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Abstract

Skeletal muscle's ability to perceive and adapt to physical force is fundamental to tissue homeostasis and
systemic health. At the core of this process, mechanosensitive ion channels (MSCs)—notably the Piezo
and TRP families—function as primary transducers. This review synthesizes how these channels convert
diverse mechanical stimuli into biochemical signals. We delineate how their activation, primarily through
Ca2+ influx, engages downstream signaling hubs, including the Hippo-YAP/TAZ, MAPK, and
PI3K-Akt-mTOR pathways. These cascades subsequently orchestrate muscle growth, regeneration, and
metabolic remodeling.

We then bridge these molecular mechanisms to clinical relevance, analyzing how physical therapies like
low-intensity pulsed ultrasound and electrical stimulation precisely target these networks to enhance
muscle repair. Furthermore, we explore the role of MSCs in driving skeletal muscle’s function as an
endocrine organ. Mechanical activation triggers myokine release, mediating critical inter-organ
communication with bone, adipose, and immune systems. Collectively, this review establishes MSCs as
pivotal molecular hubs that integrate external physical energy with local tissue repair and systemic
physiological regulation.
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Introduction

Living cells are able to detect and respond to
mechanical cues, a process termed mechanosensation,
which is central to development, tissue repair, and
regeneration[1]. While virtually all cell types utilize
mechanosensitive ion channels (MSCs) for basic
homeostatic functions, such as cell volume regulation
and tactile sensing, the role of these channels is
exceptionally specialized in skeletal muscle. Unlike
most static tissues, skeletal muscle is a highly
dynamic organ subjected to constant, dramatic, and
variable physiological loading —ranging from forceful

macroscopic contractions and extreme stretch to
external compression and shear stress [1,2]. In this
uniquely demanding mechanical environment,
external forces are translated into intracellular
biochemical signals, enabling cells to adjust gene
expression and functional states according to their
dynamic surroundings. Mechanical inputs such as
extracellular matrix (ECM) elasticity and stretching
are especially important in skeletal muscle, where
they regulate the activity of muscle stem cells and
thereby influence growth, repair, and functional
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maintenance [3]. This conversion of physical forces
into intracellular  signaling is known as
mechanotransduction. A key step in this process is
mediated by mechanosensitive ion channels (MSCs),
specialized transmembrane proteins positioned at the
cell-environment interface [4]. Acting as direct
molecular sensors, MSCs respond to stimuli such as
membrane stretch, tension, and osmotic stress by
undergoing conformational changes that open the
channel pore, allowing ion flux across the membrane
[4]. This rapid ion movement converts a mechanical
input into an electrochemical signal, initiating
downstream pathways that coordinate cellular
adaptation [4].

Multiple MSC families have been identified,
including Piezo, transient receptor potential (TRP),
two-pore domain potassium (K2P), and the more
recently discovered Transmembrane Protein 63
(TMEMS63, or OSCA in plants) channels [5]. These
channels form a diverse signaling network that
enables skeletal muscle to sense and respond to a
broad spectrum of mechanical cues. Activation of
mechanosensitive channels by physiological loading
or therapeutic interventions engages complex
downstream networks that regulate key cellular
decisions such as proliferation, differentiation, and
survival, processes that are fundamental for muscle
adaptation and homeostasis [6]. Beyond local
regulation, skeletal muscle also functions as an
endocrine organ: mechanical stimuli promote the
secretion of myokines, which act on distant
organs —including the immune system —to influence
systemic health and inflammation [7].

Recent advances have greatly expanded our
understanding of mechanosensitive ion channels in
skeletal muscle, revealing their structural and
functional diversity, activation by distinct physical
cues, and integration into downstream signaling
cascades. Moreover, skeletal muscle is increasingly
recognized as a secretory organ that mediates
inter-organ communication. These perspectives
together underscore the central roles of mechano-
sensitive ion channels in muscle biology and highlight
their potential as therapeutic targets, while outlining
the key challenges that remain for clinical translation.

Mechanosensitive Ion Channels in
Skeletal Muscle: Classification,
Functions, and Synergistic Roles

Multiple families of MSCs, including Piezo, TRP,
K2P, and TMEMG63/OSCA channels, have been
characterized in mammals [4]. In skeletal muscle,

these channels — together with other
mechanosensitive receptors such as Purinergic

receptor P2X7 (P2X7) and Voltage-gated calcium
channels (VGCCs) - constitute an integrated signaling
network that decodes mechanical cues into adaptive
physiological responses [8]. The primary physical
stimuli and the mechanosensitive receptors they
target are summarized in Figure 1.

Gating Mechanisms: "Force-from-Lipid"
versus the "Tethered" Model

Mechanistically, the activation of ion channels by
physical force is understood through two primary
models: the "force-from-lipid" model and the
"tethered" model. The core distinction lies in how
force is transmitted to the channel protein (Figure 2).

The '"force-from-lipid" model posits that
mechanical forces act directly on the lipid bilayer of
the cell membrane. Changes in membrane tension,
curvature, or thickness drive conformational changes
in the embedded channel protein, leading to its
opening. In this process, the lipid bilayer itself is the
medium of force transmission, theoretically requiring
no participation from other accessory proteins [9].

In contrast, the "tethered" model proposes that
force is transmitted via ancillary structures linked to
the channel [10]. These "tethers" can be extracellular
matrix (ECM) proteins or intracellular cytoskeletal
components. When the cell is mechanically stretched,
these connecting structures act like ropes, directly
pulling on specific domains of the channel to induce
its opening [9]. Classic examples include the
transduction channels in auditory and vestibular hair
cells, which are linked to neighboring stereocilia by
extracellular "tip links" and to the intracellular actin
cytoskeleton. Similarly, low-threshold mechano-
receptors (LTMRs) in the skin require protein
filaments connecting the channel to the ECM to
function [10].

Initially, due to the complex cytoskeletal and
ECM networks in eukaryotic cells, the "tethered"
model was widely favored. Integrins, as key
transmembrane proteins linking the ECM to the
cytoskeleton, were considered central hubs in this
model, theoretically transmitting external stress
through the cytoskeleton to ion channels. Indirect
evidence, such as the observation that cytoskeleton-
disrupting drugs alter the mechanosensitivity of some
channels, seemed to support this view. However,
despite its theoretical appeal, direct experimental
evidence for the tethered model in mammalian
skeletal muscle cells remains limited [11].

