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Abstract
Radiation-induced liver fibrosis is a serious complication of radiotherapy in patients with liver cancer and is characterized 
by excessive deposition of the extracellular matrix (ECM). The activation of cancer-associated fibroblasts (CAFs) is central 
to this event. Piezo1 is a mechanoreceptor that is highly expressed in liver tissue and is closely related to the fibrotic process. 
CAFs are highly heterogeneous, and different cell populations perform different functions. Recent studies have shown that 
fap, an important surface marker of the CAF membrane, presumably plays a "hub" role upstream of α-smooth muscle actin 
(α-SMA). This article reviews the unique microenvironment of liver cancer and liver fibrosis and the role of piezo1 and CAFs 
in liver fibrosis. Building upon the foundational evidence, we formulate a hypothesis that radiation-induced ECM remodeling 
activates Piezo1-mediated mechanotransduction, driving HIF-1α/TGF-β pathways to stimulate CAF activation (manifested 
by FAP upregulation), which may synergistically aggravate liver fibrosis and hepatocarcinogenesis.

Graphical abstract
This illustration depicts a malignant cycle within the tumor microenvironment of hepatocellular carcinoma and radiation-
induced liver fibrosis. Ionizing radiation activates the mechanosensitive ion channel Piezo1, which mediates macrophage 
polarization and regulates two key subpopulations of cancer-associated fibroblasts, specifically FAP+ CAFs and α-SMA+ 
CAFs. This process exacerbates extracellular matrix remodeling and promotes liver fibrosis.
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Abbreviations
ECM	� Extracellular matrix
CAFs	� Cancer-associated fibroblasts
α-SMA	� α-Smooth muscle actin
FAP	� Fibroblast activation protein
HIF-1a	� Hypoxia inducible factor 1
TGF-β	� Transforming growth factor-β
HCC	� Hepatocellular carcinoma
MMPs	� Matrix metalloproteinases
TIMPs	� Tissue inhibitors of metalloproteinases
HGF	� Hepatocyte growth factor
PDGFR-β	� Platelet derived growth factor receptor beta
CCL4	� Carbon tetrachloride
BML	� Benign metastasizing leiomyoma
RILF	� Radiation-induced liver fibrosis
TME	� Tumor microenvironment
TAMs	� Tumor-associated macrophages
AP1	� Activating protein-1

EDN1	� Endothelin-1
CSF-1	� Colony-stimulating factor 1
ICIs	� Immune checkpoint inhibitors
RT	� Radiation therapy
BMDCs	� Bone marrow-derived macrophages
EMT	� Epithelial mesenchymal transition
EndMT	� Endothelial‒mesenchymal transition
ILGF II	� Insulin-like growth factor II
myCAFs	� Myofibroblast CAFs
iCAFs	� Inflammatory CAFs
apCAFs	� Antigen-presenting CAFs
TIME	� Tumor immune microenvironment
pCAFs	� Tumor-promoting CAFs
PD-L1	� Programmed cell death 1 ligand 1
CTGF	� Connective tissue growth factor
STAT6	� Signal transducer and activator of transcrip-

tion 6
TLR4	� Toll-like receptor 4
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BMDMs	� Bone marrow-derived macrophages
ROS	� Reactive oxygen species
FN	� Fibronectin
CTSS	� Cathepsin S
MAPK	� Mitogen-activated protein kinase

Introduction

Chronic liver injury causes liver inflammation and even 
fibrosis. Liver fibrosis is a complex end-stage progression, 
which is process that involves not only complex processes of 
cell crosstalk and cytokine interaction in the liver microenvi-
ronment but also the common pathophysiological changes in 
clinical diseases such as cirrhosis and hepatocellular carci-
noma (HCC) [1]. The main pathological changes associated 
with liver fibrosis are an abnormal increase in ECM synthe-
sis and an abnormal deficiency of degradation, of which the 
activation of fibroblasts into myofibroblasts is the critical 
link [2].

