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Follistatin-like 1 (FSTL1) is an emerging multifunctional glycoprotein that plays a
central role in cardiac repair following myocardial infarction (Ml). While previous
studies have explored its involvement in modulating inflammation, angiogenesis,
and fibrosis, a cohesive mechanistic understanding remains incomplete. In this
review, we provide a comprehensive synthesis of current findings and propose an
integrated framework in which FSTL1 orchestrates post-infarction healing
through multiple signaling cascades, including BMP/SMAD, PIZK/AKT, MAPK,
and TGF-B pathways. We highlight its dual actions in both cardiomyocytes
and cardiac fibroblasts, as well as its context-dependent interactions with
mechanical cues and the immune microenvironment. Recent evidence
suggests that FSTL1 may function as a key regulatory hub, coordinating
sequential events such as inflammation resolution, extracellular matrix
remodeling, and functional recovery. Together, these insights underscore the
therapeutic promise of FSTL1 as a molecular target for enhancing cardiac repair
and restoring myocardial integrity after infarction.
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1 Introduction

Myocardial infarction (MI) remains one of the leading causes of morbidity and
mortality worldwide, despite major advances in reperfusion strategies and
pharmacological therapies (Moran et al., 2014; Reed et al.,, 2017; Martin et al,,
2022). Its clinical impact stems not only from the acute loss of cardiomyocytes
but also from subsequent maladaptive remodeling that frequently progresses to heart
failure (Pfeffer etal., 1991; Tsao et al., 2023; Liu et al., 2024). Cardiac repair after MI is
a highly dynamic process involving four overlapping phases: cardiomyocyte death
and survival, inflammation, fibrosis, and angiogenesis (Fraccarollo et al., 2012; Viola
et al., 2021; Wu et al,, 2021). The balance among these events determines whether
healing is adaptive or maladaptive. Controlled inflammation and extracellular matrix
deposition are essential for preserving structural integrity, whereas excessive fibrosis
or persistent inflammation can drive adverse remodeling and progressive
dysfunction (Jung et al., 2018; Jiang et al., 2021). Within this context, follistatin-
like 1 (FSTL1) has emerged as a key modulator intersecting with multiple stages
of repair.

FSTL1 is a secreted glycoprotein originally identified as a TGF-p-inducible gene
and is widely expressed, including in the heart. Accumulating evidence indicates that
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GRAPHICAL ABSTRACT
FSTL1 protects cardiomyocytes from apoptosis, shapes

inflammatory responses, promotes angiogenesis, and regulates
fibroblast activation (Shibanuma et al., 1993; Wei et al., 2015;
Xiao et al, 2019; Adams et al., 2007). These pleiotropic
actions position it as both a promising therapeutic mediator
and a potential biomarker. However, several studies also
suggest that FSTLI
and adverse remodeling under chronic conditions (Stelzer
et al,, 2016; Cunningham et al., 2019; Shen et al., 2019),
highlighting its context- and time-dependent “double-edged
sword” effects.

can exacerbate pathological fibrosis

Despite growing interest, the mechanisms underlying these
divergent roles remain poorly defined. Findings from in vitro
models, animal studies, and clinical observations are not always
consistent. More recently, research has expanded to include
metabolic disorders and multi-omics profiling (Sundaram
2013; Shi et al, 2016; Parfenova et al., 2021),
underscoring broader biological implications that extend

et al.,

beyond the cardiovascular system. In this review, we synthesize
current experimental and clinical evidence on FSTLI in post-MI
repair and remodeling, highlight its dual protective and
pathogenic roles, and discuss emerging insights from metabolic
and systems biology, with the ultimate aim of identifying
opportunities for therapeutic translation.
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2 Basic biology of FSTL1
2.1 Gene and protein structure of FSTL1

The human FSTLI gene is located on chromosome 3q13.33, is
approximately 59 kb in length, and contains 11 exons, the first of
which is a noncoding exon (Stelzer et al., 2016; Cunningham et al.,
2019). Exons 2-11 encode a 308-amino-acid protein (Parfenova
et al, 2021), whereas the 11 th exon also includes the coding
sequence for microRNA (miRNA)-198 (miR-198) (Sundaram
et al, 2013). Therefore, the primary FSTLI transcript produces
both the protein and miR-198. Additionally, several miRNA
binding sites exist in the 3'UTR region of FSTLI, including miR-
206, miR-32-5p, and miR-27a. These sites have been shown to
functionally inhibit FSTL1 (Shi et al., 2016; Rosenberg et al., 2006;
Zhang et al.,, 2017).

FSTLI1 is classified within the SPARC family of proteins
because of its structural domain similarity to secreted acidic
(SPARC/BM-40/osteoconjugate
proteins), which feature the two hallmark structural domains
(Chaly etal., 2014a). The first domain is a follistatin-like domain
that closely resembles that of follistatin (Figure 1) (Li et al,

cysteine-rich proteins

2013). Follistatin inhibits the biosynthesis and secretion of
follicle-stimulating hormones by binding to activin (Phillips
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Schematic representation of the FSTL1 protein and its structural domains. Key domains include the signal peptide (SP), N-terminal domain (ND),
follistatin-like domain (FOLN), Kazal-like domain (Kazal), EF-hand domains (EF1/2), von Willebrand factor type C domain (vWFC), and the C-terminal

domain (CD) enriched with acidic L-amino acids.

and de Kretser, 1998). Activin, as a member of the TGF{ protein
superfamily, not only plays a pivotal role in reproductive biology
but also functions as a multifunctional protein, regulating
diverse physiological processes, including inflammation
(Phillips et al., 2005; Chang et al., 2002; Bamberger et al,
2005; Mayer et al.,, 2012). Activin levels are elevated in many
clinical inflammatory diseases (Mayer et al., 2012) and play a key
regulatory role in immune responses. This illustrates the
potential role of the follistatin-like domain in regulating
activin activity as well as the importance of FSTLI in
regulating immune responses. However, there are conflicting
reports on the ability of FSTL1 to bind to activin. Some studies
have indicated that FSTL1, unlike follistatin, does not bind to
activin (Kawabata et al., 2004). FSTL1 contains a single
follistatin-like domain, whereas follistatin contains three such
domains (Chaly et al., 2014a). However, other studies have
shown that FSTL1 can bind to activin (Zhou et al., 2006), and
Tanaka et al. further confirmed using Biacore technology that
FSTL1 binds to activin with low affinity and inhibits the
interaction between activin and its receptor ActR-IIB (Tanaka
et al., 2010). Despite these findings, the binding of FSTLI to
activin requires further in vivo validation.

Another key structural domain in FSTLI is the extracellular
calcium-binding domain (Figure 1). In the SPARC family, calcium
binding is typically mediated by a pair of EF-hands; however, in
FSTL1, this domain is non-functional (Hambrock et al., 2004). This
suggests that FSTL1 has unique properties, despite its sequence
In addition,
FSTL1 contains a vascular hemophilic factor C-type domain,
which is absent in other SPARC proteins, and a Kazal-like
domain (Figure 1) (Du et al., 2024). Serine protease inhibitors,

similarity to other SPARC family members.

which often contain Kazal domains, are widespread in animals and
are crucial for maintaining normal physiological and cellular
functions (Rimphanitchayakit and Tassanakajon, 2010). The
complex structure and multi-specific binding capabilities of
FSTL1 suggest that it plays a broad range of physiological and
pathological roles.

