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Close monitoring for cardiotoxicity during anthracycline chemotherapy is crucial for early diagnosis and therapy guidance.

Currently, monitoring relies on cardiac imaging and serial measurement of cardiac biomarkers like cardiac troponin and

natriuretic peptides. However, these conventional biomarkers are nonspecific indicators of cardiac damage. Exploring new,

more specific biomarkers with a clear link to the underlying pathomechanism of cardiotoxicity holds promise for increased

specificity and sensitivity in detecting early anthracycline-induced cardiotoxicity. miRNAs (microRNAs), small single-

stranded, noncoding RNA sequences involved in epigenetic regulation, influence various physiological and pathological

processes by targeting expression and translation. Emerging as new biomarker candidates, circulating miRNAs exhibit

resistance to degradation and offer a direct pathomechanistic link. This review comprehensively outlines their potential as

early biomarkers for cardiotoxicity and their pathomechanistic link. (J Am Coll Cardiol CardioOnc 2024;6:183–199)

© 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A nthracyclines are one of the most frequently
used and effective chemotherapeutic agents
in the treatment of breast cancer, leukemia,

and lymphoma.1 Within cancer tissues, anthracy-
clines bind with topoisomerase 2 alfa (Top2a) and
DNA to form a ternary complex, inducing double-
stranded DNA breaks, the inhibition of DNA replica-
tion, cell cycle arrest, and apoptosis.1

The main concern associated with anthracycline
chemotherapy is the potential for cardiotoxicity,
leading to the clinical entity known as cancer
therapy–related cardiac dysfunction (CTRCD).2 In a
recent registry of adult cancer patients undergoing
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anthracycline treatment, cardiotoxicity was identi-
fied in 37.5% of patients during follow-up. Moreover,
up to 9% experienced a clinically significant decrease
in left ventricular ejection fraction (LVEF) within the
first year after completing anthracycline chemo-
therapy.3,4 The administration of preventive mea-
sures such as renin angiotensin aldosterone system
(RAAS) blockers, beta-blockers, or mineralocorticoid
receptor antagonists remains debatable, given the
inconclusive results from randomized controlled tri-
als failing to demonstrate a protective effect.2

Nevertheless, in cases where CTRCD has developed,
timely interventions, such as guideline-directed
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HIGHLIGHTS

� Circulating microRNAs (cmiRNAs),
epigenetic regulators, are stable and
provide a link to the mechanisms of
anthracycline-induced cardiotoxicity.

� Several cmiRNAs, mainly miR-34a, have a
cardiac origin and a role in cardiotoxicity.

� Currently, the use of cmiRNAs in clinical
practice is limited by lack of
standardization.

� Future research should focus on uniform
protocols for cmiRNA detection and
quantification, and larger studies for
biomarker validation.

ABBR EV I A T I ON S

AND ACRONYMS

Bcl-2 = B cell lymphoma 2

cmiRNA = circulating

microRNA

cTn = cardiac troponin

CTRCD = cancer therapy–

related cardiac dysfunction

DOX = doxorubicin

ErbB = epidermal growth

factor receptor

GATA-4 = GATA binding

protein 4

LVEF = left ventricular ejection

fraction

miRNA = microRNA

NO = nitric oxide

NP = natriuretic peptides

PTEN = phosphate and tensin

homolog

ROS = reactive oxygen species

RT-qPCR = real-time

quantitative polymerase chain

reaction

SMAD = suppressor of mothers

against decapentaplegic

TGF = transforming growth

factor

Top2b = topoisomerase 2 beta
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medical therapy for heart failure, could halt
and even fully reverse the cardiac dysfunc-
tion. This underscores the therapeutic po-
tential and highlights the significance of
avoiding premature interruption of anthra-
cycline chemotherapy, directly affecting
cancer prognosis.

Recognizing the vital importance of early
detection in CTRCD, the 2022 guidelines from
the European Society of Cardiology in the
field of cardio-oncology recommend close
monitoring during anthracycline chemo-
therapy to facilitate early diagnosis and
guide therapy recommendations.2 In addi-
tion to using cardiac imaging, monitoring
practices include the serial measurement of
cardiac biomarkers, such as cardiac troponin
(cTn) and natriuretic peptides (NP).2 Never-
theless, it is crucial to note that these
guidelines acknowledge the potential limi-
tations associated with the use of these pro-
posed biomarkers. Reference values for cTn
and NP have not been established for pa-
tients with cancer or those undergoing can-
cer treatment. Additionally, both cTn and NP,
being nonspecific markers of cardiac damage,
are susceptible to influences by patient
characteristics (eg, sex, race, body mass in-
dex) and comorbidities (eg, renal disease,
infections).2 Therefore, improving the specificity and
sensitivity in detecting early anthracycline-induced
cardiotoxicity necessitates the exploration of more
specific biomarkers, preferably those with a well-
established association with the underlying
pathomechanism.

MECHANISMS OF ANTHRACYCLINE-

INDUCED CARDIOTOXICITY

The pathomechanisms of anthracycline-induced car-
diotoxicity are multifactorial (Figure 1).

First, production of reactive oxygen species (ROS)
occur during anthracycline therapy, increasing
oxidative stress. Anthracyclines combine with
NAD(P)H to produce superoxide in the absence of
any enzymatic activity.5 Additionally, they form
irreversible complexes with cardiolipins of the
mitochondrial membrane, disrupting their function
in the electron transport chain and resulting in the
formation of ROS.6,7 Because the heart is one of the
most metabolically active organs, possessing the
highest mitochondrial content among all tissues,
this disruption in mitochondrial function signifi-
cantly affects cardiac function.8 Moreover,
anthracyclines form complexes with iron, altering
iron metabolism by stabilizing transferrin and pro-
ducing ROS through interaction with free oxygen.9-11