After certain stimulation, fibroblasts transform into 
myofibroblasts, which can secrete α-SMA and collagen, the 
key components of the ECM [3]. They also produce matrix 
metalloproteinases (MMPs) and tissue inhibitors of metal-
loproteinases (TIMPs), which play important roles in ECM 
remodeling [4]. Myofibroblasts can also express FAP, hepat-
ocyte growth factor (HGF), platelet derived growth factor 
receptor beta (PDGFR-β) and IGFRII to participate in the 
occurrence and progression of hepatocellular carcinoma [5]. 
The origin of myofibroblasts is believed to include hepatic 
stellate cells, endothelial cells, and fibroblasts [5]. Beyond 
that, immune cells such as macrophages and T cells also 
participate in regulating fibrosis and carcinoma prolifera-
tion [4, 6–9].

At present, most liver fibrosis reported in the literature is 
induced by carbon tetrachloride (CCL4) or benign metasta-
sizing leiomyoma(BML) surgery, however, as radiotherapy 
has already become an important treatment for HCC, espe-
cially for stage III patients, radiation-induced liver fibrosis 
(RILF) has also attracted attention [10, 11]. Ionizing radia-
tion can induce the activation of myofibroblasts, releasing 
a series of growth factors and cytokines that drive ECM 
deposition, matrix stiffness, and changes in the tumor micro-
environment (TME), which further induce the activation of 
CAFs, thus resulting in positive feedback [12]. Multiple sig-
nal transduction pathways are involved and eventually lead 
to irreversible fibrosis [13]. Clinically, such chronic changes 
are mostly the adverse consequences of radiotherapy for 
malignant liver tumors, which not only damage the tissues 
around the tumor but also greatly reduce the radiotherapy 
efficacy of the tumor [14].

Emerging evidence underscores RILF as a distinct patho-
logical entity within hepatocellular carcinoma management 
[14]. Unlike conventional chemical-induced fibrosis models, 
RILF is characterized by biomechanical reprogramming of 
the tumor microenvironment, where ionizing radiation ini-
tiates self-perpetuating cycles of ECM stiffening and CAF 
activation [15, 16]. Mechanosensitive ion channel Piezo1 is 
central to this process, converting radiation-induced mechan-
ical stimuli into biochemical signals through HIF-1α/TGF-β 
signaling pathways. This process subsequently drives the 
differentiation of FAP + CAFs and pathological remodeling 
of the ECM [17, 18]. This mechanobiological paradigm not 
only redefines our understanding of fibrogenic progression 
post-radiotherapy but also positions Piezo1 as a promising 
therapeutic node for disrupting the fibrosis-cancer axis. Elu-
cidating the spatiotemporal dynamics of Piezo1-mediated 
mechanotransduction in RILF may unveil novel strategies 
to mitigate radiotherapy complications while preserving 
oncological efficacy.

Microenvironment of liver fibrosis

RILF represents a serious complication following radio-
therapy for abdominal and thoracic malignancies [19, 20]. 
As a global health challenge, HCC arises within a unique 
TME triad encompassing chronic inflammation, fibrosis, and 
carcinogenesis. While HCC predominantly develops against 
a backdrop of chronic liver injury and fibrosis [21], the role 
of fibrosis remains controversial due to its "double-edged 
sword" nature: it serves as a compensatory repair mechanism 
yet paradoxically fosters malignant transformation through 
microenvironmental remodeling [22]. This duality likely 
stems from stage-dependent fibrotic responses, etiological 
variations (e.g., viral, alcoholic, or metabolic origins), and 
crosstalk with oncogenic pathways [23, 24].

Within this fibrotic TME, ECM dynamics are orchestrated 
through multifaceted interactions involving hepatic stellate 
cells (HSCs), immune populations, and stromal compo-
nents. Activated HSCs undergo phenotypic conversion into 
CAFs—central architects of ECM pathology—which drive 
excessive matrix deposition via pro-fibrotic factors (α-SMA, 
FAP, COL1A1.etc.) [15]. This transition is mechanistically 
governed by biomechanical stimuli, metabolic adaptation, 
and reciprocal immune interactions [25–27]. For instance, 
CAF-derived CCL2 and TGF-β polarize macrophages 
toward pro-fibrotic M2 phenotypes, while M2 macrophages 
reciprocally amplify HSC activation, creating a self-reinforc-
ing fibrogenic loop [28–31].

