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Cardiac side effects are a major drawback of anticancer therapies, often requiring the
use of low and less effective doses or even discontinuation of the drug. Among all
the drugs known to cause severe cardiotoxicity are anthracyclines that, though being
the oldest chemotherapeutic drugs, are still a mainstay in the treatment of solid and
hematological tumors. The recent expansion of the field of Cardio-Oncology, a branch
of cardiology dealing with prevention or treatment of heart complications due to cancer
treatment, has greatly improved our knowledge of the molecular mechanisms behind
anthracycline-induced cardiotoxicity (AIC). Despite excessive generation of reactive
oxygen species was originally believed to be the main cause of AIC, recent evidence
points to the involvement of a plethora of different mechanisms that, interestingly, mainly
converge on deregulation of mitochondrial function. In this review, we will describe how
anthracyclines affect cardiac mitochondria and how these organelles contribute to AIC.
Furthermore, we will discuss how drugs specifically targeting mitochondrial dysfunction
and/or mitochondria-targeted drugs could be therapeutically exploited to treat AIC.

Keywords: mitochondria, anthracycline, reactive oxygen species, mitochondria-targeted drug, cardiotoxicity after
chemotherapy

INTRODUCTION

Advances in cancer therapy resulted in marked improvements in patient survival, with
anthracyclines (ANTs) probably being the most potent antineoplastic therapeutics available for the
clinical practice, and still representing one of the pillars in the treatment of different tumors. In 2018
more than 3 million people were diagnosed with cancer in Europe only, and it has been estimated
that currently 14.5 million people are living with a history of cancer in USA, with this number
rising up to 19 million over the next 10 years (1, 2). Notably, 50% of people diagnosed with cancer
today will survive at least 10 years after diagnosis, and this proportion is even higher for childhood
cancer survivors. However, this improvement in survival of cancer patients has led to a greater
recognition of the long-term adverse effects of antineoplastic therapies like ANTs, mostly involving
the cardiovascular system. In a cohort of almost 2,000 cancer survivors monitored over 7 years, 33%
of deaths were related to cardiovascular conditions while cancer-related mortality accounted for
51% of deceases. Given the concrete possibility of incurring in ANT-induced cardiotoxicity (AIC),
and that the number of cancer survivors is constantly increasing, in the upcoming years there will
probably be a Cardio-Oncology “epidemic.” For this reason, cardiologists, oncologists, and basic
scientists are combining their efforts in order to better characterize the molecular mechanisms
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behind this pathology (3). In this regard, in recent years the role
of mitochondria has strongly emerged, since several compounds
exert their cardiotoxic effects targeting these organelles (4, 5).
This is due to the fact that mitochondria are particularly
important for the heart because of its high demand in
energy. Since mitochondria are the organelles dedicated to ATP
production, dysfunctional mitochondria are repeatedly replaced
by newly synthesized ones with the purpose of sustaining
the constant need for ATP, underlying the importance of
mitochondria dynamics and mitophagy. Drugs that impair the
proper activity of mitochondria likely cause a substantial decrease
in ATP levels that, eventually, leads to myocardial dysfunction
(6). For this reason, drugs preserving mitochondrial function and
metabolism are receiving increasing attention in order to treat
or prevent cardiotoxicity induced by several drugs, including
ANTs. In this review, we will describe the crucial role in AIC
of mitochondria, organelles of fundamental importance for the
heart, and we will discuss about specific treatments targeting their
function and metabolism.

AIC: FROM DEFINITION TO CURRENT
TREATMENT

ANTs, such as doxorubicin (DOX), daunorubicin and epirubicin,
are antibiotic agents highly effective as anticancer therapeutics,
and for this reason they have been registered by the World Health
Organization as essential medicines (7). However, it was noticed
early on that their use is associated to the development of heart
failure (HF) (8, 9). Already in the seventies, Von Hoff et al.
analyzed retrospectively more than 4,000 DOX-treated subjects
and found that the overall incidence of congestive HF caused
by the treatment was 2.2%. Notably, the number of patients
affected by AIC in this study is probably underestimated since
it was based only on clinician-identified signs and symptoms of
congestive HF. Moreover, it was already clear that the probability
of incurring in AIC is strictly dependent on the total dose
administered and that the use of smaller, divided doses of DOX
decreases the likelihood of developing cardiotoxicity, while there
is a sharp increase in the prevalence of HF occurring at increasing
doses of the drug (10). Importantly, anthracyclines are rarely
administered as single agents and are more often combined
with radiotherapy or modern targeted therapies, like monoclonal
antibodies, which importantly exacerbate toxicity (11).