Frontiers in Cell and Developmental Biology

03

2.2 Role of FSTL1 in normal cardiac
physiology

The role of FSTL1 in cardiac physiology is not limited to
cardiomyocytes but extends to the broader cardiovascular system.
FSTL1 expression has been observed in various cell types, including
fibroblasts, epicardial mesothelial cells, skeletal and smooth muscle
cells, and vascular endothelial cells in myocardial vessels (Wei et al.,
2015; Miyamae et al., 2006; Wilson et al., 2010; Ouchi et al., 2008;
Lara-Pezzi et al., 2008). FSTL1 has been identified as a cardiac factor
(Oshima et al, 2008), playing a regulatory role in cardiac
development and cardiomyocyte proliferation and differentiation.
FSTL1 is widely expressed during early development in mice and
chicks. However, during mid-gestation, its expression is localized to
non-myocardial components and continues to be present in
adulthood (Wei et al., 2015; Adams et al,, 2007; van den Berg
et al.,, 2007). However, recent studies have found that FSTLI is
primarily expressed in cardiac fibroblasts in the hearts of adult
mammals, with no detectable presence of FSTLI in the epicardium
(Kretzschmar et al., 2018). These findings suggest that FSTL1 plays a
regulatory role in the initial and late stages of cardiomyocyte
formation (Horak et al, 2022). WNT signaling is essential for
normal heart development and requires precise temporal and
spatial ~ regulation  (Stylianidis et al, 2017). Notably,
FSTL1 regulates the WNT pathway (Sundaram et al,, 2017). In
experiments where there was a specific deletion of FSTLI in
cardiomyocytes or cardiac fibroblasts or overexpression of
FSTL1 in the heart and skeletal muscle of mice, no baseline
phenotypic or cardiac functional changes were observed under
normal physiological conditions. However, FSTL1 exhibited
significant  effects injury in both
(Kretzschmar et al., 2018; Shimano et al, 2011; Tanaka et al.,
2016; Maruyama et al., 2016). Additionally, FSTLI is involved in
the vascularization of the cardiovascular system. Through exercise-
induced secretion from skeletal muscle, FSTL1 promotes cardiac

after cardiac scenarios

angiogenesis (Xi et al, 2021). During the development of
cardiovascular diseases, the expression of FSTLI is closely related
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to cardiovascular pathology; therefore, an in-depth understanding of
its biological functions is important for the treatment and
prevention of cardiovascular diseases.

2.3 Factors influencing the expression
of FSTL1

FSTL1 expression is regulated by a variety of physiological
and systemic factors, including age, sex, adiposity, and immune
interactions, which can influence its cardioprotective effects,
particularly after myocardial infarction (MI). While studies on
FSTL1 in cardiovascular diseases are limited, other pathological
conditions have provided useful insights. For instance, both age
and sex can influence FSTL1 levels, with hormonal and age-
related changes affecting its expression and function (Wang et al.,
2011; Zhong et al., 2022). Additionally, adiposity and obesity-
related inflammation modulate FSTL1 expression, with obesity
generally leading to altered secretion patterns, although
inflammation can upregulate its levels (Miyamae et al., 2006).
FSTL1 also plays a key role in regulating the inflammatory
microenvironment, which is crucial for effective tissue repair.
Notably, immune interactions, such as macrophage recruitment
and neuroimmune signaling, also regulate FSTL1 expression,
suggesting that FSTL1 may play a role in heart repair by
modulating immune responses and neural signaling (Liu et al.,
2025; Zheng et al., 2025). These regulatory effects could influence
the efficiency of cardiac recovery and provide new insights for
developing more effective heart repair therapies.

2.4 Epigenetic regulation of FSTL1 in
cardiac repair

Recently, the role of epigenetic regulation in cardiac
pathophysiology has attracted widespread attention. For FSTLI,
changes in the expression of specific miRNAs and alterations in
DNA methylation have been shown to significantly affect
expression levels and functions during myocardial repair.
Epigenetic mechanisms play a crucial role in regulating the
structural and functional remodeling of the heart during the
repair process following MI. Studies have shown that FSTL1 in
the epicardium induces epithelial-mesenchymal transition
(EMT), stemness, and epicardial-mesothelial cell migration
through an miR-200c-3p-dependent pathway (Pontemezzo
et al,, 2021). EMT is a key process in cardiac development and
repair, particularly after MI, where it contributes to the
remodeling and repair of damaged myocardial tissue. miR-
200c-3p plays a crucial role in the regulation of this process.
Specifically, during EMT in epicardial cells, the expression of
miR-200c-3p is significantly downregulated, leading to a marked
upregulation of its target, FSTL1. Conversely, overexpression of
miR-200c-3p can inhibit TGF-Pl1-mediated upregulation of
FSTL1, thereby

characteristics. This regulatory mechanism offers a potential

suppressing EMT and its migratory

therapeutic strategy for cardiac repair and regeneration,

suggesting that targeting miRNA regulation may be an
important strategy for post-MI treatment.
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In addition to miR-200c-3p, another miRNA that inhibits
FSTL1 expression in the heart is miR-9-5p. Research has shown
that this miRNA modulate FSTL1 thereby
suppressing cell death and oxidative ultimately
mitigating the cardiac remodeling process following MI (Xiao
et al., 2019). This mechanism highlights the potential of miRNA
regulation to reduce myocardial injury and aid in the recovery

expression,
stress,

of cardiac function. Furthermore, DNA methylation, a critical
epigenetic modification, may play a significant role in regulating
FSTL1 expression. In this regard, methylation of the FSTLI
promoter may dynamically influence its expression, although
the spatiotemporal pattern and functional impact of this
mechanism during post-MI repair remain to be established.
Notably, miRNA-198 and FSTL1 are derived from the
same primary transcript yet exhibit mutually exclusive
expression patterns under pathological stimuli (Sundaram
et al., 2013). This reciprocal relationship suggests a finely
tuned regulatory switch, whereby the balance between
miRNA-198 and FSTL1 may determine the cellular response
to stress or injury.

In summary, through epigenetic regulation, particularly by
targeting miRNAs or modifying DNA methylation status, precise
control of FSTLI expression can be achieved. This not only enhances
myocardial repair following infarction but also offers new avenues
and potential applications for cardiac disease treatment. Future
studies should explore the relationship between these epigenetic
mechanisms and MI repair to better apply these regulatory
strategies, robust

thereby providing more support  for

personalized therapeutic approaches.

