLS1 inhibitor BPTES is an attractive potential drug for the
treatment of CAVD.

In conclusion, the present study provided evidence that activa-
tion of Piezo1 as an initial pathologic trigger promoted stress-

induced osteogenic differentiation of VICs through YAP-depen-
dent glutaminolysis. Glutaminolysis then promotes osteogenic
gene expression through histone acetylation, thereby causing the
development of CAVD (Fig. 9). Together, our study uncovered
the interface of Piezo1-mediated mechanotransduction with
GLS1-mediated glutaminolysis in the context of CAVD.

MATERIALS AND METHODS
Human sample collection
Calcified aortic valve tissues were obtained from patients undergo-
ing aortic valve replacement. Control samples (without calcified
aortic valve tissue) were collected from the explanted hearts of pa-
tients undergoing heart transplantation (n = 10). Aortic valve
tissues were washed with phosphate-buffered saline (PBS) buffer
in clean bench and then divided into three parts: One part was
quickly frozen with liquid nitrogen and then stored at −80°C,
which can be used for tissue protein and RNA extraction; another
part was fixed in 4% paraformaldehyde for tissue slice; the last one
was used to separate VICs. Peripheral venous plasma were collected
from CAVD patients and non-CAVD patients. The exclusion crite-
ria included infective endocarditis, congenital valve disease, rheu-
matic heart disease, and autoimmune diseases. CAVD was
diagnosed when the leaflet thickness was ≥3 mm, the aortic valve
(AV) peak velocity was ≥1.5 m/s, and there was increased echoge-
nicity (aortic root echogenicity was the control) (59). Informed
consent was obtained from all patients. The protocol of this study
was conducted in accordance with the Declaration of Helsinki and
was approved by the Nanfang Hospital, Southern Medical Univer-
sity. The cohort study was registered in the Chinese Clinical Trial
Registry (www.chictr.org.cn, ChiCTR-ROC-17011240).

Animal experiments and echocardiography assessment
The animal study was approved by the Ethics Review Committee of
Southern Medical University (NFYY-2021-0437). All mice were
maintained in a light/dark cycle of 12 hours/12 hours at a temper-
ature of 21°C and 50% humidity. AAC was performed under anes-
thesia in 12-week-old, male, C57BL/6J mice, weighing between 25
and 30 g. In these mice, constriction of the ascending aorta was per-
formed with a 24-gauge needle, as previously described (60, 61).
Sham operation was performed under the same conditions except
for the aortic banding. All mice were fed normal chow during the
whole experiment.

DWI mouse model was conducted in 12-week-old, male,
C57BL/6J mice as previously described with minor modifications
(34, 62). Briefly, a spring wire for angioplasty was introduced into
the right carotid artery in the mouse. After the wire was inserted
into the ascending aorta, we slowly rotated and carefully inserted
it into the left ventricle. Aortic valve injury was induced by scratch-
ing the leaflets with the body of the wire for 50 times and spinning
the tip of the wire correctly positioned on the LV side of the valve for
100 times (fig. S5A). After the wire was removed, the right carotid
artery was ligated. Sham surgery was performed in the same way but
without wire insertion into the left ventricle. All mice were fed
normal chow during the whole experiment.
Inhibition of Piezo1 in mice
Randomization was ensured by arbitrarily assigning models to
Dooku1 or vehicle treatment. Dooku1 (10 mg/kg; Selleck, USA)
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was applied via intraperitoneal injection every other day. PBS was
used as a vehicle control.
Inhibition of GLS1 in mice
Randomization was ensured by arbitrarily assigning models to
BPTES or vehicle treatment. GLS1 (10 mg/kg; Selleck, USA) was
applied via intraperitoneal injection every other day. PBS was
used as a vehicle control.

After 8 weeks, hemodynamic parameters were determined to
verify aortic constriction by transthoracic echocardiography using
a Vevo 2100 imaging system under 2.5% isoflurane anesthesia.
After that, the mice were euthanized by intravenous injection of a
lethal dose of pentobarbital sodium (100 mg/kg). Mice were then
perfused via the left ventricle with 5 ml of PBS before tissue collec-
tion. The heart tissues were embedded in paraffin and dissected into
5-μm sections. The sections were fixed in 4% paraformaldehyde for
H&E staining, von Kossa staining, immunohistochemical staining,
and immunofluorescence staining.

