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Abstract

The heart's metabolic plasticity, crucial for adapting to energy demands, is governed by epigenetic and
epitranscriptomic mechanisms. Aging and cardiovascular diseases disrupt this equilibrium, leading to metabolic
inflexibility, mitochondrial dysfunction, and pathological remodeling. This review explores how DNA methylation,
histone modifications, and RNA methylation (e.g., m6A, m5C) dynamically regulate cardiac metabolism. Key
findings reveal that age-related declines in SIRT1/NAD+ activity and FTO-mediated RNA demethylation impair
fatty acid oxidation, while METTL3-driven m6A hypermethylation promotes glycolytic dependency. Dysregulation
of TET enzymes and a-ketoglutarate (a-KG) further disrupts DNA hydroxymethylation and RNA modification,
exacerbating oxidative stress and mitochondrial inefficiency. These alterations create self-reinforcing cycles of
metabolic rigidity, contributing to heart failure, arrhythmias, and ischemia-reperfusion injury. Emerging therapeutic
strategies, including BET inhibitors and NAD+ repletion, show promise in restoring metabolic flexibility by targeting
epigenetic and epitranscriptomic pathways. Integrating multi-omics approaches and spatial epitranscriptomics
offers novel insights into cell-specific regulatory networks, paving the way for precision interventions to counteract
cardiac aging and disease.
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INTRODUCTION

Cardiovascular disease (CVD) remains the leading cause of death and disability worldwide, with the elderly
population bearing a disproportionate burden. As the global population ages, the prevalence of CVD in
older adults is expected to rise, posing significant challenges to healthcare systems. For instance, in the
United States, the age-adjusted prevalence of heart disease in adults aged 18 and over was 5.5% in 2019, with
higher rates observed in older age groups"”. Moreover, the burden of CVD in the elderly is compounded by
the presence of multiple comorbidities, such as frailty, obesity, and diabetes, which exacerbate risks and
complicate management™. The heart, an organ with unparalleled energy demands, sustains its
physiological function through a tightly regulated metabolic equilibrium, where a predominant fraction
(~60%-90%) of ATP production in adults is derived from fatty acid p-oxidation, complemented by glucose,
ketone, and lactate metabolism". This metabolic plasticity ensures adaptability to fluctuating energy
requirements, underpinning contractile efficiency and electrophysiological stability. However, aging
perturbs this balance, often leading to a shift characterized by diminished mitochondrial fatty acid oxidation
and increased reliance on glycolysis, reminiscent of fetal metabolic patterns'. This transition is associated
with altered CPT1 and PDK4 expression, impairing fatty acid oxidation and uncoupling glucose oxidation
from ATP synthesis”*. The ensuing metabolic inflexibility reduces energy yield, promotes the accumulation
of metabolic byproducts (e.g., excess lactate and reactive oxygen species), and triggers mitochondrial
dysfunction, contributing to cardiomyocyte stress, interstitial fibrosis, and a proarrhythmic environment.
These alterations collectively drive the progression of age-associated cardiovascular pathologies, including
heart failure with preserved ejection fraction (HFpEF) and atrial fibrillation, highlighting the central role of
metabolic dysregulation in cardiac aging.

Despite advances in medical therapy and interventions, conventional treatments for CVD in the elderly
often fall short due to several limitations. Older adults are frequently underrepresented in clinical trials,
leading to a paucity of evidence-based guidelines tailored to this demographic. Additionally, age-related
changes in pharmacokinetics and pharmacodynamics increase the risk of adverse drug events, necessitating
careful medication management. Furthermore, the presence of multimorbidity and geriatric syndromes
requires a holistic, patient-centered approach that considers not only the cardiovascular condition but also
the patient’s overall health status, functional ability, and personal preferences. Epigenetic mechanisms,
encompassing DNA methylation, histone post-translational modifications, and chromatin remodeling,
govern transcriptional programs without altering the genetic code, serving as dynamic rheostats of cardiac
metabolism". DNA methylation, catalyzed by DNMTs at CpG islands, is implicated in the repression of
fatty acid oxidation genes, including PPARa and potentially CPT1A". Concurrently, histone acetylation
dynamics, regulated by antagonistic HATs and HDACs, modulate chromatin accessibility of metabolic gene
clusters">"”.. Notably, SIRT1, an NAD+-dependent class IIl HDAC, safeguards mitochondrial biogenesis
primarily by deacetylating transcription factors like PGC-1a"*. Beyond chromatin-based regulation, the
emerging field of epitranscriptomics reveals RNA modifications - including well-characterized m6A, as well
as potential roles of m5C and pseudouridylation (¥) - as post-transcriptional regulators of cardiac
metabolism"*°.

In light of these challenges, there is a pressing need for comprehensive reviews that synthesize the latest
research on cardiac metabolism and aging, with a focus on identifying novel therapeutic targets and
strategies that address the unique needs of the elderly population. Despite significant progress, fundamental
questions remain regarding how epigenetic and epitranscriptomic mechanisms orchestrate metabolic
reprogramming during cardiac aging and disease. A key challenge lies in understanding the temporal
dynamics of epigenetic modifiers such as DNMT3A and SIRT6 - how do their fluctuating activities across
the lifespan influence stage-specific metabolic shifts, including the regulation of enzymes like PDK4 and
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succinate dehydrogenase? Additionally, the cell-type specificity of these regulatory layers is poorly defined.
For example, do cardiac fibroblasts exhibit distinct DNA hydroxymethylation patterns compared to
cardiomyocytes? Furthermore, how do macrophage-derived extracellular vesicles deliver epitranscriptomic
modifiers to influence myocardial metabolism? Another critical frontier is the bidirectional interplay
between metabolic intermediates and the epigenetic landscape. For instance, age-related declines in o-
ketoglutarate - a crucial cofactor for TET enzymes and RNA demethylases"” - may contribute to metabolic
rigidity, but whether this creates a self-reinforcing cycle remains to be determined. Moreover, the
therapeutic potential of targeting these pathways is still underexplored. Could pharmacological inhibition of
BET bromodomains or activation of FTO help mitigate age-associated metabolic inflexibility? If so, what are
the implications for diastolic dysfunction or mitochondrial ROS accumulation? Recent advances in single-
nucleus ATAC-seq have provided unprecedented insights into cell-specific chromatin accessibility changes
in aged hearts"*, while spatial epitranscriptomic mapping of meA modifications has revealed alterations in
failing myocardium". Integrating these high-resolution techniques with metabolomic flux analysis and
CRISPR-based epigenome editing will be crucial for constructing a comprehensive multiscale model of
cardiac aging. Such a model could ultimately enable the development of precision interventions aimed at
restoring metabolic plasticity and counteracting the deleterious effects of aging on cardiovascular health.

