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Piezo1, a trimeric mechanosensitive cation channel discovered in 2010 
and recognized with the 2021 Nobel Prize for its seminal role in 
mechanotransduction, has emerged as a key transducer of mechanical forces 
into calcium ions (Ca2+) signaling. Its distinctive propeller-like structure confers 
high mechanosensitivity, enabling rapid and graded Ca2+ influx under diverse 
mechanical stimuli such as shear stress, stretch, or compression. This Ca2+

entry establishes localized nanodomains and amplifies signals via Ca2+-induced 
Ca2+ release, thereby activating a spectrum of downstream effectors including 
CaMKII, NFAT, and YAP/TAZ. Through these pathways, Piezo1 orchestrates 
critical physiological processes including vascular tone, skeletal remodeling, 
immune responses, neural plasticity, and organ development. Conversely, 
its dysregulation drives numerous pathologies, ranging from hypertension 
and atherosclerosis to neurodegeneration, fibrosis, osteoarthritis, and cancer. 
Advances in pharmacological modulators (e.g., Yoda1, GsMTx4), gene-editing, 
and nanomedicine underscore promising therapeutic opportunities, though 
challenges persist in tissue specificity, off-target effects, and nonlinear Ca2+

dynamics. This review synthesizes current knowledge on Piezo1-mediated Ca2+

signaling, delineates its dual roles in physiology and disease, and evaluates 
emerging therapeutic strategies. Future integration of structural biology, 
systems mechanobiology, and artificial intelligence is poised to enable precision 
targeting of Piezo1 in clinical practice.
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 1 Introduction

Mechanosensitive ion channels are key molecular sensors that enable organisms to 
perceive and respond to mechanical stimuli, playing crucial roles in processes ranging from 
cell differentiation and tissue development to the maintenance of systemic homeostasis. 
Among these, Piezo1, one of the most important mechanosensitive cation channels, was 
discovered in 2010 by Ardem Patapoutian’s team through systematic functional genomic 
screening (Coste et al., 2010). This groundbreaking discovery not only revealed the
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molecular basis of mechanosensation but also earned the 2021 Nobel 
Prize in Physiology or Medicine due to its significant implications for 
physiology and medicine.

The core function of the Piezo1 channel lies in its ability 
to directly convert mechanical stimuli into cation influx, thereby 
initiating downstream signaling cascades. When cells are subjected 
to mechanical stimuli such as shear stress, membrane stretching, 
or compression, the Piezo1 channel opens within milliseconds, 
mediating rapid calcium ions (Ca2+) influx (Saotome et al., 2018; 
Hill et al., 2022). This process does not rely on second messenger 
systems, making Piezo1 a true “mechano-chemo transducer.” As a 
universal second messenger, Ca2+ activates downstream effectors 
such as calmodulin (CaM) and Ca2+/CaM -dependent kinases, 
thereby regulating gene expression, cell morphological remodeling, 
and functional differentiation (Li et al., 2014; Lew, 2025).

Under physiological conditions, Piezo1 plays a critical role 
in various tissues and cell types. In vascular endothelial cells, 
it senses blood flow-induced shear stress and regulates vascular 
tone through the Ca2+-NO pathway (Atcha et al., 2021). In red 
blood cells, Piezo1 maintains erythrocyte function by regulating cell 
volume homeostasis (Lew, 2025). In the skeletal system, it mediates 
osteocyte responses to mechanical load, promoting bone formation 
(Amado et al., 2024). Additionally, Piezo1 is involved in immune 
cell activation, neural synaptic plasticity, and the development of 
multiple organs (Jiang et al., 2022; Chu et al., 2023).

However, dysfunction of Piezo1 is closely associated 
with various diseases. Gain-of-function mutations lead to 
hereditary xerocytosis (Cordeil and Jallades, 2024; Liang et al., 
2024), while overexpression or overactivation contributes to 
pathological processes such as hypertension, atherosclerosis, 
and tumor metastasis (Li M. et al., 2022; Chu et al., 2025; 
Knoepp et al., 2025). These findings have established Piezo1 as a 
potential therapeutic target for various diseases, with developed 
agonists and inhibitors (e.g., GsMTx4) showing promise in 
preclinical studies (Jiang Z. et al., 2024).

This review systematically integrates the latest advances in 
Piezo1 research. It begins by detailing its structure and activation 
mechanisms, then delves into the Ca2+ signaling pathways it 
mediates, followed by a systematic analysis of its pathophysiological 
mechanisms in various diseases. It comprehensively evaluates 
current therapeutic strategies targeting Piezo1, discusses major 
challenges in clinical translation, and prospectively explores 
innovative applications of artificial intelligence in Piezo1 research 
and targeted therapies. Finally, it concludes with future research 
directions. Through this multidimensional and systematic 
discussion, this review aims to provide comprehensive theoretical 
insights and practical guidance for both basic research and clinical 
translation related to Piezo1. 

2 Structure and regulatory 
mechanisms of Piezo1

2.1 Three-dimensional architecture and 
gating mechanism

Piezo1 is a mechanosensitive, non-selective cation channel 
whose trimeric architecture has been resolved via high-resolution 

cryo-electron microscopy (cryo-EM) (Xu, 2016; Tang et al., 2022; 
Mazal et al., 2025). The channel adopts a distinctive “bowl-shaped” 
conformation (Lin et al., 2019; Yang et al., 2022a), featuring 
elongated blade-like domains that radiate symmetrically from a 
central pore region, resembling a three-bladed propeller. This 
design not only forms the ion-conducting core but also enhances 
mechanosensitivity through interactions between the blade regions 
and lipid membrane curvature (Saotome et al., 2018; Zhang et al., 
2017; Zhao et al., 2018; Wang et al., 2019).

Structural analyses reveal that Piezo1 undergoes dynamic 
conformational transitions, including curved and flattened states 
(Yang et al., 2022a; Yang S. et al., 2022; Liu et al., 2025a). Membrane 
tension—induced by stretching—propagates through the outward 
flexing of the blade arms, driving the pore domain from a 
closed to an open state (Lin et al., 2019; Yang et al., 2022a; 
Lüchtefeld et al., 2024). Molecular dynamics (MD) simulations 
indicate that this process involves coordinated movements of 
critical amino acid residues, particularly conserved sites near 
the pore region that govern gating kinetics (Zarychanski et al., 
2012; Glogowska et al., 2015; Zhang T. et al., 2024). These rapid, 
reversible conformational changes enable Piezo1 to activate and 
inactivate within milliseconds (Atcha et al., 2021; Lin et al., 2019; 
Harraz et al., 2022; Young et al., 2023).

The propeller-like architecture is central to Piezo1’s 
mechanosensitivity. Under tension, blade expansion alters the 
pore diameter, modulating ion selectivity and conductance 
(Zhao et al., 2018; Wang et al., 2019; Ge et al., 2015). This “force-
structure-function” coupling establishes Piezo1 as a unique cellular 
mechanotransducer (Lin et al., 2019; Ma et al., 2021). Notably, 
Piezo1’s activity is tightly regulated by its lipid microenvironment 
(Bavi et al., 2019; Zhang C. et al., 2020). The channel harbors 
multiple lipid-binding sites, and alterations in membrane cholesterol 
or phospholipid composition directly modulate its mechanical 
threshold (Yang et al., 2022a; Cox and Gottlieb, 2019; Buyan et al., 
2020; Vanderroost et al., 2023). Additionally, coupling with the 
cytoskeleton provides an auxiliary gating mechanism (Qian et al., 
2022; Lei M. et al., 2024). The “force-from-filaments” model may 
explain tissue-specific responses to mechanical stimuli (Wang et al., 
2023; Baratchi et al., 2024; Wang et al., 2025a). Despite being non-
selective, Piezo1 exhibits a marked preference for Ca2+ permeation, 
as demonstrated by cryo-EM and electrophysiological studies 
(Tang et al., 2022; Mazal et al., 2025; Liu et al., 2025a; Harraz et al., 
2022). This Ca2+ influx not only depolarizes the membrane 
but also initiates downstream signaling cascades. The selectivity 
filter’s interplay with membrane physical properties (e.g., tension, 
curvature) ensures robust and precise mechanotransduction 
across diverse physiological contexts (Table 1) (Lin et al., 2019; 
Yang et al., 2022a; Douguet and Honoré, 2019).

2.2 Mechanical sensitivity regulation of 
Piezo1

Studies have shown that membrane tension and curvature 
are key factors in regulating Piezo1 activity. In high-tension 
environments, Piezo1 exhibits enhanced activity, while under low-
tension conditions, the channel’s activity significantly decreases. This 
phenomenon suggests that the physical environment of the cell 
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TABLE 1  Structural features and gating mechanism of Piezo1.

Feature Description Role in gating

Overall Shape Trimeric, propeller-like structure Curved shape senses force, flattening opens pore

Pore Domain Central ion-conducting channel Directly controls cation flow

Blade Region Large arms contacting lipid membrane Main force sensor; converts tension to pore opening

Gating Mechanism Curved to Flattened transition Membrane tension is the primary activator

membrane directly affects Piezo1’s function, thereby influencing the 
cell’s response to external mechanical stimuli.

Changes in membrane curvature also significantly impact 
Piezo1 activity. Experimental results show that when membrane 
curvature increases, the activation threshold of Piezo1 is lowered, 
making it more responsive to mechanical stimuli (Yang S. et al., 
2022; Smith et al., 2025). This mechanism plays an important 
role in processes like cell migration and growth, particularly 
in physiological processes such as tumor cell metastasis and 
angiogenesis (Jiang et al., 2022; Li M. et al., 2022; Guan et al., 
2024; Zhang T. et al., 2025). The cytoskeleton plays a crucial 
role in Piezo1’s mechanical sensitivity. Research has found that 
the integrity of the cytoskeleton directly affects Piezo1’s activity 
(Qian et al., 2022; Baratchi et al., 2024; Geng et al., 2021). When 
the cell membrane is mechanically stretched, the contraction and 
extension of the cytoskeleton can regulate Piezo1’s open state, 
thus influencing Ca2+ influx (Lüchtefeld et al., 2024; Qian et al., 
2022; Risinger and Kalfa, 2020). Additionally, changes in the 
cytoskeleton may further affect Piezo1’s function by altering 
membrane tension and curvature (Qian et al., 2022; Swain and 
Liddle, 2023; Yang et al., 2024). The interaction between the 
cytoskeleton and Piezo1 is not limited to direct physical contact 
but also includes indirect regulation through cellular signaling 
pathways (Chen G. et al., 2023; Chen D. et al., 2024; Liu and 
Dernburg, 2024). For example, under mechanical stimulation, 
dynamic changes in the cytoskeleton can regulate intracellular Ca2+ 
signaling, affecting the cell’s physiological behavior and pathological 
responses (Sugisawa et al., 2020; Ye Y. et al., 2022).

Piezo1’s function is also significantly influenced by its lipid 
microenvironment (Bavi et al., 2019; Zhang C. et al., 2020; 
Karkempetzaki and Ravid, 2024). Studies have shown that the 
composition and distribution of lipids in the membrane can 
regulate Piezo1’s activity, especially the content of phospholipids and 
cholesterol (Gonçalves et al., 2023; Xue et al., 2024; Contreras et al., 
2025). Changes in lipids can impact Piezo1’s conformation and 
function, thereby influencing its response to mechanical stimuli 
(Coste et al., 2010; Saotome et al., 2018; Lin et al., 2019). For example, 
the presence of cholesterol has been found to enhance Piezo1’s 
mechanical sensitivity (Qi et al., 2015; Glogowska et al., 2021), 
while in environments deficient in cholesterol, Piezo1’s activity 
is significantly reduced. This finding provides a new perspective 
on understanding Piezo1’s function under different physiological 
and pathological conditions and may offer new strategies for 
treating diseases related to Piezo1 (Table 2) (Zhou et al., 2023; 
Lei L. et al., 2024; Wang et al., 2025b).

3 Piezo1-mediated Ca2+ signaling 
initiation and amplification

3.1 Initial triggering mechanisms of Ca2+

influx

Piezo1 represents a prototypical mechanosensitive cation 
channel that rapidly opens in response to mechanical stimuli (e.g., 
stretching, shear stress, or osmotic pressure changes) (Zhao et al., 
2017), mediating instantaneous Ca2+ influx (Hu et al., 2023; 
Luo S. et al., 2023; Yan Z. et al., 2024). While permeable to Na+

and K+ (Shahidullah et al., 2022; Hirata et al., 2023), Piezo1 exhibits 
preferential Ca2+ conductivity - a selectivity profile consistently 
observed across cardiomyocytes (Jiang F. et al., 2021; Xu H. et al., 
2025), vascular endothelial cells (Wang et al., 2016; Lim et al., 
2024; Lim and Harraz, 2024), and immune cells (Solis et al., 2019; 
Ran et al., 2023; Tang et al., 2023). This ion selectivity stems 
from the channel’s unique three-dimensional architecture, where 
tension-induced conformational changes in the pore diameter 
and critical residues dynamically modulate Ca2+ affinity and 
permeability (Wang et al., 2019).