This evidentiary gap has shifted focus towards
the "force-from-lipid" model, which has gained
substantial and compelling experimental support.
This model was firmly established by studies of the
prokaryotic mechanosensitive channels MscL and

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

4227

MscS in E. coli. These channels were shown to be
effectively activated by membrane tension even after
being purified and reconstituted into artificial
liposomes, which completely lack a cytoskeleton or
any other protein components. This unequivocally
demonstrated that their activation depends solely on
the interaction between the channel protein and the
surrounding lipid bilayer [12]. Importantly, this
lipid-channel interaction is highly sensitive to the
bilayer's  specific =~ physical = properties.  As
demonstrated by studies on MscL and MscS,
alterations in membrane thickness and lipid
composition—such as changes in cholesterol
levels—can significantly alter bilayer stiffness and
transbilayer pressure profiles, thereby directly tuning
the channel activation thresholds [12]. Extending this
principle to skeletal muscle, the highly specialized
local lipid microenvironments within the cell —most
notably the transverse tubules (T-tubules), which
possess unique lipid compositions and high
cholesterol content—likely play a crucial role in
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locally modulating the mechanosensitivity of resident
ion channels. Crucially, the 'force-from-lipid' principle
is not limited to prokaryotes but is evolutionarily
conserved in mammalian mechanosensors, as
evidenced by high-resolution structural studies. For
instance, the mammalian Piezol channel forms a
unique trimeric propeller that creates a localized
‘nanodome' depression in the lipid bilayer. According
to the prevailing model, increased membrane tension
flattens this dome, exerting a lever-like force on the
channel blades to open the central pore [10,13].
Similarly, the two-pore domain potassium channels
(K2P), such as TREK-1 and TRAAK, utilize a distinct
lipid-cork' gating mechanism. In the closed state, an
acyl chain from the membrane physically plugs the
ion pathway; upon membrane stretch, this lipid cork
is displaced, allowing ion conduction [14]. These
structural insights confirm that for both Piezo and
K2P families, the lipid bilayer itself is the primary
transducer of mechanical force.
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Figure 1. Primary physical stimuli and their target mechanosensitive receptors in skeletal muscle. Skeletal muscle utilizes an integrated network of
mechanosensitive ion channels (MSCs) and receptors (such as Piezo, TRP, and VGCCs) to decode mechanical cues into adaptive physiological responses. This figure summarizes

the primary physical stimuli and their corresponding target receptors.
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Figure 2. Gating Mechanisms: "Force-from-Lipid" versus the "Tethered" Model. This figure contrasts the two primary theories of ion channel mechanogating. (A)
"Force-from-Lipid" Model: Exemplified by Piezol. In the resting state (left), Piezol's "blades" create a "nanodome" in the membrane. Increased Membrane Tension (right) flattens
the membrane, pulling the central pore open via a lever-like action. (B) "Tethered" Model: Exemplified by the integrin-cytoskeleton linkage. In the resting state (left), tethers are
slack. Force from Mechanical Stretch (right) is transmitted from the ECM through integrin to the cytoskeleton. The cytoskeleton acts as a taut "tether" to directly pull the ion

channel open.

In summary, a large body of evidence establishes
the "force-from-lipid" model as a fundamental and
widespread activation mechanism. This does not
entirely invalidate the "tethered" model. A more
comprehensive modern view is that the two models
are not mutually exclusive but may act in concert. A
channel might be primarily activated by the
"force-from-lipid" mechanism, while its localization,
activation threshold, or integration with other
signaling pathways could be fine-tuned by the
cytoskeleton or ECM. Understanding these precise
activation mechanisms is critical for skeletal muscle,
which experiences dramatic mechanical changes.
Future research, guided by the "force-from-lipid"
model as a core principle while incorporating the
modulatory role of the "tethered" model, will provide
a more complete framework for understanding
mechanotransduction in skeletal muscle and beyond.

Primary Mechanosensors: The Piezo Protein
Family

The Piezo family of proteins represents a pivotal
class of mechanotransducers in mammalian cells
[15,16]. This family is comprised of two main
subtypes: Piezol, which is predominantly expressed

in non-sensory tissues exposed to mechanical forces,
and Piezo2, which is primarily found in sensory
tissues [17]. Structurally, these channels function as
distinct mechanotransducers that directly sense
membrane tension via the "force-from-lipid"
mechanism described in Section 2.1, without
requiring cytoskeletal tethers[18]. Upon opening, they
exhibit a slight preference for Ca* [17,19]. The
resulting ion flux, particularly of calcium, converts the
physical stimulus into an electrochemical signal that
initiates downstream signaling pathways [18,20].
Piezol plays multiple, critical roles in skeletal
muscle, spanning myogenesis, regeneration, and the
regulation of muscle mass [21,22]. Its function is
evident in both the muscle stem cell (MuSC) niche and
mature myofibers. In quiescent MuSCs, Piezol
activity is indispensable for maintaining the stem cell
pool; its deletion markedly reduces stem cell numbers
and elevates reactive oxygen species (ROS), leading to
DNA damage and p53-dependent senescence [22].
Piezol is expressed in quiescent MuSCs, and its
deletion markedly reduces stem cell numbers,
highlighting its essential role in self-renewal and
maintenance. Furthermore, Piezol-mediated Ca2*
influx enables the assembly of the actomyosin
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network via the RhoA/ROCK signaling pathway, a
necessary step for myoblast fusion and myotube
elongation [22]. Beyond development, Piezol acts as a
cellular "mechanostat" in mature myofibers to balance
muscle maintenance and atrophy. Mechanical
unloading suppresses Piezol expression, lowering
basal intracellular Ca?* levels and upregulating the
transcription factor KLF15, which subsequently
activates IL-6 transcription to promote muscle
atrophy [21]. This mechanism is supported by
pharmacological evidence where the inhibitor
GsMTx-4 mimics the atrophic phenotype, while
Yodal blunts the upregulation of atrophic genes.
Crucially, human biopsy data from limb-casting
patients confirm these findings, showing reduced
PIEZO1 mRNA and increased atrogene expression
[21]. Collectively, this evidence suggests that Piezol
acts as a key sensor in mature myofibers that
translates mechanical load into signals that suppress
atrophic pathways and maintain muscle mass.

While Piezol governs tissue remodeling, Piezo2
is recognized as the principal mechanotransduction
channel responsible for proprioception [23]. It
functions as the primary sensor within muscle
spindles, converting muscle stretch into nerve
impulses that inform the central nervous system
about body position and movement [23].
Loss-of-function mutations in human PIEZO2 lead to
severe deficits, including muscular atrophy and
scoliosis [23]. Although Piezo2 is the primary sensor,
its rapid adaptation suggests that it functions in
concert with other molecular elements, such as ASICs,
to maintain sustained firing during prolonged stretch,
ensuring accurate motor control [23].

Multimodal Sensors of Physical Stimuli: The
TRP Channel Family

The Transient Receptor Potential (TRP)
superfamily consists of non-voltage-gated cation
channels that act as multimodal sensors for a wide
array of physical and chemical stimuli [24]. In skeletal
muscle, the vanilloid subfamily (TRPV)— particularly
TRPV1, TRPV2, and TRPV4—are the most
consistently detected and functionally significant
isoforms.

