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To explore the role and underlying mechanisms of Piezo1 in sepsis-induced myocardial dysfunction 
(SIMD). A SIMD model was established in mice via intraperitoneal lipopolysaccharide (LPS) injection. 
Cardiac function, histology, Piezo1 protein expression, and cardiac troponin T (cTnT) were assessed. 
Piezo1’s role in SIMD was investigated using the agonist Yoda1, inhibitor GsMTx-4, and cardiomyocyte-
specific Piezo1 knockout (Piezo1ΔCM) mice. Dual Specificity Phosphatase 3 (DUSP3) protein levels were 
also assessed to explore potential mechanisms. SIMD mice exhibited significantly impaired cardiac 
function, along with increased Piezo1 protein and cTnT levels. Piezo1 activation improved cardiac 
function and reduced tissue damage, while inhibition worsened SIMD. Piezo1ΔCM mice exhibited more 
severe cardiac dysfunction and injury, especially with LPS treatment. DUSP3 protein levels were 
significantly elevated in Piezo1ΔCM and LPS-treated hearts. Piezo1 exerted a protective role in SIMD, 
potentially through the modulation of DUSP3.
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Sepsis, a life-threatening condition characterized by a dysregulated host response to infection, poses a major 
global health burden, with an estimated 31.5 million cases annually and mortality rates reaching 26%1–4. Among 
its severe complications, sepsis-induced myocardial dysfunction (SIMD) significantly contributes to sepsis-
related mortality5. Although excessive inflammation, oxidative stress, and mitochondrial dysfunction have been 
implicated in SIMD pathogenesis, the underlying mechanisms remain elusive6,7.

Piezo1 channel, a mechanosensitive ion channel, plays a critical role in various physiological processes 
across diverse cell types and tissues8–10. Within the cardiovascular system, Piezo1 is essential for mechanical 
signal transduction and myocardial contractile function. Mounting evidence suggests that Piezo1 mutations or 
aberrant expression can disrupt myocardial mechanical conduction, potentially leading to systolic dysfunction, 
arrhythmias, and maladaptive remodeling11–14.

Recent investigations have highlighted Piezo1’s potential role in sepsis pathophysiology15. During sepsis, the 
dysregulated immune response triggers a cascade of inflammatory mediators, resulting in systemic inflammation 
and organ dysfunction16,17. Furthermore, Piezo1 activation may modulate this excessive inflammatory response 
by regulating the production and release of inflammatory factors18–20. Additionally, Piezo1 contributes to cardiac 
remodeling: it regulates calmodulin expression through a positive feedback mechanism, driving pathological 
cardiac hypertrophy21,22. In ischemic heart disease, Piezo1 regulates Ca2+ production and reactive oxygen species 
(ROS) signaling in cardiomyocytes, enabling cardiac adaptation to pathological mechanical loads13. Despite 
these advances, the specific role of Piezo1 in SIMD remains poorly understood.

This study aims to elucidate Piezo1’s involvement in SIMD pathogenesis and explore its potential underlying 
mechanisms. By investigating Piezo1’s function in this context, we seek to uncover novel insights into sepsis-
related cardiac dysfunction and potentially identify therapeutic targets for this challenging clinical condition.

Materials and methods
Animals and treatments
All experimental procedures were approved by the Institutional Ethics Committee for Animal Care and Use 
and adhered to the NIH Guidelines for the Care and Use of Laboratory Animals (1985). All methods that were 
mentioned were performed in accordance with the relevant guidelines and regulations. C57BL/6 N female mice 
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(10 weeks old) were obtained from Vital River Laboratory (Beijing, China), while age-matched Piezo1ΔCM and 
Piezo1flox/flox female mice were procured from Cyagen Biosciences, Inc (Jiangsu, China). Animals were housed 
under standard conditions (22 °C ± 2 °C, 60% humidity, 12-hour light/dark cycle) with ad libitum access to food 
and water.

