
����������
�������

Citation: Wu, B.B.; Leung, K.T.;

Poon, E.N.-Y. Mitochondrial-Targeted

Therapy for Doxorubicin-Induced

Cardiotoxicity. Int. J. Mol. Sci. 2022,

23, 1912. https://doi.org/10.3390/

ijms23031912

Academic Editor: Mathias Mericskay

Received: 28 December 2021

Accepted: 1 February 2022

Published: 9 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Mitochondrial-Targeted Therapy for Doxorubicin-Induced
Cardiotoxicity
Bin Bin Wu 1,2, Kam Tong Leung 2,3 and Ellen Ngar-Yun Poon 1,2,4,5,*

1 Centre for Cardiovascular Genomics and Medicine, Lui Che Woo Institute of Innovative Medicine,
The Chinese University of Hong Kong (CUHK), Hong Kong SAR, China; binbinwu@cuhk.edu.hk

2 Hong Kong Hub of Paediatric Excellence (HK HOPE), The Chinese University of Hong Kong (CUHK),
Hong Kong SAR, China; ktleung@cuhk.edu.hk

3 Department of Paediatrics, The Chinese University of Hong Kong (CUHK), Hong Kong SAR, China
4 Department of Medicine and Therapeutics, The Chinese University of Hong Kong (CUHK),

Hong Kong SAR, China
5 School of Biomedical Sciences, The Chinese University of Hong Kong (CUHK), Hong Kong SAR, China
* Correspondence: ellen.poon@cuhk.edu.hk; Tel.: +852-35133164

Abstract: Anthracyclines, such as doxorubicin, are effective chemotherapeutic agents for the treat-
ment of cancer, but their clinical use is associated with severe and potentially life-threatening car-
diotoxicity. Despite decades of research, treatment options remain limited. The mitochondria is
commonly considered to be the main target of doxorubicin and mitochondrial dysfunction is the
hallmark of doxorubicin-induced cardiotoxicity. Here, we review the pathogenic mechanisms of
doxorubicin-induced cardiotoxicity and present an update on cardioprotective strategies for this
disorder. Specifically, we focus on strategies that can protect the mitochondria and cover different ther-
apeutic modalities encompassing small molecules, post-transcriptional regulators, and mitochondrial
transfer. We also discuss the shortcomings of existing models of doxorubicin-induced cardiotoxicity
and explore advances in the use of human pluripotent stem cell derived cardiomyocytes as a platform
to facilitate the identification of novel treatments against this disorder.

Keywords: doxorubicin (DOX); cardiotoxicity; mitochondria; human pluripotent stem cells (hPSC);
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1. Introduction

Advances in cancer treatment have greatly improved the survival of cancer patients.
For instance, children diagnosed with a malignancy before 15 years of age have a 5-year sur-
vival rate of approximately 80% [1,2]. However, the relatively high survival rate of patients
is associated with a high incidence of treatment-related disorders. Anthracyclines, such as
doxorubicin (DOX), are effective chemotherapeutic agents for the treatment of cancer, but
their clinical use is associated with severe and potentially life-threatening cardiotoxicity [3].
Cancer survivors treated with anthracyclines are at much increased risk of cardiovascular
disorders. Despite decades of research, treatment options remain limited. Dexrazoxane
is currently the only drug approved by the U.S. Food and Drug Administration (FDA)
for the prevention of DOX-induced cardiotoxicity [4], but it has been associated with a
reduced tumor response rate to DOX and possible risk of secondary malignancies [5],
greatly limiting its use. Considering the widespread use of anthracyclines in general, and
DOX in particular, alternative treatment options are urgently needed. Here, we review
the pathogenic mechanisms of DOX-induced cardiotoxicity, including both established
(e.g., oxidative damage) and recently discovered (e.g., ferroptosis) mechanisms. We also
present an update on therapeutic strategies against this disorder, with a focus on those
that can target and/or protect the mitochondria and cover different therapeutic modalities
encompassing small molecules, post-transcriptional regulators, and mitochondrial transfer.
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We reason that the inadequacies of existing models of DOX-induced cardiotoxicity might
contribute to the inability to translate findings in animal studies to the clinic; thus, we will
discuss the shortcomings of rodent models commonly used to study this disorder and ex-
plore recent advances in human pluripotent stem cell technology to facilitate investigations
of disease pathogenesis and the identification of novel treatment against this disorder.