This explains the reason iron overload in patients
can increase the risk of cardiotoxicity.11 Further-
more, the binding of anthracyclines to endothelial
nitric oxide (NO) synthase (eNOS) reductase dis-
rupts the NO–ROS balance through endothelium–

cardiomyocyte crosstalk.11

Second, anthracyclines inhibit topoisomerase 2
beta (Top2b), leading to DNA intercalation, double-
strand breaks, and subsequent inhibition of replica-
tion and transcription. Consequently, cell death
pathways are activated in cardiomyocytes.1 Third,
anthracyclines increase intracellular calcium levels,
resulting in apoptosis and the activation of calcium-
dependent proteases known as calpains and cas-
pases.12 The doxorubicin metabolite, doxorubinicol,
inhibits the sodium–calcium exchanger channel
(NCX), disrupting the normal transport of calcium out
of the cell.11 Furthermore, anthracyclines induce al-
terations in genes that regulate calcium exchange and
storage, leading to impaired cardiac systolic and dia-
stolic function.11 The activation of calpains also
induced titin degradation, compromising the struc-
ture and contraction of cardiomyocytes.12 Fourth,
anthracyclines disturb apoptosis and autophagy by
activating both intrinsic and extrinsic apoptosis
pathways.11 ROS-activated heat shock factor (HSF)-1,
leading to the stabilization of p53 and generation of
proapoptotic proteins.13 The p53-mediated suppres-
sion of GATA binding protein 4 (GATA-4), a tran-
scription factor, hindered mitochondrial biogenesis,
impeding the synthesis and function of B cell lym-
phoma 2 (Bcl-2), an anti-apoptotic protein.14,15 Auto-
phagy was induced by inhibiting the protein kinase B



FIGURE 1 Position of miRNAs in the Diagnostic Landscape and Mechanisms of CTRCD

As cardiac damage develops over time, detection methods vary to detect the presence of cancer therapy–related cardiac dysfunction (CTRCD). Serum cardiac bio-

markers such as (hs-)troponins I and T and natriuretic peptides are early, but nonspecific, markers. As cardiac damage progresses, cardiac dysfunction emerges, starting

with a decrease in global longitudinal change (GLS) and followed by a more pronounced systolic dysfunction and reduction of left ventricular ejection fraction (LVEF).

Patients will become symptomatic at a later stage. Circulating microRNAs (cmiRNAs) are epigenetic regulators and more specific for anthracycline-induced

cardiotoxicity, mechanistically linked to the mode of action of anthracyclines, and are detectable before irreversible cardiac damage occurs (potentially reversible

stage). Created with BioRender.com. CRP ¼ C-reactive protein; GDF ¼ growth differentiation factor; GPBB ¼ glycogen phosphorylase BB; miRNA ¼ micro-RNA;

MPO ¼ myeloperoxidase; NT-proBNP ¼ N terminal pro–B-type natriuretic peptide; ST2 ¼ soluble interleukin 1 receptor-like 1.
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phosphorylation (PKB or Akt)/mammalian target of
rapamycin (mTOR) pathway and down-regulating
beclin 1.16

Fifth, anthracyclines affect cardiac energy meta-
bolism. Oxidative stress leads to a shift in cardiac
metabolism from aerobic to anaerobic by reducing the
oxidation of long-chain fatty acids and increasing
anaerobic glycolysis.11,17 Additionally, anthracyclines
inhibited the adenosine monophosphate–activated
(AMP-activated) protein kinase (AMPK) signaling
pathway,11 thereby reducing the activity of acetyl
coenzyme A (acetyl-CoA) carboxylase, an important
enzyme for the biosynthesis of fatty acids.18
Sixth, anthracyclines impair the transcription
and translation of matrix metalloprotease (MMP-2
and -9), leading to a decrease in collagen degrada-
tion. Consequently, this process activates trans-
forming growth factor (TGF)-beta and suppressor of
mothers against decapentaplegic homolog 3 (SMAD)
signaling, resulting in increased fibrosis.11,19,20 Aside
from the effects on cardiomyocytes, toxic effects on
vascular smooth muscle cells and cardiac endothelial
cells have been described.21 One example involves
increased endothelin-1 production in endothelial
cells, inducing vasoconstriction and increased
afterload.22,23



CENTRAL ILLUSTRATION Circulating microRNA as Diagnostic Biomarkers of Anthracycline-
Induced Cardiotoxicity

Boen HM, et al. J Am Coll Cardiol CardioOnc. 2024;6(2):183–199.

This schematic representation highlights the need for new biomarkers, the dynamics of circulating microRNA (miRNA), and their patho-

mechanistic link, and explores future perspectives and remaining limitations for their routine use. HF ¼ heart failure; ROS ¼ reactive oxygen

species.
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CIRCULATING PROTEINS AS BIOMARKERS

FOR ANTHRACYCLINE CARDIOTOXICITY

In addition to NP and cardiac Tn, both of which
have demonstrated their potential as biomarkers in
several studies, research has explored other pro-
teins as potential biomarkers for anthracycline car-
diotoxicity.24-26 As shown in Figure 1, C-reactive
protein (CRP) and myeloperoxidase (MPO), both
markers of inflammation and oxidative stress,
exhibited increased levels after anthracycline ther-
apy, with higher levels observed in patients
experiencing a more significant decrease in
LVEF.24,25,27,28 Growth differentiation factor (GDF)-15,
known for its anti-apoptotic and antihypertrophic
effects through the TGF-b pathway, was up-regulated
by cell injury, inflammation, oxidative stress, and
hypoxia.24,29 The administration of anthracyclines
resulted in increased GDF-15 levels, again, directly
correlating with the degree of LVEF reduction.27

Glycogen phosphorylase BB (GPBB), an essential
enzyme in the glycogenolysis and energy metabolism
of cardiomyocytes,24 showed elevated levels after
anthracycline therapy, correlating with left
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ventricular diastolic dysfunction.30 Placental growth
factor (PlGF), a member of the vascular endothelial
growth factor family, showed elevated levels after
anthracycline chemotherapy and served as a predic-
tive marker for CTRCD development in those
receiving anthracyclines followed by trastuzu-
mab.24,27 Both asymmetric dimethylarginine (ADMA)
and N-monomethyl arginine (NMMA), metabolites of
the arginine-NO pathway,24 increased after anthra-
cycline chemotherapy and were associated with an
increased risk of CTRCD in patients with breast
cancer.31

CIRCULATING microRNA AS BIOMARKERS FOR

ANTHRACYCLINE-INDUCED CARDIOTOXICITY

Because cardiotoxic effects may manifest before
protein synthesis, the emergence of epigenetic regu-
lators has recently gained attention as potential bio-
markers. microRNAs (miRNAs) are short, single-
stranded RNA sequences consisting of 18 to 24 nu-
cleotides. As noncoding RNA molecules, they play a
crucial role in the regulation of gene expression.
Through their influence on the expression and
translation of 1 or more target messenger RNAs
(mRNAs), miRNAs are implicated in various physio-
logical and pathological processes. While abundant in
the cytoplasm, miRNAs can also be released into the
blood through 3 main ways. First, they can be shed in
miRNA-enriched extracellular microparticles, such as
microvesicles and exosomes. The second, and most
common, mechanism involves the binding of miRNAs
to RNA-binding protein complexes, such as Ago2, a
key intracellular protein in miRNA-mediated RNA
silencing.32 Third, miRNAs can also bind to high-
density lipid proteins.32 Despite the presence of RN-
ases, miRNAs remain stable in peripheral blood.

