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Anthracyclines, such as doxorubicin, represent one group of chemotherapy drugs with the
most cardiotoxicity. Despite that anthracyclines are capable of treating assorted solid
tumors and hematological malignancies, the side effect of inducing cardiac dysfunction
has hampered their clinical use. Currently, the mechanism underlying anthracycline
cardiotoxicity remains obscure. Increasing evidence points to mitochondria, the energy
factory of cardiomyocytes, as a major target of anthracyclines. In this review, we will
summarize recent findings about mitochondrial mechanism during anthracycline
cardiotoxicity. In particular, we will focus on the following aspects: 1) the traditional
view about anthracycline-induced reactive oxygen species (ROS), which is produced
by mitochondria, but in turn causes mitochondrial injury. 2) Mitochondrial iron-overload
and ferroptosis during anthracycline cardiotoxicity. 3) Autophagy, mitophagy and
mitochondrial dynamics during anthracycline cardiotoxicity. 4) Anthracycline-induced
disruption of cardiac metabolism.
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INTRODUCTION

Anthracyclines, including doxorubicin, daunorubicin, epirubicin and idarubicin, are a family of
antibiotics that are broadly used to treat solid tumors (ovary, breast, stomach, brain, and
gastrointestinal tumors) and hematological malignancies (lymphoma and pediatric leukemia)
(National Cancer Institute, 2020). Anthracyclines can be used alone or combined with other
anti-cancer regimens, such as radiation therapy or monoclonal antibodies (Christodoulou et al.,
2009). However, cardiovascular diseases arise as a leading cause of morbidity and mortality among
cancer survivors receiving anthracycline therapy, largely limiting the clinical application of these
drugs (Zamorano et al., 2016).

At present, there is no standard guideline to prevent anthracycline-associated cardiotoxicity. This
is mainly because our understanding of the molecular mechanisms underlying anthracycline
cardiotoxicity is still limited. It is currently known that anthracyclines primarily bind to
topoisomerase 2 (TOP2) and induce DNA double-strand breaks in cancer cells (Tewey et al.,
1984). Similarly in the heart, topoisomerase 2ß (TOP2ß) acts as the main target of anthracyclines in
cardiomyocytes (Lyu et al., 2007; Zhang et al., 2012). Formation of ROS due to the redox cycling of
anthracyclines is considered as another key mechanism that leads to oxidative stress damage in
cardiomyocytes (Simůnek et al., 2009). Beside these, other mechanisms include anthracycline-
induced disruption of iron metabolism, insulin resistance and inflammation (Ghigo et al., 2016).
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More recently, disturbance of cardiac autophagy, especially
mitochondrial autophagy (mitophagy), emerges as a newly
recognized reason underlying anthracycline cardiotoxicity
[reviewed in ref (Li M. et al., 2020)]. Anthracycline
cardiotoxicity is likely to be multifactorial and complex
[reviewed in refs (Vejpongsa and Yeh, 2014; Ghigo et al.,
2016; Sala et al., 2020)]. Nevertheless, distinct mechanisms
converge on anthracycline-induced mitochondrial dysfunction
as a central event. In the heart, mitochondria are important
organelles, which occupy around 30% of the total cardiomyocyte
volume and supply 90% energy through oxidative
phosphorylation (OXPHOS) for the cardiac biological
processes (Piquereau et al., 2013). Thus, deciphering
mitochondrial alterations at the molecular and functional
levels is critical for anthracycline therapy. In this review, we
will summarize the recent findings about anthracycline-induced
cardiotoxicity, especially about mitochondria-related ROS
production, iron-overload and ferroptosis, mitophagy and
mitochondrial dynamics disruption, as well as cardiac
metabolism alteration after mitochondrial dysfunction.

ANTHRACYCLINE CARDIOTOXICITY:
PHENOMENON AND CURRENT
TREATMENT
Anthracycline treatment results in acute, early and chronic
cardiotoxicity. The acute side effects include supraventricular
arrhythmia, transient left ventricle dysfunction and
electrocardiographic changes, which occur immediately
following treatment and are reversible after discontinuation of
the therapeutic regimen. However, irreversible cardiac
dysfunction may develop early after treatment completion,
commonly within 1 year, or manifest several years after
treatment (median = 7 years). Irreversible cardiac dysfunction
may eventually lead to heart failure and lower the life quality of
cancer survivors (Zamorano et al., 2016). For example, breast
carcinoma and small cell lung carcinoma patients receiving
doxorubicin treatment showed a 5% incidence of congestive
heart failure at a cumulative dose of 400 mg/m2. This
incidence rate rapidly increased to 48% when 700 mg/m2 was
reached (Swain et al., 2003). Thus, early detection of cardiac
dysfunction is important to prevent anthracycline cardiotoxicity.
If anthracycline-induced cardiac dysfunction is identified early
and interfered with heart failure medications, patients recover
easily. In contrast, heart failure is difficult to treat if detected late
after anthracycline therapy (Cardinale et al., 2010, 2015).

Phenomenon of chronic anthracycline cardiotoxicity includes
enlargement of all chambers and thinning of the ventricular walls,
which are classic appearances of a dilated heart, accompanied by
continuous progressive decline of fractional shortening and
ejection fraction (Vejpongsa and Yeh, 2014). Some studies also
reported a decrease of left ventricle mass after anthracycline
therapy (Jordan et al., 2018). Morphologically, clinical
observations and animal studies both discovered myofibrillar
loss, cardiomyocyte atrophy and cellular microvacuolization in
anthracycline-treated hearts (Li et al., 2016, 2018). This may

explain why chronic anthracycline cardiotoxicity is frequently
irreversible. Cardiac fibrosis and inflammation were reported in
some cases, although not representative enough (Zhao et al.,
2010; Wang et al., 2016).

Strategies of preventing anthracycline-induced cardiac
dysfunction include reduction of cumulative dose, liposome-
based delivery, continuous infusions or use of less toxic
analogues (such as epirubicin) (Vejpongsa and Yeh, 2014;
Zamorano et al., 2016). At present, dexrazoxane, an iron
chelator, is the only cardioprotective drug approved by Food
and Drug Administration (FDA) and European Medicines Agent
(EMA) to reduce anthracycline cardiotoxicity. Nevertheless,
dexrazoxane was initially restricted to adult metastatic breast
cancer patients receiving high cumulative dose of anthracyclines
(European Medicines Agency, 2018a). Meanwhile, traditional
cardiac medications, including angiotensin converting enzyme
inhibitors (ACE inhibitors), angiotensin II receptor blockers
(ARBs) and ß-adrenergic receptor antagonists (ß-blockers), are
also tested in different studies to prevent anthracycline-associated
cardiac side effects. Nevertheless, the results remain controversial,
as some studies found a significant improvement of cardiac
function by carvedilol (Kalay et al., 2006), nebivolol (Kaya
et al., 2013) or carvedilol + enalapril (Bosch et al., 2013),
whereas others reported no difference among placebo,
metoprolol and enalapril groups (Georgakopoulos et al., 2010).
More evidence is needed to clarify this point.

ANTHRACYCLINE-INDUCED
MITOCHONDRIAL ROS PRODUCTION

The most widely accepted mechanism for anthracycline
cardiotoxicity is the ability of these drugs to generate
excessive reactive oxygen species (ROS) (Figure 1A). The
special chemical structures of anthracyclines decide that
they can be reduced to a semiquinone form. Inside the cells,
this process is catalyzed by nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase and nitric oxide synthases
(NOSs) in the cytoplasm [reviewed in refs (Rochette et al.,
2015; Ghigo et al., 2016)], as well as by mitochondrial electron
transport chain (ETC). All these components can transfer
electrons to doxorubicin (DOX), for example, to form
semiquinone doxorubicin (SQ-DOX). SQ-DOX is an
unstable metabolite that could be oxidized by oxygen within
mitochondria, accompanied by the release of ROS. This is
further worsened by the fact that anthracyclines have high
affinity to cardiolipin (Parker et al., 2001), a phospholipid
exclusively localized at the inner mitochondrial membrane.
Thus anthracyclines preferentially accumulate in
mitochondria (Ichikawa et al., 2014). Excess ROS
production can induce different types of cellular injury and
ultimately lead to cell death. Considering the fact that
mitochondria are extremely rich in cardiomyocytes and that
the heart has lower levels of antioxidant enzymes, such as
catalase and superoxide dismutase (SOD), compared to other
organs (Li X. et al., 2020), it is reasonable that the heart is more
susceptible to anthracycline-induced ROS generation.
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Mitochondrial respiration supplies ATP through electron
transfer and the accompanied proton gradient. During this
process, ROS are natural by-products under physiological
conditions, but may be excessively produced under
pathological situations, such as anthracycline stress.
Mitochondrial ROS are primarily generated by the ETC
complexes, including complex I, II, and III [reviewed in ref
(Forrester et al., 2018)]. Complex I (also known as NADH
dehydrogenase) is the major site wherein anthracyclines
interrupt mitochondrial ROS production. Complex I catalyzes
the production of NAD+ from NADH and extracts 2 electrons to
reduce FMN (flavin mononucleotide), the central unit of complex
I. O2

− is produced when O2 reacts with reduced FMN (Forrester
et al., 2018). Early studies demonstrated that anthracyclines can
facilitate O2

− generation by extracting electron from complex I to
form semiquinone anthracycline. The oxidation of semiquinone
anthracycline by O2 promotes O2

− generation (Davies and
Doroshow, 1986; Marcillat et al., 1989). In addition, the
extraction of electrons by anthracyclines hinders electron flow

within ETC and, as a result, reduces ATP production. Later
studies further revealed that the activities of complex II and
III are also rapidly inhibited by anthracyclines, which do not
contribute to ROS generation, suggesting that anthracyclines
inactivate cardiac ETC through both oxidative and non-
oxidative mechanisms (Marcillat et al., 1989; Pointon et al., 2010).

In summary, anthracycline-induced ROS production is pivotal
factor that contribute to cardiomyocyte injury. It is worthy to
note that ROS itself could boost secondary ROS generation, a
process named ROS-induced ROS release (RIRR) (Zorov et al.,
2014). RIRR hypothesis suggests that high level of ROS will cause
irreversible opening of mitochondrial permeability transition
pore (mPTP), leading to mitochondria damage and
consequent ROS release from mitochondria to cytosol. The
increased cytosolic ROS is rapidly absorbed by the adjacent
normal mitochondria, thereby cascade amplification and
release of ROS is achieved, ultimately triggering cell apoptosis
(Zorov et al., 2014). In fact, a study in anthracycline-induced
endotheliotoxicity models demonstrated that a stable level of

FIGURE 1 |Mitochondrial mechanism during anthracycline cardiotoxicity. (A) Anthracyclines promote reactive oxygen species (ROS) production through directly
interfering with NADPH oxidase, nitric oxide synthases (NOSs) and mitochondrial electron transport chain (ETC). Mitochondria are the major producers of ROS, but in
turn are injured by ROS. (B) Anthracyclines can disrupt iron metabolism by interacting with iron regulatory protein (IRP), resulting in promotion of transferrin receptor (TfR)
expression and inhibition of ferritin expression. As a result, iron uptake is increased and iron storage is decreased, ultimately leading to free iron overload, especially
in mitochondria. ROS can induce lipid peroxidation and consequent ferroptosis in an iron-dependent manner. Notably, anthracyclines inhibit Glutathione peroxidase 4
(GPX4), a phospholipid hydroperoxidase that inhibits lipid peroxidation, thus exacerbate ferroptosis. (C) Anthracyclines may disrupt autophagy and mitochondrial
autophagy (mitophagy) through inhibition of autophagy initiation and blocking the fusion between autophagosome and lysosome. This prevents the efficient clearance of
damaged cellular components including mitochondria and worsens anthracycline cardiotoxicity. However, whether autophagy is protective or detrimental during
anthracycline cardiotoxicity is still controversial. (D) Anthracyclines largely reduce the utilization of fatty acid while transiently increase glucose oxidation (dashed arrow).
The reprogram of fuel substrate utilization does not improve energy supply, but together with mitochondrial dysfunction, eventually lead to ATP reduction and energetic
failure. AMPK is the main energy and nutrient sensor that promotes ATP production by activating anabolic processes, such as fatty acid oxidation and autophagy.
Notably, AMPK is inhibited by anthracyclines with still unclear mechanism, which further exacerbates anthracycline-induced energetic failure. Strategies aiming at
targeting mitochondrial features to reduce anthracycline cardiotoxicity include (green symbols): 1) Mitochondrial specific antioxidants, like mitoTEMPO andMitoQ. 2) Iron
chelators, such as dexrazoxane. 3) Ferroptosis inhibitors, like ferrostatin-1. 4) Autophagy activators, such as PI3K/Akt/mTOR inhibitors and AMPK activators (metformin
and melatonin). 5) Energetic stimulators, like elamipretide and aerobic exercise.
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cytosolic ROS and rapid rise of mitochondrial ROS were observed
in the early phase (4–8 h) after doxorubicin treatment, while a
sudden 15-fold increase of cytosolic ROS occurs 16 h after
doxorubicin exposure in human umbilical vein endothelial
cells (HUVECs), suggesting that RIRR could contribute to the
final ROS burst by anthracyclines (He et al., 2020). As
anthracycline-induced cardiomyocyte mPTP opening and
mitochondrial membrane potential loss are consistently
observed in a large number of studies (He et al., 2018; Villa
et al., 2021), it is supposed that RIRR also contributes to
anthracycline cardiotoxicity, which awaits direct experimental
confirmation.

MITOCHONDRIAL IRON-OVERLOAD AND
FERROPTOSIS DURING ANTHRACYCLINE
CARDIOTOXICITY
Disruption of iron homeostasis is another key reason for
anthracycline cardiotoxicity. Since their discovery,
anthracyclines are found capable of chelating free iron
vigorously to form iron-anthracycline complexes, which
further react with oxygen and promote ROS production
(Gutteridge, 1984). Early studies demonstrated that animals
fed with iron-rich food are more susceptible to doxorubicin-
induced weight lost and cardiomyocyte apoptosis, suggesting a
pivotal role of iron metabolism during anthracycline
cardiotoxicity (Panjrath et al., 2007). Since anthracyclines
boost ROS production, the iron-anthracycline complexes-
related free radicals were initially considered as a contributor
to anthracycline cardiotoxicity. Nevertheless, many antioxidant
strategies failed to protect against anthracycline-induced
myocardium injury in animal studies (Mukhopadhyay et al.,
2009) and clinical settings (van Dalen et al., 2011). Thus, iron-
anthracycline complexes and the related ROS production may
have only limited effect in anthracycline cardiotoxicity. Instead,
increasing evidence has supported the view that anthracyclines
may directly interrupt iron metabolism, resulting in iron-
overload and the consequent ferroptosis (Figure 1B).

