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Abstract
Heart  Failure  (HF)  represents  the  terminal  stage  of  various  cardiac  diseases  and  is
classified into Acute Heart Failure (AHF) and Chronic Heart Failure (CHF) based on the
onset  speed.  Both  are  characterized  by  impaired  myocardial  function,  neurohumoral
disturbance,  and  ventricular  remodeling,  yet  exhibit  significant  differences  in
pathophysiological mechanisms and clinical phenotypes. MicroRNAs (miRNAs), a class of
non-coding RNAs approximately 18-25 nucleotides in length, regulate gene expression at
the post-transcriptional level by targeting the 3' untranslated region (3'UTR) of target gene
messenger  RNAs.  They  are  extensively  involved  in  physiological  and  pathological
processes such as cell proliferation, apoptosis, and fibrosis. A growing body of evidence
has confirmed that abnormal miRNA expression profiles are closely associated with the
occurrence  and  progression  of  HF,  playing  a  crucial  regulatory  role  in  the  pathological
processes  of  both  AHF  and  CHF.  This  review  systematically  examines  the  biological
characteristics  of  miRNAs  and  elaborates  on  their  core  regulatory  roles  in  the
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pathophysiological mechanisms of AHF and CHF. It analyzes differences and commonalities in miRNA expression
and function between the two conditions, and explores the clinical application prospects of miRNAs as diagnostic
markers, prognostic indicators, and therapeutic targets for HF. Finally, it summarizes current research challenges and
future directions, aiming to provide a theoretical basis for the precise diagnosis and treatment of HF.

INTRODUCTION
Heart Failure (HF) is a complex clinical syndrome characterized by impaired cardiac pumping function,

resulting in an insufficient cardiac output to meet the body’s metabolic demands or the ability to maintain

pumping function only when ventricular filling pressure is abnormally elevated
[1]

. As the end-stage

manifestation of various cardiovascular diseases, HF is associated with persistently high morbidity and

mortality rates. It not only severely compromises patients’ quality of life but also imposes a substantial

burden on families and the broader healthcare system
[2,3]

.

Based on clinical phenotype and disease progression, HF is mainly classified into two types: Acute Heart

Failure (AHF) and Chronic Heart Failure (CHF)
[4]

. These two subtypes exhibit significant differences yet

close correlations in their pathophysiological mechanisms. AHF is defined by acute cardiac decompensation,

typically triggered by acute etiologies such as acute myocardial infarction (AMI), hypertensive crisis and

acute myocarditis. It presents with sudden onset of impaired myocardial contractility, circulatory congestion

and insufficient tissue perfusion, carrying extremely high mortality without timely intervention
[5]

. In

contrast, CHF typically develops from the progression of chronic cardiovascular diseases including coronary

artery disease, hypertensive heart disease, and cardiomyopathy. Its core pathological process is ventricular

remodeling, accompanied by the sustained overactivation of the Renin-Angiotensin-Aldosterone System

(RAAS) and Sympathetic Nervous System (SNS). This in turn induces a series of pathological changes such

as myocardial hypertrophy, fibrosis, and electrical activity disorders, ultimately leading to the progressive

deterioration of cardiac function
[6]

. Therefore, in-depth clarification of the core pathological mechanisms of

HF and identification of novel targets with both diagnostic value and therapeutic potential have become

urgent needs in the field of cardiovascular research.

MicroRNAs (miRNAs) are a class of endogenous non-coding RNAs approximately 22 nucleotides in length.

Since their first discovery in Caenorhabditis elegans in 1993, their core role in gene expression regulation has

been gradually elucidated, establishing them as a key focus in cardiovascular disease research
[7]

. miRNAs

possess high tissue-specificity, cell-specificity, and spatiotemporal expression specificity. By binding to the 3'

untranslated region (3'UTR) of target gene messenger RNAs (mRNAs), they regulate gene expression at the

post-transcriptional level and participate in the construction of complex gene regulatory networks
[8-10]

. In the

cardiovascular system, miRNAs are extensively involved in key physiological processes such as myocardial

cell proliferation
[11]

, differentiation
[12]

, apoptosis
[13]

, angiogenesis
[14]

, and myocardial fibrosis
[15]

, playing an

important regulatory role in the development and homeostasis maintenance of the cardiovascular system.

Given their important functions, aberrant miRNA expression has been confirmed to be closely associated

with multiple core pathological processes in HF
[16-18]

. Notably, the intrinsic differences between the

pathological responses of acute stress-induced AHF and chronic progressive pathological remodeling

profoundly affect the expression profiles of miRNAs, regulatory preferences of target genes, and their

functional roles in the two states of HF
[19,20]

. Accumulating evidence has confirmed that aberrant miRNA

expression is closely associated with the occurrence and progression of both AHF and CHF, making

miRNAs promising candidates for deciphering HF pathogenesis and developing precision therapies
[21,22]

.

Thus, in-depth exploration of the role of miRNAs in HF not only contributes to unraveling the pathological

essence of AHF and CHF but also provides a new theoretical basis for improving clinical diagnosis,

prognosis evaluation, and therapeutic efficacy.
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Behavioral differences of miRNAs between AHF and CHF

Temporal dynamics: acute stress response vs. chronic adaptive remodeling

miRNAs exhibit distinctly different temporal patterns of expression and function in AHF and CHF,

mirroring the disease progression from initial injury to long-term structural alterations. In AHF, miRNA

levels undergo rapid and robust dynamic changes during hospitalization. A study monitoring circulating

miRNA levels in AHF patients at admission, 48-72 h post-admission, and 7-21 days later identified a

significant decrease in miR-140-3p, a miRNA associated with mitochondrial fission, during treatment
[23]

.

Such rapid fluctuations over days to weeks suggest miRNAs are involved in the body’s immediate response

to acute hemodynamic collapse and cellular stress. Notably, low miR-140-3p levels correlate with higher

long-term mortality and heart failure event rates, indicating that miRNA response patterns in the acute phase

may determine long-term prognosis
[23]

. In contrast, CHF is characterized by miRNA expression establishing

a relatively stable yet pathological set point, a pattern that aligns with long-term cardiac structural

remodeling and dysfunction. For example, in a mouse model of pressure overload-induced heart failure,

myocardial miR-152 expression is persistently upregulated, directly contributing to mitochondrial

dysfunction and impaired contractile function
[24]

. This sustained abnormal expression drives chronic

pathological progression.

