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Abstract: Anthracyclines, renowned for their efficacy and widespread application as antitumor agents, have substantially contributed
to the enhancement of cancer patients’ survival rates. Nonetheless, anthracyclines predominantly account for the cardiotoxic effects,
both acute and chronic, experienced by individuals undergoing cancer treatment. Anthracycline-induced cardiotoxicity (AIC) usually
leads to progressive systolic dysfunction of the left ventricle, which may subsequently develop into heart failure and even death.
Therefore, more stable, specific and sensitive auxiliary diagnostic biomarkers are needed. Non-coding RNAs, comprising long non-
coding RNAs (IncRNAs), microRNAs (miRNAs), and circular RNAs (circRNAs), are pivotal in regulating cardiac metabolism,
apoptosis, and oxidative stress, emerging as key targets for cardiovascular disease prevention and treatment. This review encapsulates
the recent advancements in the field of non-coding RNA research in AIC, highlighting the prospect of non-coding RNAs as potential
biomarkers and therapeutic targets for the condition. These molecules are known to regulate key cardiac processes including
metabolism, apoptosis, and oxidative stress, which are central to the pathology of AIC. The potential of these molecules as diagnostic
and prognostic indicators is significant, with miRNAs, for instance, being studied for their role in resistance to chemotherapeutic drugs
and their application in therapeutic strategies. The review underscores the importance of understanding the intricate mechanisms by
which non-coding RNAs influence gene expression and contribute to the development and progression of AIC, offering new avenues
for targeted therapies and personalized treatment plans.
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Introduction

Anthracyclines, with doxorubicin as a notable example, have been approved by the US Food and Drug Administration
for their exceptional anti-tumor efficacy and are widely utilized in cancer treatment, earning their place on the World
Health Organization’s list of essential medicines, highlighting their indispensable role in addressing cancer globally.'
The anti-tumor mechanisms of anthracycline drugs include: 1) Anthracycline drugs can insert into the double strand of
DNA, resulting in the distortion of the double helix structure of DNA, forming a stable anthracycline-DNA complex,
blocking the replication of DNA and the transcription of RNA, and effectively curbs the multiplication of proliferation of
cancer cells; 2) Anthracyclines disrupt DNA supercoiling by inhibiting topoisomerase II, thereby impeding DNA
replication and transcription, and consequently, the proliferation of cancer cells; 3) Anthracyclines, by chelating with
iron ions, create iron-anthracycline complexes that engage with oxygen, enhancing the generation of reactive oxygen
species (ROS), which subsequently assail DNA, proteins, and cellular membranes, inflicting substantial cellular damage
and further diminishing the viability of cancer cells.*” These mechanisms of action enable anthracycline drugs to
effectively combat a variety of malignant tumors, such as breast cancer, multiple myeloma sarcoma, leukemia,
lymphoma, gynecological cancer and other metastatic cancers. Among them, anthracyclines have significantly contrib-
uted to improved survival rates among cancer patients, particularly by raising the 5-year survival rate in childhood

cancers to over 80%.%’
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Nonetheless, anthracyclines are a major contributor to both acute and chronic cardiotoxicity among oncology patients.
AIC typically results in a progressive decline in the left ventricle’s systolic function, potentially escalating to heart
failure, with chronic cardiotoxicity being responsible for mortality in approximately one-third of affected patients.®” The
cardiotoxicity mechanism of anthracyclines involves oxidative stress (drug metabolism produces free radicals, reduces
the level of antioxidant enzymes, and damages cardiomyocytes), abnormal iron metabolism (drugs activate iron
regulatory proteins, increase intracellular iron deposition, catalyze oxygen formation, and damage myocardium), calcium
overload (drugs activate Ca®" channels, increase the concentration of Ca”" in the cytoplasm, and affect myocardial
function), DNA and chromatin damage (drugs embed in DNA, interfere with transcriptional replication, cause chromatin
damage, and lead to apoptosis), and topoisomerase inhibition (drugs bind to enzymes to form covalent complexes, inhibit
activity, and lead to DNA double-strand cleavage and cell dysfunction).” Cardioprotective drugs are commonly used to
treat patients with cardiotoxicity or at risk of cardiotoxicity, and these drugs can only provide symptomatic treatment. '
Despite their associated risks, anthracyclines continue to be a vital component in the therapeutic arsenal against a broad
range of cancers.'' Therefore, more stable, specific and sensitive auxiliary diagnostic biomarkers are needed to regulate
their expression and function to reduce or reverse the damage of drugs to cardiomyocytes.

At present, researchers are currently delving into novel diagnostic and therapeutic strategies to enhance the manage-
ment of AIC, aiming to diversify and improve treatment options for this condition. Oncological cardiology, an emerging
field, has investigated innovative therapeutic approaches to address AIC, offering fresh targets for both primary and
secondary prevention of this adverse effect.

