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Abstract

Macrophage-Myofibroblast Transition (MMT) is a process in which macrophages, under the influence of specific factors such as trans-
forming growth factor-beta 1 (TGF-B1) within a fibrotic microenvironment, gradually lose their original immune phenotype and acquire
the biological characteristics of myofibroblasts. This transition involves changes in cell morphology, protein expression, and function,
representing an important mechanism in the development and progression of tissue fibrosis. The TGF-$1/Smad3 signaling pathway, as
a central regulator of fibrosis, plays a key role in MMT by modulating cell proliferation, differentiation, and the synthesis and degrada-
tion of extracellular matrix. Recent studies have identified MMT as a newly recognized form of phenotypic switching that contributes
significantly to fibrosis in multiple organs, including the heart, lungs, liver, and kidneys. Experimental evidence has confirmed that the
TGF-B1/Smad3 pathway directly regulates critical steps in MMT, thereby promoting the progression of fibrosis. However, the specific
molecular targets and detailed mechanisms underlying this regulation remain incompletely understood and require further investigation.
Elucidating the regulatory network of this pathway may offer new strategies for early intervention and targeted therapy in clinical diseases
with fibrosis. However, direct evidence for MMT in human myocardial fibrosis remains limited, and its relative contribution compared

to other sources of myofibroblasts requires further elucidation.

Keywords: TGF-f1/Smad3; macrophage-myofibroblast transition; myocardial fibrosis; therapeutic target

1. Introduction

Myocardial Fibrosis (MF) is a precursor to heart fail-
ure and a common pathological feature of various cardio-
vascular diseases. It is characterized by excessive collagen
deposition and scar formation in the cardiac interstitium,
leading to impaired systolic and diastolic function. In re-
cent years, research into the pathological mechanisms and
treatment of myocardial fibrosis has become a major fo-
cus in cardiovascular research. The molecular mechanisms
involved are complex and diverse, involving multiple re-
ceptor targets, various cytokines, and numerous signaling
pathways [1,2,3]. Currently, Macrophage-Myofibroblast
Transition (MMT) is recognized as a crucial cellular phe-
notypic conversion process involved in organ fibrosis,
including cardiac, pulmonary, hepatic, and renal fibro-
sis. MMT refers to the pathophysiological process where
macrophages, under specific environmental conditions, ex-
press myofibroblast markers (during the MMT process,
macrophages will gradually down-regulate the expression
of F4/80, while up-regulating the expression of a-SMA,
forming a “F4/80"a-SMA*"” dual-positive transitional state,
and eventually transforming into “F4/80/low'a-SMA*"”
myofibroblast-like cells), thereby participating in fibrosis
[4,5,6]. Although MMT has been observed in experimental
models of renal, pulmonary, and hepatic fibrosis, its role in

human myocardial fibrosis remains uncertain. Thus, MMT
should be regarded as a promising but still evolving concept
in cardiac fibrosis research, rather than a definitive proven
mechanism.

The TGF-B1/Smad3 signaling pathway is a highly
complex, multifunctional core signaling network. Its core
biological characteristics include directly regulating target
gene expression through precise receptor activation and
Smad3 phosphorylation/nuclear translocation, thereby ex-
erting multiple key physiological roles such as inhibiting
proliferation, promoting fibrosis, immune regulation, in-
ducing apoptosis, and differentiation. Its functional out-
put is highly dependent on the cell type and microenviron-
ment and forms a complex crosstalk network with numer-
ous other signaling pathways. Dysregulation of this path-
way is a core pathological mechanism in several major dis-
eases, particularly pathological fibrosis, making it a highly
promising therapeutic target, despite challenges in achiev-
ing precise regulation in drug development.

The TGF-B/Smad pathway plays a crucial role in
the MMT process. It can directly mediate the deposition
of the extracellular matrix (ECM), autocrine loops, and
inflammation-fibrosis coupling by regulating target gene
expression, cellular phenotypic switching, and interact-
ing with related pathways. This drives the transition of
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Fig. 1. Schematic diagram of the mechanism of MMT in cardiac fibrosis mediated by the TGF-f1/Smad3 signaling pathway.
MMT, Macrophage-Myofibroblast Transition; TGF-B1/Smad3, Transforming Growth Factor-beta 1/SMAD family member 3. Created

by Figdraw.

macrophages into myofibroblasts, establishing it as a core
mechanism in fibrotic diseases [7,8]. This review, for the
first time, systematically integrates the molecular evidence
of the TGF-f1/Smad3 signaling pathway driving myocar-
dial fibrosis through MMT, which is expected to bring
about breakthroughs in disease prevention, clinical diagno-
sis, and future treatments (Fig. 1).

2. The Pathological Process of Myocardial
Fibrosis

Myocardial fibrosis is a pathological repair process of
the heart in response to chronic injury stimuli. It is char-
acterized by excessive deposition, abnormal cross-linking,
and disorganized spatial arrangement of the extracellular
matrix, ultimately leading to progressive deterioration of
cardiac structure and function. At its core lies the overacti-
vation of pro-fibrotic signals (especially the TGF-f/Smad
pathway), persistent activation of myofibroblasts, and
a severe imbalance in ECM synthesis/degradation/cross-
linking [9,10,11]. This process increases myocardial stiff-
ness, causes electrical conduction abnormalities, reduces
contractile function, and impairs microcirculation, eventu-

ally progressing to heart failure and malignant arrhythmias.
It can be broadly divided into three stages:

(1) Initial Injury Stage: Under specific conditions or
pathogenic factors (such as ischemia/hypoxia, inflamma-
tory mediators, or mechanical stress), cardiomyocytes un-
dergo apoptosis or necrosis. The injured site recruits M1
macrophages and neutrophils, which release various in-
flammatory factors (such as TNF-a, IL-6, and proteases),
further exacerbating myocardial tissue damage.

(2) Fibrosis Activation Stage: Cardiac fibroblasts
(CFs) differentiate into myofibroblasts (expressing -
Smooth Muscle Actin (a-SMA)+) under the stimulation of
factors such as Transforming Growth Factor-f (TGF-p),
Angiotensin II (Ang II), and Platelet-Derived Growth Fac-
tor (PDGF), acquiring contractile and ECM secretory ca-
pabilities. A decrease in elastic collagen and inhibition of
matrix metalloproteinase expression lead to excessive ECM
deposition.

(3) Fibrotic Remodeling Stage: Collagen diffusely de-
posits in the myocardial interstitium, and necrotic areas
are replaced by scar tissue (reparative fibrosis), affecting
myocardial compliance (increased stiffness) and ultimately
leading to impaired cardiac systolic and diastolic function.
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Recent studies have found that macrophages can di-
rectly transform into ECM-secreting cells via MMT, which
becomes a new driver of fibrotic remodeling (detailed in
Section 3.1).

3. The Process of Macrophage-Myofibroblast
Transition

3.1 Macrophage Polarization and Activation

As a key component of the immune system,
macrophages are involved in fibroblast activation, ECM
remodeling, and the resolution of fibrosis [12,13]. They
are essential for maintaining cardiovascular homeostasis
and triggering tissue damage. Macrophages are highly
heterogeneous and constitute a crucial part of the innate
immune system. During the initiation and progression of
fibrosis, activated macrophages are a significant source
of chemokines and other inflammatory mediators that
drive the initial cellular response after injury. In addition,
macrophages participate in interactions with other cells,
primarily by stimulating the proliferation and activation of
fibroblasts, promoting their differentiation into collagen-
producing myofibroblasts [14,15]. During the resolution
phase of fibrosis, anti-fibrotic macrophage subsets degrade
ECM components, inhibit ECM-producing cells, and clear
apoptotic cells to prevent or reverse fibrosis. In hyperten-
sive mouse model hearts, circulating monocyte-derived
macrophages express myofibroblast markers (0-SMA,
Transgelin). Lineage tracing experiments have confirmed
that hypertension promotes the transition of macrophages
into myofibroblasts. Macrophage-specific knockout of
ALKBHS5 (an m6A demethylase) identified circulating
monocyte-derived macrophages as the primary source
of pathological transition [16,17]. m6A modification
may also amplify the pro-fibrotic effects of TGF-B1
by regulating inflammatory factors such as IL-6. IL-6
can enhance TGF-Bl-induced Smad3 phosphorylation,
forming a positive feedback loop that exacerbates MMT
and ECM deposition [18,19]. This mechanism manifests
as excessive collagen accumulation and decreases cardiac
function in models of myocardial fibrosis. The traditional
M1/M2 dichotomy is insufficient to describe macrophage
diversity in fibrosis. Single-cell technologies reveal that
macrophages can be divided into pro-fibrotic and anti-
fibrotic subpopulations, influencing the fibrotic process
by regulating fibroblast activation, ECM remodeling, and
inflammatory responses. Both pro-inflammatory (M1)
and anti-inflammatory (M2) macrophages possess trans-
formative potential, though some studies confirm that M2
macrophages are the primary precursors involved in MMT
[20,21]. Although single-cell data support the existence of
MMT, lineage tracing evidence remains limited, and both
supporting and skeptical viewpoints need to be balanced
and validated in future studies.
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3.2 Co-expression of Phenotypic Markers and Cytoskeletal
Reorganization

Induced by specific factors (such as cytokines and
growth factors), some macrophages lose their original phe-
notype, change from round to spindle-shaped or stellate,
and express a series of characteristic proteins, transform-
ing into cells with pro-fibrotic functions. These proteins in-
clude: a-Smooth Muscle Actin (a-SMA), which integrates
into stress fibers, conferring strong contractile force; Vi-
mentin, a marker of mesenchymal cells; Fibroblast Spe-
cific Protein 1 (FSP1), involved in the cell transformation
process; and increased synthesis of procollagen [22,23,24].
Accompanying this transition, the cells massively secrete
collagen and fibronectin, leading to excessive deposition of
the extracellular matrix (ECM), increased tissue stiffness,
and subsequent structural damage, functional loss, and tis-
sue fibrosis.

3.3 Acquisition of Functional Myofibroblast
Characteristics

Activated myofibroblasts are the primary ECM-
producing cells that participate in fibroblast differentia-
tion. Upon transitioning into macrophage-derived myofi-
broblasts, cells undergo significant functional and morpho-
logical changes, becoming core effector cells driving tis-
sue fibrosis [5,25]. Their morphology shifts from round or
amoeboid to spindle-shaped or stellate, with enhanced mi-
gratory capacity aiding infiltration into injured sites. The
cells acquire strong contractile properties, evidenced by the
formation of a-SMA stress fibers and assembly of focal ad-
hesion structures, enabling them to exert traction forces on
the ECM via integrin-mediated connections, leading to tis-
sue contracture. Concurrently, the cells’ ability to synthe-
size and secrete ECM components (such as collagen and
fibronectin) is substantially increased, directly contribut-
ing to tissue stiffness and structural disruption. The cells
then switch to secreting pro-fibrotic factors like TGF-p and
downregulate some classical pro-inflammatory cytokines,
shifting their overall phenotype from pro-inflammatory
towards maintaining and advancing the fibrotic process.
MMT is a recently identified form of cellular phenotypic
conversion in fibrotic disease research. It refers to the pro-
cess by which macrophages acquire the biological charac-
teristics of myofibroblasts within specific inflammatory or
injury microenvironments [26,27,28]. The main process
involves: (1) Tissue injury triggering an inflammatory re-
sponse; (2) Recruitment of macrophages to the injury site as
part of the inflammatory response; (3) Macrophages, under
the influence of cytokines and growth factors such as TGF-
B, acquire myofibroblast characteristics, such as express-
ing o-smooth muscle actin and other myofibroblast mark-
ers. Our current understanding is that macrophages (origi-
nating from bone marrow hematopoietic stem cells, belong-
ing to the hematopoietic lineage) and myofibroblasts (orig-
inating from local tissue mesenchymal stem cells, epithe-
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lial cells, or endothelial cells, belonging to the mesenchy-
mal lineage) are cells of different differentiation lineages.
The direct, large-scale conversion of one terminally differ-
entiated cell type into another completely different lineage
(transdifferentiation) is biologically rare and lacks a clear,
widely accepted direct evidence in both normal physiology
and pathology. In some fibrotic lesions (such as myocar-
dial, pulmonary, and renal fibrosis), activated macrophages
(particularly M2 type) and myofibroblasts may both express
some common cell markers (e.g., both may express a-SMA
at certain stages). This process reveals a direct link between
immune cells and fibrosis, providing a new perspective for
understanding fibrotic mechanisms.

3.4 Evidence and Correlates of MMT in Human Cardiac
Pathologies

While the majority of mechanistic evidence for MMT
originates from genetically engineered mouse models, a
critical question remains regarding its existence and rele-
vance in human myocardial fibrosis. Direct lineage-tracing
experiments, performed in animals, are not feasible in hu-
man patients. Therefore, the evidence in human hearts is
necessarily correlative and relies on the identification of
cells exhibiting a hybrid or transitional phenotype, consis-
tent with the MMT process observed in experimental stud-
ies.

Immunohistochemical Evidence from Human Tissue:
Studies on endomyocardial biopsies or explanted hearts
from patients with various etiologies of heart failure (e.g.,
ischemic cardiomyopathy, hypertensive heart disease, di-
lated cardiomyopathy) have provided suggestive morpho-
logical data. Several reports have documented the co-
localization of canonical macrophage/monocyte markers
(such as CD68 or CD163) with the myofibroblast marker
a-smooth muscle actin (a-SMA) within fibrotic interstitial
regions [29,30,31]. These “double-positive” cells are often
found at the border zones of fibrosis or within active scar
tissue. It is crucial to interpret these findings with caution:
co-staining represents a phenotypic correlation, not defini-
tive proof of lineage conversion, as it could theoretically
result from very close apposition of two distinct cell types,
phagocytosis of debris, or non-specific staining. Neverthe-
less, their presence aligns spatially and phenotypically with
the MMT hypothesis derived from animal models.

