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Abstract

Cardiac remodeling, the core pathological process underlying various cardiovascular diseases such as myocardial infarction, hypertensive
heart disease, and heart failure, involves cardiomyocyte hypertrophy, apoptosis, fibrosis, and dynamic remodeling of the extracellular
matrix (ECM), all of which seriously impair cardiac function and affect patient prognosis. Versican is a key ECM proteoglycan that plays
an essential role in regulating cell adhesion, migration, proliferation, and inflammatory responses. Abnormal versican expression has
been implicated in pathological cardiac remodeling. This review summarizes the molecular structure, major isoforms, and spatiotemporal
expression patterns of versican in both normal and pathological cardiac remodeling. Specifically, this review focuses on the mechanisms
through which versican mediates cardiac remodeling, including the regulation of inflammatory cell recruitment, fibroblast activation,
myocardial fibrosis, and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-mediated proteolysis, as well as
the role versican plays in the pathological processes underlying cardiac remodeling in different cardiovascular diseases. We further dis-
cuss stage-specific therapeutic strategies targeting versican, with an emphasis on biomarker-guided timing, fibroblast-selective delivery,
isoform-specific intervention, and unresolved translational challenges.
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teins

1. Introduction
Cardiac remodeling refers to the structural, functional,

and genetic expression changes that occur in the heart in re-
sponse to pathological stimuli, such as hemodynamic over-
load, ischemic injury, metabolic disturbance, or excessive
activation of neurohumoral factors. This is the core link
between heart failure occurrence and development [1,2].
This process involves complex interactions between car-
diomyocytes and non-cardiomyocytes (e.g., fibroblasts, im-
mune cells), accompanied by profound extracellular ma-
trix (ECM) remodeling [3,4]. Metabolic remodeling, a key
driver of heart failure and an important component of car-
diac remodeling, is characterized by disordered substrate
utilization, impaired mitochondrial oxidative metabolism,
reduced glucose oxidation, glycolysis uncoupling from glu-
cose oxidation, insufficient adenosine triphosphate produc-
tion, and increased oxidative stress [5]. The ECM provides
physical support for cardiomyocytes and actively partici-
pates in signal transduction by storing and releasing growth
factors and regulating cellular behavior [2,4]. Versican is a
chondroitin sulfate chain-rich proteoglycan in the ECM that
belongs to the aggrecan family [6,7]. Versican expression is
relatively low in the normal adult myocardium, but it is re-
activated during myocardial injury, pressure overload, and
fibrotic matrix remodeling [8,9]. Accumulating evidence
indicates that versican plays a dual role in remodeling pro-
cesses such as post–myocardial infarction (MI) repair, pres-

sure overload–induced myocardial hypertrophy, and fibro-
sis [8,9]. On the one hand, it serves as a “scaffold” for in-
flammatory cell infiltration; on the other hand, it is a key
regulatory factor in fibroblast activation and collagen de-
position [10,11,12].

Despite increasing interest in elucidating versican bi-
ology, a mechanistic understanding of how distinct versi-
can isoforms regulate cardiac remodeling remains incom-
plete. Versican-directed interventions have shown exper-
imental promise but remain at an early preclinical stage.
Here we summarize the current evidence of versican struc-
ture, isoform dynamics, regulatory mechanisms, and ther-
apeutic implications in cardiac remodeling and pay partic-
ular attention to the unresolved questions that limit clini-
cal translation. Although versican primarily acts within the
ECM and non-cardiomyocyte compartments, its effects on
matrix mechanics, inflammatory signaling, and fibroblast
behavior can indirectly influence cardiomyocyte hypertro-
phy, survival, and proliferation as well as ventricular func-
tion. Recent experimental evidence has consistently shown
that fibrotic ECM can activate mechanosensitive pathways
and alter the cardiomyocyte phenotype and function, sup-
porting the concept that ECM remodeling is a direct regu-
lator of cardiomyocyte behavior [13].
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Table 1. Structural characteristics and biological functions of major versican isoforms.
Isoform Domain

Composition
Relative

GAG Content
Expression Profile Key Biological Functions References

V0 G1-CSα-CSβ-G3 Most
abundant

Embryonic development and
early myocardial injury

Contributes to cardiovascular
development; alterations in versican
isoform expression are associated

with changes in cardiac morphology.

[18,19]

V1 G1-CSβ-G3 Moderate Pathological conditions Associated with fibroblast activation,
ECM expansion, and pathological

remodeling.

[8,9,20]

V2 G1-CSα-G3 Moderate Detected in selected adult
cardiac regions;

predominance in normal
adult myocardium remains

uncertain

Forms HA-associated matrix
complexes; may contribute to matrix
organization and biomechanical

stability.

[20]

V3 G1-G3 (lacks all
GAG domains)

Minimal/
none

(smallest
molecular
weight)

Tissue/stage-specific May suppress cell proliferation and
modulate extracellular matrix

accumulation in certain experimental
models; its role in cardiac remodeling

remains to be established.

[21]

ECM, extracellular matrix; GAG, glycosaminoglycan; HA, hyaluronan.

2. Versican Structure, Isoforms, and
Spatiotemporal Expression in the Heart
2.1 Molecular Structure and Functional Domains of
Versican

Versican is a large chondroitin sulfate proteoglycan
encoded by the VCAN gene, with a core protein molecu-
lar weight of 400–600 kDa. Fully glycosylated holopro-
teins can exceed 1000 kDa. Its structural diversity is de-
rived from the alternative splicing of precursor mRNA and
post-translational modifications of the protein core [6]. The
protein core contains three major domains: the N-terminal
G1 domain, the central glycosaminoglycan (GAG) attach-
ment domain, and the C-terminal G3 domain. Among them,
the GAG attachment domains are the main sites for bind-
ing the chondroitin sulfate and dermatan sulfate side chains,
and the number and type of GAG side chains directly af-
fect the biological function of versican [14]. Based on
alternative splicing of its two GAG attachment domains,
the VCAN gene can be transcribed into four major splic-
ing isoforms: V0, V1, V2, and V3. Each isoform exhibits
distinct structural characteristics and functional biases due
to domain composition differences [15,16,17] (Table 1,
Ref. [8,9,18,19,20,21]). Different splicing isoforms exhibit
tissue- and stage-specific expression, and their structural
differences determine the diversity of binding partners and
biological functions that also serve as the structural basis
for versican to regulate multiple biological processes.

2.2 Versican Expression in Normal Adult and Developing
Heart

Versican is expressed at relatively low levels in the
normal adult cardiac ECM. Although exon 7–containing

isoforms, corresponding to V0 and/or V2, have been de-
tected in specific adult cardiac regions, the precise iso-
form distribution in the normal adult myocardium remains
incompletely defined; therefore, current evidence is in-
sufficient to conclude that V2 predominates in the nor-
mal adult heart [9,19]. Versican interacts with hyaluro-
nan (HA) through its N-terminal G1 domain to form large
proteoglycan–HA complexes that contribute to matrix hy-
dration, organization, and biomechanical stability [6,22].
During embryogenesis, versican–HA-rich matrices are es-
sential for endocardial cushion formation, valve morpho-
genesis, and chamber maturation [19,23]. Genetic studies
further support the essential role of versican in cardiovas-
cular development, as versican deficiency can cause severe
cardiac malformations and embryonic lethality, whereas al-
tered versican isoform expression is associated with abnor-
malities in cardiac morphology [18,19,23]. In contrast, in
the adult myocardium, versican-containing HA-rich matri-
ces should be considered interstitial or pericellular ECM
components rather than as cardiac jelly [22].

2.3 Disease- and Stage-Dependent Versican Expression in
Cardiac Remodeling

Under pathological stimuli that induce cardiac remod-
eling, the expression level, splice isoform composition, and
spatial distribution of versican undergo disease-, stage-, and
region-dependent changes [9]. These dynamic expression
patterns provide an important descriptive basis for under-
standing the context-dependent roles of versican in cardiac
remodeling, and the underlying mechanisms are discussed
separately in the following sections [8,9].
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Versican is rapidly induced in infarcted and border-
zone myocardium during the early inflammatory phase of
MI. In a rat MI model, versican mRNA was upregulated
as early as 6 h post-infarction, peaked at approximately 2
days, and then gradually declined during scar maturation
[24,25]. This transient increase is mainly associated with
monocytes/macrophages infiltration into the infarcted re-
gion, indicating that versican expression is closely linked to
early post-infarction inflammatory and provisional matrix
response [26]. A recent spatial multiomics analysis of hu-
man MI showed that post-infarction remodeling is spatially
organized into distinct injury, repair, and remodeling zones
with coordinated immune, fibroblast, and ECM programs
[27]. The functional consequences of macrophage-derived
versican are discussed in Section 3.1.