Within this domain, non-coding RNAs, such as IncRNAs, miRNAs, and circRNAs, are pivotal in modulating cardiac
metabolism, ischemia, and inflammation, emerging as potent targets for the prophylaxis and management of cardiovas-
cular diseases.'>'® This review encapsulates the recent advancements in the field of non-coding RNA research in AIC,
highlighting the prospect of non-coding RNAs as potential biomarkers and therapeutic targets for the condition. These
molecules are known to regulate key cardiac processes including metabolism, apoptosis, and oxidative stress, which are
central to the pathology of AIC (Figure 1). The potential of these molecules as diagnostic and prognostic indicators is
significant, with miRNAs, for instance, being studied for their role in resistance to chemotherapeutic drugs and their
application in therapeutic strategies. The review underscores the importance of understanding the intricate mechanisms
by which non-coding RNAs influence gene expression and contribute to the development and progression of AIC,
offering new avenues for targeted therapies and personalized treatment plans.

miRNAs and Anthracycline Cardiotoxicity

miRNAs, conserved 20-22 nucleotide single-stranded ncRNAs, typically repress gene expression by binding to target
mRNA, causing mRNA degradation or translation inhibition."* The biogenesis of miRNAs begins with the transcription
of pri-miRNAs in the cell nucleus by genes, which are then processed by the Drosha enzyme into pre-miRNAs.' These
pre-miRNAs are transported to the cytoplasm where they are further processed by Dicer into mature miRNAs.'® The
mature miRNAs then bind to Argonaute proteins to form the RNA-Induced Silencing Complex (RISC), which
specifically binds to the 3'UTR of target mRNAs to regulate gene expression.'”"'® In the capacity of therapeutic targets
for illnesses, miRNAs hold distinct benefits, especially in the realms of diagnosing and managing AIC. For instance,
miRNAs, as prospective biomarkers, can function to gauge the susceptibility to and the effectiveness of treatments for
AIC. When miRNA is central to AIC pathogenesis, pharmaceutical interventions can target its regulatory pathways,
either by up-regulating or down-regulating miRNA expression to mitigate AIC. The significance of miRNA in the
context of AIC is reflected in its multifaceted regulatory capabilities against cardiac toxicity. Firstly, miRNA can reduce
oxidative stress levels, mitigate the accumulation of reactive oxygen species (ROS) caused by the drug, thereby
protecting cardiomyocytes from damage. Additionally, by regulating apoptosis-related genes, miRNA inhibits unneces-
sary death of cardiomyocytes, helping to maintain cardiac function.'” miRNA also participates in modulating inflam-
matory responses, reducing inflammation-related cardiac toxicity. These advantages make miRNA a highly promising
molecular target for the prevention and treatment of AIC, providing a scientific basis for the development of new
therapies.
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Figure | A summary of the relationship between non-coding RNA and AIC. Non-coding RNAs, comprising IncRNA, miRNA, and circRNA, are pivotal in regulating cardiac
metabolism, apoptosis, and oxidative stress, emerging as key targets for AIC prevention and treatment.

Abbreviations: AST, Astaxanthin; BMSC-Exos, Bone mesenchymal stem cell-derived exosomes; IPSC-MSCs, Human induced pluripotent stem cell-derived mesenchymal
stem cells; IR, Irigenin; PEF, Paeoniflorin; RUT, Rutin; SMI, Shenmai Injection.

Oxidative Stress

The mechanism underlying oxidative stress is the disruption of equilibrium between ROS/reactive nitrogen species
(RNS) and the antioxidant system.?' Anthracyclines bind to a specific part of the enzyme endothelial cell-specific nitric
oxide synthase (eNOS) in endothelial cells, which results in more oxygen-derived free radicals and superoxide being
produced, and less nitric oxide (NO) being made. When there is too much doxorubicin in the mitochondria, it causes
a big rise in ROS levels.”? Anthracyclines, being positively charged, target the negatively charged phospholipid
cardiolipin within the mitochondrial inner membrane, forming a stable complex. This complex is susceptible to ROS-
induced peroxidation, which can trigger the release of cytochrome c from mitochondria, ultimately causing cell
damage.?>** Various miRNAs such as miR-140-5p,* miR-152,> miR-200a,”® miR-24-3p,”’ miR-375,® miR-143,%
miR-128-3p>® have been associated with the modulation of oxidative stress in AIC (Figure 2).

For example, nuclear erythroid factor 2-related factor 2 (Nrf2), which belongs to the CNC transcription factor family,
manages the cell’s antioxidant defense by adjusting its interaction with kelch-like ECH-associated protein 1 (Keapl).?'->
MiR-140-5p is significantly upregulated in response to DOX. Dual-luciferase reporter assays demonstrate that it directly
targets Nrf2 and silent information regulator factor 2-related enzyme 2 (Sirt2), leading to myocardial oxidative damage. Nrf2
negatively regulates the polymerization or dissociation of Keapl, thereby influencing the expression of various antioxidant
genes and enzymes that combat oxidative stress. Meanwhile, Sirt2 modulates oxidative stress by activating Forkhead box O3,
which in turn upregulates superoxide dismutase (SOD) and reduces ROS levels.”* However, Zhang et al* found that miR-152
is down-regulated in response to DOX treatment, which silences Keapl and activates Nrf2 leading to decreased oxidative
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Figure 2 miRNA anthracyclines cardiotoxicity oxidative stress pathway. Anthracyclines regulate the generation of reactive oxygen species (ROS) by affecting multiple
microRNAs (miRNAs) such as MiR-152, MiR-140-5p, MiR-200a, MiR-24-3P, MiR-375, MiR-143, and MiR-128-3P. These miRNAs, in turn, modulate the expression of key
proteins like Keapl, Nrf2, GSH, PDKI, AKT, and PPAR-y, thereby influencing ROS levels and impacting cellular oxidative stress responses.