2. Types of Anthracyclines

DOX, daunorubicin, epirubicin, and idarubicin are the main anthracyclines approved
by the FDA for clinical use. Among them, DOX and daunorubicin were isolated from
Streptomyces peucetius var. caesius in the early 1960s, while epirubicin and idarubicin are
synthetic analogues of DOX and daunorubicin (Figure 1). Structurally, all anthracyclines
contain an anthraquinone ring system (aglycone), but specific structural differences (such as
the presence of methyl or alcohol groups) confer them with different spectrums of anticancer
activities. DOX is the most commonly used chemotherapeutic treatment and is effective
against many types of cancers, including both solid and non-solid malignancies, while
daunorubicin is often used to treat acute lymphoblastic and myeloblastic leukemias [6].

The use of anthracyclines is associated with significant adverse effects, such as car-
diotoxicity, nausea, and vomiting, the most serious of which is cardiotoxicity. The anthracy-
clines differ in their cardiotoxic potential, with DOX being the most cardiotoxic (but also
considered to be the most effective against different tumors), while epirubicin is considered
the least damaging. Consequently, we will focus our review on DOX, whose cardiotoxicity
is the most significant and well-characterized.
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3. Clinical Features of DOX-Induced Cardiotoxicity

DOX has been widely reported to induce dose-dependent, progressive, and poten-
tially lethal myocardial damage. Toxicity is usually apparent within one year of treatment
in the form of reduced left ventricular ejection fraction (LVEF), although late onset tox-
icity in patients, such as in children, are occasionally reported. Cardiomyopathy may
progress to congestive heart failure [6,7]. Once this develops, ~50% of patients die within
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2 years [8]. The relationship between congestive heart failure and the cumulative dose
of anthracyclines and DOX has been well documented. Mitry et al. reported a 4% risk
of heart failure when the cumulative dose is under 500 mg/m2, and this risk increases to
36% when the cumulative dose is more than 600 mg/m2 [9]. In a retrospective study, the
incidence of heart failure was found to be 5% at a cumulative dose of 400 mg/m2, 16%
at a dose of 500 mg/m2, 26% at a dose of 550 mg/m2, and rose to 48% when the dose
reached 700 mg/m2 [10]. Another study by Lefrak et al. indicated that the incidence rate
of congestive heart failure was only 0.27% in patients who were treated with less than
550 mg/m2 of DOX, and 30% in patients who received dose more than 550 mg/m2 [11].
Based on these results, the recommended maximum life-time cumulative dose of DOX is
400–450 mg/m2 due to higher risk of adverse cardiac events above this level [12]. How-
ever, it should be noted that doses of anthracyclines below this threshold may still pose a
significant risk of cardiotoxicity. A recent study by Khanna et al. showed that exposure to
≥250 mg/m2 of DOX equivalent anthracycline chemotherapy is a statistically significant
predictor of heart failure among survivors of childhood cancers (hazard ratio 8.6) [13].
Even anthracycline doses of ≤250 mg/m2 have been shown to induce cardiac abnormali-
ties [14,15]. Leger et al. reported that a proportion of childhood cancer survivors exposed
to a very low anthracycline dose of ≤100 mg/m2 demonstrated subclinically abnormal left
ventricular structure [15]. Although it is yet unclear whether such abnormalities would
progress to clinically significant disease, further investigations are needed to reveal the
long-term consequences of low dose anthracycline treatment.

Total cumulative dose, as well as very young and very old age, are established risk
factors for anthracycline-induced cardiotoxicity. However, the role of gender as a risk factor
is not well defined. There is much evidence to show that the female gender is at an increased
risk of anthracycline-induced cardiotoxicity among the pediatric population, and this is
comprehensively reviewed by Meiners et al. [16]. By contrast, the link between gender and
risk is less established among adult patients, with some studies in fact suggesting that the
male gender is more at risk of adverse cardiac events [17]. Preclinical studies in mice also
manifest sexual dimorphism in the development of DOX-induced cardiotoxicity. Zeiss et al.
compared the responses of age-matched male and female mice to 25 mg/kg DOX, and
found, in general, greater severity in males [18].