3 Role of FSTL1 after myocardial
infarction

Myocardial infarction leads to massive cardiomyocyte loss,
inflammation, and structural remodeling, ultimately impairing
cardiac function. Growing experimental evidence indicates that
FSTLI is centrally involved in orchestrating these processes. To
place this evidence into perspective, Table 1 compiles findings from
in vitro, animal, and human studies that have examined the role
of FSTL1 in post-MI repair. By bringing together diverse models,
this overview provides a foundation for understanding the
multifaceted actions of FSTLI before turning to detailed
mechanistic pathways.

As summarized in Table 1, evidence across experimental models
supports that FSTL1 participates in multiple facets of post-MI repair,
including suppression of apoptosis and inflammatory injury,
and modulation of fibroblast
activation and extracellular matrix remodeling. Preclinical studies

promotion of angiogenesis,

highlight its potential as a therapeutic mediator, while clinical
observations suggest that circulating FSTL1 is associated with
adverse left ventricular remodeling in MI/HF settings. Recent
multi-omics analyses in post-MI remodeling further extend these
findings by placing FSTL1 within broader regulatory networks that
integrate inflammatory and remodeling programs at a systems level.
At the same time, discrepancies remain: FSTLI often appears
protective during the acute repair window but may contribute to
fibrotic remodeling when signaling is sustained. In the sections that
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TABLE 1 Key evidence on FSTL1 in post-MI cardiac repair and remodeling (preclinical and clinical).

Model/sample Intervention/context

Preclinical MI/I-R models

Main findings References

In vitro (cardiomyocytes/
fibroblasts)

Recombinant FSTL1 protein; knockdown/
overexpression

In vitro (endothelial cells) Recombinant FSTL1 protein

Mouse MI model (cfKO) Cardiomyocyte-specific deletion of FSTL1

Mouse MI model (therapy) Epicardial patch delivering rESTL1; MSC therapy

enhanced with FSTL1

Rat MI model (exercise
intervention)

Dynamic resistance exercise

Clinical MI/HF observations

Human (MI/HF biomarkers) Circulating FSTLI levels in patients with MI

or HF

via DIP2A-dependent signaling (see Section 3.5/

Activates AMPK-ACG; limits apoptosis;
modulates fibroblast activation and ECM
synthesis

Oshima et al. (2008), Maruyama et al.
(2016)

Promotes endothelial proliferation/migration/
tube formation (see Section 3.5; Figure 3)

Ouchi et al. (2008)

Increased cardiac rupture; impaired fibroblast
activation and scar formation

Maruyama et al. (2016)

rFSTL1 patch improved cardiac function and Wei et al. (2015), Shen et al. (2019)
angiogenesis; FSTL1-enhanced MSCs

augmented repair efficacy

Exercise-induced FSTL1 promoted angiogenesis Xi et al. (2021)

Figure 3)

Elevated FSTLI associated with adverse LV
remodeling and increased risk of major adverse
cardiovascular events; correlations with clinical

risk markers reported

Aikawa et al. (2019), Uematsu et al.
(2020)

Mechanistic receptor evidence

Mechanistic receptor evidence FSTL1 binding studies

DIP2A identified as functional receptor
mediating cardioprotective and angiogenic
effects

Tanaka et al. (2010)

Systems-level evidence in post-MI remodeling

Systems biology/multi-omics Multi-omics profiling in MI and cardiac

remodeling

Abbreviations: ECM, extracellular matrix; LV, left ventricle; MI, myocardial infarction; HF,

follow, we discuss these mechanisms in greater detail within a stage-
based framework.

3.1 Cell type—specific mechanisms of
FSTL1 in major cardiac cell populations

A While FSTL1 is frequently discussed as a single cardiokine,
accumulating evidence indicates that its downstream effects are
strongly cell type—dependent in the infarcted heart. Cardiomyocytes,
endothelial cells, cardiac fibroblasts, and infiltrating immune cells
form a dynamic network in which FSTL1 acts as both a paracrine
effector and a microenvironmental modulator. A cell type-centered
summary therefore helps reconcile divergent observations across
models and clarifies why FSTL1 effects
dependent after MI.

Cardiac fibroblasts (scar formation and remodeling). Fibroblasts
constitute a major source of FSTLI in the adult injured heart and

are often time

represent a key responder population during repair. Experimental
evidence shows that FSTL1 supports early “reparative” fibroblast
activation by enhancing fibroblast migration and proliferation, a
process linked to scar stabilization and reduced risk of post-MI
rupture. Mechanistically, these pro-repair fibroblast responses have
been attributed primarily to ERKI/2 signaling (see Section
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Metabolic stress and inflammatory remodeling Liu et al. (2024)

networks in post-MI settings

heart failure.

Proliferation/Fibroblast ~ Activation  Stage 2)

(Maruyama et al, 2016). In parallel, other studies suggest that

and  Figure

FSTL1 may amplify profibrotic programs by interacting with the
TGF-p axis and downstream Smad-dependent and MAPK
pathways, thereby promoting myofibroblast differentiation and
extracellular matrix accumulation. Together, these findings
support a context- and phase-dependent interpretation: short-
term fibroblast-directed FSTL1 signaling may be required for
structurally competent healing, whereas sustained or excessive
signaling could contribute to maladaptive fibrosis during chronic
remodeling.

Endothelial cells (angiogenesis and vascular protection). In
endothelial cells, FSTL1 consistently exhibits pro-survival and
pro-angiogenic actions. In vitro, FSTL1 enhances endothelial
migration, network formation, and resistance to apoptotic
stress, and in vivo it accelerates revascularization in ischemic
settings. Mechanistically, these endothelial outputs are largely
mediated by DIP2A-dependent pro-survival/pro-angiogenic
signaling (see Pro-angiogenic role of FSTL1 and Figure 3).
Receptor-level evidence further indicates that DIP2A can
function as a FSTL1-binding partner that mediates key
endothelial outputs, including Akt activation and angiogenic
behavior (Ouchi et al., 2010). These endothelial mechanisms
provide a cellular basis for the improved perfusion and

frontiersin.org
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pathway selection across phases.

neovascularization observed in multiple post-MI interventions
involving recombinant FSTLI1, gene delivery, or exercise-
associated FSTL1 induction.

Macrophages and innate immune cells (inflammation shaping
The post-MI
dominated by monocytes/macrophages, and FSTL1 has been

and resolution). inflammatory response is
reported to modulate macrophage inflammatory programs. In

ischemia/reperfusion and cultured macrophage settings,
FSTL1 can suppress pro-inflammatory gene expression through
AMPK-dependent mechanisms, suggesting a potential role in
limiting inflammatory injury and supporting the transition
toward repair (Ogura et al., 2012). Conversely, other immune
studies report that FSTL1 can promote inflammatory outputs,
of NLRP3

signaling and IL-1p production, implying that macrophage

including enhancement inflammasome-related
responses to FSTLI may be highly dependent on stimulus,
tissue context, and timing (Chaly et al, 2014b). In the
infarcted heart, this dual potential supports the broader “time-
linked switch” model: early FSTL1 activity may favor controlled
inflammation and repair, whereas persistent immune activation
could contribute to chronic remodeling.