Targeted LC-MS/MS
Metabolite extraction was performed essentially as described with
minor modifications (63). Briefly, metabolites were extracted from
plasma precleared by centrifugation at 20,000g for 10 min at 4°C.

Then, enough volumes of 100% methanol were added and pre-
cooled at −80°C overnight. The supernatant was collected in a
Speedvac (Acid-Resistant CentriVap Vacuum Concentrators, Lab-
conco) after centrifugation at 20,000g for 20 min at 4°C and then
analyzed by Prelude SPLC+TSQ Quantiva LC-MS/MS (Thermo
Scientific, USA). The MS parameters were optimized using targeted
metabolite standards (Solarbio, China), which were L-glutamine
(SG8550), L-glutamate (SG8540), L-aspartate (SA8560), and pyru-
vate (SP9670). Mass transitions and retention time windows were
confirmed by the analysis of neat and matrix-spiked standards.
Peak areas and calculated amount were quantified by Xcalibur soft-
ware (Thermo Fisher Scientific, USA) and manually reviewed.

Primary cell isolation and culture and treatment
Primary aortic VICs were isolated from human aortic valves by
using a well-established method with modifications (64). The leaf-
lets were washed with ice-cold PBS and digested in medium con-
taining collagenase (type II, 2.5 mg/ml; Sigma-Aldrich, 1148090,
USA) at 37°C for 30 min to remove valve endothelial cells. The re-
maining valve tissues were cut into pieces and further digested with
a fresh solution of collagenase (0.8 mg/ml) in medium for 4 to 6
hours at 37°C. Interstitial cells were collected and cultured in

Fig. 9. Schematic illustration of Piezo1-YAPmechanotransduction-mediated glutaminolysis contributing to the pathogenesis of CAVD. High shear stress in vivo
and Yoda1 treatment in vitro caused Piezo1 activation. Piezo1 activation triggered increased Ca2+ influx and YAP translocation, which further promoted GLS1-mediated
glutaminolysis. Glutaminolysis augments intracellular acetyl-CoA, which contributes to histone H3 acetylation of the osteogenic marker RUNX2 promoter, thereby ag-
gravating development of CAVD.
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Dulbecco’s modified Eagle’s medium and 10% fetal bovine serum at
37°C in an atmosphere of 5% carbon dioxide. The substrate we used
in cell culture was normal plastic culture dish (Corning, USA). VICs
at passages 3 to 6 were used in subsequent experiments.

To determine the effect of Piezo1 on the expression of ALP,
RUNX2, and BMP2, VICs were treated with Yoda1 (Selleck,
USA) (0, 2.5, 5, and 10 μM) for 24 hours. We chose 5 μM Yoda1
for Piezo1 activation in the study. For the inhibition treatments,
cells were respectively treated with 2.5 and 5 μM Dooku1 (Selleck,
USA), 1 μM verteporfin (Selleck, USA), 10 μM BAPTA-AM
(APExBIO, USA), and 5 μM BPTES (Selleck, USA). Rescue exper-
iments with sodium acetate (Sigma-Aldrich, USA) were performed
at 1 mM.

The flow experiments were performed as previously described
(46). VICs within passages 4 and 6 were seeded onto μ-Slide I
Luer (Ibidi, Germany) and grown until confluence. A parallel
plate flow system (Ibidi, Germany) was used to impose oscillatory
flow (0.5 ± 4 dynes/cm2) or laminar flow (12 dynes/cm2). The flow
system was enclosed in a chamber held at 37°C and ventilated with
95% humidified air plus 5% CO2.

Cell transfection of siRNAs
To knock down Piezo1, cells (70 to 80% confluent) in six-well plates
were incubated with a mixture of Piezo1 siRNA (100 nM), Lipofect-
amine 3000, and Opti-MEM for 48 hours, and then cell stimulation
was performed. Control cells were treated with scrambled siRNA
and transfection reagent. YAP and GLS1 silencing were performed
using the method described above. siRNA for Piezo1 and GLS1 was
designed and provided by Tsingke, China, and YAP siRNA was
from RiboBio, China.

Nuclear and cytoplasmic protein extraction
The nuclear and cytoplasmic protein components of aortic VICs
were isolated using NEPER nuclear and cytoplasmic extraction re-
agents (Thermo Fisher Scientific, USA) according to the manufac-
turer ’s protocol. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or histone 3 (H3) served as controls for the cytoplasmic
or nuclear protein components, respectively.