The distribution of miRNAs in circulating exo-
somes differed from intracellular miRNA production,
indicating that certain miRNAs were actively
secreted, whereas others were favored for intracel-
lular processes.33 Various sorting mechanisms come
into play, allowing cells to guide which specific
intracellular miRNAs are secreted in exosomes. Sort-
ing based on the miRNA sequence relies on charac-
teristics or distinct motives on the 30 end, facilitating
recognition by ribonucleoproteins and enabling se-
lective secretion. Likewise, sequence motifs induce
cellular retention. The preferred motifs for this sort-
ing process varied from cell type to cell type, result-
ing in a difference in retained and secreted miRNAs
between cell types.33 Sequence-independent path-
ways were also present, with various proteins,
including Ago2, having been suggested to play a
role.34 This sorting was influenced by several (path-
ological) conditions; for example, patients with
atherosclerosis showed increased secretion of miR-
92a-3p in endothelial microvesicles compared with
those without atherosclerosis.35 Therefore, circu-
lating miRNAs emerge as an attractive prospect for
diagnostic biomarkers in cardiotoxicity due to their
resistance to degradation and their ability to provide
direct pathomechanistic information36 (Figure 1).

Although most studies have primarily focused on
anthracycline-induced epigenetic dysregulation in-
side cardiomyocytes, this review shifts its focus to
existing studies involving circulating miRNA
(cmiRNA). This shift is essential for translating find-
ings into clinically relevant and readily applicable
biomarkers. We investigate the dynamics of cmiRNA
profiles in response to anthracycline therapy,
exploring differences between patients who develop
cardiotoxicity and those who do not (Central
Illustration). We include reports encompassing all
cancer types, anthracyclines, and age categories to
provide an extensive overview. We begin by sum-
marizing the findings of these reports and the
observed early and late cmiRNA dynamics after
chemotherapy. Subsequently, we establish a link be-
tween the use of cmiRNAs as circulating biomarkers
and their (patho)mechanistic roles, offering a more
in-depth overview of their involvement in distinct
mechanisms.

CIRCULATING miRNA IN RESPONSE TO

ANTHRACYCLINES IN ANIMAL MODELS

An overview of published studies (5 in mice, 3 in rats,
1 in dogs) and their main characteristics are given in
Supplemental Table 1. Six of 9 studies used an array-
based approach, providing hypothesis-free insights
into the cmiRNA profile after exposure to doxorubicin
(DOX) in clinically relevant doses.

Most studies have focused on dynamic changes in
cmiRNA after treatment. In all mouse studies, an in-
crease in miR-34a levels was observed in both
plasma37-40 and myocardial tissue, suggesting a car-
diac origin.37,38 Similarly, rats exposed to repeated
low doses of DOX showed increased miR-34a levels.41

In mice, a dose-dependent rise in miR-34a levels
appeared early, starting from day 6 after treatment,
preceding any clinical signs of cardiotoxicity,
whereas cTnT levels rose from day 7 onwards.40 miR-
34a levels remained elevated during treatment and
persisted even after cessation of treatment.39,40 In
close association with miR-34a, a rise in miR-34c
levels after DOX treatment was also described.39,40

Additionally, an increase in miR-133a levels was

https://doi.org/10.1016/j.jaccao.2023.12.009
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observed after DOX treatment in both mice and
rats.37,38,42,43 In rats, an early rise in miR-1 and miR-
133b levels was seen in the first 24 hours after a sin-
gle high dose of anthracyclines.42,43 Conversely, in
mice, miR-1 levels increased 24 hours after 4 DOX
doses.44 For all other cmiRNAs, data rely on single
studies and require confirmation in future studies.

Three studies compared cmiRNA profiles between
animals with and without cardiotoxicity.39,45 The up-
regulation of miR-34a was more evident in mice
manifesting cardiotoxicity compared with those
without cardiotoxicity.39 miR-34a values correlated
with cTnT.40 Additionally, when rats were cotreated
with dexrazoxane, an iron chelator preventing ROS
formation, the increase in miR-34a levels was abol-
ished in both plasma and myocardial tissue, main-
taining normal cardiac function.41 These data might
suggest that cmiR-34a reflects early cardiac damage.
The rise in miR-133a levels after DOX was attenuated
in mice with cardiotoxicity compared to those
without cardiotoxicity, potentially indicating a car-
dioprotective effect.39 In dogs with sarcoma, an in-
crease in cmiR-181d levels was observed in those with
a significant decline in LVEF after anthracycline
treatment.45 Notably, in mice, miR-181d was down-
regulated after DOX, demonstrating the possibility
of interspecies differences in some less-conserved
miRNAs.

Apparent contradictory results among miRNA array
studies can likely be attributed to the heterogeneity
of study protocols (involving different species,
strains, sexes, and/or DOX dosages), miRNA array
technique (including array, real-time quantitative
polymerase chain reaction [RT-qPCR], normalization
methods), and the timing of cmiRNA profiling.46

Intriguingly, miR-499 exhibited elevated levels in 2
female mouse models after DOX,38,44 whereas the
levels decreased in male mice displaying signs of
cardiotoxicity,39 suggesting sex differences in
response to DOX. Additionally, several studies
applied a single high-dose protocol, hindering the
translation of findings into the clinical setting.

CIRCULATING miRNA IN RESPONSE TO

ANTHRACYCLINES IN PATIENTS

Although most studies in human cohorts mainly focus
on the dysregulation of miRNAs after DOX treatment,
some studies also link these specific disturbances to
the development of anthracycline-induced car-
diotoxicity. Establishing a link between changes in
cmiRNA and the development of cardiotoxicity is
important because it allows the distinction of
observed effects from treatment-related changes in
cmiRNA associated with the tumor. An overview of
dysregulated miRNAs and their mechanisms is pro-
vided in Table 1. For a more in-depth exploration,
Supplemental Table 2 presents an overview of the 19
available clinical studies profiling miRNAs after
anthracycline treatment.

miR-34A. Similar to preclinical studies, human in-
vestigations also highlight miR-34a as a potential
circulating biomarker for CTRCD. In patients with
breast cancer, an early rise in plasma miR-34a levels
was observed after the first and second doses of
anthracyclines,47,48 and this rise persisted consis-
tently up to 12 months after the completion of cancer
treatment.49 Likewise, adult patients with lymphoma
exhibited increased miR-34a levels compared with
baseline after the initiation of treatment.41 Patients
with HER2þ breast cancer also exhibited elevated
levels of serum miR-34 after anthracycline therapy.50

