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Abstract: Cancer treatment has made significant progress in the cure of different types of tumors.
Nevertheless, its clinical use is limited by unwanted cardiotoxicity. Aside from the conventional
chemotherapy approaches, even the most newly developed, i.e., molecularly targeted therapy and
immunotherapy, exhibit a similar frequency and severity of toxicities that range from subclinical
ventricular dysfunction to severe cardiomyopathy and, ultimately, congestive heart failure. Specific
mechanisms leading to cardiotoxicity still remain to be elucidated. For instance, oxidative stress
and DNA damage are considered key players in mediating cardiotoxicity in different treatments.
microRNAs (miRNAs) act as key regulators in cell proliferation, cell death, apoptosis, and cell
differentiation. Their dysregulation has been associated with adverse cardiac remodeling and toxicity.
This review provides an overview of the cardiotoxicity induced by different oncologic treatments and
potential miRNAs involved in this effect that could be used as possible therapeutic targets.
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1. Introduction

miRNAs are short non-coding RNA molecules of 21-23 nucleotides that modulate the stability
and/or the translational efficiency of target messenger RNAs. miRNAs have been shown to regulate most
biological processes, including differentiation, proliferation, development, migration, and apoptosis
(for extensive reviews on miRNA regulation and biogenesis, see [1-3]). Recently their use as
biomarkers has strongly developed, since miRNAs are not only intracellular molecules, but also
are detectable outside the cells in body fluids (e.g., in serum, plasma, saliva, urine, and milk) [4].
Further, they are protected from RNase degradation, since they are contained in small membranous
vesicles (e.g., exosomes, exosome-like vesicles, apoptotic bodies, and microparticles), packaged within
HDL-cholesterol, or linked to RNA-binding proteins [4]. Given the robust stability of miRNAs in blood,
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circulating miRNAs have been used as excellent biomarkers in different studies and can be used as
biomarkers for cardiovascular diseases (CVDs) [5]. Moreover, miRNA deregulation is often associated
with tumor progression, and many anticancer treatments affect miRNA expression. In this review we
aimed to discuss relevant miRNAs modulated by therapies for cancer that have been demonstrated
to be involved in CVD. In the following paragraphs, we provide an overview of the most important
anticancer treatments that are known to induce cardiotoxicity.

2. Anticancer Treatment and Cardiotoxicity

Anticancer treatment has accomplished remarkable progress in the last century resulting in
improved quality of life and survival rates of cancer patients. These advances in cancer treatment,
however, have been often accompanied by therapy-related complications, including secondary side
effects on the whole organism [6].

The most commonly used cancer therapeutics in modern medicine include the traditional surgery,
radiotherapy, and conventional chemotherapy approaches; moreover, two new therapeutic modalities
have been introduced in recent decades, namely molecularly targeted therapy and immunotherapy [7],
as summarized in Figure 1. Traditional chemotherapy agents consist of non-specific cytotoxic treatments
(e.g., alkylating agents and antimetabolites) that rapidly eliminate replicating cells, including not
only tumor cells but also normal tissue cells, with a broad range of side effects that significantly limit
their applications in cancer therapy. In contrast to conventional systemic chemotherapy, molecularly
targeted cancer therapies, using novel drugs aimed at the inhibition of intracellular signaling pathways
fundamental for cancer proliferation or differentiation (e.g., monoclonal antibodies and low molecular
weight protein-kinase inhibitors), are thought to be cancer-specific, with fewer associated adverse
effects on normal cells [8]. Lastly, immunotherapies exploit the immune system to enhance antitumor
immunity with promising results in certain cancer treatments, by employing immune checkpoint
inhibitors (ICls), chimeric antigen receptor (CAR) T-cell therapy, or the patient’s own T-cells engineered
to specifically target cancer cells [9].

Treatment for cancer diseases can adversely affect the heart and the vasculature.
Chemotherapy-induced cardiotoxicity manifests as a broad spectrum of cardiac dysfunctions, with
heart failure (HF) representing the most severe consequence. It may be acute and transient, when it
occurs during or soon after treatment, or chronic, categorized into type I (early onset) and type II (late
onset), based on distinct pathological changes and clinical characteristics [10].

Type I cardiotoxicity is dose-related, associated with largely irreversible myocardial ultrastructural
changes (e.g., vacuole formation, contractile element disarray, necrosis), leading to left ventricular
dysfunction (LVD) or HF [11,12] and is usually caused by anthracyclines and traditional
chemotherapeutic agents. Surprisingly, cardiotoxic-related adverse effects may be associated not only
with conventional chemotherapy and radiotherapy, but also with novel targeted chemotherapeutic
agents and immune-based therapeutic modalities, since they block pathways that are major modulators
of myocardial function, especially under conditions of cardiac stress, such as hypertension or
hypertrophy [13].

In this regard, type II cardiotoxicity is typically caused by novel biological-targeted antibodies,
and it largely differs from type I for both mechanisms and clinical manifestations [14]. Specifically,
two types of mechanisms can be identified in type II cardiotoxicity: the “on target” toxicity, associated
with specific mechanisms of action of the drug, and the “off target” toxicity, where the indirect or direct
inhibition of other signaling pathways by the drug cause symptoms of cardiotoxicity [15]. In general,
type II cardiotoxicity is not dose-related, does not show apparent ultrastructural abnormalities, and is
characterized by reversible cardiac functional changes and high likelihood of recovery [16].
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Figure 1. Mechanisms of cardiotoxicity induced by different classes of anticancer therapies. Treatment
for cancer diseases can adversely affect both the heart and the vasculature, leading to death of
cardiomyocytes, endothelial dysfunction, and, consequently, different cardiovascular complications.
Common cellular targets and pathways involved in cardiotoxicity linked to anthracyclines (A), ErbB2
inhibitors (B), VEGF inhibitors (C), anti-BCR-Abl agents (D), radiation therapy and immunotherapy
(in particular checkpoint inhibitors) (E), and other commonly used, less specific antineoplastic drugs
(antimetabolites, proteasome inhibitors, and taxanes) (F) are schematically illustrated. Abbreviations:
ANTs, anthracyclines; TopIIp, topoisomerase II3; ROS, reactive oxygen species; RNS, reactive nitrogen
species; LV, left ventricular; RV, right ventricular; HF, heart failure; ErbB2/ErbB4, human epidermal
growth factor receptor 2/4; VEGF, vascular endothelial growth factor; R, receptor; TKs, tyrosine kinases;
TKIs, tyrosine kinase inhibitors; ER, endoplasmic reticulum; PAD, peripheral artery disease; PD-1,
programmed cell death protein 1; PD-L1, programmed cell death protein ligand 1.
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Cardiac complications represent unresolved and potentially life-threatening conditions in cancer
survivors, thus compromising some favorable benefits of modern cancer treatments and, consequently,
representing a challenge for clinicians and patients [17]. Early detection and prevention of cardiotoxicity,
as well as understanding of the multifactorial interaction among the selected chemotherapeutic regimen,
traditional cardiovascular risk factors and individual susceptibility are urgently needed to optimize
treatment options and reduce cardiotoxicity [18]. In response to ongoing clinical challenges, recently,
personalized medicine and the new interdisciplinary area of cardio-oncology, focusing on the diagnosis,
prevention, and management of cardiovascular complications associated with the treatment of
malignancy, have been useful in developing new safer therapeutic strategies [17].