Taken together, these cell type-specific mechanisms support a
unified view of FSTL1 biology after MI: endothelial and
cardiomyocyte-associated cytoprotective/angiogenic programs are
most beneficial during the acute-subacute repair window, while
fibroblast-dominant programs may increasingly shape late
remodeling and fibrosis risk. This framework also underscores
why translational strategies targeting FSTL1 must explicitly
account for cell-specific delivery, dosing, and timing.

Frontiers in Cell and Developmental Biology

3.2 Myocardial ischemia and early
damage control

In the early injury phase following myocardial infarction (from a
few hours to days), the sudden interruption of coronary blood flow
leads to a rapid collapse in the energy metabolism of cardiac cells.
Oxidative phosphorylation is blocked, ATP production decreases
significantly, and lactate accumulates. This results in energy
depletion and disruption of the cell membrane’s homeostasis,
ultimately causing dysfunction and necrosis of cardiac cells
(Braasch et al, 1968; Kiubler 1970;
2015). This is intense
inflammatory response, which is the body’s initial reaction to

and Spieckermann,
Frangogiannis, followed by an
clear dead cells and matrix debris.

At the peak of the inflammatory response, cardiac cells
activate survival signals to resist ischemic stress. The IKK/NE-
kB signaling pathway protects cardiac cells through multiple
mechanisms (Figure 2). Under hypoxic conditions, NF-kB
inhibits mitochondrial damage by activating the IKK pathway,
preventing the opening of the mitochondrial permeability
transition pore (PTP), loss of membrane potential, and release
of pro-apoptotic factors, thereby reducing cardiac cell death
(Regula et al., 2004). Additionally, under pressure overload
conditions, NF-kB reduces oxidative stress by regulating the
expression of antioxidant enzymes like manganese superoxide
dismutase (MnSOD) and inhibits the activation of pro-apoptotic
factors like JNK, further reducing apoptosis and cardiac
remodeling (Hikoso et al, 2009). Meanwhile, the BMP4/
Smad1/5/8 signaling axis is also regulated in the early stages
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Pro-angiogenic mechanisms of FSTL1 in post-MI cardiac repair. FSTL1 derived

from the heart and skeletal muscle enters the circulation and binds to

its receptor DIP2A on endothelial cells. Downstream, the DIP2A—-PI3K/Akt/eNOS—NO axis and the AMPK-HIF-1a/PGC-1a module have been implicated in
promoting endothelial cell proliferation, migration, survival, and angiogenic factor expression (VEGF, FGF2, Angpt-1), ultimately enhancing
neovascularization. Additional proposed branches (e.g., VEGFR2-associated signaling, Ras/MEK/ERK, and TGF-p/Smad2/3) are indicated as reported

mechanisms. Black arrows represent activation or upregulation.

(Figure 2). BMP4, a member of the TGF-f superfamily, promotes
pro-inflammatory and cell death responses by activating the
downstream Smad1/5/8 signaling pathway. After myocardial
infarction, BMP4 signaling is upregulated in the infarct
border zone, potentially promoting local inflammation and
apoptosis. However, FSTLI, as an antagonist of BMP4, can
inhibit BMP4-induced phosphorylation of Smadl/5/8, thus
alleviating inflammation and protecting cardiac cells from
further damage. This mechanism is crucial for myocardial
2012). In addition, FSTL1 inhibits
apoptosis in cardiac and endothelial cells by activating

protection (Ogura et al,

AMPK-dependent and Akt-associated pro-survival signaling
2012; Liu et al., 2010). Through the AMPK
pathway, FSTLI reduces cell damage caused by hypoxia/

(Ogura et al.,,

reoxygenation. Meanwhile, through the PI3K/Akt pathway,
FSTL1 upregulates Bcl2 proteins and reduces apoptosis in
endothelial cells induced by oxidized low-density lipoprotein
(ox-LDL), thereby exerting a cell-protective effect. Therefore, in
this early phase, the inflammatory response and anti-apoptotic
signals are intertwined, attempting to clear necrotic tissue while
simultaneously activating anti-apoptotic and protective
mechanisms to limit the expansion of damage. This sets the

stage for the subsequent proliferative/repair phase.
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3.3 Proliferation/fibroblast activation stage

In the proliferative and repair phase following myocardial
infarction, the activation of fibroblasts in the cardiac repair
process is critical for myocardial remodeling. FSTLI plays a key
role in this phase, particularly in promoting the proliferation,
migration, and fibrosis of cardiac fibroblasts. Studies have shown
that FSTL1 promotes the proliferation and migration of fibroblasts by
activating the ERK1/2 signaling pathway, which supports the
synthesis of extracellular matrix (ECM) that is crucial for scar
formation in the infarcted region (Maruyama et al., 2016). TGF-p
is an important pro-fibrotic factor, widely involved in regulating
fibroblast proliferation, transformation, migration, and ECM
production. The TGF-B/Smad signaling pathway is the classic
signaling pathway in myocardial fibrosis (Sibinska et al, 2017).
After binding with TGF-pl or its type II receptor (TPRII),
FSTL1 enhances the expression of a-smooth muscle actin and the
synthesis of type I collagen and fibronectin by regulating the
phosphorylation of downstream Smad2/3, while inhibiting
collagen degradation through the TGF-B/Smad signaling pathway
(Figure 2). In addition to the classic Smad pathway, FSTL1 also
functions through non-classical Smad pathways, with the mitogen-
activated protein kinase (MAPK) signaling pathway being the most
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important. Specifically, FSTL1 can upregulate the MAPK signaling
pathway through TGF-P1, activating p38, JNK, and ERK signals,
thereby promoting fibroblast proliferation and differentiation, and
inducing tissue fibrosis (Figure 2) (Maruyama et al., 2016; Jin et al.,
2018). Furthermore, FSTL1 is a secreted glycoprotein, and its
biological activity depends on its glycosylation status. The low-
glycosylated form of FSTL1 promotes myocardial cell proliferation
by activating markers of myocardial cell proliferation (such as Ki67,
Aurora B, phosphorylated histone H3, etc.), whereas the high-
glycosylated form of FSTL1 does not show the same proliferative
effect (Figure 2) (Magadum et al, 2018; Kerkeld, 2022). Under
hypoxic conditions (such as after myocardial infarction), the
secretion of FSTL1 by human cardiac fibroblasts increases, and
the low-glycosylated form of FSTL1 promotes better regenerative
effects, particularly in enhancing cell proliferation (Peters et al.,
2022). This finding suggests that using FSTL1 with different
glycosylation forms could significantly improve the therapeutic
effects of cardiac regeneration.

In summary, FSTL1 is essential for cardiac fibroblasts to
synthesize ECM components, especially during scar formation
and repair after MI, contributing to the maintenance of cardiac
structural stability and functional recovery.