This rise in serum miR-34a levels, observed after the
completion of anthracycline treatment, was found to
correlate with a rise in cardiac troponin I (cTnI) levels
during the course of anthracycline treatment.50

However, no correlation between miR-34a levels
and changes in LVEF was reported.41,47-50

miR-1 CLUSTER. Circulating miR-1 showed early
elevation, observed as early as 6 hours after a single
anthracycline dose.44,47,51 This rise in cmiR-1 per-
sisted and correlated with a decline in LVEF, proving
to have greater predictive value for cardiotoxicity
compared with cTnI.52 However, long-term follow-up
in childhood cancer survivors revealed lower miR-1
levels compared with a control cohort, observed 5
years after completion of therapy.53 Both miR-133a
and miR-133b, part of the miR-1 cluster, exhibited
changes after DOX treatment. A decline in miR-133a/b
levels after the first DOX cycle has been reported,47

and an elevation in miR-133b levels after DOX treat-
ment has been described.52 However, only a rise in
plasma miR-133a levels after DOX treatment could
discriminate between breast cancer patients with and
without cardiotoxicity.54

MYOMERS. The muscle-specific cluster comprising
miR-208a/b and miR-449 is often referred to as the
myomers. Contradictory findings on miR-449 have
been reported. Both early (observed 6 hours after the
first dose) and late up-regulation in miR-499 were
observed after anthracycline treatment in patients
with breast cancer, sarcoma, or lymphoma, and this
rise correlated with cTnT levels.44,49-51 However, in
children with diverse malignancies, a decline in miR-
499 levels was associated with a $10% decline in
LVEF.55 To add complexity, some researchers could
not detect miR-499 at all in samples of patients with

https://doi.org/10.1016/j.jaccao.2023.12.009


TABLE 1 Overview of cmiRNAs, Their Dynamic Changes in Relation to Cardiotoxicity or Cardioprotection, and the Assumed Mechanism

miRNA

Dynamic in
Circulation After
Anthracyclinesa

Relation With
Cardiotoxicity

(TOX vs No TOX) ROS
Topo2b

Inhibition Apoptosis Fibrosis

Calcium
Activation of
Caspases

Metabolic
Shift & Structural
Abnormalities

Overall
CT Effect

Let-7f ? Y at baseline59,60 — — [77
— — — CT

miR-1 [44,51,52,56; Y53 [52; late Y after end of
chemotherapy47

— — [79,80 Y105
— — CT/protective

miR-20a ? Y at baseline59,60 — Y95,96 Y95
— Protective

miR-29 [50,51,55 [51
— — Y/[87 Y104

— — Protective

miR-34a [41,47-50 [50
— — [41,65,74 [74,101,102

— — CT

miR-92a [55 [47 Y69
— Y69

— — — Protective

miR-126 [48,50 [50

Y at baseline59,60
— — Y100,138

— — — Protective

miR-130a [61 [61

Y at baseline60
— — [76,139,140 [141

— — CT

miR-133a/b [52,Y47 [54
— — [54 Y103

— — CT

miR-145 [47; Y55 Y55
— — — — — Y142 Protective

miR-146a [52; Y55 No relation — — Y75 [66 Y75
— — Protective

miR-181a/b Y55 Y55,57
— — ([81,82) — — — CT

miR-199a-3p [53 [53
— — Y92

— — — Protective

miR-200a [53 No relation Y73
— — — — — Protective

miR-208a Undetectable in
plasma48,52,54,56

— — — [143
— — [106 CT

miR-210 [55 Y at baseline59,60 — — Y88,89
— Y88

— Protective

miR-320a [55,62 Not described — — [62
— — — CT

miR-324 Y53 Y47 Y70
— Y144 Y145

— — Protective

miR-423 [48,50,52 [48 [68
— [68

— [68
— CT

miR-486 [55 [47
— — Y90,91 Y91

— Y90,91 Protective

miR-499 [44,50,51,55 followed by Y55;
not always detectable54,56

[51; Y55

[ at baseline49
— — Y97 [146

— — Protective

miR-4732-3p ? Y63 Y63
— Y63 Y63

— — Protective

Only miRNAs for which circulatory changes were observed in $2 clinical studies are described. aThe oncological background of each studied population is described in Supplemental Table 2. It should be
noted that oncological background and response to chemotherapy also influence circulating microRNAs (miRNAs).

cmiRNA ¼ circulating microRNA; CT ¼ cardiotoxicity; ROS ¼ reactive oxygen species; Topo2b ¼ topoisomerase 2b; TOX ¼ cardiotoxicity.
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breast cancer and children with leukemia treated with
anthracycline chemotherapy.54,56 Two other muscle-
specific miRNAs, miR-208a and miR-208b, were un-
detectable in patient samples.48,52,54

miR-29. Circulating miR-29a, miR-29b, and miR-29c
levels increased after anthracycline treatment in
both children and adults, correlating with a rise in
cTnT (for miR-29b) and cTnI (for mir-29a) levels. The
increase in both miR-29c and cTnT levels could be
observed as early as 6 hours after the first dose.50,51,55

Interestingly, miR-29a was down-regulated early in a
mouse model,40 highlighting the need for caution
when translating data from animal models to humans
and underscoring the importance of validation in
human cohorts.

miR-423. In patients with breast cancer, miR-423 was
up-regulated after 2 anthracycline cycles, remaining
elevated for up to 6 months after the end of chemo-
therapy.48,50,52 This early rise in miR-423 at 3 months
correlated with the decline in LVEF and cTnT
at 6 months.48,50
miR-486-5P. Children and adult patients with breast
cancer exhibited elevated levels of serum miR-486-5p
early after the first anthracycline dose.47,55 However,
this miRNA was not found to be elevated later in the
treatment, and no association with cardiotoxicity
was observed.

miR-181. In children, a late decline in miR-181a-5p
levels was observed 1 year after treatment, and this
decline was associated with a decline in LVEF of
>10%.55 Additionally, increased miR-181a-3p levels at
baseline, before the start of chemotherapy, were
associated with less LVEF recovery 6 months after the
end of treatment in adults.57 Moreover, in adult pa-
tients with breast cancer, a decline in miR-181b/c
levels was associated with a rise in cTnI
and/or cTnT.49

miR-126. Patients with breast cancer exhibited
elevated levels of miR-126, a miRNA linked to
vascular function,58 throughout the treatment period,
and these levels remained elevated at 3 months after
the end of treatment.48,50 This rise in miR-126

https://doi.org/10.1016/j.jaccao.2023.12.009
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correlated with both circulating cTnI and cTnT levels
at 3 and 6 months after the initiation of treatment.50