2.1. Anthracyclines (ANTs)

Anthracyclines (ANTs) [doxorubicin (DOXO), epirubicin, and daunorubicin] are highly effective
chemo-therapeutic agents used in the management of hematological and solid tumors, including breast
cancer, lymphoma, leukemia, and sarcomas [19], but also in some skin tumors, such as large B-cell
lymphoma [20] and cutaneous squamous cell carcinoma [21].

However, these drugs have been recognized as cardiotoxic since the 1960s, particularly in long-term
cancer survivors [22].

The cardiotoxic effects result from their antitumor mechanisms and, therefore, effective therapies for
cancer treatment-induced cardiotoxicity should affect only cardiotoxic mechanisms without disrupting
antitumor pathways. ANT-mediated cardiovascular toxicities include vasospastic and thromboembolic
ischemia, hypertension, dysrhythmia, myocarditis, and left ventricular (LV) dysfunction, leading to
HF [13].

ANT-related cardiotoxicity represents a significant clinical burden and limits the usability of
these drugs, as reported in a recent large prospective study [23]. Interestingly, ANT-induced cardiac
damages also affect the right ventricle [24] and the survival of resident progenitor cells [25,26].

ANT-induced cardiotoxicity has not been fully elucidated yet, even though recent studies
have proposed new insights on the molecular mechanisms involved [27,28]. The commonly accepted
explanation for these cardiotoxic effects is represented by oxidative stress. Specifically, ANT metabolism
generates high levels of reactive oxygen species (ROS) and reactive nitrogen species (RNS) that are not
cleared by antioxidant enzymes and cause DNA damage and membrane lipid peroxidation, leading to
cardiomyocyte death and replacement by fibrous tissue [29].

Mitochondria, which are rich in cardiomyocytes, are the major subcellular target in ANT-induced
cardiac damage due to the presence, in these organelles, of cardiolipin and iron. Cardiolipin, a
mitochondrial membrane phospholipid involved in apoptotic pathways, interacts with ANT5, resulting
in their accumulation in mitochondria where they stimulate ROS/RNS production [30]. In particular,
ANTs chelate free iron mostly accumulated in cardiac mitochondria and form complexes that react
with oxygen and trigger ROS production and lipid peroxidation [31]. Therefore, ROS and RNS can
cause mitochondrial functional damage, energy imbalances, and ultimately cardiomyocyte death.

Nevertheless, several studies demonstrated a lack of therapeutic benefits following anti-oxidant
or iron chelator treatments in preclinical models and clinical trials [32,33].

An alternative mechanism for ANT cardiotoxicity is represented by their interaction with the
enzyme topoisomerase IIf3 (ToplIIf3), which is active in cardiomyocytes and it is not required for cell
division, whereas Toplla is highly expressed in cancer cells and it is a target for the antitumor effect of
ANTs [28,34,35]. ANTs, by binding ToplI3, cause continuous DNA double-strand breaks and apoptosis
through the activation of the p53 pathway. Cardiomyocyte-specific deletion of TopIIf protects mice
from ANT-induced damage [28].

2.2. ErbB2 Inhibitors

The HerbB2 family is involved in the stimulation of tumor growth and survival [36]. Inhibitors of
HerbB2 are mainly used for the treatment of human breast cancers because of the strong overexpression
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of this factor in this type of tumors [37]. Trastuzumab is a humanized monoclonal antibody directed
against HerbB2 and was the first to be clinically used. Nevertheless, patients treated with this antibody
were found to be at increased risk of cardiotoxicity represented by the development of LV systolic
dysfunction and clinical HF [38]. Additionally, concomitant administration of trastuzumab and ANTs
showed additive adverse cardiac effects [39].

The cardiotoxicity of these inhibitors is related to their capacity to disrupt the protective ErbB2
pathway activated in cardiomyocytes by the growth factor neuregulin-1 (NRG-1) in response to
stress [40]. Since this pathway is critically involved also in ANT-mediated cardiotoxicity, its inhibition
by ErbB2 inhibitors would explain the enhanced cardiotoxicity in the presence of a combination of
ANTs and anti-ErbB2 monoclonal antibodies.

2.3. VEGF Inhibitors and Multi-Targeted Kinase Inhibitors

The VEGEF signaling pathway inhibitors can target VEGF or the extracellular or intracellular
domain of its receptor. At present, four major classes of VEGF inhibitors (VEGFi) are currently used
in the clinic, including monoclonal antibodies against VEGF or its receptor, soluble decoy receptors,
and small molecules that inhibit the tyrosine kinases (TKIs). Bevacizumab, a humanized monoclonal
antibody directed against all isoforms of VEGEF, was the first angiogenesis inhibitor to be approved by
the FDA in 2004 for the treatment of metastatic colorectal cancer. In the following years, its use has been
extended to advanced nonsquamous non-small cell lung cancer (NSCLC), renal cell carcinoma (RCC),
ovarian cancer, glioblastoma multiforme, advanced cervical cancer, and skin tumors such as basal
cell carcinoma [41]. The use of bevacizumab can induce cardiac dysfunction in 1-3% of patients [14].
This drug can induce severe hypertension that persists upon discontinuation of the treatment and
was associated with a 2.1 fold increase in the risk of cardiac ischemia and arterial thromboembolic
events [42,43]. Bevacizumab treatment can also induce arterial thromboembolic events (ATE), especially
in older patients, in patients contemporaneously treated with other chemotherapeutic agents, and in
those who have experienced previous thrombotic events [43].

