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Cardiac Fibrosis in the Multi-Omics Era: 
Implications for Heart Failure
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ABSTRACT: Cardiac fibrosis, a hallmark of heart failure and various cardiomyopathies, represents a complex pathological 
process that has long challenged therapeutic intervention. High-throughput omics technologies have begun revolutionizing 
our understanding of the molecular mechanisms driving cardiac fibrosis and are providing unprecedented insights into its 
heterogeneity and progression. This review provides a comprehensive analysis of how techniques—encompassing genomics, 
epigenomics, transcriptomics, proteomics, and metabolomics—are providing insight into our understanding of cardiac fibrosis. 
Genomic studies have identified novel genetic variants and regulatory networks associated with fibrosis susceptibility and 
progression, and single-cell transcriptomics has unveiled distinct cardiac fibroblast subpopulations with unique molecular 
signatures. Epigenomic profiling has revealed dynamic chromatin modifications controlling fibroblast activation states, and 
proteomic analyses have identified novel biomarkers and potential therapeutic targets. Metabolomic studies have uncovered 
important alterations in cardiac energetics and substrate utilization during fibrotic remodeling. The integration of these multi-
omic data sets has led to the identification of previously unrecognized pathogenic mechanisms and potential therapeutic 
targets, including cell-type-specific interventions and metabolic modulators. We discuss how these advances are driving the 
development of precision medicine approaches for cardiac fibrosis while highlighting current challenges and future directions 
in translating multi-omic insights into effective therapeutic strategies. This review provides a systems-level perspective on 
cardiac fibrosis that may inform the development of more effective, personalized therapeutic approaches for heart failure and 
related cardiovascular diseases.
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Cardiac fibrosis is primarily mediated by activated 
cardiac fibroblasts (CFs), which drive the pathologi-
cal deposition of excess extracellular matrix (ECM) 

proteins within the perivascular and interstitial cardiac 
spaces. CF activation represents the pivotal process in 
cardiac fibrosis and is initiated by a cascade of signals 
after injury.1 This activation cascade involves multiple 
sequential steps: migration of fibroblasts to the site of 
injury, localized proliferation of these cells, and ultimately 
their transdifferentiation to myofibroblasts2,3 (Figure 1). 
This maladaptive process leads to scarring, tissue stiffen-
ing, and progressive impairment of myocardial function, 
culminating in heart failure (HF). Fibrosis also commonly 
arises as a compensatory replacement in response to 
myocardial insult, such as ischemia or infarction, where 

it replaces cardiomyocytes in the poorly regenerative 
mammalian heart.4 It may also develop in the absence 
of overt ischemic injury, driven reactively by aberrant 
signaling or mechanotransduction pathways in various 
cardiomyopathies.5

Interstitial fibrosis is characterized by diffuse collagen 
expansion throughout the myocardial interstitium, often 
driven by cardiomyopathic processes, systemic hyper-
tension, metabolic dysfunction, or aging, among other 
causes, leading to ventricular stiffness and impaired 
diastolic function.3 Perivascular fibrosis, seen, for exam-
ple, in hypertensive heart disease, is characterized by 
collagen deposition in the coronary adventitia and can 
compromise coronary flow reserve and oxygen delivery, 
which exacerbates local ischemic or inflammatory stimuli, 
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perpetuating the cycle of fibrosis.6–8 Both these forms 
of fibrosis frequently coexist. These fibrotic responses to 
mechanical and neurohormonal stress are initially adap-
tive but can become maladaptive when the stress per-
sists and fibrosis progresses.

Cardiac fibrosis presents a clinical challenge as its 
presence is significantly associated with morbidity and 
mortality in HF.9,10 Fibrosis has been implicated as an 
important etiological factor in heart failure with preserved 
ejection fraction (HFpEF), contributes to the progression 
of heart failure with reduced ejection fraction (HFrEF), 
and may predispose genetically susceptible cardiomy-
opathies to the development of cardiomyopathies.11–13 
Cardiac fibrosis is often a clinically insidious process, 
typically detected in the later stages of disease, and has 
not traditionally been a primary therapeutic target, as its 
role in supporting cardiac function has only recently been 
recognized. In the past 2 decades, the omics revolution 
has transformed the investigation of not only mono-
genic diseases but also complex, multifactorial diseases. 
High-throughput omics technology enables the analy-
sis of multilayered biological data, which is especially 
useful in studying complex disease processes that are 
characterized by fibrosis, such as HF.14 The spectrum of 
multi-omic approaches—encompassing genetic variants 
(genomics), dynamic gene expression profiles (transcrip-
tomics), epigenetic modifications influencing transcrip-
tion (epigenomics), protein interaction networks and 
posttranslational modifications (proteomics), and meta-
bolic reprogramming (metabolomics)—has only recently 
been applied to unraveling the pathophysiology of car-
diac fibrosis. Such multidimensional omics integration 
can provide a systems-level perspective on the molecu-
lar mechanisms driving cardiac fibrosis. This review aims 
to demonstrate the underlying drivers of cardiac fibrosis 
by using multi-omic approaches and data to inform its 
pathophysiology and highlight the potential identification 
and development of therapeutic targets that may miti-
gate or reverse fibrotic remodeling of the failing heart.

GENOMIC ARCHITECTURE OF CARDIAC 
FIBROSIS
Understanding the genetic basis of cardiac fibrosis has 
been a major challenge due to its complex pathogen-
esis. While some individuals develop severe fibrosis after 
cardiac injury, others show minimal scarring, suggesting 
genetic factors influence disease progression.

Monogenic Cardiomyopathy and Fibrosis
Cardiac fibrosis is a complex process influenced by inter-
actions among multiple genetic variants, each exerting 
a modest effect on disease risk and progression. Unlike 
monogenic disorders, cardiac fibrosis arises from poly-
genic influences. Early genetic studies focused on Men-
delian inheritance patterns to identify single-gene causes 
of familial cardiomyopathies.15,16 The discovery of com-
mon and rare genetic variants associated with cardio-
myopathies has enhanced our understanding of genetic 
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predispositions that contribute to variability in fibrosis 
severity among affected individuals. Whole-genome 
sequencing and whole-exome sequencing studies have 
identified rare pathogenic or likely pathogenic variants 
in cardiomyopathy-associated genes that predispose 
individuals to myocardial fibrosis, even in the absence of 
overt cardiac dysfunction. In 1135 asymptomatic partici-
pants from the MESA cohort (Multi-Ethnic Study of Ath-
erosclerosis), 6 pathogenic or likely pathogenic variants in  
cardiomyopathy-associated genes such as MYH7 
(encoding the β-myosin heavy chain essential for sar-
comere contraction),17 MYBPC3 (regulating contractile 
force through interaction with myosin and titin),17 and 
SCN5A (encoding the cardiac sodium channel)18 were 
enriched among participants with high myocardial fibro-
sis—as measured by cardiac magnetic resonance imag-
ing (MRI)-derived extracellular volume (ECV) and native 
T1 mapping—compared with controls (1.1% versus 0.1%; 
P=0.03) even in the absence of overt cardiomyopathy.19 
Such variants therefore not only eventually disrupt car-
diomyocyte contractile function but may also contribute 
to early fibrotic remodeling even before the onset of 
clinical symptoms. The molecular mechanisms linking 
these genetic variants to preclinical fibrosis and cardiac 

disease remain an important area for future investigation. 
The mechanistic diversity of the fibrotic drive is further 
demonstrated in monogenic cardiomyopathies, which 
can present with an inflammatory and fibrotic pheno-
type that mimics other cardiac conditions. In a study of 
213 patients with presumed cardiac sarcoidosis, genetic 
testing revealed that 21% harbored pathogenic or likely 
pathogenic variants in cardiomyopathy-associated genes, 
suggesting that genetic cardiomyopathies can masquer-
ade as inflammatory and fibrotic conditions.20

Common Genetic Variants, Risk of 
Cardiomyopathy, and Fibrosis
The search for genetic drivers of cardiac fibrosis 
extends beyond monogenic causes of HF. Whole-exome 
sequencing studies investigating sudden cardiac death 
in cases of cardiac fibrosis not attributable to secondary 
causes such as coronary artery disease have identified 
novel genetic variants in CRTAC1, CAPN1, UNC45A, and 
UNC45B that affect ECM integrity and sarcomere sta-
bility.21 Disruptions in these genes may lead not only to 
pathological fibrosis but also, as a consequence, contrib-
ute to increased sudden cardiac death risk.

Figure 1. Omics of cardiac fibroblast activation and transdifferentiation. 
Cardiac injury initiates stepwise molecular changes and converts quiescent fibroblasts to activated myofibroblasts. Quiescent fibroblasts show 
baseline expression of PDGFRA, TCF21, low synthetic activity, and normal fatty acid oxidation. Injury triggers genomic drivers including SMARCB1, 
CDCP1, WWP2, and NAV3, which regulate key signaling nodes such as TGF-β (transforming growth factor-beta)/SMAD2/3, HTRA3 (HtrA serine 
peptidase 3), and ALKBH5 (AlkB homologous 5, RNA demethylase)/IL-11 (interleukin-11)/IL11RA1 (interleukin 11 receptor subunit alpha 
1) pathways alongside integrin/FAK (focal adhesion kinase) mechanotransduction. This activation involves significant metabolic reprogramming 
which is marked by decreased fatty acid oxidation, increased glucose utilization, nicotinamide adenine dinucleotide (NAD)+ depletion, and altered 
branched-chain amino acid (BCAA) metabolism. The fully activated myofibroblast displays characteristic molecular signatures including α-SMA 
(α-smooth muscle actin) expression, POSTN (periostin) upregulation, NOX4 (NADPH oxidase 4) activation, FAP (fibroblast activation protein) 
expression, high COL1A1 (type I collagen) production, and acquisition of the THBS4+ (thrombospondin-4) phenotype. This sequential activation 
culminates in pathological extracellular matrix (ECM) deposition and tissue-level fibrosis, illustrated by the characteristic cross-sectional cardiac 
tissue architectural disarray. Created in https://BioRender.com.
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Large-scale genome-wide association studies (GWAS) 
have identified numerous genetic loci with significant 
associations to cardiomyopathy22,23 and left ventricular 
(LV) volumes (end-diastolic and end-systolic) and ejection 
fraction (LVEF).24–26 A multiancestry GWAS meta-analysis 
identified 47 risk loci associated with HF, including 34 novel 
loci, across diverse ancestries.27 Polygenic risk scores have 
been derived from these variants and were associated with 
an increased risk of developing HF. Similarly, a cross-trait 
analysis of 50 common genetic variants previously associ-
ated with cardiomyopathy risk and LV traits in the MESA 
cohort identified variants in SMARCB1, which encodes 
a core subunit of the SWI (SWitch)/SNF (sucrose non-
fermentable) chromatin-remodeling complex,28 as signifi-
cantly associated with increased cardiac fibrosis measured 
by cardiac MRI-derived ECV on T1-mapping—a noninva-
sive phenotypic marker of fibrosis.29,30 These SMARCB1 
variants were found to be strong expression quantitative 
trait loci, with the risk alleles associated with decreased 
SMARCB1 expression in human LV tissue. Functional 
validation through SMARCB1 knockdown in human car-
diac fibroblasts (HCFs) demonstrated enhanced TGF-β1 
(transforming growth factor-β1)-mediated fibrosis, evi-
denced by increased expression of α-SMA (α-smooth 
muscle actin) and collagen.29 In the fibroblast activation 
sequence, TGF-β is the central mediator, through the 
SMAD (mothers against decapentaplegic)-dependent 
pathway, that promotes the transition to a phenoconver-
ted and activated myofibroblast expressing contractile 
filament proteins such as α-SMA.31,32 Beyond canonical 
SMAD2/3 signaling, TGF-β activates parallel noncanoni-
cal pathways including MAP kinases (ERK [extracellular 
signal-regulated kinase], JNK [JUN N-terminal kinase], 
and p38), PI3K (phosphoinositide 3-kinase)/AKT (protein 
kinase B), and ρ-like GTPases that can either act inde-
pendently or synergize with SMAD signaling.33 Possessing 
both synthetic and contractile properties, the transdiffer-
entiated myofibroblast secretes type I and III collagens, 
fibronectin, and other matricellular proteins in pathological 
excess.34 The Wnt/β-catenin signaling pathway increases 
IL-11 (interleukin-11) production to sustain fibroblast 
activation and ECM production.35 Under pressure over-
load conditions, mechanotransduction pathways, includ-
ing integrin and focal adhesion kinase signaling, respond 
to increased mechanical stress.36,37 The dysregulation of 
matrix metalloproteinases (MMPs) and their inhibitors 
(TIMPs [tissue inhibitors of metalloproteinases]) leads to 
further progression of fibrosis.38

Pro-Fibrotic Gene Networks and Cardiac 
Fibrosis
Integration of genomic data has revealed regulatory 
mechanisms controlling pro-fibrotic gene expression. For 
example, the E3 ubiquitin ligase WWP2 has been identi-
fied as a master regulator of a gene network associated 

with pathological fibrosis.39 WWP2 modulates SMAD2 
signaling, a key pathway in TGF-β-mediated fibrotic 
responses.40 In mouse models, deficiency of WWP2 led 
to reduced myocardial fibrosis and improved cardiac 
function after injury, suggesting that targeting this ubiqui-
tin ligase or its downstream signaling components could 
be a viable therapeutic strategy.

Network analysis through GWAS involving 686 
patients with recent-onset dilated cardiomyopathy 
(DCM) on therapy identified protective loci near CDCP1 
(a transmembrane glycoprotein regulating cell migration 
and anchorage independence) and NAV3 (shown to reg-
ulate myofibroblast transdifferentiation in kidney fibro-
sis).41,42 Functional studies demonstrated that CDCP1 
knockdown in HCFs reduced PDGF-BB-induced prolif-
eration and decreased levels of soluble ST2, a biomarker 
linked to cardiac fibrosis and HF prognosis.43 Simi-
larly, NAV3 knockdown attenuated TGF-β1-mediated  
fibroblast-to-myofibroblast transdifferentiation, reducing 
the expression of α-SMA and collagen.44,45

The application of cardiac MRI in large cohorts has 
facilitated the identification of genetic variants associ-
ated with cardiac structure and function. In a study ana-
lyzing MRI data from over 36 000 individuals, 45 novel 
loci associated with LV traits were identified.26 Recent 
advancements in noninvasive imaging and machine 
learning models have reinforced the notion of fibrosis as 
a systemic process influenced by shared genetic mecha-
nisms. Quantification of T1 times—a surrogate for intersti-
tial fibrosis46,47—in multiple organs revealed that fibrosis 
often cooccurs across the heart, liver, pancreas, and kid-
neys.48,49 Genome-wide analyses in the studies identified 
shared fibrotic loci, including genes related to zinc trans-
port (SLC39A8), iron metabolism (HFE), glucose metabo-
lism (PCK2), and inflammatory signaling (NFKB1).

Genetic loci influencing diastolic heart function 
have also been identified, which is particularly relevant 
in HFpEF, a disease that is characterized by fibrosis. 
Genes near NPPA, NPR1, NPR3, and PLN—involved in 
natriuretic peptide signaling and calcium handling—show 
significant associations with diastolic dysfunction.50–52 
Sex-stratified GWAS and Mendelian randomization analy-
ses identified sex-differential genetic variants and causal 
genes for HF. NPR2 (encoding the natriuretic peptide 
receptor B) was found to increase LVEF and reduce HF 
risk in males, while SORT1 (involved in protein trafficking 
and lipoprotein metabolism) was protective in females.53 
The natriuretic peptide system has been implicated in 
the pathophysiology of cardiac fibrosis.54,55 Interestingly, 
the genetic architecture of HFpEF appears distinct from 
that of HFrEF. While multiple loci are associated with 
HFrEF, fewer genetic associations have been found in 
HFpEF. For example, only 1 significant locus near the 
FTO gene (involved in metabolic regulation) was asso-
ciated with HFpEF, suggesting greater heterogeneity 
and the need for refined phenotyping.56,57 Other genes, 
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such as SPATS2L (involved in cardiac remodeling) and 
HSD17B12 (relating to myocardial energy homeostasis), 
have been implicated in HF and myocardial fibrosis.58

Analysis of the UK Biobank revealed that mosaic loss 
of Y chromosome in leukocytes was significantly associ-
ated with cardiovascular mortality, particularly HF, during 
an 11.5-year follow-up (hazard ratio, 1.76).59 This obser-
vation led to mechanistic studies in mice where bone 
marrow reconstitution with Y chromosome-deficient 
cells resulted in accelerated cardiac fibrosis, dysfunc-
tion, and mortality. Detailed molecular characterization 
revealed that mosaic loss of Y chromosome promoted 
macrophage polarization toward a pro-fibrotic phenotype 
through enhanced TGF-β1 signaling. The causative role 
of this pathway was confirmed when TGF-β1 neutral-
izing antibody treatment reversed the cardiac phenotype 
in mosaic loss of Y chromosome mice.

EPIGENOMIC REGULATION OF CARDIAC 
FIBROSIS
Epigenomic regulation of the complex transcriptional 
networks driving myofibroblast activation and ECM 
deposition has shifted the paradigm in understanding 
the pathogenesis of cardiac fibrosis. High-throughput 
epigenomic profiling technologies, particularly chroma-
tin immunoprecipitation sequencing and whole-genome 
bisulfite sequencing, have uncovered previously unap-
preciated layers of regulatory complexity in CF state 
transitions and revealed distinct epigenetic signatures. 
Epigenome-wide association studies have identified 
novel methylation quantitative trait loci that modulate car-
diac fibrosis susceptibility, while technological advances 
in single-cell multi-omics enabled unprecedented reso-
lution of cell-type-specific epigenetic landscapes during 
disease progression. The reversible nature of epigenetic 
modifications, such as posttranslational histone and cova-
lent DNA modifications, has made them attractive thera-
peutic targets, and several epigenetic modulators have 
shown promise in preclinical models (Figure 2). Integra-
tion of epigenomic data sets with other omic modalities 
has begun to elucidate the intricate interplay between 
genetic variation, environmental factors, and epigenetic 
regulation in the fibrotic response to cardiac injury.

DNA Methylation Signatures in HF and Cardiac 
Fibrosis
DNA methylation, particularly within cytosine-phosphate-
guanine-rich sites, regulates gene expression that main-
tains cardiac homeostasis.60 Aberrant DNA methylation 
patterns have been linked to pathological cardiac remod-
eling and fibrosis progression. Large-scale methylation 
profiling has revealed distinct bulk-tissue methylation sig-
natures across different HF subtypes. Targeted bisulfite 

sequencing identified 62 678 differentially methylated 
regions that distinguish between hypertrophic cardio-
myopathy (HCM), DCM, and ischemic cardiomyopathy 
(ICM).61–63 These methylation changes directly impact 
ECM remodeling genes critical for fibrosis. In patients 
with DCM, hypomethylation of the MMP2 and CTGF (pro-
fibrotic growth factor) promoters increases their expres-
sion, and in ICM, hypomethylation of the CTGF promoter 
leads to a 3-fold increase in its expression.61 Genome-
wide methylation profiling has further revealed the breadth 
of methylation’s influence on cardiac fibrosis. In infarcted 
heart tissue from a human epigenome-wide associa-
tion studies in the Northern Swedish Population Health 
Study, distinct methylation signatures span 211 cytosine- 
phosphate-guanine sites across 196 genes, affecting 
key regulators of cardiac function and fibrotic remodel-
ing such as RYR2 (calcium handling), NRG1 (cell survival), 
and TGFB2 (fibrosis signaling).64 Patients with ICM show 
widespread promoter hypermethylation, particularly affect-
ing genes involved in oxidative metabolism. Furthermore, 
the interaction between the chromatin-modifying enzyme 
EZH2 and transcription factor (TF) FOXM1 provides 
another layer of control by regulating ECM-related genes 
through methylation-dependent mechanisms.65

The methylation machinery itself plays a critical regula-
tory role, particularly DNA methyltransferase 1 (DNMT1). 
In post-myocardial infarction (MI) cardiac tissue from a rat 
model, fibroblast-targeted DNMT1 upregulation leads to 
hypermethylation of the miR-133b promoter (Figure 2). 
This suppresses the antifibrotic microRNA (miRNA), 
resulting in increased expression of CTGF and enhanced 
fibrosis.66 Pharmacological inhibition of DNMT1 in 
mouse models improves cardiomyocyte metabolism 
and reduces ischemia-reperfusion injury markers. This 
cardioprotective effect can also be achieved through  
cardiomyocyte-specific adenosine kinase inhibition, 
which suppresses DNMT1 under ischemia-reperfusion 
stress.67 This methylation-fibrosis axis extends to inflam-
matory regulation, where DNMT1-mediated hypermeth-
ylation of the differentiation genes NOTCH1, PU.1, and 
KLF4 in hematopoietic stem cells influences monocyte/
macrophage lineage commitment and polarization and 
subsequent fibrotic responses in diabetes.68

Genetic background appears to influence methylation 
patterns in cardiac disease. Studies in different mouse 
strains revealed that susceptibility to cardiac disease 
correlates with specific methylation patterns. Following 
isoproterenol administration, susceptible strains showed 
widespread DNA demethylation in cardiac tissue, par-
ticularly in genomic regions controlling hypertrophic and 
fibrotic responses.69 Moreover, epigenetic age accel-
eration, assessed through DNA methylation clocks in 
patients with end-stage kidney disease, showed signifi-
cantly accelerated biological aging.70 While no direct asso-
ciation with cardiovascular mortality was found, specific 
differentially methylated cytosine-phosphate-guanine 
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sites linked to cardiovascular death were identified (eg, 
cg22305782 in FBXL19), suggesting epigenetic dys-
regulation in pro-fibrotic and proatherogenic pathways.

Perhaps most promising for clinical applications is 
the discovery of cross-tissue conservation in methylation 
signatures, with 3798 dysmethylated regions conserved 
between heart and blood.62 This conservation has prom-
ising biomarker potential, as 3 specific methylation mark-
ers (cg24884140, cg12115081, and cg25943276) 
demonstrated noninferiority to NT-proBNP (N-terminal 

pro-B-type natriuretic peptide) in distinguishing DCM 
from controls. Similar approaches could conceivably 
extend to attempting to detect cardiac fibrosis.

Histone Modifications and Chromatin 
Remodeling in Fibrosis
Histone modifications alter chromatin structure, which 
influences gene accessibility and transcriptional activ-
ity. Dysregulation of histone-modifying enzymes and 

Figure 2. Epigenomic and transcriptional modifications as therapeutic targets in cardiac fibrosis. 
A, Layers of epigenetic regulation present therapeutic opportunities in cardiac fibrosis. DNA methylation involving DNA methyltransferase 1 
(DNMT1)-mediated regulation of miR-133b and CTGF (connective tissue growth factor) through cytosine-phosphate-guanine (CpG) methylation 
is targetable by DNMT inhibitors. TET (ten-eleven translocation)-mediated demethylation provides additional control of fibrotic genes. Histone 
modifications include BRD4 (bromodomain containing 4)-mediated reading of H3K27ac (histone 3 lysine 27 acetylation) marks at enhancers 
(inhibited by JQ1) and KDM3A (lysine demethylase 3A)-mediated H3K9me2 demethylation (blocked by JIB-04). In dilated cardiomyopathy 
(DCM), 6850 altered enhancers show fetal-like patterns with bHLH (basic helix-loop-helix)/TEAD (TEA domain transcription factor) motifs. 
The PRMT5 (protein arginine methyltransferase) cascade initiates H3R2 symmetrical dimethylation leading to WDR5/MLL1-mediated H3K4 
trimethylation and eventual TGF-β/SMAD activation. B, Post-transcriptionally, NAT10 (N-acetyltransferase 10) mediates N4-acetylcytidine (ac4C) 
modification of CD47 (cluster of differentiation 47)/ROCK2 (a regulator of actin cytoskeleton) mRNAs (targeted by remodelin), and METTL3 
(methyltransferase 3) regulates IGFBP3 (insulin-like growth factor binding protein-3) through m6A methylation. Non-coding RNA regulation 
includes circRNA mmu_circ_0005019 affecting cardiac repolarization, lncRNA CFIRL (cardiac fibroblast-specific long noncoding RNA) 
controlling IL-6 (interleukin-6) secretion through ENO1 (enolase 1), and therapeutic targeting of miRNAs (miR-208a and miR-132) through 
oligonucleotide inhibitors such as CDR132L. These mechanisms provide intervention points for antifibrotic therapy. Ac indicates acetyl group; 
BET, bromodomain and extra-terminal; JAK/STAT, Janus kinase/signal transducer and activator of transcription; KCNN3, potassium calcium-
activated channel subfamily N member 3; Me, methyl group; and MMP2, matrix metalloproteinase. Created in https://BioRender.com.
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chromatin remodelers can also drive pathological car-
diac remodeling and fibrotic progression. Recent high-
throughput chromatin immunoprecipitation sequencing 
profiling of 70 human hearts mapped 47 321 H3K27ac 
peaks as putative heart enhancers, with 3897 differential 
acetylation peaks enriched in HF-associated pathways.71 
In DCM, genome-wide chromatin immunoprecipitation 
sequencing analysis identified ≈6850 enhancers showing 
altered activity.72 Nearly half of these enhancers (3400) 
demonstrate fetal-like activation patterns (fetalization), 
particularly affecting the genes involved in ECM remodel-
ing and TGF-β signaling. This enhancer reprogramming is 
characterized by the enrichment of bHLH and TEAD TF 
binding motifs, demonstrating that fetal-like gene expres-
sion programs are reestablished in cardiac fibrosis.