EPIGENETIC CONTROL OF CARDIAC METABOLISM

In the physiological regulation of cardiac metabolism, epigenetic mechanisms orchestrate a dynamic
equilibrium between fatty acid oxidation and glucose utilization, ensuring metabolic flexibility to meet the
heart’s fluctuating energy demands. DNA methylation, mediated by DNA methyltransferases (DNMTs),
regulates fatty acid oxidation pathways by modifying CpG islands within gene promoters™. The
peroxisome proliferator-activated receptor alpha (PPARa), a master regulator of lipid metabolism, remains
transcriptionally active under basal conditions due to hypomethylation at its promoter and enhancer
regions™. This permissive methylation landscape enables PPARa to drive the expression of key metabolic
genes, such as CPT1A and ACADL, which facilitate mitochondrial fatty acid uptake and p-oxidation"**".
DNMTS3A, in coordination with methyl-CpG-binding protein 2 (MeCP2), modulates this system by
repressing specific loci to fine-tune lipid metabolism in response to nutritional states, although the precise
regulatory targets require further elucidation”. In parallel, histone acetylation-deacetylation cycles,
governed by histone acetyltransferases (HATs) and histone deacetylases (HDACs), dynamically regulate
glycolytic and glycogenolytic gene expression™. Under normoxic conditions, class II HDACs (e.g.,
HDACA4/5) suppress excessive glycolytic activation, in part by modulating transcription factors such as
MEF2, which control glucose transporter (GLUT1, GLUT4) and hexokinase 2 (HK2) expression”**. SIRT1
further refines this balance by deacetylating and activating PGC-1a, promoting mitochondrial biogenesis
and coupling glucose-derived pyruvate to the TCA cycle®™. Additionally, chromatin remodeling by the
SWI/SNF complex modulates nucleosome positioning, facilitating dynamic transcriptional responses to
metabolic cues™. This ensures that key transcription factors - such as PGC-1a and FOXO1 - can access
regulatory elements in a substrate-dependent manner, allowing rapid metabolic adaptations. Collectively,
this epigenetically governed regulatory network enables the heart to efficiently transition between energy
substrates while preventing toxic metabolite accumulation, highlighting the intricate interplay between
chromatin architecture and metabolic demand sensing.

The aging heart exhibits profound epigenetic dysregulation that disrupts metabolic plasticity, exemplified by
the decline in SIRT1 deacetylase activity and aberrant DNA methylation landscapes, both converging to
impair mitochondrial energetics and fuel substrate utilization”"*”. Age-related NAD+ depletion, driven by
reduced NAMPT expression and CD38 upregulation, diminishes SIRT1 activity, leading to histone
hyperacetylation at glycolytic gene promoters (e.g., HK2) and dysregulation of fatty acid oxidation (FAO)
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pathways" . This shift locks the heart into a glucose-dependent state, characterized by downregulation of
PPARGq target genes such as CPT1A, which restricts mitochondrial fatty acid uptake, and a compensatory
increase in GLUT1-mediated glucose transport - hallmarks of metabolic inflexibility””. Concomitantly,
reduced SIRT1 activity impairs the deacetylation of key mitochondrial proteins, exacerbating oxidative
stress”®. Additionally, SIRT1-mediated regulation of PGC-1a-dependent transcriptional programs is
disrupted, compromising NRF1-driven mitochondrial biogenesis and further impairing electron transport
chain (ETC) efficiency™. These interrelated defects culminate in ROS-mediated damage to mtDNA and
metabolic enzymes, reinforcing the decline in mitochondrial function and accelerating cardiac aging.

Parallel to SIRT1 dysfunction, aging remodels the cardiac methylome through altered DNMT3A and TET
enzyme activity, establishing repressive methylation signatures at loci critical for mitochondrial
homeostasis'“>*". Age-related increases in DNMT3A expression, observed in certain cardiac cell types,
promote hypermethylation of the TFAM promoter, encoding a key mtDNA packaging factor, thereby
impairing mitochondrial transcription and replication”. Meanwhile, global hypomethylation at
retrotransposon elements (e.g., LINE-1) has been implicated in genomic instability and heightened
inflammatory signaling, though its precise role in cardiac aging warrants further investigation*”. Notably,
PPARa and CPT1B enhancers acquire age-dependent 5smC modifications via DNMT3A, repressing their
transcription and diminishing FAO capacity“**”. Conversely, the TET2-mediated oxidation of 5smC to 5-
hydroxymethylcytosine (shmC) - a process requiring a-ketoglutarate (a-KG) - declines with age, likely due
to reduced IDH2 activity and broader TCA cycle dysregulation, locking pro-glycolytic genes like LDHA in a
transcriptionally active state! . This imbalance shifts cardiac metabolism toward a glycolysis-dependent
phenotype, reinforcing metabolic inflexibility. Further compounding these changes, circadian epigenetic
regulation becomes disrupted, as age-related blunting of BMAL1/CLOCK oscillations diminishes rhythmic
SIRT1 expression, impairing its role in coordinating metabolic phase transitions"”. Additionally, DNMT3A
exhibits time-of-day-dependent rhythmic expression, with its activity peaking nocturnally, suggesting a role
in regulating substrate utilization rhythms"*>*.. For instance, DNMT3A-mediated methylation of metabolic
genes like PPARa and CPT1B, which control fatty acid oxidation, may exhibit circadian variation,
influencing the daily switch between glucose and fatty acid utilization™. However, aging disrupts these
rhythms, leading to dysregulated DNMT3A activity and loss of precise control over substrate utilization".
The resultant metabolic rigidity manifests as reduced ATP synthesis, lipid droplet accumulation, and
NADH/NAD+ imbalance, which, in turn, disrupts epigenetic homeostasis by altering sirtuin activity and
methyl donor (SAM/SAH) availability®™. These interwoven defects in epigenetic-metabolic crosstalk
contribute to mitochondrial dysfunction, diastolic dysfunction, and increased susceptibility to ischemic
injury and arrhythmogenesis, highlighting the profound impact of epigenetic remodeling on cardiac
senescence.

In the pathological landscape of heart failure, dysregulated DNA hydroxymethylation emerges as a key
contributor to maladaptive metabolic reprogramming, disrupting the balance between fatty acid oxidation
(FAO) and glycolytic flux”. TET2-mediated conversion of 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5shmC) at FAO gene enhancers (e.g., CPT1A, PPARa) is markedly suppressed in
failing hearts, likely due to reduced a-ketoglutarate (0-KG) availability, accumulation of succinate, and
chronic inflammatory signaling - all hallmarks of mitochondrial dysfunction*. This hydroxymethylation
deficit reinforces a transcriptionally repressive state, promoting a metabolic shift toward glucose
dependency reminiscent of fetal cardiac metabolism. Concurrently, TET3 expression has been reported to
increase in cardiac fibroblasts under pathological stress, potentially altering shmC patterns at pro-
inflammatory gene loci (e.g., IL-6, TNF-a)*". This epigenetic reprogramming, in concert with ROS-
mediated inhibition of electron transport chain (ETC) complexes, exacerbates mitochondrial dysfunction
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and impairs energy production. Further compounding these metabolic deficits, DNMT3A-mediated
hypermethylation of PGC-1a regulatory regions contributes to suppressed mitochondrial biogenesis and
oxidative metabolism". Given that PGC-1a is also regulated by histone modifications and post-
translational factors, DNMT3A may act in concert with other epigenetic regulators to create a self-
reinforcing cycle of metabolic insufficiency. These interconnected pathways underscore the critical role of
epigenetic remodeling in heart failure pathogenesis and highlight potential targets for therapeutic
intervention.