Transcriptomic Evidence from Single-Cell RNA Se-
quencing (scRNA-seq): The advent of scRNA-seq has pro-
vided a more powerful tool to interrogate cellular identities
and disease states in human heart failure without relying
solely on a limited set of protein markers. Re-analyses of
public scRNA-seq datasets from human failing hearts have
revealed subpopulations of myeloid-derived cells that co-
express transcripts associated with both inflammatory func-
tions (e.g., CD14, *AIF1/IBA1*, CD163) and extracellu-
lar matrix remodeling (e.g., COL1A1, COL3A1, POSTN,
TNC) [30,32]. These clusters exhibit a gene signature that

is distinct from classical M1/M2 macrophages and resting
fibroblasts, potentially representing a transcriptomic inter-
mediate state akin to cells undergoing MMT. The identifi-
cation of such hybrid populations in human samples signif-
icantly strengthens the biological role of MMT in human
cardiac pathology.

Clinical Correlation and Future Directions: The clin-
ical significance of these putative MMT-related cells is an
area of active investigation. Preliminary correlative studies
suggest that the abundance of macrophages with a “fibrotic”
transcriptomic signature or the density of CD68+/a-SMA+
cells may be associated with the severity of fibrosis quan-
tified by cardiac magnetic resonance (CMR) imaging, the
degree of left ventricular dysfunction, or adverse clinical
outcomes. Future, prospectively designed studies that in-
tegrate high-dimensional cellular phenotyping (e.g., CITE-
seq, spatial transcriptomics) with precise imaging-based fi-
brosis metrics and longitudinal patient follow-up are essen-
tial to establish whether MMT-related cells are merely by-
standers or active drivers of disease progression in humans.
Until such direct functional evidence is available, the hu-
man data should be interpreted as strongly supportive of the
clinical relevance of the MMT concept, justifying further
translational research, while acknowledging that it remains
a mechanistic hypothesis yet to be definitively proven in
human hearts.

4. Biological Characteristics of the
TGF-p1/Smad3 Signaling Pathway

The core of the TGF-f1/Smad3 signaling pathway lies
in TGF-B1 (ligand) activating its receptor, which then pri-
marily phosphorylates Smad3 (downstream signal trans-
ducer). The phosphorylated Smad3 forms a complex with
Smad4, translocates into the nucleus, and regulates the tran-
scription of target genes. It widely participates in regulating
various biological processes, including cell proliferation,
differentiation, apoptosis, migration, adhesion, and ECM
synthesis [33,34].

Several core pathways promote fibrosis, such as the
TGF-B/Smad pathway (upregulating a-SMA and colla-
gen genes), the Wnt/p-catenin pathway (promoting fibrotic
gene transcription via p-catenin nuclear translocation), and
inflammatory pathways (NLRP3 inflammasome activation
leading to IL-1P secretion, stimulating fibroblast activity),
alongside others such as histone modification and miRNA
regulation. The TGF-B/Smad pathway acts as a core driver
of fibrosis and also plays a key role in the biology of
MMT. This article focuses on the biological role of the
TGF-B1/Smad3 signaling pathway in the MMT process
[35,36,37].

4.1 Core Components and Signal Transduction Process

* Ligand: TGF-B1 is a representative member of the
TGF-B superfamily. It is a pleiotropic cytokine usually se-
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creted in a latent form and requires activation (e.g., by inte-
grins, proteases, or acidic environments) to bind receptors.

* Receptors:

Type 11 Receptor (TPRII): Possesses constitutive ki-
nase activity. TGF-B1 first binds to TBRIIL. Type I Receptor
(TBRI / ALKS): Recruited by TPRII and binds the ligand,
forming a heterotetrameric complex. TBRII phosphorylates
and activates the kinase domain of TPRI.

» Smad Signal Proteins: Smad2 and Smad3 are the pri-
mary R-Smads transducing TGF-B1 signals. TBRI directly
phosphorylates the C-terminal SSXS motif of Smad3 (phos-
phorylation of Smad2 sometimes requires co-receptors like
SARA). This phosphorylation is a key step for downstream
signal propagation.

* The phosphorylated Smad3 (p-Smad3) binds to the
common mediator Smad4, forming a heterotrimeric com-
plex (p-Smad3/Smad3/Smad4), which is translocated into
the nucleus with the help of importins.

* Transcriptional Regulation: Inside the nucleus, the
p-Smad3/Smad4 complex needs to cooperate with DNA-
binding co-factors (such as Forkhead box O (FoxO), AP-1
family members, Runt-related transcription factor (RUNX),
etc.) to effectively bind to Smad Binding Elements (SBEs-
the DNA sequence recognized by Smad transcription fac-
tors) on the promoter/enhancer regions of target genes.

* Recruitment of Transcriptional Regulatory Com-
plexes: The p-Smad3/Smad4 complex itself has weak
transcriptional activation capacity. It primarily serves as
a platform to recruit transcriptional co-activators or co-
repressors, ultimately determining whether target genes are
activated or repressed through mechanisms like histone
acetylation/deacetylation [38,39,40,41,42,43,44].

4.2 Core Biological Functions
4.2.1 Pro-fibrotic

The TGF-B1/Smad3 pathway is a key molecular en-
gine driving tissue fibrosis. It strongly promotes the transi-
tion of macrophages into myofibroblasts, specifically man-
ifested by:

(1) ECM Synthesis: Upregulating the expression of
various ECM protein genes, such as Collagen I, III, IV
(COL1A1, COL3Al, etc.), Fibronectin (FN1), and Laminin
[45,46,47].

(2) Inhibition of ECM Degradation: Inducing the ex-
pression of Plasminogen Activator Inhibitor-1 (PAI-1), in-
hibiting plasminogen activators (like uPA/tPA), thereby re-
ducing the production and activation of plasmin and Ma-
trix Metalloproteinases (MMPs). Simultaneously, it in-
duces the expression of Tissue Inhibitors of Metallopro-
teinases (TIMPs), collectively promoting ECM accumula-
tion [48,49,50].

(3) Activation and Differentiation of Myofibroblasts:
Stimulating the differentiation of fibroblasts and pericytes
into secretory myofibroblasts, which are the primary source
of excessive ECM deposition in fibrotic tissues [51,52].

&% IMR Press

4.2.2 Inhibition of Cell Proliferation

This is one of the most classic biological effects of
TGF-B1, particularly in epithelial cells, endothelial cells,
hematopoietic cells, and immune cells. It primarily works
by inducing the expression of Cyclin-Dependent Kinase
Inhibitors (CDKIs) such as p15™K4B | p2 [ CIPVWAFT - o d
p27%P! 'leading to cell cycle arrest in the G1 phase [53,54].

4.2.3 Immune Regulation

* Anti-inflammatory/Immunosuppressive:  Inhibits
the proliferation and activation of T cells and B cells;
promotes the differentiation and function of regulatory T
cells (Tregs); suppresses the activity of dendritic cells,
macrophages, and NK cells. This is important for maintain-
ing peripheral immune tolerance and suppressing autoim-
mune reactions [55].

* Pro-inflammatory Effects: Under certain conditions
(e.g., early tissue injury), TGF-B1 can also promote the ex-
pression of pro-inflammatory factors and the recruitment of
macrophages/neutrophils [56].

4.2.4 Induction of Apoptosis

Can induce apoptosis in certain cell types (e.g., hep-
atocytes, T cells, B cells), which is crucial for embryonic
development, maintaining tissue homeostasis, and immune
tolerance.

Regulation of Cell Differentiation: Participates in the
differentiation processes of various cell types, such as in-
ducing Epithelial-Mesenchymal Transition (EMT, impor-
tant in development and cancer metastasis), osteoblast dif-
ferentiation, and chondrocyte differentiation [57,58].

Maintenance of Tissue Homeostasis: Plays a central
role in tissue repair after injury and maintains normal struc-
ture by balancing cell proliferation, apoptosis, and ECM
synthesis/degradation. However, when the signal is exces-
sive or persistently activated, it can lead to pathological
states (e.g., fibrosis, cancer) [59,60].

Epithelial-Mesenchymal Transition:  The TGF-
B1/Smad3 pathway is one of the key factors inducing
EMT, achieved by downregulating epithelial markers (e.g.,
E-cadherin), upregulating mesenchymal markers (e.g.,
N-cadherin, Vimentin, Fibronectin), and EMT-related
transcription factors [61,62].

4.3 Association With Pathological Diseases
4.3.1 Fibrotic Diseases

Overactivated or sustained activation of the TGF-
B1/Smad3 signal is a core driver of fibrosis in nearly all
organs (liver, kidney, lung, heart, skin). Its ability to pro-
mote ECM synthesis and inhibit degradation directly leads
to organ dysfunction and scar tissue formation. In organs
like the kidney, lung, and liver, the TGF-B1/Smad3 path-
way can induce epithelial cells to undergo EMT, enabling
them to acquire a mesenchymal cell phenotype and partici-
pate in fibrosis formation [42,63].
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4.3.2 Cardiovascular Diseases

In hypertension and atherosclerosis, TGF-B1 influ-
ences the phenotypic switching of vascular smooth muscle
cells (VSMCs) (from contractile to synthetic), proliferation,
and migration, leading to vascular wall thickening and stift-
ening. It plays a dual role in atherosclerosis: on one hand,
it may have a protective effect by inhibiting inflammation
and stabilizing plaques; on the other hand, it may promote
fibrous cap formation, leading to stenosis and intimal hy-
perplasia. Furthermore, under pressure overload, TGF-p1
signaling participates in the development of pathological
cardiac hypertrophy [15,64,65].

4.3.3 Autoimmune and Inflammatory Diseases

TGF-P1 is a core cytokine for maintaining immune
tolerance and homeostasis. Deficiencies in its signaling can
lead to immune system dysregulation. TGF-B1 is essential
for the development and function of Treg cells, which are
crucial for suppressing autoimmune responses. Smad3 sig-
naling is necessary for the suppressive function of Tregs.
Insufficient or dysregulated TGF-B1 signaling fails to ef-
fectively inhibit the differentiation and function of pro-
inflammatory T cells, leading to massive production of in-
flammatory cytokines (e.g., IL-6, IL-17, IFN-y) and affect-
ing B cell class switching and antibody production [66].

In diseases such as multiple sclerosis, rheumatoid
arthritis, and inflammatory bowel disease, dysregulation of
this pathway (often manifesting as excessive immune sup-
pression or ineffective suppression) contributes to patho-
logical changes. Its anti-inflammatory function also makes
it a potential therapeutic target [67].

4.3.4 Cancer

The TGF-B1/Smad3 pathway plays a classic “double-
edged sword” role in cancer, with its effects being distinctly
stage-dependent.

Early Stage - Tumor Suppressive Role: Acts via
Smad3-dependent pathways to induce the expression of
CDKIs (e.g., pl5, p21), inhibit the expression of cyclins
(e.g., Cyclin D1), thereby arresting the cell cycle in G1
phase. It also promotes apoptosis and differentiation [68].

Late Stage - Tumor Promoting Role: When cancer
cells evolve, they can hijack the TGF-B1 signal to promote
malignant progression. Through Smad3 and other path-
ways (e.g., PI3K/AKT), cancer cells acquire migratory and
invasive capabilities, key steps in metastasis. TGF-B1 is
one of the strongest immunosuppressive factors, inhibiting
the activity of cytotoxic T cells and NK cells, promoting
the differentiation of Tregs, and helping tumor cells evade
immune attack. It also upregulates Vascular Endothelial
Growth Factor (VEGF) to nourish tumor growth and re-
cruits and alters stromal cells like Cancer-Associated Fi-
broblasts (CAFs), forming a microenvironment that sup-
ports tumor growth and metastasis [69,70].

The TGF-B1/Smad3 signaling pathway is an ex-
tremely complex cellular communication system, the
delicate balance of which is crucial for health. Its
dysregulation—whether overactivation or functional
deficiency—Ieads to a range of serious pathological con-
ditions from fibrosis and cancer to autoimmune diseases.
Understanding the pathophysiological characteristics of
this pathway is essential for developing safe and effective
targeted therapies and represents a current hotspot and
challenge in translational research.

4.4 Interactive Network of TGF-f1/Smad3 With
Fibrosis-Related Pathways

4.4.1 TGF-B1/Smad3 and MAPK/ERK Pathway

TGF-B1 can not only signal through the canonical
Smad pathway but also directly activate Mitogen-Activated
Protein Kinase (MAPK) family pathways such as Extracel-
lular signal-Regulated Kinase (ERK), c-Jun N-terminal Ki-
nase (JNK), and p38. Among these, activated p38 MAPK
can phosphorylate the linker region of Smad proteins. This
modification serves as a key cross-talk mechanism, sig-
nificantly enhancing Smad activity and its ability to drive
gene transcription. Concurrently, the MAPK pathway itself
can independently regulate the expression of certain pro-
fibrotic genes by phosphorylating other transcription fac-
tors. Thus, TGF-B1 promotes fibroblast proliferation, sur-
vival, and differentiation through this precise network of
Smad-MAPK synergy and complementation, which signif-
icantly influences the fibrotic process [71,72,73].

4.4.2 TGF-B1/Smad3 and PI;K/Akt Pathway

TGF-B1, by activating the PI3;K/Akt signaling path-
way, strongly inhibits the apoptosis of myofibroblasts via
Akt phosphorylation, allowing their long-term survival.
Additionally, activated Akt can indirectly regulate EMT
through non-Smad pathways. This inhibition of apopto-
sis is a key mechanism ensuring the persistent survival
of myofibroblasts and their excessive secretion of ECM,
thereby maintaining and promoting the progression of fi-
brosis [74,75].