3.4 The dual role of FSTL1 in post-
myocardial infarction: a time-linked
switch model

FSTLI is a stress-induced secreted protein that is markedly
upregulated after MI. Accumulating evidence supports a unified
interpretation of its apparent “duality”: FSTL1 is predominantly
cardioprotective during the acute-subacute repair window but can
become pro-fibrotic during chronic remodeling. We propose that
this behavior reflects a time-linked switch driven by shifts in
dominant  cellular changes in

sources, post-translational

modification  (notably  glycosylation), receptor

availability/usage, and microenvironmental cues (inflammation,

evolving

hypoxia, mechanical load, and metabolic state) that collectively
re-route downstream signaling outputs.

Acute-subacute phase (hours to days): cardiomyocyte/endothelial-
dominant protective signaling. In the early phase after MI,
cardiomyocytes and endothelial cells contribute substantially to
FSTL1 production. In this context, FSTL1 preferentially engages
pro-survival and stress-adaptation programs (e.g., AMPK and PI3K/
Akt-associated signaling), limiting apoptosis and dampening excessive
inflammatory amplification. In endothelial cells, FSTL1-DIP2A
signaling supports vascular repair by promoting endothelial
survival, migration, and angiogenic response (Figure 3) (Karisa
et al,, 2025). Consistent with a “repair-window” role, physiological
interventions such as exercise can increase circulating FSTLI and are
associated with enhanced post-MI reparative signaling and improved
functional recovery, although the dominant downstream axes and their
net impact on fibrosis likely depend on timing and disease context.

Transition to chronic remodeling (weeks): fibroblast-dominant
profibrotic bias. As debris clearance proceeds and the infarct
matures, fibroblasts and myofibroblasts expand and become
major producers (and targets) of FSTL1 within the infarct/border
zones under persistent hypoxia and inflammatory signaling. During
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early scar formation, FSTL1 can support reparative fibrosis by
promoting fibroblast proliferation and migration through ERK1/
2 signaling, facilitating timely extracellular matrix (ECM) deposition
and structural stabilization (Maruyama et al., 2016). However, with
sustained activation in the chronic phase, fibroblast-centered
signaling increasingly favors myofibroblast differentiation and
ECM accumulation, shifting the net effect toward maladaptive
fibrosis and adverse remodeling.

Determinants of the switch: glycosylation, receptor landscape,
and microenvironmental cues. A key molecular determinant is
glycosylation status. Low-glycosylated FSTL1 (e.g., epicardial-
associated forms) has been linked to regenerative/proliferative
signaling, whereas more highly glycosylated myocardial-derived
forms are more consistently associated with cytoprotection and
ECM-related outputs; stress-driven changes in glycosylation
patterns may therefore bias FSTL1 activity toward pro-fibrotic
remodeling (Xi et al., 2016). In parallel, the receptor network is
likely dynamic: DIP2A represents a validated mediator of several
cardiovascular protective/angiogenic outputs, while additional
binding partners/receptors (e.g., TLR4-related innate immune
signaling or other proposed interactors) have been suggested but
remain insufficiently validated in specific cardiac cell types and
disease stages (Karisa et al., 2025). Finally, mechanical overload,
persistent inflammation, and metabolic disturbances (e.g., diabetes)
can reshape the myocardial milieu and may reprogram
FSTL1 downstream signaling, thereby accelerating the transition
from protective repair to pathological remodeling (Lu et al., 2021).

This time-linked switch model provides a mechanistic
framework that reconciles divergent findings across models and
generates testable predictions for translation: the therapeutic
benefit-risk profile of FSTL1 should depend on timing, cell-
targeted delivery, and glycoform control (Figure 2).

3.5 Pro-angiogenic role of FSTL1

Angiogenesis is essential for cardiac recovery following MI
during the heart tissue repair phase. In addition to its role in
modulating cardiomyocyte survival, inflammation, and fibrosis,
FSTL1 plays a pivotal role in promoting angiogenesis during
post-MI cardiac repair. FSTLI is a cardiokine secreted not only
by the heart but also by other organs, such as skeletal muscles and
adipose tissues (Miyabe et al., 2014; Xu et al., 2020). Recent studies
have demonstrated that skeletal muscle-derived FSTL1 can reach the
heart via the circulation and exert pro-angiogenic effects (Xi et al.,
2021; Xi et al, 2019). Therefore, cardiac- and muscle-derived
FSTLI synergistically contribute to the enhancement of cardiac
angiogenesis and myocardial repair.

Mechanistically, FSTL1 exerts its proangiogenic effects primarily
by binding to its receptor DIP2A in endothelial and smooth muscle
cells (Xi et al., 2021; Xi et al., 2019). Downstream, a DIP2A-PI3K/
Akt/eNOS-NO axis and an AMPK-HIF-1a/PGC-1a module have
been implicated in endothelial proliferation, migration, survival, and
angiogenic factor induction (see Figure 3). Additional proposed
branches (e.g., TGF-B/Smad2/3- and ERK-related signaling) are
summarized in Figure 3 and are not discussed in detail here.
FSTL1 proangiogenic effects
primarily by binding to its receptor DIP2A in endothelial and

Mechanistically, exerts its
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smooth muscle cells (Xi et al., 2021; Xi et al,, 2019). Among the
downstream programs, the PI3K/Akt/mTOR pathway enhances the
expression of VEGF, FGF2, and angiopoietin-1, thereby facilitating
vessel formation and stabilization (Figure 3) (Wilson et al., 20105
Arabzadeh et al, 2020). PI3K/Akt also phosphorylates eNOS,
leading to NO production, which in turn induces HIF-la and
promotes the expression of VEGF, FGF2, and angiopoietin-1
(Figure 3) (Xi et al, 2021; Ouchi et al, 2010). Additionally,
AMPK activation, which is regulated under injury conditions
such as ischemia, infarction, and exercise, induces HIF-la and
PGC-1la, thereby directly promoting the expression of various
angiogenic growth factors (Figure 3) (Shimano et al, 2011; Xi
et al, 2016; Hayakawa et al, 2015). Additional proposed
branches (e.g., TGF-B/Smad2/3- and ERK-related signaling) are
summarized in Figure 3 and are not discussed in detail here.

Collectively, these multilevel signaling mechanisms enable
FSTL1 to function as an upstream regulator of angiogenesis,
orchestrate endothelial responses, and enhance neovascularization
within ischemic myocardium. Preclinical studies using recombinant
FSTL1 delivery, FSTLI-overexpressing models, and exercise
interventions have consistently demonstrated improved cardiac
angiogenesis, reduced fibrosis, and enhanced functional recovery
post-MI. In contrast to traditional angiogenic factors, such as VEGF,
FSTL1 exhibits unique pro-angiogenic mechanisms and anti-
inflammatory properties that may synergistically enhance
vascular repair and stabilization after MI (Shimano et al., 2011;
Hu et al., 2020).