Anthracyclines Interrupt Iron Metabolism
It is progressively clear that free iron accumulates in
cardiomyocytes during anthracycline treatment, resulting in
iron-overload that could be highly toxic (Ichikawa et al.,
2014). Anthracycline-induced interruption of iron metabolism
is a complex and multi-target process. Primarily, anthracyclines
can interfere with the key iron-binding and -transporting
proteins. For example, doxorubicinol, a doxorubicin
metabolite, can sequester the Fe-S cluster of iron regulatory
protein 1 (IRP-1), which serves as an important feedback
regulator that strictly controls the expression of iron
metabolism proteins (Minotti et al., 1998, 2001). Iron-
doxorubicin complexes further reduce the available free iron
pool, leading to a switch of IRP-1 to an iron-free state. Iron-
free IRP-1 can bind to the iron-responsive elements (IREs) on the
mRNA of iron metabolism-related proteins, such as transferrin
receptor (TfR) and ferritin, and regulates their expression

(Rouault, 2006). Upregulation of TfR and subsequently iron
uptake are detected in doxorubicin-treated cells, whereby anti-
TfR antibody effectively reduces doxorubicin-promoted iron
uptake and cell death (Kotamraju et al., 2002). Beside
disrupting IRP-1, doxorubicin can directly interact with the
IREs of ferritin heavy and light chains (Canzoneri and
Oyelere, 2008). The combinatorial altered expressions of TfR
and ferritin lead to enhancement of iron uptake, inhibition of iron
sequestration and ultimately iron-overload in cardiomyocytes.
Moreover, deficiency of human hemochromatosis protein (also
known as the HFE protein), which competes the interaction
between TfR and transferrin, also leads to iron-overload and
exacerbates doxorubicin-induced mitochondrial damage and
mortality (Miranda et al., 2003). Notably, anthracycline-
induced increment of iron contents preferentially accumulates
in special subcellular compartments, especially the cardiac
mitochondria. This may be due to the fact that mitochondria
are the major cellular cites of iron utilization. Iron is required for
the synthesis of heme and Fe-S clusters that are essential cofactors
of enzymes involved in the tricarboxylic acid (TCA) cycle and the
respiratory chain (Rizzollo et al., 2021). Accordingly, hearts from
patients with anthracycline-related cardiomyopathy displayed
higher iron levels in mitochondria, compared to those from
patients with normal cardiac function or other types of heart
failure (Ichikawa et al., 2014). Within the matrix, mitochondrial
ferritin (FtMt) serves as an iron storage protein in mitochondria
to avoid oxidative stress-related damage induced by high iron
content. Correspondingly, FtMt deficient mice (FtMt−/−) are
more susceptible to anthracycine-induced mitochondrial
damage, heart remodeling and mortality (Maccarinelli et al.,
2014). In contrast, overexpression of mitochondrial iron
exporters, such as ABC protein B8 (ABCB8), reduces
mitochondrial free iron and protects the heart against
anthracycline-induced cardiomyopathy (Ichikawa et al., 2014).
Thus, anthracycline-induced disruption of iron metabolism
eventually results in labile iron accumulation in mitochondria
and finally cardiotoxicity.

Anthracyclines Induce Ferroptosis in
Cardiomyocytes
A long-debated issue about anthracycline cardiotoxicity is
which type of programmed cell death contributes mostly to
the loss of terminally differentiated cardiomyocytes. It was
initially reported that anthracyclines induce DNA damage and
apoptosis (Arola et al., 2000). Nevertheless, later evidence
suggested that anthracyclines trigger various types of
programmed cell death, including necrosis (Zhang et al.,
2016), pyroptosis (Wang et al., 2017), and autophagy (Lu
et al., 2009). Thereinto, apoptosis, necrosis and pyroptosis
are considered detrimental, while autophagy could be cardiac
protective (Li et al., 2016, 2018). Intriguingly, disturbance of
iron metabolism may eventually lead to another iron-
dependent programmed cell death, ferroptosis. In fact,
recent studies have highlighted the dominant role of
ferroptosis in anthracycline cardiotoxicity (Fang et al., 2019;
Tadokoro et al., 2020).
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Ferroptosis is a recently identified form of programmed cell
death that involves iron- and ROS-dependent damage to
membrane lipids. It is characterized by the existence of small
mitochondria with condensed mitochondrial membrane,
pruning of mitochondria crista, as well as outer mitochondrial
membrane rupture (Xie et al., 2016). Ferroptosis is genetically and
biochemically distinct from other forms of programmed cell
death, like apoptosis, necrosis, and autophagy. It can be
triggered by activation of mitochondrial voltage-dependent
anion channels, mitogen-activated protein kinases or over-
activated endoplasmic reticulum stress. ROS production
stimulated by these stresses directly induces peroxidation of
phospholipids with polyunsaturated fatty acid (PUFA) chain
in an iron-dependent manner, ultimately resulting in
ferroptotic cell death. The cystine/glutamate antiporter system
Xc− maintains redox homeostasis by importing cystine to
produce cysteine, which is used to synthesize the major
antioxidant glutathione (GSH), thus inhibiting ferroptosis. In
addition, glutathione peroxidase 4 (GPX4), nuclear factor
erythroid 2-related factor 2 (NRF2) and heat shock protein
beta-1 (HSPB1, also known as HSP27) negatively inhibit
ferroptosis by limiting ROS production and reducing cellular
iron uptake. In contrast, p53 inhibits SLC7A11, a key component
of system Xc−, while NADPH oxidase directly contributes to ROS
production, both of which promote ferroptosis (Jiang et al., 2021).
Doxorubicin treatment results in the suppression of GPX4,
upregulation of PTGS2 (another key ferroptosis indicator) and
lipid peroxidation of mitochondrial membrane, typical
phenotypes of mitochondria-dependent ferroptosis, implying
that anthracyclines induce ferroptosis in cardiomyocytes and
hearts (Fang et al., 2019; Tadokoro et al., 2020; He et al.,
2021). Consistently, inhibition of ferroptosis by
pharmacological inhibitors (ferrostatin-1 or mitoTEMPO) or
by genetic overexpression of GPX4 both significantly reduce
doxorubicin-induced heart injury and mortality in mice (Fang
et al., 2019; Tadokoro et al., 2020). Mechanistically, doxorubicin
facilitates nuclear accumulation of the nuclear factor erythroid 2-
related factor 2 (NRF2) and enables NRF2 to promote the
expression of heme oxygenase 1 (HMOX1). HMOX1 can
degrade heme to release free iron. As a result, iron
accumulates in the heart after doxorubicin treatment,
ultimately promoting mitochondrial-dependent ferroptosis
(Fang et al., 2019). Moreover, anthracyclines downregulate
GPX4, especially mitochondrial GPX4, thereby dampening the
anti-ferroptosis effect of GPX4 and exacerbating cardiomyocyte
injury (Tadokoro et al., 2020). Notably, inhibition of ferroptosis
displays more efficient cardiac protection compared to repression
of other types of programmed cell death, including apoptosis,
necrosis and autophagy (Fang et al., 2019), further emphasizing
the dominant role of iron-overload and ferroptosis in
anthracycline-induced cardiotoxicity. Thus, ferroptosis
inhibitors, such as ferrostatin-1 or mitoTEMPO, could be
promising drugs to prevent anthracycline cardiotoxicity.

Overall, ferroptosis raises as a newly recognized programmed
cell death. Past and recent evidence both highlight that
anthracycline-induced iron-overload in mitochondria and the
consequent mitochondria-dependent ferroptosis are dominant

factors involved in anthracycline cardiotoxicity. It is worth
further efforts to investigate whether ferroptosis inhibitors
could act as cardioprotectant against anthracycline
cardiotoxicity in the future.

AUTOPHAGY, MITOPHAGY AND
MITOCHONDRIAL DYNAMICS IN
ANTHRACYCLINE CARDIOTOXICITY
Autophagy and Mitophagy in Anthracycline
Cardiotoxicity
Autophagy is another programmed cell death process that has
received great attention. Since its discovery, autophagy is
considered as a beneficial process that helps to maintain
cellular homeostasis by facilitating the removal of aggregated
proteins and damaged organelles, such as mitochondria (Chun
and Kim, 2018). Nevertheless, uncontrolled amplification of
autophagy can also be a final outcome, resulting in cell death
(Nishida et al., 2008). Autophagy starts with the nucleation and
elongation of double membrane vesicles, named
autophagosomes, which can encapsulate ubiquitinated proteins
destined to be degraded (Russell et al., 2013). The recognition of
cargo proteins or organelles depends on matured microtubule-
associated protein 1 light chain 3 (LC3-II) on the autophagosome
membranes and proteins that carry a LC3-II interacting domain
(LIR), such as sequestosome-1 (SQSTM1, also known as
ubiquitin-binding protein p62) (Klionsky et al., 2021).
Consequently, autophagosomes fuse with lysosomes to form
autolysosomes, wherein the low pH environment and
proteases control the degradation of targeted protein cargos.
Autophagy is strictly regulated by the upstream signalling,
including AMP activated protein kinase (AMPK)-regulated
activation and PI3K/Akt/mTOR-mediated inhibition (Kim
et al., 2011).

The detoxifying effect of this cellular recycling process in other
types of cardiac diseases is well recognized (Sabbah et al., 2016),
but whether autophagy is beneficial or detrimental in
anthracycline-induced cardiotoxicity is still a subject of
dispute. Previous studies reported that anthracyclines stimulate
cardiac autophagy, which primarily contributes to cardiomyocyte
death after drug treatment. An enhanced level of autophagy
markers, including Beclin1, LC3-II, p62, autophagy-related
protein (ATG) 5 (ATG5) and 7 (ATG7), are detected in
anthracycline-treated cardiomyocytes and hearts (Zhang et al.,
2011, 2019;Wang et al., 2014; Luo et al., 2018). In support of these
findings, inhibition of Beclin1 attenuates anthracycline-induced
cardiomyocyte death, whereas Beclin1 overexpression
exacerbates anthracycline cardiotoxicity (Kobayashi et al.,
2010). However, other studies demonstrated that
anthracyclines in fact can block autophagy and that promotion
of cardiac autophagy flux is protective against anthracycline
cardiotoxicity (Kawaguchi et al., 2012; Sishi et al., 2013; Dutta
et al., 2014; Li et al., 2016, 2018; Song et al., 2018; He et al., 2021).
These controversial findings may be attributed to a lack of
uniform models to study the role of autophagy in
anthracycline cardiotoxicity [reviewed in ref. (Li M. et al.,
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2020)]. Whether autophagy is protective or detrimental in
anthracycline cardiotoxicity may be attribute to multiple
reasons, including the lack of accurate analysis of autophagy
flux, dose and duration of anthracycline treatment, as well as
dynamic phases of the pathological development. Despite that no
consensus has been made on the role of autophagy in
anthracycline cardiotoxicity, most studies support the view
that anthracyclines impair autophagy flux, resulting in the
blockage of clearance and recycling of potentially toxic cellular
components, such as damaged/dysfunctional mitochondria
(Figure 1C).

Cardiomyocytes are abundant with mitochondria, which are
the major source of ROS production. In turn, cardiomyocyte
mitochondria are susceptible to ROS-induced damage.
Mitochondrial autophagy, also called mitophagy, is essential
for clearing damaged mitochondria and maintaining the
functional ones (Saito and Junichi, 2015). In addition to the
standard process of autophagy, mitophagy involves the
participation of specific proteins, which work as labels for
helping damaged-mitochondria recognition by LC3 and p62.
These proteins include: 1) BCL2/adenovirus E1B 19 kDa
interacting protein 3 (Bnip3), NIP3-like protein X (Nix, also
known as Bnip3L), FUN14 domain containing 1 (FUNDC1) and
cardiolipin, which are direct receptors of LC3 on the
mitochondrial outer membrane, and 2) PTEN-inducible
putative kinase 1 (PINK1) and Parkinson juvenile disease
protein 2 (Parkin), which regulate mitochondrial protein
ubiquitination and the recognition by p62 and LC3 (Saito and
Junichi, 2015).

PINK1/Parkin-mediated recognition of damaged mitochondria
by autophagosomes is the most studied mitophagy mechanism.
PINK1 is a mitochondrial serine/threonine-protein kinase that
locates in inner mitochondrial membrane. However, PINK1 fails
to insert into the inner membrane when mitochondrial
depolarization occurs, thereby accumulating at the outer
mitochondrial membrane. Accumulated and activated PINK1
consequently recruits Parkin, an ubiquitin E3 ligase that
ubiquitinates various proteins on the mitochondrial outer
membrane, thus marking depolarized mitochondria to be
recognized by p62, LC3 and autophagosomes (Narendra et al.,
2008). Mitophagy is impaired in anthracycline-treated hearts, as a
significant decrease of PINK1, Parkin and p62 in themitochondria is
detected after doxorubicin treatment (Hoshino et al., 2013). Precise
analysis revealed that PINK1 and Parkin are suppressed by
doxorubicin in early stages (2–8 days after treatment), but restore
at later phases (14 days after treatment) (Hull et al., 2016). The
mechanism about how anthracyclines inhibit PINK1, Parkin and the
mitophagy process is still unclear, but may include the participation
of apoptotic protein p53. Anthracyclines activate p53, subsequently
promoting its direct binding and sequestering Parkin in the cytosol,
thus hindering the recruitment of Parkin to mitochondria and
preventing mitophagy initiation (Hoshino et al., 2013).
Accordingly, both p53 deficiency and Parkin overexpression in
cardiomyocytes restore mitophagy and attenuate anthracycline-
induced cardiotoxicity (Hoshino et al., 2013).

Apart from the well-described PINK1/Parkin mechanism,
Bnip3 and Nix (Bnip3L) are also essential players involved in

mitophagy. Bnip3 and Nix are transcriptionally activated by
hypoxia-HIF1α signalling axis and translocate to the outer
mitochondrial membrane to trigger mitophagy. Notably, Bnip3
and Nix mediate mitophagy independent of the mitochondrial
permeability transition pore opening and depolarization
(Quinsay et al., 2010). Bnip3 contains a LIR domain that
allows it to directly interact with LC3 and guide the
recognition of mitochondria by autophagosome (Zhang and
Ney, 2009; Saito and Junichi, 2015). Anthracyclines upregulate
Bnip3 expression in a dose-dependent manner and promote its
translocation to mitochondria (Dhingra et al., 2014). In line with
a maladaptive role of Bnip3 in anthracycline cardiotoxicity,
inhibition of Bnip3 with shRNA and expression of a mutant
Bnip3 that lacks a mitochondria-binding domain, both rescued
anthracycline-induced mitochondrial dysfunction in
cardiomyocytes. Bnip3 deficiency (Bnip3−/−) also protected the
mice against anthracycline-induced mitochondrial injury and
improved their survival (Dhingra et al., 2014). It is still
unclear how anthracyclines activate Bnip3 in the heart.
Anthracycline-induced ROS could be a trigger, as it is found
that oxidative stress induces Bnip3 dimerization and activation in
ischemia/reperfusion (I/R) hearts (Kubli et al., 2008). Notably,
Bnip3 regulates both necrosis and the mitophagy process. It is
worthy to further clarify whether both mechanisms are involved
in Bnip3-mediated heart injury after anthracycline treatment.