4.4.3 TGF-B1/Smad3 and Wnt/B-catenin Pathway

B-catenin mediates Smad3 nuclear translocation: Af-
ter Wnt ligand activation, B-catenin accumulates and en-
ters the nucleus, binding to T-cell Factor (TCF)/Lymphoid
Enhancer-binding Factor (LEF) transcription factors, di-
rectly enhancing SMAD3 gene transcription. The B-
catenin/Smad3 complex binds to the promoter regions of
collagen genes (COL1Al, COL3Al), amplifying ECM
synthesis [76].

In myocardial fibrosis, Wnt1 overexpression increases
B-catenin levels by 2.8-fold, concurrently increasing p-
Smad3 nuclear localization and accelerating fibroblast
transformation [77].
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4.4.4 TGF-B1/Smad3 and JAK/STAT Pathway

Certain pro-inflammatory cytokines (e.g., IL-6, IL-
13) participate in the fibrotic process by activating the
JAK/STAT signaling pathway, and TGF-B1 can further up-
regulate the expression of STAT proteins. Among them,
STAT3 can functionally synergize with the TGF-B1 down-
stream protein Smad3, effectively mediating the transition
from inflammation to fibrosis, jointly promoting myofi-
broblast activation and excessive ECM deposition [78].

4.4.5 TGF-B1/Smad3 and Notch Pathway

TGF-P1 increases the proliferation, invasion, adhe-
sion capacity, and Collagen I secretion of cardiac fibrob-
lasts (CFs). These effects are inhibited by overexpression
of the Notch Intracellular Domain (NICD). Furthermore,
NICD knockdown enhances endogenous Smad3 phospho-
rylation in CFs, while TGF-B1-induced Smad3 phosphory-
lation is antagonized by NICD overexpression. Conversely,
activation of endogenous NICD in CFs is antagonized by
Smad3, and TGF-B1-induced NICD inactivation is antag-
onized by Smad3 knockdown. Co-immunoprecipitation
shows interaction between NICD and Smad3, and im-
munostaining shows nuclear co-localization of NICD and
Smad3 in CFs. Functional antagonism between NICD
and Smad3 on CF phenotype has also been demonstrated
[78,791].

4.4.6 TGF-B1/Smad3 and the
Renin-Angiotensin-Aldosterone System (RAAS)

Ang II directly activates TBRII: Ang II phosphorylates
TPRII via the ATIR receptor, independently of the TGF-B
ligand. The Mineralocorticoid Receptor (MR), upon acti-
vation, upregulates TGF-B1 expression, forming an “Ang
IT - MR - TGF-B1 - Smad3” positive feedback loop; i.e.,
aldosterone induces Smad3 phosphorylation [80].

In hypertensive models, Losartan (an ATIR antago-
nist) reduces p-Smad3 levels by up to 65%, significantly
inhibiting the transition of macrophages into a-SMA+ cells

[81] (Fig. 2).

4.4.7 TGF-B1/Smad3 and m6A Modification Pathway

A close bidirectional positive feedback relationship
exists between the TGF-f1/Smad3 signaling pathway and
m6A RNA modification, with defined molecular coordi-
nates and a sequential timeline [82,83].

Positive regulation (TGF-f—m6A): Activated TGF-
B1/Smad3 signaling directly transactivates the expres-
sion of the core m6A methyltransferase complex, notably
METTL3. The phosphorylated Smad3/Smad4 complex
binds to specific Smad Binding Elements (SBEs) within
the METTL3 gene promoter, driving its transcription. This
leads to an overall increase in cellular m6A deposition,
particularly on mRNAs harboring the consensus RRACH
(R=G/A; H=A/U/C) motif.
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Reverse amplification (m6A—-TGF-B): The installed
mo6A marks are recognized by “reader” proteins such as
YTHDF1/2 or IGF2BP1. Critically, the mRNAs encod-
ing key components of the TGF-B1 pathway itself (e.g.,
TGFB1, TGFBR1, SMAD?2/3) contain highly conserved
RRACH motifs in their 3’untranslated regions (3’UTRs).
mo6A modification at these sites enhances the stability and
translation efficiency of these transcripts via reader protein
binding. Conversely, m6A modification can also promote
the decay of mRNAs encoding inhibitory molecules, such
as SMAD7, a negative feedback regulator of the pathway.
This post-transcriptional regulation creates a powerful self-
reinforcing loop [84].

Regulate the timeline: In the early phase of fibrotic
stimulation, rapid Smad3 activation may induce a prelimi-
nary wave of METTL3 expression. The resulting increase
in m6A then stabilizes and amplifies the signal output of the
TGF-B1 pathway components, locking the cell into a sus-
tained pro-fibrotic transcriptional program. This sequential
amplification is a key mechanism driving the progression
and persistence of organ fibrosis (Fig. 3).

4.4.8 TGF-B1/Smad3 and Epigenetics (O-GlcNAc
Glycosylation)

0-GlcNAc modification acts as a dynamic, reversible
“metabolic sensor” that fine-tunes the activity of the TGF-
B1/Smad3 pathway through direct steric competition at the
post-translational level [85,86,87,88].

Molecular competitive sites:  O-GIcNAc trans-
ferase (OGT) catalyzes the addition of a single N-
acetylglucosamine moiety to serine or threonine residues
of target proteins. On Smad3, O-GlcNAcylation occurs
predominantly within its linker region, a domain rich in
Ser/Thr-Pro sites that are also targets for proline-directed
kinases (e.g., CDKs, MAPKs), and is in close proximity
to the C-terminal SSXS motif phosphorylated by TPRI.
O-GlcNAcylation of specific linker region residues (e.g.,
T179) can physically hinder the access of TBRI to the
C-terminal motif or alter Smad3’s conformational stabil-
ity, thereby directly inhibiting its phosphorylation and
subsequent nuclear translocation.

Energy sensing and regulation logic: The donor sub-
strate for O-GlcNAcylation, UDP-GIcNAc, is synthesized
via the hexosamine biosynthesis pathway (HBP), which in-
tegrates inputs from glucose, amino acid, fatty acid, and
nucleotide metabolism. Therefore, the level of Smad3 O-
GlcNAcylation directly reflects cellular nutrient status. Un-
der acute metabolic stress (e.g., myocardial ischemia), an
adaptive increase in O-GlcNAcylation may serve as a pro-
tective brake to prevent excessive TGF-B1/Smad3-driven
apoptosis or fibrosis. Conversely, in sustained pathologi-
cal metabolic states (e.g., diabetic cardiomyopathy), chron-
ically elevated O-GlcNAcylation may dysregulate this fine-
tuning mechanism and contribute to maladaptive signaling.
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Fig. 2. Schematic diagram of the interactive network of TGF-$1/Smad3 and other fibrosis-related pathways. Created by Figdraw.

Bidirectional interaction: The TGF-B1/Smad3 path-
way can, in turn, regulate the expression of OGT and O-
GlcNAcase (OGA), the enzyme that removes the modifi-
cation, forming a complex feedback loop. This crosstalk
tightly couples cellular decisions to the metabolic microen-
vironment (Fig. 4).

4.5 TGF-p1/Smad3-Mediated Transcriptional
Reprogramming in Macrophages During MMT

While the canonical TGF-B1/Smad3 pathway is op-
erational in many cell types, its ability to drive the spe-
cific phenotypic conversion of macrophages into myofi-
broblasts hinges on a unique transcriptional reprogramming
event. This process extends beyond simple Smad3 phos-
phorylation and nuclear translocation; it requires the coor-
dinated interaction of phospho-Smad3 (p-Smad3) with cell-
type-specific transcription factors and epigenetic regulators
within the macrophage nucleus, ultimately redirecting gene
expression from an immune profile to a pro-fibrotic one.

Cooperative Transcription Factors Define Cellular
Specificity: Smad3 itself possesses weak, low-specificity
DNA-binding affinity. Its transcriptional outcome is
largely determined by cooperative partnerships with
lineage-defining or lineage-appropriate transcription fac-
tors. In macrophages undergoing MMT, p-Smad3/Smad4
complexes are postulated to engage with key macrophage
lineage factors, effectively “repurposing” them to silence

macrophage identity genes and activate myofibroblast pro-
grams.

Interactions with Macrophage Lineage Factors: Core
macrophage transcription factors such as PU.1 (encoded
by SPI1) and members of the CCAAT/enhancer-binding
protein (C/EBP) family (e.g., C/EBPP) are critical for es-
tablishing and maintaining macrophage identity. During
MMT, TGF-B1 signaling may lead to functional crosstalk or
direct complex formation between p-Smad3 and these fac-
tors. This interaction could result in the suppression of clas-
sic macrophage markers (e.g., CD68, *ADGRE1/F4/80%)
while simultaneously enabling the recruitment of this tran-
scriptional machinery to the enhancers/promoters of myofi-
broblast signature genes [2].

Synergy with Profibrotic Transcription Factors: p-
Smad3 synergizes with other transcription factors that are
either upregulated or activated during fibrosis. A prime ex-
ample is RUNXI1. Evidence indicates that RUNXI1 is es-
sential for promoting MMT in fibrotic models, and it can
physically interact with Smad3 to co-occupy regulatory el-
ements of genes encoding a-SMA (ACTA?2) and collagen I
(COL1A1), thereby directly driving their expression. Sim-
ilarly, components of the AP-1 complex (e.g., c-Fos/c-Jun)
frequently cooperate with Smad3 to regulate a broad spec-
trum of ECM-related and inflammatory genes, serving as a
nexus for integrating TGF-B signals with other pathways.
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Context of Ligand Activation: The source and
mode of TGF-B1 activation are likely crucial in initiating
MMT within the macrophage niche. Unlike fibroblasts,
macrophages residing in the fibrotic myocardium are ex-
posed to TGF-B1 that is predominantly activated locally
from latent complexes. This activation can be mediated
by integrins (e.g., avp8 expressed on adjacent cells or
macrophages themselves), proteases, or the acidic microen-
vironment of an injury. This spatially restricted signal may
provide a potent, context-specific trigger for the MMT pro-
gram in recruited macrophages, distinguishing it from the
responses of resident fibroblasts.

Epigenetic Reinforcement: The transcriptional switch
is stabilized by accompanying epigenetic changes. The
p-Smad3 complex can recruit co-activators such as
p300/CBP, which catalyze histone acetylation, open-
ing chromatin at profibrotic gene loci. Concurrently,
it may facilitate the repression of macrophage-specific
genes through mechanisms involving histone deacetylases
(HDAGC:S). This epigenetic layer ensures the relative stabil-
ity of the acquired myofibroblast phenotype [89].

Conclusion of this subsection: In summary, the TGF-
B1/Smad3 pathway does not act in isolation to induce
MMT. Instead, it functions as a master transcriptional
coordinator within macrophages, leveraging pre-existing
lineage-determining factors and synergizing with induced
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pro-fibrotic factors to execute a precise genetic switch.
This collaborative model explains how a ubiquitous sig-
naling pathway can elicit the cell-type-specific outcome of
macrophage-to-myofibroblast transition. Future research
elucidating the exact composition and genomic binding
sites of these Smad3-containing transcriptional complexes
in macrophages will be key to identifying highly specific
targets for disrupting MMT.

5. MMT: A Potential Intervention Target?

Tissue fibrosis is a common terminal pathological
manifestation of various chronic diseases, characterized
by excessive ECM deposition and the destruction of or-
gans. The traditional view holds that myofibroblasts pri-
marily originate from the activation of local fibroblasts or
via Epithelial-Mesenchymal Transition (EMT) [90]. How-
ever, recent studies have found that macrophages, under
specific conditions, can express the biological characteris-
tics of myofibroblasts and participate in the disease’s patho-
logical process, i.e., the MMT phenomenon. This discov-
ery provides a new perspective on fibrotic mechanisms and
may become a new target for anti-fibrotic therapy. For
example, fibrosis could potentially be improved by target-
ing the regulation of the macrophage transition process or
by early clearance of specific macrophage subpopulations
(pro-fibrotic groups). Macrophage-specific Smad3 silenc-
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ing can effectively hinder MMT and prevent disease pro-
gression [74,91].

Other studies suggest that macrophages can exert anti-
fibrotic effects through the targeted recruitment of specific
subpopulations. However, fibrotic mechanisms are com-
plex, and the dynamic phenotypes and functional hetero-
geneity of macrophages pose challenges for targeted ther-
apy (e.g., off-target risks), necessitating a balance between
anti-fibrotic effects and tissue repair. Furthermore, differ-
ences exist in a-SMA and collagen protein expression be-
tween in vivo and in vitro experiments. Future work re-
quires an in-depth analysis of the regulatory mechanisms of
transition and the pathological functions of the transitioned
cells.

Research on the role of MMT in the pathogene-
sis of fibrotic diseases has mainly focused on the up-
stream and downstream signaling pathways activated by
the TGF-B/Smad signal. Although macrophages play im-
portant physiological functions, TGF-p1 remains a crucial
cytokine. Given the central role of the TGF-B1/Smad3
pathway in major diseases like fibrosis and tumor metasta-
sis, inhibiting this pathway has become an important strat-
egy in drug development. This includes small molecule
kinase inhibitors, monoclonal antibodies, soluble recep-
tors, targeting other nodes of the Smad pathway (e.g.,
molecules targeting Smad3 phosphorylation, complex for-
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mation, nuclear translocation), and targeting downstream
effector molecules. Specific approaches could involve
using CRISPR-Cas9 technology to validate the role of
key MMT genes (like ALKBHS) in myocardial mod-
els or integrating Al models to predict crosstalk between
the TGF-B1/Smad3 pathway and the Renin-Angiotensin-
Aldosterone System (RAAS) [92] (see Table 1, Ref.
[93,94,95,96,97,98,99,100]).