Following a two weeks acclimatization period, C57BL/6  N mice were randomly assigned to four 
groups: Control (CTR), LPS, Piezo1 agonist, and Piezo1 inhibitor. The Piezo1 agonist Yoda1 (HY-18723, 
MedChemExpress, USA) and inhibitor GsMTx-4 (HY-P1410, MedChemExpress, USA) were administered via 
single intraperitoneal injections 1 h prior to LPS injection, at doses of 500 µg/kg23 and 1.5 mg/kg24, respectively. 
Vehicle controls were treated with an equivalent volume of DMSO diluted in saline to ensure consistency across 
experimental conditions. To further elucidate Piezo1’s role, cardiomyocyte-specific Piezo1 knockout mice 
(Piezo1ΔCM) were divided into four groups: Piezo1flox/flox, Piezo1flox/flox + LPS, Piezo1ΔCM, and Piezo1ΔCM + LPS. 
SIMD was induced by a single intraperitoneal injection of lipopolysaccharide (LPS) (15 mg/kg; L8880, Solarbio, 
Beijing, China)25,26. Control animals received an equivalent volume of normal saline. Echocardiography was 
performed 12 h post-injection. All animals were euthanized by intraperitoneal injection of sodium pentobarbital 
(100 mg/kg), followed by blood and tissue collection. Blood samples were centrifuged at 3500 rpm for 15 min 
and stored at − 80 °C. Heart tissues were either fixed in 4% paraformaldehyde or snap-frozen at − 80 °C.

Echocardiography assessment
Transthoracic M-mode echocardiograms were performed using a Vevo 2100 ultrasound device (Visual Sonics 
Inc., Toronto, Canada) 12 h post-LPS administration. Prior to imaging, mice were anesthetized via inhalation 
of isoflurane in oxygen at a flow rate of 1 L/min. For induction, 3% isoflurane was used to ensure consistent and 
humane anesthesia, followed by a reduction to 1% isoflurane for maintenance during the imaging procedure. 
Anesthesia depth was monitored by assessing respiratory rate and pedal withdrawal reflex, with the isoflurane 
concentration adjusted as necessary to maintain stable physiological conditions. Left ventricular ejection 
fraction (LVEF%) and left ventricular fractional shortening (LVFS%) were measured over three consecutive 
cardiac cycles, and the mean values were recorded.

Histological analysis
Left ventricular tissues were fixed in 4% paraformaldehyde for 48 h, paraffin-embedded, and sectioned to 4 μm 
thickness. Sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin (HE). Stained 
sections were examined under a light microscope (Nikon Eclipse CI, Tokyo, Japan).

Plasma cTnT measurement
Plasma cardiac troponin T (cTnT) levels were quantified using an enzyme-linked immunosorbent assay (ELISA) 
kit (KE1753, ImmunoWay Biotechnology Company, US) according to the manufacturer’s instructions.

Western blot analysis
Left ventricular tissue lysates were prepared in cold radioimmunoprecipitation (RIPA) buffer, centrifuged 
at 12,000 rpm and 4  °C for 10 min, and protein concentrations were determined using a bicinchoninic acid 
(BCA) protein assay kit (P0012, Beyotime Biotechnology, Shanghai, China). Proteins (100 µg) were separated 
by 10% sodium dodecyl sulfate polyacrylamide gel and transferred to polyvinylidenefluoro membranes (Merck 
Millipore, Co Cork, Ireland). Membranes were blocked with 5% skim milk and incubated overnight at 4  °C 
with primary antibodies against Piezo1 (1:500, 15939-1-AP, proteintech, Illinois, USA), DUSP3 (1:1000, 28284-
1-AP, proteintech, Illinois, USA), Beta-tubulin (1:1000, WL01931, Wanleibio, Shenyang, China) and GAPDH 
(1:10000, ET1601-1, Huabio, Hangzhou, China). After incubation with goat anti-rabbit II antibody (1:5000, 
5220 -0336, Seracare, Massachusetts, USA) at room temperature for 1 h, protein bands were visualized using a 
ChemiDoc XRS + system (Bio-Rad, California, USA), and quantified using Image J software.