Stress response biology: core pathophysiological focus across different stages

AHF and CHF exist in distinct pathophysiological states, leading their key miRNA regulatory networks to

converge on different biological processes. The acute onset of AHF triggers severe energy metabolic crisis

and cellular damage, prompting miRNA regulation to rapidly shift toward pathways involved in

mitochondrial dynamics and acute cell apoptosis. Studies confirm that circulating miR-140-5p levels in AHF

patients are closely associated with excessive mitochondrial fission in cardiomyocytes, a hallmark of

disrupted energy metabolism and cell death
[25]

. Similarly, in AHF-related ischemic hepatitis, upregulated

miR-17 correlates with mitochondrial dynamin protein dysregulation, reflecting a systemic multi-organ

stress response to acute hypoperfusion
[26]

. These findings highlight that miRNA behavior in AHF centers on

countering acute energy metabolic disorders and organelle dysfunction. The core pathological feature of

CHF is progressive ventricular remodeling, with myocardial fibrosis and chronic low-grade inflammation as

key drivers. Consequently, numerous critical miRNAs in CHF regulate these processes. miR-21 and the

miR-29 family have been identified as core regulators of the inflammatory-fibrotic axis in heart failure with

preserved ejection fraction (HFpEF), is known as a common form of CHF
[27]

.

Cell type specificity

The dominant cell types vary across disease stages, further dictating differences in miRNA function. During

the acute injury phase of AHF, cardiomyocytes and vascular endothelial cells serve as the primary targets of

miRNA regulation. For example, miRNA-377, processed from pre-miR-377, inhibits angiogenesis by

targeting vascular endothelial growth factor A (VEGFA) mRNA, playing a role in the acute vascular injury

response
[28]

. During the long-term remodeling of CHF, the sustained activation of cardiac fibroblasts (CFs)

becomes central. Thus, miRNAs that regulate fibroblast function are critical
[27,29]

. Meanwhile, infiltrating

immune cells and their mediated inflammatory responses are also key targets in the chronic phase, with

relevant miRNAs involved in their regulation
[30]

. Additionally, cells in distal organs such as hippocampal

neurons and skeletal muscle cells are integrated into the miRNA regulatory network, forming complex

systemic disease manifestations
[31]

.

BIOLOGICAL CHARACTERISTICS AND MECHANISMS OF ACTION OF miRNAs
Biological synthesis of miRNAs

miRNA synthesis consists of two stages: primary transcription in the nucleus and maturation in the

cytoplasm. In the nucleus, miRNA genes are transcribed into primary miRNAs (pri-miRNAs) with hairpin
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structures under the catalysis of RNA polymerase II. Subsequently, pri-miRNAs are cleaved by the RNase III

family enzyme Drosha and its cofactor DiGeorge syndrome critical region gene 8 (DGCR8) into

pre-miRNAs of 70-100 nucleotides in length. Pre-miRNAs are transported to the cytoplasm by the nuclear

export protein Exportin-5 and further cleaved by another RNase III family enzyme Dicer into

double-stranded miRNAs (miRNA/miRNA*) of 18-25 nucleotides. Among them, the complementary strand

miRNA* is rapidly degraded. Finally, the mature single-stranded miRNA binds to Argonaute (AGO)

proteins to form the RNA-induced silencing complex (RISC), which serves as the core structure for miRNA

function
[32-34]

.

Mechanisms of action of miRNAs

The core mechanism of miRNA action is the regulation of target gene expression at the post-transcriptional

level. The regulatory mode mainly depends on the degree of base complementarity between the mature

miRNA and the target gene mRNA, and also requires the mediation of the RISC. Specifically, it can be

divided into two main ways. The first is the complete or near-complete complementarity mode, which is

common in plant miRNAs but rare in animals. When the miRNA achieves complete complementarity with

the coding region or 3'UTR of the target gene mRNA, it activates the endonuclease activity in RISC, directly

cleaving the phosphodiester bond of the target mRNA, leading to the degradation of the target mRNA and

thus rapidly blocking the gene expression process. The second is the incomplete complementarity mode,

which is the most important regulatory way of miRNAs in animals. At this time, there is usually only partial

base complementarity between the miRNA and the 3'UTR of the target gene mRNA. In particular, the

complementarity between the "seed region" (nucleotides 2-8 at the 5' end of the miRNA) and the target

mRNA is crucial. This incomplete pairing does not trigger the direct degradation of the target mRNA but

inhibits gene expression through two pathways: first, after RISC binds to the target mRNA, it hinders the

binding of ribosomes to the mRNA or interferes with the movement of ribosomes, thereby inhibiting the

initiation and elongation of target gene translation; second, RISC can recruit related factors such as

deadenylase to promote the degradation of the 3' polyadenylate tail of the target mRNA, accelerating the

destabilization process of the target mRNA, making it more susceptible to recognition and degradation by

intracellular nucleases, and indirectly reducing the expression level of the target gene
[35-39]

.

In addition to classical intracellular regulation, miRNAs can also be released into the extracellular

environment via extracellular vesicles (EVs) such as exosomes and microvesicles (MVs), or by forming

complexes with high-density lipoprotein (HDL) and AGO proteins. These "circulating miRNAs" can stably

persist in body fluids and may act as signaling molecules in intercellular communication, participating in

remote organ crosstalk and the systemic regulation of pathological processes
[40,41]

.

miRNAs IN ACUTE HEART FAILURE: ORCHESTRATORS OF DAMAGE ALERTS AND
INFLAMMATORY STORMS
Acute myocardial injury, cardiomyocyte apoptosis and inflammatory storm together form a vicious cycle

driving the rapid deterioration of cardiac function in the pathogenesis of AHF. Numerous miRNA-mediated

mechanisms underlying AHF have been identified [Table 1].

Acute myocardial injury and cardiomyocyte apoptosis

Acute myocardial injury is one of the common causes of AHF, often triggered by conditions such as AMI or

viral myocarditis
[42,43]

. During this process, cardiomyocyte apoptosis serves as an important mechanism

leading to the deterioration of cardiac function
[44,45]

. A subset of miRNAs is upregulated in myocardial

ischemia/ reperfusion (MI/R) injury, acting as accelerators of cardiomyocyte apoptosis by inhibiting

anti-apoptotic factors or activating pro-apoptotic signals. The mitochondrial pathway is central to
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Table 1. miRNAs associated with AHF

miRNAs Experimental model Effect Mechanism of action References

Myocardial cell apoptosis

miR-143-3p MI/R in mouse Promoting Inhibits Bcl-2 [46]

miR-19b-3p MI/R in mouse Promoting Inhibits PTEN [47]

miR-489 MI/R in mouse Promoting Inhibits SPIN1 [48]

miR-100-5p MI/R in mouse Promoting Inhibits PRMT5 [49]

miR-133a/b MI in rats; NRCMs + H2O2; H9c2 + H/R Attenuating Inhibits Caspase-9, Bax; upregulates Bcl-2 [50-54]

miR-21 MI in rats; H9c2 + H/R Attenuating Inhibits PDCD4 [55-57]

miR-346 MI/R in rats Attenuating Inhibits Bax [58]

miR-499 LPS in rats Attenuating Inhibits SOX6 and PDCD4 [59]

miR-144 MI/R in mouse; H9c2 + H/R Attenuating
Inhibits TMEM16A Ca2+-activated chloride
channel