Among the small molecule TKIs used as anti-angiogenic agents, sunitinib and sorafenib were the
first to be approved by the FDA. Sunitinib is used in the treatment of advanced renal cell carcinoma,
gastrointestinal stromal tumor (GIST), and pancreatic neuroendocrine tumor and is associated with the
development of hypertension with an incidence ranging from 5% to 47% in different studies [14] and
of arterial and venous thrombosis events [44]. Sorafenib is approved for the treatment of unresectable
hepatocellular carcinoma and advanced renal cell carcinoma. Its use is associated with an increase in
the risk of hypertension. Two meta-analyses based on prospective clinical trials in various types of
malignancies revealed a relative risk (RR) of 3.07, 95% CI, 2.05-4.60, p < 0.01) and an overall incidence
of 19.1% [45]. Sorafenib can also induce an increase in the risk of ATE (1.7%) [44], and, in almost
40.5% of patients treated with this drug, a prolongation of the QT/QTc interval has been observed that
can lead to increased risk of ventricular arrhythmias [14]. Recently the approved TKIs, regorafenib,
pazobanib, and axitinib induced similar cardiotoxic effects [14].

The pathophysiological mechanisms of cardiotoxicity related to these TKIs are associated with
the inhibition of non-specific targets. TKs, indeed, although developed to selectively inhibit VEGF
receptor, show activity on structurally unrelated tyrosine kinase receptors. For instance, the inhibition
of platelet-derived growth factor receptor (PDGFR), impairing the growth and survival of pericytes,
affects cell survival and cardiac adaptation to afterload stress [46].

2.4. Anti-BCR-abl Agents

The strategy to target TKs has revolutionized the treatment and outcome of patients affected
by chronic myeloid leukemia (CML), a myeloproliferative disorder characterized by a chromosomal
translocation that leads to the formation of the BCR-ABL1 fusion gene and to the constitutive activation
of the ABL tyrosine kinase [47]. In 2001, imatinib was the first TKi approved for the treatment of
CML [48]; however, due to development of resistance to this drug in some patients, second generation
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(dasatinib, nitolinib, bosutinib) and third generation (posatinib) TKi have been developed. These drugs
differ in their potency and activity against BCR-ABL1 and other kinases, explaining their diverse
cardiotoxic effects. Indeed, although at the beginning of their use in the clinic all five drugs appeared
safe for the heart, subsequent observations reported some adverse side effects [49].

Several studies showed an excellent cardiovascular safety record for imatinib, although in 2006
Kerkela et al. reported a case series of 10 patients along with in vitro and murine studies suggesting
that this drug could induce severe cardiac dysfunction and HF [50]. The mechanism proposed for
imatinib-induced adverse effects was related to the alteration in the endoplasmic reticulum and
mitochondrial homeostasis, with consequences for apoptotic response and protein import in the
mitochondrial matrix of cardiomyocytes [51]. Interestingly, some studies suggest even a cardio
protective role for imatinib by reduction of the endothelial barrier dysfunction and lowering of the
blood glucose level, thus preventing the development of atherosclerotic lesions. By targeting the
PDGEFR pathway, imatinib improved hemodynamics in patients with advanced pulmonary arterial
hypertension (PAH) and attenuated myocardial remodeling in rats [14].

Nilotinib is an orally bioavailable drug used in CML patients resistant to previous therapies.
Although during the very first clinical study, no relevant vascular adverse effects were observed,
several other clinical studies over the last 5 years have demonstrated an increased risk of peripheral
artery disease (PAD) [52]. This adverse event has been related to the metabolic effect of nilotinib and to
its influence on the endothelium, platelets, and on the coagulation process [14,52].

Dasanitib is classified as a dual Abl/Src inhibitor, but it is active on a broad spectrum of receptor
kinases. The cardiotoxicity of this drug is similar to that of imatinib with the addition of pleural
effusion considered, in part, the result of PDGFR inhibition. PAH is observed in a small percentage of
patients (2.4-5%) and in most cases is completely or partially reversible [14]. The mechanism behind
this adverse effect is still poorly understood, but it has been suggested that it could be related to the
inhibition of Src kinases [53].

Bosutinib is a second generation dual Src and ABL TKI with minimal activity against PDGFR or
¢-KIT [54]. During long-term bosutinib therapy, the cardiovascular (CV) events were rare, and, in most
of the cases, the patients did not need to interrupt the treatment.

Ponatinib is the only third generation BCR-ABL TKi available and is characterized by its ability
to inhibit a broad spectrum of TK receptors. Its use is accompanied by an increased risk of arterial
thrombotic events (cardiac, cerebral, and peripheral) but the mechanisms related to these cardiotoxic
effects are still not well known [55].

2.5. Immunotherapy and Radiotherapy

Cancer immunotherapy is a newly emerging treatment method [56], and in particular, checkpoint
inhibitors have shown very promising results in different solid and hematological cancers and in
skin tumors, such as cutaneous malignant melanomas, Merkel cell carcinoma, basal cell carcinomas,
squamous cell carcinoma, and Kaposi Sarcomas [57]. However, the use of this kind of inhibitors in the
clinic is associated with a spectrum of adverse events that are known as immune related adverse events
(IRAEs). Although monoclonal antibodies targeting programmed cell death 1 (PD-1) or programmed
death-ligand 1 (PD-L1) proteins have shown very low toxicity, some cases of myocarditis have been
reported after nivolumab or pembrolizumab (anti PD-1 inhibitors). However, it should be noted that
PD-1 has an important role in cardiac homeostasis and response to stress; therefore, caution should be
taken using these inhibitors.

Radiation therapy (RT) is a clinical treatment focused on the use of ionizing radiation, which has
the goal of destroying different forms of neoplasia [58] and skin cancers, such as basal cell carcinoma
and squamous cell carcinoma [59].

The two main electromagnetic radiations used are X-rays and gamma (y) rays. At high doses,
these rays kill cancer cells or slow their growth by damaging their DNA [60,61].
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Although the techniques of radiotherapy have improved in recent years, in most cases, the heart
receives high radiation doses that cause radiation-induced heart disease (RIHD) with harmful
consequences for the patients [62].