Upon Piezo1 activation, spatially restricted Ca2+ microdomains 
emerge as the primary signaling platforms. These transient, high-
concentration Ca2+ nanodomains serve dual roles: (1) as the 
epicenters for signal initiation; (2) as amplifiers for downstream 
cascades (Harraz et al., 2022; Lei M. et al., 2024; Jiang F. et al., 
2021; Vasileva et al., 2025). Experimental evidence demonstrates 
their capacity to rapidly engage Ca2+-dependent effectors, including 
calmodulin (CaM) (Geng et al., 2021; Choi et al., 2022; Chen S. et al., 
2023) and Ca2+/CaM-dependent protein kinases (CaMKs) 
(Geng et al., 2021; Chen S. et al., 2023; Fei et al., 2023), thereby 
regulating diverse cellular processes ranging from migration and 
secretion to metabolic reprogramming. In cardiomyocytes, these 
microdomains potentiate contractility through localized Ca2+-
induced Ca2+ release (CICR), while in immune cells they modulate 
inflammatory responses and phagocytic activity (Chi et al., 2022; 
Fang et al., 2023; Sun L. et al., 2025).

A critical feature of Piezo1-mediated mechanotransduction 
is its stimulus-strength coding capability (Choi et al., 2022; 
Chen S. et al., 2023; Wang et al., 2025c). The amplitude of 
Ca2+ signals exhibits positive correlation with mechanical input 
intensity - stronger stimuli increase both channel open probability 
and duration, resulting in greater Ca2+ influx (Zhang G. et al., 
2021; Jiang T. et al., 2024). This graded response enables cells 
to quantitatively decode mechanical information, translating force 
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TABLE 2  Glossary of technical terms.

Term Definition

Calcium Oscillations Periodic, rhythmic changes in intracellular Ca2+ concentration that encode cellular signals

Calcium Waves Propagating waves of Ca2+ ions that travel within or between cells for long-distance communication

Curvature The degree of bending of a cell membrane, a physical parameter sensed by mechanosensitive proteins

Cytoskeleton Intracellular network of protein filaments that provides structural support and transmits mechanical forces

Durotaxis Cell migration guided by a gradient of substrate stiffness in the extracellular matrix

Lipid Microenvironment The local composition and physical properties of lipids surrounding a membrane protein, regulating its activity

Mechanotransduction The process by which cells convert mechanical stimuli into biochemical or electrical signals

Membrane Tension The lateral stretching force applied to a cell membrane, a key regulator of mechanosensitive channels

Piezo1 A major mechanosensitive cation channel in vertebrates that is directly activated by membrane tension to mediate Ca2+ influx

Selectivity Filter A critical structural region within an ion channel’s pore that determines which ions can pass through

Shear Stress The tangential frictional force exerted by fluid flow (e.g., blood) on a cell surface (e.g., endothelium)

magnitude into differential physiological outputs through variations 
in Ca2+ signal amplitude and frequency (Jiang Z. et al., 2024; 
Wang et al., 2025a; Zhang T. et al., 2025). 

3.2 Secondary amplification pathways of 
Ca2+ signaling

Following the initial Ca2+ influx triggered by Piezo1, cells 
employ CICR to amplify the signal (Endo, 2009; Eisner et al., 
2017; Sun et al., 2024). This process involves activation of 
endoplasmic reticulum (ER) Ca2+ channels (ryanodine receptors 
and IP3 receptors) by entering Ca2+, leading to massive Ca2+

store release that dramatically enhances both amplitude and 
duration of cytoplasmic Ca2+ signals (Vervliet et al., 2015; Woll 
and Van Petegem, 2022; Knutson et al., 2023). In cardiomyocytes, 
this mechanism is particularly crucial, as CICR directly drives 
sarcoplasmic reticulum Ca2+ release - the fundamental process 
underlying cardiac muscle contraction (Shan et al., 2012; 
Yu et al., 2022; Su et al., 2023).

The ER serves as the primary Ca2+ reservoir and 
plays a central role in Piezo1-mediated signal amplification 
(Jakob et al., 2021). Its Ca2+ release is precisely regulated by 
Sarco/Endoplasmic Reticulum Ca2+-ATPase (SERCA) pumps and 
associated channels, ensuring effective signal amplification while 
preventing Ca2+ toxicity from overactivation (Zhang et al., 2017; 
Abbonante et al., 2024; Zhao JX. et al., 2025). This delicate balance 
allows cells to flexibly adjust Ca2+ signal intensity and duration 
according to environmental demands.

Mitochondria also participate in Piezo1-mediated Ca2+

signaling through the mitochondrial Ca2+ uniporter (Xu H. et al., 
2025; Zhang Q. et al., 2024; Zhu Y. et al., 2025). By rapidly 
sequestering excess Ca2+, mitochondria not only prevent cellular 
Ca2+ overload but also utilize Ca2+ to regulate TCA cycle 

activity and Adenosine Triphosphate (ATP) synthesis, thereby 
influencing energy metabolism and oxidative stress defense 
(Chakrabarty and Chandel, 2021; Arnold et al., 2022; Liu Y. et al., 
2025). Emerging evidence reveals dynamic coupling between 
mitochondrial Ca2+ uptake and ER Ca2+ release, forming an 
intracellular ER-mitochondria functional network that ensures both 
signal amplification and homeostatic control (Hirabayashi et al., 
2017; Thoudam et al., 2023; Li Q. et al., 2025).

Mechanical activation of the Piezo1 channel on the plasma 
membrane initiates Ca2+ influx, generating a localized Ca2+

microdomain. This microdomain activates downstream signaling 
pathways (e.g., CaMKII, NFAT, YAP/TAZ) and triggers further 
Ca2+ release from the endoplasmic reticulum (ER) via calcium-
induced calcium release (CICR). Concurrently, mitochondria 
uptake Ca2+ through the MCU to modulate metabolism 
and prevent Ca2+ overload. The resulting global elevation of 
cytosolic Ca2+ concentration propagates as Ca2+ oscillations and 
intercellular Ca2+ waves, facilitating signal transmission within and 
between cells (Figure 1).

3.3 Downstream signaling pathways

Piezo1-mediated Ca2+ influx and secondary amplification not 
only alter intracellular ion homeostasis but also activate multiple 
downstream pathways regulating cell proliferation, differentiation, 
migration, and pathological responses. Three key nodes have been 
extensively studied: 

3.3.1 CaMKII pathway
Ca2+/calmodulin-dependent protein kinase II (CaMKII), a 

serine/threonine kinase highly sensitive to Ca2+ fluctuations, 
becomes activated through autophosphorylation following Piezo1-
mediated Ca2+ influx (Leng et al., 2022; Fu et al., 2025; Lin Z. et al., 
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FIGURE 1
Piezo1 orchestrates the initiation and cascade of calcium signaling.

2025). In cardiomyocytes, CaMKII regulates sarcoplasmic reticulum 
Ca2+ release and contraction rhythm (Yu et al., 2022; Su et al., 
2023), while in neurons it participates in synaptic plasticity and 
memory formation (Lei M. et al., 2024; Liu et al., 2024a; Zhong et al., 
2025). Notably, excessive CaMKII activation is associated with 
arrhythmias and cardiac remodeling, suggesting the Piezo1-
CaMKII axis as a potential therapeutic target for cardiovascular
diseases. 

3.3.2 Nuclear factor of activated T-cells signaling
The nuclear factor of activated T-cells (NFAT) represents a 

classical c Ca2+-dependent transcription factor activated through 
calcineurin-mediated dephosphorylation (Caulier et al., 2020; 
Strittmatter et al., 2021; Zhang et al., 2022). Piezo1-induced Ca2+

influx activates calcineurin, promoting NFAT nuclear translocation 
and subsequent regulation of cell fate-related genes. In immune 
cells, the Piezo1-NFAT pathway modulates cytokine production 
and immune response intensity (Caulier et al., 2020), while in 
vascular endothelial cells it participates in vascular tone regulation 
and inflammatory responses (Zhang et al., 2022). Aberrant NFAT 
activation is linked to tumor progression (Hope et al., 2022; 
Yang et al., 2022c) and fibrosis (Cai et al., 2021; Xie et al., 
2022), indicating Piezo1’s potential role in pathological gene 
reprogramming. 

3.3.3 YAP/TAZ pathway
Yes-associated protein (YAP) and transcriptional co-activator 

with PDZ-binding motif (TAZ) are highly mechanosensitive 
transcriptional regulators. Piezo1-mediated Ca2+ signals indirectly 

influence YAP/TAZ nuclear localization and activity through 
cytoskeletal dynamics, RhoA/Rho-Associated Coiled-Coil 
Containing Protein Kinase pathway, and Ca2+-dependent 
kinases (Young and Reinhart-King, 2023; Rashidi et al., 2025; 
Xu L. et al., 2025). Under physiological conditions, this pathway 
regulates cell proliferation, tissue regeneration, and angiogenesis 
(Zanconato et al., 2016; Koo and Guan, 2018; Driskill and 
Pan, 2023). Pathologically, its dysregulation is associated 
with tumorigenesis, organ fibrosis, and vascular disorders 
(Zanconato et al., 2015; Li H. et al., 2022; Kiang et al., 2024). 
Recent studies highlight Piezo1’s role as a primary mechanosensor 
that converts mechanical stimuli into gene expression changes via 
YAP/TAZ, profoundly impacting cellular phenotypes. 

3.4 Spatiotemporal dynamics of Ca2+

signaling cascades

Ca2+ signaling extends beyond simple ion influx or localized 
concentration changes, exhibiting distinct spatiotemporal dynamics 
that enable sophisticated encoding and decoding of external 
stimuli. Unlike monotonic ionic fluctuations, Ca2+ signals convey 
biological information through their frequency, amplitude, 
duration, and propagation patterns, which collectively determine 
the selective activation of downstream pathways and differential 
cellular responses. Intracellular Ca2+ signaling primarily manifests 
through two dynamic modalities-Ca2+ oscillations (Velasco-
Estevez et al., 2020; Zheng et al., 2024) and Ca2+ waves 
(Sun et al., 2024; Zhang et al., 2024c) - that operate both 
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independently and synergistically to ensure efficient cellular and 
tissue responses to environmental cues. 

3.4.1 Generation and regulation of Ca2+

oscillations
The spatiotemporal characteristics of Ca2+ signaling are 

best exemplified by Ca2+ oscillations, whose frequency and 
amplitude serve as fundamental coding parameters for cellular 
signal perception and integration. These oscillations emerge from 
the coordinated interplay of plasma membrane Ca2+ channels, 
intracellular Ca2+ stores (ER, mitochondria), Ca2+-binding proteins, 
and regulatory enzymes.

Notably, oscillations of varying frequency and amplitude 
can selectively activate distinct signaling pathways, enabling 
frequency-encoded cellular responses. For instance, certain neurons 
exhibit superior frequency resolution in Ca2+ signals compared 
to membrane potentials during sensory processing, highlighting 
Ca2+'s unique role in information transmission (Harraz et al., 2022; 
Sun et al., 2024; Harraz and Hashad, 2025). The dynamic regulation 
of Ca2+ oscillations relies on precise balance between negative and 
positive feedback mechanisms: 

1. Negative feedback: Elevated Ca2+ levels activate Ca2+-binding 
proteins (e.g., calmodulin) (Clapham, 2007; Zhang Y. et al., 
2023) and downstream enzymes (e.g., PP2B), which inhibit 
Ca2+ channels or enhance extrusion pumps, preventing 
cytotoxic overload (Korobkin et al., 2021; Lisek et al., 2024). 
This mechanism is particularly crucial for rhythmic excitation-
contraction coupling in cardiomyocytes and pulsatile hormone 
secretion in endocrine cells.

2. Positive feedback: Amplification mechanisms like CICR 
in cardiomyocytes transform initial Ca2+ influx into 
massive ER Ca2+ release, enhancing contractile force (Endo, 
2009; Eisner et al., 2017; Gao et al., 2024). In neuronal 
synapses, Ca2+-mediated positive feedback prolongs signal 
duration, facilitating synaptic plasticity underlying learning 
and memory.

Thus, Ca2+ oscillations represent the integrated output of multi-
tiered regulatory circuits rather than simple ion fluxes, with their 
dynamic equilibrium determining signal strength, persistence, and 
specificity in both physiological and pathological contexts. 

3.4.2 Propagation and integration of Ca2+ waves
Beyond localized oscillations, Ca2+ waves constitute a 

fundamental mode of intra- and intercellular communication. 
These waves can propagate through sequential Ca2+ store release 
within single cells or synchronize cell populations via gap 
junctions or extracellular messengers (Velasco-Estevez et al., 2020; 
Zhang Y. et al., 2021; Li W. et al., 2025). Ca2+ waves typically 
initiate from focal Ca2+ release events through ER channels (IP3Rs, 
RyRs), subsequently amplified by transmembrane Ca2+ influx 
(McHugh et al., 2010; Carrisoza-Gaytan et al., 2023; Cheung et al., 
2023). Their propagation occurs through two primary mechanisms: 

1. Intracellular propagation: Within individual cells, Ca2+

waves distribute spatially through ER Ca2+ store 
redistribution, enabling functional compartmentalization. 

For example, in astrocytes, Ca2+ waves modulate neuron-
glia interactions critical for neural information integration 
(Kim et al., 2022; Wang H. et al., 2025).

