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Background: Chronic radiation dermatitis (CRD) is a common late complication of postoperative radiotherapy for breast cancer. Its
pathological process involves multiple interrelated factors, including persistent inflammation, microvascular injury, fibrosis, and tissue
remodeling, and may substantially impair patients’ quality of life. Current clinical management remains largely symptomatic,
including topical therapies, hyperbaric oxygen therapy, laser treatment, and fat grafting; however, overall therapeutic efficacy remains
limited, suggesting that the underlying mechanisms of CRD have not yet been fully elucidated.

Objective: This review aims to integrate the major pathological mechanisms underlying CRD after breast cancer surgery and the
limitations of current therapeutic strategies, and to propose a mechanistic explanatory framework from the perspective of mechan-
otransduction, with the goal of exploring potential reasons for the limited efficacy of existing treatments.

Methods: By reviewing the relevant literature, this article systematically integrates key pathological processes involved in CRD,
including inflammatory responses, vascular dysfunction, and fibrotic remodeling, and further interprets these processes in light of
recent advances in the mechanical microenvironment and mechanotransduction.

Results: Current evidence indicates that the development and progression of CRD are closely associated with persistent inflammation,
microvascular injury, and progressive fibrosis. However, alterations in the mechanical microenvironment caused by extracellular
matrix deposition and increased tissue stiffness after radiation injury may represent an important but underrecognized regulatory factor.
Multiple mechanotransduction pathways may be involved in this process, including integrin-mediated adhesion signaling, the YAP/
TAZ pathway, and transient receptor potential channels. As a representative mechanosensitive ion channel, Piezol has been implicated
in the regulation of inflammation, vascular function, and fibrosis-related processes. Nevertheless, direct evidence regarding its role in
CRD remains limited, and current assumptions are largely extrapolated from indirect findings in other tissues or disease models.
Conclusion: This review re-examines the pathological process of CRD from the perspective of the mechanical microenvironment and
its associated mechanotransduction mechanisms, positioning Piezol as a potential mechanistic link rather than a proven central
pathogenic driver. This perspective may help contextualize the development and progression of CRD within a broader mechano-
transduction network and provide a hypothesis-generating basis for future mechanistic studies and potential targeted interventions.
Keywords: breast neoplasms, radiation injuries, radiodermatitis, mechanotransduction, PIEZO1, fibrosis, mechanosensitive ion
channels

Introduction

Breast cancer is one of the most frequently diagnosed malignancies among women worldwide." With advances in breast
surgery and oncoplastic principles, an increasing number of patients undergo breast-conserving surgery or breast
reconstruction after tumor resection, with the aim of improving postoperative appearance and quality of life while
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maintaining oncological safety.” For patients undergoing breast-conserving surgery and selected patients after modified
radical mastectomy, postoperative radiotherapy (RT) is commonly used as an adjuvant treatment to eradicate residual
microscopic disease, reduce the risk of local recurrence, and improve long-term outcomes.® Evidence has shown that RT
can significantly reduce local recurrence by eliminating microscopic tumor foci remaining in breast-conserving tissue and
may also reduce breast cancer—related mortality to some extent.* Despite continuous advances in radiotherapy techniques
and substantial improvements in overall prognosis, radiation-related skin injury remains one of the most common adverse
effects in clinical practice, with CRD representing an important form of late toxicity.>

CRD is generally defined as skin injury that develops or persists more than 90 days after the completion of radiotherapy,
and its clinical manifestations may progress gradually over months to years.” Epidemiological studies indicate that radiation-
related skin injury is a common adverse event after breast cancer radiotherapy, while late radiation-induced tissue injury,
including chronic skin changes and radiation-induced fibrosis, has been reported in approximately 5-30% of patients across
different studies. This incidence is influenced by multiple factors, particularly radiation dose, irradiated volume, and
fractionation schedule, with a markedly increased risk under conditions of high-dose or large-volume irradiation.® In some
patients, CRD may further progress to chronic ulceration, tissue necrosis, and an increased risk of secondary malignancies,
among which radiation-induced fibrosis (RIF) is a major pathological feature of the late stage.” Persistent chronic skin injury
and non-healing wounds not only substantially impair patients’ quality of life but also impose a sustained burden on
healthcare systems.'® At present, the clinical management of CRD mainly relies on symptomatic treatment, including basic
skin care, topical medications, and selected physical or laser-based interventions; however, overall therapeutic efficacy
remains limited."'* These challenges suggest that the underlying pathogenesis of CRD has not been fully elucidated and
highlight the need for new biological perspectives. In recent years, the mechanical microenvironment and key mechanosen-
sing molecules, such as Piezol, have increasingly been recognized as potential contributors to chronic tissue injury.
Traditionally, the development and progression of CRD have been explained mainly in terms of persistent inflammation,
microvascular injury, and progressive fibrosis. However, emerging evidence suggests that radiation injury not only induces
cellular damage and inflammatory responses but also alters the mechanical properties of local tissues by promoting
extracellular matrix (ECM) deposition and tissue remodeling.'* Reduced tissue compliance and increased matrix stiffness
may create an abnormal mechanical microenvironment, which can influence cellular functions, including proliferation,
migration, and fibrosis-related processes, through mechanotransduction mechanisms.'* It should be noted that mechano-
transduction involves multiple regulatory mechanisms, including integrin-mediated adhesion signaling, cytoskeletal remo-
deling, the YAP/TAZ pathway, and mechanosensitive ion channels, which may act in a coordinated manner. Although the
role of the mechanical microenvironment in various forms of chronic tissue injury has received increasing attention, its
specific regulatory mechanisms in CRD remain poorly understood.

