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ABSTRACT: Cardiac fibrosis is a central pathological feature of heart failure and contributes to 
myocardial stiffening, impaired electrical conduction, and progressive ventricular dysfunction. 
Traditionally, fibrotic remodeling has been viewed as a fibroblast-driven process in which activated 
fibroblasts deposit excessive extracellular matrix following cardiac injury. However, emerging evidence 
indicates that fibrosis arises from coordinated interactions among multiple cardiac cell populations, 
including cardiomyocytes, endothelial cells, immune cells, pericytes, and fibroblasts. In this review, we 
discuss the role of cardiomyocytes and their interactions with other cell types in the heart in facilitating 
cardiac fibrosis. We discuss how interactions among cardiomyocytes, immune cells, endothelial cells, 
pericytes, and fibroblasts contribute to fibrotic remodeling in both ischemic and non-ischemic heart disease. 
Our signaling emphasis is on transforming growth factor-β (TGF-β)-mediated cardiac fibrosis in the context 
of cellular interplay. We posit that a better understanding of these integrated signaling networks may reveal 
new opportunities to prevent or reverse pathological cardiac fibrosis. 
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1. Introduction 

Heart failure (HF) remains a leading cause of morbidity and mortality worldwide, with a lifetime risk 
approaching 20–25% in many populations [1]. Despite major therapeutic advances targeting 
neurohormonal signaling and hemodynamic load, long-term outcomes remain poor, particularly in HF with 
preserved ejection fraction (HFpEF). A consistent pathological feature across diverse HF etiologies is 
cardiac fibrosis, a maladaptive remodeling process characterized by expansion of extracellular matrix, 
increased myocardial stiffness, impaired electrical coupling, and progressive contractile dysfunction [2]. 
Rather than a passive byproduct of injury, fibrosis is increasingly recognized as an active, regulated process 
that both reflects and drives disease progression. 

Cardiac fibrosis develops in both ischemic and non-ischemic settings, yet the biological context differs 
substantially. In ischemic heart disease, particularly following myocardial infarction, cardiomyocyte 
necrosis triggers a well-orchestrated inflammatory cascade that transitions toward scar formation in order 
to preserve structural integrity [3,4]. In this setting, fibrosis initially serves as a reparative function. 
However, excessive or dysregulated scar formation contributes to chamber dilation, arrhythmogenesis, and 
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long-term functional decline. In contrast, non-ischemic heart disease, such as that associated with 
hypertension, metabolic syndrome, cardiomyopathies, HFpEF, and atrial fibrillation, often exhibits diffuse 
interstitial and perivascular fibrosis in the absence of overt cardiomyocyte death [4,5]. In these conditions, 
inflammatory and fibrotic pathways are activated in parallel and may precede detectable structural damage. 
The temporal coupling of metabolic stress, inflammation, and matrix remodeling in non-ischemic HF 
suggests that upstream cellular signaling events, rather than cell death alone, play a central role in the 
initiation of fibrosis. Importantly, therapeutic strategies aimed at targeting downstream fibrosis have 
demonstrated limited clinical efficacy, emphasizing the need to better define the initiating mechanisms of 
pathological remodeling. 

Cardiac fibrosis does not arise from the action of a single cell type. Instead, it reflects a coordinated 
response among multiple resident and infiltrating cells within the myocardium. While cardiac fibroblasts 
ultimately execute extracellular matrix deposition, fibrotic remodeling reflects dynamic communication 
between cardiomyocytes, endothelial cells, pericytes, and immune cells within a stress-responsive 
microenvironment (Figure 1). Increasingly, evidence supports a hierarchical model in which upstream 
stress signaling, particularly from cardiomyocytes, shapes inflammatory amplification and fibroblast 
activation [6,7]. We discuss next the role of various cell types in the heart and its communication with 
fibroblasts to promote or dampen fibrosis. 

 

Figure 1. Cellular Crosstalk Driving Cardiac Fibrosis. Coordinated interactions among cardiomyocytes, fibroblasts, immune 
cells, and endothelial cells drive cardiac fibrosis. Cardiomyocytes subjected to stress (mechanical, metabolic, or neurohormonal) 
produce profibrotic mediators, including TGF-β, angiotensin II (Ang II), and inflammatory cytokines. These signals promote 
immune cell recruitment and fibroblast activation. Immune cells further amplify profibrotic signaling through the secretion of 
interleukins and TGF-β. Activated fibroblasts differentiate into myofibroblasts, leading to increased collagen synthesis and 
extracellular matrix (ECM) deposition. Endothelial cells modulate inflammatory responses through nitric oxide (NO) and 
adhesion molecule expression. Red arrows indicate profibrotic signaling; blue arrows indicate regulatory or modulatory signaling. 
Biorender was used to generate the figure. 
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2. Cell Types Associated with Cardiac Fibrosis 