Versican expression also increases during pressure
overload and hypertensive cardiomyopathy, with V0 and
V1 being the major isoforms detected during fibrosis de-
velopment [9]. Versican first accumulates in the perivas-
cular regions and subsequently extends into the myocardial
interstitium, a spatial pattern that parallels the progression
of myocardial fibrosis [9]. Notably, V1 expression appears
early in collagen-producing fibroblasts before overt colla-
gen accumulation, suggesting that versican may be an early
marker of fibrotic matrix remodeling [9].

The potential involvement of versican in heart failure
with preserved ejection fraction (HFpEF) remains poorly
defined. HFpEF is characterized by diastolic dysfunc-
tion, increased myocardial stiffness, and prominent ECM
remodeling [9]. A recent single-cell transcriptomic anal-
ysis in a high-fat diet plus Nω-nitro-L-arginine methyl
ester–induced HFpEF mouse model showed fibroblast and
macrophage activation together with perivascular fibrosis
and increased basement membrane components such as col-
lagen IV [28]. Given the perivascular accumulation of ver-
sican observed during pressure overload–induced fibrosis,
these findings provide an indirect rationale for investigating
versican in HFpEF-associated matrix remodeling [9,28].
However, direct evidence of expression, isoform composi-
tion, and function in the myocardium of patients with HF-
pEF remains limited.

Increased versican expression is also associated with
myocardial fibrosis in human cardiomyopathies. In hyper-
trophic and dilated cardiomyopathies, versican and versican
fragments containing the DPEAAE neoepitope accumulate
in fibrotic regions and correlate with collagen expression
[9]. A proteomic analysis of the human left ventricular my-
ocardium consistently identified VCAN as a significantly
upregulated ECM protein in dilated cardiomyopathy com-
pared to that in donor hearts [29]. However, direct evidence
demonstrating a consistent V0/V1 increase andV2 decrease
in human dilated or hypertrophic cardiomyopathy remains
limited; therefore, disease-specific isoform shifts in human
cardiomyopathy require further investigation.

Taken together, these findings indicate that versican
expression during cardiac remodeling is highly context-
dependent and varies by disease type, remodeling stage,
anatomical region, cellular source, and isoform composi-
tion. These descriptive expression patterns provide the ba-
sis for mechanistic discussion in the following sections and
are summarized in Fig. 1.

3. Core Mechanisms of Versican in
Regulating Cardiac Remodeling
3.1 Versican in Inflammatory Cell Recruitment and
Macrophage Responses
3.1.1 Versican-Rich Provisional Matrix and Inflammatory
Cell Recruitment

After myocardial injury, versican contributes to the
formation of a provisional ECM that facilitates inflamma-
tory cell recruitment and retention. Versican can bind to
and retain chemokines within the injured matrix through
its chondroitin sulfate chains, thereby supporting local
chemokine gradients and promoting the recruitment of
inflammatory cells, particularly monocytes/macrophages
[10]. Versican also interacts with HA, tumor necrosis
factor–stimulated gene-6, and inter-α-inhibitor to form a
stabilized HA-rich matrix scaffold. This scaffold may func-
tion as a permissive “landing zone” for inflammatory cells
to enter injured tissues [10,30].

3.1.2 Context-Dependent Regulation of Macrophage
Activation by Versican and Its Fragments

In addition to supporting inflammatory cell recruit-
ment, versican may influence macrophage activation and
polarization after MI. These effects are likely dependent
on its molecular form, including full-length versican, splice
variants, and proteolytic fragments, as well as the local in-
flammatory and ECM microenvironments [10,11]. There-
fore, versican should not be believed to act through a single
uniformmechanism but rather as a context-dependent mod-
ulator of macrophage behavior.

During the acute inflammatory phase, versican
proteolytic fragments, including versikines, may act
as immunomodulatory matrix–derived signals; however,
whether they function as classical damage-associated
molecular patterns in the infarcted myocardium remains
to be elucidated. Versican has been reported to modulate
macrophage-related inflammatory signaling, particularly
through TLR2–MyD88-dependent pathways, in inflamma-
tory and ECM remodeling contexts [10,11]. However, the
extent to which this mechanism operates directly in the in-
farcted myocardium remains unclear. Therefore, current
evidence should be interpreted in a tiered manner: direct
cardiac evidence supports versican upregulation in infil-
trating macrophages after MI, whereas several receptor-
mediated mechanisms of versican fragments have been in-
ferred from non-cardiac inflammatory models and require
validation in infarcted myocardium [10,11,24,25,31].
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Fig. 1. Versican domain organization, splice isoforms, and spatiotemporal expression during cardiac remodeling. (A) Schematic
representation of versican domain organization andmajor splice isoforms. Full-length versican contains anN-terminal G1 domain, central
CSα and/or CSβ glycosaminoglycan attachment regions, and a C-terminal G3 domain. Alternative splicing generates V0, V1, V2, and V3
isoforms, which differ in the presence or absence of CSα and CSβ domains. (B) Overview of reported versican expression patterns across
cardiac development and remodeling processes. Versican is abundant during embryonic cardiac development, expressed at low levels
in the normal adult heart, rapidly upregulated after myocardial injury, and associated with matrix remodeling during post-infarction scar
formation and pressure overload–induced heart failure. CS, chondroitin sulfate; ECM, extracellular matrix; GAG, glycosaminoglycan;
HA, hyaluronan; MI, myocardial infarction. Note: This figure is an original schematic created by the authors using generative AI tools.
No copyrighted images were reproduced.

The immunomodulatory effects of versican appear to
be isoform- and modification-dependent. For example, in
lipopolysaccharide-induced inflammatory models, reduced
V1 expression is associated with activation of the speci-
ficity protein 1–TLR2–NF-κB axis and amplification of
the inflammatory responses [32]. In addition, oxidative
stress products such as peroxynitrite can modify V3 iso-
form structure and function, potentially altering its inter-
actions with ECM components and cellular receptors [30].
These findings suggest that the inflammatory effects of
versican are influenced by its isoform composition, prote-
olytic processing, post-translational modifications, and tis-
sue context. Nevertheless, these mechanisms have not been
fully validated in cardiac injury models and should be in-
terpreted as potential rather than definitive mechanisms of
post-infarction inflammation.

It should also be noted that cytokines such as inter-
leukin (IL)-1β, tumor necrosis factor–α, and IL-6 largely re-
flect the broader post-infarction inflammatory milieu rather
than versican-specific downstream effectors [33,34,35].
Excessive or persistent production of these cytokines can

contribute to cardiomyocyte injury, fibroblast activation,
ECM remodeling, and adverse ventricular remodeling [36].
Recent evidence further indicates that IL-1β-dependent
communication between CCR2+ monocytes/macrophages
and fibroblasts promotes profibrotic fibroblast states, my-
ocardial fibrosis, and cardiac dysfunction in heart failure
[37]. Thus, versican may indirectly influence cardiac re-
modeling by regulating macrophage recruitment and acti-
vation within this cytokine-rich inflammatory environment
rather than by uniquely controlling these cytokine path-
ways.

3.1.3 Remaining Questions and Therapeutic Implications

Several critical questions regarding the relation-
ship between versican and macrophage responses in car-
diac remodeling remain unresolved. First, it is unclear
whether versican directly induces macrophage polariza-
tion through receptor-mediated signaling or indirectly influ-
ences macrophage phenotypes by remodeling the inflam-
matory ECM microenvironment. Second, the spatiotem-
poral distribution and functional divergence of full-length
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versican, splice variants, and proteolytic fragments after MI
remain insufficiently defined. Third, definitive causal evi-
dence is required to determine whether full-length versican
exerts pro-reparative effects and versikines have distinct
immunomodulatory functions in infarcted hearts. Finally,
the optimal therapeutic window for versican-associated in-
flammation remains unknown. Future studies integrating
spatial transcriptomics, proteomics, and cell-specific loss-
or gain-of-function approaches may help to clarify how dif-
ferent versican forms regulate post-infarction inflammation
and remodeling. Such evidence is essential for evaluat-
ing whether versican represents a viable therapeutic target
for modulating macrophage responses, limiting excessive
inflammation, and improving ventricular remodeling after
MI.