Among various mechanosensitive molecules, Piezol is a mechanosensitive ion channel that detects membrane tension
and external mechanical stimuli. By mediating Ca®" influx, Piezol can regulate multiple downstream signaling pathways
and may thereby contribute to inflammatory responses, vascular homeostasis, and fibrotic remodeling.'>'® Previous
studies have implicated Piezol in tissue fibrosis and chronic injury across several disease contexts; however, its role in
radiation-induced skin injury, particularly the specific mechanisms by which it may contribute to the development and
progression of CRD after breast cancer surgery, remains insufficiently supported by direct evidence.

Against this background, this review integrates current evidence on inflammatory responses, vascular dysfunction,
and fibrotic remodeling from the perspective of mechanotransduction, and proposes a potential mechanistic framework
for understanding the development and progression of CRD. On this basis, evidence from related fields is further
discussed to explore the possible role of Piezol in this process, while positioning it within the broader mechanotransduc-
tion network, with the aim of providing a hypothesis-generating foundation for future mechanistic studies.

Pathological Mechanisms and Therapeutic Challenges of Chronic Radiation Dermatitis

After Breast Cancer Treatment
CRD is a common late complication after breast cancer radiotherapy and primarily occurs within the irradiated field,
most often involving the breast or chest wall tissues in the setting of postoperative adjuvant radiotherapy.'’ Ionizing
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radiation can induce skin cell injury through direct DNA damage and the generation of reactive oxygen species (ROS),
thereby triggering acute radiation dermatitis (ARD).'® In some patients, acute radiation-induced injury does not fully
resolve and gradually progresses into a chronic phase. In parallel, the combined effects of surgical trauma and radiation
injury may further reshape the local tissue microenvironment, leading to a series of complex pathological processes,
including persistent inflammation, microvascular injury, and progressive fibrosis. These changes are considered important
contributors to the limited efficacy of current CRD treatments.'®

A persistent inflammatory microenvironment is generally considered one of the key factors driving the development
and progression of CRD, and is often related to incomplete resolution of the inflammatory response after acute radiation
injury. In this process, radiation-induced DNA damage can impair the proliferative capacity of basal stem and progenitor
cells, thereby reducing epidermal renewal.”® Meanwhile, ionizing radiation generates secondary electrons and ROS,
which directly damage cell membranes and DNA and trigger an acute inflammatory response.”' >* During the acute
phase, inflammatory cells such as neutrophils are recruited to the irradiated area and release various cytotoxic mediators,
further aggravating local tissue injury.”* In some patients, this inflammatory response may persist and gradually evolve
into a chronic inflammatory state, thereby contributing to the progression of CRD. At the same time, radiation can
activate keratinocytes, fibroblasts, and vascular endothelial cells, promote immune-cell infiltration, and induce the
expression of multiple inflammatory cytokines and chemokines.?>*° These signals not only promote matrix degradation
but also upregulate the expression of vascular adhesion molecules and enhance inflammatory-cell recruitment, further
disrupting tissue homeostasis and laying the groundwork for subsequent microvascular injury and fibrosis.?’

In addition to inflammation, radiation injury can markedly affect the cutaneous microvasculature. Ionizing radiation
may directly damage vascular endothelial cells, leading to capillary disruption and reduced microvascular density,
thereby compromising local blood perfusion.'” As the microvascular network becomes progressively impaired, the
irradiated area often develops chronic hypoxia, which is considered one of the key factors contributing to the sustained
progression of radiation-induced tissue injury.'” Although a certain degree of compensatory angiogenic response may
occur during the early phase of injury, persistent inflammation and tissue damage often lead to gradual vascular
degeneration, characterized by decreased capillary density and abnormal vascular dilatation.”® These microcirculatory
changes further impair tissue perfusion and are accompanied by increased ROS levels and sustained oxidative stress,
thereby aggravating cellular damage and maintaining the pathological process.?®

Progressive fibrosis is considered one of the major pathological features during the progression of CRD. Persistent
inflammation and microvascular injury can activate multiple profibrotic signaling pathways, among which transforming
growth factor-p (TGF-B) plays a central role in radiation-induced fibrosis.'® Sustained activation of TGF-p signaling
promotes the differentiation of fibroblasts into myofibroblasts through Smad-dependent and related pathways, accom-
panied by upregulation of a-smooth muscle actin (a-SMA). Activated myofibroblasts produce large amounts of collagen
and fibronectin, thereby promoting ECM deposition. In addition, TGF-$ can induce the expression of connective tissue
growth factor (CTGF/CCN2), further amplifying profibrotic signaling. As ECM continues to accumulate, tissue archi-
tecture is progressively remodeled, leading to fibrotic changes characterized by increased collagen deposition. This
process constitutes an important histological basis for the chronic progression of CRD.?®

