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cardiovascular diseases (CVDs), highlighting their involvement in major pathological
programs and cellular functions. The diverse types of ncRNAs, including microRNAs
(miRNAs), long noncoding RNAs (IncRNAs), and circular RNAs (circRNAs), and their
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emphasizing recent advancements in delivery systems and clinical trials. Challenges such
as achieving tissue-specific delivery, minimizing off-target effects, and ensuring long-term
safety are addressed. By synthesizing current research and addressing translational
challenges, this review aims to elucidate the transformative potential of ncRNAs in
cardiovascular medicine, paving the way for innovative, targeted therapies
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INTRODUCTION

Cardiovascular diseases (CVDs) remain the leading cause of global morbidity and mortality, imposing an
unprecedented burden on healthcare systems and economies worldwide!!. Despite significant advancements
in diagnostic and therapeutic approaches, the complex molecular mechanisms driving CVD progression and
pathogenesis remain not fully elucidated. This knowledge gap highlights the urgent need for innovative
strategies to improve patient outcomes. In recent years, noncoding RNAs (ncRNAs), a heterogeneous class
of RNA molecules that do not encode proteins, have emerged as key players in cardiovascular biology and
disease™. Once dismissed as mere transcriptional byproducts, ncRNAs are now recognized as critical
regulators of gene expression, acting at transcriptional, post-transcriptional, and epigenetic levels to fine-
tune cellular processes essential for cardiovascular homeostasis®.

The essential role of ncRNAs in maintaining cardiovascular homeostasis is robustly demonstrated by loss-of-
function genetic models. For example, cardiac-specific deletion of miR-208a disrupts the stress-responsive
switch of myosin heavy chain genes, leading to aberrant cardiac remodeling and impaired contractility even
in the absence of pathological stress'*. Similarly, deletion of the endothelial-enriched miR-126 compromises
vascular integrity by attenuating angiogenic signaling and promoting capillary leakage, thereby
demonstrating its non-redundant function in vascular homeostasis'®. The IncRNA Myosin Heavy Chain
Associated RNA Transcript (MHRT) is essential for repressing the chromatin remodeler Brgi; its loss in the
adult heart triggers pathological hypertrophy and fatal heart failure, confirming its critical role in
maintaining cardiac gene expression programs and structural integrity'*’. These findings collectively
underscore that ncRNAs are not merely stress-responsive elements but are fundamental components
essential for the basal stability of the cardiovascular system.

The advent of high-throughput sequencing technologies and bioinformatics tools has revolutionized our
understanding of ncRNAs, revealing their extensive involvement in key pathological processes such as
inflammatory signaling!”*, matrix remodeling!**"), cell death!""'?!, angiogenesis!"®"), and vascular
remodeling'”'*. These processes are integral to the development and progression of major CVDs, including
atherosclerosis, myocardial infarction, heart failure, arrhythmias, and endothelial dysfunction. Among the
diverse subtypes of ncRNAs, microRNAs (miRNAs), long noncoding RNAs (IncRNAs), and circular RNAs
(circRNAs) have been extensively studied for their roles in cardiovascular pathophysiology"*. Additionally,
emerging classes of ncRNAs, such as transfer RNA-derived small RNAs (tsRNAs) and piwi-interacting
RNAs (piRNAs), are increasingly recognized for their regulatory functions and clinical relevance as disease
drivers, biomarkers, and therapeutic targets. Specific tsRNAs (e.g., tRF-21-NBSPLML3E"")) are dysregulated
in pathological cardiac hypertrophy and correlate with clinical parameters such as ventricular wall
dimensions, establishing their dual roles as pathogenic drivers and diagnostic biomarkers"”'*. piRNAs
similarly demonstrate significant clinical relevance through multiple mechanisms: their detection in blood
extracellular vesicles enables high-accuracy classification of diseases such as Alzheimer’s and
cholangiocarcinoma, underscoring their utility as non-invasive biomarkers!">*. Furthermore, piRNAs
modulate critical pathways, including calcium signaling and epigenetic regulation, highlighting their
therapeutic potential for conditions such as cardiac arrhythmias and cancer” .

Beyond their biological roles, ncRNAs demonstrate high stability and specificity in biofluids, positioning
them as promising noninvasive biomarkers for the diagnosis, prognosis, and risk stratification of CVDs/***%,
This stability arises from protection against degradation through encapsulation in extracellular vesicles (EVs)
or association with RNA-binding proteins and lipoproteins, which confers a comparative advantage over
other cell-free nucleic acids such as mRNA®**I. This robustness is evidenced by the consistent detection of
specific ncRNAs, including miRNAs and transfer RNA (tRNA) fragments, in biofluids such as plasma and
cerebrospinal fluid, where they remain resistant to endogenous nucleases””. Their specificity stems from
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distinct, tissue-enriched expression patterns; for instance, certain tissue-specific miRNAs and tRNA-derived
fragments (tRFs) can accurately indicate pathological states such as ischaemic heart disease and
hypertension**. Technological advances, particularly in RNA sequencing and metal-organic framework
(MOF)-based extraction methods, have further validated these properties by enabling robust quantification
of distinct ncRNA signatures in biofluids”". Furthermore, the therapeutic potential of ncRNAs is being
actively explored, with strategies such as antisense oligonucleotides, RNA mimics, and small molecule
inhibitors demonstrating potential in preclinical and clinical studies”'. However, the translation of ncRNA-
based therapies into clinical practice faces significant challenges, including delivery specificity, off-target
effects, and scalability. Innovative delivery platforms, such as lipid nanoparticles, exosomes, and viral vectors,
are being developed to address these challenges and improve the precision and efficacy of ncRNA
therapeutics®.