[60]

miR-142-3p MI/R in mouse; NRCMs + H2O2 Attenuating
Inhibits expression and activation of
TLR4/NF-κB pathway

[61]

miR-486-5p CME in rats Attenuating
Inhibits PTEN; activates PI3K/Akt signaling
pathway

[62]

Inflammatory response

miR-155 AMI in mouse Activating Inhibits SOS1 [63]

miR-4763-3p AC16 + LPS Activating Inhibits IL10RA [64]

miR-484 H9c2 + LPS Activating Inhibits Yap1 [65]

miR-126
MI/R in rats; AC16 + oxygen-glucose
deprivation/recovery (OGD/R)

Inhibiting Activates GSK-3β signaling pathway [66]

miR-221/-222 cluster Coxsackievirus B3 (CVB3) in mouse Inhibiting ETS1/2; IRF2 TOX; CXCL12 [67]

miR-146a IL-1β in mouse Inhibiting Inhibits MAPK4/Drp-1 signaling pathway [68]

cardiomyocyte apoptosis. miR-143-3p expression increases over time in myocardial tissue post-reperfusion.

By directly targeting and inhibiting the anti-apoptotic protein B-cell Lymphoma 2 (Bcl-2), it disrupts

mitochondrial membrane potential, promotes cytochrome c release, and activates caspase proteins, thereby

exacerbating mitochondria-mediated apoptosis
[46]

. Similarly, miR-19b-3p downregulates phosphatase and

tensin homolog (PTEN) gene expression, altering the balance between downstream apoptosis-related

proteins Bax and Bcl-2 to promote cardiomyocyte apoptosis
[47]

. miR-489 facilitates apoptosis by targeting and

inhibiting spindlin 1 (SP1N1), which in turn suppresses the downstream phosphatidylinositol 3-kinase

(PI3K)/protein kinase B (AKT) survival signaling pathway
[48]

. Furthermore, miR-100-5p is significantly

upregulated in ischemia/reperfusion (I/R)-injured myocardial tissue. By downregulating protein arginine

methyltransferase 5 (PRMT5), it impairs PRMT5-mediated methylated inactivation of PTEN, leading to

enhanced PTEN activity. This inhibits the PI3K-AKT survival pathway and ultimately exacerbates

cardiomyocyte apoptosis
[49]

.

Another subset of miRNAs exerts protective effects in acute cardiac injury. They act as cellular guardians by

inhibiting pro-apoptotic signals or enhancing cell viability. miR-133 is a key endogenous inhibitor of

cardiomyocyte apoptosis. Studies have confirmed that miR-133 can directly bind to and inhibit the

expression of caspase-9, thereby blocking the downstream activation of caspase-3 in models of MI/R injury

or oxidative stress
[ 5 0 ]

. Additionally, miR-133 regulates Bcl-2 family proteins by upregulating the

anti-apoptotic protein Bcl-2 and downregulating the pro-apoptotic protein Bax. This inhibits the release of

cytochrome C, thereby maintaining mitochondrial membrane stability and preventing the initiation of cell

apoptosis
[51]

. In multiple models including MI/R injury, oxidative stress, hypoxia/reoxygenation (H/R), and

isoflurane preconditioning, the upregulation of miR-21 significantly attenuates cardiomyocyte apoptosis by
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inhibiting programmed cell death 4 (PDCD4) expression
[52-54]

. Furthermore, miR-21 can regulate the

FAS-mediated apoptotic pathway by inhibiting homeodomain-interacting protein kinase 3 (HIPK3)
[55]

, and

activate the pro-survival PI3K/Akt signaling pathway by suppressing PTEN, forming its multi-layered

anti-apoptotic network
[56,57]

. However, in the fibrotic progression of CHF (Section "Myocardial fibrosis"), the

persistently overexpressed miR-21 exerts a profibrotic and detrimental effect by acting on fibroblasts and

regulating the transforming growth factor-beta (TGF-β)/small mother against decapentaplegic (SMAD)

signaling pathway, which highlights its highly contextdependent function. Studies have also found that

miR-346 expression is downregulated in MI/R injury models, while its overexpression attenuates

cardiomyocyte apoptosis and reduces infarct size by targeting and inhibiting the key pro-apoptotic protein

Bax
[58]

. In lipopolysaccharide (LPS)-induced models of septic cardiomyopathy, miR-499 expression is

suppressed, leading to the upregulation of its target genes SRY-box transcription factor 6 (SOX6) and

PDCD4 and thereby promoting cardiomyocyte apoptosis
[59]

. In MI/R models, miR-144 exerts acute

cardioprotective effects by inhibiting the transmembrane protein 16A (TMEM16A) Ca
2+

-activated chloride

channel to reduce myocardial infarction size
[60]

. miR-142-3p expression is downregulated in hearts with MI/R

injury, and its overexpression inhibits the expression and activation of the toll-like receptor 4 (TLR4)/nuclear

factor-κB (NF-κB) pathway, significantly reducing cardiomyocyte apoptosis rate and improving cardiac

function
[61]

. Additionally, miR-486-5p activates the PI3K/Akt signaling pathway by targeting and inhibiting

the PTEN gene, thereby suppressing cardiomyocyte apoptosis induced by coronary microembolism (CME)

in rats
[62]

.

Inflammatory response

Following acute myocardial injury, damaged cells release damage-associated molecular patterns (DAMPs),

thereby triggering robust activation of the innate immune system. This is characterized by the rapid

infiltration of neutrophils and monocytes/macrophages, as well as the explosive release of pro-inflammatory

cytokines such as interleukin (IL)-1β and tumor necrosis factor-α (TNF-α). Moderate inflammation facilitates

the clearance of necrotic tissue; however, excessive inflammatory responses exacerbate myocardial injury,

expand the infarct size, and initiate adverse ventricular remodeling. miRNAs serve as key regulatory hubs in

this pathophysiological process.

Some miRNAs can enhance inflammatory responses and aggravate myocardial injury by regulating related

pathways. In an AMI model, the expression of the miR-155 precursor is upregulated in macrophages, which

then secrete exosomes enriched with miR-155. These exosomes downregulate son of sevenless homolog 1

(SOS1) protein expression and reduce suppressors of cytokine signaling 1 (SOCS1) levels, thereby promoting

inflammation while inhibiting the proliferation of CFs, ultimately exacerbating myocardial injury
[63]

. In a

LPS-induced cardiomyocyte inflammation model, miR-4763-3p expression is elevated. By targeting and

suppressing interleukin-10 receptor A (IL10RA), it leads to increased levels of pro-inflammatory factors IL-6

and IL-1β, along with decreased levels of anti-inflammatory factors IL-10 and TGF-β, thereby aggravating the

inflammatory response
[64]

. Furthermore, in LPS-treated H9c2 (2-1) rat embryonic cardiomyocyte cell line

(H9C2) cells, miR-484 expression is upregulated. It directly targets the mRNA of Yes-associated protein 1

(Yap1), inhibiting cell viability, promoting apoptosis, and activating the NOD-like receptor family pyrin

domain containing 3 (NLRP3) inflammasome, resulting in increased secretion of inflammatory factors such

as TNF-α, IL-1β, and IL-6
[65]

.

