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The function of miRNAs in the
immune system’s inflammatory
reaction to heart failure

Kadierya Yibulayin®' and Maidinaimu Abulizi'

Graduate School of Xinjiang Medical University, Urumqi, China

Heart failure is the end stage of cardiovascular disease, with high morbidity and
mortality rates worldwide. Heart failure is associated with long-term and
insufficient inhibition of inflammatory response. mIiRNA is a class of
endogenous, non-coding, single-stranded small RNA molecules, that can
regulate gene expression through translational inhibition or degradation of
targeted mMRNA, widely regulate myocardial remodeling, inflammatory
response, and other pathological processes, and play an important regulatory
role in the occurrence and development of cardiovascular diseases. This
article reviews the role of miRNA in the inflammatory response in heart failure.
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1 Introduction

Heart failure is the end-stage of cardiovascular disease and has high morbidity and
mortality rates globally (1). Despite the current treatment of heart failure including beta
blockers, aldosterone receptor antagonists, cardiac enhancers, diuretics, and more,
readmission and mortality rates are still high, placing a huge medical burden on
society, and the search for new treatment strategies to prevent and delay heart failure is
urgent (2). Recovery from myocardial injury requires the involvement of inflammatory
cells, which play a key role in clearing damaged and necrotic cells, particularly
macrophages, which play a key immunomodulatory role. Mild inflammation promotes
tissue recovery, but chronic inflammation can lead to heart muscle dysfunction and
poor ventricular remodeling. More recently, with a growing number of experimental
and clinical studies linking inflammatory immune responses to the pathogenesis of
heart failure, it has been recognized that heart failure is associated with chronic and
poorly suppressed inflammatory responses, which are critical in the development of
heart failure and can lead to molecular, cellular, and functional heart changes. During
acute myocardial infarction (MI), the initial inflammation caused by plaque rupture
triggers later reactions, potentially leading to more prolonged cardiac harm. Variations
exist in the extent of inflammation recuperation post-reperfusion treatment, offering
predictive insights into the emergence of ischemic heart failure. During extended
periods of intense inflammatory reactions, the myocardium undergoes detrimental
restructuring, culminating in heart failure (3). Safe, low-cost anti-inflammatory
therapies need to be developed for early treatment and suppression of inflammatory
responses to slow the progression of heart failure and deterioration of heart function.
MiRNAs are a class of evolutionarily conserved non-coding single-stranded small
molecule RNAs that contribute to the development of cardiovascular disease by
promoting the degradation or translation inhibition of target mRNAs, regulating gene
expression at the post-transcriptional level, and extensively regulating immune
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inflammatory responses, oxidative stress, cell proliferation, and
apoptosis (4). Numerous scientific investigations have revealed the
correlation between inflammatory markers and the severity and
prognosis of chronic heart failure, suggesting that inflammation
may be both a triggering factor and a consequence of heart failure.
Although inflammation plays a critical role in the formation and
development of diseases, the specific pathogenic mechanisms
involved in the disease progression remain unclearLI et al.
indicated that there is a negative correlation between miR-21 and
inflammatory factors in the peripheral blood of patients with
chronic heart failure (CHF), suggesting that miR-21 may play a
role in regulating inflammation within the pathogenesis of CHF
(5). The role of miRNAs in regulating macrophages, endothelial
cells, and inflammatory pathways in the inflammatory response to
heart failure is reviewed.

2 miRNAs biology

MiRNAs are a class of evolutionarily conserved non-coding
single-stranded small molecule RNAs of 19-25 nucleotides that
regulate gene expression at the post-transcriptional level by
binding to the mRNA’s 3 “-non-translational domain (UTR) to
promote mRNA degradation or translation inhibition (6). It is
estimated that more than 60% of human protein-coding genes are
targeted by miRNAs (7). miRNAs are first transcribed by RNA
polymerase II (DGCRS8) in the nucleus to produce primary
miRNAs (8). Primary miRNAs contain stem-ring structures, each
consisting of about 70 nucleotides, which are cleaved in the
nucleus by microprocessor complexes consisting of Drosha III and
DGCR8 to form 60-100 nucleotide precursor miRNAs (9).
PremiRNAs transferred from the nucleus to the cytoplasm via
Exportin 5 were broken down by Dicer III nucleic acid endocytose
(RNA) into small double-stranded RNAs containing mature
miRNAs, one of which binds to the Argonaute (AGO) protein
and enters the RNA-induced silencing complex (RISC), while the
other is degraded (10). Finally, mature miRNAs bind to target
mRNAs, promote mRNA degradation or translational inhibition,
and regulate gene expression at the post-transcriptional level.
MiRNAs regulate various biological processes such as apoptosis,
migration, proliferation, differentiation, inflammatory response,
immune response, etc. Because of the wide range of target
interactions, it also plays an important role in the development of
many diseases, including cardiovascular disease (11).