The adverse effects of anthracyclines are reported to be related to the maximum plasma
concentration (Cmax) administered, while the antitumor effect of these agents is associated
with the area under the plasma concentration time curve (AUC) [19]. Thus, reducing the
Cmax of DOX treatment represents a potential way to alleviate toxicity. Indeed, a 10-fold
decrease of Cmax without a decrease of AUC was observed when DOX was administered
as a 4-h infusion as compared to an intravenous bolus injection, and this is associated
with reduced cardiotoxicity [19]. Bolus DOX treatment with a median dose of 420 mg/m2

induced cardiotoxicity in 62% of patients, while continuous infusion with a higher median
dose of 540 mg/m2 induced toxicity in 42% of patients (age ≥ 16) [20]. Consistent with this,
the incidence of cardiotoxicity in adults is lower with a low-dose, multiple-weekly regimen
compared to a single, high-dose administration [21]. However, contrary to the above,
continuous DOX infusion in childhood cancer patients (e.g., acute lymphoblastic leukemia)
did not confer a cardioprotective advantage compared to bolus therapy [22,23]. Further-
more, long-term survivors of childhood acute lymphoblastic leukemia treated with lower
cumulative doses of DOX (median dose 352 mg/m2) were found to experience late-onset
cardiac complications [24]. Therefore, although altering the dosing and administration
of treatment may partially alleviate the cardiotoxicity of DOX, better cardioprotective
strategies are needed.

4. The Mechanisms of DOX-Induced Cardiotoxicity

Despite decades of research, the molecular mechanisms of DOX-induced cardiotoxic-
ity remain controversial, with various contradictions between experimental and clinical
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data. Therefore, the cardiotoxic mechanisms of DOX are likely to be complex and multi-
factorial (Figure 2).
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Figure 2. Schematic diagram of the mechanisms of DOX-induced cardiotoxicity. DOX can suppress
the function of the ETC, and thereby reduce ATP levels. Increased ROS production induces the
opening of the mPTP and the release of pro-apoptotic proteins such as cyt C. DOX can also induce
calcium overload by altering the levels and activities of Ca2+ handling proteins such as TRPC, RYR2,
and SERCA2A. DOX can disturb iron uptake and storage, leading to iron overload, apoptosis, and
ferroptosis. DOX can complex with topoisomerase to induce DNA damage. DOX, doxorubicin; ER,
endoplasmic reticulum; TRPC, transient receptor potential canonical; IRP, iron-regulatory protein; TfR,
transferrin receptor; DMT1, divalent metal transporter 1; mPTP, mitochondrial permeability transition
pore; ∆ψm, mitochondrial membrane potential; TOP2β, topoisomerase 2β; RYR2, ryanodine receptor
2; SERCA2A, sarcoplasmic/endoplasmic reticulum calcium ATPase 2; Mfrn2, mitoferrin-2; ABCB8,
ABC protein B8; ETC, electron transport chain; Cyt C, cytochrome C. Created with BioRender.com
(accessed on 28 December 2021).

4.1. The Mitochondria

One of the most studied targets of DOX is the mitochondria. The mitochondria are
critical for energy production. As the most metabolically active organ in the body, the heart
possesses the highest mitochondrial content of all tissues. The mitochondria comprise
~30% of the volume of adult cardiomyocytes, and are responsible for producing ~90% of
the ATP in these cells via oxidative phosphorylation [25]. Cardiomyocytes primarily utilize
fatty acids as fuel, and ATP is generated by the electron transport chain, a series of five
complexes (complex I–V and the F1FO-ATP synthase) located in the inner mitochondrial
membrane [26]. Furthermore, the mitochondria also regulate critical biological processes.
The electron transport chain, particularly complexes I (NADH dehydrogenase), II (succinate
oxidoreductase), and III (cytochrome c reductase), is an important producer of ROS [27],
and the mitochondria can mediate apoptosis. Damage to this organelle can therefore
severely impair cardiac function.

BioRender.com
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4.2. DOX Accumulates in the Mitochondria and Perturbs Mitochondrial Bioenergetics
and Function

DOX is cationic and has hydrophilic and hydrophobic regions which allow it to freely
penetrate the membranes of cytoplasmic organelles. It has been reported that DOX accu-
mulates in the mitochondria at concentrations 100-fold higher than in plasma [8]. Thus, the
mitochondria are commonly considered to be a major target of DOX toxicity. Consistent
with this, the disruption of cardiac bioenergetics is a hallmark of DOX-induced cardiotoxic-
ity. Cytosolic and mitochondrial creatine kinase (CK), creatine (Cr), and phosphocreatine
(PCr) are important components of the cellular ATP buffer and energy transport system.
DOX can disrupt intracellular ATP pools by impairing the structure and function of mito-
chondrial CK, an enzyme which catalyzes the reaction of Cr to PCr (ATP pool replenisher),
resulting in the reduction of ATP levels [8,28].