Additionally, in patients with breast cancer who
developed cardiotoxicity, baseline values of miR-126,
recorded before the start of treatment, were lower
compared with their treated counterparts who did not
develop cardiotoxicity.59,60

miR-130A. Patients with breast cancer exhibited
increased levels of plasma miR-130a from 3 months
after treatment with anthracyclines up to 15 months
after treatment in all patients.61 Within this study
population, baseline miR-130a negatively correlated
with LVEF and positively correlated with cTnI. During
follow-up, miR-130a levels were higher in patients
who developed cardiotoxicity.61 However, in a
different cohort of patients with breast cancer, levels
of plasma miR-130a at baseline were negatively
correlated with N terminal pro–B-type natriuretic
peptide (NT-proBNP).60

miR-320A. miR-320a levels increased after anthra-
cycline chemotherapy in adult patients with leukemia
and in the serum of pediatric patients 1 year after
completion of chemotherapy.55,62 Unfortunately, no
data on its relationship with cardiotoxicity
were reported.

MIR-324. In adults, a decline in plasma miR-324
levels from baseline was observed after the first cy-
cle in patients with breast cancer who developed
cardiotoxicity.47 In long-term childhood cancer sur-
vivors, miR-324 plasma levels declined compared
with healthy control subjects,53 but this decline
showed no relation to cardiotoxicity.53

miR-4732-3P. Serum values were lower at the end of
treatment in patients with breast cancer experiencing
cardiotoxicity compared with matched control sub-
jects without cardiotoxicity.63

miR-199A-3P AND miR200. miR-199a-3p and 200a-
3p levels increased in extracellular vesicles of chil-
dren with leukemia treated with DOX compared with
healthy control subjects.53 However, no difference
was observed between children with and without
cardiotoxicity. In adult patients with breast cancer,
an early rise in miR-199a-3p levels was seen after 2
cycles of chemotherapy, and this rise correlated with
cTnT values.48

For certain miRNAs, only a predictive value based
on their baseline values was described. Lower base-
line values for miRNA let-7f were observed in patients
with breast cancer who developed cardiotoxicity.59,60

Additionally, baseline let-7f negatively correlated
with cTnI and NT-proBNP values after treatment.60

Similarly, lower baseline miR-210 levels were seen
in patients who developed cardiotoxicity after
anthracycline treatment,41,59 and this was negatively
correlated to the rise in circulating cTnI after
treatment.41

miR-17-92 CLUSTER. Patients with breast cancer who
developed cardiotoxicity exhibited lower baseline
values of miR-20a.59,60 miR-20a, along with miR-17,
emerged as a significant protective factor in a multi-
variable analysis for cardiotoxicity,59 indicating a
potential predictive role for these miRNAs. An early
rise in miR-92a levels after the first dose of DOX was
observed in patients with breast cancer who devel-
oped CTRCD.47 In children with diverse malignancies,
miR-92a levels increased directly after the first dose
and 1 year after treatment, irrespective of the devel-
opment of CTRCD.55 In adults with lymphoma, miR-
221-3p was reduced at baseline in patients with poor
recovery of LVEF after the end of DOX treatment,
compared to those with good recovery.57

Contradictory findings were reported for some
miRNAs between pediatric and adult cohorts. For
example, cmiR-146a levels were found to decrease in
serum after the first anthracycline dose in children,55

whereas they increased in the plasma of adult pa-
tients with breast cancer during DOX treatment.52

Similarly, an early decline in miR-145 levels was
seen in anthracycline-treated children, correlating
with the development of a significant (>10%) decline
in LVEF.55 By contrast, both adults with and without
cardiotoxicity exhibited a rise in miR-145 levels after
the first cycle of DOX.47

In summary, a distinctive profile of dysregulated
miRNA is associated with anthracycline chemo-
therapy and CTRCD (Table 1). Nevertheless, discrep-
ancies persist among individual studies, which could
be attributed to the differences in patient population
(such as age and sex), DOX dosing, timing, and anal-
ysis techniques.

OVERVIEW OF POTENTIAL MECHANISMS OF

CARDIOTOXICITY ASSOCIATED WITH

SPECIFIC miRNAs

Figure 1 and Table 1 provide an overview of the effects
of different miRNAs in the context of cardiotoxicity.
For a comprehensive and in-depth exploration of the
mechanisms of specific miRNAs in other cardiac
conditions, refer to Supplemental Table 3. As
described earlier, due to the sorting of miRNA,
changes in cmiRNA do not always mirror intracellular
changes in miRNA concentration.33 Therefore, an in-
crease in cmiRNA in cardiotoxicity does not neces-
sarily indicate an increased action of this miRNA in its
originating cell. Additionally, these miRNAs can

https://doi.org/10.1016/j.jaccao.2023.12.009
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influence other cell types when taken up from the
circulation.

OXIDATIVE STRESS. Oxidative stress can up-regulate
the expression of certain miRNAs, and these miRNAs,
in turn, can alter ROS production. miR-34a and miR-
146a serve as 2 examples of miRNAs induced by
ROS. Anthracycline-induced ROS leads to DNA dam-
age and an increase in the expression of tumor pro-
tein p53 and miR-34a, creating a positive feedback
loop that results in apoptosis.64,65 Similarly, the
increased myocardial expression of miR-146a after
anthracycline treatment may have been attributed to
increased ROS levels, given that nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), a
downstream mediator of ROS, has been reported to
induce its expression.66,67 Conversely, miR-423 is an
example of a miRNA that can induce ROS; studies
have shown its capacity to induce ROS in H9C2 cells
subjected to hypoxia/reoxygenation.68

Several miRNAs have also demonstrated the ability
to prevent ROS production. In a type 2 diabetic rat
model, the overexpression of miR-92a-2-5p attenu-
ated oxidative stress.69 Additionally, transfecting
human endothelial progenitor cells from myocardial
infarction patients and healthy controls with a miR-
324-5p mimic resulted in a significant reduction in
ROS levels.70 miR-181c targets mitochondrial function
by altering the expression of mitochondrial genes,
such as mt-COX1, a subunit of complex IV of
the respiratory chain, leading to increased ROS pro-
duction.71,72 Additionally, miR-200a, found to be
down-regulated in DOX-treated mice, exhibited
antioxidant properties by targeting Kelch-like ECH
associating protein 1 (Keap1). Keap1, a scaffolding
protein of nuclear factor-like 2 (Nrf2), inhibited Nfr2
from performing its antioxidant function.73

TOP2b INHIBITION. Although the inhibition of Top2b
is an important pathomechanism in cardiotoxicity,
current literature lacks studies linking specific cmiR-
NAs (or other circulating biomarkers) to this pathway.
Several miRNAs have been identified to target TOP2b,
the gene responsible for encoding TopIIb; however,
none of these miRNAs have been reported as dysre-
gulated after anthracycline treatment.