PCR genotyping
Genomic DNA was extracted using a Genomic DNA extraction kit (9765, Takara Bio Inc., Kusatsu, Japan) and 
amplified by PCR. PCR products were separated by agarose gel electrophoresis at a constant voltage of 130 V for 
30 min and visualized under ultraviolet light.

Statistical analysis
Data were analyzed using SPSS 21.0 (IBM SPSS Statistics for Windows, IBM Corp., Armonk, NY) and expressed 
as mean ± standard error of the mean (SEM). Two-group comparisons were performed using Student’s t-test, 
while multiple group comparisons employed one-way ANOVA followed by the least significant difference (LSD) 
post-hoc test. P < 0.05 was considered statistically significant.

Results
Piezo1 was upregulated in SIMD mice
To investigate Piezo1’ role in SIMD, we established a mouse model of sepsis using LPS administration. 
Echocardiographic analysis revealed significant reductions in LVEF% and LVFS% in LPS-treated mice compared 
to controls (Fig.  1A–C), indicating impaired cardiac function. Additionally, LPS-treated mice exhibited 
significantly lower heart rates compared to controls (Fig.  1D). Plasma cTnT levels, a marker of myocardial 
injury, were markedly elevated in the LPS group (Fig. 1E). Histological examination of heart tissue using HE 
staining demonstrated normal morphology in controls, while LPS-treated mice exhibited characteristic features 
of acute myocardial injury and inflammation, including tissue edema, inflammatory cell infiltration, and nuclear 
swelling (Fig. 1F).
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Fig. 1.  Piezo1 was upregulated in SIMD mice. A mouse model of sepsis was induced by intraperitoneal 
injection of LPS (15 mg/kg). (A) Representative M-mode echocardiographic images 12 h post-LPS 
administration. Scale bar = 100 ms/2 mm. (B-C) Quantitative analysis of LVEF% and LVFS%. (D) Quantitative 
analysis of Heart rate. (E) Plasma cardiac cTnT levels. Beta-tubulin served as a loading control. (F) 
Representative HE stained heart sections. Scale bar = 50 μm. (G) Western blot analysis of Piezo1 expression in 
mouse heart tissue. Beta-tubulin served as a loading control. Data were presented as mean ± SEM. P < 0.05 was 
considered statistically significant. Blots are representative of n = 6 biological replicates.
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Notably, Piezo1 protein levels were significantly increased in heart tissue following LPS administration 
(Fig. 1G). These findings suggested that Piezo1 upregulation might contribute to the pathogenesis of SIMD.

Piezo1 agonist Yoda1 ameliorated cardiac dysfunction in SIMD mice
To investigate the therapeutic potential of Yoda1 in SIMD, we evaluated its effects in a mouse model of sepsis 
induced by LPS administration. Echocardiographic analysis showed that LVEF% and LVFS% were significantly 
higher in the LPS + Yoda1 group compared to the LPS group (Fig.  2A–C), indicating that Yoda1, a Piezo1 
agonist, improved cardiac function in SIMD mice. However, both the LPS and LPS + Yoda1 groups exhibited 
significantly lower heart rates than the control group (Fig. 2D), suggesting that while Yoda1 enhanced cardiac 
performance, it did not counteract the LPS-induced reduction in heart rate. Further supporting these functional 
improvements, plasma cTnT levels were significantly decreased in the LPS + Yoda1 group compared to the LPS 
group (Fig. 2E). Additionally, histological examination revealed that Yoda1 treatment attenuated myocardial 
injury in the LPS + Yoda1 group, with reduced tissue damage, inflammatory cell infiltration, and cellular 
degeneration compared to the LPS group (Fig. 2F).