3.2 Versican in Fibroblast Activation and Profibrotic
Matrix Remodeling
3.2.1 Versican as Early Matrix Organizer in Cardiac
Fibrosis

Myocardial fibrosis, a core pathological feature of car-
diac remodeling, is characterized by excessive deposition of
types I and III collagen and increased ECM cross-linking
[3,38]. Excessive activation and proliferation of cardiac
fibroblasts, together with their transition into collagen-
secreting myofibroblasts, contributes to pathological re-
modeling, heart failure, and arrhythmias [39,40]. During
this process, versican, particularly the V1 isoform, appears
to occupy an early position within the fibrotic cascade [17].
Under pathological stimuli such as pressure overload, versi-
can expression is rapidly upregulated and its protein deposi-
tion extended from the perivascular region into the myocar-
dial interstitium before overt collagen accumulation, sup-
porting the concept that versican acts as an early ECM or-
ganizer in cardiac fibrosis [9]. Thus, versican may not sim-
ply be a passive ECM component but may help coordinate
fibroblast activation and matrix remodeling through signal-
ing and mechanosensitive regulation.

3.2.2 Transforming Growth Factor–β/Smad-Dependent
VCAN Transcription and Mechanosensitive Feedback

Versican expression in cardiac fibroblasts is regulated
by several signaling pathways rather than a single upstream
stimulus [17]. Oncostatin M, a cytokine of the IL-6 fam-
ily, can increase versican expression through glycoprotein
130/Janus kinase/signal transducer and activator of tran-
scription 3 signaling, thereby linking inflammatory stimula-
tion with ECM remodeling [12,41]. Transforming growth
factor–β (TGF-β)/Smad signaling is another central path-
way involved in VCAN transcriptional regulation.

After TGF-β receptor activation, phosphorylated
Smad2/3 associates with Smad4 and translocates to the nu-
cleus, where Smad complexes regulate target gene tran-
scription through Smad-binding elements (SBEs). The
canonical SBE sequence is 5′-GTCT-3ʹ, or the comple-

mentary 5′-AGAC-3′ sequence, within regulatory regions
of TGF-β-responsive genes [42]. In the context of VCAN
regulation, evidence from knockdown and deletion studies
supports the role of Smad-dependent transcriptional con-
trol. Smad2 knockdown reduces the expressions of ver-
sican, fibronectin, and periostin in unstimulated cardiac
myofibroblasts, whereas fibroblast-specific Smad2/3 dele-
tion suppresses the expressions of ECM genes, including
versican, and attenuates pressure overload–induced fibro-
sis in mice [43,44]. These data support the role of TGF-
β/Smad2/3 signaling in regulating versican expression, al-
though the exact Smad-occupied VCAN promoter or en-
hancer regions in cardiac fibroblasts remain to be defined
[42,43,44,45,46]. This pathway may also be reinforced by
mechanical feedback from the remodeled ECM. As versi-
can accumulates along with other fibrotic matrix compo-
nents, the pericellular matrix expands and the myocardium
stiffens. Increased matrix stiffness enhances the mechani-
cal loading on activated fibroblasts and promotes integrin-
dependent mechanotransduction.

Integrins αvβ3 and αvβ5, which are upregulated on
differentiated cardiac myofibroblasts, can bind the Arg-
Gly-Asp motif within the latency-associated peptide (LAP)
of ECM-tethered latent TGF-β1 complexes. Under in-
creased matrix tension, integrin-transmitted traction forces
induce conformational changes in LAP, thereby releas-
ing biologically active TGF-β1 [47]. This mechanism has
been directly demonstrated in human cardiac fibroblasts,
wherein αvβ3 and αvβ5 independently drive latent TGF-β1
activation and myofibroblast differentiation, with simulta-
neous blockade of both integrins abolishing contractility-
driven TGF-β1 release [48]. The released active TGF-β1
can then bind TGF-β receptors I and II on fibroblasts, in-
creasing receptor kinase activity and Smad2/3 phosphory-
lation. This provides a plausible feedback route by which
a versican-enriched and stiffened ECM further enhances
TGF-β signaling: versican deposition → ECM expansion
and stiffening → integrin-mediated latent TGF-β1 activa-
tion → TGF-β receptor activation → Smad2/3 signaling →
further VCAN transcription. This loop may contribute to
the progressive and self-sustaining nature of myocardial fi-
brosis.

3.2.3 Crosstalk with CTGF/CCN2 and Platelet-Derived
Growth Factor Signaling

Versican-mediated matrix remodeling intersects with
other established profibrotic mediators, particularly con-
nective tissue growth factor/cellular communication net-
work factor 2 (CTGF/CCN2) and platelet-derived growth
factors (PDGF). CTGF/CCN2, a well-recognized down-
stream effector of TGF-β signaling, can act in an au-
tocrine manner in cardiac fibroblasts. In this context, CT-
GF/CCN2 promotes both versican and collagen deposi-
tion, thereby reinforcing fibroblast-dependent ECM accu-
mulation and fibrotic remodeling [49,50]. The fibroblast-
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specific deletion of CTGF/CCN2 consistently abolishes the
angiotensin II–induced fibrotic response in mice, whereas
the cardiomyocyte-specific deletion does not produce the
same antifibrotic effect [49,50]. PDGF, acting through
PDGF receptor–β, regulates versican through two mech-
anistically distinct but cooperative intracellular pathways.
ERK signaling selectively promotes versican core protein
mRNA transcription, whereas protein kinase C signaling
enhances glycosaminoglycan chain elongation of the ver-
sican core protein [51,52,53].

Together, these effects expand the pericellular matrix
and facilitate fibroblast proliferation, migration, and ECM
remodeling. Therefore, versican should not be considered
an isolated ECM component; rather, it appears to function
as a matrix-associated effector within the broader TGF-β–
CTGF/CCN2–PDGF profibrotic signaling networks.

3.2.4 Isoform-Specific Regulation of Myofibroblast
Proliferation and Survival

Although direct evidence in cardiac fibroblasts re-
mains limited, studies of non–cardiac cell systems sug-
gested that versican isoforms differentially regulate cell
proliferation and survival. The V1 isoform activates the
epidermal growth factor receptor (EGFR) and downstream
signaling, leading to proteasomal degradation of the cyclin-
dependent kinase inhibitor p27Kip1. This enhances cyclin-
dependent kinase 2 activity and promotes G1-to-S phase
cell-cycle progression. V1 also downregulates the pro-
apoptotic protein Bad, thereby protecting activated myofi-
broblasts against apoptosis [20]. In contrast, the V2 iso-
form suppresses EGFR expression, inhibits fibroblast pro-
liferation, and provides limited apoptotic resistance. This
functional divergence suggests that V1 predominance in the
fibrotic myocardium favors the persistence of apoptosis-
resistant myofibroblasts and contributes to sustained patho-
logical fibrosis.

3.3 A Disintegrin and Metalloproteinase With
Thrombospondin Motifs–Mediated Versican Proteolysis in
Cardiac Matrix Remodeling
3.3.1 Structural Basis of a Disintegrin and
Metalloproteinase With Thrombospondin
Motifs–Mediated Versican Cleavage

The proteolysis of versican mediated by a disinte-
grin and Metalloproteinase with Thrombospondin motifs
(ADAMTS) participates in normal cardiovascular develop-
ment and plays an important regulatory role in cardiac ma-
trix remodeling under pathological conditions [54,55,56].
Members of the ADAMTS family contain a conserved
N-terminal catalytic metalloproteinase domain with the
canonical Zn2+-binding motif HEXXHXXGXXH, which
is responsible for peptide bond hydrolysis. The princi-
pal ADAMTS cleavage site in versican is located within
the GAG-β domain at the Glu441–Ala442 bond. Cleav-
age at this site generates an N-terminal bioactive fragment,
termed versikine, along with a C-terminal residual frag-

ment. The DPEAAE neoepitope exposed at the C-terminus
of versikine is commonly used as a marker of ADAMTS-
mediated versican proteolysis in vivo [57,58]. Among
the ADAMTS proteases, ADAMTS1, ADAMTS4, and
ADAMTS5 are the principal enzymes with versicanase ac-
tivity. ADAMTS5 generally shows the highest catalytic ef-
ficiency toward versican, followed by ADAMTS4, whereas
ADAMTS1 has weaker intrinsic versicanase activity under
comparable in vitro conditions [59,60]. Importantly, the
substrate selectivity is not determined by the catalytic do-
main alone. Instead, efficient versican cleavage depends on
exosite-mediated substrate recognition within the ancillary
domains, particularly the spacer domain. Hypervariable
loops in the spacer domain are critical for versican bind-
ing, and their disruption markedly reduces versicanase ac-
tivity. In ADAMTS5, the cysteine-rich domain contributes
to substrate engagement and positioning, thereby support-
ing a multidomain model of substrate recognition [59].