This review offers an in-depth examination of the functional diversity and mechanistic roles of ncRNAs in
cardiovascular biology, with the discussion organized from ncRNA classification to cardiovascular aging,
major disease settings, clinical biomarker applications, and therapeutic strategies. By synthesizing recent
mechanistic and translational findings, this review aims to clarify how ncRNAs may reshape cardiovascular
medicine and support the development of more precise, targeted interventions. A preliminary version of this
study has been published as a preprint™.

TYPES OF NONCODING RNAs IN CARDIOVASCULAR DISEASES

ncRNAs comprise a diverse group of RNA molecules that do not encode proteins but are essential to regulate
gene expression and cellular processes in cardiovascular biology and disease. Recent advances in high-
throughput sequencing technologies have uncovered a wide range of roles and mechanisms of ncRNAs in
CVDs, including transcriptional regulation, post-transcriptional modification, and epigenetic regulation
[Table 1]. Despite significant progress, the complete landscape of ncRNAs’ regulatory networks in CVDs is
not fully understood, necessitating further exploration of their interactions with cellular signaling pathways.

miRNAs

miRNAs are small, single-stranded RNA molecules approximately 22 nucleotides in length that bind to
complementary sequences on target messenger RNAs (mRNAs), leading to mRNA degradation or
translational repression. In cardiovascular diseases, miRNAs serve as crucial regulators of processes such as
inflammation, fibrosis, apoptosis, and angiogenesis. miR-21 is a representative profibrotic miRNA in
cardiovascular disease, but its context-specific mechanisms are discussed in later sections to avoid
redundancy. Current research identifies miR-21 as a promising therapeutic target, although achieving tissue-
specific inhibition without off-target effects in non-cardiac tissues remains a significant challenge!*”.

miR-155, a pro-inflammatory miRNA, plays a crucial role in the progression of atherosclerosis!*>***7),
Modulating miR-155 in animal models has demonstrated promising results in reducing atherosclerotic
burden, but translating these findings to human therapies requires a deeper understanding of the pleiotropic
effects. Similarly, miR-126, which is predominantly found in endothelial cells, plays a protective role in
maintaining vascular integrity and repair®***. Given its protective role in vascular biology, miR-126 holds
significant potential as a biomarker for early-stage vascular diseases, although challenges in reliably
measuring circulating miR-126 levels in clinical practice remain. Dysregulated miRNAs are often detected in
plasma and tissue samples from patients with CVDs, underscoring their potential as biomarkers and
therapeutic targets.
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Table 1. Examples of ncRNAs in cardiovascular diseases

ncRNA . . . . . .
type Example Function Detailed signaling targets Associated disease
miRNA miR-21 Promotes cardiac fibrosis Transforming growth factor Cardiac fibrosis*
(TGF)B/Smad7
. B-cell lymphoma 6 (BCL6); signal
miRNA miR-155 Z{ﬁelrr:lig:):fry’ promotes transducer and activator of Atherosclerosis®?
transcription 3 (STAT3)
miRNA miR-126 Protects vascular integrity Vascular endothelial growth factor Vascular repair®®
(VEGF)
Ensures normal cardiac serum response factor Cardiac
miRNA miR-133 development and function (SRF)/myocardin/myocyte enhancer developmentt”
P factor-2 (MEF2) P
Metastasis associated lung Regulates endothelial cell
IncRNA adenocarcinoma transcript 1 proliferation and VEGF Angiogenesis8
(MALATT) angiogenesis
INCRNA Myocardial infarction associated ~ Attenuates HOC2 cell Splicing factor 1 (SF1)/calcitonin gene-  Myocardial
transcript (MIAT) pyroptosis related peptide (CGRP) infarction”
. Heart-related circular RNA Protects against hypertrophy . . .
circRNA (HRCR) by sequestering miR-223 HRCR/miR-223/ARC Cardiac hypertrophy!
(Circular antisense non-coding Regulates cell proliferation
i isi i 150411
circRNA RNA in the INK4 locus) cANRIL and apoptosis in vascular Apoptosis Atherosclerosis
smooth muscle cells
. . Wisper/T-cell intracellular antigen 1-
IncRNA ;\:Z;Scﬁjtzzps&:?rﬁizci: Eﬁg;r::tn?r?é%fjaemal related (TIAR)/procollagen-lysine, 2- Heart failuret?
P g oxoglutarate 5-dioxygenase 2 (PLOD2)
Contributes to endothelial ) )
IncRNA LINCO0607 dysfunction under high VEGF; extracellular matrix (ECM) Vascular disease344

glucose and TNFa conditions remodiing; HIF-Ta

ncRNAs: Noncoding RNAs; IncRNA: long noncoding RNAs; circRNA: circular RNAs; miRNA: microRNA; ARC: apoptosis repressor with CARD
domain; TNFa: tumor necrosis factor alpha; HIF-Ta: hypoxia-inducible factor 1-alpha.