AIC can manifest acutely, early after infusion, strongly
compromising cancer treatment since it may require dose
modification or even cessation of anticancer therapies (12).
Almost 30% of patients are affected by this type of cardiotoxicity,
that is characterized by electrocardiogram abnormalities,
including atypical ST changes, reduced QRS voltage, tachycardia,
and supraventricular premature beats. Yet, acute AIC is a rare
complication and the most prevailing and significant form of
AIC is the chronic one. It is characterized by left ventricular
systolic dysfunction, with a reduction in left ventricular
ejection fraction (LVEF), which can be very insidious since it
is asymptomatic in the early stages. It can eventually progress
to dilated cardiomyopathy and congestive heart failure (CHF),
which is nowadays one of the main co-morbidity in childhood

cancer survivors (11, 13, 14). These patients have a 12-fold
increased chance of developing congestive heart failure (CHF)
up to 30 years after treatment, with an occurrence of AIC up
to 30% (15-17). Of notice, some cancer patients already have
pre-existing cardiovascular diseases or at least cardiovascular
risk factors that strongly increase the likelihood of developing
cardiac issues, and specifically AIC, in these individuals.

The assessment of AIC primarily relies on evaluation of
clinical symptoms and/or detection of systolic function (LVEF)
by echocardiography, acquisition scans, and magnetic resonance
imaging (18). In particular, cardiotoxicity is currently diagnosed
when a decline of 5-55% in LVEF with HF symptoms, or
an asymptomatic decline of 10 to below 55%, is observed.
Nevertheless, recent studies highlight the limitations of these
ejection fraction-based screenings, proposing new diagnostic
strategies. In particular, strain rate imaging and troponin (Tn)
leakage in the peripheral blood could be used to identify
patients with early clinical signs of cardiotoxicity (19-21). From
a therapeutic point of view, unfortunately there is no specific
treatment targeting AIC. Efforts are being made to develop
strategies to prevent AIC that, depending on their mechanism
of action, are classified as primary, when focused on preventing
the disease concomitantly with ANT treatment, and secondary,
when prompted to prevent symptomatic progression (22). For
now though all the secondary preventive strategies have limited
follow up, also because of the difficulties related to monitoring
cardiotoxicity in both adults and children (22). Some clinical
trials have shown modest success with the usage of the standard
pharmacological regimen for HF. Notably, it has been reported
that the non-selective p adrenergic receptor (BAR) blocker,
carvedilol, can prevent DOX-induced left ventricular dysfunction
through its antioxidant properties, and can ameliorate cardiac
function and survival in cancer patients under ANT therapy (23—
25). More recently, it was demonstrated that early treatments
with the angiotensin converting enzyme I (ACE-I) enalapril,
either alone or in combination with carvedilol, are able to
fully or partially recover LVEF in 82% of patients manifesting
signs of cardiotoxicity within the first year after the end of
ANT treatment (13). Unfortunately, these regimens are far
from optimal for AIC treatment, and this is probably due to
the fact that the mechanisms involved in this specific type of
cardiomyopathy are different to those underlying other types
of cardiac disease, like ischemic, post-infectious, and idiopathic
dilated cardiomyopathies (22). This underlies the need for more
specific therapeutics, and so, of a better understanding of the
molecular mechanisms behind this condition.

MITOCHONDRIA: KEY PLAYERS IN AIC

If the molecular processes behind the anticancer effects of ANTs
are well-known and studied, the mechanisms underlying their
cardiotoxic effects are still poorly understood and controversial.
It is well-established that ANTSs exert their anticancer action
by directly targeting and inhibiting topoisomerase 2 (Top2)
in cancer cells, more specifically the 2a isoform, halting
DNA transcription, and replication (26). However, the same
mechanism can hardly explain the toxic effect of ANTs
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on the heart, since cardiomyocytes are for definition non-
dividing cells, thus leaving an open question for cardio-
oncology researchers (27, 28). Recent evidence suggests that
DOX cardiotoxicity is causally linked to inhibition of a Top2
isoform which is preferentially expressed by differentiated cells,
like cardiomyocytes, namely Top2f, the only Top2 expressed in
mitochondria (27, 29). Moreover, a number of other mechanisms
of AIC, which are not necessarily linked to Top2p inhibition,
have started to emerge. Interestingly, both pathways have
been reported to impact on the activity of mitochondria. In
the next paragraphs, we will describe Top2p-dependent (or
direct) and Top2f-independent (indirect) mechanisms of DOX
cardiotoxicity and how these signaling pathways converge on
the dysregulation of mitochondrial activity and metabolism
in cardiomyocytes.