3.3.2 Cell Type–Specific ADAMTS Expression and Local
Versican Turnover

ADAMTS expression shows marked cell-type speci-
ficity in the heart. ADAMTS5 is highly expressed in car-
diac fibroblasts and an important protease within the fibrob-
last secretome, suggesting a major role in proteoglycan-
rich interstitial matrix remodeling. In contrast, ADAMTS1
is more closely associated with vascular cell populations,
including endothelial cells, pericytes, and smooth muscle
cells, indicating its potential role in perivascular matrix re-
modeling. ADAMTS4 also appears to be enriched in per-
icytes and smooth muscle cells but not interstitial fibrob-
lasts. This compartmentalized expression pattern suggests
that ADAMTS5 primarily regulates fibroblast-associated
interstitial versican turnover, whereas ADAMTS1 con-
tributes to vascular or perivascular remodeling responses
[26].

3.3.3 TIMP3–ADAMTS Balance in Versican Homeostasis
and Heart Failure

ADAMTS-mediated versican proteolysis is regulated
by the tissue inhibitors of metalloproteinases (TIMPs).
Among the four TIMP members, TIMP3 is the most rel-
evant endogenous inhibitor of ADAMTS versicanases be-
cause it effectively inhibits ADAMTS1, ADAMTS4, and
ADAMTS5, whereas TIMP1 and TIMP2 bind to the ECM.
This ECM-binding property enables TIMP3 to localize
near versican-rich pericellular matrices and directly inhibit
ADAMTS-dependent versican cleavage.

In a failing heart, disruption of TIMP3–ADAMTS
balance may impair orderly versican turnover. Reduced
TIMP3 expression and altered ADAMTS5-dependent ver-
sican processing are associated with intact versican accu-
mulation, reduced versikine generation, and proteoglycan-
rich matrix remodeling disorganization. Thus, the TIMP3–
ADAMTS5 axis may be a local regulatory checkpoint for
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myocardial versican homeostasis and represents a potential
therapeutic target for restoring ECM balance during cardiac
remodeling.

Together with the structural specificity and cell
type–specific expression of ADAMTS proteases described
above, genetic and pharmacological studies have provided
direct evidence that the ADAMTS–versican axis actively
contributes to proteoglycan-rich matrix remodeling and
cardiac dysfunction. In a heart failure model, catalytic
ADAMTS5 inactivation led to pronounced accumulation
of intact versican, loss of ADAMTS-derived versikine, dis-
ruption of the HA-rich matrix, and impaired left ventric-
ular function after angiotensin II challenge. Importantly,
these abnormalities occurred without parallel increases in
collagen deposition or inflammatory cell infiltration, indi-
cating that proteoglycan remodeling may represent a dis-
tinct pathological component of cardiac remodeling rather
than a secondary consequence of collagen fibrosis [26].

3.3.4 Developmental and Profibrotic Consequences of
Dysregulated ADAMTS Activity

Developmental studies have supported the importance
of regulating versican proteolysis. During embryogene-
sis, genetic or pharmacological disruption of ADAMTS-
dependent versican processing results in excessive accumu-
lation of versican-rich cardiac jelly and impaired formation
of compact trabecular myocardium [56,61]. These findings
suggest that timely versican clearance is essential for car-
diac development and matrix organization maintenance un-
der pathological stress. Related ADAMTS proteases may
also contribute to adverse cardiac remodeling through addi-
tional matrix-dependent mechanisms. In pressure-overload
models, the pharmacological inhibition of ADAMTS4 at-
tenuates myocardial fibrosis and functional deterioration, at
least in part by limiting proteolytic release of ECM-bound
latent TGF-β from substrates such as latent TGF-β-binding
protein 1 and extra domain A–fibronectin [62]. Although
this mechanism is not limited to versican cleavage, it high-
lights the broader capacity of ADAMTS proteases to re-
model profibrotic ECM signaling niches. Thus, ADAMTS-
mediated matrix proteolysis should be viewed not merely
as a marker of ECM turnover but as an active regulatory
mechanism that shapes myocardial structure and mechanics
as well as fibrotic signaling. Collectively, versican partici-
pates in cardiac remodeling through the coordinated regula-
tion of inflammatory cell recruitment, macrophage activa-
tion, fibroblast-driven matrix remodeling, and ADAMTS-
dependent proteolytic turnover. The mechanisms and their
therapeutic implications are summarized in Fig. 2.

4. Therapeutic Targeting of Versican in
Cardiac Remodeling: Stage Specificity and
Translational Challenges

Recent experimental evidence suggests that versican
promotes cardiomyocyte proliferation and cardiac repair in

specific regenerative or injury contexts [8]. Together with
its established role in ECM remodeling, this finding high-
lights the functional duality of versican: early reparative
versus late pathological. This duality defines the therapeu-
tic potential and is a key constraint in interventional de-
sign. Although early versican activity may support repara-
tive matrix organization and cardiac repair, persistent V1-
enriched accumulation may promote fibrotic and adverse
ventricular remodeling. Therefore, versican-directed ther-
apy should be stage-specific rather than broadly inhibitory.
However, the precise isoform, dosage, timing, and deliv-
ery strategy required to harness its benefits while avoiding
maladaptive fibrotic signaling remain undefined.

4.1 Defining Therapeutic Window Using Versican-Derived
Biomarkers

Temporal precision is a central challenge in versican-
directed therapy. In murine models of pressure over-
load, V1 expression increases early and persists, whereas
ADAMTS-generated DPEAAE versican fragments pre-
dominantly accumulate during late fibrosis [9]. This tempo-
ral dissociation supports the myocardial DPEAAE to full-
length versican ratio as a candidate marker for transition
from reparative to pathological remodeling. Circulating
versican neoepitopes may also provide translational clues.
Plasma levels of the VCANMmatrix metalloproteinase 12–
derived versican fragment are elevated in coronary artery
disease and acute coronary syndrome, suggesting that ver-
sican proteolytic signatures may reflect disease activity in
vivo [63]. Similarly, assays targeting ADAMTS-derived
versican fragments may have potential utility in monitoring
post-infarction matrix remodeling and informing the timing
of therapeutic interventions, although further clinical vali-
dation is required. However, these candidate biomarkers
require validation in longitudinal cardiac cohorts and corre-
lation with imaging-based measures of fibrosis, ventricular
function, and clinical outcomes.

4.2 Cardiac Fibroblast–Targeted Delivery and
Gene-Silencing Strategies

However, delivery remains amajor barrier to versican-
directed therapy. Its systemic administration is limited
by poor retention in the infarcted myocardium and pre-
dominant hepatic uptake. ECM-integrated lipid nanopar-
ticles reportedly improve cardiac retention and fibroblast
uptake in experimental models; however, efficient cell-
specific targeting in injured human hearts remains unre-
solved [64]. Gene-silencing strategies, including small in-
terfering RNA, short hairpin RNA, and clustered regularly
interspaced short palindromic repeats/CRISPR-associated
protein 9–based approaches, are conceptually attractive for
suppressing maladaptive V1 expression in activated car-
diac fibroblasts. However, cardiac-specific in vivo ver-
sican knockdown has not been demonstrated using func-
tional endpoints in myocardial disease models. Current ev-
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Fig. 2. Versican-mediatedmechanisms and therapeutic implications in cardiac remodeling. (A) Versican-rich provisional ECM that
formed after myocardial injury contributes to chemokine retention, monocyte/macrophage recruitment, and context-dependent inflam-
matory signaling. (B) Activated fibroblasts and myofibroblasts promote V1-rich versican matrix formation through profibrotic pathways,
including TGF-β/Smad2/3, CTGF/CCN2-mediated regulation, PDGF–PDGFRβ signaling via ERK and PKC, OSM–gp130/JAK/STAT3,
and integrin-mediated mechanotransduction. (C) ADAMTS-mediated versican proteolysis generates versikine and DPEAAE-containing
neoepitopes; balanced proteolysis supports ECM turnover, whereas dysregulated proteolysis may contribute to matrix disorganization
and left ventricular dysfunction. (D) Stage-specific therapeutic strategies may include early timed versican support and late-stage control
of V1-rich matrix accumulation, ECM expansion, and abnormal proteolysis, with biomarker-guided timing, fibroblast-selective deliv-
ery, and isoform-resolved targeting as potential translational directions. ADAMTS, A disintegrin and metalloproteinase with throm-
bospondin motifs; CTGF/CCN2, connective tissue growth factor/cellular communication network factor 2; ECM, extracellular matrix;
GAG, glycosaminoglycan; gp130, glycoprotein 130; HA, hyaluronan; IαI, inter-α-inhibitor; JAK, Janus kinase; OSM, oncostatin M;
PDGF, platelet-derived growth factor; PDGFRβ, platelet-derived growth factor receptor–β; STAT3, signal transducer and activator of
transcription 3; TGF-β, transforming growth factor-β; TLR, Toll-like receptor; TSG-6, tumor necrosis factor–stimulated gene-6; VCAN,
versican. Note:This figure is an original schematic created by the authors using generative AI tools. No copyrighted images were
reproduced.

idence is largely limited to conditional fibroblast-specific
VCAN deletion, which establishes a requirement for versi-
can in neonatal cardiac regeneration but does not directly
address therapeutic suppression in adult fibrotic hearts [8].
Therefore, the feasibility of extrapolation from non-cardiac
systems remains uncertain. The development of delivery
platforms capable of achieving efficient, temporally con-
trolled, and cardiac fibroblast–selective targeting is essen-
tial before versican-directed gene-silencing strategies can
be translated.