With the progressive deposition of ECM in the dermis, tissue changes occur not only at the morphological level but
also in terms of mechanical properties. Fibrotic tissue is typically characterized by increased matrix stiffness and collagen
fiber reorganization, thereby creating an abnormal mechanical microenvironment. In this context, cells may be exposed to
increased mechanical stress, which can be sensed and converted into intracellular signals through mechanotransduction,
thereby influencing processes such as cell proliferation, migration, and matrix remodeling.”® Notably, existing studies
related to breast cancer radiotherapy have suggested persistent remodeling of irradiated skin and subcutaneous tissues
from both pathological and biophysical perspectives. Beyond inflammation, microvascular injury, and fibrotic changes,
post-radiotherapy skin may exhibit reduced elasticity, altered tissue compliance, and localized induration. These changes
indicate that CRD is not merely an epidermal injury, but rather a chronic process involving long-term structural
remodeling of the dermis and subcutaneous tissues.'***’~% Therefore, ECM deposition, collagen fiber reorganization,
and increased tissue stiffness in CRD may collectively establish a persistently abnormal mechanical microenvironment,
providing disease-specific rationale for further investigating the role of mechanotransduction in this condition.
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Figure | Proposed mechanisms involved in breast cancer—related chronic radiation dermatitis. CRD after breast cancer radiotherapy is associated with persistent
inflammation, microvascular injury, fibrosis, and ECM remodeling. Structural alterations related to breast cancer surgery and reconstruction may further modify the local
mechanical microenvironment, potentially increasing tissue stiffness and mechanical stress and contributing to disease progression.

In breast cancer radiotherapy—related CRD, alterations in the local mechanical microenvironment may be even more
complex. Breast tissue is inherently compliant and is continuously exposed to dynamic mechanical stimuli during
respiration, upper-limb movement, and postural changes. In addition, scar tissue formed after breast surgery, such as
breast-conserving surgery or mastectomy, can alter the local distribution of tissue tension.?’ Scar tissue is typically
characterized by highly aligned collagen fibers and reduced tissue compliance, thereby increasing local mechanical
loading. On this basis, radiotherapy-induced fibrosis may further promote ECM deposition and increase tissue stiffness,
together shaping a persistently evolving mechanical environment.

In addition, axillary procedures, such as sentinel lymph node biopsy or axillary lymph node dissection, may impair
lymphatic drainage to varying degrees, leading to fluid retention and increased interstitial pressure. These changes may
further alter the local hydrodynamic environment and increase mechanical loading.*® The combined effects of these
factors create a complex and dynamically changing mechanical microenvironment within the irradiated breast region,
which may play an important role in the development and progression of CRD. The overall framework of these

pathological processes is shown in Figure 1.

Current Therapeutic Strategies for Chronic Radiation Dermatitis and

Their Limitations

Current therapeutic strategies for CRD remain limited, and clinical interventions are largely symptomatic, targeting
known pathological processes. Existing approaches mainly focus on key pathological components, including persistent
inflammation, microvascular injury, and progressive fibrosis, and include anti-inflammatory treatment, improvement of
local blood supply, antifibrotic therapy, and surgical intervention for severe lesions. Their main mechanisms, advantages,
and limitations are summarized in Table 1.

Glucocorticoids are commonly used anti-inflammatory agents for the prevention and alleviation of ARD in clinical
practice. By suppressing inflammatory signaling pathways and reducing the expression of proinflammatory cytokines
such as TNF-a, IL-1, and IL-6, glucocorticoids can attenuate radiation-related inflammatory responses.31 Several
randomized controlled trials have shown that topical glucocorticoids, including mometasone furoate and betamethasone
cream, can improve erythema, pruritus, and irritation.’*>> However, these treatments primarily act during the acute
inflammatory phase and have limited effects on persistent fibrosis and microvascular injury once CRD has entered the
chronic stage. Previous studies have suggested that radiation-induced inflammation can further activate profibrotic
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Table | Current Therapeutic Strategies for Chronic Radiation Dermatitis (CRD) and Their Limitations

Therapeutic Strategy

Target Mechanism

Advantages

Limitations

Evidence and Clinical Applicability

Topical

corticosteroids

Hyperbaric
oxygen therapy

Pulsed

dye laser

Fat grafting

Pentoxifylline
+ vitamin E

Wound
management
Surgical

treatment

Suppress

inflammatory response
(primarily in ARD)
Improve tissue
hypoxia;

promote angiogenesis
Improve

vascular abnormalities

Improve tissue
microenvironment;
promote angiogenesis
Inhibit fibrotic

signaling pathways

Maintain wound
microenvironment
Reconstruct
tissue structure;

remove necrotic tissue

Rapid effect;
high compliance

Improve local

blood supply

Improve vascular

appearance

Improve irradiated
tissue condition

Improve tissue

fibrosis

Simple procedure;
minimally invasive
Suitable for
severe or

refractory cases

Limited role in CRD;
cannot reverse fibrosis
or vascular damage
Long treatment course;
multiple sessions;

high cost

High cost;

multiple sessions
required

Surgical procedure;
variable outcomes

Limited efficacy;
long treatment course

Symptomatic
treatment only
Invasive;

high complication rates;

variable outcomes

Strong evidence in ARD;
limited role in CRD

Moderate evidence;
selected/refractory cases

Limited evidence;
mainly for
telangiectasia/cosmesis

Emerging evidence; variable outcomes

Moderate but

inconsistent evidence for
radiation-induced fibrosis
Supportive care;

no disease-modifying effect
Reserved for

severe or refractory cases;

high complication risk

pathways, such as TGF-p signaling, thereby promoting fibroblast activation and ECM deposition.'” This may partly
explain why anti-inflammatory therapy alone is insufficient to halt the long-term progression of CRD.