Abbreviations: AKT, Protein kinase B; GSH, Glutathione; Keapl, Kelch-like ECH-associated protein I; Nrf2, nuclear erythroid factor 2-related factor 2; PDKI,
phosphoinositide-dependent protein kinase |; PPAR-y, Peroxisome proliferator-activated receptory.

stress and apoptosis, providing a new therapeutic target for the treatment of DOX-related cardiac injury. Similarly, miR-
200a’°/MiR-24-3p>” was down-regulated in DOX and alleviated oxidative stress by up-regulating Nrf2. Protein kinase
B (AKT), a principal modulator of apoptosis, has been discovered in new research to additionally manage oxidative stress
triggered by DOX.** MiR-375 levels was up-regulated after doxorubicin treatment, resulting in down-regulation of 3-phos-
phoinositide-dependent protein kinase 1 (PDK1) and inactivation of AKT, which promoted the development of doxorubicin-
induced cardiotoxicity (DIC) oxidative damage in mice.*® Following doxorubicin treatment, miR-143 is up-regulated, leading
to AKT inactivation, and this increase in miR-143 enhances oxidative stress and cardiomyocyte apoptosis through AKT
inhibition.”” The transcriptional regulator peroxisome proliferator-activated receptor gamma (PPAR-y) is significant for
alleviating oxidative stress in the heart and for diminishing cardiac injury induced by DOX in mice; MiR-128-3p was
found to be up-regulated following DOX administration, which reduced the expression of PPAR-y.*

Cardiomyocyte Apoptosis
After anthracycline drugs enter cardiomyocytes, oxygen free radicals are produced through enzymatic and non-enzymatic
pathways, resulting in lipid peroxidation of mitochondria and microsomes, and simultaneous inhibition of topoisomerase
IT and DNA binding to form a cleavage complex, resulting in DNA double-strand breaks, further affecting mitochondrial
permeability, leading to mitochondrial function damage and cardiolipin peroxidation, resulting in cytochrome c release
that activates the caspase-dependent apoptotic pathway and ultimately results in cardiomyocyte apoptosis.***> This
process involves the interaction of multiple mechanisms, which together cause cardiotoxicity. Several miRNAs, includ-
ing miR-495-3p,*® miR-25,>” miR-34a,*® miR-29b,* miR-22,*° miR-200a-3p,*' miR-494-3p,** miR-15b-5p,** miR-34a-
5p,* miR-124,* miR-21,% miR-432-5p,*” miR-129-1-3p,*® miR-30,* miR-23a,°° miR-133b,’" have been associated
with cardiomyocyte apoptosis (Figure 3).

For instance, phosphate and tension homology deleted on chromosome ten (PTEN), a key suppressor of the
phosphorylation and activation of protein kinase B (PKB/AKT), is upregulated in hearts treated with DOX, thereby
diminishing AKT’s activation and intensifying oxidative stress-induced cardiomyocyte apoptosis;52 DOX downregulates
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Figure 3 miRNA anthracyclines cardiotoxicity apoptosis pathway. Anthracycline-induced cardiotoxicity and apoptosis in cardiomyocytes involve multiple microRNAs
(miRNAs) such as MiR-495-3p, MiR-25, MiR-15b-5p, MiR-208a, MiR-34a, MiR-200a-3P, MiR-21, MiR-432-5P, MiR-30, MiR-133b, and MiR-23a, which regulate key signaling
molecules like PETN, Bmprla, GATA4, Bcl-2, NF-xB, P53/P16, SIRT |, BTG2, RTN3, PTBPI/TAGLN2, and PGC-q, further affecting oxidative stress and apoptosis processes.
Abbreviations: AKT, Protein kinase B; Bcl-2, B-cell lymphoma-2; Bmprla, Bone Morphogenetic Protein Receptor Type |A; BTG2, B cell translocation gene 2; GATA4,
GATA Binding Protein 4; GATA-6, GATA Binding Protein 6; NF-kB, Nuclear Factor-kappa B; p53, proteins tumor protein p53; P66Shc, P66 Shc Protein; PGC- 10, peroxisome
proliferator-activated receptor gamma coactivator-la; PTBPI, polypyrimidine tract binding protein I; PETN, Phosphatidylethanolamine-binding protein; p16, p16 Inhibitor of
Cyclin-Dependent Kinase 4a; RTN3, Reticulon3; SIRT, silent mating type information regulation 2 homolog-|; TAGLN2, Transgelin-2.

miR-495-3p, which directly targets PTEN’s 3'-UTR, reducing PTEN expression, activating the AKT pathway, and
protecting against DOX-induced oxidative stress and cardiac dysfunction.?® Li et al*’ determined that miR-25 inhibition
reduced the levels of phosphorylated phosphatidylinositol 3-kinase (p-PI3K) and phosphorylated AKT (p-AKT) in rats.
B-cell lymphoma-2 (Bcl-2), an anti-apoptotic protein essential for cell survival in the heart, reduces DOX-induced
cardiac cell apoptosis by activating silent mating type information regulation 2 homolog-1 (SIRT1), which decreases the
acetylation levels of target proteins such as tumor protein p53 (p53), SMAD family member 2 and 3 (SMAD2/3), and
Nuclear Factor-kappa B (NF-kB), thereby inactivating their downstream pathways and alleviating myocardial damage
caused by DOX; The upregulation of miR-34a in DIC, and silencing miR-34a caused an increase in its pro-survival
targets Bcl-2 and SIRT1.*® Downregulation of miR-29b was accompanied by decreased Bcl-2 and increased Bax; miR-
29b agomir treatment reversed this, enhancing Bcl-2 and diminishing Bax.>* In DOX-treated mouse hearts, miR-22 is
markedly upregulated, and it binds directly to the 3'-untranslated region (3’-UTR) of Sirt1, leading to the downregulation
of SIRT1.*° MiR-200a-3p exhibits high levels of expression in DIC, and miR-200a-3p inhibitors can negatively target
paternally expressed gene 3 (PEG3) by up-regulating SIRT1 and down-regulating NF-kB to promote cardiomyocyte
recovery.*! SIRT1 catalyzes the deacetylation of p53, a non-histone protein target; MDM4 messenger ribonucleic acid
(MDM4) is an important upstream regulator of p53, and its high expression can inhibit apoptosis and promote cell
proliferation, while THP can promote the expression of miR-494-3p, inhibit the expression of MDM4 mRNA, and