2.1. Cardiac Fibroblasts: Central Effectors with Regional and Phenotypic Diversity 

Cardiac fibroblasts constitute the principal source of fibrillar collagens and extracellular matrix 
proteins during pathological remodeling. In the healthy adult heart, fibroblasts contribute to basal matrix 
turnover, mechanical coupling, and provide structural support for cardiomyocytes [8–11]. Following 
biomechanical stress, ischemia, or neurohormonal activation, fibroblasts undergo activation and 
differentiate into myofibroblasts characterized by α-smooth muscle actin (α-SMA or ACTA2) expression, 
enhanced contractility, resistance to apoptosis, and increased synthesis of collagen types I and III. 
Transforming growth factor-β (TGF-β)-Smad2/3 signaling is considered the canonical driver of this 
transition [12–14], with strong evidence supporting its role in pressure overload, myocardial infarction, and 
genetic cardiomyopathy models [12,13,15]. Additional pathways, including Wnt/β-catenin, Platelet-
derived growth factor (PDGF), angiotensin II (Ang II), and mechanotransduction through integrin signaling, 
also cooperate in sustaining fibroblast activation (Figure 1). Our focus in this review is primarily on TGF-
β-driven cardiac fibrosis. For other signaling pathways and their implications in cardiac fibrosis and therapy, 
we refer the reader to other reviews [16–18]. 

Recent lineage tracing and single-cell transcriptomic studies of the adult mammalian heart have 
revealed substantial fibroblast heterogeneity, including chamber-specific transcriptional differences 
between atrial and ventricular fibroblasts that may contribute to regional susceptibility to fibrosis [19–25]. 
Distinct fibroblast subsets have been identified that emerge during ischemic versus non-ischemic 
remodeling, including inflammatory-like, matrifibrocyte, and proliferative populations. In pressure 
overload and chronic human HF settings, Cartilage Intermediate Layer Protein (CILP)+ or 
Thromobospondin-4 (THBS4)+ fibroblast clusters are observed that remain ACTA2− but produce abundant 
ECM [26–28]. In post infarction models, ACTA2 expressing activated fibroblasts is upregulated, which is 
the classical myofibroblast phenotype. Thus, fibroblast signatures vary widely depending on the temporal 
and spatial characteristics of injury. 

Importantly, fibroblasts exhibit chamber-specific transcriptional identities even under basal conditions. 
Atrial fibroblasts differ from ventricular fibroblasts in gene expression programs related to extracellular 
matrix composition, ion channel expression, and profibrotic sensitivity [29]. These intrinsic differences 
may help explain the pronounced susceptibility of the atrium to diffuse fibrosis in atrial fibrillation and 
HFpEF, where remodeling frequently precedes overt ventricular dysfunction. Atrial fibroblasts have also 
been reported to exhibit heightened responsiveness to TGF-β and Ang II stimulation, potentially lowering 
the threshold for fibrotic expansion in atrial tissue [30]. 

In addition to genetic programming, the mechanical environment further contributes to the regional 
diversity of fibroblasts. The atrium experiences distinct wall stress patterns and stretch dynamics compared 
with the ventricle, which may shape fibroblast mechano-responsive signaling and matrix composition 
[31,32]. Additionally, differences in extracellular matrix architecture between chambers can influence 
fibroblast behavior through integrin-mediated mechanotransduction [3,33]. In addition to genetic program 
and mechanical forces, epigenetics regulation of cardiac fibrosis is important. For example, DNA 
methylation [34] and demethylation [35] signatures, histone modifications [36], and chromatin remodeling 
play a critical role in cardiac fibrosis. There are various mechanisms that are involved in initiating and 
maintaining fibrotic signaling, eventually leading to fibrosis. Cell-cell communication in fibrosis is gaining 
increasing attention. Fibroblasts in general are highly responsive to cytokines, chemokines, and growth 
factors derived from neighboring cardiomyocytes, immune cells, and endothelial cells [10,37]. Their 
activation state reflects integration of these instructive cues within the myocardial microenvironment. Thus, 
while fibroblasts serve as indispensable executors of extracellular matrix deposition, the signals that initiate 
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and sustain their activation frequently originate from other cell types, especially in the heart, which are 
discussed next. 

2.2. Cardiomyocytes: Initiators of Stress, Inflammation, and Fibrosis 

Cardiomyocytes occupy a structurally and metabolically dominant position in the myocardium. They 
are also one of the major cell types in the heart, constituting roughly 23% of the total population 
[9,25,38,39]. As excitable energy-demanding cells, they are the first to sense hemodynamic overload, 
metabolic shifts, oxidative injury, and neurohormonal stimulation [40]. Importantly, stress-induced 
signaling within cardiomyocytes extends beyond contractile adaptation and includes activation of 
inflammatory pathways and secretion of paracrine mediators that influence surrounding cell populations. 
Cardiomyocytes are increasingly recognized as active regulators of inflammatory and fibrotic signaling 
[41,42]. In response to stressors (biomechanical stress, metabolic imbalance, oxidative injury, 
neurohormonal activation), cardiomyocytes activate intracellular pathways, including NF-κB signaling, 
oxidative stress cascades, and metabolic sensors, that influence chemokine production, immune cell 
recruitment, and fibroblast activation (Figure 1) [43–46]. Further, metabolic disruption and mitochondrial 
dysfunction within cardiomyocytes amplifies inflammatory signaling and matrix deposition [47]. These 
studies collectively inform the role of cardiomyocytes in promoting fibrosis more directly than purely 
secondary to fibroblast-autonomous activation or upon cardiomyocyte death. Within this emerging 
paradigm, metabolic kinases have gained attention as upstream regulators of stress signaling. Previously, 
we identified a member of the AMP-activated protein kinase (AMPK) family kinase, sucrose 
nonfermenting-related kinase (SNRK), as a cardiomyocyte-enriched metabolic regulator that is responsible 
for cardiac metabolism and function, also constrains inflammatory activation [48,49]. Cardiomyocyte-
specific deletion of SNRK enhances NF-κB signaling, increases inflammatory mediator expression, 
promotes macrophage accumulation, and accelerates fibrotic remodeling under non-ischemic cardiac 
remodeling conditions (Ang II-induced stress) [43]. Importantly, endothelial-specific deletion does not 
recapitulate this fibrotic phenotype, underscoring the central role of cardiomyocyte-intrinsic signaling in 
governing pathological remodeling. 