IncRNAs

IncRNAs are RNA transcripts exceeding 200 nucleotides in length, exhibiting diverse functions such as
chromatin remodeling, transcriptional regulation, and post-transcriptional modification. IncRNAs such as
MALAT1 (metastasis-associated lung adenocarcinoma transcript 1) and MIAT (myocardial infarction-
associated transcript) have been widely investigated in cardiovascular diseases. IncRNA MALAT1 regulates
endothelial cell proliferation and angiogenesis””. Emerging evidence indicates that inhibiting MALAT1 may
reduce pathological angiogenesis in conditions such as diabetic retinopathy, underscoring its dual roles in
health and disease. IncRNA MIAT is involved in myocardial infarction and contributes to cardiac fibrosis
and dysfunction”*!. Although targeting MIAT therapeutically has potential, its involvement in multiple
signaling pathways complicates the development of specific inhibitors, highlighting the need for precision
medicine. IncRNAs hold significant therapeutic potential due to their ability to interact with multiple
molecular pathways, making them promising targets for the treatment of cardiovascular diseases. However,
the low expression levels and nuclear localization of IncRNAs pose challenges for their therapeutic
application in vivo.

circRNAs

circRNAs are single-stranded RNA molecules characterized by a covalently closed circular structure formed
via back-splicing. Unlike linear RNAs, circRNAs are resistant to exonucleases, thereby conferring enhanced
stability. In cardiovascular diseases, circRNAs act as sponges for miRNAs, indirectly regulating mRNA
targets. For instance, circular antisense non-coding RNA in the INK4 locus (circANRIL), which is
transcribed from the same locus as Antisense non-coding RNA in the INK4 locus (ANRIL), regulates cell
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proliferation and apoptosis in vascular smooth muscle cells, thereby contributing to atherogenesis™*"*. The
dual roles of circANRIL in promoting inflammation and cell survival render it a complex therapeutic target,
necessitating further studies to balance its pro- and anti-atherogenic effects. Another example is circRNA
Heart-related Circular RNA (HRCR), which safeguards the heart against hypertrophy and heart failure by
sponging miR-223""". circRNAs are also emerging as promising diagnostic markers due to their abundance
in blood and tissue and their disease-specific expression profiles. While promising, translating circRNA-
based therapies, such as HRCR, into clinical practice will require overcoming delivery challenges due to their
large size and stable structure.

Other noncoding RNAs

In addition to miRNAs, IncRNAs, and circRNAs, other classes of ncRNAs have recently attracted attention
for their roles in cardiovascular diseases. Traditionally known for guiding ribosomal RNA (rRNA)
modifications, small nucleolar RNAs (snoRNAs) have been implicated in cardiovascular stress responses. For
instance, SNORD113 and SNORD114 play a role in cardiomyocyte survival under ischemic conditions”"**.
Recent studies highlight the role of snoRNAs in cellular stress responses, suggesting their potential as novel
therapeutic targets for ischemic heart diseases. snoRNAs also regulate alternative splicing and gene
expression, further broadening their functional repertoire in cardiovascular diseases.

Small nuclear RNAs (snRNAs), core RNA components of spliceosomal small nuclear ribonucleoproteins,
also warrant brief consideration because the graphical abstract includes this class of ncRNAs. U1, U2, U4,
Us, and Us snRNAs participate in pre-mRNA splice-site recognition and spliceosome catalysis; therefore,
snRNA-related dysregulation is most relevant to cardiovascular disease through altered RNA splicing
programs rather than through canonical miRNA-like targeting mechanisms. Consistent with this concept,
dysregulated alternative splicing and spliceosome-associated pathways have been implicated in cardiac
remodeling, cardiomyopathy, and heart failure, although direct cardiovascular studies focused on individual
snRNAs remain limited"*>*".

piRNAs, initially identified in germline cells, are small RN As that associate with PIWI proteins and
participate in epigenetic regulation and genome stability. Emerging evidence indicates that piRNAs may
regulate cardiovascular pathologies by modulating transposable elements and influencing inflammatory and
oxidative stress pathways***”.. Although their role in cardiovascular diseases is still in its early stages, piRNAs
represent a promising frontier for epigenetic therapeutics.

tsRNAs are small RNA molecules generated by specific cleavage of tRNAs. tsRNAs are implicated in stress
responses, regulation of protein synthesis, and the formation of stress granules. In cardiovascular diseases,
tsRNAs are thought to influence cardiac remodeling and endothelial function® . The biogenesis of tsRNAs
involves specific cleavage events within the nucleus and mitochondria. In the nucleus, tsSRNAs are generated
by enzymes such as angiogenin and RNase Z, which cleave precursor tRNAs at specific sites to produce
mature tsRNAs!**?), These nuclear tsRNAs can then be exported to the cytoplasm to exert their regulatory
functions. The biogenesis of tsRNAs in the mitochondria is a complex process involving the cleavage of
mitochondrial tRNAs by specific enzymes. These mitochondrial tsSRNAs have been noted to play crucial
roles in regulating mitochondrial function and dynamics. For instance, some mitochondrial tsRNAs
modulate the activity of mitochondrial respiratory chain complexes, thereby influencing cellular energy
metabolism!*>**l. Additionally, mitochondrial tsRNAs have been implicated in regulating mitochondrial
fission and fusion, critical processes for maintaining mitochondrial homeostasis. Mitochondrial tsRNAs may
also be involved in the response to oxidative stress, potentially contributing to the protection of cells against
oxidative damage'**”.. The emerging role of tsRNAs in cardiovascular diseases underscores the need for
high-throughput studies to elucidate their specific targets and functions.
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Figure 1. Mechanistic overview of ncRNAs in cardiovascular aging and disease. (A) Summarizes how miRNAs, IncRNAs, circRNAs,
piRNAs, and tsRNAs converge on endothelial dysfunction, vascular smooth muscle phenotypic switching, inflammation and immune aging,
fibrosis and extracellular matrix remodeling, and oxidative stress or mitochondrial dysfunction; (B) Highlights representative ncRNA
mechanisms, including miR-21-SPRY1/TGF[-driven fibrotic remodeling, miR-126-VEGF/PI3K-AKT-mediated angiogenesis and repair,
MHRT-mediated BRGT1 repression, circANRIL-associated rRNA maturation, and piRNA/tsRNA-mediated epigenetic and mitochondrial
control. IncRNAs: Long noncoding RNAs; circRNAs: circular RNAs; piRNAs: piwi-interacting RNAs; tsRNAs: transfer RNA-derived small
RNAs; rRNA: ribosomal RNA; miRNAs: microRNAs; ECM: extracellular matrix; VSMC: vascular smooth muscle cell; MHRT: myosin heavy
chain associated RNA transcript; BRG1: brahma-related gene 1; VEGF: vascular endothelial growth factor; circANRIL: circular antisense
non-coding RNA in the INK4 locus; SPRY1: sprouty RTK signaling antagonist; TGF: transforming growth factor-beta; PI3K:
phosphoinositide 3-kinase; AKT: protein kinase B.