TRPV1, best known as the capsaicin receptor,
functions as a polymodal sensor activated by heat,
acidosis, and chemical ligands [24-26]. In skeletal
muscle, it localizes to the sarcoplasmic reticulum (SR)
membrane, functioning as a Ca?*-leak channel that
engages in crosstalk with ryanodine receptor 1 (RyR1)
to regulate intracellular Ca?* release [26].
Functionally, TRPV1 activation is directly linked to
metabolic adaptation. For instance, agonists like
eugenol initiate a calcineurin (CaN)-mediated

signaling pathway that promotes fast-to-slow muscle
fiber remodeling and enhances IL-15 expression,
mimicking the effects of exercise. Similarly, capsaicin
activates TRPV1 to elevate the expression of
Uncoupling Protein (UCP) and ATP-dependent
thermogenic proteins (e.g.,, SERCA, RyR), thereby
enhancing non-shivering thermogenesis  [27].
Furthermore, TRPV1 upregulation during cold stress
acclimation underscores its critical role in thermal and
metabolic adaptation [28].

In contrast to the metabolic role of TRPV1,
TRPV2 acts as a critical mechanosensor during the
early stages of myogenesis [29]. Its expression peaks
in proliferating myoblasts and declines upon
differentiation. Mechanistically, TRPV2 responds to
mechanical cues—such as fluid flow-induced shear
stress — by mediating a rapid increase in cytosolic Ca2?*
[29]. This mechanosensitive Ca?* influx serves as a
prerequisite integrator of mechanical signals, essential
for the subsequent fusion of myoblasts into mature
myotubes during the initial phases of muscle
formation.

Finally, TRPV4 functions as a dual sensor of
mechanical and thermal stimuli within the muscle
microenvironment. It is highly expressed in dorsal
root ganglion (DRG) neurons innervating skeletal
muscle, where it mediates the muscle mechanoreflex.
Pharmacological inhibition of TRPV4 markedly
attenuates afferent discharge and blunts the
sympathetic response to passive stretch, indicating
that TRPV4 helps sense mechanical distortion in
working muscle [30]. Additionally, TRPV4 acts as a
thermosensor in the vasculature supplying skeletal
muscle. In isolated human feed arteries, physiological
warming from 37°C to 39°C inhibits al-adrenergic
vasoconstriction—a phenomenon termed
"heat-induced sympatholysis." This vasodilatory
response is abolished by specific TRPV4 inhibition or
endothelial denudation, demonstrating that
endothelial TRPV4 channels are responsible for
optimizing blood flow during heat stress [31].

Integrins: Structural Links for
Mechanotransduction

Integrins function as non-channel
mechanotransducers that physically link the
extracellular matrix (ECM) to the intracellular actin
cytoskeleton [32]. This connection is primarily
organized at specialized sites called focal adhesions
(FAs), which serve as critical hubs for bidirectional
signaling and force transmission [33]. In skeletal
muscle, f1l-containing integrins are concentrated at
specialized  force-transducing hubs, such as
costameres and myotendinous junctions (MT]s) [34].
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Unlike ion channels, integrins operate through a
structural gating mechanism, switching between a
bent, low-affinity conformation and an extended,
high-affinity state competent for ligand binding [35].
This activation is bidirectional: it can be triggered by
"outside-in" signals (ECM binding) or "inside-out"
signals, where intracellular co-activators like talin and
kindlins bind the B-subunit tail to induce the active
conformation [32,34,35]. Through this mechanism,
integrins  translate  mechanical tension into
biochemical outputs.

Upon activation, the clustering of integrins
initiates the assembly of the "integrin adhesome," a
dynamic complex centered on Focal Adhesion Kinase
(FAK) [36]. FAK autophosphorylation triggers a
cascade that engages canonical signaling modules,
including the MAPK/ERK and PI3K-Akt-mTOR axes,
to regulate cell survival and differentiation [34,36].
Crucially, the integrin-actin axis serves as a
mechanical checkpoint for the Hippo pathway;
cytoskeletal tension transmitted through integrins
dictates the nuclear translocation of YAP/TAZ. This
coupling ensures that transcriptional programs are
strictly aligned with the physical state of the muscle
niche [33,37].

Furthermore, integrin signaling is functionally
integrated with mechanosensitive ion channels. For
instance, Ca?* influx through activated Piezol
channels activates the protease calpain, which
subsequently cleaves talin. This cleavage uncouples
integrins from the cytoskeleton, leading to a localized
downregulation of adhesion [38]. This crosstalk
demonstrates a sophisticated feedback loop where ion
channels and structural receptors coordinate to
fine-tune the cellular response to mechanical loading.

Voltage-Gated Calcium Channels: Essential
Amplifiers of Mechanical Signals

VGCCs are multi-subunit transmembrane
proteins crucial for converting electrical signals into
intracellular Ca?" transients [39,40]. While not primary
mechanosensors that gate directly in response to
membrane stretch, VGCCs—specifically the Cavl
(L-type), Cav2 (P/Q-, N-, and R-type), and Cav3
(T-type) subfamilies—function as indispensable
secondary transducers. They amplify mechanical
signals initiated by upstream sensors, serving as a
critical link between initial mechanosensation and
robust downstream cellular responses [39,41,42].

This amplification role is best exemplified by the
response to physical stimuli like pulsed focused
ultrasound (pFUS). Mechanistically, pFUS does not
directly gate VGCCs; instead, it activates the
mechanosensitive TRPC1 channel, generating a
localized Na*-driven depolarization. This electrical

shift subsequently gates adjacent L-type Ca?*
channels, triggering a massive Ca2?" influx necessary
for downstream effects such as COX2 upregulation
and mesenchymal stromal cell tropism [43].
Experimental evidence confirms that this response is
abolished by VGCC blockers, extracellular Na*
depletion, or TRPC1 suppression, defining a specific
"TRPC1-VGCC axis" where VGCCs convert a
localized mechanosensitive current into a widespread
Ca?" signal [43,44].

Beyond acute signaling, VGCCs drive long-term
developmental remodeling at the neuromuscular
junction  (NM]J). During postnatal synapse
elimination, L-type (CaV1.3) and P/Q-type (CaV2.1)
channels mediate the activity-dependent pruning of
redundant axons. Pharmacological blockade of these
channels markedly delays nerve terminal retraction,
while their activation accelerates it, identifying Ca?*
influx as the key regulator of synaptic refinement.
Furthermore, specific regulatory subunits, such as the
embryonic CaV[f1, are required for acetylcholine
receptor (AChR) pre-patterning, ensuring the
structural stability of the mature NM]J [40,41,45].