Radiation therapy can exert cardiotoxic effects in cardiac ECs, rather than cardiomyocytes, because
of the post mitotic state of these latter cells. Specifically, radiation increases oxidative stress, resulting
in the up-regulation of ROS and inflammation, which in turn decrease perfusion and cause myocardial
ischemia [63].

2.6. Other Antineoplastic Drugs

Other cancer therapies that induce cardiotoxicity are represented by taxanes, antimetabolites,
and proteasome inhibitors [14].

Taxane-mediated cardiotoxicity could be associated with myocardial damage via effects on
subcellular organelles [64] or to massive histamine release, resulting in conduction disturbances and
arrhythmias [65]. Antimetabolites mainly induce vascular endothelial damage [66], while proteasome
inhibitors have dangerous effects mainly on cardiomyocytes but also on ECs by altering the protein
synthesis—degradation balance [67]. Taxanes, antimetabolites and proteasome inhibitors, as anti-ErbB2
inhibitors, enhance cardiotoxicity in combination with ANTs by inducing the formation of toxic ANT
metabolites [68-70].

3. Monitoring of Cardiotoxicity

The assessment of anticancer therapy-induced cardiotoxicity before irreversible damage has
occurred is crucial. Echocardiography represents a commonly used technique to define sub-clinical
cardiotoxicity during and after cancer therapy in survivors as well as equilibrium radionuclide
angiography and tissue Doppler imaging [71]. Cardiac magnetic resonance imaging can assess
myocardial function more accurately. It is reproducible and reliable but time consuming, costly, and has
limited availability [72].

Endomyocardial biopsy is the most sensitive tool to grade the severity of anticancer drug-induced
cardiotoxicity [73]. Using electron microscopy, it is possible to detect the loss of myofibrils and
vacuolization of the cytoplasm. However, the correlation of biopsy scores (represented by the percentage
of cells with typical changes) with LV ejection fraction (LVEF) measured by echocardiography is poor
due to the ability of the LV to compensate. Further, this technique is not a routine choice in early
monitoring because of its invasiveness.

Recently, serum biomarkers, i.e., troponin I (cTn I), B-type brain natriuretic peptide (BNP),
and N-terminal pro-brain natriuretic peptide (NT-proBNP), have been validated for predicting
cardiotoxicity during anticancer therapy [74]. In particular, cTnl being released in the circulation
upon cardiac necrosis, can detect early chemotherapy-associated cardiotoxicity before significant
LVEF changes occur, but lacks specificity. In contrast, BNP and NT-proBNP are considered rapid and
accurate indicators of HF caused by antineoplastic drugs, since they are stable and can accumulate
to high concentrations. Currently, the assessment of cardiac biomarkers is not applied routinely in
patients receiving anticancer drugs. Nevertheless, it is noteworthy that the recent Canadian CV Society
guidelines suggested the use of these markers for the detection of early development of LV dysfunction
in cancer patients under anticancer therapy [74].

Assessment of several miRNAs, discussed below, have also been proposed for early detection of
chemotherapy-associated cardiomyopathy [75].

4. Role of MicroRNAs in Anti-Cancer Therapy-Induced Cardiotoxicity

The following miRNAs, summarized in Table 1, are the most relevant ones modulated by therapies
for cancer, which have been demonstrated to be involved in cardiac diseases.
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Table 1. miRNA modulated by anticancer treatments.
miRNA Cancer Modulation Tissue/Cells Source Ref.
Treatment
. DOX up hCmPC human [76]
miR-200c DOX up LV heart mouse [76]
miR-200a DOX down rat cardiomyocytes rat [77]
DOX up myocarFllum, plasma, rat (78]
R-34a cardiomyocytes
mi epirubucin up plasma B-cell lymphoma pts [78]
IR up cardiomyocytes human [79]
miR-34 b/c DOX up cardiomyocyte cell line mouse [80]
DOX down my.o cardium, rat [81]
cardiomyocytes
miR-29b AC up plasma young cancer pts [82]
IR down arteries human [83]
IR down arteries ApoE”~ mice [83]
miR-29a RT down plasma NSCLC pts [84]
miR-30
family DOX down cardyomyocytes, heart rat [85,86]
miR-30c bevacizumab up serum NSCLC pts [87]
DOX up myocardium mouse [88]
DOX up cardiomyocytes rat [88]
miR-21 IR up fibroblasts human [89]
IR up myocardium rat [90]
RT up PBMCs Prostate cancer pts [91]
DOX up plasma rat [92]
miR-1 DOX up plasma Breast cancer pts [93]
IR down myocardium rat [90,94]
miR-133a/b DOX up plasma rat [95]
DOX up myocardium mice [96]
miR-208a DOX up plasma rat [96]
DOX down myocardium rat [97]
. DOX up myocardium rat [97]
miR-208b DOX up myocardium mouse [98]
. DOX down myocardium mouse [99]
miR-499 DOX up serum mouse [99]
miR-221/222 DOX up myocardium mouse [98]
RT u lasma Breast cancer [100]
P P patients
DOX up endothelial cells human [101]
miR-320a DOX up cardiomyocytes rat [101]
AC down blood AML patients [101]

Abbreviations: DOX, doxorubicin; IR, ionizing radiations; RT, radiotherapy; AC anthracycline chemotherapy; Pts,
patients; AML, acute myeloid leukemia; NSCLC, non-small cell lung cancer.

4.1. miR-200 Family

The miR-200 family (miR-200s) includes five members (miR-200a, miR-200b, miR-200c, miR-141,
and miR-429). This miRNA family is deeply involved in the epithelial to mesenchymal transition
(EMT) of tumor cells [102]. Therefore, anti-cancer therapies modulate the expression of miR-200s.