Piezo1 inhibitor GsMTx-4 aggravated cardiac dysfunction in SIMD mice
To assess the impact of GsMTx-4 in SIMD, we utilized a mouse model of sepsis induced by LPS administration. 
Echocardiographic analysis revealed that both LVEF% and LVFS% were significantly reduced in the 
LPS + GsMTx-4 group compared to the LPS group (Fig.  3A–C), indicating further deterioration of cardiac 
function in mice treated with GsMTx-4, a Piezo1 inhibitor. Both the LPS and LPS + GsMTx-4 groups exhibited 
significantly reduced heart rates compared to the control group (Fig.  3D), suggesting that LPS induces 
bradycardia, an effect not worsened by GsMTx-4. Additionally, plasma cTnT levels were significantly elevated in 
the LPS + GsMTx-4 group compared to the LPS group (Fig. 3E). Histological analysis showed more pronounced 
myocardial injury in the LPS + GsMTx-4 group, with extensive tissue damage, increased inflammatory cell 
infiltration, and severe cellular degeneration compared to the LPS group (Fig. 3F).

Cardiomyocyte-specific Piezo1 deficiency exacerbated cardiac dysfunction in SIMD mice
To further elucidate the role of Piezo1 in SIMD, we employed Piezo1ΔCM mice. Knockout efficiency was verified 
by PCR-genotyping assay (Fig. 4F; see Supplementary Materials Fig. 1 and Table 1 for detailed knockout method 
and primer sequences). Echocardiographic analysis revealed that Piezo1ΔCM mice exhibited decreased LVEF% 
and LVFS% at baseline compared to Piezo1flox/flox controls. Following LPS administration, both Piezo1flox/flox and 
Piezo1ΔCM mice exhibited further reductions in LVEF% and LVFS% (Fig. 4A–C). Additionally, LPS treatment 
significantly reduced heart rates in both genotypes compared to their respective untreated controls (Fig. 4D). 
However, no significant difference in baseline heart rates was observed between Piezo1flox/flox and Piezo1ΔCM 
mice, indicating that cardiomyocyte-specific Piezo1 deletion did not affect resting heart rate. Histological 
examination showed that Piezo1ΔCM mice displayed features of acute myocardial injury and inflammation after 
LPS treatment compared to Piezo1flox/flox controls (Fig. 4G). Consistent with these findings, plasma cTnT levels 
were significantly elevated in Piezo1ΔCM mice compared to Piezo1flox/flox controls (Fig. 4E), underscoring greater 
cardiac damage in the absence of cardiomyocyte-specific Piezo1. Immunoblotting revealed upregulation of 
DUSP3, a downstream target of Piezo1, in both Piezo1ΔCM and Piezo1flox/flox + LPS compared to Piezo1flox/flox 
controls (Fig. 4H). These findings suggested that cardiomyocyte-specific deletion of Piezo1 exacerbated cardiac 
dysfunction in SIMD, highlighting the protective role of Piezo1 in maintaining cardiac function during sepsis. 
The upregulation of DUSP3 in Piezo1flox/flox + LPS, Piezo1ΔCM and Piezo1ΔCM + LPS groups suggested a potential 
mechanistic link between Piezo1 and DUSP3 in the context of SIMD.

Discussion
This study aimed to elucidate the role of Piezo1 in SIMD and its underlying mechanisms. Our findings suggested 
that: (1) myocardial Piezo1 expression was upregulated following LPS administration; (2) cardiomyocyte-
specific Piezo1 depletion exacerbated myocardial dysfunction; and (3) Piezo1 might exert protective effects 
through upregulation of DUSP3 in SIMD.