Mechanotransduction and Mitochondrial
Homeostasis in Pathology

Beyond cytosolic Ca?* signaling, the functional
coupling between cell surface mechanosensors and
mitochondria is emerging as a critical determinant of
tissue homeostasis. Mechanically induced Ca?* influx
via MSCs (e.g., Piezol, VGCCs) can be rapidly taken
up by mitochondria through the mitochondrial
calcium uniporter (MCU). While physiologic Ca?*
transients stimulate bioenergetics, aberrant
mechanosensing leads to mitochondrial dysfunction,
a key driver in diverse pathologies ranging from
myopathies to vascular diseases [46,47].

Recent evidence highlights that the disruption of
this axis contributes to specific disease phenotypes
through mechanisms involving oxidative stress and
regulated cell death. For instance, in models of
doxorubicin-mediated injury, the overactivation of
Piezo-type mechanosensitive channels triggers
mitochondrial Ca?* overload. This breakdown of
mitochondrial quality surveillance leads to the
opening of the mitochondrial permeability transition
pore (mPTP) and subsequent necroptosis or
ferroptosis, processes that can be mitigated by specific
targeting of the channel-mitochondria interface [48].
Similarly, in the vascular system, endothelial
mechanosensors transduce disturbed shear stress into
mitochondrial ROS production. This "mechano-
oxidative" stress promotes endothelial inflammation
and atherosclerosis, highlighting the therapeutic
potential of targeting mitochondrial downstream
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effectors to preserve vascular integrity [49-51].

Furthermore, the interplay between mechano-
transduction and immunometabolism is critical for
tissue repair. Dysregulated mechanosensing in
immune cells, such as macrophages, alters their
mitochondrial metabolism, thereby influencing
inflammation resolution and the progression of
diseases like sepsis and diabetic complications [52-
54]. Targeting these specific mitochondrial check-
points has shown promise; for example, bioactive
compounds and targeted delivery systems that
modulate this axis have been effective in alleviating
vascular aging and metabolic disorders [55-57].

Conversely, physiological mechanical loading
(e.g., exercise) exerts protective effects by enhancing
mitochondrial quality control (MQC), a process partly
mediated by myokines such as Irisin. Mechanical
stimulation of skeletal muscle upregulates PGC-1q,
driving the secretion of Irisin, which in turn promotes
mitochondrial biogenesis and optimizes mitochon-
drial dynamics (fission/fusion) [58]. Crucially, Irisin
has been shown to enhance autophagy/mitophagy
pathways, clearing damaged mitochondria to prevent
the accumulation of ROS and maintain Musculo
skeletal health [59]. This evidence suggests that
restoring the balance of the mechano-mitochondrial
axis—either through exercise-mimetic myokines or
pharmacological modulators of channel activity —
represents a novel strategy to treat pathologies rooted
in mechanotransduction failure.

Modulatory and Multifunctional
Mechanosensors

Beyond primary mechanosensors, other ion
channel  families  contribute  indirectly to
mechanotransduction by modulating the muscle
microenvironment, cellular excitability, and ion
homeostasis.

Acid-sensing ion channels (ASICs), particularly
the ASIC3 subtype, function as dual sensors in the
skeletal muscle niche [60,61]. While primarily
recognized as proton-gated channels that detect
exercise-induced acidosis (lactate/ ATP), they are also
proposed to sense mechanical force via a tether-based
mechanism [60,62,63]. This dual sensitivity allows
ASIC3 to encode metabolic and mechanical stress
simultaneously, mediating exercise-induced pain
signals. Crucially, the loss of ASIC3 leads to
exacerbated muscle injury after exhaustive exercise,
suggesting a protective role in limiting tissue damage
under stress [64].

The two-pore domain potassium (K2P) family
functions as "background" leak channels essential for
stabilizing the resting membrane potential [65]. In
skeletal muscle, mechanosensitive K2P members,

such as TREK-1 and TRAAK, are upregulated during
differentiation [66]. Their physiological relevance is
highlighted during myogenesis: pharmacological
inhibition impairs myoblast fusion by disrupting the
background K* current and subsequent Ca?*
dynamics. By fine-tuning cellular excitability, K2P
channels ensure the orderly progression of muscle
development and prevent hyperexcitability-induced
damage [66].

Finally, the Transmembrane (TMEM) super-
family regulates calcium handling at multiple levels,
including ORAI channels and SR-localized
TMEMB38/TRIC channels [67]. Within this super-
family, the OSCA/TMEMS63 proteins have been
identified as evolutionarily conserved mechano-
sensitive ion channels [68,69]. Unlike Piezo channels
which respond to minute physiological forces,
biophysical studies in other tissues indicate that
TMEMG63 channels possess distinct "high-threshold"
characteristics, requiring significant membrane
tension or hyperosmotic stimuli for activation [70,71].

Functional Coupling and Synergy Among
Mechanosensitive Channels

The mechanosensitive ion channels described
above do not operate as isolated entities but constitute
a complex, interconnected signaling network. While
they are not structurally homologous, they establish
profound structural connections through physical
co-localization. This spatial proximity is not
coincidental but functional, facilitating rapid signal
transmission and allowing local Ca?* gradients to act
as a physical bridge between distinct channel families.

A prime example of this coupling is the
interaction between Piezol and TRPV4. Piezol serves
as the primary sensor of rapid mechanical forces. Its
activation triggers a transient Ca?* influx, which
subsequently gates the adjacent TRPV4 channels—
likely  through Ca?"-dependent phospholipase
activation. This sequential Piezol-Ca?*-TRPV4 axis
functions as an amplification mechanism, converting
brief mechanical stimuli into sustained intracellular
Ca?* elevation [18,72,73].

In the nervous system, proprioception relies on
the synergy between Piezo2 and Acid-Sensing lon
Channels (ASICs). While Piezo2 acts as the primary
transducer converting muscle stretch into electrical
signals, its rapidly adapting kinetics cannot sustain
firing during prolonged stretch. Evidence indicates
that ASIC3 structurally and functionally complements
Piezo2 by providing a slowly adapting component.
This cooperation ensures that the sensory apparatus
maintains tonic activity during static muscle stretch,
preserving the fidelity of proprioceptive signaling
[74].
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Furthermore, the TRPV1 channel exhibits
extensive integration with the sarcoplasmic reticulum
(SR). TRPV1 functionally crosstalks with the
Ryanodine Receptor 1 (RyR1) on the SR membrane,
regulating Ca?" release from internal stores central to
muscle contraction [26]. Similarly, TRPV1 synergizes
with  al-adrenergic receptors to upregulate
thermogenic proteins, highlighting a redundancy that
ensures metabolic robustness [27].