4.3 Isoform-Selective Targeting: Structural Determinants
and Therapeutic Constraints

Versican splice isoforms (V0–V3) generated through
the differential inclusion of GAG-binding domains as out-

lined above exhibit distinct structural and functional prop-
erties with direct implications for therapeutic targeting. In
particular, isoforms enriched in chondroitin sulfate (CS)
chains contribute to the formation of an expanded pericel-
lular matrix, whereas GAG-deficient variants such as V3
may act as competitive regulators of matrix assembly by
occupying HA-binding sites without supporting matrix ex-
pansion [3,22]. These differences suggest potential oppor-
tunities for isoform-selective interventions, including the
modulation of alternative splicing or targeting of isoform-
associated GAG structures.

However, this concept is largely theoretical. To date,
no isoform-specific antibodies, aptamers, or validated tar-
geting strategies have been established for the cardiac sys-
tem. Moreover, although CS chains vary in abundance, do-
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main localization, and sulfation patterns across isoforms,
their marked structural heterogeneity and dynamic remod-
eling limit their utility as reliable isoform-specific therapeu-
tic epitopes [3,54]. Accordingly, the isoform-selective tar-
geting of versican remains an unresolved challenge requir-
ing the development of isoform-resolved molecular tools
and rigorous validation in cardiac-specific models before
clinical translation can be considered.

5. Conclusions
In summary, versican is increasingly being recog-

nized as an active regulator of cardiac remodeling rather
than a passive ECM component. Moreover, its expres-
sion in injured or pressure-overloaded hearts is dynamic
and highly context-dependent. Early versican accumula-
tion may support matrix organization, inflammatory cell
recruitment, and reparative responses, whereas persistent
V1-enriched deposition is associated with fibroblast acti-
vation, pericellular matrix expansion, profibrotic signal-
ing, and adverse remodeling. ADAMTS-mediated proteol-
ysis further modifies versican function by generating bioac-
tive fragments such as versikines and DPEAAE-containing
products, thereby contributing to proteoglycan-rich matrix
turnover and cardiac structural integrity.

However, several issues remain unresolved. The
disease-specific roles of the V0–V3 isoforms, mechanisms
governing isoform switching and glycosaminoglycan mod-
ification, and spatial relationship between versican de-
position and proteolysis are not completely understood.
Whether versican directly modulates macrophage polariza-
tion and fibroblast activation or influences these processes
by remodeling the ECM microenvironment requires fur-
ther investigation. In particular, the functions of versican-
derived fragments in infarcted and fibrotic myocardia re-
quire elucidation.

These uncertainties have important therapeutic impli-
cations for versican-directed interventions in cardiac re-
modeling. Because versican may exert reparative effects
in the early phase of injury but contributes to fibrosis and
adverse remodeling when persistently accumulated, future
interventions should be stage-specific rather than broadly
inhibitory. Strategies aimed at enhancing early reparative
signaling or limiting late V1-dominant matrix expansion
and dysregulated ADAMTS-dependent turnover may pro-
vide new opportunities for targeted therapies. Progress
in this field will depend on validated biomarkers, car-
diac fibroblast-selective delivery approaches, and isoform-
resolved tools capable of distinguishing beneficial repara-
tive versican functions from maladaptive fibrotic effects.

Author Contributions
YC, JL contributed to the conceptualization of the re-

view. YC performed the initial literature search and wrote
the original draft. JL led the major revision process, in-
cluding restructuring the manuscript, performing updated

literature searches, and writing new sections. YC also de-
signed and created the summary figure (Visualization). JL
provided overall supervision, project administration, and
critical revisions to the manuscript. JL was responsible for
funding acquisition. Both authors contributed to the review
and editing of the manuscript. Both authors have read and
approved the final manuscript and agree to be accountable
for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding
This study was supported by the National Natural Sci-

ence Foundation of China (82260075), the Inner Mongo-
lia Medical University Affiliated Hospital Talent Training
Project - Sailing Series (QH202402), the Science and Tech-
nology Program of the Joint Fund of Scientific Research for
the Public Hospitals of Inner Mongolia Academy of Med-
ical Sciences (2025GLLH0131), and the Inner Mongolia
Autonomous Region ‘National Excellent Young Physician’
Training Program.

Conflicts of Interest
The authors declare no conflicts of interest.

Declaration of AI and AI-Assisted
Technologies in the Writing Process

During the preparation of this work, the authors used
ChatGPT-5.5 to check spelling and grammar and to assist
in the refinement and preparation of graphical elements of
the manuscript. After using this tool, the authors reviewed
and edited the content and graphical materials as needed,
the authors used ChatGPT to generate Figs. 1,2 and take
full responsibility for the content of the publication.

References
[1] Wang X, Lu Y, Xie Y, Shen J, Xiang M. Emerging roles of

proteoglycans in cardiac remodeling. International Journal of
Cardiology. 2019; 278: 192–198. https://doi.org/10.1016/j.ijca
rd.2018.11.125

[2] Frangogiannis NG. The Extracellular Matrix in Ischemic and
Nonischemic Heart Failure. Circulation Research. 2019; 125:
117–146. https://doi.org/10.1161/CIRCRESAHA.119.311148

[3] Buck KM, Rogers HT, Gregorich ZR, Mann MW, Aballo TJ,
Gao Z, et al. Extracellular matrix alterations in chronic ischemic
cardiomyopathy revealed by quantitative proteomics. JCI In-
sight. 2025; 10: e196933. https://doi.org/10.1172/jci.insight.
196933

[4] Hardy SA, Liesinger L, Patrick R, Poettler M, Rech L, Gindl-
huber J, et al. Extracellular Matrix Protein-1 as a Mediator
of Inflammation-Induced Fibrosis After Myocardial Infarction.
JACC. Basic to Translational Science. 2023; 8: 1539–1554.
https://doi.org/10.1016/j.jacbts.2023.05.010

9

https://doi.org/10.1016/j.ijcard.2018.11.125
https://doi.org/10.1016/j.ijcard.2018.11.125
https://doi.org/10.1161/CIRCRESAHA.119.311148
https://doi.org/10.1172/jci.insight.196933
https://doi.org/10.1172/jci.insight.196933
https://doi.org/10.1016/j.jacbts.2023.05.010
https://www.imrpress.com


[5] Sun Q, Karwi QG, Wong N, Lopaschuk GD. Advances in my-
ocardial energymetabolism: metabolic remodelling in heart fail-
ure and beyond. Cardiovascular Research. 2024; 120: 1996–
2016. https://doi.org/10.1093/cvr/cvae231

[6] Wu YJ, La Pierre DP, Wu J, Yee AJ, Yang BB. The interaction
of versican with its binding partners. Cell Research. 2005; 15:
483–494. https://doi.org/10.1038/sj.cr.7290318

[7] Islam S, Watanabe H. Versican: A Dynamic Regulator of the
Extracellular Matrix. The Journal of Histochemistry and Cyto-
chemistry: Official Journal of the Histochemistry Society. 2020;
68: 763–775. https://doi.org/10.1369/0022155420953922

[8] Feng J, Li Y, Li Y, Yin Q, Li H, Li J, et al. Versican Promotes
Cardiomyocyte Proliferation and Cardiac Repair. Circulation.
2024; 149: 1004–1015. https://doi.org/10.1161/CIRCULATIO
NAHA.123.066298