For microvascular abnormalities, several approaches aimed at improving local perfusion have been explored in
clinical practice. Hyperbaric oxygen therapy (HBOT) can increase tissue oxygen tension and alleviate hypoxia, thereby
promoting tissue repair.’* Pulsed dye laser (PDL) is mainly used to improve post-radiotherapy telangiectasia and
cosmetic skin changes.* In addition, fat grafting has also been suggested to exert beneficial effects by improving the
local tissue environment and promoting angiogenesis.*® Although these approaches may improve local blood supply,
tissue hypoxia, or cosmetic appearance to some extent, their effects are largely confined to local perfusion and tissue
repair. They have limited impact on established fibrosis, ECM deposition, and structural remodeling, and therefore
remain insufficient for modifying the long-term course of CRD.>*3¢

For progressive fibrosis, several antifibrotic strategies have been explored. Among them, pentoxifylline combined
with vitamin E is one of the more commonly used regimens and may reduce ECM deposition by inhibiting TGF-3—
related pathways and improving microcirculation.®” Clinical studies have shown that this combination can improve the
extent of fibrosis and tissue compliance to some extent.’® In addition, fat grafting may also participate in tissue
remodeling through the secretion of various growth factors by adipose-derived stem cells.*® However, the overall
body of evidence remains limited, and these treatments are generally unable to fully reverse established fibrotic changes.
In particular, their effects on long-term tissue induration, reduced compliance, and the abnormal mechanical microenvir-
onment remain unclear, and their efficacy in the long-term management of CRD requires further validation.

For CRD-related wounds, symptomatic measures such as moist dressings, moisturizers, and local wound care are
commonly used in clinical practice to maintain an appropriate wound environment and promote repair.'” In patients with
more severe disease progression, such as refractory ulceration, tissue necrosis, or pronounced fibrosis, surgical inter-
vention may be required, including excision of affected tissues and flap reconstruction.** However, previous studies have
shown that such surgical approaches are often associated with a relatively high complication rate and uncertain
therapeutic outcomes. Therefore, although these measures may improve local conditions to some extent, they remain
essentially supportive or salvage treatments and are unlikely to fundamentally reverse the deep tissue remodeling caused
by radiation injury.
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Taken together, current therapeutic strategies for CRD mainly target different pathological components, including
inflammation, microvascular injury, tissue fibrosis, and wound repair. However, most approaches intervene in a single
component or downstream pathological process, and their overall efficacy remains limited. Notably, the chronic stage of
CRD is characterized not only by persistent inflammation and progressive fibrosis but also by biophysical alterations such
as ECM deposition, reduced tissue compliance, and increased local stiffness, which together create a persistently abnormal
mechanical microenvironment. Nevertheless, most existing treatment strategies do not directly address remodeling of the
mechanical microenvironment or the associated mechanotransduction processes, and relevant interventions remain limited.
Therefore, further understanding the development and progression of CRD from the perspective of the mechanical
microenvironment and its signaling mechanisms, and exploring potential molecular regulatory nodes, may provide addi-
tional insights into the limited efficacy of current treatments and the development of new therapeutic strategies.

Potential Roles and Mechanisms of Piezol in CRD

Structure and Basic Biological Functions of Piezol

Piezol is a large mechanosensitive cation channel composed of approximately 2500 amino acids and organized as
a trimeric propeller-like complex. Each subunit contains approximately 38 transmembrane helices, with peripheral blades
forming a curved, dome-like configuration in the resting state.***' The central region of the channel consists of an ion-
conducting pore and an extracellular cap, while intracellular beam-like structures may contribute to mechanically induced
conformational changes through a lever-like mechanism, thereby facilitating channel opening.**** Upon activation,
Piezol mediates the influx of cations such as Ca>*, Na', K*, and Mg%, and is associated with the regulation of multiple
downstream signaling pathways, including MAPK and YAP/TAZ. In this way, Piezol may, to some extent, link
mechanical stimuli to changes in cellular functions, including gene expression, inflammatory responses, and tissue
remodeling.** A schematic overview of Piezol-mediated mechanotransduction and its potentially related signaling
pathways is shown in Figure 2.

Functionally, Piezol is predominantly expressed in various non-sensory tissues and has been implicated in vascular
development,* erythrocyte volume regulation,*® maintenance of epithelial homeostasis,*’ and the development of the
nervous and urinary systems.*®*’ Recent studies suggest that Piezol may contribute to tissue fibrosis and chronic injury
in multiple contexts, with its activation associated with fibroblast contraction and increased ECM deposition. For
example, in models of skin fibrosis, Piezol has been reported to participate in the regulation of Wnt2/Wnt11-CCL24-
related signaling.”® Similar findings have also been observed in studies of fibrosis in organs such as the kidney, lung, and
heart.”' In these processes, Piezol can sense membrane tension and changes in the ECM, mediate Ca?" influx, and may
interact with several canonical signaling pathways, including TGF-p and YAP/TAZ, thereby contributing to inflammatory
responses and tissue remodeling.'>*>

It should be noted that current evidence regarding Piezol function is largely derived from in vitro experiments and
animal models, and its role may vary across different tissues. In addition, mechanotransduction itself involves the
coordinated regulation of multiple pathways. Piezol is therefore more likely to act as one regulatory node within this
network rather than as the sole upstream driver. Thus, although its role in fibrosis and chronic injury has attracted increasing

attention, its specific mechanisms and functions in particular diseases, such as CRD, remain to be further clarified.