3.6 Chronic remodeling phase

Cardiac fibroblasts undergo significant phenotypic changes after
myocardial infarction, becoming the dominant cell type in the
healing infarct region. As dead cells are cleared, fibroblasts
transform into a synthetic myofibroblast phenotype, significantly
increasing the synthesis of extracellular matrix (ECM) proteins
(Shinde et al, 2014). During this process, myofibroblasts
synthesize and secrete large amounts of collagen, fibronectin, and
other matrix proteins (Shinde et al., 2014; Squires et al., 2005). These
proteins are core components of scar tissue, helping to repair the
damaged myocardium and restore the mechanical stability of the
heart. However, excessive myocardial fibrosis and ECM deposition
increase the stiffness of the ventricular wall, leading to diastolic
dysfunction and ultimately a decline in heart function, which can
even progress to heart failure (Davis and Myofibroblasts, 2014).

In the repair process following myocardial infarction,
FSTL1 promotes the transformation of cardiac fibroblasts into
ECM  deposition,
and fibronectin in the

myofibroblasts, enhancing particularly

increasing  collagen myocardial
interstitium. This contributes to improving the mechanical
stability of the heart and preventing cardiac rupture (Maruyama
et al,, 2016). However, in the later stages of certain diseases, FSTL1-
induced fibrosis may shift into a pathological process, limiting tissue
and organ function and leading to irreversible pathological changes.
While FSTLI plays a protective role during the acute repair phase,
prolonged overstimulation leads to pathological fibrosis by
continuously increasing collagen synthesis. Specifically, excessive

endurance exercise over a long period may cause cardiovascular
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damage and myocardial fibrosis (O'Keefe et al., 2012; Patil et al,,
2012). His process may be associated with elevated FSTLI levels and
activation of the TGF-f pathway, which further promotes fibrosis
and triggers pathological changes (Jin et al., 2018; Nikooie and
Samaneh, 2016).

3.7 Anti-remodeling role of FSTL1 in cardiac
metabolic regulation

The role of FSTL1 in cardiac pathophysiological processes
involves metabolic regulation and ventricular remodeling. Studies
have shown that myocardial hibernation occurs not only in ischemic
cardiomyopathy but also in nonischemic dilated cardiomyopathy.
This phenomenon is characterized by compensatory structural and
functional changes in the cardiomyocytes, including glycogen
accumulation, decreased capillary density, and metabolic
adaptation (Lionetti et al., 2014). The structural and molecular
characteristics of myocardial hibernation can be observed even in
patients with ischemic cardiomyopathy and dilated cardiomyopathy
with patent coronary arteries. This suggests that myocardial
remodeling is not solely related to coronary ischemia but may
also be driven by microvascular ischemia and metabolic
disturbances. Such adaptive changes contribute to the survival of
the myocardium under prolonged stress but may also lead to
functional deterioration. Further studies have shown that chronic
FSTLI infusion can stabilize cardiac free fatty acid, glucose, and
ketone body metabolism, thereby improving the overall respiratory
quotient and systolic and diastolic functions of the heart (Seki et al.,
2018). This indicates that FSTL1 exerts an anti-remodelling effect by
modulating metabolic adaptability, thereby promoting the recovery
of cardiac function. Specifically, FSTLI activates fatty acid oxidation
and inhibits excessive glucose metabolism by regulating the AMPK
signaling pathway, thereby enhancing the flexibility of myocardial
energy utilization (Seki et al., 2018; Salt and Hardie, 2017). In
addition, FSTL1 prevents the downregulation of medium-chain
acyl-CoA dehydrogenase, further indicating its protective role in
fatty acid metabolism. In summary, regardless of the presence of
coronary artery narrowing, the role of FSTL1 in metabolic and
structural regulation is evident in pathological cardiac processes. Its
regulatory capacity for cardiac metabolism and anti-remodeling
properties suggest its potential for treating both ischemic and
nonischemic heart diseases.

4 Unresolved controversies in
FSTL1 research and possible reasons for
conflicting findings

4.1 Variability in DIP2A expression across
different tissues

DIP2A, one of the key receptors for FSTLI, shows clear
differences in expression across tissues, cell types, and disease
states. This variability is widely seen as one major reason why
FSTL1
opposite—conclusions. Since receptor availability and abundance

studies  sometimes  reach  different—or  even

can shape both signal strength and downstream pathway “bias,” an
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inconsistent DIP2A expression landscape across tissues could make
FSTL1 look functionally different in different disease models.

In the heart, some studies suggest that increased DIP2A expression
is linked to the cardioprotective effects of FSTLI1. For example, in
ischemia-reperfusion injury models, upregulation of DIP2A appears
to strengthen FSTL1-mediated protection by promoting angiogenesis
and reducing cardiomyocyte apoptosis, which ultimately supports
functional recovery (Xi et al, 2021; Ouchi et al, 2010). In this
context, higher DIP2A levels are often considered one of the key
prerequisites for FSTL1 to exert its repair-promoting effects. By
contrast, in cancer-related studies, the relationship between DIP2A
expression and function is more complicated. Some reports in gastric
cancer, liver cancer, and other tumors have found that upregulation of
the DIP2A-FSTLI signaling axis correlates with poor prognosis or
greater tumor aggressiveness, implying that this axis may enhance
tumor cell proliferation, migration, and invasion, thereby accelerating
disease progression (Kudo-Saito et al., 2024). These findings suggest
that even when DIP2A is “high,” the DIP2A-FSTL1 axis can drive very
different the
microenvironment. In endothelial cells, DIP2A is relatively broadly

biological  outputs  depending on tissue
expressed and is mainly tied to angiogenesis and vascular repair. Some
evidence indicates that the presence of DIP2A helps FSTL1 promote
endothelial proliferation and migration through pathways such as
Smad signaling (Xi et al,, 2021). Importantly, in certain tissues or
pathological conditions, insufficient DIP2A expression—or disease-
related changes in its regulation—may weaken FSTL1 signaling or
redirect it toward alternative downstream effects. This adds another
layer of difficulty when comparing results across models or trying to
pin down a single mechanism.

Overall, the tissue-specific and pathology-dependent nature of
DIP2A expression means that the question of whether “FSTLLI effects
are consistent” cannot really be discussed without considering the
tissue context and receptor availability. Going forward, a more
systematic mapping of DIP2A expression patterns (and the factors
that regulate them) across tissues and cell types would help reconcile
conflicting findings in the literature and improve the predictability

and translational potential of targeting FSTL1 therapeutically.

4.2 Lack of consensus on activin-
binding sites

Activin is an important cytokine in the TGF-f superfamily, and
one classic way it’s regulated is by being neutralized after binding to
specific binding proteins like follistatin, which then dampens
downstream signaling. But when it comes to whether FSTL1 can
directly bind activin—especially Activin A—and regulate it in a
functional way, there still isn’t a clear consensus.

