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Abstract: Since the recent discovery of the mechanosensitive Piezo1 channels, many studies have
addressed the role of the channel in various physiological or even pathological processes of different
organs. Although the number of studies on their effects on the musculoskeletal system is constantly
increasing, we are still far from a precise understanding. In this review, the knowledge available so
far regarding the musculoskeletal system is summarized, reviewing the results achieved in the field
of skeletal muscles, bones, joints and cartilage, tendons and ligaments, as well as intervertebral discs.
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1. Introduction

The discovery of Piezo channels just over a decade ago [1] not only resulted in the
Nobel Prize in Physiology or Medicine in 2021 but also opened a new way to understand
mechanotransduction, thus multiplying the scientific interest in the topic. Therefore,
articles discussing the role of Piezo channels in different cell types, tissues, and organs
both under physiological and pathological conditions follow one another. A significant
amount of scientific data is available about the fundamental role of the Piezo1 channel in
the development and function of the cardiovascular system [2–6], in the functioning of the
pancreas [7] and the excretory organ system [5], in the homeostasis of epithelial cells [8–11],
in innate immunity [12], as well as in the responses of blood cells to mechanical stimuli [13].
Although the number of studies related to the locomotor system has increased significantly
in recent years, the role of Piezo1 channels in these organs is still far from being precisely
clarified. In this review, after a brief general description of mechanosensitive channels,
observations related to Piezo1 in the musculoskeletal system are summarized (Figure 1).Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 2 of 22 

 

 

 
Figure 1. Role of Piezo1 channels in humans: localization of Piezo1 in different organs focusing on 
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2. Mechanosensation—Mechanosensitive and Mechanically Activated Channels

The conversion of mechanical stimuli from the external or internal environment of cells
into biological responses, i.e., mechanotransduction, is of fundamental importance both
during tissue development and in the physiological processes of mature individuals. Some
well-known basic sensing processes, such as hearing, touch, and blood pressure sensing,
are now clearly linked to mechanotransducers, but our understanding of mechanosensation
is now much broader. In many cell types, the role of mechanosensors has been described in
a broad range of cellular functions such as cell migration, proliferation, differentiation, as
well as the regulation of vascular development and vascular endothelial cells. Their role in
the regulation of pulmonary circulation, in the progression of certain types of cancer, in
urinary tract filtration and osmoregulation processes, and in monocyte activation, to name
just a few processes without claiming to be exhaustive, has been revealed, although several
processes remain to be discovered. The molecular background of this signal transduction
has long been of intense interest. Although there are integral membrane proteins, such as
GPCRs or membrane-associated phospholipases, that can also be modulated by mechanical
stimulus [14–16], the main mechanosensors that mediate rapid electrochemical responses
to mechanical stimuli are ion channels in several cellular processes [17]. The low expression
of these channels, their structural diversity, and the lack of evolutionary conservation
hindered the research of mechanosensitive channels in mammals. The mechanosensitive
processes discovered in different organisms—from bacteria through fungi to humans—were
slowly organized into a more transparent picture, and, despite the diversity of identified
ion channels, they were more or less integrated into a unified system that includes several
well-defined ion channel families [4,18–20].

Mechanosensitive Ion Channels

Mechanosensitive—or more precisely, mechanically activated—ion channels are mani-
fold in terms of both their structure and function. The only structural feature they have
in common is that they contain at least two transmembrane domains. In response to me-
chanical stimuli exerted on cell membranes, mechanically activated ion channels change
their conformations and open in a pore-like manner. According to the “force through
lipid” model, changes in membrane tension are recognized [21], while the “force through
tether” model requires the contribution of associated proteins of the extracellular ma-
trix and/or cytoskeleton (spring-like tethers) transmitting the force applied on the cell
membrane [22,23].

Discovery of mechanosensitive channels started with identification of bacterial MscL
(mechanosensitive channel large conductance) and MscS (mechanosensitive channel small
conductance) [19,24]. These non-selective channels demonstrate the biophysics of mechanosen-
sitive channels but are not expressed in mammals. Mammalian mechanosensitive ion channels
were first described in tissue-cultured embryonic chick skeletal muscle using the patch-clamp
technique [25].

Since then, disparate mechanosensitive ion channel superfamilies have been character-
ized in mammals, including the two pore-domain potassium ion channels (K2P/KCNK),
whose three members are inherently mechanosensitive (TREK1, TREK2, and TRAAK) [26].
Some members of the transient receptor potential (TRP) non-selective cation channels are
also suggested to have mechanosensitive properties [17], the most obvious evidence being
for TRPV4 [27]. The epithelial sodium channel (ENaC) [28] and transmembrane protein 63
(TMEM63) Ca2+-activated chloride channels [29,30] are also known as mechanosensitive.
The discovery of mechanically activated Piezo channels (e.g., Piezo1 and Piezo2) which
are inherently mechanosensitve [31] has significantly contributed to the interpretation of
mechanotransduction mechanism. Here, we mainly focus on the role of Piezo1.

For comprehensive and detailed summaries on mechanosensitive channels, we direct
the readers’ attention to, e.g., the works of J.M. Kefauver et al. [32] and Ranade et al. [18].

It is, however, worth mentioning that in addition to mechanically activated ion chan-
nels, many other channels, the gating of which primarily depends on non-mechanical
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effects (ligand binding, voltage change), have also been shown to be influenced by mechan-
ical effects and are, therefore, mechanosensitive. Their gating domain, however, is located
in the membrane, so its tension modifies the opening of the channel. Examples include the
following channels: Kv1.1 [33], Cav [34], Nav1.5 [35,36], HCN [37]. These channels are not
considered inherently mechanically activated channels.

3. Piezo Channels in the Animal Kingdom

Living organisms constantly face environmental mechanical forces and depend on
mechanotransduction for their daily survival. Piezo genes are not present in bacteria, but
Piezo homologs can be found in protozoa, plants, and animals. Vertebrates have two Piezo
genes—Piezo1 and Piezo2. Piezo genes in mammalians are expressed almost ubiquitously,
suggesting a crucial role to mechanotransduction in different organ systems [38,39].

Evolutionary relationships of Piezo channels can be analyzed by phylogenetic tree
construction using protein and genetic sequences from different species for understanding
the relationships of Piezo channels [40]. The differentiation of Piezo genes was earlier than
the evolution of species, which means that the genetic functions of Piezo1 and Piezo2 are
different and unique [41]. The presence of more than one Piezo gene leads to potential
additional functions of the Piezo gene which is no longer affected by evolutionary pres-
sure. The observed structural differences between species could be explained with small
optimizations for given circumstances in the different organisms. The core function of the
Piezo is still the same.

4. Structure and Function of Piezo1
4.1. Channel Structure

The evolutionally conserved Piezo1 channel is a large monotrimeric transmembrane
protein composed of approximately 2500 amino acid residues [39], with such a unique
sequence that carries neither repetitive sequence pattern nor sequence homology to any
other known cation channel families [42]. In humans, the PIEZO1 gene, also known as
FAM38A/DHS/LMPH3/LMPHM6, is located on chromosome 16, containing 51 exons.
This highly polymorphic gene has several variants [43]. In mice, where the vast majority of
mammalian structure–function studies have been carried out, it is located in chromosome
8, containing 53 axons. These high resolution structural studies revealed that each sub-
unit of the three-bladed, propeller-like protein made up of a peripheral blade containing
38 transmembrane (TM) helices, which are involved as mechanosensing module; a long
beam on the intracellular side; and an anchor, which serves as a transduction module.
Furthermore, a C-terminal domain (CTD) and a C-terminal extracellular domain (CED)
form the ion-conducting pore module with the 37th (inner helix) and 38th (outer helix)
transmembrane helices. The central cap is a trimeric complex formed by the CEDs of each
subunit (Figure 2.). More detailed description can be found in [32,39,44,45].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 22 
 

 

FAM38A/DHS/LMPH3/LMPHM6, is located on chromosome 16, containing 51 exons. 
This highly polymorphic gene has several variants [43]. In mice, where the vast majority 
of mammalian structure–function studies have been carried out, it is located in chromo-
some 8, containing 53 axons. These high resolution structural studies revealed that each 
subunit of the three-bladed, propeller-like protein made up of a peripheral blade contain-
ing 38 transmembrane (TM) helices, which are involved as mechanosensing module; a 
long beam on the intracellular side; and an anchor, which serves as a transduction module. 
Furthermore, a C-terminal domain (CTD) and a C-terminal extracellular domain (CED) 
form the ion-conducting pore module with the 37th (inner helix) and 38th (outer helix) 
transmembrane helices. The central cap is a trimeric complex formed by the CEDs of each 
subunit (Figure 2.). More detailed description can be found in [32,39,44,45]. 

 
Figure 2. Piezo1 channel. Structure and regulation of the channel. Piezo1 protein has a homotrimeric 
architecture with three propeller-shaped blades. The pore consists of the extracellular Cap structure, 
three pairs of the outer and inner helices (TM domains), and the intracellular C-terminal domain 
(CTD). The peripheral mechanotransduction region contains the beam structure, the peripheral 
blade, and the anchor domain (the figure was created using biorender.com). 

4.2. Regulation 
Considering the structural descriptions, a lever-like mechanism has been proposed 

to explain its exceptional mechanosensitivity, according to which the curved blades serve 
for mechanosensation, while the beam can act as a pivot coupling the extracellular blades 
to the central cap [46,47]. So, the force exerted on and the consequential conformation 
changes in distal blades is converted to the opening of the central pore that leads to non-
selective cation permeation [48]. Piezo1 channels that mediate preferentially Ca2+ current, 
and are permeable for monovalent ions (K+, Na+ and Cs+), divalent ions (Ba2+, Ca2+, Mg2+ 
and Mn2+), and several organic cations (tetramethyl ammonium (TMA), tetraethyl ammo-
nium (TEA)) [49,50]. 

The channels can be activated by pure mechanical stimuli, i.e., stretch, pressure, sheer 
stress, membrane torsion, bilayer indentation, osmotic stress [31], that can be modified by 
interactions with cytoskeletal proteins and linkages to the extracellular matrix elements 
[22,51]. The gating of the channel can be modeled with three states: open, closed, and in-
activated [52]. The activation mechanism was illustrated by the membrane dome mecha-
nism that was also experimentally proved [53,54]. The large extracellular blade domains 
of Piezo1 in its closed state deforms the neighboring cell membranes into a dome-like 
shape [47]. Upon mechanical stimulus, lateral membrane tension flattens the Piezo1 dome, 
which increases the energy of the membrane-channel system, resulting in the open state 

Figure 2. Piezo1 channel. Structure and regulation of the channel. Piezo1 protein has a homotrimeric
architecture with three propeller-shaped blades. The pore consists of the extracellular Cap structure,
three pairs of the outer and inner helices (TM domains), and the intracellular C-terminal domain
(CTD). The peripheral mechanotransduction region contains the beam structure, the peripheral blade,
and the anchor domain (the figure was created using biorender.com).
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4.2. Regulation

Considering the structural descriptions, a lever-like mechanism has been proposed to
explain its exceptional mechanosensitivity, according to which the curved blades serve for
mechanosensation, while the beam can act as a pivot coupling the extracellular blades to
the central cap [46,47]. So, the force exerted on and the consequential conformation changes
in distal blades is converted to the opening of the central pore that leads to nonselective
cation permeation [48]. Piezo1 channels that mediate preferentially Ca2+ current, and are
permeable for monovalent ions (K+, Na+ and Cs+), divalent ions (Ba2+, Ca2+, Mg2+ and
Mn2+), and several organic cations (tetramethyl ammonium (TMA), tetraethyl ammonium
(TEA)) [49,50].

The channels can be activated by pure mechanical stimuli, i.e., stretch, pressure, sheer
stress, membrane torsion, bilayer indentation, osmotic stress [31], that can be modified
by interactions with cytoskeletal proteins and linkages to the extracellular matrix ele-
ments [22,51]. The gating of the channel can be modeled with three states: open, closed,
and inactivated [52]. The activation mechanism was illustrated by the membrane dome
mechanism that was also experimentally proved [53,54]. The large extracellular blade do-
mains of Piezo1 in its closed state deforms the neighboring cell membranes into a dome-like
shape [47]. Upon mechanical stimulus, lateral membrane tension flattens the Piezo1 dome,
which increases the energy of the membrane-channel system, resulting in the open state of
the channel. This mechanism, however, does not take into account the current state and
shape of the local membrane area. The footprint theory suggests that the Piezo1 channel
induces deformity of the surrounding membrane which magnifies the sensitivity of Piezo1
to membrane stretch [55]. Piezo1 channels exhibit fast activation and voltage-dependent
inactivation, and their kinetics show strong similarity in different cell types [56]. On the one
hand, membrane stretch has been experimentally shown to be sufficient alone to activate
mammalian Piezo1 proteins [57,58], without any further effect. On the other hand, several
other interacting partners and cell factors have been identified that shift the activation
threshold. The lipid composition of the membrane [59–62], as well as the alteration in
substrate stiffness [63], in matrix roughness [64], environmental confinement [65], and the
composition of the extracellular matrix [66] have all been shown to modify Piezo1 activity.
Voltage sensitivity of Piezo1 was also demonstrated; its open probability is increased at
positive voltages [67] due to the slow inactivation [1]. Acidic extracellular pH (~pH 6.3)
was shown to diminish Piezo1 currents by stabilizing the inactivated state [52]. In ad-
dition to mechanical and environmental effects, protein–protein interactions have also
been described as activating the Piezo1 channel. Stomatin-like protein 3 (STOML3) have
been identified that can sensitize Piezo1 channels [68,69]. Cytoskeletal proteins with the
potential to tune membrane rigidity, such as actin in several cell types, filamin A in smooth
muscle, or dynamin in chondrocytes, were also proven to alter Piezo1 current [5,51,70].
Inhibition of actin polymerization by treatment with cytochalasin D also led to a decrease
of Piezo1 current [71]. The effect of its interaction with the SERCA (endoplasmic reticu-
lum Ca2+ pump sarco/ER Ca2+ ATPase) was also reported as modifying Piezo1 opening
upon mechanical stimulation [72]. An inhibitory effect of Piezo1–Polycystin2 interaction
on Piezo1 activity has also been suggested [73]. In turn, there is a substantial number
of observations suggesting the feedback regulation of Piezo1 on cytoskeletal dynamics,
therefore playing a role in cellular processes, such as cell migration [74]. The tethering of
Piezo1 to the actin cytoskeleton via the cadherin-β-catenin mechanotransduction complex
could explain both long-distance mechanogation of Piezo channels and the reverse effect as
well, i.e., how Piezo1 proteins can be involved in cellular dynamical processes, such as cell
proliferation, and migration [75].