Potential Molecular Mechanisms of Piezol in CRD Following Breast Cancer Treatment
In the context of an abnormal mechanical microenvironment, cells rely on multiple mechanosensing mechanisms to
detect and respond to external stimuli. As a mechanosensitive cation channel, Piezol can be activated by membrane
tension or mechanical stretch and is associated with the influx of cations such as Ca®", thereby contributing to the
regulation of multiple mechanotransduction-related signaling pathways, including MAPK and YAP/TAZ.** Recent
studies suggest that Piezol may participate in the sensing of and adaptation to changes in the mechanical environment;
however, its specific role is likely to depend on the cell type and pathological context rather than following a single linear
regulatory pathway.
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Figure 2 Potential Piezo | -mediated mechanotransduction pathways involved in tissue remodeling and fibrosis. Mechanical stimuli such as matrix stiffness and tissue stretch
may activate the mechanosensitive ion channel Piezol, leading to Ca®" influx and activation of downstream signaling pathways including MAPK, YAP/TAZ, TGF-B, and NF-kB,
which are associated with inflammation, vascular regulation, and fibrotic remodeling.

During the development and progression of CRD, radiation injury can induce DNA damage, impaired epithelial
renewal, and epithelial-mesenchymal transition (EMT), accompanied by fibroblast activation and increased ECM
deposition, ultimately leading to tissue remodeling and increased local stiffness.”>**>* These changes may collectively
create an abnormal mechanical microenvironment and provide sustained stimulation for mechanotransduction signaling.
Clinical and skin biophysical studies after breast cancer radiotherapy have also shown alterations in the biophysical
properties of irradiated breast or chest wall tissues, reduced tissue elasticity, and RIF. These disease-specific changes
support the possibility of long-term mechanical microenvironment abnormalities in CRD.'”* In this context, Piezol-
related signaling may be involved in these processes; however, current assumptions are mainly extrapolated from other
tissues or disease models, and direct evidence in CRD remains lacking.

In terms of inflammatory regulation, existing studies have shown that Piezol can participate in the modulation of
mechanically induced inflammatory signaling in immune cells. In macrophages, Piezol activation is associated with Ca*"
influx, activation of the NF-kB pathway, and increased expression of proinflammatory cytokines.>*>> Under inflamma-
tory stimuli such as IFN-y or LPS, Piezol activation is linked to Ca*" influx and the regulation of inflammation-related
signaling pathways, including NF-«kB, thereby upregulating proinflammatory mediators such as TNF-a and IL-6,
enhancing the proinflammatory macrophage phenotype, and suppressing IL-4- and IL-13-mediated reparative
responses.”*>> In addition, Piezol activation can promote adhesion between monocytes and endothelial cells and
upregulate the expression of the adhesion molecule ICAM-1 and the transcriptional regulator YAP1. Studies have
shown that YAP1 inhibitors can significantly attenuate Yodal-induced proinflammatory responses, suggesting that
Piezol may be involved in YAP1/ICAM-1-related signaling regulation.’®>” Meanwhile, Piezol-mediated activation of
NF-«B signaling can also increase the secretion of multiple chemokines, such as CCL20 and CXCL1, thereby recruiting
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and activating Th17 cells and further affecting epidermal cell proliferation, migration, and apoptosis.”® In the chronic
inflammatory microenvironment of CRD, these mechanisms suggest that Piezol may contribute to the persistence of
inflammation; however, this inference remains largely based on evidence from other research contexts.

In terms of vascular regulation, Piezol in vascular endothelial cells is considered to participate in the sensing of
blood-flow shear stress and to be involved in the regulation of vascular-related signaling.”® ' Under conditions of altered
shear stress or local mechanical stimulation, Piezol can be activated and mediate Ca®" influx, thereby regulating the
expression of multiple molecules involved in vascular remodeling. For example, Piezol activation is associated with ATP
release and purinergic receptor—related signaling, and may influence the PI3K/AKT pathway, thereby promoting eNOS
phosphorylation and activation and increasing NO production, which contributes to vasodilation and blood-flow
regulation.®® In addition, Piezol-mediated Ca®" signaling can upregulate the expression of MMP-2 and MT1-MMP,
promoting endothelial cell migration, alignment, and capillary-like structure formation, thereby contributing to angio-
genic sprouting and vascular remodeling.**** In CRD, the combined effects of radiation injury and altered mechanical
conditions may reshape the mechanical stimuli experienced by endothelial cells. Piezol-related signaling may therefore
influence vascular adaptive responses. However, these mechanisms are still mainly derived from vascular biology
studies, and their specific role in CRD remains to be further validated.