2. Intercellular propagation: Ca2+ signals traverse cell boundaries 
via gap junctions or diffusible messengers (e.g., ATP), 
enabling tissue-level coordination. In the heart, synchronized 
Ca2+ waves among cardiomyocytes are essential for 
maintaining rhythmic contraction and pump function 
(Liu et al., 2020; Querio et al., 2025).

At tissue scales, Ca2+ waves exhibit spatiotemporal 
specificity, with regional variations in propagation velocity, 
amplitude, and duration enabling complex zonal regulation. 
While this ensures precise adaptive responses physiologically, 
pathological wave abnormalities can lead to severe 
consequences including arrhythmias, epileptic seizures, or 
neurodegenerative progression (Su et al., 2023; Swain et al., 2020; 
Krivoshein et al., 2022; Garcia et al., 2023). 

3.5 Functional manifestations in 
physiological systems

3.5.1 Mechanical sensing in vascular endothelial 
cells

Piezo1 is a mechanosensitive ion channel that is widely 
distributed in vascular endothelial cells, where it senses shear stress 
from blood flow and transduces this into biological signals (Li et al., 
2014; Li M. et al., 2022; Qian et al., 2022). Studies have shown that 
Piezo1’s response mechanism to shear stress in endothelial cells is 
crucial; it regulates Ca2+ signaling, which in turn affects endothelial 
cell function and health. For example, activation of Piezo1 leads to 
an increase in intracellular Ca2+ concentration, promoting a series 
of biological responses, such as the synthesis of nitric oxide (NO), 
which is essential for maintaining vascular relaxation and normal 
blood flow regulation (Wang et al., 2016; Albarrán-Juárez et al., 
2018; Bartoli et al., 2022; Zhang et al., 2024d). Additionally, Piezo1 
is involved in endothelial cells’ adaptive response to changes in 
blood flow, promoting endothelial cell proliferation and migration, 
thus playing an important role in vascular remodeling and repair 
(Jiang et al., 2022; Zhang et al., 2024d; Shinge et al., 2022).

In the vascular system, Piezo1 regulates vascular contraction 
and relaxation by sensing and responding to mechanical stretch and 
tension in the blood vessel wall (Harraz et al., 2022; Zhang et al., 
2024d; Johnson et al., 2024). Research has shown that Piezo1 
activation can affect smooth muscle cell contraction ability by 
regulating endothelial cell Ca2+ signaling, thereby influencing blood 
pressure and hemodynamics (Wang et al., 2016; Zeng et al., 2018; 
Friedrich et al., 2019; Iring et al., 2019). When the vessel is subjected 
to excessive tension or shear stress, activation of the Piezo1 channel 
not only enhances endothelial cell function but also promotes 
smooth muscle cell adaptive responses, further regulating overall 
vascular tension and function. This mechanism is particularly 
important in pathological conditions such as hypertension and 
atherosclerosis, where Piezo1 overexpression is closely related to 
vascular dysfunction (Douguet et al., 2019; Huang et al., 2023; 
Swiatlowska et al., 2024; Sun YY. et al., 2025).

Angiogenesis, the process of new blood vessel formation, has 
also garnered attention for Piezo1’s role. Research indicates that 
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Piezo1 is involved in sensing mechanical signals in endothelial 
cells and promotes angiogenesis by regulating cell migration and 
proliferation. For instance, activation of the Piezo1 channel can 
enhance endothelial cell proliferation and lumen formation by 
influencing intracellular Ca2+ signaling, which promotes new blood 
vessel growth and remodeling (Swiatlowska et al., 2024; Shen et al., 
2021; Yang et al., 2023). Furthermore, Piezo1 has been found 
to be closely related to the secretion of pro-angiogenic factors, 
providing a theoretical basis for its potential as a therapeutic target, 
particularly in treating vascular damage caused by hemodynamic 
changes (Li M. et al., 2022; Knoepp et al., 2025; Lim and 
Harraz, 2024; Zhong et al., 2023). 

3.5.2 Function in vascular smooth muscle cells
Piezo1’s function in vascular smooth muscle cells (VSMCs) 

primarily involves its role in regulating blood pressure. Studies 
show that activation of Piezo1 leads to Ca2+ influx, causing 
smooth muscle cell contraction, which in turn affects the diameter 
of blood vessels and blood pressure levels (Qian et al., 2022; 
Swiatlowska et al., 2024; Luu et al., 2024; Yan W. et al., 2024). 
In pathological conditions like hypertension, Piezo1 expression is 
upregulated, leading to excessive smooth muscle cell contraction 
and vascular remodeling, which exacerbates the increase in blood 
pressure. Therefore, Piezo1 plays an important role not only in 
regulating blood pressure under normal physiological conditions 
but also in pathological states (Knoepp et al., 2025; Douguet et al., 
2019; Swiatlowska et al., 2024; Liao et al., 2021).

Piezo1 also plays an important role in maintaining the balance 
between vascular contraction and relaxation. By sensing mechanical 
stimuli, Piezo1 can regulate smooth muscle cell contraction, and 
through Ca2+ signaling, it can influence endothelial cell relaxation 
(Querio et al., 2025; Rode et al., 2017; Luo et al., 2025). Studies 
have shown that activation of Piezo1 enhances Ca2+ signaling, 
promoting vasoconstriction, whereas its inhibition may cause 
vasodilation, affecting overall hemodynamic status (Knoepp et al., 
2025; Chen G. et al., 2023; Sun et al., 2024; Pathak et al., 2014).

In the process of arteriosclerosis, Piezo1 dysfunction is closely 
associated with pathological changes in VSMCs (Swiatlowska et al., 
2024; Liu Z. et al., 2023). Research has found that Piezo1 
expression is significantly upregulated in arteriosclerosis patients, 
which is closely related to smooth muscle cell proliferation and 
migration, thus promoting the progression of arteriosclerosis 
(Zhang et al., 2024d; Swiatlowska et al., 2024; Eisenhoffer et al., 
2012). By modulating Piezo1 function, new approaches for treating 
arteriosclerosis may be developed. 

3.5.3 Function in the skeletal system
3.5.3.1 Mechanotransduction in osteocytes

Bone tissue is a highly mechanically adaptive biological material, 
and its ability to sense and respond to external mechanical loads 
is a crucial component of bone physiology (Xie et al., 2023; Fish 
and Kulkarni, 2024; Lin CY. et al., 2025). Piezo1, as the primary 
mechanosensitive ion channel in osteocytes, effectively detects 
mechanical stimuli from bone loading and transduces them into 
biological signals. The expression of Piezo1 is closely related to the 
adaptation of bone tissue to external mechanical loads. Studies have 
shown that Piezo1 knockout mice exhibit skeletal deformities during 
development and develop osteoporosis in adulthood, highlighting 

the importance of Piezo1 in osteocyte function and bone health 
(Xu et al., 2021; Zeng et al., 2022; Ochiai et al., 2024).

Under mechanical load, the activation of Piezo1 leads to an 
increase in intracellular Ca2+ concentration, which further triggers 
a series of signaling processes. These signaling pathways not only 
promote the proliferation and differentiation of osteoblasts but 
also regulate osteoclast function, thereby maintaining the dynamic 
balance of bone metabolism. Specifically, Piezo1 regulates the 
gene expression of osteoblasts through CaMK and calmodulin 
signaling pathways, promoting the synthesis and mineralization 
of the bone matrix (Chen S. et al., 2023; Xie et al., 2023; 
Dai et al., 2024; Wang B. et al., 2024).

Osteoblast differentiation is a critical step in bone formation. 
Research has shown that Piezo1 activation under mechanical 
load promotes the expression of specific genes related to 
osteoblast differentiation, including Runx2 and Osterix, which 
are key regulatory transcription factors in the osteogenic process 
(Jiang et al., 2021b; Zhu et al., 2024). Additionally, the activation of 
Piezo1 significantly enhances the metabolic activity of osteoblasts, 
as evidenced by increased glycolysis, fatty acid oxidation, and 
other metabolic pathways, providing ample energy support 
for osteogenesis (Chen L. et al., 2022; Wenqiang et al., 2024; 
Zhang et al., 2024e; Zhou et al., 2025a).

The absence or dysfunction of Piezo1 impairs osteoblast 
responses to mechanical stimuli, thereby affecting bone matrix 
synthesis and the maintenance of bone health (Wang et al., 2020; 
Qin et al., 2021; Brylka et al., 2024). This suggests that Piezo1 is a 
key regulatory factor in bone remodeling, playing an important role 
not only in bone formation but also in the pathogenesis of clinical 
diseases such as osteoporosis and bone fracture healing.

The regulation of osteoclasts is also critical in the process of 
bone remodeling. Studies show that Piezo1, by sensing mechanical 
load, activates osteoclast precursors and enhances osteoclast 
differentiation and activity through the Receptor Activator of 
Nuclear Factor Kappa-B Ligand (RANKL) signaling pathway 
(Wu et al., 2021; Liu Z. et al., 2022; Uchinuma et al., 2024). In 
pathological conditions such as osteoporosis, Piezo1 dysfunction 
may lead to excessive osteoclast activity, accelerating bone loss 
and the progression of osteoporosis. Targeting Piezo1 function and 
modulating osteoclast activity could provide a new strategy for 
treating osteoporosis. 

3.5.3.2 Function in cartilage tissue
Cartilage tissue primarily functions in load buffering and 

friction reduction in joints. Its health and functionality are 
directly dependent on the chondrocytes’ ability to sense and 
respond to mechanical stimuli (Brylka et al., 2024; Wang et al., 
2022a; Jia S. et al., 2024). As a key mechanosensitive channel 
in chondrocytes, Piezo1 can sense changes in joint load and 
regulate associated signaling pathways to maintain cartilage 
structure and function. Research indicates that activation of Piezo1 
in chondrocytes promotes their metabolic activity, particularly 
under joint load, where Piezo1 helps balance the synthesis 
and degradation of the cartilage matrix, maintaining cartilage 
homeostasis (Liu Y. et al., 2022; Ren et al., 2023; Peng et al., 2025;
Yu et al., 2025).

In the metabolic processes of chondrocytes, Piezo1 directly 
influences glucose metabolism (Brylka et al., 2024; Jia S. et al., 
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2024), fatty acid oxidation (Chen F. et al., 2024), and matrix 
synthesis (Peng et al., 2025; Nieuwstraten et al., 2025) by regulating 
Ca2+ signaling. Studies have found that the absence of Piezo1 
significantly reduces the chondrocyte’s ability to tolerate mechanical 
load, affecting cartilage growth and repair (Brylka et al., 2024; 
Jia S. et al., 2024; Lee et al., 2014). This finding emphasizes the critical 
role of Piezo1 in regulating chondrocyte metabolism and function, 
particularly in degenerative cartilage diseases.

OA is a common joint disease characterized by cartilage 
degradation, and its occurrence and progression are closely 
linked to chondrocyte function (He et al., 2024; Qin et al., 2024). 
Research has shown that Piezo1 plays an essential role in the 
pathogenesis of OA (Brylka et al., 2024; Nieuwstraten et al., 2025; 
Wang X. et al., 2025). Mechanical stimuli activate the metabolic 
processes of chondrocytes via Piezo1, promoting matrix synthesis 
and cartilage repair. However, under pathological conditions 
like OA, dysfunction of Piezo1 may lead to metabolic disorders 
in chondrocytes (Lee W. et al., 2021), accelerating cartilage 
degradation (Gan et al., 2024) and joint dysfunction (Liu Y. et al., 
2023). Therefore, Piezo1 could be a potential therapeutic target 
for OA, and targeting Piezo1 or its downstream signaling 
pathways may effectively intervene in cartilage degeneration and
joint damage. 

3.5.4 Function of Piezo1 in the immune system
3.5.4.1 Mechanical sensing in immune cells

Piezo1, as a mechanosensitive ion channel, plays a crucial 
role in the mechanical sensing of immune cells, particularly in 
the polarization of macrophages (Solis et al., 2019; Sun et al., 
2024; Mukhopadhyay et al., 2024). Studies have shown that 
when macrophages are subjected to mechanical stimuli, the 
activation of Piezo1 promotes their polarization towards the 
M2 phenotype (Jiang J. et al., 2023; Zhang X. et al., 2025; 
Zhao Y. et al., 2025). This type of macrophage is typically anti-
inflammatory and contributes to tissue repair and regeneration. 
In acute inflammatory environments, Piezo1 activation enhances 
macrophage phagocytosis and cytokine secretion, playing a key 
role in pathogen clearance and the regulation of inflammation. 
Additionally, Piezo1 affects the metabolic state and function 
of macrophages by regulating Ca2+ influx, influencing their 
polarization direction (Li et al., 2014; Zhao Y. et al., 2025; Cai et al., 
2023). Therefore, Piezo1 is not only a critical molecule for 
mechanosensation in macrophages but also plays a significant role 
in regulating their function.

The activation and migration of T cells are also regulated by 
Piezo1. Research indicates that Piezo1 can sense the mechanical 
properties of the ECM and, through Ca2+ signaling pathways, 
influence T cell migration ability (Wang et al., 2023; Li J. et al., 
2022; Zhang et al., 2024f). In the tumor microenvironment (TME), 
upregulation of Piezo1 expression correlates with increased T 
cell infiltration. Piezo1 promotes T cell adhesion and migration, 
facilitating their accumulation at tumor sites (Zhuang et al., 2023; 
Pang et al., 2024; Bonner et al., 2025). This mechanism not only 
affects the intensity of immune responses but may also have 
significant implications for the efficacy of immune checkpoint 
inhibitors. Enhancing Piezo1 signaling could improve T cell activity 
in the TME, potentially improving therapeutic outcomes (Abiff et al., 
2023; Yu et al., 2024a; Yang Q. et al., 2025).