Similar to the debate in autophagy, the role of mitophagy in
anthracycline-induced cardiotoxicity is also unclear. Current
evidence supports the view that anthracyclines inhibit PINK1/
Parkin-regulated mitophagy and that restoration of mitophagy
rescues anthracycline cardiotoxicity. In contrast, Bnip3, a dual
marker of mitophagy and necrosis is upregulated by
anthracyclines, prior to mitochondrial polarization.
Anthracyclines appear to induce Bnip3 activation and promote
necrosis (Dhingra et al., 2014), but it still needs to be clarified
whether Bnip3-regulated mitophagy is involved in anthracycline
cardiotoxicity. Moreover, chronic low-dose (Hoshino et al., 2013;
Hull et al., 2016) and acute high-dose (Dhingra et al., 2014)
anthracycline treatment regimens are used in different studies,
resulting in the difficulty to reach a consensus whether mitophagy
is injurious or protective during anthracycline cardiotoxicity.

Mitochondrial Dynamics in Anthracycline
Cardiotoxicity
Mitochondria are highly dynamic organelles that change their
morphology through fission and fusion. This process, namely
mitochondrial dynamics, helps mitochondria to adapt to cellular
stresses such as energy deficiency and ROS-induced injury,
thereby ensuring mitochondrial function (Youle and van der
Bliek, 2012). The fission process generates small spherical
mitochondria, while the fusion process produces extended
mitochondria and mitochondrial networks. Mitochondrial
dynamics and autophagy/mitophagy constantly work together
to eliminate injured and dysfunctional mitochondria. High
resolution structured illumination microscopy (SIM) clearly
showed that smaller mitochondria derived from mitochondria
fission are always accompanied with a higher level of ROS and
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loss of membrane potential, compared to the larger fission
portion. These smaller mitochondria are destined for being
degraded by mitophagy (Kleele et al., 2021). The
mitochondrial fission process is mediated by fission factors,
including mitochondrial fission factor (MFF), mitochondrial
fission process 1 (MTFP1), dynamin-related protein 1 (DRP1),
mitochondrial dynamics proteins of 49 kDa [MiD49 (also known
as MIEF2)] and 51 kDa [MiD51 (also known as MIEF1)] (Kraus
et al., 2021), whereas mitochondrial fusion is regulated by specific
GTPases, including mitofusin 1 (MFN1), mitofusin 2 (MFN2)
and optic atrophy 1 (OPA1) (Tilokani et al., 2018).

Dysregulation of mitochondrial dynamics were observed in
various heart diseases, including cardiac hypertrophy, heart
failure, dilated cardiomyopathy (DCM), ischemic heart disease
[reviewed in ref (Ikeda et al., 2014)], as well as anthracycline-
induced cardiomyopathy [reviewed in ref (Osataphan et al.,
2020)]. Doxorubicin can decrease the expression of MFN1,
MFN2 and OPA1, but increase DRP1 and promote
mitochondria fragmentation (Li et al., 2014; Tang et al., 2017;
Marques-Aleixo et al., 2018b; Catanzaro et al., 2019), suggesting
that anthracyclines may inhibit mitochondrial fusion and
promote mitochondrial fission. In rodent cardiomyocytes and
hearts, doxorubicin exposure promotes phosphorylation of DRP1
at serine 616, which is essential for the activity of DRP1 to
mediate mitochondrial fission (Dhingra et al., 2017; Xia et al.,
2017). In line with this, DRP1 deficient animals are protected
against anthracycline-induced cardiac dysfunction (Catanzaro
et al., 2019). In addition, mitophagy inhibitor liensinine
mitigates anthracycline-induced cardiotoxicity by inhibiting
DRP1-mediated mitochondrial fission (Liang et al., 2020).
These findings together suggest that anthracycline
cardiotoxicity is mediated, at least in part, by the increased
mitochondrial fragmentation, fission and the accelerated
mitochondrial degradation by mitophagy. Inhibiting
mitochondrial fission and mitophagy may provide beneficial
effect against anthracycline cardiotoxicity. However, further
studies are required to confirm whether the change of
mitochondrial dynamics is a consequent of anthracycline-
induced mitochondrial damage or a direct driver of cardiac
injury.

ANTHRACYCLINE-INDUCED CARDIAC
METABOLIC DISTURBANCE

As discussed above, mitochondria are the key energy factories of
cardiomyocytes and major targets of anthracyclines. It is thus no
doubt that anthracycline-induced long-term mitochondrial
dysfunction can result in energy deficiency in cardiomyocytes.
In fact, we and others all revealed that ATP production is
impaired by anthracyclines (Li et al., 2018; Abdullah et al.,
2019). Mitochondria isolated from acute and chronic
anthracycline-treated hearts both showed significant
suppression of mitochondrial respiration (Abdullah et al.,
2019). Therefore, metabolic disturbance may also be a
mechanism underlying anthracycline-induced cardiomyopathy
(Figure 1D).

Anthracyclines Interrupt Myocardial
Substrate Utilization
In physiological condition, hearts mainly use fatty acids (FAs) as
substrates and rely on TCA cycle for ATP production. However,
in the failing hearts, where mitochondria are impaired by ROS or
other insults, cardiomyocytes switch to use glucose, lactate and a
small amount of ketone bodies for energy production. Glycolysis
then raises as a substituted metabolic mode to produce ATP when
OXPHOS is suppressed (Doenst et al., 2013). In fact,
anthracyclines increase translocation of glucose transporter 1
(GLUT1) to the plasma membrane (Hrelia et al., 2002),
thereby enhancing transient glucose uptake in isolated
cardiomyocytes (Hrelia et al., 2002), as well as in hearts of
mice and Hodgkin disease patients (Bauckneht et al., 2017;
Sarocchi et al., 2018). In line with this, an increase of
glycolytic flux (Carvalho et al., 2010) and key glycolytic
enzymes, such as hexokinase (HK), phosphofructokinase
(PFK) and pyruvate kinase (PK) (Li et al., 2018), were found
in anthracycline-treated hearts. Nevertheless, glycolysis
activation seems to be a transient and compensatory response
that cannot meet the cellular energy demand in the long term, as
glucose uptake returns to basal level later (3 h) after anthracycline
treatment in cardiomyocytes (Hrelia et al., 2002). Moreover,
persistent glucose usage may lead to several glucose-dependent
non-ATP-generating pathways, such as pentose phosphate
pathway (PPP), which serves as an important source of
NADPH and ROS, and hexosamine biosynthetic pathway
(HBP), which regulates protein O-GlcNAcylation (Doenst
et al., 2013).

In contrast, long-chain fatty acid oxidation is inhibited in
anthracycline-treated rat hearts (Carvalho et al., 2010). For
instance, palmitate oxidation was reduced by 40–70% in
cardiomyocytes isolated from acute or chronic anthracycline-
treated animals (Abdel-aleem et al., 1997; Sayed-ahmed et al.,
1999). Mechanistically, anthracyclines interrupt the activity of
carnitine palmitoyl transferase I (CPT I), a mitochondrial
membrane enzyme that converts long-chain acyl-CoA to long-
chain acyl-carnitines and facilitates their transport into
mitochondria. Therefore, anthracyclines inhibit the fatty-acid
ß-oxidation process (Abdel-aleem et al., 1997). Accordingly,
supplementation of L-carnitine was proved to attenuate
anthracycline cardiotoxicity in animals (Andrieu-Abadie et al.,
1999; Sayed-ahmed et al., 2000; Cabral et al., 2018) and in patients
with non-Hodgkin lymphoma (Waldner et al., 2006).

Overall, when anthracyclines induce mitochondrial
dysfunction, glucose oxidation is transiently activated while
fatty acid oxidation is inhibited. The alteration of substrate
utilization compensates early energy loss, but cannot meet the
long-term cellular energy demand, thus resulting in maladaptive
energetic failure. Strategies aiming for supplementing additional
ATP production may work to mitigate anthracycline
cardiotoxicity. For instance, an early study demonstrated that
rats continuously administrated with fructose-1,6-diphosphate, a
glycolytic intermediate, displayed significant improvement of
cardiac function after acute and chronic anthracycline
treatment (Danesi et al., 1990). Stimulating mitochondrial
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respiration, by L-carnitine supplementation (Andrieu-Abadie
et al., 1999; Sayed-ahmed et al., 2000; Cabral et al., 2018) or
with OXPHOS medium filled with galactose/pyruvate/glutamine
(Deus et al., 2015), also restored myocardial energy supply and
mitigated anthracycline cardiotoxicity.

AMPK-Mediated Metabolic Homeostasis
During Anthracycline Cardiotoxicity
AMPK is the main intracellular sensor and regulator of energy
and nutrient signalling. It is canonically activated by the increase
of AMP:ATP or ADP:ATP ratios that result from a variety of
energy stresses, including starvation, exercise, ischemia or
mitochondrial dysfunction. AMP and ADP can directly bind
AMPK and promote its phosphorylation by liver-kinase-B1
(LBK1), thus increasing AMPK activity up to 100-fold. In
contrast, ATP inhibits AMPK phosphorylation and activation.
In addition, AMPK can also be phosphorylated by calcium/
calmodulin-dependent kinase kinase 2 (CAMKKß) that is
activated by different hormone stimulations. Once activated,
AMPK can phosphorylate and regulate a variety of
downstream proteins to promote catabolic processes such as
fatty acid oxidation, glucose uptake, glycolysis, autophagy and
mitochondrial fission, or inhibit anabolic processes such as
synthesis of protein, fatty acid, glycogen and sterol (Garcia
and Shaw, 2017).

Despite that anthracyclines induce mitochondrial dysfunction
and energy deficiency, which are supposed to stimulate AMPK
signalling, many studies revealed that AMPK as well as its
downstream target acetyl-CoA carboxylase (ACC) are indeed
inhibited by anthracyclines (Gratia et al., 2012; Kawaguchi et al.,
2012; Wang et al., 2012). Accordingly, AMPKα1 deficient
(AMPKα1−/−) mouse embryonic fibroblasts and
cardiomyocytes are more susceptible to anthracycline
treatment (Wang et al., 2012), but AMPK activation by a
variety of strategies, such as prior starvation, 5-
aminoimidazole-4-carboxamide ribonucleoside (AICAR)
treatment and adenovirus-mediated AMPK constitutive
activation (AMPK-CA), diminishes anthracycline-induced
heart injury (Chen et al., 2011; Kawaguchi et al., 2012; Wang
et al., 2012). In this view, instead of serving as a trigger to activate
AMPK, energetic failure seems to be a result of anthracycline-
regulated AMPK inhibition. As a result, catabolic processes
aiming for increasing ATP production under anthracycline
stress are inhibited following AMPK inhibition. This partially
explains the inhibition of autophagy by anthracyclines, as AMPK
inhibition results in direct reduction of ULK1 phosphorylation
and blockage of autophagy initiation (Chen et al., 2011;
Kawaguchi et al., 2012). Moreover, AMPK inhibition also
reactivates mTORC1, which further promotes energy
consumption, inhibits autophagy and worsens energetic stress
(Gratia et al., 2012). Metformin, a well-recognized AMPK
activator (Hawley et al., 2002), has also showed promising
protective effects against anthracycline-induced heart injury
(Asensio-López et al., 2011; Kobashigawa et al., 2014; Zilinyi
et al., 2018). This further supports a fundamental role of AMPK
in anthracycline-mediated metabolic disturbance. Nevertheless,

the mechanism underlying how anthracyclines inhibit AMPK is
still unclear and awaits further investigation.

Taken together, AMPK signalling is inhibited by
anthracyclines, leading to the exacerbation of cardiac energetic
stress, which further contributes to anthracycline cardiotoxicity.
Reactivation of AMPK could be a potential strategy to attenuate
anthracycline cardiotoxicity.

STRATEGIES TARGETING
MITOCHONDRIAL MECHANISM TO
REDUCE ANTHRACYCLINE
CARDIOTOXICITY

Mitochondria are crucial for anthracycline-induced
cardiotoxicity (Figure 1). Targeting mitochondrial mechanisms
could provide potential strategies to attenuate anthracycline
cardiotoxicity (Murabito et al., 2020). Anthracyclines promote
excessive ROS production within the cytoplasm and
mitochondria. Thus, antioxidants are initially tested in early
studies to counterwork anthracycline cardiotoxicity.
Nevertheless, antioxidants or ROS scavengers, such as the
xanthine oxidase inhibitor allopurinol, the NADPH oxidase
inhibitors apocynin and DPI, coenzyme Q10, L-carnitine,
NAC and vitamins E and C, failed to mitigate anthracycline
cardiotoxicity in animal (Berthiaume et al., 2005; Mukhopadhyay
et al., 2009) and clinical studies (van Dalen et al., 2011),
suggesting that general inhibition of ROS production is not
sufficient to prevent anthracycline-induced cardiotoxicity.
Moreover, some antioxidants are able to decrease
anthracycline-induced oxidative stress but without preventing
mitochondrial dysfunction (Berthiaume et al., 2005), implying
that specifically targeting mitochondria-related ROS generation
may be requisite. MitoTEMPO, a derivative of TEMPO, is a
mitochondria-targeted superoxide mimetic. It can readily pass
through lipid bilayers, accumulate in mitochondria, enhance
superoxide dismutase (SOD) activity and scavenge
mitochondrial O2

−. Studies revealed that mitoTEMPO, but not
TEMPO, can suppress anthracycline-induced lipid peroxidation
specifically in mitochondria and reduce cardiomyopathy (Rocha
et al., 2016; Fang et al., 2019). Other mitochondria-targeted
antioxidants, like mitoquinone (mitoQ), also display protective
effect against anthracycline-induced cardiotoxicity and
endotheliotoxicity (Chandran et al., 2009; Clayton et al., 2020;
Wu et al., 2020). Thus, mitoTEMPO and mitoQ are promising
drugs to mitigate anthracycline-induced cardiomyopathy.