Follistatin has been firmly shown to bind activin and block its
signaling. However, even though FSTL1 contains a follistatin-like
domain, there’s still no definitive evidence that it can bind Activin A
the way FST does. Some studies lean toward the idea that FSTL1 is more
likely acting indirectly—through other receptors or binding
partners—and shaping the broader TGF-B/BMP signaling network,
rather than functioning as a classic “activin-neutralizing” protein (Geng
et al., 2011). On the other hand, structural and functional reviews also
point out that FSTLLI is involved in regulating multiple related pathways,
but its exact binding interface, interaction partners, and the full
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still  have in a

comprehensive way (Parfenova et al, 2021). Because of that, the

mechanistic  chain not been mapped out
controversy around the “FSTL1-activin” relationship does not just
affect how we think FSTL1 modulates TGF-B family signaling—it
can also lead different studies to attribute the mechanism to different
pathways. Going forward, more detailed structural biology work and
stronger functional validation will be needed to pin down whether direct
binding truly exists and, if it does, what it actually means biologically.

4.3 Conflicting findings in fibrosis models

In cardiac fibrosis research, FSTL1 shows a pretty clear “two-way
phenotype”—meaning  that different  experimental
conditions, it can be linked to either pro-fibrotic outcomes or

under

anti-fibrotic outcomes. This has become one of the major
controversies in the field. A big part of the problem is that
fibrosis itself is a double-edged sword: it’s essential for repair
(scar formation and preventing rupture), but if it stays switched
on for too long, it can turn into maladaptive remodeling. FSTL1 may
also shift its dominant effects depending on the stage of disease and
the specific pathological context.

On one side, evidence for a pro-fibrotic, pro-repair role mainly
comes from post-myocardial infarction healing settings. FSTL1 can
be strongly induced in fibroblasts and other matrix-related cells, and
it promotes fibroblast activation and migration—effects that are
generally associated with collagen deposition and stabilizing the
structure of the injured region. When FSTLI is lost, fibrosis-related
genes in the damaged area (such as Collagen I and Fibronectin)
drop, and fibroblast migratory capacity is reduced, suggesting that
FSTL1 helps drive “reparative” fibrosis during healing (Maruyama
et al, 2016). On the other side, some studies report that FSTL1 can
be anti-fibrotic and protective in certain contexts. For instance, in
ischemic cardiac injury models complicated by diabetes, exogenous
supplementation or overexpression of FSTL1 has been shown to
reduce fibrosis markers and improve cardiac function through the
USP10/Notchl axis, implying that in some metabolically abnormal
settings, FSTL1 may tilt toward a more “anti-fibrotic/protective”
output (Lu et al., 2021). Taken together, these differences suggest
that FSTLI’s role in fibrosis isn’t as simple as “pro” versus “anti.”
Instead, it likely depends on a mix of factors—such as the type of
model (infarction vs pressure overload), the time window being
studied (acute repair vs chronic remodeling), and whether there are
additional layers like metabolic dysfunction or inflammatory status.
Going forward, studies that more deliberately stratify by time, tissue
context, and disease background will be essential for pinning down
when and why FSTLLI flips between these two directions, and what
the key molecular switches actually are.

4.4 Glycosylation-dependent functional
divergence

FSTL1 is a secreted glycoprotein, and its glycosylation status can
influence how stable the protein’s structure is, how it interacts with
receptors or binding partners, and which downstream pathways it
tends to favor. That makes it a very plausible explanation for why
“it’s still FSTL1, but the biological outcome isn’t the same.” This
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issue shows up especially clearly in studies on cardiac regeneration
and injury repair: depending on the experimental system, FSTL1 can
look more pro-proliferative, more broadly cytoprotective, or even
seem to produce opposite conclusions—and differences in
glycosylation are often seen as one of the key variables behind
that (Magadum et al., 2018; Mattiotti et al., 2018).

Some work suggests that N-linked glycosylation at specific sites
on FSTL1 (for example, N180) can be a deciding factor for its ability
to promote cardiomyocyte proliferation and repair. Using site-
directed mutations such as N180Q, researchers have shown that
changing the glycosylation state at this site can markedly shift
regeneration-related phenotypic outputs (Magadum et al., 2018).
Beyond individual sites, differences in expression systems (for
instance, bacterial versus mammalian expression) can also create
major glycosylation differences, which may help explain why
different labs sometimes see different effects. Additional evidence
comes from direct comparisons between low-glycosylated (“glylow”)
and high-glycosylated (“glyhigh”) FSTL1. In hypoxia-related models,
both forms can improve cell survival or injury-related readouts, but
the low-glycosylated form tends to trigger stronger proliferation-
associated effects. This suggests glycosylation may partially separate
two functional “modes” of FSTL1—general cytoprotection versus
pro-proliferation/pro-regeneration activity (Peters et al., 2022).

So overall, glycosylation differences are very likely one of the
main reasons FSTL1 studies do not always line up. Since
FSTL1 glycosylation patterns can shift depending on the
producing cell type and its stress state, the downstream signaling
output may also tilt between “regeneration/proliferation” and “cell
protection plus ECM remodeling,” which can lead to different—or
even opposite—phenotypes across models. Going forward, explicitly
factoring glycosylation into cross-study comparisons should make it
easier to interpret the conflicting results in a more coherent way.

4.5 Context-dependent effects

FSTL1’s role after myocardial injury is highly context-dependent.
Metabolic background and ischemic burden can work together to
shape inflammation levels, cellular stress responses, and the overall
repair program. As a result, they can shift FSTL1’s net effect between
“protection/repair” and “maladaptive remodeling,” which helps
explain why different studies sometimes reach opposite conclusions.

In the setting of diabetes or metabolic syndrome, factors like
insulin resistance, chronic low-grade inflammation, and oxidative
stress may change baseline FSTL1 levels and even the direction of
its downstream effects. Clinical and population-based studies have
linked circulating FSTL1 to metabolic syndrome and insulin resistance,
suggesting that it is regulated by metabolic status (Yang et al., 2021). In
addition, in specific models of “MI plus type 2 diabetes,” exogenous
supplementation or overexpression of FSTL1 reduced myocardial
fibrosis and improved cardiac function through the USP10/
Notchl axis. This supports the idea that under certain metabolic-
abnormal conditions, FSTL1 may lean more toward an “anti-fibrotic/
protective” output (Lu et al,, 2021). On the other hand, the severity of
ischemia and the time window being studied can also define where the
“benefit vs harm” boundary falls for FSTL1 signaling. Multiple studies
show that FSTL1 is induced after ischemia-reperfusion or myocardial
infarction, and giving exogenous FSTL1 in animal I/R models can
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reduce infarct size and lessen injury—suggesting it may be protective
early in the acute damage phase (Ogura et al., 2012). However, clinical
studies have also reported that in some MI patients, myocardial-
derived FSTL1 remains elevated for a longer period, and this
persistent elevation is associated with adverse left ventricular
remodeling and worsening function. That implies that when injury
burden is higher or when repair shifts into a chronic remodeling stage,
FSTL1 may be more reflective of (or potentially involved in)
maladaptive remodeling (Uematsu et al, 2020). So overall,
differences in metabolic environment, along with differences in
ischemic load and observation time window, likely act together to
steer the downstream effects of FSTL1. These context factors are a key
part of why the same molecule can look protective in one study and
harmful in another.