Neutrophils, as the first line of defense in the immune system, 
also have their inflammatory responses regulated by Piezo1. 
Studies have shown that activation of Piezo1 in neutrophils 
can enhance their response to pathogens, including increased 
phagocytic activity and cytokine release (Orsini et al., 2021; 
Wang Y. et al., 2025; Zhou et al., 2025b). In chronic inflammation 
models, dysfunction of Piezo1 may lead to excessive accumulation 
and activation of neutrophils, exacerbating inflammation. Therefore, 
Piezo1 plays a crucial role in mechanical sensing and inflammation 
regulation in neutrophils, making it a potential therapeutic target. 

3.5.4.2 Function in immune organs
Piezo1’s function in the thymus is primarily related to the 

regulation of T cell development and selection. The thymus is a 
crucial site for T cell maturation, and its microenvironment contains 
numerous mechanical signals that are sensed and transduced 
into the cells via Piezo1, influencing the T cell selection process 
(Yang et al., 2023; Zhou et al., 2025a; Yu et al., 2024a). Studies 
have shown that Piezo1 expression is closely associated with T 
cell development in the thymus, and the absence of Piezo1 leads 
to reduced T cell selection efficiency, impacting the diversity and 
function of peripheral T cells (Luo S. et al., 2023; Pang et al., 2024). 
This regulatory mechanism is essential for maintaining immune 
tolerance and preventing autoimmune diseases.

In lymph nodes, Piezo1 also plays an important role 
(Chang et al., 2019). Lymph nodes are crucial sites for T 
and B cell activation and proliferation, and their mechanical 
microenvironment significantly affects immune cell function 
(Chang et al., 2019; Shi et al., 2023; Zeng et al., 2025). Piezo1 senses 
mechanical signals in the lymph nodes and regulates the migration 
and activation state of cells, thereby enhancing the efficiency of the 
immune response. Additionally, Piezo1 activation is closely linked 
to intercellular interactions in the lymph nodes, which can have 
important implications for the metastasis and growth of tumor cells 
(Wang X. et al., 2021; Greenlee et al., 2022; Liao et al., 2024).

In the spleen, Piezo1 influences immune function by regulating 
the activation and proliferation of immune cells. Studies have 
shown that Piezo1 activation enhances the interaction between 
macrophages and T cells in the spleen, strengthening immune 
responses against infections. Furthermore, Piezo1’s function in the 
spleen is closely related to its role in sensing and transducing 
mechanical signals, offering new perspectives for improving spleen 
function and modulating immune responses (Evans et al., 2020; 
Deng et al., 2022; Yassouf et al., 2022; Zhou SL. et al., 2025). 

3.5.5 The nervous system
Piezo1, as a mechanosensitive ion channel, is widely distributed 

in the central nervous system (CNS) and plays a key role in neuronal 
development, synaptic plasticity, and nerve repair (Harraz et al., 
2022; Segel et al., 2019; Xie Z. et al., 2025). Its main function 
is to sense mechanical stimuli and trigger Ca2+ influx, a process 
that regulates neuronal excitability and the dynamic stability of 
neural networks. Studies have shown that, in mouse models, 
activation of Piezo1 not only enhances neuronal sensitivity to 
external mechanical stimuli but also promotes axonal extension and 
synapse formation, thus accelerating neural regeneration (Li et al., 
2021; Cudmore and Santana, 2022; Larriva-Sahd et al., 2023). Some 
researchers further suggested that Piezo1 is involved in neuronal 
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migration and layer formation, which is important for cortical 
development. Moreover, abnormal regulation of Piezo1 may lead to 
defects in neural network reconstruction, associated with diseases 
such as epilepsy and developmental cognitive disorders.

In glial cells, the role of Piezo1 is also significant (Hu et al., 2023; 
Ivkovic et al., 2022; Jäntti et al., 2022). Astrocytes and microglia 
rely on Piezo1 to sense changes in the mechanical environment and 
regulate neuroinflammatory responses and metabolic homeostasis 
through Ca2+ signaling. For example, activation of Piezo1 promotes 
the secretion of pro-inflammatory cytokines (such as IL-6 and 
TNF-α), which assists in tissue clearance and repair after injury 
(Velasco-Estevez et al., 2020; Malko et al., 2023; Xu S. et al., 2025). 
However, excessive activation may exacerbate chronic inflammation 
and neural damage. Notably, recent studies have found that 
overactivation of Piezo1 in microglia is closely associated with the 
pathological progression of Alzheimer’s disease (AD) (Chu et al., 
2023; Hu et al., 2023). It may accelerate neurodegeneration by 
enhancing inflammation and interfering with the clearance of 
amyloid plaques. Additionally, in demyelinating disease models, 
such as multiple sclerosis (MS), Piezo1 regulates oligodendrocyte 
precursor cell differentiation, suggesting its potential value in myelin 
regeneration (Velasco-Estevez et al., 2022; Yang K. et al., 2022).

In pain perception, Piezo1, as a transducer of mechanical 
and thermal signals, is critical for nociception (Kim et al., 
2012). Research has shown that, in peripheral nerve injury and 
inflammatory pain models, Piezo1 expression is significantly 
upregulated, leading to increased Ca2+ influx and enhanced 
excitability in nociceptive neurons (Lei M. et al., 2024; Song et al., 
2019). This results in mechanical hyperalgesia and chronic pain 
(Hill et al., 2022; Solis et al., 2019; Li QY. et al., 2022). Some 
researchers propose that Piezo1 and Piezo2 have complementary 
roles in pain regulation: Piezo2 primarily mediates light 
touch sensation, while Piezo1 plays a more prominent role 
in high-threshold mechanical stimuli and pathological pain 
(Obeidat et al., 2023; Xie et al., 2025b). This finding not only deepens 
our understanding of chronic pain mechanisms but also suggests 
that Piezo1 could be a new target for analgesic drug development.

In summary, Piezo1 maintains homeostasis and plasticity 
in the nervous system through multiple mechanisms, including 
regulating neuronal excitability, synaptic plasticity, glial cell 
function, and nociception. Its dysfunction may be closely related 
to neurodevelopmental disorders, neurodegenerative diseases, and 
chronic pain, providing new insights for neuroprotection and 
disease intervention. 

3.5.6 The respiratory system
Piezo1 also plays a critical role in the respiratory system, 

particularly in lung epithelial barrier function and airway 
mechanical regulation. Lung epithelial cells, as the first line of 
defense for gas exchange, must continuously respond to mechanical 
stretching and pressure changes during breathing (Fang et al., 
2023; Friedrich et al., 2019; Grannemann et al., 2023). Research 
shows that Piezo1 can sense mechanical stretch and pressure 
differences, leading to Ca2+ influx, which promotes the expression 
and rearrangement of tight junction proteins (such as claudin 
and occludin), thereby enhancing the barrier function between 
epithelial cells (Jiang et al., 2021c; Zhou et al., 2021; Liu et al., 
2025c). This mechanism not only helps maintain normal gas 

exchange but also prevents pathogens and harmful particles 
from invading the lower respiratory tract. Notably, in models 
of acute lung injury (Zhang M. et al., 2024; Xu X. et al., 2025) 
and acute respiratory distress syndrome, Piezo1 expression is 
significantly upregulated. It may exert a protective effect by 
enhancing barrier repair, but excessive Ca2+ influx and the release 
of inflammatory factors may worsen lung tissue damage, suggesting 
that Piezo1 has a dual regulatory effect in respiratory diseases 
(Fang et al., 2023; Grannemann et al., 2023).

In airway smooth muscle cells, Piezo1 has been confirmed 
as a key molecule regulating airway tension. Mechanical stress 
activates Piezo1 to trigger Ca2+ signaling, leading to smooth muscle 
contraction (Luo et al., 2025; Luo M. et al., 2024; Ni et al., 2024). This 
process is particularly prominent in pathological conditions such 
as asthma and chronic obstructive pulmonary disease: excessive 
activation of Piezo1 may lead to smooth muscle spasms and 
airway narrowing, causing increased respiratory resistance and 
airflow limitation (Zheng et al., 2024; Aranda et al., 2023). Recent 
studies have indicated that inhibiting Piezo1 signaling pathways 
can partially alleviate airway hyperresponsiveness in animal models, 
suggesting that Piezo1 may be a new target for treating diseases with 
airway hyperreactivity (Ni et al., 2024; Luo M. et al., 2023).

Additionally, the mechanical stretching and periodic pressure 
changes that alveoli endure during respiration also depend on 
Piezo1 for sensing and transduction. Piezo1 converts these 
mechanical signals into intracellular Ca2+ oscillations and related 
downstream signaling cascades, thus regulating respiratory rhythm, 
lung compliance, and gas exchange efficiency. Studies have also 
shown that Piezo1 is actively expressed in the pulmonary vascular 
endothelium, and its activation can regulate the release of NO and 
endothelial factors, affecting pulmonary blood flow distribution 
and oxygenation efficiency. This discovery provides new theoretical 
support for the role of Piezo1 in diseases such as hypoxic adaptation, 
pulmonary hypertension, and high-altitude sickness. 

3.5.7 The digestive system
In the digestive system, Piezo1 plays an important role in several 

processes, including the intestines, gastrointestinal motility, and 
liver function. As a mechanosensitive ion channel, it can sense 
changes in food, liquid, and pressure within the lumen and convert 
these mechanical signals into intracellular Ca2+ dynamics, thereby 
regulating various digestive physiological processes (Chen B. et al., 
2023; Baghdadi et al., 2024; Luo S. et al., 2024).

In intestinal epithelial cells, Piezo1 is a core molecule in 
mechanotransduction. Studies have shown that Piezo1 can sense 
pressure and peristaltic stimuli in the intestinal lumen and 
regulate cell secretion through Ca2+ signaling (Harraz et al., 2022; 
Gonçalves et al., 2023; Eisenhoffer et al., 2012; Lee et al., 2022). For 
example, activation of Piezo1 by mechanical stimuli can promote 
the secretion of the gut hormone glucagon-like peptide-1 (GLP-
1), which plays a key role in regulating blood glucose homeostasis, 
controlling appetite, and promoting insulin secretion (Gao et al., 
2025). This suggests that Piezo1 not only participates in basic 
intestinal physiological functions but may also play a regulatory role 
in the development of metabolic diseases, such as obesity and type 2 
diabetes (Zhu W. et al., 2022; Jacobs et al., 2024; Li Y. et al., 2024).

In the regulation of gastrointestinal motility, Piezo1’s role is 
also significant. It can sense the mechanical stress generated as 
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food moves through the digestive tract and regulate Ca2+ flow 
in smooth muscle cells, triggering contraction and relaxation. 
Through this mechanism, Piezo1 is involved in regulating the 
peristaltic rhythm, movement patterns, and food propulsion 
speed of the gastrointestinal tract. This function is crucial for 
coordinating nutrient absorption and digestion. Studies have found 
that dysfunction of Piezo1 may be associated with pathological 
conditions such as irritable bowel syndrome, constipation, 
and gastrointestinal motility disorders (Lee JU. et al., 2021; 
Shin et al., 2022; Choi et al., 2024).

In the liver, Piezo1’s role is primarily related to the 
mechanosensation and activation of hepatic stellate cells (HSCs). 
HSCs are key effector cells in liver fibrosis, and their activation 
process is closely linked to mechanical signals (Shen et al., 2021; 
Zhu W. et al., 2022; Liu Y. et al., 2024). Research shows that 
activation of Piezo1 promotes the proliferation of HSCs and the 
synthesis of ECM components, such as collagen, thereby driving 
the development and progression of liver fibrosis (Jiang et al., 2022; 
Zhang et al., 2024c; Jiang D. et al., 2024). Conversely, inhibiting 
Piezo1 activity can reduce the extent of fibrosis, suggesting that 
it could be a potential new therapeutic target for antifibrotic 
treatment. 

3.5.8 The urinary system
In the urinary system, Piezo1 plays a crucial role, particularly 

in glomerular filtration function. The filtration function of the 
glomerulus depends on the mechanosensation of renal tubular 
epithelial cells, and Piezo1, as the main mechanoreceptor, regulates 
the Ca2+ concentration in these cells, influencing glomerular 
filtration rate (Chen G. et al., 2023; Li X. et al., 2022). Studies have 
shown that activation of Piezo1 enhances the filtration capacity 
of the glomerulus, which is vital for maintaining normal kidney 
function, especially in the kidney’s plasma clearance capacity 
(Amado et al., 2024; Gudipaty et al., 2017; Zhao et al., 2022). 
Additionally, Piezo1 plays an important role in the mechanical 
response of renal tubules, highlighting its central role in regulating 
overall kidney function.