Beyond SNRK, stressed cardiomyocytes secrete various profibrotic mediators that act directly on 
fibroblasts, immune cells, and the ECM. These include TGF-β isoforms, connective tissue growth factor 
(CTGF/CCN2), interleukin-11 (IL-11), angiotensin II (Ang II), chemokines such as CCL2, and 
extracellular vesicles carrying fibrosis-regulatory microRNAs (e.g., miR-21-5p, miR-208a). IL-11 has 
received recent attention as a cardiomyocyte-derived fibrogenic cytokine that drives myofibroblast 
transition via ERK signaling in a Smad-independent manner, amplifying the fibrotic response downstream 
of TGF-β stimulation [50]. Cardiomyocyte-derived exosomes represent a complementary, non-soluble 
paracrine mode of intercellular communication, transferring miRNA cargo and chaperone proteins directly 
to fibroblasts to promote activation state. It is important to note that SNRK mechanistically is distinct from 
these secreted effectors. For example, SNRK is not released from cardiomyocytes but functions as an 
intracellular metabolic kinase that constrains NF-κB activation and thereby limits the production and 
release of profibrotic mediators, including TGF-β1, chemokines, and inflammatory cytokines, under stress 
conditions [43,44,48,51]. In that context, SNRK occupies a regulatory position upstream of the 
cardiomyocyte secretory program, functioning as a metabolic checkpoint that determines the threshold at 
which stressed cardiomyocytes transition to a profibrotic state, while the paracrine factors listed above 
represent the downstream effector outputs of that transition. 
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2.3. Endothelial Cells: Vascular Sensors, and Context-Dependent Regulators 

Endothelial cells (EC) regulate vascular tone, barrier integrity, and immune cell trafficking, positioning 
them at the interface between systemic hemodynamic and myocardial signaling [52]. Single cell analysis 
of EC in the heart revealed an endocardial EC population, a coronary vascular EC population, and an aorta-
specific EC population [52]. These anatomically distinct EC clusters provide a sense that each cluster may 
have a unique role as it relates to fibrosis. For example, aorta-specific EC will experience distinct shear 
stress patterns compared to coronary vascular EC, and thus may have a distinct role in their cell surface 
inflammatory responses to ischemic and non-ischemic cardiac events. EC from these distinct vascular beds 
may secrete different types of angiocrine factors that can shape cardiomyocyte and fibroblast behavior. It 
is well known that endothelial dysfunction, characterized by reduced nitric oxide (NO) bioavailability, 
increases adhesion molecule expression, impairs barrier function, and alters permeability (Figure 1). These 
disparate phenotypes can amplify inflammatory signaling and contribute to fibrotic progression [53]. EC 
are unique from other cardiac cell types in that they act as mechanosensors of blood flow. Shear stress-
responsive transcriptional programs (e.g., KLF2/KLF4-associated pathways) and endothelial glycocalyx 
integrity help maintain an anti-inflammatory, anti-thrombotic state [54]. When this homeostatic program is 
disrupted, for example, by hypertension, diabetes, obesity, or aging, EC shift toward a pro-inflammatory 
phenotype that facilitates leukocyte adhesion and transmigration, which indirectly promotes fibroblast 
activation. In HFpEF, microvascular inflammation and capillary dysfunction are closely linked to 
interstitial fibrosis, supporting the idea that endothelial health strongly influences fibrotic susceptibility 
even when EC are not the primary matrix-producing cells [55,56]. Besides ECs role to indirectly contribute 
to fibrosis, in certain pathological contexts, EC are known to transition to mesenchymal phenotype, a 
process called endothelial-to-mesenchymal transition (EndoMT), which has been proposed as a direct 
contributor to fibroblast-like populations and matrix deposition [57]. However, the quantitative contribution 
of EndoMT to cardiac fibrosis may vary by model and injury type and is yet to be fully determined 
[9,11,58,59]. Further, in the adult, the role of EndoMT is unsettled, as previous mouse lineage tracing 
studies, where one third fibroblasts were suggested to arise from EndoMT [60], have been recently 
questioned with newer tools that can continuously track endothelial cell fate. Using EndoMTracer system 
that constitutes three mouse lines combined (UBC-CreER; α-sma-LSL-Dre; R26R-rox-tdT) to achieve 
CRE-induced constitutively active Dre to trace α-SMA activation specifically in ECs [61]. Using this 
system, the authors showed that adult ECs expressed α-SMA transiently in the developing cardiac valves 
during EndoMT. However, they did not observe the expression of α-SMA in a transient or reversible fashion 
during initiation and progression of cardiac fibrosis. Thus, they concluded that ECs do not transdifferentiate 
into myofibroblasts or transiently expressed mesenchymal markers in MI and TAC models post myocardial 
infarction [61]. However, additional studies [62] did identify transient endothelial-mesenchymal activation, 
which is a reversible state and thus may be targetable for fibrotic remodeling. 