In particular, it has been shown that the expression levels of miR-200c are induced by doxorubicin
(DOX) in cardiac mesenchymal progenitor cells (CmPC) [103]. Oxidative stress and DNA damage
response are considered the main mechanisms involved in DOXO-mediated cardiotoxicity [104,105].
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miR-200c is an oxidative stress-induced miRNA that has been linked to endothelial dysfunction,
since it induces apoptosis and senescence in ECs via the downregulation of ZEB1 protein [106] and
induces NO decrease and oxidative stress increase downregulating Sirtuinl (SIRT1), endothelial
nitric oxide synthase (eNOS), and Forkhead boxO1 (FOXO1) [107], three proteins that regulate EC
homeostasis [108]. In a mouse model of cardiotoxicity, it has been shown that Stromal cell-derived factor
1 (SDF1) administration partially reverted DOXO-induced miR-200c and p53 protein upregulation
in mouse hearts [103]. In addition, the demise of ZEB1 mRNA and protein induced by DOXO was
significantly prevented by SDF1. In keeping, p21 mRNA, which is induced by p53 and inhibited by
ZEB]1, is induced by DOXO treatment and is decreased by SDF1 administration. Interestingly, SDF1
plays a cardioprotective in DOX-treated mice, partially reverting the adverse remodeling, decreasing
LV end diastolic volume, LVEF, and LV anterior wall thickness in diastole, recovering LV end systolic
pressure and reducing +dP/dt [103].

On the other hand, it has been shown that miR-200a levels were decreased in DOX-treated mice and
in rat cardiomyoblast cell line H9¢2 exposed to DOX [109]. The authors show that miR-200a reduced
oxidative stress and cardiac apoptosis without affecting matrix metalloproteinase and inflammatory
factors in mice with acute DOX injection, since miR-200a targets Kelch like ECH associated protein 1
(Keapl), resulting in nuclear factor erythroid 2-related factor 2 (Nrf2) activation [109].

Although these studies seem to be in contrast, it is clear that miR-200 family member modulation
is deeply involved in cardiovascular homeostasis affected by cancer treatments.

4.2. miR-34 Family

The miRNA-34 family consists of 3 highly homologous microRNAs, namely miRNA-34a, b,
and c. This family has been shown to be modulated by different anti-cancer treatments, such
as anthracyclines [76,110,111]. In particular, miR-34a has been shown to be up-regulated in the
myocardium and plasma of DOX-treated rats and in rat cardiomyocyte H9¢c2 cells treated with
DOX [76].

Interestingly, dexrazoxane (DEX), a treatment that is known to prevent anthracycline-induced
cardiomyopathy [112], was able to reverse miR-34a increase in rats treated with DOX [76].

Human miR-34a was also shown to be increased in the plasma of patients with diffuse large B-cell
lymphoma after 9 and 16 weeks of epirubicin therapy [76].

In H9¢2, miR-34a was shown to induce BCL2 associated X, apoptosis regulator (Bax) and to
inhibit B-cell lymphoma 2 (Bcl-2) expression, activating caspase-3 and mitochondrial potentials.
Moreover, miR-34a targets SIRT1, which is known to deacetylate p66ShcA gene promoter [113].
Therefore, miR-34a-dependent SIRT1 demise enhances p66shc protein increase, which is a redox
enzyme implicated in mitochondrial ROS generation and in the translation of oxidative signals [114].

Through this mechanism, miR-34a, by targeting the Sirtl/p66shc pathway, contributes to
DOX-induced cardiotoxicity [76].

miR-34b/c has also been shown to be upregulated in DOX-treated murine adult cardiomyocyte
cell line HL-1 [111]. The authors demonstrated that itchy E3 ubiquitin protein ligase (ITCH) is a direct
target of miR-34b/c and that miR-34b/c decreased HL-1 viability, promoting NF-kB expression and
increasing proinflammatory cytokines, such as TNF-a and IL-6, via ITCH downmodulation. In keeping,
miR-34 antagomir protected myocardial cells in a mouse model of cardiomyopathy [111].

All these studies show that the entire miR-34 family plays a major role in
anthracycline-induced cardiotoxicity.

miR-34a was also shown to be up-regulated in human cardiomyocytes exposed to radiation [77].
miR-34a is of great interest in radiobiology, since it plays different roles in radiation response.
Consequently, is a potential therapeutic target in tumor radio resistance and in tissue radiotoxicity.
Moreover, its expression is under the control of p53 oncoprotein, which is induced by ionizing
radiation [78].
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Moreover, as previously described, miR-34a modulates ROS and inflammation production; in
keeping, the migration inhibitory factor (MIF) cardio-protective cytokine was shown to decrease miR-34a
levels in human cardiomyocytes exposed to ionizing radiation, reducing the radiation-associated
senescence through the up-regulation of the miR-34a protein target SIRT1 [77].

miR-34a plays an important role as an immunotherapeutic agent too, since it targets PD-L1, a
target of monoclonal antibodies used for immunotherapy already described. PD-L1 suppression
can cause autoimmune myocarditis and deletion of PD-1 in mice, causing dilated cardiomyopathy;,
impaired contraction, and heart failure [80,97,115,116].

Therefore, miR-34a modulation can be exploited as an immunotherapy strategy; indeed, a
liposomal formulation of miR-34a (MIRX34) is currently in a phase I clinical trial [117].

In vivo, MIRX34 increased the number of tumor infiltrating CD8+ T-cells and decreased the
number of exhausted CD8+PD1+ T-cells and macrophages, suggesting that miR-34 may have a direct
effect on immune evasion that can be exploited therapeutically. In combination with radiotherapy,
the effect on CD8+ T-cells was improved, and it has also been shown to induce adaptive immune
responses [79].

The efficacy of miR-34a to modulate the antitumor immune responses and control tumor growth
in combination with radiotherapy was demonstrated. The ability of miR-34a to potently control
immune responses was proven by the occurrence of five immune-related serious adverse events, which
determined the early termination of the phase I clinical trial (on September 2016). Further in-depth
studies on toxicity and immune-related adverse events were conducted in patients with advanced
solid tumors.

Moreover, given the detrimental role of miR-34a in cardiotoxicity, as described above, miR-34a
in vivo delivery should be carefully evaluated.

4.3. miR-29 Family

The miR-29 family is composed of different miRNAs, namely miR-29a, miR-29b, and miR-29c,
which share a common seed sequence and differ for 2 to 3 bases.

It was shown that this family is modulated by different anti-cancer treatments.

miR-29b is the member of the miR-29 family that was significantly downregulated in myocardium
of DOX-treated rats [118]. Rescue of miR-29b expression in the myocardium resulted in a
marked improvement of cardiac function. miR-29b overexpression in rat cardiomyocytes decreased
DOX-induced cardiomyocyte apoptosis, since miR-29b targets directly the anti-apoptotic protein
Bax [118].

