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Piezo1 deletion mitigates diabetic @
cardiomyopathy by maintaining

mitochondrial dynamics via ERK/Drp1

pathway

Weipin Niu'?, Xin Liu'?, Bo Deng” Tianying Hong', Cuifen Wang', Yameng Yan', Jiali Liu, Yuehua Jiang®" and
Jing Li'»®7

Abstract

Objective Increasing evidence highlights the critical role of Piezo1 in cardiovascular diseases, with its expression
upregulated in diabetic heart. However, the involvement of Piezo1 in the pathogenesis of diabetic cardiomyopathy
(DCM) remains unclear. This study aims to elucidate the regulatory role of Piezo1 in mitochondrial dynamics within
the context of DCM and to investigate the underlying mechanisms.

Methods We constructed cardiac-specific knockout of Piezo1 (Piezo 14*"°) mice. Type 1 diabetes was induced
using streptozotocin (STZ) injection while type 2 diabetes was established through a high-fat diet combined with
STZ. Echocardiography assessed left ventricular function, histological evaluations used HE and Masson staining to
examine cardiac pathology in Piezo1™ controls, Piezo 14 controls, Piezo1™" diabetic and Piezo14*/" diabetic mice.
Mitochondrial function including oxygen species level, mitochondrial morphology, and respiration rate were also
assessed.

Results Our findings revealed that Piezo1 expression was upregulated in the myocardium of diabetic mice and in
high-glucose-treated cells. Cardiac-specific knockout of Piezo1 improved cardiac dysfunction and ameliorated cardiac
fibrosis in diabetic mice. Moreover, Piezo1 deficiency also attenuated mitochondrial impairment. Piezo 1™ diabetic
mice exhibited increased calpain activity and excessive mitochondrial fission mediated by Drp1 and obvious reduced
fusion; however, Piezo1 deficiency restored calpain levels and mitochondrial dysfunction. These observations were
also corroborated in HIC2 cells and neonatal mouse cardiomyocytes. Cardiac-specific knockout of Piezo1 increased
phosphorylation of Drp1 and ERK1/2 in vivo and in vitro. Piezo1 knockout or treatment with inhibitor improved
mitochondrial function.

*Correspondence:

Yuehua Jiang
jiang_yuehua@hotmail.com
Jing Li
bmsjingl@gzucm.edu.cn

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12933-025-02625-8&domain=pdf&date_stamp=2025-3-19

Niu et al. Cardiovascular Diabetology (2025) 24:127

Page 2 of 18

Conclusions This study provides the first evidence that Piezo1 is elevated in DCM through the modulation of
mitochondrial dynamics, which is reversed by Piezo1 deficiency. Thus, Piezo1 inhibition may provide a promising

therapeutic strategy for the treatment of DCM.

Graphic abstract In cardiomyocytes of Piezo1”” DCM mice, increased Ca?* entry upregulates calpain activity, and
phosphorylated level of ERK1/2 and Drp1. Therefore, increased mitochondrial fission is shown in DCM hearts. Whereas,
cardiomyocyte-specific knockout of Piezo1 alleviates mitochondrial dysfunction.
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Introduction
The incidence of both type 1 and type 2 diabetes mellitus
(T1DM and T2DM) continues to rise globally. DM com-
plications, including neuropathy, cardiovascular changes
and nephropathy, are major causes of mortality and
morbidity among diabetic patients, placing a substantial
burden on global public health. Of particular concern
is diabetic cardiomyopathy (DCM), characterized by a
series of abnormalities in myocardial structure and func-
tion due to insulin resistance, inflammation, altered lipid
metabolism, and mitochondrial impairment. These man-
ifest as myocardial hypertrophy, interstitial fibrosis, and
diastolic dysfunction [1]. Thus, there is an urgent need to
identify novel therapeutic targets and deepen our under-
standing of the pathological and molecular mechanisms
underlying DCM.

Piezol, identified as a mechanosensitive ion channel
within the past decade [2], plays a vital role in a multi-
tude of physiological processes, such as innate immunity

[3], blood pressure regulation [4, 5], stem cell aging [6],
cell fate determination [7, 8] and cardiovascular homeo-
stasis [9—11]. The Piezol protein is abundantly expressed
in myocardial tissue, where it converts mechanical stress
into Ca?" signaling [12, 13]. Hydrophobic Yodal can
directly bind to Piezol, resulting in Piezol activation;
but non-specific blockers including spider toxin GsMTx4
and ruthenium red can block Piezol activation [14]. Pre-
vious study has demonstrated a significant increase in
Piezol levels in adult mice subject to pressure overload-
induced cardiac hypertrophy [15]. Moreover, cardiac-
specific deletion of Piezol inhibited the activation of the
Ca?*/calmodulin-dependent protein kinase II (CaMKII),
thereby preventing a decline in cardiac function. Nota-
bly, Piezol expression is elevated in islets from humans
and mice with T2DM, as well, impaired glucose tolerance
and reduced insulin secretion present in B-cell-specific
Piezol-knockout mice [16]. Hence, investigating the role
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of Piezol in cardiac dysfunction associated with DCM is
imperative in future study.

Mitochondrial dysfunction exerts a crucial role in the
pathogenesis of DCM [17]. Mitochondria, the double-
membrane organelles, produce adenosine triphosphate
(ATP) using glucose and oxygen in cardiomyocyte.
Emerging evidence suggests that hyperglycemia and
insulin resistance disrupt mitochondrial dynamics by
promoting mitochondrial fission and inhibiting mito-
chondrial fusion [18]. Mitochondrial fusion is modulated
by mitofusin-1 (Mfnl), mitofusin-2 (Mfn2), and optic
atrophy 1 (Opa-1), while fission is primarily controlled by
mitochondrial fission protein 1 (Fisl), dynamin-related
protein 1 (Drpl) and mitochondrial fission factor (Mff)
[19]. Excessive mitochondrial fission in diabetic hearts
increases mitochondrial numbers while reducing their
size, leading to excessive reactive oxygen species (ROS)
production and contributing to mitochondrial dysfunc-
tion [20].