In the bladder, Piezo1, as the main mechanoreceptor, is 
responsible for sensing the expansion and filling of the bladder. 
Mechanical stretching of the bladder is sensed by Piezo1, which 
generates Ca2+ signals and transmits them to the CNS, thus 
regulating the micturition reflex. This process is crucial for 
normal urinary function, ensuring the timely expulsion of urine 
(Chen G. et al., 2023; Michishita et al., 2016; Liu et al., 2024c). 
Studies have shown that dysfunction of Piezo1 may lead to bladder 
disorders, such as overactive bladder (OAB), a common condition 
characterized by frequent urgency and incontinence. The regulatory 
role of Piezo1 provides a new potential target for the treatment of 
bladder-related diseases, especially OAB.

Additionally, Piezo1 plays a key role in the mechanical 
sensitivity of the urinary tract. Research has found that activation 
of Piezo1 triggers Ca2+ signal transmission in the urethra, 
regulating the contraction and relaxation of the urinary tract 
(Amado et al., 2024; Dalghi et al., 2019). This mechanism not only 
ensures normal urination but also helps maintain urethral tension 
and smooth muscle function. Dysfunction of Piezo1 may lead to 
urinary tract disorders, affecting normal urination and potentially 

being associated with conditions such as incontinence and urethral 
obstruction. 

3.5.9 The endocrine system
In the endocrine system, Piezo1 plays a key role in regulating 

the function of pancreatic β-cells (Matute et al., 2020). Studies 
have shown that Piezo1 can sense mechanical signals and 
metabolic changes in the extracellular environment and influence 
insulin secretion by regulating Ca2+ influx. When blood glucose 
levels rise, activation of Piezo1 enhances Ca2+ signaling within 
β-cells, promoting insulin release to maintain blood glucose 
homeostasis (Ye Y. et al., 2022; Zhang M. et al., 2021). This 
process is crucial for preventing diabetes and related metabolic 
disorders. Furthermore, abnormal Piezo1 function may lead to 
secretion defects in β-cells, further exacerbating hyperglycemia 
(Zhang et al., 2024d; Ganugula et al., 2023).

In adipose tissue, Piezo1 regulates the metabolic state of 
adipocytes by sensing the mechanical microenvironment, such 
as cell volume changes and matrix stiffness (Miron et al., 
2022; Leng et al., 2025). Research has found that activation of 
Piezo1 can affect adipocyte differentiation and lipid metabolism, 
thereby achieving a dynamic balance between energy storage and 
energy expenditure. When Piezo1 function is impaired, metabolic 
dysregulation of adipocytes may lead to obesity and metabolic 
syndrome, suggesting that Piezo1 plays a potential pathological role 
in the development of metabolic diseases (Rendon et al., 2022; 
Byun et al., 2024; Catalán et al., 2024).

Additionally, Piezo1 is involved in the regulation of the secretion 
of various endocrine hormones. For example, studies have shown 
that its activation can promote the release of hormones such as 
GLP-1 and insulin (Li M. et al., 2022; Ye Y. et al., 2022; Gao et al., 
2025). These hormones not only play a role in blood glucose control 
but also participate in appetite regulation, energy metabolism, and 
gastrointestinal function. Therefore, Piezo1 not only functions at 
the level of individual organs or cells but also influences overall 
metabolic homeostasis through inter-organ signaling networks. 

4 The role of Piezo1-mediated Ca2+

signaling in different disease states

4.1 Pathological role in cardiovascular 
diseases

4.1.1 Atherosclerosis
Atherosclerosis is a complex chronic inflammatory disease 

closely associated with changes in the hemodynamic environment, 
particularly the shear stress of blood flow. As a key mechanosensitive 
ion channel, Piezo1 can sense blood flow shear stress and 
regulate endothelial cell function (Chu et al., 2025; Shinge et al., 
2022; Wang YM. et al., 2024). Under blood flow stimulation, 
the opening of the Piezo1 channel leads to an increase in 
intracellular Ca2+ concentration, which activates inflammatory 
responses and cell proliferation, accelerating the formation of 
atherosclerosis (Zhang L. et al., 2020). In animal experiments, it 
has been found that Piezo1 expression is significantly upregulated 
in atherosclerotic mouse models, and this upregulation is closely 
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related to endothelial cell inflammation and plaque formation 
(Zhang C. et al., 2020; Zhang C. et al., 2025).

Mechanistic studies show that Piezo1 not only regulates 
endothelial cell function by directly mediating Ca2+ influx 
but also activates downstream signaling pathways such as 
Ca2+/CaM/CaMKII, promoting the release of inflammatory factors, 
leading to endothelial damage and driving the progression of 
atherosclerosis (Hao et al., 2024; Lan et al., 2024). Inhibition of 
Piezo1 activity can significantly reduce endothelial inflammation 
induced by shear stress, suggesting that it may become an 
important therapeutic target for atherosclerosis treatment 
(Albarrán-Juárez et al., 2018; Shinge et al., 2022; Wang et al., 2022b).

It is worth noting that Piezo1-mediated Ca2+ signaling plays a 
“double-edged sword” role in plaque formation and stability. On 
one hand, a high Ca2+ environment promotes macrophages to take 
up cholesterol and transform into foam cells, accelerating plaque 
growth. On the other hand, excessive activation of Piezo1 increases 
the release of inflammatory mediators, weakening the stability of the 
fibrous cap, thus increasing the risk of plaque rupture, which could 
trigger acute cardiovascular events. Accordingly, inhibiting Piezo1 
activity may reduce inflammation and enhance plaque stability 
(Choi et al., 2022; Chen S. et al., 2023; Sun et al., 2024). For example, 
experiments using the Piezo1 inhibitor Grammostola spatulata 
Mechanotoxin 4 (GsMTx4) have shown that it effectively reduces 
plaque inflammation levels and instability, thus exerting a protective 
effect (Jiang Z. et al., 2024; Wang et al., 2022a).

In terms of pharmacological intervention, recent studies have 
made significant progress. Yoda1, an agonist of Piezo1, can 
exacerbate endothelial inflammation, while the inhibitor GsMTx4 
shows potential in inhibiting plaque formation and inflammation 
(Choi et al., 2022; Gan et al., 2024; Jiang M. et al., 2023). Additionally, 
some natural products, such as quercetin, have been found to 
alleviate the progression of atherosclerosis by downregulating 
Piezo1-mediated Ca2+ signaling, showing promising potential for 
application (Wang YM. et al., 2024; Guo et al., 2024). Piezo1 serves 
as both a pathogenic promoting factor and a potential therapeutic 
target in the development of atherosclerosis. More preclinical 
and clinical trials are needed in the future to validate the safety 
and efficacy of Piezo1 inhibitors or modulators, with the aim of 
providing new approaches and strategies for precision treatment of 
atherosclerosis.

Overall, Piezo1 plays a core role in atherosclerosis, bridging the 
gap between mechanosensation and pathological signaling cascades. 
Its role is not limited to endothelial cells but extends to various vascular-
related cell types such as smooth muscle cells, macrophages, and 
fibroblasts (Qian et al., 2022; Xie Z. et al., 2025). By precisely regulating 
Ca2+signaling, Piezo1 bridges the gap between hemodynamics and 
vascular inflammatory responses. This characteristic provides a 
new biological mechanism to explain the localized distribution 
of atherosclerosis (Garcia et al., 2023; Rong et al., 2024) (e.g., 
lesions occurring more frequently at arterial bifurcations or areas 
of disturbed blood flow). 

More importantly, Piezo1-mediated mechanotransduction 
signals interact with transcription factors and epigenetic 
regulatory networks, suggesting that Piezo1 not only serves 
as a “signal input” but may also deeply participate in cellular 
phenotype reprogramming and immune-metabolic coupling. 
This offers a broader perspective for understanding the systemic 

pathology of atherosclerosis (Chu et al., 2025; Wu et al., 2022; 
Yang Y. et al., 2022; Zhang FR. et al., 2025).

On the clinical translation level, future research on Piezo1 
should focus on individual differences in mechanobiology. For 
example, Piezo1 expression or function may vary with age, 
gender, blood pressure status, and genetic polymorphisms, 
meaning that its use as a therapeutic target requires consideration 
of precision stratification. Furthermore, the synergistic or 
complementary actions between Piezo1 and other mechanosensitive 
channels may also affect the intervention outcomes, providing 
ideas for the development of multi-target combination therapy 
strategies (Douguet et al., 2019; Beech and Kalli, 2019; 
Shah et al., 2022; Duan et al., 2025). 

4.1.2 Hypertension
The onset of hypertension is closely associated with the 

abnormal activation of Piezo1 in VSMCs (Knoepp et al., 2025; 
Douguet et al., 2019; Retailleau et al., 2015). Piezo1 plays a 
central role in the vascular wall’s response to changes in blood 
pressure. When blood pressure increases, the mechanical stress 
on the vascular wall intensifies, activating the Piezo1 channel and 
triggering a rapid influx of Ca2+. This process not only directly 
causes the contraction of vascular smooth muscle and an increase 
in vascular tension but also induces functional disturbances in 
smooth muscle cells, thereby promoting vascular remodeling and 
the progression of hypertension (Knoepp et al., 2025; Chen et al., 
2022b). Upregulation of Piezo1 has been observed in various 
hypertensive animal models, closely correlating with pathological 
proliferation of VSMCs and vascular stiffening.

At the molecular level, Piezo1 mediates Ca2+ signaling that 
activates downstream pathways such as AKT, Extracellular Signal-
Regulated Kin (ERK), and CaMKII, promoting VSMC proliferation, 
migration, and phenotypic transition (Zhang et al., 2024d; 
Wang Z. et al., 2021; Porto Ribeiro et al., 2022). This mechanostress-
driven signaling network accelerates the structural remodeling 
of the vascular wall, gradually transforming the vessel from a 
compliant state to a rigid state (Qian et al., 2022). Additionally, 
Piezo1 activation can affect endothelial cells, triggering the release 
of inflammatory factors and oxidative stress responses, further 
damaging endothelial function and creating a vicious cycle of 
endothelial dysfunction, smooth muscle remodeling, and increased 
blood pressure.

More notably, Piezo1’s positive feedback mechanism has an 
amplifying effect during the course of hypertension. Persistent high 
mechanical stress induces the upregulation of Piezo1 expression, 
making it more sensitive and thereby exacerbating VSMC responses 
to pressure stimuli. In the long term, this imbalance not only drives 
local vascular remodeling but also increases the risk of systemic 
cardiovascular complications, such as left ventricular hypertrophy, 
atherosclerosis, and kidney damage (Chu et al., 2025; Li W. et al., 
2025; Shinge et al., 2022; Chen et al., 2022c).

In terms of intervention, Piezo1 has emerged as a potential 
therapeutic target for hypertension. Studies have shown that 
Piezo1 inhibitors can significantly reduce the influx of Ca2+ into 
VSMCs, lower vascular tension, and improve vascular function 
(Fei et al., 2023; Wang Z. et al., 2021; Zhao et al., 2021). In animal 
experiments, inhibiting Piezo1 not only reduces blood pressure 
but also alleviates hypertension-related vascular remodeling and 
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heart damage. Furthermore, Piezo1 inhibitors may have a synergistic 
effect when combined with traditional antihypertensive drugs (such 
as Ca2+ channel blockers or ACE inhibitors/ARBs), improving 
vascular function through dual pathways (Contreras et al., 2025; 
Sun et al., 2024; Konishi et al., 2024).

Looking ahead, research on Piezo1 offers new insights into the 
mechanobiological explanation of hypertension. Its role is not only 
limited to regulating vascular tension but also extends to various 
dimensions, including metabolic state, immune inflammation, and 
renal blood flow regulation. For example, some studies suggest 
that Piezo1 is involved in mechanosensing in podocytes and 
renal tubular epithelial cells, potentially promoting hypertension 
development by affecting sodium excretion and renal blood flow 
perfusion. Moreover, genetic polymorphisms in Piezo1 function 
may help explain the differences in hypertension susceptibility and 
drug response across different populations. 

4.1.3 Myocardial hypertrophy and heart failure
Myocardial hypertrophy is an important pathological basis for 

the development of heart failure, characterized by an increase in 
myocardial cell volume and structural remodeling of the heart. 
Recent studies have shown that Piezo1, as a mechanosensitive ion 
channel, plays a key role in the heart’s response to pressure overload. 
When cardiomyocytes are subjected to prolonged mechanical 
stretch or elevated pressure, the activation of Piezo1 leads to 
an enhanced Ca2+ influx, which triggers a series of downstream 
signaling pathways, driving pathological myocardial hypertrophy 
and dysfunction (Yu et al., 2022; Sun YY. et al., 2025; Lim, 2022).

At the molecular level, Piezo1-mediated Ca2+ signaling 
can activate pathways such as AKT, ERK, and CaMKII, 
promoting hypertrophic growth and metabolic reprogramming 
of cardiomyocytes. Meanwhile, the Ca2+ signal also enhances the 
transcriptional activity of NFAT, further driving the expression of 
genes associated with myocardial hypertrophy (Hope et al., 2022; 
Ezzo et al., 2024). In addition to these classical pathways, studies 
have found that Piezo1 interacts with the Hippo-YAP/TAZ pathway, 
enhancing fibrosis and ECM deposition, ultimately accelerating 
myocardial remodeling and the onset of heart failure (Jiang F. et al., 
2021; Sun et al., 2024; Beech and Kalli, 2019).