4.3. Pharmacology

Although the main stimuli for Piezo1 channels are mechanical effects, a few pharma-
cological agents have also been proven to be able to modulate Piezo1 channel activity in
the absence of mechanical stimulation. However, the list is not very long yet (Table 1).
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Table 1. Pharmacological modulators of Piezo1 channel. Bold letters indicate Piezo1-specific agents.

Agonists Antagonists

Yoda1 Gadolinium
Jedi1, Jedi2 Ruthenium red

GsMTx4
Dooku1

Margaric acid
Arachidonic acid

Eicosapentaenoic acid

4.3.1. Agonists

A high throughput chemical library screening study identified Yoda1 (2-[5-[[(2,6-
dichlorophenyl)methyl]thio]-1,3,4-thiadiazol-2-yl]-pyrazine), a small synthetic molecule
as activator of Piezo1 channel (with no effect on Piezo2) [76]. Functional studies revealed
that Yoda1 is a specific agonist of both mouse and human Piezo1 channels. Yoda1 modifies
Piezo1 sensitivity and slows down the inactivation phase of the mechanically induced
responses and partially activates the channels in the absence of external stimuli. Two
additional, structurally different Piezo1-specific pharmacological agonists were identified:
Jedi1 and Jedi2 [77], activating both human and mouse Piezo1. Co-administration of Yoda1
and Jedi1 resulted in synergistic activation, suggesting that they may act through different
binding sites. Most likely, Yoda1 acts on the downstream beam, while Jedi1 on the upstream
blade [77].

4.3.2. Antagonists

Gadolinium and ruthenium red, as nonspecific blockers of mechanosensitive ion
channels, have also been shown to block mouse Piezo1 channels [57,78].

GsMTx4, a tarantula venom peptide toxin, was found to inhibit cationic mechanically
activated channels [50], including Piezo1 channels. GsMTx4 moderates the local membrane
tension in the vicinity of the channel, thereby reducing the effective mechanical stimuli
exerted on Piezo1 [79].

Dooku1, a Yoda1 analogue without agonistic effect, reversibly antagonizes Yoda1
activation [80]. Although, according to the original concept, Dooku1 has an inhibitory
effect only on channels activated by Yoda1, several studies report that an antagonistic
effect was also observed in the case of constitutively active channels [6,80,81]. It is worth
mentioning how open Piezo1 channels can be considered constitutively active due to the
influence of cells on each other in tissues compared to the measurements performed on
individual, isolated cells.

A few fatty acids, rarely used in experiments aimed at the role of Piezo1 in cell
physiological processes, were also found to be capable of non-specifically inhibiting the
Piezo1 channel, such as margaric acid, arachidonic acid, and eicosapentaenoic acid [61].

A detailed summary on the regulation of Piezo1 channels can be found here: [39,45].

5. Piezo1 Channels in the Musculoskeletal System

The musculoskeletal system is one of the largest tissues and organ systems of the
human body. The coordinated functioning of bones, joints, tendons, and muscles ensures
posture and mobility. Limited functioning of any part leads to movement difficulties and
pain, and in extreme cases, immobility or even death.

5.1. Skeletal Muscle

Skeletal muscle provides posture against gravity and the ability to move and breathe.
It is a type of voluntary striated muscle, a very precisely organized tissue made up of
myofibrils. A few myofibrils form a muscle fiber (myofiber), which is bounded by a
sarcolemma and represents the functional unit, the muscle cell. These are multinucleated
cells created by the fusion of myoblasts during development. Skeletal muscles are highly
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vascularized and innervated. They have an extraordinary regenerative capacity, which
can be attributed to skeletal muscle stem cells (MuSCs) [82]. During regeneration, a part
of the MuSCs (also known as satellite cells) is activated from a resting state. Activated
MuSCs are characterized by the expression of PAX7, the canonical marker for satellite
cells that coordinates the signalization of de novo myofiber formation and of myogenic
regulatory factors (MYOD1, MYOG, and MYF5) during adult myogenesis [83]. These newly
formed myoblasts (Pax7+/Myf5+/MyoD+) then either create new muscle fibers or fuse
with existing ones promoting muscle regeneration [84,85], which is crucial for maintaining
proper muscle function.

Since skeletal muscles are exposed to a series of mechanical stimuli because of their
continuous contraction and relaxation, the role of mechanically activated channels in
their physiological function naturally arises. It is therefore not surprising that even early
studies highlighted the role of mechanically activated channels in skeletal muscle, based on
measurements made on chick skeletal muscle [25]. A few years later, Franco and Lansman
carried out experiments on mdx mice and confirmed the role of stretch-activated receptors
in the development of muscular dystrophy [86], and then the effect of channel blockers on
muscles from these animals was also examined [87]. At that time, the Piezo family had not
yet been identified. The expression of Piezo1 in skeletal muscle was first demonstrated by
Tsuchiya et al., on the C2C12 cell line [88]. Shortly thereafter, expression of the channel was
also detected in the flexor digitorum brevis (FDB), tibialis anterior (TA), extensor digitorum
longus (EDL), and soleus muscles [89–92]. All these studies point to the fundamental role
of the Piezo1 channel in the mechanotransduction of skeletal muscles, thereby maintaining
physiological function [93,94].

Nevertheless, investigations on the role of the Piezo1 channel in skeletal muscle relate
primarily to its impact on myogenesis, muscle regeneration, and muscle development.

The continuous contractile activity of skeletal muscle fibers provides a constant direct
mechanical stimulus for MuSCs. This mechanical effect is one of the essential stimuli for
the activation of MuSCs. Activated MuSCs lead to myoblasts, a proliferating progenitor
cell characterized by the expression of PAX7, MYOD, and MYF5. By the end of the terminal
differentiation myocytes are formed, the fusion of which results in myotube formation.
The role of the Piezo1 channel has been demonstrated in several steps of myogenesis.
The expression of the channel can already be detected on the satellite cells before their
activation; thus, importance of the channel can be assumed from the early phase of the
development of satellite cells [90,91,95]. Indeed, according to the studies of Ma et al. and
Hirano et al., which were performed in MuSC-specific Piezo1-deficient mouse strains, the
knockout of the channel is associated with a significant decrease in the number of MuSCs,
and the dynamics of activation in the remaining MuSC population was also significantly
perturbed. The activation of the protein Rho-GTPase, which contributes to cytoskeletal
rearrangement was hypothesized as the key molecule of signal transduction pathway of
Piezo1. On the other hand, pharmacological activation of the channels by Yoda1 in the
time window when most of the progenitor cells are still uncommitted, resulted in the
same ratio of Pax7-positive cells as under control conditions, indicating no impact on
MuSC proliferation. These data indicate that Piezo1 is required to maintain the MuSC pool.
This is also supported by the study by Peng et al. [91] in which Piezo1 deficiency in TA
muscle fibers caused a decline in the total number of Pax7+ cells and a relative increase
in proliferating progenitor cells, which suggests that in the absence of Piezo1 activity, the
cell is activated more rapidly. However, Peng et al. also reported that Yoda1 treatment
reduced the number of myoblasts without affecting the total number of Pax7+ cells. The
effect of the extracellular matrix stiffness on proliferation of MuSCs through the activation
of Piezo1 was also demonstrated [95]. The satellite cells of Piezo1-deficient animals were
not significantly affected by the stiffness of the culturing substrate, while the control cells
showed increased proliferation with decreasing substrate elasticity.

Although proliferation was not clearly modified by Yoda1-induced activation of
Piezo1, further steps of myogenesis were significantly altered. The increased fusion index
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of satellite cells in myocytes derived from freshly isolated FDB fibers following Yoda1
treatment indicates an accelerated rate of myotube formation [89]. The importance of
Piezo1 in cell fusion was also confirmed by Piezo1 silencing: the fusion index responded
with a significant decrease both in vivo and in vitro [91,92]. The significance of the Piezo1
channels in this phase may lie in the fact that during terminal differentiation and fusion, the
cell membrane undergoes transformations that cause a constantly changing tension in it.
These changes, considering any possible activation mechanism of the Piezo1 channel (force
from filament or force from lipids), lead to a shift in the opening probability of the channel.

Modulation of Piezo1 channels can also influence the development of myoblasts
through the modification of reactive oxygen species (ROS) production. It is known that a
low level of intracellular ROS in skeletal muscle promotes the proliferation/differentiation
of myoblasts [96] as it supports muscle regeneration through gene expression mediated
by CREB (cAMP response element binding protein) and then ERK1/2 stimulation [97].
Activation of Piezo1 channels, on the other hand, can initiate inflammatory cascades, which,
among other things, can lead to the development of pathological conditions due to the
inflammatory effect of large ROS production [8]. Based on this study, inhibition of Piezo1
can reduce inflammation.

The effects related to the Piezo1 channel in the steps of muscle regeneration are
becoming more and more recognized. At the same time, its potential role in adult muscle
fibers can only be estimated based on a few studies, and it is far from being obvious.
After the first measurements based on RT-PCR [88], the existence of Piezo1 clusters was
described in isolated mouse FDB muscle fibers [89] and then in Gastrocnemius muscle
fibers [98]. However, very little is known about their physiological or pathophysiological
role. According to one of the most significant observations, the expression of Piezo1 is
reduced in disused atrophied muscles [98]; at the same time, by analyzing human muscle
biopsies of patients undergoing cast fixation after bone fracture, it was also revealed that
atrophy-related genes are also upregulated. These data suggest a role for Piezo1 in muscle
mass regulation. The possible role of the channels in adult muscle function is yet to be
explored in detail.

5.2. Bone

Bone is a specialized, multirole and highly dynamic connective tissue which protects
internal organs, supports the skeletal muscles system, and functions as a general scaffolding
for structural and movement purposes [99]. Constant bone remodeling and bone mass
maintenance is done by bone-resorbing osteoclasts, and the generation of new bone tissue
by osteoblasts [100–102]. It has been previously described that bone actively responds
to mechanical load. In bone mechanobiology there is the so called “Wolff’s law”, which
states that bone grows and remodels in response to applied forces [103]. Endogen, exo-
gen, biological, or gravitational mechanical stimuli have been widely recognized as vital
elements for bone formation [104–109]. Recent results in skeletal research have showed
that Piezo channels have significant effect on bone development and mechanical signaling.
The expression of both Piezo1 and Piezo2 was detected in bone, but Piezo1 had higher
expression than Piezo2 [48,110–113].

As global deletion of Piezo1 is embryonically lethal in mice [114], a skeletal tissue-
specific Piezo deletion was necessary to investigate the effect of Piezo channels at different
bone developmental stages. Piezo1Prx1-Cre mice (bone specific Piezo1 knockout) was
used to investigate bone development and the bone loss was connected to increased bone
resorption [113,115]. These results suggest that Piezo1 contributes minimally to skeletal
patterning but is critical for bone formation during skeletal development, and it may be
connected to abnormal mechanical loading [116]. Interestingly, mechanical unloading from
tail suspension led to bone mass loss in control mice but not in Piezo1Prx1 mice.

A specialized stem cell, the Osteolectin+ cell in bone marrow, was reported to have
a fundamental role in regulating bone mass. Piezo1 deletion in 2-month-old Osteolectin+

mice showed reduced bone mineral density and bone thickness in the cortical area [117].
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Runt-related transcription factor 2 (Runx2) is a master regulator for the commitment of
MSCs to osteoblastic differentiation. Piezo1 deletion in Runx2-expressing MSCs presented
no changes in calvarial bone and had normal bone mass in the vertebral body at birth
(postnatal day 0 or P0). The first rib fracture occurred at P5, and limb fractures followed at
P14. Both male and female mice had shortening in the long-type bones and also had pelvic
dysplasia. Large-scale reduction in trabecular bone mass was observed after P14. These
types of bone development defects are associated with abnormal osteoblast functions, which
led to an altered appearance and flattened osteoblasts covering the surface of trabecular bone.
Significantly decreased serum P1NP (Procollagen 1 Intact N-Terminal Propeptide) levels
and procollagen type I carboxyterminal propeptide levels were measured [111,118,119].

Osterix, a preosteoblast marker, is highly expressed in osteoblast and their progenitors.
Osterix-positive cells with Piezo1 deletion caused rib fractures in 3-week-old mice without
causing any observable bone defects at P0. These mice showed a reduced Osterix expression
with decreased trabecular and cortical bone mass [113,115,120,121].

Collagen type 1 (Col1) is expressed throughout the pre-osteoblast stage to the differen-
tiated osteoblasts. In 10-week-old mice, the deletion of Piezo1 in osteoblasts without Col1
(Cre/ERT) caused decreased trabecular bone mass, reduced cortical thickness, and insuffi-
cient collagen production. These mice also showed elevated rate in bone resorption [122].

Osteocalcin has high expression levels in mature osteoblasts [121]. Bone specific
osteocalcin knock-out mice were generated and used to study Piezo1 deletion. These mice
had non-altered skeletal sizes compared to their control littermates but had incomplete
cranial suture closure. After 8 and 16 weeks, Piezo1Ocn mice showed significant bone mass
loss and had shorter and weaker long bones. These changes resulted in smaller stature and
decreased body weight. On the cellular level, osteoblasts had reduced differentiation in
the bone of osteocalcin knock-out mice. Mechanical loading and unloading had no effect
on these osteoblasts and osteoclasts [48]. These results support that Piezo1 in osteoblasts
contributes to mechanosensation, and thus it is essential in proper bone development.