[9] Sasi A, Romaine A, Erusappan PM, Melleby AO, Hasic A, Dahl
CP, et al. Temporal expression and spatial distribution of the pro-
teoglycan versican during cardiac fibrosis development. Matrix
Biology Plus. 2023; 19-20: 100135. https://doi.org/10.1016/j.
mbplus.2023.100135

[10] Wight TN, Kang I, Evanko SP, Harten IA, Chang MY, Pearce
OMT, et al. Versican-A Critical Extracellular Matrix Regulator
of Immunity and Inflammation. Frontiers in Immunology. 2020;
11: 512. https://doi.org/10.3389/fimmu.2020.00512

[11] Wight TN, Kang I, Merrilees MJ. Versican and the control of
inflammation. Matrix Biology: Journal of the International So-
ciety for Matrix Biology. 2014; 35: 152–161. https://doi.org/10.
1016/j.matbio.2014.01.015

[12] WuY, Zeng Z, XiangC, JiangX,NieY,XuY, et al. OncostatinM
promotes versican expression in cardiac fibroblasts to facilitate
extracellularmatrix remodeling. Biochimica et BiophysicaActa.
Molecular Basis of Disease. 2026; 1872: 168153. https://doi.or
g/10.1016/j.bbadis.2026.168153

[13] Niro F, Fernandes S, Cassani M, Apostolico M, Oliver-De La
Cruz J, Pereira-Sousa D, et al. Fibrotic extracellular matrix im-
pacts cardiomyocyte phenotype and function in an iPSC-derived
isogenic model of cardiac fibrosis. Translational Research: the
Journal of Laboratory and Clinical Medicine. 2024; 273: 58–77.
https://doi.org/10.1016/j.trsl.2024.07.003

[14] Hatano S, Watanabe H. Regulation of Macrophage and Den-
dritic Cell Function by Chondroitin Sulfate in Innate to Antigen-
Specific Adaptive Immunity. Frontiers in Immunology. 2020;
11: 232. https://doi.org/10.3389/fimmu.2020.00232

[15] Harten IA, Kaber G, Agarwal KJ, Kang I, Ibarrientos SR, Work-
man G, et al. The synthesis and secretion of versican isoform V3
by mammalian cells: A role for N-linked glycosylation. Matrix
Biology: Journal of the International Society for Matrix Biol-
ogy. 2020; 89: 27–42. https://doi.org/10.1016/j.matbio.2020.01.
002

[16] Jahan N, Islam S, SivasundaramK, Ota A, Naito M, Kuroda J, et
al. Role of versican in extracellular matrix formation: analysis
in 3D culture. American Journal of Physiology. Cell Physiology.
2025; 328: C245–C257. https://doi.org/10.1152/ajpcell.00495.
2024

[17] Lebaron RG. Versican. Perspectives on Developmental Neuro-
biology. 1996; 3: 261–271.

[18] Mittal N, Yoon SH, Enomoto H, Hiroshi M, Shimizu A,
Kawakami A, et al. Versican is crucial for the initiation of car-
diovascular lumen development in medaka (Oryzias latipes).
Scientific Reports. 2019; 9: 9475. https://doi.org/10.1038/
s41598-019-45851-3

[19] Burns TA, Dours-Zimmermann MT, Zimmermann DR, Krug
EL, Comte-Walters S, Reyes L, et al. Imbalanced expression
of Vcan mRNA splice form proteins alters heart morphology
and cellular protein profiles. PloS One. 2014; 9: e89133. https:
//doi.org/10.1371/journal.pone.0089133

[20] Sheng W, Wang G, Wang Y, Liang J, Wen J, Zheng PS, et al.
The roles of versican V1 and V2 isoforms in cell proliferation
and apoptosis. Molecular Biology of the Cell. 2005; 16: 1330–
1340. https://doi.org/10.1091/mbc.e04-04-0295

[21] Wight TN, Day AJ, Kang I, Harten IA, Kaber G, Briggs DC,
et al. V3: an enigmatic isoform of the proteoglycan versican.
American Journal of Physiology. Cell Physiology. 2023; 325:
C519–C537. https://doi.org/10.1152/ajpcell.00059.2023

[22] Wight TN. Provisional matrix: A role for versican and hyaluro-
nan. Matrix Biology: Journal of the International Society for
Matrix Biology. 2017; 60-61: 38–56. https://doi.org/10.1016/j.
matbio.2016.12.001

[23] Henderson DJ, Copp AJ. Versican expression is associated with
chamber specification, septation, and valvulogenesis in the de-
velopingmouse heart. Circulation Research. 1998; 83: 523–532.
https://doi.org/10.1161/01.res.83.5.523

[24] Toeda K, Nakamura K, Hirohata S, Hatipoglu OF, Demircan K,
Yamawaki H, et al. Versican is induced in infiltrating monocytes
in myocardial infarction. Molecular and Cellular Biochemistry.
2005; 280: 47–56. https://doi.org/10.1007/s11010-005-8051-4

[25] Li R, Hanna A, Huang S, Hernandez SC, Tuleta I, Kubota A, et
al. Macrophages in the infarcted heart acquire a fibrogenic phe-
notype, expressing matricellular proteins, but do not undergo fi-
broblast conversion. Journal of Molecular and Cellular Cardiol-
ogy. 2024; 196: 152–167. https://doi.org/10.1016/j.yjmcc.2024.
07.010

[26] Barallobre-Barreiro J, Radovits T, Fava M, Mayr U, Lin WY,
Ermolaeva E, et al. Extracellular Matrix in Heart Failure: Role
of ADAMTS5 in Proteoglycan Remodeling. Circulation. 2021;
144: 2021–2034. https://doi.org/10.1161/CIRCULATIONAHA
.121.055732

[27] Kuppe C, Ramirez Flores RO, Li Z, Hayat S, Levinson RT,
Liao X, et al. Spatial multi-omic map of human myocardial in-
farction. Nature. 2022; 608: 766–777. https://doi.org/10.1038/
s41586-022-05060-x

[28] Lanzer JD, Wienecke LM, Ramirez Flores RO, Zylla MM, Kley
C, Hartmann N, et al. Single-cell transcriptomics reveal distinc-
tive patterns of fibroblast activation in heart failure with pre-
served ejection fraction. Basic Research in Cardiology. 2024;
119: 1001–1028. https://doi.org/10.1007/s00395-024-01074-w

[29] Li M, Parker BL, Pearson E, Hunter B, Cao J, Koay YC, et al.
Core functional nodes and sex-specific pathways in human is-
chaemic and dilated cardiomyopathy. Nature Communications.
2020; 11: 2843. https://doi.org/10.1038/s41467-020-16584-z

[30] Jørgensen SM, Lorentzen LG, Hammer A, Hoefler G, Malle E,
Chuang CY, et al. The inflammatory oxidant peroxynitrous acid
modulates the structure and function of the recombinant human
V3 isoform of the extracellular matrix proteoglycan versican.
Redox Biology. 2023; 64: 102794. https://doi.org/10.1016/j.re
dox.2023.102794

[31] Chang MY, Chan CK, Brune JE, Manicone AM, Bomsztyk
K, Frevert CW, et al. Regulation of versican expression in
macrophages is mediated by canonical type I interferon signal-
ing via ISGF3. American Journal of Physiology. Cell Physiol-
ogy. 2024; 327: C1274–C1288. https://doi.org/10.1152/ajpcell.
00174.2024

[32] Xu L, Hu W, Zhang J, Qu J. Knockdown of versican 1 in
lung fibroblasts aggravates Lipopolysaccharide-induced acute
inflammation through up-regulation of the SP1-Toll-like Recep-
tor 2-NF-κB Axis: a potential barrier to promising Versican-
targeted therapy. International Immunopharmacology. 2023;
121: 110406. https://doi.org/10.1016/j.intimp.2023.110406

[33] Zhang H, Dhalla NS. The Role of Pro-Inflammatory Cytokines
in the Pathogenesis of Cardiovascular Disease. International
Journal of Molecular Sciences. 2024; 25: 1082. https://doi.or
g/10.3390/ijms25021082