In this study, we demonstrated the cardioprotective
effect of Piezol in DCM by improving diastolic and sys-
tolic function, and ameliorating cardiac fibrosis. Our
findings indicate that increased Piezol expression leads
to calcium influx in cardiomyocytes, subsequently elevat-
ing calpain activity and activating extracellular signal-
regulated kinase (ERK1/2) signaling. These result in Drp1
phosphorylation, which promotes mitochondrial fission
and mitochondrial dysfunction. Cardiac-specific dele-
tion of Piezol ameliorates cardiac remodeling and mito-
chondrial dysfunction, uncovering a Piezol-regulated
mitochondrial homeostasis mechanism linked to ERK/
Drpl axis in diabetic hearts, thus highlighting Piezol as a
therapeutic potential target in DCM treatment.

Materials and methods

Animal studies and ethics

Conditional cardiac-specific Piezol knockout mice
(Piezo1*™"%) were created by crossing Piezo"" mice
(Piezoltm2.1Apat/]) from Jackson Laboratory with
Myh6-Cre transgenic mice (AlcfleMyh6-cre/Esr1)1jmk /jy
Additionally, mice expressing a C-terminal fusion of
Piezol with a tandem-dimer Tomato sequence (dtT;
Piezo1%™%T mice) [21] were also sourced from Jackson
Laboratory. All animal experiments were adhered to the
guidelines of the Care and Use of Laboratory Animals
and were permitted by the Animal Care and Use Com-
mittee of Shandong University of Traditional Chinese
Medicine (approval number: SDUTCM20230215211).
Mice was genotyped using PCR with genomic DNA iso-
lated from mouse tails with the following primers: Myh6-
cre 5-ATGACAGACAGATCCCTCCTATCTCC-3
(forward); Myh6-cre 5-CTCATCACTCGTTGCATCAT
CGAC-3’ (reverse); mouse Tomato (mutant) 5’- CACCT
GTTCCTGTACGGCATGGAC -3, Tomato (common)
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5- GTCCCTTTGACAGCAGCATC - 3] (wildtype) 5" - A
CGCCAAGCTCATCTTCCT -3

Experimental animal models

All mice were maintained under specific-pathogen-free
conditions (12 h day-night cycle) at appropriate tempera-
ture and humidity, with unrestricted access to sterilized
water and food.

T1DM mice

The experimental design flowchart was illustrated in Fig.
2A. To examine the expression level of Piezol in DCM,
twenty 8-week old male PiezoI%”#T mice were utilized
to construct diabetic models via intraperitoneal injec-
tions of streptozotocin (STZ, dissolved in citrate buffer,
0.1 mM, pH=4.5, MCE, USA) at a dosage of 55 mg/kg
daily for 5 consecutive days. Mice in the control group
received intraperitoneal injection of citrate buffer. After
2 weeks, T1IDM mice were confirmed in mice exhibiting
fasting blood glucose (FBG)=16.7 mM/L for two con-
secutive days. All mice were subsequently maintained
for an additional 14 weeks prior to sample collection. To
further investigate the role of Piezol in DCM, C57BL/6]
mice (Vital River Laboratory Animal Technology Co.,
Ltd, China) were also used to establish TIDM (Fig. 8A).
Twelve weeks after DCM induction, the Piezol agonist
Yodal (MCE, USA) was administrated to diabetic mice
via intraperitoneal injection (80 pg/kg, once daily for 4
weeks) [22].

HFD/STZ induced diabetic mice

To estimate the levels of Piezol in T2DM and assess
the impact of Piezol knockout on cardiac function
in diabetic context, PiezoIT# T Piezo14M" and
Piezo ™" mice aged 3 weeks were subjected to construct
T2DM model through high-fat diet (HFD, 60 kcal% fat;
Research Diets, Inc, USA; Supplementary file 3: Table
S1) for 6 weeks followed by intraperitoneal STZ injec-
tions at a dose of 35 mg/kg for three consecutive days.
All mice were randomly divided into six groups (n=10
per group): Piezol™”#T mice fed chow diet group
(Piezo1/#T control group), Piezol1”#T mice fed HFD
group (Piezol™”#T TODM group), Piezol™ fed chow
diet group (Piezo™" + control), Piezo ! fed HED group
(Piezo"! + HEFD), Piezol®™"® fed chow diet group
(Piezo1™"6 1 control), Piezol?""® fed HFD group
(Piezol*™"¢ + HFD). Mice with random blood glu-
cose >16.7 mM were selected for subsequent studies and
continued fed with HFD diet for additional 16 weeks.

Intraperitoneal glucose tolerance test (IPGTT)

At the end of treatment, IPGTT was performed in
all mice after overnight fasting. All T2DM mice were
received a 2 mg/g intraperitoneal glucose injection, with
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Fig. 1 (See legend on next page.)
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Fig. 1 Increased Piezo1 expression in the heart of diabetic mice and high glucose-treated HIC2 cells. (A) Heatmap showing differentially expressed ion
channel genes in normal and HFD/STZ-induced DCM hearts (n=3). (B) Relative mRNA levels of ion channel genes in hearts from normal and HFD/STZ
induced DCM mice. (C) Representative images of immunofluorescence staining of RFP in the heart of T2DM mice (n=5). Scale bar, 20 um. (D) Quantifica-
tion of fluorescence intensity of RFP in (C). (E) Representative images of immunofluorescence staining of RFP in the heart of TIDM mice (n=5). Scale bar,
20 um. (F) Quantification of fluorescence intensity of RFP in (E). (G) Representative images of immunofluorescence staining of Piezo1 (red) in normal glu-
cose (NG) or high glucose (HG) treated HIC2 cells (n=3). The nuclei were co-stained with DAPI (blue). Scale bar, 50 um. Several cells were also represented
using oil immersion lens (Scale bar, 10 um). (H) Quantification of fluorescence intensity of Piezo1 in (G). (I) Western blot for Piezo1 in HIC2 cells treated by
high glucose (HG) compared with normal glucose (NG) (n=3). (J) Quantification of western blot. *P < 0.05

blood glucose levels monitored pre-injection (0 min) as
well as at 30, 60, 90 and 120 min post-injection.