Intact EC signaling in the heart can also be protective and limit pro-inflammatory pathway activation, 
which then influences fibrosis. We observed this inflammatory protective effect in the heart endothelium in 
our studies. Endothelial-specific disruption of SNRK enhances NF-κB signaling (inflammation) but does not 
induce fibrosis or cardiac dysfunction [43,48]. On the other hand, cardiomyocyte-specific disruption of SNRK 
enhances NF-κB signaling (inflammation), promotes fibrosis, and affects cardiac function [43,48,49]. Taken 
together, this suggests that cardiomyocyte SNRK is more protective of fibrosis while inflammation 
upregulation seems to be a response to SNRK deletion in tissue. In fact, investigators have observed that 
SNRK deletion in other tissues, for example, adipocytes, also prevents inflammation activation [63]. These 
finding aligns with broader observations that endothelial inflammation can increase “background signals” in 
the myocardium, yet robust fibrosis typically requires an upstream instructive program, often arising from 
cardiomyocyte stress signaling, together with immune amplification and fibroblast responsiveness. 
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2.4. Immune Cells: Translators of Inflammatory Stress into Fibrosis 

Immune cells play a central role in coordinating inflammatory and fibrotic responses in the heart. Among 
these populations, macrophages have emerged as key regulators of tissue remodeling. Macrophages 
contribute to cardiac modeling and fibrosis by directly transitioning to myofibroblasts, which was 
demonstrated in a zebrafish model [64]. This direct transition of macrophage to myofibroblast has also been 
observed in pressure-induced cardiac fibrosis mouse models [35]. In addition to direct transition, both resident 
cardiac macrophages and recruited monocyte-derived macrophages contribute to paracrine mechanisms 
involved in fibrotic remodeling through the production of cytokines, growth factors, and extracellular matrix-
modifying enzymes [65,66]. Studies from several groups have demonstrated that macrophage-derived 
mediators, including TGF-β, interleukins, and chemokines, promote fibroblast activation and extracellular 
matrix deposition following cardiac injury and pressure overload [67–69]. The balance between pro-
inflammatory and reparative macrophage subsets is therefore a major determinant of fibrotic progression and 
resolution. Beyond fibroblasts, macrophages also influence cardiomyocyte survival, angiogenesis, and 
extracellular matrix turnover during cardiac repair. Recent work has highlighted functional heterogeneity 
among cardiac macrophage populations, including resident c-c motif chemokine receptor type 2 (CCR2) 
macrophages involved in tissue homeostasis and monocyte-derived CCR2+ macrophages that expand during 
inflammatory remodeling [70]. These immune populations integrate signals from damaged or stressed 
cardiomyocytes and contribute to shaping the local inflammatory milieu (Figure 1). Immune cells beyond 
macrophages, such as Chimeric Antigen Receptor T cells (CAR-T) cells, can also directly communicate with 
fibroblasts to influence fibrosis [71,72]. Immune cell recruitment often reflects upstream stress signaling from 
cardiomyocytes. Several studies have demonstrated that cardiomyocyte activation of inflammatory pathways, 
such as NF-κB signaling, can drive chemokine production, including c-c motif ligand 2 (CCL2), thereby 
promoting monocyte recruitment and macrophage accumulation in the myocardium [73–75]. Consistent with 
this broader framework, cardiomyocyte-specific disruption of metabolic signaling in our models leads to 
increased Mac2+ macrophage infiltration even under basal conditions, with further expansion under 
angiotensin II-induced stress [43]. These findings support the concept that cardiomyocyte-derived 
inflammatory signals can shape immune cell recruitment during pathological remodeling. Together, these 
observations from multiple experimental systems indicate that immune cells function as key intermediaries 
linking cardiomyocyte stress signaling to fibroblast activation and matrix deposition. In this model, 
macrophages amplify inflammatory cues originating from stressed cardiomyocytes and translate them into 
sustained profibrotic signaling within the myocardial microenvironment. 