Sclerotic liver tissue, characterized by aberrant ECM 
accumulation, constitutes a hallmark of both advanced 
fibrosis and HCC [15]. The evolving matrix composition 
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and rigidity directly modulate tumor behavior, with stiffened 
ECM activating mechanosensitive pathways (YAP/TAZ) to 
promote malignant phenotypes [16]. Such biomechanical 
perturbations, coupled with biochemical alterations in col-
lagen cross-linking and growth factor sequestration, collec-
tively rewire the TME to favor tumor progression.

In this special microenvironment, macrophages, which 
can be divided into M1-polarized and M2-polarized phe-
notypes according to their polarization state and biological 
function [32], play an indispensable role in tumor growth, 
proliferation, metastasis, and immune escape. Tumor-asso-
ciated macrophages (TAMs) exhibit the M1 phenotype in 
the early stages of tumorigenesis, whereas the M2 pheno-
type shows progresses as the tumor progresses, expressing 
immune inhibition in the TME and promoting malignant 
progression [33]. Recent studies have shown that the behav-
ior of TAMs is regulated by changes in the stiffness of the 
ECM in HCC, which often predicts a poor prognosis [34]. 
ECM stiffening-mediated mechanical stimulation activates 
mechanosensors, such as piezo1 ion channels, on the mem-
branes of tumor and stromal cells [35].

Piezo1, a cation channel protein located on the cell mem-
brane, has a highly sensitive mechanosensing ability [36]. 
Matrix stiffness regulates macrophage polarization through 
piezo1. As shown in Fig. 1, after the mechanical stimulation 
of the macrophage membrane by piezo1, a large number of 
influxes of calcium ions combine with F-actin; on the one 
hand, activating protein-1(AP1) is activated, and HIF-1a is 
stabilized through endothelin-1 (EDN1), which is expressed 
by piezo1, to upregulate the expression of inflammatory fac-
tors. On the other hand, it also activated the NF-κB inflam-
matory signaling pathway. In this way, the polarization of 
macrophages to the M1 phenotype was achieved [37, 38]. 
The energy supply required for this process is also achieved 
by enhancing the aerobic glycolysis of macrophages via the 

piezo1/Ca2 + /HIF-1a axis [39]. In different microenviron-
ments, macrophages that sense mechanical signals can also 
polarize toward the M2 phenotype by activating TGF-β and 
expressing colony-stimulating factor 1 (CSF-1), which can 
promote macrophage recruitment [40].

The functional expression of macrophages after irra-
diation may differ across various tissues and periods [41, 
42]. In the early stage of tumors, macrophages differentiate 
into proinflammatory types and help kill tumor cells. How-
ever, in the later stage, resident and recruited macrophages 
are more likely to promote angiogenesis and tissue repair, 
gradually leading to scar fibrosis, aggravated tissue fibrosis, 
tumor regeneration, metastasis and recurrence [43]. TAMs 
are closely related to tumor development because of their 
powerful proangiogenic effects and ability to support tumor 
cell survival, so the high density of TAMs in the TME also 
implies a poor prognosis [44].

In addition, in the process of tumor development, dif-
ferent subsets of the two phenotypes of macrophages can 
be transformed into each other [45], and targeted repro-
gramming of TAMs for tumor immunotherapy of HCC has 
recently become a recent research focal issue. For the past 
few decades, targeted combination immunotherapy has been 
the treatment of choice for inoperable advanced liver cancer. 
However, in recent years, the advent of immune checkpoint 
inhibitors (ICIs) has provided a new idea for the treatment 
of HCC.

Fortunately, a large number of studies and clinical trials 
have confirmed the feasibility of this treatment. Studies by 
Cheng et al. and Chen et al. confirmed that inhibiting or 
reversing M2-type polarized macrophages can effectively 
reshape the HCC TME and ultimately enhance the anti-
tumor effect [46, 47] Liu et al. reported that blocking mac-
rophages in the tumor immune barrier can improve the effect 
of ICIs and improve the anti-tumor efficiency [48]. Reversal 
of M2-TAMs may be achieved by down-regulating glyco-
lysis levels, silencing the Wnt2b/β-catenin/c-myc pathway, 
or inhibiting the PI3k/PKB pathway [49, 50]. Although the 
introduction of radiotherapy as an effective treatment for 
most solid tumors for the treatment of HCC is obviously 
backward and there is no clear consensus on the optimal 
timing of intervention, existing studies have shown that the 
combination of ICI and radiation therapy (RT) can not only 
reshape the local TME but also reduce the immunosuppres-
sive effect induced by RT and enhance the distant effect 
of radiation. The synergy between ICIs and RT may be an 
important direction for future development [51–53].