Echocardiography

Following anesthesia with 2% inhaled isoflurane, trans-
thoracic echocardiography was conducted at the end of
the experiment using a VINNO ultrasound diagnostic
instrument (VINNO, Suzhou, China). Parasternal long-
axis M-mode images were collected and parameters
recorded to assess systolic and diastolic cardiac function,
including left ventricular (LV) ejection fraction (EF%), LV
shortening fraction (FS%), LV internal dimension at dias-
tole (LVID; d), LV internal dimension at systole (LVID; s),
LV anterior wall thickness at diastole (LVAW; d), LV ante-
rior wall thickness at systole (LVAW; s), LV posterior wall
thickness at diastole (LVPW; d) and LV posterior wall
thickness at systole (LVPW; s).

Histological analysis

Heart weight (HW) and tibial length (TL) of all mice
were measured to calculate the HW/TL ratio. Following
fixation in 4% paraformaldehyde, heart tissues of mice
were embedded in paraffin and sectioned to a thickness
of 4 um. Deparaffinized and rehydrated sections were
stained with hematoxylin and eosin (H&E, Beyotime Bio-
tech, China), Masson’s trichrome (Solarbio, China) and
Alexa Fluor 488 labeled wheat germ agglutinin (WGA,
Thermo Fisher, USA) staining to assess collagen content
and myocardial atrophy according to the manufacturer’s
instruction.

Immunofluorescence (IF) staining of tissue was con-
ducted to detect Piezol expression and collagen levels
in cardiomyocytes. Sections were deparaffinized and
rehydrated before being blocked with 5% goat serum
(Solarbio, China) for 30 min, then incubated with pri-
mary antibodies RFP, collagen I and collagen III at 4°C
overnight. Subsequent treatments included incuba-
tion with secondary antibodies in the following morn-
ing, and sections stained with RFP were then incubated
with a-actinin antibody to label myocardical tissue.
Cells seeded on glass coverslips were fixed in 4% para-
formaldehyde for 15 min, blocked with 5% goat serum
for 30 min and then incubated with primary antibodies
against Piezol, Tomm?20, p-Drpl (ser616) and OPA1 at
4 °C overnight. Images were acquired with a fluorescent
microscope (BZ-X710, KEYENCE, Japan).

Cell culture and treatment

The embryonic rat heart-derived cardiomyocyte-like
HIC2 cell line was obtained from the Wuhan Service-
bio Technology Co., Ltd. and primary neonatal mouse
cardiomyocytes (NMCMs) were isolated from neona-
tal mice aged 1-3 days. Mouse hearts were obtained
and ventricular sections were diced into small pieces,
followed by digestion for 8 h at 4 °C with 0.125% tryp-
sin and then for 30 min at 37 °C with 0.5% collagenase
II. Cell suspension was obtained via filtering tissue frag-
ments with 40-um cell strainers (Falcon, USA). Puri-
fied cardiomyocytes were collected and culture medium
was replaced 24 h later [23]. All cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) medium
(Gibco, Germany) which contained 1 g/L of D-glucose
and supplemented with 100 U/ml of penicillin and strep-
tomycin, and 10% fetal bovine serum. In the first part of
the in vitro study, to estimate the effect of Piezol inhi-
bition on mitochondrial function, after plated in six-well
plates or glass coverslips and then starved for 12 h, HOC2
cells were treated with 35 mM D-glucose (Sigma, USA)
with 500 pM palmitate (Sigma, USA) in the presence or
absence of GsMTx4 (10 uM, MCE, USA) for additional
48 h as HG + PA or GsMTx4 groups, identical concentra-
tions of mannitol as normal glucose (NG) group. In the
subsequent phase of the in vitro study, to investigate the
effect of Piezol deficiency on mitochondrial function, the
primary NMCMs were treated with 35 mM D-glucose
and 500 uM palmitate or NG for 48 h.

Quantitative real-time polymerase chain reaction (RT-PCR)
Total RNA was extracted from cardiomyocytes or heart
tissues using TRIzol Reagent (Invitrogen, USA) following
the manufacturer’s instructions. Total RNA was reversed
into cDNA using ReverTra Ace qPCR RT Kit (Takara,
Japan) and quantitative RT-PCR was conducted using
SYBR Green Realtime PCR Master Mix (Takara, Japan)
on a LightCycler 480 instrument (Roche, Switzerland).
B-actin was used as control, and relative gene expression
was calculated through the 2722t method. All samples
were examined in triplicates. Primer sequences for RT-
PCR were listed in Supplementary file 3: Table S2.