2.5. Pericytes in Cardiac Fibrosis 

Recent transcriptomic studies have revealed that pericytes, which are specialized mural cells that are 
critical for vascular stability and regulation of blood flow [76] are also involved in cardiac fibrosis post 
myocardial infarction [24,77]. Pericytes are known to acquire fibroblast-like phenotype, and post 
myocardial infarction, these cells maintain expression of pericyte markers and acquire fibroblast markers 
such as PDGFRA and TCF21 [77,78]. The profibrotic program is activated in a progressive manner, which 
includes increased expression of growth factors TGF-β1, VEGFA, PDGF, matrix-remodeling enzymes 
MMP2 and TIMP3, matrix proteins (COL1A2 and COL3A1) and integrins involved in fibrosis (ITGA1, 
ITGA2, ITGAV, ITGB1). In human MI samples, fibroblasts at the infarct region come from NG2+ pericytes 
[79]. They comprise 4.3% of the infarct fibroblasts. These studies collectively suggest that the complex 
interaction among multiple cell types in the heart facilitates cardiac fibrosis. 
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3. Metabolism as a Regulator of Fibrotic Remodeling 

Cardiomyocytes are among the most metabolically demanding cells in the body, continuously adjusting 
substrate utilization to maintain ATP production and contractile function. In the healthy adult heart, fatty 
acid oxidation (FAO) accounts for the majority of ATP generation, while glucose oxidation and glycolysis 
provide additional metabolic flexibility (Figure 2). This metabolic profile is tightly regulated to sustain 
mitochondrial efficiency and redox balance. Under pathological stress, including pressure overload, 
neurohormonal activation, ischemia, and metabolic disease, the heart undergoes metabolic remodeling 
characterized by a partial shift away from FAO toward greater reliance on glycolysis and glucose utilization 
[80,81]. Although this metabolic reprogramming may initially support energy production under stress, 
sustained shifts in substrate utilization can impair mitochondrial function, increase reactive oxygen species 
(ROS) generation, and activate stress-responsive signaling pathways that contribute to inflammatory and 
fibrotic remodeling. 

A growing body of work indicates that cardiomyocyte metabolic imbalance is not merely a 
consequence of cardiac disease but can actively influence inflammatory signaling and tissue remodeling 
[82,83]. Mitochondrial dysfunction altered NAD+/NADH balance, and ROS accumulation activates redox-
sensitive pathways such as NF-κB and MAP kinase signaling, which in turn promote cytokine production, 
immune cell recruitment, and fibroblast activation (Figure 2) [84]. Beyond ROS and redox-sensitive kinase 
pathways, emerging evidence implicates lactylation, a post-translational modification in which lactate-
derived lactyl groups are added to lysine residues of histones. This novel mechanism links cardiomyocyte 
metabolic reprogramming to fibrotic remodeling. For example, during pathological glycolytic shift, 
intracellular and extracellular lactate accumulation drives histone lactylation (e.g., H3K18la) in cardiac 
fibroblasts, activating profibrotic transcriptional programs and promoting myofibroblast differentiation 
[85]. This pathway provides a direct epigenetic link between cardiomyocyte metabolic state and fibroblast 
activation, extending the concept of metabolite-driven intercellular communication in cardiac fibrosis. Thus, 
cardiomyocyte metabolic state represents an important upstream regulator of the inflammatory environment 
that precedes fibrosis. When discussing cardiac metabolism and its effect on fibrosis, it would be remiss if 
we did not discuss the AMPK family kinases, which serve as central sensors of cellular energetic stress, 
integrating ATP depletion and metabolic imbalance with downstream transcriptional and signaling 
responses. The reader is directed to many reviews on AMPK and its role in cardiac metabolism, repair, and 
fibrosis [86,87]. The broad-spectrum nature of AMPK in cardiac function makes it a challenging target for 
drug discovery campaigns [88]. We posit that cardiac-specific AMPK family members are an alternative. 
For example, SNRK has emerged as a cardiomyocyte-enriched metabolic regulator that links cardiac 
metabolism to cardiac function. Further, SNRK is linked to preserving mitochondrial coupling efficiency 
to improve cardiac function [89]. In our own work, SNRK has been linked to Ang II non-ischemic heart 
failure conditions [43,48]. During embryonic development, global deletion of Snrk causes disruption of the 
embryonic heart substrate utilization and metabolic homeostasis [49] resulting in embryonic death at E17.5. 
Knocking out Snrk in cardiomyocytes specifically also leads to death at 9 months of age. These mice show 
defects in cardiac metabolism and cardiac functional parameters measured by ECHO (HPrEF) [48,49]. 
However, in these studies, we disrupted Snrk in embryonic cardiomyocytes at the start of development. So, 
whether adult cardiomyocyte-specific Snrk knockout models exhibit a similar cardiac metabolism and 
function phenotype is not known and represents the current limitation of these studies. Despite this gap, 
SNRK’s function as a protector of various metabolic processes in multiple tissues, including the heart, 
warrants further investigation into its potential as a therapeutic target for cardiac metabolism-induced heart 
failure. We support a model in which cardiomyocyte metabolic sensing pathways act upstream of 
inflammatory and fibrotic signaling networks. In this framework, disruption of metabolic checkpoints, such 
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as those mediated by SNRK and related AMPK family kinases, can shift the myocardium toward a pro-
inflammatory and profibrotic state, linking energetic stress to pathological tissue remodeling. 

 

Figure 2. Cardiomyocyte Metabolism as a Regulator of Fibrotic Remodeling. Cardiomyocytes undergo metabolic 
reprogramming under pathological stress (pressure overload, neurohormonal activation, ischemia, and metabolic disease), 
characterized by a shift from fatty acid oxidation (FAO) toward glycolysis. This metabolic imbalance results in mitochondrial 
dysfunction, increased reactive oxygen species (ROS), and altered NAD+/NADH balance. These changes activate inflammatory 
signaling pathways, including NF-κB, leading to the production of cytokines and chemokines. Subsequent immune cell 
recruitment (arrow) and inflammatory amplification contribute to fibroblast activation and extracellular matrix deposition, 
culminating in cardiac fibrosis. Biorender was used to generate the figure. 