Another challenge lies in balancing efficacy and toxi-
city, as TGF-P has irreplaceable roles in maintaining phys-
iological homeostasis. Current research hotspots include
defining the conversion threshold for pro-fibrotic/anti-
fibrotic macrophage subpopulations, achieving selective in-
hibition in specific tissues or of specific downstream ef-
fects, and developing context-dependent drugs.

The central role of TGF-f1/Smad3 signaling in MMT
makes it a prime therapeutic target for mitigating fibrosis.
However, translating this concept into safe and effective
therapies faces a fundamental challenge: the pleiotropic and
context-dependent functions of TGF-f1. Beyond driving
fibrosis, TGF-B1 is indispensable for immune homeosta-
sis, surveillance against autoimmunity, wound healing, and
vascular integrity. Consequently, systemic inhibition of
the TGF-B pathway has been associated with severe, dose-
limiting toxicities in preclinical and clinical studies, includ-
ing the emergence of autoimmune-like syndromes, impair-
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Table 1. Potential intervention strategies and mechanistic implications [93,94,95,96,97,98,99,100].

Intervention strat-

cgy

Target/Mechanism

Experimental evidence

Primary challenges and considerations

Clinical translation & updates

m6A  Modifica-
tion Inhibitors

Antibody Therapy

TBRI Kinase In-
hibitors

Targeting Down-
stream Effectors

(e.g., Integrin In-
hibitors)

Targeting MMT-

specific nodes

Agonist/Function

ALKBHS inhibitor (targeting IL-11).

TGF-B1 neutralizing antibody.

Competitively inhibits TBRI kinase
activity, preventing phosphorylation
of Smad2/3, thus blocking down-

stream signaling.

Blocks key molecules
TGF-f activation.
are secreted latent, requiring integrins

mediating
Many cytokines

(e.g., avP6, avp8) for cell-surface
activation.
Disrupting the unique transcrip-
tional program driving MMT within
macrophages (e.g., knocking down

RUNXI, inhibiting ALKBHS5).

Aims to enhance TGF-f signaling to

Restoration Strategy restore immune tolerance. E.g., using

(for autoimmune

diseases)

low-dose TGF-p, receptor agonists, or
stabilizing Smad signaling.

Reduces fibrosis degree in hyperten-

sive models.

Effective in animal models, signifi-

cant toxicity in clinical trials.

In preclinical cancer models, in-

hibits  tumor  growth/metastasis,
reverses EMT, enhances
chemo/immunotherapy efficacy.

Also effective in fibrosis models.
avB6/B8 integrin knockout or in-
hibitors effective in lung/liver fibrosis
models, with better safety profile than
direct TGF-B inhibition, as it primar-
ily blocks local activation in patholog-
ical contexts, not systemic signaling.
Macrophage-specific Smad3 knock-
out can block MMT, RUNXI1 has
been demonstrated to play a key role
in MMT.

In autoimmune animal models (e.g.,
EAE, mimicking MS), administering
TGF-B1 or therapies promoting its

production can alleviate disease.

Target Specificity: ALKBHS has broad
substrate specificity; Tissue Delivery: Re-
quires macrophage/lesion-specific deliv-
ery systems.

Significant Safety Concerns: Systemic in-
hibition leads to dose-limiting toxicities,
such as skin hyperplasia, vasculopathy,
and increased risk of autoimmunity acti-
vation.

Lack of Target Selectivity: May affect
other kinases; Escape Mechanisms: Can-
cer cells or myofibroblasts may escape via
ligand upregulation or alternative pathway
(e.g., MAPK) activation.

Tissue Specificity: Requires identification
of the dominant integrin in the diseased
organ; High Development Hurdle: De-
sign and optimization of high-affinity in-
hibitors.

Cell-Specific Delivery: Requires effi-
cient delivery of therapeutics to specific
macrophage subsets within the lesion;
Physiological Role of Target: Long-term
impact on immune homeostasis needs
evaluation.

Carcinogenesis Risk: Long-term enhance-
ment of TGF-B signaling may theoret-
ically promote fibrosis or tumor pro-
gression; Limitations in Administration

Routes.

ALKBHS small-molecule in-
hibitors (e.g., STM2457) have shown safety in early-phase hema-
tological malignancy trials (NCT05584111). In fibrosis models,
ALKBHS5 knockdown/inhibition attenuates cardiac, renal, and pul-

Promising preclinical progress:

monary fibrosis, yet no fibrotic-indication clinical trials are ongo-
ing.

Clinical example: Fresolimumab (GC1008) showed antifibrotic po-
tential in early-phase IPF and FSGS trials, but further development
was halted due to systemic toxicity. Current strategies shift toward
local delivery or bispecific antibody designs.

Clinical progress: Galunisertib (LY2157299) showed some effi-
cacy in Phase II HCC trials and is explored in pancreatic can-
cer/glioblastoma combinations. Its application in fibrosis (e.g., car-

diac) remains at the preclinical-to-early translational stage.

Clinical advance: ovf6 integrin inhibitor BG00011 (BRAVOS) has
been evaluated in a Phase I1 IPF trial NCT03573505), showing pre-
liminary antifibrotic activity and favorable safety. Such agents are
considered safer due to their localized mechanism of action.

Medium—High translational potential: Represents the most specific
direction but heavily depends on breakthroughs in cell-targeting
technologies. No clinical-stage drugs directly targeting MMT yet,
but MMT-associated markers (e.g., RUNX1, ALKBHS) are emerg-
ing as novel biomarker/therapeutic targets validated by single-cell
studies.

Limited clinical exploration: Due to carcinogenic/profibrotic risks,
direct TGF-P or receptor agonist development is rare. Current ap-
proaches focus on Treg adoptive transfer or indirect tolerance in-
duction rather than direct pathway enhancement.

Abbreviations: ALKBHS, Alpha-ketoglutarate-dependent dioxygenase alkB homolog 5; RUNX1, Runt-related transcription factor 1; avp6\avf8, Integrin alpha V beta 6/Integrin alpha V beta 8; EAE, Experimental

Autoimmune Encephalomyelitis; MS, Multiple Sclerosis; EMT, Epithelial-Mesenchymal Transition.
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ed wound repair, and vascular abnormalities (e.g., bleed-
ing, telangiectasia). Therefore, the primary hurdle is no
longer proving the pathway’s involvement, but achieving a
therapeutic window where pathological signaling in fibrotic
niches is inhibited without disrupting its vital physiological
roles. This necessitates a strategic shift from broad path-
way blockade towards more nuanced approaches, such as:
(1) targeting the local activation of TGF-B1 within fibrotic
tissues; (2) disrupting MM T-specific downstream transcrip-
tional complexes; or (3) exploiting the unique phenotypic
state of macrophages undergoing transition.

While most mechanistic strategies targeting MMT or
the TGF-B1/Smad3 axis remain in preclinical exploration,
the clinical translation landscape for fibrotic diseases is dy-
namically evolving. Notably, drug development in oncol-
ogy and pulmonary fibrosis provides critical precedents and
pipelines for cardiac applications. Table 1 has been updated
to include the most advanced clinical evidence, highlight-
ing both the promising leads and the substantial gaps that
remain for myocardial fibrosis-specific therapies. Table 1
summarizes various possible strategies and clearly assesses
their mechanism principles, associated challenges, and the
latest clinical trial data.

The updated clinical landscape underscores a clear
divergence: broad TGF-§ pathway inhibition faces insur-
mountable safety barriers, while context-dependent strate-
gies like integrin inhibition are forging a viable path for-
ward. The progress of avpo6/8 integrin inhibitors in IPF
represents the most tangible clinical precedent for an anti-
fibrotic therapy rooted in modulating TGF-f activation. For
newer strategies like m6A modulation or MM T-specific tar-
geting, the path is longer. Their translation will likely de-
pend on two key enablers: (1) borrowing safety and com-
pound optimization insights from parallel oncology pro-
grams; (2) breakthroughs in delivery technologies (e.g.,
lipid nanoparticles, cell-specific ligands) to achieve the nec-
essary cellular and tissue specificity. Future clinical trials in
myocardial fibrosis should prioritize these targeted, mecha-
nistically precise approaches over broad pathway blockade.

6. Controversies and Unresolved Issues
Regarding MMT

Macrophage-Myofibroblast Transition (MMT), as an
emerging concept in fibrotic disease research, has garnered
attention in recent years, but it still faces numerous contro-
versies and unresolved questions.

6.1 Direct Evidence and Controversy

MMT, as an emerging concept in fibrotic disease re-
search, has received increased attention in recent years, but
it still faces numerous controversies and unresolved ques-
tions, chief among them being its quantitative contribu-
tion to the overall myofibroblast pool. Estimates of bone
marrow-derived (and thus potentially MMT-originated)
myofibroblasts in fibrotic tissues vary dramatically across
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studies, ranging from less than 10% to over 50% of the
total a-SMA+ cells. This wide disparity is less likely to
reflect fundamental biological differences between models
and more likely attributable to critical methodological vari-
ations in detection and lineage tracing.

Limitations of Marker Co-localization: The initial ev-
idence for MMT often relies on immunohistochemical co-
staining for a macrophage marker (e.g., CD68, F4/80) and a
myofibroblast marker (a-SMA). While suggestive, this ap-
proach has inherent pitfalls. First, a-SMA is not exclusively
specific to myofibroblasts; it is also expressed in vascular
smooth muscle cells, pericytes, and a subset of activated
mesenchymal stem cells. Second, CD68 can be expressed
at low levels by certain non-myeloid cells under stress.
Third, and most importantly, co-localization at the light mi-
croscopy level cannot definitively distinguish a single bi-
phenotypic cell from two tightly apposed distinct cells, or
from a macrophage that has phagocytosed cellular debris
containing a-SMA. Therefore, marker studies can overesti-
mate the frequency of MMT and are considered necessary
but insufficient proof [32,101].

Divergence in Lineage Tracing Models: Genetic lin-
eage tracing is the gold standard for establishing cellular
origins, yet differences in experimental design directly im-
pact the conclusions that can be drawn.

Promoter Specificity: Commonly used Cre drivers tar-
get different segments of the myeloid lineage. Cx3crl-
CreER primarily labels monocytes and a subset of tissue-
resident macrophages; Lyz2-Cre (also known as LysM-
Cre) has a broader expression, marking granulocytes and
most macrophages; while *F4/80-Cre* targets mature tis-
sue macrophages. The size and nature of the labeled
“source pool” differ significantly, affecting the potential
yield of traced myofibroblasts [102].

Recombination Efficiency and Fidelity: No Cre line
is 100% efficient or perfectly specific. Inefficient recombi-
nation can lead to false-negative results (underestimation),
while “leaky” expression in non-target cell types (e.g., due
to transient developmental expression or epigenetic silenc-
ing) can cause false-positive lineage assignment (overesti-
mation).

Persistence of the Lineage Tracer: The choice of the
reporter is crucial. If a long-lived fluorescent protein (e.g.,
tdTomato) is used, a cell that fully transdifferentiates into a
myofibroblast and completely silences its macrophage gene
program will still be labeled. This can lead to an overesti-
mation of the current contribution of MMT-derived cells to
the active myofibroblast population, as it captures all his-
torical conversions regardless of their present state.

Model and Organ-Specific Context: The contribution
of MMT may genuinely vary across different organs (kid-
ney vs. heart vs. lung), types of injury (pressure overload
vs. metabolic vs. ischemic), and stages of disease (acute vs.
chronic). A mechanism that is predominant in one context
may be minor in another [1,4].
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In conclusion, the current controversy surrounding the
quantitative importance of MMT is largely rooted in these
methodological complexities. The reported spectrum of
contributions likely represents the combined effect of dif-
ferent technical approaches rather than a single biological
truth. Moving forward, convergent evidence from multiple,
rigorously controlled and complementary lineage tracing
strategies—coupled with single-cell omics to define transi-
tional states—will be essential to obtain a reliable estimate
and to determine whether MMT is a major driver or a sub-
sidiary pathway in myocardial fibrosis.

6.2 Regulatory Mechanisms and Molecular Pathways of
MMT

Core Pathway: The TGF-B1/Smad3 signaling path-
way is widely regarded as the key molecular engine regulat-
ing MMT. The duration and intensity of TGF-B1 exposure
might be critical factors determining whether macrophages
ultimately polarize towards an M2 phenotype or undergo
MMT [103,104].

Interaction with Other Pathways: MMT is not reg-
ulated by a single pathway in isolation. Studies show
that other signaling pathways like JAK-STAT, and epi-
genetic regulations such as m6A RNA methylation (e.g.,
ALKBHS5-mediated IL-11 mRNA demethylation) are also
involved. How these pathways form “cross-talk” with the
TGF-B1/Smad3 pathway to precisely regulate MMT is a
current research hotspot and challenge.

Initial Triggers: Which initial factors or microenvi-
ronmental signals (e.g., specific cytokine combinations,
mechanical stimuli, metabolites) most effectively initiate
the MMT process requires further exploration.

6.3 Pathological Function and Heterogeneity of MMT

Functional Duality: The traditional M1/M2 di-
chotomy might be overly simplistic. Macrophages un-
dergoing MMT may exhibit a unique hybrid phenotype
or functional state, simultaneously possessing certain im-
munoregulatory properties and strong fibrogenic capacity
[105]. Whether these MMT-derived myofibroblasts differ
functionally, in persistence, and reversibility from myofi-
broblasts of other origins is currently poorly understood.