Dmp1 is a well-characterized marker which is expressed both by osteocytes and mature
osteoblasts. Deletion of Piezo1 in Dmp1-Cre genetically modified mice resulted in severe
osteopenia. These mice had normal body weights from birth to the age of 12 weeks. Dmp1-
Cre mice with Piezo deletion had normal femur length, but the bone matrix was altered,
which led to bone stiffness. Different research groups observed spontaneous fractures in
the tibiae at 12 weeks of age, but others reported no such spontaneous fractures in these
types of mice. This could be explained by the different Dmp1 promoters used [123,124].
The above-mentioned changes could be explained by decreased bone formation efficacy
or increased bone resorption rate [112]. Based on these findings, Piezo1 in osteocytes has
a significant effect on mechanotransduction under different load conditions as it could
activate bone formation or inhibit bone resorption.

In the developmental process of bone dysregulation in bone building and destroying
components can lead to developmental disorders. Piezo1 expression in osteoclasts can
also affect skeletal function. Cathepsin K-Cre Piezo1-depleted mice presented with no
difference in stature and body weight, had normal bone mass, and were unaffected in
the bone resorption process [115]. These results could be explained by the low Piezo1
expression characteristic for the osteoclast-like cell lines.

Double MSC-specific KO for Piezo1 and Piezo2 (dKO) were generated and showed
more severe skeletal defects compared to Piezo1 single-KO. dKO mice were diagnosed
with shorter long bones and more severe bone loss in cortical and trabecular bone, reduced
bone formation rate, decreased Osterix expression, and P1NP serum level [113]. However,
deletion of Piezo2 in osteoblasts had no adverse effect in Prx1-Cre or Osterix-Cre mice.
These mice showed close to normal skeletal development at P0 and no detectable length
difference in long bones and had normal bone mass at later developmental stages. Piezo2
deletion caused no fractures in mice [112,113]. Low expression of Piezo2 could explain
that in osteoblasts and osteocytes Piezo2 alone has very limited contribution to bone
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homeostasis [110]. The above described findings suggest a functional redundancy and
exchangeability of Piezo1 and Piezo2 in bone homeostasis.

Piezo1 activation could lead to beneficial consequences. Two-week-long Yoda1 treat-
ment on 4-month-old female C57BL/6J mice with 5 µmol × (kg body weight) − 1 increased
bone mass without significantly altering body weight or osteoclast bone resorption. Low-
intensity pulsed ultrasound (LIPUS) can stimulate Piezo1 channel activation in osteoblastic
cell lines [125]. LIPUS can lead to Piezo1 channel opening and elevated calcium influx and
activate the extracellular signal–regulated kinase 1/2 (ERK1/2) and F-actin polymerization.
These molecular changes helped cell migration and increased proliferation [126].

5.3. Tendons and Ligaments

Tendons connect muscle to bone and are essential for musculoskeletal function, in-
cluding athletic performance. The role of mechanical stress transmitted by or to tendons in
physical performance is not fully clarified. Nevertheless, mechanosensitive channels may
also play a significant role in tendons and ligaments.

Nakamichi et al. generated tendon-specific knock-in mice using R2482H Piezo1, a
mouse gain-of-function variant, and found that they had higher jumping abilities and faster
running speeds than wild-type or muscle-specific knock-in mice. Tendon anabolism had
been increased by tendon-specific transcription factor elevation, but there were no similar
changes in skeletal muscle. Piezo1 facilitates tendon tissue formation and enhances tendon
enlargement. Biomechanical investigations showed that the tendons of R2482H Piezo1
mice were more compliant and stored more elastic energy, consistent with the increased
jumping ability. These phenotypes were replicated in mice with tendon-specific R2482H
Piezo1 replacement after tendon maturation, indicating that Piezo1 could be a promising
target for improving physical performance by enhancing function in mature tendons. The
frequency of E756del Piezo1 was higher in sprinters than in population-matched nonathletic
controls in a small Jamaican cohort, proposing similar functions in humans. The results
described a critical function of tendons in physical performance, which is strictly regulated
by Piezo1 in tenocytes [127]. The group and the Athlome Consortium researchers collected
genetic information on elite athletes. In the Athlome database, 46% had one copy of
Piezo1 with the tendon-impacting mutation and 8% had two copies of the mutation among
91 Jamaican sprinters. Of Jamaican students who had not competed in track events, 31%
had one version of the mutation and 2% had two copies. Sprinters having two copies of the
mutation showed similar trends among Greek athletes, with 3 to 5 times more than controls,
and 1.3 to 1.75 times more compared sprinters having only one copy of the mutation. The
researchers suggest that targeting the protein could help in the treatment of tendon injuries
or reduce age-related declines in mobility [127].

Passini et al. investigated tendon mechanotransduction by combining Ca2+ imaging
with simultaneous mechanical loading of tendon explants and isolated primary tendon
cells [128]. In their models shear stress triggers the Ca2+ influx in isolated tenocytes. Cells
with depletion of Piezo1 showed a significant reduction in the shear-stress response from
all examined knockdowns. Piezo1 knock-downs in rat tenocytes isolated from tail tendon
fascicles showed similar results, suggesting the importance of Piezo1 as shear-stress sensor
in tenocytes. Tendon stiffness is regulated by Piezo1-mediated mechanosignaling in vitro
and in vivo as well, most likely via denser collagen cross-linking. In addition to that,
Piezo1 activity influences jumping performance in humans. Actually, about one out of
three individuals of African descent carries a PIEZO1 gain-of-function (GOF) mutation
known as E756del. This mutation is associated with malaria resistance and represents
the most abundant PIEZO1GOF mutation identified to date. Normalized jumping per-
formance of patients with mutations showed a net 13.2% average increase compared to
non-carriers [128].

Tendons also play an important role in proprioception. The perception of body and
limb position is mediated by proprioceptors, specialized mechanosensory neurons that
transmit information about the stretch and tension experienced by muscles, tendons,
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skin and joints. There are several studies which found that Piezo2 was expressed in
sensory endings of proprioceptors innervating muscle spindles and Golgi tendon organs
in mice. The results indicate that Piezo2 is the major mechanotransducer of mammalian
proprioceptors [114,129,130].

No data are available on Piezo1 and Piezo2 in ligaments of the synovial joints. How-
ever, there are studies which evaluate the function of Piezo1 in periodontal ligament (PDL)
tissue, which lies between tooth cementum and alveolar bone and plays a fundamental role
in bone homeostasis. Forces affecting these structures can lead to surrounding bone remod-
eling. In the study by Jin et al., primary human PDL cells (hPDLCs) were isolated, cultured,
and then subjected to static compressive loading [131]. They observed that Piezo1 mRNA
increased after 0.5 h of mechanical loading and lasted for 12 h. Imunofluorescence and West-
ern blot analysis confirmed these changes after stimulation. Results indicate that Piezo1 ion
channels contribute to transduction of the mechanical stress, inducing osteoclastogenesis.

Other studies have confirmed that the Piezo1 ion channel can transmit mechanical sig-
nals and regulate both the osteogenic differentiation and osteoclastogenesis of PDL. Several
potential signaling pathways have been proposed, including extracellular regulated protein
kinases (ERK), nuclear factor-kappa B (NF-κB), and Notch1 signaling pathways [132,133].
These results suggest a possible role of Piezo1 in orthodontic tooth movement.

5.4. Joints

The joints are complex structures connecting adjacent bones. In the human body
they are categorized into three groups: synarthroses (immovable), e.g., the skull; am-
phiarthroses/cartilaginous (slightly movable), e.g., the vertebrae; diarthroses/synovial
(freely movable), e.g., the knee.

The roles of synovial joints in weight bearing and locomotion are essential. The
joint cartilage is exposed to millions of mechanical cycles of different levels of strain.
Chondrocytes, while accommodating these effects, must regulate their metabolic activities
according to mechanical loading. Chondrocytes are responsible for maintaining and
remodeling cartilage. Pathological mechanical stress can lead to maladaptive responses
and subsequent cartilage degeneration.

Piezo1 in Chondrocytes

Studies have identified TRPV4 and Piezo channels to function synergistically in chon-
drocyte mechanotransduction in response to injurious mechanical loading [70,134]. The
function of the Piezo channel as the major regulator in mechanotransduction is to regulate
calcium signaling and maintain the cartilage matrix. An atomic force microscopy study
demonstrated the contribution of Piezo1 and Piezo2 in calcium signals in compressed
porcine chondrocytes [135]. Apoptosis of chondrocytes acts as a critical mechanism leading
to subsequent post-traumatic arthritis following joint injuries causing trauma. Piezo1 has
been proposed as a potential molecular target for reducing cell death and injury-induced
cartilage degeneration. However, to prove these theories, further investigations are required.

Lee et al., confirmed significant Piezo1/2 expression levels in both porcine and
human primary chondrocytes. They also reported Ca2+ influx into chondrocytes via
Piezo channels evoked by mechanical load, and the inhibition of Piezo with the peptide
GsMTx4 protects articular chondrocytes from mechanically triggered cell death. It was
also suggested that vulnerability of chondrocytes to mechanical trauma might be related to
Piezo1/2-mechanosensitive ion channels [135]. They found significantly increased Piezo1
messenger RNA (mRNA) in porcine primary articular chondrocytes in response to patho-
logically relevant IL-1α concentrations and elevated Piezo1 protein expression. In human
osteoarthritic cartilage Piezo1 expression has been detected to be significantly elevated
compared to healthy human controls. Piezo1 function was also tested using Yoda1, and
increased Piezo1 function was observed by Ca2+-imaging on chondrocytes exposed to
IL-1α [41]. Low levels of IL-1α, even at subnanomolar concentrations that correspond
to early stages of osteoarthritis (OA) pathogenesis, make chondrocytes more sensitive to
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dynamic mechanical compression. Overexpression of Piezo1 channels causes elevated
resting [Ca2+]i and mechanical-stress-induced Ca2+ influx, indicating signs of mechanical
hypersensitivity, “hypermechanotransduction”. Increased resting [Ca2+]i, via Piezo1, leads
to decreased F-actin density and decreased stiffness of the chondrocytes. This signaling
results in intense cellular deformation in response to mechanical loading. This positive
feedback loop could play a role in the initiation and progression of OA [135].

It is also well known from clinical practice that hyperphysiological overload and
injurious loading of the joints can lead to OA. Abnormal mechanical loading increased the
expression of Piezo1 in cultured human chondrocytes showing excessive Ca2+ influx. The
cytoplasmic Ca2+ activated endoplasmic reticulum stress upregulated the expression of
caspase-12 and subsequent chondrocyte apoptosis [136]. Inhibition of Piezo1 by GsMTx4
prevented high strain-induced cell death. Urocortin1, a corticotropin-releasing factor-
related peptide found in chondrocytes was identified as chondroprotective agent preventing
the Ca2+ overload by keeping Piezo1 in a closed state [137].

Piezo1 and Piezo2 proteins were observed in mouse primary chondrocytes by
Du et al. [138]. In contrast, Servin-Vences et al. reported that only Piezo1 expression
could be reliably measured, and Piezo2 was not detectable. They found that both TRPV4
and PIEZO1 participate in mediating mechanically activated currents in chondrocytes [27].

Findings about Piezo-mediated mechanotransduction and mechanosensation in chon-
drocytes could be one of the most important steps in developing therapeutic solutions to OA.

5.5. Intervertebral Discs

The intervertebral discs lie between the vertebral bodies, linking them together. The
components of the disc are the nucleus pulpous, annulus fibrous, and cartilaginous end-
plates. The blood supply to the disc is limited only to the cartilaginous endplates [139].
As the disc ages, degeneration occurs [139]. The relationship between aging, degenerative
processes, and actual illness is not fully understood.

In the degenerated vertebral disc tissue or in response to mechanical stress Piezo1
overexpression has been detected both at mRNA and protein level in the cells of the nucleus
pulpous [140–145]. Activation of Piezo1 channels has been shown to convert mechanical
stress into inflammatory signals [141,142,145]. Inflammasome NLRP3 (Nod-like receptor
family pyrin domain containing 3 protein) is activated by Piezo1 signaling, leading to
the production of interleukin-1β (IL-1β) [141,142]. Suppressing Piezo1 activity by siRNA
technique led to reduced proinflammatory activities and less abnormal metabolism [142].

Excessive mechanical load in parallel with an inflammation can induce apoptosis in
cells of the nucleus pulpous [146]. This phenomenon is similar to that in chondrocytes;
however, the exact underlying mechanisms are still unknown. Apoptosis was assigned
to Piezo1 activation [140,145] leading to alternating mitochondrial membrane potential.
Mechanical stretch applied to nucleus pulpous cells in a monolayer resulted in changes of
mitochondrial potential and increased apoptotic rate, while suppression of Piezo1 via short
hairpin RNA (shRNA) transfection lessened these changes. Mitochondrial dysfunction
and increased apoptosis has also been shown after human intervertebral disc compression,
partially rescued by treatment with GsMTx4 [145].

Intervertebral disc (IVD) cells and extracellular matrix (ECM) are associated to form a
well-organized functional system. ECM components are produced mainly by IVD cells,
while IVD cell phenotype and viability are modulated by ECM through direct interactions
and indirect regulations [139].

In human degenerated nucleus pulpous samples, increased ECM stiffness can be
observed. Furthermore, in degenerated disc samples, concurrent overexpression of Piezo1
were also present. Accumulation of ROS has been observed in the background of in-
creased substrate stiffness, and this accumulation led to apoptosis, autophagy, and senes-
cence [143–145]. In turn, knocking down Piezo1 in the nucleus pulpous cells reduced
senescence, oxidative stress, and endoplasmic reticulum stress to soft substrate levels,
while Piezo1 activation increased the production of periostin [143–145], which triggered
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senescence in stiff, degenerated NP tissue. Periostin has a crucial role in activating a posi-
tive feedback loop in degeneration of intervertebral discs. Periostin activates the nuclear
factor kappa B pathway, which leads to an elevated periostin expression. This loop can be
triggered by Yoda1 and blocked by GsMTx4 [144].

Piezo1 signaling has been linked to activation of every intracellular degenerative
processes such as inflammation, apoptosis, and senescence. Therefore, Piezo1 may be a
promising therapeutic target in the treatment of low back pain caused by degeneration
and senescence.