“Direct” Mechanisms of AIC Involving

Mitochondria

As mentioned above, the cellular targets of DOX are
topoisomerases, more specifically of the Top2 class (30).
DOX can bind both DNA and Top2 in order to form the ternary
Top2-DOX-DNA cleavage complex which triggers cell death. As
mentioned before, besides inhibiting Top2a in proliferating cells,
ANTs can target Top2f, which is also the only known type 2
topoisomerase present in cardiac mitochondria [Figure 1; (27)].
In their study, Zhang et al. demonstrated that DOX treatment
induces significant changes in the expression of genes controlling
both mitochondrial structure and metabolism (oxidative
phosphorylation pathways) in cardiomyocytes expressing Top2
(Top2p+/*), but not in Top2p knockout mice (Top2B2/2)
(29). More specifically, among the genes downregulated after
DOX treatment in Top28™*/T, and not significantly affected in
Top2p2/A cardiomyocytes, are Ndufa3 (encoding the NADH
dehydrogenase 1-o subcomplex 3), Sdha (encoding succinate
dehydrogenase complex II, subunit A), and Atp5al (encoding
the ATP synthase subunit o). In agreement, mitochondria fail to
maintain their membrane potential in DOX-treated Top2p™/*
but not in Top2B”/2 cardiomyocytes (29). In addition to
modulation of genes involved in mitochondrial function and
metabolism, DOX was also shown to decrease the transcription
of Ppargcla and Ppargclb. These two genes encode for PGC-1a
and PGC-1p, respectively, that by interacting with crucial
transcription factors, namely NRF-1, NRF-2, and ERRa, push
the expression of genes implicated in mitochondrial biogenesis
(29). In keeping with their preserved mitochondrial function,
cardiomyocyte-specific Top2p knockout mice are protected from
DOX-induced progressive HF. Indeed, after 5 weeks of DOX
treatment, Top28*/* mice show a decrease in ejection fraction
up to 50%, whereas this parameter is not altered in Top2p”/4
mice. Zhang et al. also demonstrated that reactive oxygen species
(ROS) production is reduced by 70% in the hearts of Top2p*/4
as compared to Top2f*/* mice (29). Of note, the finding
that Top2p silencing only partially reduces ROS production in
cardiomyocytes treated with ANTs suggests that ROS may be
generated in response to DOX by additional Top2B-independent
mechanisms that will be discussed in the next paragraph.

Mito-Tempo

Elamipretide

FIGURE 1 | Effects of DOX and of mitochondria-targeted drugs on
mitochondrial function and metabolism. DOX preferentially accumulates within
mitochondria thanks to its ability to specifically bind to the phospholipid
cardiolipin, causing membrane perturbation and ETC disruption that can be
limited by Elamipretide, a tetrapeptide that improves the efficiency of electron
transport and restores cellular bioenergetics. ETC dysfunction mainly induces
ROS production that can be though limited by the usage of the
mitochondria-targeted antioxidant, Mito-Tempo, a specific scavenger of
mitochondrial superoxide. Moreover, DOX can directly interact with iron to form
reactive ANT-iron complexes resulting in an iron cycling between Fe*+ and
Fe?t which is associated with ROS production and altered iron homeostasis.
Dexrazoxane, as an iron-chelator, can inhibit the production of ROS ensuing
from the interaction between ANT and non-heme iron, ultimately alleviating
DOX-induced mitochondrial oxidative stress. Moreover, Dexrazoxane can
prevent DOX from binding to the Top 2B8-DNA complex. For AIC treatment,
FAQO inhibitors can also be used for their ability to enhance glucose oxidation
and prevent a decrease in intracellular ATP levels, thereby ensuring the proper
maintenance of cellular homeostasis.

FAO Inhibitors

“Indirect” Mechanisms of AIC Involving

Mitochondria

Since the initial discovery of ANT cardiotoxicity, the generation
of excessive ROS has represented the most widely accepted
mechanistic explanation. Even if in cardiomyocytes ROS
can be produced, at least in part, as a consequence of
ANT-mediated Top2f inhibition (see previous paragraph
for further detail), several “indirect” or Top2f-independent
mechanisms significantly contribute to ROS production and
mitochondrial dysfunction. In the next paragraph, we will
describe mechanisms of AIC which are unrelated to Top2f
inhibition and that culminate in alterations of mitochondrial
function and metabolism.