NONCODING RNAS IN CARDIOVASCULAR AGING

Cardiovascular aging arises from linked disturbances in endothelial redox balance, mitochondrial function,
cellular senescence, and extracellular matrix turnover [Figure 1A]. In this context, ncRNAs are better
understood as mechanistic regulators than as passive markers, because they link molecular stress signals to
endothelial dysfunction, vascular stiffening, and age-associated cardiovascular decline!**.

Oxidative stress and endothelial dysfunction

Oxidative stress is a major driver of vascular aging because it reduces nitric oxide bioavailability and weakens
endothelial function. Several ncRNAs sit directly in this pathway. miR-34a is increased in senescent
endothelial cells and represses sirtuin 1 (SIRT1), thereby favoring reactive oxygen species accumulation and
endothelial senescence!””. miR-217 acts on the same SIRT1-centered axis and likewise accelerates endothelial
aging while impairing angiogenic capacity'”?. In parallel, the IncRNAs H19 and maternally expressed 3
(MEG3) modulate endothelial stress responses through STAT3- and p53-linked pathways, indicating that

[73,74]

both small and long ncRNAs participate in the control of endothelial homeostasis during aging
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Mitochondrial dysfunction

Mitochondrial dysfunction is another defining feature of cardiovascular aging because it reduces energy
efficiency and amplifies oxidative injury. miR-181c is a representative mitochondria-associated miRNA that
can translocate to mitochondria and alter mitochondrial gene expression, electron transport chain activity,
and cardiac bioenergetics'””. These observations suggest that age-related mitochondrial decline is shaped, at
least in part, by ncRNA-dependent control of organellar programs rather than by secondary damage alone.

Cellular senescence and senescence-associated secretory phenotype

Cellular senescence contributes to cardiovascular aging through durable growth arrest and the development
of a senescence-associated secretory phenotype. The shared SIRT1-centered actions of miR-34a and miR-217
place these miRNAs near the core of endothelial senescence control”7?. H19 depletion induces a premature
senescent endothelial phenotype, whereas MEG3 has been linked to impaired endothelial regeneration and
heightened senescence-related signaling”>”*. Taken together, these findings indicate that ncRNAs influence
both the onset of senescence and the pro-inflammatory microenvironment that sustains vascular aging.

Extracellular matrix remodeling and fibrosis

Age-associated cardiovascular remodeling is marked by extracellular matrix accumulation, vascular
stiffening, and fibrosis. In this setting, miR-21 is best viewed as a convergence node between stress signaling
and fibroblast activation rather than as an isolated marker. Its profibrotic actions link ncRNA dysregulation
to matrix deposition, myofibroblast persistence, and the structural deterioration of the aging heart and
vasculaturel®*”.

Opverall, the available evidence argues against viewing cardiovascular aging as a collection of isolated ncRNA
changes. Instead, oxidative stress, mitochondrial dysfunction, cellular senescence, and matrix remodeling
appear to be connected outputs of overlapping ncRNA-target-pathway networks.

Noncoding RNAs in key cardiovascular pathologies

ncRNAs play a pivotal role in regulating key cardiovascular pathologies. Their ability to modulate gene
expression and cellular functions has been extensively studied in various cardiovascular conditions,
including atherosclerosis, myocardial infarction, heart failure, arrhythmias, and vascular diseases.

Atherosclerosis

In atherosclerosis, ncRNAs regulate lipid metabolism, endothelial function, and inflammatory responses. For
example, miR-33 regulates cholesterol homeostasis by targeting genes involved in high-density lipoprotein
(HDL) formation and cholesterol efflux. Inhibition of miR-33 increases plasma HDL levels and enhances
reverse cholesterol transport!””7?). Although inhibiting miR-33 has demonstrated promising results in
preclinical models, its clinical application remains challenging due to potential off-target effects and
unintended disruptions of lipid metabolism. Additionally, IncRNA ANRIL is linked to atherosclerosis
susceptibility, with its expression correlating to coronary artery disease risk by regulating vascular smooth
muscle cell proliferation and apoptosis*"*!. Future studies should aim to clarify the tissue-specific roles of
ANRIL isoforms, as their functional diversity complicates therapeutic development. Similarly, circRNA
cANRIL, transcribed from the same locus, regulates INK4/ARF (a family of cyclin-dependent kinase
inhibitors/ADP-ribosylation factor) expression and influences atherosclerosis risk®**. The stability and
abundance of circRNAs, such as cANRIL, make them promising candidates for biomarker development, but
further studies are required to validate their diagnostic utility in large cohorts.