Chromatin immunoprecipitation sequencing analysis of 
the lysine demethylase KDM5A in angiotensin II-treated 
CFs from patients with DCM identified 13 152 binding 
peaks at promoter and intergenic regions of fibrosis-
related genes.73 KDM5A, activated through PI3K/AKT 
signaling, directly regulates the ECM-related genes IGF1 
(a pro-fibrotic growth factor), MYH11 (smooth muscle 
myosin), and TGFB3 (a TGF-β family member), controlling 
ECM organization through chromatin modification. Another 
key player, the histone lysine demethylase KDM3A, pro-
motes hypertrophy by demethylating H3K9me2 at the 
TIMP1 promoter, as demonstrated in a transverse aortic 
constriction (TAC) mouse model.74 Pharmacological inhi-
bition of KDM3A with JIB-04 restores H3K9me2 levels 
and attenuates fibrosis. The Y chromosome-encoded his-
tone demethylase UTY influences cardiac fibrosis through 
modulation of macrophage phenotypes. Loss of UTY in 
hematopoietic cells promotes a switch from inflamma-
tory to fibrogenic transcriptional programs, accelerating 
cardiac dysfunction through increased TGF-β signaling.75 
This sex-specific transcriptional regulation may partly 
explain the increased HF susceptibility observed in men 
with age-related Y chromosome loss.

Similarly, the regulation of autophagy gene promoters 
involves MYST1-dependent H4K16 acetylation, which 
becomes suppressed during TGF-β-induced fibroblast 
activation.76 HDACs (histone deacetylases) remove ace-
tyl groups from histones. This leads to chromatin con-
densation and gene repression. SIRT3, a class III HDAC, 
inhibits fibrosis through histone H3K27 deacetylation at 
the FOS (fos proto-oncogene, AP-1 transcription factor 
subunit) promoter, reducing the pro-fibrotic and proin-
flammatory FOS/AP-1 signaling.77 In hypertensive and 
aging rodent models, treatment with the HDAC inhibitor 
ITF2357 improved cardiac relaxation, and thus diastolic 
function, through increased acetylation, independent of 
changes in myosin isoforms or calcium sensitivity.78

Histone acetylation is mediated by histone acetyl-
transferases, which generally promote gene transcrip-
tion by relaxing chromatin. BRD4 is a chromatin reader 
protein and member of the BET (bromodomain and 

extra-terminal) domain family that is recruited dynamically 
to cardiac enhancers in both immune and fibroblast cells. 
In macrophages, BRD4 enhances inflammatory signaling 
by binding the IL1b enhancer to increase IL-1β secre-
tion, whereas in fibroblasts, it drives pro-fibrotic gene 
expression through TGF-β-responsive enhancer activa-
tion.79,80 This pathological gene expression is fine-tuned 
by miRNA-9, which negatively regulates BRD4’s recruit-
ment to stress-responsive super-enhancers.81 Inhibition 
of BRD4 with JQ1 reduces fibrosis and improves cardiac 
function in vivo.80 Moreover, the significance of enhancer 
regulation is further highlighted by the pro-fibrotic NLRP3 
inflammasome, which possesses super-enhancer regions 
with high H3K27ac and H3K4me1 levels.82

In CFs, protein methylation adds another dimension 
through PRMT5 (protein arginine methyltransferase), 
which initiates a methylation cascade beginning with 
H3R2 symmetrical demethylation, as shown in HCFs. 
This is followed by WDR5 (WD repeat domain 5)/MLL1 
(lysine methyltransferase 2A)-mediated H3K4 trimeth-
ylation, ultimately activating pro-fibrotic TGF-β/SMAD3 
signaling.83 Accordingly, PRMT5 deficiency attenuates 
cardiac fibrosis and improves LVEF.

TRANSCRIPTOMIC LANDSCAPES IN 
CARDIAC FIBROSIS
By examining RNA transcripts in fibrotic cardiac tis-
sue, transcriptomic technologies, particularly single-cell 
RNA sequencing (scRNA-seq) and single-nucleus RNA 
sequencing (snRNA-seq), have highlighted critical gene 
expression changes and provided a unique transcrip-
tomic fingerprint related to ECM production, fibroblast 
activation, and inflammatory responses—all central to the 
fibrotic process. It is important to note that while some 
recent studies use single-cell or spatial omics to identify 
markers at the cell population level, many of the studies 
cited in this review report bulk-tissue or plasma-based 
analysis. As a result, proposed fibrosis markers often 
represent integrated signals from distinct cell types 
reflecting the myocardial microenvironment as a whole.

Fibroblast Subpopulation Heterogeneity and 
Activation
Advanced transcriptomic analyses have uncovered sig-
nificant heterogeneity among CFs and identified dis-
tinct subpopulations that contribute differently to fibrotic 
remodeling (Figure 3). In HF-induced TAC mouse mod-
els, scRNA-seq and fate tracing of the vascular and 
perivascular niche identified a fibroblast subpopulation 
expressing THBS4 (thrombospondin-4, a matricellular 
protein that mediates cell-matrix interactions and pro-
motes fibrosis)84 that expanded significantly during late-
stage fibrosis (28 days post-TAC).85,86 These THBS4+ 
fibroblasts express high levels of ECM genes, including 
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COL1A1 (type I collagen), POSTN (periostin), and LOX 
(lysyl oxidase), facilitating ECM cross-linking and tissue 
stiffening. These fibroblasts are regulated by the TEAD1 
TF, which correlates with increased fibrosis-related gene 
expression, such as CTHRC1 (a pro-fibrotic gene) and 
DDAH1 (involved in nitric oxide signaling). Similarly, 
high-resolution transcriptomic profiling in angiotensin 
II-treated mouse hearts identified fibroblast subpopula-
tions such as fibroblast-CILP and fibroblast-THBS4 as 
major contributors to ECM remodeling during chronic 

stress.86 These fibroblasts promote fibrosis without tran-
sitioning into traditional ACTA2+ (α-SMA-expressing) 
myofibroblasts. This fibroblast heterogeneity extends to 
human HF. Persistent fibroblast activation in hypertro-
phic and failing human hearts was characterized using 
snRNA-seq of LV myocardium samples from patients 
with aortic stenosis and HFrEF, which identified a dis-
tinct fibroblast subcluster (FB1) enriched in diseased 
hearts. This subcluster expresses POSTN, RUNX1, 
CILP, and AEBP1 (adipocyte enhancer-binding protein 

Figure 3. Origins and transcriptional heterogeneity of cardiac fibroblasts. 
A, Adult CFs show diverse developmental origins. During development, epicardial-to-mesenchymal transition (EMT) serves as the primary source of 
CFs, while endocardial–to-mesenchymal transition (EndMT) represents a likely limited source of fibroblasts in adult cardiac injury, characterized more 
by transient endothelial plasticity than complete transition. Particularly important during pressure overload conditions. B, Recent studies uncovered 
novel cellular plasticity pericyte-to-fibroblast transition contributes about 4.3% of infarct fibroblasts, marked by PDGFRA+ and TCF21+ expression. 
MMT is regulated by ALKBH5-mediated m6A demethylation of IL-11 mRNA, leading to its stabilization and enhanced IL-11/IL11RA1 signaling, 
though its contribution to overall fibroblast numbers appears minimal. C, Single-cell transcriptomics revealed 4 distinct fibroblast subpopulations: 
THBS4+ (thrombospondin-4) fibroblasts expressing THBS4, COL1A1 (type I collagen), POSTN (periostin), LOX (lysyl oxidase), and CTHRC1 (a 
pro-fibrotic gene), characterized by DDAH1 (dimethylarginine dimethylaminohydrolase 1) positivity and 2-fold higher abundance in females during 
late-stage pressure overload; POSTN+/RUNX1+ fibroblasts expressing POSTN, RUNX1, CILP (cartilage intermediate layer protein), and AEBP1 
(adipocyte enhancer-binding protein 1), which are enriched in failing hearts; CILP+ fibroblasts that maintain CILP expression but low/absent αSMA 
(α-smooth muscle actin; ACTA2), actively remodeling extracellular matrix (ECM) without myofibroblastic transition; and SA node-specific fibroblasts 
expressing vimentin (Vim)/αSMA and regional SMAD2/3 and TGFBR3 (TGF-β receptor III) activation. Created in https://BioRender.com.

https://BioRender.com
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1),87 reflecting its activated state. This enrichment of FB1 
fibroblasts, along with a decrease in FB4 fibroblasts (a 
more quiescent population), appears to be a hallmark of 
failing hearts.88 The pathogenic role of this shift is sup-
ported by the finding that elevated circulating levels of 
AEBP1 correlate strongly with cardiac fibrosis severity, 
as confirmed by T1 mapping on cardiac MRI, and its 
silencing in HCFs reduces proliferation, migration, con-
traction, and α-SMA expression, linked to decreased 
TGF-β pathway activity.89 In both DCM and HCM, single-
nucleus profiling has identified activated fibroblast popu-
lations expressing an array of fibrotic markers, including 
POSTN, NOX4 (NADPH oxidase 4, which generates 
pro-fibrotic reactive oxygen species),90 FAP (fibroblast 
activation protein), and COL1A1, while simultaneously 
downregulating PDGFRA.91 This activated population is 
largely absent in nonfailing LV tissue, and pseudotempo-
ral trajectory analysis suggests a progressive transition 
from quiescent to activated states, marked by increasing 
expression of SLC44A5 (a solute carrier involved in cho-
line transport), POSTN, and AEBP1 along the activation 
pathway. Functional validation using clustered regularly 
interspaced short palindromic repeats-knockout screens 
identified PRELP (a leucine-rich repeat protein that reg-
ulates collagen fibrillogenesis), JAZF1 (a transcriptional 
repressor), and COL22A1 as critical regulators of this 
activation process.91 This regulatory complexity extends to  
disease-specific responses, where scRNA-seq of isch-
emic mouse hearts revealed that fibroblast subpopula-
tions highly express markers of activation such as POSTN, 
TNC (tenascin C, an ECM glycoprotein induced during 
injury), WISP1 (WNT1-inducible signaling pathway pro-
tein 1, a matricellular protein), and CKAP4 (cytoskeleton- 
associated protein 4).92 Intriguingly, CKAP4 appears to 
act as a molecular brake on fibroblast activation—while 
upregulated in diseased hearts, its inhibition in vitro actu-
ally enhanced fibroblast activation in response to TGF-β, 
indicating a previously unrecognized negative feedback 
mechanism. These data collectively demonstrate that the 
activation of fibroblasts is marked by core pro-fibrotic 
gene signatures (eg, THBS4, POSTN, and ECM gene 
expression) but also demonstrate that context-specific 
variation exists. In the pressure overload (TAC or angio-
tensin II) and chronic human HF settings, THBS4+ or 
CILP+ fibroblast clusters are observed that remain rela-
tively ACTA2− yet produce abundant ECM. By contrast, in 
acute postinfarction models, α-SMA (ACTA2) is signifi-
cantly upregulated in activated fibroblasts, resulting in the 
classic myofibroblast phenotype. And thus, although the 
core pro-fibrotic signature is broadly shared, the relative 
prominence of ACTA2+ myofibroblasts versus ACTA2− 
ECM-secreting fibroblasts varies with the pathophysi-
ologic context and timeline of injury.

CF heterogeneity also extends beyond disease-specific 
patterns to include both sex-specific and regional varia-
tions. Sexual dimorphism in cardiac remodeling is evident 

in the transcriptomic landscape, observed in angiotensin II-
treated mouse hearts, where female hearts show a 2-fold 
higher abundance of fibroblast-THBS4 compared with 
males and higher expression of ECM remodeling genes 
including FMOD (fibromodulin, which regulates collagen 
fibrillogenesis) and CILP2 (cartilage intermediate layer 
protein 2).86 ScRNA-seq analyses of cellular diversifica-
tion in human HF identified multiple fibroblast subpopula-
tions, including disease-associated fibroblasts significantly 
enriched in DCM samples. These subpopulations express 
key fibrotic markers POSTN, TNC, and SERPINE1.93 
Within the heart itself, fibroblast activation shows regional 
specificity, contributing to localized patterns of fibrosis 
under pathological conditions. This is particularly evident 
in the sinoatrial node, where human samples of failing 
hearts demonstrate a unique population of Vimentin+/α-
SMA+ myofibroblasts.94 These specialized myofibroblasts, 
found exclusively in failing sinoatrial nodes, drive patholog-
ical fibrosis through a coordinated program of pro-fibrotic 
gene expression, including upregulation of SMAD2/3 (key 
TGF-β signaling mediators), TGFBR3 (TGF-β receptor III), 
COL1A2, and POSTN. This regional specificity of fibro-
blast activation may help explain the often-heterogeneous 
patterns of cardiac fibrosis observed in HF.

Lineage Transitions and Nonfibroblast 
Contributors to Fibrosis
Genetic lineage tracing and advanced in vivo studies 
have demonstrated that adult CFs predominantly origi-
nate from mesodermal progenitors in the embryonic epi-
cardium, particularly through epithelial-to-mesenchymal  
transition of epicardial-derived cells, which migrate into 
the myocardium and differentiate into fibroblasts.95 
Recent work further highlights that fibroblasts originat-
ing from the endocardium may preferentially expand via 
endothelial-to-mesenchymal transition under pressure 
overload conditions96,97 (Figure 3). The role of endothelial-
to-mesenchymal transition in adult cardiac fibrosis, how-
ever, remains controversial. Early investigation using cell 
lineage tracing with Tie1 Cre-lox showed that about one-
third of fibroblasts might arise from endothelial cells and 
promote cardiac fibrosis.98 This view has been recently 
challenged. Using a dual recombinase EndoMTracer sys-
tem that enables continuous tracing of endothelial cell 
fate even during transient marker expression, it has been 
shown that adult endothelial cells did not transdifferenti-
ate into myofibroblasts nor transiently expressed mesen-
chymal markers (including αSMA) after cardiac injury in 
both TAC and MI models.99–101 In addition, studies identi-
fied transient endothelial-mesenchymal activation, which 
is a reversible state in which endothelial cells briefly 
express mesenchymal genes post-MI, before returning 
to their endothelial identity, rather than fully transition-
ing to fibroblasts.102 Therefore, the current evidence 
suggests that complete endothelial-to-mesenchymal 
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transition may be limited in adult cardiac injury, but rather 
partial or transient endothelial plasticity may contribute to 
fibrotic remodeling.

Although activated fibroblasts are the primary media-
tors of cardiac fibrosis, transcriptomics revealed that 
other cell types contribute to the fibrotic landscape 
(cellular plasticity) through lineage transitions and phe-
notypic changes. Pericytes are specialized mural cells 
critical for vascular stability and blood flow regula-
tion.103,104 Recent studies have shown that a subset of 
these cells can acquire a fibroblast-like phenotype.105–107 
These pericyte-derived fibroblasts are unique in that they 
maintain expression of pericyte markers while acquir-
ing fibroblast identity genes such as PDGFRA (marker 
of resident fibroblasts) and TCF21 (TF essential for 
fibroblast development) after MI.108 Pseudotemporal tra-
jectory analysis reveals their progressive adoption of a 
pro-fibrotic program, marked by increased expression 
of growth factors (TGFB1, PDGFA, and VEGFA), matrix 
proteins (COL1A2 and COL3A1), matrix-remodeling 
enzymes (MMP2 and TIMP3), and fibrogenic integrins 
(ITGA1, ITGA2, ITGAV, and ITGB1). While lineage tracing 
in human MI specimens shows that only about 4.3% of 
infarct fibroblasts originate from NG2+ pericytes post-MI, 
their enhanced fibrogenic activity suggests an outsized 
role in promoting fibrogenesis and scar maturation. The 
dynamic nature of cellular transitions in cardiac fibrosis 
has been further investigated through spatial multi-omic 
mapping of human MI tissue. This approach identified 
distinct fibroblast states along a differentiation trajectory, 
with SCARA5+ fibroblasts (scavenger receptor class A 
member 5) serving as progenitors that differentiate into 
POSTN+COL1A1+ myofibroblasts. Pseudotime analysis 
and lineage tracing confirmed the transition from progen-
itor to myofibroblast states (fibroblast-to-myofibroblast  
differentiation), suggesting a dynamic nature of fibro-
blast activation after injury.109

Macrophages have been recognized as contributors 
to cardiac remodeling and fibrosis through the process 
of macrophage-to-myofibroblast transition in a zebraf-
ish model.110 ScRNA-seq and lineage tracing in angio-
tensin II-induced cardiac fibrosis mouse model revealed 
that this transition is orchestrated by ALKBH5 (an N6- 
methyladenosine [m6A] RNA demethylase)111 (Figure 3). 
ALKBH5 promotes IL-11 expression by m6A demeth-
ylation of IL-11 mRNA, leading to its stabilization under 
hypertensive stress. Without ALKBH5, IL-11 mRNA 
undergoes faster degradation, reducing IL-11 protein 
levels. The resulting activation of the IL-11/IL11RA1 
signaling axis drives cardiac macrophage transdifferen-
tiation into myofibroblast. Macrophage-specific knockout 
of ALKBH5 not only reduces myocardial fibrotic burden 
(COL1 and COL3 expression) but also improves dia-
stolic function. Nonetheless, it is increasingly recognized, 
through lineage tracing and immunophenotypic marker 
detection, that macrophages can influence fibroblast 

activation and ECM production largely via paracrine 
mechanisms rather than direct lineage conversion. Most 
studies of myocardial injury or chronic inflammation dem-
onstrate that macrophages secrete pro-fibrotic growth 
factors, chemokines, and other soluble mediators (eg, 
TGF-β, IL-1β, and IL-6) that stimulate resident CFs to 
differentiate into myofibroblasts.112–114

Signaling Pathways, TFs, and Intercellular 
Communication
Transcriptomic studies have revealed the complex sig-
naling networks implicated in modulating fibrosis, from 
master regulatory pathways to cell-type-specific signals. 
At the center of this network, the TGF-β signaling path-
way is a well-established mediator, whose dysregulation 
can drive pathological fibrosis through multiple mecha-
nisms.2,115–117 Recent single-cell and spatial transcrip-
tomics identified HTRA3 as a key brake on this pathway. 
HTRA3 directly degrades TGF-β protein, and HTRA3 
knockout in pressure-overload mouse hearts leads to 
exacerbated cardiac fibrosis with increased expression 
of matrix genes COL1A1, COL3A1, and POSTN. This 
protective role of HTRA3 appears clinically relevant, as 
failing human hearts show significant HTRA3 down-
regulation, correlating with increased TGF-β signaling 
and elevated IGFBP7, a cytokine strongly associated 
with advanced HF.117 The coordinated dysregulation of 
TGF-β signaling extends to the β-adrenergic pathway by 
being significantly activated in CFs from genetically dis-
tinct mouse lines with differential fibrotic responses.118 
LTBP2, a regulator of TGF-β bioavailability and acti-
vation in the ECM, was identified as a consistently 
upregulated gene that could serve as a biomarker for 
fibrosis severity. The genetic background of HF can sig-
nificantly influence these fibrotic responses. A genotype- 
stratified transcriptional atlas of failing human hearts 
using snRNA-seq revealed that pathogenic rare variants 
in cardiomyopathy genes influence cellular composition 
and gene expression profiles.119 Mutations in RBM20 
increase pro-fibrotic gene expression, while TTN muta-
tions deplete antiinflammatory fibroblast subpopulations. 
Genotype-specific activation patterns of TGF-β, IGF, and 
BMP signaling pathways are also seen.

Genome-wide studies have revealed how regulatory 
elements control fibrotic responses in HF. Cap analysis 
of gene expression identified over 17 000 promoters 
and 14 000 enhancers in human hearts, with promoter 
switching events in failing hearts leading to altered 
expression of proinflammatory chemokines CXCL1, 
CXCL3, and CXCL8. These chemokines promote fibro-
blast activation and ECM production through inflamma-
tory cascades.120,121

Cell-type-specific transcriptional programs add 
another layer of regulation to cardiac fibrosis. ScRNA-
seq revealed that the PDGFRA and EGFR signaling 
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pathways coordinate complex interactions between 
endothelial cells, macrophages, and epicardial cells to 
drive fibrosis in diabetic cardiomyopathy.122 Inhibition 
of the PDGFRA axis reduces collagen deposition and 
improves cardiac function in diabetic mice, demonstrat-
ing the therapeutic potential of targeting these pathways. 
Additionally, members of the SOX family of TFs, SOX4 
and SOX8, are significantly upregulated in failing hearts 
and strongly correlated with the fibrosis-related genes 
CTGF (mediator of ECM production), POSTN, COL1A1, 
and LOX.123 Overexpression of these TFs increases 
fibrosis markers in vitro. MEOX1 is upregulated in acti-
vated CFs after pressure overload and represents a 
transcriptional switch that modulates chromatin acces-
sibility.124 BET protein inhibition with JQ1 reverses fibro-
blast activation through MEOX1 suppression. Single-cell 
dual-omics combining transcriptomic and epigenomic 
profiling has identified 3 distinct fibroblast subpopula-
tions, each with unique epigenomic signatures regulated 
by specific TFs including TCF21 (a determinant of CF 
fate), TWIST1 (an epithelial-to-mesenchymal transition 
regulator), and bHLH.125 These subpopulations dynami-
cally transition after MI, demonstrating epigenetic plas-
ticity in response to cardiac injury. When activated under 
hypertensive stress, the stress-induced TF ATF3 sup-
presses fibrosis through direct binding to the Map2K3 
promoter.81 This binding recruits HDAC1, establishing a 
repressive chromatin state that inhibits MAP2K3-p38 
signaling and reduces TGF-β-dependent gene expres-
sion. Similarly, the YAP/TAZ transcriptional coactiva-
tors are established mediators of organ fibrosis126 that 
are also involved in cardiac remodeling. Mechanistically, 
these Hippo pathway effectors regulate fibroblast-to-
myofibroblast differentiation through TEAD-dependent 
transcriptional activation, modulated by cytoskeletal 
dynamics and matrix mechanotransduction, to control 
pro-fibrotic gene expression.127 RNA-seq revealed that 
genetic ablation of fibroblast YAP attenuates cardiac 
fibrosis and improves cardiac function through MRTF-A 
inhibition128; furthermore, pharmacological YAP-TEAD 
interference in a mouse model using verteporfin reduces 
myocardial fibrosis and remodeling after injury.129

A systems-level analysis of LV transcriptomes in mice 
identified the procollagen N-proteinase ADAMTS2 as a 
driver of isoproterenol-induced cardiac remodeling in mice 
through regulation of hypertrophic and pro-fibrotic genes 
(NPPA, NPPB, TNC, and MFAP2).130 ADAMTS2 acts as a 
negative regulator of TGF-β signaling, as demonstrated 
by increased fibrosis in ADAMTS2-knockout mice and 
diminished fibrosis in ADAMTS2 overexpression.131

The analysis of transcriptomic responses in human 
hypertrophic hearts also revealed dysregulation of 
intercellular communication. SnRNA-seq of pressure-
overloaded hearts revealed dramatic downregulation 
of EPHB1, a member of the Eph receptor family. The 
interaction between EPHB1 and its ligand EFNB2 on 

endothelial cells provides protection against patho-
logical remodeling. EFNB2 modulates cardiac fibrosis 
via the Stat3 and TGF-β/Smad3 signaling pathways, 
and its supplementation can prevent adverse cardiac 
remodeling.132,133

Translational and Posttranscriptional Regulation
In addition to the widespread transcriptional control of 
fibrosis-related genes, translational and posttranscrip-
tional regulatory mechanisms drive the activated fibro-
blast phenotype. RBPs (RNA-binding proteins) mediate 
widespread posttranscriptional control of fibrosis by 
selectively controlling the translation of mRNAs encod-
ing pro-fibrotic proteins. Through bulk RNA-sequencing 
and ribosome profiling in HCFs, 1 study showed that 
approximately one-third of genes involved in the TGF-β1-
driven fibrotic response are regulated at the translational 
level by RBPs such as PUM2 and QKI.134 Knockdown 
of these RBPs in fibroblasts reduced α-SMA (ACTA2) 
expression and MMP2 secretion. Similarly, the role of 
the EPRS (enzyme glutamyl-prolyl-tRNA synthetase) 
has been elucidated in regulating proline-rich collagen 
synthesis. EPRS expression is significantly elevated in 
failing hearts, and its genetic ablation selectively reduces 
the translation efficiency of proline-rich collagens and 
other pro-fibrotic genes, attenuating fibrosis.135

Beyond translational control, posttranscriptional regu-
lation of RNA can also affect fibroblast activation. The 
N4-acetylcytidine (ac4C) RNA modification enzyme 
NAT10, for instance, enhances the stability and transla-
tion efficiency of specific mRNAs, including CD47 (an 
integrin-associated protein) and ROCK2 (a regulator 
of actin cytoskeleton), promoting fibrosis and hypertro-
phy. Elevated ac4C levels contribute to hypertrophy and 
fibrosis, while NAT10 inhibition by remodelin attenuates 
these effects.89 The RNA methyltransferase METTL3 
catalyzes m6A RNA methylation and enhances IGFBP3 
(insulin-like growth factor binding protein-3) expression 
in CFs, which promotes fibrosis.136 In atrial fibrillation 
patients, elevated IGFBP3 and m6A levels correlate with 
increased fibrosis. The therapeutic potential is demon-
strated by METTL3 silencing, which reduces both IGFBP3 
levels and fibrotic markers.136 In addition to RNA modi-
fications, alternative splicing and polyadenylation drive 
cardiac fibrosis progression. Recent RNA-sequencing  
revealed over 3200 differentially spliced isoforms in 
HF, nearly half reverting to fetal-specific splicing pat-
terns, indicating widespread dysregulation of splicing 
machinery during cardiac fibrogenesis.137 RBPs such 
as RBFOX2, QKI, and PTBP1 modulate this process 
through regulated exon inclusion/exclusion, affecting 
genes involved in ECM production and fibroblast activa-
tion.137,138 Similarly, alternative polyadenylation influences 
transcript stability and translation efficiency and ulti-
mately fibroblast phenotypes. One such example is the 
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global shortening of 3’ untranslated regions in activated 
CFs as early as day 1 post-MI, which enhances their pro-
liferative capacity and promotes transdifferentiation into 
myofibroblasts.138 Current evidence demonstrates the 
influence of alternative polyadenylation on the expres-
sion of fibrotic markers (α-SMA, collagen I, and fibronec-
tin) in cardiac fibrosis.139 However, further investigation 
is needed in this expanding research area to fully under-
stand its mechanistic roles.