Ischemia-reperfusion (I/R) injury establishes a persistent "metabolic memory" through histone
modification-driven chromatin remodeling, perpetuating maladaptive responses even after blood flow is
restored”. During ischemia, hypoxia-inducible factor 1a (HIF-1a) recruits histone acetyltransferases
(HATS) such as p300 (EP300) to promoters of glycolytic and stress-response genes (e.g., HK2, PDK1,
VEGFA), depositing H3K27ac marks that sustain transcription beyond the acute hypoxic phase!*’. This
epigenetic priming, reinforced by ischemia-induced NAD+ depletion and subsequent suppression of SIRT1
deacetylase activity, promotes a metabolic shift favoring glycolysis at the expense of oxidative
phosphorylation, impairing post-reperfusion recovery. Additionally, I/R injury induces H3K4me3
deposition at inflammatory gene loci, including NLRP3 inflammasome components, via the histone
methyltransferase MLL1 (KMT2A), priming the myocardium for heightened immune activation upon
subsequent ischemic insults'®”. While the precise cellular sources of this epigenetic memory remain under
investigation, emerging evidence suggests that macrophages and cardiac fibroblasts may serve as reservoirs
of maladaptive histone modifications, propagating chronic inflammation and metabolic inflexibility'™*".
Pharmacological intervention targeting these chromatin modifications - such as HDAC inhibition to restore
histone acetylation equilibrium or BET bromodomain blockade to disrupt transcriptional activation at
dysregulated loci - has demonstrated potential in preclinical models, enhancing FAO and mitigating infarct
expansion'**. These findings underscore the centrality of epigenetic-metabolic interactions in I/R
pathology and highlight novel therapeutic opportunities to reprogram cardiac metabolism by leveraging
chromatin plasticity under pathological stress.

Sex differences in cardiac epigenetic aging significantly influence cardiovascular health, with evidence
suggesting distinct patterns in DNMT3A and TET2 regulation. UK Biobank data indicate that DNMT3A
mutations, linked to clonal hematopoiesis, are more prevalent in females (adjusted OR = 1.483,
95%ClI: 0.932-2.359), potentially driven by estrogen’s enhancement of mutant hematopoietic stem cell
activity, which may indirectly accelerate cardiac aging through systemic inflammation'”. In contrast, TET2
mutations, associated with increased heart failure risk via IL-1p/NLRP3 inflammasome activation, show no
clear sex-specific stability in males, though data are limited™. These epigenetic changes intersect with sex-
biased metabolic dysfunction, as DNMT3A and TET2 mutation carriers exhibit higher diabetes prevalence
(33.3% vs. 21.2%, P = 0.035), with females potentially facing a greater metabolic burden””. However, direct
sex-stratified data from Framingham or UK Biobank on cardiac-specific DNMT3A and TET2 expression
are sparse, underscoring the need for further research to elucidate these mechanisms and their impact on
metabolic inflexibility and cardiac pathology.

EPITRANSCRIPTOMIC REGULATION OF METABOLIC FLUX

The epitranscriptomic regulation of metabolic flux is profoundly mediated by dynamic RNA modifications,
with N6-methyladenosine (mé6A) and 5-methylcytosine (m5C) serving as key modulators of mRNA stability
and translational efficiency”™. méA, the most abundant internal mRNA modification, fine-tunes metabolic
gene expression via a "write-erase-read" system that responds to nutrient availability”". In cardiomyocytes,
METTL3-mediated m6A deposition on GLUT4 mRNA facilitates its recognition by YTHDF2, promoting



Page 6 of 22 Liu et al. J Cardiovasc Aging. 2025;5:15 | https://dx.doi.org/10.20517/jca.2025.06

its degradation through the CCR4-NOT deadenylase complex”>”". This process is dynamically regulated by
insulin signaling: under hyperglycemic conditions, FTO-mediated demethylation of metabolic transcripts,
including GLUT4, counteracts METTL3 activity, potentially stabilizing GLUT4 mRNA to enhance glucose
uptake™. Conversely, fasting-induced m6A hypermethylation represses GLUT4 expression, shifting
substrate utilization toward fatty acids”. This methylation-dependent regulatory cycle is essential for
maintaining metabolic flexibility. Notably, in diabetic cardiomyopathy models, perturbations in the meA/
YTHDF2 axis have been associated with dysregulated GLUT4 expression and disrupted metabolic
homeostasis, potentially contributing to altered glucose handling and oxidative stress”. These findings
highlight the intricate epitranscriptomic control of cardiac metabolism and its implications for metabolic
disorders.

In parallel with mRNA modifications, tRNA methylation fine-tunes the translational efficiency of metabolic
enzymes, enabling rapid adaptation to nutrient fluctuations. NSUN2 catalyzes 5-methylcytosine (m5C)
formation in both cytoplasmic and mitochondrial tRNAs, enhancing codon-anticodon pairing stability and
optimizing translation of metabolic transcripts””. In mitochondria, NSUN3 specifically modifies the
anticodon loop of mt-tRNAY" at cytosine-34, facilitating its conversion to 5-formylcytosine (fsC) - a
modification essential for the efficient translation of oxidative phosphorylation (OXPHOS) proteins”™. Loss
of NSUN3 impairs mitochondrial protein synthesis, resulting in respiratory chain dysfunction and reduced
metabolic flexibility, particularly in aged cardiomyocytes™. In pressure-overloaded hearts, NSUN2
deficiency leads to hypomethylation of cytosolic tRNA"““"™, reducing its stability and impairing the
translation of fatty acid oxidation (FAO) enzymes such as CPT1A and ACADL. This translation bottleneck
disrupts OXPHOS and shifts cardiac metabolism toward glycolysis™. Additionally, ALKBH1 mediates
demethylation of N'-methyladenosine (m') in tRNAs under stress, potentially altering tRNA structure and
redistributing ribosomal occupancy toward transcripts involved in adaptive responses, including HIF-1a*".

Beyond tRNA, mitochondrial RNA modifications are critical for mitochondrial function and electron
transport chain (ETC) efficiency. Pseudouridine (¥) modifications in mtDNA-encoded mRNAs - such as
COXI, COXIII, and ATP6/ATPS - are introduced by enzymes like RPUSD3 and TRUB2"®. RPUSD3 is
essential for COXI and COXIII translation and complex IV assembly, while TRUB2 mainly influences
ATP6/ATP8 expression. These modifications support the structural integrity and translation of
mitochondrial mRNAs, directly impacting ETC performance. Furthermore, mitochondria-encoded circular
RNAs (mecciRNAs) add an additional layer of regulatory complexity. Although the presence and role of ¥
modifications in mecciRNAs remain poorly characterized, they may influence RNA stability and function,
indirectly modulating ETC activity!.

While NSUN2 and NSUN3 are established writers of m5C in tRNAs, the enzymes responsible for msC
modification in mtDNA-encoded mRNAs remain less defined. Emerging evidence suggests that METTL4
may participate in RNA methylation, but its direct involvement in mitochondrial mRNA modification is
unclear™. Nonetheless, m5C modifications in mitochondrial RNAs, particularly in tRNAs, are known to
enhance RNA stability and translational accuracy, which are critical for the efficient expression of OXPHOS

proteins®.