10

https://doi.org/10.1093/cvr/cvae231
https://doi.org/10.1038/sj.cr.7290318
https://doi.org/10.1369/0022155420953922
https://doi.org/10.1161/CIRCULATIONAHA.123.066298
https://doi.org/10.1161/CIRCULATIONAHA.123.066298
https://doi.org/10.1016/j.mbplus.2023.100135
https://doi.org/10.1016/j.mbplus.2023.100135
https://doi.org/10.3389/fimmu.2020.00512
https://doi.org/10.1016/j.matbio.2014.01.015
https://doi.org/10.1016/j.matbio.2014.01.015
https://doi.org/10.1016/j.bbadis.2026.168153
https://doi.org/10.1016/j.bbadis.2026.168153
https://doi.org/10.1016/j.trsl.2024.07.003
https://doi.org/10.3389/fimmu.2020.00232
https://doi.org/10.1016/j.matbio.2020.01.002
https://doi.org/10.1016/j.matbio.2020.01.002
https://doi.org/10.1152/ajpcell.00495.2024
https://doi.org/10.1152/ajpcell.00495.2024
https://doi.org/10.1038/s41598-019-45851-3
https://doi.org/10.1038/s41598-019-45851-3
https://doi.org/10.1371/journal.pone.0089133
https://doi.org/10.1371/journal.pone.0089133
https://doi.org/10.1091/mbc.e04-04-0295
https://doi.org/10.1152/ajpcell.00059.2023
https://doi.org/10.1016/j.matbio.2016.12.001
https://doi.org/10.1016/j.matbio.2016.12.001
https://doi.org/10.1161/01.res.83.5.523
https://doi.org/10.1007/s11010-005-8051-4
https://doi.org/10.1016/j.yjmcc.2024.07.010
https://doi.org/10.1016/j.yjmcc.2024.07.010
https://doi.org/10.1161/CIRCULATIONAHA.121.055732
https://doi.org/10.1161/CIRCULATIONAHA.121.055732
https://doi.org/10.1038/s41586-022-05060-x
https://doi.org/10.1038/s41586-022-05060-x
https://doi.org/10.1007/s00395-024-01074-w
https://doi.org/10.1038/s41467-020-16584-z
https://doi.org/10.1016/j.redox.2023.102794
https://doi.org/10.1016/j.redox.2023.102794
https://doi.org/10.1152/ajpcell.00174.2024
https://doi.org/10.1152/ajpcell.00174.2024
https://doi.org/10.1016/j.intimp.2023.110406
https://doi.org/10.3390/ijms25021082
https://doi.org/10.3390/ijms25021082
https://www.imrpress.com


[34] Zhuang L, Zong X, Yang Q, Fan Q, Tao R. Interleukin-34-NF-
κB signaling aggravates myocardial ischemic/reperfusion in-
jury by facilitating macrophage recruitment and polarization.
EBioMedicine. 2023; 95: 104744. https://doi.org/10.1016/j.eb
iom.2023.104744

[35] Fang Z, Li S, Yushanjiang F, Feng G, Cui S, Hu S, et al. Cur-
cumol alleviates cardiac remodeling via the AKT/NF-κB path-
way. International Immunopharmacology. 2023; 122: 110527.
https://doi.org/10.1016/j.intimp.2023.110527

[36] Jin K, Ma Z, Wang X, Gong C, Sheng J, Chen J, et al. The
Role of Cardiac Macrophages in Inflammation and Fibrosis af-
ter Myocardial Ischemia-Reperfusion. Reviews in Cardiovas-
cular Medicine. 2024; 25: 419. https://doi.org/10.31083/j.rc
m2511419

[37] Amrute JM, Luo X, Penna V, Yang S, Yamawaki T, Hayat S,
et al. Targeting immune-fibroblast cell communication in heart
failure. Nature. 2024; 635: 423–433. https://doi.org/10.1038/
s41586-024-08008-5

[38] ZhuH,XieK,QianY, Zou Z, JiangM, Pu J. Recent Progresses in
the Multimodality Imaging Assessment of Myocardial Fibrosis.
Reviews in Cardiovascular Medicine. 2024; 25: 5. https://doi.or
g/10.31083/j.rcm2501005

[39] Kleinbongard P, Senyo SE, Lindsey ML, Garvin AM, Simpson
JA, de Castro Braz LE. Cardiac fibroblasts: answering the call.
American Journal of Physiology. Heart and Circulatory Physi-
ology. 2024; 327: H681–H686. https://doi.org/10.1152/ajpheart
.00478.2024

[40] Cadosch N, Gil-Cruz C, Perez-Shibayama C, Ludewig B. Car-
diac Fibroblastic Niches in Homeostasis and Inflammation. Cir-
culation Research. 2024; 134: 1703–1717. https://doi.org/10.
1161/CIRCRESAHA.124.323892

[41] Li Y, Feng J, Song S, Li H, Yang H, Zhou B, et al. gp130 Con-
trols Cardiomyocyte Proliferation and Heart Regeneration. Cir-
culation. 2020; 142: 967–982. https://doi.org/10.1161/CIRCUL
ATIONAHA.119.044484

[42] Massagué J, Seoane J, Wotton D. Smad transcription factors.
Genes & Development. 2005; 19: 2783–2810. https://doi.org/
10.1101/gad.1350705

[43] Humeres C, Shinde AV, Tuleta I, Hernandez SC, Hanna A,
Huang S, et al. Fibroblast Smad7 Induction Protects the Re-
modeling Pressure-Overloaded Heart. Circulation Research.
2024; 135: 453–469. https://doi.org/10.1161/CIRCRESAHA
.123.323360

[44] Khalil H, Kanisicak O, Prasad V, Correll RN, Fu X, Schips T, et
al. Fibroblast-specific TGF-β-Smad2/3 signaling underlies car-
diac fibrosis. The Journal of Clinical Investigation. 2017; 127:
3770–3783. https://doi.org/10.1172/JCI94753

[45] Yu J, Zhao X, Yan X, Li W, Liu Y, Wang J, et al. Aloe-emodin
ameliorated MI-induced cardiac remodeling in mice via inhibit-
ing TGF-β/SMAD signaling via up-regulating SMAD7. Phy-
tomedicine: International Journal of Phytotherapy and Phy-
topharmacology. 2023; 114: 154793. https://doi.org/10.1016/j.
phymed.2023.154793

[46] Feng Z, Zhang N, Bai J, Lin QY, Xie Y, Xia YL. Biochanin A
inhibits cardiac hypertrophy and fibrosis in vivo and in vitro.
Biomedicine & Pharmacotherapy. 2024; 170: 116002. https://
doi.org/10.1016/j.biopha.2023.116002

[47] Wipff PJ, Hinz B. Integrins and the activation of latent trans-
forming growth factor beta1 - an intimate relationship. European
Journal of Cell Biology. 2008; 87: 601–615. https://doi.org/10.
1016/j.ejcb.2008.01.012

[48] Sarrazy V, Koehler A, Chow ML, Zimina E, Li CX, Kato H, et
al. Integrins αvβ5 and αvβ3 promote latent TGF-β1 activation by
human cardiac fibroblast contraction. Cardiovascular Research.
2014; 102: 407–417. https://doi.org/10.1093/cvr/cvu053

[49] Dorn LE, Petrosino JM, Wright P, Accornero F. CTGF/CCN2 is

an autocrine regulator of cardiac fibrosis. Journal of Molecular
and Cellular Cardiology. 2018; 121: 205–211. https://doi.org/
10.1016/j.yjmcc.2018.07.130

[50] Frangogiannis NG. TGF-β 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

[51] Cardoso LEM, Little PJ, Ballinger ML, Chan CK, Braun KR,
Potter-Perigo S, et al. Platelet-derived growth factor differen-
tially regulates the expression and post-translational modifica-
tion of versican by arterial smooth muscle cells through distinct
protein kinase C and extracellular signal-regulated kinase path-
ways. The Journal of Biological Chemistry. 2010; 285: 6987–
6995. https://doi.org/10.1074/jbc.M109.088674

[52] Schönherr E, Kinsella MG, Wight TN. Genistein selectively in-
hibits platelet-derived growth factor-stimulated versican biosyn-
thesis in monkey arterial smooth muscle cells. Archives of Bio-
chemistry and Biophysics. 1997; 339: 353–361. https://doi.org/
10.1006/abbi.1996.9854

[53] Schönherr E, Järveläinen HT, Sandell LJ, Wight TN. Effects of
platelet-derived growth factor and transforming growth factor-
beta 1 on the synthesis of a large versican-like chondroitin sul-
fate proteoglycan by arterial smooth muscle cells. The Journal
of Biological Chemistry. 1991; 266: 17640–17647.