DOX has been reported to inhibit components of the electron transport chain via
multiple mechanisms [29]. For instance, Marcillat et al. found that redox recycling of DOX
can significantly and severely inhibit the activity of mitochondrial complex I [30]. During
forward electron transport, DOX acts as a one-electron acceptor, accepting one electron from
NADH dehydrogenase of complex I at the expense of NADH [31]. The inhibition of the
mitochondrial complex I triggers the opening of the mitochondrial permeability transition
pore (mPTP), leading to apoptosis [32]. Another target of DOX is cytochrome c oxidase,
the terminal enzyme in the mitochondrial respiratory chain. DOX inhibits the activity of
cytochrome c oxidase in vitro and in vivo [30,33–35]. The expression of COX5A, a subunit
of cytochrome C oxidase, was found to be significantly reduced in cardiomyocytes after
DOX treatment. Overexpression of COX5A could attenuate DOX-induced apoptosis, as
well as preserve mitochondrial respiration and mitochondrial membrane potential [36].

DOX has also been shown to perturb mitochondrial function by inhibiting members
of the sirtuin family, which catalyse the deacetylation of histone and non-histone lysine
residues. DOX can inhibit SIRT3, also known as mitochondrial sirtuin, a mitochondrial
NAD+-dependent protein deacetylase [37]. SIRT3 plays an important role in regulating mi-
tochondrial bioenergetics. SIRT3 maintains oxidative phosphorylation via promoting fatty
acid oxidation and pyruvate utilization [38]. It also regulates ROS generation at the electron
transport chain by increasing the expression/activities of antioxidant enzymes [39,40] and
maintains mitochondrial dynamics by targeting OPA1 [41,42]. DOX treatment can suppress
SIRT3 expression in a mouse heart, as well as H9c2 and primary cardiomyocytes [43,44].
The overexpression of SIRT3 attenuates ROS levels, preserves mitochondrial function, and
protects mitochondrial DNA from damage upon DOX treatment [39,44]. SIRT1, another
sirtuin family member, is expressed widely in tissues, and is located in both the nucleus
and cytoplasm of adult cardiomyocytes [45]. By deacetylating histone and non-histone
proteins, SIRT1 acts as a multifunctional protein that regulates various biological processes,
including heart development, autophagy, apoptosis, circadian clock, and lifespan [46], as
well as cardiac electrical activity [47]; further, it can protect the heart against myocardial
ischemia/reperfusion injury [48]. DOX inhibits the expression of SIRT1. SIRT1 deficiency
aggravates DOX-induced cytotoxicity and disrupts mitochondrial biogenesis and func-
tion [49,50]. Conversely, SIRT1 inhibits DOX-induced mitochondrial dysfunction and
cell death [51], and the overexpression of SIRT1 suppresses DOX-induced apoptosis and
ROS production [52]. In addition, SIRT1 can deacetylate PGC-1α, activating a suite of
genes [50] involved in mitochondrial function and biogenesis, such as nuclear respiratory
factor-1 (Nrf1) [49,53]. Consistent with this, a recent study showed that NRF1 could protect
human-induced pluripotent stem cells (hiPSC)-derived cardiomyocytes against a range of
cardiotoxins, including DOX [54]. In summary, sirtuins can regulate mitochondrial function
and thereby promote cardiomyocyte survival. These experiments established sirtuins as
potential therapeutic targets for DOX-induced cardiotoxicity.