Other miRNAs exert cardioprotective effects through anti-inflammatory mechanisms, thereby delaying the

progression of AHF. For instance, Guo et al. demonstrated in a rat model of MI/R injury that transfection of

miR-126 reduces the production of inflammatory factors such as IL-6, IL-8, and TNF-α, and attenuates

myocardial injury and inflammatory responses by modulating the glycogen synthase kinase-3β (GSK-3β)

signaling pathway
[66]

. In viral myocarditis, the miR-221/-222 cluster is upregulated in cardiomyocytes,
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Table 2. miRNAs associated with CHF

miRNAs Experimental model Effect Mechanism of action References

Cardiac hypertrophy

miR-1 NRCMs + T3 or phenylephrine Inhibition Suppress HDAC4; inhibits twinfilin-1 [69,70]

miR-133 NRCMs+ thyroid hormone Inhibition Inhibits SERCA2a and calcineurin [71]

miR-222 TAC in mouse Inhibition inhibits PUMA, HMBOX1 and NFATc3 [72]

miR-31-5p Abdominal aorta coarctation in rats Inhibition Inhibits the co-localization of Nfatc2ip and β-Mhc [73]

miR-30d
Isoproterenol in mouse; NRCMs +
phenylephrine or Ang II

Inhibition
Inhibits MAP4K4, GRP78 and hypertrophic nuclear
factor NFAT

[74]

miR-208a TAC in mouse Promotion Inhibits antihypertrophic GATA4 [75]

miR-155 TAC in mouse Promotion Inhibits SOCS1 [76]

miR-34c-5p
Isoprenaline in mouse; NRCMs +
Isoprenaline

Promotion Inhibits autophagy-related gene ATG4B [77]

miR-495-3p Aortic banding in rats; H9c2 + Ang II Promotion Inhibits Pum2 [78]

Cardiac fibrosis

miR-133 family Streptozotocin in mouse Inhibition Suppresses COL1A1; inhibits CTGF [80,81]

miR-29 family MI in mouse Inhibition Inhibits TGFβ, VEGFA and DNMT3A [82,83]

miR-146a-5p MI in mouse Inhibition Inhibits TXNIP and EndMT [84]

miR-17-5p
Abdominal aorta coarctation in mouse; CFs
+ Ang II

Inhibition Inhibits BNIP3 [85]

miR-486a-5p CFs + IgE Inhibition Inhibits Smad1 pathway [86]

miR-21
MI in mouse;
CFs + TGF-β1

Promotion Activates AKT pathway; TGF-β/SMAD pathway [87,88]

miR-208a MI in rats Promotion DYRK2 [89]

miR-15a-5p
Ang II in mouse;
CFs + Ang II

Promotion Dephosphorylated NFAT by targeting DYRK2 [90]

playing a dual role in antiviral defense and inflammation regulation. This cluster targets multiple genes

including E26 transformation-specific transcription factor 1/2 (ETS1/2), interferon regulatory factor 2

(IRF2), thymocyte selection-associated high mobility group box (TOX), and C-X-C motif chemokine ligand

12 (CXCL12), thereby suppressing viral replication and modulating inflammatory responses. Inhibition of

this cluster leads to increased viral load, exacerbated inflammation, and aggravated cardiac injury
[67]

.

Furthermore, miR-146a levels are elevated in exosomes derived from IL-1β-stimulated macrophages. These

exosomes alleviate myocardial damage and improve cardiac function in septic mice by regulating

mitochondrial homeostasis, enhancing oxidative stress resistance, and exerting anti-inflammatory effects
[68]

.

miRNAs IN CHRONIC HEART FAILURE: PERSISTENT DRIVERS OF ADVERSE VENTRICULAR
REMODELING
Myocardial remodeling constitutes the core pathophysiological alteration in CHF, which is specifically

manifested by cardiomyocyte hypertrophy, myocardial fibrosis, ventricular chamber dilatation, and a

progressive decline in cardiac contractile function. Several miRNAs are modulated and participate in the

regulation of CHF [Table 2].

Myocardial hypertrophy

Cardiomyocyte hypertrophy is a key early pathological change in CHF, representing an adaptive response of

myocardial tissue to long-term increased pressure or volume load. However, persistent pathological

hypertrophy will eventually lead to cardiomyocyte dysfunction and even apoptosis, further exacerbating the
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deterioration of cardiac function. By regulating the expression of target genes in signaling pathways related

to myocardial cell hypertrophy, miRNAs play an important regulatory role in the process of myocardial

hypertrophy.

The miRNA pair miR-133 and miR-1, which are transcribed from the same genetic unit, are consistently

downregulated in hypertrophic hearts. Overexpression of miR-1 can effectively suppress cardiomyocyte

hypertrophy induced by stimuli such as thyroid hormone (T3)
[69]

 and norepinephrine
[70]

. In mouse models of

thyroid hormone-induced cardiac hypertrophy, miR-133 mimics markedly inhibit cardiomyocyte

hypertrophy via its target genes sarcoplasmic/endoplasmic reticulum calcium ATPase 2a (SERCA2a) and

calcineurin
[71]

. miR-222 is markedly upregulated in transverse aortic constriction (TAC)-induced models of

pathological myocardial hypertrophy and heart failure. Its overexpression mitigates pressure

overload-induced pathological hypertrophy, improves cardiac function and boosts survival rates, while its

inhibition accelerates heart failure progression. These effects are mediated by targeting the pro-apoptotic

factor p53 upregulated modulator of apoptosis (PUMA) and the transcription factors homeobox containing

1 (Hmbox1) and nuclear factor of activated T cells cytoplasmic 3 (NFATc3)
[72]

. miR-31-5p was found to exert

an anti-hypertrophic effect in a rat model of cardiac hypertrophy induced by abdominal aortic constriction,

an effect involving nuclear factor of activated T cells 2 interacting protein (NFATC2IP), which binds to and

enhances the transcriptional activity of the hypertrophy marker gene β-myosin heavy chain (β-Mhc)
[73]

.

miR-30d expression is reduced both in hypertrophy models and in the serum of patients with chronic heart

failure. Overexpression of miR-30d ameliorates cardiac hypertrophy by targeting mitogen-activated protein

kinase kinase kinase 4 (MAP4K4) and glucose-regulated protein 78 (GRP78), and by inhibiting the nuclear

factor of activated T cells (NFAT) signaling pathway
[74]

.