Transmission electron microscopy (TEM)
Mitochondrial ultrastructure in myocardial sam-
ples was examined by fixing mouse heart tissues with



Niu et al. Cardiovascular Diabetology

(2025) 24:127

A Vehicle/55 mg/kg STZ injection for S days

Echocardiography

Piezol™"

Vehicle/35 mg/kg STZ injection for 3 days

A

| Sample collection

24 (weeks)

}

Piezo] T~ “

Piego]hs

A

ND/HFD

Pl‘ezolldf/nﬂ

W— g ——

B Control

Piezo ™" Piezol s

~ cod ~
g 60 = S .
= v
= 40 =
20
20

9

Piezol™"

& $ 9 NS
§ & o (& (& §F @ o
& 0 § \S“i &S . ;§
o o 3 " &
QN Q.\g? ¥ Q_\t@ A U S
1 -~ Piczo"-Con
40 =~ Piezol™" _Con

-+ Piezol""_HFD

/I\{\}\{ Piezo1 ™" _HFD

T T T 1
30 60 90 120

©
S
1

Blood glucose (mmol/L)
- n
= S
1 1

>

<

0
Time/min
Control
M X -
Piezol™" Piezolhe

Rz

Fig. 2 (See legend on next page.)

o 25 (weeks)

o

o

HW/TL (mg/mm)
EN

Page 6 of 18

PP
Nf‘ o
Ol
S
W
F *
E
£
=
a
=
]
1—
T 0 T T 0 T T T T T
S & S S SN
\Q'CP .\\b'e gs Q'C‘O .“'c’s ‘33 o ‘g‘ cgs
Q N N )\\Q“ $§ o § S‘“\\
o ] N 3 n
R G S % & 9 & 3
D IR m LA ! &
3 9 ¢ Q¥ 8
* &
J 4000 e % 6 X 15
. & . * E *
= =]
3000 ED : 2 10 onas
o z 2 5
S 2000 = =
< ns E é
— £ 2 E
1000 e s @
= 1M 3
3
] T T T m 0 T T T é T T
S & O S L &
e \\_\\»9
e
)
X
*
< o
&
= 200
£
&
£
-
<@
=3
=3
=
T T
Q S
S
&



Niu et al. Cardiovascular Diabetology (2025) 24:127 Page 7 of 18

(See figure on previous page.)

Fig. 2 Piezo1 deficiency improved left ventricular function and remodeling in diabetic mice. (A) Experiment timeline in mice used in this study. (B) Rep-
resentative M-mode echocardiographic images for the mice showing left ventricular diamensions. (C) Quantification of the ratio of heart weight (HW) to
tibial length (TL) in four groups of mice (n=6). (D, E) Quantification of left ventricular ejection fraction (EF) and fractional shortening (FS) in mice (n=6).
(F-H) Measurement of left ventricular internal dimension at diastole (LVID; d), left ventricular internal dimension at systole (LVID; s), and left ventricular
anterior wall thickness at diastole (LVAW; d) in mice (n=6). (I) Intraperitoneal glucose tolerance test in mice of four groups at 15 min, 30 min, 60 min,
90 min and 120 min. (J) Area under curve (AUC) of intraperitoneal glucose tolerance test. (K-L) mRNA levels of ANP and BNP relative to 3-actin (n=6). (M)
Representative H&E of myocardial cross-sections (n=6). Scale bar for upper panel (500 um), for lower panel (100 um). (N) Representative WGA staining of

cardiomyocytes (n=6). Scale bar, 50 um. (0) Quantification of cardiomyocyte area in four groups. *P < 0.05; ns, not significant

glutaraldehyde, sectioning, and staining with 2% uranyl
acetate and Reynolds lead citrate. Sections were observed
under an 80-kV transmission electron microscope (JEM-
1230, JOEL, Japan). Mitochondrial size was measured
with Image J software.

Measurement of calpain activity

The cleavage of the calpain substrate was measured using
a calpain activity assay kit (Abcam, UK) as described
in a previous study [24]. Tissue or cell proteins were
extracted and concentration was measured by the BCA
protein assay kit, followed by sample dilution in 85 pL
extraction buffer. Calpain activity was examined with
calpain substrate and reaction buffer. Then, absorbance
was measured at 400 nm excitation and 505 nm emission
wavelengths.

Mitochondrial function detection

To measure mitochondrial membrane potential (MMP),
cultured cells were determined with a JC-10 kit (Solarbio,
China) and mitochondrial ROS was estimated with Mito-
Sox Red superoxide indicator (Cell Signaling Technol-
ogy, USA). For ROS detection, frozen tissue sections or
cultured cells were stained with 2,7’-Dichlorofluorescin
diacetate (DCFH-DA) or dihydroethidium (DHE) (Beyo-
time, China). Mitochondrial oxygen consumption rate
(OCR) was measured using a Seahorse XF24 analyzer
(Agilent, USA) according to protocols. HIC2 cells were
seeded at 40,000 cells/well on 24-well XFe24 cell culture
microplates. OCR value was measured using the Sea-
horse XF Cell Mitochondrial Stress Test kit.

Intracellular Ca%* entry measurement

The intracellular Ca?* entry was measured as described
in the previous study [24]. Briefly, cells were incubated in
a transparent 96-well plate for 3 days, and then treated
with 2-pM Fura-2-AM (Thermo Fisher Scientific, USA)
for 75 min. Intracellular Ca** signal changes were esti-
mated through the proportion of 340 nm and 380 nm
wavelengths.

Western blot analysis

Heart tissues or cultured cells were lysed with RIPA
buffer supplemented with phosphatase and protease
inhibitors (Beyotime, China). Protein extractions were
separated by 10-12% SDS-PAGE and then transferred to

PVDF membranes (Millipore, USA). After blocking with
5% skim milk or BSA for 1 h at room temperature, the
membranes were incubated with primary antibodies (all
the primary antibodies were shown in Supplementary file
3: Table S3) at 4 °C overnight. Next day, the membranes
were washed and incubated with peroxidase-conjugated
anti-rabbit IgG (1:5000 dilution, ZSGB-BIO, Beijing,
China) and anti-mouse-IgG (1:5000 dilution, ZSGB-BIO,
Beijing, China) for 1 h and bands were detected with the
ECL detection kit (Epizyme, China). GAPDH or B-actin
was used as control indicated in figures. Protein quantifi-
cation was analyzed with Image J software.