Long noncoding RNAs represent another crucial 
regulatory axis in cardiac fibrosis. Long noncoding RNAs 
are a diverse class of regulatory transcripts exceeding 
200 nucleotides without protein-coding potential. These 
molecular scaffolds function through recruitment of 
chromatin-modifying complexes and regulation of gene 
expression (Figure 2). The CF-specific long noncoding 
RNA, CFIRL (cardiac fibroblast-specific long noncoding 
RNA), facilitates fibroblast proliferation and transdiffer-
entiation in patients with DCM. CFIRL recruits ENO1, a 
multifunctional glycolytic enzyme, to the IL-6 promoter, 
thereby enhancing IL-6 secretion and triggering cardio-
myocyte hypertrophy through JAK/STAT signaling.140

A unique class of regulatory RNAs, circular RNAs, 
are covalently closed RNA molecules formed by back-
splicing. They regulate gene expression predominantly 
through miRNA sequestration and protein interac-
tions. The circular RNA mmu_circ_0005019 demon-
strates antifibrotic properties by acting as a molecular 
sponge for miR-499-5p, thereby regulating KCNN3, a 
calcium-activated potassium channel.141 Overexpression 
of mmu_circ_0005019 increases expression of car-
diac repolarization ion channels, potentially influencing 
arrhythmogenic susceptibility in fibrotic hearts.

MiRNAs constitute perhaps the most extensively stud-
ied class of noncoding RNAs in cardiac fibrosis. These 
small (≈22 nucleotides long) regulators fine-tune cardiac 
gene expression through posttranscriptional repression 
of target mRNAs. Several miRNAs demonstrate direct 
involvement in fibrotic pathways: miR-101 suppresses 
postinfarct fibrosis by targeting c-FOS, a TF that pro-
motes TGF-β1 signaling142; miR-122 aggravates angio-
tensin II-induced apoptosis and autophagy imbalance by 
targeting the SIRT6-Elabela-ACE2 axis143; and miR-214 
promotes CF proliferation and collagen synthesis by tar-
geting MFN2, a mitochondrial fusion protein, leading to 
ERK1/2-MAPK (mitogen-activated protein kinase) path-
way activation.144 Therapeutic inhibition of miR-208a in 
Dahl salt-sensitive rats with hypertensive HF improves 
cardiac function and survival in HF by reversing patho-
logical myosin isoform switching and reducing fibrosis.145

PROTEOMIC CHARACTERIZATION OF 
CARDIAC FIBROSIS
Cardiac fibrosis involves networks of dynamic pro-
tein interactions. Recently, high-throughput proteomic 

profiling, which assesses the full array of proteins in 
tissue or blood, has allowed us to identify a plethora of 
proteins and protein signatures that can act either as 
biomarkers or therapeutic targets for fibrosis (Table). 
Proteome-wide techniques such as data-independent 
acquisition mass spectrometry, proximity extension assay, 
spatial proteomics, and quantitative phosphoproteomics 
have mapped the interactome of important fibrogenic 
mediators from cell surface receptors to intracellular 
mechanosensory complexes. This systems-level protein 
analysis has been facilitated through advanced bioinfor-
matics and large-scale proteomic platforms, including 
slow off-rate modified aptamer scan (SOMAscan), Olink, 
and tandem mass tag labeling, that can measure thou-
sands of proteins simultaneously.

Fibrosis-Related Proteomic Biomarkers in HF
In a proteomic analysis of 4877 circulating plasma pro-
teins in HF-free cohorts, 37 proteins demonstrated 
independent associations with HF risk, including SVEP1 
(sushi, von Willebrand factor type A, EGF and pentraxin 
domain containing 1), SPON1 (spondin 1), FSTL3 (fol-
listatin like 3), IGFBP7, and MFAP4 (microfibril asso-
ciated protein 4).171 These proteins are enriched in 
pathways central to fibrotic remodeling, including PI3K/
AKT signaling, STAT3 activation, and ECM organization. 
Mendelian randomization validated the causal relation-
ships for 10 of these proteins, such as SVEP1, SPON1, 
and CCL15, with both HF risk and LV structure. Similarly, 
thousands of proteins and phosphorylation sites were 
enriched in fibrosis-related signaling cascades including 
TGF-β, WNT/β-catenin, PI3K-AKT, MAPK, and SMAD 
signaling pathways in a mass spectrometry-based phos-
phoproteomic study using human cardiac tissue samples, 
TAC mouse, and fibrosis-on-a-chip models.174

Examination of 4210 proteins across health-to-HF 
progression identified distinct proteomic signatures, 
including 52 differentially expressed proteins (DEPs) 
specific to HFpEF and 2122 DEPs in HFrEF, demon-
strating a broader, possibly systemic, involvement in 
reduced EF.162 Parallel investigation using aptamer-
based proteomics targeting 1305 proteins revealed tem-
poral evolution of protein signatures across HF stages.176 
Early stage disease was characterized by elevated levels 
of inflammatory and immune-related proteins, including 
NT-proBNP, C-reactive protein, IL-1RA, CXCL13, C5a, 
and TSP2, whereas advanced HF involved upregulation 
of ECM remodeling proteins. Notably, TSP2, a glyco-
protein that regulates collagen assembly and fibroblast 
function, was consistently elevated across HF stages. 
This molecular complexity extends to aging-related car-
diac dysfunction, where high-throughput profiling identi-
fied 286 proteins associated with HF, 48 of which were 
concurrently associated with frailty, including the fibrosis-
related proteins COL28A1 and TGFBI.163 These proteins 
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Table.  Proteomic Biomarkers Profiling in Cardiac Fibrosis

Protein 
biomarkers

Proteomic detection 
platform Molecular mechanism

Disease association 
(clinical relevance) Pathway References

ADAMTS5 Label-free LC-MS/MS ECM proteoglycans 
degradation (ECM turnover 
modulation)

HF … 146

Adiponectin 
(ADIPOQ)

LC-MS/MS Myofibroblast differentiation 
inhibition and ECM production 
inhibition

PPCM AMPK and PI3K/AKT 
signaling pathways

147

Angiopoietin-2 
(ANGPT2)

SOMAscan v4 Angiogenesis and vascular 
remodeling (endothelial 
permeability enhancement)

HFrEF, HFpEF, post-MI 
HF, LV dysfunction, and 
LA dysfunction

Tie2 receptor signaling 
pathway and VEGF 
signaling pathway

148–151

ANGPTL2 SOMAscan Chronic inflammation, 
angiogenesis, and fibroblast 
activation

HCM and vascular 
remodeling

NF-κB signaling 
pathway

152

Asporin (ASPN) Label-free LC-MS/MS TGF-β signaling modulation, 
collagen mineralization 
inhibition, and ECM assembly 
regulation

Ischemic HF TGF-β signaling 
pathway

146

Biglycan (BGN) Label-free LC-MS/MS Collagen fibrillogenesis and 
ECM structure stabilization

HF and ischemic HF TLR2/4-NF-κB 
signaling pathway

146

BMP1 SOMAscan Procollagen processing 
(collagen maturation and ECM 
accumulation)

HCM and MACE 
prediction

… 153

Cathepsin D 
(CTSD)

Olink cardiovascular III ECM degradation Interstitial fibrosis … 154

Cathepsin L 
(CTSL)

Olink PEA ECM degradation Cardiac remodeling … 155

Caveolin-1 (CAV1) Phosphoproteomics 
(MS-based)

TGF-β signaling modulation, 
fibroblast activation regulation, 
and membrane stability

HF and LVAD 
responders

TGF-β signaling 
pathway

156

CD44 Olink PEA Cell-ECM adhesion, fibroblast 
migration, and proliferation

Cardiac remodeling MAPK/ERK 
pathway, PI3K/AKT 
pathway, and Src 
signaling pathway

155

CHI3L1 (YKL-40) Olink cardiovascular III Fibroblast proliferation, collagen 
production, and inflammatory 
marker

DCM-HF MAPK/ERK and PI3K/
AKT pathways

157

CITP AlphaLISA Collagen type I cross-linking 
degradation indicator

HF and fibrosis … 158

COL1A1 CE-MS, SILAC-
AHA LC-MS/MS, 
LC-MS/MS, and 
phosphoproteomics 
(MS-based)

ECM structural integrity, 
tissue stiffness, and fibrosis 
progression

HF, fibrosis, MI, 
COVID-19 heart injury, 
and LVAD responders

… 156,159–161

COL28A1 SOMAscan v4 Collagen fibril organization and 
ECM structural integrity

Ischemic HFrEF, HF, 
and frailty

… 162,163

COL3A1 CE-MS, SILAC-AHA 
LC-MS/MS

ECM structural integrity and 
fibrosis progression

HF, fibrosis, and MI … 159,160

COL4A1 CE-MS Basement membrane structure HF … 159

COL5A2 CE-MS Collagen fibril assembly 
regulation and ECM structural 
integrity

HF … 159

COL6A1 CE-MS ECM organization HF … 159

Cystatin C (CST3) SOMAscan v4 Cysteine protease inhibition and 
ECM degradation

HFpEF, HFrEF, 
HFmrEF, frailty, and 
renal function

… 150,162–164

Decorin (DCN) Label-free LC-MS/MS Collagen fibrillogenesis and 
ECM assembly

HF TGF-β and EGFR 
signaling pathways

146

E-Selectin (SELE) Olink cardiovascular III Leukocyte recruitment and 
endothelial adhesion

Interstitial fibrosis … 154

(Continued )
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Protein 
biomarkers

Proteomic detection 
platform Molecular mechanism

Disease association 
(clinical relevance) Pathway References

EGFR SOMAscan v4 Fibroblast proliferation and 
ECM synthesis

Cardiac remodeling EGFR signaling 
pathway, MAPK/ERK 
pathway, and PI3K/
AKT pathway

162

Endoglin (ENG) Olink cardiometabolic TGF-β signaling enhancement 
and fibroblast activation

HFpEF TGF-β signaling 
pathway

165

Fibronectin (FN1) SOMAscan, LC-MS/
MS, label-free LC-MS/
MS, SILAC-AHA 
LC-MS/MS, and TMT-
labeled LC-MS/MS

Fibroblast attachment and ECM 
deposition

High-risk HCM 
subtype, fibrosis, DCM, 
ICM, PPCM, MI, and 
COVID-19 heart injury

Integrin signaling 
pathway and focal 
adhesion pathway

147,160,161,166–170

Fibulin-3 
(EFEMP1)

SOMAscan v4 Elastic fiber organization and 
ECM stabilization

HF, HFpEF, frailty, 
mortality, and fibrosis

… 149,163,164

Fibulin-5 (FBLN5) SOMAscan Elastic fiber assembly and ECM 
stabilization

Elevated LAP … 148

FSTL3 SOMAscan v4 Fibroblast proliferation, ECM 
production, and hypertrophy 
regulation

Cardiac fibrosis, HF, 
frailty, mortality, and 
post-MI HF

Activin signaling 
pathway antagonism

151,163,164,171

Galectin-3 (Gal-3) SOMAscan Fibroblast activation, collagen 
synthesis, and inflammation

HCM and MACE 
prediction

TGF-β signaling 
pathway, Wnt/β-
catenin pathway, 
and NF-κB signaling 
pathway

152,153

Galectin-9 (Gal-9) Olink cardiovascular II Immune response modulation HFpEF and incident 
HF hospitalization

TIM-3and NF-κB 
signaling pathways

172

GDF-15 SOMAscan v4 and 
olink cardiovascular II

Fibroblast proliferation, ECM 
deposition, and inflammatory 
response

HTN/DM, HF, frailty, 
HFrEF, HFmrEF, HCM, 
disease severity, and 
MACE prediction

TGF-β signaling 
pathway

150,152,153,163,164,173

GSK3 TMT-labeled LC-MS/
MS

Wnt/β-catenin signaling 
regulation and fibrotic gene 
expression

Cardiac fibrosis and 
HCM

Wnt/β-catenin 
signaling pathway

174

GSK3β TMT-labeled LC-MS/
MS

Phosphorylation and 
cytoskeletal modulation

ICM Wnt/β-catenin 
signaling pathway

170

HGF SOMAscan Antifibrotic effects (fibroblast 
activation reduction) and TGF-β 
signaling inhibition

HCM and MACE 
prediction

HGF/c-Met signaling 
pathway, MAPK/ERK 
pathway, and PI3K/
AKT pathway

153

ICAM-1 Olink cardiovascular II Leukocyte adhesion and 
transmigration promotion

HTN and myocardial 
fibrosis

… 173

IGFBP-1 Olink cardiovascular III 
and olink explore 1536

IGF signaling modulation Interstitial fibrosis 
and HF

IGF signaling pathway 154,175

IGFBP2 Olink cardiovascular III IGF signaling modulation Interstitial fibrosis IGF signaling pathway 154

IGFBP3 SOMAscan v4 IGF signaling modulation HFpEF and renal 
function

IGF signaling pathway 162

IGFBP4 Olink explore 1536 Oxidative stress reduction HF IGF signaling pathway 175

IGFBP7 SOMAscan v4, olink 
cardiometabolic, and 
olink cardiovascular III

IGF signaling modulation and 
LVEF reduction

HF, HFpEF, LV 
remodeling, LV 
dysfunction, HCM, 
DCM-HF, MACE 
prediction, and high-
risk HCM subtype

IGF signaling pathway 148,150,152,153,157, 
165,168,171

IL-1RA Olink cardiovascular II IL-1β signaling inhibition and 
antiinflammatory

HFpEF IL-1 signaling pathway 172

IL-6 SOMAscan, olink PEA, 
olink cardiovascular II

Fibroblast proliferation and 
collagen production stimulation 
(proinflammatory cytokine)

HF, HTN/DM, 
myocardial fibrosis, and 
high-risk HCM subtype

JAK/STAT3 signaling 
pathway

155,168,173

KLF4 Phosphoproteomics 
(MS-based)

Myofibroblast differentiation 
inhibition and antihyptrophic 
effect

HF and LVAD 
responders

… 156

Table.  Continued

(Continued )
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Protein 
biomarkers

Proteomic detection 
platform Molecular mechanism

Disease association 
(clinical relevance) Pathway References

LOXL3 SILAC-AHA LC-MS/
MS

Collagen cross-linking 
facilitation and ECM stiffness

MI … 160

LTBP4 SOMAscan v4 Latent TGF-β complex binding 
(TGF-β activation pathway 
activation)

HFpEF and post-MI HF TGF-β signaling 
pathway

149,151

Lumican (LUM) SOMAscan, label-free 
LC-MS/MS, and LC-
MS/MS

Collagen fibril organization and 
ECM stabilization

HCM, COVID-19 heart 
injury, LV dysfunction, 
and HF

… 146,148,161,166

MFAP4 SOMAscan v4 Elastic fiber assembly and 
hyptrophic effect

LV remodeling and 
hypertrophy

… 171

MMP1 AlphaLISA Collagen cross-linking 
degradation

HF and fibrosis … 158

MMP2 SOMAscan ECM degradation HFrEF and LV 
dysfunction

… 148,150

MMP3 Olink cardiovascular II ECM degradation HTN/DM … 173

MMP7 Olink PEA ECM degradation HF … 155

MMP9 SOMAscan ECM degradation HCM … 152

Notch-3 SOMAscan Myofibroblast differentiation LA function Notch signaling 
pathway

148

NT-proBNP SOMAscan v4, 
olink PEA, olink 
cardiovascular II, and 
olink cardiovascular III

Cardiac stress biomarker HF, advanced HF, 
HFrEF (stages C and 
D), HFpEF, ischemic 
HFrEF, DCM-HF, 
HCM, HTN, myocardial 
fibrosis, interstitial 
fibrosis, post-MI HF, 
and MACE prediction

Natriuretic peptide 
signaling pathway

151–155,157,162,173,176

Osteopontin 
(SPP1)

Olink PEA and olink 
cardiovascular III

Inflammatory response, 
fibroblast activation, and 
collagen deposition

DCM-HF, cardiac 
remodeling, and HF 
severity

Integrin and NF-κB 
signaling pathways

155,157

PAI-1 Olink cardiovascular III Fibrinolysis inhibition (ECM 
degradation reduction)

Interstitial fibrosis TGF-β signaling 
pathway

154

PCSK6 SILAC-AHA LC-MS/
MS

Latent TGF-β1 activation and 
ECM synthesis

MI TGF-β signaling 
pathway

160

PDGF SOMAscan Fibroblast proliferation and 
migration

HCM and hypertrophy PDGF signaling 
pathway, PI3K/AKT 
pathway, and MAPK/
ERK pathway

152

PDGFR SOMAscan PDGF receptor activation High-risk HCM subtype PDGF signaling 
pathway, PI3K/AKT 
pathway, and MAPK/
ERK pathway

168

Periostin (POSTN) LC-MS/MS and label-
free LC-MS/MS

Fibroblast activation and ECM 
stabilization

HCM and HF Integrin and TGF-β 
signaling pathways

146,166,167

PRELP Olink cardiovascular II Collagen fibrillogenesis and 
ECM organization

HFpEF … 172

RARRES2 Olink cardiovascular III Fibroblast chemotaxis and 
activation

Interstitial fibrosis Chemokine signaling 
pathway (CMKLR1)

154

ROCK1 TMT-labeled LC-MS/
MS

Cytoskeletal dynamics 
regulation and myofibroblast 
differentiation

DCM RhoA/ROCK and 
ROCK1-vimentin 
signaling pathways

170

Serpin H1 
(SERPINH1 and 
HSP47)

SILAC-AHA LC-MS/
MS

Collagen-specific chaperone 
and proper collagen folding 
(ECM accumulation)

MI … 160

SMAD3 SILAC-AHA LC-MS/
MS

Signal transduction (TGF-β 
signaling mediator)

MI TGF-β/SMAD signaling 
pathway

160

Spondin 1 
(SPON1)

SOMAscan v4 Fibroblast adhesion to ECM HF and LV remodeling PI3K/AKT 171

Table.  Continued

(Continued )
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were enriched in pathways related to fibrosis, inflamma-
tion, and ECM organization, suggesting common patho-
biological mechanisms in aging-related cardiovascular 
decline and development of HF and cardiomyopathy.

A study on participants from the MESA cohort using 
a proximity extension assay targeting 92 cardiovascular- 
related proteins revealed 17 proteins significantly asso-
ciated with increased ECV on cardiac MRI, including 
increased NT-proBNP, IGFBP1/2, and PON3.154 Con-
versely, lower levels of plasminogen activator inhibitor-1  
were seen in advanced fibrosis, suggesting its role in 
maintaining proteolytic balance in ECM turnover. Serial 
proteomic profiling during HF treatment can cap-
ture molecular adaptations in response to therapy. An 

evaluation of plasma proteomics in patients with chronic 
HFrEF, in relation to cardiac function parameters, iden-
tified 723 proteins associated with reduced LVEF, 249 
with reduced global longitudinal strain, and 792 with 
impaired left atrial reservoir strain.148 Strong associa-
tions with ECM component proteins, such as MFAP4, 
IGFBP7, and MMP2, were noted across the parameters. 
Additionally, longitudinal plasma proteomic analysis of 
patients with HF receiving either left ventricular assist 
device (LVAD) or angiotensin receptor-neprilysin inhibitor 
therapy identified 5 core proteins—NT-proBNP, ESM-1, 
cathepsin L1, osteopontin, and MCSF-1—that remained 
consistently elevated regardless of treatment type.155 
Interestingly, post-LVAD, stage D patients with HF show 

Protein 
biomarkers

Proteomic detection 
platform Molecular mechanism

Disease association 
(clinical relevance) Pathway References

ST2 SOMAscan Inflammatory response 
modulation

HCM and MACE 
prediction

IL-33/ST2 signaling 
pathway

152,153

STAT3 SOMAscan Signal transduction High-risk HCM subtype JAK/STAT3 signaling 
pathway

168

SVEP1 SOMAscan v4 ECM protein and cell adhesion HF, HFpEF, frailty, 
mortality, inflammation, 
and fibrosis

… 149,164,171

TGF-β1 SOMAscan, SILAC-
AHA LC-MS/MS, olink 
cardiovascular II, label-
free LC-MS/MS

Central fibrosis mediation and 
pro-fibrotic signaling

High-risk HCM 
subtype, MI, HTN/DM, 
and fibrosis

TGF-β signaling 
pathway

160,166,168,173

TGFBI Olink cardiometabolic TGF-β pathway mediation HFpEF TGF-β signaling 
pathway

165

Thrombospondin-1 
(THBS1)

SOMAscan, LC-MS/
MS, label-free LC-MS/
MS

Latent TGF-β1 activation 
(fibroblast activation and ECM 
deposition)

HCM, COVID-19 heart 
injury, and HF

TGF-β signaling 
pathway

146,152,161

Thrombospondin-2 
(THBS2)

SOMAscan v4 ECM deposition Fibrosis, hypertrophy, 
HFpEF, HFrEF, high-
risk HCM subtype, and 
post-MI HF

TGF-β signaling 
pathway

149–151,168,171

Thrombospondin-4 
(THBS4)

LC-MS/MS ECM assembly HCM FAK/PI3K/AKT 
pathway

167

TIMP1 Olink cardiovascular II 
and olink PEA

MMP inhibition (ECM 
degradation reduction)

HTN/DM, HF, and 
HFpEF

… 155,172,173

Tubulin 
(detyrosinated 
tubulin)

LC-MS/MS Microtubule stabilization and 
cell stiffness

Sarcomere mutation-
positive HCM

… 167

Tubulin (α-tubulin) LC-MS/MS Cytoskeletal structure Sarcomere mutation-
positive HCM

… 167

Versican (VCAN) Label-free LC-MS/MS ECM proteoglycan 
accumulation

HF, ischemic HF, and 
HCM

… 146,166

Vimentin (VIM) TMT-labeled LC-MS/
MS

Intermediate filament 
organization

DCM TGF-β and ROCK1-
vimentin signaling 
pathways

170

AlphaLISA indicates amplified luminescent proximity homogeneous assay; AMPK, AMP-activated protein kinase; CE-MS, capillary electrophoresis-mass spectrometry; 
DCM, dilated cardiomyopathy; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; HCM, hypertrophic cardiomyopathy; HF, heart failure; HFmrEF, heart 
failure with mid-range ejection fraction; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HGF, hepatocyte growth 
factor; HTN/DM, hypertension with diabetes mellitus; ICM, ischemic cardiomyopathy; IGF, insulin like growth factor 1; LA, left atrial; LAP, left atrial pressure; LC-MS/MS, 
liquid chromatography-tandem mass spectrometry; LV, left ventricular; LVAD, left ventricular assist device; LVEF, left ventricular ejection fraction; MACE, major adverse 
cardiovascular events; MAPK/ERK, mitogen-activated protein kinase/extracellular signal-regulated kinase; MI, myocardial infarction; MMP, matrix metalloproteinase; 
NF-κB, nuclear factor kappa B; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PEA, proximity extension assay; PI3K/AKT, phosphoinositide-3-kinase/protein 
kinase B; PPCM, peripartum cardiomyopathy; SILAC-AHA LC-MS/MS, stable isotope labeling by amino acids in cell culture using azidohomoalanine combined with 
LC-MS/MS; SOMAscan, slow off-rate modified aptamer scan; TGF-β, transforming growth factor-beta; TLR2, toll like receptor 2; TMT-labeled, tandem mass tag-labeled; 
and VEGF, vascular endothelial growth factor.