Immunoblot
Human aortic valve samples were cut and added with radioimmu-
noprecipitation assay (RIPA) lysis (100 mg:1 ml) containing phos-
phatase and protease inhibitors (1:100) to homogenize. Then, the
sample was centrifuged at 12,000g for 15 min to pellet tissue
debris. Supernatant was collected and prepared for immunoblot.
VICs were lysed in lysis buffer (Beyotime Institute of Biotechnology,
China) containing phosphatase and protease inhibitors (1:100) and
quantified with a bicinchoninic acid protein assay. Protein samples
were separated on SDS–polyacrylamide gels (Epizyme, China) and
transferred to polyvinylidene fluoride membranes (EMDMillipore,
Billerica, MA, USA). The membranes were blocked with 5% nonfat
powdered milk solution for 1 hour at room temperature. The
blocked membranes were incubated overnight at 4°C with a
primary antibody. The membranes were subsequently incubated
with a horseradish peroxidase (HRP)–conjugated secondary anti-
body specific to the primary antibody. Immunoreactive bands
were detected with Pierce enhanced chemiluminescence substrate
(Pierce; Thermo Fisher Scientific Inc.) and a GeneGnome
imaging system (Syngene, Frederick, MD, USA). ImageJ was used

to determine the band density. The primary antibodies used in our
study include Piezo1 antibody (1:1000; Proteintech, 15939-1-AP,
China), β-actin antibody (1:4000; Beijing Ray Antibody Biotech,
RM2001, China), ALP antibody (1:1000; ABclonal, A0514,
China), RUNX2 antibody (1:1000; Proteintech, 20700-1-AP,
China), BMP2 antibody (1:1000; Abcam, ab284395, USA), YAP an-
tibody (1:1000; ABclonal, A1002, China), p-YAP-S127 (1:1000; AB-
clonal, AP0489, China), GLS1(1:1000; Abmart, T55719, China),
H3K27Ac (1:1000; Abcam, ab177178, USA), and α-SMA (1:1000;
Abcam, ab124964, USA). Goat anti-rabbit HRP-conjugated anti-
body (1:5000; FUDE Biological Technology, FDR007, China) and
goat anti-mouse HRP-conjugated antibody (1:5000; FUDE Biolog-
ical Technology, FDM007, China) were used as secondary
antibodies.

Alizarin red S staining
When reaching 80% confluence, VICs were incubated with indicat-
ed interventions in an osteogenic medium [growth medium supple-
mented with β-glycerophosphate (10 mM), dexamethasone (10
nM), cholecalciferol (4 μg/ml), and CaCl2 (8 mM)] for 21 days.
The medium was changed every 3 days. Alizarin red S staining
for calcium deposits was performed as previously described (65).
Briefly, cell monolayers were washed three times with PBS and
fixed for 15 min in 4% paraformaldehyde, followed by incubation
with 0.2% alizarin red solution (pH 4.2) for 30 min. Excessive dye
was removed by washing with distilled water. Alizarin red staining
was examined and photographed with an OLYMPUS CKX41 mi-
croscope (Japan). For quantitation, the stain was washed off with
10% acetic acid at 75°C and measured using a spectrophotometer
at 450-nm wavelength.

ALP activity
ALP staining for ALP formation was performed by using BCIP/
NBT Alkaline Phosphatase Color Development Kit (Beyotime,
China) according to the manufacturer’s protocols. Briefly, VICs
were washed three times with PBS and fixed for 15 min in 4% para-
formaldehyde, followed by incubation with Alkaline Phosphatase
Color Solution for 2 hours. Excessive dye was removed by
washing with distilled water. VICs were examined and photo-
graphed with an OLYMPUS CKX41 microscope (Japan). ALP activ-
ity quantitation was performed by using an alkaline phosphatase
detection kit (Beyotime, China) according to the manufacturer’s
protocols. Briefly, VICs were lysed with lysis buffer. The lysates
were spun at 8000g for 10 min at 4°C, and the supernatants were
then incubated with chromogenic substrate at 37°C for 30 min.
ALP activity was measured with the absorbance at 405 nm.