Biochemical analysis
Serum lipid levels, including total cholesterol (TC), tri-
glyceride (TG), low-density lipoprotein cholesterol (LDL-
C) and high-density lipoprotein cholesterol (HDL-C)
were measured using an automatic biochemical analyzer
(URIT-8026, China).

Data collection and RNA-seq analysis

RNA-seq data (GSE241166) from heart tissues of DCM
and control mice, generated using the Illumina NovaSeq
6000 platform, was obtained from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.g
ov/geo/). The dataset included heart samples from three
DCM mice (T2DM, induced by HED and STZ) and three
normal mice. To identify differentially expressed genes
associated with ion channels, RNA-seq analysis was con-
ducted with a cutoff criterion of fold change more than
1.5 or less than 1/1.5 combined with P<0.05.

Statistical analysis

All data were presented as mean + SEM. For comparisons
between two groups, unpaired Student’s ¢-test was con-
ducted and for more than two groups, one-way ANOVA
followed by Turkey’s post hoc test was performed. All
statistical tests were conducted using GraphPad Prism
software. P value less than 0.05 was considered as statisti-
cally significant.

Results

Elevation in Piezo1 expression in DCM and HG-treated cells
Previous studies have indicated the up-regulation of
Piezol in cardiomyocytes of mice with cardiac hyper-
trophy [25] and ischaemia/reperfusion injury [26]. To
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determine whether Piezol expression is increased in
DCM hearts compared to normal tissues, we downloaded
RNA-seq data from the GEO dataset and compared the
expression levels of ion channels genes, including Piezol.
The results revealed a significant up-regulation of Piezol
in DCM samples relative to normal hearts (Fig. 1A, B).
To further confirm these findings, Piezo1%”/#T mice were
applied to conduct T2DM and T1DM model. IF staining
of heart sections indicated higher protein levels of Piezol
in T2DM (Fig. 1C, D) and T1DM (Fig. 1E, F) mice. Simi-
larly, HOC2 cells were treated with high glucose (HG, 35
mM), showing increased Piezol expression compared
to normal glucose (NG, 1 g/L) conditions (Fig. 1G, H).
Meanwhile, the results of western blot also presented
higher Piezol level in HG-treated cells than NG group
(Fig. 11, J). These data underscore the notable increase in
Piezol expression in DCM mice and HG-treated cells.

Cardiac-specific knockout of Piezo1 improves cardiac
function and remodeling

To investigate the role of Piezol in diabetic hearts, we
constructed PiezoI*™"® mice. The deletion of Piezol
was confirmed by genotyping (Supplementary filel: Fig.
S1A). After Piezol deletion, there were no significant dif-
ferences in the shape, body weight, or organ weight rela-
tive to body weight (heart, kidney, liver, lung, or spleen)
between Piezol*™"® and Piezo /" mice (Supplementary
file 1: Fig. S1B-D). Moreover, serum levels of TC, TG and
glucose did no differ between the two groups (Supple-
mentary file 1: Fig. SIE-Q). Piezol deletion also showed
no significant effect on cardiac function, including EF
and FS (Supplementary file 1: Fig. SIH-K). RT-PCR and
IF staining of cardiac tissue showed Piezol expression
was reduced in Piezol*"® mice compared to Piezol/"/!
mice (Supplementary file 1: Fig. SIL-N). Calcium imag-
ing also showed an obvious reduction in calcium influx
in NMCRs isolated from Piezol***6 mice in response
to Yodal (Supplementary file 1: Fig. S10, P). Further,
we also validated Piezol deletion using western blot,
and it showed that the level of Piezol was decreased in
Piezo1*"® mice (Supplementary file 1: Fig. S1Q, R).
These results demonstrated successful cardiac-specific
knockout of Piezol in Piezo1**" mice.

To explore the effect of Piezol knockout on cardiac
function, echocardiographic analysis was applied. Com-
pared to Piezo control mice, those in the Piezo " +
HFD group displayed cardiac dysfunction, as indicated
by increased heart weight and decreased LVEF, LVES,
as well as elevated LVID, d, LVID, s and LVPW (Fig.
2B—H). Obviously, these echocardiographic results were
all reversed following Piezol deletion. Glucose toler-
ance testing indicated that mice in DCM group exhibited
impaired glucose tolerance (Fig. 2I, J). However, there
was no difference between Piezol™ and Piezo1*™"S
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mice. Additionally, serum levels of TC, TG and LDL-C
were significantly elevated in Piezo /! + HFD group rela-
tive to controls, but were normalized following Piezol
deletion (Supplementary file 2: Fig. S2A-C). Although
serum levels of HDL-C were lower in Piezo”? + HFD
group, there was no obvious difference compared to
Piezol*™"6  HFD (Supplementary file 2: Fig. S2D).

Natriuretic peptides including atrial natriuretic peptide
(ANP) and brain natriuretic peptide (BNP) have been
considered as cardioprotective factors. RT-PCR results
showed that the levels of ANP and BNP were significantly
elevated in Piezol™" + HFD group, while these effects
were attenuated by Piezol knockout, indicating cardiac
injury was partially repaired (Fig. 2K, L). Myocardial dis-
array was markedly evident in the Piezo /! + HFD group
compared to control mice, yet this abnormality was
restored upon Piezol deletion (Fig. 2M). Furthermore,
WGA staining revealed significantly smaller cross-sec-
tional area of cardiomyocytes in Piezo1**?"® + HED mice
relative to those in the Piezo " + HED group (Fig. 2N,
O). Collectively, these results indicate that Piezol dele-
tion ameliorates cardiac dysfunction.