Cellular Heterogeneity: Single-cell sequencing tech-
nologies reveal high heterogeneity and plasticity in
macrophages [106]. ~ Which macrophage subpopula-
tions (e.g., M2 type, especially M2a subtype-Anti-
inflammatory/fibrotic macrophage subtypes) are more
prone to undergo MMT? Do specific precursor cells exist
that are inclined towards MMT? These questions await in-
depth analysis.

6.4 Technical Challenges and Research Models

Technical Limitations: Current research heavily relies
on marker co-expression (e.g., CD68/a-SMA) to identify
MMT cells. However, this method might be prone to mis-
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judgment, such as from cell fusion or signals from very
closely apposed cells. Although lineage tracing is a more
reliable technique, its specificity, sensitivity, and accuracy
still require continuous optimization.

Limitations of Model Systems: Most MMT evidence
comes from mouse models. The relevance and importance
of these findings in human diseases require more validation
in human tissue samples. Simultaneously, existing in vitro
cell culture models might not fully replicate the complex in
vivo fibrotic microenvironment.

6.5 Therapeutic Potential of Targeting MMT

Target Specificity and Safety: Key pathways like
TGF-pB also play important roles in physiological home-
ostasis. How to precisely target the MMT process while
avoiding disruption of its normal physiological functions is
amajor challenge in drug development. For instance, direct
broad inhibition of TGF-f signaling might cause significant
off-target effects and toxicity [107,108].

Therapeutic Time Window: Fibrosis is a dynamic pro-
cess. What is the optimal therapeutic window for interven-
ing in MMT? Is it during the initiation phase, progression
phase, or during attempts to promote its reversal? This re-
quires a deeper understanding.

7. Summary and Outlook

Myocardial fibrosis can be caused by various patho-
logical injuries and is present in almost all types of car-
diovascular diseases. Its pathological process relies on the
synergistic interaction between macrophages and myofi-
broblasts, which collectively drive myocardial remodeling
and fibrosis. The traditional view is that macrophages in-
directly regulate fibroblast activity via paracrine signaling
(e.g., growth factors, cytokines) to promote collagen depo-
sition or directly transform into fibroblast-like cells. How-
ever, the transformed cells might be pathogenic fibroblasts,
and the lack of fine genetic regulation leads to collagen de-
position and adverse myocardial remodeling. Numerous
studies have now confirmed that, under specific conditions,
a subset of macrophages loses their original phenotype and
function, acquiring myofibroblast biological characteristics
(such as expressing 0-SMA, secreting ECM), thereby par-
ticipating in collagen production and driving pathological
fibrosis [109].

Based on the academic controversies and unresolved
issues surrounding MMT, precisely targeting key molecu-
lar pathways (such as components of the TGF-f3 and RAAS
axes, matrix metalloproteinases, and inflammatory medi-
ators) has become an important therapeutic strategy for
reversing or delaying myocardial fibrosis and improving
cardiac remodeling. Myocardial fibrosis is a common fi-
nal pathway for many cardiovascular diseases. Its core
mechanisms involve TGF-B1/Smad3 signaling activation,
RAAS system dysregulation, inflammation-fibrosis con-
version, and ECM metabolic imbalance. Current treatments
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primarily aim to slow progression. Targeted intervention
against TGF-B1, the RAAS system, and ECM regulatory
molecules may represent future areas of breakthrough re-
search for this disease.

Author Contributions

MRZ, KH, and SSZ: Data curation, Project admin-
istration, Writing—original draft, Writing—review and edit-
ing. BW: Writing—review and editing, Methodology, Re-
sources, Supervision. XH: Methodology, Resources, Su-
pervision, Writing—review and editing, Project adminis-
tration. XLZ: Methodology, Project administration, Re-
sources, Supervision, Writing—review and editing. All au-
thors read and approved the final manuscript. All authors
have participated sufficiently in the work and agreed to be
accountable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Authors are grateful to all the participants of this work.

Funding

This study was supported by grants from the National
Natural Science Foundation of China (No. 82360060,
81970199, and 82160082).

Conflicts of Interest

The authors declare no conflicts of interest.

References

[1] Shen S, Wang L, Liu Q, Wang X, Yuan Q, Zhao Y, et al.
Macrophage-to-myofibroblast transition and its role in car-
diac fibrosis. International Immunopharmacology. 2025; 146:
113873. https://doi.org/10.1016/j.intimp.2024.113873

[2] Shen S, Zhang M, Wang X, Liu Q, Su H, Sun B, et al. Single-
cell RNA sequencing reveals S100a9" macrophages promote
the transition from acute inflammation to fibrotic remodeling
after myocardial ischemia—reperfusion. Theranostics. 2024; 14:
1241-1259. https://doi.org/10.7150/thno.91180

[3] Verma SK, Garikipati VNS, Krishnamurthy P, Schumacher SM,
Grisanti LA, Cimini M, et al. Interleukin-10 Inhibits Bone
Marrow Fibroblast Progenitor Cell-Mediated Cardiac Fibro-
sis in Pressure-Overloaded Myocardium. Circulation. 2017;
136:  940-953. https://doi.org/10.1161/CIRCULATIONAHA
.117.027889

[4] LiX, LiuY, Tang Y, Xia Z. Transformation of macrophages into
myofibroblasts in fibrosis-related diseases: emerging biologi-
cal concepts and potential mechanism. Frontiers in Immunol-
ogy. 2024; 15: 1474688. https://doi.org/10.3389/fimmu.2024.
1474688

[5] Zhong Q, Zeng J, LiY, Zhang H, Lin T, Song T. Senescent re-
nal tubular cells derived extracellular vesicles transported miR-
20a and miR-21 induced macrophage-to-myofibroblast transi-
tion in renal fibrosis after ischemia reperfusion injury. Inter-
national Journal of Biological Sciences. 2025; 21: 940-954.
https://doi.org/10.7150/ijbs.97579

14

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

Geng F, Xu J, Ren X, Zhao Y, Cai Y, Li Y, et al. Effect
of macrophage-to-myofibroblast transition on silicosis. Animal
Models and Experimental Medicine. 2025; 8: 363-371. https:
//doi.org/10.1002/ame2.12470

Wang J, Yu C, Lyu H, Liu T, Xie R. Macrophage extracellular
traps promote peritoneal fibrosis through the ROS/TGF-f/Smad
pathway under high-glucose dialysis conditions. International
Immunopharmacology. 2025; 167: 115748. https://doi.org/10.
1016/j.intimp.2025.115748

Zhang Y, Feng W, Peng X, Zhu L, Wang Z, Shen H, et
al. Parthenolide alleviates peritoneal fibrosis by inhibiting in-
flammation via the NF-xB/ TGF-f/Smad signaling axis. Lab-
oratory Investigation; a Journal of Technical Methods and
Pathology. 2022; 102: 1346-1354. https://doi.org/10.1038/
s41374-022-00834-3

Sarker M, Chowdhury N, Bristy AT, Emran T, Karim R,
Ahmed R, et al. Astaxanthin protects fludrocortisone acetate-
induced cardiac injury by attenuating oxidative stress, fibro-
sis, and inflammation through TGF-f/Smad signaling pathway.
Biomedicine & Pharmacotherapy = Biomedecine & Pharma-
cotherapie. 2024; 181: 117703. https://doi.org/10.1016/j.biopha
.2024.117703

Frangogiannis NG. TGF-p as a therapeutic target in the infarcted
and failing heart: cellular mechanisms, challenges, and opportu-
nities. Expert Opinion on Therapeutic Targets. 2024; 28: 45-56.
https://doi.org/10.1080/14728222.2024.2316735

Elsayed M, Moustafa YM, Mehanna ET, Elrayess RA, El-Sayed
NM, Hazem RM. Empagliflozin protects against isoprenaline-
induced fibrosis in rat heart through modulation of TGF-
B/SMAD pathway. Life Sciences. 2024; 337: 122354. https:
//doi.org/10.1016/j.1fs.2023.122354

Zhong Y, Huang X, Li Y, Wang R, Qiao X, Li F, et al.
TGFB1/SMAD3-driven macrophage-myofibroblast transition
promotes fibrosis progression in endometriosis. Molecular Hu-
man Reproduction. 2025; 31: gaaf051. https://doi.org/10.1093/
molehr/gaaf051

Bakalenko N, Kuznetsova E, Dergilev K, Beloglazova I,
Malashicheva A. Mesothelial Cells in Fibrosis: Focus on Inter-
cellular Crosstalk. Biomolecules. 2026; 16: 85. https://doi.org/
10.3390/biom 16010085

Xia S, Huang Y, Zhang Y, Zhang M, Zhao K, Han P, et al. Role of
macrophage-to-myofibroblast transition in chronic liver injury
and liver fibrosis. European Journal of Medical Research. 2023;
28: 502. https://doi.org/10.1186/s40001-023-01488-7

Yang R, Zong T, Wang N, Wang F, Su Y. NR4A1 Alleviates
Subretinal Fibrosis by Inhibiting Macrophage to Myofibrob-
last Transition. Investigative Ophthalmology & Visual Science.
2025; 66: 47. https://doi.org/10.1167/i0vs.66.6.47

Liu W, He Y, Chen K, Ye J, Yu L, Zhou C, et al. YTHDF2
influences hepatic fibrosis by regulating ferroptosis in hepatic
stellate cells by mediating the expression of ACSL4 in an m °A-
dependent manner. Acta Biochimica et Biophysica Sinica. 2024;
57: 521-528. https://doi.org/10.3724/abbs.2024162

Ren S, Ji Y, Wang M, Ye M, Huang L, Cai X. KIAA1429
Promotes Keloid Formation Through the TGF-B1/Smad Path-
way. Current Molecular Medicine. 2025; 25: 1290-1300. https:
//doi.org/10.2174/0115665240307157241104095116

Zhang Y, Tian R, Feng X, Xiao B, Yue Q, Wei J, et al. Over-
expression of METTL3 in lung cancer cells inhibits radiation-
induced bystander effect. Biochemical and Biophysical Re-
search Communications. 2025; 761: 151714. https://doi.org/10.
1016/j.bbrc.2025.151714

Guan Z, Wang X, Xu C, Lu R. ALKBHS5 alleviates lower
extremity arteriosclerosis by regulating ITGB1 demethylation
and influencing macrophage polarization. Heliyon. 2024; 11:
e41495. https://doi.org/10.1016/j.heliyon.2024.e41495

&% IMR Press


https://doi.org/10.1016/j.intimp.2024.113873
https://doi.org/10.7150/thno.91180
https://doi.org/10.1161/CIRCULATIONAHA.117.027889
https://doi.org/10.1161/CIRCULATIONAHA.117.027889
https://doi.org/10.3389/fimmu.2024.1474688
https://doi.org/10.3389/fimmu.2024.1474688
https://doi.org/10.7150/ijbs.97579
https://doi.org/10.1002/ame2.12470
https://doi.org/10.1002/ame2.12470
https://doi.org/10.1016/j.intimp.2025.115748
https://doi.org/10.1016/j.intimp.2025.115748
https://doi.org/10.1038/s41374-022-00834-3
https://doi.org/10.1038/s41374-022-00834-3
https://doi.org/10.1016/j.biopha.2024.117703
https://doi.org/10.1016/j.biopha.2024.117703
https://doi.org/10.1080/14728222.2024.2316735
https://doi.org/10.1016/j.lfs.2023.122354
https://doi.org/10.1016/j.lfs.2023.122354
https://doi.org/10.1093/molehr/gaaf051
https://doi.org/10.1093/molehr/gaaf051
https://doi.org/10.3390/biom16010085
https://doi.org/10.3390/biom16010085
https://doi.org/10.1186/s40001-023-01488-7
https://doi.org/10.1167/iovs.66.6.47
https://doi.org/10.3724/abbs.2024162
https://doi.org/10.2174/0115665240307157241104095116
https://doi.org/10.2174/0115665240307157241104095116
https://doi.org/10.1016/j.bbrc.2025.151714
https://doi.org/10.1016/j.bbrc.2025.151714
https://doi.org/10.1016/j.heliyon.2024.e41495
https://www.imrpress.com

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

Wu J, Zhang L, Shi J, He R, Yang W, Habtezion A, et
al. Macrophage phenotypic switch orchestrates the inflamma-
tion and repair/regeneration following acute pancreatitis injury.
EBioMedicine. 2020; 58: 102920. https://doi.org/10.1016/j.eb
i0om.2020.102920

Geng K, Ma X, Jiang Z, Gu J, Huang W, Wang W, et al.
WDR74 facilitates TGF-B/Smad pathway activation to promote
M2 macrophage polarization and diabetic foot ulcer wound heal-
ing in mice. Cell Biology and Toxicology. 2023; 39: 1577-1591.
https://doi.org/10.1007/s10565-022-09748-8

Thorseth ML, Carretta M, Jensen C, Meolgaard K, Jiirgensen HJ,
Engelholm LH, et al. Uncovering mediators of collagen degrada-
tion in the tumor microenvironment. Matrix Biology Plus. 2022;
13: 100101. https://doi.org/10.1016/j.mbplus.2022.100101
Abu El-Asrar AM, De Hertogh G, Allegaert E, Nawaz MI,
Abouelasrar Salama S, Gikandi PW, et al. Macrophage-
Myofibroblast Transition Contributes to Myofibroblast Forma-
tion in Proliferative Vitreoretinal Disorders. International Jour-
nal of Molecular Sciences. 2023; 24: 13510. https://doi.org/10.
3390/ijms241713510