Mitochondrial ROS Production and Metabolism
Dysregulation

Recent evidence suggests that ANTs, in particular
DOX, preferentially accumulate in the mitochondria of
cardiomyocytes, strongly impacting on both the structure and
the activity of these organelles. Indeed, DOX can directly bind
to the abundant phospholipid cardiolipin, located in the inner
mitochondrial membrane (31, 32). This interaction hampers
the electron transport chain (ETC), since it inhibits complex I
and II, leading to ROS production (Figure 1). More specifically,
a quinone moiety in the C ring of DOX can accept electrons
for NADH or NADPH and is thus reduced by the respiratory
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chain complex I, generating a reactive semiquinone free radical
(33, 34). On one hand, this mechanism decreases the electron
flow through the ETC, removing electrons normally used for
ATP production; on the other hand, the reduced semiquinone
can transfer the electron to O, generating the superoxide
anion O, . DOX can be generated back by this process, in a
reaction known as the “redox cycling, and can be reduced
again if NADH is present, producing O, continuously. O, can
be transformed into the low-toxic hydrogen peroxide (H,O,)
by superoxide dismutase (SOD) or into other ROS (35, 36).
ANT-mediated production of these reactive species in turn can
activate different pathways leading to cardiomyocytes death,
including apoptosis and necrosis. Intriguingly, DOX-induced
cardiomyopathy has been recently linked to another form of
regulated cell death, the less characterized iron-dependent cell
death, also named ferroptosis, which is driven by iron-dependent
lipid peroxidation. Indeed, ANTs produce ROS also because
they can chelate free iron, leading to the formation of reactive
iron-DOX complexes that can interact with O, [Figure 1; (37)].
Moreover, it has been shown that DOX can upregulate heme
oxygenase 1, the enzyme responsible for heme degradation, and
releases free iron in cardiomyocytes, leading to oxidation of
lipids of the mitochondrial membrane and to a further release
of free iron in cardiomyocytes, thus feeding this vicious cycle of
ROS production (37). In addition, Ichikawa et al. showed that
DOX specifically triggers iron accumulation in the mitochondria
of isolated cardiomyocytes, without altering total cellular iron
levels. Intriguingly, this preferential accumulation is also found
in the hearts of DOX-treated patients. Mechanistically, the
increase in mitochondrial iron levels upon ANT administration
is mediated by the downregulation of the ATP-binding cassette
subfamily B member 8 (ABCBS), a transporter protein mediating
mitochondrial iron export. ABCB8 overexpression protects
mice from DOX-induced oxidative stress and cardiomyopathy
and preserves mitochondrial structure and cardiomyocyte
viability. Conversely, in the absence of ABCB8, DOX-induced
ROS production and mitochondrial damage are increased
compared to controls, underlying the cardio-protective role of
this transporter (37, 38). Notably, other aspects of mitochondrial
metabolism and energy production can be disrupted by ANTs.
It has been demonstrated that B-oxidation, the main process
used by the healthy heart to generate energy, is inhibited upon
DOX treatment through the down-modulation of carnitine
palmitoyltransferase 1 (CPT-1), while glycolysis is increased by
50% within few hours as a compensatory response. However,
this metabolic adaptation is reversed with time, with a strong
decrease in glucose oxidation that has been demonstrated
both in vitro and in vivo. This may be due to the reduction of
glucose supply after the induction phase or because of the poor
availability of one of the key enzymes of the process, namely
phosphofructokinase (PFK) (39).

Calcium Homeostasis Dysregulation

The metabolic changes induced by DOX, and the consequent
reduction in ATP levels, are known to negatively impact
myocardial contractility, which may be exacerbated by an
impairment of myocardial Ca?* signaling. It is known that

DOX affects Ca?™ homeostasis and signaling via several
mechanisms, also involving ROS. On one hand, the lipid
peroxidation elicited by DOX-mediated ROS production can
alter the activity of membrane-residing proteins, such as
mitochondrial calcium channels (40, 41). In addition, ANTs
can impair the expression and activity of key players of
myocardial contraction, namely the cardiac ryanodine receptor
(RyR2) and the sarco-/endoplasmic reticulum Ca?t ATPase
(SERCA2) (42). In physiological conditions, the action potential
mediating contraction is detected by L-type Ca?t channels
that activate RyR2, which are responsible for Ca®" release
from the sarcoplasmic reticulum (SR). This latter increase in
cytoplasmic Ca* level triggers muscle contraction. Ca?™ levels
are eventually restored to basal via the activation of SERCA2,
mediating the reuptake of Ca?t into the SR (42). DOX and its
main metabolite, doxorubicinol (doxOL), are known to activate
and increase the open probability of RyR2, though this effect is
acute and detectable only right after administration of the drug
and at low concentrations (42). Instead, doxOL was found to
oxidize RyR2 thiols and this irreversible modification causes a
significant inhibition of the channel. Interestingly, it has been
shown that SERCA2 can be inhibited via the same oxidation
process, which leads to a dramatic increase in cytoplasmic
Ca®t levels (42). In addition, this process is exacerbated by
the fact that ANTs can negatively affect the transcription of
the channel (42). More importantly, DOX is able to activate
Calcium/Calmodulin-dependent protein kinase-II (CaMKII),
which alters mitochondrial Ca?>t homeostasis and promotes
apoptosis. CaMKII increases Ca?" influx in mitochondria
through mitochondrial calcium Ca** uniporter (MCU) via
activation of the nuclear factor-kappa B (NF-kB) and p53. This,
in turn, leads to the opening of the permeability transition pore
(MTP) at lower levels of Ca?>t compared to normal conditions,
resulting in dissipation of the mitochondrial membrane potential
and in increased permeability to apoptotic factors (43, 44).
Moreover, ANT-mediated ATP depletion (as described in the
previous paragraph) also reduces the mitochondrial membrane
potential and causes MTP opening, further dysregulating Ca?*
homeostasis (45).

Autophagy and Mitochondrial Dynamism Impairment
Among all mammalian cells, cardiomyocytes emerge for
having the highest mitochondrial density and also the greatest
respiratory capacity. This might be the reason why preserving the
homeostasis of these organelles is a physiological imperative for
the heart. In agreement, mitochondria damaged by DOX have to
be promptly removed to maintain a healthy heart. Unfortunately,
ANTs are known to disrupt the major degradative/recycling
process of mitochondria, namely autophagy (46, 47). Several
studies found that acute administration of high-dose ANTs
can induce the accumulation of both LC3 and p62, the major
autophagy markers, with a reduction in ATP levels in mouse
hearts, and a significant suppression of oxygen consumption rate
(OCR) in their mitochondria (46). Further analysis from Li et al.
demonstrated that DOX blocks cardiomyocytes autophagic flux
mediating a strong accumulation of undegraded autolysosomes.
This is due to defects in lysosomal acidification caused by
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DOX-mediated suppression of the activity of V-ATPase, the
proton pump that generates and maintains pH gradients in this
organelle (48). Furthermore, ANTs inhibit the phosphorylation
of one of the positive regulators of autophagy initiation, AMPK,
suggesting that ANTs dampen autophagy not only by impairing
the autophagic flux but also by inhibiting its initiation. Starvation
prior to ANT treatment restores AMPK signaling and autophagy,
ultimately protecting the heart against cardiac dysfunction
(49). Another mechanism by which DOX impairs autophagy
involves the PI3Ky pathway. Li et al. recently showed that DOX
activates a PI3Ky/Akt/mTOR cascade which ultimately converges
on autophagy inhibition, while genetic or pharmacological
inhibition of PI3Ky restores the autophagic flux and protects
mice against AIC (50).