Table.  Continued
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proteomic shifts toward profiles resembling less severe 
HF. Similarly, patients who show significant improvement 
in cardiac function after LVAD implantation (termed LVAD 
responders) show unique proteomic profiles involving cell 
cycle and ECM regulation, with 29 DEPs and 93 phos-
phopeptides distinguishing them from nonresponders.156

Recent studies have revealed distinct proteomic signa-
tures of antifibrotic therapies through large-scale analy-
ses. Patients treated with spironolactone showed distinct 
urinary proteomic signatures compared with those on 
standard care, with significant modulation of 27 collagen 
fragments and reduced procollagen type I carboxy-terminal 
propeptide to carboxy-terminal telopeptide of collagen type 
I (PICP/CITP) ratio, indicating decreased collagen syn-
thesis relative to degradation.159 More detailed proteomic 
analysis using the SOMAscan assay revealed significant 
changes in 7 proteins, notably CARD18, an antiinflamma-
tory, antiapoptotic caspase-1 inhibitor, showing the most 
significant upregulation.164 There was also downregulation 
of proteins linked to cardiac hypertrophy and fibrosis, such 
as HGF and IGF2R. The top canonical pathways signifi-
cantly modulated by spironolactone included apelin signal-
ing, stellate cell activation, glycoprotein 6 signaling, and 
LXR (liver X receptor)/RXR (retinoid X receptor) activa-
tion. Multiple collagens increased in patients receiving pla-
cebo but decreased in those randomized to spironolactone. 
Similarly, SGLT2 (sodium-glucose cotransporter 2) inhibi-
tor therapy induced significant modulation of 32 DEPs 
involved in autophagic flux promotion, with the largest 
effects seen in IGFBP1 and TfR1, along with consistent 
downregulation of TGF-β signaling pathways.175 Angio-
tensin receptor-neprilysin inhibitor therapy showed per-
haps the most significant proteomic reductions in fibrosis 
markers and ECM metabolism, characterized by decreased 
TGF-β signaling, modulation of NT-proBNP-associated 
proteins involved in myocardial remodeling, and distinct 
changes in JAK-STAT, PI3K-Akt, and chemokine signaling 
pathways.165 Despite their different primary pharmacologi-
cal targets, the convergence of these treatments on TGF-β 
pathway suppression and ECM protein reduction suggests 
a common mechanism in attenuating cardiac fibrosis.

Combining traditional clinical markers with novel bio-
marker panels demonstrates enhanced predictive power. 
A 13-protein model that included KIM1, Gal-9, NGAL, 
and NEMO improved the area under the curve (AUC) for 
HFpEF discrimination from 0.82 to 0.92 when added to 
NT-proBNP.172 Integration of NT-proBNP-associated pro-
teins in HFpEF revealed strong correlations with SVEP1, 
ANGPT2, and EFEMP1, which supports their roles in 
fibrosis and endothelial dysfunction.149 Furthermore, right 
ventricular dysfunction is a marker of poor prognosis in 
HFrEF. One study identified FGF-23 as a novel marker 
showing a >2.5-fold increase in worsening right ventricu-
lar dysfunction independent of LVEF or renal function.177 
Combining FGF-23 with BNP significantly improved 
the prediction of severe right ventricular dysfunction. 

Similarly, baseline PICP levels below 108.1 ng/mL pre-
dict improved LV reverse remodeling and reduce the risk 
of cardiovascular death or HF hospitalization in patients 
with HFrEF and mid-range ejection fraction.158

HF Subtype-Specific Fibrosis-Related 
Proteomic Signatures
Distinct proteomic signatures have emerged that define 
the molecular basis of cardiac fibrosis across HF sub-
types. Plasma protein analysis revealed 120 DEPs 
between patients with HFrEF and HFpEF, demonstrat-
ing divergent fibrotic mechanisms.150 The proinflamma-
tory mediators IL-6, TNF-α (tumor necrosis factor-α), 
and VEGFA were significantly upregulated in HFrEF, 
driving inflammatory fibrotic responses. In contrast, 
VEGFC was increased in HFpEF, suggesting distinct 
angiogenic-fibrotic crosstalk. Interestingly, heart failure 
with mid-range ejection fraction showed an intermedi-
ate molecular profile but with unique ECM remodeling 
enrichment in MMPs and IGF/IGFBP pathways.150

Cardiomyopathy demonstrates unique proteomic sig-
natures that drive its characteristic fibrosis. Plasma pro-
filing of 1681 proteins in patients with HCM compared 
with hypertensive LV hypertrophy controls identified a 
30-protein signature (AUC, 0.89) that distinguishes 
HCM from LV hypertrophy.152 This signature revealed 
significant upregulation of Ras-MAPK pathway proteins 
and activation of complement and coagulation cascades, 
both implicated in promoting fibroblast activation and 
ECM production. Building on these findings, a subse-
quent study by the same group prospectively identified a 
20-protein predictive model for major adverse cardiovas-
cular events in HCM (AUC, 0.81), with increased major 
adverse cardiovascular event risk linked to sustained 
activation of pro-fibrotic Ras-MAPK and TGF-β signal-
ing pathways.153 At the tissue level, proteo-metabolomic 
analysis of HCM septal tissue revealed marked down-
regulation of key mitochondrial proteins involved in fatty 
acid oxidation and ATP production, specifically ACADVL 
(acyl-coA dehydrogenase very long chain) and HADHA 
(hydroxyacyl-coA dehydrogenase trifunctional multien-
zyme complex subunit alpha), accompanied by a 70% to 
95% decrease in long-chain acylcarnitines.166 This meta-
bolic rewiring may promote the pro-fibrotic phenotype. 
While increased levels of ECM proteins such as fibro-
nectin, thrombospondin-4, and periostin were observed 
across all patients with HCM, proteome analysis iden-
tified genotype-specific cytoskeletal alterations in 
sarcomere mutation-positive HCM.167 Specifically, dety-
rosinated α-tubulin was upregulated, leading to cardio-
myocyte stiffness. Machine learning analysis of plasma 
proteomics identified 4 molecular HCM subtypes.168 The 
high-risk subtype D showed significantly increased major 
adverse cardiovascular event risk (hazard ratio, 3.41 
[95% CI, 1.54–7.55]) and distinctive upregulation of 948 
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proteins linked to fibrosis, hypertrophy, and inflammation 
pathways.

In DCM, liquid chromatography-mass spectrometry-
based proteomics of failing LV tissue identified 757 
DEPs and significant phosphorylation of CTNNA3 
(catenin alpha 3), a protein essential for cell-cell adhe-
sion at the intercalated disc.169 Overexpression of a 
phosphonull CTNNA3 mutant in mice induced LV dila-
tion and reduced LVEF. Comparative proteomic and 
phosphoproteomic analyses between DCM and ICM 
revealed DCM-specific upregulation of cytoskeletal pro-
teins and ECM components like THBS1 and COL1A1, 
coupled with extensive downregulation of mitochondrial 
proteins.170 Further analysis identified 13 DCM-specific 
DEPs in patients with HF, including highly upregulated 
SPP1 and IGFBP7—both established mediators of 
fibrotic responses.157 A panel of the 5 most upregulated 
proteins achieved remarkable diagnostic accuracy (AUC, 
0.96) for distinguishing patients with DCM with HF from 
controls, shedding light on its clinical utility. In peripar-
tum cardiomyopathy, data-independent acquisition mass 
spectrometry identified 15 DEPs, with a multi-marker 
panel comprising NT-proBNP, QSOX1 (quiescin sulfhy-
dryl oxidase 1), ADIPOQ (adiponectin), and ITIH3 (inter-
alpha-trypsin inhibitor heavy chain 3) achieving high 
diagnostic accuracy (AUC, 0.90).147 In ICM, proteomic 
analysis revealed a significant accumulation (>2.5-fold) 
of ECM proteoglycans, particularly versican, resulting 
from impaired cleavage by ADAMTS5.146 This ECM dys-
regulation leads to structural disarray and compromised 
cardiac function, though interestingly, β-blocker therapy 
was associated with reduced versican levels.

Beyond primary cardiomyopathies, unique signa-
tures were also identified across other cardiac con-
ditions. In MI, hypoxic cardiomyocytes significantly 
upregulate PCSK6, a protein that activates TGF-β sig-
naling leading to increased fibrosis and impaired LV 
function.160 Moreover, proteomic analysis of post-MI 
patients identified 36 plasma proteins from an initial set 
of 212 DEPs associated with HF development.151 NT-
proBNP, TNNT2 (troponin T2, cardiac type), ANGPT2  
(angiopoietin-2), THBS2 (thrombospondin-2), LTBP4 
(latent transforming growth factor beta binding protein 
4), and FSTL3 showed a strong correlation with reduced 
LVEF at 4 months post-MI. ANGPT2 and THBS2 
emerged as promising biomarkers complementing tra-
ditional markers. COVID-19-associated cardiac injury 
demonstrates unique regional proteomic changes. Spa-
tial proteomics identified 228 DEPs in the left atrial and 
347 in the LV, particularly affecting inflammatory markers 
while downregulating mitochondrial and ECM proteins.161 
In patients with hypertension, the presence of diabetes 
significantly alters the myocardial fibroproteomic land-
scape.173 Patients with both conditions had elevated 
GDF-15, strongly associated with replacement fibrosis 
and increased ECV.

METABOLOMIC SIGNATURES IN CARDIAC 
FIBROSIS
Metabolomics and lipidomics represent a powerful sys-
tems biology approach that provides a clear snapshot 
of cellular metabolism and lipid biology. High-resolution 
metabolomic profiling captures the functional end points 
of molecular cascades and reveals metabolic reprogram-
ming and substrate use patterns in disease and during 
disease progression. Mass spectrometry, nuclear mag-
netic resonance spectroscopy, stable isotope tracing, and 
sophisticated bioinformatics now enable us to characterize 
both static metabolite concentrations and dynamic meta-
bolic flux in cardiovascular disease. These techniques also 
allow us to gain insight into metabolic crosstalk between 
CFs and other cardiac cells during energy-intensive ECM 
synthesis and secretion. The development of targeted and 
untargeted metabolomic platforms and spatial metabolo-
mics made it possible to map metabolic gradients within 
the injured myocardium, and advances in lipidomics allow 
the study of bioactive lipid mediators in fibroblast activa-
tion and matrix organization.

Metabolic Substrate Alterations Drive Fibrotic 
Remodeling
Under physiological conditions, the heart demonstrates 
remarkable metabolic flexibility and is capable of utilizing 
various energy substrates, including fatty acids, glucose, 
lactate, and ketone bodies, to maintain continuous ATP 
production necessary for contractile function. While fatty 
acid oxidation accounts for most of the ATP production, 
this balance in substrate preference and use is disrupted in 
the failing heart (Figure 1). Both animal models and human 
studies reveal that the progression of cardiac fibrosis 
coincides with a fundamental shift from fatty acid oxida-
tion toward increased glucose use and ketone metabo-
lism.178–181 Transcardiac liquid chromatography-mass 
spectrometry-based metabolomic profiling of patients with 
HFpEF has revealed significantly reduced medium- and 
long-chain acylcarnitines despite normal plasma levels.180 
This finding is consistent with impaired fatty acid uptake 
and oxidation that promotes fibroblast activation.182 The 
metabolic disruption triggers compensatory increases in 
glucose uptake and glycolysis, though this adaptation may 
be insufficient for maintaining cellular energetics.181

The concept of metabolic inflexibility in HF (ie, primarily 
relying on glucose metabolism due to impaired fatty acid 
oxidation) has been challenged by recent findings. Studies 
of patients with nonischemic HFrEF demonstrate preserved 
substrate selection capacity, with the ability to increase both 
glucose and fatty acid utilization in response to workload.183 
Nevertheless, despite this preserved flexibility, these hearts 
show fundamental bioenergetic impairment, marked by 
reduced phosphocreatine/ATP ratio and total ATP con-
tent—changes that precede fibroblast activation.184
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Altered amino acid metabolism, particularly of 
branched-chain amino acids (BCAAs), plays a signifi-
cant role in cardiac remodeling and fibrosis progres-
sion. HFpEF myocardium demonstrates high levels of 
the BCAAs leucine, isoleucine, and valine alongside 
reduced levels of their downstream catabolites, suggest-
ing impaired BCAA oxidation.180 This metabolic pattern 
extends to HCM, where targeted proteo-metabolomics 
revealed marked downregulation of mitochondrial pro-
teins that are fatty acid oxidation intermediates, such as 
ACADVL and HADHA, accompanied by accumulation of 
ketone bodies and BCAAs.166

Comparative metabolomic profiling has uncovered  
disease-specific metabolic signatures associated with 
fibrotic progression. In DCM, plasma acylcarnitines (partic-
ularly C16:0 and C18:1), sialic acid, and glutamic acid show 
the strongest associations with disease severity.185 These 
metabolites reflect both impaired fatty acid metabolism 
and systemic inflammation driving fibrosis. Similarly, metab-
olomic profiles of DCM show enrichment in α-linolenic acid 
metabolism, while profiles of ICM show specific alterations 
in linoleic acid and arginine biosynthesis pathways.186

Mitochondrial Dysfunction and Fibrosis
Mitochondrial dysfunction is a central node in cardiac 
pathology characterized by impaired oxidative phos-
phorylation, reduced ATP production, and disrupted 
nicotinamide adenine dinucleotide (NAD+) metabolism. 
Emerging evidence points to oxidative stress resulting 
from mitochondrial dysfunction as driving metabolic per-
turbation in HF. Elevated levels of reactive oxygen spe-
cies and oxidative damage markers have been observed 
in various HF models.187 NAD+ is an important coenzyme 
in mitochondrial energy metabolism, and multiple stud-
ies demonstrated that HF is marked by significant NAD+ 
depletion188,189 that is closely linked with diastolic dys-
function and increased fibrosis. NAD+ repletion through 
nicotinamide riboside (precursor) supplementation or 
salvage pathway enhancement can attenuate cardiac 
fibrosis in experimental models.189,190

As cardiac fibrosis progresses, the energy metabo-
lism of the heart becomes increasingly compromised. 
This is evidenced by declining phosphocreatine-to-ATP 
(PCr/ATP) ratios and electron transport chain dysfunc-
tion.191,192 These energetic deficits become particularly 
pronounced in pressure-overload HF. SGLT2 inhibitor 
therapy shows promise in this setting by promoting sub-
strate oxidation while reducing glycolysis.192

Cell-Specific Metabolic Reprogramming in 
Fibrosis
Many of the metabolic shifts that accompany fibrotic 
remodeling originate from distinct cell-type-specific  
programs and do not necessarily reflect global 

myocardial changes. Targeted liquid chromatography-mass  
spectrometry-based metabolomics in human induced 
pluripotent stem cell-derived CFs demonstrated that 
the transition to an activated myofibroblast phenotype 
using TGF-β is driven by intrinsic metabolic shifts such 
as increased oxygen consumption and glycolysis, along-
side increased collagen synthesis.193 Importantly, inhibit-
ing glutaminolysis reversed these effects, confirming a 
fibroblast-specific dependency on glutamine metabolism 
for myofibroblast activation. Similarly, choline supple-
mentation in ex vivo fibroblast models exacerbated ECM 
deposition through the NLRP3-TGF-β axis.179

The cardiomyocyte, on the contrary, displays disrupted 
fatty acid oxidation as a driver of adverse remodeling. 
Studies examining hypertrophied cardiomyocytes noted 
suppressed expression of fatty acid oxidation genes 
(PPARα, CD36, and CPT1A) and diminished BCAA 
catabolism, all of which correlates with increased fibrotic 
burden.180 In parallel, interfering with NAD+ metabolism in 
cardiomyocytes (eg, through KDM8 or TBX15) can trig-
ger oxidative stress and indirectly stimulate pro-fibrotic 
signaling.190 In addition to these parenchymal cell popu-
lations, isolated cardiac microvascular endothelial cells in 
both pressure-overloaded mouse hearts and human aor-
tic stenosis biopsies showed elevated fatty acid oxidation 
and enhanced proline synthesis that promotes collagen 
deposition and fibrosis.194

Novel Metabolic Mechanisms in Cardiac 
Fibrosis
Recent investigations have uncovered novel metabolic 
regulators of cardiac remodeling. The gut microbiome 
modulates host metabolism, and alteration in the gut 
microbiome-heart axis has emerged in recent studies 
as an important mediator in cardiac remodeling.195,196 
Reduced abundance of short-chain fatty acid-producing 
bacteria like Ruminococcus was observed in patients 
with HFpEF, which correlates with lower dietary fiber 
intake.196 The metabolomic profiles of these microbial 
changes are linked to pro-fibrotic inflammation and oxi-
dative stress. Supplementation with indole-3-propionic 
acid, a microbiota-derived metabolite, protects against 
HFpEF through epigenetic modulation, and restores gut 
microbiota balance while improving heart function.195

Lipidomic analyses have revealed specific lipid sig-
natures in fibrotic cardiac pathology. DCM exhibits dis-
rupted phosphatidylcholine metabolism and elevated 
levels of the ceramide species CER 16:0, strongly linked 
to HF risk and fibrotic progression.197 Conversely, certain 
long-chain sphingolipids (SM, 24:1) may protect against 
fibrosis progression.197

Large-scale metabolomic profiling in the Framingham 
Heart Study unveiled novel biomarkers of adverse car-
diac remodeling and fibrosis. Elevated levels of kynuren-
ine and aminoadipate significantly correlate with adverse 
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structural remodeling,198 while increased myo-inositol 
serves as a specific marker for HFpEF and is linked to 
disease severity (high myo-inositol levels are associated 
with increased mortality/HF hospitalization).199 These 
metabolites present promising opportunities for the early 
detection and ongoing monitoring of cardiac fibrosis.

Temporal metabolomic profiling after MI using untar-
geted liquid chromatography-mass spectrometry and 
bioinformatic pathway analysis in patients with MI with 
serial blood draws revealed phase-specific metabolic 
signatures in the development of cardiac fibrosis.200 The 
glycerophospholipid metabolism is activated, and toll-
like receptor and IL-17 signaling pathways are mark-
edly upregulated during the acute phase (day 1). By the 
subacute phase (day 7), the metabolic profile shifts to 
reflect active fibrosis initiation with 229 differentially 
accumulated metabolites predominantly involved in glyc-
erophospholipid and glycosylphosphatidylinositol-anchor 
biosynthesis pathways, increasing TGF-β signaling and 
ECM receptor interactions that drive CF activation and 
matrix production. By the chronic phase (3 months), met-
abolic profiles reflect predominant vascular regenera-
tion and adaptation responses driven by VEGF signaling, 
marked by 370 differentially accumulated metabolites 
enriched in tryptophan metabolism and glycerophospho-
lipid metabolism pathways.

Sex-specific metabolic variations in lipid metabo-
lism and oxidative stress markers have been observed 
in human patients.201 Additionally, females show lower 
phosphocholine levels (odds ratio, 0.59), indicating 
impaired phospholipid metabolism and potential mem-
brane dysfunction. Further validation in large cohorts 
revealed that female patients exhibit distinct patterns 
in BCAA metabolism and ketone utilization, along with 
significant differences in oxidative stress markers and 
inflammatory markers.202

These metabolic effects appear to be complex and 
may vary between patient subgroups. The Bogalusa 
Heart Study identified through ultra-high-performance 
liquid chromatography-tandem mass spectroscopy 8 
metabolites, including N-formylmethionine and butyryl-
carnitine, that show stronger associations with diastolic 
dysfunction in Black participants.203

CLINICAL IMPLICATIONS
Clinical Assessment of Cardiac Fibrosis
Cardiac MRI-based native T1 mapping and ECV deter-
mination with late gadolinium enhancement imaging 
enable quantification of myocardial fibrosis. ECV per-
centages, for instance, correlate strongly with intersti-
tial collagen burden.204 Echocardiographic techniques, 
including global longitudinal myocardial strain, ultra-
sound elasticity imaging, and integrated backscat-
ter analysis, may also reveal the burden of fibrosis but 

are generally less specific.205,206 Novel fibrosis-specific 
molecular imaging that labels collagen peptides207 and 
fibroblast activation protein208 are promising newer 
techniques but require validation. Histological exami-
nation of endomyocardial biopsy samples (eg, via Mas-
son’s trichrome or picrosirius red staining) provides a 
more definitive but invasive measure of collagen volume 
fraction.209 Biomarkers such as PICP, procollagen type 
III N-terminal propeptide, galectin-3, soluble ST2, and 
some miRNAs may reflect fibrosis burden, yet they lack 
the spatial resolution and anatomic specificity afforded 
by imaging.210,211 Although these markers could serve as 
useful surrogate end points especially when testing the 
efficacy of anti-fibrosis therapy, they would not supplant 
the importance of clinical end points that are influenced 
by fibrosis, such as sudden cardiac death, ventricular 
arrhythmias, and HF hospitalizations.

Clinical Application and Treatment Response
The clinical translation of multi-omics has begun to reveal 
promising therapeutic targets and strategies specifically 
targeting cardiac fibrosis. A schematic of these multi-
omic interactions and their contributions to cardiac fibro-
sis is provided in Figure 4. Genomic analyses integrated 
with Mendelian randomization proteomics have identified 
several fibrosis-associated pathways amenable to thera-
peutic intervention. Combined GWAS and proteomic 
data revealed druggable proteins involved in fibrotic sig-
naling, including CAMK2D (calcium/calmodulin depen-
dent protein kinase II delta), PRKD1 (protein kinase D1), 
and MAPK3 (mitogen-activated protein kinase 3), which 
regulate stress responses and calcium signaling during 
CF activation.58 Additionally, proteins like APOC3 (apo-
lipoprotein C3) and TNFSF12 (TNF superfamily mem-
ber 12) showed causal associations with HF and fibrotic 
remodeling, suggesting therapeutic potential in targeting 
lipid metabolism and inflammatory pathways.