DOX has been shown to damage the mitochondria by irreversibly binding with, and
inhibiting, cardiolipin. Cardiolipin is a phospholipid in the mitochondrial inner membrane
which is required for the activities of respiratory chain enzymes including cytochrome c
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oxidase and cytochrome c oxidoreductase [55,56]. The daunosamine sugar moiety of DOX
possesses a positive charge at physiological pH, which endows it with a high affinity for
cardiolipin [57]. The binding of DOX to cardiolipin renders the latter incapable of acting as
a cofactor for mitochondrial respiratory enzymes. Additionally, cardiolipin serves as an
anchor for cytochrome c, with about 15% protein of cytochrome c being tightly bound to
cardiolipin [58]. The formation of the irreversible DOX–cardiolipin complex reduces the
availability of cardiolipin to anchor cytochrome c, leading to the release of cytochrome c
from the mitochondria and, consequently, the initiation of apoptosis [59].

Most mitochondrial proteins are encoded by nuclear DNA and then imported into
the mitochondria [60]. Phospholipids such as cardiolipin, phosphatidylethanolamine (PE),
and phosphatidylserine (PS) are important for mitochondrial protein import [60]. DOX can
interact with phospholipids to modify mitochondrial membrane properties and disrupt
transporter activities [60–63]. In addition to the aforementioned studies about the effect
of DOX on cardiolipin, Bellance et al. reported that DOX could inhibit PS decarboxylase
and alter the PS/PE ratio in the mitochondrial membrane, modifying the mitochondrial
membrane composition [64]. Consistent with this, another study showed that DOX can
act as an effective inhibitor of the translocation-dependent decarboxylation of PS to PE
and disrupt the transport of PS between the outer and inner mitochondrial membrane [65].
Therefore, by interacting with phospholipids, DOX may disrupt the import of proteins into
the mitochondria, which may in turn contribute to the cardiotoxicity of DOX.

4.3. ROS and DOX-Induced Cardiotoxicity

Oxidative stress has long been considered to be a pathogenic contributor to DOX-
induced cardiotoxicity. DOX can promote the generation of ROS through multiple mecha-
nisms (Figure 3). DOX can be reduced by mitochondrial complex I or by cytochrome P450
reductase to generate the semiquinone radical, which can then react with molecular oxygen
to be re-oxidized into the parent DOX molecule in a process called redox cycling [28,66].
This process generates different ROS species such as the superoxide anion radical O2

−

and hydrogen peroxide (H2O2). O2
− and H2O2 can be further converted to the highly

reactive and toxic hydroxyl radicals (•OH) via the Fenton and Harber–Weiss reactions [67].
Alternatively, O2

− can combine with nitric oxide to form peroxynitrite (ONOO-), which is
highly potent and cytotoxic, and can damage the heart via nitrosative stress [68,69]. While
moderate levels of ROS play an essential role in regulating cell proliferation and survival,
high levels of ROS can lead to the oxidation of proteins, lipids, and signaling molecules,
resulting in severe cellular damage [66,70].

ROS is usually maintained at a low level by the antioxidant system. However, antioxi-
dant enzymes such as catalase and glutathione peroxidase are less abundant in cardiomy-
ocytes than in other cell types, rendering cardiomyocytes more sensitive to oxidative stress.
Furthermore, DOX has been shown to exacerbate oxidative damage by altering the levels
of enzymes involved in ROS production and the antioxidant response. DOX was found to
increase the mRNA expression and enzymatic activity of xanthine oxidase, an enzyme in
the endoplasmic reticulum (ER) involved in the reduction of DOX to semiquinone to pro-
mote redox cycling [71,72]. DOX can also upregulate nitric oxide synthase to increase the
level of nitric oxide, thereby enhancing the production of the highly toxic peroxynitrite [68].
Conversely, enzymes involved in antioxidant defense such as glutathione peroxidase 4
have been shown to be downregulated by DOX [73].
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Experiments in animal models support the role of oxidative stress in DOX-induced
cardiomyopathy. For instance, the transgenic overexpression of antioxidants, such as
catalase, superoxide dismutase, thioredoxin-1, and metallothionein, could protect against
DOX-induced cardiac injury [74–77], while glutathione peroxidase-1 deficient mice were
susceptible to this disorder [78]. Furthermore, a range of small molecule antioxidants,
including ascorbic acid and N-acetylcysteine, could ameliorate cardiotoxicity, showing that
oxidative stress is an important cause of DOX-induced cardiotoxicity [9,79,80].

4.4. Iron, Ferroptosis, and DOX-Induced Cardiotoxicity

Iron is critical for a broad range of biological processes such as energy metabolism and
cellular respiration. However, excess iron or iron overload can lead to toxicity. Hemochro-
matosis, which is associated with excessive iron accumulation, can lead to heart failure [81].
Animal models of iron overload, such as mice deficient of the HFE protein, are more suscep-
tible to cardiac injury post DOX treatment, demonstrating a link between iron metabolism
and DOX-induced cardiomyopathy [82].