6. Disorders in the Musculoskeletal System Associated with Piezo1 Channels

As mentioned in the introduction in connection with several organ systems and dis-
cussed in detail regarding the musculoskeletal system, the Piezo1 channels fundamentally
contribute to the healthy function of the human body. Several human diseases have been
associated to mutations, malfunctions, or expression deficits of the channel. In Table 2
known Piezo1-related diseases are listed by affected organs.

Table 2. Piezo1 channel associated diseases.

Organ System Affected Organs Diseases Affected Cell Type Experimental Setup References

Skeletal system

Bone Osteoporosis Osteocytes,
osteoblasts

In vitro
Human and mouse MSCs [147]

Bone Osteosarcoma Human
osteosarcoma cells

In vitro
Human osteosarcoma cell line

MG63 and U2 cell line
[148]

Joints Synovial sarcoma SW982 cells

In vitro
Human synovial sarcoma SW982,
human embryonic kidney 293 cell

lines

[149]

Joints Joint disease Chondrocytes
In vitro

Primary chondrocytes from
six-day-old mice

[138]

Dental system Orthodontic tooth
movement

Periodontal ligament
cells Sprague-Dawley rats (8 week old) [131,150]

Heart Cardiovascular
disease

Cardiac fibroblasts,
cardiomyocytes

In vitro
Knockout Mice

sm22Cre Piezo1−/− Mice
[151]

Gastrointestinal
system

Gastic region Gastric cancer Gastric cancer cell
lines

In vitro
Gastric cancer cell lines SGC-7901

and BGC-823
[152]

Pancreas Pancreatitis Pancreatic acinar
cells

In vitro
C57BL/6J male mice 6–8 week old

and Piezo1 knockout mice:
Ptf1atm2(cre/ESR1)Cvw/J mice

[153]

Pancreas Pancreatic ductal
adenocarcinoma

Pancreatic stellate
cells

In vitro
Human pancreatic cancer cell

lines PCs, MiaPaCa-2 and Panc-1
[154]

Excretory system

Bladder Bladder dysfunction Bladder urothelial
cells

In vitro
C57BL/6Cr) mice and
TRPV4-knockout mice

In vitro
Patients with prostate cancer or

benign prostatic hyperplasia

[155]

Kidney Renal fibrosis HK2 cells

In vitro
C57BL/6J mice

In vitro
Human kidney autopsy

specimens
Human proximal tubular cells

(HK2 cells)

[156]
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Table 2. Cont.

Organ System Affected Organs Diseases Affected Cell Type Experimental Setup References

Respiratory system

Lungs Acute respiratory
distress syndrome Type II pneumocytes In vitro

Health adult Sprague-Dawley rats [157]

Lungs Lung capillary stress
failure injury

Lung endothelial
cells

In vitro
Backcrossing Piezo1flox/flox

mice with Endo-SCL-Cre mice
[158]

Lungs Lung cancer Small cell lung cancer
lines

In vitro
16HBE cells [159]

Nervous system

Central nervous
system Gliomas Human gliomas cells Human glioma tissues [160,161]

Astrocytes Neuroinflammation Astrocytes
In vitro

C57BL/6 mice; mixed glial cell
cultures

[162]

Eye Glaucoma

Cornea, retinal
ganglion cell layer,
and lens epithelial

cells

In vitro
7-week-old male albino ddY mice,
15-month-old C57BL/6 mice, 9-
and 15-month-old DBA/2J mice,

adult Sprague–Dawley rats

[163]

Neurons Migraine Trigeminal ganglion In vitro
Wistar rats [164,165]

Connective tissue

Skin Hypertrophic scar Myofibroblasts

In vitro
Human hypertrophic scar tissues
and adjacent normal skin tissues

from 9 people

[166]

Skin Skin wound Keratinocytes

In vitro
Krt14Cre;Piezo1fl/fl

(Piezo1-cKO)
Krt14Cre;Piezo1cx/+

and Krt14Cre;Piezo1cx/cx
(Piezo1-GoF)

[167]

Adipose tissue Inflammation Adipocytes
In vitro

Piezo1-flox/flox mice were
crossed to adiponectin-Cre mice

[168]

7. Conclusions

Evidence relating to the role of Piezo1 channels activated by mechanical stimuli in the
musculoskeletal system is continuously increasing. It is now generally accepted that the
regenerative capacity of skeletal muscles—although the details are not yet fully known—is
significantly dependent on the functioning of the Piezo1 channels. It also turned out that
the Piezo1 channel contributes to the regulation of muscle trophism. We have known for a
long time that physical exercise helps to maintain muscle functions, but it has now been
discovered that, at least in part, this positive effect is established through the activation of
Piezo1 channels. Furthermore, the importance of Piezo1 channels was revealed not only in
the muscles but also in the bones, tendons, and cartilage.

The operation of the Piezo1 channels is also related to the properties of the cell
membrane, so its state, which is modified pharmacologically or as a result of nutrition, also
indirectly affects muscle functions. Factors released during inflammatory processes can
also affect the channel, thereby affecting the condition of the muscle, intervertebral disk, or
cartilage. Based on these observations, Piezo1 channels can be potential therapeutic targets
for disorders related to muscle regeneration and atrophy and to degenerative processes
of cartilage or IV disks. The discovery of additional potential regulatory mechanisms
between the Piezo1 channel and musculoskeletal system function may further broaden the
field of application.

However, tissue-specific targeting is essential for the development of effective therapy
due to the ubiquitous expression of Piezo1 channels. Since the activation of the channel in
certain organs has benefits, in other tissues a positive effect can be achieved by inhibiting
it. Furthermore, the stimulation and inhibition of the channel within the same organ
can have a positive result, so to achieve a beneficial combined outcome, coordination of
several circumstances and much additional research are necessary. Nevertheless, the Piezo1
channel is a promising target for the development of new types of drugs in musculoskeletal
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disorders. In our opinion, the role of mechanosensitive adaptation and mechanically
activated channels in the functioning of the locomotor system, especially in muscle function,
may be significantly more prominent than currently known. Piezo1, as a calcium channel,
might be a currently poorly understood regulator of calcium homeostasis in these cells.

Funding: This research was funded by National Research, Development and Innovation Fund of
Hungary TKP2020-NKA-04 and 2020-4.1.1-TKP2020, Hungarian National Research, Development
and Innovation Office NKFIH K-137600.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Coste, B.; Mathur, J.; Schmidt, M.; Earley, T.J.; Ranade, S.; Petrus, M.J.; Dubin, A.E.; Patapoutian, A. Activated Cation Channels.

Science 2010, 330, 7–12.
2. Li, J.; Hou, B.; Tumova, S.; Muraki, K.; Bruns, A.; Ludlow, M.J.; Sedo, A.; Hyman, A.J.; McKeown, L.; Young, R.S.; et al. Piezo1

integration of vascular architecture with physiological force. Nature 2014, 515, 279–282. [CrossRef] [PubMed]
3. Ranade, S.S.; Qiu, Z.; Woo, S.H.; Hur, S.S.; Murthy, S.E.; Cahalan, S.M.; Xu, J.; Mathur, J.; Bandell, M.; Coste, B.; et al. Piezo1,

a mechanically activated ion channel, is required for vascular development in mice. Proc. Natl. Acad. Sci. USA 2014, 111,
10347–10352. [CrossRef] [PubMed]

4. Douguet, D.; Patel, A.; Xu, A.; Vanhoutte, P.M.; Honoré, E. Piezo Ion Channels in Cardiovascular Mechanobiology. Trends
Pharmacol. Sci. 2019, 40, 956–970. [CrossRef] [PubMed]

5. Retailleau, K.; Duprat, F.; Arhatte, M.; Ranade, S.S.; Peyronnet, R.; Martins, J.R.; Jodar, M.; Moro, C.; Offermanns, S.; Feng, Y.; et al.
Piezo1 in Smooth Muscle Cells Is Involved in Hypertension-Dependent Arterial Remodeling. Cell Rep. 2015, 13, 1161–1171.
[CrossRef]

6. Szabó, L.; Balogh, N.; Tóth, A.; Angyal, Á.; Gönczi, M.; Csiki, D.M.; Tóth, C.; Balatoni, I.; Jeney, V.; Csernoch, L.; et al. The
mechanosensitive Piezo1 channels contribute to the arterial medial calcification. Front. Physiol. 2022, 13, 2338. [CrossRef]

7. Swain, S.M.; Romac, J.M.J.; Vigna, S.R.; Liddle, R.A. Piezo1-mediated stellate cell activation causes pressure-induced pancreatic
fibrosis in mice. JCI Insight 2022, 7, e158288. [CrossRef]

8. Liu, H.; Hu, J.; Zheng, Q.; Feng, X.; Zhan, F.; Wang, X.; Xu, G.; Hua, F. Piezo1 Channels as Force Sensors in Mechanical
Force-Related Chronic Inflammation. Front. Immunol. 2022, 13, 816149. [CrossRef]

9. Xu, Y.; Bai, T.; Xiong, Y.; Liu, C.; Liu, Y.; Hou, X.; Song, J. Mechanical stimulation activates Piezo1 to promote mucin2 expression
in goblet cells. J. Gastroenterol. Hepatol. 2021, 36, 3127–3139. [CrossRef]

10. Rode, B.; Shi, J.; Endesh, N.; Drinkhill, M.J.; Webster, P.J.; Lotteau, S.J.; Bailey, M.A.; Yuldasheva, N.Y.; Ludlow, M.J.;
Cubbon, R.M.; et al. Piezo1 channels sense whole body physical activity to reset cardiovascular homeostasis and enhance
performance. Nat. Commun. 2017, 8, 350. [CrossRef]

11. Eisenhoffer, G.T.; Loftus, P.D.; Yoshigi, M.; Otsuna, H.; Chien, C.B.; Morcos, P.A.; Rosenblatt, J. Crowding induces live cell
extrusion to maintain homeostatic cell numbers in epithelia. Nature 2012, 484, 546–549. [CrossRef] [PubMed]

12. Solis, A.G.; Bielecki, P.; Steach, H.R.; Sharma, L.; Harman, C.C.D.; Yun, S.; de Zoete, M.R.; Warnock, J.N.; To, S.D.F.; York, A.G.; et al.
Mechanosensation of cyclical force by PIEZO1 is essential for innate immunity. Nature 2019, 573, 69–74. [CrossRef] [PubMed]

13. Lukacs, V.; Mathur, J.; Mao, R.; Bayrak-Toydemir, P.; Procter, M.; Cahalan, S.M.; Kim, H.J.; Bandell, M.; Longo, N.; Day, R.W.; et al.
Impaired PIEZO1 function in patients with a novel autosomal recessive congenital lymphatic dysplasia. Nat. Commun. 2015, 6, 8329.
[CrossRef] [PubMed]

14. Cox, C.D.; Bavi, N.; Martinac, B. Cytoskeleton-Associated Proteins Modulate the Tension Sensitivity of Piezo1. Biophys. J. 2018,
114, 111a. [CrossRef]

15. Lehtonen, J.Y.A.; Kinnunen, P.K.J. Phospholipase A2 as a Mechanosensor. Biophys. Soc. 1995, 68, 1888–1894. [CrossRef] [PubMed]
16. Storch, U.; Mederos, M.; Gudermann, T. G protein-mediated stretch reception. Am. J. Physiol. Heart Circ. Physiol. 2012, 302,

1241–1249. [CrossRef] [PubMed]
17. Arnadóttir, J.; Chalfie, M. Eukaryotic mechanosensitive channels. Annu. Rev. Biophys. 2010, 39, 111–137. [CrossRef]
18. Ranade, S.S.; Syeda, R.; Patapoutian, A. Mechanically Activated Ion Channels. Neuron 2015, 87, 1162–1179. [CrossRef]
19. Cox, C.D.; Bavi, N.; Martinac, B. Bacterial Mechanosensors. Annu. Rev. Physiol. 2018, 80, 71–93. [CrossRef]
20. Chalfie, M. Neurosensory mechanotransduction. Nat. Rev. Mol. Cell Biol. 2009, 10, 44–52. [CrossRef]
21. Teng, J.; Loukin, S.; Anishkin, A.; Kung, C. The force-from-lipid (FFL) principle of mechanosensitivity, at large and in elements.

Pflug. Arch. Eur. J. Physiol. 2015, 467, 27–37. [CrossRef] [PubMed]
22. Lewis, A.H.; Grandl, J. Mechanical sensitivity of Piezo1 ion channels can be tuned by cellular membrane tension. eLife 2015, 4, e12088.