APOPTOSIS AND AUTOPHAGY. miR-34a, a direct
target of p53, enhances apoptosis by targeting cyclin
D1 (CCND1) and Bcl-2, key regulators of the cell cycle
and anti-apoptotic proteins, respectively (Figure 2).
Additionally, miR-34a suppressed SIRT1 activity,
resulting in reduced deacetylation of p53 and,
consequently, a more active p53.41,65,74 Over-
expression of miR-34a in rat cardiomyocytes
increased the expression of Bcl-2-associated X
protein (BAX) in the setting of DOX treatment.41

Conversely, inhibiting miR-34a led to decreased
apoptosis in both rat cardiac progenitor cells treated
with DOX and in the myocardium of a DOX-treated rat
model.65,74 Moreover, inhibiting miR-34a in this rat
model attenuated cardiac dysfunction.74

Several other miRNAs influence the p53 pathway
by targeting factors that stabilize p53. For instance,
miR-146a targeted the TATA-binding protein associ-
ated factor 9b (TAF9b), a coactivator and stabilizer of
p53.75 In a long-term DOX-treated mouse model, miR-
146 knockout led to increased apoptosis and impaired
autophagy.75 However, there are contrasting obser-
vations indicating that miR-146 affected the anti-
apoptotic neuregulin-1 (NRG-1) and epidermal
growth factor receptor (ErbB) signaling pathway.66 In
neonatal rat cardiomyocytes treated with DOX, miR-
146a overexpression increased apoptosis.66 Another
miRNA, miR-130a, targeted Erbb4 in neonatal rat
ventricular cardiomyocytes.76 This interaction with
the Erbb4 pathway may explain the increased toxicity
observed when anthracyclines are combined with
trastuzumab, a drug targeting ErbB2. Interestingly,
ErbB2 was identified as a target of miR-133a in pa-
tients with breast cancer undergoing DOX
treatment.54

Exportin-1 (XPO1), a transporter crucial for the
nucleus-to-cytosol transport of p53, is targeted by let-
7f.77 The suppression of XPO1 leads to enhanced nu-
clear availability of p53, thereby increasing apoptosis
activity. In rat cardiomyocytes, let-7f levels increased
after exposure to DOX, and the inhibition of let-7f
resulted in the prevention of cardiotoxicity in a rat
model.77

Other pathways of apoptosis are influenced by
miRNAs. In the setting of hypoxia/reperfusion, miR-
423 stimulated apoptosis and mitochondrial damage
in rat cardiomyocytes by targeting the Wnt/b-catenin
signaling pathway and Myb-related protein B
(MYBL2), a central regulator of cell survival, resulting
in a decrease in Bcl-2.68 Another miRNA, miR-200b,
affected the Wnt/b-catenin signaling by inhibiting
ZEB1, leading to an increase in cardiotoxicity in mice
models.78 Although a decrease in miR-200b has been
described in exosomes derived from trophoblast stem
cells, there are no available data on circulating miR-
200b in the setting of cardiotoxicity.78

Similar to miR-34a, miR-1 directly targeted Bcl-2 in
a rat model of hypoxia/reperfusion injury.79 Addi-
tionally, miR-1 inhibited histone deacetylase 4
(HDAC4), leading to the inhibition of myocardial cell
proliferation.80 miR-181 played a stimulating role in
apoptosis and decreased mitochondrial homeostasis
of different cell types by targeting Bcl-2 and its



FIGURE 2 Role of miRNAs and Apoptosis in Cardiotoxicity

Schematic overview of the effects of various miRNAs on apoptosis in response to doxorubicin (DOX) treatment. An increase in reactive oxygen species (ROS) due to

doxorubicin triggers the activation of the p53 pathway. Antiapoptotic miRNAs are displayed in green; proapoptotic miRNAs are displayed in red. Created with

BioRender.com. Ac ¼ acylated protein; BAX/BAK ¼ Bcl-2-associated X protein; Bcl2 ¼ B cell lymphoma 2; CCND1 ¼ cyclin D1; CCND2 ¼ cyclin D2; GATA4 ¼ GATA

binding protein 4; HIF¼ hypoxia inducible factor; miR¼microRNA; MOMP¼mitochondrial outer membrane permeabilization; p21¼ cyclin-dependent kinase inhibitor 1;

p53 ¼ tumor protein p53; SIRT1 ¼ sirtuin; TAF9B ¼ TATA-binding protein associated factor 9b; TP53INP1 ¼ tumor protein P53 inducible nuclear protein 1.
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associated receptor myeloid leukemia cell differenti-
ation protein (Mcl-1).81-83 Furthermore, Bcl-2 played a
protective role for autophagy by binding to and sta-
bilizing beclin1. The cardioprotective miR-30e, which
is declined in rat cardiomyocytes after DOX, inhibited
beclin 1, leading to a decrease in autophagy.84

Additionally, miR-181a/b targeted phosphate and
tensin homolog (PTEN), opposing the PI3K/AKT
pathway involved in the switch to an anabolic meta-
bolism, resulting in a decrease in glycolysis.71,85,86

Several miRNAs may protect against apoptosis. In a
rat model of DOX cardiotoxicity, local delivery of
miR-29b improved cardiac function by decreasing the
expression of BAX.87 In animal models of ischemia,
miR-210 overexpression rescued cardiac function,
increased cardiomyocyte proliferation, and induced
angiogenesis by targeting the cell cycle inhibitor
APC.88,89

A rise in miR-486 resulted in the activation of SRF
and GATA4, transcription factors that promote car-
diomyocyte proliferation and growth.90,91 Although
GATA4 has antiapoptotic properties, it also func-
tioned as a senescence marker.92 Due to its direct
targeting of GATA4, a decline in miR-199a after DOX
resulted in an increase in senescence of
cardiomyocytes.