In a different study an increase was shown of miR-29b in the plasma of children or young
adults treated with anthracycline chemotherapy (AC). Plasma miR-29b expression was elevated
post-AC, and a dose response relationship with anthracycline dose and markers of cardiac injury was
observed [119].

miR-29 family members are inhibitors of cardiac fibrosis and play a major role in cardiac remodeling
following cardiomyocyte injury [120]. Indeed, miR-29a upregulation following myocardial injury
has been reported, and the degree of mR-29a upregulation was associated with the extent of late
remodeling post-acute myocardial infarction [121]; in addition, higher levels of miR-29a have been
found in the plasma of patients with cardiac hypertrophy and are inversely associated with cardiac
fibrosis [122].

miR-29b targets different genes involved in the extracellular matrix (ECM), such as fibronectin,
collagen, and matrix metalloproteinases [123]. Since early and late ECM remodeling plays a major role
in response to AC-induced cardiotoxicity [81,124], miR-29 up-regulation may reflect early remodeling
in response to AC-induced cardiac injury.

miR-29b was also shown to be downregulated in irradiated vs. non irradiated arteries from
patients receiving microvascular free tissue transfer reconstructions. Moreover, in ApoE—/— mice
receiving a single irradiation dose in a designated mediastinal and neck area, including the heart and
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large vessels, miR-29b was downregulated in irradiated arteries [82]. miR-29b targets pentraxin-3 and
dipeptidyl-peptidase 4, which regulate inflammatory and matrix protein binding; therefore, a reduction
of miR-29b could increase the vascular inflammatory response.

In a different study, circulating miR-29a levels were found to be decreased in plasma samples of
patients with non-small cell lung cancer (NSCLC) after radical thoracic radiotherapy. The decrease of
miR-29a levels were related to RT dose used [125].

Thus miR-29 downregulation by radiotherapy could predict a negative impact on
vascular inflammation.

4.4. miR-30 Family

The miR-30 family consists of five members (miR-30a, miR-30b, miR-30c, miR-30d, and miR-30e).
This miRNA family was found downregulated by DOX in cardiomyocytes and in the heart of
rats [126,127]. The decrease of miR-30 has been shown to be cardioprotective; in fact, miR-30 expression
attenuated the contractile response of cardiomyocytes to 3-adrenoceptor (3 AR) stimulation. Moreover,
miR-30 expression increased cardiac cell viability upon DOX treatment [128]. In keeping, GATA6
(a transcription factor known to play a key role in cardiac development) inhibits miR-30 transcription.
GATAG is induced by DOX triggering miR-30 downregulation [128].

In NSCLC patients treated with bevacizumab chemotherapy, serum miR-30c levels were
detected at pre-chemotherapy, during-chemotherapy, and after chemotherapy. miR-30c expression
was found correlated with duration of the chemotherapy cycle and decreased 1 month after
chemotherapy. Moreover, correlation analysis showed that serum miR-30c levels were positively
related to cardiotoxicity before chemotherapy and during chemotherapy [129].

4.5. miR-21

miR-21 has been shown to be modulated by several anticancer treatments described below and
seems to play both positive and negative functions in cardiotoxicity.

miR-21 has been shown to be up-regulated in the myocardium of chronically DOX-treated mice,
whereas it was not modulated under acute DOX treatment [130]. The increase of miR-21 was also
observed in vitro in HIC2 cells exposed to different concentrations of DOX [130]. miR-21 has an
anti-apoptotic function in ischemia-induced cardiomyocyte death mediated by the direct inhibition of
the pro-apoptotic targets, such as programmed cell death 4 and activator protein-1, inducing different
mediators of cardioprotection including eNOS, heat shock protein 70, and heat shock transcription
factor-1[83,84]. Moreover, miR-21 anti-apoptotic effects are also achieved through its inhibition of B cell
translocation gene 2 (BTG2), a gene involved in cell proliferation, DNA damage repair, differentiation,
and apoptosis in cancer cells [130].

On the other hand, miR-21 is involved in fibrosis and remodeling, since it targets phosphatase and
tensin homologue (PTEN) expression [85]. The inhibition of PTEN causes matrix metalloprotease-2
(MMP?2) increase, contributing to cardiac remodeling. In keeping with these findings, miR-21 levels
are also selectively increased in the failing heart fibroblasts, up-regulating ERK-MAP kinase activity
through Sprouty homologue 1 inhibition [86]. Thus miR-21 regulates fibroblast survival and growth
factor secretion, controlling interstitial fibrosis; it is highly expressed in cardiac fibroblasts in mice,
and miR-21 knockdown was able to regress cardiac fibrosis and hypertrophy in mice [86].

miR-21 plays also a pivotal role in radiation-induced toxicity. Its expression also in this case
was shown to be induced by ionizing radiation in human fibroblasts [131] and in the myocardium of
rats exposed to chest irradiation. miR-21 up-regulation was shown to modulate extracellular matrix
proteins and PKC signaling, which may affect electrical coupling mediated by connexin 43 (Cx43) [87].
Moreover, in peripheral blood mononuclear cells (PBMCs), high miR-21 levels were detected after
radiotherapy in association with acute genitourinary radiotoxicity [88].

miR-21 is another miRNA whose modulation could play an important role as an
immunotherapeutic agent, since it is deeply involved in PD-L1 expression.
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Tumor cells, in fact, promote the expression of miR-21 in macrophages, which inhibit STAT1,
JAK 2, and the activation of NF-«B, preventing the anti-tumoral M1 polarization. In keeping, genetic
deficiency of miR-21 drives tumoricidal M1 polarization and confers an anti-tumor immunity [132].

Moreover, PD-L1 expression is regulated by IFN-y-mediated STAT1 activation [80] and is
upregulated by miR-21 depletion and the consequent STAT1 activation in cultured bone marrow-derived
macrophages and in tumor-associated macrophages (TAM) residing in tumors.

PD-1 antibodies and miR-21-deficient macrophages act synergistically as anti-tumor therapy with
an activity superior to either agent alone. In conclusion, miR-21 depletion enhances the host immune
system against tumor development through M1 polarization of TAMs [132].

Since an increase of miR-21 seems to play a detrimental role in cardiac tissue, the miR-21 inhibition
strategy could also ameliorate most of the cardiotoxic effects provoked by different anticancer strategies.