In  summary, mechanotransduction is
orchestrated by a multi-channel network rather than a
single linear pathway. From the Ca?*-mediated
amplification between Piezol and TRPV4 to the
temporal complementarity of Piezo2 and ASICs, these
interactions form the basis of muscle plasticity. As
illustrated in Figure 3, intracellular Ca?* serves as the
central integrator in this network, bridging primary
mechanosensation ~ with  downstream  effector
pathways.

Activation Mechanisms and Therapeutic
Applications of Physical Stimuli

This section focuses on how distinct physical
stimuli—mechanical, electrical, and thermal—
selectively activate mechanosensitive ion channels in
skeletal muscle, converting external energy into

intracellular biological signals that drive therapeutic
outcomes.

Signal Amplification: Piezo1-TRPV4 Cascade
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Low-Intensity Pulsed Ultrasound (LIPUS):
Precision Control via Acoustic Waves

LIPUS  functions as a  non-invasive
mechanotherapy that transmits pulsed acoustic
energy to target tissues, inducing biological effects
primarily through non-thermal mechanical forces
such as acoustic radiation and streaming [75]. These
physical  cues create localized  membrane
deformations that are transduced into biochemical
signals via two convergent pathways.

The first pathway is the Piezol-TRPV4 signaling
axis. Mechanical force directly gates Piezol, triggering
a transient Ca?* influx that activates phospholipase A,
(PLA;). This event generates lipid second messengers
(e.g., EETs) which subsequently open TRPV4 channels
[72,90]. This sequential relay converts the rapid,
millisecond-scale opening of Piezol into a sustained,
robust Ca?" elevation mediated by TRPV4, effectively
amplifying the initial mechanical stimulus to drive
downstream signaling [18,91].

Parallel to this, Voltage-Gated Calcium Channels
(VGCCs) act as critical signal amplifiers. As detailed
in Section 2.5, the primary mechanosensor TRPC1
responds to ultrasound by generating a depolarizing
current, which secondarily gates adjacent VGCCs.
This "TRPC1-VGCC axis" is indispensable for specific
therapeutic outcomes, including COX2 upregulation
and the enhancement of mesenchymal stromal cell
tropism [43].

The Ca?" influx orchestrated by these pathways
converges on the calcineurin/ NFAT signaling hub, a

Functional Synergy: Piezo2 & ASICs in Proprioception
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Figure 3. Crosstalk and Synergy Among Mechanosensor. (A) Signal Amplification: Mechanical force acts on both Piezol and TRPV4. Crucially, the Piezol-mediated
transient Ca?* influx directly activates the PLA,-EETs signaling cascade, which subsequently hyperactivates TRPV4, converting a brief mechanical stimulus into a robust, sustained
Ca?* signal. (B) Signal Modulation: Local Ca?* influx derived from Piezo| activates the protease calpain to cleave talin, thereby uncoupling and downregulating integrin-based focal
adhesions. (C) Functional Synergy: During sustained muscle stretch, the rapidly adapting signal from Piezo2 integrates with the slowly adapting current from ASIC3—which is
co-activated by mechanical tethering and local metabolites (e.g., H")—to successfully encode and maintain a sustained proprioceptive firing.

https://www.ijbs.com



Int. J. Biol. Sci. 2026, Vol. 22

4233

master regulator of myogenic differentiation. This
pathway is exemplified by the exercise-induced
protein CSRP3, which utilizes calcineurin/NFAT
signaling to promote hypertrophy and the
slow-twitch fiber transition [92]. Similarly, the circular
RNA circMEF2A1 relies on this axis to drive
myogenic programming [77]. Thus, LIPUS achieves
therapeutic precision by translating acoustic
mechanics into specific Ca?*-dependent gene
regulatory networks.

Electrical Stimulation: Electromechanical Coupling

Electrical stimulation is a standard therapeutic
modality for preserving muscle mass during disuse or
denervation [78,80,82]. Its primary mechanism
involves the direct depolarization of the sarcolemma,
which activates L-type VGCCs [79]. The resulting Ca?*
influx mimics physiological excitation-contraction
coupling (ECC), thereby stimulating anabolic
processes such as myotube maturation and protein
synthesis [79,82].

Crucially, the therapeutic efficacy of electrical
stimulation extends beyond voltage gating to involve
a secondary mechanotransductive component. The
muscle contractions induced by electrical stimulation
impose a mechanical load on the fibers, which
indirectly = recruits mechanosensitive channels.
Notably, electrical stimulation has been shown to
upregulate Piezol expression in atrophic muscle [80].
This mechanically driven Piezol activation engages
the Akt/mTOR pathway, synergizing with
VGCC-mediated signals to enhance protein synthesis
and counteract atrophy [80,93]. Therefore, electrical
stimulation exerts a dual-modality effect: it directly
triggers voltage sensors to initiate contraction, while
simultaneously recruiting mechanosensors through
the induced physical activity to reinforce anabolic
signaling.

Thermal Therapy: Temperature-
Dependent Regulation of lon Channels

Heat stress elicits metabolic adaptations in
skeletal muscle by engaging a specific subset of
thermosensitive ion channels. TRPV1 serves as the
primary molecular heat sensor; its activation by
therapeutic temperatures (~41°C) triggers
Ca?*-dependent signaling that potentiates the mTOR
pathway, leading to increased protein synthesis [94].
Furthermore, TRPV1 activation induces PGC-la
expression, thereby enhancing mitochondrial
biogenesis and respiratory capacity, -effectively
mimicking the metabolic benefits of exercise [95].

In contrast to excitatory channels like TRPV1, the
TREK/TRAAK subfamily of K2P channels acts as
cellular stabilizers in response to thermal stimuli.

These background K* channels are critical for
maintaining the resting membrane potential in
skeletal muscle cells, and they show dramatically
increased activity in the physiological to mildly
hyperthermic range of 37-42 °C [84]. By increasing K*
efflux, these channels counteract depolarization and
temper cellular excitability during thermal stress.

Beyond direct thermosensors, temperature
profoundly modulates the gating kinetics of primary
mechanosensors, creating a cross-modal regulatory
landscape. Piezol function is significantly inhibited
by cold, as lower temperatures increase membrane
lipid stiffness, raising the channel's activation
threshold. Conversely, Piezo2, as the principal
proprioceptor, exhibits enhanced mechanosensitivity
under moderate cooling [96]. This dualistic response
reflects their functional divergence, with Piezol being
optimized for the stable core body temperature and
Piezo2 adapted to integrate thermal and mechanical
signals from the external environment [96].

Mechanical Vibration: Frequency-Dependent
Specificity

Mechanical vibration is a therapeutic strategy
used to counteract muscle atrophy and weakness [97]
by engaging distinct mechanosensitive pathways in a
parameter-dependent manner [86]. The biological
outcome is highly dependent on frequency,
amplitude, and duration, which determine the
selective activation of specific ion channels and reflex
pathways [98].