The interplay between m6A and tRNA epitranscriptomes establishes a hierarchical regulatory network,
where mé6A fine-tunes the expression of tRNA-modifying enzymes (e.g., NSUN2, ALKBH1), while tRNA
modifications modulate the translational efficiency of méA-modified mRNAs"**". This multilayered
regulatory system dynamically synchronizes metabolic gene expression with cellular bioenergetic demands,
while its dysregulation contributes to metabolic disorders such as diabetic cardiomyopathy and heart
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failure. Emerging technologies, including tRNA-seq coupled with ribosome profiling, provide codon-
resolution insights into how epitranscriptomic modifications influence metabolic protein synthesis, offering
novel therapeutic targets to restore metabolic homeostasis in diseased hearts.

Aging disrupts the delicate equilibrium of epitranscriptomic regulation by progressively impairing RNA-
modifying enzymes"”, with declining FTO demethylase activity and dysregulated writer proteins emerging
as central contributors to metabolic inflexibility and oxidative stress™®. FTO, a key m6A eraser required for
maintaining insulin signaling homeostasis, exhibits age-associated activity loss, potentially due to Fe(II)
cofactor depletion, NAD+ scarcity, or increased ubiquitin-mediated degradation under oxidative stress. This
decline elevates m6A modification on insulin signaling transcripts such as INSR and IRS1, potentially
altering their translation efficiency or stability™. Paradoxically, this dysregulation may contribute to
impaired receptor recycling and downstream desensitization, leading to GLUT4 trafficking defects - a
phenomenon termed "epitranscriptomic insulin resistance"*”. Concurrently, FTO deficiency enhances m6A
methylation on PPARS mRNA, potentially altering its translation efficiency or stability, thereby impairing
fatty acid oxidation (FAO) and shifting cardiomyocytes toward glucose dependency”’. This shift
exacerbates age-related lipotoxicity, mitochondrial dysfunction, and oxidative stress. In murine models,
cardiac-specific FTO depletion recapitulates features of diabetic cardiomyopathy, including ectopic lipid
accumulation, mitochondrial fragmentation, and metabolic inflexibility, underscoring its role as a crucial
metabolic gatekeeper’™”.

Parallel to FTO decline, the aging heart suffers from writer enzyme attrition, particularly METTL3/
METTL14 complex destabilization, which disrupts the meA landscape of antioxidant defense transcripts'”.
METTL14 downregulation reduces m6A deposition on regulatory regions of SOD2 and GPX4 mRNAs,
impairing their recognition by the nuclear export machinery and subsequent cytoplasmic translation’.
This leads to diminished synthesis of these critical ROS-scavenging enzymes, permitting H,O, accumulation
and peroxidation of mitochondrial cardiolipin - a key event in apoptosis initiation. Similarly, NSUN2-
mediated m5C methylation of tRNA, essential for accurate translation of selenocysteine-containing
antioxidants like thioredoxin reductase, declines with age due to oxidative inactivation of NSUNZ2’s catalytic
domain®". The resultant mistranslation generates truncated, nonfunctional proteins that further
compromise the glutathione redox cycle. These writer deficiencies create a self-amplifying loop: ROS
accumulation oxidizes and inactivates additional RNA-modifying enzymes (e.g., ALKBHS5), while impaired
antioxidant synthesis permits persistent oxidative damage to rRNA and mtDNA-encoded transcripts. In
human failing hearts, spatial transcriptomics reveals colocalization of METTL3-depleted zones with lipid
peroxide hotspots and necroptotic markers, underscoring the spatial consequences of epitranscriptomic
collapse. Therapeutic strategies targeting this axis, such as mitochondrially targeted METTL3 mRNA
delivery or FTO-stabilizing chaperones, are now being explored to break this vicious cycle and restore
redox-metabolic coherence in aged myocardium.

Disease-specific epitranscriptomic signatures are increasingly recognized as pivotal drivers of pathological
metabolic and electrophysiological remodeling, with METTL3-mediated m6A hypermethylation in cardiac
hypertrophy and pseudouridylation (¥) of arrhythmogenic circRNAs representing paradigmatic
examples”. In pressure-overload-induced myocardial hypertrophy, METTL3 upregulation orchestrates a
pro-glycolytic switch through meA-dependent stabilization of HIF-1a and c-Myc mRNAs, which encode
master regulators of anaerobic metabolism®’. METTL3 deposits m6A marks at regulatory regions of these
transcripts, enhancing their interaction with translation initiation factors to drive ribosome loading, thereby
amplifying glycolytic enzyme production (e.g., HK2, LDHA) despite normoxic conditions. Concurrently,
METTL3-mediated m6A methylation of PPARe mRNA facilitates YTHDF2-dependent decay, repressing
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fatty acid oxidation and fostering lipid droplet accumulation - a hallmark of metabolic immaturity””. This
epitranscriptomic hijacking creates a self-reinforcing loop: HIF-1a activation and subsequent lactate
accumulation disrupt METTL14 homeostasis, further skewing the méA landscape toward pro-hypertrophic
targets. Single-nucleus m6A-CLIP-seq in human hypertrophic hearts reveals METTL3 enrichment at splice
junctions of TNNT?2 transcripts, inducing isoform switching toward fetal troponin T variants that impair
calcium sensitivity and diastolic relaxation.

In arrhythmogenic contexts, ¥ modifications deposited by dyskerin (DKC1) on circular RNAs (circRNAs)
emerge as critical regulators of cardiac excitability”®. The arrhythmia-associated circRNA CDR1as
undergoes DKC1-mediated ¥ modification at conserved sites within its miRNA interaction domains, which
stabilizes its interaction with argonaute 2 (AGO2) and enhances sequestration of miR-7 - a microRNA
involved in ion channel regulation™. This ¥-driven sponging indirectly modulates potassium channel
transcripts (KCNHz2, KCNQ1), prolonging action potential duration and promoting early
afterdepolarizations in ventricular myocytes"*. Concurrently, ¥-modified circRNA HRCR (heart-related
circRNA) adopts a unique topology that recruits YBX1 to stabilize SCN5A mRNA, increasing sodium
channel density and contributing to conduction velocity heterogeneity*". Intriguingly, hypoxia triggers
NSUNSs-dependent ¥ deposition on mitochondrial circRNA SCAR (senescence-associated circRNA), which
interacts with POLG and is implicated in mtDNA replication fidelity - a process disrupted in atrial
fibrillation, where SCAR V¥ levels inversely correlate with mitochondrial ROS bursts and conduction
block!"*. Spatial ¥ mapping in infarct border zones reveals ¥ hotspots on miR-328-binding circRNAs,
which coordinate focal adhesion kinase (FAK) translation to promote fibrotic substrate formation""’. These
findings position RNA pseudouridylation as a regulatory nexus linking epitranscriptomic dysregulation to
arrhythmogenic metabolic-electrical coupling, with potential therapeutic interventions aimed at modulating
¥ writer enzymes such as DKC1 to restore ionic homeostasis in diseased hearts.