4.6. MyomiRs

A subset of miRNAs plays an important role in survival and proliferation and muscle differentiation;
which is known as MyomiR, i.e., muscle specific miRNA [133]. These include miR-1 and miR-133a/b,
miR-499, and miR-208a/b. Since MyomiRs play a fundamental role in heart homeostasis, they have
been studied in many cancer treatments that induce cardiotoxicity.

4.6.1. miR-1

miR-1 is a skeletal muscle specific miRNA that plays a pivotal role in cardiomyocyte
differentiation and which has an antiproliferative effect. [134,135]. miR-1 is up-regulated in response
to ischemia/reperfusion (I/R) injury in rat heart and in a rat model of myocardial infarction [89,90].
Moreover, miR-1 is upregulated in the heart of patients with myocardial infarction (MI) [91].

Serum levels of miR-1 were up-regulated in acute myocardial infarction (AMI) in rats and humans.
miR-1 levels showed a strong positive correlation with MI size in rats [136] and in humans positively
correlated with serum creatine kinase- myocardial band (CK-MB) levels [136].

Circulating miR-1 was found up-regulated in DOX-treated rats and in breast cancer patients
treated with DOX [137,138].

miR-1 levels were associated with changes in LVEF, and its levels were useful to discriminate
patients affected by cardiotoxicity from unaffected subjects better than c¢Tnl levels [138].

In irradiated rats, miR-1 was found downregulated in the heart [87,139].

miR-1 plays a pivotal role in electrical coupling and direct cardiac cell to cell communication to
ensure heart function, since it targets intercellular Cx43 channels [140].

In rats irradiated with a single ionizing radiation, miR-1 was found decreased, and a concomitant
Cx43 increase was observed causing myocardial intercellular communication enhancement, resulting
in a beneficial heart response [87].

In conclusion, circulating miR-1 modulation seems to reflect anthracycline toxicity; on the other
hand, irradiation-induced downregulation in the heart plays a beneficial effect.

4.6.2. miR-133

miR-133 are two miRNAs, namely miR-133a and miR-133b, which share the same seed sequence
and are muscle specific miRNAs highly expressed in human heart [141].

miR-133a/b have been demonstrated to be involved in cardiac hypertrophy; indeed, an miR-133
decrease positively regulates cardiac hypertrophy, increasing the expression of its targets, including
calcineurin, NFATc4 (regulator of hypertrophy), Rac, and Cdc42 (regulators of cardiac prohypertrophic
mitogen-activated protein (MAP) kinase pathway [84].

Moreover miR-133a/b has an anti-apoptotic effect since it inhibits caspase-9 expression [142].

miR-133a and miR-133b have been shown to increase in the plasma of rats treated with DOX to
induce cardiotoxicity; albeit an appreciable variation of expression associated with cardiotoxicity onset
was not found [143].
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4.6.3. miR-208a/b

miR-208a/b are embedded within the introns of myosin genes: miR-208a into o-MHC (also known
as Myh6) and miR-208b into 3-MHC (Myh?).

In the adult mouse heart, alpha-MHC/miR-208a dominates, whereas miR-208b is exclusive for the
healthy human heart.

miR-208 is involved in the regulation of the myosin heavy chain (MHC) isoform switch during
development and in pathophysiological conditions in mice.

In DOX-treated mice, miR-208a is increased in the hearts and induces cardiomyocytes apoptosis;
moreover, therapeutic silencing of miR-208a increased its protein targets GATA4, which is a
transcription factor known to regulate the expression the antiapoptotic gene Bcl-2; therefore, miR-208a
downregulation is able to counteract myocyte apoptosis in DOX-treated animals [92].

Moreover, antagomiR-208a treatment improved also cardiac function assessed by cardiac
imaging [92].

Circulating levels of miR-208a were shown to be increased in a rat model of cardiotoxicity induced
by DOX, suggesting its role as a plasma biomarker for cardiotoxicity in rats [137].

Notwithstanding this, circulating levels of miR-208a were not found detectable in
doxorubicin-induced cardiotoxicity in breast cancer patients [93].

In a different study, the expression levels of miR-208a in rat hearts decreased during the DOX
treatment (cumulative doses), similarly with its encoding geneMyh6, whereas miR-208b levels were
increased [110].

miR-208b was found up-regulated also in heart of mice treated with DOX [94], and studies on
circulating miR-208b described its modulation.

4.6.4. miR-499

miR-499 is another myomiR embedded in 3-MHC (Myh7b) genes modulated by chemotherapy.

Indeed, it is up-regulated in plasma of children and young adults treated with anthracyclines,
and the expression significantly correlated with AC dose. Patients with acute cardiomyocyte injury
demonstrated higher expression of miR-499 post-AC compared with those without [119]. On the other
hand, miR-499 was significantly downregulated in DOX-treated mice heart, while the serum miR-499
expression was significantly increased [144].

It has been shown that miR-499 targets p21, and p21 downregulation significantly decreased
mitochondrial fission and cell death in cardiomyocytes exposed to DOX. Therefore, upon DOX
administration, the decrease of miR-499 induced abnormal mitochondrial fission and cell apoptosis in
the mouse heart [144].

4.7. miR-221/222

miR-221/222 are highly homologous miRNAs that share the same seed sequence that are encoded
in tandem on the X chromosome in human, mouse, and rat and are highly conserved in vertebrates.
They play a key role in the development of cancer, acting either as oncomiR or as oncosuppressor [145].

In addition, these two miRNAs are highly expressed in vascular smooth muscle cells (VSMCs)
and ECs, and they have been extensively studied in vascular cell physiology [146].

In particular, miR-221/222 have pro-migration, pro-proliferative, and anti-apoptotic effects in
VSMCs, whereas they have antiproliferative, anti-migration, and pro-apoptotic effects in ECs [146].

Reduced myocardial miR-221/222 expression is associated with severe cardiac fibrosis in heart
failure patients [95]. miR-221 overexpression has been shown to induce cardiac hyperthropy in vitro [96]
and to promote HF [147]. Indeed, miR-221/222 are significantly upregulated in patients with
hypertrophic cardiomyopathy [95].

Notably, circulating serum miR-221 levels are lower in patients with HF than in healthy
controls [98].
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In a mouse model of cardiotoxicity induced by DOX, miR-221/222 were found up-regulated in the
heart; moreover, radiotherapy also induced and up-regulation of miR-221/222 in the blood of breast
cancer patients treated with radiotherapy, and the levels of miR-221/222 were affected by cardiovascular
disease [94,99].