In terms of fibrotic remodeling, Piezol may participate in fibroblast responses to mechanical stimulation. Previous
studies have shown that, under conditions of increased matrix stiffness or mechanical stretch, Piezol-related Ca**
signaling can interact with profibrotic pathways such as TGF-p, thereby influencing fibroblast differentiation and ECM
synthesis.”> Meanwhile, Piezol-related signaling may also cooperate with the YAP/TAZ pathway in cellular responses to
matrix stiffening, promoting cell proliferation and the expression of genes associated with ECM synthesis.®>®® These
findings suggest that Piezol may have a regulatory role in fibrotic processes, although the available evidence is still
mainly derived from other fibrosis models.

Notably, the mechanical microenvironment in breast cancer radiotherapy—related CRD is characterized by marked
complexity and dynamic changes. The aforementioned factors, including surgical scar formation, radiotherapy-induced
fibrosis, and impaired lymphatic drainage, may act together to disrupt local tissue tension distribution and increase
interstitial pressure, thereby creating a persistently changing mechanical stimulus environment.”>*° In this context,
cellular mechanisms that sense and respond to mechanical signals may play an important role in disease progression.
As a potential regulatory node within the mechanotransduction network, Piezol may participate in converting these
abnormal mechanical stimuli into intracellular signals and influence related cellular responses.

Taken together, Piezol-related mechanotransduction signaling may be involved in inflammatory responses, vascular
alterations, and fibrotic remodeling in CRD. However, current evidence is primarily derived from other disease models,
and its specific role in CRD remains to be further validated. Therefore, understanding CRD from the perspective of the
mechanical microenvironment and its signaling network may provide a new framework for future mechanistic studies,
although its clinical significance should still be interpreted with caution.

Preclinical Evidence Supporting Piezol as a Potential Mechanistic Therapeutic Target
in CRD Following Breast Cancer RT

Direct evidence supporting an interventional role for Piezol in breast cancer-related CRD after surgery is currently
lacking. Nevertheless, preclinical studies in skin fibrosis, scar formation, and inflammation-related diseases suggest that
modulation of Piezol activity is often associated with reduced fibrosis and attenuated inflammation, providing indirect
support for its potential role as a mechanistic therapeutic target. From the perspective of CRD itself, persistent fibrosis,
microvascular injury, tissue induration, and reduced compliance represent key features of the chronic stage. These
pathological changes show a degree of biological overlap with the mechanical stimulation, matrix stiffness, and tissue
remodeling processes investigated in Piezol-related studies.?”-*®

Progressive fibrosis and ECM remodeling are among the major features of CRD-related pathology, and similar
processes are also commonly observed in hypertrophic scarring and various models of skin fibrosis. Previous studies

have shown that Piezol can participate in fibroblast responses to mechanical stimulation and is associated with
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myofibroblast differentiation and ECM deposition. In in vitro and animal models, mechanical stretch is accompanied by
changes in Piezol-related Ca®" signaling and fibroblast phenotypic transition, whereas Piezol inhibition with GsMTx4 or
genetic knockdown is associated with reduced secretory activity and attenuation of the scar phenotype.®” In addition, He
et al found that increased matrix stiffness can activate Piezol and is associated with activation of the Wnt2/Wntl1—
CCL24 axis and an enhanced fibrotic phenotype After Piezol knockout in HDFs cultured under high-stiffness conditions,
CCR3, the receptor for CCL24, was downregulated, and si-Piezol treatment also reduced the rate of cell proliferation,
suggesting that Piezol inhibition can markedly attenuate fibrosis.® Xu et al reported that the mechanosensitive ion
channel Piezol is highly expressed in periostin® myofibroblasts and promotes myofibroblast activation and ECM
deposition through Ca”" influx and YAP/TAZ signaling activation In a bleomycin-induced mouse model of pulmonary
fibrosis, gadolinium chloride (GdCls)-mediated inhibition of Piezol significantly suppressed stretch-activated currents,
whereas siRNA-mediated Piezol knockdown almost completely abolished this effect.®> These findings suggest that
Piezol may participate in the regulatory link between the mechanical microenvironment and fibrotic responses, although
its specific role in CRD remains largely inferred from cross-model evidence.

In addition to fibrosis, persistent inflammation is also an important driver of CRD progression. Similar inflammatory
amplification processes have been observed in various immune- and inflammation-related diseases. Recent studies have
shown that Piezol can act as a mechanosensor in immune cells, including macrophages, and participate in the regulation
of inflammatory signaling. In several inflammatory or fibrotic models, inhibition of Piezol activity has been shown to
reduce proinflammatory cytokine expression and attenuate tissue injury. Atcha et al reported that the mechanosensitive
ion channel Piezol mediates macrophage sensing of changes in matrix stiffness and promotes NF-«xB activation and M1
macrophage polarization through Ca®-dependent signaling In BMDMs, treatment with Piezol siRNA, GdCls, or
GsMTx4 suppressed IFNy/LPS-induced inflammatory responses while enhancing IL-4/IL-13-mediated healing
responses, suggesting an important role for Piezol in mechanical microenvironment-mediated regulation of inflamma-
tion and tissue 1rem0deling.5 > He et al further reported that, in a CCls-induced mouse model of liver fibrosis, macrophage-
specific deletion of Piezol significantly reduced inflammation and TGF-B1 expression, thereby inhibiting hepatic stellate
cell activation, decreasing ECM deposition, and ultimately attenuating the progression of liver fibrosis®® In these models,
myeloid/macrophage-specific Piezol deficiency not only alleviated inflammation and reduced M1 polarization but also
indirectly mitigated fibrosis.>>®® Taken together, these findings suggest that, in breast cancer radiotherapy—related CRD,
Piezol may be associated not only with fibrosis but also with inflammatory amplification, and may therefore represent
a potential interventional target. However, its specific role in the chronic inflammatory microenvironment of CRD
remains unsupported by direct evidence.