Transcriptomic profiling, particularly at single-cell res-
olution, provides a deeper look into fibroblast activation 
and facilitates therapeutic targeting. Through integrated 
transcriptomic and proteomic profiling in failing hearts, 
CDR132L was developed as a locked nucleic acid-
based antisense oligonucleotide inhibitor of miR-132. It 
demonstrated efficacy in reducing fibrotic remodeling in 
animals with ischemic and nonischemic HF212–214 while 
modulating fibrotic and hypertrophic pathways involving 
MEF2 (TF and mediator of stress-dependent fibrosis)215 
and GATA3 (zincfinger TF regulator of fibrogenic macro-
phages).216 This drug constitutes one of the first miRNA-
directed therapies for HF to reach clinical testing in 
patients.217 A phase 1b first-in-human study in individuals 
with stable chronic HF reported that CDR132L was safe, 
well-tolerated, and achieved not only a dose-dependent 
reduction in circulating miR-132 but also resulted in QRS 
narrowing and lower NT-proBNP levels.218 Additionally, it 
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Figure 4. Multi-omic integration and systems-level understanding of cardiac fibrosis. 
Multi-omics reveal cardiac fibrosis as a complex pathological process integrating multiple molecular layers. Genomics identified both rare variants 
(MYH7 and MYBPC3) that predispose to early fibrotic remodeling even before clinical symptoms and common variants like SMARCB1 that 
enhance TGF-β1-mediated fibrosis through chromatin remodeling. Mosaic Y chromosome loss (mLOY; hazard ratio, 1.76) promotes cardiac 
fibrosis through enhanced TGF-β1 (transforming growth factor-β1) signaling. The epigenomic layer includes DNA methylation changes, including 
DNA methyltransferase 1 (DNMT1)-mediated hypermethylation of miR-133b that leads to CTGF upregulation and enhanced fibrosis, as well as 
histone acetylation changes marked by 47 321 H3K27ac peaks and H3K9me2 regulation by KDM3A. Single-cell transcriptomics uncovered 
distinct fibroblast subpopulations such as the THBS4+ cluster that drives late-stage fibrosis through enhanced extracellular matrix (ECM) 
production. Bulk RNA-sequencing identified over 3200 splice variants and regulatory factors like RBFOX2 and QKI. Noncoding RNAs, including 
circRNA mmu_circ_0005019 and the cardiac fibroblast-specific lncRNA CFIRL, provide additional regulatory complexity. Proteomic profiling 
identified novel biomarkers like SVEP1 and IGFBP7 that show causal relationships with heart failure (HF) development and key ECM proteins 
(COL1A1/3A1, matrix metalloproteinases/tissue inhibitors of metalloproteinases [MMPs/TIMPs]) detectable through platforms like SOMAscan 
and Olink. Metabolomics revealed a shift from fatty acid oxidation to glucose utilization in failing hearts, increased ketone metabolism, and 
nicotinamide adenine dinucleotide (NAD+) depletion as a driver of diastolic dysfunction and fibrosis, accompanied by reduced phosphocreatine-
to-ATP (PCr/ATP) ratio and increased ROS (reactive oxygen species) production. This integrated molecular view explains why targeting 
single pathways often yields suboptimal clinical outcomes. GWAS indicates genome-wide association studies; MI, myocardial infarction; P/LP, 
pathogenic/likely pathogenic; POSTN, periostin; SOMAscan, slow off-rate modified aptamer scan; and TF, transcription factor. Adapted from 
Nanotherapeutics in Cancer, by BioRender.com (2025). Retrieved from https://app.biorender.com/biorender-templates.

https://app.biorender.com/biorender-templates
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displays minimal off-target effects because it undergoes 
selective uptake by cardiac tissue after administration. 
The ongoing HF-REVERT trial219 is evaluating CDR132L 
in a phase 2 study to determine whether early miR-132 
inhibition post-MI might prevent or reverse adverse LV 
remodeling in HFrEF. Single-cell multi-omics of myofi-
broblasts combining spatial transcriptomics and chro-
matin accessibility assays enabled identification of FAP 
as a therapeutic target, leading to the development of 
engineered chimeric antigen receptor T cells that effec-
tively reduce CF activation in treated tissue.220,221 Simi-
larly, multimodal single-cell profiling (snRNA-seq, assay 
for transposase-accessible chromatin using sequencing, 
and CITE-seq [cellular indexing of transcriptomes and 
epitopes by sequencing]) on human LV samples iden-
tified IL-1β as a critical mediator of immune-fibroblast  
communication, leading to successful therapeutic tar-
geting of the fibrotic response.222 High-throughput 
screening coupled with multimodal molecular profiling 
(snRNA-seq and assay for transposase-accessible chro-
matin using sequencing) on cardiac tissue from pressure 
overload and ischemia-reperfusion HF models identified 
MD2 as a promising target and artesunate as a potent 
antifibrotic compound through multi-omic validation of 
its mechanism.223 Similarly, combined proteomic and 
transcriptomic profiling in PW1 reporter mice revealed 
αv-integrin on PW1+ stromal cells as a therapeutic tar-
get, leading to successful testing of cilengitide in reduc-
ing post-MI fibrosis.224

In the clinical practice of precision medicine, pro-
teomics can be used to inform risk stratification and 
guide therapeutic decision-making. A multimodal fibro-
sis assessment combining late gadolinium enhancement 
on cardiac MRI and PICP blood levels demonstrated 
superior prognostic value for fibrosis assessment in idio-
pathic DCM.225 Patients with both positive late gadolinium 
enhancement and elevated PICP had worse outcomes, 
including HF hospitalization and transplantation, com-
pared with those without these markers (adjusted haz-
ard ratio for late gadolinium enhancement, 3.54 [95% CI, 
1.90–6.60]). This combined profile significantly improved 
risk reclassification (NRI [net reclassification index], 0.28), 
aiding in identifying high-risk patients who may benefit 
from aggressive management. Proteomic analysis has 
facilitated the identification of novel therapeutic targets. 
Through Mendelian randomization, 8 proteins were iden-
tified as therapeutic targets and showed robust causal 
effects in HF.226 Among these, CSF-1 (recruiter and 
activator of TGF-β-secreting macrophages) and Gal-3 
(fibroblast activator and collagen deposition enhancer) 
were associated with increased fibrosis risk. Conversely, 
ADM demonstrated protective effects through inhibition 
of TGF-β and myofibroblast activation. These discoveries 
have already translated to clinical investigation, as ADM 
agonists and galectin-3 (Gal-3) antagonists are currently 
under clinical trial. As discussed above, trials assessing 

these therapeutic interventions should include clinical end 
points that reflect outcomes of the entire disease entity, 
such as ventricular arrhythmias, sudden death, and HF 
hospitalizations; however, adding fibrosis markers (imag-
ing, blood) as surrogate end points may contribute to the 
understanding of the role of fibrosis in attenuating those 
clinical end points. Post-MI patients represent the most 
pragmatic initial target population, given the clear tempo-
ral association between injury and fibrosis development. 
Patients with hypertensive heart disease, cardiomyopathy, 
and patients with HFpEF with imaging evidence of fibro-
sis would also be important study subjects.

Identifying metabolic changes through metabolomics 
has paved the way for the therapeutic targeting of the 
metabolome. Although initially developed for the manage-
ment of diabetes, SGLT2 inhibitors demonstrate cardio-
protective benefits that extend beyond energy metabolism 
modulation to include antifibrotic functions.191,192,227 How-
ever, despite these metabolic enhancements, the 
EMPA-VISION trial found no significant improvement in 
myocardial PCr/ATP ratio.191 Therefore, the cardioprotec-
tive effects of SGLT2 inhibitors may involve mechanisms 
beyond simple energy charge restoration, potentially 
including antiinflammatory and antifibrotic functions and 
reduced oxidative stress. Nonetheless, their direct effects 
on fibrosis remain under investigation.228,229 Intriguingly, 
metabolomic studies have revealed a complex relation-
ship between ketone metabolism and fibrosis. While 
acute ketone supplementation may improve cardiac ener-
getics,230,231 prolonged adherence to ketogenic diets high 
in long-chain triglycerides may promote cardiac fibrosis 
by disrupting normal substrate utilization, leading to mal-
adaptive metabolic remodeling.232 Recent metabolomics-
guided studies also identified metabolic signatures that 
may predict treatment response. For instance, baseline 
metabolomic profiles can distinguish responders from 
nonresponders to LVAD therapy,190 and specific metab-
olite patterns may predict reverse remodeling following 
standard HF therapies.233

Reversibility of Cardiac Fibrosis
A growing body of evidence suggests that cardiac fibro-
sis is not simply a unidirectional process culminating 
in a permanently insoluble scar but can, under certain 
molecular and biomechanical conditions, undergo vary-
ing degrees of remodeling or reversal.234,235 Recent stud-
ies have shown that even in mature fibrotic tissue, a 
significant fraction of newly deposited collagen remains 
dynamically cross-linked, and thus seemingly end-stage 
fibrosis may still be amenable to therapeutic interven-
tion.236 For instance, findings in preclinical models of 
pressure overload and ischemic injury have revealed 
that antifibrotic strategies targeting important regulators, 
such as TGF-β signaling,235 MD2/TLR4 interactions,223 
and lysyl hydroxylation-based cross-link formation,236 
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are capable of attenuating or even reversing advanced 
fibrosis and improving myocardial function. Moreover, 
single-cell and multi-omics studies show that discrete 
subpopulations of myofibroblasts can transdifferentiate 
into less activated or quiescent phenotypes with reduced 
ECM secretion if, for example, specific epigenetic modu-
lators237 or reprogramming factors234 are pharmacologi-
cally disrupted. Although there is general consensus that 
extensively cross-linked collagen may present a “point of 
greater difficulty,” current data suggest that this thresh-
old is fluid rather than absolute.236 Beyond simply limit-
ing new collagen synthesis, effective therapy appears to 
require a multifaceted approach involving the disruption 
of pro-fibrotic feedback loops (eg, reprogramming, cell-
cycle reentry, or cross-link disruption), promoting matrix 
proteolysis, and harnessing fibroblast plasticity.234,236,237 
As a result, interventions such as direct antagonism of 
MD2/TLR4 signaling,223 small-molecule inhibition of 
eicosanoid-degrading enzymes,238 or epigenetic remod-
eling of myofibroblast states237 have all shown promise 
in restoring a more compliant, less stabilized ECM and 
improving diastolic or systolic function in murine and 
human fibrotic models.

CURRENT CHALLENGES AND FUTURE 
DIRECTIONS
The explosive growth of omics data is faced with multi-
front challenges. Data processing and bioinformatics infra-
structure have scaling limitations since unprecedented 
volumes of complex, heterogeneous data are being gen-
erated.239 This becomes even more challenging given 
differing signal-to-noise ratios and varying levels of data 
completeness across omics platforms,240 which warrants 
sophisticated data warehousing solutions (often at the 
terabyte scale) and semantic Web technologies that effec-
tively integrate and analyze the diverse high-throughput  
platforms.241 Recent accelerated developments in arti-
ficial intelligence and machine learning may assist in 
overcoming some of these computational difficulties by 
improving data processing efficiency and integration.242 
It is equally critical to develop quantitative methods, as 
current approaches struggle with missing data patterns 
across modalities and lack standardized statistical frame-
works for experimental design and reproducibility.240 This 
is particularly pertinent for mass spectrometry-based 
platforms like proteomics and metabolomics, where batch 
effects are often more pronounced and mechanisms 
for missing data can be more complex than those of 
sequencing-based approaches. In addition, it remains cru-
cial to validate multi-omics discoveries functionally. While 
omics excel at generating candidate genomic regions and 
pathways, rigorous validation through mechanistic studies 
(in cellular or animal models) establishes the clinical rel-
evance and therapeutic potential of the biological knowl-
edge. Looking ahead, the field would benefit from large, 

well-designed cohort studies focusing on cardiac fibro-
sis as a primary end point (ie, integrating comprehensive 
multi-omics profiling with carefully phenotyped fibrosis 
measures, such as cardiac MRI-derived ECV). Success 
in addressing these pitfalls will require continued col-
laboration between computational biologists, statisticians, 
and basic/clinical investigators to translate multi-omics 
findings into mechanistic understanding and therapeutic 
advances that target pathological fibrosis.

CONCLUSIONS
The past decade has transformed our understanding 
of cardiac fibrosis from a disorder of excessive ECM 
deposition to an intricate pathological process integrat-
ing a myriad of cellular and molecular mechanisms. The 
simultaneous profiling of genomic variants, transcriptional 
networks, protein-protein interactions, and metabolic sig-
natures has revealed previously unappreciated molecular 
connections: activated CFs undergo profound metabolic 
reprogramming while initiating pro-fibrotic transcriptional 
cascades, immune cells communicate with fibroblasts 
through specific cytokine networks to drive disease 
progression, and epigenetic modifications at enhancer 
regions control critical transcriptional programs of fibro-
blast activation. These discoveries explain why therapeu-
tic targeting of canonical pathways, such as TGF-β or 
angiotensin signaling alone, often yields suboptimal clini-
cal outcomes. The identification of molecularly distinct 
fibroblast populations with unique signatures challenges 
our traditional view of cardiac fibrosis and may explain the 
heterogeneity in therapeutic responses. Indeed, the intri-
cate relationship between metabolic rewiring and epigen-
etic control of fibroblast state transitions suggests that 
effective therapies may need to target multiple pathways 
and signaling nodes simultaneously. Omics-informed pre-
cision medicine explains that the heterogeneity in disease 
susceptibility and treatment response observed across 
patient populations is due to genetic architecture asso-
ciated with genetic variants that modulate downstream 
molecular cascades. This mechanistic understanding has 
already catalyzed the development of promising thera-
peutic modalities primarily directed at targets identified 
by agnostic omic approaches, including oligonucleotide 
inhibitors and engineered T cells. Success in explicating 
multi-omic discoveries into clinical practice will require 
addressing challenges in data integration and standard-
ization and developing computational frameworks that 
can synthesize heterogeneous molecular data streams to 
inform precision therapeutic strategies.

ARTICLE INFORMATION
Affiliations
Departments of Cardiovascular Diseases (R.G., N.L.P.), Molecular Pharmacology 
and Experimental Therapeutics (M.W., D.L., N.L.P.), and Physiology and Biomedical 
Engineering (D.J.T.), Mayo Clinic, Rochester, MN.



Review




796    March 28, 2025� Circulation Research. 2025;136:773–802. DOI: 10.1161/CIRCRESAHA.124.325402

Ghazal et al Cardiac Fibrosis in the Multi-Omics Era

Sources of Funding
R. Ghazal is supported by the National Heart, Lung, and Blood Institute 
T32HL007111 grant. M. Wang is supported by the National Institute of General 
Medical Sciences T32GM008685 grant.

Disclosures
None.

REFERENCES
	 1.	 Humeres C, Frangogiannis NG. Fibroblasts in the infarcted, remodel-

ing, and failing heart. JACC Basic Transl Sci. 2019;4:449–467. doi: 
10.1016/j.jacbts.2019.02.006

	 2.	 Travers JG, Kamal FA, Robbins J, Yutzey KE, Blaxall BC. Cardiac fibro-
sis: the fibroblast awakens. Circ Res. 2016;118:1021–1040. doi: 
10.1161/CIRCRESAHA.115.306565

	 3.	 Frangogiannis NG. Cardiac fibrosis. Cardiovasc Res. 2021;117:1450–
1488. doi: 10.1093/cvr/cvaa324

	 4.	 Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair after 
myocardial infarction: from inflammation to fibrosis. Circ Res. 2016;119:91–
112. doi: 10.1161/CIRCRESAHA.116.303577

	 5.	 Braidotti N, Demontis G, Conti M, Andolfi L, Ciubotaru CD, Sbaizero O, 
Cojoc D. The local mechanosensitive response of primary cardiac fibroblasts 
is influenced by the microenvironment mechanics. Sci Rep. 2024;14:10365. 
doi: 10.1038/s41598-024-60685-4

	 6.	 Gonzalez A, Schelbert EB, Diez J, Butler J. Myocardial interstitial fibrosis 
in heart failure: biological and translational perspectives. J Am Coll Cardiol. 
2018;71:1696–1706. doi: 10.1016/j.jacc.2018.02.021

	 7.	 Torimoto K, Elliott K, Nakayama Y, Yanagisawa H, Eguchi S. Cardiac and 
perivascular myofibroblasts, matrifibrocytes, and immune fibrocytes in 
hypertension; commonalities and differences with other cardiovascular dis-
eases. Cardiovasc Res. 2024;120:567–580. doi: 10.1093/cvr/cvae044

	 8.	 Zhuang R, Chen J, Cheng HS, Assa C, Jamaiyar A, Pandey AK, 
Perez-Cremades D, Zhang B, Tzani A, Khyrul Wara A, et al. Perivascular 
fibrosis is mediated by a KLF10-IL-9 signaling axis in CD4+ T cells. Circ 
Res. 2022;130:1662–1681. doi: 10.1161/CIRCRESAHA.121.320420

	 9.	 Gulati A, Jabbour A, Ismail TF, Guha K, Khwaja J, Raza S, Morarji K, 
Brown TD, Ismail NA, Dweck MR, et al. Association of fibrosis with mortality 
and sudden cardiac death in patients with nonischemic dilated cardiomy-
opathy. JAMA. 2013;309:896–908. doi: 10.1001/jama.2013.1363

	10.	 Mandawat A, Chattranukulchai P, Mandawat A, Blood AJ, Ambati S, 
Hayes B, Rehwald W, Kim HW, Heitner JF, Shah DJ, et al. Progression of 
myocardial fibrosis in nonischemic DCM and association with mortality and 
heart failure outcomes. JACC Cardiovasc Imaging. 2021;14:1338–1350. 
doi: 10.1016/j.jcmg.2020.11.006

	11.	 Garg P, Assadi H, Jones R, Chan WB, Metherall P, Thomas R, van der Geest R, 
Swift AJ, Al-Mohammad A. Left ventricular fibrosis and hypertrophy are 
associated with mortality in heart failure with preserved ejection fraction. Sci 
Rep. 2021;11:617. doi: 10.1038/s41598-020-79729-6

	12.	 Schelbert EB, Fridman Y, Wong TC, Abu Daya H, Piehler KM, Kadakkal A, 
Miller CA, Ugander M, Maanja M, Kellman P, et al. Temporal relation between 
myocardial fibrosis and heart failure with preserved ejection fraction: associ-
ation with baseline disease severity and subsequent outcome. JAMA Cardiol. 
2017;2:995–1006. doi: 10.1001/jamacardio.2017.2511

	13.	 Ho CY, Lopez B, Coelho-Filho OR, Lakdawala NK, Cirino AL, Jarolim P, 
Kwong R, Gonzalez A, Colan SD, Seidman JG, et al. Myocardial fibrosis 
as an early manifestation of hypertrophic cardiomyopathy. N Engl J Med. 
2010;363:552–563. doi: 10.1056/NEJMoa1002659

	14.	 Cresci S, Pereira NL, Ahmad F, Byku M, de las Fuentes L, Lanfear DE, 
Reilly CM, Owens AT, Wolf MJ. Heart failure in the era of precision medicine: 
a scientific statement from the American Heart Association. Circ Genom 
Precis Med. 2019;12:458–485. doi: 10.1161/HCG.0000000000000058

	15.	 Kim L, Devereux RB, Basson CT. Impact of genetic insights into Mendelian 
disease on cardiovascular clinical practice. Circulation. 2011;123:544–550. 
doi: 10.1161/CIRCULATIONAHA.109.914804

	16.	 Cahill TJ, Ashrafian H, Watkins H. Genetic cardiomyopa-
thies causing heart failure. Circ Res. 2013;113:660–675. doi: 
10.1161/CIRCRESAHA.113.300282

	 17.	 Toepfer CN, Garfinkel AC, Venturini G, Wakimoto H, Repetti G, Alamo L, 
Sharma A, Agarwal R, Ewoldt JK, Cloonan P, et al. Myosin sequestration 
regulates sarcomere function, cardiomyocyte energetics, and metabolism, 
informing the pathogenesis of hypertrophic cardiomyopathy. Circulation. 
2020;141:828–842. doi: 10.1161/CIRCULATIONAHA.119.042339

	18.	 Wilde AAM, Amin AS. Clinical spectrum of SCN5A mutations: long QT syn-
drome, Brugada syndrome, and cardiomyopathy. JACC Clin Electrophysiol. 
2018;4:569–579. doi: 10.1016/j.jacep.2018.03.006

	19.	 Shabani M, Dutta D, Ambale-Venkatesh B, Post WS, Taylor KD, Rich SS, 
Wu CO, Pereira NL, Shah SJ, Chatterjee N, et al. Rare genetic variants 
associated with myocardial fibrosis: multi-ethnic study of atherosclerosis. 
Front Cardiovasc Med. 2022;9:804788. doi: 10.3389/fcvm.2022.804788

	20.	 Castrichini M, Agboola KM, Vyas H, Abou Ezzeddine OF, Siontis KC, 
Giudicessi JR, Rosenbaum AN, Pereira NL. Cardiac sarcoidosis mimickers: 
genetic testing in undifferentiated inflammatory cardiomyopathies. Circ Genom 
Precis Med. 2023;16:478–479. doi: 10.1161/CIRCGEN.123.004099

	21.	 Skarp S, Doedens A, Holmstrom L, Izzi V, Saarimaki S, Sliz E, Kettunen J, 
Pakanen L, Kerkela R, Pylkas K, et al. Novel genetic variants associated with 
primary myocardial fibrosis in sudden cardiac death victims. J Cardiovasc 
Transl Res. 2024;17:1229–1239. doi: 10.1007/s12265-024-10527-5

	22.	 Qu HQ, Feldman AM, Hakonarson H. Genetics of BAG3: a paradigm for 
developing precision therapies for dilated cardiomyopathies. J Am Heart 
Assoc. 2022;11:e027373. doi: 10.1161/JAHA.122.027373

	23.	 Carruth ED, Qureshi M, Alsaid A, Kelly MA, Calkins H, Murray B, 
Tichnell C, Sturm AC, Regeneron Genetics C, Baras A, et al. Loss-of-
function FLNC variants are associated with arrhythmogenic cardio-
myopathy phenotypes when identified through exome sequencing of a 
general clinical population. Circ Genom Precis Med. 2022;15:e003645. 
doi: 10.1161/CIRCGEN.121.003645

	24.	 Aung N, Vargas JD, Yang C, Fung K, Sanghvi MM, Piechnik SK, 
Neubauer S, Manichaikul A, Rotter JI, Taylor KD, et al. Genome-wide 
association analysis reveals insights into the genetic architecture of right 
ventricular structure and function. Nat Genet. 2022;54:783–791. doi: 
10.1038/s41588-022-01083-2

	25.	 Choquet H, Thai KK, Jiang C, Ranatunga DK, Hoffmann TJ, Go AS, 
Lindsay AC, Ehm MG, Waterworth DM, Risch N, et al. Meta-analysis of 
26 638 individuals identifies two genetic loci associated with left ven-
tricular ejection fraction. Circ Genom Precis Med. 2020;13:e002804. doi: 
10.1161/CIRCGEN.119.002804

	26.	 Pirruccello JP, Bick A, Wang M, Chaffin M, Friedman S, Yao J, Guo X, 
Venkatesh BA, Taylor KD, Post WS, et al. Analysis of cardiac magnetic 
resonance imaging in 36,000 individuals yields genetic insights 
into dilated cardiomyopathy. Nat Commun. 2020;11:2254. doi: 
10.1038/s41467-020-15823-7

	 27.	 Levin MG, Tsao NL, Singhal P, Liu C, Vy HMT, Paranjpe I, Backman JD, 
Bellomo TR, Bone WP, Biddinger KJ, et al; Regeneron Genetics Center. 
Genome-wide association and multi-trait analyses characterize the com-
mon genetic architecture of heart failure. Nat Commun. 2022;13:6914. doi: 
10.1038/s41467-022-34216-6

	28.	 Wang X, Lee RS, Alver BH, Haswell JR, Wang S, Mieczkowski J, Drier Y, 
Gillespie SM, Archer TC, Wu JN, et al. SMARCB1-mediated SWI/SNF com-
plex function is essential for enhancer regulation. Nat Genet. 2017;49:289–
295. doi: 10.1038/ng.3746

	29.	 Shabani M, Wang M, Jenkins GD, Rotter JI, Rich SS, Batzler A, Taylor KD, 
Mychaleckyj JC, Liu D, Lima JAC, et al. Myocardial fibrosis and cardiomy-
opathy risk: a genetic link in the MESA. Circ Heart Fail. 2023;16:e010262. 
doi: 10.1161/CIRCHEARTFAILURE.122.010262

	30.	 Garnier S, Harakalova M, Weiss S, Mokry M, Regitz-Zagrosek V, 
Hengstenberg C, Cappola TP, Isnard R, Arbustini E, Cook SA, et al. Genome-
wide association analysis in dilated cardiomyopathy reveals two new players 
in systolic heart failure on chromosomes 3p25.1 and 22q11.23. Eur Heart 
J. 2021;42:2000–2011. doi: 10.1093/eurheartj/ehab030

	31.	 Chia ZJ, Cao YN, Little PJ, Kamato D. Transforming growth factor-beta 
receptors: versatile mechanisms of ligand activation. Acta Pharmacol Sin. 
2024;45:1337–1348. doi: 10.1038/s41401-024-01235-6

	32.	 Massague J, Sheppard D. TGF-beta signaling in health and disease. Cell. 
2023;186:4007–4037. doi: 10.1016/j.cell.2023.07.036

	33.	 Finnson KW, Almadani Y, Philip A. Non-canonical (non-SMAD2/3) TGF-
beta signaling in fibrosis: mechanisms and targets. Semin Cell Dev Biol. 
2020;101:115–122. doi: 10.1016/j.semcdb.2019.11.013

	34.	 Frangogiannis NG. The extracellular matrix in ischemic and non-
ischemic heart failure. Circ Res. 2019;125:117–146. doi: 
10.1161/CIRCRESAHA.119.311148

	35.	 Akhmetshina A, Palumbo K, Dees C, Bergmann C, Venalis P, Zerr P, Horn A, 
Kireva T, Beyer C, Zwerina J, et al. Activation of canonical Wnt signalling 
is required for TGF-beta-mediated fibrosis. Nat Commun. 2012;3:735. doi: 
10.1038/ncomms1734

	36.	 Di X, Gao X, Peng L, Ai J, Jin X, Qi S, Li H, Wang K, Luo D. Cellular 
mechanotransduction in health and diseases: from molecular mechanism 



Ghazal et al

Review

Circulation Research. 2025;136:773–802. DOI: 10.1161/CIRCRESAHA.124.325402� March 28, 2025    797

Cardiac Fibrosis in the Multi-Omics Era

to therapeutic targets. Signal Transduct Target Ther. 2023;8:282. doi: 
10.1038/s41392-023-01501-9

	 37.	 Niu L, Cheng B, Huang G, Nan K, Han S, Ren H, Liu N, Li Y, Genin GM, 
Xu F. A positive mechanobiological feedback loop controls bistable switch-
ing of cardiac fibroblast phenotype. Cell Discov. 2022;8:84. doi: 
10.1038/s41421-022-00427-w

	38.	 Kremastiotis G, Handa I, Jackson C, George S, Johnson J. Dispa-
rate effects of MMP and TIMP modulation on coronary atherosclero-
sis and associated myocardial fibrosis. Sci Rep. 2021;11:23081. doi: 
10.1038/s41598-021-02508-4

	39.	 Chen H, Moreno-Moral A, Pesce F, Devapragash N, Mancini M, Heng EL, 
Rotival M, Srivastava PK, Harmston N, Shkura K, et al. WWP2 regulates 
pathological cardiac fibrosis by modulating SMAD2 signaling. Nat Commun. 
2019;10:3616. doi: 10.1038/s41467-019-11551-9

	40.	 Huse M, Muir TW, Xu L, Chen YG, Kuriyan J, Massague J. The TGF beta 
receptor activation process: an inhibitor- to substrate-binding switch. Mol 
Cell. 2001;8:671–682. doi: 10.1016/s1097-2765(01)00332-x

	41.	 Liu D, Wang M, Murthy V, McNamara DM, Nguyen TTL, Philips TJ, Vyas H, 
Gao H, Sahni J, Starling RC, et al. Myocardial recovery in recent onset 
dilated cardiomyopathy: role of CDCP1 and cardiac fibrosis. Circ Res. 
2023;133:810–825. doi: 10.1161/CIRCRESAHA.123.323200