promote the expression of p53.*

GATA Binding Protein 4 (GATAA4), a transcriptional regulator predominantly found in
the heart, is a key element in cardiac-specific gene expression, which is related to cardiomyocyte apoptosis; The up-
regulation of miR-208a expression by DOX led to the down-regulation of GATA4, and the down-regulation of GATA4
led to the decrease of Bcl-2, followed by the increase of apoptosis.”® DOX caused a 2.46-fold up-regulation of miR-15b-

5p and concurrently led to a significant reduction in the expression of bone morphogenetic protein receptor type la
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(Bmprla), a key receptor in the anaplastic lymphoma kinase (ALK) pathway, along with its downstream transcription
factor GATA4 in H9¢2 cardiomyocytes.*?

P66 Shc Protein (P66Shc) is involved in the production of endogenous ROS and apoptosis.”® After anthracycline
treatment, plasma miR-34a-5p increased, P66shc protein expression increased significantly, and Sirtl expression
decreased significantly.** MiR-124 is down-regulated under DOX induction and can bind to the 3'UTR of Shcl (gene
encoding p66Shc) to reduce oxidative stress damage by inhibiting the p66Shc signaling pathway.** The B-cell transloca-
tion gene 2 (BTG2), a member of the anti-proliferative (APRO) gene family, plays a role in the differentiation, growth,
repair of DNA damage, and programmed cell death of cancer cells;>> Tong et al* found that In the DOX group, miR-21’s
expression notably rose to 1.8 times, while miR-21 markedly reduced BTG2 protein levels and encouraged cardiomyo-
cyte apoptosis. Belonging to the RTN family, Reticulon3 (RTN3) predominantly resides in the endoplasmic reticulum
and plays a role in apoptosis. When stimulated by Adriamycin, there was a notable reduction in miR-432-5p expression,
leading to diminished stress in the endoplasmic reticulum and its autophagy by lowering RTN3 protein levels, impacting
cardiomyocyte metabolism.*’ The N-methyl-D-aspartate type subunit 2D (GRIN2D), a component of the NMDA
(N-methyl-D-aspartate) receptor complex, creates a ligand-gated ion channel with significant calcium permeability. In
a rat myocardial injury model induced by Pirarubicin (THP), THP reduced miR-129-1-3p levels, while miR129-1-3p
directly controlled Glutamate Receptor, lonotropic, GRIN2D, enhancing calcium overload and the apoptosis of cardio-
myocytes triggered by THP attack.*® Cardiomyocytes increased sharply, and GATA-6 can inhibit the expression of miR-
30 family, leading to DOX-induced down-regulation of miR-30, which is involved in the complex catecholamine/
adrenergic pathway.

The heart’s GATA Binding Protein 6 (GATA-6), a transcription factor, shows high expression levels. Post-DOX
treatment, there’s a significant rise in GATA-6 in cardiomyocytes, and GATA-6 can suppress miR-30 family expression,
resulting in the DOX-triggered reduction of miR-30, a key player in the intricate catecholamine/adrenergic pathway.*’
Furthermore, the expression of MiR-23a increased in cardiomyocytes treated with DOX, leading to doxorubicin-induced
heart toxicity through the suppression of the peroxisome proliferator-activated receptor gamma coactivator-lo (PGC-1a)/
dynamin-related protein-1 (p-Drpl) route, which in turn triggered mitochondrial-dependent apoptosis.”® The
Polypyrimidine tract binding protein 1 (PTBP1), or heterogeneous ribonucleoprotein 1, triggers apoptotic signals, leading
to cardiomyocyte death; doxorubicin decreased miR-133b levels in HL-1 cardiomyocytes and cardiac tissues, while
heightened PTBP1 levels negated miR-133b’s impact on apoptosis.”!

IncRNAs and Anthracycline Cardiotoxicity

Non-coding RNA molecules known as IncRNAs, exceeding 200 nucleotides in length,>® play a crucial role in controlling
gene expression and are significant in multiple biological functions, such as the emergence of AIC.”’ In the context of
cardiotoxicity of anthracycline drugs, IncRNA plays a role by regulating the expression of genes related to cardiac stress
response, cell survival and cell death pathways.”® As a therapeutic target for cardiotoxicity of anthracycline drugs,
IncRNA has some advantages in reducing drug-induced heart damage. As an instance, certain IncRNA may serve as
a prospective biomarker for evaluating cardiotoxicity risks in patients treated with anthracyclines.’® Currently, research is
underway on IncRNA as a potential target for the heart-damaging effects of anthracycline medications, concentrating on
its involvement in anti-oxidative stress and cell death causing cardiac damage due to drugs. By targeting IncRNA, it is
possible to develop new strategies to protect the heart from the toxic effects of anthracyclines, thereby improving the
safety of cancer treatment® (Figure 4).