Myocardial infarction and cardiac injury
Following myocardial infarction (MI), ncRNAs play critical roles in regulating cardiac remodeling, fibrosis,
and angiogenesis. In the post-infarction heart, miR-21 is consistently upregulated and promotes fibroblast
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survival and fibrotic remodeling, in part through SPRY1 (Sprouty RTK Signaling Antagonist 1)-dependent
signaling"”***I. Therapeutic strategies targeting miR-21 therefore remain of interest after MI, but precise
delivery methods are essential to ensure specificity and minimize systemic effects. In contrast, miR-1 and
miR-133 are downregulated following MI, contributing to arrhythmogenesis and adverse remodeling.
Restoring miR-1 levels enhances cardiac function and reduces arrhythmias'***. Despite promising results,
the clinical translation of miR-1 therapy is constrained by challenges in achieving stable and controlled
expression levels in vivo. Additionally, IncRNA MIAT contributes to cardiac fibrosis and dysfunction by
acting as a competing endogenous RNA (ceRNA) for miR-24, thereby regulating fibrosis-related gene
expression'. Targeting MIAT provides dual benefits by modulating both fibrosis and inflammation, but the
challenge lies in effectively delivering IncRNA inhibitors to fibrotic regions of the heart.

Heart failure

In heart failure (HF), ncRNAs regulate hypertrophy, apoptosis, and contractility. miR-208, a cardiac-specific
miRNA, regulates B-myosing heavy chain (MHC) expression, and its upregulation is linked to pathological
hypertrophy and HF®*. Silencing miR-208 prevents cardiac remodeling and enhances cardiac function in
hypertensive rats”". Although miR-208 inhibition demonstrates therapeutic potential, its role in maintaining
cardiac homeostasis raises concerns regarding potential side effects, such as impaired adaptive hypertrophy.
Similarly, IncRNA MHRT prevents hypertrophy by sequestering (Brahma-related gene 1) BRG1, a
chromatin remodeling factor that activates stress-response genes. Overexpression of MHRT attenuates
hypertrophy and improves cardiac function'**”. Further research on MHRT could offer valuable insights into
the role of chromatin remodeling in cardiac diseases and facilitate the development of novel epigenetic
therapies.

Arrhythmias and conduction disorders

ncRNAs play a critical role in maintaining cardiac electrophysiological stability. miR-1 and miR-133 regulate
ion channel expression, and their dysregulation is associated with arrhythmias. Overexpression of miR-1
contributes to atrial fibrillation by targeting potassium channels”>**. Given its dual role in arrhythmias and
cardiac remodeling, miR-1 is both a therapeutic target and a biomarker, but its clinical application requires
precision to avoid off-target effects on normal cardiac electrical activity. Additionally, IncRNA KCNQ10T1
regulates potassium channel expression; its dysregulation disrupts cardiac repolarization, contributing to
long QT syndrome and arrhythmias®**\. Further research into IncRNA-based modulation of ion channels
could facilitate the development of targeted therapies for inherited arrhythmia syndromes, including long
QT syndrome.

Vascular diseases and endothelial dysfunction

ncRNAs regulate endothelial cell function and maintain vascular integrity. miR-126, highly expressed in
endothelial cells, promotes angiogenesis by targeting negative regulators of the VEGF pathway. Decreased
miR-126 levels are linked to impaired endothelial function and atherosclerosis*****. Therapeutic delivery of
miR-126 mimics has promise to enhance angiogenesis in ischemic tissues, but achieving efficient and
sustained delivery in vivo remains challenging. Similarly, IncRNA MALAT1 regulates endothelial cell
proliferation and vessel growth, with its knockdown causing endothelial dysfunction and reduced capillary
density”'*. However, targeting MALAT1 requires balancing its pro-angiogenic roles in vascular diseases
against its potential pro-tumorigenic effects, given its involvement in cancer. CircRNA c¢ZNF292 promotes
angiogenesis, highlighting its role in vascular diseases'"*"'*?/. The stability and functional specificity of
cZNF292 underscore its potential as a therapeutic target, though further validation in human studies is
required to fully elucidate its role in vascular repair.
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Hypertension
In hypertension, specific ncRNAs directly regulate vascular tone and remodeling through defined molecular
targets. miR-155 suppresses human angiotensin II type 1 receptor expression, thereby modulating

103

angiotensin II signaling and endothelial responses relevant to blood pressure control"”. In parallel, the
miR-143/145 cluster preserves the contractile phenotype of vascular smooth muscle cells, whereas loss of
miR-143/145 promotes phenotypic switching and vascular remodeling"**. These findings indicate that
hypertension-related ncRNAs are not merely circulating markers but active regulators of vascular

homeostasis.

Pulmonary arterial hypertension

In pulmonary arterial hypertension, ncRNAs have been causally linked to pulmonary vascular remodeling
through defined proliferative and antiapoptotic pathways. miR-204 is markedly downregulated in pulmonary
artery smooth muscle cells from patients with pulmonary arterial hypertension, and its loss activates the Src-
STAT3-NFAT pathway to promote proliferation and apoptosis resistance*”. By contrast, hypoxia-induced
miR-210 exerts an antiapoptotic effect in pulmonary artery smooth muscle cells and contributes to the
persistence of hypoxia-driven remodeling"*. Together, these studies establish a direct mechanistic link
between ncRNA dysregulation and the progressive vascular occlusion that characterizes pulmonary arterial
hypertension.