4. TGF-β and Its Role in Cardiac Fibrosis 

Among the signaling pathways involved, TGF-β remains the most extensively studied profibrotic 
mediator in the heart [14]. TGF-β family of ligands binds to specific transmembrane serine threonine kinase 
receptors (type I and type II). Upon ligand binding, heterotrimeric complexes of type I and II receptors 
form, leading to transphosphorylation of type 2 receptors, which, in turn, activate type I receptors. This 
phosphorylation cascades down to regulated (R)-SMAD transcription factor at two C-terminal serine 
residues, which activates it and leads to complex formation with a related Co-Smad molecule (SMAD4). 
This complex transports into the nucleus to activate downstream target genes. Although TGF-β family 
members have distinct functions, the canonical signaling converges into 5 type II receptors and 7 type I 
(also called activin receptor-like kinases—ALKs) receptors, and two main intracellular SMAD pathways 
(SMAD2/3 and SMAD1/5/8). All three TGF-β isoforms (TGF-β1, TGF-β2, and TGF-β3) are secreted in 
latent forms and need activation prior to interaction with signaling receptors. For a more comprehensive 
analysis of TGF-β signaling pathway, the reader is guided to other expansive reviews on this topic [14,90]. 
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A large body of work from multiple laboratories has demonstrated that activation of the TGF-β1-
Smad2/3 pathway promotes fibroblast-to-myofibroblast transition (Figure 3), characterized by induction of 
α-smooth muscle actin (α-SMA), enhanced extracellular matrix synthesis, and increased contractile 
capacity of fibroblasts [7,33,91,92]. TGF-β within the myocardium can originate from multiple cellular 
sources, including fibroblasts, infiltrating immune cells, endothelial cells, and cardiomyocytes [14,93]. 
Increasing evidence indicates that stressed cardiomyocytes contribute to TGF-β1 availability within the 
tissue microenvironment [94]. In models of pressure overload, neurohormonal stimulation, and atrial 
remodeling, stressed cardiomyocytes have been shown to release cytokines, growth factors, and 
matricellular proteins capable of activating neighboring fibroblasts [95]. Further, cardiomyocyte-derived 
mediators, including TGF-β family ligands, connective tissue growth factor (CTGF), and other secreted 
factors, can directly stimulate fibroblast activation (Figure 3). TGF-β can also influence cardiac 
inflammation directly by modulating immune and stromal cell behavior and indirectly by remodeling ECM 
and activating FBs [93,96]. Depending on the isoform secreted, TGF-β can also be protective in cardiac 
fibrosis. For example, in a pressure load situation, cardiomyocyte-derived TGF-β3 attenuates cardiac 
fibrosis and preserves cardiac function in HF [97]. TGF-β2 also plays a prominent role in inducing EndMT 
in cultured ECs [98,99]. Further, TGF-β1 and TGF-β3 were shown to induce TGF-β2 in ECs indicating the 
importance of TGF-β2 to EndMT [98,100]. Upon exposure to TGF-β, ECs transdifferentiate into 
myofibroblast-like cells (lose VE-cadherin, gain α-SMA and collagen), which becomes a source of fibrosis 
in the heart [101]. Previous work from our team has implicated Rho-associated kinase (ROCK) as a 
substrate of SNRK and is involved in SNRK-mediated cardiac function in mice [48]. ROCK in CMs acts 
as a critical amplifier of TGF-β signaling [102] by enhancing Smad nuclear activity, cytoskeletal tension, 
and ECM stiffening [103,104]. This promotes fibrosis (via collagen and ECM production) and 
inflammation (via NF-κB–mediated cytokine secretion). 