3 Heart failure and inflammation

Inflammation is an important biological process for maintaining
homeostasis in the body. When tissue damage occurs, the
body immediately activates the innate and adaptive immune
systems, triggering a robust inflammatory response (12). During
injury,
(PAMPs), endogenous substances released by dying or stressed

myocardial pathogen-associated molecular patterns

cells [damage-associated molecular patterns (damage-associated
molecular patterns, DAMPs)] (13) and microbiota-associated

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2024.1506836

molecular patterns (MAMPCs) released by the gut microbiota
activate the receptors pattern recognition receptors, PRRs (14)
upregulation of the expression of pro-inflammatory cytokines and
chemokines, coupled with a rapid influx of neutrophils and
monocytes from circulation to heart muscle injury sites, activates
the innate immune system and triggers inflammatory responses
(15). These upregulated inflammatory factors provide a range of
protective effects on the heart muscle, promoting short-term
adaptive stress in the heart, known as physiological inflammation.
If the damage to the heart muscle is resolved, the acute
inflammatory response disappears, and the heart muscle tissue
returns to its fundamental equilibrium. Conversely, if myocardial
damage cannot be resolved, macrophages and mast cells resident
in the heart recruit additional white blood cells and plasma
proteins to dysfunctional tissue areas in an attempt to restore the
dynamic balance of heart tissue, leading to a persistent
inflammatory response called a Para-inflammatory response (16).
Once damage to the heart muscle continues, the inflammatory
response becomes dysfunctional, leading to chronic inflammation.
Excessive inflammation, excessive intensity, or inadequate
inhibition can lead to persistent tissue damage and inappropriate
healing, promote poor ventricular remodeling, and deterioration
of heart function (17), thereby contributing to the heart failure
process. A study comparing the serum levels of IL-18 in normal
patients and those with chronic heart failure classified into
functional classes II, III, and IV found that both IL-1B
and NLRC4 expression levels increased in the chronic heart
failure group. This increase was positively correlated with the
severity of heart function, indicating that inflammatory responses
play an important role in the development of heart failure.
It can be inferred that inhibiting the activation of the
NLRC4 inflammasome, thereby reducing the secretion of IL-1,
may represent a new therapeutic target for addressing the
inflammatory response in chronic heart failure. Research has also
indicated that monocyte chemoattractant protein-1 (MCP-1) plays
a role in mediating the migration of monocytes and macrophages
to damaged myocardial tissue, where it can recruit inflammatory
factors and affect the injured myocardium, thereby exacerbating
the inflammatory response and contributing to the progression of
heart failure. Therefore, controlling inflammatory processes at an
early stage to avoid persistent inflammation and heart damage is
key to improving outcomes for patients with heart failure.

4 miRNA regulates inflammatory
response in heart failure

The immune response is a kind of self-protective behavior of the
body. The proper immune response can clear the pathogen and
help the body recover. If the response is excessive, damage will
occur to the body. The inflammatory response is the result of a
violent immune response. MiRNAs are involved in heart failure
progression by regulating endothelial inflammatory response and
macrophage phenotype transformation. Research has shown that
miR-939-5p is an inflammation-related miRNA, with serum levels
in patients with chronic heart failure significantly higher than
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those in normal control groups. It has also been found that
long non-coding RNAs (IncRNAs) can act as miRNA sponges to
regulate their expression and target genes (18). By directly binding
to miR-939-5p, they control inflammation-induced cell apoptosis,
providing a new approach for reversing pathological inflammation
in the treatment of CHF. MiRNAs have stable, hypoimmunogenic
properties as therapeutics that can overcome the major limitations
of small molecule and protein-based drugs (19), promising new
therapeutic directions for modulating immune-inflammatory
responses and preventing heart failure.