Li S, Hou Z, Gong Y, Peng J, Liang H, Wang D, et al. En-
dothelial mesenchymal transition promotes pannus formation in
ankylosing spondylitis by activation of TGF-/SMAD signalling
pathway. Clinical and Experimental Rheumatology. 2024; 42:
1750-1755. https://doi.org/10.55563/clinexprheumatol/9ulvzp
Zhang P, Qiao Z, Zhao S, Wu K. Characteristics linking
ischemia-reperfusion to chronic lung allograft dysfunction in
lung transplantation: A single-cell bioinformatics analysis.
Transplant Immunology. 2025; 93: 102326. https://doi.org/10.
1016/5.trim.2025.102326

Li G, Yang H, Zhang D, Zhang Y, Liu B, Wang Y, et al.
The role of macrophages in fibrosis of chronic kidney disease.
Biomedicine & Pharmacotherapy = Biomedecine & Pharma-
cotherapie. 2024; 177: 117079. https://doi.org/10.1016/j.biopha
.2024.117079

Che Y, Chien Y, Zhu Y, Huang X, Wu L, Ai Y, et al. GSDMD-
Dependent Neutrophil Extracellular Traps Mediate Portal Vein
Thrombosis and Associated Fibrosis in Cirrhosis. International
Journal of Molecular Sciences. 2024; 25: 9099. https://doi.org/
10.3390/ijms25169099

Liu T, Zhang Y, Wu Z, Zhao CJ, Dong X, Gong HX, et
al. Novel glucomannan-like polysaccharide from Lycium bar-
barum L. ameliorates renal fibrosis via blocking macrophage-
to-myofibroblasts transition. International Journal of Biological
Macromolecules. 2024; 278: 134491. https://doi.org/10.1016/j.
ijbiomac.2024.134491

Yoshimine H, Tanoue S, Ibi Y, Minami M, Nakahara M,
Tokunaga K, et al. Hepatocyte growth factor ameliorates
methylglyoxal-induced peritoneal inflammation and fibrosis in
mouse model. Clinical and Experimental Nephrology. 2021; 25:
935-943. https://doi.org/10.1007/s10157-021-02067-y

Wu S, Liu M, Zhang M, Ye X, Gu H, Jiang C, et al. The gene
expression of CALD1, CDH2, and POSTN in fibroblast are re-
lated to idiopathic pulmonary fibrosis. Frontiers in Immunol-
ogy. 2024; 15: 1275064. https://doi.org/10.3389/fimmu.2024.
1275064

Marinas ID, Marinas R, Pirici I, Mogoanta L. Vascular and mes-
enchymal factors during heart development: a chronological
study. Romanian Journal of Morphology and Embryology = Re-
vue Roumaine De Morphologie et Embryologie. 2012; 53: 135-
142.

Zeng J, Du XL, Lu QQ, Chen WQ, Yang XJ. Inhibi-
tion of GDNF-Driven Macrophage-to-Myofibroblast Transi-
tion Protects Against Colitis-Associated Intestinal Fibrosis. In-
flammation. 2025; 48: 2069-2077. https://doi.org/10.1007/
s10753-024-02175-3

&% IMR Press

[33]

[34]

[35

[t

[36

—

[37]

[38]

[39]

[40]

[41]

[42

—

[43

—

[44

[l

[45]

[46

[

Liu X, Hu H, Yin JQ. Therapeutic strategies against TGF-beta
signaling pathway in hepatic fibrosis. Liver International: Of-
ficial Journal of the International Association for the Study of
the Liver. 2006; 26: 8-22. https://doi.org/10.1111/7.1478-3231.
2005.01192.x

Gong Y, Yang Y. Activation of Nrf2/AREs-mediated antioxi-
dant signalling, and suppression of profibrotic TGF-1/Smad3
pathway: a promising therapeutic strategy for hepatic fibrosis -
A review. Life Sciences. 2020; 256: 117909. https://doi.org/10.
1016/5.1£5.2020.117909

Younesi FS, Miller AE, Barker TH, Rossi FMV, Hinz B. Fibrob-
last and myofibroblast activation in normal tissue repair and fi-
brosis. Nature Reviews. Molecular Cell Biology. 2024; 25: 617—
638. https://doi.org/10.1038/s41580-024-00716-0

Adeerjiang Y, Gan XX, Li WT, Li QT, Jiang YQ, Zhu X, et
al. The Dual Role and Therapeutic Implications of the Wnt/p-
Catenin Pathway in Diabetic Kidney Disease. International Jour-
nal of General Medicine. 2025; 18: 2757-2768. https://doi.org/
10.2147/1JGM.S524138

Liu Y, Xu X, Lei W, Hou Y, Zhang Y, Tang R, et al. The
NLRP3 inflammasome in fibrosis and aging: The known un-
knowns. Ageing Research Reviews. 2022; 79: 101638. https:
//doi.org/10.1016/j.arr.2022.101638

Liu P, Pei JJ, Li L, Li JW, Ke XP. Sildenafil Inhibits the
Growth and Epithelial-to-mesenchymal Transition of Cervi-
cal Cancer via the TGF-p1/Smad2/3 Pathway. Current Can-
cer Drug Targets. 2023; 23: 145-158. https://doi.org/10.2174/
1568009622666220816114543

Yang X, Wu J, Cai T, Shan J, Cui Y. Kindlin-2 mediates
Peyronie’s disease through activation of TGF-B/Smad signal-
ing pathway under the presence of TGF-pl. Cellular Sig-
nalling. 2024; 121: 111286. https://doi.org/10.1016/j.cellsig.
2024.111286

Zou J, Zhou X, Ma Y, Yu R. Losartan ameliorates renal in-
terstitial fibrosis through metabolic pathway and Smurfs-TGF-
B/Smad. Biomedicine & Pharmacotherapy = Biomedecine &
Pharmacotherapie. 2022; 149: 112931. https://doi.org/10.1016/
j.biopha.2022.112931

Du X, Zhao Y, Li J, Xie W, Lyu L, Chen S, et al. Expression
Patterns of TGF-f1, TPR-I, TPR-1I, and Smad2 Reveal Insights
into Heterosis for Growth of Hybrid Offspring between Acan-
thopagrus schlegelii and Pagrus major. Genes. 2024; 15: 945.
https://doi.org/10.3390/genes15070945

Zhuang X, Wang C, Ge Z, Wu M, Chen M, Chen Z, et al. MI-
CAL1 Mediates TGF-B1-Induced Epithelial-to-Mesenchymal
Transition and Metastasis of Hepatocellular Carcinoma by Ac-
tivating Smad2/3. Cell Biochemistry and Biophysics. 2025; 83:
2589-2606. https://doi.org/10.1007/s12013-025-01668-8
Ghorbaninejad M, Abdollahpour-Alitappeh M, Shahrokh S,
Fayazzadeh S, Asadzadeh-Aghdaei H, Meyfour A. TGF-f re-
ceptor I inhibitor may restrict the induction of EMT in inflamed
intestinal epithelial cells. Experimental Biology and Medicine
(Maywood, N.J.). 2023; 248: 665-676. https://doi.org/10.1177/
15353702231151959

Danielpour D, Corum S, Leahy P, Bangalore A. Jagged-1 is
induced by mTOR inhibitors in renal cancer cells through an
Akt/ALKS/Smad4-dependent mechanism. Current Research in
Pharmacology and Drug Discovery. 2022; 3: 100117. https:
//doi.org/10.1016/j.crphar.2022.100117

Wei J, Shan Y, Xiao Z, Wen L, Tao Y, Fang X, et al. Anp32e pro-
motes renal interstitial fibrosis by upregulating the expression of
fibrosis-related proteins. International Journal of Biological Sci-
ences. 2022; 18: 5897-5912. https://doi.org/10.7150/ijbs. 74431
Zhang Y, Lu YB, Zhu WJ, Gong XX, Qian R, Lu YJ, et al.
Leech extract alleviates idiopathic pulmonary fibrosis by TGF-
B1/Smad3 signaling pathway. Journal of Ethnopharmacology.

15


https://doi.org/10.1016/j.ebiom.2020.102920
https://doi.org/10.1016/j.ebiom.2020.102920
https://doi.org/10.1007/s10565-022-09748-8
https://doi.org/10.1016/j.mbplus.2022.100101
https://doi.org/10.3390/ijms241713510
https://doi.org/10.3390/ijms241713510
https://doi.org/10.55563/clinexprheumatol/9u1vzp
https://doi.org/10.1016/j.trim.2025.102326
https://doi.org/10.1016/j.trim.2025.102326
https://doi.org/10.1016/j.biopha.2024.117079
https://doi.org/10.1016/j.biopha.2024.117079
https://doi.org/10.3390/ijms25169099
https://doi.org/10.3390/ijms25169099
https://doi.org/10.1016/j.ijbiomac.2024.134491
https://doi.org/10.1016/j.ijbiomac.2024.134491
https://doi.org/10.1007/s10157-021-02067-y
https://doi.org/10.3389/fimmu.2024.1275064
https://doi.org/10.3389/fimmu.2024.1275064
https://doi.org/10.1007/s10753-024-02175-3
https://doi.org/10.1007/s10753-024-02175-3
https://doi.org/10.1111/j.1478-3231.2005.01192.x
https://doi.org/10.1111/j.1478-3231.2005.01192.x
https://doi.org/10.1016/j.lfs.2020.117909
https://doi.org/10.1016/j.lfs.2020.117909
https://doi.org/10.1038/s41580-024-00716-0
https://doi.org/10.2147/IJGM.S524138
https://doi.org/10.2147/IJGM.S524138
https://doi.org/10.1016/j.arr.2022.101638
https://doi.org/10.1016/j.arr.2022.101638
https://doi.org/10.2174/1568009622666220816114543
https://doi.org/10.2174/1568009622666220816114543
https://doi.org/10.1016/j.cellsig.2024.111286
https://doi.org/10.1016/j.cellsig.2024.111286
https://doi.org/10.1016/j.biopha.2022.112931
https://doi.org/10.1016/j.biopha.2022.112931
https://doi.org/10.3390/genes15070945
https://doi.org/10.1007/s12013-025-01668-8
https://doi.org/10.1177/15353702231151959
https://doi.org/10.1177/15353702231151959
https://doi.org/10.1016/j.crphar.2022.100117
https://doi.org/10.1016/j.crphar.2022.100117
https://doi.org/10.7150/ijbs.74431
https://www.imrpress.com

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

16

2024; 324: 117737. https://doi.org/10.1016/j.jep.2024.117737
Lin Z, Chen A, Cui H, Shang R, Su T, Li X, et al. Renal tubular
epithelial cell necroptosis promotes tubulointerstitial fibrosis in
patients with chronic kidney disease. FASEB Journal: Official
Publication of the Federation of American Societies for Exper-
imental Biology. 2022; 36: €22625. https://doi.org/10.1096/fj
.202200706RR

Liu C, Wang Y, Li Y, Tang J, Hong S, Hong L. Dimethyl
fumarate ameliorates stress urinary incontinence by reversing
ECM remodeling via the Nrf2-TGF-1/Smad3 pathway in mice.
International Urogynecology Journal. 2022; 33: 1231-1242.
https://doi.org/10.1007/s00192-021-05061-w

Meng X, Kuang H, Wang Q, Zhang H, Wang D, Kang T.
A polysaccharide from Codonopsis pilosula roots attenuates
carbon tetrachloride-induced liver fibrosis via modulation of
TLR4/NF-xB and TGF-B1/Smad3 signaling pathway. Interna-
tional Immunopharmacology. 2023; 119: 110180. https://doi.or
2/10.1016/5.intimp.2023.110180

Wei Z, Ding H, Li H, Yin D, Cao J. Eicosapentaenoic Acid Mod-
ulates TGF-B1/Smad3/ILK Pathway to Attenuate Renal Fibro-
sis: A Biotechnological Approach. Iranian Journal of Biotech-
nology. 2025; 23: 4098. https://doi.org/10.30498/ijb.2025.
513787.4098

Umbarkar P, Tousif S, Singh AP, Anderson JC, Zhang Q, Tal-
lquist MD, et al. Fibroblast GSK-30 Promotes Fibrosis via RAF-
MEK-ERK Pathway in the Injured Heart. Circulation Research.
2022; 131: 620-636. https://doi.org/10.1161/CIRCRESAHA
.122.321431

Lu J, Zhao Q, Wang L, Li J, Wang H, Lv L, et al. MBNL2
promotes aging-related cardiac fibrosis via inhibited SUMOyla-
tion of Kriippel-like factor4. iscience. 2024; 27: 110163. https:
//doi.org/10.1016/j.i5¢1.2024.110163

Baughn LB, Di Liberto M, Niesvizky R, Cho HJ, Jayabalan D,
Lane J, et al. CDK2 phosphorylation of Smad2 disrupts TGF-
beta transcriptional regulation in resistant primary bone mar-
row myeloma cells. Journal of Immunology (Baltimore, Md.:
1950). 2009; 182: 1810-1817. https://doi.org/10.4049/jimmun
0l.0713726

Tang Q, Tang K, Markby GR, Parys M, Phadwal K, MacRae
VE, et al. Autophagy regulates cellular senescence by me-
diating the degradation of CDKN1A/p21 and CDKN2A/pl6
through SQSTM 1/p62-mediated selective autophagy in myxo-
matous mitral valve degeneration. Autophagy. 2025; 21: 1433—
1455. https://doi.org/10.1080/15548627.2025.2469315

Wang G, Zhou X, Guo Z, Huang N, Li J, Lv Y, et al. The Anti-
fibrosis drug Pirfenidone modifies the immunosuppressive tu-
mor microenvironment and prevents the progression of renal
cell carcinoma by inhibiting tumor autocrine TGF-f. Cancer Bi-
ology & Therapy. 2022; 23: 150-162. https://doi.org/10.1080/
15384047.2022.2035629