CROSSTALK BETWEEN EPIGENETIC AND EPITRANSCRIPTOMIC LAYERS

The intricate crosstalk between epigenetic and epitranscriptomic layers is exemplified by the functional
coupling of histone acetyltransferase p300 and the méA reader YTHDF2, a synergistic interaction that
bridges chromatin remodeling and post-transcriptional regulation"*". p300, a master regulator of histone
acetylation, enhances transcriptional activation of metabolic genes such as PDK4 and GLUT1 by acetylating
histones H3K27 and H3K9, thereby promoting transcription factor recruitment and chromatin
accessibility!*. Concurrently, YTHDF2, a cytoplasmic m6A-binding protein, recognizes méA marks on
transcripts of these same genes, accelerating their degradation via recruitment of deadenylase complexes"*.
This paradoxical coordination creates a regulatory circuit wherein p300-driven transcriptional activation is
counterbalanced by YTHDF2-mediated mRNA turnover, fine-tuning metabolic gene expression in
response to energetic stress. Recent studies suggest that p300-mediated acetylation of YTHDEF2 at lysine 267
may enhance its binding affinity for meA-modified RNAs, potentially linking nuclear histone modifications
with cytoplasmic mRNA stability"*”. This post-translational modification of YTHDF2 by p300 establishes a
molecular axis integrating histone acetylation landscapes with epitranscriptomic dynamics, particularly
evident in hypertrophied cardiomyocytes, where hyperacetylation of both histones and YTHDF2 drives
pathological glycolytic switching"*.

Equally compelling is the role of non-coding RNAs, such as miRNAs and IncRNAs, as interfaces between
epigenetic and epitranscriptomic regulations"”""". These molecules serve as critical connectors, linking
DNA methylation (an epigenetic mark) with RNA modifications (epitranscriptomic marks)"'*""*.. For
instance, the IncRNA NEAT1 acts as a scaffold for DNMT1, a DNA methyltransferase, thereby influencing
DNA methylation patterns that can indirectly affect the expression of genes involved in RNA
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modification"">""*. Similarly, miRNAs like miR-29 are regulated by DNA methylation; DNMT3B-mediated
methylation of CpG islands within the miR-29 promoter suppresses its transcription, while, when
expressed, miR-29b targets METTL3, a key m6A writer, modulating meA deposition on transcripts

[115,116

involved in fatty acid oxidation'*""?, Another example is miR-133a, whose promoter hypermethylation in

aging hearts leads to decreased miR-133a levels, resulting in derepression of ALKBHS5, an m6A eraser,
thereby altering me6A levels on target transcripts like CPT1A and impacting metabolic function”**.
Conversely, TET2-driven demethylation at the miR-145 locus promotes its expression, which
downregulates FTO, stabilizing m6A-modified SIRT1 mRNA and enhancing mitochondrial function"*"*.
This bidirectional circuitry, where DNA methylation status dictates miRNA and IncRNA profiles, which in
turn modulate the epitranscriptomic machinery, shapes the cardiac metabolic epigenome**"*". In aging
hearts, hypermethylation of the miR-133a promoter correlates with diminished levels of this miRNA,
relieving its repression of ALKBHS5 and thereby reducing meA levels on CPT1A mRNA, exacerbating lipid
metabolic dysfunction***”. Such multilayered integration of DNA methylation, miRNA networks, and
RNA modifications underscores the hierarchical complexity of metabolic regulation, offering novel
therapeutic nodes to disrupt pathological feedback loops in age-related cardiovascular diseases.

The bidirectional regulation of metabolic intermediates serves as a critical nexus linking epigenetic and
epitranscriptomic mechanisms, with a-ketoglutarate (a-KG) and NAD+ emerging as central players in this
dynamic interplay. a-KG, TCA cycle intermediate, functions as an essential cofactor for TET DNA
demethylases and AlkB homolog RNA demethylases, thereby synchronizing nuclear and cytoplasmic
regulatory layers"*”. Concurrently, a-KG serves as a co-substrate for ALKBH5 and FTO, which mediate
oxidative demethylation of meA-modified RNAs, positioning a-KG as a metabolic regulator that integrates
DNA hydroxymethylation with RNA methylation dynamics"*!. In aged cardiomyocytes, reduced o-KG
availability - due to mitochondrial dysfunction or IDH2 downregulation - impairs both TET2 activity and
ALKBHs5-mediated RNA demethylation, resulting in concurrent hypermethylation of DNA regulatory
elements and increased m6A deposition". This imbalance exacerbates metabolic inflexibility, as
hypermethylation-associated transcriptional repression of lipid metabolism genes limits fatty acid
utilization, while m6A accumulation on PDK4 mRNA stabilizes its transcripts, further inhibiting glucose
oxidation. These interwoven metabolic-epigenetic circuits underscore the pivotal role of a-KG in
maintaining transcriptional and post-transcriptional homeostasis.

NAD+, a pivotal coenzyme in redox reactions, exerts pleiotropic effects on both histone deacetylases and
RNA modification machinery, creating a unified regulatory axis. SIRT1, an NAD+-dependent class III
histone deacetylase, deacetylates histones (e.g., H3K56ac) and non-histone targets like PGC-1a, thereby
promoting mitochondrial biogenesis and oxidative metabolism"””. Concurrently, NAD+ levels modulate
the activity of RNA demethylases such as FTO, potentially through indirect metabolic interactions"*. Age-
related NAD+ depletion disrupts this coordination: diminished SIRT1 activity leads to hyperacetylation of
histones at glycolytic gene promoters (e.g., HK2, LDHA), while impaired FTO function is associated with
increased meA methylation on transcripts encoding antioxidant enzymes like SOD2, potentially affecting
their stability and translation efficiency"*. This dual impairment manifests as a metabolic crisis -
exacerbated glycolysis, mitochondrial ROS overproduction, and defective redox homeostasis - hallmarks of
cardiac aging. Notably, NAD+ repletion via precursors like NMN restores SIRT1-mediated deacetylation of
FOXO1, facilitating its transcriptional activity on oxidative metabolism genes, while concurrently
supporting FTO activity to regulate mé A modifications on Nrf2 mRNA, contributing to antioxidant defense
restoration). These findings reveal NAD+ as a metabolic integrator that synchronizes chromatin-based
and RNA-centric regulatory networks, offering a unified therapeutic target to counteract age-associated
metabolic decline. The interdependency of a-KG and NAD+ in bridging epigenetic and epitranscriptomic
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layers underscores the sensitivity of cardiac metabolism to metabolic intermediate flux, with perturbations
in these molecules triggering cascading failures that accelerate cardiovascular aging. Targeting these
regulatory nodes through pharmacological or nutritional interventions may thus restore metabolic-
epigenetic crosstalk coherence, optimizing energy substrate utilization and enhancing myocardial resilience.

Defective mitophagy, driven by PARK2 promoter hypermethylation or méA-modified PINK1 mRNA, leads
to the accumulation of damaged mitochondria, which produce excessive reactive oxygen species (ROS) that
cause epigenetic and epitranscriptomic damage'"**. Hypermethylation of the PARK2 promoter reduces
parkin expression, while m6A modification of PINK1 mRNA promotes its degradation, impairing the
recruitment of parkin to damaged mitochondria and disrupting their clearance"**"*"\. This results in elevated
ROS, which oxidize DNA, histones, and RNA, altering DNA methylation, histone acetylation, and meA
RNA modifications, thus disrupting gene regulation and contributing to cellular dysfunction"**"*’.
Concurrently, damaged mitochondria release mitochondrial DNA (mtDNA) into the cytosol, activating the
cGAS-STING pathway, which triggers inflammation and further increases ROS production™***. This
creates a vicious cycle where inflammation amplifies oxidative stress, exacerbating epigenetic and
epitranscriptomic damage, potentially worsening conditions like neurodegeneration or cancer.