Alleviation of cardiac fibrosis with Piezo1 deficiency

Given that cardiac fibrosis is a prominent feature of
DCM, we detected the extent of myocardial fibrosis
through Masson’s trichrome staining. Increased col-
lagen accumulation within the prevascular and inter-
stitial region was observed in Piezo/”! + HFD mice
compared to Piezol*""® + HFD counterparts (Fig. 3A—
C). IF staining for collagen I and collagen III also exhib-
ited higher collagen levels in Piezo! + HED than in the
in Piezo1*""® + HFD group (Fig. 3D—F). These findings
indicate that cardiac-specific Piezol deficiency alleviated
cardiac fibrosis in DCM hearts.

Impaired oxidative stress and mitochondrial dysfunction
reversed due to Piezo1 deficiency

Considering the pivotal role of oxidative stress and
mitochondria dysfunction in DCM development, we
evaluated ROS levels across all groups using DHE and
DCFH-DA probes in cardiac tissues. The results revealed
elevated fluorescence intensities in the tissues of Piezo /!
+ HFD mice compared to control mice, which reduced
after Piezol knockout in cardiac tissues (Fig. 4A-C).
Mitochondria-derived anions are known as the principal
intracellular source of ROS in DCM. Moreover, increased
mitochondria fragmentation is a key feature of diabetes,
suggesting a role for abnormal fission in ROS production
and mitochondrial dysfunction [27, 28]. Therefore, TEM
analysis was conducted to examine the mitochondrial
morphology and function. Findings showed abnormal
density, disordered arrangements and fragmentation of
mitochondria in the Piezo /' + HED group, with Piezol
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deficiency ameliorating these alterations (Fig. 4D). Addi-
tionally, Piezol knockout reversed mitochondrial length
and morphology compared with Piezo™ + HFD mice
(Fig. 4E). Collectively, these results indicate that cardiac-
specific Piezol knockout significantly improves diabetes-
induced mitochondrial dysfunction.

Enhanced mitochondrial function in vitro with Piezo1
deficiency

To mimic hyperglycemic and hyperlipidemia environ-
ment in vivo, HIC2 cells and NMCMs were treated with
high glucose in combination with palmitate (HG +PA).
The results showed that HG + PA treated cells exhibited
elevated ROS levels (Fig. 5A, B and D, E). To further
delineate the effect of Piezol on MMP, the JC-10 fluo-
rescent probe was applied. The MMP level was reflected
by the ratio of green to red fluorescence, with data show-
ing that aggregates probes were markedly reduced but
monomers increased following HG +PA treatment (Fig.
5C, F). Interestingly, the application of GsMTx4, a Piezol
inhibitor, markedly reversed changes in ROS and MMP
levels.

To examine the role of Piezol in mitochondrial
function in more depth, NMCMs were isolated from
Piezol™" and Piezol*"S mice, and then subjected
to HG+PA treatment. Meanwhile, heightened levels
of cell ROS, mitochondrial ROS and monomers were
detected in HG+PA treated primary NMCMs, which
were reversed by Piezol knockout (Fig. 5G-L). Addition-
ally, the Cell Mitochondrial Stress Test analysis indicated
that HG + PA treatment also led to decreased maximal
respiration and spare capacity, while GsMTx4 treatment
reversed these effect (Fig. 5M—0). These data support the
contention that Piezol deficiency preserves mitochon-
drial function in HG + PA treated cardiomyocytes.

Regulation of mitochondrial dynamics proteins by Piezo1
through calpain/ERK1/2

Several reports demonstrate that impaired mitochondrial
dynamics are detrimental to cardiac health, including
DCM [29]. In diabetic hearts of mice in the Piezo " +
HED group, gene expression related to mitochondrial fis-
sion, including Drp1 and Fisl, was significantly increased
compared to the control mice, whereas expression of
genes associated with mitochondrial fusion, including
MFN1, MFN2 was reduced (Fig. 6A-D). Piezol knock-
out significantly reversed their mRNA levels. HOC2 cells
stained with Tomm20 and DAPI demonstrated that
HG+PA treatment led to mitochondrial fragmented
compared to low glucose conditions, with GsMTx4
reversing this effect (Fig. 6E, F). IF staining highlighted
an increase in phosphorylated Drpl expression while
OPAL1 levels were downregulated (Fig. 6G-I), indicating
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that Piezol inhibition protects against HG + PA induced
mitochondria dysfunction.

Previous study has shown decreased calpain activity
following Piezol deficiency in macrophage and endothe-
lial cells [9, 24]. Indeed, our results confirmed that cal-
pain activity was significantly higher in DCM hearts but
markedly reduced following Piezol deficiency (Fig. 6]).
Moreover, elevated calpain activity in HG + PA induced
cells was also reversed after GsMTx4 treatment or Piezol
knockout (Fig. 6K, L). Collectively, these data demon-
strate that Piezol regulates calpain activity during the
progression of DCM.

Furthermore, we validated protein levels associ-
ated with mitochondria dynamics using WB analysis.
In diabetic hearts, OPA1 was remarkably reduced in
Piezo" + HFD compared to controls. In contrast, lev-
els of p-Drpl at ser616 not at ser637 were significantly
increased in diabetic hearts, although the levels of total
Drpl remained unchanged. Particularly, ERK1/2 is
known to phosphorylate Drpl at ser616, which triggers
abnormal mitochondrial fission in cardiac injury [30, 31].
Our data revealed that Piezo! + HED mice exhibited
elevated levels of p-ERK1/2group, while total ERK1/2
levels did not change. Piezol deficiency led to a signifi-
cant increase in OPA1 and decreases in p-Drp at ser616
and p-ERK1/2 levels (Fig. 7A-G). In H9C2 cells and
NMCMs, HG + PA treatment also resulted in upregulated
p-Drpl at ser616 and p-ERK1/2 without affecting total
protein levels (Fig. 7H-Q). Interestingly, both Piezol
inhibitor and deletion reversed this effect. Altogether,
these data indicates that Piezol regulates mitochondria
dynamics via ERK1/2-mediated phosphorylation.