As discussed above, iron accumulates in mitochondria during
anthracycline exposure. Therefore, iron chelators were primarily
considered as pharmacological strategies to limit anthracycline
cardiotoxicity. Nevertheless, dexrazoxane currently represents
the only iron-chelating drug approved by FDA and EMA to
prevent anthracycline-induced cardiomyopathy in breast cancer
patients. The protective effect of dexrazoxane is primarily
attributed to the scavenging of free iron (Xu et al., 2005).
However, other iron chelators, such as desferrioxamine and
deferasirox, failed to achieve the same protective effect (Voest
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et al., 1994; Hasinoff et al., 2003), suggesting that dexrazoxane
may protect the heart against anthracycline cardiotoxicity
through mechanisms more than iron chelating. Later works
revealed that dexrazoxane can also target and inhibit
topoisomerase IIß (TOP2ß), avoiding the formation of
anthracycline-TOP2ß-DNA cleavage complex and the
consequent DNA double-strand breaks (Lyu et al., 2007;
Hasinoff et al., 2020). The cardiac protective effect of
dexrazoxane was proved in animal models (Alderton et al.,
1990; Bjelogrlic et al., 2007) and was further validated in
clinical trials on anthracycline-treated breast cancer patients
(Venturini et al., 1996; Swain et al., 1997; Lopez et al., 1998).
Nonetheless, its clinical use was initially restricted by FDA and
EMA to adult breast cancer patients who receive therapeutic dose
higher than 300 mg/m2 doxorubicin or 540 mg/m2 epirubicin,
since it was debated that dexrazoxane may induce secondary
hematological malignancies in pediatric patients (Tebbi et al.,
2007; Lipshultz et al., 2010). However, new studies based on a
large patient collection stated that dexrazoxane is
cardioprotective and safe in pediatric leukemia patients
receiving anthracycline therapy (Asselin et al., 2016). The
EMA recently removed this contraindication for children and
adolescents treated with high cumulative doses of anthracyclines
(European Medicines Agency, 2018b).

Ferroptosis is a newly recognized programmed cell death that
relies on both ROS generation and iron homeostasis disruption (Jiang
et al., 2021). Studies in recent years highlighted that ferroptosis could
be the dominant programmed cell death induced by anthracyclines,
as inhibition of ferroptosis shows more efficient cardiac protection
compared to blockage of apoptosis, necrosis or autophagy (Fang et al.,
2019). Ferrostatin-1 is a widely-used ferroptosis inhibitor, potentially
functioning through scavenging the alkoxyl radicals, interacting with
ferrous iron and inhibiting lipid peroxidation (Miotto et al., 2020).
Many studies have demonstrated that ferrostatin-1 efficiently
attenuates anthracycline-induced ferroptosis, mitochondrial
dysfunction and heart injury (Fang et al., 2019; Tadokoro et al.,
2020; He et al., 2021). Notably, although ferrostatin-1 and
dexrazoxane both inhibit ferroptosis and show similar protection
against anthracycline-induced cardiac damage, they seem to function
through different mechanisms. Ferrostatin-1 does not reduce the
labile iron pool in the heart, whereas dexrazoxane attenuates cardiac
free irons, after anthracycline treatment (Fang et al., 2019).Moreover,
concomitant inhibition of ferroptosis and apoptosis with ferrostatin-1
and zVAD-FMK is more efficient than treating with ferrostatin-1 or
Zvad-FMK alone and fully prevents anthracycline-induced
cardiomyocyte death (Tadokoro et al., 2020). This suggests that
anthracycline-induced cell death is not a single-factorial event.

The roles of autophagy and mitophagy in anthracycline-induced
cardiotoxicity have been studied for decades, however, there is
currently no autophagy-targeting compound being used in
preclinical trials to reduce anthracycline cardiotoxicity. This is
largely due to the controversy whether autophagy/mitophagy is
beneficial or detrimental for anthracycline cardiotoxicity (Li M.
et al., 2020). Nevertheless, some attempts targeting autophagy/
mitophagy have been tried in animal models. Autophagy
activators, such as mTOR inhibitor (rapamycin) (Ding et al.,
2011), PI3Kγ inhibitors (AS605240, IPI145) (Li et al., 2018), show

protective effect against anthracycline-induced heart injury in
zebrafish and mouse. Other nonpharmacological interventions to
promote autophagy, including prior starvation (Kawaguchi et al.,
2012) and caloric restriction (Chen et al., 2011), also display
cardioprotection during anthracycline treatment. Some studies
suggested that inhibition of autophagy initiation could be
beneficial, as anthracyclines inhibit the lysosome acidification,
resulting in an accumulation of autophagosomes and
autolysosomes (Li et al., 2016). In this regard, promotion of
autophagy flux could be more precise than simple activation or
inhibition of autophagy to prevent anthracycline cardiotoxicity.
Unfortunately, selective drugs that target lysosome/autolysosome
and facilitate autophagy flux are still not available. In contrast,
inhibition of mitochondrial fission and mitophagy seems to be
beneficial. The mitophagy inhibitor liensinine protects the heart
against anthracycline-induced ROS generation and contractile
dysfunction by decreasing DRP1 phosphorylation, inhibiting
mitochondrial fragmentation and reducing mitophagy (Liang et al.,
2020).

Mitochondria are the well-known energy factories of
cardiomyocytes. Thus, anthracycline-induced mitochondrial
dysfunction can ultimately lead to energy deficiency and
metabolic disturbance. Strategies aiming at improving
mitochondrial function could be capable to mitigate
anthracycline cardiotoxicity. For example, elamipretide is a
tetrapeptide designed to selectively target mitochondrial ETC
and restore cellular bioenergetics. Animal studies (Gupta et al.,
2016; Sabbah et al., 2016) and a small clinical trial (Daubert et al.,
2017) all revealed that elamipretide can improve mitochondrial
function and preserve cardiac contractility in canines and patients
with heart failure. Although there is no direct evidence proving
that elamipretide can prevent anthracycline-induced
cardiomyopathy, the common feature of mitochondrial
dysfunction during anthracycline cardiotoxicity suggests that
elamipretide could be a promising drug. Interestingly, a recent
work reported a mitochondria supplementation strategy in which
mitochondria-rich extracellular vesicles (EVs), isolated from
mesenchymal stem cells (MSCs), were transported to patient
pluripotent stem cell-derived cardiomyocytes (iCMs).
Mitochondria-rich EVs significantly promote ATP production
and mitochondrial biogenesis and rescue iCMs from doxorubicin
injury (O’Brien et al., 2021; Wang et al., 2021). Further, a recent
work overviewed the tolerability and efficacy of exercise on cancer
therapy-induced cardiovascular toxicity and concluded that
aerobic exercise can improve peak oxygen uptake (VO2peak)
and cardiorespiratory fitness (CRF) by an integrative assessment
of global cardiovascular function (Scott et al., 2018). Physical
activity was proved to mitigate anthracycline-induced
mitochondriopathy in multiple animal studies [reviewed in ref
(Marques-Aleixo et al., 2018a)]. The beneficial effect of exercise
training primarily stems from the activation of mitochondrial
biogenesis and adaption (MacInnis and Gibala, 2017), as well as
the stimulation of energetic pathways such as AMPK signalling
and the autophagy process (Marques-Aleixo et al., 2018b).
Together, these animal and clinical evidence suggest that
exercise training could be another potential strategy to prevent
cardiotoxicity induced by anti-cancer therapy.
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AMPK is a central mediator for cardiac metabolic
homeostasis. A large set of studies proved that AMPK
activators, like metformin (Asensio-López et al., 2011;
Kobashigawa et al., 2014; Zilinyi et al., 2018) and melatonin
(Liu et al., 2018; Li H. et al., 2020; Najafi et al., 2020; Arinno et al.,
2021), can efficiently alleviate anthracycline-induced cardiac
injury. The mechanism underlying the protective effect of
AMPK activators is multi-factorial, for example, AMPK can
facilitate fatty acid oxidation and promote cardiac autophagy.
Based on these studies, a phase II clinical trial were carried out to
validate whether metformin could reduce doxorubicin-induced
cardiotoxicity in breast cancer patients (Avera McKennan
Hospital & University Health Center, 2019). Unfortunately,
this clinical trial was terminated due to slow accrual. Future
clinical trials are needed to answer whether metformin or other
AMPK activators could prevent anthracycline cardiotoxicity.

CONCLUSION

Cardiotoxicity induced by anthracyclines remains a hard stone that
hampers their clinical applications in chemotherapy. Despite that the
molecular mechanism underlying anthracycline cardiotoxicity is
complex and multifactorial, emerging evidence supports the ideas
that cardiac mitochondria are one of the pivotal targets of
anthracyclines and mitochondrial dysfunction plays a determinant
role in anthracycline cardiotoxicity (Figure 1). Anthracyclines have
high affinity to the inner mitochondrial membrane protein
cardiolipin and thus preferentially accumulate in mitochondria.
Moreover, the special structures of anthracyclines decide that they
are ideal substrates for redox reaction that produces excessive ROS
which in turn injures mitochondria. In addition, anthracyclines
interrupt iron metabolism and induce labile iron overload in
mitochondria, which lead to cellular toxicity along with surplus
ROS production. Thus, iron-dependent ferroptosis arises as a
dominant programmed cell death that attributes to anthracycline-
induced cardiomyocyte loss. Conversely, flux of another
programmed cell death, autophagy, is impaired by anthracyclines.
This restrains the efficient degradation and recycling of damaged
cellular components including mitochondria, thereby exacerbating
anthracycline-induced injury. Furthermore, anthracycline-associated
mitochondrial dysfunction may reprogram the utilization of fuel
substrates, including glucose and fatty acids, ultimately inducing
metabolic disturbance and energetic failure.

Based on these aspects, pharmacological strategies aiming at
reducing mitochondrial injury or restoring mitochondrial function
could potentially lessen anthracycline cardiotoxicity. These strategies

include the utilization of mitochondrial specific antioxidants, iron
chelators, ferroptosis inhibitors, autophagy/mitophagy compounds
andmitochondrial energetic stimulators. Some of these drugs showed
protective effects in cardiomyocytes in vitro or animal models in vivo,
yet failed to provide further benefits in preclinical studies. Despite
almost 50 years of research, dexrazoxane remains the only FDA- and
EMA-approved protectant to reduce cardiotoxicity in adult breast
cancer patients who receive accumulative high dose anthracycline
therapy. This could be due to the fact that anthracycline cardiotoxicity
is amulti-factor event. For instance: 1) Dexrazoxane succeeds because
it functions both as an iron chelator to reduce iron-overload and a
TOP2ß inhibitor to mitigate DNA cleavage. 2) Antioxidant or iron
chelator alone shows limited effects against anthracycline
cardiotoxicity, while inhibition of ferroptosis by scavenging ROS
and limiting iron-overload together displays more significant
protection. 3) Concomitant inhibition of ferroptosis and apoptosis
is more efficacious than supressing each process alone. The joint
regimen fully prevents anthracycline-induced cardiomyocyte death.
In the future, more bench work, preclinical and clinical studies are
worth further testing, on one hand, whether the aforementioned
mitochondria-targeted drugs could prevent anthracycline-induced
cardiotoxicity and, on the other hand, whether targeting different
mechanisms together could providemore efficient cardiac protection.

AUTHOR CONTRIBUTIONS

ML gave the first idea for the manuscript. JH, RW, LC, ZY, DY,
and ML wrote the manuscript. JH, DY, and ML revised the
manuscript. All authors listed have made substantial, direct, and
intellectual contribution to the work and approved it for
publication.

FUNDING

This work is supported by the grants from Guangzhou Basic
and Applied Basic Research Foundation (202102020509 to
JH), from the Program for Guangdong Introducing
Innovative and Entrepreneurial Teams (2017ZT07S347 to
JH), from National Natural Science Foundation of China
(82000346 to ML), from Basic and Applied Basic Research
Foundation of Guangdong Province (2019A1515110113 to
ML) and from the Fundamental Research Funds for the
Central Universities of Jinan University (21620338 to ML).

REFERENCES

Abdel-aleem, S., El-Merzabani, M. M., Sayed-Ahmed, M., Taylor, D. A., and Lowe,
J. E. (1997). Acute and Chronic Effects of Adriamycin on Fatty Acid Oxidation
in Isolated Cardiac Myocytes. J. Mol. Cel Cardiol 29, 789–797. doi:10.1006/jmcc.
1996.0323

Abdullah, C. S., Alam, S., Aishwarya, R., Miriyala, S., Bhuiyan, M. A. N., and
Panchatcharam, M., (2019). Doxorubicin-induced Cardiomyopathy Associated
with Inhibition of Autophagic Degradation Process and Defects in

Mitochondrial Respiration. Sci. Rep. 9, 1. 2002. doi:10.1038/s41598-018-
37862-3

Alderton, P., Gross, J., and Green, M. D. (1990). Role of (±)-1,2-Bis(3,5-
Dioxopiperazinyl-1-Yl)propane (ICRF-187) in Modulating Free Radical
Scavenging Enzymes in Doxorubicin-Induced Cardiomyopathy. Cancer Res.
50, 5136–5142.

Andrieu-Abadie, N., Jaffrézou, J.-P., Hatem, S., Laurent, G., Levade, T., and
Mercadier, J.-J. (1999). L-carnitine Prevents Doxorubicin-Induced Apoptosis
of Cardiac Myocytes: Role of Inhibition of Ceramide Generation. FASEB J. 13,
1501–1510. doi:10.1096/fasebj.13.12.1501

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 81140610

Huang et al. Mitochondria in Anthracycline Cardiotoxicity

https://doi.org/10.1006/jmcc.1996.0323
https://doi.org/10.1006/jmcc.1996.0323
https://doi.org/10.1038/s41598-018-37862-3
https://doi.org/10.1038/s41598-018-37862-3
https://doi.org/10.1096/fasebj.13.12.1501
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Arinno, A., Maneechote, C., Khuanjing, T., Ongnok, B., Prathumsap, N.,
Chunchai, T., et al. (2021). Cardioprotective Effects of Melatonin and
Metformin against Doxorubicin-Induced Cardiotoxicity in Rats Are through
Preserving Mitochondrial Function and Dynamics. Biochem. Pharmacol. 192,
114743. doi:10.1016/j.bcp.2021.114743

Arola, O. J., Saraste, A., Pulkki, K., Kallajoki, M., Parvinen, M., and Voipio-Pulkki,
L.-M. (2000). Acute Doxorubicin Cardiotoxicity Involves Cardiomyocyte
Apoptosis. Cancer Res. 60, 1789–1792.

Asensio-López, M. C., Lax, A., Pascual-Figal, D. A., Valdés, M., and Sánchez-Más,
J. (2011). Metformin Protects against Doxorubicin-Induced Cardiotoxicity:
Involvement of the Adiponectin Cardiac System. Free Radic. Biol. Med. 51,
1861–1871. doi:10.1016/j.freeradbiomed.2011.08.015

Asselin, B. L., Devidas, M., Chen, L., Franco, V. I., Pullen, J., Borowitz, M. J., et al.
(2016). Cardioprotection and Safety of Dexrazoxane in Patients Treated for
Newly Diagnosed T-Cell Acute Lymphoblastic Leukemia or Advanced-Stage
Lymphoblastic Non-hodgkin Lymphoma: A Report of the Children’s Oncology
Group Randomized Trial Pediatric Oncology Group 9404. JCO 34, 854–862.
doi:10.1200/JCO.2015.60.8851

Avera McKennan Hospital & University Health Center (2019). A Phase II Pilot
Study Using Metformin to Reduce Cardiac Toxicity in Breast Cancer Patients.
Sioux Falls, South Dakota, United States: Avera McKennan Hospital &
University Health Center, clinicaltrials.gov. Available at: https://clinicaltrials.
gov/ct2/show/NCT02472353 (Accessed December 22, 2021).