	42.	 Raza S, Jokl E, Pritchett J, Martin K, Su K, Simpson K, Birchall L, Mullan AF, 
Athwal VS, Doherty DT, et al. SOX9 is required for kidney fibrosis and acti-
vates NAV3 to drive renal myofibroblast function. Sci Signal. 2021;14:672. 
doi: 10.1126/scisignal.abb4282

	43.	 Kakkar R, Lee RT. The IL-33/ST2 pathway: therapeutic target and novel 
biomarker. Nat Rev Drug Discov. 2008;7:827–840. doi: 10.1038/nrd2660

	44.	 Wang M, Liu D, Nguyen T, McNamara D, Barlera S, Pileggi S, Mestroni L, 
Merlo M, Sinagra G, Pinet F, et al. NAV3 is a genetic determinant of myocar-
dial recovery in dilated cardiomyopathy and attenuates cardiac fibrosis. Eur 
Heart J. 2022;43:2990. doi: 10.1093/eurheartj/ehac544.2990

	45.	 Wang M, Wang L, Ghazal R, Seal M, Nguyen TT, McNamara D, 
Barlera S, Pileggi S, Mestroni L, Merlo M, et al. Genetic determinant for 
prognosis of dilated cardiomyopathy: the role of NAV3 in cardiac fibrosis. 
Circ. 2024;150:A4141605. doi: 10.1161/circ.150.suppl_1.4141605

	46.	 Liu CY, Liu YC, Wu C, Armstrong A, Volpe GJ, van der Geest RJ, Liu Y, 
Hundley WG, Gomes AS, Liu S, et al. Evaluation of age-related interstitial 
myocardial fibrosis with cardiac magnetic resonance contrast-enhanced T1 
mapping: MESA (Multi-Ethnic Study of Atherosclerosis). J Am Coll Cardiol. 
2013;62:1280–1287. doi: 10.1016/j.jacc.2013.05.078

	 47.	 Bull S, White SK, Piechnik SK, Flett AS, Ferreira VM, Loudon M, 
Francis JM, Karamitsos TD, Prendergast BD, Robson MD, et al. Human non- 
contrast T1 values and correlation with histology in diffuse fibrosis. Heart. 
2013;99:932–937. doi: 10.1136/heartjnl-2012-303052

	48.	 Nauffal V, Klarqvist MDR, Hill MC, Pace DF, Di Achille P, Choi SH, Ramo JT, 
Pirruccello JP, Singh P, Kany S, et al. Noninvasive assessment of organ-
specific and shared pathways in multi-organ fibrosis using T1 mapping. Nat 
Med. 2024;30:1749–1760. doi: 10.1038/s41591-024-03010-w

	49.	 Nauffal V, Di Achille P, Klarqvist MDR, Cunningham JW, Hill MC, 
Pirruccello JP, Weng LC, Morrill VN, Choi SH, Khurshid S, et al. Genetics of 
myocardial interstitial fibrosis in the human heart and association with dis-
ease. Nat Genet. 2023;55:777–786. doi: 10.1038/s41588-023-01371-5

	50.	 Thanaj M, Mielke J, McGurk KA, Bai W, Savioli N, de Marvao A, Meyer HV, 
Zeng L, Sohler F, Lumbers RT, et al. Genetic and environmental determi-
nants of diastolic heart function. Nat Cardiovasc Res. 2022;1:361–371. doi: 
10.1038/s44161-022-00048-2

	51.	 Pereira NL, Lin D, Pelleymounter L, Moon I, Stilling G, Eckloff BW, Wieben ED, 
Redfield MM, Burnett JC Jr, Yee VC, et al. Natriuretic peptide receptor-3 
gene (NPR3): nonsynonymous polymorphism results in significant reduc-
tion in protein expression because of accelerated degradation. Circ Cardio-
vasc Genet. 2013;6:201–210. doi: 10.1161/CIRCGENETICS.112.964742

	52.	 Pereira NL, Redfield MM, Scott C, Tosakulwong N, Olson TM, Bailey KR, 
Rodeheffer RJ, Burnett JC Jr. A functional genetic variant (N521D) in 
natriuretic peptide receptor 3 is associated with diastolic dysfunction: 
the prevalence of asymptomatic ventricular dysfunction study. PLoS One. 
2014;9:e85708. doi: 10.1371/journal.pone.0085708

	53.	 Yang Q, Yang Q, Wu X, Zheng R, Lin H, Wang S, Joseph J, Sun YV, Li M, 
Wang T, et al. Sex-stratified genome-wide association and transcriptome-
wide Mendelian randomization studies reveal drug targets of heart failure. 
Cell Rep Med. 2024;5:101382. doi: 10.1016/j.xcrm.2023.101382

	54.	 Kapoun AM, Liang F, O’Young G, Damm DL, Quon D, 
White RT, Munson K, Lam A, Schreiner GF, Protter AA. B-type natriuretic 
peptide exerts broad functional opposition to transforming growth  
factor-beta in primary human cardiac fibroblasts: fibrosis, myofibroblast 

conversion, proliferation, and inflammation. Circ Res. 2004;94:453–461. 
doi: 10.1161/01.RES.0000117070.86556.9F

	55.	 Meng L, Lu Y, Wang X, Cheng C, Xue F, Xie L, Zhang Y, Sui W, Zhang M, 
Zhang Y, et al. NPRC deletion attenuates cardiac fibrosis in diabetic mice 
by activating PKA/PKG and inhibiting TGF-beta1/Smad pathways. Sci Adv. 
2023;9:eadd4222. doi: 10.1126/sciadv.add4222

	56.	 Lumbers RT, Shah S, Lin H, Czuba T, Henry A, Swerdlow DI, Malarstig A, 
Andersson C, Verweij N, Holmes MV, et al; Regeneron Genetics Center. The 
genomics of heart failure: design and rationale of the HERMES consortium. 
ESC Heart Fail. 2021;8:5531–5541. doi: 10.1002/ehf2.13517

	 57.	 Joseph J, Liu C, Hui Q, Aragam K, Wang Z, Charest B, Huffman JE, Keaton JM, 
Edwards TL, Demissie S, et al; VA Million Veteran Program. Genetic archi-
tecture of heart failure with preserved versus reduced ejection fraction. Nat 
Commun. 2022;13:7753. doi: 10.1038/s41467-022-35323-0

	58.	 Rasooly D, Peloso GM, Pereira AC, Dashti H, Giambartolomei C, Wheeler E, 
Aung N, Ferolito BR, Pietzner M, Farber-Eger EH, et al; VA Million Vet-
eran Program. Genome-wide association analysis and Mendelian random-
ization proteomics identify drug targets for heart failure. Nat Commun. 
2023;14:3826. doi: 10.1038/s41467-023-39253-3

	59.	 Sano S, Horitani K, Ogawa H, Halvardson J, Chavkin NW, Wang Y, Sano M, 
Mattisson J, Hata A, Danielsson M, et al. Hematopoietic loss of Y chro-
mosome leads to cardiac fibrosis and heart failure mortality. Science. 
2022;377:292–297. doi: 10.1126/science.abn3100

	60.	 Shi Y, Zhang H, Huang S, Yin L, Wang F, Luo P, Huang H. Epigen-
etic regulation in cardiovascular disease: mechanisms and advances 
in clinical trials. Signal Transduct Target Ther. 2022;7:200. doi: 
10.1038/s41392-022-01055-2

	61.	 Glezeva N, Moran B, Collier P, Moravec CS, Phelan D, Donnellan E, 
Russell-Hallinan A, O’Connor DP, Gallagher WM, Gallagher J, et al. 
Targeted DNA methylation profiling of human cardiac tissue reveals 
novel epigenetic traits and gene deregulation across different heart 
failure patient subtypes. Circ Heart Fail. 2019;12:e005765. doi: 
10.1161/CIRCHEARTFAILURE.118.005765

	62.	 Meder B, Haas J, Sedaghat-Hamedani F, Kayvanpour E, Frese K, Lai A, 
Nietsch R, Scheiner C, Mester S, Bordalo DM, et al. Epigenome-wide asso-
ciation study identifies cardiac gene patterning and a novel class of 
biomarkers for heart failure. Circulation. 2017;136:1528–1544. doi: 
10.1161/CIRCULATIONAHA.117.027355

	63.	 Tan K, Tay D, Tan W, Ng HK, Wong E, Morley MP, Singhera GK, Jain PR, 
Tai FL, Hanson PJ, et al. Epigenome-wide association study for dilated car-
diomyopathy in left ventricular heart tissue identifies putative gene sets 
associated with cardiac development and early indicators of cardiac risk. 
medRxiv. Preprint posted online 2024;2024.2007.2016.24310537. doi: 
10.1101/2024.07.16.24310537

	64.	 Rask-Andersen M, Martinsson D, Ahsan M, Enroth S, Ek WE, Gyllensten U, 
Johansson A. Epigenome-wide association study reveals differential DNA 
methylation in individuals with a history of myocardial infarction. Hum Mol 
Genet. 2016;25:4739–4748. doi: 10.1093/hmg/ddw302

	65.	 Pepin ME, Ha CM, Crossman DK, Litovsky SH, Varambally S, Barchue JP, 
Pamboukian SV, Diakos NA, Drakos SG, Pogwizd SM, et al. Genome-
wide DNA methylation encodes cardiac transcriptional reprogramming 
in human ischemic heart failure. Lab Invest. 2019;99:371–386. doi: 
10.1038/s41374-018-0104-x

	66.	 Zhang S, Xie H, Du Y, Wang B, Lan B, Wang H. DNMT1-induced miR-
133b suppression via methylation promotes myocardial fibrosis after 
myocardial infarction. Gen Physiol Biophys. 2023;42:417–429. doi: 
10.4149/gpb_2023018

	 67.	 Wang P, Gao R, Wu T, Zhang J, Sun X, Fan F, Wang C, Qian S, Li B, Zou Y, et 
al. Accumulation of endogenous adenosine improves cardiomyocyte metab-
olism via epigenetic reprogramming in an ischemia-reperfusion model. 
Redox Biol. 2023;67:102884. doi: 10.1016/j.redox.2023.102884

	68.	 Yan J, Tie G, Wang S, Tutto A, DeMarco N, Khair L, Fazzio TG, Messina LM. 
Diabetes impairs wound healing by Dnmt1-dependent dysregulation of 
hematopoietic stem cells differentiation towards macrophages. Nat Com-
mun. 2018;9:33. doi: 10.1038/s41467-017-02425-z

	69.	 Chen H, Orozco LD, Wang J, Rau CD, Rubbi L, Ren S, Wang Y, Pellegrini M, 
Lusis AJ, Vondriska TM. DNA methylation indicates susceptibility to isoproterenol- 
induced cardiac pathology and is associated with chromatin states. Circ Res. 
2016;118:786–797. doi: 10.1161/CIRCRESAHA.115.305298

	70.	 Sumida K, Mozhui K, Liang X, Mallisetty Y, Han Z, Kovesdy CP. Asso-
ciation of DNA methylation signatures with premature ageing and car-
diovascular death in patients with end-stage kidney disease: a pilot 
epigenome-wide association study. Epigenetics. 2023;18:2214394. doi: 
10.1080/15592294.2023.2214394



Review




798    March 28, 2025� Circulation Research. 2025;136:773–802. DOI: 10.1161/CIRCRESAHA.124.325402

Ghazal et al Cardiac Fibrosis in the Multi-Omics Era

	71.	 Tan WLW, Anene-Nzelu CG, Wong E, Lee CJM, Tan HS, Tang SJ, Perrin A, 
Wu KX, Zheng W, Ashburn RJ, et al; CHARGE-Heart Failure Working Group, 
CHARGE-EchoGen Consortium. Epigenomes of human hearts reveal new 
genetic variants relevant for cardiac disease and phenotype. Circ Res. 
2020;127:761–777. doi: 10.1161/CIRCRESAHA.120.317254

	72.	 Spurrell CH, Barozzi I, Kosicki M, Mannion BJ, Blow MJ, Fukuda-Yuzawa Y, 
Slaven N, Afzal SY, Akiyama JA, Afzal V, et al. Genome-wide fetalization 
of enhancer architecture in heart disease. Cell Rep. 2022;40:111400. doi: 
10.1016/j.celrep.2022.111400

	73.	 Jiang Y, Zhang X, Wei T, Qi X, Abba IA, Zhang N, Chen Y, Wang R, Shi C. 
Transcriptomic and ChIP-seq integrative analysis identifies KDM5A-target 
genes in cardiac fibroblasts. Front Cardiovasc Med. 2022;9:929030. doi: 
10.3389/fcvm.2022.929030

	74.	 Zhang QJ, Tran TAT, Wang M, Ranek MJ, Kokkonen-Simon KM, 
Gao J, Luo X, Tan W, Kyrychenko V, Liao L, et al. Histone lysine dimethyl- 
demethylase KDM3A controls pathological cardiac hypertrophy and fibro-
sis. Nat Commun. 2018;9:5230. doi: 10.1038/s41467-018-07173-2

	75.	 Horitani K, Chavkin NW, Arai Y, Wang Y, Ogawa H, Yura Y, Evans MA, 
Cochran JD, Thel MC, Polizio AH, et al. Disruption of the Uty epigenetic reg-
ulator locus in hematopoietic cells phenocopies the profibrotic attributes of 
Y chromosome loss in heart failure. Nat Cardiovasc Res. 2024;3:343–355. 
doi: 10.1038/s44161-024-00441-z

	76.	 Zehender A, Li YN, Lin NY, Stefanica A, Nuchel J, Chen CW, Hsu HH, 
Zhu H, Ding X, Huang J, et al. TGFbeta promotes fibrosis by MYST1- 
dependent epigenetic regulation of autophagy. Nat Commun. 2021;12:4404. 
doi: 10.1038/s41467-021-24601-y

	 77.	 Palomer X, Roman-Azcona MS, Pizarro-Delgado J, Planavila A, Villarroya F, 
Valenzuela-Alcaraz B, Crispi F, Sepulveda-Martinez A, Miguel-Escalada I, 
Ferrer J, et al. SIRT3-mediated inhibition of FOS through histone H3 deacet-
ylation prevents cardiac fibrosis and inflammation. Signal Transduct Target 
Ther. 2020;5:14. doi: 10.1038/s41392-020-0114-1

	78.	 Jeong MY, Lin YH, Wennersten SA, Demos-Davies KM, 
Cavasin MA, Mahaffey JH, Monzani V, Saripalli C, Mascagni P, Reece TB, 
et al. Histone deacetylase activity governs diastolic dysfunction through 
a nongenomic mechanism. Sci Transl Med. 2018;10:eaao0144. doi: 
10.1126/scitranslmed.aao0144

	79.	 Alexanian M, Padmanabhan A, Nishino T, Travers JG, Ye L, Pelonero A, 
Lee CY, Sadagopan N, Huang Y, Auclair K, et al. Chromatin remodel-
ling drives immune cell-fibroblast communication in heart failure. Nature. 
2024;635:434–443. doi: 10.1038/s41586-024-08085-6

	80.	 Stratton MS, Bagchi RA, Felisbino MB, Hirsch RA, Smith HE, Riching AS, 
Enyart BY, Koch KA, Cavasin MA, Alexanian M, et al. Dynamic chroma-
tin targeting of BRD4 stimulates cardiac fibroblast activation. Circ Res. 
2019;125:662–677. doi: 10.1161/CIRCRESAHA.119.315125

	81.	 Stratton MS, Lin CY, Anand P, Tatman PD, Ferguson BS, 
Wickers ST, Ambardekar AV, Sucharov CC, Bradner JE, Haldar SM, et 
al. Signal-dependent recruitment of BRD4 to cardiomyocyte super- 
enhancers is suppressed by a MicroRNA. Cell Rep. 2016;16:1366–1378. 
doi: 10.1016/j.celrep.2016.06.074

	82.	 Chandra S, Ehrlich KC, Lacey M, Baribault C, Ehrlich M. Epigenetics and 
expression of key genes associated with cardiac fibrosis: NLRP3, MMP2, 
MMP9, CCN2/CTGF and AGT. Epigenomics. 2021;13:219–234. doi: 
10.2217/epi-2020-0446

	83.	 Katanasaka Y, Yabe H, Murata N, Sobukawa M, Sugiyama Y, Sato H, Honda H, 
Sunagawa Y, Funamoto M, Shimizu S, et al. Fibroblast-specific PRMT5 defi-
ciency suppresses cardiac fibrosis and left ventricular dysfunction in male 
mice. Nat Commun. 2024;15:2472. doi: 10.1038/s41467-024-46711-z

	84.	 Rahman MT, Muppala S, Wu J, Krukovets I, Solovjev D, Verbovetskiy D, 
Obiako C, Plow EF, Stenina-Adognravi O. Effects of thrombospondin-4 on 
pro-inflammatory phenotype differentiation and apoptosis in macrophages. 
Cell Death Dis. 2020;11:53. doi: 10.1038/s41419-020-2237-2

	85.	 Peisker F, Halder M, Nagai J, Ziegler S, Kaesler N, Hoeft K, Li R, Bindels EMJ, 
Kuppe C, Moellmann J, et al. Mapping the cardiac vascular niche in heart 
failure. Nat Commun. 2022;13:3027. doi: 10.1038/s41467-022-30682-0

	86.	 McLellan MA, Skelly DA, Dona MSI, Squiers GT, Farrugia GE, Gaynor TL, 
Cohen CD, Pandey R, Diep H, Vinh A, et al. High-resolution transcriptomic 
profiling of the heart during chronic stress reveals cellular drivers of car-
diac fibrosis and hypertrophy. Circulation. 2020;142:1448–1463. doi: 
10.1161/CIRCULATIONAHA.119.045115

	 87.	 Kattih B, Boeckling F, Shumliakivska M, Tombor L, Rasper T, Schmitz K, 
Hoffmann J, Nicin L, Abplanalp WT, Carstens DC, et al. Single-nuclear tran-
scriptome profiling identifies persistent fibroblast activation in hypertrophic 
and failing human hearts of patients with longstanding disease. Cardiovasc 
Res. 2023;119:2550–2562. doi: 10.1093/cvr/cvad140

	 88.	 Wang L, Yu P, Zhou B, Song J, Li Z, Zhang M, Guo G, Wang Y, Chen X, Han L, 
et al. Single-cell reconstruction of the adult human heart during heart fail-
ure and recovery reveals the cellular landscape underlying cardiac function. 
Nat Cell Biol. 2020;22:108–119. doi: 10.1038/s41556-019-0446-7

	 89.	 Shi J, Yang C, Zhang J, Zhao K, Li P, Kong C, Wu X, Sun H, 
Zheng R, Sun W, et al. NAT10 is involved in cardiac remodeling through ac4C- 
mediated transcriptomic regulation. Circ Res. 2023;133:989–1002. doi: 
10.1161/CIRCRESAHA.122.322244

	 90.	 Hecker L, Vittal R, Jones T, Jagirdar R, Luckhardt TR, Horowitz JC, 
Pennathur S, Martinez FJ, Thannickal VJ. NADPH oxidase-4 mediates 
myofibroblast activation and fibrogenic responses to lung injury. Nat Med. 
2009;15:1077–1081. doi: 10.1038/nm.2005

	 91.	 Chaffin M, Papangeli I, Simonson B, Akkad AD, Hill MC, Arduini A, 
Fleming SJ, Melanson M, Hayat S, Kost-Alimova M, et al. Single-nucleus 
profiling of human dilated and hypertrophic cardiomyopathy. Nature. 
2022;608:174–180. doi: 10.1038/s41586-022-04817-8

	 92.	 Gladka MM, Molenaar B, de Ruiter H, van der Elst S, Tsui H, Versteeg D, 
Lacraz GPA, Huibers MMH, van Oudenaarden A, van Rooij E. Single-cell se-
quencing of the healthy and diseased heart reveals cytoskeleton-associated  
protein 4 as a new modulator of fibroblasts activation. Circulation. 
2018;138:166–180. doi: 10.1161/CIRCULATIONAHA.117.030742

	 93.	 Koenig AL, Shchukina I, Amrute J, Andhey PS, Zaitsev K, Lai L, Bajpai G, 
Bredemeyer A, Smith G, Jones C, et al. Single-cell transcriptomics reveals 
cell-type-specific diversification in human heart failure. Nat Cardiovasc Res. 
2022;1:263–280. doi: 10.1038/s44161-022-00028-6

	 94.	 Kalyanasundaram A, Li N, Gardner ML, Artiga EJ, Hansen BJ, Webb A, 
Freitas MA, Pietrzak M, Whitson BA, Mokadam NA, et al. Fibroblast-specific 
proteotranscriptomes reveal distinct fibrotic signatures of human sinoatrial 
node in nonfailing and failing hearts. Circulation. 2021;144:126–143. doi: 
10.1161/CIRCULATIONAHA.120.051583

	 95.	 von Gise A, Pu WT. Endocardial and epicardial epithelial to mesenchymal 
transitions in heart development and disease. Circ Res. 2012;110:1628–
1645. doi: 10.1161/CIRCRESAHA.111.259960

	 96.	 Li Y, Lui KO, Zhou B. Reassessing endothelial-to-mesenchymal transi-
tion in cardiovascular diseases. Nat Rev Cardiol. 2018;15:445–456. doi: 
10.1038/s41569-018-0023-y

	 97.	 Bischoff J. Endothelial-to-mesenchymal transition. Circ Res. 
2019;124:1163–1165. doi: 10.1161/CIRCRESAHA.119.314813

	 98.	 Kovacic JC, Dimmeler S, Harvey RP, Finkel T, Aikawa E, Krenning G, 
Baker AH. Endothelial to mesenchymal transition in cardiovascular dis-
ease: JACC state-of-the-art review. J Am Coll Cardiol. 2019;73:190–209. 
doi: 10.1016/j.jacc.2018.09.089

	 99.	 Zhang S, Li Y, Huang X, Liu K, Wang QD, Chen AF, Sun K, Lui KO, 
Zhou B. Seamless genetic recording of transiently activated mesenchy-
mal gene expression in endothelial cells during cardiac fibrosis. Circulation. 
2021;144:2004–2020. doi: 10.1161/CIRCULATIONAHA.121.055417

	100.	 Hall IF, Kishta F, Xu Y, Baker AH, Kovacic JC. Endothelial to mesenchymal 
transition: at the axis of cardiovascular health and disease. Cardiovasc Res. 
2024;120:223–236. doi: 10.1093/cvr/cvae021

	101.	 Yoshimatsu Y, Watabe T. Emerging roles of inflammation-mediated  
endothelial-mesenchymal transition in health and disease. Inflamm Regen. 
2022;42:9. doi: 10.1186/s41232-021-00186-3

	102.	 Tombor LS, John D, Glaser SF, Luxan G, Forte E, Furtado M, 
Rosenthal N, Baumgarten N, Schulz MH, Wittig J, et al. Single cell se-
quencing reveals endothelial plasticity with transient mesenchymal ac-
tivation after myocardial infarction. Nat Commun. 2021;12:681. doi: 
10.1038/s41467-021-20905-1

	103.	 Avolio E, Campagnolo P, Katare R, Madeddu P. The role of cardiac peri-
cytes in health and disease: therapeutic targets for myocardial infarction. 
Nat Rev Cardiol. 2024;21:106–118. doi: 10.1038/s41569-023-00913-y

	104.	 van Splunder H, Villacampa P, Martinez-Romero A, Graupera M. 
Pericytes in the disease spotlight. Trends Cell Biol. 2024;34:58–71. doi: 
10.1016/j.tcb.2023.06.001

	105.	 Alex L, Tuleta I, Harikrishnan V, Frangogiannis NG. Validation of 
specific and reliable genetic tools to identify, label, and target car-
diac pericytes in mice. J Am Heart Assoc. 2022;11:e023171. doi: 
10.1161/JAHA.121.023171

	106.	 Kramann R, Schneider RK, DiRocco DP, Machado F, Fleig S, Bondzie PA, 
Henderson JM, Ebert BL, Humphreys BD. Perivascular Gli1+ progeni-
tors are key contributors to injury-induced organ fibrosis. Cell Stem Cell. 
2015;16:51–66. doi: 10.1016/j.stem.2014.11.004

	 107.	 Litvinukova M, Talavera-Lopez C, Maatz H, Reichart D, Worth CL, Lindberg EL, 
Kanda M, Polanski K, Heinig M, Lee M, et al. Cells of the adult human heart. 
Nature. 2020;588:466–472. doi: 10.1038/s41586-020-2797-4



Ghazal et al

Review

Circulation Research. 2025;136:773–802. DOI: 10.1161/CIRCRESAHA.124.325402� March 28, 2025    799

Cardiac Fibrosis in the Multi-Omics Era

	108.	 Alex L, Tuleta I, Hernandez SC, Hanna A, Venugopal H, 
Astorkia M, Humeres C, Kubota A, Su K, Zheng D, et al. Cardiac peri-
cytes acquire a fibrogenic phenotype and contribute to vascular matu-
ration after myocardial infarction. Circulation. 2023;148:882–898. doi: 
10.1161/CIRCULATIONAHA.123.064155

	109.	 Kuppe C, Ramirez Flores RO, Li Z, Hayat S, Levinson RT, Liao X, 
Hannani MT, Tanevski J, Wunnemann F, Nagai JS, et al. Spatial multi-omic 
map of human myocardial infarction. Nature. 2022;608:766–777. doi: 
10.1038/s41586-022-05060-x