Oxidative Stress

ROS plays an important role in the development of AIC. Activation of the Wnt/B-catenin signaling pathway in
cardiomyocytes promotes cellular protective response and reduces oxidative stress-related damage;®' In the study of
DIC, Xie et al®* found that the expression of IncRNA-p21 was increased, which could regulate oxidative stress through
the Wnt/B-catenin signaling pathway, thereby protecting DOX-induced cardiac agingln addition, the expression of
IncRNA Mhrt in myocardial tissue decreased after DOX treatment, and overexpression of Mhrt promoted binding of
H3 histone to the Nrf2 promoter region, enhanced Nrf2 transcription activity, and reduced oxidative stress damage in
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Figure 4 Involvement of IncRNA in the pathogenesis of AIC. Anthracyclines regulate the levels of reactive oxygen species (ROS) and apoptosis processes in cardiomyocytes
by affecting the interactions between long non-coding RNAs (InRRNA-P21, INnRNA NORAD, InRNA PVTI, InRNA RMRP, InRNA 00339, InRNA Miat) and microRNAs (MiR-
187-3P, MiR-484, and MiR-129-1-3p), and through various signaling pathways (Wnt/B-catenin, AGO|1, P53, Apaf-1), collectively modulating the oxidative stress response and
apoptosis in cardiomyocytes.

Abbreviations: Apaf-|, apoptotic protease activating factor-1; AGO|I, Argonaute |; Nrf2, nuclear erythroid factor 2-related factor 2; p53, proteins tumor protein p53;
PENI, Profilin |; Wnt/B-catenin, Wnt/B-catenin signaling pathway.

myocardial cells.®> These findings reveal the protective effect of IncRNA in DIC and provide new molecular targets for
future cardiac protection strategies.

Cardiomyocyte Apoptosis

Researches have shown that AIC death involves a variety of pathways.** In the pathogenesis of cardiovascular disease,
IncRNA plays a role by regulating apoptosis. In particular, IncRNA NORAD, which promotes apoptosis through the miR-22-
3p/PTEN axis and the miR-577/cordon-bleu WH2 repeat protein like 1 (COBLL1) axis, aggravates the progression of
myocardial infarction, and provides a new direction for research.®>®® Recent studies have also shown that NORAD inhibits
mitochondrial ROS levels, inhibits mitochondrial apoptotic protein apoptotic proteinase activator 1 (APAF-1), and inhibits
classical apoptotic pathways following DOX intervention in cardiomyocytes.®”” WNT1 induces signaling pathway protein 1
(WISP1), a multifunctional signaling protein, to participate in cell protection, cell proliferation, and extracellular matrix
generation by interacting with multiple signaling pathways such as Wnt signaling, Notch1, and TGF-B;**7° To explore the
mechanism of action of DIC, specific IncRNA FOXC2-AS1 expression was reduced in mouse heart tissue, while over-
expression of IncRNA FOXC2-AS1 enhanced survival rate of mouse cardiomyocytes, upregulated WISP1 expression, and
provided a defense mechanism for Myocytes to reduce the cardiotoxic effect of DOX.”" Similarly, in cardiomyocytes, the
increase of Argonaute 1 (AGO]) is related to the aggravation of apoptosis; Zhan et al found that the expression level of
IncRNA PVTI was significantly increased in the study of cardiotoxicity, and it formed a molecular sponge by binding to
miR-187-3p, thereby reducing the activity of miR-187-3p, which in turn led to the up-regulation of AGO1 protein expression
and increased cardiomyocyte apoptosis.”® Li et al found that in rat cardiomyocytes and H9c2 cell models, the expression
level of IncRNA LINC00339 increased significantly under the stimulation of DOX, and it affected the regulation of miR-484
on downstream target genes by adsorbing miR-484, thereby inhibiting the apoptosis and proliferation of DOX-treated cardiac
cells.”” In addition, IncRNA RMRP directly acts on the coding sequence (CDS) region of Profilin 1 (PFN1) mRNA, thereby
inhibiting the expression of PEN1, reducing p53 protein and its phosphorylation level, and reducing apoptosis.” Similarly,
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expression of IncRNA Miat was significantly increased in heart muscle cells after THP treatment, and miR-129-1-3p
inhibition reduced THP-induced cardiomyocyte injury, thereby inhibiting apoptosis and reducing oxidative stress and

calcium overload, providing a novel molecular target for future therapeutic strategies.’*

Circular RNAs and Anthracycline Cardiotoxicity

circRNA is a class of non-coding, covalently closed single-stranded RNA with obvious tissue-specific and cell-specific
expression patterns.”” As microRNA sponges, protein scaffolds, transcriptional regulators, protein synthesis templates,
circRNAs have different biological functions in various tissues and organs including the cardiovascular system.”® For
example, the CircSlc8al-miR-133a interaction regulates cardiac hypertrophy and dilation.”” However, there are few
studies on the involvement of circRNA in regulating the cardiotoxicity of anthracycline drugs (Figure 5).