Aggravation of cardiac remodeling by Piezo1 activation

To further confirm the physiological role of Piezol in
DCM development and heart failure in vivo, we evalu-
ated the effects of Piezol agonist, Yodal upon DCM in
C57JL/6 mice. For this purpose, we administrated Yodal
(i.p injection) to mice after 12 weeks for STZ injection
(Fig. 8A). We then examined cardiac function by echo-
cardiography and discovered that STZ induced obvious
LV systolic dysfunction, which was aggravated by Yodal
administration, as identified by decreased LVEF and
LVES, and increased heart mass (Fig. 8B—D). Likewise,
Yodal treatment enhanced collagen deposition relative
to the STZ-induced DCM heart (Fig. 8E-G). Increased
levels of ANP and BNP were obviously increased after
Yodal injection (Fig. 8H, I). IF staining showed a sig-
nificant increase of collagen I and III in mice adminis-
trated with Yodal compared to those in the DCM group
(Fig. 8J-L). This striking correlation of Yodal and DCM
underscores the critical role of Piezol in the progression
of this disease.
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Fig. 5 Piezol inhibition attenuates mitochondrial function in cardiomyocytes. HOC2 cells or NMCMs were treated high glucose and palmitate (HG+PA),
and then HIC2 cells were treated with GsMTx4. (A—F) Representative images of DCFH-DA (A), DHE (B), and JC-10 (C) staining and corresponding quantita-
tive analysis of fluorescence intensity in GsMTx4-treated HOC2 cells (n=3). (G-L) Representative images of DHE (G), MitoSox (H), and JC-10 (I) staining and
corresponding quantitative analysis of fluorescence intensity in NMCMs (n=3). (M-0) Mitochondrial respiration function in GsMTx4-treated HIC2 cells

was assessed by OCR assay. *P < 0.05; ns, not significant

Discussion

Ample epidemiological evidence has documented a
strong correlation between diabetes and heart failure [32,
33]. Patients with diabetes often experience myocardial
dysfunction, characterized by myocardial fibrosis, car-
diac remodeling, diastolic and systolic dysfunction [34].
This condition is termed as DCM and increasing molecu-
lar targets for DCM treatment have been found [35, 36].
Emerging studies have focused on the role of Piezol in
cardiovascular pathophysiology, including myocar-
dial infarction [10], atherosclerosis [37] and lymphatic
development [38]. Our findings provide several interest-
ing insights. First, we observed a significant increase in
Piezol expression in the hearts of diabetic mice and in
HG-treated cardiomyocytes. Second, cardiac-specific
knockout of Piezol improved cardiac dysfunction and
remodeling, thereby mitigating myocardial fibrosis.
Third, Piezol deletion alleviated cardiac dysfunction
by restoring mitochondrial fragmentation and altering
MMP, both in vivo and in vitro, via the ERK/Drp1 signal-
ing pathway. Lastly, Piezol activation aggravated cardiac
damage through increased collagen synthesis. To the
best of our knowledge, this study presents the first report
demonstrating the important role of Piezol in the pro-
gression of DCM and the potential underlying mecha-
nisms involved.

Mechanically, cardiac hypertrophy develops in
response to increased workload. While our present
study elucidates the vital roles of Piezol in diabetes and
heart dysfunction, the specific regulatory mechanisms
of Piezol in diabetes complications like DCM require
further exploration. The pathophysiology of DCM is
complex. Importantly, approximately 95% of ATP is
generated by cardiac muscle originating from oxidative
phosphorylation in mitochondria, suggesting the key
role of mitochondrial dysfunction is DCM progression.
Mitochondria possess active Ca** transport systems and
several enzymes related to energy metabolism are acti-
vated by Ca®". ROS overload is considered as a key trig-
ger of oxidative stress which is one obvious characteristic
of DCM. The present study supported the role of oxida-
tive stress in controlling DCM progression in vivo and
in vitro. ROS levels were increased in diabetic hearts
and HG + PA treated cells but reduced after Piezol dele-
tion or inhibitor treatment. Moreover, lipid metabolism
plays a vital role in diverse physiological process of heart
and cardiovascular diseases. Importantly, lipotoxicity
could induce endoplasmic reticulum stress, cell death,

inflammatory responses and mitochondrial dysfunc-
tion [39]. We also found increased serum levels of total
cholesterol (TC), triglycerides (TG), and low-density
lipoprotein cholesterol (LDL-C) in the Piezol//! + HFD
group but reversed after Piezol deletion. Additionally,
mitochondrial dysfunction is related to several mecha-
nisms in the pathogenesis of DCM, including mito-
chondrial morphology, integrity, dynamics, mitophagy
and biogenesis [17]. Mitochondrial dynamics, including
mitochondrial fission and fusion could regulate mito-
chondrial size, mass and intercellular lipid accumulation
[40]. Emerging evidence has shown that the imbalance
of mitochondrial fission and fusion plays a vital role in
the diabetic heart [41-43]. In diabetic patients and mice,
Drpl was significantly upregulated whereas OPA1 was
downregulated, which was consistent with our results
[44, 45]. Interestingly, cardiomyocyte-specific knock-
out of Piezol improved mitochondrial function through
inhibiting mitochondrial fragmentation and fission, and
suppressing oxidative stress.