Wei W, Zhang L, Xin W, Pan Y, Tatenhorst L, Hao Z, et
al. TREM2 regulates microglial lipid droplet formation and
represses post-ischemic brain injury. Biomedicine & Pharma-
cotherapy = Biomedecine & Pharmacotherapie. 2024; 170:
115962. https://doi.org/10.1016/j.biopha.2023.115962

Chen W. TGF-B Regulation of T Cells. Annual Review of Im-
munology. 2023; 41: 483-512. https://doi.org/10.1146/annure
v-immunol-101921-045939

Sparano C, Solis-Sayago D, Zangger NS, Rindlisbacher L, Van
Hove H, Vermeer M, et al. Autocrine TGF-B1 drives tissue-
specific differentiation and function of resident NK cells. The
Journal of Experimental Medicine. 2025; 222: €20240930. http
s://doi.org/10.1084/jem.20240930

Coman D, Bassett JW, Coales I, Pena-Cearra A, Read E, Kro-
mann EH, et al. ILC3s mediate intestinal immune-epithelial in-
teractions via TGF-B1 activation. Mucosal Immunology. 2026;

[60]

[61

—

[62

—

[63

—

[64

[l

[65

—

[66]

[67]

[68]

[69]

[70]

[71

—

[72

—

19: 1735-1748. https://doi.org/10.1016/j.mucimm.2025.11.013
Zhu Y, Liu H, Zhang Y, Zheng D, Li Y, Chen J, et al. Kazald1
attenuates chondrocyte fibrosis to potentiate hyaline cartilage re-
generation by interfering with the pro-fibrotic TGF-f signaling.
Theranostics. 2025; 15: 9885-9910. https://doi.org/10.7150/th
no.113604

Molavinia S, Dayer D, Khodayar MJ, Goudarzi G, Sale-
hcheh M. Suspended particulate matter promotes epithelial-to-
mesenchymal transition in alveolar epithelial cells via TGF-
B1-mediated ROS/IL-8/SMAD3 axis. Journal of Environmental
Sciences (China). 2024; 141: 139-150. https://doi.org/10.1016/
j-jes.2023.07.037

Gautam RK, Bhardwaj S, Kushwaha S. Nuciferine Inhibits
Epithelial-Mesenchymal Transition (EMT) in A549 Cells and
Ameliorates Bleomycin-Induced Pulmonary Fibrosis in Mice
via the TGF-B1/Smad2/3 Signaling Pathway. Molecular Nutri-
tion & Food Research. 2025; 69: e70131. https://doi.org/10.
1002/mnfr.70131

Jurado-Aguilar J, Barroso E, Bernard M, Zhang M, Peyman M,
Rada P, etal. GDF15 activates AMPK and inhibits gluconeogen-
esis and fibrosis in the liver by attenuating the TGF-$1/SMAD3
pathway. Metabolism: Clinical and Experimental. 2024; 152:
155772. https://doi.org/10.1016/j.metabol.2023.155772

Yang JZ, Zhang KK, Hsu C, Miao L, Chen LJ, Liu JL, et al.
Polystyrene nanoplastics induce cardiotoxicity by upregulating
HIPK2 and activating the P53 and TGF-B1/Smad3 pathways.
Journal of Hazardous Materials. 2024; 474: 134823. https://doi.
org/10.1016/j.jhazmat.2024.134823

WeiZ, Lu'Y, Qian C, LiJ, Li X. Circ_0079480 facilitates prolif-
eration, migration and fibrosis of atrial fibroblasts in atrial fib-
rillation by sponing miR-338-3p to activate the THBS1/TGF-
B1/Smad3 signaling. International Journal of Cardiology. 2024;
416: 132486. https://doi.org/10.1016/j.ijcard.2024.132486

Lu Y, Zhao C, Lei L, Tao Z, Zheng L, Wen J, et al. Effects of
thalidomide on Th17, Treg cells and TGF-B1/Smad3 pathway
in a mouse model of systemic sclerosis. International Journal
of Rheumatic Diseases. 2020; 23: 406—419. https://doi.org/10.
1111/1756-185X.13769

Xu X, Miao M, Zhu W, Zhang L, Jin Q, Li Y, et al. Interferon
regulatory factor 5 attenuates kidney fibrosis through transcrip-
tional suppression of Tgfbrl. International Immunopharmacol-
ogy. 2025; 148: 114031. https://doi.org/10.1016/j.intimp.2025.
114031

Wu G, Wang D, Xiong F, Wang Q, Liu W, Chen J, et al. The
emerging roles of CEACAMS6 in human cancer (Review). Inter-
national Journal of Oncology. 2024; 64: 27. https://doi.org/10.
3892/ij0.2024.5615

Liu H, Xu C, Wang P, Guo L, Yan X, Zhou R, et al. CRCs-
CAFs crosstalk-targeted nano-delivery system reprograms tu-
mor microenvironment for oxaliplatin resistance reversing and
liver metastasis inhibition in colorectal cancer. Bioactive Ma-
terials. 2025; 54: 126—143. https://doi.org/10.1016/j.bioactmat.
2025.08.002

You M, Fu M, Shen Z, Feng Y, Zhang L, Zhu X, et al.
HIF2A mediates lineage transition to aggressive phenotype of
cancer-associated fibroblasts in lung cancer brain metastasis.
Oncoimmunology. 2024; 13: 2356942. https://doi.org/10.1080/
2162402X.2024.2356942

Gemayel JA, Chatelier A, Bois P, Fares N. The Heart’s Hidden
Neural Network: Interplay Between Intracardiac Ganglia, Fi-
brosis and Cardiac Remodeling. International Journal of Molec-
ular Sciences. 2026; 27: 1582. https://doi.org/10.3390/ijms
27031582

Lu C, Wei J, Gao C, Sun M, Dong D, Mu Z. Molecular signaling
pathways in doxorubicin-induced nephrotoxicity and potential
therapeutic agents. International Immunopharmacology. 2025;

&% IMR Press


https://doi.org/10.1016/j.jep.2024.117737
https://doi.org/10.1096/fj.202200706RR
https://doi.org/10.1096/fj.202200706RR
https://doi.org/10.1007/s00192-021-05061-w
https://doi.org/10.1016/j.intimp.2023.110180
https://doi.org/10.1016/j.intimp.2023.110180
https://doi.org/10.30498/ijb.2025.513787.4098
https://doi.org/10.30498/ijb.2025.513787.4098
https://doi.org/10.1161/CIRCRESAHA.122.321431
https://doi.org/10.1161/CIRCRESAHA.122.321431
https://doi.org/10.1016/j.isci.2024.110163
https://doi.org/10.1016/j.isci.2024.110163
https://doi.org/10.4049/jimmunol.0713726
https://doi.org/10.4049/jimmunol.0713726
https://doi.org/10.1080/15548627.2025.2469315
https://doi.org/10.1080/15384047.2022.2035629
https://doi.org/10.1080/15384047.2022.2035629
https://doi.org/10.1016/j.biopha.2023.115962
https://doi.org/10.1146/annurev-immunol-101921-045939
https://doi.org/10.1146/annurev-immunol-101921-045939
https://doi.org/10.1084/jem.20240930
https://doi.org/10.1084/jem.20240930
https://doi.org/10.1016/j.mucimm.2025.11.013
https://doi.org/10.7150/thno.113604
https://doi.org/10.7150/thno.113604
https://doi.org/10.1016/j.jes.2023.07.037
https://doi.org/10.1016/j.jes.2023.07.037
https://doi.org/10.1002/mnfr.70131
https://doi.org/10.1002/mnfr.70131
https://doi.org/10.1016/j.metabol.2023.155772
https://doi.org/10.1016/j.jhazmat.2024.134823
https://doi.org/10.1016/j.jhazmat.2024.134823
https://doi.org/10.1016/j.ijcard.2024.132486
https://doi.org/10.1111/1756-185X.13769
https://doi.org/10.1111/1756-185X.13769
https://doi.org/10.1016/j.intimp.2025.114031
https://doi.org/10.1016/j.intimp.2025.114031
https://doi.org/10.3892/ijo.2024.5615
https://doi.org/10.3892/ijo.2024.5615
https://doi.org/10.1016/j.bioactmat.2025.08.002
https://doi.org/10.1016/j.bioactmat.2025.08.002
https://doi.org/10.1080/2162402X.2024.2356942
https://doi.org/10.1080/2162402X.2024.2356942
https://doi.org/10.3390/ijms27031582
https://doi.org/10.3390/ijms27031582
https://www.imrpress.com

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

144: 113373. https://doi.org/10.1016/j.intimp.2024.113373

Ye Z, Wang S, Wan Z, Huang B, Guo J. Targeting NADPH
oxidase-driven oxidative stress in diabetic cardiomyopathy:
mechanisms and therapeutic perspectives. Frontiers in Pharma-
cology. 2025; 16: 1610429. https://doi.org/10.3389/fphar.2025.
1610429

Yao F, Xu M, Dong L, Shen X, Shen Y, Jiang Y, et al. Sinome-
nine attenuates pulmonary fibrosis by downregulating TGF-
B1/Smad3, PI3K/Akt and NF-«xB signaling pathways. BMC
Pulmonary Medicine. 2024; 24: 229. https://doi.org/10.1186/
$12890-024-03050-5

Yuan R, Li X, Wang J, Xu Z, Song L. Sanguinarine Sup-
presses Lung Adenocarcinoma via TGF-f1/Smad3 Pathway:
Insights from Network Analysis and Experimental Validation.
Current Pharmaceutical Design. 2026. https://doi.org/10.2174/
0113816128404840251114063502 (online ahead of print)

Ma J, Li Y, Ji X, Wang A, Lan Y, Ma L. Integrating net-
work pharmacology and experimental verification to explore
the mechanisms of salidroside against myocardial fibrosis. Bio-
chemical and Biophysical Research Communications. 2023;
677: 38—44. https://doi.org/10.1016/j.bbrc.2023.07.059

Shao S, Fang H, Duan L, Ye X, Rao S, Han J, et al. Lysyl hydrox-
ylase 3 increases collagen deposition and promotes pulmonary
fibrosis by activating TGFf1/Smad3 and Wnt/B-catenin path-
ways. Archives of Medical Science: AMS. 2019; 16: 436-445.
https://doi.org/10.5114/a0ms.2018.81357

Zhou Q, Jiang N, Li S, Li S, Liu J, Yu L, et al. Diammonium
Glycyrrhizinate Alleviated Myocardial Fibrosis Induced by Iso-
prenaline Via Modulation of STAT/Smad3 Pathway. Journal of
Cardiovascular Translational Research. 2025; 18: 1371-1382.
https://doi.org/10.1007/s12265-025-10679-y

Zhang Y, Cao Y, Zheng R, Xiong Z, Zhu Z, Gao F, et al.
Fibroblast-specific activation of Rnd3 protects against cardiac
remodeling in diabetic cardiomyopathy via suppression of Notch
and TGF-P signaling. Theranostics. 2022; 12: 7250-7266. https:
//doi.org/10.7150/thno.77043

Xie L, Zang D, Yang J, Xue F, Sui W, Zhang Y. Combination
of ADAM17 knockdown with eplerenone is more effective than
single therapy in ameliorating diabetic cardiomyopathy. Fron-
tiers in Pharmacology. 2024; 15: 1364827. https://doi.org/10.
3389/fphar.2024.1364827

Poasakate A, Maneesai P, Potue P, Bunbupha S, Tong-Un
T, Settheetham-Ishida W, et al. Genistein alleviates renin-
angiotensin system mediated vascular and kidney alterations in
renovascular hypertensive rats. Biomedicine & Pharmacother-
apy = Biomedecine & Pharmacotherapie. 2022; 146: 112601.
https://doi.org/10.1016/j.biopha.2021.112601

Ding JF, Tu B, Song K, Liu ZY, Lin LC, Liu ZY, et al.
Epitranscriptomic regulation of cardiac fibrosis via YTHDF1-
dependent PIEZO2 mRNA m6A modification. Cardiovascular
Research. 2024; 120: 2236-2248. https://doi.org/10.1093/cvr/
cvae239

Wang P, Xie D, Xiao T, Cheng C, Wang D, Sun J, et al. H3K18
lactylation promotes the progression of arsenite-related idio-
pathic pulmonary fibrosis via YTHDF1/m6A/NREP. Journal of
Hazardous Materials. 2024; 461: 132582. https://doi.org/10.
1016/j.jhazmat.2023.132582

Yao Q, Zheng X, Zhang X, Wang Y, Zhou Q, Lv J, et al.
METTL3 Potentiates M2 Macrophage-Driven MMT to Aggra-
vate Renal Allograft Fibrosis via the TGF-p1/Smad3 Pathway.
Advanced Science (Weinheim, Baden-Wurttemberg, Germany).
2025; 12: €2412123. https://doi.org/10.1002/advs.202412123
Vang S, Helton ES, Guo Y, Burpee B, Rose E, Easter M, et al.
O-GlcNAc transferase regulates collagen deposition and fibro-
sis resolution in idiopathic pulmonary fibrosis. Frontiers in Im-
munology. 2024; 15: 1387197. https://doi.org/10.3389/fimmu.