	110.	 Simoes FC, Cahill TJ, Kenyon A, Gavriouchkina D, Vieira JM, Sun X, 
Pezzolla D, Ravaud C, Masmanian E, Weinberger M, et al. Macrophages 
directly contribute collagen to scar formation during zebrafish heart re-
generation and mouse heart repair. Nat Commun. 2020;11:600. doi: 
10.1038/s41467-019-14263-2

	111.	 Zhuang T, Chen MH, Wu RX, Wang J, Hu XD, Meng T, Wu AH, Li Y, 
Yang YF, Lei Y, et al. ALKBH5-mediated m6A modification of IL-11 drives  
macrophage-to-myofibroblast transition and pathological cardiac fibrosis in 
mice. Nat Commun. 2024;15:1995. doi: 10.1038/s41467-024-46357-x

	112.	 Zhang XZ, Li QL, Tang TT, Cheng X. Emerging role of macrophage-
fibroblast interactions in cardiac homeostasis and remodeling. JACC. 
2024;10:113–127. doi: 10.1016/j.jacbts.2024.06.003

	113.	 Bajpai G, Bredemeyer A, Li W, Zaitsev K, Koenig AL, Lokshina I, Mohan J, 
Ivey B, Hsiao HM, Weinheimer C, et al. Tissue resident CCR2- and CCR2+ 
cardiac macrophages differentially orchestrate monocyte recruitment and 
fate specification following myocardial injury. Circ Res. 2019;124:263–
278. doi: 10.1161/CIRCRESAHA.118.314028

	114.	 Wong NR, Mohan J, Kopecky BJ, Guo S, Du L, Leid J, Feng G, Lokshina I, 
Dmytrenko O, Luehmann H, et al. Resident cardiac macrophages mediate 
adaptive myocardial remodeling. Immunity. 2021;54:2072–2088.e7. doi: 
10.1016/j.immuni.2021.07.003

	115.	 Deng Z, Fan T, Xiao C, Tian H, Zheng Y, Li C, He J. TGF-beta signaling in 
health, disease, and therapeutics. Signal Transduct Target Ther. 2024;9:61. 
doi: 10.1038/s41392-024-01764-w

	116.	 Derynck R, Zhang YE. Smad-dependent and Smad-independent path-
ways in TGF-beta family signalling. Nature. 2003;425:577–584. doi: 
10.1038/nature02006

	 117.	 Ko T, Nomura S, Yamada S, Fujita K, Fujita T, Satoh M, Oka C, Katoh M, Ito M, 
Katagiri M, et al. Cardiac fibroblasts regulate the development of heart fail-
ure via Htra3-TGF-beta-IGFBP7 axis. Nat Commun. 2022;13:3275. doi: 
10.1038/s41467-022-30630-y

	118.	 Park S, Ranjbarvaziri S, Lay FD, Zhao P, Miller MJ, Dhaliwal JS, 
Huertas-Vazquez A, Wu X, Qiao R, Soffer JM, et al. Genetic regulation 
of fibroblast activation and proliferation in cardiac fibrosis. Circulation. 
2018;138:1224–1235. doi: 10.1161/CIRCULATIONAHA.118.035420

	119.	 Reichart D, Lindberg EL, Maatz H, Miranda AMA, Viveiros A, Shvetsov N, 
Gartner A, Nadelmann ER, Lee M, Kanemaru K, et al. Pathogenic variants 
damage cell composition and single cell transcription in cardiomyopathies. 
Science. 2022;377:eabo1984. doi: 10.1126/science.abo1984

	120.	 Deviatiiarov RM, Gams A, Kulakovskiy IV, Buyan A, Meshcheryakov G, 
Syunyaev R, Singh R, Shah P, Tatarinova TV, Gusev O, et al. An atlas of tran-
scribed human cardiac promoters and enhancers reveals an important role 
of regulatory elements in heart failure. Nat Cardiovasc Res. 2023;2:58–75. 
doi: 10.1038/s44161-022-00182-x

	121.	 Zhou C, Gao Y, Ding P, Wu T, Ji G. The role of CXCL fam-
ily members in different diseases. Cell Death Discov. 2023;9:212. doi: 
10.1038/s41420-023-01524-9

	122.	 Li W, Lou X, Zha Y, Qin Y, Zha J, Hong L, Xie Z, Yang S, Wang C, An J, et al. 
Single-cell RNA-seq of heart reveals intercellular communication drivers of 
myocardial fibrosis in diabetic cardiomyopathy. Elife. 2023;12:e80479. doi: 
10.7554/eLife.80479

	123.	 Liu CF, Ni Y, Thachil V, Morley M, Moravec CS, Tang WHW. Differential 
expression of members of SOX family of transcription fac-
tors in failing human hearts. Transl Res. 2022;242:66–78. doi: 
10.1016/j.trsl.2021.10.002

	124.	 Alexanian M, Przytycki PF, Micheletti R, Padmanabhan A, Ye L, 
Travers JG, Gonzalez-Teran B, Silva AC, Duan Q, Ranade SS, et al. A tran-
scriptional switch governs fibroblast activation in heart disease. Nature. 
2021;595:438–443. doi: 10.1038/s41586-021-03674-1

	125.	 Wang L, Yang Y, Ma H, Xie Y, Xu J, Near D, Wang H, Garbutt T, Li Y, Liu J, 
et al. Single-cell dual-omics reveals the transcriptomic and epigenomic di-
versity of cardiac non-myocytes. Cardiovasc Res. 2022;118:1548–1563. 
doi: 10.1093/cvr/cvab134

	126.	 Haak AJ, Kostallari E, Sicard D, Ligresti G, Choi KM, 
Caporarello N, Jones DL, Tan Q, Meridew J, Diaz Espinosa AM, et al. 

Selective YAP/TAZ inhibition in fibroblasts via dopamine receptor D1 
agonism reverses fibrosis. Sci Transl Med. 2019;11:eaau6296. doi: 
10.1126/scitranslmed.aau6296

	 127.	 Schreibing F, Anslinger TM, Kramann R. Fibrosis in pathology of heart and 
kidney: from deep RNA-sequencing to novel molecular targets. Circ Res. 
2023;132:1013–1033. doi: 10.1161/CIRCRESAHA.122.321761

	128.	 Francisco J, Zhang Y, Jeong JI, Mizushima W, Ikeda S, Ivessa A, Oka S, 
Zhai P, Tallquist MD, Del Re DP. Blockade of fibroblast YAP attenuates 
cardiac fibrosis and dysfunction through MRTF-A inhibition. JACC Basic 
Transl Sci. 2020;5:931–945. doi: 10.1016/j.jacbts.2020.07.009

	129.	 Garoffolo G, Casaburo M, Amadeo F, Salvi M, Bernava G, Piacentini L, 
Chimenti I, Zaccagnini G, Milcovich G, Zuccolo E, et al. Reduction of car-
diac fibrosis by interference with YAP-dependent transactivation. Circ Res. 
2022;131:239–257. doi: 10.1161/CIRCRESAHA.121.319373

	130.	 Rau CD, Romay MC, Tuteryan M, Wang JJ, Santolini M, Ren S, Karma A, 
Weiss JN, Wang Y, Lusis AJ. Systems genetics approach identifies gene 
pathways and Adamts2 as drivers of isoproterenol-induced cardiac hyper-
trophy and cardiomyopathy in mice. Cell Syst. 2017;4:121–128.e4. doi: 
10.1016/j.cels.2016.10.016

	131.	 Wang X, Chen W, Zhang J, Khan A, Li L, Huang F, Qiu Z, Wang L, 
Chen X. Critical role of ADAMTS2 (A Disintegrin and Metalloproteinase 
With Thrombospondin Motifs 2) in cardiac hypertrophy induced 
by pressure overload. Hypertension. 2017;69:1060–1069. doi: 
10.1161/HYPERTENSIONAHA.116.08581

	132.	 Nicin L, Schroeter SM, Glaser SF, Schulze-Bruning R, Pham MD, Hille SS, 
Yekelchyk M, Kattih B, Abplanalp WT, Tombor L, et al. A human cell atlas of 
the pressure-induced hypertrophic heart. Nat Cardiovasc Res. 2022;1:174–
185. doi: 10.1038/s44161-022-00019-7

	133.	 Su SA, Yang D, Wu Y, Xie Y, Zhu W, Cai Z, Shen J, Fu Z, Wang Y, Jia L, et al. 
EphrinB2 regulates cardiac fibrosis through modulating the interaction of 
Stat3 and TGF-beta/Smad3 signaling. Circ Res. 2017;121:617–627. doi: 
10.1161/CIRCRESAHA.117.311045

	134.	 Chothani S, Schafer S, Adami E, Viswanathan S, Widjaja AA, Langley SR, 
Tan J, Wang M, Quaife NM, Jian PC, et al. Widespread translational con-
trol of fibrosis in the human heart by RNA-binding proteins. Circulation. 
2019;140:937–951. doi: 10.1161/CIRCULATIONAHA.119.039596

	135.	 Wu J, Subbaiah KCV, Xie LH, Jiang F, Khor ES, Mickelsen D, 
Myers JR, Tang WHW, Yao P. Glutamyl-Prolyl-tRNA synthetase regulates 
proline-rich pro-fibrotic protein synthesis during cardiac fibrosis. Circ Res. 
2020;127:827–846. doi: 10.1161/CIRCRESAHA.119.315999

	136.	 Ding JF, Sun H, Song K, Zhou Y, Tu B, Shi KH, Lu D, Xu SS, Tao H. 
IGFBP3 epigenetic promotion induced by METTL3 boosts cardiac fi-
broblast activation and fibrosis. Eur J Pharmacol. 2023;942:175494. doi: 
10.1016/j.ejphar.2023.175494

	 137.	 D’Antonio M, Nguyen JP, Arthur TD, Matsui H, Donovan MKR, 
D’Antonio-Chronowska A, Frazer KA. In heart failure reactivation of 
RNA-binding proteins is associated with the expression of 1,523 
fetal-specific isoforms. PLoS Comput Biol. 2022;18:e1009918. doi: 
10.1371/journal.pcbi.1009918

	138.	 Patrick R, Janbandhu V, Tallapragada V, Tan SSM, McKinna EE, Contreras O, 
Ghazanfar S, Humphreys DT, Murray NJ, Tran YTH, et al. Integration map-
ping of cardiac fibroblast single-cell transcriptomes elucidates cellular 
principles of fibrosis in diverse pathologies. Sci Adv. 2024;10:eadk8501. 
doi: 10.1126/sciadv.adk8501

	139.	 Neupane R, Youker K, Yalamanchili HK, Cieslik KA, Karmouty-Quintana H, 
Guha A, Thandavarayan RA. Cleavage stimulating factor 64 depletion miti-
gates cardiac fibrosis through alternative polyadenylation. Biochem Biophys 
Res Commun. 2022;597:109–114. doi: 10.1016/j.bbrc.2022.01.093

	140.	 Yuan S, Zhang X, Zhan J, Xie R, Fan J, Dai B, Zhao Y, Yin Z, Liu Q, Wang DW, 
et al. Fibroblast-localized lncRNA CFIRL promotes cardiac fibrosis and 
dysfunction in dilated cardiomyopathy. Sci China Life Sci. 2024;67:1155–
1169. doi: 10.1007/s11427-023-2452-2

	141.	 Wu N, Li C, Xu B, Xiang Y, Jia X, Yuan Z, Wu L, Zhong L, Li Y. Circular 
RNA mmu_circ_0005019 inhibits fibrosis of cardiac fibroblasts and re-
verses electrical remodeling of cardiomyocytes. BMC Cardiovasc Disord. 
2021;21:308. doi: 10.1186/s12872-021-02128-w

	142.	 Pan Z, Sun X, Shan H, Wang N, Wang J, Ren J, Feng S, Xie L, Lu C, Yuan Y, 
et al. MicroRNA-101 inhibited postinfarct cardiac fibrosis and improved 
left ventricular compliance via the FBJ osteosarcoma oncogene/trans-
forming growth factor-beta1 pathway. Circulation. 2012;126:840–850. 
doi: 10.1161/CIRCULATIONAHA.112.094524

	143.	 Song JJ, Yang M, Liu Y, Song JW, Wang J, Chi HJ, Liu XY, Zuo K, 
Yang XC, Zhong JC. MicroRNA-122 aggravates angiotensin II-mediated 
apoptosis and autophagy imbalance in rat aortic adventitial fibroblasts 



Review




800    March 28, 2025� Circulation Research. 2025;136:773–802. DOI: 10.1161/CIRCRESAHA.124.325402

Ghazal et al Cardiac Fibrosis in the Multi-Omics Era

via the modulation of SIRT6-elabela-ACE2 signaling. Eur J Pharmacol. 
2020;883:173374. doi: 10.1016/j.ejphar.2020.173374

	144.	 Sun M, Yu H, Zhang Y, Li Z, Gao W. MicroRNA-214 mediates  
isoproterenol-induced proliferation and collagen synthesis in cardiac fibro-
blasts. Sci Rep. 2015;5:18351. doi: 10.1038/srep18351

	145.	 Montgomery RL, Hullinger TG, Semus HM, Dickinson BA, Seto AG, Lynch JM, 
Stack C, Latimer PA, Olson EN, van Rooij E. Therapeutic inhibition of miR-
208a improves cardiac function and survival during heart failure. Circulation. 
2011;124:1537–1547. doi: 10.1161/CIRCULATIONAHA.111.030932

	146.	 Barallobre-Barreiro J, Radovits T, Fava M, Mayr U, Lin WY, Ermolaeva E, 
Martinez-Lopez D, Lindberg EL, Duregotti E, Daroczi L, et al. Extracellular ma-
trix in heart failure: role of ADAMTS5 in proteoglycan remodeling. Circulation. 
2021;144:2021–2034. doi: 10.1161/CIRCULATIONAHA.121.055732

	 147.	 Kodogo V, Viljoen C, Hoevelmann J, Chakafana G, Tromp J, Farhan HA, 
Goland S, van der Meer P, Karaye K, Kryczka K, et al; EURObservational 
Research Programme in Conjunction With the Heart Failure Association 
of the European Society of Cardiology Study Group on Peripartum 
Cardiomyopathy. Proteomic profiling in patients with peripartum cardiomy-
opathy: a biomarker study of the ESC EORP PPCM registry. JACC Heart 
Fail. 2023;11:1708–1725. doi: 10.1016/j.jchf.2023.07.028

	148.	 Abou Kamar S, Andrzejczyk K, Petersen TB, Chin JF, Aga YS, de Bakker M, 
Akkerhuis KM, Geleijnse M, Brugts JJ, Sorop O, et al. The plasma pro-
teome is linked with left ventricular and left atrial function parameters 
in patients with chronic heart failure. Eur Heart J Cardiovasc Imaging. 
2024;25:1206–1215. doi: 10.1093/ehjci/jeae098

	149.	 Azzo JD, Dib MJ, Zagkos L, Zhao L, Wang Z, Chang CP, Ebert C, 
Salman O, Gan S, Zamani P, et al. Proteomic associations of NT-proBNP 
(N-Terminal Pro-B-Type Natriuretic Peptide) in heart failure with pre-
served ejection fraction. Circ Heart Fail. 2024;17:e011146. doi: 
10.1161/CIRCHEARTFAILURE.123.011146

	150.	 Adamo L, Yu J, Rocha-Resende C, Javaheri A, Head RD, Mann DL. Proteomic 
signatures of heart failure in relation to left ventricular ejection fraction. J 
Am Coll Cardiol. 2020;76:1982–1994. doi: 10.1016/j.jacc.2020.08.061

	151.	 Chan MY, Efthymios M, Tan SH, Pickering JW, Troughton R, 
Pemberton C, Ho HH, Prabath JF, Drum CL, Ling LH, et al. Prioritizing can-
didates of post-myocardial infarction heart failure using plasma proteomics 
and single-cell transcriptomics. Circulation. 2020;142:1408–1421. doi: 
10.1161/CIRCULATIONAHA.119.045158

	152.	 Shimada YJ, Raita Y, Liang LW, Maurer MS, Hasegawa K, Fifer MA, 
Reilly MP. Comprehensive proteomics profiling reveals circulating biomark-
ers of hypertrophic cardiomyopathy. Circ Heart Fail. 2021;14:e007849. doi: 
10.1161/CIRCHEARTFAILURE.120.007849

	153.	 Shimada YJ, Raita Y, Liang LW, Maurer MS, Hasegawa K, Fifer MA, 
Reilly MP. Prediction of major adverse cardiovascular events in patients 
with hypertrophic cardiomyopathy using proteomics profiling. Circ Genom 
Precis Med. 2022;15:e003546. doi: 10.1161/CIRCGEN.121.003546

	154.	 Bakhshi H, Michelhaugh SA, Bruce SA, Seliger SL, Qian X, 
Ambale Venkatesh B, Varadarajan V, Bagchi P, Lima JAC, deFilippi C. 
Association between proteomic biomarkers and myocardial fibrosis mea-
sured by MRI: the multi-ethnic study of atherosclerosis. EBioMedicine. 
2023;90:104490. doi: 10.1016/j.ebiom.2023.104490

	155.	 Michelhaugh SA, Camacho A, Ibrahim NE, Gaggin H, D’Alessandro D, 
Coglianese E, Lewis GD, Januzzi JL Jr. Proteomic signatures during treat-
ment in different stages of heart failure. Circ Heart Fail. 2020;13:e006794. 
doi: 10.1161/CIRCHEARTFAILURE.119.006794

	156.	 Drakos SG, Badolia R, Makaju A, Kyriakopoulos CP, Wever-Pinzon O, Tracy CM, 
Bakhtina A, Bia R, Parnell T, Taleb I, et al. Distinct transcriptomic and proteomic 
profile specifies patients who have heart failure with potential of myocar-
dial recovery on mechanical unloading and circulatory support. Circulation. 
2023;147:409–424. doi: 10.1161/CIRCULATIONAHA.121.056600

	 157.	 Xu S, Zhang G, Tan X, Zeng Y, Jiang H, Jiang Y, Wang X, Song Y, Fan H, 
Zhou Y. Plasma Olink proteomics reveals novel biomarkers for prediction 
and diagnosis in dilated cardiomyopathy with heart failure. J Proteome Res. 
2024;23:4139–4150. doi: 10.1021/acs.jproteome.4c00522

	158.	 Ravassa S, Lupon J, Lopez B, Codina P, Domingo M, Revuelta-Lopez E, 
Moreno MU, San Jose G, Santiago-Vacas E, Cediel G, et al. Prediction 
of left ventricular reverse remodeling and outcomes by circulat-
ing collagen-derived peptides. JACC Heart Fail. 2023;11:58–72. doi: 
10.1016/j.jchf.2022.09.008

	159.	 Yu YL, Siwy J, An DW, Gonzalez A, Hansen T, Latosinska A, Pellicori P, 
Ravassa S, Mariottoni B, Verdonschot JA, et al; HOMAGE Investigators. 
Urinary proteomic signature of mineralocorticoid receptor antagonism by 
spironolactone: evidence from the HOMAGE trial. Heart. 2024;110:1180–
1187. doi: 10.1136/heartjnl-2023-323796

	160.	 Kuhn TC, Knobel J, Burkert-Rettenmaier S, Li X, Meyer IS, Jungmann A, 
Sicklinger F, Backs J, Lasitschka F, Muller OJ, et al. Secretome analysis 
of cardiomyocytes identifies PCSK6 (Proprotein Convertase Subtilisin/
Kexin Type 6) as a novel player in cardiac remodeling af-
ter myocardial infarction. Circulation. 2020;141:1628–1644. doi: 
10.1161/CIRCULATIONAHA.119.044914

	161.	 Leng L, Ma J, Zhang PP, Xu SC, Li X, Jin Y, Cai J, Tang R, Zhao L, 
He ZC, et al. Spatial region-resolved proteome map reveals mechanism 
of COVID-19-associated heart injury. Cell Rep. 2022;39:110955. doi: 
10.1016/j.celrep.2022.110955

	162.	 Andrzejczyk K, Abou Kamar S, van Ommen AM, Canto ED, Petersen TB, 
Valstar G, Akkerhuis KM, Cramer MJ, Umans V, Rutten FH, et al. 
Identifying plasma proteomic signatures from health to heart failure, 
across the ejection fraction spectrum. Sci Rep. 2024;14:14871. doi: 
10.1038/s41598-024-65667-0

	163.	 Ramonfaur D, Buckley LF, Arthur V, Yang Y, Claggett BL, Ndumele CE, 
Walker KA, Austin T, Odden MC, Floyd JS, et al. High throughput plasma 
proteomics and risk of heart failure and frailty in late life. JAMA Cardiol. 
2024;9:649–658. doi: 10.1001/jamacardio.2024.1178

	164.	 Javaheri A, Diab A, Zhao L, Qian C, Cohen JB, Zamani P, Kumar A, 
Wang Z, Ebert C, Maranville J, et al. Proteomic analysis of effects of spi-
ronolactone in heart failure with preserved ejection fraction. Circ Heart Fail. 
2022;15:e009693. doi: 10.1161/CIRCHEARTFAILURE.121.009693

	165.	 Nguyen TTL, Wang M, Liu D, Iyer S, Gonzalez Bonilla HM, Acker N, 
Murthy V, Shrivastava S, Desai V, Burnett JC Jr, et al. Proteomic biomarkers 
of sacubitril/valsartan treatment response in heart failure with preserved 
ejection fraction: molecular insights into sex differences. Circ Heart Fail. 
2022;15:e009629. doi: 10.1161/CIRCHEARTFAILURE.122.009629

	166.	 Previs MJ, O’Leary TS, Morley MP, Palmer BM, LeWinter M, Yob JM, 
Pagani FD, Petucci C, Kim MS, Margulies KB, et al. Defects in the proteome 
and metabolome in human hypertrophic cardiomyopathy. Circ Heart Fail. 
2022;15:e009521. doi: 10.1161/CIRCHEARTFAILURE.121.009521

	 167.	 Schuldt M, Pei J, Harakalova M, Dorsch LM, Schlossarek S, Mokry M, 
Knol JC, Pham TV, Schelfhorst T, Piersma SR, et al. Proteomic and func-
tional studies reveal detyrosinated tubulin as treatment target in sarco-
mere mutation-induced hypertrophic cardiomyopathy. Circ Heart Fail. 
2021;14:e007022. doi: 10.1161/CIRCHEARTFAILURE.120.007022

	168.	 Liang LW, Raita Y, Hasegawa K, Fifer MA, Maurer MS, Reilly MP, 
Shimada YJ. Proteomics profiling reveals a distinct high-risk molecular 
subtype of hypertrophic cardiomyopathy. Heart. 2022;108:1807–1814. 
doi: 10.1136/heartjnl-2021-320729

	169.	 Reitz CJ, Tavassoli M, Kim DH, Shah S, Lakin R, Teng ACT, Zhou YQ, 
Li W, Hadipour-Lakmehsari S, Backx PH, et al. Proteomics and phospho-
proteomics of failing human left ventricle identifies dilated cardiomyopathy- 
associated phosphorylation of CTNNA3. Proc Natl Acad Sci U S A. 
2023;120:e2212118120. doi: 10.1073/pnas.2212118120

	 170.	 Liu M, Zhai L, Yang Z, Li S, Liu T, Chen A, Wang L, Li Y, Li R, 
Li C, et al. Integrative proteomic analysis reveals the cytoskeleton regu-
lation and mitophagy difference between ischemic cardiomyopathy 
and dilated cardiomyopathy. Mol Cell Proteomics. 2023;22:100667. doi: 
10.1016/j.mcpro.2023.100667

	171.	 Shah AM, Myhre PL, Arthur V, Dorbala P, Rasheed H, 
Buckley LF, Claggett B, Liu G, Ma J, Nguyen NQ, et al. Large scale 
plasma proteomics identifies novel proteins and protein networks as-
sociated with heart failure development. Nat Commun. 2024;15:528. 
doi: 10.1038/s41467-023-44680-3

	 172.	 Regan JA, Truby LK, Tahir UA, Katz DH, Nguyen M, Kwee LC, Deng S, 
Wilson JG, Mentz RJ, Kraus WE, et al. Protein biomarkers of cardiac re-
modeling and inflammation associated with HFpEF and incident events. 
Sci Rep. 2022;12:20072. doi: 10.1038/s41598-022-24226-1

	 173.	 Pua CJ, Loo G, Kui M, Moy WL, Hii AA, Lee V, Chin CT, Bryant JA, Toh DF, 
Lee CH, et al. Impact of diabetes on myocardial fibrosis in patients with hy-
pertension: the REMODEL study. Circ Cardiovasc Imaging. 2023;16:545–
553. doi: 10.1161/CIRCIMAGING.123.015051

	 174.	 Kuzmanov U, Wang EY, Vanderlaan R, Kim DH, Lee SH, 
Hadipour-Lakmehsari S, Guo H, Zhao Y, McFadden M, Sharma P, et al. 
Mapping signalling perturbations in myocardial fibrosis via the integrative 
phosphoproteomic profiling of tissue from diverse sources. Nat Biomed 
Eng. 2020;4:889–900. doi: 10.1038/s41551-020-0585-y