Histological and immunohistochemical assay
Paraffin-embedded aortic valve samples were cut into 5-mm-thick
sections and then incubated for 2 hours at 72°C before being depar-
affinized with xylene and alcohol. H&E-stained sections were exam-
ined to identify the differences between noncalcified and calcified
aortic valves. Immunohistochemistry detection of Piezo1 and
GLS1 in mouse aortic valve leaflets was performed. For immunohis-
tochemistry, after antigen retrieval was performed with a micro-
wave, the prepared sections were incubated in 3% H2O2 for 10
min. Then, the sections were rinsed with PBS and blocked in 5%
bovine serum albumin for 30 min at room temperature, followed
by incubation with primary antibodies overnight at 4°C and
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HRP-conjugated secondary antibodies for 30 min at room temper-
ature. Then, diaminobenzidine was used as a chromogen to visual-
ize positive cells. The primary antibodies we used in
immunohistochemistry staining were Piezo1 (1:100; Proteintech,
15939-1-AP, China) and GLS1 (1:100; Abmart, T55719, China).
The secondary antibody was goat anti-rabbit HRP-conjugated anti-
body (1:200; FUDE Biological Technology, FDR007, China).

The deparaffinized and rehydrated sections were stained with
von Kossa solution and alizarin red staining (Solarbio, China) to
detect calcium deposits. Masson’s trichrome staining was per-
formed to detect collagen deposition.

Immunofluorescence staining
Immunofluorescence detection of Piezo1, GLS1, Runx2, vimentin,
CD68, and CD31 in mouse aortic valve leaflets was performed.
Tissue sections were fixed in 4% paraformaldehyde and incubated
with primary antibodies overnight at 4°C. After being washed with
PBS, the sections were incubated with Alexa Fluor 594–conjugated
secondary antibodies (red channel). Nuclei were stained with 4′,6-
diamidino-2-phenylindole (DAPI; blue channel), and glycoproteins
on cell surfaces were stained with Alexa Fluor 488–conjugated
wheat germ agglutinin (green channel). Microscopy was performed
with Leica SP8. The method of VIC immunofluorescence staining is
similar. Briefly, VICs were fixed in 4% paraformaldehyde and per-
meabilized in 0.2% Triton X-100. Then, the cells were blocked for 15
min and incubated with primary antibodies overnight at 4°C. After
washing with PBS, cells were incubated with a goat anti-rabbit sec-
ondary antibody against the primary antibody. Nuclei were stained
with DAPI. Confocal images were acquired using Leica SP8. The
primary antibodies we used in immunofluorescence staining were
the following: Piezo1 (1:100; Abmart, M25233, China), GLS1
(1:100; Abmart, T55719, China), RUNX2 (1:100; Abcam,
ab76956, USA), vimentin (1:100; Proteintech, 60330-1-Ig, China),
CD68 (1:100; Abcam, ab283654, USA), and CD31 (1:100; Affinity,
AF6191, USA). The secondary antibodies we used were the follow-
ing: goat anti-rabbit IgG H&L (Alexa Fluor 488) (1:200; Abcam,
ab150077, USA), goat anti-rabbit IgG H&L (Alexa Fluor 594)
(1:200; Abcam, ab150080, USA), goat anti-mouse IgG H&L/Cy3
(1:200; Bioss, bs-0296G-Cy3, China), and goat anti-mouse IgG
H&L/AF488 antibody (1:200; Bioss, bs-0296G-AF488, China).

Calcium imaging
VICs were incubated with Fluo-4 AM (5 μM; Beyotime, China) ac-
cording to the manufacturer’s protocols. VICs were then washed by
Hanks’ balanced salt solution and placed at 37°C in 5% CO2 for 10
min. Imaging was performed by using a Leica SP8 scanning
microscope.

Metabolite detection
Glutamate concentration was analyzed using the Glutamate Assay
Kit (Mlbio, China) following the manufacturer’s instructions. In
general, 1 × 106 cells were homogenized in the Glutamate Assay
Buffer followed by centrifugation. The supernatants were mixed
with Buffer 2, a color reagent. After incubating the reaction for 20
min at 90°C, the absorbance was measured at 570 nm. All samples
and standards were run in duplicate.