Pathological myocardial remodeling is not only reflected in 
increased cell volume but also involves cardiomyocyte apoptosis, 
inflammatory responses, and fibrosis. Overactivation of Piezo1 can 
promote the release of inflammatory factors, induce cardiomyocyte 
apoptosis, and enhance fibroblast activity, thereby worsening 
myocardial fibrosis and decreasing compliance. This also explains 
the common vicious cycle of inflammation-apoptosis-fibrosis in 
patients with heart failure.

In recent years, targeted interventions against Piezo1 have 
shown promising results in animal models of myocardial 
hypertrophy and heart failure. Studies have shown that the use 
of Piezo1 inhibitors can significantly alleviate pressure overload-
induced myocardial hypertrophy, reduce heart weight, and improve 
both ventricular systolic function and diastolic compliance 
(Yuan et al., 2023; Merten et al., 2024). In hypertension-related 
myocardial hypertrophy models, the inhibition of Piezo1 not only 
improved structural remodeling but also reduced the degree of 
myocardial fibrosis, suggesting its multi-faceted protective effects 
on heart function (Yu et al., 2022; Lim, 2022).

Importantly, targeting Piezo1 could complement traditional 
drugs (such as β-blockers, ACE inhibitors/ARBs, and Ca2+ channel 
blockers). While traditional drugs mainly act on the neuroendocrine 
pathways, Piezo1 inhibitors target mechanotransduction pathways. 
Combining these approaches could provide multi-pathway 
intervention, enhancing the therapeutic effect for heart failure 
(Peng et al., 2024; Park et al., 2025).

Looking ahead, research on Piezo1 in cardiac diseases extends 
beyond pathological myocardial hypertrophy and heart failure and 
may also relate to cardiac regeneration, metabolic remodeling, 
and arrhythmias. For example, some studies suggest that Piezo1-
mediated Ca2+ signaling may affect myocardial energy metabolism 
and mitochondrial function, thereby regulating cardiomyocyte 
tolerance. Furthermore, Piezo1 gene polymorphisms may influence 
an individual’s susceptibility to pressure overload, providing new 
directions for precision medicine and personalized interventions. 

4.2 Pathological role in neurological 
diseases

Piezo1, as a mechanosensitive ion channel, not only plays 
an crucials role in the cardiovascular system but has also 
gained increasing attention in the occurrence and progression of 
neurological diseases (Bryniarska-Kubiak et al., 2023; Qu et al., 
2023). Given that both neurons and glial cells are highly sensitive 
to mechanical stress, abnormal Piezo1-mediated Ca2+ signaling 
plays a critical role in various neurological diseases, including 
neurodegenerative diseases, neuropathic pain, and stroke. These 
findings provide important insights for elucidating the pathological 
mechanisms of neurological diseases and identifying novel 
intervention targets (Chi et al., 2022; Jäntti et al., 2022; Brandt and 
Smith, 2023). 

4.2.1 Neurodegenerative diseases
In neurodegenerative diseases such as AD and Parkinson’s 

disease (PD), the dysfunction of Piezo1 is considered a major 
driving factor for neuronal injury and death. Research has shown 
that Piezo1 activation leads to excessive neuronal sensitivity to 
mechanical stimuli, causing abnormal Ca2+ influx and activating 
multiple downstream pathways, ultimately triggering apoptosis 
and synaptic dysfunction. In AD, Aβ deposition and the 
associated inflammatory microenvironment may further enhance 
Piezo1 activity, accelerating the neuronal degeneration process 
(Hu et al., 2023; Sitnikova et al., 2025).

Piezo1 also plays an important role in glial cells. The 
mechanosensitization of microglia through Piezo1 can activate 
inflammation and the NLR Family Pyrin Domain Containing 
3 inflammasome, promoting the release of pro-inflammatory 
cytokines and exacerbating neuroinflammation and neuronal 
damage (Ran et al., 2023; Pan et al., 2024). This not only disrupts the 
homeostasis of the neuroenvironment but may also be associated 
with the rate of disease progression. Animal studies have shown that 
Piezo1 antagonists can effectively inhibit inflammation, protect 
neurons, and suggest its potential clinical application value in 
neuroprotection and delaying the progression of neurodegenerative 
diseases (Sun et al., 2024; Xu T. et al., 2025). 
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4.2.2 Neuropathic pain
Piezo1 plays a central role in the mechanosensitization of 

nociceptors. Its activation can trigger Ca2+ signaling under 
mechanical stimulation, enhancing neuronal excitability and 
amplifying pain signal transmission. For example, in trigeminal 
neurons, high expression of Piezo1 is closely related to mechanical 
stimulation-induced hyperalgesia and abnormal pain responses 
(Mikhailov et al., 2022; Della Pietra et al., 2023).

More importantly, pharmacological intervention targeting 
Piezo1 has shown significant analgesic effects. Studies have 
indicated that Piezo1 antagonists can effectively relieve pain 
responses caused by mechanical stress, especially in neuropathic 
pain models where traditional analgesics have limited efficacy 
(Li QY. et al., 2022; Cho et al., 2023). This provides a potential new 
approach for developing non-opioid analgesic strategies, avoiding 
the risks of tolerance and addiction associated with long-term 
opioid use. 

4.2.3 Stroke
In stroke, especially in the context of ischemia-reperfusion 

injury (IRI), abnormal activation of Piezo1 is highly associated 
with neuronal damage. The ischemic state leads to mechanical 
stress and local environmental changes, inducing the overexpression 
and excessive activation of Piezo1, resulting in Ca2+ overload, 
which activates cell death-related pathways (such as caspase and 
mitochondrial apoptosis pathways), exacerbating neuronal injury 
(Fu et al., 2025; Shen et al., 2021; Tang L. et al., 2024).

More critically, Piezo1 plays an important role in the disruption 
of the blood-brain barrier (BBB). Ischemia, hypoxia, and mechanical 
stress can activate Piezo1, increasing endothelial cell permeability, 
leading to BBB dysfunction and amplifying neuroinflammation. 
Animal studies have shown that the application of Piezo1 inhibitors 
significantly reduces BBB permeability, alleviates edema and 
inflammation, and protects brain tissue from further damage 
(Fu et al., 2025; Lai et al., 2022; Xu et al., 2024).

Furthermore, studies emphasize the importance of the timing of 
intervention. Early inhibition of Piezo1 activity may effectively block 
the “Ca2+ signaling storm” of IRI, thereby reducing damage before 
the complete breakdown of the blood-brain barrier (Fu et al., 2025; 
Yue et al., 2024; Scorza et al., 2025). This finding suggests that Piezo1 
could become a new therapeutic target for acute stroke treatment.

Piezo1 plays the role of a “mechanical signal transducer” in 
different pathological processes of neurological diseases: promoting 
neuronal apoptosis and neuroinflammation in neurodegenerative 
diseases, enhancing pain signal transmission in neuropathic pain, 
and exacerbating Ca2+ overload and BBB disruption in stroke. 
These pieces of evidence indicate that targeting Piezo1 not only 
aids in understanding disease mechanisms but also provides novel 
therapeutic approaches for neuroprotection, analgesia, and stroke 
intervention (Xiao, 2024). 

4.3 Pathological role in skeletal system 
diseases

Piezo1, as a key mechanosensitive ion channel in bone and 
joint tissues, plays a central role in transducing mechanical 
signals into cellular biological responses. Its abnormal expression 

or functional defects are closely associated with various skeletal 
system diseases, including osteoporosis and OA. By regulating Ca2+

signaling pathways, differentiation potential, and ECM homeostasis 
in osteoblasts and chondrocytes, Piezo1 plays an irreplaceable role 
in bone metabolism and the maintenance of joint homeostasis. 

4.3.1 Osteoporosis
Osteoblasts are the key executors of bone formation, and their 

response to mechanical load is crucial in maintaining bone mass 
and mechanical strength (Ochiai et al., 2024; Huang et al., 2024; 
Webster, 2025). Studies have shown that Piezo1, as the primary 
mechanosensor in osteoblasts, mediates rapid Ca2+ influx under 
mechanical stimulation, thereby activating signaling pathways 
such as PI3K/Akt, ERK, and Wnt/β-catenin, promoting osteoblast 
proliferation, differentiation, and mineralization. In mouse models, 
Piezo1 deficiency significantly weakened mechanical load-induced 
bone formation, leading to decreased bone mass and increased 
fracture risk (Tang H. et al., 2024; Zhan et al., 2024). Clinical studies 
have also found that Piezo1 expression is generally downregulated 
in osteoporosis patients, suggesting its key role in bone metabolic 
homeostasis. In addition to directly promoting osteogenesis, 
Piezo1 also enhances osteoblast adaptability to different stress 
environments by regulating the mechanical adaptability of the 
cytoskeleton. This defect in mechanosensitivity is considered one of 
the important causes of insufficient bone formation in the elderly 
and osteoporosis patients.

In recent years, studies on Piezo1 agonists have shown promising 
translational prospects. The specific Piezo1 agonist Yoda1 enhances 
osteoblast mineralization ability in vitro and significantly increases 
bone density in mouse models, partially reversing osteoporosis 
(Guan et al., 2024; Ochiai et al., 2024; Hao et al., 2024). 
Furthermore, Piezo1 agonists may provide a novel therapeutic 
strategy that surpasses traditional anti-resorptive drugs (such as 
bisphosphonates) by improving bone microstructure and enhancing 
bone mechanical adaptability. Therefore, Piezo1 is gradually being 
considered a new target for osteoporosis intervention and may 
promote the development of personalized osteoporosis treatments 
in the future. 

4.3.2 Osteoarthritis
Chondrocytes sense mechanical stimuli to maintain the integrity 

and function of articular cartilage, and Piezo1 plays a central role 
in this process. Under normal conditions, moderate activation of 
Piezo1 helps chondrocytes proliferate and secrete ECM components 
(such as type II collagen and proteoglycans), thereby maintaining 
the biomechanical properties of the joint (Savadipour et al., 2023; 
Sun et al., 2023; Feng et al., 2024; Jia Z. et al., 2024). However, in 
OA, abnormal mechanical stress leads to excessive activation of 
Piezo1 channels, resulting in sustained Ca2+ influx and activation 
of matrix degradation pathways such as matrix metalloproteinases 
(Nieuwstraten et al., 2025) and a disintegrin and metalloproteinase 
with thrombospondin motifs, which in turn destroy the cartilage 
matrix structure, induce chondrocyte apoptosis, and trigger 
joint degeneration (Lohberger et al., 2019; Li MJ. et al., 2024). 
Conversely, some studies have also observed downregulation of 
Piezo1 expression in OA chondrocytes, suggesting that its function 
may exhibit stage-specific or biphasic regulation: early excessive 
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activation accelerates cartilage damage, while late downregulation 
weakens cartilage repair capacity.

Pharmacological regulation of Piezo1 has shown potential in 
OA intervention. Studies have shown that Piezo1 agonists can 
partially enhance chondrocyte function and alleviate apoptosis 
caused by abnormal stress, while Piezo1 inhibitors have shown 
effects in animal models such as reducing joint damage, lowering 
inflammation levels, and improving joint function (Wang et al., 
2022a; Yu et al., 2025; Wang X. et al., 2025). This suggests 
that employing a dual regulation strategy (early inhibition, late 
activation) based on the progression stage of OA may become an 
innovative precision treatment approach. 

4.4 Pathological role in hematopoietic 
system diseases

Piezo1 plays diverse and critical roles in the hematopoietic system, 
and its dysfunction is closely linked to various blood disorders 
(Scapin et al., 2025). One of the most well-established pathological 
associations is with hereditary xerocytosis. This condition is driven 
by gain-of-function mutations in Piezo1 (e.g., R2456H), which 
lower the mechanical activation threshold of the channel, leading 
to sustained Ca2+ influx in red blood cells upon exposure to shear 
stress in the circulation (Andolfo et al., 2013; Rosato et al., 2025). 
This activates the Gardos channel, causing K+ efflux and cellular 
dehydration, while simultaneously disrupting the cytoskeleton via 
calpain activation, ultimately resulting in reduced red blood cell 
lifespan and hemolytic anemia. 

Beyond its role in red blood cells, Piezo1 significantly 
influences platelet function. Ca2+ signaling triggered by Piezo1 
activation in response to hemodynamic shear stress can enhance 
platelet activation and aggregation, potentially promoting arterial 
thrombosis (Lew, 2025; Zhu W. et al., 2022). Furthermore, Piezo1 
serves as a crucial mechanosensor in innate immune cells such 
as macrophages and neutrophils. For instance, in macrophages, 
Piezo1 senses the physical properties of pathogens or cellular 
debris, regulating phagocytosis and inflammasome activation; in 
neutrophils, it mediates mechanosensation during transendothelial 
migration, influencing their recruitment to inflammatory sites 
(Mukhopadhyay et al., 2024; Xie Z. et al., 2025). Thus, by modulating 
the mechanobiological behavior of various blood cells, Piezo1 
plays a central role in maintaining hematopoietic homeostasis and 
immune defense. 

4.5 Tumor formation and metastasis

Piezo1, as a key mechanosensitive ion channel, plays a 
crucial role in the initiation, progression, and metastasis of 
tumors. By converting mechanical signals from the TME (such 
as matrix stiffness, fluid shear stress, and intercellular tension) 
into Ca2+ influx, Piezo1 activates multiple downstream signaling 
pathways, regulating tumor cell proliferation, migration, invasion, 
and immune evasion. Therefore, Piezo1 is not only an important 
regulator in tumor biology but also a potential novel target for 
anti-tumor therapy (Chen B. et al., 2023; Dombroski et al., 2021; 
Xiong et al., 2022; Cui et al., 2025; Zhu B. et al., 2025). 