4.1 Macrophages

Immune cells play a key role in inflammatory processes: large
numbers of immune cells infiltrate inflammatory regions, releasing
inflammatory factors and exacerbating the inflammatory response.
Immune-suppressant factors released by immune cells in turn
promote the regression of inflaimmatory responses. In summary,
inflammatory factors involved in the inflammatory response are
closely related to immune cells, therefore inflammatory responses
accompany immune responses (20). Macrophages are important
effectors and regulators of inflammatory cascades. As the main
immune cell population in cardiac tissue, macrophages are
immediately involved in pathogen clearance and adaptive immune
response in the event of myocardial injury.M1 macrophages are
mainly involved in pro-inflammatory response and can be
activated by lipopolysaccharide (LPS) to secrete pro-inflammatory
cytokines such as interleukin-6 (IL-6), interleukin-12 (IL-4),
tumor necrosis factor -o (tumor necrosis factor -o, TNF-o),
etc. M2 macrophages, on the other hand, are primarily involved
in the anti-inflammatory response, secreting interleukin-10
(IL-10), transforming growth factor-B (TGF-B), and others to
promote tissue repair (21). miRNAs may have the ability
to regulate macrophage polarization to pro-inflammatory or
anti-inflammatory phenotypes. Promoting macrophage M1/M2
polarization can reduce inflammatory responses and adverse
ventricular remodeling and may be a potential therapeutic target
for heart failure. Ge et al. found that miR-155-5p metastasized to
macrophages in mouse models of myocardial ischemia and
reperfusion and promoted pro-inflammatory macrophage M1l
polarization by activating the JAK2/STAT1 pathway, exacerbating
inflammatory responses (22). The inhibition of miR-155-5p to
control macrophage polarization may be a promising approach. Li
et al. found that miR-155 directly targets the calcium-regulated
thermostable protein CARHSP1, inhibits its expression, and
TNF-0, thereby
inflammatory response of macrophages and reducing chronic
inflammation (23). Li et al. showed that miRNA-202-3p protects
heart function by regulating cholesterol acyltransferases and

indirectly ~downregulates attenuating  the

cholesterol hydrolases, inhibiting macrophage foam cell formation
(24). miR-146a has been shown to reduce the activation of the
inflammatory response by targeting the NF-«xB inflammatory
signaling pathway, thereby inhibiting the polarization of Ml
macrophages (25). You et al. found that miR-223-3p reduced
inflammatory responses in mice by decreasing the expression of
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inflammatory cytokines (26). Hirotake et al. have shown that
extracellular vesicles (ECVs) can target regulatory transcription
factor activation by delivering miR-192 to macrophages, leading
to reduced expression of pro-inflammatory cytokines and
chemokines and a reduction in the inflammatory response (27).
The RNase III nuclease Dicer plays a crucial role in the
conversion of pre-miRNA into mature miRNA. Previous studies
have shown that the loss of Dicer-dependent regulation in miRNA
biology may impair T cell-driven immune responses and promote
the development of atherosclerosis by increasing the inflammatory
response and lipid accumulation in lesion macrophages. JP et al.
confirmed that platelet miRNA responds to myocardial I/R injury
in a Dicer-dependent manner by specifically knocking out Dicer
in megakaryocytes and platelets in mouse models (28). This
positively influences the inflammatory response and myocardial
healing process after infarction, thereby accelerating ventricular
remodeling. KLF13 is a cardiac transcription factor involved in
heart development and is a downstream gene targeted by miR-
125a-5p (29). It has been reported that the nuclear translocation
of KLF13 promotes the upregulation of CC chemokine ligand-5
(CCLS5), activates M1 macrophage polarization, and inhibits M2
polarization through activation mediated by the MAPK pathway
involving CCR1 and CCR5. This suggests that the influence
of miR-125a-5p on macrophage polarization and the subsequent
myocardial protection may be at least partially mediated
by KLF13. These that
downregulating miRNA expression, regulating their expression in

findings suggest upregulating or
macrophages, blocking the release of pro-inflammatory cytokines
by macrophages, inhibiting the polarization of pro-inflammatory
macrophages, and reducing foam cell production may be novel
therapeutic options for heart failure by modulating the activation

state of macrophages.