Calpain can be activated by high level of Ca®>" and
widely expressed in eukaryotic cells [46]. We hypoth-
esized that calpain is involved in HFD/STZ induced heart
failure via Piezol activation induced Ca?* entry. Previ-
ous data from our team has shown that calpain is acting
downstream of Piezol. Meanwhile, HG-induced upregu-
lation of calpainl expression has been reported in HOC2
cells, which was consistent with our results [47]. We also
found HG+PA treatment increases mitochondrial fis-
sion but decreases mitochondrial fusion. Interestingly,
inhibition of calpain activity could dephosphorylate Drp1
at ser637 and suppress mitochondrial fission in acute
viral myocarditis [48]. These data together indicate that
Piezol induced calpain activity regulates mitochondrial
dynamics.

As a key component for mitochondrial fission,
post-translational modifications to Drpl, such as
SUMOylation, phosphorylation and S-nitrosylation
are crucial for fission activity [49-51]. In this study, we
demonstrated that ERKI/2-mediated Drp1% phos-
phorylation regulated mitochondrial dynamics in the
development of diabetic hearts. ERK1/2 is a member of
the mitogen active protease (MAPK) family, which pro-
motes cell division and proliferation [52]. A number
of reports have indicated that Drpl is phosphorylated
by ERK1/2 at serine 616 site, leading to aberrant mito-
chonderial fission [53, 54]. Our study showed that Piezol
inhibitor, GsMTx4 obviously inhibited HG + PA induced
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Fig. 6 Piezo1 inhibition regulates mitochondrial fission and fusion via regulating calpain activity. (A-D) Relative mRNA levels of mitochondrial dynamics-
related genes in mouse hearts (n=6). -actin was used as internal control. (E, F) Representative fluorescence images of TOMM?20 and DAPI in HIC2 cells
and quantification of mitochondrial length. (G-1) Representative fluorescence images of phos(Ser616)-Drp1 and OPAT in HOC2 cells corresponding quan-
tification (n=3). (J-L) Measurements of calpain activity in heart tissues from mice, H9C2 cells and NMCMs (n=4). *P < 0.05; ns, not significant
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Fig. 7 Piezol regulates mitochondrial dynamics in DCM through Drp1/ERK1/2. (A-G) Representative immunoblot and quantification of OPA1,
phos(Ser637)-Drp1, phos(Ser616)-Drp1, Drp1, phos-ERK1/2 and ERK1/2 in myocardial tissues, normalized to GAPDH. (H-L) Representative immunoblot
and quantification of phos(Ser616)-Drp1, Drp1, phos-ERK1/2 and ERK1/2 in HI9C2 cells, normalized to GAPDH. (M-Q) Representative immunoblot and

quantification of phos(Ser616)-Drp1, Drp1, phos-ERK1/2 and ERK1/2 in NMCMs, normalized to GAPDH. n=3.*P <0.05; ns, not significant
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Fig. 8 Cardiac activation of Piezo1 aggravated left ventricular function and remodeling in diabetic mice. (A) Experiment timeline and echocardiographic
images showing cardiac function of mice in three groups. (B-C) Quantitative analysis of EF and FS (n=5). (D) Quantification of the ratio of heart weight
(HW) to tibial length (TL) in three groups of mice (n=5). (E-G) Representative H&E and Masson’s trichrome staining, and quantification of perivascular
and interstitial collagen volume fraction (CVF) of myocardial cross-sections in three groups of mice (n=5). (H, 1) Relative mRNA levels of ANP and BNP in
mouse hearts (n=5). B-actin was used as internal control. (J-L) Immunofluorescence and quantification of collagen I and collagen Ill in three groups of

mice (n=5). Scale bar, 50 um. *P < 0.05

oxidative stress and mitochondrial fission via downregu-
lating phosphorylation of ERK1/2 and Drpl1 at ser616.

In the present study, there are several limitations.
First, complicated mechanisms may be involved in DCM
including inflammation, impaired insulin sensitivity,
altered cardiac metabolic pathway (chronic hyperglyce-
mia, lipotoxicity and dyslipidemia) and mitochondrial

mitophagy other than mitochondrial dynamics [27]. In
addition, considering the importance of mitochondrial
proteins in mitochondrial dynamics, other proteins pos-
sibly contributing to DCM progression and in-depth
study on association between calpain and p-ERK1/2
deserve further scrutiny. Second, we focus mainly on type
2 diabetes induced DCM, but whether Piezol regulates
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mitochondrial dynamics in type 1 diabetic heart needs
further investigation. Finally, although Piezol agonist,
Yodal is used to activate the ion channel in our study,
Yodal may activate Piezol in immune cells, endothe-
lial cells and epithelial cells other than cardiomyocytes.
Therefore, to delineate its unique role in DCM, a cardiac-
specific Piezol overexpression mouse model would be
urgently required.

In conclusion, Piezol expression was increased in
DCM and cardiac-specific knockout of Piezol attenuated
cardiac fibrosis and improved cardiac function. Piezol
deficiency or channel closing decreased calpain levels
and phosphorylated Drpl induced mitochondrial frag-
mentation by downregulating ERK1/2 phosphorylation
(Graphical Abstract). Thus, inhibition of Piezol by drug
treatment or cardiac-specific gene provides a promising
approach to the clinical application for DCM treatment.

Abbreviations

TIDM Type 1 diabetes

T2DM Type 2 diabetes

DCM Diabetic cardiomyopathy

LVEF Left ventricular ejection fraction

LVFS Left ventricular shortening fraction

LVID;,d Left ventricular internal dimension at diastole
LVID;s Left ventricular internal dimension at systole
LVAW:d Left ventricular anterior wall thickness at diastole
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