Cancer‑associated fibroblasts

The TME plays a crucial role in promoting the progression 
of fibrosis and organizing malignant behavior [54]. A vari-
ety of cells and complex components constitute the TME 

Fig. 1   Pathways about how piezo1 regulates macrophage polarization 
(Created with BioRender.com)
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[55]. When stimulated with stimuli such as inflammation 
or mechanical forces, cells such as fibroblasts are activated 
into CAFs. CAFs are the main component of the liver TME 
[56] and not only regulate the remodeling and degradation 
of the ECM but also regulate the immune microenvironment 
of tumors through crosstalk with cells in the TME [57]. The 
niches of intrahepatic malignancy and fibrosis receive accel-
erated positive feedback.

CAF heterogeneity and functional plasticity: 
from ECM remodeling to tumor stroma crosstalk

CAFs are considered to be derived from various cell types, 
including fibroblasts, bone marrow-derived macrophages 
(BMDCs), epithelial cells undergoing epithelial mesenchy-
mal transition (EMT), endothelial cells undergoing endothe-
lial‒mesenchymal transition (EndMT), adipocytes and 
hepatic stellate cells [58]. In the liver TME, CAFs express 
markers like α-SMA, type I collagen, FAP, and PDGFR-β to 
regulate tumor growth and survival [59] Table 1 categorizes 
CAF subtypes based on their cellular origins, functional 
roles and key signaling pathways. CAFs exhibit significant 
plasticity and phenotypic heterogeneity [60], with three main 
subgroups: myofibroblast CAFs (myCAFs) which remodel 
the ECM, inflammatory CAFs (iCAFs), and antigen-present-
ing CAFs (apCAFs) which support the tumor niche [61, 62].

CAFs demonstrate functional heterogeneity in the tumor 
microenvironment, broadly categorized into pro-tumorigenic 
(pCAFs) and restrictive (rCAFs) subtypes [82, 83]. pCAFs, 
mainly characterized by elevated expression of FAP-α and 

α-SMA, drive malignant progression by secreting immu-
nosuppressive factors (e.g., TGF-β, IL-6, CXCL12) to 
impair anti-tumor immunity and directly enhance cancer 
cell proliferation, invasion, and metastasis [84, 85]. These 
cells dominate the CAF population in most solid tumors. In 
contrast, rCAFs counteract tumorigenesis through distinct 
mechanisms: meflin-expressing subsets in pancreatic cancer 
modulate tumor stemness, while BMP-4-secreting myofi-
broblasts in oral carcinomas suppress cancer cell stemness 
[80]. Furthermore, rCAFs restrict tumor dissemination via 
physical barrier formation or immunostimulatory microen-
vironment remodeling, as observed in colorectal and blad-
der cancers [80, 86]. Despite their therapeutic relevance, the 
identification of definitive surface markers for rCAFs remains 
challenging, hindering targeted intervention strategies.

Notably, CAFs plasticity critically influence tumor evo-
lution. Under biomechanical and biochemical stimuli such 
as matrix stiffening, hypoxia, or TGF-β signaling, rCAFs 
undergo phenotypic switching toward pCAFs [85, 87]. This 
phenotypic plasticity, however, appears to be contingent 
upon dynamic alterations within the TME. The bidirec-
tional conversion between myCAFs and iCAFs has been 
documented in pancreatic cancer models [61]. Supporting 
this concept, single-cell transcriptomic analyses by Wu et al. 
[88] revealed a transcriptional continuum among CAF sub-
populations, providing indirect evidence for their functional 
reversibility. Nevertheless, critical gaps persist in mechanis-
tic validation—notably the absence of direct experimental 
evidence from lineage-tracing studies or controlled in vitro 
induction systems. These unresolved questions highlight the 