In atrial remodeling models, cardiomyocyte stress has been associated with increased TGF-β 
expression and paracrine activation of fibroblast Smad signaling, contributing to diffuse interstitial fibrosis 
commonly observed in atrial fibrillation and HFpEF [105–107]. For example, mitogen-activated protein 
kinase kinase 4 (Mkk4), a critical component of the stress-activated mitogen-activated protein kinase family, 
when selectively inactivated in atrial cardiomyocyte Mkk4 [Mkk4(ACKO)], upregulates TGF-β1-mediated 
fibrosis. Thus, Mkk4 is a negative regulator of the TGF-β1 signaling associated with atrial remodeling [94]. 
Consistent with this concept, we also observed that SNRK, an AMPK family kinase enzyme, restrains 
cardiomyocyte-derived TGF-β1 secretion, thereby limiting fibroblast Smad2/3 activation and 
myofibroblast transition in non-ischemic remodeling models [44]. Conversely, TGF-β ligand family or 
specific TGF-β isoform [97] secreted by cardiomyocytes can protect fibrosis activation. For example, bone-
morphogenetic protein-2 (BMP-2), when secreted from cardiomyocytes, has a potential beneficial effect in 
attenuating pressure overload-induced cardiac fibrosis [102]. In this mechanism, BMP-2 antagonizes TGF-
β1-mediated Rho-associated kinase (ROCK) signaling in cardiac fibroblasts through Smurf1/Smad6 
complex [102]. Collectively, emerging data from multiple studies suggest that cardiomyocytes are not 
merely reactive to fibrosis deposition but play a critical role in preventing fibrosis activation to protect the 
heart from further injury. These findings also suggest that cardiomyocyte metabolic stress can amplify 
established profibrotic pathways and position cardiomyocytes as active regulators of fibroblast behavior. 
Together, these observations support a model in which cardiomyocyte stress signals, both inflammatory 
and metabolic, are translated into fibrotic remodeling through paracrine communication with fibroblasts. 
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Figure 3. Paracrine Signaling Between Cardiomyocytes and Fibroblasts. Stressed cardiomyocytes release profibrotic mediators, 
including TGF-β, connective tissue growth factor (CTGF), and cytokines, which act on adjacent fibroblasts. These signals 
activate TGF-β receptor (TGF-βR) signaling and downstream Smad2/3 pathways, promoting α-smooth muscle actin (α-SMA) 
expression and myofibroblast differentiation. Myofibroblasts increase extracellular matrix (ECM) production, leading to fibrosis. 
Immune cells contribute to this process by enhancing profibrotic signaling through cytokine release. Biorender was used to 
generate the figure. 

5. Ischemic Versus Non-Ischemic Fibrosis: Similarities and Differences 

Cardiac fibrosis can arise through distinct biological pathways depending on the underlying disease 
context. In ischemic heart disease, fibrosis typically follows cardiomyocyte necrosis resulting from 
myocardial infarction. This process involves a well-defined sequence of events beginning with acute 
inflammation, followed by immune cell infiltration, fibroblast activation, and ultimately scar formation that 
preserves the structural integrity of the injured myocardium [4]. In contrast, non-ischemic fibrosis often 
develops without overt cardiomyocyte death. Instead, chronic cardiomyocyte stress, including pressure 
overload, metabolic dysfunction, neurohormonal activation, and oxidative injury, can drive sustained 
inflammatory signaling and fibroblast activation. In these conditions, inflammation and fibrosis frequently 
evolve in parallel rather than sequentially [4]. These distinctions are particularly evident in conditions such 
as hypertensive heart disease, HFpEF, and atrial fibrillation, where diffuse interstitial fibrosis emerges 
gradually and may precede measurable systolic dysfunction. Atrial fibrosis represents a notable example of 
this pattern. Compared with ventricular myocardium, atrial tissue appears more susceptible to metabolic 
and inflammatory perturbations, potentially reflecting differences in fibroblast populations, extracellular 
matrix composition, and mechanical stress. For example, overexpression of a mutant form of constitutively 
active TGF-β1 expression under cardiac-restricted α-myosin heavy chain promoter resulted in selective 
atrial chamber-specific fibrosis but not ventricular chamber fibrosis. This result is particularly intriguing 
given that TGF-β1 expression was expressed constitutively in both chambers [108]. Why this selectivity in 
fibrosis in atria vs. ventricle remains an interesting question. In the clinic, atrial fibrosis has been proposed 
as a precursor for promoting atrial fibrillation, a common arrhythmia associated with HF [109,110]. A 
recent single cell study of human heart revealed that atrium consists of 30.1% cardiomyocytes, 24.3% 
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fibroblasts, while in ventricle, the proportions were 49.2% cardiomyocytes and 15.5% fibroblasts [24]. 
Thus, the higher density of fibroblasts in atria may contribute to this susceptibility. In the end, irrespective 
of the initial triggers for ischemic and non-ischemic fibrosis, which may differ, the downstream pathways 
that govern fibroblast activation, including inflammatory signaling, TGF-β activation, and extracellular 
matrix deposition, extensively overlap. Understanding how cardiomyocyte stress signaling interacts with 
these pathways may therefore provide insight into shared mechanisms that contribute to fibrotic remodeling 
in ischemic- and non-ischemic-driven heart failure. 

6. Cardiac Fibrosis Targeting Strategies 

The identification of genetic drivers of cardiac fibrosis, and the emergence of multi-omics studies 
(single-cell RNA and single-nucleus RNA-seq, proteomics, epigenetics, metabolomics), have all 
contributed to a rich source of targets and pathways for therapeutic intervention in cardiac fibrosis [111]. 
GWAS and whole exome sequencing studies have identified novel genetic variants in CRTAC1, CAPN1, 
UNC45A, UNC45B, and SMARCB1 in patients with sudden cardiac death, in which cardiac fibrosis 
observed by imaging is the key driving event [112–115]. Similarly, numerous fibrosis-related proteomic 
biomarkers in blood in HF have been discovered, especially those related to specific HF subtypes—HFrEF 
and HFpEF. A comprehensive list of proteomic biomarkers in cardiac fibrosis is available elsewhere [111]. 
As metabolic substrate alterations drive fibrotic remodeling, metabolomic profiling is yet another rich 
source of targets for cardiac fibrosis. For example, branched-chain amino acids (BCAAs), which play a 
significant role in cardiac remodeling and fibrosis progression, are one such target [116,117]. Similarly, the 
Framingham Heart study metabolomic profiling revealed elevated levels of kynurenine and aminoadipate 
that correlate with adverse structural remodeling [118]. These metabolite levels, along with protein levels 
in blood, serve as excellent surrogates for anti-fibrotic therapy responses in patients. 