Quaking I (QKI), an RNA-binding protein (RBP), regulates circRNA biogenesis, although its upstream regulatory mechan-
isms remain unclear and require further investigation;”® DOX treatment was found to increase miR-31-5p expression in
cardiomyocytes and mouse heart tissues, directly targeting QKI. This resulted in the downregulation of circPan3, which was
confirmed to be mediated by QKI silencing through miR-31-5p.”® In addition, Gupta et al*® demonstrated that AAV9-mediated
cardiac overexpression of Qki5 prevented DOX-induced apoptosis and improved cardiac function. Mechanistically, lentivirus-
mediated overexpression and CRISPR/Cas9 silencing of Qki5 revealed its regulation of specific circular RNAs derived from Ttn,
Fhod3, and Strn. Inhibiting Ttn-derived circRNAs increased cardiomyocyte susceptibility to DOX. Lu et al®!
INSR as a highly conserved circRNA downregulated in DOX-induced cardiotoxicity (DIC) through circRNA sequencing. They
showed that breast cancer type 1 susceptibility protein (Brcal) promoted circ-INSR formation, providing significant protective

identified circ-

effects against DIC in rodents, human cardiomyocytes in vitro, and a chronic DIC mouse model. Conversely, circArhgap12 was
upregulated in mouse heart tissue following DOX treatment, enhancing apoptosis rates. miR-135a-5p was shown to directly
target circArhgap12, mitigating DOX-induced oxidative stress and apoptosis.®* In DOX-treated AC16 cells, circ-SKA3 was up-
regulated and toll-like receptor 4 (TLR4) was up-regulated by targeting miR-1303, which promoted myocardial injury.** DOX
treatment also induced the expression of circ-0001312, which decreased miR-409-3p levels in cardiomyocytes but increased

—
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Figure 5 Involvement of circRNA in the pathogenesis of AIC. Anthracyclines affect the interaction between miRNAs (MiR-143, MiR-31-5p, MiR-1303, MiR-409-3p, MiR-107,
and MiR-135a-5p) and their corresponding circRNAs (circ-0006332, circ-Pan3, circ-SKA3, circ-0001312, circ-LTBPI, and circ-Arhgap|2), thereby influencing signaling
pathways such as TLR2, TLR4, HMGBI, and QKI to promote or inhibit the generation of reactive oxygen species (ROS), which in turn affects the processes of apoptosis and
pyroptosis in cells.

Abbreviations: Brcal, breast cancer type | susceptibility protein; HMGBI, high-mobility group box I; QKI, Quaking I; TLR2, Toll-like receptor 2; TLR4, toll-like receptor 4.
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high-mobility group box 1 (HMGB1) expression. Functionally, miR-409-3p inhibition weakened the protective effect of circ-
0001312 silencing, while HMGBI1 overexpression counteracted these effects.** Similarly, circ-LTBP1 expression was increased
in DOX-treated AC16 cells, along with upregulated miR-107 and adenylate cyclase 1 (ADCY1). Silencing circ-LTBP1 reversed
ADCY 1 upregulation induced by DOX, and miR-107 inhibition neutralized the effects of circ-LTBP1 silencing.*> Moreover,
circ-ZNF609 expression was significantly elevated in DIC, and its inhibition blocked m6A methylation increases. RNA m6A
demethylase FTO was identified as a downstream factor of circ-ZNF609, and FTO inhibition abolished the protective effects of
circ-ZNF609 knockdown, highlighting the role of circRNAs and m6A modifications in DIC.*® Finally, the study of Li et al*’
showed that circ-0000098 inhibition in liver cancer cells reduced DOX resistance by lowering P-glycoprotein (P-gp, MDR1)
expression and intracellular ATP levels. Differently, Zhang et al®® showed that circ-0006332 expression was significantly
elevated in the myocardial tissues of DOX-treated rats, while miR-143 expression was decreased. Circ-0006332 stimulated
cardiomyocyte pyroptosis by downregulating miR-143 and upregulating Toll-like receptor 2 (TLR2), thereby exacerbating DIC

injury.

Treatment and Clinical Application

The translation of ncRNA research into clinical practice has opened new avenues for early diagnosis, prognosis, and
therapeutic intervention in AIC. As mentioned above, ncRNA demonstrate tissue-specific and disease-specific expression
patterns, making them ideal biomarkers. Not only that, it also plays a huge role in exosome therapy and drug therapy. As
shown in Table 1.