Table 1   Summary of actual and potential features of different subtypes of CAFs

Summary of actual and potential features of different subtypes of CAFs.
FAP fibroblast activation protein, ECM extracellular matrix, MMP matrix metalloproteinase, α-SMA α-smooth muscle actin, PDGFR Platelet 
derived growth factor receptor, FSP1 fibroblast-Specific Protein 1, EMT epithelial mesenchymal transition, IGF- II insulin-like growth factor 
II, HSC hepatic stellate cell, CAF cancer-associated fibroblast, OXPHOS oxidative phosphorylation, PSC pancreatic stellate cells, SHH sonic 
Hedgehog, SMO smoothened

Marker Potential cellular origin Key functions Signaling pathways References

FAP Activated fibroblasts, tumor stroma ECM remodeling (MMP secretion); 
Immuno`ression (CD8 + T cell inhibition); 
Tumor invasion/metastasis promotion

TGF-β/Smad
Wnt/β-catenin

[17, 18, 63–66]

α-SMA Myofibroblasts, activated fibroblasts Matrix contractility enhancement; Fibrotic 
barrier formation; Angiogenesis promotion

RhoA/Rock1
YAP/TAZ

[67–71]

PDGFR Mesenchymal stem cells, pericytes Fibroblast proliferation; Radiation-induced 
fibrosis; Synergistic CAF activation with 
TGF-β

PI3K/Akt
MAPK/ERK

[72–74]

FSP1 EMT-derived fibroblasts, circulating fibro-
blasts

Tumor cell migration; T cell infiltration sup-
pression; Chemotherapy resistance mediation

JAK2/STAT3 [75, 76]

IGF- II HSCs, metabolic CAFs Metabolic support; Cancer stem cell mainte-
nance; OXPHOS activation

IGF1R/PI3K/Akt
IGF1R/c-JUN

[77–79]

Meflin PSCs Tumor Suppression; Anti-fibrotic activity; 
Cytotoxic T cell infiltration enhancement; 
Mechanical homeostasis maintenance

Wnt/R-spondin
SHH/SMO

[80, 81]
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need for future investigations employing spatial–temporal 
resolution techniques to delineate CAF plasticity dynam-
ics. Elucidating the molecular determinants governing the 
rCAF-to-pCAF phenotypic shift may yield pivotal insights 
into reprogramming immunosuppressive tumor ecosystems, 
thereby uncovering actionable therapeutic vulnerabilities to 
reinvigorate anti-tumor immunity.

Key CAF markers include α-SMA and FAP. Deple-
tion of α-SMA + CAFs leads to poor tumor differentia-
tion and accelerated tumor progression, while depletion of 
FAP + CAFs enhances antitumor immunity and improves 
responses to PD-L1 inhibitors [89]. FAP + CAFs contribute 
to immune suppression and evasion via CXCL12, making 
them a target for immunotherapy [18, 65], which is also 
consistent with the results observed in clinical trials [90]. In 
addition, CAFs can also express HGF, promoting EMT and 
chemotherapy resistance in tumor cells [91].

FAP + CAFs: orchestrators of fibrotic niche 
remodeling and tumor stroma crosstalk in HCC

FAP is a serine protease that digests and breaks down col-
lagen. Hepatic fibrosis is known to result from an imbalance 
between ECM accumulation and degradation in the TME 
[92]. ECM remodeling adjusts the structure of the TME and 
promotes the formation of tumor blood vessels. By express-
ing FAP, pericytes stabilize blood vessels in tumor tissues 
[93]. In addition, the enzymatic activity of FAP can regulate 
the existence, recruitment, proliferation and differentiation 
of CAFs [94] to achieve positive feedback self-protection. 
In addition to being present in CAFs and pericytes, FAP has 
also been identified in various cancer cells [95–97]. Hypoxia 
in tumor tissue can effectively induce CAFs to express FAP 
and promote the malignant behavior of tumors [98].