The next generation of targets will emerge from the integration of the multi-omics data. Some 
druggable candidates have already been revealed from the integration of GWAS and proteomic data. For 
example, CAMK2D, PRKD1, APOC3, TNFSF12, and MAPK3 have been identified as associated with 
fibroblast activation and fibrotic remodeling pathways [119]. More such integrations of datasets are likely 
to reveal additional targets for fibrosis, which will eventually lead to clinical trials. One recent example 
includes the identification of miR-132 through integration of transcriptomic and proteomic profiling of 
failing hearts. CDR132L, a locked nucleic-acid based antisense oligonucleotide inhibitor of miR-132, has 
shown efficacy in preclinical models of ischemic and non-ischemic HF [120,121], and is known to 
modulate the fibrotic and hypertrophic pathways via MEF2 and GATA3 transcription factors, respectively. 
A phase Ib clinical study with CDR132L has been initiated, demonstrating a good tolerance profile in 
chronic HF patients and an observed dose-dependent reduction in circulating miR-132 levels in plasma 
[122]. Antisense oligonucleotides (ASOs) and siRNA-based platforms offer sequence-specific silencing of 
fibrosis-promoting genes. Preclinical studies have demonstrated the efficacy of siRNA targeting HSP47 
(SERPINH1) and CTGF/CCN2 in reducing myocardial collagen deposition [123,124]. ASOs targeting 
disease-relevant miRNAs, exemplified by CDR132L (anti-miR-132), currently in clinical development, 
have shown favorable safety and dose-dependent target reduction in HF patients. The therapeutic landscape 
for cardiac fibrosis continues to broaden with advances in nucleic acid therapeutics and small-molecule 
pharmacology. mRNA-based strategies, leveraging lipid nanoparticle delivery systems refined during the 
COVID-19 vaccine era, are being explored to transiently restore anti-fibrotic protein expression in the heart. 
Small molecule inhibitors targeting ALK5 (TGFβRI kinase), and ROCK1/2 proteins have shown anti-
fibrotic activity in pressure overload and ischemic models [125,126]. Collectively, these emerging 
modalities complement the upstream cellular targeting strategies discussed above and point toward a multi-
pronged therapeutic approach for cardiac fibrosis, one that may combine pathway-selective small molecules 
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with nucleic acid therapeutics tailored to specific fibrotic pathways. Thus, there is great promise in the next 
generation of therapeutics for cardiac fibrosis. 

While such approaches are promising, we think that strategies targeting fibrosis prior to its initiation, 
i.e., upstream drivers of pathological remodeling, are equally important. For example, cardiomyocyte stress 
signaling may represent an earlier intervention point in the fibrotic cascade. In this strategy, we are targeting 
an indirect source of fibrosis, which is the cardiomyocyte. Similarly, metabolic dysregulation, 
mitochondrial dysfunction, and inflammatory activation within cardiomyocytes can generate signals that 
subsequently recruit immune cells and activate fibroblasts. Intervening at this level could potentially 
prevent amplification of the fibrotic response. For example, an engineered chimeric antigen receptor T cells 
that target FAP can effectively reduce fibroblast activation [72]. IL-1β is a similar target that functions at 
the immune-fibroblast junction [71]. This strategy offers the benefit of not broadly suppressing fibroblast 
activity, which may be essential for other normal physiological repair processes, but rather selectively 
targets the cardiomyocyte-immune interface or immune-fibroblast interface or other cell-cell interface that 
influences cardiac fibrosis. 

7. Knowledge Gaps and Future Directions 

Despite significant advances in understanding the cellular and molecular drivers of cardiac fibrosis, 
several important questions remain. First, the temporal window during which cardiomyocyte-driven 
inflammatory and fibrotic signaling remains reversible is not well defined. Identifying early metabolic or 
inflammatory markers of fibrotic initiation may help determine when therapeutic intervention is most 
effective. Second, emerging evidence suggests that atrial and ventricular cardiomyocytes may differ in their 
responses to metabolic and inflammatory stress. Understanding how chamber-specific cardiomyocyte 
signaling contributes to regional susceptibility to fibrosis will be particularly important in conditions such 
as atrial fibrillation and HFpEF. Third, the influence of biological variables, including sex, aging, obesity, 
and metabolic disease, on cardiomyocyte inflammatory signaling remains incompletely understood. These 
factors likely modulate the threshold at which cardiomyocyte stress transitions into chronic inflammatory 
and fibrotic remodeling. Fourth, translating insights from experimental models to human disease remains a 
major challenge. Integrating emerging technologies (cardiac organoids with vasculature and flow) with 
mechanistic studies will be critical for identifying new therapeutic targets and developing strategies to 
prevent or reverse cardiac fibrosis. Finally, the era of AI is upon us. How AI can be effectively used to 
guide experimental and translational studies or to integrate into current workflows to make cardiac fibrosis 
clinical management more effective is still to be determined and remains the next frontier. 
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