Microvascular injury and hemodynamic abnormalities are also important pathological features of breast cancer
radiotherapy—related CRD, and similar vascular dysfunction is widely observed in various ischemic, inflammatory, and
vascular remodeling—related diseases. Existing studies have shown that Piezol is a key mechanosensor through which
endothelial cells detect blood-flow shear stress, and that it plays an important role in vasodilation, endothelial inflamma-
tion, and vascular remodeling. Li et al found that disturbed flow can activate endothelial Piezol to induce Ca*" influx and
NF-«B activation, upregulate VCAM-1/ICAM-1 expression, and thereby promote early atheroprone inflammation Piezol
knockdown or inhibition significantly reduced plaque formation and suppressed endothelial inflammation.®® Friedrich
et al further showed that mechanical stimulation can activate Piezol-mediated Ca®" influx and upregulate MT1-MMP,
thereby promoting endothelial cell migration and tube formation and enhancing angiogenesis, whereas inhibition of
Piezol or MT1-MMP markedly attenuated this effect’” These studies suggest that Piezol may exert context-dependent
regulatory effects in the microvasculature: aberrant activation may contribute to endothelial inflammation and vascular
injury, whereas appropriate signaling may support flow sensing and vascular remodeling. Similar mechanisms may exist
in CRD, although their specific role remains to be clarified in future studies.

Taken together, although direct interventional studies of Piezol in breast cancer—related CRD after surgery are
currently lacking, modulation of Piezol activity has been associated with protective effects in multiple preclinical models
involving fibrosis, inflammatory regulation, and vascular remodeling. Therefore, the existing evidence more strongly

supports Piezol as a potential mechanistic interventional target rather than an established clinically translatable
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therapeutic target. Future basic and clinical studies focused specifically on CRD are still needed to further evaluate its
precise role and potential translational value.

Limitations and Controversies

Although recent studies increasingly suggest that Piezol may play an important role in mechanotransduction and tissue
remodeling, its specific function in breast cancer postoperative radiotherapy—related CRD remains subject to several
limitations and uncertainties. Therefore, the discussion of Piezol in this review should be understood as a mechanistic
hypothesis based on CRD-specific pathological changes and evidence from related fields, rather than as a summary of an
established causal relationship.

First, current evidence regarding Piezol in CRD remains limited and is mainly derived from related fields such as
wound repair, organ fibrosis, and vascular biology.’*°*%” Direct studies examining changes in Piezol expression and its
functional role during chronic remodeling of the skin and subcutaneous tissues after breast radiotherapy are still
relatively scarce. Therefore, current understanding relies largely on extrapolation from cross-disease models, and its
applicability to the specific pathological context of CRD should be interpreted with caution. In addition, differences
among studies in experimental models, modes of mechanical stimulation, and outcome measures further limit the
comparability and integration of the available evidence.

Second, mechanotransduction itself is a highly complex and dynamically regulated network process. In addition to
Piezol, multiple mechanosensitive molecules and systems, including integrins, transient receptor potential (TRP)
channels, the cytoskeleton, and YAP/TAZ in the Hippo pathway, participate in the sensing and amplification of
mechanical stimuli.'*** During radiotherapy-induced chronic tissue remodeling, crosstalk and compensatory mechan-
isms may exist among these pathways, making it difficult to define the relative contribution of a single molecule to the
overall mechanical response. Moreover, it remains unclear whether Piezol acts as an upstream driver in this process or
primarily functions as a sensor of changes in ECM stiffness that contributes to downstream signal amplification. This
causal relationship still requires further validation.'>>

Third, a clear gap remains between different levels of existing evidence. Most studies on Piezol are based on in vitro
experiments or animal models, and their extrapolation to the complex setting of chronic radiation injury in humans
remains limited. This limitation is particularly relevant for CRD, a pathological process shaped by the combined effects
of surgical trauma, radiation injury, and long-term tissue remodeling, in which the role of a single signaling pathway may
be substantially influenced by temporal dynamics and tissue-specific factors.'*-*"2®

In addition, Piezol is widely expressed across multiple tissues and cell types, including vascular endothelial cells,
immune cells, and fibroblasts, which poses challenges for its clinical translation as a potential therapeutic target.
Systemic modulation of Piezol may interfere with normal mechanosensing and vascular homeostasis; therefore, achiev-
ing local, specific, and controllable regulation remains an important unresolved issue. Meanwhile, most current Piezol-
targeted interventions remain at the experimental stage, and their specificity and feasibility for in vivo application require
further evaluation.