[CrossRef]

http://doi.org/10.1038/nature13701
http://www.ncbi.nlm.nih.gov/pubmed/25119035
http://doi.org/10.1073/pnas.1409233111
http://www.ncbi.nlm.nih.gov/pubmed/24958852
http://doi.org/10.1016/j.tips.2019.10.002
http://www.ncbi.nlm.nih.gov/pubmed/31704174
http://doi.org/10.1016/j.celrep.2015.09.072
http://doi.org/10.3389/fphys.2022.1037230
http://doi.org/10.1172/jci.insight.158288
http://doi.org/10.3389/fimmu.2022.816149
http://doi.org/10.1111/jgh.15596
http://doi.org/10.1038/s41467-017-00429-3
http://doi.org/10.1038/nature10999
http://www.ncbi.nlm.nih.gov/pubmed/22504183
http://doi.org/10.1038/s41586-019-1485-8
http://www.ncbi.nlm.nih.gov/pubmed/31435009
http://doi.org/10.1038/ncomms9329
http://www.ncbi.nlm.nih.gov/pubmed/26387913
http://doi.org/10.1016/j.bpj.2017.11.641
http://doi.org/10.1016/S0006-3495(95)80366-8
http://www.ncbi.nlm.nih.gov/pubmed/7612831
http://doi.org/10.1152/ajpheart.00818.2011
http://www.ncbi.nlm.nih.gov/pubmed/22227128
http://doi.org/10.1146/annurev.biophys.37.032807.125836
http://doi.org/10.1016/j.neuron.2015.08.032
http://doi.org/10.1146/annurev-physiol-021317-121351
http://doi.org/10.1038/nrm2595
http://doi.org/10.1007/s00424-014-1530-2
http://www.ncbi.nlm.nih.gov/pubmed/24888690
http://doi.org/10.7554/eLife.12088


Int. J. Mol. Sci. 2023, 24, 6513 15 of 20

23. Gaub, B.M.; Müller, D.J. Mechanical Stimulation of Piezo1 Receptors Depends on Extracellular Matrix Proteins and Directionality
of Force. Nano Lett. 2017, 17, 2064–2072. [CrossRef]

24. Sukharev, S.; Martinac, B.; Arshavsky, V.Y.; Kung, C. Two Types of Mechanosensitive Channels in the Escherichia coli Cell
Envelope: Solubilization and Functional Reconstitution. Biophys. J. 1993, 65, 177–183. [CrossRef] [PubMed]

25. Guharay, B.Y.F.; Sachs, F. Stretch-Activated Single Ion Channel Currents in Tissue-Cultured Embryonic Chick Skeletal Muscle by.
J. Physiol. 1984, 352, 685–701. [CrossRef]

26. Brohawn, S.G.; Su, Z.; MacKinnon, R. Mechanosensitivity is mediated directly by the lipid membrane in TRAAK and TREK1 K+
channels. Proc. Natl. Acad. Sci. USA 2014, 111, 3614–3619. [CrossRef] [PubMed]

27. Servin-Vences, M.R.; Moroni, M.; Lewin, G.R.; Poole, K. Direct measurement of TRPV4 and PIEZO1 activity reveals multiple
mechanotransduction pathways in chondrocytes. eLife 2017, 6, e21074. [CrossRef]

28. Ben-Shahar, Y. Sensory Functions for Degenerin/Epithelial Sodium Channels (DEG/ENaC). Adv. Genet. 2011, 76, 1–26. [CrossRef]
29. Murthy, S.E.; Dubin, A.E.; Whitwam, T.; Jojoa-Cruz, S.; Cahalan, S.M.; Mousavi, S.A.R.; Ward, A.B.; Patapoutian, A.

OSCA/TMEM63 are an evolutionarily conserved family of mechanically activated ion channels. eLife 2018, 2018, e41844.
[CrossRef]

30. Zhang, M.; Wang, D.; Kang, Y.; Wu, J.X.; Yao, F.; Pan, C.; Yan, Z.; Song, C.; Chen, L. Structure of the mechanosensitive OSCA
channels. Nat. Struct. Mol. Biol. 2018, 25, 850–858. [CrossRef]

31. Syeda, R.; Florendo, M.N.; Cox, C.D.; Kefauver, J.M.; Santos, J.S.; Martinac, B.; Patapoutian, A. Piezo1 Channels Are Inherently
Mechanosensitive. Cell Rep. 2016, 17, 1739–1746. [CrossRef] [PubMed]

32. Kefauver, J.M.; Ward, A.B.; Patapoutian, A. Discoveries in structure and physiology of mechanically activated ion channels.
Nature 2020, 587, 567–576. [CrossRef]

33. Morris, C.E.; Prikryl, E.A.; Joós, B. Mechanosensitive gating of Kv channels. PLoS ONE 2015, 10, e0118335. [CrossRef] [PubMed]
34. Calabrese, B.; Tabarean, I.V.; Juranka, P.; Morris, C.E. Mechanosensitivity of N-type calcium channel currents. Biophys. J. 2002, 83,

2560–2574. [CrossRef] [PubMed]
35. Beyder, A.; Rae, J.L.; Bernard, C.; Strege, P.R.; Sachs, F.; Farrugia, G. Mechanosensitivity of Nav1.5, a voltage-sensitive sodium

channel. J. Physiol. 2010, 588, 4969–4985. [CrossRef] [PubMed]
36. Morris, C.E.; Juranka, P.F. Nav channel mechanosensitivity: Activation and inactivation accelerate reversibly with stretch. Biophys.

J. 2007, 93, 822–833. [CrossRef]
37. Lin, W.; Laitko, U.; Juranka, P.F.; Morris, C.E. Dual stretch responses of mHCN2 pacemaker channels: Accelerated activation,

accelerated deactivation. Biophys. J. 2007, 92, 1559–1572. [CrossRef]
38. Jia, C. Revealing the hiden mystery of Piezo: A phylogenetic study. IOP Conf. Ser. Earth Environ. Sci. 2021, 657, 012118. [CrossRef]
39. Fang, X.Z.; Zhou, T.; Xu, J.Q.; Wang, Y.X.; Sun, M.M.; He, Y.J.; Pan, S.W.; Xiong, W.; Peng, Z.K.; Gao, X.H.; et al. Structure, kinetic

properties and biological function of mechanosensitive Piezo channels. Cell Biosci. 2021, 11, 13. [CrossRef]
40. Bagriantsev, S.N.; Gracheva, E.O.; Gallagher, P.G. Piezo proteins: Regulators of mechanosensation and other cellular processes. J.

Biol. Chem. 2014, 289, 31673–31681. [CrossRef]
41. Parpaite, T.; Coste, B. Piezo channels. Curr. Biol. 2017, 27, R250–R252. [CrossRef]
42. Saotome, K.; Murthy, S.E.; Kefauver, J.M.; Whitwam, T.; Patapoutian, A.; Ward, A.B. Structure of the mechanically activated ion

channel Piezo1. Nature 2018, 554, 481–486. [CrossRef]
43. Murthy, S.E.; Dubin, A.E.; Patapoutian, A. Piezos thrive under pressure: Mechanically activated ion channels in health and

disease. Nat. Rev. Mol. Cell Biol. 2017, 18, 771–783. [CrossRef]
44. Datkhaeva, I.; Arboleda, V.A.; Senaratne, T.N.; Nikpour, G.; Meyerson, C.; Geng, Y.; Afshar, Y.; Scibetta, E.; Goldstein, J.;

Quintero-Rivera, F.; et al. Identification of novel PIEZO1 variants using prenatal exome sequencing and correlation to ultrasound
and autopsy findings of recurrent hydrops fetalis. Am. J. Med. Genet. Part A 2018, 176, 2829–2834. [CrossRef] [PubMed]

45. Tang, H.; Zeng, R.; He, E.; Zhang, I.; Ding, C.; Zhang, A. Piezo-Type Mechanosensitive Ion Channel Component 1 (Piezo1): A
Promising Therapeutic Target and Its Modulators. J. Med. Chem. 2022, 65, 6441–6453. [CrossRef] [PubMed]

46. Ge, J.; Li, W.; Zhao, Q.; Li, N.; Chen, M.; Zhi, P.; Li, R.; Gao, N.; Xiao, B.; Yang, M. Architecture of the mammalian mechanosensitive
Piezo1 channel. Nature 2015, 527, 64–69. [CrossRef] [PubMed]

47. Zhao, Q.; Zhou, H.; Chi, S.; Wang, Y.; Wang, J.; Geng, J.; Wu, K.; Liu, W.; Zhang, T.; Dong, M.Q.; et al. Structure and mechanogating
mechanism of the Piezo1 channel. Nature 2018, 554, 487–492. [CrossRef]

48. Zhao, Q.; Zhou, H.; Li, X.; Xiao, B. The mechanosensitive Piezo1 channel: A three-bladed propeller-like structure and a lever-like
mechanogating mechanism. FEBS J. 2019, 286, 2461–2470. [CrossRef]

49. Gnanasambandam, R.; Bae, C.; Gottlieb, P.A.; Sachs, F. Ionic selectivity and permeation properties of human PIEZO1 channels.
PLoS ONE 2015, 10, e0125503. [CrossRef]

50. Gnanasambandam, R.; Ghatak, C.; Yasmann, A.; Nishizawa, K.; Sachs, F.; Ladokhin, A.S.; Sukharev, S.I.; Suchyna, T.M. GsMTx4:
Mechanism of Inhibiting Mechanosensitive Ion Channels. Biophys. J. 2017, 112, 31–45. [CrossRef]

51. Cox, C.D.; Bae, C.; Ziegler, L.; Hartley, S.; Nikolova-Krstevski, V.; Rohde, P.R.; Ng, C.A.; Sachs, F.; Gottlieb, P.A.; Martinac, B.
Removal of the mechanoprotective influence of the cytoskeleton reveals PIEZO1 is gated by bilayer tension. Nat. Commun. 2016,
7, 10366. [CrossRef]

52. Bae, C.; Sachs, F.; Gottlieb, P.A. Protonation of the human PIEZO1 ion channel stabilizes inactivation. J. Biol. Chem. 2015, 290,
5167–5173. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.nanolett.7b00177
http://doi.org/10.1016/S0006-3495(93)81044-0
http://www.ncbi.nlm.nih.gov/pubmed/7690260
http://doi.org/10.1113/jphysiol.1984.sp015317
http://doi.org/10.1073/pnas.1320768111
http://www.ncbi.nlm.nih.gov/pubmed/24550493
http://doi.org/10.7554/eLife.21074
http://doi.org/10.1016/B978-0-12-386481-9.00001-8
http://doi.org/10.7554/eLife.41844
http://doi.org/10.1038/s41594-018-0117-6
http://doi.org/10.1016/j.celrep.2016.10.033
http://www.ncbi.nlm.nih.gov/pubmed/27829145
http://doi.org/10.1038/s41586-020-2933-1
http://doi.org/10.1371/journal.pone.0118335
http://www.ncbi.nlm.nih.gov/pubmed/25680191
http://doi.org/10.1016/S0006-3495(02)75267-3
http://www.ncbi.nlm.nih.gov/pubmed/12414690
http://doi.org/10.1113/jphysiol.2010.199034
http://www.ncbi.nlm.nih.gov/pubmed/21041530
http://doi.org/10.1529/biophysj.106.101246
http://doi.org/10.1529/biophysj.106.092478
http://doi.org/10.1088/1755-1315/657/1/012118
http://doi.org/10.1186/s13578-020-00522-z
http://doi.org/10.1074/jbc.R114.612697
http://doi.org/10.1016/j.cub.2017.01.048
http://doi.org/10.1038/nature25453
http://doi.org/10.1038/nrm.2017.92
http://doi.org/10.1002/ajmg.a.40533
http://www.ncbi.nlm.nih.gov/pubmed/30244526
http://doi.org/10.1021/acs.jmedchem.2c00085
http://www.ncbi.nlm.nih.gov/pubmed/35466678
http://doi.org/10.1038/nature15247
http://www.ncbi.nlm.nih.gov/pubmed/26390154
http://doi.org/10.1038/nature25743
http://doi.org/10.1111/febs.14711
http://doi.org/10.1371/journal.pone.0125503
http://doi.org/10.1016/j.bpj.2016.11.013
http://doi.org/10.1038/ncomms10366
http://doi.org/10.1074/jbc.M114.604033
http://www.ncbi.nlm.nih.gov/pubmed/25561736


Int. J. Mol. Sci. 2023, 24, 6513 16 of 20

53. Guo, Y.R.; MacKinnon, R. Structure-based membrane dome mechanism for piezo mechanosensitivity. eLife 2017, 6, e33660.
[CrossRef] [PubMed]

54. Lin, Y.C.; Guo, Y.R.; Miyagi, A.; Levring, J.; MacKinnon, R.; Scheuring, S. Force-induced conformational changes in PIEZO1.
Nature 2019, 573, 230–234. [CrossRef] [PubMed]

55. Haselwandter, C.A.; Mackinnon, R. Piezo’s membrane footprint and its contribution to mechanosensitivity. eLife 2018, 7, e41968.
[CrossRef]

56. Gnanasambandam, R.; Gottlieb, P.A.; Sachs, F. The Kinetics and the Permeation Properties of Piezo Channels; Elsevier: Amsterdam,
The Netherlands, 2017; Volume 79, ISBN 9780128093894.

57. Coste, B.; Xiao, B.; Santos, J.S.; Syeda, R.; Grandl, J.; Spencer, K.S.; Kim, S.E.; Schmidt, M.; Mathur, J.; Dubin, A.E.; et al. Piezo
proteins are pore-forming subunits of mechanically activated channels. Nature 2012, 483, 176–181. [CrossRef]

58. Gottlieb, P.A.; Sachs, F. Piezo1. Channels 2012, 6, 214–219. [CrossRef]
59. Advis, J.P.; White, S.S.; Ojeda, S.R. Delayed Puberty Induced by Chronic Suppression of Prolactin Release in the Female Rat*.