Diabetic cardiomyopathy

In diabetic cardiomyopathy, ncRNAs contribute to myocardial injury through coordinated control of
senescence, apoptosis, and fibrosis. miR-34a is increased in the diabetic heart and activates a pro-aging
program associated with SIRT1 repression and cardiomyocyte injury"®”. In parallel, cardiac miR-133a is
reduced in diabetes, and restoration of miR-133a attenuates fibrosis and structural remodeling!"®.
Supporting this axis, the IncRNA HOX transcript antisense RNA (HOTAIR) functions as a competing
endogenous RNA for miR-34a to preserve SIRT1 signaling and reduce oxidative stress, inflammation, and
myocyte death in diabetic hearts'"*. In addition to these fibrosis- and senescence-related pathways, recent
studies have highlighted the importance of ncRNA-mediated metabolic and mitochondrial regulation in
diabetic cardiomyopathy. The miR-320/CD36 positive feedback loop promotes lipotoxicity, reactive oxygen

110

species production, and diabetic diastolic dysfunction under hyperglycemic conditions"'”. Furthermore,
mitochondrial localization of Argonaute RISC Catalytic Component 2 (AGO2), a core component of the
miRNA machinery, is reduced in diabetic hearts, leading to impaired mitochondrial gene translation,
electron transport chain imbalance, and oxidative stress, whereas restoration of mitochondrial AGO2
ameliorates cardiac dysfunction in diabetic models"'"!. Collectively, these findings support diabetic

cardiomyopathy as a mechanistically defined model of ncRNA-driven metabolic cardiac remodeling.

Mechanisms of ncRNAs in cardiovascular disease pathophysiology

ncRNAs play critical roles in the pathophysiology of CVDs, regulating gene expression, cell communication,
inflammatory responses, and cellular differentiation [Figure 1B]. Their intricate molecular mechanisms
underscore their potential as therapeutic targets.

Regulation of gene expression

ncRNAs regulate gene expression at the transcriptional, post-transcriptional, and epigenetic levels. miRNAs
bind to the 3’ untranslated region (3’UTR) of target mRNAs, repressing translation or promoting mRNA
degradation. For example, miR-155 promotes inflammatory responses by targeting suppressors of cytokine
signaling, thereby enhancing pro-inflammatory pathways!"'>'"*l. Conversely, miR-126, highly expressed in
endothelial cells, regulates vascular integrity and angiogenesis by modulating VEGF signaling"'*'?). IncRNAs
regulate gene expression by interacting with chromatin-modifying complexes. For instance, MALAT1
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interacts with chromatin-modifying complexes to regulate endothelial function and vascular repair'®"'7),
Additionally, circRNAs function as miRNA sponges, indirectly regulating gene expression. circRNA HRCR,
for example, sequesters miR-223, thereby protecting the heart from hypertrophy and failure by preserving
target mRNAs essential for cardiac function'*'**), While these findings underscore the regulatory potential
of ncRNAs, future research should focus on their dynamic regulation across different stages of
cardiovascular diseases to enable the development of precise therapeutic interventions.

ncRNAs in cell communication

ncRNAs mediate intercellular communication via extracellular vesicles, such as exosomes, that transport
ncRNAs to recipient cells. Exosomal miRNAs, including miR-143 and miR-145, are transferred between
endothelial cells and vascular smooth muscle cells (VSMCs), where they regulate vascular remodeling and
stability-processes essential for maintaining vascular homeostasis and repair'*"'??. Similarly, IncRNAs such
as H19 are carried by exosomes derived from cardiac fibroblasts and regulate endothelial cell migration and
angiogenesis, highlighting their role in cell-cell signaling during cardiovascular repair''>****.. Furthermore,
circRNAs, such as circRNA ¢ZNF609, regulate angiogenesis by sponging miR-145 in endothelial cells,
thereby promoting vascular repair'*****. Mechanistically, cZNF609 acts as a molecular sponge for miR-145,
leading to the de-repression of key pro-angiogenic targets such as the transcription factor FLI1 and the cell-
cycle regulator CDKN1B/p27. The consequent upregulation of these factors enhances endothelial cell
proliferation and cell-cycle progression"*"*. Furthermore, emerging evidence indicates that cZNF609 can be
translated into a functional protein via a cap-independent mechanism under specific conditions, revealing an

129

additional layer of functional complexity in vascular biology""*). The evolutionary conservation and inherent
stability of cZNF609 underscore its fundamental role in maintaining vascular homeostasis, highlighting its
dual significance as a key regulatory molecule and a promising therapeutic candidate for ischemic vascular
diseases. Emerging evidence indicates that the exosome-mediated transport of ncRNAs is modulated by
cellular stress, emphasizing the need for further research to elucidate how pathological conditions, such as

ischemia or hypoxia, affect this process.

ncRNAs in inflammation and immune response

ncRNAs are key regulators of inflammatory pathways and immune system activation in CVDs. Pro-
inflammatory miRNAs, such as miR-155, promote the release of cytokines like Tumor Necrosis Factor alpha
(TNF-a) and Interleukin-6 (IL-6) by targeting SH2-domain-containing inositol 5-phosphatase 1 (SHIP1) and
Suppressor of Cytokine Signaling 1 (SOCS1), thereby contributing to vascular inflammation and
atherogenesis"**"*?. In comparison with its more central profibrotic role, miR-21 contributes here mainly as
an amplifier of injury-associated inflammatory signaling through SPRY 1/Extracellular signal-Regulated
Kinase (ERK)/Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kappaB)-linked pathways
rather than as the dominant inflammatory ncRNA"*'**/ In contrast, some IncRNAs demonstrate anti-
inflammatory effects. For example, the IncRNA MANTIS suppresses inflammation in endothelial cells by
enhancing chromatin accessibility to angiogenesis-related genes"**'**!. circRNAs also play key roles in
immune modulation; for instance, circANRIL inhibits inflammatory pathways in vascular cells by regulating
rRNA maturation, thus influencing macrophage survival and apoptosis'**'**/. Despite the therapeutic
potential of targeting ncRNAs in inflammatory pathways, their pleiotropic effects pose challenges in
achieving specificity without disrupting other essential cellular functions.