Iron is present in the plasma in a soluble form bound to transferrin. Transferrin-bound
iron combines with the transferrin receptor, forming a transferrin-dimeric transferrin recep-
tor (TfR) complex, which allows iron to pass through the cell membrane via endocytosis.
Iron in the form of ferrous ion (Fe2+) can also be transported into the cytosol via divalent
metal transporter 1 (DMT1). Once inside the cell, iron becomes part of the labile iron pool,
which can be incorporated in important cellular enzymes such as heme and iron–sulfur
clusters, or be sequestered by the iron storage protein ferritin [83].

Iron homeostasis is regulated by mRNA-binding molecules, as well as iron-regulatory
proteins 1 and 2 (IRP1 and IRP2). IRPs can bind to the iron-response elements (IREs) of
genes important for iron metabolism to act as either a translational enhancer or inhibitor.
IRP can bind to the IRE of ferritin located at the 5′-untranslated region, and inhibits mRNA
translation and, hence, decreases iron storage. Therefore, IRP-1 and -2 are important
regulators of the labile iron pool. DOX can increase the labile iron pool by modulating the
activities of IRP-1 and -2. DOX has been shown to inactivate both IRP-1 and/or IRP-2 in
cardiomyocytes [84,85]. The alcohol metabolite of DOX and the DOX–Fe complex can affect
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the regulatory function of IRP-1, as well as disturb the transferrin-mediated iron uptake
and ferritin-mediated iron storage [84,86] (Figure 4).
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Iron homeostasis in the mitochondria is maintained by a number of proteins located
in the mitochondrial inner membrane [87,88]. Iron entry is mediated by mitoferrin-2,
while iron export is less understood but is thought to involve the ABCB7 and ABCB8
transporters [88,89]. Disturbed mitochondrial iron homeostasis is detrimental to mitochon-
drial function. Experiments with isolated mitochondria showed that iron overload could
cause cardiac mitochondrial dysfunction by increasing ROS production, mitochondrial
membrane depolarization, and mitochondrial swelling [90,91]. DOX has been shown to
increase the mitochondrial iron level by downregulating ABCB8, leading to lipid perox-
idation and cardiac dysfunction, while this was ameliorated in transgenic mice which
overexpressed ABCB8 [89].

Iron accumulation is thought to facilitate/potentiate DOX-induced cardiotoxicity by
inducing ROS production. One mechanism involves the Fenton and Haber–Weiss reactions,
wherein iron promotes the formation of the highly reactive and toxic hydroxyl radical
(•OH). In addition, DOX can also complex with iron to generate ROS. DOX–Fe2+ can
react with molecular oxygen to generate superanion free radicals, which then dismutate to
H2O2 and the hydroxyl free radical. Alternatively, or in addition to, the ferric ion (Fe3+)
of DOX–Fe3+ can be reduced to produce a DOX free radical chelate with Fe2+ to generate
the hydroxyl free radical [92]. Unlike the superanion free radical and H2O2, which can
be de-toxified by the cells’ antioxidant defense system, the hydroxyl radical is resistant to
enzymatic degradation and can modify key macromolecules essential for cellular function.

Recent reports of ferroptosis enhanced our understanding of how iron overload can
lead to cardiac dysfunction. Ferroptosis is a recently discovered mode of regulated cell
death characterized by iron-induced lipid peroxidation [93] and has now been linked
to the pathophysiology of many cardiac disorders [73,94]. The role of ferroptosis in car-
diomyopathy was reported in 2019 by Fang et al. [94]. These authors demonstrated that
DOX-treated cardiomyocytes showed features typical of ferroptosis-mediated cell death,
and that the inhibition of this process by ferrostatin-1 significantly suppress DOX-induced
cardiomyopathy. DOX can induce ferroptosis via multiple mechanisms. Fang et al. showed
that DOX could trigger ferroptosis by inducing nuclear factor erythroid 2-related factor 2
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(Nrf2)-mediated upregulation of heme oxygenase-1 (Hmox1), which catalyzes heme degra-
dation, leading to the accumulation of non-heme iron and thereby inducing toxicity [94].
Tadokoro et al. showed that DOX could induce ferroptosis in the mitochondria via the
down-regulation of glutathione peroxidase 4 (GPx4). Cardiac dysfunction, in the form
of reduced LVEF, was ameliorated in GPx4 transgenic mice and exacerbated in GPx4 het-
erodeletion mice. Experiments in cultured cardiomyocytes further demonstrated that GPx4
overexpression, or iron chelation targeting Fe2+ in mitochondria, prevent DOX-induced
ferroptosis, revealing the mitochondria to be a main target of DOX-induced ferroptosis [73].