Sepsis, characterized as a systemic inflammatory response syndrome triggered by infection, frequently led 
to multiple organ dysfunction and remained a leading cause of mortality in critically ill patients. While cardiac 
involvement was common, the precise mechanisms underlying myocardial dysfunction in sepsis remained elusive, 
potentially involving myocardial damage, sympathetic activation, mitochondria, and calcium imbalance22,27,28. 
Among these factors, disruption of calcium homeostasis had emerged as a crucial pathophysiological basis 
for SIMD29. Piezo1, a mechanosensitive ion channel, could initiate downstream calcium signaling pathways 
and modulate cell function30, suggesting a potential role in SIMD. Our study demonstrated elevated Piezo1 
levels in the murine heart following LPS treatment. Moreover, Piezo1ΔCM mice exhibited decreased myocardial 
function and more severe histological damage compared to controls, suggesting that Piezo1 might be integral to 
maintaining myocardial function during sepsis.

Previous research has shown that Piezo1ΔCM mice exhibited normal cardiac function at 8 weeks of age, but 
developed significant LVEF% decline by 18 weeks21. Our findings aligned with these observations, though we 
detected a decline in cardiac function decline in Piezo1ΔCM mice at an earlier age of 10 weeks. This discrepancy 
might be attributed to differences in gene knockout strategies; our study employed the Myh6-Cre system, while 
the previous study utilized the MLC2v-Cre system. The choice of promoter and the timing of Cre expression 
could influence the onset and severity of phenotypes in conditional knockout models31. Despite this variation in 
age of onset, both studies underscored the critical role of Piezo1 in maintaining normal cardiac function, with 
our findings further supporting the notion that Piezo1 deficiency could lead to impaired cardiac performance.
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Several studies have implicated Piezo1 in regulating cardiac remodeling through its effects on calcium 
homeostasis. Piezo1 channels could sense mechanical stimuli within cardiomyocytes, such as tension changes 
during contraction and relaxation. These mechanical stimuli activated Piezo1, triggering downstream calcium 
signaling pathways and influencing cardiomyocyte contractility16. In SIMD, impaired cardiomyocyte contractility 
might be linked to Piezo1 channel dysfunction. Additionally, Piezo1 might directly contribute to the intricate 
regulation of calcium homeostasis within cardiomyocytes, serving as a protective mechanism against calcium 

Fig. 2.  Piezo1 agonist Yoda1 ameliorated cardiac dysfunction in SIMD mice. Mice were pretreated with Yoda1 
1 h before LPS (15 mg/kg) administration (A) Representative M-mode echocardiographic images 12 h post-
LPS injection. Scale bar = 100 ms/2 mm. (B-C) Quantitative analysis of LVEF% and LVFS%. (D) Quantitative 
analysis of Heart rate. (E) Plasma cTnT levels. (F) Representative HE stained heart sections. Scale bar = 50 μm. 
Data were presented as mean ± SEM. P < 0.05 was considered statistically significant.
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Fig. 3.  Piezo1 inhibitor GsMTx-4 aggravated cardiac dysfunction in SIMD mice. Mice were pretreated with 
GsMTx-4 1 h before LPS administration (15 mg/kg). (A) Representative M-mode echocardiographic images 
12 h post-LPS injection. Scale bar = 100 ms/2 mm. (B-C) Quantitative analysis of LVEF% and LVFS%. (D) 
Quantitative analysis of Heart rate. (G) Plasma cTnT levels. (F) Representative HE stained heart sections. Scale 
bar = 50 μm. Data were presented as mean ± SEM. P < 0.05 was considered statistically significant.
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Fig. 4.  Cardiomyocyte-specific Piezo1 deficiency exacerbated cardiac dysfunction in SIMD mice. Both 
Piezo1ΔCM and Piezo1flox/flox mice were subjected to LPS (15 mg/kg) injection. (A) Representative M-mode 
echocardiographic images 12 h post-LPS administration. Scale bar = 100 ms/2 mm. (B-C) Quantitative 
analysis of LVEF% and LVFS%. (D) Quantitative analysis of Heart rate. (E) Plasma cTnT levels. (F) Agarose gel 
electrophoresis of PCR products for Piezo1 genotyping. (G) Representative HE stained heart sections. Scale bar 
= 50 μm. (H) Western blot analysis of DUSP3 in mouse heart tissue. GAPDH served as a loading control. Data 
were presented as mean ± SEM. P < 0.05 was considered statistically significant. S denoted mice was treated 
with normal saline. LPS denoted mice was treated with LPS. ns stood for no statistical difference between the 
two groups. Blots are representative of n = 6 biological replicates.
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overload and cellular injury21. By precisely modulating calcium influx and efflux, Piezo1 helped maintain 
intracellular calcium levels within a physiological range, preserving cardiomyocyte integrity and function21. 
The dual roles of Piezo1 as a mechanical sensor and calcium homeostasis regulator highlighted its importance 
in safeguarding cardiac health and preventing adverse remodeling. Notably, our results demonstrated that 
modulating Piezo1 activity through Yoda1 or GsMTx-4 significantly impacted cardiac function in SIMD mice, 
suggesting that these effects might stem from the precise regulation of Piezo1-mediated fluctuations in Ca2+ 
influx18.