Some miRNAs are upregulated under pathological stimuli such as pressure overload and neurohormonal

activation, directly promoting cardiomyocyte hypertrophy and adverse remodeling. As a cardiac-specific

miRNA, miR-208a is markedly upregulated in response to hemodynamic stress. In rodent models, both

genetic ablation and pharmacological inhibition of miR-208a have been demonstrated to attenuate

stress-induced cardiac hypertrophy and remodeling; conversely, cardiac-specific transgenic overexpression

of miR-208a alone is sufficient to induce cardiomyocyte hypertrophy
[75]

. Macrophage-derived miR-155

promotes cardiomyocyte hypertrophy and dysfunction in a paracrine manner by targeting and suppressing

suppressor of SOCS1. Inhibition of miR-155 in macrophages significantly attenuates pressure

overload-induced cardiac inflammation, hypertrophy, and dysfunction
[76]

. miR-34c-5p is upregulated in an

isoproterenol-induced cardiac hypertrophy model. It promotes hypertrophy development by directly

targeting autophagy-related gene 4B (ATG4B) and inhibiting autophagic flux in cardiomyocytes
[77]

.

miR-495-3p is highly expressed in an aortic constriction rat model and in angiotensin II (Ang II)-stimulated

cardiomyocytes. Silencing miR-495-3p alleviates hypertrophy by targeting Pumilio RNA-binding family

member 2 (Pum2)
[78]

.

Myocardial fibrosis

Myocardial fibrosis is another core pathological change of CHF, characterized by excessive activation and

proliferation of myocardial fibroblasts and secretion of a large amount of extracellular matrix proteins,

ultimately leading to cardiac structural remodeling and functional failure
[79]

. Several miRNAs are regulated

and involved in the regulation of myocardial fibrosis.

Among the miRNAs that negatively regulate myocardial fibrosis, the miR-133 and miR-29 families play a

core regulatory role. In diabetic cardiomyopathy, miR-133a expression is reduced. Treatment with human

umbilical cord mesenchymal stromal cells improves myocardial fibrosis by restoring the expression of

miR133a and its target mRNA collagen type I alpha 1 chain (COL1A1)
[80]

. While, miR133b ameliorates

                                                                                            



Ren et al. Vessel Plus. 2026;10:18 Page 9 of 21

Table 3. Comparison of key miRNAs in acute and chronic heart failure

miRNAs Expression/function in AHF Expression/function in CHF Key targets/pathways

miR-133 Downregulated; anti-apoptotic Downregulated; anti-hypertrophic and anti-fibrotic Caspase-9, Bax/Bcl-2; SERCA2a, calcineurin

miR-21 Upregulated; anti-apoptotic Upregulated; pro-fibrotic PDCD4, PTEN/PI3K/AKT; TGF-β/SMAD

miR-155 Upregulated; pro-inflammatory Upregulated; promotes hypertrophy SOS1/SOCS1

fibrosis by targeting connective tissue growth factor (CTGF), thereby inhibiting the activation and

proliferation of CFs
[81]

. The miR-29 family serves as a potent antifibrotic factor. miR29a exerts its inhibitory

effect by suppressing the expression of TGFβ and VEGFA
[82]

. Studies have developed an exosomeloaded

microneedle patch carrying miR29b mimics for localized delivery after myocardial infarction, which

effectively reduces fibrosis and improves cardiac function
[83]

. miR-146a-5p is downregulated in human

cardiac microvascular endothelial cells (HCMECs) under hypoxic conditions. However, its overexpression

can inhibit cardiac fibrosis after myocardial infarction by targeting thioredoxin-interacting protein (TXNIP)

and suppressing endothelial-to-mesenchymal transition (EndMT)
[84]

. In a mouse model of myocardial

fibrosis induced by abdominal aortic constriction, miR-17-5p directly targets the 3'-UTR of BCL2/adenovirus

E1B 19 kDa protein-interacting protein 3 (BNIP3), significantly downregulating its expression, restoring

mitochondrial balance, and thereby alleviating pathological cardiac fibrosis
[85]

. Additionally, overexpression

of miR-486a-5p can mitigate Ang II-induced myocardial fibrosis by targeting Smad1
[86]

.

miR-21 is one of the pro-fibrotic miRNAs that have been widely studied. In rat models of myocardial

infarction (MI) and TGF-β1-treated cells, miR-21-containing MVs are overexpressed and promote cardiac

fibrosis by activating the AKT pathway
[87]

. Additionally, miR-21 can also promote myocardial fibrosis after

MI by targeting the TGF-β/SMAD family member 7 (Smad7) signaling pathway
[88]

. In a rat model of

myocardial infarction, inhibition of miR-208a via adeno-associated virus serotype 9 (AAV9) markedly

attenuates cardiac fibrosis and improves cardiac function
[89]

. miR-15a-5p is upregulated in cardiomyocytes

st imulated  by  Ang  II .  Through  exosomal  transport  to  CFs,  i t  targets  dual  specif ic i ty

tyrosine-phosphorylation-regulated kinase 2 (DYRK2) to dephosphorylate NFAT, thereby promoting

fibroblast activation and the expression of collagen genes COL1A1 and collagen type III alpha 1 chain

(COL3A1)
[90]

.

Commonalities and differences of miRNAs in acute and chronic heart failure

The roles of miRNAs in HF exhibit stagespecific duality: the same miRNA can exert identical or opposing

effects in acute versus chronic disease. This duality arises from stage-specific physiological demands,

target-cell shifts, and microenvironmental
[91]

 changes. Here, we analyze two paradigmatic miRNAs, miR-133

and miR-21, to systematically dissect how their dual roles are governed by disease stage and cellular context

[Table 3].

miR-133: from acute anti-apoptosis to chronic anti-remodeling

miR-133 shows the core commonality of protective effects in AHF and CHF. The core pathological essence

of heart failure resides in the structural damage and functional loss of cardiomyocytes, followed by abnormal

global myocardial remodeling
[92]

, and miR-133 directly targets this core pathological process in both AHF

and CHF. In the AHF phase, cardiomyocyte apoptosis is the pivotal driver of acute myocardial injury and

rapid cardiac dysfunction
[93]

. miR-133 directly mitigates the acute loss of cardiomyocytes by inhibiting

apoptosis, thereby preserving cardiomyocyte survival and basic biological functions. However, during the

progression of the disease, excessive myocardial hypertrophy and fibrosis can become important driving

factors for the deterioration of HF
[91]

. miR-133 maintains the normal morphology and function of

cardiomyocytes and safeguards the overall structural integrity of myocardial tissue through suppressing

hypertrophy and fibrosis.
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Furthermore, AHF and CHF are not discrete pathological stages but a continuous progression in the

development of HF. If cardiomyocyte apoptosis is not effectively inhibited in AHF, extensive loss of

cardiomyocytes will trigger compensatory myocardial hypertrophy, which further progresses to myocardial

hypertrophy and fibrosis in CHF and ultimately leads to progressive cardiac dysfunction
[94]

. miR-133 blocks

acute cardiomyocyte apoptosis in the AHF phase, thus suppressing the initiation and rapid deterioration of

heart failure at the upstream level; in the CHF phase, it abrogates myocardial hypertrophy and fibrosis,

curbing the chronic progression of heart failure at the downstream level. In both phases, miR-133 exerts a

global antagonistic effect on heart failure by targeting key links in the heart failure pathological cascade,

rather than merely intervening in a single pathological stage.

miR-21: from acute cardioprotection to chronic pro-fibrosis

miR-21 exhibits a dual role in HF, with conflicting conclusions across different studies, which fundamentally

stems from its stagedependent functional dichotomy. Most preclinical models, by targeting CFs, have

confirmed its profibrotic role in CHF
[95,96]

. However, Wang et al. reported that miR-21 plays a protective role

in murine AMI
[97]

. This discrepancy arises from two key factors. First, the disease subtypes investigated differ.