While much evidence in animal models supports an important role of iron accumu-
lation in DOX-induced cardiomyopathy, attempts to protect against this disorder using
iron chelators have given conflicting results. Early support for the importance of iron in
DOX-induced cardiomyopathy comes from the success of dexrazoxane, an iron chelator, in
animal studies and clinical trials. However, it was later realized that dexrazoxane has a
broad range of activities against DOX, including antioxidant properties and the inhibition
of topoisomerase [95,96]. Indeed, studies with a range of iron chelators, including defer-
oxamine, deferasirox [97], and Dp44mT [98], gave mixed or negative results. Along the
same line, the prevention of mitochondrial-dependent ferroptosis with iron chelators could
partly, but not completely, protect against cardiac damage induced by DOX [73]. Thus, iron
overload is likely to be an important component of, but may not be a sole contributor to,
DOX-induced cardiomyopathy.

4.5. Calcium Homeostasis and DOX-Induced Cardiotoxicity

Calcium is important for cardiac contraction. A set of Ca2+ handling proteins, includ-
ing membrane channels, ATPase pumps, Ca2+-binding proteins, and Ca2+ transporters,
regulate Ca2+ influx and efflux, thereby regulating Ca2+ levels within the cell [99–101].
Ca2+ can enter the cell via membrane channels such as the L-type Ca2+ channel and the
transient receptor potential canonical (TRPC) family channels. Ca2+ influx then triggers
the release of Ca2+ from intracellular stores, the sarco(endo)plasmic reticulum (SR), via
the ryanodine receptors (RyRs) in a process termed “calcium-induced calcium release”.
Ca2+ can be extruded through sodium/calcium exchangers or returned to the SR via
sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2A).

DOX has been shown to perturb Ca2+ homeostasis by modulating the expression
and activities of Ca2+ handling proteins. DOX can increase the expression of TRPC3 and
TRPC6 in adult rat ventricular myocytes and alter Ca2+ transient properties, while the
pharmacological inhibition of the TRPC channel can prevent the DOX-induced increase
of ER stress-related protein expression and intracellular Ca2+ levels [102]. In addition,
DOX, and its metabolite doxorubicinol, can bind to, and modify the activities of, RyR2 and
SERCA2A, thereby disrupting SR Ca2+ handling [103]. Ca/calmodulin-dependent protein
kinase II (CaMKII) is yet another contributor to DOX-induced cardiac damage [104]. DOX
can increase the phosphorylation of CaMKII and promote CaMKII-dependent SR Ca2+

leakage, resulting in diastolic calcium overload in rat myocytes and diminished SR Ca2+

content. Consistent with CAMKII as a mechanistic target of DOX, the pharmacological and
genetic inhibition of CaMKII could attenuate Ca2+ abnormalities induced by DOX [104].

Perturbed Ca2+ homeostasis can damage cardiac function acutely and chronically
by inducing apoptosis and hypertrophy. SR Ca2+ leak is associated with an increased
mitochondrial Ca2+ level and ROS production. At high mitochondrial matrix Ca2+ con-
centration, the mitochondrial permeability transition pores in the inner mitochondrial
membrane opens, leading to mitochondrial membrane depolarization, matrix swelling,
outer membrane rupture, and the release of apoptotic signaling molecules, such as cy-
tochrome c, from the intermembrane space, leading to irreversible injury [105]. Sustained
elevated levels of intracellular calcium can also activate calcineurin, a calcium-dependent
phosphatase involved in the regulation of many processes. For instance, calcineurin can
dephosphorylate and activate nuclear factor of activated T-lymphocytes (NFAT), which is a
critical mediator of cardiac hypertrophy and apoptosis. DOX has been shown to induce
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NFAT nuclear translocation, and this was associated with the increased expression of its
target gene, FasL, culminating in the induction of apoptosis [106].