	 175.	 Zannad F, Ferreira JP, Butler J, Filippatos G, Januzzi JL, Sumin M, 
Zwick M, Saadati M, Pocock SJ, Sattar N, et al. Effect of empagliflozin 
on circulating proteomics in heart failure: mechanistic insights into 
the EMPEROR programme. Eur Heart J. 2022;43:4991–5002. doi: 
10.1093/eurheartj/ehac495



Ghazal et al

Review

Circulation Research. 2025;136:773–802. DOI: 10.1161/CIRCRESAHA.124.325402� March 28, 2025    801

Cardiac Fibrosis in the Multi-Omics Era

	 176.	 Egerstedt A, Berntsson J, Smith ML, Gidlof O, Nilsson R, Benson M, 
Wells QS, Celik S, Lejonberg C, Farrell L, et al. Profiling of the plasma 
proteome across different stages of human heart failure. Nat Commun. 
2019;10:5830. doi: 10.1038/s41467-019-13306-y

	 177.	 Benes J, Kroupova K, Kotrc M, Petrak J, Jarolim P, Novosadova V, 
Kautzner J, Melenovsky V. FGF-23 is a biomarker of RV dysfunction 
and congestion in patients with HFrEF. Sci Rep. 2023;13:16004. doi: 
10.1038/s41598-023-42558-4

	 178.	 du Toit WL, Kruger R, Gafane-Matemane LF, Schutte AE, Louw R, 
Mels CMC. Using urinary metabolomics to identify metabolic pathways 
linked to cardiac structural alterations in young adults: the African-
PREDICT study. Nutr Metab Cardiovasc Dis. 2023;33:1574–1582. doi: 
10.1016/j.numecd.2023.05.010

	 179.	 Dennis M, Howpage S, McGill M, Dutta S, Koay Y, Nguyen-Lal L, Lal S, 
Wu T, Ugander M, Wang A, et al. Myocardial fibrosis in type 2 diabetes 
is associated with functional and metabolomic parameters. Int J Cardiol. 
2022;363:179–184. doi: 10.1016/j.ijcard.2022.06.049

	180.	 Hahn VS, Petucci C, Kim MS, Bedi KC Jr, Wang H, Mishra S, Koleini N, 
Yoo EJ, Margulies KB, Arany Z, et al. Myocardial metabolomics of human 
heart failure with preserved ejection fraction. Circulation. 2023;147:1147–
1161. doi: 10.1161/CIRCULATIONAHA.122.061846

	181.	 Murashige D, Jang C, Neinast M, Edwards JJ, Cowan A, Hyman MC, 
Rabinowitz JD, Frankel DS, Arany Z. Comprehensive quantification of fuel 
use by the failing and nonfailing human heart. Science. 2020;370:364–
368. doi: 10.1126/science.abc8861

	182.	 Chen J, Shearer GC, Chen Q, Healy CL, Beyer AJ, Nareddy VB, Gerdes AM, 
Harris WS, O’Connell TD, Wang D. Omega-3 fatty acids prevent pressure 
overload-induced cardiac fibrosis through activation of cyclic GMP/protein 
kinase G signaling in cardiac fibroblasts. Circulation. 2011;123:584–593. 
doi: 10.1161/CIRCULATIONAHA.110.971853

	183.	 Watson WD, Green PG, Lewis AJM, Arvidsson P, De Maria GL, Arheden H, 
Heiberg E, Clarke WT, Rodgers CT, Valkovic L, et al. Retained metabolic 
flexibility of the failing human heart. Circulation. 2023;148:109–123. doi: 
10.1161/CIRCULATIONAHA.122.062166

	184.	 Gorski DJ, Petz A, Reichert C, Twarock S, Grandoch M, Fischer JW. Cardiac 
fibroblast activation and hyaluronan synthesis in response to hypergly-
cemia and diet-induced insulin resistance. Sci Rep. 2019;9:1827. doi: 
10.1038/s41598-018-36140-6

	185.	 Verdonschot JAJ, Wang P, Van Bilsen M, Hazebroek MR, Merken JJ, 
Vanhoutte EK, Henkens M, Van Den Wijngaard A, Glatz JFC, Krapels IPC, 
et al. Metabolic profiling associates with disease severity in nonisch-
emic dilated cardiomyopathy. J Card Fail. 2020;26:212–222. doi: 
10.1016/j.cardfail.2019.09.004

	186.	 Zhao J, Yang S, Jing R, Jin H, Hu Y, Wang J, Gu M, Niu H, Zhang S, 
Chen L, et al. Plasma metabolomic profiles differentiate patients with di-
lated cardiomyopathy and ischemic cardiomyopathy. Front Cardiovasc Med. 
2020;7:597546. doi: 10.3389/fcvm.2020.597546

	 187.	 Liu C, Li R, Liu Y, Li Z, Sun Y, Yin P, Huang R. Characteristics of blood meta-
bolic profile in coronary heart disease, dilated cardiomyopathy and valvular 
heart disease induced heart failure. Front Cardiovasc Med. 2020;7:622236. 
doi: 10.3389/fcvm.2020.622236

	188.	 Koay YC, Liu RP, McIntosh B, Vigder N, Lauren S, Bai AY, Tomita S, Li D, 
Harney D, Hunter B, et al. The efficacy of risk factor modification com-
pared to NAD(+) repletion in diastolic heart failure. JACC Basic Transl Sci. 
2024;9:733–750. doi: 10.1016/j.jacbts.2024.01.011

	189.	 Tong D, Schiattarella GG, Jiang N, Altamirano F, Szweda PA, Elnwasany A, 
Lee DI, Yoo H, Kass DA, Szweda LI, et al. NAD(+) repletion reverses heart 
failure with preserved ejection fraction. Circ Res. 2021;128:1629–1641. 
doi: 10.1161/CIRCRESAHA.120.317046

	190.	 Ahmed A, Syed JN, Chi L, Wang Y, Perez-Romero C, Lee D, 
Kocaqi E, Caballero A, Yang J, Escalante-Covarrubias Q, et al. KDM8 
epigenetically controls cardiac metabolism to prevent initiation of di-
lated cardiomyopathy. Nat Cardiovasc Res. 2023;2:174–191. doi: 
10.1038/s44161-023-00214-0

	191.	 Hundertmark MJ, Adler A, Antoniades C, Coleman R, Griffin JL, Holman RR, 
Lamlum H, Lee J, Massey D, Miller J, et al. Assessment of Cardiac Energy 
Metabolism, Function, and Physiology in Patients With Heart Failure Taking 
Empagliflozin: the randomized, controlled EMPA-VISION trial. Circulation. 
2023;147:1654–1669. doi: 10.1161/CIRCULATIONAHA.122.062021

	192.	 Li X, Lu Q, Qiu Y, do Carmo JM, Wang Z, da Silva AA, Mouton A, 
Omoto ACM, Hall ME, Li J, et al. Direct cardiac actions of the sodium glu-
cose co-transporter 2 inhibitor empagliflozin improve myocardial oxidative 
phosphorylation and attenuate pressure-overload heart failure. J Am Heart 
Assoc. 2021;10:e018298. doi: 10.1161/JAHA.120.018298

	193.	 Nagalingam RS, Jayousi F, Hamledari H, Dababneh S, Hosseini D, 
Lindsay C, Klein Geltink R, Lange PF, Dixon IM, Rose RA, et al. Molecular 
and metabolomic characterization of hiPSC-derived cardiac fibroblasts 
transitioning to myofibroblasts. Front Cell Dev Biol. 2024;12:1496884. doi: 
10.3389/fcell.2024.1496884

	194.	 Trenson S, Hermans H, Craps S, Pokreisz P, de Zeeuw P, Van Wauwe J, 
Gillijns H, Veltman D, Wei F, Caluwe E, et al. Cardiac microvascular endo-
thelial cells in pressure overload-induced heart disease. Circ Heart Fail. 
2021;14:e006979. doi: 10.1161/CIRCHEARTFAILURE.120.006979

	195.	 Wang YC, Koay YC, Pan C, Zhou Z, Tang W, Wilcox J, Li XS, Zagouras A, 
Marques F, Allayee H, et al. Indole-3-propionic acid protects against heart 
failure with preserved ejection fraction. Circ Res. 2024;134:371–389. doi: 
10.1161/CIRCRESAHA.123.322381

	196.	 Beale AL, O’Donnell JA, Nakai ME, Nanayakkara S, Vizi D, Carter K, 
Dean E, Ribeiro RV, Yiallourou S, Carrington MJ, et al. The gut microbi-
ome of heart failure with preserved ejection fraction. J Am Heart Assoc. 
2021;10:e020654. doi: 10.1161/JAHA.120.020654

	 197.	 Wittenbecher C, Eichelmann F, Toledo E, Guasch-Ferre M, Ruiz-Canela M, 
Li J, Aros F, Lee CH, Liang L, Salas-Salvado J, et al. Lipid profiles and heart 
failure risk: results from two prospective studies. Circ Res. 2021;128:309–
320. doi: 10.1161/CIRCRESAHA.120.317883

	198.	 Andersson C, Liu C, Cheng S, Wang TJ, Gerszten RE, Larson MG, 
Vasan RS. Metabolomic signatures of cardiac remodelling and heart 
failure risk in the community. ESC Heart Fail. 2020;7:3707–3715. doi: 
10.1002/ehf2.12923

	199.	 Pouleur AC, Menghoum N, Cumps J, Marino A, Badii M, Lejeune S, 
Legault JT, Boucher G, Gruson D, Roy C, et al. Plasma myo-inositol el-
evation in heart failure: clinical implications and prognostic significance. 
Results from the BElgian and CAnadian MEtabolomics in HFpEF 
(BECAME-HF) research project. EBioMedicine. 2024;107:105264. doi: 
10.1016/j.ebiom.2024.105264

	200.	 Wang X, Yang G, Li J, Meng C, Xue Z. Dynamic molecular signatures of 
acute myocardial infarction based on transcriptomics and metabolomics. 
Sci Rep. 2024;14:10175. doi: 10.1038/s41598-024-60945-3

	201.	 Bravo CA, Hua S, Deik A, Lazar J, Hanna DB, Scott J, Chai JC, Kaplan RC, 
Anastos K, Robles OA, et al. Metabolomic profiling of left ventricular dia-
stolic dysfunction in women with or at risk for HIV infection: the wom-
en’s interagency HIV study. J Am Heart Assoc. 2020;9:e013522. doi: 
10.1161/JAHA.119.013522

	202.	 Tahir UA, Katz DH, Zhao T, Ngo D, Cruz DE, Robbins JM, Chen ZZ, 
Peterson B, Benson MD, Shi X, et al. Metabolomic profiles and heart failure 
risk in black adults: insights from the Jackson Heart Study. Circ Heart Fail. 
2021;14:e007275. doi: 10.1161/CIRCHEARTFAILURE.120.007275

	203.	 Razavi AC, Bazzano LA, He J, Fernandez C, Whelton SP, Krousel-Wood M, 
Li S, Nierenberg JL, Shi M, Li C, et al. Novel findings from a metabolomics 
study of left ventricular diastolic function: the Bogalusa Heart Study. J Am 
Heart Assoc. 2020;9:e015118. doi: 10.1161/JAHA.119.015118

	204.	 Karur GR, Aneja A, Stojanovska J, Hanneman K, Latchamsetty R, Kersting D, 
Rajiah PS. Imaging of cardiac fibrosis: an update, from the AJR special se-
ries on imaging of fibrosis. AJR Am J Roentgenol. 2024;222:e2329870. 
doi: 10.2214/AJR.23.29870

	205.	 Picano E, Pelosi G, Marzilli M, Lattanzi F, Benassi A, Landini L, L’Abbate A. 
In vivo quantitative ultrasonic evaluation of myocardial fibrosis in humans. 
Circulation. 1990;81:58–64. doi: 10.1161/01.cir.81.1.58

	206.	 Karamitsos TD, Arvanitaki A, Karvounis H, Neubauer S, Ferreira VM. 
Myocardial tissue characterization and fibrosis by imaging. JACC Cardiovasc 
Imaging. 2020;13:1221–1234. doi: 10.1016/j.jcmg.2019.06.030

	 207.	 Ezeani M, Noor A, Alt K, Lal S, Donnelly PS, 
Hagemeyer CE, Niego B. Collagen-targeted peptides for molecular im-
aging of diffuse cardiac fibrosis. J Am Heart Assoc. 2021;10:e022139. 
doi: 10.1161/JAHA.121.022139

	208.	 Loganath K, Craig N, Barton A, Joshi S, Anagnostopoulos C, Erba PA, 
Glaudemans A, Saraste A, Bucerius J, Lubberink M, et al. Cardiovascular 
PET imaging of fibroblast activation a review of the current literature. J 
Nucl Cardiol. 2024;102106. doi: 10.1016/j.nuclcard.2024.102106

	209.	 Lopez B, Ravassa S, Moreno MU, Jose GS, Beaumont J, 
Gonzalez A, Diez J. Diffuse myocardial fibrosis: mechanisms, diagnosis 
and therapeutic approaches. Nat Rev Cardiol. 2021;18:479–498. doi: 
10.1038/s41569-020-00504-1

	210.	 Li AH, Liu PP, Villarreal FJ, Garcia RA. Dynamic changes in myocar-
dial matrix and relevance to disease: translational perspectives. Circ Res. 
2014;114:916–927. doi: 10.1161/CIRCRESAHA.114.302819

	211.	 Zhou SS, Jin JP, Wang JQ, Zhang ZG, Freedman JH, Zheng Y, 
Cai L. miRNAS in cardiovascular diseases: potential biomarkers, therapeutic 



Review




802    March 28, 2025� Circulation Research. 2025;136:773–802. DOI: 10.1161/CIRCRESAHA.124.325402

Ghazal et al Cardiac Fibrosis in the Multi-Omics Era

targets and challenges. Acta Pharmacol Sin. 2018;39:1073–1084. doi: 
10.1038/aps.2018.30

	212.	 Foinquinos A, Batkai S, Genschel C, Viereck J, Rump S, Gyongyosi M, 
Traxler D, Riesenhuber M, Spannbauer A, Lukovic D, et al. Preclinical de-
velopment of a miR-132 inhibitor for heart failure treatment. Nat Commun. 
2020;11:633. doi: 10.1038/s41467-020-14349-2

	213.	 Hinkel R, Batkai S, Bahr A, Bozoglu T, Straub S, Borchert T, Viereck J, Howe A, 
Hornaschewitz N, Oberberger L, et al. AntimiR-132 attenuates myocardial 
hypertrophy in an animal model of percutaneous aortic constriction. J Am 
Coll Cardiol. 2021;77:2923–2935. doi: 10.1016/j.jacc.2021.04.028

	214.	 Batkai S, Genschel C, Viereck J, Rump S, Bar C, Borchert T, Traxler D, 
Riesenhuber M, Spannbauer A, Lukovic D, et al. CDR132L improves sys-
tolic and diastolic function in a large animal model of chronic heart failure. 
Eur Heart J. 2021;42:192–201. doi: 10.1093/eurheartj/ehaa791

	215.	 Moustafa A, Hashemi S, Brar G, Grigull J, Ng SHS, Williams D, Schmitt-Ulms G, 
McDermott JC. The MEF2A transcription factor interactome in cardiomyo-
cytes. Cell Death Dis. 2023;14:240. doi: 10.1038/s41419-023-05665-8

	216.	 Yang M, Song L, Wang L, Yukht A, Ruther H, Li F, Qin M, Ghiasi H, Sharifi BG, 
Shah PK. Deficiency of GATA3-positive macrophages improves cardiac 
function following myocardial infarction or pressure overload hypertrophy. 
J Am Coll Cardiol. 2018;72:885–904. doi: 10.1016/j.jacc.2018.05.061

	 217.	 Viereck J, Thum T. Development of a mechanism-based next-generation 
therapeutic for heart failure derived from the dark genome. JACC Basic 
Transl Sci. 2023;8:1595–1598. doi: 10.1016/j.jacbts.2023.09.006

	218.	 Taubel J, Hauke W, Rump S, Viereck J, Batkai S, Poetzsch J, Rode L, 
Weigt H, Genschel C, Lorch U, et al. Novel antisense therapy targeting 
microRNA-132 in patients with heart failure: results of a first-in-human 
Phase 1b randomized, double-blind, placebo-controlled study. Eur Heart J. 
2021;42:178–188. doi: 10.1093/eurheartj/ehaa898

	219.	 Bauersachs J, Solomon SD, Anker SD, Antorrena-Miranda I, Batkai S, 
Viereck J, Rump S, Filippatos G, Granzer U, Ponikowski P, et al. Efficacy 
and safety of CDR132L in patients with reduced left ventricular ejec-
tion fraction after myocardial infarction: rationale and design of the HF-
REVERT trial. Eur J Heart Fail. 2024;26:674–682. doi: 10.1002/ejhf.3139

	220.	 Aghajanian H, Kimura T, Rurik JG, Hancock AS, Leibowitz MS, Li L, Scholler J, 
Monslow J, Lo A, Han W, et al. Targeting cardiac fibrosis with engineered T 
cells. Nature. 2019;573:430–433. doi: 10.1038/s41586-019-1546-z

	221.	 Rurik JG, Tombacz I, Yadegari A, Mendez Fernandez PO, 
Shewale SV, Li L, Kimura T, Soliman OY, Papp TE, Tam YK, et al. CAR T 
cells produced in vivo to treat cardiac injury. Science. 2022;375:91–96. doi: 
10.1126/science.abm0594

	222.	 Amrute JM, Luo X, Penna V, Yang S, Yamawaki T, Hayat S, 
Bredemeyer A, Jung IH, Kadyrov FF, Heo GS, et al. Targeting immune-
fibroblast cell communication in heart failure. Nature. 2024;635:423–433. 
doi: 10.1038/s41586-024-08008-5

	223.	 Zhang H, Thai PN, Shivnaraine RV, Ren L, Wu X, Siepe DH, Liu Y, Tu C, 
Shin HS, Caudal A, et al. Multiscale drug screening for cardiac fibrosis 
identifies MD2 as a therapeutic target. Cell. 2024;187:7143–7163.e22. 
doi: 10.1016/j.cell.2024.09.034

	 224.	 Bouvet M, Claude O, Roux M, Skelly D, Masurkar N, Mougenot N, Nadaud S, 
Blanc C, Delacroix C, Chardonnet S, et al. Anti-integrin alpha(v) therapy im-
proves cardiac fibrosis after myocardial infarction by blunting cardiac PW1(+) 
stromal cells. Sci Rep. 2020;10:11404. doi: 10.1038/s41598-020-68223-8

	225.	 Raafs AG, Verdonschot JAJ, Henkens M, Adriaans BP, Wang P, Derks K, 
Abdul Hamid MA, Knackstedt C, van Empel VPM, Diez J, et al. The com-
bination of carboxy-terminal propeptide of procollagen type I blood levels 
and late gadolinium enhancement at cardiac magnetic resonance provides 
additional prognostic information in idiopathic dilated cardiomyopathy - a 
multilevel assessment of myocardial fibrosis in dilated cardiomyopathy. Eur 
J Heart Fail. 2021;23:933–944. doi: 10.1002/ejhf.2201

	226.	 Henry A, Gordillo-Maranon M, Finan C, Schmidt AF, Ferreira JP, Karra R, 
Sundstrom J, Lind L, Arnlov J, Zannad F, et al; HERMES and SCALLOP 
Consortia. Therapeutic targets for heart failure identified using proteomics 
and Mendelian randomization. Circulation. 2022;145:1205–1217. doi: 
10.1161/CIRCULATIONAHA.121.056663

	 227.	 Selvaraj S, Fu Z, Jones P, Kwee LC, Windsor SL, Ilkayeva O, Newgard CB, 
Margulies KB, Husain M, Inzucchi SE, et al; DEFINE-HF Investigators. 
Metabolomic profiling of the effects of dapagliflozin in heart failure with 
reduced ejection fraction: DEFINE-HF. Circulation. 2022;146:808–818. 
doi: 10.1161/CIRCULATIONAHA.122.060402

	228.	 Tian J, Zhang M, Suo M, Liu D, Wang X, Liu M, Pan J, Jin T, An F. 
Dapagliflozin alleviates cardiac fibrosis through suppressing EndMT 
and fibroblast activation via AMPKalpha/TGF-beta/Smad signalling 
in type 2 diabetic rats. J Cell Mol Med. 2021;25:7642–7659. doi: 
10.1111/jcmm.16601

	229.	 Schmidt K, Schmidt A, Gross S, Just A, Pfanne A, Fuchs M, Jordan M, Mohr E, 
Pich A, Fiedler J, et al. SGLT2 inhibitors attenuate endothelial to mesenchy-
mal transition and cardiac fibroblast activation. Sci Rep. 2024;14:16459. 
doi: 10.1038/s41598-024-65410-9

	230.	 Berg-Hansen K, Gopalasingam N, Christensen KH, Ladefoged B,  
Andersen MJ, Poulsen SH, Borlaug BA, Nielsen R, Moller N,  
Wiggers H. Cardiovascular effects of oral ketone ester treatment in pa-
tients with heart failure with reduced ejection fraction: a randomized, 
controlled, double-blind trial. Circulation. 2024;149:1474–1489. doi: 
10.1161/CIRCULATIONAHA.123.067971

	231.	 Deng Y, Xie M, Li Q, Xu X, Ou W, Zhang Y, Xiao H, Yu H, 
Zheng Y, Liang Y, et al. Targeting mitochondria-inflammation circuit by 
beta-hydroxybutyrate mitigates HFpEF. Circ Res. 2021;128:232–245. doi: 
10.1161/CIRCRESAHA.120.317933

	232.	 Sternberg F, Sternberg C, Dunkel A, Beikbaghban T, Gregor A, Szarzynski A, 
Somoza V, Walter I, Duszka K, Kofler B, et al. Ketogenic diets composed 
of long-chain and medium-chain fatty acids induce cardiac fibrosis in mice. 
Mol Metab. 2023;72:101711. doi: 10.1016/j.molmet.2023.101711

	233.	 Wang W, Wang J, Yao K, Wang S, Nie M, Zhao Y, Wang B, 
Pang H, Xu J, Wu G, et al. Metabolic characterization of hypertrophic car-
diomyopathy in human heart. Nat Cardiovasc Res. 2022;1:445–461. doi: 
10.1038/s44161-022-00057-1

	234.	 Tani H, Sadahiro T, Yamada Y, Isomi M, Yamakawa H, Fujita R, Abe Y, 
Akiyama T, Nakano K, Kuze Y, et al. Direct reprogramming improves cardiac 
function and reverses fibrosis in chronic myocardial infarction. Circulation. 
2023;147:223–238. doi: 10.1161/CIRCULATIONAHA.121.058655

	235.	 Jeong D, Lee MA, Li Y, Yang DK, Kho C, Oh JG, Hong G, Lee A, 
Song MH, LaRocca TJ, et al. Matricellular Protein CCN5 reverses es-
tablished cardiac fibrosis. J Am Coll Cardiol. 2016;67:1556–1568. doi: 
10.1016/j.jacc.2016.01.030

	236.	 Akam-Baxter EA, Bergemann D, Ridley SJ, To S, Andrea B, Moon B, Ma H, 
Zhou Y, Aguirre A, Caravan P, et al. Dynamics of collagen oxidation and 
cross linking in regenerating and irreversibly infarcted myocardium. Nat 
Commun. 2024;15:4648. doi: 10.1038/s41467-024-48604-7

	 237.	 Lazaropoulos MP, Gibb AA, Chapski DJ, Nair AA, Reiter AN, Roy R, 
Eaton DM, Bedi KC Jr, Margulies KB, Wellen KE, et al. Nuclear ATP-citrate 
lyase regulates chromatin-dependent activation and maintenance of the 
myofibroblast gene program. Nat Cardiovasc Res. 2024;3:869–882. doi: 
10.1038/s44161-024-00502-3

	238.	 Rubino M, Travers JG, Headrick AL, Enyart BT, Lemieux ME, Cavasin MA, 
Schwisow JA, Hardy EJ, Kaltenbacher KJ, Felisbino MB, et al. Inhibition 
of eicosanoid degradation mitigates fibrosis of the heart. Circ Res. 
2023;132:10–29. doi: 10.1161/CIRCRESAHA.122.321475

	239.	 Choi H, Pavelka N. When one and one gives more than two: challeng-
es and opportunities of integrative omics. Front Genet. 2011;2:105. doi: 
10.3389/fgene.2011.00105

	240.	 Tarazona S, Arzalluz-Luque A, Conesa A. Undisclosed, unmet and neglect-
ed challenges in multi-omics studies. Nat Comput Sci. 2021;1:395–402. 
doi: 10.1038/s43588-021-00086-z

	241.	 Berger B, Peng J, Singh M. Computational solutions for omics data. Nat 
Rev Genet. 2013;14:333–346. doi: 10.1038/nrg3433

	242.	 Flores JE, Claborne DM, Weller ZD, Webb-Robertson BM, 
Waters KM, Bramer LM. Missing data in multi-omics integration: recent 
advances through artificial intelligence. Front Artif Intell. 2023;6:1098308. 
doi: 10.3389/frai.2023.1098308