Endocrinology 1981, 109, 1321–1330. [CrossRef]
60. Buyan, A.; Cox, C.D.; Barnoud, J.; Li, J.; Chan, H.S.; Martinac, B.; Marrink, S.J.; Corry, B. Piezo1 Forms Specific, Functionally

Important Interactions with Phosphoinositides and Cholesterol. Biophys. J. 2020, 119, 1683–1697. [CrossRef]
61. Romero, L.O.; Massey, A.E.; Mata-Daboin, A.D.; Sierra-Valdez, F.J.; Chauhan, S.C.; Cordero-Morales, J.F.; Vásquez, V. Dietary

fatty acids fine-tune Piezo1 mechanical response. Nat. Commun. 2019, 10, 1200. [CrossRef]
62. Ridone, P.; Pandzic, E.; Vassalli, M.; Cox, C.D.; Macmillan, A.; Gottlieb, P.A.; Martinac, B. Disruption of membrane cholesterol

organization impairs the activity of PIEZO1 channel clusters. J. Gen. Physiol. 2020, 152, e201912515. [CrossRef] [PubMed]
63. Pathak, M.M.; Nourse, J.L.; Tran, T.; Hwe, J.; Arulmoli, J.; Dai Trang, T.L.; Bernardis, E.; Flanagan, L.A.; Tombola, F. Stretch-

activated ion channel Piezo1 directs lineage choice in human neural stem cells. Proc. Natl. Acad. Sci. USA 2014, 111, 16148–16153.
[CrossRef] [PubMed]

64. Blumenthal, N.R.; Hermanson, O.; Heimrich, B.; Shastri, V.P. Stochastic nanoroughness modulates neuron–astrocyte interactions
and function via mechanosensing cation channels. Proc. Natl. Acad. Sci. USA 2014, 111, 16124–16129. [CrossRef] [PubMed]

65. Hung, W.-C.; Yang, J.R.; Yankaskas, C.L.; Wong, B.S.; Wu, P.-H.; Pardo-Pastor, C.; Serra, S.A.; Chiang, M.-J.; Gu, Z.; Wirtz, D.; et al.
Confinement Sensing and Signal Optimization via Piezo1/PKA and Myosin II Pathways. Cell Rep. 2016, 15, 1430–1441. [CrossRef]
[PubMed]

66. Lai, A.; Thurgood, P.; Cox, C.D.; Chheang, C.; Peter, K.; Jaworowski, A.; Khoshmanesh, K.; Baratchi, S. Piezo1 Response to Shear
Stress Is Controlled by the Components of the Extracellular Matrix. ACS Appl. Mater. Interfaces 2022, 14, 40559–40568. [CrossRef]

67. Moroni, M.; Servin-Vences, M.R.; Fleischer, R.; Sánchez-Carranza, O.; Lewin, G.R. Voltage gating of mechanosensitive PIEZO
channels. Nat. Commun. 2018, 9, 1096. [CrossRef]

68. Poole, K.; Herget, R.; Lapatsina, L.; Ngo, H.-D.; Lewin, G.R. Tuning Piezo ion channels to detect molecular-scale movements
relevant for fine touch. Nat. Commun. 2014, 5, 3520. [CrossRef]

69. Wetzel, C.; Pifferi, S.; Picci, C.; Gök, C.; Hoffmann, D.; Bali, K.K.; Lampe, A.; Lapatsina, L.; Fleischer, R.; Smith, E.S.J.; et al.
Small-molecule inhibition of STOML3 oligomerization reverses pathological mechanical hypersensitivity. Nat. Neurosci. 2016, 20,
209–218. [CrossRef]

70. Lee, W.; Leddy, H.A.; Chen, Y.; Lee, S.H.; Zelenski, N.A.; McNulty, A.L.; Wu, J.; Beicker, K.N.; Coles, J.; Zauscher, S.; et al. Synergy
between Piezo1 and Piezo2 channels confers high-strain mechanosensitivity to articular cartilage. Proc. Natl. Acad. Sci. USA 2014,
111, E5114–E5122. [CrossRef]

71. Gottlieb, P.A.; Bae, C.; Sachs, F. Gating the mechanical channel Piezo1. Channels 2012, 6, 282–289. [CrossRef]
72. Zhang, T.; Chi, S.; Jiang, F.; Zhao, Q.; Xiao, B. A protein interaction mechanism for suppressing the mechanosensitive Piezo

channels. Nat. Commun. 2017, 8, 1797. [CrossRef]
73. Peyronnet, R.; Martins, J.R.; Duprat, F.; Demolombe, S.; Arhatte, M.; Jodar, M.; Tauc, M.; Duranton, C.; Paulais, M.; Teulon, J.; et al.

Piezo1-dependent stretch-activated channels are inhibited by Polycystin-2 in renal tubular epithelial cells. EMBO Rep. 2013, 14,
1143–1148. [CrossRef] [PubMed]

74. Nourse, J.L.; Pathak, M.M. How cells channel their stress: Interplay between Piezo1 and the cytoskeleton. Semin. Cell Dev. Biol.
2017, 71, 3–12. [CrossRef] [PubMed]

75. Wang, J.; Jiang, J.; Yang, X.; Zhou, G.; Wang, L.; Xiao, B. Tethering Piezo channels to the actin cytoskeleton for mechanogating via
the cadherin-β-catenin mechanotransduction complex. Cell Rep. 2022, 38, 110342. [CrossRef]

76. Syeda, R.; Xu, J.; Dubin, A.E.; Coste, B.; Mathur, J.; Huynh, T.; Matzen, J.; Lao, J.; Tully, D.C.; Engels, I.H.; et al. Chemical activation
of the mechanotransduction channel Piezo1. eLife 2015, 4, e07369. [CrossRef] [PubMed]

77. Wang, Y.; Chi, S.; Guo, H.; Li, G.; Wang, L.; Zhao, Q.; Rao, Y.; Zu, L.; He, W.; Xiao, B. A lever-like transduction pathway for
long-distance chemical- and mechano-gating of the mechanosensitive Piezo1 channel. Nat. Commun. 2018, 9, 1300. [CrossRef]
[PubMed]

78. Liao, J.; Lu, W.; Chen, Y.; Duan, X.; Zhang, C.; Luo, X.; Lin, Z.; Chen, J.; Liu, S.; Yan, H.; et al. Upregulation of Piezo1 (Piezo Type
Mechanosensitive Ion Channel Component 1) Enhances the Intracellular Free Calcium in Pulmonary Arterial Smooth Muscle
Cells from Idiopathic Pulmonary Arterial Hypertension Patients. Hypertension 2021, 77, 1974–1989. [CrossRef] [PubMed]

79. Suchyna, T.M. Piezo channels and GsMTx4: Two milestones in our understanding of excitatory mechanosensitive channels and
their role in pathology. Prog. Biophys. Mol. Biol. 2017, 130, 244–253. [CrossRef] [PubMed]

http://doi.org/10.7554/eLife.33660
http://www.ncbi.nlm.nih.gov/pubmed/29231809
http://doi.org/10.1038/s41586-019-1499-2
http://www.ncbi.nlm.nih.gov/pubmed/31435018
http://doi.org/10.7554/eLife.41968
http://doi.org/10.1038/nature10812
http://doi.org/10.4161/chan.21050
http://doi.org/10.1210/endo-109-5-1321
http://doi.org/10.1016/j.bpj.2020.07.043
http://doi.org/10.1038/s41467-019-09055-7
http://doi.org/10.1085/jgp.201912515
http://www.ncbi.nlm.nih.gov/pubmed/32582958
http://doi.org/10.1073/pnas.1409802111
http://www.ncbi.nlm.nih.gov/pubmed/25349416
http://doi.org/10.1073/pnas.1412740111
http://www.ncbi.nlm.nih.gov/pubmed/25349433
http://doi.org/10.1016/j.celrep.2016.04.035
http://www.ncbi.nlm.nih.gov/pubmed/27160899
http://doi.org/10.1021/acsami.2c09169
http://doi.org/10.1038/s41467-018-03502-7
http://doi.org/10.1038/ncomms4520
http://doi.org/10.1038/nn.4454
http://doi.org/10.1073/pnas.1414298111
http://doi.org/10.4161/chan.21064
http://doi.org/10.1038/s41467-017-01712-z
http://doi.org/10.1038/embor.2013.170
http://www.ncbi.nlm.nih.gov/pubmed/24157948
http://doi.org/10.1016/j.semcdb.2017.06.018
http://www.ncbi.nlm.nih.gov/pubmed/28676421
http://doi.org/10.1016/j.celrep.2022.110342
http://doi.org/10.7554/eLife.07369
http://www.ncbi.nlm.nih.gov/pubmed/26001275
http://doi.org/10.1038/s41467-018-03570-9
http://www.ncbi.nlm.nih.gov/pubmed/29610524
http://doi.org/10.1161/HYPERTENSIONAHA.120.16629
http://www.ncbi.nlm.nih.gov/pubmed/33813851
http://doi.org/10.1016/j.pbiomolbio.2017.07.011
http://www.ncbi.nlm.nih.gov/pubmed/28778608


Int. J. Mol. Sci. 2023, 24, 6513 17 of 20

80. Matsunaga, M.; Kimura, M.; Ouchi, T.; Nakamura, T.; Ohyama, S.; Ando, M.; Nomura, S.; Azuma, T.; Ichinohe, T.; Shibukawa, Y. Me-
chanical Stimulation-Induced Calcium Signaling by Piezo1 Channel Activation in Human Odontoblast Reduces Dentin Mineralization.
Front. Physiol. 2021, 12, 704518. [CrossRef]

81. Miron, T.R.; Flood, E.D.; Tykocki, N.R.; Thompson, J.M.; Watts, S.W. Identification of Piezo1 channels in perivascular adipose
tissue (PVAT) and their potential role in vascular function. Pharmacol. Res. 2021, 175, 105995. [CrossRef]

82. Relaix, F.; Zammit, P.S. Satellite cells are essential for skeletal muscle regeneration: The cell on the edge returns centre stage.
Development 2012, 139, 2845–2856. [CrossRef]

83. Chen, W.; Datzkiw, D.; Rudnicki, M.A. Satellite cells in ageing: Use it or lose it. Open Biol. 2020, 10, 200048. [CrossRef]
84. Forcina, L.; Cosentino, M.; Musarò, A. Mechanisms Regulating Muscle Regeneration: Insights into the Interrelated and Time-

Dependent Phases of Tissue Healing. Cells 2020, 9, 1297. [CrossRef]
85. Baghdadi, M.B.; Tajbakhsh, S. Regulation and phylogeny of skeletal muscle regeneration. Dev. Biol. 2018, 433, 200–209. [CrossRef]
86. Franco, A.; Lansman, J.B. Calcium entry through stretch-inactivated ion channels in mdx myotubes. Nature 1989, 13, 104–116.

[CrossRef]
87. Yeung, E.W.; Whitehead, N.P.; Suchyna, T.M.; Gottlieb, P.A.; Sachs, F.; Allen, D.G. Effects of stretch-activated channel blockers on

[Ca2+]I and muscle damage in the mdx mouse. J. Physiol. 2005, 562, 367–380. [CrossRef]
88. Tsuchiya, M.; Hara, Y.; Okuda, M.; Itoh, K.; Nishioka, R.; Shiomi, A.; Nagao, K.; Mori, M.; Mori, Y.; Ikenouchi, J.; et al. Cell surface

flip-flop of phosphatidylserine is critical for PIEZO1-mediated myotube formation. Nat. Commun. 2018, 9, 2049. [CrossRef]
89. Bosutti, A.; Giniatullin, A.; Odnoshivkina, Y.; Giudice, L.; Malm, T.; Sciancalepore, M.; Giniatullin, R.; D’Andrea, P.; Lorenzon, P.;

Bernareggi, A. “Time window” effect of Yoda1-evoked Piezo1 channel activity during mouse skeletal muscle differentiation. Acta
Physiol. 2021, 233, e13702. [CrossRef]

90. Ma, N.; Chen, D.; Lee, J.-H.; Kuri, P.; Hernandez, E.B.; Kocan, J.; Mahmood, H.; Tichy, E.D.; Rompolas, P.; Mourkioti, F. Piezo1
regulates the regenerative capacity of skeletal muscles via orchestration of stem cell morphological states. Sci. Adv. 2022, 8, eabn0485.
[CrossRef]

91. Peng, Y.; Du, J.; Günther, S.; Guo, X.; Wang, S.; Schneider, A.; Zhu, L.; Braun, T. Mechano-signaling via Piezo1 prevents activation
and p53-mediated senescence of muscle stem cells. Redox Biol. 2022, 52, 102309. [CrossRef]

92. Quiroga, H.P.O.; Ganassi, M.; Yokoyama, S.; Nakamura, K.; Yamashita, T.; Raimbach, D.; Hagiwara, A.; Harrington, O.; Breach-
Teji, J.; Asakura, A.; et al. Fine-Tuning of Piezo1 Expression and Activity Ensures Efficient Myoblast Fusion during Skeletal
Myogenesis. Cells 2022, 11, 393. [CrossRef]

93. Wang, M.J.; Zhu, Y.C.; Shi, J. A crucial physiological role of Piezo1 channel in differentiation rather than proliferation during
myogenesis. Acta Physiol. 2021, 233, e13728. [CrossRef]

94. Jagasia, R.; Wagner, K.R. Piezo1: Opening the way to preventing muscle atrophy. J. Clin. Investig. 2022, 132, 15–17. [CrossRef]
95. Hirano, K.; Tsuchiya, M.; Shiomi, A.; Takabayashi, S.; Suzuki, M.; Ishikawa, Y.; Kawano, Y.; Takabayashi, Y.; Nishikawa, K.;

Nagao, K.; et al. The mechanosensitive ion channel PIEZO1 promotes satellite cell function in muscle regeneration. Life Sci.
Alliance 2022, 6, e202201783. [CrossRef] [PubMed]

96. Sciancalepore, M.; Luin, E.; Parato, G.; Ren, E.; Giniatullin, R.; Fabbretti, E.; Lorenzon, P. Reactive oxygen species contribute to the
promotion of the ATP-mediated proliferation of mouse skeletal myoblasts. Free Radic. Biol. Med. 2012, 53, 1392–1398. [CrossRef]

97. Espinosa, A.; Leiva, A.; Peña, M.; Müller, M.; Debandi, A.; Hidalgo, C.; Carrasco, M.A.; Jaimovich, E. Myotube depolarization
generates reactive oxygen species through NAD(P)H oxidase; ROS-elicited Ca2+ stimulates ERK, CREB, early genes. J. Cell.
Physiol. 2006, 209, 379–388. [CrossRef]

98. Hirata, Y.; Nomura, K.; Kato, D.; Tachibana, Y.; Niikura, T.; Uchiyama, K.; Hosooka, T.; Fukui, T.; Oe, K.; Kuroda, R.; et al. A
Piezo1/KLF15/IL-6 axis mediates immobilization-induced muscle atrophy. J. Clin. Investig. 2022, 132, 1–13. [CrossRef]

99. Olsen, B.R.; Reginato, A.M.; Wang, W. Bone Development. Annu. Rev. Cell Dev. Biol. 2003, 16, 191–220. [CrossRef] [PubMed]
100. Jacobs, C.R.; Temiyasathit, S.; Castillo, A.B. Osteocyte Mechanobiology and Pericellular Mechanics. Annu. Rev. Biomed. Eng. 2010,

12, 369–400. [CrossRef]
101. Bonewald, L.F. The amazing osteocyte. J. Bone Miner. Res. 2011, 26, 229–238. [CrossRef]
102. Uda, Y.; Azab, E.; Sun, N.; Shi, C.; Pajevic, P.D. Osteocyte Mechanobiology. Curr. Osteoporos. Rep. 2017, 15, 318–325. [CrossRef]

[PubMed]
103. Wolff, J. Gesetz der Transformation der Knochen; Verlag von August Hirschwald: Berlin, Germany, 1892.
104. Shea, C.A.; Rolfe, R.A.; Murphy, P. The importance of foetal movement for co-ordinated cartilage and bone development in utero.