4.2 Endothelial cells

Endothelial cells are involved in and regulate inflammation, and
inflammatory activation of endothelial cells is a key link in the
(30). After
myocardial ischemia and hypoxia, vascular endothelial cells were

development of many cardiovascular diseases
damaged, the homeostasis of active substances was disturbed, the
inflammatory reaction was activated, pro-inflammatory cytokines
were secreted, and inflammatory cells such as white blood cells
were chemokayed. Therefore, reducing inflammatory responses in
endothelial cells may reduce myocardial tissue damage, and
endothelial inflammatory regulation may be a target for heart
failuree. TNF o is one of the cytokines involved in the
inflammatory response. It induces endothelial cell activation to
produce vascular cell adhesion molecule-1 (VCAM-1), which
leads to a large number of inflammatory cells converging toward
endothelial cells, promoting apoptosis and exacerbating the
inflammatory response. Previous studies have found that patients
with heart failure have significantly elevated levels of IL-6 and
TNF-o in their peripheral blood compared to healthy individuals,
and these levels are positively correlated with the severity of the
condition (31).miRNA plays a regulatory role in inflammatory
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responses in vascular endothelial cells. Overexpression of miR-126,
for example, activates the SIRT1/NrF2 signaling pathway, leading to
reduced expression of pro-inflammatory cytokines such as IL-6 and
TNF-o, which inhibit oxidative stress and inflammatory responses
in cells (32). miR-126 is highly expressed in vascular endothelial
cells, VCAM-1 is a target gene of miR-126, and miR-126
suppresses inflammatory response by binding to the mRNA non-
coding region of VCAM-1, inhibiting VCAM-1 expression
and reducing white blood cell adhesion to endothelial cells (33).
miR-210 was found to reduce inflammatory cell density and
macrophage accumulation in ischemia-damaged myocardial
tissue (34). MiRNAs also regulate inflammatory responses by
modulating NLRP3 inflammasome activity. Studies have shown
that miR-22 protects endothelial cells by inhibiting the activation
of the NLRP3
reducing the levels of pro-inflammatory cytokines (35). Long et al.
found that NLRP3 is a direct target of miR-223-3p, and miR-223-
3p targets NLRP3 to inhibit small inflammatory body activation

inflammatory small-body pathway, thereby

and reduce inflammatory response damage in endothelial
cells (36). Endothelial cells produce endothelin, and levels of
endothelin-1 (ET-1) are elevated in heart failure. Wang et al. have
shown in rat models that miR-1-3p overexpression downregulates
ET-1 expression, corrects the endothelial imbalance, and improves
chronic heart failure through the miR-1-3p/ET-1 pathway in
endothelial cells (37). Li et al. found in mouse models that miR-
221-3p, expressed primarily in vascular endothelial cells, targets
hypoxia-inducible factor-1 (HIF-1) to inhibit angiogenesis and
worsen the myocardial injury. Elevated miR-221-3p may also
suggest patients are in advanced stages of heart failure and may
provide some evidence for treatment of severe heart failure.
However, the inhibition of miR-221-3p improves heart function
and slows heart failure and it may be a novel and effective
molecular target for heart failure treatment (38). Antunes et al
demonstrated that miR-155-5p can be loaded onto nucleoplasm
polysaccharide nanoparticles (CPAMs), remains intact and bioactive,
passes to endothelial cells, reduces inflammatory responses, and
increases endogenous cell protection (39). IncRNA acts as a
“molecular sponge” for small RNAs, rescuing messenger RNA from
post-transcriptional repression by miRNAs and regulating various
pathological processes in endothelial dysfunction (40). Additionally,
IncRNA inhibits endothelial cell inflammation by serving as a
molecular sponge for miRNAs. These findings suggest that
endothelial cells are critical for tissue repair and the inflammatory
response. Improving the inflammatory environment in endothelial
cells through miRNA may be an effective treatment for heart failure,
opening new prospects for treating the inflammatory response in
heart failure.