This modality operates through two distinct
cellular targets. First, Piezo2 in muscle spindles
entrains to vibration-induced stretch, triggering the
tonic vibration reflex (TVR) which enhances neural
drive and neuromuscular control [87,89]. Second,
Piezol in myofibers and satellite cells functions as a
direct transducer of oscillatory stress. Studies in
muscle-specific knockout models demonstrate that
Piezol is required for the anabolic effects of vibration;
its activation stimulates the Akt/mTOR and
CaMKB/AMPK pathways, thereby suppressing
protein degradation and promoting regeneration
[88,97,99]. This specificity suggests that vibration
parameters can be tuned to selectively recruit Piezo
isoforms for targeted rehabilitation outcomes.

Downstream Signaling Pathways:
Intracellular Transduction and
Integration of Mechanical Signals

After mechanosensitive channels convert
physical stimuli into biochemical signals, the precise

transmission and integration of this information
depend on a series of complex downstream signaling
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networks [100]. These networks not only decode the
intensity, type, and duration of mechanical forces but
also integrate multiple signals through crosstalk,
ultimately coordinating key cellular decisions such as
proliferation, differentiation, and survival [100]. This
chapter explores three core signaling axes—
Hippo-YAP/TAZ, MAPK, and PI3K-Akt-mTOR/
PGC-la—elucidating how ion influx (particularly
Ca?") triggers these cascades to drive muscle
adaptation and systemic communication.

The Hippo-YAP/TAZ Signaling Axis: A Central
Regulator of Mechanotransduction

The Hippo pathway, with its effectors YAP and
TAZ, functions as a conserved sensor of tissue
mechanics and organ size [63,101]. Its key effectors,
the transcriptional co-activators YAP and its paralog
TAZ, are central molecules in sensing and integrating
mechanical signals from the microenvironment
[102,103]. In its canonical state, a kinase cascade
involving MST1/2 and LATS1/2 results in the
phosphorylation of YAP and TAZ [104,105]. This
phosphorylation leads to their sequestration in the
cytoplasm or targets them for degradation, thereby
suppressing their transcriptional activity [64,104].

Mechanistically, mechanical stimuli regulate this
axis primarily by modulating cytoskeletal tension. On
stiff substrates or under high tension, integrin
clustering activates RhoA-ROCK signaling to promote
actin polymerization. This stiff cytoskeleton inhibits
the upstream LATS1/2 kinases, leading to YAP/TAZ

dephosphorylation and nuclear translocation.
Conversely, soft environments or mechanical
unloading promote LATS activity, sequestering

YAP/TAZ in the cytoplasm [106-108]. Crucially, this
pathway is directly gated by mechanosensitive ion
channels. For instance, Piezol-mediated Ca?* influx
modulates actin dynamics to facilitate YAP nuclear
entry [109]. In skeletal muscle, this axis is pivotal for
regeneration: YAP promotes the proliferation of
activated satellite cells (MuSCs) post-injury, while
TAZ drives their subsequent differentiation [110-113].
However, chronic overactivation of YAP/TAZ in
fibroblasts can drive fibrosis, highlighting the need for
balanced mechanotransduction [114]. This makes the
YAP/TAZ-TEAD transcriptional complex a key
therapeutic target for developing anti-fibrotic drugs
[101,104].

The MAPK Cascade: A Decoder of Mechanical
Stress

The MAPK network translates diverse
mechanical cues into specific cellular programs
through its three subfamilies: ERK, JNK, and p38
[111]. The ERK pathway is typically activated by

physiological, growth-promoting stimuli (e.g., cyclic
stretch) and drives proliferation and survival via
transcription factors like AP-1 [111,115,116]. In
contrast, the JNK and p38 pathways function as
stress-activated kinases, responding primarily to
high-intensity or injurious forces (e.g., overstretch) to

trigger inflammation or apoptosis [117]. This
differential activation allows muscle cells to
distinguish between '"training signals" (ERK-

dominant) and 'damage signals" (JNK/p38-do-
minant), a balance critical for tissue adaptation [116].

The PI3K-Akt-mTOR Signaling Pathway: A
Master Regulator of Protein Synthesis

The PI3K-Akt-mTOR pathway functions as the
master switch for protein synthesis and load-induced
hypertrophy [64,111,118]. Mechanical loading triggers
Akt activation, which phosphorylates TSC2 to relieve
inhibition on mMTORC1. Activated mTORC1 then
phosphorylates p70S6K and 4E-BP1, driving the
translation of myofibrillar proteins [111,119]. Parallel
to synthesis, Akt suppresses protein degradation by
phosphorylating ~ FoxO  transcription  factors,
preventing the expression of atrogenes (Atrogin-1,
MuRF1) [120].

Crucially, mechanical signaling also regulates
the muscle's secretory function. Beyond hypertrophy,
mechanosensitive Ca?" influx (e.g.,, via TRPV1 or
Piezol) activates the Calcium/Calmodulin-dependent
Protein Kinase (CaMK) and calcineurin pathways
[121,122]. These effectors upregulate Peroxisome
proliferator-activated receptor-gamma coactivator-1
alpha  (PGC-la), the master regulator of
mitochondrial biogenesis [95]. PGC-la not only
enhances oxidative capacity but also drives the
expression of FNDC5, the precursor of the myokine
irisin [123]. This "Mechano-Ca?*-PGC-1a-Irisin" axis
serves as the molecular link between physical
stimulation and systemic endocrine effects, explaining
how localized muscle loading can trigger whole-body
metabolic benefits.

Resolution of Mechanical Signal
Properties by Signaling Pathways

Signaling networks downstream of
mechanoreceptors must resolve the specific properties
of mechanical forces, including their type, intensity,
and duration, to generate appropriate biological
outputs. Signaling networks downstream of
mechanoreceptors must resolve the specific properties
of mechanical forces, including their type, intensity,
and duration, to generate appropriate biological
outputs. The type of physical force is primarily
resolved by the Hippo-YAP/TAZ pathway through
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its sensitivity to cytoskeletal tension. Tensile forces
increase cytoskeletal tension and promote actin
polymerization, which inhibits upstream LATS
kinases and allows YAP to enter the nucleus to drive
pro-growth transcriptional programs. Conversely,
compressive forces generally relieve cytoskeletal
tension, thereby activating LATS kinases to sequester
YAP in the cytoplasm and induce growth arrest,
allowing the cell to precisely distinguish between
stretch and compression [110,124-127].