5 Potential therapeutic applications
of FSTL1

FSTL1 has drawn considerable attention as a therapeutic
candidate due to its pleiotropic actions in cardioprotection,
inflammation control, and vascular remodeling. Several
preclinical approaches have been explored. Epicardial delivery of
recombinant FSTL1 protein or gene vectors has been shown to
enhance cardiomyocyte survival and angiogenesis after MI, whereas
loss-of-function models exacerbate myocardial injury (Wei et al,
2015). More recently, advanced strategies have been developed to
improve delivery and disease specificity. In a diabetic MI model,
AAV9-mediated cardiac-specific FSTL1 expression significantly
reduced apoptosis and fibrosis, underscoring both the therapeutic
potential and the need for context-dependent modulation (Lu et al.,
2021). Likewise, systematic reviews have summarized that FSTLI-
driven angiogenesis engages multiple downstream pathways (see
Section ‘Pro-angiogenic role of FSTLI” and Figure 3), providing
diverse targets for intervention (Karisa et al., 2025). Beyond gene
and protein supplementation, lifestyle interventions may serve as
non-pharmacological modulators of FSTL1. Acute high-intensity
interval exercise markedly elevates circulating FSTL1 levels,
suggesting that tailored exercise prescriptions could complement
pharmacological strategies (Ji et al., 2024).

Despite these opportunities, key translational barriers and safety
considerations must be addressed before FSTL1 can be advanced as a
post-MI therapy. First, the dose-response relationship remains
insufficiently characterized, and it is unclear whether therapeutic
benefit follows a monotonic curve or a narrow effective window.
Second, FSTL1 appears exhibit time-dependent effects:

augmentation during the acute/subacute phase may favor

to

cardiomyocyte protection and reparative angiogenesis, whereas
sustained activation during the remodeling phase could shift
toward fibroblast
accumulation, and maladaptive fibrosis. Third, these temporal

signaling activation, extracellular matrix
dynamics raise an important safety concern—long-term or
FSTL1 fibrotic

risk—highlighting the need for strategies that enable titratable and

excessive overexpression  may  increase
transient exposure. Fourth, delivery specificity remains a central
challenge. While AAV9-based cardiac gene transfer and epicardial
biomaterial patches have shown promise, further development of

cardiac-targeted nanoparticles and localized epicardial platforms will
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be required to minimize systemic exposure and improve myocardial
selectivity. Fifth, given FSTLI’s pro-angiogenic activity, systemic
leakage may carry a risk of off-target angiogenesis in non-cardiac
vascular beds; therefore, biodistribution profiling and vascular safety
endpoints should be incorporated into preclinical development.
Sixth, how FSTL1-based interventions interact with guideline-
directed post-MI pharmacotherapy (e.g., P-blockers and ACE
inhibitors/ARBs) unknown; dedicated
studies are needed to define whether standard therapies modify

remains combination
FSTLLI signaling outputs or alter its therapeutic window.
Importantly, two emerging directions may help overcome these
limitations. One is glycoform-informed FSTL1 biologics. Evidence that
epicardial-derived FSTL1 displays regenerative activity that is not
consistently recapitulated by myocardial-derived FSTL1 supports
the concept that post-translational modifications—particularly
N-glycosylation—may determine pro-regenerative versus pro-
fibrotic bias. In line with this, recombinant or engineered
FSTLI variants with defined glycosylation status (e.g., ablation of
the N180 glycosylation site; N180Q) have been reported to promote
cardiomyocyte cell-cycle entry and improve post-MI repair, suggesting
that “glycoform-defined” FSTL1 may provide a more favorable
benefit-risk profile than indiscriminate overexpression (Wei et al,
2015; Magadum et al., 2018). The second direction is RNA-based
therapy, particularly modified mRNA (modRNA). Compared with
viral vectors, modRNA enables rapid, transient, and titratable protein
expression, which may better match the time-sensitive nature of post-
MI
overexpression—associated fibrosis. Engineered FSTL1 modRNA

repair and mitigate concerns related to long-term
approaches (including glycosylation-informed variants) therefore
represent a compelling, clinically actionable strategy for short-

course treatment during the early reparative window.

6 Conclusion and outlook

Collectively, the available evidence positions FSTL1 as a multi-
node regulator of post-MI healing rather than a single-pathway
FSTL1
cardiomyocyte survival and stress tolerance (notably via AMPK-

effector.  Across experimental  systems, enhances
and PI3K/Akt-associated signaling), shapes the inflammatory
milieu, supports vascular repair, and modulates fibroblast activation
and extracellular matrix (ECM) remodeling—thereby influencing both
scar stabilization and functional recovery. Mechanistically, these
actions map onto interconnected signaling networks (BMP/SMAD,
PI3K/Akt/mTOR, MAPK/ERK, and TGF-f/Smad2/3), consistent with
the concept that FSTL1 acts as an upstream “coordination signal”
coupling immune resolution, angiogenesis, and remodeling.

Despite this promise, clinical translation remains limited by several
unresolved controversies that require explicit resolution. The most
prominent debate is whether FSTLI is predominantly reparative or
pro-fibrotic. Current data support a context- and time-dependent
switch: FSTL1 may facilitate the reparative fibrosis required to
whereas  sustained

prevent rupture,

maladaptive fibroblast activation and excessive ECM accumulation.

signaling could promote

A second issue concerns molecular “identity.” Differences in
glycosylation—including N-glycosylation at sites such as N180—can
shift functional bias
cytoprotection and ECM remodeling, offering a plausible explanation

toward regeneration/proliferation  versus
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for divergent outcomes across models. Third, uncertainty persists at the
receptor level, including tissue- and disease-dependent availability of
functional receptors (e.g, DIP2A) and incomplete clarity regarding
proposed binding partners such as activin.

These controversies define the key knowledge gaps moving
forward: (i) delineating the dominant cellular sources, receptor
usage, and post-translationally defined FSTLI species across repair
phases; (ii) establishing dose-response relationships and therapeutic
time windows that maximize benefit while minimizing late fibrosis;
(iii) characterizing biodistribution, potential off-target angiogenic
effects, and long-term safety; and (iv) clarifying how FSTL1-based
with post-MI
pharmacotherapy and common comorbidities.

interventions  interact guideline-directed

Looking ahead, we propose that the field should shift from
“more FSTL1” to “precision FSTLI1.” Priorities include time-
resolved, cell-type-specific profiling (single-cell and spatial multi-
omics), glycoform-informed biologics (engineered recombinant
FSTL1 variants), and transient, titratable delivery platforms (e.g.,
modRNA) aligned with the reparative window to mitigate risks
associated with chronic overexpression. In parallel, next-generation
cardiac-targeted delivery strategies (optimized AAVY, epicardial
patches, and nanoparticles) and rigorous combination studies
with standard therapies should be integrated early to accelerate
translation. If these precision and translational challenges are
addressed, FSTL1 could plausibly progress from a mechanistic
marker of remodeling to a clinically actionable target—and a
biomarker for post-MI risk stratification and repair augmentation.
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