Bauckneht, M., Ferrarazzo, G., Fiz, F., Morbelli, S., Sarocchi, M., Pastorino, F., et al.
(2017). Doxorubicin Effect on Myocardial Metabolism as a Prerequisite for
Subsequent Development of Cardiac Toxicity: A Translational 18F-FDG PET/
CT Observation. J. Nucl. Med. 58, 1638–1645. doi:10.2967/jnumed.117.191122

Berthiaume, J. M., Oliveira, P. J., Fariss, M. W., and Wallace, K. B. (2005). Dietary
Vitamin E Decreases Doxorubicin-Induced Oxidative Stress without
Preventing Mitochondrial Dysfunction. Cardiovasc. Toxicol. 5, 257–267.
doi:10.1385/CT:5:3:257

Bjelogrlic, S. K., Radic, J., Radulovic, S., Jokanovic, M., and Jovic, V. (2007). Effects of
Dexrazoxane and Amifostine on Evolution of Doxorubicin Cardiomyopathy In
Vivo. Exp. Biol. Med. (Maywood) 232, 1414–1424. doi:10.3181/0705-RM-138

Bosch, X., Rovira, M., Sitges, M., Domènech, A., Ortiz-Pérez, J. T., de Caralt, T.
M., et al. (2013). Enalapril and Carvedilol for Preventing Chemotherapy-
Induced Left Ventricular Systolic Dysfunction in Patients with Malignant
Hemopathies: The OVERCOME Trial (preventiOn of Left Ventricular
Dysfunction with Enalapril and caRvedilol in Patients Submitted to
Intensive ChemOtherapy for the Treatment of Malignant hEmopathies).
J. Am. Coll. Cardiol. 61, 2355–2362. doi:10.1016/j.jacc.2013.02.072

Cabral, R. E. L., Mendes, T. B., Vendramini, V., and Miraglia, S. M. (2018).
Carnitine Partially Improves Oxidative Stress, Acrosome Integrity, and
Reproductive Competence in Doxorubicin-Treated Rats. Andrology 6,
236–246. doi:10.1111/andr.12426

Canzoneri, J. C., and Oyelere, A. K. (2008). Interaction of Anthracyclines with
Iron Responsive Element mRNAs. Nucl. Acids Res. 36, 6825–6834. doi:10.
1093/nar/gkn774

Cardinale, D., Colombo, A., Bacchiani, G., Tedeschi, I., Meroni, C. A., Veglia, F.,
et al. (2015). Early Detection of Anthracycline Cardiotoxicity and Improvement
with Heart Failure Therapy. Circulation 131, 1981–1988. doi:10.1161/
CIRCULATIONAHA.114.013777

Cardinale, D., Colombo, A., Lamantia, G., Colombo, N., Civelli, M., De Giacomi,
G., et al. (2010). Anthracycline-Induced Cardiomyopathy: Clinical Relevance
and Response to Pharmacologic Therapy. J. Am. Coll. Cardiol. 55, 213–220.
doi:10.1016/j.jacc.2009.03.095

Carvalho, R. A., Sousa, R. P. B., Cadete, V. J. J., Lopaschuk, G. D., Palmeira, C. M.
M., Bjork, J. A., et al. (2010). Metabolic Remodeling Associated with Subchronic
Doxorubicin Cardiomyopathy. Toxicology 270, 92–98. doi:10.1016/j.tox.2010.
01.019

Catanzaro, M. P., Weiner, A., Kaminaris, A., Li, C., Cai, F., Zhao, F., et al. (2019).
Doxorubicin-induced Cardiomyocyte Death Is Mediated by Unchecked
Mitochondrial Fission and Mitophagy. FASEB J. 33, 11096–11108. doi:10.
1096/fj.201802663R

Chandran, K., Aggarwal, D., Migrino, R. Q., Joseph, J., McAllister, D., Konorev, E.
A., et al. (2009). Doxorubicin Inactivates Myocardial Cytochrome C Oxidase in
Rats: Cardioprotection by Mito-Q. Biophysical J. 96, 1388–1398. doi:10.1016/j.
bpj.2008.10.042

Chen, K., Xu, X., Kobayashi, S., Timm, D., Jepperson, T., and Liang, Q. (2011).
Caloric Restriction Mimetic 2-Deoxyglucose Antagonizes Doxorubicin-
Induced Cardiomyocyte Death by Multiple Mechanisms. J. Biol. Chem. 286,
21993–22006. doi:10.1074/jbc.M111.225805

Christodoulou, C., Kostopoulos, I., Kalofonos, H. P., Lianos, E., Bobos, M.,
Briasoulis, E., et al. (2009). Trastuzumab Combined with Pegylated
Liposomal Doxorubicin in Patients with Metastatic Breast Cancer. OCL 76,
275–285. doi:10.1159/000207504

Chun, Y., and Kim, J. (2018). Autophagy: An Essential Degradation Program
for Cellular Homeostasis and Life. Cells 7, 278. doi:10.3390/cells7120278

Clayton, Z. S., Brunt, V. E., Hutton, D. A., VanDongen, N. S., D’Alessandro, A.,
Reisz, J. A., et al. (2020). Doxorubicin-Induced Oxidative Stress and Endothelial
Dysfunction in Conduit Arteries Is Prevented by Mitochondrial-specific
Antioxidant Treatment. JACC CardioOncol 2, 475–488. doi:10.1016/j.jaccao.
2020.06.010

Danesi, R., Bernardini, N., Marchetti, A., Bernardini, M., and Del Tacca, M. (1990).
Protective Effects of Fructose-1,6-Diphosphate on Acute and Chronic
Doxorubicin Cardiotoxicity in Rats. Cancer Chemother. Pharmacol. 25,
326–332. doi:10.1007/BF00686231

Daubert, M. A., Yow, E., Dunn, G., Marchev, S., Barnhart, H., Douglas, P. S.,
et al. (2017). Novel Mitochondria-Targeting Peptide in Heart Failure
Treatment. Circ. Heart Fail. 10, e004389. doi:10.1161/
CIRCHEARTFAILURE.117.004389

Davies, K. J., and Doroshow, J. H. (1986). Redox Cycling of Anthracyclines by
Cardiac Mitochondria. I. Anthracycline Radical Formation by NADH
Dehydrogenase. J. Biol. Chem. 261, 3060–3067. doi:10.1016/S0021-9258(17)
35746-0

Deus, C. M., Zehowski, C., Nordgren, K., Wallace, K. B., Skildum, A., and Oliveira,
P. J. (2015). Stimulating Basal Mitochondrial Respiration Decreases
Doxorubicin Apoptotic Signaling in H9c2 Cardiomyoblasts. Toxicology 334,
1–11. doi:10.1016/j.tox.2015.05.001

Dhingra, A., Jayas, R., Afshar, P., Guberman, M., Maddaford, G., Gerstein, J., et al.
(2017). Ellagic Acid Antagonizes Bnip3-Mediated Mitochondrial Injury and
Necrotic Cell Death of Cardiac Myocytes. Free Radic. Biol. Med. 112, 411–422.
doi:10.1016/j.freeradbiomed.2017.08.010

Dhingra, R., Margulets, V., Chowdhury, S. R., Thliveris, J., Jassal, D., Fernyhough,
P., et al. (2014). Bnip3 Mediates Doxorubicin-Induced Cardiac Myocyte
Necrosis and Mortality through Changes in Mitochondrial Signaling. PNAS
111, E5537–E5544. doi:10.1073/pnas.1414665111

Ding, Y., Sun, X., Huang, W., Hoage, T., Redfield, M., Kushwaha, S., et al. (2011).
Haploinsufficiency of Target of Rapamycin Attenuates Cardiomyopathies in
Adult Zebrafish. Circ. Res. 109, 658–669. doi:10.1161/CIRCRESAHA.111.
248260

Doenst, T., Nguyen, T. D., and Abel, E. D. (2013). Cardiac Metabolism in Heart
Failure: Implications beyond ATP Production. Circ. Res. 113, 709–724. doi:10.
1161/CIRCRESAHA.113.300376

Dutta, D., Xu, J., Dirain, M. L. S., and Leeuwenburgh, C. (2014). Calorie Restriction
Combined with Resveratrol Induces Autophagy and Protects 26-Month-Old
Rat Hearts from Doxorubicin-Induced Toxicity. Free Radic. Biol. Med. 74,
252–262. doi:10.1016/j.freeradbiomed.2014.06.011

European Medicines Agency (2018a). Dexrazoxane. Amsterdam, Netherlands:
European Medicines Agency. Available at: https://www.ema.europa.eu/en/
medicines/human/referrals/dexrazoxane (Accessed July 18, 2021).

European Medicines Agency (2018b). Cardioxane. Amsterdam, Netherlands:
European Medicines Agency. Available at: https://www.ema.europa.eu/en/
medicines/human/referrals/cardioxane (Accessed July 18, 2021).

Fang, X., Wang, H., Han, D., Xie, E., Yang, X., Wei, J., et al. (2019). Ferroptosis as a
Target for protection against Cardiomyopathy. PNAS 116, 2672–2680. doi:10.
1073/pnas.1821022116

Forrester, S. J., Kikuchi, D. S., Hernandes, M. S., Xu, Q., and Griendling, K. K.
(2018). Reactive Oxygen Species in Metabolic and Inflammatory Signaling.
Circ. Res. 122, 877–902. doi:10.1161/CIRCRESAHA.117.311401

Garcia, D., and Shaw, R. J. (2017). AMPK: Mechanisms of Cellular Energy Sensing
and Restoration of Metabolic Balance. Mol. Cel 66, 789–800. doi:10.1016/j.
molcel.2017.05.032

Georgakopoulos, P., Roussou, P., Matsakas, E., Karavidas, A., Anagnostopoulos,
N., Marinakis, T., et al. (2010). Cardioprotective Effect of Metoprolol and
Enalapril in Doxorubicin-Treated Lymphoma Patients: A Prospective, Parallel-

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 81140611

Huang et al. Mitochondria in Anthracycline Cardiotoxicity

https://doi.org/10.1016/j.bcp.2021.114743
https://doi.org/10.1016/j.freeradbiomed.2011.08.015
https://doi.org/10.1200/JCO.2015.60.8851
https://clinicaltrials.gov/ct2/show/NCT02472353
https://clinicaltrials.gov/ct2/show/NCT02472353
https://doi.org/10.2967/jnumed.117.191122
https://doi.org/10.1385/CT:5:3:257
https://doi.org/10.3181/0705-RM-138
https://doi.org/10.1016/j.jacc.2013.02.072
https://doi.org/10.1111/andr.12426
https://doi.org/10.1093/nar/gkn774
https://doi.org/10.1093/nar/gkn774
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://doi.org/10.1161/CIRCULATIONAHA.114.013777
https://doi.org/10.1016/j.jacc.2009.03.095
https://doi.org/10.1016/j.tox.2010.01.019
https://doi.org/10.1016/j.tox.2010.01.019
https://doi.org/10.1096/fj.201802663R
https://doi.org/10.1096/fj.201802663R
https://doi.org/10.1016/j.bpj.2008.10.042
https://doi.org/10.1016/j.bpj.2008.10.042
https://doi.org/10.1074/jbc.M111.225805
https://doi.org/10.1159/000207504
https://doi.org/10.3390/cells7120278
https://doi.org/10.1016/j.jaccao.2020.06.010
https://doi.org/10.1016/j.jaccao.2020.06.010
https://doi.org/10.1007/BF00686231
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004389
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004389
https://doi.org/10.1016/S0021-9258(17)35746-0
https://doi.org/10.1016/S0021-9258(17)35746-0
https://doi.org/10.1016/j.tox.2015.05.001
https://doi.org/10.1016/j.freeradbiomed.2017.08.010
https://doi.org/10.1073/pnas.1414665111
https://doi.org/10.1161/CIRCRESAHA.111.248260
https://doi.org/10.1161/CIRCRESAHA.111.248260
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1016/j.freeradbiomed.2014.06.011
https://www.ema.europa.eu/en/medicines/human/referrals/dexrazoxane
https://www.ema.europa.eu/en/medicines/human/referrals/dexrazoxane
https://www.ema.europa.eu/en/medicines/human/referrals/cardioxane
https://www.ema.europa.eu/en/medicines/human/referrals/cardioxane
https://doi.org/10.1073/pnas.1821022116
https://doi.org/10.1073/pnas.1821022116
https://doi.org/10.1161/CIRCRESAHA.117.311401
https://doi.org/10.1016/j.molcel.2017.05.032
https://doi.org/10.1016/j.molcel.2017.05.032
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Group, Randomized, Controlled Study with 36-month Follow-Up. Am.
J. Hematol. 85, 894–896. doi:10.1002/ajh.21840

Ghigo, A., Li, M., and Hirsch, E. (2016). New Signal Transduction Paradigms in
Anthracycline-Induced Cardiotoxicity. Biochim. Biophys. Acta (Bba) - Mol. Cel
Res. 1863, 1916–1925. doi:10.1016/j.bbamcr.2016.01.021

Gratia, S., Kay, L., Potenza, L., Seffouh, A., Novel-Chaté, V., Schnebelen, C., et al.
(2012). Inhibition of AMPK Signalling by Doxorubicin: at the Crossroads of the
Cardiac Responses to Energetic, Oxidative, and Genotoxic Stress. Cardiovasc.
Res. 95, 290–299. doi:10.1093/cvr/cvs134

Gupta, R. C., Vinita, S.-G., and Sabbah, H. N. (2016). Bendavia (Elamipretide)
Restores Phosphorylation of Cardiac Myosin Binding Protein C on Serine 282
and Improves Left Ventricular Diastolic Function in Dogs with Heart Failure.
J. Am. Coll. Cardiol. 67, 1443. doi:10.1016/S0735-1097(16)31444-9

Gutteridge, J. M. C. (1984). Lipid Peroxidation and Possible Hydroxyl Radical
Formation Stimulated by the Self-Reduction of a Doxorubicin-Iron (III)
Complex. Biochem. Pharmacol. 33, 1725–1728. doi:10.1016/0006-2952(84)
90340-X

Hasinoff, B. B., Patel, D., and Wu, X. (2003). The Oral Iron Chelator ICL670A
(Deferasirox) Does Not Protect Myocytes against Doxorubicin. Free Radic. Biol.
Med. 35, 1469–1479. doi:10.1016/j.freeradbiomed.2003.08.005