FAPs are thought to be rarely expressed in healthy liver 
tissue but are significantly expressed in the fibrotic liver and 
desmoplastic stroma of HCC [99, 100]. In particular, in a 
hypoxic environment, the FAP expression level is positively 
correlated with HIF-1a, and Snail expression is also upregu-
lated [101]. These findings suggest that high expression of 
FAP is closely related to the EMT process in HCC, the 
degree of tumor vascular invasion, and the poor prognosis 
of HCC patients. It has been confirmed that FAP expression 
is positively correlated with the severity of liver fibrosis [99, 
102, 103]. Moreover, FAP inhibition reduces collagen in the 
liver and α-SMA + CAFs, leading to ECM remodeling [99]. 
In addition, FAP removal can redouble the proliferation of 
normal hepatocytes and regulate liver regeneration, which 
may be related to the ability of FAP + CAFs to express and 
promote HGF release [104]. Nevertheless, FAP + CAFs in 
HCC enhance macrophage infiltration and M2 polarization 
and express HGF to activate the Met pathway to promote 
tumor metastasis and invasion and mediate chemotherapy 

resistance [105–107]. Therefore, high FAP expression is 
considered an independent predictor of poor overall sur-
vival, and elimination of FAP + CAFs is an effective scheme 
for reducing liver fibrosis and inhibiting HCC cell prolifera-
tion, invasion, and metastasis.

Interestingly, the expression of FAP and α-SMA in cells 
seems to differ. α-SMA + CAFs exist in the fibrotic mature 
ECM region, mediate cell contraction and regulate ECM cross-
linking, whereas FAP + CAFs are usually active in collagen-
rich fibrous septa and express higher levels of MMPs and tissue 
plasminogen activator to achieve a synthetic and proteolytic 
ECM phenotype [104, 108, 109]. Diana et al. used polyacryla-
mide hydrogels with different stiffnesses to simulate ECMs 
with different matrix stiffnesses and reported that the expres-
sion of fap and α-SMA showed opposite trends, indicating a 
gradual phenotypic transition of the faphi but an α-SMAlow 
fibroblast subpopulation to the faplow but an α-SMAhi fibro-
blast subpopulation as the stiffness changed from small to 
large. Overall, we hypothesize that the unique heterogeneity 
of CAFs may result from spatiotemporal dynamic changes in 
ECM composition and elasticity in fibrosis and cancer and 
that the expression of FAP and α-SMA occurs sequentially 
in fibrotic livers at different stages in a stiffness-dependent 
manner. Targeting different markers of CAFs may offer clini-
cal possibilities for differentially regulating inflammation and 
ameliorating fibrosis.

Additionally, FAP + CAFs can also express small amounts 
of connective tissue growth factor (CTGF) and PDGF to 
regulate the fibrosis process [104], and M2 macrophages 
secrete matrix metallopeptidase 12(MMP12) via fibrolysis 
through the activation and phosphorylation of signal trans-
ducer and activator of transcription 6(STAT6) mediated by 
IL-4 and IL-13 [61], which provides strong evidence that 
FAP + CAFs regulate the dissolution of the ECM. Indeed, the 
exact overlap between the FAP + and α-SMA + CAF subsets 
has been revealed [109], but it remains undiscovered whether 
FAP + and α-SMA + are simply two overlapping distinct cell 
subsets, whether there is a temporal or spatially dependent 
transition between them, and whether there is a regulatory 
relationship between these two subsets. These issues require 
further experimental investigation.

A latest study revealed a correlation between FAP + CAFs 
and ionizing radiation [110]: electron irradiation leads to 
a marked increase in FAP expression and the proliferation 
of FAP + CAFs, as well as the significant development of 
radiation resistance. In other words, when malignant tumors 
undergo radiotherapy, while long-term ionizing radiation 
effectively kills tumor cells, it may also result in high FAP 
expression, thereby not only amplifying the protumor effects 
of FAP + CAFs but also impeding the efficacy of radiotherapy. 
Consequently, targeting FAP + represents a crucial therapeutic 
strategy.
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Targeting Piezo1 in radiation fibrosis: 
from mechanosensing to therapy

Piezo1‑driven mechanosignaling in fibrotic 
reprogramming

Cells can sense tiny alterations in the microenvironment 
[111]. While multiple factors underlie inflammatory pro-
cesses, damaging mechanical stimuli have been identi-
fied as significant contributors to both acute and chronic 
inflammatory pathogenesis [112–114]. Piezo1 is a mecha-
nosensitive ion channel, which can sense mechanical stress 
to cause inflammation or participate in the progression of 
inflammation [115]. The stiffness of the liver increases 
with fibrosis, and matrix stiffness is often used as an index 
to evaluate tissue stiffness [116]. Matrix stiffness regulates 
macrophage polarization via mechanoreceptors. When 
macrophages are mechanically stimulated, they first induce 
the activation of AP-1 through piezo1, promote the expres-
sion of endothelin-1 and the stability of HIF1α, and then 
upregulate the expression of inflammatory cytokines (such 
as IL-1β, PTGS2, and CXCL10) [37]. Additionally, piezo1 
can activate signaling pathways such as the NF-KB and 
Toll-like receptor 4(TLR4) pathways, which regulate mac-
rophage polarization and phagocytic activity [38, 117].