Therefore, miR-221/222 modulation by anticancer treatments seems to be deeply involved in
cardiotoxicity induction.

4.8. miR-320a

The microRNA miR-320 family consists of five members, namely miR-320a, -b, -¢c, -d, and -e.
miR-320 term is used most frequently, but the most studied member is miR-320a [148].

miR-320 has been shown to regulate physiological processes such as cardiac survival
(apoptosis) [149] and glucose-induced gene expression in diabetes [150].

miR-320a is increased in cardiomyocytes and ECs after DOX-treatment, and it is involved in
DOX-induced cardiotoxicity since it targets directly VEGF-A [151]. Therefore miR-302a upregulation
and decreasing VEGF-A alters cardiac vascular homeostasis.

Moreover, miR-320a inhibition attenuates DOX-induced cell growth arrest and apoptosis, while
its overexpression worsens these effects. Additionally, miR-320a overexpression impairs NO release,
tube formation, and EC cell migration. In vivo miR-320a inhibition reduced cardiac abnormalities
provoked by DOX. On the contrary, overexpression of miR-320a enhanced apoptosis in vitro and
provoked vessel abnormalities in the heart and cardiac dysfunction in mice [151].

Furthermore, miR-320a can target other molecules involved in angiogenesis regulation, such as
insulin-like growth factor (IGF), IGF receptor (IGFR), and neuropilin-1 I (NRP1). The IGF1-IGFR
pathway has been proved to have protective effects on DOX-induced cardiotoxicity [152,153], and NRP1
is a co-receptor for VEGF-A [100].

Circulating miR-320a levels were found downregulated in five DOX-treated acute myeloid
leukemia (AML) subjects compared to five control donors [151].

All these studies suggest that miR-320a plays important roles in DOX-induced cardiotoxicity,
although further studies are necessary to elucidate possible therapeutic options.

5. Treatment of Cardiotoxicity

There are several other methods to prevent anticancer-induced cardiac damage. Unlike ErbB2
inhibitors, the total cumulative dose of ANTs is one of the most significant risk factor for cardiac
dysfunction. Therefore, prolonging infusion duration rather than administering a bolus dose can
prevent and/or reduce cardiotoxicity in patients that have to receive high doses of ANTs [154]. The use
of liposome-encapsulated ANTs can also reduce the accumulation of these drugs in the heart, since their
presence is restricted to the intravascular space. Therefore, liposomal ANTs do not accumulate in the
heart, while they selectively enter the tumor tissue characterized by vascular endothelial discontinuity
and breakage [155].

Other approaches to counteract chemotherapy-associated cardiotoxicity include different
pharmacologic interventions and also nutritional supplementation and exercise training [101,156,157].
Considering ANT treatments, since the main mechanism of ANT cardiotoxicity is represented by
oxidative stress, the use of antioxidants seems the most promising cardioprotective strategy. Among
them, DEX, first studied in beagles in the early 1980s [158], exerts a significant cardioprotective effect
in cancer patients under ANT therapy without affecting the antitumor efficacy [104]. Acting as an
iron chelating agent, it interferes with mitochondprial iron-mediated ROS production. Nevertheless,
its cardioprotective effect does not stem only from its antioxidant properties, since it has been shown
that DEX also prevent the interaction of ANTs with ToplI and, therefore, DNA double-strand
breaks without lowering ANT’s anticancer effects [159]. Currently, DEX is the only cardioprotective
drug approved for clinical use by the Food and Drug Administration for ANT cardiotoxic affects.
B,3-blockers with antioxidant properties, such as carvedilol and nebivolol, have also shown promising
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results as cardioprotective agents [160,161]. Nevertheless, data from large randomized clinical
trials demonstrating the beneficial effects of these drugs for the prevention of cardiotoxicity under
contemporary ANT therapy are still limited.

A cardioprotective effect has been also observed with the use of angiotensin-converting enzyme
inhibitors (ACEI), and it is mainly based on the ability of these drugs to attenuate oxidative stress but also
reduce interstitial fibrosis and avoid intracellular calcium overload. Nevertheless, a combined therapy
with ACEI and (3-blockers appears to be more beneficial than an ACEI monotherapy, as demonstrated
by recent clinical trials [162]. Other promising drugs tested to counteract ANT cardiotoxicity are
represented by statins, phosphodiesterase-5-inhibitors, and ranolazine [29]. Whether ACEI exerts
beneficial effects in preventing ErbB2 cardiotoxicity still remains to be elucidated. Nevertheless,
data from a very recent randomized trial suggested that in patients with breast cancer treated with
trastuzumab, both ACEI or (3-blockers reduced trastuzumab-induced cardiotoxicity [163].

It has been hypothesized that administration of the recombinant protein NRG-1 to cancer patients
can be used to improve cardiac chamber dimensions and LV function due to its cardioprotective
properties via ErbB4/ErbB2 signaling. Clinical studies confirmed this hypothesis in patients with
chronic HF [164,165]. However, concerns have been raised over increased proliferation of tumor cells
even though, recently, a bivalent neuregulin has been described that is able to protect against DOX
cardiotoxicity without interfering with doxorubicin-mediated antitumor effects [166].

6. Conclusions and Future Perspectives

As previously described, different pharmacological strategies are in use to
downregulate cardiotoxicity.

Among these, miRNA modulation holds good promise as a therapeutic strategy to counteract
cardiotoxicity induced by anticancer treatments. miRNAs, in fact, are useful both as biomarkers of
cardiotoxicity and for target therapy, since they modulate entire signaling pathways. Unfortunately,
many miRNAs modulated by anticancer treatments are also involved in cardiotoxicity. Therefore,
the comprehension of the mechanisms elicited by miRNAs and the amelioration of specific delivery in
either cardiac or tumor regions, could help to reduce negative side effects.

Interestingly, it has been shown that treatment with exosomes of cardiac mesenchymal progenitor
cells injected systemically in a mouse model of cardiotoxicity obtained with DOX/trastuzumab treatment
was able to decrease ROS and inflammation and LV dysfunction. The vesicles were highly enriched in
miR-146a compared with human dermal fibroblast exosomes, a miRNA that plays a cardioprotective
role [167].

Hence, a miRNA-therapy could be a useful tool for the prevention and cure of cardiotoxic effects
of cancer therapies.
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