Bone Jt. Res. 2015, 4, 105–116. [CrossRef]
105. Rauch, F.; Schoenau, E. Changes in Bone Density During Childhood and Adolescence: An Approach Based on Bone’s Biological

Organization. J. Bone Miner. Res. 2001, 16, 597–604. [CrossRef] [PubMed]
106. Rolfe, R.; Roddy, K.; Murphy, P. Mechanical Regulation of Skeletal Development. Curr. Osteoporos. Rep. 2013, 11, 107–116.

[CrossRef] [PubMed]
107. Responte, D.J.; Lee, J.K.; Hu, J.C.; Athanasiou, K.A. Biomechanics-driven chondrogenesis: From embryo to adult. FASEB J. 2012,

26, 3614–3624. [CrossRef]
108. Qin, L.; Liu, W.; Cao, H.; Xiao, G. Molecular mechanosensors in osteocytes. Bone Res. 2020, 8, 23. [CrossRef]
109. Guldberg, R.E.; Caldwell, N.J.; Guo, X.E.; Goulet, R.W.; Hollister, S.J.; Goldstein, S.A. Mechanical Stimulation of Tissue Repair in

the Hydraulic Bone Chamber. J. Bone Miner. Res. 1997, 12, 1295–1302. [CrossRef] [PubMed]

http://doi.org/10.3389/fphys.2021.704518
http://doi.org/10.1016/j.phrs.2021.105995
http://doi.org/10.1242/dev.069088
http://doi.org/10.1098/rsob.200048
http://doi.org/10.3390/cells9051297
http://doi.org/10.1016/j.ydbio.2017.07.026
http://doi.org/10.1038/344670a0
http://doi.org/10.1113/jphysiol.2004.075275
http://doi.org/10.1038/s41467-018-04436-w
http://doi.org/10.1111/apha.13702
http://doi.org/10.1126/sciadv.abn0485
http://doi.org/10.1016/j.redox.2022.102309
http://doi.org/10.3390/cells11030393
http://doi.org/10.1111/apha.13728
http://doi.org/10.1172/JCI159668
http://doi.org/10.26508/lsa.202201783
http://www.ncbi.nlm.nih.gov/pubmed/36446523
http://doi.org/10.1016/j.freeradbiomed.2012.08.002
http://doi.org/10.1002/jcp.20745
http://doi.org/10.1172/JCI154611
http://doi.org/10.1146/annurev.cellbio.16.1.191
http://www.ncbi.nlm.nih.gov/pubmed/11031235
http://doi.org/10.1146/annurev-bioeng-070909-105302
http://doi.org/10.1002/jbmr.320
http://doi.org/10.1007/s11914-017-0373-0
http://www.ncbi.nlm.nih.gov/pubmed/28612339
http://doi.org/10.1302/2046-3758.47.2000387
http://doi.org/10.1359/jbmr.2001.16.4.597
http://www.ncbi.nlm.nih.gov/pubmed/11315987
http://doi.org/10.1007/s11914-013-0137-4
http://www.ncbi.nlm.nih.gov/pubmed/23467901
http://doi.org/10.1096/fj.12-207241
http://doi.org/10.1038/s41413-020-0099-y
http://doi.org/10.1359/jbmr.1997.12.8.1295
http://www.ncbi.nlm.nih.gov/pubmed/9258761


Int. J. Mol. Sci. 2023, 24, 6513 18 of 20

110. Sugisawa, E.; Takayama, Y.; Takemura, N.; Kondo, T.; Hatakeyama, S.; Kumagai, Y.; Sunagawa, M.; Tominaga, M.; Maruyama, K.
RNA Sensing by Gut Piezo1 Is Essential for Systemic Serotonin Synthesis. Cell 2020, 182, 609–624.e21. [CrossRef]

111. Hendrickx, G.; Fischer, V.; Liedert, A.; von Kroge, S.; Haffner-Luntzer, M.; Brylka, L.; Pawlus, E.; Schweizer, M.; Yorgan, T.;
Baranowsky, A.; et al. Piezo 1 Inactivation in Chondrocytes Impairs Trabecular Bone Formation. J. Bone Miner. Res. 2020, 36,
369–384. [CrossRef] [PubMed]

112. Li, X.; Han, L.; Nookaew, I.; Mannen, E.; Silva, M.J.; Almeida, M.; Xiong, J. Stimulation of Piezo1 by mechanical signals promotes
bone anabolism. eLife 2019, 8, e49631. [CrossRef] [PubMed]

113. Zhou, T.; Gao, B.; Fan, Y.; Liu, Y.; Feng, S.; Cong, Q.; Zhang, X.; Zhou, Y.; Yadav, P.S.; Lin, J.; et al. Piezo1/2 mediate
mechanotransduction essential for bone formation through concerted activation of NFAT-YAP1-ß-catenin. eLife 2020, 9, e52779.
[CrossRef] [PubMed]

114. Ranade, S.S.; Woo, S.-H.; Dubin, A.E.; Moshourab, R.A.; Wetzel, C.; Petrus, M.; Mathur, J.; Bégay, V.; Coste, B.; Mainquist, J.; et al.
Piezo2 is the major transducer of mechanical forces for touch sensation in mice. Nature 2014, 516, 121–125. [CrossRef]

115. Wang, L.; You, X.; Lotinun, S.; Zhang, L.; Wu, N.; Zou, W. Mechanical sensing protein PIEZO1 regulates bone homeostasis via
osteoblast-osteoclast crosstalk. Nat. Commun. 2020, 11, 282. [CrossRef]

116. Hillam, R.A.; Goodship, A.E.; Skerry, T.M. Peak strain magnitudes and rates in the tibia exceed greatly those in the skull: An
in vivo study in a human subject. J. Biomech. 2015, 48, 3292–3298. [CrossRef] [PubMed]

117. Shen, B.; Tasdogan, A.; Ubellacker, J.M.; Zhang, J.; Nosyreva, E.D.; Du, L.; Murphy, M.M.; Hu, S.; Yi, Y.; Kara, N.; et al. A
mechanosensitive peri-arteriolar niche for osteogenesis and lymphopoiesis. Nature 2021, 591, 438–444. [CrossRef] [PubMed]

118. Ziros, P.G.; Basdra, E.K.; Papavassiliou, A.G. Runx2: Of bone and stretch. Int. J. Biochem. Cell Biol. 2008, 40, 1659–1663. [CrossRef]
[PubMed]

119. Zhang, S.; Xiao, Z.; Luo, J.; He, N.; Mahlios, J.; Quarles, L.D. Dose-Dependent Effects of Runx2 on Bone Development. J. Bone
Miner. Res. 2009, 24, 1889–1904. [CrossRef]

120. Shu, B.; Zhao, Y.; Zhao, S.; Pan, H.; Xie, R.; Yi, D.; Lu, K.; Yang, J.; Xue, C.; Huang, J.; et al. Inhibition of Axin1 in osteoblast
precursor cells leads to defects in postnatal bone growth through suppressing osteoclast formation. Bone Res. 2020, 8, 31.
[CrossRef]

121. Shekaran, A.; Shoemaker, J.T.; Kavanaugh, T.E.; Lin, A.S.; LaPlaca, M.C.; Fan, Y.; Guldberg, R.E.; García, A.J. The effect of
conditional inactivation of beta 1 integrins using twist 2 Cre, Osterix Cre and osteocalcin Cre lines on skeletal phenotype. Bone
2014, 68, 131–141. [CrossRef]

122. Cao, H.; Yan, Q.; Wang, D.; Lai, Y.; Zhou, B.; Zhang, Q.; Jin, W.; Lin, S.; Lei, Y.; Ma, L.; et al. Focal adhesion protein Kindlin-2
regulates bone homeostasis in mice. Bone Res. 2020, 8, 2. [CrossRef]

123. Wang, Y.; Yan, Q.; Zhao, Y.; Liu, X.; Lin, S.; Zhang, P.; Ma, L.; Lai, Y.; Bai, X.; Liu, C.; et al. Focal adhesion proteins Pinch1 and
Pinch2 regulate bone homeostasis in mice. J. Clin. Investig. 2019, 4, e131692. [CrossRef] [PubMed]

124. Fu, X.; Zhou, B.; Yan, Q.; Tao, C.; Qin, L.; Wu, X.; Lin, S.; Chen, S.; Lai, Y.; Zou, X.; et al. Kindlin-2 regulates skeletal homeostasis
by modulating PTH1R in mice. Signal Transduct. Target. Ther. 2020, 5, 297. [CrossRef] [PubMed]

125. Gao, Q.; Cooper, P.R.; Walmsley, A.D.; Scheven, B.A. Role of Piezo Channels in Ultrasound-stimulated Dental Stem Cells. J. Endod.
2017, 43, 1130–1136. [CrossRef]

126. Zhang, G.; Li, X.; Wu, L.; Qin, Y.-X. Piezo1 channel activation in response to mechanobiological acoustic radiation force in
osteoblastic cells. Bone Res. 2021, 9, 16. [CrossRef] [PubMed]

127. Nakamichi, R.; Ma, S.; Nonoyama, T.; Chiba, T.; Kurimoto, R.; Ohzono, H.; Olmer, M.; Shukunami, C.; Fuku, N.; Wang, G.; et al. The
mechanosensitive ion channel PIEZO1 is expressed in tendons and regulates physical performance. Sci. Transl. Med. 2022, 14, eabj5557.
[CrossRef]

128. Passini, F.S.; Jaeger, P.K.; Saab, A.S.; Hanlon, S.; Chittim, N.A.; Arlt, M.J.; Ferrari, K.D.; Haenni, D.; Caprara, S.; Bollhalder, M.; et al.
Shear-stress sensing by PIEZO1 regulates tendon stiffness in rodents and influences jumping performance in humans. Nat.
Biomed. Eng. 2021, 5, 1457–1471. [CrossRef]

129. Woo, S.-H.; Lukacs, V.; De Nooij, J.C.; Zaytseva, D.; Criddle, C.R.; Francisco, A.; Jessell, T.M.; Wilkinson, K.A.; Patapoutian, A.
Piezo2 is the principal mechanotransduction channel for proprioception HHS Public Access Author manuscript. Nat. Neurosci.
2015, 18, 1756–1762. [CrossRef]

130. Florez-Paz, D.; Bali, K.K.; Kuner, R.; Gomis, A. A critical role for Piezo2 channels in the mechanotransduction of mouse
proprioceptive neurons. Sci. Rep. 2016, 6, 25923. [CrossRef]

131. Jin, Y.; Li, J.; Wang, Y.; Ye, R.; Feng, X.; Jing, Z.; Zhao, Z. Functional role of mechanosensitive ion channel Piezo1 in human
periodontal ligament cells. Angle Orthod. 2015, 85, 87–94. [CrossRef]

132. Shen, Y.; Pan, Y.; Guo, S.; Sun, L.; Zhang, C.; Wang, L. The roles of mechanosensitive ion channels and associated downstream
MAPK signaling pathways in PDLC mechanotransduction. Mol. Med. Rep. 2020, 21, 2113–2122. [CrossRef]

133. Lin, W.; Xi, W.; Nan, J.; Haimei, L.; Shixin, C. Mechanisms of the mechanically activated ion channel Piezo1 protein in mediating
osteogenic differentiation of perio? dontal ligament stem cells via the Notch signaling pathway Wang. West China J. Stomatol.
2020, 38, 628–636.

134. Phan, M.N.; Leddy, H.A.; Votta, B.J.; Kumar, S.; Levy, D.S.; Lipshutz, D.B.; Lee, S.H.; Liedtke, W.; Guilak, F. Functional
characterization of TRPV4 as an osmotically sensitive ion channel in porcine articular chondrocytes. Arthritis Rheum. 2009, 60,
3028–3037. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2020.06.022
http://doi.org/10.1002/jbmr.4198
http://www.ncbi.nlm.nih.gov/pubmed/33180356
http://doi.org/10.7554/eLife.49631
http://www.ncbi.nlm.nih.gov/pubmed/31588901
http://doi.org/10.7554/eLife.52779
http://www.ncbi.nlm.nih.gov/pubmed/32186512
http://doi.org/10.1038/nature13980
http://doi.org/10.1038/s41467-019-14146-6
http://doi.org/10.1016/j.jbiomech.2015.06.021
http://www.ncbi.nlm.nih.gov/pubmed/26232812
http://doi.org/10.1038/s41586-021-03298-5
http://www.ncbi.nlm.nih.gov/pubmed/33627868
http://doi.org/10.1016/j.biocel.2007.05.024
http://www.ncbi.nlm.nih.gov/pubmed/17656144
http://doi.org/10.1359/jbmr.090502
http://doi.org/10.1038/s41413-020-0104-5
http://doi.org/10.1016/j.bone.2014.08.008
http://doi.org/10.1038/s41413-019-0073-8
http://doi.org/10.1172/jci.insight.131692
http://www.ncbi.nlm.nih.gov/pubmed/31723057
http://doi.org/10.1038/s41392-020-00328-y
http://www.ncbi.nlm.nih.gov/pubmed/33361757
http://doi.org/10.1016/j.joen.2017.02.022
http://doi.org/10.1038/s41413-020-00124-y
http://www.ncbi.nlm.nih.gov/pubmed/33692342
http://doi.org/10.1126/scitranslmed.abj5557
http://doi.org/10.1038/s41551-021-00716-x
http://doi.org/10.1038/nn.4162
http://doi.org/10.1038/srep25923
http://doi.org/10.2319/123113-955.1
http://doi.org/10.3892/mmr.2020.11006
http://doi.org/10.1002/art.24799
http://www.ncbi.nlm.nih.gov/pubmed/19790068


Int. J. Mol. Sci. 2023, 24, 6513 19 of 20

135. Lee, W.; Nims, R.J.; Savadipour, A.; Zhang, Q.; Leddy, H.A.; Liu, F.; McNulty, A.L.; Chen, Y.; Guilak, F.; Liedtke, W.B. Inflam-
matory signaling sensitizes Piezo1 mechanotransduction in articular chondrocytes as a pathogenic feed-forward mechanism in
osteoarthritis. Proc. Natl. Acad. Sci. USA 2021, 118, e2001611118. [CrossRef]