Interestingly, piezo1 not only modulates the proinflam-
matory M1 phenotype of macrophages but also increases 
the M2-type polarization of TAMs in the TME [118]. 
Chen et  al. used hydrogels and reported that different 
substrate stiffnesses also affect the phenotypic changes of 
macrophages [118]. Bone marrow-derived macrophages 
(BMDMs) cultured in vitro on soft hydrogels expressed 
more ROS, IL-1β, and TNF-α, while they secreted more 
IL-4 and TGF-β on hard hydrogels, with little reactive 
oxygen species (ROS) expression. The activation of CAFs 
with different subsets, such as FAP and α-SMA, leads to 
the remodeling of the ECM, and the imbalance between 
their deposition and degradation leads to an increase in 
matrix stiffness in the TME. Changes in hardness further 
regulate macrophage infiltration, recruitment, and polari-
zation through piezo1 and ultimately promote the adverse 
development of fibrosis and tumor invasion and metas-
tasis [119]. CAFs and TAMs are highly positively cor-
related in advanced tumors, and the expression of their 
markers jointly predicts their prognosis [120]. Cytokines 
(such as CCL2, IL-8, IL-10, and TGF-β) secreted by CAFs 
can also promote the recruitment of monocytes and their 
transformation into M2-TAMs [121]. The above process 
may be achieved by the influx of Ca2 + from piezo1 after 
mechanical stimulation through the TGF-β signaling path-
way [122]. Therefore, targeting the different signaling 
pathways mediated by piezo1 can not only regulate the 

polarization of macrophages to different phenotypes but 
also effectively reduce the activation of CAFs, which may 
constitute a new strategy for the treatment of liver fibrosis 
and HCC [123].

Prior experimental studies have indicated that irradiation 
directly upregulates the expression of the piezo1 protein, 
both in animal and in vitro experiments [124]. Researchers 
have also reported that piezo1 enhances the phagocytosis 
of TAMs, resulting in a marked increase in M2 polarization 
compared with M1 polarization. High expression of piezo1 
was also observed in M2 TAMs. These findings suggest that 
during the radiotherapy of malignant tumors, piezo1 estab-
lishes a positive feedback loop with M2 TAMs. Another 
report confirmed the positive correlation between IR and 
piezo1, revealing significant upregulation of surface markers 
in CAFs [125].

Piezo1‑Dependent signaling networks in RILF

Macrophages can sense abnormal mechanical signals in 
liver fibrosis and play a crucial role in the progression of 
fibrosis. Myeloid-specific piezo1 promotes the activation of 
CAFs by regulating macrophage infiltration, polarization, 
and inflammation and ultimately causes liver fibrosis [126]. 
The process of RILF is roughly the same as that of liver 
fibrosis in general, in which the key initiating factor is the 
activation of CAFs. CAF activation mediated by TGF-β/
Smad signaling is a key step in radiation-induced liver injury 
and fibrosis. Piezo1 is a mechanosensitive cation channel 
that has been found to play an important role in liver fibro-
sis induced by CCL4 and BML surgery [126]. Huang et al. 
reported that piezo1 can regulate radiation-induced EMT via 
positive feedback with TGF-β1, accompanied by increased 
expression of α-SMA, fibronectin and vimentin [125]. Taken 
together, these findings suggest that piezo1 plays a vital role 
in RILF.