Hasinoff, B. B., Patel, D., and Wu, X. (2020). The Role of Topoisomerase IIβ in the
Mechanisms of Action of the Doxorubicin Cardioprotective Agent
Dexrazoxane. Cardiovasc. Toxicol. 20, 312–320. doi:10.1007/s12012-019-
09554-5

Hawley, S. A., Gadalla, A. E., Olsen, G. S., and Hardie, D. G. (2002). The
Antidiabetic Drug Metformin Activates the AMP-Activated Protein Kinase
Cascade via an Adenine Nucleotide-independent Mechanism. Diabetes 51,
2420–2425. doi:10.2337/diabetes.51.8.2420

He, H., Luo, Y., Qiao, Y., Zhang, Z., Yin, D., Yao, J., et al. (2018). Curcumin
Attenuates Doxorubicin-Induced Cardiotoxicity via Suppressing Oxidative
Stress and Preventing Mitochondrial Dysfunction Mediated by 14-3-3γ.
Food Funct. 9, 4404–4418. doi:10.1039/C8FO00466H

He, H., Wang, L., Qiao, Y., Yang, B., Yin, D., and He, M. (2021). Epigallocatechin-
3-gallate Pretreatment Alleviates Doxorubicin-Induced Ferroptosis and
Cardiotoxicity by Upregulating AMPKα2 and Activating Adaptive
Autophagy. Redox Biol. 48, 102185. doi:10.1016/j.redox.2021.102185

He, H., Wang, L., Qiao, Y., Zhou, Q., Li, H., Chen, S., et al. (2020). Doxorubicin
Induces Endotheliotoxicity and Mitochondrial Dysfunction via ROS/
eNOS/NO Pathway. Front. Pharmacol. 10, 1531. doi:10.3389/fphar.2019.
01531

Hoshino, A., Mita, Y., Okawa, Y., Ariyoshi, M., Iwai-Kanai, E., Ueyama, T.,
et al. (2013). Cytosolic P53 Inhibits Parkin-Mediated Mitophagy and
Promotes Mitochondrial Dysfunction in the Mouse Heart. Nat.
Commun. 4, 2308. doi:10.1038/ncomms3308

Hrelia, S., Fiorentini, D., Maraldi, T., Angeloni, C., Bordoni, A., Biagi, P. L.,
et al. (2002). Doxorubicin Induces Early Lipid Peroxidation Associated
with Changes in Glucose Transport in Cultured Cardiomyocytes. Biochim.
Biophys. Acta (Bba) - Biomembranes 1567, 150–156. doi:10.1016/S0005-
2736(02)00612-0

Hull, T. D., Boddu, R., Guo, L., Tisher, C. C., Traylor, A. M., Patel, B., et al. (2016).
Heme Oxygenase-1 Regulates Mitochondrial Quality Control in the Heart. JCI
Insight 1. doi:10.1172/jci.insight.85817

Ichikawa, Y., Ghanefar, M., Bayeva, M., Wu, R., Khechaduri, A., Prasad, S. V. N.,
et al. (2014). Cardiotoxicity of Doxorubicin Is Mediated through Mitochondrial
Iron Accumulation. J. Clin. Invest. 124, 617–630. doi:10.1172/JCI72931

Ikeda, Y., Shirakabe, A., Brady, C., Zablocki, D., Ohishi, M., and Sadoshima, J.
(2014). Molecular Mechanisms Mediating Mitochondrial Dynamics and
Mitophagy and Their Functional Roles in the Cardiovascular System. J. Mol.
Cell Cardiol. 78, 116–122. doi:10.1016/j.yjmcc.2014.09.019

Jiang, X., Stockwell, B. R., and Conrad, M. (2021). Ferroptosis: Mechanisms,
Biology and Role in Disease. Nat. Rev. Mol. Cel Biol 22, 266–282. doi:10.1038/
s41580-020-00324-8

Jordan, J. H., Castellino, S. M., Meléndez, G. C., Klepin, H. D., Ellis, L. R., Lamar, Z.,
et al. (2018). Left Ventricular Mass Change after Anthracycline Chemotherapy.
Circ. Heart Fail. 11, e004560. doi:10.1161/CIRCHEARTFAILURE.117.004560

Kalay, N., Basar, E., Ozdogru, I., Er, O., Cetinkaya, Y., Dogan, A., et al. (2006).
Protective Effects of Carvedilol against Anthracycline-Induced

Cardiomyopathy. J. Am. Coll. Cardiol. 48, 2258–2262. doi:10.1016/j.jacc.
2006.07.052

Kawaguchi, T., Takemura, G., Kanamori, H., Takeyama, T., Watanabe, T.,
Morishita, K., et al. (2012). Prior Starvation Mitigates Acute Doxorubicin
Cardiotoxicity through Restoration of Autophagy in Affected
Cardiomyocytes. Cardiovasc. Res. 96, 456–465. doi:10.1093/cvr/cvs282

Kaya, M. G., Ozkan, M., Gunebakmaz, O., Akkaya, H., Kaya, E. G., Akpek, M., et al.
(2013). Protective Effects of Nebivolol against Anthracycline-Induced
Cardiomyopathy: A Randomized Control Study. Int. J. Cardiol. 167,
2306–2310. doi:10.1016/j.ijcard.2012.06.023

Kim, J., Kundu,M., Viollet, B., and Guan, K.-L. (2011). AMPK andmTORRegulate
Autophagy through Direct Phosphorylation of Ulk1. Nat. Cel Biol 13, 132–141.
doi:10.1038/ncb2152

Kleele, T., Rey, T., Winter, J., Zaganelli, S., Mahecic, D., Perreten Lambert, H., et al.
(2021). Distinct Fission Signatures Predict Mitochondrial Degradation or
Biogenesis. Nature 593 (7859), 435–439. doi:10.1038/s41586-021-03510-6

Klionsky, D. J., Abdel-Aziz, A. K., Abdelfatah, S., Abdellatif, M., Abdoli, A., Abel, S.,
et al. (2021). Guidelines for the Use and Interpretation of Assays for Monitoring
Autophagy. Autophagy 17, 1–382. 4th edition. doi:10.1080/15548627.2015.
1100356

Kobashigawa, L. C., Xu, Y. C., Padbury, J. F., Tseng, Y.-T., and Yano, N. (2014).
Metformin Protects Cardiomyocyte from Doxorubicin Induced Cytotoxicity
through an AMP-Activated Protein Kinase Dependent Signaling Pathway: An
In Vitro Study. PLOS ONE 9, e104888. doi:10.1371/journal.pone.0104888

Kobayashi, S., Volden, P., Timm, D., Mao, K., Xu, X., and Liang, Q. (2010).
Transcription Factor GATA4 Inhibits Doxorubicin-Induced Autophagy and
Cardiomyocyte Death. J. Biol. Chem. 285, 793–804. doi:10.1074/jbc.M109.
070037

Kotamraju, S., Chitambar, C. R., Kalivendi, S. V., Joseph, J., and Kalyanaraman, B.
(2002). Transferrin Receptor-dependent Iron Uptake Is Responsible for
Doxorubicin-Mediated Apoptosis in Endothelial Cells Role of Oxidant-
Induced Iron Signaling in Apoptosis. J. Biol. Chem. 277, 17179–17187.
doi:10.1074/jbc.M111604200

Kraus, F., Roy, K., Pucadyil, T. J., and Ryan, M. T. (2021). Function and Regulation
of the Divisome for Mitochondrial Fission. Nature 590, 57–66. doi:10.1038/
s41586-021-03214-x

Kubli, D. A., Quinsay, M. N., Huang, C., Lee, Y., and Gustafsson, Å. B. (2008).
Bnip3 Functions as a Mitochondrial Sensor of Oxidative Stress during
Myocardial Ischemia and Reperfusion. Am. J. Physiology-Heart Circulatory
Physiol. 295, H2025–H2031. doi:10.1152/ajpheart.00552.2008

Li, D. L., Wang, Z. V., Ding, G., Tan, W., Luo, X., Criollo, A., et al. (2016).
Doxorubicin Blocks Cardiomyocyte Autophagic Flux by Inhibiting Lysosome
Acidification. Circulation 133, 1668–1687. doi:10.1161/CIRCULATIONAHA.
115.017443

Li, H., Wang, C., Sun, P., Liu, D., Du, G., and Tian, J. (2020a). Melatonin Attenuates
Doxorubicin-Induced Cardiotoxicity through Preservation of YAP Expression.
J. Cell Mol. Med. 24, 3634–3646. doi:10.1111/jcmm.15057

Li, J., Li, Y., Jiao, J., Wang, J., Li, Y., Qin, D., et al. (2014). Mitofusin 1 Is Negatively
Regulated by MicroRNA 140 in Cardiomyocyte Apoptosis. Mol. Cell Biol. 34
(10), 1788–1799. doi:10.1128/MCB.00774-13

Li, M., Russo, M., Pirozzi, F., Tocchetti, C. G., and Ghigo, A. (2020b). Autophagy
and Cancer Therapy Cardiotoxicity: From Molecular Mechanisms to
Therapeutic Opportunities. Biochim. Biophys. Acta (Bba) - Mol. Cel Res.
1867, 118493. doi:10.1016/j.bbamcr.2019.06.007

Li, M., Sala, V., De Santis, M. C., Cimino, J., Cappello, P., Pianca, N., et al. (2018).
Phosphoinositide 3-Kinase Gamma Inhibition Protects from Anthracycline
Cardiotoxicity and Reduces Tumor Growth. Circulation 138, 696–711. doi:10.
1161/CIRCULATIONAHA.117.030352

Li, X., Lin, Y., Wang, S., Zhou, S., Ju, J., Wang, X., et al. (2020c). Extracellular
Superoxide Dismutase Is Associated with Left Ventricular Geometry and Heart
Failure in Patients with Cardiovascular Disease. J. Am. Heart Assoc. 9 (15),
e016862. doi:10.1161/JAHA.120.016862

Liang, X., Wang, S., Wang, L., Ceylan, A. F., Ren, J., and Zhang, Y. (2020).
Mitophagy Inhibitor Liensinine Suppresses Doxorubicin-Induced
Cardiotoxicity through Inhibition of Drp1-Mediated Maladaptive
Mitochondrial Fission. Pharmacol. Res. 157, 104846. doi:10.1016/j.phrs.2020.
104846

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 81140612

Huang et al. Mitochondria in Anthracycline Cardiotoxicity

https://doi.org/10.1002/ajh.21840
https://doi.org/10.1016/j.bbamcr.2016.01.021
https://doi.org/10.1093/cvr/cvs134
https://doi.org/10.1016/S0735-1097(16)31444-9
https://doi.org/10.1016/0006-2952(84)90340-X
https://doi.org/10.1016/0006-2952(84)90340-X
https://doi.org/10.1016/j.freeradbiomed.2003.08.005
https://doi.org/10.1007/s12012-019-09554-5
https://doi.org/10.1007/s12012-019-09554-5
https://doi.org/10.2337/diabetes.51.8.2420
https://doi.org/10.1039/C8FO00466H
https://doi.org/10.1016/j.redox.2021.102185
https://doi.org/10.3389/fphar.2019.01531
https://doi.org/10.3389/fphar.2019.01531
https://doi.org/10.1038/ncomms3308
https://doi.org/10.1016/S0005-2736(02)00612-0
https://doi.org/10.1016/S0005-2736(02)00612-0
https://doi.org/10.1172/jci.insight.85817
https://doi.org/10.1172/JCI72931
https://doi.org/10.1016/j.yjmcc.2014.09.019
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004560
https://doi.org/10.1016/j.jacc.2006.07.052
https://doi.org/10.1016/j.jacc.2006.07.052
https://doi.org/10.1093/cvr/cvs282
https://doi.org/10.1016/j.ijcard.2012.06.023
https://doi.org/10.1038/ncb2152
https://doi.org/10.1038/s41586-021-03510-6
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1371/journal.pone.0104888
https://doi.org/10.1074/jbc.M109.070037
https://doi.org/10.1074/jbc.M109.070037
https://doi.org/10.1074/jbc.M111604200
https://doi.org/10.1038/s41586-021-03214-x
https://doi.org/10.1038/s41586-021-03214-x
https://doi.org/10.1152/ajpheart.00552.2008
https://doi.org/10.1161/CIRCULATIONAHA.115.017443
https://doi.org/10.1161/CIRCULATIONAHA.115.017443
https://doi.org/10.1111/jcmm.15057
https://doi.org/10.1128/MCB.00774-13
https://doi.org/10.1016/j.bbamcr.2019.06.007
https://doi.org/10.1161/CIRCULATIONAHA.117.030352
https://doi.org/10.1161/CIRCULATIONAHA.117.030352
https://doi.org/10.1161/JAHA.120.016862
https://doi.org/10.1016/j.phrs.2020.104846
https://doi.org/10.1016/j.phrs.2020.104846
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Lipshultz, S. E., Scully, R. E., Lipsitz, S. R., Sallan, S. E., Silverman, L. B., Miller, T. L.,
et al. (2010). Assessment of Dexrazoxane as a Cardioprotectant in Doxorubicin-
Treated Children with High-Risk Acute Lymphoblastic Leukaemia: Long-Term
Follow-Up of a Prospective, Randomised, Multicentre Trial. Lancet Oncol. 11,
950–961. doi:10.1016/S1470-2045(10)70204-7

Liu, D., Ma, Z., Di, S., Yang, Y., Yang, J., Xu, L., et al. (2018). AMPK/PGC1α
Activation by Melatonin Attenuates Acute Doxorubicin Cardiotoxicity via
Alleviating Mitochondrial Oxidative Damage and Apoptosis. Free Radic.
Biol. Med. 129, 59–72. doi:10.1016/j.freeradbiomed.2018.08.032

Lopez, M., Vici, P., Lauro, K. D., Conti, F., Paoletti, G., Ferraironi, A., et al.
(1998). Randomized Prospective Clinical Trial of High-Dose Epirubicin
and Dexrazoxane in Patients with Advanced Breast Cancer and Soft Tissue
Sarcomas. JCO 16, 86–92. doi:10.1200/JCO.1998.16.1.86

Lu, L., Wu, W., Yan, J., Li, X., Yu, H., and Yu, X. (2009). Adriamycin-induced
Autophagic Cardiomyocyte Death Plays a Pathogenic Role in a Rat Model of
Heart Failure. Int. J. Cardiol. 134, 82–90. doi:10.1016/j.ijcard.2008.01.043

Luo, P., Zhu, Y., Chen, M., Yan, H., Yang, B., Yang, X., et al. (2018). HMGB1
Contributes to Adriamycin-Induced Cardiotoxicity via Up-Regulating
Autophagy. Toxicol. Lett. 292, 115–122. doi:10.1016/j.toxlet.2018.04.034