136. Li, X.-F.; Zhang, Z.; Chen, Z.-K.; Cui, Z.-W.; Zhang, H.-N. Piezo1 protein induces the apoptosis of human osteoarthritis-derived
chondrocytes by activating caspase-12, the signaling marker of ER stress. Int. J. Mol. Med. 2017, 40, 845–853. [CrossRef] [PubMed]

137. Lawrence, K.M.; Jones, R.C.; Jackson, T.R.; Baylie, R.L.; Abbott, B.; Bruhn-Olszewska, B.; Board, T.N.; Locke, I.C.; Richardson,
S.M.; Townsend, P.A. Chondroprotection by urocortin involves blockade of the mechanosensitive ion channel Piezo1. Sci. Rep.
2017, 7, 5147. [CrossRef] [PubMed]

138. Du, G.; Li, L.; Zhang, X.; Liu, J.; Hao, J.; Zhu, J.; Wu, H.; Chen, W.; Zhang, Q. Roles of TRPV4 and piezo channels in stretch-evoked
Ca2+ response in chondrocytes. Exp. Biol. Med. 2019, 245, 180–189. [CrossRef]

139. Zhang, S.; Liu, W.; Chen, S.; Wang, B.; Wang, P.; Hu, B.; Lv, X.; Shao, Z. Extracellular matrix in intervertebral disc: Basic and
translational implications. Cell Tissue Res. 2022, 390, 1–22. [CrossRef]

140. Yang, Q.; Zhou, Y.; Wang, J.; Fu, W.; Li, X. Study on the mechanism of excessive apoptosis of nucleus pulposus cells induced by
shRNA-Piezo1 under abnormal mechanical stretch stress. J. Cell. Biochem. 2018, 120, 3989–3997. [CrossRef]

141. Sun, Y.; Leng, P.; Song, M.; Li, D.; Guo, P.; Xu, X.; Gao, H.; Li, Z.; Li, C.; Zhang, H. Piezo1 activates the NLRP3 inflammasome in
nucleus pulposus cell-mediated by Ca2+/NF-κB pathway. Int. Immunopharmacol. 2020, 85, 106681. [CrossRef] [PubMed]

142. Sun, Z.; Zheng, X.M.; Li, S.; Zeng, B.; Yang, J.; Ling, Z.M.; Liu, X.M.; Wei, F.M. Single Impact Injury of Vertebral Endplates Without
Structural Disruption, Initiates Disc Degeneration Through Piezo1 Mediated Inflammation and Metabolism Dysfunction. Spine
2021, 47, E203–E213. [CrossRef] [PubMed]

143. Wang, B.; Ke, W.; Wang, K.; Li, G.; Ma, L.; Lu, S.; Xiang, Q.; Liao, Z.; Luo, R.; Song, Y.; et al. Mechanosensitive Ion Channel
Piezo1 Activated by Matrix Stiffness Regulates Oxidative Stress-Induced Senescence and Apoptosis in Human Intervertebral
Disc Degeneration. Oxidative Med. Cell. Longev. 2021, 2021, 8884922. [CrossRef]

144. Wu, J.; Chen, Y.; Liao, Z.; Liu, H.; Zhang, S.; Zhong, D.; Qiu, X.; Chen, T.; Su, D.; Ke, X.; et al. Self-amplifying loop of NF-κB
and periostin initiated by PIEZO1 accelerates mechano-induced senescence of nucleus pulposus cells and intervertebral disc
degeneration. Mol. Ther. 2022, 30, 3241–3256. [CrossRef]

145. Shi, S.; Kang, X.-J.; Zhou, Z.; He, Z.-M.; Zheng, S.; He, S.-S. Excessive mechanical stress-induced intervertebral disc degeneration
is related to Piezo1 overexpression triggering the imbalance of autophagy/apoptosis in human nucleus pulpous. Thromb. Haemost.
2022, 24, 119. [CrossRef]

146. Vergroesen, P.-P.; Kingma, I.; Emanuel, K.; Hoogendoorn, R.; Welting, T.; van Royen, B.; van Dieën, J.; Smit, T. Mechanics and
biology in intervertebral disc degeneration: A vicious circle. Osteoarthr. Cartil. 2015, 23, 1057–1070. [CrossRef]

147. Zhu, D.; Zhang, G.; Guo, X.; Wang, Y.; Liu, M.; Kang, X. A New Hope in Spinal Degenerative Diseases: Piezo1. BioMed Res. Int.
2021, 2021, 6645193. [CrossRef]

148. Jiang, L.; Zhao, Y.-D.; Chen, W.-X. The Function of the Novel Mechanical Activated Ion Channel Piezo1 in the Human Osteosar-
coma Cells. Experiment 2017, 23, 5070–5082. [CrossRef]

149. Suzuki, T.; Muraki, Y.; Hatano, N.; Suzuki, H.; Muraki, K. PIEZO1 Channel Is a Potential Regulator of Synovial Sarcoma
Cell-Viability. Int. J. Mol. Sci. 2018, 19, 1452. [CrossRef]

150. Jiang, Y.; Guan, Y.; Lan, Y.; Chen, S.; Li, T.; Zou, S.; Hu, Z.; Ye, Q. Mechanosensitive Piezo1 in Periodontal Ligament Cells Promotes
Alveolar Bone Remodeling During Orthodontic Tooth Movement. Front. Physiol. 2021, 12, 767136. [CrossRef]

151. Beech, D.J.; Kalli, A.C. Force Sensing by Piezo Channels in Cardiovascular Health and Disease. Arter. Thromb. Vasc. Biol. 2019, 39,
2228–2239. [CrossRef]

152. Yang, X.-N.; Lu, Y.-P.; Liu, J.-J.; Huang, J.-K.; Liu, Y.-P.; Xiao, C.-X.; Jazag, A.; Ren, J.-L.; Guleng, B. Piezo1 Is as a Novel Trefoil
Factor Family 1 Binding Protein that Promotes Gastric Cancer Cell Mobility In Vitro. Dig. Dis. Sci. 2014, 59, 1428–1435. [CrossRef]

153. Romac, J.M.-J.; Shahid, R.A.; Swain, S.M.; Vigna, S.R.; Liddle, R.A. Piezo1 is a mechanically activated ion channel and mediates
pressure induced pancreatitis. Nat. Commun. 2018, 9, 1715. [CrossRef]

154. Miyamoto, T.; Mochizuki, T.; Nakagomi, H.; Kira, S.; Watanabe, M.; Takayama, Y.; Suzuki, Y.; Koizumi, S.; Takeda, M.; Tominaga,
M. Functional Role for Piezo1 in Stretch-evoked Ca2+ Influx and ATP Release in Urothelial Cell Cultures. J. Biol. Chem. 2014, 289,
16565–16575. [CrossRef]

155. Wang, E.C.; Lee, J.-M.; Ruiz, W.G.; Balestreire, E.M.; von Bodungen, M.; Barrick, S.; Cockayne, D.A.; Birder, L.A.; Apodaca, G. ATP
and purinergic receptor–dependent membrane traffic in bladder umbrella cells. J. Clin. Investig. 2005, 115, 2412–2422. [CrossRef]

156. Zhao, X.; Li, C.; Wang, W.; Zhao, X.; Kong, Y.; Liang, B.; Xu, J.; Lin, Y.; Zhou, N.; Li, J.; et al. Mechanosensitive Piezo1 channels
mediate renal fibrosis Find the latest version: Mechanosensitive Piezo1 channels mediate renal fibrosis. JCI Insight 2022, 2022, 7.

157. Liang, G.-P.; Xu, J.; Cao, L.-L.; Zeng, Y.-H.; Chen, B.-X.; Yang, J.; Zhang, Z.-W.; Kang, Y. Piezo1 induced apoptosis of type II
pneumocytes during ARDS. Respir. Res. 2019, 20, 118. [CrossRef]

158. Friedrich, E.E.; Hong, Z.; Xiong, S.; Di, A.; Rehman, J.; Komarova, Y.A.; Malik, A.B. Endothelial cell Piezo1 mediates pressure-
induced lung vascular hyperpermeability via disruption of adherens junctions. Proc. Natl. Acad. Sci. USA 2019, 116, 12980–12985.
[CrossRef]

159. McHugh, B.J.; Murdoch, A.; Haslett, C.; Sethi, T. Loss of the Integrin-Activating Transmembrane Protein Fam38A (Piezo1)
Promotes a Switch to a Reduced Integrin-Dependent Mode of Cell Migration. PLoS ONE 2012, 7, e40346. [CrossRef]

http://doi.org/10.1073/pnas.2001611118
http://doi.org/10.3892/ijmm.2017.3075
http://www.ncbi.nlm.nih.gov/pubmed/28731145
http://doi.org/10.1038/s41598-017-04367-4
http://www.ncbi.nlm.nih.gov/pubmed/28698554
http://doi.org/10.1177/1535370219892601
http://doi.org/10.1007/s00441-022-03662-5
http://doi.org/10.1002/jcb.27683
http://doi.org/10.1016/j.intimp.2020.106681
http://www.ncbi.nlm.nih.gov/pubmed/32526681
http://doi.org/10.1097/BRS.0000000000004203
http://www.ncbi.nlm.nih.gov/pubmed/34431832
http://doi.org/10.1155/2021/8884922
http://doi.org/10.1016/j.ymthe.2022.05.021
http://doi.org/10.1186/s13075-022-02804-y
http://doi.org/10.1016/j.joca.2015.03.028
http://doi.org/10.1155/2021/6645193
http://doi.org/10.12659/MSM.906959
http://doi.org/10.3390/ijms19051452
http://doi.org/10.3389/fphys.2021.767136
http://doi.org/10.1161/ATVBAHA.119.313348
http://doi.org/10.1007/s10620-014-3044-3
http://doi.org/10.1038/s41467-018-04194-9
http://doi.org/10.1074/jbc.M113.528638
http://doi.org/10.1172/JCI24086
http://doi.org/10.1186/s12931-019-1083-1
http://doi.org/10.1073/pnas.1902165116
http://doi.org/10.1371/journal.pone.0040346


Int. J. Mol. Sci. 2023, 24, 6513 20 of 20

160. Chen, S.; Huang, P.; Qiu, Y.; Zhou, Q.; Li, X.; Zhu, M.; Hong, D. Phenotype variability and histopathological findings in patients
with a novel DNM2 mutation. Neuropathology 2017, 38, 34–40. [CrossRef]

161. Zhou, W.; Liu, X.; van Wijnbergen, J.W.M.; Yuan, L.; Liu, Y.; Zhang, C.; Jia, W. Identification of PIEZO1 as a potential prognostic
marker in gliomas. Sci. Rep. 2020, 10, 16121. [CrossRef]

162. Velasco, M.; Rolle, S.O.; Mampay, M.; Dev, K.K.; Sheridan, G.K. Piezo1 regulates calcium oscillations and cytokine release from
astrocytes. Glia 2019, 68, 145–160. [CrossRef]

163. Morozumi, W.; Inagaki, S.; Iwata, Y.; Nakamura, S.; Hara, H.; Shimazawa, M. Piezo channel plays a part in retinal ganglion cell
damage. Exp. Eye Res. 2019, 191, 107900. [CrossRef] [PubMed]

164. Dolgorukova, A.; Isaeva, J.E.; Verbitskaya, E.; Lyubashina, O.A.; Giniatullin, R.; Sokolov, A.Y. Differential effects of the Piezo1
agonist Yoda1 in the trigeminovascular system: An electrophysiological and intravital microscopy study in rats. Exp. Neurol.
2021, 339, 113634. [CrossRef]

165. Mikhailov, N.; Plotnikova, L.; Singh, P.; Giniatullin, R.; Hämäläinen, R.H. Functional Characterization of Mechanosensitive Piezo1
Channels in Trigeminal and Somatic Nerves in a Neuron-on-Chip Model. Int. J. Mol. Sci. 2022, 23, 1370. [CrossRef] [PubMed]

166. He, J.; Fang, B.; Shan, S.; Xie, Y.; Wang, C.; Zhang, Y.; Zhang, X.; Li, Q. Mechanical stretch promotes hypertrophic scar formation
through mechanically activated cation channel Piezo1. Cell Death Dis. 2021, 12, 226. [CrossRef]

167. Holt, J.R.; Zeng, W.-Z.; Evans, E.L.; Woo, S.-H.; Ma, S.; Abuwarda, H.; Loud, M.; Patapoutian, A.; Pathak, M.M. Spatiotemporal
dynamics of PIEZO1 localization controls keratinocyte migration during wound healing. eLife 2021, 10, e65415. [CrossRef]
[PubMed]

168. Zhao, C.; Sun, Q.; Tang, L.; Cao, Y.; Nourse, J.L.; Pathak, M.M.; Lu, X.; Yang, Q. Mechanosensitive Ion Channel Piezo1 Regulates
Diet-Induced Adipose Inflammation and Systemic Insulin Resistance. Front. Endocrinol. 2019, 10, 373. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/neup.12432
http://doi.org/10.1038/s41598-020-72886-8
http://doi.org/10.1002/glia.23709
http://doi.org/10.1016/j.exer.2019.107900
http://www.ncbi.nlm.nih.gov/pubmed/31874142
http://doi.org/10.1016/j.expneurol.2021.113634
http://doi.org/10.3390/ijms23031370
http://www.ncbi.nlm.nih.gov/pubmed/35163293
http://doi.org/10.1038/s41419-021-03481-6
http://doi.org/10.7554/eLife.65415
http://www.ncbi.nlm.nih.gov/pubmed/34569935
http://doi.org/10.3389/fendo.2019.00373

	Introduction 
	Mechanosensation—Mechanosensitive and Mechanically Activated Channels 
	Piezo Channels in the Animal Kingdom 
	Structure and Function of Piezo1 
	Channel Structure 
	Regulation 
	Pharmacology 
	Agonists 
	Antagonists 


	Piezo1 Channels in the Musculoskeletal System 
	Skeletal Muscle 
	Bone 
	Tendons and Ligaments 
	Joints 
	Intervertebral Discs 

	Disorders in the Musculoskeletal System Associated with Piezo1 Channels 
	Conclusions 
	References