&% IMR Press

(86]

(87]

[88]

[89]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

2024.1387197

Wu QP, Vang S, Zhou JQ, Krick S, Barnes JW, Sanders YY. O-
GlcNAc regulates anti-fibrotic genes in lung fibroblasts through
EZH2. Journal of Cellular and Molecular Medicine. 2024; 28:
e18191. https://doi.org/10.1111/jcmm.18191

Gong DA, Yang Q, Zhang YL, Huang LY, Tang N, Wang K.
Destabilization of lipoma-preferred partner by TGF-B-induced
0O-GlcNAcylation promotes hepatocellular carcinoma metasta-
sis. Biochimica et Biophysica Acta. Molecular Cell Research.
2026; 1873: 120117. https://doi.org/10.1016/j.bbamcr.2026.
120117

Pokharel E, Kim TY, Rana B, Jang JH, Lee JH, An SY, et
al. Thiamet-G facilitates reparative dentin formation via mod-
ulating O-GlcNAcylation and inflammation. Frontiers in Phys-
iology. 2026; 16: 1739168. https://doi.org/10.3389/fphys.2025.
1739168

Gonzatti MB, Hintzen JCJ, Sharma I, Najar MA, Tsusaka T,
Marcinkiewicz MM, et al. Class I histone deacetylases catalyze
lysine lactylation. The Journal of Biological Chemistry. 2025;
301: 110602. https://doi.org/10.1016/j.jbc.2025.110602

You Y, Shen Y, Yang Y, Wei X, Zhou Y, Tan F, et al.
Plasma-activated media inhibits epithelial-mesenchymal transi-
tion and ameliorates intestinal fibrosis through the PPARY/TGF-
B1/SMAD3 pathway. PloS One. 2025; 20: €0335225. https:
//doi.org/10.1371/journal.pone.0335225

Xie Z, Li X, Zhang M, Cao H, Wang F, Yan R, et al. LCN2-
positive alveolar type II cells promote silica-induced pulmonary
fibrosis via STAT3-TGF-B1-Smad3-mediated signaling. Toxi-
cology and Applied Pharmacology. 2025; 505: 117579. https:
//doi.org/10.1016/j.taap.2025.117579

Zhang Y, Wang Z, Li L, Wang S, Wei R, Deng C, et al. Partheno-
lide Alleviates Peritoneal Fibrosis by Blocking Smad2/3 Phos-
phorylation via Smad Anchor for Receptor Activation. FASEB
Journal: Official Publication of the Federation of American
Societies for Experimental Biology. 2026; 40: e71442. https:
//doi.org/10.1096/£].202503305R

Zhong W, Fu J, Liao J, Ouyang S, Yin W, Liang Y, et al. A
protective role of nintedanib in peritoneal fibrosis through H19-
EZH2-KLF2 axis via impeding mesothelial-to-mesenchymal
transition. International Urology and Nephrology. 2024; 56:
1987-1999. https://doi.org/10.1007/s11255-023-03892-8
Kreuter A, Hyun J, Skrygan M, Sommer A, Tomi NS, Breuck-
mann F, et al. Ultraviolet Al phototherapy decreases inhibitory
SMAD7 gene expression in localized scleroderma. Archives of
Dermatological Research. 2006; 298: 265-272. https://doi.org/
10.1007/s00403-006-0695-8

Lin TH, Lee SO, Niu Y, Xu D, Liang L, Li L, et al. Dif-
ferential androgen deprivation therapies with anti-androgens
casodex/bicalutamide or MDV3100/Enzalutamide versus anti-
androgen receptor ASC-J9(R) Lead to promotion versus sup-
pression of prostate cancer metastasis. The Journal of Biological
Chemistry. 2013; 288: 19359-19369. https://doi.org/10.1074/jb
c.M113.477216

Geng Q, Yan L, Shi C, Zhang L, Li L, Lu P, et al. Therapeutic
effects of flavonoids on pulmonary fibrosis: A preclinical meta-
analysis. Phytomedicine: International Journal of Phytotherapy
and Phytopharmacology. 2024; 132: 155807. https://doi.org/10.
1016/j.phymed.2024.155807

Zhang H, Jing M, Du X. KIF4A on TGF-B1/Smad3
Pathway: A Preliminary Investigation on the Prolif-
eration and Immune Response in [In-Vitro Cultured
Breast Cancer Cells. Combinatorial Chemistry &
High Throughput Screening. 2025; 28: 2959-2968.
https://doi.org/10.2174/0113862073356925241122055343
Cheng J, Xue F, Cheng C, Sui W, Zhang M, Qiao L, et al.
ADAM17 knockdown mitigates while ADAM17 overexpres-

17


https://doi.org/10.1016/j.intimp.2024.113373
https://doi.org/10.3389/fphar.2025.1610429
https://doi.org/10.3389/fphar.2025.1610429
https://doi.org/10.1186/s12890-024-03050-5
https://doi.org/10.1186/s12890-024-03050-5
https://doi.org/10.2174/0113816128404840251114063502
https://doi.org/10.2174/0113816128404840251114063502
https://doi.org/10.1016/j.bbrc.2023.07.059
https://doi.org/10.5114/aoms.2018.81357
https://doi.org/10.1007/s12265-025-10679-y
https://doi.org/10.7150/thno.77043
https://doi.org/10.7150/thno.77043
https://doi.org/10.3389/fphar.2024.1364827
https://doi.org/10.3389/fphar.2024.1364827
https://doi.org/10.1016/j.biopha.2021.112601
https://doi.org/10.1093/cvr/cvae239
https://doi.org/10.1093/cvr/cvae239
https://doi.org/10.1016/j.jhazmat.2023.132582
https://doi.org/10.1016/j.jhazmat.2023.132582
https://doi.org/10.1002/advs.202412123
https://doi.org/10.3389/fimmu.2024.1387197
https://doi.org/10.3389/fimmu.2024.1387197
https://doi.org/10.1111/jcmm.18191
https://doi.org/10.1016/j.bbamcr.2026.120117
https://doi.org/10.1016/j.bbamcr.2026.120117
https://doi.org/10.3389/fphys.2025.1739168
https://doi.org/10.3389/fphys.2025.1739168
https://doi.org/10.1016/j.jbc.2025.110602
https://doi.org/10.1371/journal.pone.0335225
https://doi.org/10.1371/journal.pone.0335225
https://doi.org/10.1016/j.taap.2025.117579
https://doi.org/10.1016/j.taap.2025.117579
https://doi.org/10.1096/fj.202503305R
https://doi.org/10.1096/fj.202503305R
https://doi.org/10.1007/s11255-023-03892-8
https://doi.org/10.1007/s00403-006-0695-8
https://doi.org/10.1007/s00403-006-0695-8
https://doi.org/10.1074/jbc.M113.477216
https://doi.org/10.1074/jbc.M113.477216
https://doi.org/10.1016/j.phymed.2024.155807
https://doi.org/10.1016/j.phymed.2024.155807
https://doi.org/10.2174/0113862073356925241122055343
https://www.imrpress.com

sion aggravates cardiac fibrosis and dysfunction via regulating
ACE2 shedding and myofibroblast transformation. Frontiers in
Pharmacology. 2022; 13: 997916. https://doi.org/10.3389/fpha
1.2022.997916

[99] Wang S, Song C, Chi K, Fu Z, Zhang X, Geng X, et al. IGFBP-
5/TGF-B1 mediated crosstalk between endothelial and tubular
epithelial cells promotes interstitial fibrosis. Nephrology, Dial-
ysis, Transplantation: Official Publication of the European Dial-
ysis and Transplant Association - European Renal Association.
2026; 41: 531-544. https://doi.org/10.1093/ndt/gfaf179

[100] Tang PCT, Chan MKK, Chung JYF, Chan ASW, Zhang D,
Li C, et al. Hematopoietic Transcription Factor RUNX1 is Es-
sential for Promoting Macrophage-Myofibroblast Transition in
Non-Small-Cell Lung Carcinoma. Advanced Science (Wein-
heim, Baden-Wurttemberg, Germany). 2024; 11: 2302203.
https://doi.org/10.1002/advs.202302203

[101] Wu P, Zhang W, Guan H, Jin T, Jia J, Luo B, et al.
Macrophage erythropoietin signaling promotes macrophage-
myofibroblast transformation and fibroblast-myofibroblast dif-
ferentiation. Biochemical and Biophysical Research Commu-
nications. 2024; 734: 150783. https://doi.org/10.1016/j.bbrc
.2024.150783

[102] Vierhout M, Ayoub A, Naiel S, Yazdanshenas P, Revill SD,
Reihani A, et al. Monocyte and macrophage derived myofibrob-
lasts: Is it fate? A review of the current evidence. Wound Repair
and Regeneration. 2021; 29: 548-562. https://doi.org/10.1111/
wrr.12946

[103] Tan Q, Xiang C, Zhang H, Yuan Y, Gong S, Zheng Z, et al.
YAP promotes fibrosis by regulating macrophage to myofibrob-
last transdifferentiation and M2 polarization in chronic pancre-

18

atitis. International Immunopharmacology. 2025; 148: 114087.
https://doi.org/10.1016/j.intimp.2025.114087

[104] Zhao Y, Zhu XY, Ma W, Zhang Y, Yuan F, Kim SR, et al. Cel-
lular senescence promotes macrophage-to-myofibroblast transi-
tion in chronic ischemic renal disease. Cell Death & Disease.
2025; 16: 372. https://doi.org/10.1038/s41419-025-07666- 1

[105] Zhang YZ, Wu Y, Li MJ, Mijiti A, Cheng LF. Identifica-
tion of macrophage driver genes in fibrosis caused by dif-
ferent heart diseases based on omics integration. Journal of
Translational Medicine. 2024; 22: 839. https://doi.org/10.1186/
$12967-024-05624-7

[106] Geng F, Zhao L, Cai Y, Zhao Y, Jin F, Li Y, et al. Quercetin
Alleviates Pulmonary Fibrosis in Silicotic Mice by Inhibiting
Macrophage Transition and TGF-B-Smad2/3 Pathway. Current
Issues in Molecular Biology. 2023; 45: 3087-3101. https://doi.
org/10.3390/cimb45040202

[107] Liu H, Guan Q, Zhao P, Li J. TGF-B-induced CCRS8 pro-
moted macrophage transdifferentiation into myofibroblast-like
cells. Experimental Lung Research. 2022; 1-14. https://doi.org/
10.1080/01902148.2022.2055227

[108] Haider N, Bosca L, Zandbergen HR, Kovacic JC, Narula
N, Gonzalez-Ramos S, et al. Transition of Macrophages to
Fibroblast-Like Cells in Healing Myocardial Infarction. Journal
of the American College of Cardiology. 2019; 74: 3124-3135.
https://doi.org/10.1016/j.jacc.2019.10.036

[109] Nikolic-Paterson DJ, Wang S, Lan HY. Macrophages promote
renal fibrosis through direct and indirect mechanisms. Kidney
International Supplements. 2014; 4: 34-38. https://doi.org/10.
1038/kisup.2014.7

&% IMR Press


https://doi.org/10.3389/fphar.2022.997916
https://doi.org/10.3389/fphar.2022.997916
https://doi.org/10.1093/ndt/gfaf179
https://doi.org/10.1002/advs.202302203
https://doi.org/10.1016/j.bbrc.2024.150783
https://doi.org/10.1016/j.bbrc.2024.150783
https://doi.org/10.1111/wrr.12946
https://doi.org/10.1111/wrr.12946
https://doi.org/10.1016/j.intimp.2025.114087
https://doi.org/10.1038/s41419-025-07666-1
https://doi.org/10.1186/s12967-024-05624-7
https://doi.org/10.1186/s12967-024-05624-7
https://doi.org/10.3390/cimb45040202
https://doi.org/10.3390/cimb45040202
https://doi.org/10.1080/01902148.2022.2055227
https://doi.org/10.1080/01902148.2022.2055227
https://doi.org/10.1016/j.jacc.2019.10.036
https://doi.org/10.1038/kisup.2014.7
https://doi.org/10.1038/kisup.2014.7
https://www.imrpress.com

	1. Introduction
	2. The Pathological Process of Myocardial Fibrosis
	3. The Process of Macrophage-Myofibroblast Transition
	3.1 Macrophage Polarization and Activation
	3.2 Co-expression of Phenotypic Markers and Cytoskeletal Reorganization
	3.3 Acquisition of Functional Myofibroblast Characteristics
	3.4 Evidence and Correlates of MMT in Human Cardiac Pathologies

	4. Biological Characteristics of the TGF-β1/Smad3 Signaling Pathway
	4.1 Core Components and Signal Transduction Process
	4.2 Core Biological Functions
	4.2.1 Pro-fibrotic
	4.2.2 Inhibition of Cell Proliferation
	4.2.3 Immune Regulation
	4.2.4 Induction of Apoptosis

	4.3 Association With Pathological Diseases
	4.3.1 Fibrotic Diseases
	4.3.2 Cardiovascular Diseases
	4.3.3 Autoimmune and Inflammatory Diseases
	4.3.4 Cancer

	4.4 Interactive Network of TGF-β1/Smad3 With Fibrosis-Related Pathways
	4.4.1 TGF-β1/Smad3 and MAPK/ERK Pathway
	4.4.2 TGF-β1/Smad3 and PI3K/Akt Pathway
	4.4.3 TGF-β1/Smad3 and Wnt/β-catenin Pathway
	4.4.4 TGF-β1/Smad3 and JAK/STAT Pathway
	4.4.5 TGF-β1/Smad3 and Notch Pathway
	4.4.6 TGF-β1/Smad3 and the Renin-Angiotensin-Aldosterone System (RAAS)
	4.4.7 TGF-β1/Smad3 and m6A Modification Pathway
	4.4.8 TGF-β1/Smad3 and Epigenetics (O-GlcNAc Glycosylation)

	4.5 TGF‑β1/Smad3‑Mediated Transcriptional Reprogramming in Macrophages During MMT

	5. MMT: A Potential Intervention Target?
	6. Controversies and Unresolved Issues Regarding MMT
	6.1 Direct Evidence and Controversy
	6.2 Regulatory Mechanisms and Molecular Pathways of MMT
	6.3 Pathological Function and Heterogeneity of MMT
	6.4 Technical Challenges and Research Models
	6.5 Therapeutic Potential of Targeting MMT

	7. Summary and Outlook
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	References