Exosome Therapy

Exosomes Exo-and B-exo have a disc-shaped double-layer membrane structure, and after B-exo genetic engineering,
miRNA-499a-5p delivery increased significantly and reached the heart. C-B-exo-miRNA-499a-5p can significantly
reduce myocardial enzymes, serum, and myocardial cell factors, improve cardiac pathological changes, and inhibit
Cluster of Differentiation 38 (CD38)/Mitogen-Activated Protein Kinase (MAPK) /NF-kB signaling pathway. In the
DOX-induced cardiotoxicity model, miRNA-499a-5p was significantly down-regulated.”® By blocking the Vascular
Peroxidase 1 (VPO1)/Extracellular Signal-Regulated Kinase (ERK) pathway, miR-9-5p extracted from human induced
pluripotent stem cell-derived mesenchymal stem cells (iPSC-MSCs) and transferred from EXOs (iPSC-MSC-EXOs)
reduces cardiomyocyte senescence and protects against DIC damage.”’ Recent studies have revealed that IncRNA
GHET]1 expressed by Bone mesenchymal stem cell-derived exosomes (BMSC-Exos) can significantly inhibit pyroptosis,
thus effectively preventing DOX-induced cardiotoxicity. Mechanistically, IncRNA GHET]1 exerts its protective effect by
reducing the expression of nod-like receptor protein 3 (NLRP3) inflammasome and binding to Insulin-like Growth Factor
2 mRNA-Binding Protein 1 (IGF2BP1).* Sirt2, a crucial cellular deacetylase, plays a significant role in regulating
antioxidant defenses and maintaining metabolic homeostasis within cells;’*** Exosomal MIF mitigates DIC dysfunction
by delivering IncRNA-NEAT 1, while miR-221-3p targets the Sirt2 3"-untranslated region. Silencing IncRNA-NEATI in
mesenchymal stem cells (MSCs), along with miR-221-3p overexpression and Sirt2 knockdown in cardiomyocytes,
diminishes the anti-DOX aging effects mediated by exosomal MIF.”* Furthermore, the elevation of IncRNA-MALAT]1 in
exosomes facilitates its binding to miR-92a-3p, targeting the 3'UTR of Autophagy Related 4A Cysteine Peptidase
(ATG4a) and activating ATG4a expression. This process enhances mitochondrial metabolism and suppresses DOX-
induced cellular senescence.”®

Drug Therapy

Rich in fruits and vegetables, rutin (RUT) is a significant edible flavonoid. In contrast to the THP model group, RUT
significantly decreased ROS and apoptosis in HL-1 cells. Additionally, RUT significantly inhibited the expression level
of miR-125b-1-3p, which in turn increased the expression of JunD proto-oncogene (JunD), altered the expression levels
of Bax, Bcl-2, cleaved caspase-3, and cleaved caspase-9, and decreased THP-induced myocardial oxidative stress and
apoptosis.”® Astaxanthin (AST) lowers THP-induced damage to H9¢c2 cells, inhibits p53, up-regulates MDM4, and
down-regulates miR-494-3p to prevent THP-induced apoptosis of H9c2 cells.”” Shengmai Powder Injection produces
Shenmai Injection (SMI), which is frequently used to treat cardiovascular conditions and malignancies; Cell survival,
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Table | Regulatory Effects of Treatment and Clinical Application

Sample Anthracycline | Intervention Drug/Exosome Therapy | Non-Coding RNA Target/Pathway Function

H9c2 DOX (1uM) C-B-exo miRNA-499a-5p | CD38|/MAPK|/NF-kB| Cytokine
Neonatal mouse cardiomyocytes | DOX (18mg/kg) iPSC-MSCs MiR-9-5p VPOI |/ERK] Cellular senescence
H9c2 DOX (2uM) BMSC-Exos IncRNA GHET I IGF2BPI/NLRP3 | Pyroptosis

HL-1 DOX MIF (IncRNA NEATI) miR-221-3P] Sirt21 Cellular senescence
Cardiomyocytes DOX (0.5uM) Ad-MSCs (IncRNA-MALAT) miR-92a-3p| ATG4a Cellular senescence
HL-1 THP (5pM) RUT miR-125b-1-3p| JunD?1 Oxidative stress/apoptosis
H9¢2 THP (5pM) AST miR-494-3p%°| MDM41/p53| Apoptosis

H9¢2 DOX (1500nM) SMI miR-30at Beclin-1|, LC3-11}/p621, Bcl2? Apoptosis

H9¢c2 DOX (5uM) PEF miR-11 Bcl21 Apoptosis

H9¢c2 DOX (10uM) Tanshinone 1A miR-1331 Caspase-9| Apoptosis
Neonatal mouse cardiomyocytes DOX (1uM) IR miR-4251 RIPK1] Apoptosis/inflammation/oxidative stress

Notes: “1” indicates upregulation, and “|” indicates downregulation.
Abbreviations: AST, Astaxanthin; ATG4a, Autophagy Related 4A Cysteine Peptidase; BMSC-Exos, Bone mesenchymal stem cell-derived exosomes; Bcl-2, B-cell lymphoma-2; CD38, Cluster of Differentiation 38; ERK, Extracellular
Signal-Regulated Kinase; IPSC-MSCs, Human induced pluripotent stem cell-derived mesenchymal stem cells; IR, Irigenin; IGF2BP1, Insulin-like Growth Factor 2 mRNA-Binding Protein |; JunD, JunD proto-oncogene; LC3-Il, microtubule-
associated protein light chain 3 Il; MAPK, Mitogen-Activated Protein Kinase; MDM4, MDM4 messenger ribonucleic acid; NF-kB, Nuclear Factor-kappa B; NLRP3, nod-like receptor protein 3; PEF, Paeoniflorin; p62, sequestosome |; p53,
proteins tumor protein p53; RIPKI, Receptor-interacting protein kinase |; RUT, Rutin; SMI, Shenmai Injection; Sirt2, silent information regulator factor 2-related enzyme 2; VPOI, Vascular Peroxidase .
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miR-30a expression, Beclin-1, microtubule-associated protein light chain 3 II (LC3-II), LC3-II/microtubule-associated
protein light chain 3 I (LC3-I) expression, sequestosome 1 (p62) protein expression, apoptosis rate, and Bcl2 expression
all increased in the SMI + miR-30a inhibitor group.”® The cardiovascular system benefits from the monoterpene
glycoside known as paeoniflorin (PEF), which is isolated from the dry roots of Paeonia. DOX markedly increased the
expression of miR-1, decreased the expression of Bcl-2, and was greatly suppressed by cells that had been pretreated
with PEF.”” Our study showed that tanshinone IIA effectively improved cardiomyocyte apoptosis by inducing miR-133
and inhibiting caspase-9. Tanshinone IIA is the raw material of Salvia miltiorrhiza, whose roots have high medicinal
value in traditional Chinese medicine and have been used to treat cardiovascular diseases.'® Irigenin (IR), which is
extracted from the rhizome of Belamcanda chinensis, has the ability to stop the growth of cancer cells. It can also raise
the expression of miR-425 in mouse heart and cardiomyocytes treated with DOX and decrease Receptor-interacting

protein kinase 1 (RIPK1), which prevents inflammation, oxidative stress, and apoptosis.'®!