ncRNAs in cell differentiation and regeneration

ncRNAs play essential roles in cell fate determination and tissue regeneration, processes that are critical for
cardiac repair following injury. miRNAs, including miR-143 and miR-145, regulate the differentiation of
VSMCs from progenitor cells, thereby promoting vascular stability during development and injury
repair'”"*%, Similarly, miR-1 and miR-133 are critical for cardiac progenitor cell differentiation into
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Table 2. ncRNA-based therapeutic strategies

Strategy Example Function Detailed signaling targets  Disease application

BCL6; C-C motif chemokine

Antisense ASOs targeting . . . ligand 2 (CCL2); e
oligonucleotides (ASOs)  miR-155 Inhibit pro-inflammatory miRNA Intercellular Adhesion Molecule Atherosclerosis
1(ICAM-1)
miRNA mimics miR-126 mimics Enhfance endothehal repair and VEGF; ECM remodling Ischemic conditions#7!
angiogenesis
Engineered Improve angiogenesis in ischemic
Exosome-based delivery  exosomes carrying mp gl0g HIF-Ta Ischemic heart disease!8!
. tissues
miR-126
Antisense Attenuate pathological
. . Silencing wisper development of Ml-induced Wisper/TIAR/PLOD2 Heart failuret?
oligonucleotide . .
fibrosis
siRNA Inclisiran lower LDL cholesterol PCSK9 Hyperlipidemial*!

VEGF: Vascular endothelial growth factor; miRNA: microRNA; ECM: extracellular matrix; TIAR: T-cell intracellular antigen 1-related; PLOD2:
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2; siRNA: small interfering RNA; LDL: low-density lipoprotein;HIF-Ta: hypoxia-inducible factor 1-
alpha.

cardiomyocytes, a process essential for cardiac regeneration'®***\. IncRNAs also contribute to tissue
regeneration; for example, IncRNA FOXF1 Adjacent Non-Coding Developmental Regulatory RNA
(FENDRR) regulates mesenchymal progenitor cell differentiation into cardiomyocytes by interacting with
chromatin modifiers"*). Additionally, circRNAs, such as circRNA CIRB-PRKCB, regulate stem cell
differentiation and cardiac repair by sponging miR-9, which modulates key regenerative pathways!"**?),
While ncRNAs hold great promise to enhance cardiac regeneration, variability in ncRNA expression across
different patient populations underscores the need for personalized approaches to optimize therapeutic
efficacy.

ncRNA-encoded peptides

An increasing body of evidence shows that some IncRNAs and circRNAs are not purely noncoding but can
also encode short functional peptides. These peptides can modulate transcriptional and signaling pathways
in the heart and vasculature, affecting myocardial contraction, pressure-overload remodeling, and valve
calcification. Examples such as the circSLC8a1-derived isoform and the circZBTB44-encoded peptide suggest
that this emerging field warrants brief attention in cardiovascular ncRNA reviews!***.

Clinical applications of ncRNAs in cardiovascular diseases

ncRNAs are now being considered not only as mechanistic contributors to cardiovascular disease but also as
clinically useful molecules for diagnosis, prognosis, and intervention. For clarity, biomarker applications and
therapeutic strategies [Table 2] are discussed separately below.

ncRNAs as biomarkers for diagnosis and prognosis

The stability and tissue enrichment of ncRNAs in circulating biofluids make them attractive biomarker
candidates in cardiovascular disease. Because many ncRNAs are packaged in exosomes, lipoproteins, or
RNA-binding protein complexes, they can remain detectable in blood and plasma under routine sampling
conditions. Circulating miR-1, miR-133, and miR-208 have been associated with myocardial infarction
severity and prognosis, reflecting cardiomyocyte injury and remodeling'**". miR-499 has likewise been
linked to cardiac injury and disease progression'*""**.. Beyond miRNAs, IncRNA MIAT has been reported to
be upregulated in myocardial infarction and to correlate with adverse cardiovascular status'*>***, whereas
circANRIL has been connected to atherosclerosis and coronary artery disease through effects on
inflammatory and apoptotic pathways'"****”. The main challenge now is less the discovery of candidates than
the standardization of measurement, cohort validation, and benchmarking against established markers such



Page 12 of 21 Geng et al. J Cardiovasc Aging. 2026;6:28

as troponins and natriuretic peptides.

Therapeutic delivery of ncRNAs

Therapeutic delivery remains a central bottleneck for ncRNA-based treatment. Any useful platform must
protect the RNA cargo, favor delivery to the intended tissue, and limit off-target exposure. Current delivery
strategies therefore need to be judged not only by proof-of-concept efficacy, but also by how well they solve
these practical constraints.

Lipid nanoparticles

Lipid Nanoparticles (LNPs) are among the most mature delivery systems for synthetic ncRNAs, including
small interfering RN'As (siRNAs) and antisense oligonucleotides (ASOs). By encapsulating RNA cargo in
ionizable lipid-based particles, LNPs improve nuclease protection, circulation stability, and cellular uptake.
The approval and clinical use of the LNP-formulated siRNA patisiran demonstrate that systemic RNA
delivery can be achieved when the formulation, target organ, and disease biology are appropriately
matched"*". Broader reviews of nucleic acid therapeutics further support LNPs as a clinically validated but
still tissue-selectivity-limited platform!®?. For cardiovascular use, however, the key question is whether
comparable delivery efficiency and reproducibility can be achieved for targets beyond the current liver-
centered and lipid-lowering settings.