[54] Nandadasa S, Foulcer S, Apte SS. The multiple, complex roles
of versican and its proteolytic turnover by ADAMTS proteases
during embryogenesis. Matrix Biology: Journal of the Inter-
national Society for Matrix Biology. 2014; 35: 34–41. https:
//doi.org/10.1016/j.matbio.2014.01.005

[55] Wang Z, LiW, Chen S, Tang XX. Role of ADAMandADAMTS
proteases in pathological tissue remodeling. Cell Death Discov-
ery. 2023; 9: 447. https://doi.org/10.1038/s41420-023-01744-z

[56] Mead TJ, Bhutada S, Foulcer SJ, Peruzzi N, Nelson CM,
Seifert DE, et al. Combined genetic-pharmacologic inactiva-
tion of tightly linked ADAMTS proteases in temporally spe-
cific windows uncovers distinct roles for versican proteolysis
and glypican-6 in cardiac development. Matrix Biology: Jour-
nal of the International Society for Matrix Biology. 2024; 131:
1–16. https://doi.org/10.1016/j.matbio.2024.05.003

[57] Sandy JD, Westling J, Kenagy RD, Iruela-Arispe ML, Ver-
scharen C, Rodriguez-Mazaneque JC, et al. Versican V1 pro-
teolysis in human aorta in vivo occurs at the Glu441-Ala442
bond, a site that is cleaved by recombinant ADAMTS-1 and
ADAMTS-4. The Journal of Biological Chemistry. 2001; 276:
13372–13378. https://doi.org/10.1074/jbc.M009737200

[58] Mead TJ, Bhutada S, Martin DR, Apte SS. Proteolysis: a key
post-translational modification regulating proteoglycans. Amer-
ican Journal of Physiology. Cell Physiology. 2022; 323: C651–
C665. https://doi.org/10.1152/ajpcell.00215.2022

[59] Santamaria S, Yamamoto K, Teraz-Orosz A, Koch C, Apte SS,
de Groot R, et al. Exosites in Hypervariable Loops of ADAMTS
Spacer Domains control Substrate Recognition and Proteoly-
sis. Scientific Reports. 2019; 9: 10914. https://doi.org/10.1038/
s41598-019-47494-w

[60] Yuan Y, Guo P, Song Y, Yu Z, Song B. The ADAMTS family:
from extracellular matrix proteases to orchestrators of fibrosis.
Cell Communication and Signaling: CCS. 2026; 24: 187. https:
//doi.org/10.1186/s12964-026-02743-0

[61] Stankunas K, Hang CT, Tsun ZY, Chen H, Lee NV, Wu JI, et
al. Endocardial Brg1 represses ADAMTS1 to maintain the mi-
croenvironment for myocardial morphogenesis. Developmental
Cell. 2008; 14: 298–311. https://doi.org/10.1016/j.devcel.2007.
11.018

[62] Vistnes M, Erusappan PM, Sasi A, Nordén ES, Bergo KK, Ro-
maine A, et al. Inhibition of the extracellular enzyme A disin-
tegrin and metalloprotease with thrombospondin motif 4 pre-

11

https://doi.org/10.1016/j.ebiom.2023.104744
https://doi.org/10.1016/j.ebiom.2023.104744
https://doi.org/10.1016/j.intimp.2023.110527
https://doi.org/10.31083/j.rcm2511419
https://doi.org/10.31083/j.rcm2511419
https://doi.org/10.1038/s41586-024-08008-5
https://doi.org/10.1038/s41586-024-08008-5
https://doi.org/10.31083/j.rcm2501005
https://doi.org/10.31083/j.rcm2501005
https://doi.org/10.1152/ajpheart.00478.2024
https://doi.org/10.1152/ajpheart.00478.2024
https://doi.org/10.1161/CIRCRESAHA.124.323892
https://doi.org/10.1161/CIRCRESAHA.124.323892
https://doi.org/10.1161/CIRCULATIONAHA.119.044484
https://doi.org/10.1161/CIRCULATIONAHA.119.044484
https://doi.org/10.1101/gad.1350705
https://doi.org/10.1101/gad.1350705
https://doi.org/10.1161/CIRCRESAHA.123.323360
https://doi.org/10.1161/CIRCRESAHA.123.323360
https://doi.org/10.1172/JCI94753
https://doi.org/10.1016/j.phymed.2023.154793
https://doi.org/10.1016/j.phymed.2023.154793
https://doi.org/10.1016/j.biopha.2023.116002
https://doi.org/10.1016/j.biopha.2023.116002
https://doi.org/10.1016/j.ejcb.2008.01.012
https://doi.org/10.1016/j.ejcb.2008.01.012
https://doi.org/10.1093/cvr/cvu053
https://doi.org/10.1016/j.yjmcc.2018.07.130
https://doi.org/10.1016/j.yjmcc.2018.07.130
https://doi.org/10.1080/14728222.2024.2316735
https://doi.org/10.1074/jbc.M109.088674
https://doi.org/10.1006/abbi.1996.9854
https://doi.org/10.1006/abbi.1996.9854
https://doi.org/10.1016/j.matbio.2014.01.005
https://doi.org/10.1016/j.matbio.2014.01.005
https://doi.org/10.1038/s41420-023-01744-z
https://doi.org/10.1016/j.matbio.2024.05.003
https://doi.org/10.1074/jbc.M009737200
https://doi.org/10.1152/ajpcell.00215.2022
https://doi.org/10.1038/s41598-019-47494-w
https://doi.org/10.1038/s41598-019-47494-w
https://doi.org/10.1186/s12964-026-02743-0
https://doi.org/10.1186/s12964-026-02743-0
https://doi.org/10.1016/j.devcel.2007.11.018
https://doi.org/10.1016/j.devcel.2007.11.018
https://www.imrpress.com


vents cardiac fibrosis and dysfunction. Cardiovascular Research.
2023; 119: 1915–1927. https://doi.org/10.1093/cvr/cvad078

[63] Barascuk N, Genovese F, Larsen L, Byrjalsen I, Zheng Q, Sun
S, et al. A MMP derived versican neo-epitope is elevated in
plasma from patients with atherosclerotic heart disease. Inter-
national Journal of Clinical and Experimental Medicine. 2013;
6: 174–184.

[64] Labonia MCI, Estapé Senti M, van der Kraak PH, Brans MAD,
Dokter I, Streef TJ, et al. Cardiac delivery of modified mRNA
using lipid nanoparticles: Cellular targets and biodistribution
after intramyocardial administration. Journal of Controlled Re-
lease: Official Journal of the Controlled Release Society. 2024;
369: 734–745. https://doi.org/10.1016/j.jconrel.2024.04.018

12

https://doi.org/10.1093/cvr/cvad078
https://doi.org/10.1016/j.jconrel.2024.04.018
https://www.imrpress.com

	1. Introduction
	2. Versican Structure, Isoforms, and Spatiotemporal Expression in the Heart
	2.1 Molecular Structure and Functional Domains of Versican
	2.2 Versican Expression in Normal Adult and Developing Heart
	2.3 Disease- and Stage-Dependent Versican Expression in Cardiac Remodeling

	3. Core Mechanisms of Versican in Regulating Cardiac Remodeling
	3.1 Versican in Inflammatory Cell Recruitment and Macrophage Responses
	3.1.1 Versican-Rich Provisional Matrix and Inflammatory Cell Recruitment
	3.1.2 Context-Dependent Regulation of Macrophage Activation by Versican and Its Fragments
	3.1.3 Remaining Questions and Therapeutic Implications

	3.2 Versican in Fibroblast Activation and Profibrotic Matrix Remodeling
	3.2.1 Versican as Early Matrix Organizer in Cardiac Fibrosis
	3.2.2 Transforming Growth Factor–β/Smad-Dependent VCAN Transcription and Mechanosensitive Feedback
	3.2.3 Crosstalk with CTGF/CCN2 and Platelet-Derived Growth Factor Signaling
	3.2.4 Isoform-Specific Regulation of Myofibroblast Proliferation and Survival

	3.3 A Disintegrin and Metalloproteinase With Thrombospondin Motifs–Mediated Versican Proteolysis in Cardiac Matrix Remodeling
	3.3.1 Structural Basis of a Disintegrin and Metalloproteinase With Thrombospondin Motifs–Mediated Versican Cleavage
	3.3.2 Cell Type–Specific ADAMTS Expression and Local Versican Turnover
	3.3.3 TIMP3–ADAMTS Balance in Versican Homeostasis and Heart Failure
	3.3.4 Developmental and Profibrotic Consequences of Dysregulated ADAMTS Activity


	4. Therapeutic Targeting of Versican in Cardiac Remodeling: Stage Specificity and Translational Challenges
	4.1 Defining Therapeutic Window Using Versican-Derived Biomarkers
	4.2 Cardiac Fibroblast–Targeted Delivery and Gene-Silencing Strategies
	4.3 Isoform-Selective Targeting: Structural Determinants and Therapeutic Constraints

	5. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Declaration of AI and AI-Assisted Technologies in the Writing Process
	References