Glutamine concentration was analyzed using a glutamine assay
kit (Mlbio, China) following the manufacturer’s instructions. In
general, 1 × 106 cells were homogenized in the glutamine assay

buffer followed by centrifugation. The supernatants were then
mixed with a series of reagents to the reaction. After incubating
the reaction for 30 min at 37°C in the dark, the absorbance was mea-
sured at 450 nm. All samples and standards were run in duplicate.

The measurement of cytosolic acetyl-CoA was analyzed using an
acetyl-CoA assay kit (Bioss, China) following the manufacturer’s in-
structions. In general, 1 × 106 cells were lysed with lysis buffer on ice
for 10 min. The lysates were spun at 8000g for 10 min at 4°C, and the
supernatants were used for acetyl-CoA measurement with the ab-
sorbance at 340 nm.

Reverse transcription and qPCR analyses
Total RNA was extracted with RNA isolator total RNA extraction
reagent (Vazyme, R401-01, China) according to the manufacturer’s
instructions. Briefly, 1 ml of total RNA extraction reagent per 50 to
100 mg of tissue was added to the sample or cells (1 × 105 to 1 × 107),
and the mixture was homogenized using a homogenizer. Then, 0.2
ml of chloroform was added per 1 ml of TRIzol reagent used for
lysis, and the mixture was incubated for 5 min. The sample was cen-
trifuged for 15 min at 12,000g at 4°C. The mixture separates into a
lower red phenol-chloroform, an interphase, and a colorless upper
aqueous phase. The aqueous phase containing the RNA was trans-
ferred to a new tube. Then, the RNA was precipitated with isopro-
panol, washed with 75% ethanol, and solubilized with RNA-free
water. RNA samples were reverse-transcribed using the HiScript
II Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme, R223-01,
China). Relative mRNA levels were determined by real-time PCR
using Taq Pro Universal SYBR qPCR Master Mix (Vazyme, R712-
02, China) and a real-time PCR detection system (LightCycler 480,
Roche, USA). The results are expressed as Ct values normalized to
18S, and the fold change between the control and treated groups was
determined using the 2−ΔΔCt method.

The following primers were used: PIEZO1-F, CCTGTCCGCC
TACCAGATCCG; PIEZO1-R, ACCCATGCCGTACTTGACGAT;
PIEZO2-F, ACTCTTTGGATGATTCGCAAC; PIEZO2-R, CTGCC
AATTTTGACTTCCGAT; GLS-F, ATCTACAGGATTGCGAACG
TCT; GLS-R, AATCTTAGTCCACTCGGCTCT; 18S-F, TAGA
GGGACAAGTGGCGT; and 18S-R, AATGGGGTTCAACGGGTT.

ChIP-qPCR
ChIP-qPCR was performed using a ChIP kit (Bersinbio, bes5001,
China) as described in the manufacturer ’s instructions. Briefly,
VICs were fixed using 1% formaldehyde, washed, and collected
by centrifugation (1000g for 5 min at 4°C). The pellet was resus-
pended in lysis buffer with 1% protease inhibitors and dithiothrei-
tol, homogenized, incubated on ice for 10 min, and sonicated. The
samples were centrifuged (13,000g for 10 min at 4°C), and shared
chromatin was used as input and incubated with an anti-H3K27Ac
antibody (Abcam, USA). Rabbit IgG (Abcam, USA) was used as
isotype control. After precipitation using Pierce Protein A/G Mag-
netic Beads, followed by RNA and protein digestion, DNA was pu-
rified according to the manufacturer’s instructions. RT-qPCR was
performed using SYBR GreenER qPCR SuperMix Universal
(Vazyme, China). The qPCR primers used to evaluate the promoter
regions were as follows: RUNX2 Fw, GTGGTAGGCAGTCCCAC
TTTA; RUNX2 Rev, AGAAAGTTTGCACCGCACTTG.
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Statistical analysis
The continuous data are presented as means ± SEM. A normal dis-
tribution test was performed to determine whether a parametric or
nonparametric test was conducted. Comparisons between multiple
groups were analyzed using one-way or two-way analysis of variance
(ANOVA) with a post hoc Bonferroni/Dunn test, and two-group
comparisons were analyzed using Student’s t test. The statistical
analyses were performed using GraphPad Prism 9.0. Statistical sig-
nificance was defined as P ≤ 0.05.

Supplementary Materials
This PDF file includes:
Figs. S1 to S18
Tables S1 and S2

View/request a protocol for this paper from Bio-protocol.
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