Taken together, although Piezol provides an important clue for understanding the role of the mechanical micro-
environment in chronic radiation-induced skin injury, its specific function and clinical translational value in breast
cancer—related CRD after surgery remain to be validated through more systematic and disease-specific studies.

Future Perspectives

Future studies may further clarify the role of Piezol-mediated mechanotransduction in chronic tissue remodeling within
the specific pathological context of breast cancer postoperative radiotherapy—related CRD. Unlike radiation-induced skin
injury at other anatomical sites, the postoperative chest wall region in breast cancer patients is characterized by surgical
scar formation, abundant adipose tissue, and altered local tissue tension. These features may collectively shape a unique
mechanical microenvironment and promote ECM deposition, increased tissue stiffness, and persistent fibrosis during the
chronic stage.'”?’® On this basis, future research should further define the specific mode of Piezol involvement in this
process, including its dynamic changes across different pathological stages and its regulatory position within the broader
mechanotransduction network.

10 https: Journal of Inflammation Research 2026:19



Wang et al

At the in vitro level, three-dimensional skin-equivalent models incorporating multiple cellular components, such as
keratinocytes, fibroblasts, vascular endothelial cells, and adipose-related cells, could be established. Alternatively,
patient-derived organoids and skin organoid systems may be used to simulate the chronic tissue microenvironment
after breast radiotherapy under controlled conditions.”"’* At the same time, hydrogels with tunable stiffness or other
biomaterial-based platforms could be used to construct culture systems with different mechanical properties, allowing
more precise evaluation of how changes in matrix stiffness affect Piezol activation and its downstream signaling
pathways.*>°

For mechanistic validation, future studies should place greater emphasis on establishing causal relationships. For
example, strategies such as genetic knockout or knockdown, overexpression, and rescue experiments could be used to
evaluate the effects of Piezol modulation on fibrotic phenotypes, inflammatory responses, and related signaling pathway
activity under different mechanical conditions. These approaches would also help clarify the interactions between Piezol
and signaling axes such as YAP/TAZ, TGF-B, and cytoskeletal remodeling.'*'

At the in vivo level, it will be necessary to establish animal models that more closely reflect the clinical setting, such
as combining local radiotherapy with mastectomy or chest wall injury to simulate chronic tissue remodeling driven by the
combined effects of surgery and radiotherapy. In parallel, genetically modified animals or local gene-intervention
strategies could be used to dynamically evaluate the role of Piezol in chronic radiation-induced skin injury and to
explore its stage-specific functions during disease progression.®>®®

At the translational level, given the broad expression of Piezol across multiple tissues, systemic intervention may
carry potential safety risks; therefore, targeted strategies based on local microenvironmental modulation may be more
feasible. Future studies could explore local injection, hydrogel dressings, or biomaterial-based delivery systems to deliver
Piezol-modulating agents, small-molecule inhibitors, or nucleic acid therapeutics specifically to chronically injured post-
radiotherapy tissues, thereby enabling precise regulation of abnormal mechanotransduction pathways.®®* By integrating
clinical sample analyses, three-dimensional models, animal experiments, and other multilevel research approaches, future
work may further clarify the role of Piezol in breast cancer radiotherapy—related CRD and provide a theoretical basis for

the development of novel local therapeutic strategies.

Conclusion

Breast cancer postoperative radiotherapy—-related CRD is a complex chronic tissue injury process driven by persistent
inflammation, microvascular injury, and progressive fibrosis, and its long-term evolution is often accompanied by
substantial structural remodeling and functional alterations. Although several clinical interventions targeting inflamma-
tion, microcirculation, and fibrosis are currently available, their overall efficacy remains limited, suggesting that key
pathogenic mechanisms have not yet been fully elucidated.

Recent studies have increasingly recognized that ECM deposition and increased tissue stiffness after radiation injury
can markedly alter the local mechanical microenvironment and may contribute to inflammatory regulation, vascular
dysfunction, and fibrotic progression through mechanotransduction mechanisms. As a mechanosensitive ion channel,
Piezol can convert mechanical stimuli into intracellular signals and exert regulatory effects in various forms of tissue
injury and remodeling. However, current understanding of Piezol in breast cancer radiotherapy-related CRD is still
largely derived from other diseases or experimental models, and direct evidence supporting its specific role in this
condition remains lacking. In addition, mechanotransduction involves multiple interconnected regulatory pathways, and
the precise position of Piezol within this network, as well as its relationship with other mechanosensing mechanisms,
remains to be further clarified. Therefore, caution is warranted when interpreting Piezol as a single key regulatory factor.
From a translational perspective, regulation of the abnormal mechanical microenvironment and its associated signaling
pathways may provide a new research direction for CRD intervention. Future studies should systematically evaluate the
effects of mechanical environmental changes on related signaling pathways in model systems that more closely reflect the
clinical setting, and further establish their causal roles in chronic tissue remodeling. Meanwhile, precision intervention
strategies based on local microenvironmental modulation, particularly targeted approaches combined with biomaterials or
local delivery systems, may have potential application prospects, although their safety and feasibility require further
validation.
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Overall, re-examining the pathological process of CRD from the perspective of the mechanical microenvironment and

mechanotransduction mechanisms may help expand current understanding of disease development and progression. At

the same time, it also highlights important gaps in the existing evidence that should be systematically addressed in future

studies.
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