4.5.1 TME regulation
The mechanical properties of the TME play a decisive role in 

tumor progression. Increases in matrix stiffness, stromal fibrosis, 
and abnormal hemodynamics can all be sensed and transduced by 
tumor cells via Piezo1 channels (Jiang et al., 2022; Zhang T. et al., 
2025; Zhu B. et al., 2025; Chen et al., 2018).

Studies have shown that enhanced matrix stiffness can 
continuously activate Piezo1, leading to Ca2+ influx, which in 
turn activates signaling pathways such as Src family kinases and 
YAP/TAZ, ultimately driving tumor cell proliferation, migration, 
and invasion (Kim et al., 2022; Yu et al., 2024b). For instance, in 
prostate cancer cells, fluid shear stress activates the YAP pathway 
through Piezo1, enhancing cell motility and clonogenic ability. In 
pancreatic cancer, overexpression of Piezo1 is closely associated 
with tumor malignancy, drug resistance, and poor patient prognosis 
(Swain et al., 2022; Xie et al., 2025c).

In addition to promoting the tumor cells’ own adaptability, 
Piezo1 also influences cancer progression by regulating the 
tumor immune microenvironment. Research has found that 
Piezo1 regulates the polarization of tumor-associated macrophages, 
promoting the formation of the M2 immune-suppressive phenotype, 
thereby inhibiting anti-tumor immune responses (Yang et al., 2024; 
Zhang M. et al., 2024; Qu and Zhang, 2025). Moreover, Piezo1’s role 
in regulating the mechanical response of tumor stromal cells and 
vascular endothelial cells is significant, as its activation can promote 
angiogenesis and nutrient supply, further supporting continuous 
tumor growth.

In terms of therapeutic strategies, Piezo1 inhibitors (such as 
siRNA interference or small molecule antagonists) have shown 
potential in vitro and in animal models to suppress tumor growth 
and enhance chemotherapy sensitivity (Coste et al., 2010; Wu et al., 
2015). This suggests that combining Piezo1 inhibitors with 
immunotherapy may improve patient treatment responses and 
extend survival. 

4.5.2 Metastatic process
Tumor metastasis is the leading cause of cancer-related death, 

and circulating tumor cells (CTCs) face intense mechanical stress 
during this process, including blood flow shear stress, capillary 
compression, and ECM resistance. Piezo1, as the core sensor of 
mechanical stress, plays a key role in CTC survival, migration, and 
colonization.

In the early stages of metastasis, the hemodynamic environment 
activates Piezo1 to promote Ca2+ influx, thereby enhancing CTCs’ 
anti-apoptotic ability and adhesion, increasing their survival rate in 
the bloodstream (Friedrich et al., 2019; Greenlee et al., 2022; Qi et al., 
2024). For example, experiments have shown that Piezo1 activation 
in the blood flow environment can enhance CTCs migration and the 
likelihood of colonization in distant organs.

In the later stages of metastasis, Piezo1 regulates cytoskeletal 
remodeling, integrin signaling, and ECM-cell interactions, 
enhancing CTCs adhesion and invasion abilities in distant organ 
microenvironments (Bonner et al., 2025; Lopez-Cavestany et al., 
2023). In pancreatic cancer models, Piezo1 has been shown to 
promote CTCs colonization in the liver and lungs and increase the 
survival ability of metastatic sites by interacting with immune cells.

Blocking Piezo1 signaling is considered an important strategy 
to inhibit metastasis. Studies have used small molecule inhibitors 
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TABLE 3  Piezo1 in disease.

System Key diseases Core mechanism

Cardiovascular Atherosclerosis, Hypertension Mediates force-induced inflammation and contraction

Nervous Neurodegeneration, Stroke Drives inflammation, cell death, and pain signaling

Skeletal Osteoporosis, Osteoarthritis Dysregulated mechanosensing leads to tissue breakdown

Cancer Various solid tumors Matrix stiffness activates pro-tumor pathways

Respiratory Lung Injury (ARDS), Asthma Mediates ventilator-induced injury and airway contraction

Urinary Fibrosis, Overactive Bladder Promotes scarring and excessive stretch sensing

or gene silencing techniques to suppress Piezo1, resulting in 
a significant reduction in CTCs migration and colonization 
abilities. For example, in breast cancer models, Piezo1 inhibition 
effectively reduced the number of lung metastases, suggesting 
its significant clinical value as a metastatic intervention target. 
In the future, Piezo1 inhibitors are expected to be used in 
combination with anti-angiogenic drugs or immune checkpoint 
inhibitors to further improve the treatment of metastatic 
tumors (Table 3) (O'Callaghan et al., 2022; Li B. et al., 2024; 
Poole et al., 2024; So et al., 2024).

5 Current therapeutic strategies 
targeting Piezo1

Currently, therapeutic strategies targeting Piezo1 have shown 
significant potential in multiple disease models, particularly 
in mechanosensitive and inflammation-related diseases. Piezo1 
agonists and antagonists, such as Yoda1 and GsMTx4, have been 
extensively studied and demonstrated promising therapeutic 
effects. As an agonist of Piezo1, Yoda1 promotes Ca2+ influx, 
activating downstream signaling pathways to regulate cellular 
physiological functions. For example, Yoda1 has shown protective 
effects in a FK model by activating Ca2+ signaling, further 
activating the Pyrin inflammasome, and enhancing macrophage 
phagocytosis (Jiang Z. et al., 2024; Ran et al., 2023; Fish and 
Kulkarni, 2024; Zhao et al., 2022). This mechanism underscores 
the importance of Piezo1 in immune responses, and modulating 
its activity can effectively improve immune function. However, 
Yoda1 may cause excessive Ca2+ influx in some cell types, potentially 
leading to cytotoxic reactions, and its potential side effects and safety 
need to be carefully evaluated.

In contrast, GsMTx4, as a Piezo1 antagonist, inhibits Piezo1 
activity, thereby alleviating cell damage caused by mechanical 
stimuli. Studies show that GsMTx4 effectively improves cell 
death and inflammation in a pancreatitis model by reducing 
Ca2+ influx and protecting cell function (Lin Z. et al., 2025; 
Wang et al., 2022a; He et al., 2021). This suggests that GsMTx4, 
as an inhibitor, holds considerable clinical potential for reducing 
cell damage induced by mechanical stress. However, the 
pharmacokinetics and administration methods of GsMTx4 in 
clinical applications need further exploration to ensure its efficacy 
and safety. 

5.1 Diversity and adaptability of 
intervention strategies

Therapeutic strategies targeting Piezo1 are not limited to 
small molecule drugs but also include innovative methods 
such as gene therapy and mechanical stimulation. Gene 
therapy research is gradually expanding its clinical application 
prospects. Using CRISPR-Cas9 technology or RNA interference, 
researchers can specifically knock out or overexpress Piezo1 to 
investigate its biological roles in different pathological states 
(Dubin et al., 2017; Hong et al., 2017; Karamatic Crew et al., 
2023). This approach shows great potential in basic research 
and provides a more refined observation of Piezo1’s role in 
diseases. However, gene therapy still faces challenges in clinical 
application, including safety issues, ethical concerns, and regulatory 
requirements for clinical implementation (Lee W. et al., 2021; 
Zhu Z. et al., 2022; Zhao et al., 2024).

Mechanical stimulation is another unique intervention strategy. 
Studies have shown that mechanical stress can influence cellular 
physiological states through the Piezo1 channel. For example, 
in chondrocytes, Ca2+ signaling triggered by mechanical load 
can lead to cell apoptosis and matrix degradation, which is 
significant in pathological conditions like arthritis (Lee et al., 2014; 
Wang X. et al., 2024; Yuan et al., 2025)s. Therefore, combining 
mechanical stimulation with therapy provides a novel approach 
for clinical Piezo1-targeted treatment. Although mechanical 
stimulation has shown good effects in some biomechanics-
related diseases, issues like individual patient differences and the 
personalized adjustment of mechanical stimulation need to be 
addressed. Effectively implementing mechanical stimulation in 
clinical settings to achieve optimal therapeutic effects remains an 
ongoing challenge. 

5.2 Challenges and prospects in clinical 
translation

Despite the promising prospects of Piezo1-targeted therapies in 
basic research, there are several challenges in clinical translation, 
particularly concerning therapeutic specificity and safety. Small 
molecule drugs, such as Yoda1 and GsMTx4, although showing 
good efficacy in preclinical studies, still present important issues 
regarding specificity and potential side effects. For instance, Yoda1 
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might cause excessive Ca2+ influx, leading to cell damage, so 
more precise dosage control and clinical monitoring are required 
during its application (Xu et al., 2023; Gong et al., 2025; 
Wang C. et al., 2025; Wang W. et al., 2025). While GsMTx4 
has protective effects as an antagonist, its pharmacokinetics and 
administration methods still need to be further researched and 
optimized to ensure its clinical effectiveness.

Gene therapy and mechanical stimulation strategies also 
face technical hurdles in clinical translation. Safety and ethical 
issues surrounding gene therapy must be properly addressed, and 
numerous technical details need to be refined regarding how to 
efficiently and safely deliver these therapies to patients. Mechanical 
stimulation, as an innovative approach, has shown potential in 
certain areas, but how to standardize it and adapt it to the 
individualized needs of different patients remains a key focus for 
future research. 

6 Major challenges in clinical 
translation of Piezo1

6.1 Targeting specificity issues

As a mechanosensitive cation channel, Piezo1 is widely 
expressed in various tissues and cell types, and its targeting 
specificity remains a key challenge in clinical translation. Due to 
its distribution across different cell types and tissues, targeting 
Piezo1 may lead to off-target effects, potentially interfering with 
the function of normal tissues. For example, during the treatment 
of inflammation-related diseases, the activation of Piezo1 may 
not only regulate immune cell functions but also affect non-
immune cells, leading to undesirable side effects (Fotiou et al., 
2015; Andolfo et al., 2019; Brewer et al., 2023; Cheng et al., 2025). 
Additionally, in tumor cells, Piezo1 expression is often significantly 
upregulated and associated with tumor malignancy progression. 
This suggests that interventions targeting Piezo1 in cancer therapy 
may simultaneously impact both the TME and the surrounding 
normal tissues (Jiang et al., 2022; Qu and Zhang, 2025; Zhu Z. et al., 
2022). Therefore, achieving high specificity targeting of Piezo1 
remains a critical challenge that needs to be addressed.

To tackle this issue, researchers are exploring various tissue-
specific delivery strategies. Among these, drug delivery systems 
based on nanocarriers are considered promising, as they can 
selectively accumulate Piezo1 agonists or antagonists in specific 
cell types. However, this technology still faces several limitations, 
including insufficient drug stability, limited in vivo delivery 
efficiency, and biocompatibility issues (Guan et al., 2024; Wang et al., 
2025). For example, in chronic inflammation models, Piezo1 
activation can enhance macrophage phagocytosis by regulating 
Ca2+ signaling. Still, if the drug is not effectively delivered to the 
target cells, achieving the desired therapeutic effect may be difficult 
(Luo S. et al., 2023; Wenqiang et al., 2024; Liu H. et al., 2022).

Current solutions have not yet fully met clinical needs. 
Some small molecule agonists (such as Yoda1) have shown 
strong bioactivity in experimental studies, but they are 
often limited by poor pharmacokinetics in vivo applications, 
affecting their efficacy and stability (Jäntti et al., 2022; 
Wang W. et al., 2025; Zhang ZH. et al., 2025). Furthermore, most 

of the current candidate drugs lack high specificity for particular 
cell types, potentially causing systemic side effects, which further 
limits their clinical application potential. Therefore, future research 
in Piezo1-targeted therapies needs to continuously explore new 
delivery systems and more precise molecular targeting strategies 
to enhance both efficacy and safety. The targeting specificity of 
Piezo1 remains one of the core challenges in current clinical 
translation research. Future studies should focus on overcoming 
existing technical bottlenecks and developing more accurate and 
safe intervention methods to enable effective targeting of Piezo1 
and advance its practical application in clinical treatments. 

6.2 Complexity of signal regulation

In the body, the Ca2+ signaling induced by mechanical 
stimulation through the Piezo1 channel is a highly complex and 
nonlinear process. As a typical mechanosensitive cation channel, 
Piezo1 plays a central role in the perception and response of 
cells to mechanical forces (Saotome et al., 2018; Geng et al., 
2021; Luo S. et al., 2023). Studies have shown that activation of 
Piezo1 can quickly lead to a transient increase in intracellular 
Ca2+ concentration; however, the signal is not a simple linear 
response but may exhibit time-dependent and biphasic patterns. 
For example, brief mechanical stimulation can induce a transient 
influx of Ca2+, while under repeated or sustained stimulation, the 
persistence and intensity of the Ca2+ signal may undergo significant 
changes. This dynamic regulation is of considerable importance 
under both physiological and pathological conditions (Li W. et al., 
2025; Pan et al., 2022; Szabó et al., 2022; Peussa et al., 2023). 
Therefore, Piezo1-mediated signaling reflects not only the channel’s 
own dynamic properties but is also influenced by the cellular 
microenvironment and systemic regulation.