Along with impaired autophagy, AIC is characterized by
defective mitochondrial dynamics, which refers to organelle
fusion, fission, and mitophagy, a specific autophagic mechanism
targeting mitochondria. The mitochondrial fusion proteins,
mitofusinl and 2 (Mfnl and Mfn2), and optic atrophy 1
(Opal), as well as the mitochondrial fission protein, dynamin
related protein (Drp)l, are highly expressed in the mammalian
heart, wherein their genetic ablation causes dramatic cardiac
dysfunction. Mfn2 levels are decreased in cardiomyocytes
after treatment with DOX and this event is associated with
increased mitochondrial fission, leading to mitochondrial
fragmentation, mitophagy, decreased antioxidative capacity,
and ultimately cell death. Accordingly, increased expression of
Mfn2 in cardiomyocytes, or the use of the mitochondria-targeted
antioxidant Mito-Tempo, a specific scavenger of mitochondrial
superoxide, attenuate DOX-induced mitochondrial fission
and prevent cardiomyocyte mitochondrial ROS production
and apoptosis (51). Mito-Tempo though is not the only
known compound to counteract AIC. Several others are now
being investigated and will be extensively described in the
following paragraphs.

TARGETING MITOCHONDRIA AND THEIR
METABOLISM FOR THE TREATMENT OF
AIC

In-depth study of the intertwined molecular mechanisms
underlying ANT-induced mitochondrial toxicity has recently
paved the way to the development of approaches potentially
useful to treat AIC. However, targeting AIC in the clinical
setting is still challenging, since a major requirement for these
medications is that they do not interfere with the antitumor
activity of ANTs. Below we will describe the most promising
therapeutics for AIC, with a major focus on those targeting either
ROS and their production, or mitochondrial metabolism.

Dexrazoxane

Dexrazoxane is not only one of the most studied cardio-
protective adjuvant for DOX chemotherapy, but it is also the
only Food and Drug Administration (FDA)- and European
Medicines Agency (EMA)-approved drug for AIC prevention
(12, 52). Thanks to its ability to act as an iron-chelator,

dexrazoxane inhibits the production of ROS ensuing from
the interaction between ANTs and non-heme iron, ultimately
alleviating DOX-induced mitochondrial oxidative stress
[Figure 1; (53, 54)]. However, the concept that dexrazoxane
promotes cardioprotection only by virtue of its antioxidant
properties is debated, especially in view of the finding that
other antioxidant drugs, such as vitamin A, vitamin E, and
N-acetylcysteine, failed to provide benefits in the treatment of
AIC (55-57). An additional mechanism that may account for the
cardioprotective action of dexrazoxane is its ability to prevent
DOX from binding to the Top2B-DNA complex. X-ray crystal
structure analyses revealed that dexrazoxane can bind to the two
ATP binding sites at the N terminus of Top2 and bridges two
Top2 monomers in the closed-clamp configuration [Figure 1;
(58)]. Moreover, it has also been demonstrated that dexrazoxane
forms a tight complex with the ATPase domain of human
Top2a and Top2P, suggesting that this compound prevents ANT
from binding to Top2 (59). In addition, dexrazoxane has been
shown to interact with Poly(ADP-ribose) (PAR) monomers,
acting as a PAR Poly(ADP-ribose) polymerase (PARP) inhibitor
(60). In agreement, inhibition of this enzyme improves cardiac
function and decreases mortality without altering the anticancer
activity of DOX in several animal models of DOX-induced
cardiomyopathy (61). Consistent with its mechanisms of action,
dexrazoxane is exploited to prevent rather than treat AIC
and its use appears to be most appropriate in patients with
stage A of HEF, ie., at high risk of developing the pathology.
However, Ganatra et al. demonstrated that dexrazoxane exerts
its cardioprotective function also in stage B HF (62). In a
small cohort of patients showing pre-existing asymptomatic,
systolic left ventricular (LV) dysfunction, the administration of
dexrazoxane 30 min before each ANT dose was enough to allow
patients to complete their planned chemotherapy, with a minimal
decrease in LVEF and no elevation in HF biomarkers. On the
contrary, the three patients that did not receive dexrazoxane
had a marked reduction in heart function and developed
HE. Of note, two of them died from cardiogenic shock and
multi-organ failure (62).