The intensity of the mechanical signal is
predominantly decoded by the MAPK cascade, which
employs an ultrasensitivity switch mechanism to
differentiate between physiological and pathological
loads. Moderate mechanical forces typically activate
the pro-survival ERK pathway, promoting cellular
proliferation and adaptation. However, when the
mechanical force exceeds a specific physiological
threshold and becomes injurious, the network
abruptly shifts to activate the stress-responsive JNK
and p38 pathways. This threshold-dependent
divergence ensures that cells mount a survival
response to normal loading while initiating
inflammatory or apoptotic programs only when
subjected to damaging high-intensity stress [128].

Finally, the duration and temporal pattern of
mechanical stimuli are integrated primarily through
the PI3K-Akt-mTOR pathway, relying heavily on the
dynamics of intracellular calcium signaling. A brief or
transient mechanical event generates a short-lived
calcium spike that may only be sufficient to trigger
local cytoskeletal adjustments. In contrast, sustained
or repetitive mechanical loading induces prolonged
calcium elevations or oscillations. This sustained
calcium influx is required to stably engage the
PI3K-Akt axis and fully activate the mTORCl1
complex, ensuring that massive protein synthesis and
muscle hypertrophy occur only in response to
persistent mechanical demand [129-131].

Integration and Crosstalk

These pathways do not operate in isolation but
form a highly interconnected network. Crosstalk
occurs at multiple levels: (1) Upstream: Rho GTPases
and the cytoskeleton simultaneously regulate
YAP/TAZ and MAPK [132]; (2) Kinase Level: The
MEK/ERK  pathway can activate mTORC1
independently of PI3K/Akt [118,133]; and (3)
Transcriptional Level: Akt-mediated phosphorylation
can influence YAP stability [111,134].

Furthermore, as highlighted in Section 4.3, this
intracellular integration extends to secretory outputs,
where mechanical stress triggers the release of
myokines (e.g., irisin) to communicate with distant
organs. A comprehensive model of this integrated

cascade —from mechanosensors to
secretion —is illustrated in Figure 4.

myokine

Systemic Regulatory Roles of Skeletal
Muscle: Inter-Organ Crosstalk

Beyond its fundamental role in locomotion and
force generation, skeletal muscle is now recognized as
a major endocrine organ [135,136]. Because the
synthesis and secretion of myokines are closely

coupled with mechanotransduction, localized
physical stimuli (e.g., exercise, ultrasound, or
electrical stimulation) can trigger widespread

systemic adaptations. This chapter explores how
targeting muscle with mechanical energy orchestrates
communication with bone, adipose, immune, and gut
systems, as summarized in Figure 5.

Skeletal Muscle as a Mechanosensitive
Endocrine Organ

The foundation of muscle's systemic influence
lies in its ability to function as a mechanosensitive
endocrine hub, governed by a "Mechanico-Endocrine
Coupling" mechanism. Mechanical stimuli activate
surface mechanosensors (such as Piezol and VGCCs)
to induce a rapid Ca?* influx. This Ca?" signal acts as a
master switch: it promotes the gene expression of
myokines via downstream pathways (e.g., p38 MAPK
and PGC-1la) and directly acts on calcium-sensing
proteins (e.g., Synaptotagmin) to drive the vesicular
exocytosis of mature myokines [137]. Through this
mechanical gating, skeletal muscle releases a highly
specific profile of myokines into the circulation. For
instance, irisin, cleaved from the membrane protein
FNDC5, is strongly induced by the mechanically
activated Ca?*-PGC-la signaling axis [137,138].
Alongside irisin, interleukin-6 (IL-6) is transiently
released  during  muscle  contraction  via
calcium-dependent  exocytosis, acting as an
anti-inflammatory and metabolic myokine distinct
from its classical immune role [139]. Furthermore,
mechanical loading inhibits myostatin (MSTN), a
negative regulator of muscle mass; this inhibition
derepresses the AMPK-PGC-1la pathway to further
amplify irisin secretion [140,141]. By translating
physical forces into these circulating biochemical
signals, skeletal muscle exerts profound regulatory
effects on distant organs.

Muscle-Bone Interactions: Bidirectional
Signaling

A critical example of inter-organ communication
is the extensive and bidirectional signaling that occurs
between skeletal muscle and bone [135,136]. This
crosstalk is essential for the integrated health of the
musculoskeletal system.
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Mechanical activation stimulates the release of
myokines that directly influence bone metabolism.
For instance, myokines such as Irisin—which is
synthesized and secreted following the activation of
the mechanosensitive Ca?*-PGC-la  axis—and
Secreted Protein Acidic and Rich in Cysteine (SPARC)
exert anabolic effects on bone by promoting the
differentiation and mineralization activity of
osteoblasts [135]. Conversely, bone releases osteo-
kines, such as uncarboxylated osteocalcin, which
binds to muscle receptors to promote protein
synthesis and glucose uptake [135,136]. Because of
this intricate relationship, mechanical loading (via
exercise or therapeutic physical stimuli) is a crucial
regulator of the muscle-bone unit, strongly enhancing
the reciprocal secretion of myokines and osteokines to
counteract conditions like osteosarcopenia [135,136,
142,143].

Muscle—Adipose Crosstalk

The dialogue between skeletal muscle and
adipose tissue governs key systemic metabolic
processes, including lipolysis, insulin sensitivity, and
thermogenesis [59,144].

Mechanically induced myokines profoundly
reshape the adipose phenotype. Circulating Irisin
binds to a-integrin receptors on adipocytes, activating
the FAK and p38 MAPK pathways to upregulate
UCPL. This induces the "browning" of white adipose
tissue (WAT), transforming energy-storing cells into
thermogenic, energy-expending cells
[137,138,145,146]. Similarly, muscle-derived IL-6 acts
via the STAT3 signaling axis to stimulate lipolysis and
further promote WAT browning [139,147].

In a reciprocal feedback loop, adipose tissue
secretes adipokines that regulate muscle metabolism.
Adiponectin  enhances insulin sensitivity and
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Figure 4. A comprehensive model of the integrated mechanotransduction cascade. This figure illustrates how mechanical signals flow from external physical stimuli,
via a dual sensing system at the membrane (ion channels and integrins), into highly interconnected downstream networks. Beyond the core Hippo-YAP/TAZ, MAPK, and
PI3K-Akt-mTOR pathways that coordinate local biological outputs (e.g., proliferation, differentiation, and hypertrophy), the model highlights the critical "mechanico-endocrine

coupling” mechanism. Specifically, mechanosensitive Ca?*
Simultaneously, Ca?
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influx activates parallel CaMK and calcineurin signaling to promote PGC-1a-mediated myokine gene transcription.
* triggers the vesicular exocytosis of mature myokines, providing the essential molecular bridge between local mechanical loading and systemic inter-organ
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Figure 5. Skeletal muscle as a mechanosensitive endocrine hub: mechanically driven inter-organ crosstalk. Following the intracellular mechanotransduction and
secretory cascades detailed in Figure 4, mechanical load stimulates skeletal muscle to release specific myokines (e.g., Irisin, SPARC, IL-6) into the circulation. These signaling
molecules act on distant target organs—including bone, adipose tissue, the immune system, and the gut microbiome. In turn, these organs secrete reciprocal endocrine factors
(such as osteocalcin from bone, adiponectin from adipose tissue, and short-chain fatty acids [SCFAs] from the gut) back to the muscle. This establishes a robust, bidirectional
mechanico-endocrine feedback loop that orchestrates systemic metabolic and immunological homeostasis.

stimulates fatty acid oxidation in muscle, primarily
through the activation of AMPK [148-150]. Leptin
exerts similar metabolic benefits. However, in states
of obesity, disrupted adipokine profiles (e.g., leptin
resistance driven by SOCS3 overexpression) fail to
properly activate muscle AMPK, fostering chronic
inflammation and skeletal muscle insulin resistance
[151,152].