Lyu, Y. L., Kerrigan, J. E., Lin, C.-P., Azarova, A. M., Tsai, Y.-C., Ban, Y., et al.
(2007). Topoisomerase IIβ–Mediated DNA Double-Strand Breaks:
Implications in Doxorubicin Cardiotoxicity and Prevention by
Dexrazoxane. Cancer Res. 67, 8839–8846. doi:10.1158/0008-5472.CAN-
07-1649

Maccarinelli, F., Gammella, E., Asperti, M., Regoni, M., Biasiotto, G., Turco, E.,
et al. (2014). Mice Lacking Mitochondrial Ferritin Are More Sensitive to
Doxorubicin-Mediated Cardiotoxicity. J. Mol. Med. 92, 859–869. doi:10.
1007/s00109-014-1147-0

MacInnis, M. J., and Gibala, M. J. (2017). Physiological Adaptations to Interval
Training and the Role of Exercise Intensity. J. Physiol. 595, 2915–2930. doi:10.
1113/JP273196

Marcillat, O., Zhang, Y., and Davies, K. J. A. (1989). Oxidative and Non-oxidative
Mechanisms in the Inactivation of Cardiac Mitochondrial Electron Transport
Chain Components by Doxorubicin. Biochem. J. 259, 181–189. doi:10.1042/
bj2590181

Marques-Aleixo, I., Santos-Alves, E., Oliveira, P. J., Moreira, P. I., Magalhães,
J., and Ascensão, A. (2018a). The Beneficial Role of Exercise in Mitigating
Doxorubicin-Induced Mitochondrionopathy. Biochim. Biophys. Acta
(Bba) - Rev. Cancer 1869, 189–199. doi:10.1016/j.bbcan.2018.01.002

Marques-Aleixo, I., Santos-Alves, E., Torrella, J. R., Oliveira, P. J., Magalhães, J.,
and Ascensão, A. (2018b). Exercise and Doxorubicin Treatment Modulate
Cardiac Mitochondrial Quality Control Signaling. Cardiovasc. Toxicol. 18,
43–55. doi:10.1007/s12012-017-9412-4

Minotti, G., Recalcati, S., Mordente, A., Liberi, G., Calafiore, A. M., Mancuso,
C., et al. (1998). The Secondary Alcohol Metabolite of Doxorubicin
Irreversibly Inactivates Aconitase/iron Regulatory Protein-1 in
Cytosolic Fractions from Human Myocardium. FASEB J. 12, 541–552.
doi:10.1096/fasebj.12.7.541

Minotti, G., Ronchi, R., Salvatorelli, E., Menna, P., and Cairo, G. (2001).
Doxorubicin Irreversibly Inactivates Iron Regulatory Proteins 1 and 2 in
Cardiomyocytes Evidence for Distinct Metabolic Pathways and Implications
for Iron-Mediated Cardiotoxicity of Antitumor Therapy. Cancer Res. 61,
8422–8428.

Miotto, G., Rossetto, M., Di Paolo, M. L., Orian, L., Venerando, R., Roveri, A., et al.
(2020). Insight into the Mechanism of Ferroptosis Inhibition by Ferrostatin-1.
Redox Biol. 28, 101328. doi:10.1016/j.redox.2019.101328

Miranda, C. J., Makui, H., Soares, R. J., Bilodeau, M., Mui, J., Vali, H., et al. (2003).
Hfe Deficiency Increases Susceptibility to Cardiotoxicity and Exacerbates
Changes in Iron Metabolism Induced by Doxorubicin. Blood 102,
2574–2580. doi:10.1182/blood-2003-03-0869

Mukhopadhyay, P., Rajesh, M., Bátkai, S., Kashiwaya, Y., Haskó, G., Liaudet, L.,
et al. (2009). Role of Superoxide, Nitric Oxide, and Peroxynitrite in
Doxorubicin-Induced Cell Death In Vivo and In Vitro. Am. J. Physiol. -
Heart Circulatory Physiol. 296, H1466–H1483. doi:10.1152/ajpheart.00795.
2008

Murabito, A., Hirsch, E., and Ghigo, A. (2020). Mechanisms of Anthracycline-
Induced Cardiotoxicity: Is Mitochondrial Dysfunction the Answer? Front.
Cardiovasc. Med. 7, 35. doi:10.3389/fcvm.2020.00035

Najafi, M., Hooshangi Shayesteh, M. R., Mortezaee, K., Farhood, B., and Haghi-
Aminjan, H. (2020). The Role of Melatonin on Doxorubicin-Induced
Cardiotoxicity: A Systematic Review. Life Sci. 241, 117173. doi:10.1016/j.lfs.
2019.117173

Narendra, D., Tanaka, A., Suen, D.-F., and Youle, R. J. (2008). Parkin Is Recruited
Selectively to Impaired Mitochondria and Promotes Their Autophagy. J. Cel
Biol. 183, 795–803. doi:10.1083/jcb.200809125

National Cancer Institute (2020).DoxorubicinHydrochloride. Available at: https://www.
cancer.gov/about-cancer/treatment/drugs/doxorubicinhydrochloride (Accessed July
18, 2021).

Nishida, K., Yamaguchi, O., and Otsu, K. (2008). Crosstalk between Autophagy
and Apoptosis in Heart Disease. Circ. Res. 103, 343–351. doi:10.1161/
CIRCRESAHA.108.175448

O’Brien, C. G., Ozen, M. O., Ikeda, G., Vaskova, E., Jung, J. H., Bayardo, N.,
et al. (2021). Mitochondria-Rich Extracellular Vesicles Rescue Patient-
specific Cardiomyocytes from Doxorubicin Injury: Insights into the
SENECA Trial. JACC: CardioOncology 3, 428–440. doi:10.1016/j.jaccao.
2021.05.006

Osataphan, N., Phrommintikul, A., Chattipakorn, S. C., and Chattipakorn, N.
(2020). Effects of Doxorubicin-Induced Cardiotoxicity on Cardiac
Mitochondrial Dynamics and Mitochondrial Function: Insights for
Future Interventions. J. Cell Mol. Med. 24, 6534–6557. doi:10.1111/
jcmm.15305

Panjrath, G. S., Patel, V., Valdiviezo, C. I., Narula, N., Narula, J., and Jain, D.
(2007). Potentiation of Doxorubicin Cardiotoxicity by Iron Loading in a
Rodent Model. J. Am. Coll. Cardiol. 49, 2457–2464. doi:10.1016/j.jacc.
2007.02.060

Parker, M. A., King, V., and Howard, K. P. (2001). Nuclear Magnetic
Resonance Study of Doxorubicin Binding to Cardiolipin Containing
Magnetically Oriented Phospholipid Bilayers. Biochim. Biophys. Acta
(Bba) - Biomembranes 1514, 206–216. doi:10.1016/S0005-2736(01)
00371-6

Piquereau, J., Caffin, F., Novotova, M., Lemaire, C., Veksler, V., Garnier, A., et al.
(2013). Mitochondrial Dynamics in the Adult Cardiomyocytes: Which Roles
for a Highly Specialized Cell? Front. Physiol. 4, 102. doi:10.3389/fphys.2013.
00102

Pointon, A. V., Walker, T. M., Phillips, K. M., Luo, J., Riley, J., Zhang, S.-D.,
et al. (2010). Doxorubicin In Vivo Rapidly Alters Expression and
Translation of Myocardial Electron Transport Chain Genes, Leads to
ATP Loss and Caspase 3 Activation. PLOS ONE 5, e12733. doi:10.1371/
journal.pone.0012733

Quinsay, M. N., Thomas, R. L., Lee, Y., and Gustafsson, A. B. (2010). Bnip3-
mediated Mitochondrial Autophagy Is Independent of the Mitochondrial
Permeability Transition Pore. Autophagy 6, 855–862. doi:10.4161/auto.6.7.
13005

Rizzollo, F., More, S., Vangheluwe, P., and Agostinis, P. (2021). The Lysosome
as a Master Regulator of Iron Metabolism. Trends Biochem. Sci. 46 (12),
960–975. doi:10.1016/j.tibs.2021.07.003

Rocha, V. C. J., França, L. S. D. A., de Araújo, C. F., Ng, A. M., de Andrade, C.
M., Andrade, A. C., et al. (2016). Protective Effects of Mito-TEMPO against
Doxorubicin Cardiotoxicity in Mice. Cancer Chemother. Pharmacol. 77,
659–662. doi:10.1007/s00280-015-2949-7

Rochette, L., Guenancia, C., Gudjoncik, A., Hachet, O., Zeller, M., Cottin, Y.,
et al. (2015). Anthracyclines/trastuzumab: New Aspects of Cardiotoxicity
and Molecular Mechanisms. Trends Pharmacol. Sci. 36, 326–348. doi:10.
1016/j.tips.2015.03.005

Rouault, T. A. (2006). The Role of Iron Regulatory Proteins in Mammalian Iron
Homeostasis and Disease. Nat. Chem. Biol. 2, 406–414. doi:10.1038/
nchembio807

Russell, R. C., Tian, Y., Yuan, H., Park, H. W., Chang, Y.-Y., Kim, J., et al.
(2013). ULK1 Induces Autophagy by Phosphorylating Beclin-1 and
Activating VPS34 Lipid Kinase. Nat. Cel Biol 15, 741–750. doi:10.1038/
ncb2757

Sabbah, H. N., Gupta, R. C., Kohli, S., Wang, M., Hachem, S., and Zhang, K. (2016).
Chronic Therapy with Elamipretide (MTP-131), a Novel Mitochondria-
Targeting Peptide, Improves Left Ventricular and Mitochondrial Function
in Dogs with Advanced Heart Failure. Circ. Heart Fail. 9, e002206. doi:10.
1161/CIRCHEARTFAILURE.115.002206

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 81140613

Huang et al. Mitochondria in Anthracycline Cardiotoxicity

https://doi.org/10.1016/S1470-2045(10)70204-7
https://doi.org/10.1016/j.freeradbiomed.2018.08.032
https://doi.org/10.1200/JCO.1998.16.1.86
https://doi.org/10.1016/j.ijcard.2008.01.043
https://doi.org/10.1016/j.toxlet.2018.04.034
https://doi.org/10.1158/0008-5472.CAN-07-1649
https://doi.org/10.1158/0008-5472.CAN-07-1649
https://doi.org/10.1007/s00109-014-1147-0
https://doi.org/10.1007/s00109-014-1147-0
https://doi.org/10.1113/JP273196
https://doi.org/10.1113/JP273196
https://doi.org/10.1042/bj2590181
https://doi.org/10.1042/bj2590181
https://doi.org/10.1016/j.bbcan.2018.01.002
https://doi.org/10.1007/s12012-017-9412-4
https://doi.org/10.1096/fasebj.12.7.541
https://doi.org/10.1016/j.redox.2019.101328
https://doi.org/10.1182/blood-2003-03-0869
https://doi.org/10.1152/ajpheart.00795.2008
https://doi.org/10.1152/ajpheart.00795.2008
https://doi.org/10.3389/fcvm.2020.00035
https://doi.org/10.1016/j.lfs.2019.117173
https://doi.org/10.1016/j.lfs.2019.117173
https://doi.org/10.1083/jcb.200809125
https://www.cancer.gov/about-cancer/treatment/drugs/doxorubicinhydrochloride
https://www.cancer.gov/about-cancer/treatment/drugs/doxorubicinhydrochloride
https://doi.org/10.1161/CIRCRESAHA.108.175448
https://doi.org/10.1161/CIRCRESAHA.108.175448
https://doi.org/10.1016/j.jaccao.2021.05.006
https://doi.org/10.1016/j.jaccao.2021.05.006
https://doi.org/10.1111/jcmm.15305
https://doi.org/10.1111/jcmm.15305
https://doi.org/10.1016/j.jacc.2007.02.060
https://doi.org/10.1016/j.jacc.2007.02.060
https://doi.org/10.1016/S0005-2736(01)00371-6
https://doi.org/10.1016/S0005-2736(01)00371-6
https://doi.org/10.3389/fphys.2013.00102
https://doi.org/10.3389/fphys.2013.00102
https://doi.org/10.1371/journal.pone.0012733
https://doi.org/10.1371/journal.pone.0012733
https://doi.org/10.4161/auto.6.7.13005
https://doi.org/10.4161/auto.6.7.13005
https://doi.org/10.1016/j.tibs.2021.07.003
https://doi.org/10.1007/s00280-015-2949-7
https://doi.org/10.1016/j.tips.2015.03.005
https://doi.org/10.1016/j.tips.2015.03.005
https://doi.org/10.1038/nchembio807
https://doi.org/10.1038/nchembio807
https://doi.org/10.1038/ncb2757
https://doi.org/10.1038/ncb2757
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002206
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002206
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Saito, T., and Junichi, S. (2015). Molecular Mechanisms of Mitochondrial
Autophagy/Mitophagy in the Heart. Circ. Res. 116, 1477–1490. doi:10.1161/
CIRCRESAHA.116.303790

Sala, V., Della Sala, A., Hirsch, E., and Ghigo, A. (2020). Signaling Pathways
Underlying Anthracycline Cardiotoxicity. Antioxid. Redox Signaling 32,
1098–1114. doi:10.1089/ars.2020.8019

Sarocchi, M., Bauckneht, M., Arboscello, E., Capitanio, S., Marini, C., Morbelli, S.,
et al. (2018). An Increase in Myocardial 18-fluorodeoxyglucose Uptake Is
Associated with Left Ventricular Ejection Fraction Decline in Hodgkin
Lymphoma Patients Treated with Anthracycline. J. Translational Med. 16,
295. doi:10.1186/s12967-018-1670-9

Sayed-ahmed, M. M., Shaarawy, S., Shouman, S. A., and Osman, A.-M. M.
(1999). Reversal of Doxorubicin-Induced Cardiac Metabolic Damage
Byl-Carnitine. Pharmacol. Res. 39, 289–295. doi:10.1006/phrs.1998.0438

Sayed-ahmed,M.M., Shouman, S. A., Rezk, B.M., Khalifa,M.H., Osman, A.-M.M., and
El-merzabani, M. M. (2000). Propionyl- L -Carnitine as Potential Protective Agent
against Adriamycin-Induced Impairment of Fatty Acid Beta-Oxidation in Isolated
Heart Mitochondria. Pharmacol. Res. 41, 143–150. doi:10.1006/phrs.1999.0583

Scott, J. M., Nilsen, T. S., Gupta, D., and Jones, L. W. (2018). Exercise Therapy and
Cardiovascular Toxicity in Cancer. Circulation 137, 1176–1191. doi:10.1161/
CIRCULATIONAHA.117.024671

Simůnek, T., Stérba, M., Popelová, O., Adamcová, M., Hrdina, R., and Gersl, V.
(2009). Anthracycline-induced Cardiotoxicity: Overview of Studies Examining
the Roles of Oxidative Stress and Free Cellular Iron. Pharmacol. Rep. 61,
154–171. doi:10.1016/s1734-1140(09)70018-0