Concerning the clinical efficacy of dexrazoxane, it has been
shown in multiple trials that it can reduce the incidence of
CHF and LVEF decline in patients treated with ANTs (63-65).
These findings were also corroborated by a more recent study
in which Marty et al. found that, based on both LVEF and
CHEF results, 164 relapsed breast cancer patients treated with
dexrazoxane have significantly lower overall cardiac events
in comparison with the control group treated with DOX or
epirubicin only (66). Similarly, dexrazoxane has been shown
to abrogate DOX-mediated mitochondrial dysfunction in
childhood cancer survivors. Lipshultz et al. found that, in
peripheral blood mononuclear cells (PBMCs), DOX-damaged
mitochondria expand their mtDNA, which encodes for 13
polypeptides involved in oxidative phosphorylation, as an
attempt to compensate for the injury and improve mitochondrial
metabolism (67). Treatment with dexrazoxane, together with
DOX, reduces the number of mtDNA copies per cell compared
to the group treated with DOX only, suggesting preserved
mitochondrial function in patients receiving the combination
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therapy (67). Intriguingly, besides proving the efficacy of
dexrazoxane in counteracting AIC-related mitochondrial
dysfunction, this study also suggests that mitochondrial injury,
and the ensuing increase of mtDNA in peripheral blood, might
represent a biomarker for early detection of cardiotoxicity, which
still represents an unmet clinical need.

Despite evident clinical benefits, in 2011 EMA contraindicated
the usage of dexrazoxane in children since its efficacy in this sub-
population was not assessed. In addition, it was proposed that
dexrazoxane could not only attenuate the anticancer effects of
ANTs and increase the risk of secondary malignancies, but could
also cause myelotoxicity (64-66). Nevertheless, this view has been
recently refuted by a number of studies (68). A phase-III clinical
trial, involving more than 500 children and adolescents affected
by T-cell acute lymphoblastic leukemia (ALL) or lymphoblastic
non-Hodgkin lymphoma, was conducted to investigate not only
the cardio-protective effects of dexrazoxane but also its safety
as well as its potential impact on the antineoplastic efficacy of
ANTSs (69). In addition, Lipshultz et al. found that dexrazoxane
attenuates DOX-induced cardiac injury in children with acute
lymphoblastic leukemia, without compromising its antileukemic
efficacy (70). It was also reported that dexrazoxane alone does not
increase the risk of second primary malignancies (SPMs), which
are instead related to the usage of three Top2 inhibitors used
in combination (doxorubicin, etoposide, and dexrazoxane) and
mostly etoposide (71). For these reasons, EMA has approved the
administration of dexrazoxane to children supposed to be given
more than 300 mg/m2 of ANTs (12, 52, 68).

Mito-Tempo

The novel drug named mitochondrial-targeted Tempo 1 (Mito-
Tempo) is a well-known superoxide dismutase (SOD) mimetic.
Mitochondria are the only organelles having a unique type of
superoxide dismutase, the manganese-containing SOD2, which
is crucial for protecting against excessive production of O,
a key feature of AIC (Figure 1). Mice that do not express this
protein develop a severe cardiomyopathy already at 10 days after
birth, while mice missing one allele of SOD2 (SOD21/~ mice)
develop hypertension with time and if challenged with an high-
salt diet, suggesting a role for this enzyme in cardiac protection
(72). Mito-Tempo consists of the tempol moiety bound to a
triphenylphosphonium cation that allows the molecule to enter
mitochondria, and this is the reason why this molecule may
be highly effective in organs, such as the heart, which are
rich in these organelles. Mimicking the activity of SOD, Mito-
Tempo acts as an antioxidant drug in rats, and in mice it
has also been shown to alleviate oxidative stress and cardiac
toxicity induced by DOX (73, 74). Indeed, already in the 907,
it was demonstrated that Mito-Tempo significantly reduces
the contractile impairment as well as the lipid peroxidation
observed in rat heart treated acutely with DOX (75). In all
these in vivo studies, Mito-Tempo was used in combination with
ANTs in patients with no pre-existing heart disease, suggesting
that it might be exploited to prevent AIC likely in patients
in stage A HF. In addition, in a guinea pig model of non-
ischemic HE, Mito-Tempo reversed the pathological phenotype,
suggesting that this compound can also have a therapeutic

effect in patients in later stages of ANT-induced HF (76).
More recently, Mito-Tempo was used in combination with
dexrazoxane and this combinatorial treatment ameliorates DOX-
induced cardiomyopathy without altering the antitumor activity
of DOX (77).