Conclusion and Prospect

The role of ncRNA in the pathogenesis of AIC in recent years has been thoroughly analyzed. Non-coding RNAs have
emerged as critical regulators of apoptosis and oxidative stress, two fundamental mechanisms driving AIC. In addition,
non-coding RNAs demonstrate high specificity and sensitivity in reflecting the molecular changes associated with AIC,
making them promising candidates for early detection and disease monitoring. Despite the promising role of ncRNAs in
AIC, several challenges remain. These include the need for large-scale clinical studies to validate ncRNA biomarkers,
understanding the long-term effects of ncRNA-based therapies, and developing efficient delivery systems for RNA
therapeutics. Additionally, the interplay between ncRNAs and other molecular pathways in AIC requires further
exploration to uncover synergistic therapeutic targets. Overall, non-coding RNAs represent a transformative avenue
for addressing AIC, providing a promising direction for the development of novel diagnostics and therapeutics. Their
ability to bridge the gap between molecular pathogenesis and clinical application underscores their potential to
revolutionize the management of cardiotoxicity in oncology patients. Continued research into ncRNAs will likely
yield critical insights and groundbreaking treatments, paving the way for safer and more effective cancer therapies.

Abbreviation

AIC, Anthracycline-induced cardiotoxicity; AKT, Protein kinase B; APRO, anti-proliferative; Apaf-1, apoptotic protease
activating factor-1; ADCY1, adenylate cyclase 1; AST, Astaxanthin; ALK, anaplastic lymphoma kinase; AGOI,
Argonaute 1; ATG4a, Autophagy Related 4A Cysteine Peptidase; Bcl-2, B-cell lymphoma-2; Bmprla, Bone
Morphogenetic Protein Receptor Type 1A; BTG2, B cell translocation gene 2; Brcal, breast cancer type 1 susceptibility
protein; circRNA, circular RNA; CDS, coding sequence; COBLLI1, cordon-bleu WH2 repeat protein like 1; CD38,
Cluster of Differentiation 38; eNOS, endothelial cell-specific nitric oxide synthase; ERK, Extracellular Signal-Regulated
Kinase; FTO, fat mass and obesity associated gene; JunD, JunD proto-oncogene; GRIN2D, glutamate ionotropic receptor
N-methyl-D-aspartate type subunit 2D; GATA4, GATA Binding Protein 4; GATA-6, GATA Binding Protein 6; HMGBI,
high-mobility group box 1; IPSC-MSCs, human induced pluripotent stem cell-derived mesenchymal stem cells; IR,
Irigenin; IGF2BP1, Insulin-like Growth Factor 2 mRNA-Binding Protein 1; Keapl, Kelch-like ECH-associated protein 1;
IncRNAs, long non-coding RNAs; LC3-II, microtubule-associated protein light chain 3 II; LC3-I, microtubule-associated
protein light chain 3 I; MAPK, Mitogen-Activated Protein Kinase; miRNAs, microRNAs; MDM4, MDM4 messenger
ribonucleic acid; Nrf2, nuclear erythroid factor 2-related factor 2; NF-kB, Nuclear Factor-kappa B; NMDA, N-methyl-
D-aspartate; NLRP3, nod-like receptor protein 3; PDKI1, phosphoinositide-dependent protein kinase 1; PPAR-y,
Peroxisome proliferator-activated receptor y; PTEN, phosphate and tension homology deleted on chromosome ten;
PKB, protein kinase B; p-PI3K, phosphotylinosital 3-kinase; p-AKT, phosphorylated AKT protein; p53, proteins
tumor protein p53; P66She, P66 She Protein; PEG3, Paternally expressed gene 3; PGC-1la, peroxisome proliferator-
activated receptor gamma coactivator-la; p-Drpl, dynamin-related protein-1; PTBP1, polypyrimidine tract binding
protein 1; P-gp, P-glycoprotein; PFN1, Profilin 1; p62, sequestosome 1; ROS, reactive oxygen species; RIPK 1, Receptor-
interacting protein kinase 1; QKI, Quaking I; RNS, reactive nitrogen species; RTN3, Reticulon3; RUT, Rutin; RBP,
RNA-binding protein; Sirt2, silent information regulator factor 2-related enzyme 2; SOD, superoxide dismutase; SIRT1,
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silent mating type information regulation 2 homolog-1; SMAD2/3, SMAD family member 2 and 3; SMI, Shenmai
Injection; THP, Pirarubicin; TLR4, toll-like receptor 4; TLR2, Toll-like receptor; VPO, Vascular Peroxidase 1; WISP1,
WNT! inducible signaling pathway protein 1.
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