Environmental factors play a significant role in the regulation 
of Piezo1 signaling. The stiffness of the ECM, mechanical coupling 
between cells, and structural characteristics of surrounding tissues 
all significantly impact the activity of Piezo1 (Guan et al., 2024; 
Baghdadi et al., 2024; Lai et al., 2022). For example, increased 
matrix stiffness can regulate cellular Ca2+ signaling through Piezo1, 
thereby affecting cell proliferation, migration, and differentiation 
(Li W. et al., 2025; Lopez-Cavestany et al., 2023; Ma et al., 2025). 
In the TME, mechanical properties and structural changes in the 
tumor tissue further enhance Piezo1 activity, promoting tumor cell 
invasion and distant metastasis (Zhang T. et al., 2025; Li YM. et al., 
2022; Ye X. et al., 2022). Moreover, Piezo1 does not act alone; its 
activity often interacts with various biochemical signaling pathways, 
such as growth factors, cytokines, and metabolic signals, forming 
a highly complex signaling network (Chi et al., 2022; Velasco-
Estevez et al., 2020; Cai et al., 2023). This interaction makes Piezo1’s 
role in cell fate determination more multi-dimensional.

From a technical perspective, dynamic regulation and 
precise detection of Piezo1-mediated signals still face challenges 
(Lei M. et al., 2024; Li Y. et al., 2024; Lee et al., 2024). How to 
precisely control the intensity and duration of Piezo1 activation 
in both time and space, to elucidate its specific contribution to 
cell behavior, remains a significant challenge. Current studies 
rely on chemical agonists (Evans et al., 2018; Sun et al., 2022) 
(e.g., Yoda1) or physical stimuli (Jiang Z. et al., 2024; Liu Y. et al., 
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2025; Zhang F. et al., 2023) (e.g., ultrasound or stretching loads), 
but these methods have limitations in selectivity, controllability, 
and reproducibility. On the other hand, intracellular Ca2+

signaling is highly transient and dynamic, and traditional Ca2+

imaging methods face limitations in capturing weak or rapid 
Ca2+ signals. Recently, advancements in high-sensitivity Ca2+

fluorescence probes, novel genetically encoded Ca2+ sensors, 
and super-resolution imaging technologies have provided new 
possibilities for real-time monitoring of Piezo1 activity and 
its downstream signals (Lüchtefeld et al., 2024; Wang et al., 
2025c; Tao et al., 2019; Bertaccini et al., 2025; Yang J. et al., 
2025). Piezo1-mediated signaling regulation exhibits complex 
nonlinear characteristics, influenced by various biomechanical 
and biochemical environmental factors, and significant challenges 
also exist at the experimental and technical levels. Future research 
needs to build on an in-depth understanding of its signaling 
mechanisms, integrating multi-scale imaging technologies, tissue-
specific intervention strategies, and computational modeling to 
develop more precise and controllable regulatory methods. This 
aims to efficiently and safely exploit Piezo1-related signaling 
pathways in clinical translation. 

6.3 Need for personalized treatment

In modern medicine, personalized treatment has become a 
critical trend for enhancing efficacy and reducing side effects, 
particularly in the field of tumor immunotherapy (Blass and 
Ott, 2021; Wang M. et al., 2021; He et al., 2022). As a key 
mechanosensitive ion channel, Piezo1’s genetic polymorphisms and 
functional differences are gradually receiving attention. Studies 
have shown that variations in the Piezo1 gene may alter the 
cell’s mechanosensation and Ca2+ signaling regulation, thereby 
affecting immune cell functions and the response capacity of 
the TME. For instance, activation of Piezo1 can induce Ca2+

influx, enhancing dendritic cell (DC) activation and antigen 
presentation, which boosts the body’s anti-tumor immune response 
(Bonner et al., 2025; Yu et al., 2024a; Liu C. et al., 2023). In 
recent studies, the Cell@CaP vaccine, through specific activation 
of the Piezo1 channel, has effectively enhanced DC function and 
demonstrated promising potential in the design of personalized 
cancer vaccines (Gu et al., 2025).

However, significant genetic polymorphism differences 
exist among patients, particularly in functional variants of the 
Piezo1 gene, leading to considerable variability in individual 
responses to the same treatment regimen (Page et al., 2021; 
Henkel et al., 2023; Zhang DD. et al., 2024). This not only potentially 
reduces treatment efficacy for some patients but also introduces 
new challenges in the precise design of personalized treatment. 
Therefore, in-depth analysis of Piezo1’s functional differences in 
different populations and individuals is of great value for optimizing 
precision medicine strategies. Future clinical research should 
incorporate the consideration of genetic polymorphisms in trial 
designs to develop more personalized treatment plans.

In addition to genetic backgrounds, differences in patients’ 
mechanical microenvironments are also a key factor contributing to 
the heterogeneity of therapeutic efficacy. Tumors in different patients 
exhibit significant variations in tissue stiffness (Chakraborty et al., 

2021; Budde et al., 2025), ECM composition (Zhang ZM. et al., 
2023; Zhao et al., 2020), and stress distribution (Lai et al., 2022; 
Mylvaganam et al., 2022), all of which can directly affect Piezo1 
activation and Ca2+ signaling, thereby altering the behavior of tumor 
cells and immune cells. For example, in tumors with higher stiffness, 
excessive activation of Piezo1 may promote immune evasion, 
while in softer matrix environments, immune responses may be 
enhanced (Jiang et al., 2022; Xie et al., 2025c; Qu and Zhang, 2025). 
The research on the Cell@CaP vaccine suggests that combining 
mechanical, chemical, and immune signaling in a multimodal 
strategy can significantly improve DC function, effectively 
preventing postoperative tumor recurrence (Gu et al., 2025). This 
finding further underscores the importance of integrating genetic 
backgrounds with microenvironmental characteristics.

However, the design of current clinical trials remains limited, 
often focusing too much on drug efficacy while lacking a 
systematic consideration of patient genetic differences, mechanical 
environment factors, and pathway diversity. This, to some extent, 
restricts the generalizability and clinical application value of the 
results. To address this issue, future clinical trials urgently need 
to incorporate a multi-factorial comprehensive analysis framework, 
with particular attention to the differential mechanisms of Piezo1-
mediated Ca2+ signaling across patients. By integrating big data 
and artificial intelligence (AI) for auxiliary analysis, it is possible to 
identify individual differences among patients on a larger scale, thus 
achieving truly personalized treatment and precision medicine. 

7 Artificial intelligence in Piezo1 
research and therapeutic 
development

7.1 AI-enhanced mechanistic and structural 
studies

The complex architecture and nonlinear signaling dynamics 
of Piezo1 present significant challenges for conventional research 
methods. AI particularly deep learning, offers powerful new 
approaches within structural and systems biology frameworks 
to address these issues. AI-based structure prediction tools, 
such as AlphaFold2, have enabled high-resolution modeling 
of Piezo1’s trimeric, propeller-like structure, providing crucial 
insights into its mechanogating mechanism. When combined 
with MD simulations, AI can effectively model tension-induced 
conformational transitions between curved and flattened states, 
clarifying how mechanical forces are transduced into gating events. 
These approaches also facilitate the identification of key residues 
in the pore region and lipid-interaction sites, supporting the 
design of state-specific modulators. Furthermore, machine learning 
algorithms integrate multi-omics data—genomic, transcriptomic, 
proteomic, and metabolomic—to reconstruct Piezo1-centered 
regulatory networks across physiological and pathological 
conditions. AI assists in detecting functional genetic variants, 
predicting novel signaling nodes, and identifying robust biomarkers 
associated with disease severity or treatment response. Such 
integrated analyses not only deepen the mechanistic understanding 
of Piezo1 but also contribute to improved patient stratification. 
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7.2 AI-guided drug discovery and 
optimization

AI is markedly accelerating the development of Piezo1-targeting 
therapeutics by facilitating rapid and intelligent screening and 
design of novel compounds. Through structure-based molecular 
docking, AI platforms are able to efficiently screen ultra-large 
virtual chemical libraries against Piezo1 structural models (Blass 
and Ott, 2021). Machine learning approaches trained on known 
active compounds, such as Yoda1 and GsMTx4, demonstrate 
strong capability in predicting binding affinity and selectivity. This 
enables prioritization of high-potency agonists or antagonists, 
substantially reducing the experimental workload. Moreover, 
generative AI models—including generative adversarial networks 
and variational autoencoders—are being employed to design 
novel chemical entities with optimized target engagement and 
improved drug-like properties, such as solubility and metabolic 
stability. Complementing these efforts, natural language processing 
techniques systematically mine scientific literature and specialized 
databases to construct detailed knowledge graphs. These graphs 
reveal previously unexplored functional links between Piezo1 
and other pathways, thereby supporting the rational design of 
multi-target therapeutic strategies. 

7.3 AI-enabled therapeutic personalization 
and delivery

AI plays a pivotal role in advancing precision medicine 
for Piezo1-related disorders by enabling sophisticated patient 
stratification and intelligent drug delivery platforms. AI models 
integrate multimodal data—including clinical, imaging, and 
molecular profiles—to predict disease trajectories and therapeutic 
responses. For instance, AI-driven analysis of histopathological 
images can infer Piezo1 activation status and tissue-level 
biomechanics, thereby informing intervention strategies and 
enhancing clinical trial design. Furthermore, AI contributes 
significantly to the development of precision nanomedicine by 
optimizing the physicochemical properties of nanocarriers—such 
as size, surface charge, and ligand chemistry—to improve 
biodistribution and achieve tissue-specific drug accumulation. 
Beyond targeting, reinforcement learning algorithms offer a 
foundation for adaptive dosing systems capable of dynamically 
adjusting drug administration in response to real-time physiological 
feedback. Such closed-loop therapeutic approaches hold particular 
promise for managing chronic Piezo1-related conditions, ultimately 
improving treatment efficacy and safety. 

7.4 Challenges and future perspectives

Several interconnected challenges must be addressed to 
fully realize the potential of AI in Piezo1 research and clinical 
translation. A primary obstacle is the inconsistent data quality 
and lack of standardization across experimental studies, which 
significantly hinders the development of robust and generalizable 
AI models (Cordeil and Jallades, 2024). Furthermore, the “black 
box” nature of many complex AI algorithms creates barriers to 

clinical trust and regulatory approval, necessitating the advancement 
of explainable AI frameworks to enhance transparency and 
interpretability. Additionally, critical ethical and regulatory 
considerations—such as algorithmic bias, data privacy, and 
accountability in AI-assisted healthcare—demand careful oversight 
to ensure equitable and secure implementation. Overcoming 
these challenges will be essential for leveraging AI to advance 
Piezo1-targeted therapies and personalized treatment strategies. 

8 Conclusion

Piezo1 has redefined the landscape of mechanotransduction 
by linking mechanical forces to Ca2+-dependent signaling. Its 
structural distinctiveness and spatiotemporal control of Ca2+

flux place it at the crossroads of physiology and disease. While 
remarkable progress has illuminated its gating mechanisms 
and downstream pathways, clinical translation is still nascent. 
Key hurdles include achieving tissue-specific modulation, 
minimizing off-target actions, and deciphering nonlinear Ca2+

dynamics in complex microenvironments. Nonetheless, selective 
modulators, genome editing, and nanotechnology provide 
unprecedented avenues for therapeutic intervention. Looking 
forward, multidisciplinary integration of structural biology, 
mechanobiology, multi-omics, and AI will be pivotal for precision 
regulation of Piezo1. Ultimately, Piezo1 represents both a 
mechanistic keystone and a promising therapeutic target, with the 
potential to transform clinical strategies across diverse diseases.
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Glossary

AD Alzheimer’s Disease

AI Artificial Intelligence

ALI Acute Lung Injury

ARBs Angiotensin II Receptor Blockers

ATP Adenosine Triphosphate

BBB Blood-Brain Barrier

Ca2+ Calcium Ion

CaM Calmodulin

CaMKII Ca2+/Calmodulin-Dependent Kinase II

CICR Calcium-Induced Calcium Release

CNS Central Nervous System

Cryo-EM Cryo-Electron Microscopy

CTCs Circulating Tumor Cells

DC Dendritic Cell

ECM Extracellular Matrix

ER Endoplasmic Reticulum

ERK Extracellular Signal-Regulated Kin

FK Fungal Keratitis

FRET Fluorescence Resonance Energy Transfe

GANs Generative Adversarial Networks

GLP-1 Glucagon-Like Peptide-1

GsMTx4 Grammostola spatulata Mechanotoxin 4
HSCs Hepatic Stellate Cells

IL-6 Interleukin-6

IRI Ischemia-Reperfusion Injury

MD Molecular Dynamics

NFAT Nuclear Factor of Activated T-cells

NO Nitric Oxide

OA Osteoarthritis

OAB Overactive Bladder

PD Parkinson’s Disease

PI3K/Akt Phosphoinositide 3-Kinase/Protein Kinase B
RANKL Receptor Activator of Nuclear Factor Kappa-B Ligand

RL Reinforcement Learning

SERCA Sarco/Endoplasmic Reticulum Ca2+-ATPase

STOML3 Stomatin-Like Protein 3
TME Tumor Microenvironment

VSMCs Vascular Smooth Muscle Cells

YAP Yes-Associated Protein
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