We summarized and mapped the epigenetics-epitranscriptome-metabolism axis of healthy versus aging
hearts, as detailed in Figure 1.

CRITICAL EVALUATION OF METTL3 AND FTO IN CARDIAC PATHOLOGY

The roles of METTL3 and FTO in cardiac metabolism are pivotal. This section evaluates conflicting
findings, methodological limitations, and gaps in knowledge to provide a more nuanced understanding of
their contributions to cardiac pathology and guide future research.

Research suggests that METTL3, an m6A methyltransferase, promotes hypertrophic cardiomyopathy by
enhancing m6A modifications on transcripts involved in protein kinase signaling and intracellular
pathways, such as those in the MAPK cascade"*. However, some studies indicate METTL3 may have
protective effects, potentially reducing pathological cardiac hypertrophy and myocardial fibrosis in specific
contexts"*". These discrepancies suggest that METTL3’s effects may depend on factors such as disease stage,
stress conditions, or specific cellular environments, which require further clarification to reconcile these
findings.

Similarly, FTO, an m6A demethylase, is implicated in maintaining cardiac contractile function and
metabolic flexibility, with its deficiency linked to metabolic inflexibility and diabetic cardiomyopathy in
murine models"*. Yet, in other contexts, such as cancer, FTO inhibition is beneficial, highlighting a
context-dependent role that complicates its therapeutic application in cardiac diseases. For instance, FTO’s
protective role in suppressing cardiac fibrosis post-myocardial infarction contrasts with its potential to
exacerbate arrhythmias in FTO-deficient mice, indicating varied effects across different cardiac conditions
(FTO Cardiac Fibrosis; FTO Deficiency). These conflicting findings underscore the need for a deeper
understanding of the conditions under which METTL3 and FTO exert their effects.

A significant limitation in the current article is the heavy reliance on preclinical models, particularly mice,
which may not fully recapitulate human cardiac physiology. Differences in metabolic profiles between mice
and humans could affect the translatability of findings related to METTL3 and FTO. For example, murine
models of FTO depletion show impaired cardiac function, but human cardiomyocytes may respond
differently due to variations in metabolic pathways or cofactor availability, such as NAD+ or Fe(II).
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Figure 1. The epigenetic-epitranscriptomic-metabolic axis in healthy vs.aged hearts. Created in BioRender.com. Johnzy L., 2025 https:/
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Additionally, many studies utilize bulk RNA sequencing or m6A-CLIP-seq, which lack the resolution to
provide cell-type-specific insights. Given the heart’s composition of multiple cell types (e.g.,
cardiomyocytes, fibroblasts, endothelial cells), understanding how METTL3 and FTO function in each is
crucial for developing targeted therapies. Techniques like m6A-CLIP-seq are also sensitive to RNA
degradation and sample quality variability, which can introduce biases and affect data accuracy.

Several knowledge gaps persist in the field. First, the cell-type specificity of METTL3 and FTO in the heart
remains underexplored. While their roles in cardiomyocytes are relatively well-studied, their functions in
other cardiac cell types, such as fibroblasts or immune cells, are less clear. For instance, METTL3’s role in
stabilizing fetal isoforms of troponin T in cardiomyocytes may not apply to fibroblasts, which could have
distinct epitranscriptomic profiles (IGFBP3 Fibrosis). Second, the temporal dynamics of METTL3 and FTO
activity during disease progression are not well-characterized. Determining whether their dysregulation is
an early event or a consequence of cardiac pathology is essential for therapeutic timing. Third, the potential
off-target effects of modulating METTL3 and FTO are a concern. For example, global activation of FTO to
restore metabolic homeostasis might inadvertently stabilize oncogenic transcripts, posing risks that need
careful evaluation. Finally, there is a lack of human studies, as most research relies on preclinical models,
limiting the applicability of findings to human cardiac pathology.

We summarized the SIRT1-NAD+ and METTL3-m6A-PPARa crosstalk and plotted a figure as detailed in
Figure 2.

THERAPEUTIC IMPLICATIONS AND TECHNOLOGICAL FRONTIERS

Emerging therapeutic strategies targeting epigenetic and epitranscriptomic regulators, such as BET
inhibitors and FTO modulators, hold transformative potential for metabolic cardiomyopathy and age-
related cardiac dysfunction. BET bromodomain inhibitors, exemplified by JQ1, have demonstrated
pleiotropic benefits beyond their original oncological applications. JQ1 selectively inhibits BRD4, a
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transcriptional coactivator that promotes pro-inflammatory and hypertrophic gene expression by
recognizing acetylated histones. In metabolic cardiomyopathy, where chronic lipotoxicity and
mitochondrial dysfunction contribute to maladaptive remodeling, JQ1 modulates metabolic substrate
preference by suppressing BRD4-mediated transcriptional activation of glycolytic genes (e.g., HK2, LDHA)
while influencing pathways involved in fatty acid oxidation, potentially through indirect effects on PPARa
signaling"*’!. Preclinical studies indicate that JQ1 administration is associated with reduced myocardial FDG
uptake - a marker of metabolic remodeling - and improved diastolic function in obesity-induced
cardiomyopathy models, effects potentially mediated by alterations in chromatin accessibility and
autophagy activation"*!. Additionally, its ability to suppress MYC-regulated transcriptional networks may
mitigate profibrotic signaling, suggesting potential synergy with conventional metabolic therapies targeting
insulin resistance and lipid overload"*'.

Parallel advances in epitranscriptomic therapeutics highlight the potential of FTO agonists to counteract
age-related metabolic decline. While FTO inhibitors demonstrate efficacy in cancer by destabilizing
oncogenic méA-modified transcripts, FTO activation may help restore cardiac metabolic homeostasis by
reversing aberrant m6A marks that accumulate during aging*. Notably, age-associated FTO
downregulation correlates with hypermethylation of SIRT1 and CPT1A mRNAs, impairing mitochondrial
biogenesis and fatty acid oxidation"*. Pharmacological FTO activation, potentially through allosteric
modulators or NAD+-boosting compounds, could restore m6A equilibrium, stabilizing transcripts
encoding oxidative phosphorylation components and antioxidant enzymes"*. Intriguingly, FTO’s
enzymatic activity is dependent on a-ketoglutarate and NAD+, linking its function to mitochondrial TCA
cycle flux and cellular redox status, thus providing a rationale for metabolic co-therapies. Novel therapeutic
platforms leveraging bioactive peptides and growth factors (e.g., VEGF, FGF) are being explored to enhance
intracellular NAD+ levels and reactivate endogenous FTO, thereby improving mitochondrial function and
extracellular matrix remodeling in aged tissues. Such strategies may synergize with senolytics to eliminate
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pro-inflammatory senescent cells, addressing both metabolic inflexibility and tissue dysfunction in aging
hearts.