Additionally, miR-30e, miR-486, and miR-495-3p
target PTEN, which opposes the PI3K/AKT pathway,
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resulting in decreased apoptosis.90,93,94 In a mouse
model of hypoxia/reperfusion injury, miR-486 over-
expression resulted in a decrease in apoptotic car-
diomyocytes and infarct size.90 miR-20a protected
cardiomyocytes from apoptosis in vitro, and in dia-
betic rats, overexpression of miR-20a attenuated
cardiac dysfunction by targeting Rock2 and
Egln3.95,96 Finally, miR-499 appeared to play a pro-
tective role against apoptosis by regulating mito-
chondrial fission and targeting cyclin-dependent
kinase inhibitor 1 (p21), a cell cycle inhibitor activated
by p53.97 miR-221-3p targeted Sirt-2, leading to the
inhibition of the AMPK pathway, increasing senes-
cence and decreasing hypertrophy.98 miR-4732-3p
showed prosurvival properties by activating the
Hippo pathway, but its direct initiator for this acti-
vation is still unknown.63

In this setting, it is important to note that
autophagy-related proteins and genes play a role in
sorting and secreting miRNAs. For example, the LC3-
conjugation machinery, an integral part of the mem-
brane of autophagosome, is also involved in selecting
small noncoding RNAs, including miRNAs in extra-
cellular vesicles.99 This mechanism can lead to a
change in cmiRNA levels during autophagy activa-
tion. miR-126 exerts its antiapoptotic properties in
endothelial cells through interactions with autopha-
gic vesicles. By binding to Ago2 and forming a com-
plex with Mex3a on the surface of autophagic
vesicles, miR-126 was guided into the cell’s nucleus.
In the nucleus, miR-126 dissociated from Ago2 and
bound to caspase-3, inhibiting its dimerization and
limiting apoptosis.100

FIBROSIS. miR-34a down-regulated SIRT1, resulting
in an increase in acetylated SMAD2/SMAD3 and
increased fibrosis through the activation of the TGF-b
pathway (Figure 3).74 Additionally, miR-34a directly
increased SMAD4.101 In a positive feedback loop,
murine cardiac tissue showed increased miR-34a
levels after myocardial infarction through the acti-
vation of TGF-b1, resulting in worsened cardiac
function and increased fibrosis.101,102 Conversely,
other miRNAs exerted protective effects against
fibrosis. miR-486 exhibited antifibrotic properties
through direct targeting of SMAD2/3.91 miR-146
played a regulatory role in fibrosis and cardiac
remodeling by reducing SMAD4 expression,75 and
miR-4732 reduced fibrosis by directly targeting
SMAD2.63 The overexpression of miR-20a led to a
decrease in the expression of TGF-b in the cardiac
tissue of diabetic rats.95 miR-133 has been suggested
to play a regulatory role in fibrosis by targeting TGFb
and TGFb receptor II, affecting collagen production in
atrial canine fibroblasts.103 miR-29b prevented
fibrosis by targeting elastin, fibrillin 1, and different
collagens, all elements of the extracellular matrix.104

In a myocardial infarction mouse model, the inhibi-
tion of miR-29b resulted in increased collagen depo-
sition and myocardial fibrosis.104 Finally, in a
hypertensive rat model, miR-1 inhibited the prolifer-
ation of cardiac fibroblasts.105

OTHER miRNA-DRIVEN PATHOMECHANISMS INVOLVED

IN CARDIOTOXICITY. In addition to the major patho-
mechanisms discussed earlier, the described miRNAs
(Table 1) can interfere with other pathways. First,
several miRNAs influenced calcium homeostasis and
caspase activation. For instance, both miR-210 and
miR-30e have demonstrated cardioprotective prop-
erties by targeting caspase 3.84,88 On the other hand,
miR-423 has exhibited cardiotoxic properties by
increasing caspase 3 and caspase 7.68

Second, miRNAs targeting the expression of
structural proteins in cardiomyocytes play a crucial
role. The muscle-specific miR-208 family regulated
cardiac remodeling in response to stress through
isomorphic switches of myosin heavy chain.106 miR-
221-3p decreased a-tubulin, a structural protein of
microtubule.98 As described earlier, miR-486 targets
PTEN,90 a pathway involved in not only apoptosis, as
previously mentioned, but also in the switch to an
anabolic metabolism.90 Additionally, miR-486 tar-
geted Forkhead box O 1 (FoxO1), a transcription factor
involved in differentiation and metabolism.91 The
extensively studied miR-1 had several effects on
cardiac development and function.107 miR-1 played a
role in arrhythmogenesis: its overexpression in
myocardial tissue impaired cardiac conduction
through the up-regulation of Irx5, a transcription
factor that regulates the expression of KCNJ2 (which
encodes a potassium-channel subunit) and GJA1
(which encodes connexin 43 gap junction chan-
nels).108,109 Both miR-1 and miR-133 are necessary for
skeletal and cardiac muscle development and
function.43,110

Third, besides affecting cardiomyocytes, anthra-
cyclines can affect other cell types, including endo-
thelial cells. miR-29b promoted angiogenesis through
the up-regulation of PKB/Akt phosphorylation,
resulting in increased endothelial cell proliferation
and migration.111 The miR-17-92 cluster, including
miR-20a and miR-92a, has been linked to the regula-
tion of endothelial function.112 miR-320a played a
regulatory role in promoting endothelial cell prolif-
eration and reducing microvessel density.62 Further
in-depth analysis elucidated that miR-320a targeted
VEGF-A, resulting in endothelial cell apoptosis,



FIGURE 3 Role of miRNAs and Fibrosis in Cardiotoxicity

Schematic overview of the effects of different miRNAs on fibrosis in response to DOX treatment. Doxorubicin activates the TGF-b pathway. Antifibrotic miRNAs are

displayed in green; profibrotic miRNAs are displayed in red. Created with BioRender.com. BMP ¼ bone morphogenetic protein; COL ¼ collagen; HDAC4 ¼ histone

deacetylase 4; HMGB1 ¼ high mobility group box 1; MMP ¼ matrix metalloproteinase; SMAD ¼ suppressor of mothers against decapentaplegic; TGF ¼ transforming

growth factor; other abbreviations as in Figures 1 and 2.
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migration, and a decrease in NO release.62 Addition-
ally, miR-126, a miRNA with important proangiogenic
activity,58,113 was induced by hypoxia and shear-
stress (KLF2).114 Similarly, miR-145 expression was
induced by both shear stress and statin therapy.114

miR-210, produced by cardiomyocytes under
ischemic stress, exerted paracrine and long-distance
effects on endothelial cells, activating protective
mechanisms in these target cells.112