Muscle-Immune Interactions:
Mechanico-lImmune Coupling

Muscle regeneration following mechanical
micro-damage depends on a precisely orchestrated
immune response, particularly the M1l-to-M2
polarization switch of macrophages [153,154].

Recent evidence reveals that this immune
response is directly influenced by mechanical signals
from the tissue microenvironment. Macrophages are
inherently mechanosensitive and express channels

like Piezol, allowing them to sense physical cues such
as  extracellular = matrix  stiffness  [155-157].
Piezol-mediated mechanosensing in macrophages
modulates their polarization, driving a shift toward
the anti-inflammatory and pro-regenerative M2
phenotype [155]. Thus, the mechanical forces
generated during muscle contraction directly
modulate immune cell behavior to facilitate efficient
repair.

Muscle-Gut Crosstalk

Complex and bidirectional communication exists
between skeletal muscle and the gut microbiome,
forming an emerging frontier known as the
muscle-gut axis. Regular physical exercise profoundly
impacts the gut microbiota, enriching diversity and
beneficial butyrate-producing species [158,159].

This influence is both endocrine and metabolic.
Endocrinologically, mechanical loading triggers the
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release of myokines (IL-6, irisin, BDNF) that exert
systemic anti-inflammatory effects and improve
intestinal barrier function [59,158,160-162].
Metabolically, during strenuous mechanical loading,
contracting skeletal muscle releases systemic
metabolites, such as lactate, into the circulation. These
muscle-derived metabolites can cross the intestinal
barrier and serve as direct substrates for specific gut
microbiota (e.g., Veillonella) to synthesize short-chain
fatty acids (SCFAs) like propionate [163-165].

The communication of the muscle-gut axis is
bidirectional [144]. In return, the gut microbiota
produces a large volume of SCFAs (acetate,
propionate, butyrate) that are absorbed into the
bloodstream to act as signaling molecules on skeletal
muscle [158]. Crucially, the ability of skeletal muscle
to utilize these microbial metabolites is actively
regulated by  mechanotransduction.  Applied
mechanical loading (such as exercise) activates the
AMPK-PGC-1a signaling pathway, which directly
upregulates the expression of Monocarboxylate
Transporter 1 (MCT1) on the sarcolemma [163]. This
mechanically-induced  upregulation of MCT1
significantly enhances the muscle's capacity to uptake
and utilize gut-derived SCFAs [163]. Once
internalized, SCFAs affect muscle cells by activating
surface G-protein-coupled receptors (e.g., GPR43) and
inhibiting intracellular histone deacetylases (HDACsS)
[166-168]. These signals converge to enhance
mitochondrial biogenesis, improve energy efficiency,
and increase insulin sensitivity [144,159].

Conclusion and Future Perspectives

The ability of skeletal muscle to sense its
mechanical environment is fundamental to its
function and repair. This review synthesized how
mechanosensitive channels—primarily Piezo, TRP,
and VGCCs—act as primary molecular transducers,
converting physical stimuli into electrochemical
signals. These signals are integrated by downstream
networks (e.g., Hippo, MAPK, PI3K-Akt-mTOR) to
orchestrate local muscle adaptation and, through
mechanically-gated myokine secretion, systemic
inter-organ homeostasis.

Looking forward, this mechanico-endocrine
framework offers profound contributions to future
medical development. Translating physical therapies
into targeted pharmacological interventions —such as
"exercise mimetics" that modulate Piezol or
TRPV1—could deliver the anabolic and metabolic
benefits of mechanical loading to patients unable to
exercise due to aging or neuromuscular disease.
Furthermore, leveraging these mechanosensory
pathways to selectively enhance the release of
beneficial myokines (e.g., irisin) provides a novel

clinical paradigm for treating systemic conditions like
type 2 diabetes and osteosarcopenia.

Despite this promising potential, significant
limitations and missing evidence must be addressed
before clinical feasibility is achieved. A critical
challenge is defining the precise "therapeutic
window" for mechanotherapies; because excessive
mechanotransduction is detrimental, "over-activating"
channels like Piezol risks pathological intracellular
Ca?* overload and subsequent mitochondrial
dysfunction. Additionally, there is a severe lack of in
vivo evidence mapping channel kinetics within the
3D environment of human muscle. Finally, the
ubiquitous expression of these mechanosensors poses
a high risk of off-target effects, necessitating the
development of muscle-specific targeted delivery
systems. Cracking this "mechanical code" to safely
balance anabolic signaling and excitotoxicity will be
essential for developing next-generation
mechanosensory medicines.

Table 1. Summary of Physical Therapy Mechanisms.

Therapy Physical Primary Target Channels Key Biological
Stimulus Effects
Low-Intensit Acoustic Piezol (Primary sensor) ~ Promotes
y Pulsed radiation [72,76] myogenic
Ultrasound  force & TRPV4 (Signal amplifier)  differentiation [77]
(LIPUS) streaming [72] Accelerates muscle
[75] TRPC1/VGCCs repair
(Secondary axis) [43]

Electrical Membrane VGCCs(Cav1.1, Cavl.3)  Prevents/attenuat
Stimulation  depolarizatio [79] es muscle atrophy
n [78] Piezol (Indirect [81]

mechanical activation) Promotes myofiber
[80] maturation [79]
Induces fiber type
shift [82]4/7/2026
7:39:00 PM
Thermal Tissue TRPV1(Heat sensor) [83]  Inhibits atrophy
Therapy temperature  K2P (TREK-1/TRAAK) pathways [85]
increase (Mechano-thermo sensor)  Stabilizes
(~39-43°C) [84]. membrane
[83] potential [84].
Mechanical ~ Oscillatory ~ Piezo2 (muscle spindles)  Attenuates disuse
Vibration motionand  [87] atrophy [86]
stress [86] TRPV4 (Myofibers/MuSC Enhances
s) [88] neuromuscular
function [89]
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