These interventions, however, face significant translational challenges, including cell-type specificity and
off-target effects. The broad chromatin-modifying activity of JQ1 may inadvertently disrupt homeostatic
gene regulatory networks, highlighting the need for cardiac-targeted delivery systems or isoform-specific
BET inhibitors. Likewise, systemic FTO activation could stabilize oncogenic transcripts, necessitating
strategies for spatiotemporal control, such as nanoparticle-based delivery or inducible gene editing systems.
Advances in single-cell multi-omics and spatial epitranscriptomics will be essential for mapping context-
specific vulnerabilities, refining therapeutic windows, and optimizing dosing regimens. By integrating these
precision-medicine approaches, next-generation therapies may enable targeted metabolic reprogramming,
reversing the epigenetically driven decline in cardiac plasticity associated with aging and metabolic disease.

We summarized some representative BET inhibitors, FTO activators, and NAD+ boosters, and the relevant
comparative analyses are detailed in Table 1.

Recent breakthroughs in single-cell multi-omics technologies have revolutionized our ability to explore
|, Spatial
epitranscriptomics, powered by platforms like 10x Visium, enables high-resolution mapping of RNA
modification landscapes, such as N6-methyladenosine (m6A) and 5-methylcytosine (m5C), within the
complex architecture of cardiac tissue*'**.. While direct applications of 10x Visium for méA mapping in

[148

metabolic diversity and develop precise interventions for aging and cardiovascular diseases

cardiac infarct border zones are still emerging, studies leveraging spatial transcriptomics have already
demonstrated significant region-specific gene expression changes in these critical areas"*". For example,
research has identified heightened expression of mechanical stress-response genes, such as Csrp3, in the
border zone following myocardial infarction, underscoring the spatial heterogeneity of cardiac
remodeling"*”. Integrating spatial ATAC-seq, which maps chromatin accessibility, with spatial
epitranscriptomics could further illuminate how epigenetic regulation and RNA modifications like m6A
orchestrate gene expression in a spatially dependent manner"*”. In the context of aging, this integrated
approach could pinpoint senescent cell niches - regions of cellular aging - marked by meA
hypermethylation of key metabolic genes, such as PDK4 and LDHA"*Y. These modifications are associated
with localized lactate accumulation and fibrosis, contributing to impaired heart function. Complementary
spatial metabolomic profiling enhances these insights by capturing zonated fluctuations in metabolites like o
-ketoglutarate and NAD+ across myocardial layers, revealing how metabolic and epigenetic states are
coordinated spatially. By combining these advanced spatial omics technologies, researchers can unravel the
intricate interplay between metabolism, epigenetics, and spatial organization in the aging heart, paving the
way for targeted therapies to mitigate age-related cardiac pathologies. However, spatial transcriptomics,
such as 10x Visium, is limited by its resolution (approximately 55 micrometers), which may not capture
single-cell details in dense cardiac tissue. It also struggles with detecting low-abundance transcripts,
potentially missing rare cell types or subtle RNA modifications like meA. Single-cell omics faces challenges
from tissue dissociation, which can alter gene expression or exclude fragile cells, introducing biases. Both
technologies generate complex datasets requiring advanced computational tools, and their high costs limit
scalability for large-scale studies.

While the potential of BET inhibitors and NAD+ supplementation as therapeutic strategies for restoring
cardiac metabolic flexibility has been highlighted, it is crucial to consider the translational challenges and
clinical trial data to provide a balanced perspective on their feasibility and safety in human patients. For
BET inhibitors, although they are primarily being tested in clinical trials for cancer, their application in
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Table 1. Therapeutic challenges table comparing BET inhibitors, FTO activators and NAD+ boosters

Drugname Type Metabolic effects Cell-type specificity challenges Clinical trial status Off-target risks References
Apabetalone BET Enhances HDL metabolism, inhibits BRD4, improves ~ Variable response in vascular vs. Completed Phase Il trial Lower off-target risks compared [1]
(RVX-208) inhibitor  lipid metabolism and reduces cardiovascular myocardial cells (NCT02586155) to pan-BET inhibitors like JQ1
inflammation Primarily studied in hepatocytes and May affect circadian gene
monocytes; limited cardiomyocyte data expression
JQ1 BET Suppresses BRD4 and super-enhancer activity, Affects multiple cell types, broad systemic  Early-phase and preclinical studies Disrupts circadian rhythm and [2]
inhibitor  downregulates pro-inflammatory and cardiac influence reproductive axis
hypertrophy genes. Promotes FAO, improves
mitochondrial
PLX51107 BET Modulates inflammatory transcription networks Studies report cell-type selectivity in Ongoing (e.g., NCT02683395) Hematological toxicity possible  [3]
inhibitor immune cells but limited in cardiac data
|-BET151 BET Induces structural and functional alterations in Cardiac mitochondria show significant Early-phase oncology studies Cardiotoxicity potential evident  [4]
inhibitor  cardiac mitochondria impairment in mice in animal models
CPI-0610 BET Regulates inflammatory and metabolic gene Well-studied in hematologic malignancies, Phase Il MANIFEST trial ongoing  Potential hematopoietic system  [5]
inhibitor  networks limited cardiac context effects
OTXO015 BET Downregulates metabolism and inflammation- Primarily acts on lymphoma cells; Phase | (Amorim et al., 2016)™"  Possible mitochondrial and [6]
inhibitor  related gene expression cardiometabolic data lacking epigenetic perturbation
ABBV-744 BET Selective inhibition of BRD4-BD2 reduces Lower systemic impact; cardiomyocyte Ongoing trials (e.g., Fewer off-target effects due to [3]
inhibitor  inflammatory gene expression specificity pending validation NCT03360006) BD2 selectivity
FB23-2 FTO binds to the catalytic pocket of FTO, elevating m6A  Good selectivity toward FTO, but potential ~ Preclinical stage, studied in models Minor effect on ALKBH5 and [7,8]
activator levels and suppressing expression of metabolic impact on hematopoietic and hepatic of leukemia and metabolic other 2-oxoglutarate-dependent
regulators systems noted disorders dioxygenases
Rhein FTO suppresses FTO activity by directly binding to its Primarily studied in liver cells; direct Preclinical; no direct Exhibits polypharmacology [9]
activator active pocket, thereby increasing m6A methylation  cardiomyocyte-specific modulation is cardiovascular trial data available  affecting multiple pathways,
and reducing gluconeogenesis and lipid underexplored including NF-kB and AMPK
accumulation. Improves insulin sensitivity and
mitigates hepatic steatosis in obese mice
Entacapone FTO Enhances FTO demethylase activity, which in turn Cell-type dependent effects are prominent  Not specifically trialed in May affect other iron-dependent [7]
activator reduces m6A methylation levels on key transcripts in adipocytes and hepatocytes, where cardiometabolic disease; mostly dioxygenases
involved in insulin signaling and lipid metabolism. demethylation of MRNA modulates used as a COMT inhibitor for
This has been associated with improved insulin transcriptional programs specific to Parkinson's disease
sensitivity and glucose uptake metabolic regulation
Meclofenamic ~ FTO Inhibits FTO demethylase without affecting ALKBH5, In vitro evidence mainly; in vivo cardiac- No clinical trials for FTO-targeted ~ Known to inhibit cyclooxygenase [8]
Acid (MA) activator altering m6A patterns and downstream gene specific responses require further validation use; originally an NSAID enzymes (COX-1/2), hence
expression related to metabolism. May reduce affecting inflammatory pathways
adipogenesis and insulin resistance
NR NAD+ Restores NAD levels and improves mitochondrial Effective in cardiomyocytes, but its tissue-  Multiple clinical trials are Potential to interfere with [101
booster  function, enhancing oxidative metabolism in cardiac  specific absorption and downstream underway or completed. Safe methylation pathways or NAD
tissue. Relates to the function of left ventricular and  pathway modulation may vary across dosage and favorable outcomes consumers like CD38, especially
inflammation individuals were reported in Phase I/Il studies at high doses
NMN NAD+ Increases NAD biosynthesis, enhances High uptake in skeletal muscle and liver; Human clinical trials show good Can influence insulin signaling, [101
booster  mitochondrial activity, and improves cardiac glucose bioavailability and efficacy in heart tissue  tolerance and improved liver fat metabolism, and renal
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utilization and oxidative phosphorylation are promising but require further validation biomarkers, but long-term cardiac  function; long-term safety data
effects still under investigation limited
NAM NAD+ Enhances NAD biosynthesis but can inhibit sirtuin  Sirtuin inhibition creates complex effects Used in several metabolic studies; Inhibits SIRTTand other NAD -  [10]
booster  activity at high concentrations, leading to reduced depending on concentration low doses beneficial, while high dependent enzymes at
mitochondrial biogenesis and fatty acid oxidation doses may disrupt epigenetic pharmacologic levels
regulation