5 miRNAs regulate inflammatory
reaction-related pathways in
heart failure

miRNAs inhibit the macrophage-mediated immune response by
regulating the NF-kB pathway and downstream TLR signaling.
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5.1 NF-xB pathway

The nuclear factor-kappa-B (NF-kB) pathway mediates the
inflammatory response and is a key regulator of nearly all
biological immune processes. Activation of NF-xB leads to the
accumulation and chemotaxis of inflammatory cells, releasing
multiple pro-inflammatory cytokines such as IL-1, IL-6, TNF-a,
etc. NF-xB activation is also a key component of the
inflammatory response in cardiovascular diseases, so inhibition of
the NF-kB pathway to improve endothelial inflammatory
response may help alleviate heart function and thus heart failure.
Yan et al. found in mouse models that miR-129-5p in exosomes
derived from mesenchymal stem cells alleviate heart failure by
targeting tumor necrosis factor receptor-associated factor 3
(TRAF3) and NF-xB signaling to reduce inflammatory responses
and oxidative stress (41). Pu et al. found in rat myocardial
infarction models that the endothelial receptor 1 (LOX1) of
oxidized low-density lipoprotein (LDL) enhances cell damage
by activating the NF-xB p65/Caspase-9 pathway, while
mesenchymal stem cell-derived exosomes improve heart failure
in rats by inhibiting miR-30e targeting LOX1 (42). Lin et al.
showed that overexpression of miR-155 led to apoptosis and
ventricular hypertrophy in mice, and SIRT1 improved cardiac
function in heart failure mice by targeting the NF-«xB/p65
pathway to inhibit miR-155 expression (43). He et al. found in
mouse models that upregulation of miR-146a-3p, which targets
IL-1 receptor-associated kinases and ubiquitin-ligase, reduced
inflammatory cytokine production, reduced myocardial damage
and improved cardiac function by inhibiting the NF-«B signaling
pathway (44). Thus,
therapeutic and preventive strategy to improve heart failure.

miR-146a-3p may be a promising
MAPKs and NF-xB signaling pathways are both strongly pro-
inflammatory and pro-apoptotic signaling pathways, and Li et al.
found that inhibition of miR-21
myocardial protective function by targeting MAPK kinase

in mouse models exerts

phosphatase-6 (MKP6) inactivation and targeting NF-xB and
MAPK pathways (45). Xie et al. found that overexpression of
miR-146a reduced NF-xB activation and affected the TLR-4/
NF-kB signaling pathway, thereby reducing the inflammatory
response (46). This provides new insights and research directions
for targeting this pathway in anti-heart failure therapy.

5.2 TLR4 pathway

Toll-like receptor 4 (TLR4) is essentially a transmembrane
protein, a pattern recognition receptor with abundant leucine-
rich repeat sequences, belonging to the Toll-like receptor family
and can be regulated by multiple miRNAs. Myocardial damage
causes DAMPs or PAMPs to interact with TLR4, triggering a
signaling cascade (47). Activation of TLR4 provides short-term
protection to the heart, but long-term TLR4 signaling is
detrimental to the heart, causing an increase in pro-inflammatory
cytokines and cellular adhesion molecules, leading to increased
inflammatory cells and poor cardiac remodeling. Therefore, the
inhibition of TLR4 may be a potential therapeutic target to
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modulate cardiac dysregulation and long-term activation of
miR-181b
upregulation could target the TLR4/NF-kB pathway to inhibit

immune responses. Yan et al. suggested that
immune inflammatory response (48). Wang et al. found in a
mouse model that miR-451a, abundant in adipose tissue, inhibits
the inflammatory factor TNF-o, significantly increases the anti-
inflammatory factor IL-10 associated with the TLR4 pathway,
and reduces the inflammatory response (49). Feng et al. found
that TLR4 expression was reduced when miR-135a was

overexpressed in mouse models, and miR-135a targeting
inhibited TLR4 activity, reduced inflammatory responses, and
protected myocardial function (50). Increased levels of miR-135a
may be a therapeutic response to heart failure inflammation. Li
et al. found that the upregulation of miR-219a expression in
mouse models enhanced the cardiac protection of sevoflurane by
targeting the TLR4/MyD88 pathway to reduce melanoma 2
(AIM2) expression, reduce the inflammatory response and
apoptosis (51). Thus, miR-219a may be a novel target for
enhancing drug protection of heart muscle, Furthermore, miR-
129 may reduce autophagy and apoptosis of cardiomyocytes
induced by ISO or H202 through the miRNA-129/ATG14/
AKT siRNA-MEG3 downregulates