The study by Wang et al. focused on ischemic heart failure, where the core driver of dysfunction remains

residual cardiomyocyte apoptosis, whereas pressureoverload models primarily simulate the chronic

remodeling process centered on fibrosis
[97]

. Second, the cellular targets of miR-21 undergo dynamic shifts

with disease progression. In the AHF stage, upregulated miR-21 is predominantly localized to

cardiomyocytes, where its function centers on autonomous protection, with low expression in CFs. Upon

progression to the CHF stage, miR-21 expression significantly shifts towards CFs. By directly targeting

Smad7 mRNA, it relieves the inhibition on the TGFβ signaling pathway, thereby amplifying fibrotic

remodeling. Furthermore, miR-21 can promote pathological cardiomyocyte hypertrophy by activating the

extracellular regulated protein kinase/mitogen-activated protein kinase signaling pathway
[98]

. In the context

of CHF that has progressed to the decompensated phase, this prohypertrophic effect further accelerates the

vicious cycle of hypertrophyfibrosisworsening cardiac function. These seemingly contradictory findings

collectively reveal that the function of miR-21 is highly dependent on the specific disease stage and cellular

microenvironment. Therefore, in developing miRNAbased therapies, it is essential to perform meticulous

stratification based on the subtype and stage of heart failure to enable tailored interventions.

miRNA REGULATORY NETWORK IN HEART FAILURE
The "cell survival/death decision-making network" in AHF

At the core of acute myocardial injury lies a molecular decision-making network governed by the dynamic

equilibrium between pro-apoptotic and anti-apoptotic miRNAs. For instance, during MI/R injury,

pro-apoptotic miRNAs, miR-143-3p and miR-19b-3p, attenuate cell survival signals by inhibiting targets

such as Bcl-2 or PTEN. Concurrently, anti-apoptotic miRNAs, miR-133, miR-21, and miR-499 are rapidly

induced or basally expressed, activating survival pathways such as PI3K/Akt through the inhibition of targets

including Caspase-9, PDCD4, or SOX6. These miRNAs do not act in isolation; rather, their actions converge

at the critical crossroads of the mitochondrial apoptotic pathway and the PI3K/Akt pathway (Figure 1, left

panel). Both miR-19b-3p and miR-21 target PTEN. However, upregulation of the former promotes apoptosis

in the acute phase, while upregulation of the latter enhances survival signaling. This suggests that their

functions are likely regulated by more precise temporal or spatial cues. Understanding the disruption and

restoration of this network balance is crucial for developing protective intervention strategies during the

acute phase.

The "fibrosis-inflammation axis network" in CHF

The hallmark of chronic ventricular remodeling is sustained low-grade inflammation and progressive

fibrosis, processes tightly coordinated by an interacting network of miRNAs. The pro-fibrotic hub miR-21 is

highly expressed in CFs, where it directly drives collagen deposition by inhibiting Smad7, thereby releasing

                                                                                                 



Ren et al. Vessel Plus. 2026;10:18 Page 11 of 21

Figure 1. Regulatory networks and pathological modules of key miRNAs in acute and chronic heart failure. Created with B ​i ​o ​R ​e ​n ​d ​e ​r ​. ​c ​o ​m ​
(Created in BioRender. Nû, _à. (2026)) (h​t​t​p​s​:​/​/​w​w​w ​.​b​i​o​r​e​n ​d​e​r​.​c​o​m​/ ​l​h​4​i​f​t​z​).

the brake on the TGF-β/Smad pathway. Simultaneously, expression of the anti-fibrotic miR-29 family is

suppressed, which relieves its potent repression of numerous extracellular matrix protein genes, functionally

antagonizing the action of miR-21. Furthermore, the pro-inflammatory miR-155 sustains the inflammatory

phenotype of macrophages by targeting suppressors such as SOCS1. The resulting inflammatory cytokines

can further activate CFs and upregulate miR-21, thereby linking the inflammatory and fibrotic networks into

a self-amplifying vicious cycle (Figure 1, right panel). Targeting multiple nodes within this network, the

combined inhibition of miR-21 and the restoration of miR-29 expression may be more effective in

preventing the progression of fibrosis than single-target intervention.

This schematic summarizes the key miRNA regulatory networks central to the pathological modules of AHF

and CHF. In the AHF phase (left panel), a balance is formed within cardiomyocytes between pro-apoptotic

and anti-apoptotic miRNAs, which jointly regulate the mitochondrial apoptosis and PI3K/Akt survival

pathways to determine cell fate. In the CHF phase (right panel), pro-fibrotic miRNAs (miR-21), anti-fibrotic

miRNAs (the miR-29 family), and pro-inflammatory miRNAs (miR-155) constitute an interconnected

fibrosis-inflammation axis network, driving adverse ventricular remodeling. The central panel highlights

how changes in time, target cells, and microenvironment during disease progression from acute to chronic

stages lead to a reprogramming of the entire regulatory network, with the functional shift of miR-21 serving

as a representative example. Arrows indicate activation, promotion, or directionality; flat-ended lines denote

inhibition. ECM: Extracellular matrix. Created in BioRender (B​i​o​R​e​n​d​e​r​.​c​o​m​).

CLINICAL APPLICATION PROSPECTS OF miRNAs IN HEART FAILURE
As a diagnostic and prognostic biomarker

Although traditional biomarkers of heart failure such as B-type natriuretic peptide (BNP) and N-terminal

pro-B-type natriuretic peptide (NT-proBNP) are sensitive, they have insufficient specificity and limitations

in prediction or early diagnosis
[99]

. Circulating miRNAs have become highly promising new biomarkers due

to their stability, tissue specificity and close association with pathological processes. Individual or combined

miRNA panels can effectively distinguish between HF patients and healthy individuals, and further
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Table 4. miRNA subclassification based on pathological mechanisms and transformation potential

Representative miRNA Classification Effects Treatment strategy

miR-133 & miR-499 Acute cardioprotection Anti-apoptosis miRNA mimics

miR-155 Inflammatory regulation Pro-inflammation antimiR

miR-30d sophisticated delivery technology Anti-hypertrophy and fibrosis
Engineered exosome delivery (EVs;
Nanoparticles; Liposome)

discriminate among different HF subtypes. Several studies have shown that miR-19b, miR-21, and miR-208a

exhibit significant expression changes in the plasma of HF patients, demonstrating high sensitivity and

specificity in distinguishing between heart failure with mildly reduced ejection fraction (HFmrEF) and

HFpEF
[100]

. A large-scale clinical study developed an 8-miRNA combined panel, which, when used in

conjunction with NT-proBNP, significantly improves the specificity and accuracy of diagnosing non-acute

HF. It can even reclassify cases that might be missed based solely on NT-proBNP thresholds
[101]

.