GalNAc conjugation

GalNAc conjugation is highly effective for hepatocyte-directed delivery because multivalent N-
acetylgalactosamine ligands bind the asialoglycoprotein receptor on hepatocytes and support efficient uptake
of siRNA or ASO cargo!**'*. In cardiovascular medicine, its relevance is currently most plausible where
systemic lipid metabolism or liver-derived factors are involved, rather than for direct delivery to the heart or
vessel wall. The broader value of this platform will therefore depend on whether future target selection can
align cardiovascular benefit with its liver-centered pharmacology.

Exosome-based delivery

Exosomes are attractive delivery vehicles because they are endogenous carriers of ncRNAs and, in principle,
can be engineered for cell-selective transport. Experimental studies using exosomes loaded with miR-126
mimics have shown improved angiogenesis in ischemic models"”*'**. Even so, the translational question is
not whether exosomes can carry ncRNAs, but whether they can be produced, purified, and characterized at a
scale and consistency compatible with clinical use.

Modulating ncRNAs for therapeutic gain

Therapeutic modulation of ncRNAs aims either to suppress maladaptive signals or to restore protective ones.
The most credible strategies are those in which the ncRNA, the disease mechanism, and the delivery route
can be aligned in a biologically coherent way.

Inhibiting pathogenic ncRNAs

ASOs and miRNA sponges are commonly used to inhibit pathogenic ncRNAs. miR-155 is often discussed in
this context because of its link to vascular inflammation and because targeted miR-155 silencing has shown
therapeutic potential in experimental atherosclerosis"*!. For miR-21, the translational rationale is strongest
in fibrosis-dominant settings, where inhibitory strategies have shown antifibrotic effects after myocardial
injury”*'*". The practical limitation is not simply whether these molecules work in vitro or in animal models,
but whether sufficient tissue selectivity can be achieved without perturbing physiologic ncRNA functions

elsewhere.
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Using ncRNA mimics

miRNA mimics are designed to restore beneficial ncRNAs that are reduced in disease. Delivery of miR-126
mimics, for example, has been used to enhance endothelial repair and angiogenesis in ischemic settings'**'**..
In parallel, CDR132L, which targets miR-132, has advanced as a clinically relevant example of therapeutic
ncRNA modulation in heart failure!**'**). For this class of therapy, long-term safety, dosing durability, and
tissue specificity will likely determine clinical usefulness as much as initial efficacy.

Targeting IncRNAs and circRNAs

Disease-associated IncRNAs and circRNAs are also being explored as therapeutic targets. Silencing
MALAT]1, for example, has been associated with improved endothelial function and reduced vascular
inflammation®>"'*, circRNA-directed strategies remain earlier in development, but they are of interest
because circular transcripts often show strong stability and context-specific regulation. The field still needs
clearer rules for target selection and mechanism validation before these approaches can move confidently
toward translation.

Clinical trials and future perspectives

A small but important group of ncRNA-directed therapies has already reached the clinic or advanced clinical
testing. Inclisiran, an siRNA targeting proprotein convertase subtilisin/kexin type 9 (PCSK9), provides a
clear example of successful cardiovascular translation through durable low-density lipoprotein (LDL)
cholesterol lowering"*!. Vutrisiran, although developed for transthyretin amyloidosis rather than common
atherosclerotic disease, further shows that RNA interference therapeutics can achieve clinically meaningful
cardiac benefit in a defined patient population***. Together, these programs suggest that translation is
feasible, but also that success depends heavily on disease context, target choice, and deliverability.

The next stage of the field will depend on solving a smaller set of concrete problems: off-target activity, long-
term safety, scalable manufacturing, and reproducible delivery to the relevant tissue. Precision medicine
approaches may help by matching ncRNA profiles to narrower therapeutic indications, but cost and
production complexity remain real barriers. Progress is therefore likely to come from incremental,
indication-specific advances rather than from a single broadly applicable ncRNA platform.

Public databases and annotation resources

As shown in Figure 2, public resources such as miRBase, LNCipedia, and circBase provide standardized
annotation, sequence retrieval, and cross-study comparisons that facilitate biomarker discovery and
functional validation!®74,

CONCLUSION

ncRNAs have redefined our understanding of CVDs by serving as pivotal regulators of gene expression and
cellular processes. Their involvement in key pathological mechanisms, including inflammation, fibrosis,
apoptosis, and angiogenesis, underscores their potential as biomarkers and therapeutic targets. Recent
advancements in sequencing technologies, delivery platforms, and functional studies have paved the way for
ncRNA-based diagnostics and therapies, exemplified by ongoing clinical trials for specific ncRNA
modulators. However, significant challenges remain, including achieving tissue-specific delivery, minimizing
off-target effects, ensuring long-term safety, and overcoming the complexity of large-scale production.
Addressing these barriers requires interdisciplinary collaboration and innovative approaches to fully realize
the translational potential of ncRNAs. As research continues to unravel the intricacies of ncRNA biology,
their integration into clinical practice promises to revolutionize the diagnosis, prognosis, and treatment of
CVDs, offering a new frontier in precision medicine.
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Biofluid profiling
miRBase ( )
Biomarker validation
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Biomarkers and Functional readout and Delivery platforms (LNPs,
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\ o

Figure 2. Translational workflow from ncRNA discovery to clinical use. Public resources such as miRBase, LNCipedia, and circBase support
annotation and discovery; biofluid profiling and biomarker validation refine candidate selection; and delivery platforms such as lipid
nanoparticles, exosomes, and antisense oligonucleotides enable therapeutic translation. LNPs: Lipid nanoparticles; ASOs: antisense
oligonucleotides.
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