cardiomyocyte apoptosis (52), suggesting potential therapeutic

signaling pathway, and

value in treating maladaptive cardiac remodeling and heart
failure. High mobility group box-1 protein (HMGBI) is a key
mediator of inflammation, and high expression often leads to
excessive inflammation. Zhang and others have shown that the
overexpression of miR-708 inhibits TLR4-NF-kB signaling by
directly targeting HMGBI, relieving myocardial cell damage and
inflammation (53). Gong et al. demonstrated that miR-20a
effectively protects cardiomyocytes by targeting TLR4 and
inhibiting p38 MAPK/JNK signaling, reducing inflammatory
responses in mouse models of ischemia-reperfusion injury
(54).MiR-214-3p was also found to target TLR4 and inhibit
(55).MiRNAs
signaling pathways and interact with immune-inflammatory

inflammatory response regulate inflammatory
responses. Understanding the specific mechanisms of miRNAs
could lead to new therapeutic strategies for heart failure based on

the regulation of inflammatory immune responses.

6 Conclusion

Heart failure is the end stage of cardiovascular disease and
The
survival rate is still low and the long-term prognosis is generally

one of the health conditions that threaten human life.

poor. Inflammation plays an important role in the development
of heart failure, and its regulation holds great promise for the
treatment of heart failure. MiRNAs regulate inflammatory immune
cascades, target macrophage polarization, and endothelial cell
damage to prevent the progression of heart failure, and directly
regulate inflammatory signaling pathways to slow heart failure
progression. MiRNA-based therapies can be classified into two
types: miRNA mimics and miRNA inhibitors. The former is a
double-stranded RNA molecule that mimics miRNA, while the
latter is a single-stranded RNA nucleotide designed to interfere
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with miRNA. In an animal model of heart failure in pigs, Hinke
et al. found that the miR-21 inhibitor antimiR-21 had the most
significant effect on miR-21 manipulation and inflammatory
response signaling, and miR-21 was significantly suppressed,
leading to suppression of inflammatory response and mitogen-
activated protein kinase signaling pathways, reduced inflammatory
response, and improved heart function (56). Although current
research provides evidence of changes in relevant miRNA levels
and demonstrates their signaling pathways, the analogs or
inhibitors used in the studies may not fully represent the
physiological roles of miRNAs. Additionally, the results from in
vitro cell experiments are not entirely accurate, and the crucial role
in the pathogenesis has not been established. This suggests that
simply increasing the level of a single miRNA in the advanced
stages of heart failure may be insufficient to reverse the
progression of the disease.

Our understanding of the roles of miRNAs in signaling
pathways is growing rapidly. MiRNAs promise new strategies and
directions for the effective treatment of heart failure and are an
attractive therapeutic target. The good stability of miRNA makes it
more specific and stable for detecting heart failure. MiRNA can
serve as a biomarker for heart failure, useful for early prediction
and diagnosis of the disease, as well as for monitoring disease
progression and prognosis. However, a single miRNA can regulate
multiple genes, and one gene can be regulated by multiple
miRNAs. The regulation of miRNAs is a complex regulatory
network, and much more research is needed on the specific
mechanisms. There are still some limitations to miRNA-based
address the
uncertainties of miRNA transport functions and mechanisms of

clinical applications. Continuing research to
action is promising, and we believe that miRNAs will have great
research value and promising applications, both as drug targets
for disease treatment and as molecular markers for disease
diagnosis and prognosis. There are currently no miRNA-
based drugs on the market and efficient and safe drug delivery
methods, so the mechanism of action and safety efficacy of
miRNAs in diseases must be further investigated. As we deepen
our understanding of miRNA, we should continuously advance
the innovation and optimization of relevant technologies,
enrich and expand the theoretical foundation, and explore new
diagnostic and therapeutic methods based on miRNA. This aims
to address various issues in the heart failure process from

a fresh perspective.
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