Elamipretide

Elamipretide is one of the first drugs developed to target
selectively the mitochondrial ETC in order to improve the
efficiency of electron transport and restore cellular bioenergetics
[Figure 1; (78)]. More than one mechanism of action has been
proposed for this tetrapeptide. It penetrates cell membranes,
localizing to the inner mitochondrial membrane where it
can interact with the phospholipid cardiolipin. Cardiolipin
has a crucial role in maintaining the functional positioning
of the ETC complexes and supercomplexes within the inner
mitochondrial membrane, allowing for efficient electron
transfer down the redox chain, minimizing reactive oxygen
species production. This binding between cardiolipin and the
tetrapeptide prevents peroxidation of the phospholipid, thereby
maintaining membrane fluidity and supercomplex formation
and enhancing electron transport chain function, ultimately
increasing ATP synthesis and reducing mitochondrial ROS (79—
82). Several studies conducted in rats showed that elamipretide
can significantly improve myocardial mitochondrial ATP
content, reduce myocardial infarct size and improve cardiac
function (83-85). Moreover, treatment with elamipretide
improves left ventricular function in animals with HF (84). Saba
et al. also demonstrated a significant improvement in ejection
fraction in dogs with HF treated with elamipretide for 3 months
(86). In addition, this compound can ameliorate left ventricular
relaxation via restoration of cardiac myosin binding protein-C
(84, 86, 87). A clinical trial of elamipretide in patients with
heart failure with reduced ejection fraction (HFrEF) has also
been conducted to evaluate safety, efficacy, and tolerability of
the compound. Daubert et al. reported that no subjects suffered
any serious adverse events, and only one stopped the treatment
after a single administration. Moreover, all patients had stable
hemodynamic parameters of blood pressure and heart function,
suggesting that elamipretide is well-tolerated also together
with current standard HF medications. Most notably, patients
treated with elamipretide showed a significant reduction in left
ventricular volumes in comparison with placebo, despite the
small sample size of the trial (88). Of course, larger studies are
required to determine its safety as well as its efficacy in patients
with HE, but up to now elamipretide seems to be an optimal
therapeutic option for targeting mitochondrial dysfunction in
the future. On note, elamipretide has not yet been tested in
a specific model of AIC but all these studies suggest that this
molecule can both ameliorate and prevent different aspects of
mitochondrial dysfunction, leading to envisage its use in patients
at different stages of the disease. Unfortunately, there is still no
evidence that this drug does not alter the antineoplastic activity
of ANTs, which might be a possibility because of its known
ability to inhibit apoptosis (84). Further studies are needed to
prove the possibility of using this molecule in Cardio-Oncology.
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Autophagy-Targeting Drugs

Until now, no compounds targeting autophagy have been used
in clinical trials to prevent AIC or any cardiac disease. Targeting
autophagy in AIC, as well as in any disease context, is still
controversial, since this process is critical to the maintenance
of cellular homeostasis and it has to be finely tuned, with any
perturbation being either beneficial or detrimental (47, 89).
Some attempts to modulate this process have been reported
in animal models and have shown promising starting results,
suggesting that inhibiting this process can be protective and
that can be used in the future in patients in stage A of AIC.
Sciarretta et al. also demonstrated that the autophagy activator
trehalose can protect from myocardial infarction-induced cardiac
remodeling, suggesting the possible use of this molecule as a
therapeutic agent for HF (90). Sishi et al. showed that rapamycin,
a known potent activator of autophagy, is able to improve the
negative effects mediated by DOX treatment when administered
in combination with the anticancer therapy, leading to a
decrease in ROS production, and enhanced mitochondrial
function (91). Pharmacological inhibition of PI3Ky phenocopies
mTOR blockade and restores the autophagic flux, ultimately
preventing AIC (50). However, boosting the autophagic process
can negatively impact on the efficacy of cancer treatments
since it may make the tumor resistant to chemotherapy. In
agreement, autophagy inhibitors, instead of activators, have
been tested in oncology so far. Several trials have been carried
out inhibiting autophagy with hydroxychloroquine (HCQ), the
only clinically-approved autophagy inhibitor (92), raising some
concerns about the possible future usage of autophagy-activators
for curing AIC.

Inhibitors of Mitochondrial Fatty Acid Beta

Oxidation

Members of this category are Trimetazidine, Ranolazine, and
Perhexiline and their use results in the reduction of myocardial
fatty acid (FA) uptake and oxidation (Figure 1). In pathological
conditions, such as HE, cardiac fatty acid and glucose metabolism
are altered and contribute to impaired heart efficiency and
function. More specifically, there is an increase in the amount
of fatty acids that are oxidized by cardiac mitochondria (93-95).
Since FA oxidation (FAO) consumes more energy in comparison
with glucose oxidation, requiring 10% more oxygen for a given
amount of ATP that is produced, an increase in the amount
of FA oxidized by the mitochondria can potentially reduce
cardiac efficiency and impair heart function (96). Therefore,
FAO inhibitors might represent promising drugs for treating
AIC in patients at more advanced stages of the disease,
such as B and C, since they lead to an enhanced glucose
oxidation and prevent a decrease in intracellular ATP levels,
thereby ensuring the proper functioning of ionic pumps and
maintenance of cellular homeostasis (97-99). Nevertheless, early
and sustained inhibition of CPT-1, the crucial and limiting
enzyme of FAO, was shown to prevent LV dysfunction and
remodeling, as well as efficiently slowing down the development
and progression of the disease, in a dog model of HF, suggesting
the possible usage of FAO inhibitors also in stage A HF (100).