Fourth, several miRNAs are involved in the in-
flammatory response and activation of a post-injury
immune response. miR-146, for instance, was shown
to induce cytokine production and leukocyte migra-
tion in a dose-dependent manner by interacting with
TLR-7.115 Likewise, members of the let-7 family
exhibited the capability to activate TLR-7 as well.116

Additionally, the cardiotoxic miR-200b induced
elevated levels of IL-6 and IL-8.78
TECHNICAL CONSIDERATIONS REGARDING

SAMPLING AND ANALYSIS PROTOCOLS

As stated earlier, cmiRNAs are involved in numerous
physiological and pathophysiological processes. The
magnitude of their role in cardiovascular disease
might even be overshadowed by their role in cancer.
Therefore, the influence of these cancer- or
treatment-related disturbances in cmiRNA profiles
cannot be underestimated. Specific reviews are
available for readers with a special interest in cmiRNA
dysregulation in oncologic patients.117,118

Different methods are used for the identification
and quantification of cmiRNAs. Next-generation
sequencing offers the advantage of unbiased miRNA
identification, including unannotated miRNAs, but is
the most expensive. Microarrays have a lower sensi-
tivity and specificity than RT-qPCR and are primarily
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suited for screening rather than quantitative analysis.
Screening results from next-generation sequencing or
microarrays should, therefore, always be validated by
RT-qPCR or digital droplet PCR due to their higher
sensitivity and specificity.36 Digital droplet PCR has a
lower limit of detection and higher reproducibility
than RT-qPCR.119

RT-qPCR protocols differ among vendors and labs,
complicating the comparisons of individual studies.
For example, various approaches are available for
normalizing RT-qPCR results. These methods include
the use of exogenic spike-in cel-miR, normalization to
a single endogenous RNA such as U6, or using mul-
tiple endogenous controls determined through an
independent experiment.46 The performance of these
various methods has been described in other sour-
ces.46 In brief, U6 is an intracellular, small nuclear
RNA involved in the spliceosome.120 However,
comparative testing for normalization methods
revealed the use of U6 to be highly variable, and as
such, its application should be avoided.46 Conversely,
normalization to multiple endogenous controls using
a mathematical normalization technique, such as
geNorm, showed the least variability.46,121 Moreover,
miRNA quantification can be performed using both
serum and plasma. However, because serum is ob-
tained after platelet activation, it may contain
platelet-derived miRNAs, which could potentially
influence results and pose a limitation when
comparing findings across different studies.122 Exist-
ing papers often provide limited descriptions of
sample handling, which can affect miRNA quantifi-
cation. Factors such as the collection method, pro-
cessing, presence of hemolysis, and circadian
variation all have the potential to influence miRNA
quantification.123,124 These examples highlight the
importance of establishing uniform protocols for
miRNA isolation, handling, and normalization.

FUTURE PROSPECTS

The role of specific miRNAs, most notably miR-34a, as
circulating biomarkers of early cardiac damage after
anthracycline treatment, has been confirmed in
various preclinical models and clinical settings. The
cardiac origin of several cmiRNAs has been reported,
contributing, at least in part, to our understanding of
their role in the pathogenesis of cardiotoxicity.

Despite promising findings, several barriers must
be overcome before cmiRNAs can be routinely
implemented in the daily monitoring of cardiotoxicity
(Central Illustration). Notably, only a few studies have
focused on the differential expression of cmiRNAs
in patients with and without cardiotoxicity.
The observed dysregulation in cmiRNAs after
anthracycline treatment also extends to patients who
do not develop cardiotoxicity. This may reflect a
treatment response or a more general effect of
anthracyclines unrelated to cardiac damage. To
address this, future studies must consider treatment
response effects, potentially through stratification—
an aspect not explored thus far—and focus on linking
specific cmiRNA changes to the development of
cardiotoxicity.

Second, a large heterogeneity persists across
studies, highlighting the need for a more uniform
approach to facilitate translation. Differences exist in
anthracycline-dosing protocols, sampling techniques,
miRNA-quantification/identification techniques, and
normalization methods. Although recommendations
for miRNA isolation and normalization are available
in the literature,46,125 the field lacks consensus
guidelines. There is an urgent need for comprehen-
sive guidelines, such as those recently published for
RNA quantification by the cardioRNA consortium.126

Third, the impact of underlying comorbidities and
patient characteristics on cmiRNA profiles remains
insufficiently understood. Previous studies have
shown correlations between the expression of certain
miRNAs and factors such as age,127 gender,128 and
race.129 Additionally, comorbidities and risk factors
such as diabetes, arterial hypertension, and smoking,
as well as cardiac medication, might have influenced
miRNA expression.124,130-134 Finally, concomitant
anticancer treatments, such as trastuzumab, might
have influenced the levels and expression of circu-
lating biomarkers.124,135

Fourth, a shift is needed from focusing on indi-
vidual miRNAs to adopting a network-based
approach. Many cmiRNAs are highly correlated,
providing an opportunity to identify disease-specific
or pathomechanism-specific cmiRNA patterns of co-
expressing miRNAs. Using a cmiRNA pattern or
signature would provide better diagnostic value
compared with individual cmiRNAs and is likely to
offer more reliable insights. Additionally, a network-
based analysis would allow for more in-depth clari-
fication of the processes involved. Future research
should aim to improve network analysis methodol-
ogies and their interpretation to fully realize the
potential of cmiRNAs in cardiotoxicity
monitoring.136,137

Considering these factors, the creation of a cmiRNA
panel seems feasible. The selection of miRNAs for
such a panel should depend on the specific research
question being addressed, taking into account the
involved mechanisms and the protective or car-
diotoxic properties of the miRNAs. A comprehensive
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panel should include miRNAs capable of dis-
tinguishing between patients with and without car-
diotoxicity, as well as miRNAs that assess the various
pathomechanisms at play.

CONCLUSIONS

cmiRNAs emerge as novel candidate biomarkers for
anthracycline-induced cardiotoxicity, given their
stability in plasma and ability to establish a direct
pathomechanistic link (Central Illustration). Future
research should focus on discerning the differences
between patients with and without cardiotoxicity, as
well as the time course of cmiRNA deviations. Addi-
tionally, even prior to chemotherapy, assessing
cmiRNA could identify patients who are particularly
susceptible and warrant closer follow-up. Given the
correlation of various cmiRNA disturbances with
cardiotoxicity, the creation of a carefully selected
cmiRNA panel for assessing early cardiotoxicity
diagnosis may hopefully be feasible with additional
research, provided technical limitations are duly
taken into account.
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