Sishi, B. J. N., Loos, B., van Rooyen, J., and Engelbrecht, A.-M. (2013). Autophagy
Upregulation Promotes Survival and Attenuates Doxorubicin-Induced
Cardiotoxicity. Biochem. Pharmacol. 85, 124–134. doi:10.1016/j.bcp.2012.10.005

Song, R., Yang, Y., Lei, H., Wang, G., Huang, Y., Xue, W., et al. (2018). HDAC6
Inhibition Protects Cardiomyocytes against Doxorubicin-Induced Acute
Damage by Improving α-tubulin Acetylation. J. Mol. Cell Cardiol. 124,
58–69. doi:10.1016/j.yjmcc.2018.10.007

Swain, S. M., Whaley, F. S., and Ewer, M. S. (2003). Congestive Heart Failure in Patients
Treated with Doxorubicin. Cancer 97, 2869–2879. doi:10.1002/cncr.11407

Swain, S. M., Whaley, F. S., Gerber, M. C., Weisberg, S., York, M., Spicer, D., et al.
(1997). Cardioprotection with Dexrazoxane for Doxorubicin-Containing
Therapy in Advanced Breast Cancer. JCO 15, 1318–1332. doi:10.1200/JCO.
1997.15.4.1318

Tadokoro, T., Ikeda, M., Ide, T., Deguchi, H., Ikeda, S., Okabe, K., et al.
(2020). Mitochondria-dependent Ferroptosis Plays a Pivotal Role in
Doxorubicin Cardiotoxicity. JCI Insight 5. doi:10.1172/jci.insight.132747

Tang, H., Tao, A., Song, J., Liu, Q., Wang, H., and Rui, T. (2017). Doxorubicin-
induced Cardiomyocyte Apoptosis: Role of Mitofusin 2. Int. J. Biochem. Cel
Biol. 88, 55–59. doi:10.1016/j.biocel.2017.05.006

Tebbi, C. K., London, W. B., Friedman, D., Villaluna, D., Alarcon, P. A. D.,
Constine, L. S., et al. (2007). Dexrazoxane-Associated Risk for Acute
Myeloid Leukemia/Myelodysplastic Syndrome and Other Secondary
Malignancies in Pediatric Hodgkin’s Disease. JCO 25, 493–500. doi:10.
1200/JCO.2005.02.3879

Tewey, K. M., Rowe, T. C., Yang, L., Halligan, B. D., and Liu, L. F. (1984).
Adriamycin-induced DNA Damage Mediated by Mammalian DNA
Topoisomerase II. Science 226, 466–468. doi:10.1126/science.6093249

Tilokani, L., Nagashima, S., Paupe, V., and Prudent, J. (2018). Mitochondrial
Dynamics: Overview of Molecular Mechanisms. Essays Biochem. 62,
341–360. doi:10.1042/EBC20170104

van Dalen, E. C., Caron, H. N., Dickinson, H. O., and Kremer, L. C. (2011).
Cardioprotective Interventions for Cancer Patients Receiving Anthracyclines.
Cochrane Database Syst. Rev. 2011 (6), CD003917. doi:10.1002/14651858.
CD003917.pub4

Vejpongsa, P., and Yeh, E. T. H. (2014). Prevention of Anthracycline-Induced
Cardiotoxicity: Challenges and Opportunities. J. Am. Coll. Cardiol. 64, 938–945.
doi:10.1016/j.jacc.2014.06.1167

Venturini, M., Michelotti, A., Mastro, L. D., Gallo, L., Carnino, F., Garrone, O.,
et al. (1996). Multicenter Randomized Controlled Clinical Trial to Evaluate
Cardioprotection of Dexrazoxane versus No Cardioprotection in Women
Receiving Epirubicin Chemotherapy for Advanced Breast Cancer. JCO 14,
3112–3120. doi:10.1200/JCO.1996.14.12.3112

Villa, F., Bruno, S., Costa, A., Li, M., Russo, M., Cimino, J., et al. (2021). The Human
Fetal and Adult Stem Cell Secretome Can Exert Cardioprotective Paracrine
Effects against Cardiotoxicity and Oxidative Stress from Cancer Treatment.
Cancers 13, 3729. doi:10.3390/cancers13153729

Voest, E. E., van Acker, S. A. B. E., van der Vijgh, W. J. F., van Asbeck, B. S., and
Bast, A. (1994). Comparison of Different Iron Chelators as Protective Agents
against Acute Doxorubicin-Induced Cardiotoxicity. J. Mol. Cell Cardiol. 26,
1179–1185. doi:10.1006/jmcc.1994.1136

Waldner, R., Laschan, C., Lohninger, A., Gessner, M., Tüchler, H., Huemer, M., et al.
(2006). Effects of Doxorubicin-Containing Chemotherapy and a Combination with
L-Carnitine on Oxidative Metabolism in Patients with Non-hodgkin Lymphoma.
J. Cancer Res. Clin. Oncol. 132, 121–128. doi:10.1007/s00432-005-0054-8

Wang, D. D., Cheng, R. K., and Tian, R. (2021). Combat Doxorubicin
Cardiotoxicity with the Power of Mitochondria Transfer. JACC:
CardioOncology 3, 441–443. doi:10.1016/j.jaccao.2021.08.001

Wang, L., Chen, Q., Qi, H., Wang, C., Wang, C., Zhang, J., et al. (2016).
Doxorubicin-Induced Systemic Inflammation Is Driven by Upregulation of
Toll-like Receptor TLR4 and Endotoxin Leakage. Cancer Res. 76, 6631–6642.
doi:10.1158/0008-5472.CAN-15-3034

Wang, S., Song, P., and Zou, M.-H. (2012). Inhibition of AMP-Activated Protein
Kinase α (AMPKα) by Doxorubicin Accentuates Genotoxic Stress and Cell
Death in Mouse Embryonic Fibroblasts and Cardiomyocytes ROLE of P53 and
SIRT1. J. Biol. Chem. 287, 8001–8012. doi:10.1074/jbc.M111.315812

Wang, X., Wang, X.-L., Chen, H.-L., Wu, D., Chen, J.-X., Wang, X.-X., et al. (2014).
Ghrelin Inhibits Doxorubicin Cardiotoxicity by Inhibiting Excessive
Autophagy through AMPK and P38-MAPK. Biochem. Pharmacol. 88,
334–350. doi:10.1016/j.bcp.2014.01.040

Wang, Y., Gao, W., Shi, X., Ding, J., Liu, W., He, H., et al. (2017). Chemotherapy
Drugs Induce Pyroptosis through Caspase-3 Cleavage of a Gasdermin. Nature
547, 99–103. doi:10.1038/nature22393

Wu, W., Yang, B., Qiao, Y., Zhou, Q., He, H., and He, M. (2020). Kaempferol
Protects Mitochondria and Alleviates Damages against Endotheliotoxicity
Induced by Doxorubicin. Biomed. Pharmacother. 126, 110040. doi:10.1016/j.
biopha.2020.110040

Xia, Y., Chen, Z., Chen, A., Fu, M., Dong, Z., Hu, K., et al. (2017). LCZ696 Improves
Cardiac Function via Alleviating Drp1-MediatedMitochondrial Dysfunction in
Mice with Doxorubicin-Induced Dilated Cardiomyopathy. J. Mol. Cell Cardiol.
108, 138–148. doi:10.1016/j.yjmcc.2017.06.003

Xie, Y., Hou, W., Song, X., Yu, Y., Huang, J., Sun, X., et al. (2016). Ferroptosis:
Process and Function. Cell Death Differ 23, 369–379. doi:10.1038/cdd.2015.158

Xu, X., Persson, H. L., and Richardson, D. R. (2005). Molecular Pharmacology of
the Interaction of Anthracyclines with Iron. Mol. Pharmacol. 68, 261–271.
doi:10.1124/mol.105.013383

Youle, R. J., and van der Bliek, A. M. (2012). Mitochondrial Fission, Fusion, and
Stress. Science 337, 1062–1065. doi:10.1126/science.1219855

Zamorano, J. L., Lancellotti, P., Muñoz, D. R., Aboyans, V., Asteggiano, R., Galderisi, M.,
et al. (2016). 2016 ESC Position Paper on Cancer Treatments and Cardiovascular
Toxicity Developed under the Auspices of the ESC Committee for Practice
Guidelines. Eur. Heart J. 37, 2768–2801. doi:10.1093/eurheartj/ehw211

Zhang, J., and Ney, P. A. (2009). Role of BNIP3 and NIX in Cell Death,
Autophagy, and Mitophagy. Cel Death Differ 16, 939–946. doi:10.1038/
cdd.2009.16

Zhang, Q.-L., Yang, J.-J., and Zhang, H.-S. (2019). Carvedilol (CAR) Combined with
Carnosic Acid (CAA) Attenuates Doxorubicin-Induced Cardiotoxicity by
Suppressing Excessive Oxidative Stress, Inflammation, Apoptosis and Autophagy.
Biomed. Pharmacother. 109, 71–83. doi:10.1016/j.biopha.2018.07.037

Zhang, S., Liu, X., Bawa-Khalfe, T., Lu, L.-S., Lyu, Y. L., Liu, L. F., et al. (2012).
Identification of the Molecular Basis of Doxorubicin-Induced Cardiotoxicity.
Nat. Med. 18, 1639–1642. doi:10.1038/nm.2919

Zhang, T., Zhang, Y., Cui, M., Jin, L., Wang, Y., Lv, F., et al. (2016). CaMKII Is
a RIP3 Substrate Mediating Ischemia- and Oxidative Stress-Induced
Myocardial Necroptosis. Nat. Med. 22, 175–182. doi:10.1038/nm.4017

Zhang, Y., Kang, Y.-M., Tian, C., Zeng, Y., Jia, L.-X.,Ma, X., et al. (2011). Overexpression
of Nrdp1 in the Heart Exacerbates Doxorubicin-Induced Cardiac Dysfunction in
Mice. PLOS ONE 6, e21104. doi:10.1371/journal.pone.0021104

Zhao, Y.,McLaughlin,D., Robinson, E.,Harvey, A. P.,Hookham,M. B., Shah,A.M., et al.
(2010). Nox2NADPHOxidase Promotes Pathologic Cardiac RemodelingAssociated

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 81140614

Huang et al. Mitochondria in Anthracycline Cardiotoxicity

https://doi.org/10.1161/CIRCRESAHA.116.303790
https://doi.org/10.1161/CIRCRESAHA.116.303790
https://doi.org/10.1089/ars.2020.8019
https://doi.org/10.1186/s12967-018-1670-9
https://doi.org/10.1006/phrs.1998.0438
https://doi.org/10.1006/phrs.1999.0583
https://doi.org/10.1161/CIRCULATIONAHA.117.024671
https://doi.org/10.1161/CIRCULATIONAHA.117.024671
https://doi.org/10.1016/s1734-1140(09)70018-0
https://doi.org/10.1016/j.bcp.2012.10.005
https://doi.org/10.1016/j.yjmcc.2018.10.007
https://doi.org/10.1002/cncr.11407
https://doi.org/10.1200/JCO.1997.15.4.1318
https://doi.org/10.1200/JCO.1997.15.4.1318
https://doi.org/10.1172/jci.insight.132747
https://doi.org/10.1016/j.biocel.2017.05.006
https://doi.org/10.1200/JCO.2005.02.3879
https://doi.org/10.1200/JCO.2005.02.3879
https://doi.org/10.1126/science.6093249
https://doi.org/10.1042/EBC20170104
https://doi.org/10.1002/14651858.CD003917.pub4
https://doi.org/10.1002/14651858.CD003917.pub4
https://doi.org/10.1016/j.jacc.2014.06.1167
https://doi.org/10.1200/JCO.1996.14.12.3112
https://doi.org/10.3390/cancers13153729
https://doi.org/10.1006/jmcc.1994.1136
https://doi.org/10.1007/s00432-005-0054-8
https://doi.org/10.1016/j.jaccao.2021.08.001
https://doi.org/10.1158/0008-5472.CAN-15-3034
https://doi.org/10.1074/jbc.M111.315812
https://doi.org/10.1016/j.bcp.2014.01.040
https://doi.org/10.1038/nature22393
https://doi.org/10.1016/j.biopha.2020.110040
https://doi.org/10.1016/j.biopha.2020.110040
https://doi.org/10.1016/j.yjmcc.2017.06.003
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1124/mol.105.013383
https://doi.org/10.1126/science.1219855
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.1038/cdd.2009.16
https://doi.org/10.1038/cdd.2009.16
https://doi.org/10.1016/j.biopha.2018.07.037
https://doi.org/10.1038/nm.2919
https://doi.org/10.1038/nm.4017
https://doi.org/10.1371/journal.pone.0021104
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


with Doxorubicin Chemotherapy. Cancer Res. 70, 9287–9297. doi:10.1158/0008-
5472.CAN-10-2664

Zilinyi, R., Czompa, A., Czegledi, A., Gajtko, A., Pituk, D., Lekli, I., et al.
(2018). The Cardioprotective Effect of Metformin in Doxorubicin-
Induced Cardiotoxicity: The Role of Autophagy. Molecules 23, 1184.
doi:10.3390/molecules23051184

Zorov, D. B., Juhaszova, M., and Sollott, S. J. (2014). Mitochondrial Reactive Oxygen
Species (ROS) andROS-InducedROSRelease.Physiol. Rev. 94, 909–950. doi:10.1152/
physrev.00026.2013

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Huang, Wu, Chen, Yang, Yan and Li. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 81140615

Huang et al. Mitochondria in Anthracycline Cardiotoxicity

https://doi.org/10.1158/0008-5472.CAN-10-2664
https://doi.org/10.1158/0008-5472.CAN-10-2664
https://doi.org/10.3390/molecules23051184
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1152/physrev.00026.2013
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Understanding Anthracycline Cardiotoxicity From Mitochondrial Aspect
	Introduction
	Anthracycline Cardiotoxicity: Phenomenon and Current Treatment
	Anthracycline-Induced Mitochondrial ROS Production
	Mitochondrial Iron-Overload and Ferroptosis During Anthracycline Cardiotoxicity
	Anthracyclines Interrupt Iron Metabolism
	Anthracyclines Induce Ferroptosis in Cardiomyocytes

	Autophagy, Mitophagy and Mitochondrial Dynamics in Anthracycline Cardiotoxicity
	Autophagy and Mitophagy in Anthracycline Cardiotoxicity
	Mitochondrial Dynamics in Anthracycline Cardiotoxicity

	Anthracycline-Induced Cardiac Metabolic Disturbance
	Anthracyclines Interrupt Myocardial Substrate Utilization
	AMPK-Mediated Metabolic Homeostasis During Anthracycline Cardiotoxicity

	Strategies Targeting Mitochondrial Mechanism to Reduce Anthracycline Cardiotoxicity
	Conclusion
	Author Contributions
	Funding
	References