Specific miRNA profiles correlate with different stages and subtypes of HF. For example, miR-30d expression

is associated with left ventricular systolic and diastolic volumes, miR-126-3p with pulmonary artery pressure,

and miR-483-3p with right ventricular remodeling and central venous pressure
[102]

. This suggests that

different miRNAs may reflect specific cardiac structural or hemodynamic abnormalities during HF

progression, facilitating more refined disease stratification and early warning.

As therapeutic targets

Based on the key regulatory role of miRNAs in the occurrence and development of HF, regulating miRNA

expression has become a novel strategy for HF treatment. Currently, therapeutic approaches targeting

miRNAs mainly include miRNA mimics and miRNA inhibitors. The core miRNA classification and their

clinical translation potential can be found in Table 4.

miRNA mimics

miRNA mimics are artificially synthesized oligonucleotides with the same sequence as endogenous mature

miRNAs. They can mimic the biological functions of endogenous miRNAs and exert effects by targeting and

regulating the expression of downstream genes. For miRNAs that are downregulated in HF, restoring their

physiological expression levels through the infusion of miRNA mimics can effectively inhibit myocardial

remodeling and protect cardiac function. For example, studies have confirmed that intravenous injection of

miR-30d-modified milk-derived exosomes (miR30d-mEVs-IMTP) can target and deliver miR-30d to

diseased cardiac tissue, significantly alleviating myocardial hypertrophy, inflammatory responses, and

fibrosis during HF progression
[103]

.

miRNA inhibitors

For miRNAs abnormally upregulated in HF, inhibition using antisense oligonucleotides (antimiRs)

represents the primary therapeutic strategy. Among these approaches, therapies targeting miR-132 stand out

as the most compelling. Preclinical studies have confirmed that miR-132 is a key driver of pathological

myocardial hypertrophy and adverse cardiac remodeling
[104]

. A first-in-human Phase Ib randomized

controlled trial demonstrated that the antisense oligonucleotide drug CDR132L safely and effectively reduces

plasma miR-132 levels in patients with chronic ischemic heart failure. This reduction was accompanied by a

decrease in NT-proBNP, narrowing of the QRS complex (QRS), and a trend toward improved cardiac

fibrosis biomarkers
[105,106]

. This milestone marks a pivotal step in translating miRNA-based HF therapies from

conceptual framework to clinical practice.
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Core barriers to clinical translation and emerging solutions

Despite the promising regulatory role of miRNAs in HF, their clinical translation is hindered by several

critical technical barriers, particularly in delivery efficiency and safety control. Addressing these barriers is

essential for advancing miRNA-based therapies from preclinical research to clinical application.

Endosomal escape and targeting specificity

A major bottleneck in miRNA-based therapy lies in the poor in vivo stability and inefficient delivery of

naked miRNA mimics or inhibitors. These unmodified oligonucleotides are highly susceptible to nuclease

degradation and fail to penetrate target cells effectively, limiting their biological activity
[107]

. Even when

delivered via carriers such as liposomes or polymers, most miRNAs are trapped in the endosome-lysosome

pathway and degraded, preventing their translocation to the cytoplasm where they exert regulatory

functions
[107]

. Additionally, systemic administration often leads to non-specific distribution in organs such as

the liver and spleen rather than the diseased tissues, reducing therapeutic efficacy and increasing the risk of

off-target toxicity
[108]

. For cardiovascular diseases involving deep tissue targets, the lack of tissue-specific

homing further exacerbates delivery inefficiency
[109]

.

To address these critical limitations, the rapid development of emerging delivery technologies aims to

enhance stability, improve targeting, and facilitate kernel body escape. Biomimetic nanoparticles leverage cell

membrane coating to inherit the biological properties of source cells, such as immune evasion and inherent

tissue homing capacity. For AMI-induced AHF, macrophage membrane-coated nanoparticles combined

with ultrasound-targeted microbubble destruction (UTMD) technology have been successfully used to

deliver mesenchymal stem cell membrane proteins and miR-125b to inflamed injured regions of AMI.

Notably, this strategy exhibited no significant toxicity in mouse models, underscoring its safety profile for

acute cardiac injury intervention
[110]

.

EVs are naturally secreted membranous vesicles with low immunogenicity, excellent biocompatibility, and

intrinsic targeting abilities, making them highly promising delivery tools for HF therapy
[107,111]

. Specifically,

miR-125a-5p encapsulated in mesenchymal stem cell-derived exosomes (MSC-Exos) has been validated to

exert cardioprotective effects in MI/R injury by mitigating cardiomyocyte damage and regulating

inflammatory responses
[112]

. Furthermore, active targeting to pathological cardiac tissues is achieved by

conjugating delivery carriers with cell-specific antibodies, l igands, or aptamers. For example,

cardiac-targeting peptide (CTP)-modified mesoporous silica (MSN) nanospheres loaded with miR-199a-5p

can specifically home to ischemic myocardial tissue. This targeted delivery significantly inhibits

cardiomyocyte apoptosis, enhances myocardial contractility, reduces infarct size post-myocardial infarction,

and improves cardiac function
[113]

.

The mechanism of miRNA action inherently confers a risk of off-target effects. A single miRNA typically

targets multiple mRNAs, and one mRNA may be regulated by multiple miRNAs
[111]

. Exogenously introduced

miRNA mimics or inhibitors, which function similarly to endogenous miRNAs, may bind to the 3' UTR of

unintended targets via their seed sequence, leading to unexpected gene silencing or activation and inducing

toxicity
[114]

. This highlights the potential off-target toxicity of RNA interference-based therapies. Specificity

can be enhanced and off-target effects mitigated through the following strategies. Chemical modifications of

miRNA oligonucleotides, such as locked nucleic acid (LNA), 2'-O-methyl, or phosphorothioate

modifications, can significantly improve nuclease stability, enhance binding affinity to target mRNAs, and

sometimes reduce immunogenicity
[115]

. For instance, an LNA-modified antagomir (AM106) targeting

miR-106b-5p effectively prevented doxorubicin-induced cardiotoxicity without compromising its antitumor

efficacy in preclinical studies
[115]

. In addition, site-specific delivery via local injection
[112]

, inhalation, or
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off-target effects.