Recent studies have reported a robust association between DUSP3 and sepsis, with DUSP3 inhibition 
effectively protecting female mice from sepsis and septic shock32,33. In our investigation, we observed upregulation 
of DUSP3 expression across Piezo1flox/flox + LPS, Piezo1ΔCM and Piezo1ΔCM + LPS groups, suggesting a potential 
mechanistic link between Piezo1 and DUSP3 in SIMD. However, the precise molecular mechanism by which 
Piezo1 regulated DUSP3 remained unclear. Specifically, our experiments did not determine whether Piezo1 
directly interacts with DUSP3 or indirectly modulates DUSP3 activity through a mediating mechanism. Based 
on recent studies, we propose a hypothesis that Piezo1 may act as a mechanoreceptor, transducing signals from 
extracellular matrix stiffness to activate histone methyltransferases. This activation could increase H3K36me2 
deposition, potentially enhancing RNA polymerase II accessibility at the DUSP3 locus and thereby boosting its 
transcriptional efficiency34. Nevertheless, this hypothesis requires experimental validation.

While our study provided new insights into the protective role of Piezo1 in SIMD and its potential mechanism 
through DUSP3 regulation, several limitations warrant acknowledgment. Firstly, the molecular mechanisms 
underlying the directly or indirectly regulatory effects of Piezo1 on the DUSP3 protein expression are not 
comprehensively addressed in present study, which not only constitutes the principal limitation of this work 
but also defines the foremost research priority for our subsequent investigations. Secondly, it is important to 
note that our study exclusively used female mice, which may limit the generalizability of our findings to male 
animals. In future experiments, we plan to investigate whether Piezo1ΔCM mice exhibit sex-specific differences 
in the regulation of DUSP3 protein. Thirdly, the underlying cause for increased Piezo1 protein expression in 
cardiac tissue following LPS stimulation required further investigation. These aspects necessitated additional 
exploration to fully delineate the signaling pathways involved. Our current experiments served as an initial step 
in understanding this complex relationship, and further studies are essential to unravel the intricate mechanisms 
at play. It was important to note that sepsis and myocardial dysfunction involved multiple factors and complex 
signaling cascades. Future research should adopt a more comprehensive approach, considering the interplay 
of various factors to provide a more holistic understanding of the pathophysiological mechanisms underlying 
SIMD. Finally, although our findings highlighted Piezo1 as a potential therapeutic target for SIMD, it was crucial 
to emphasize that Piezo1-based therapies required extensive preclinical and clinical development to establish 
their safety profile and efficacy. Further investigations should focus on translating these findings into clinically 
viable treatment strategies, taking into account potential off-target effects and long-term consequences of Piezo1 
modulation.

Conclusion
In conclusion, our study revealed that Piezo1 exerted a cardioprotective effect in SIMD, potentially through the 
upregulation of DUSP3.

Data availability
The datasets used during the current study are available from the corresponding author on reasonable request.
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