heart failure is still largely preclinical™. Studies have demonstrated that BET inhibitors, such as JQ1, can suppress innate inflammatory and profibrotic
transcriptional networks in heart failure models, suggesting potential benefits in modulating cardiac metabolism"*®. However, the lack of specific clinical trials
for heart failure means that their efficacy and safety in this context remain to be fully established. Challenges include potential off-target effects, the need for
cardiac-specific delivery systems, and ensuring isoform-specific inhibition to avoid disrupting homeostatic gene networks. On the other hand, NAD+
supplementation has shown more promising results in both preclinical and early clinical studies. For instance, nicotinamide administration has been shown to
reduce cardiac injury markers, such as troponin T, in patients undergoing cardiac surgery, and observational studies link NAD+ precursor-rich diets to lower
cardiac-specific mortality"*””. Additionally, initial human studies with nicotinamide riboside (NR) have demonstrated that it is safe and effective in increasing
NAD+ levels without adverse effects"*. Despite these encouraging findings, large-scale clinical trials specifically designed for heart failure patients are still
needed to confirm the therapeutic potential and long-term safety of NAD+ supplementation in this population. Therefore, while both BET inhibitors and
NAD+ supplementation hold promise as strategies to target epigenetic and epitranscriptomic pathways in cardiac metabolism disorders, further research and
clinical trials are essential to translate these preclinical findings into effective and safe treatments for human patients.

Recent advancements in multi-omics databases and consortia, such as the Genotype-Tissue Expression (GTEx) project and the Cardiac Aging Atlas, provide
valuable resources for understanding the molecular mechanisms underlying cardiac aging and heart failure. These databases offer comprehensive data on gene
expression, including that of key regulators like SIRT1 and FTO, across various tissues, including cardiac tissue"*’. Analysis of such data reveals correlations
between the expression levels of SIRT1 and FTO and metabolic gene signatures, which are crucial for maintaining cardiac metabolic homeostasis. For instance,
studies indicate that SIRT1 downregulation in heart failure is associated with reduced expression of metabolic genes like Mn-superoxide dismutase and
thioredoxin 1, impacting mitochondrial function and cardiomyocyte survival"*>'*\. Similarly, FTO’s role in m6A RNA demethylation suggests its influence on
metabolic gene expression, potentially linked to mitochondrial biogenesis and fatty acid oxidation, as seen in preclinical models. Furthermore, spatial
transcriptomics and epitranscriptomics techniques have been employed to map RNA modifications, such as meA and m5C, in explanted hearts compared to
donor controls, providing insights into the spatial distribution of these modifications in the context of heart failure. These findings underscore the importance
of integrating data from large-scale consortia to advance our understanding of the epitranscriptomic landscape in cardiac diseases and to identify potential
therapeutic targets.
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CONCLUSION

The intricate interplay between epigenetic and epitranscriptomic mechanisms plays a central role in
regulating cardiac metabolic homeostasis, integrating hierarchical layers of DNA methylation, histone
modifications, chromatin remodeling, and RNA modifications to dynamically coordinate substrate
utilization and energy production. DNA hydroxymethylation by TET enzymes and m6A-mediated mRNA
decay via YTHDF2 exemplify how these regulatory networks modulate fatty acid oxidation and glycolytic
flux, ensuring metabolic flexibility under physiological conditions. However, aging and disease disrupt this
equilibrium, as evidenced by SIRT1/NAD+ axis depletion, FTO dysfunction, and METTL3-driven m6A
hypermethylation, which collectively induce metabolic rigidity, mitochondrial inefficiency, and ROS
accumulation. These findings highlight the essential roles of epigenetic modifiers and RNA-modifying
enzymes in preserving metabolic plasticity, positioning them as key targets for therapeutic intervention.

Advancing cross-scale investigations that connect molecular mechanisms, cellular behavior, and organ-level
pathophysiology is essential for understanding cardiac aging and disease. While single-cell multi-omics has
revealed cell-type-specific epigenetic landscapes in aging cardiomyocytes and fibroblasts, integrating spatial
epitranscriptomics, metabolomic imaging, and organ-on-chip systems is crucial to elucidate how localized
metabolic-epigenetic disruptions - such as senescent cell niches with aberrant me6A signatures - propagate
dysfunction across myocardial tissue. For instance, mitochondrial a-ketoglutarate depletion in aged hearts
not only compromises TET2-mediated DNA demethylation but also impairs ALKBH5-dependent RNA
modifications, highlighting the necessity of multiscale models that simultaneously capture metabolite flux,
chromatin dynamics, and RNA epitranscriptomic alterations.

Therapeutic innovation is poised to leverage these insights through synergistic combinations of epigenetic-
targeting drugs and metabolic co-interventions. BET inhibitors like JQ1, which suppress BRD4-driven
glycolytic addiction, may be complemented by NAD+ precursors (e.g., NMN) to concurrently reactivate
SIRT1 and FTO, restoring both histone deacetylation and meA homeostasis. Nutritional strategies - such as
ketogenic diets to promote B-hydroxybutyrate-mediated histone deacetylase activation or selenium-rich
regimens to stabilize NSUN2-dependent tRNA methylation - could further potentiate pharmacological
interventions. However, translating these approaches into clinical practice requires precision delivery
platforms, such as lipid nanoparticles conjugated with cardiac-tropic peptides, to minimize off-target
effects. As spatial multi-omics and federated learning algorithms advance, the vision of dynamically
adjustable, metabolism-aware epigenome editing is moving closer to clinical realization, offering promising
strategies to counteract the rigid metabolic trajectories underlying cardiac aging and disease.
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