Of note, these compounds could also provide the opportunity
to target cancerous cells as well, since they depend on FAO
for several aspects such as proliferation, survival and drug
resistance (101).

Trimetazidine is an antiischemic agent able to specifically
inhibit the long-chain mitochondrial 3-ketoacyl coenzyme A
thiolase enzyme that can help cardiomyocytes to maintain
proper energy metabolism. No clinical trial has been conducted
using this drug for the treatment of AIC, or more generally
HE but its safety and tolerability have been proven through
its use in acute coronary syndrome (102). Several studies
demonstrated that trimetazidine is effective in improving LVEF,
decreasing the rate of hospitalization and reducing brain
natriuretic peptide (BNP) levels in subjects with HF (103-106).
Moreover, it can also improve cardiac function and reduce
HF symptoms when administered together with metoprolol,
a BAR blocker.

Ranolazine, if used at high concentrations, is a partial
inhibitor of fatty acid beta-oxidation (107). Its main
mechanism of action is indeed related to its capability to
inhibit late inward sodium channels. In failing myocytes,
these channels are hyperactivated, leading to calcium
overload and in turn contractile dysfunction and increased
oxygen consumption (108). Ranolazine is approved for
the treatment of chronic angina, but there is evidence
suggesting its clinical effect also for HF treatment (109).
Up to now, it has been demonstrated that ranolazine mediates
diastolic benefits, by restoring myocyte relaxation, reducing
resting tension as well as left ventricular end diastolic
pressure in animal studies conducted in dogs (110, 111).
Further improvements have also been reported when this
drug is used in combination with BAR blockers (112).
Concerning clinical trials, a small sample size study has
been conducted in HF patients with preserved ejection
fraction, revealing that ranolazine can provide improvement in
hemodynamics, but no evidence was provided of improvement in
relaxation parameters (113).

Perhexiline is another drug acting on metabolism that was
originally thought as an antianginal medication and its usage
was declined for several side effects, including hepatotoxicity
and neurotoxicity (114). More recently, its toxicity has been
found to be preventable with individualized dosing, but its
clinical use remains difficult. Its activity as a fatty acid
beta-oxidation inhibitor was demonstrated on rat hearts that
showed a reduction of fatty acid utilization of 35%, with a
concurrent increase in cardiac output of 80 mL/min/g. More
specifically, it was demonstrated that perhexiline can inhibit
CPT-1, known to control access of long chain fatty acids to
the mitochondrial site of beta-oxidation (115). Concerning its
clinical use for HF treatment, a small sample size clinical
trial has been performed, particularly focused on studying
its effect on oxygen consumption. A clear improvement in
peak oxygen consumption was found following perhexiline
treatment compared to no change in patients treated with a
placebo, and improved ejection fraction was also observed,
suggesting its possible and effective future employment also for
AIC (116).
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BEYOND CARDIOMYOCYTES

An important aspect to consider from a therapeutic perspective
is that, although the majority of the studies in the field of Cardio-
Oncology have focused their attention on the effects of ANTs
on cardiomyocytes, these are not the unique cellular population
found in the heart. The emerging view is that anticancer
compounds also target cardiac fibroblasts and endothelial cells.
It has been shown that, both in vitro and in vivo, DOX affects
the differentiation of fibroblasts into myofibroblasts which in
turn produce a huge amount of extracellular matrix components,
leading to cardiac fibrosis. This process is driven by DOX-
dependent ROS that activate TGF-B, the main responsible
for fibroblast differentiation (117, 118). Moreover, DOX also
modulates the activity of ATM, a kinase which is activated
in response to DNA damage induced by oxidative stress.
Interestingly, this activation occurs only in cardiac fibroblasts
and not in cardiomyocytes, suggesting that this may be a
cell-type specific mechanism contributing to AIC (119). How
ANTs affect mitochondria in fibroblasts is still unexplored
and requires additional work. Instead, more information is
available on the role of these organelles in cardiac endothelial
cells. Apart from increasing cell permeability and leading to
edema formation, DOX can also reduce ATP levels and, in
turn, mitochondrial function in these cells (120). Moreover, by
means of its interaction with the nitric oxide (NO) synthase,
DOX can also interfere with NO production that is essential
for endothelial homeostasis (121). However, further studies are
needed to further explore the role of these other cardiac cell
populations in AIC, hopefully paving the way to the development
of new therapeutic options.

FUTURE PERSPECTIVES

Besides the urgent need for new effective therapeutic approaches,
another still unresolved issue in the field of Cardio-Oncology
is how to predict who is likely to develop cardiotoxicity.
Anthracycline dose, patient’s age and pre-existent cardiovascular
disease only partially explain the interindividual susceptibility
to AIC and the prevailing hypothesis is that the sensitivity to
anthracyclines has a genetic basis (122). Unveiling the genetic
variants that contribute to AIC is of upmost importance since
it may give the clinicians the opportunity to identify patients at
risk prior the treatment, and potentially modify the therapeutic
regimens by using alternative drugs or cardioprotective agents.
Early candidate gene association studies (CGAS) and genome-
wide association studies (GWAS) have started to reveal the
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