Prolonged exposure to ionizing radiation can trigger the 
progression of chronic inflammation into severe fibrosis 
[127]. At present, the TGF-β/Smad signaling pathway is 
considered to be the most important pathway in radiation-
induced organ fibrosis and upregulates the expression of 
α-SMA and FAP downstream [128]. In RILF, not only is 
TGF-β/Smad significantly activated but also Smad7 expres-
sion is inhibited, leading to increased EMT and CAF activa-
tion [129–131]. In addition, lipoxin A4 (LXA4) produced 
by arachidonic acid has been confirmed to reverse tissue 
fibrosis by targeting the TGF-β/Smad pathway and down-
regulating pro-fibrotic cytokines [132]. Ionizing radiation 
can also upregulate the expression of the LXA4 receptor 
through crosstalk with the TGF-β/Smad signaling pathway 
during fibrosis [133].

HIF-1α is also known to be an important regulator of 
TGF-β signaling and to reduce radiation-induced ROS 
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generation to reduce the number of damaging factors in 
activated CAFs. It has been reported that HIF-1 and calcium 
signaling interact to regulate the progression and metastasis 
of malignant tumors in the context of cancer [134]. As men-
tioned earlier, ionizing radiation increases the expression 
of piezo1, a mechanosensitive ion channel, and increases 
Ca2 + influx in the activated state. When the plasma mem-
brane is exposed to ionizing radiation, as shown in Fig. 2, 
the synergistic effect between the Ca2 + /HIF-1α pathway 
and the TGF-β1/Smad signal transduction pathway is facili-
tated by the “switch” on the plasma membrane, which even-
tually leads to the occurrence and aggravation of fibrosis 
[135].

The radiation-induced inflammatory response is also 
an important mechanism of tissue damage, and CAFs are 
particularly essential in this process. As mentioned above, 
piezo1 is upregulated in response to changes in ECM stiff-
ness due to ECM deposition caused by myofibroblast activa-
tion, which regulates the polarization of TAMs and promotes 
the aggravation of fibrosis and tumor invasion. Radiation can 
increase the expression of FAP, α-SMA, fibronectin (FN), 
CTGF and other proteins in response to the occurrence 
of liver fibrosis. In addition, recent reports have revealed 
that macrophage-derived cathepsin S (CTSS) can promote 
liver fibrosis through ECM remodeling [136]. However, by 
knocking out piezo1 in macrophages from fibrotic samples, 
researchers have shown that not only are M1-type mac-
rophages reduced but also EMT and ECM deposition are 
downregulated, and Ca2 + -dependent CTSS secretion is 

also inhibited [126]. These findings suggest that piezo1 not 
only regulates macrophage polarization and the inflamma-
tory response but also promotes liver fibrosis by regulating 
CTSS secretion. Although its role in liver fibrosis has been 
well established, its regulatory role in RILF has not been 
demonstrated and needs to be explored.

Conclusion

RILF remains a formidable complication in hepatocellular 
carcinoma radiotherapy, with mechanosensitive FAP + CAFs 
emerging as pivotal pathological effectors. Central to this 
process, ionizing radiation triggers extracellular matrix stiff-
ening that activates Piezo1—the biomechanical transducer 
coordinating two cardinal pathways: (1) HIF-1α/TGF-β sign-
aling driving FAP + /α-SMA + CAF activation and exces-
sive ECM deposition; (2) macrophage mechanopolarization 
sustaining pro-fibrotic niches. This vicious cycle establishes 
Piezo1 as the master regulator of FAP + CAF expansion in 
RILF, wherein mechanical stimuli are transduced into bio-
chemical signals that perpetuate fibrocarcinogenesis.

Targeting Piezo1 represents a strategic approach to dis-
rupt FAP + CAF pathogenicity. Pharmacological inhibition 
attenuates FAP expression by blocking HIF-1α/TGF-β sign-
aling, while nanoparticle-mediated Piezo1 silencing could 
mechanically reprogram CAFs toward quiescent states. 
Notably, FAP itself may serve dual roles: as both a bio-
marker of Piezo1-driven CAF activation and a therapeutic 

Fig. 2   Regulation mechanism 
of piezo1 in RILF (Created with 
BioRender.com)
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vulnerability for radiation fibrosis mitigation. Future inves-
tigations should prioritize spatiotemporally mapping Piezo1 
activation patterns during RILF progression, developing 
tissue-selective mechanotherapeutics, and exploring com-
binatorial strategies that concurrently address biomechanical 
and immunological drivers of fibrocarcinogenesis.
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