Immunogenicity

Immunogenicity poses a major safety barrier to miRNA therapy: certain viral vectors or synthetic

nanoparticles may be recognized by the immune system, triggering inflammatory responses or the

production of neutralizing antibodies, which impairs the efficacy of repeated administration
[107]

. The most

effective mitigation strategy is the use of immunologically inert carriers that avoid immune recognition. EVs

are nanoscale membrane-structured vesicles naturally secreted by cells. Their surface components are similar

to those of the source cells and are rich in biomolecules such as phospholipids, proteins and sugars. This

natural biocompatibility makes it less likely to be recognized as a foreign substance by the immune system in

the body, thereby reducing the risk of an immune response. Hydrogels loaded with miR-222-engineered EVs

can alleviate acute I/R injury and inhibit cardiac remodeling after I/R through mechanical conduction
[117]

.

Past miRNA therapeutic failures and lessons for clinical translation

Liposomal miR-34a mimic (MRX34), the first miRNA-based cancer therapy to enter clinical trials, has

provided invaluable experience and profound lessons for the entire research field. As a pioneering miRNA

therapy for solid tumors, MRX34 is a miR-34a mimic delivered via lipid nanoparticles (LNPs) that advanced

to Phase II clinical trials, yet it was prematurely terminated due to severe immune-related adverse events

(IRAEs) and hepatotoxicity
[118,119]

. This case offers critical warnings and precious insights for the development

of miRNA therapies for heart failure, particularly with respect to delivery strategies.

Although MRX34 was developed for cancer treatment, its target, miR-34a, plays a central role in the

pathogenesis and progression of HF, and its delivery platform is also a commonly used vector for

non-coding RNA therapeutics. The failure of MRX34 stems in part from an inadequate understanding of the

extensive and complex functional network of miR-34a under normal physiological conditions and various

pathological states. miR-34a is a key regulatory node in HF. Numerous studies have demonstrated that

miR-34a is upregulated in various HF models and drives disease progression by repressing multiple key

protective targets
[120,121]

. Thus, prior to developing miRNA therapies for heart failure, it is imperative to

conduct systems biology studies that go beyond single-target analysis and comprehensively map the

regulatory networks of the target miRNA across distinct cardiac cell types, different disease stages and

various etiological factors of HF
[121]

. Blind repression of a miRNA that modulates multiple protective

signaling pathways may disrupt normal physiological feedback mechanisms and induce unforeseen adverse

effects.

Furthermore, MRX34 was administered via systemic LNP delivery, which lacks tissue specificity and

constitutes the primary cause of its severe immunotoxicity. This represents an insurmountable barrier that

must be overcome for the treatment of CHF. Therefore, investment is warranted in the development of

next-generation delivery platforms with high cardiac tropism. This may involve the use of nanoparticles

modified with cardiotropic peptides, antibodies or aptamers, or the application of smart materials that

respond to the pathological microenvironment of the heart. Additionally, more sensitive preclinical models

need to be established to assess off-target effects and immunogenicity of miRNA therapeutics.

LIMITATIONS AND CHALLENGES
Despite considerable progress in elucidating the roles of miRNAs in HF, several persistent limitations and

translational challenges must be acknowledged and overcome to advance their clinical application. First, the

functional effects of miRNAs are highly context-dependent, varying substantially across cell types, disease

stages, and etiological backgrounds. Many current insights derive from animal models or in vitro systems,

which may not fully mirror the pathophysiological complexity of human HF. Moreover, miRNA-target

                                                                                        

responsive materials
[116]

 enables targeted release at pathological sites, reducing systemic exposure and
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interactions are frequently predicted bioinformatically and lack rigorous experimental validation in relevant

in vivo settings. Second, although circulating miRNAs hold promise as diagnostic and prognostic

biomarkers, their clinical utility is constrained by methodological inconsistencies in sample collection,

processing, and quantification. The absence of standardized protocols and universally accepted reference

miRNAs undermines the reproducibility and cross-study comparability of reported findings. Third, the

development of miRNA-based therapeutics faces multifold hurdles. Key issues include inefficient and

nonspecific delivery to cardiac tissue, poor oligonucleotide stability, potential immunogenicity, off-target

effects due to pleiotropic miRNA regulation, and a scarcity of robust clinical trial data. Finally, HF is a

heterogeneous syndrome encompassing diverse etiologies and phenotypic presentations. Existing miRNA

studies often generalize results across HF subtypes, thereby overlooking distinct miRNA signatures and

regulatory mechanisms specific to different clinical categories. Future investigations should therefore adopt

more stratified, subtype-aware research designs to improve pathological resolution and therapeutic precision.

CONCLUSION AND FUTURE DIRECTIONS
This review systematically elucidates recent advances in miRNA research in acute and chronic heart failure

(AHF/CHF). It covers the posttranscriptional regulatory roles of miRNAs in core pathophysiological

processes such as myocardial apoptosis, inflammation, hypertrophy, and fibrosis, as well as their

stagespecific, cell typespecific, and contextdependent dualfunction mechanisms. The article focuses on the

potential of circulating miRNAs as diagnostic and prognostic biomarkers for heart failure, therapeutic

strategies involving miRNA mimics and inhibitors, and the technical challenges in clinical translation. From

a precision medicine perspective, it explores the integrated application of miRNAs in the refined

stratification of heart failure subtypes, early warning, and targeted therapies aimed at delaying disease

progression and preserving cardiac function.

Despite significant progress achieved in basic and clinical research, translating miRNA-based findings into

clinical practice remains hindered by unresolved challenges, including incomplete mapping of miRNA

regulatory networks, insufficient diagnostic specificity of single miRNA markers, and technical barriers in

targeted delivery systems, immunogenicity control, and off-target effect mitigation. To address these gaps

and promote the sustainable development of the field, future studies should focus on the following key

aspects based on the miRNA classification framework of pathological mechanisms and transformation

potential, clarifying the stage-specific and cell-type-specific regulatory roles of miRNAs in HF, improving the

accuracy and specificity of miRNA-based biomarkers through multi-omics integration, optimizing

myocardial-specific targeted delivery systems to reduce immunogenicity and off-target effects, and

strengthening large-scale preclinical verification and clinical trials to ensure the safety and efficacy of miRNA

therapies. Meanwhile, it is necessary to learn lessons from past clinical failures to avoid repeated risks.

In summary, miRNAs are key regulators of AHF and CHF, and their in-depth study is of great significance

for clarifying the pathological essence of HF and promoting the development of precise diagnosis and

treatment strategies. With the continuous improvement of research technologies and the breakthrough of

key technical bottlenecks, it is expected that miRNAs will revolutionize the diagnosis, treatment, and

prognosis evaluation of HF, promote the realization of personalized HF management, and ultimately

improve the clinical outcomes of patients with HF.
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