Furthermore, DOX can cause calcium overload in the mitochondria by inducing ER
stress [107]. The ER is an extensive intracellular membranous network involved in Ca2+

storage and signaling, and ER stress leads to the release of Ca2+ from the ER lumen,
inducing the sustained accumulation of Ca2+ in the mitochondrial matrix and triggering
mitochondrial alterations, such as permeability transition, dissipation of the electrochemical
potential, matrix swelling, Bax relocalization, and the release of cytochrome c [108,109].
Furthermore, excessive ER stress may trigger the unfolded protein response (UPR) pathway.
DOX has been reported to increase the UPR through the upregulation of PKR-like ER
eIF2α kinase-eIF2 signaling [110] and increase the accumulation of misfolded or unfolded
proteins. The latter accumulation activates the UPR transducer, inositol-requiring protein
1 alfa (IRE1α), in the ER lumen, leading to the phosphorylation of ASK1, a redox-sensor
mitogen-activated protein kinase kinase kinase (MAPKKK), and inducing the activation
of the JNK pathway. Ultimately, this promotes the translocation and expression of pro-
apoptotic proteins, Bax and Bad, leading to the release of mitochondrial cytochrome c,
apoptosis, and the development of heart failure [111,112] (Figure 5).
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4.6. Topoisomerase and DOX-Induced Cardiotoxicity

Topoisomerases are highly conserved enzymes which regulate DNA topology. They
participate in a broad range of processes, such as replication, transcription, chromatin
remodeling, recombination, and repair, by facilitating transient DNA single (Topoisomerase
type I) or double (Topoisomerase type IIs) strand breaks [9]. Topoisomerase II (including
Top2α and Top2β) catalyzes a set of topological isomerization reactions which cleave
duplex DNA via a transient protein–DNA crosslink intermediate named covalent protein-
DNA Top2 cleavage complex [113,114]. Top2α, a nuclear isozyme, is overexpressed in
proliferating tissues (e.g., tumor cells) and is thought to be the primary molecular target of
DOX for anticancer effects [115]. DOX has been shown to interact with DNA and Top2α to
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form the ternary Top2–doxorubicin–DNA complex, which induces cell death. Although
adult cardiomyocytes do not express a detectable level of Top2α, they express Top2β, an
isozyme with similar structural features as Top2α [116,117].

Top2β is increasingly recognized as the main target for DOX-induced cardiotoxicity
based on a range of in vitro and in vivo studies. Zhang et al. demonstrated the role of Top2β
in DOX-induced cardiotoxicity in a mouse model. Mice with a cardiac-specific deletion
of Top2β (Top2β∆/∆ mice) had reduced double strand breaks and apoptosis, as well as
normalized transcriptome changes associated with defective mitochondrial biogenesis,
compared to the control. Importantly, the cardiac-specific deletion of Top2β protected
against the development of DOX-induced heart failure, showing that Top2β is a critical
mediator of DOX-induced cardiotoxicity [117]. Indeed, dexrazoxane could bind to the
ATPase domain of Top2 and thereby prevent the latter from binding with DOX [118]. The
blocking and degradation of Top2β is now considered the major mechanism by which
dexrazoxane alleviates DOX-induced cardiotoxicity [96].

4.7. DNA Damage

DOX treatment has been shown to induce long-lasting effects on gene expression and
DNA maintenance. For example, Berthiaume et al. reported the persistent alteration in
the expression of genes associated with mitochondrial processes, glycolysis, and fatty acid
oxidation in the hearts of Sprague Dawley rats after six weekly DOX injections followed by
a 5-week, drug-free period [119]. While DOX is widely reported to damage nuclear DNA in
cardiomyocytes, mitochondrial DNA (mtDNA) maybe more susceptible to DOX-induced
damage because of its comparably low repair capacity and its proximity to the respira-
tory chain. Consistently, mtDNA damage, mutation, and deletion have been detected
in DOX-treated mouse cardiomyocytes and in the heart of patients with DOX-induced
cardiomyopathy [120–123]. Considering that mtDNA codes 37 genes necessary for the
assembly of the oxidative phosphorylation machinery [124], it is not surprising that the
activities of mtDNA-encoded respiratory chain enzymes (e.g., dinucleotide hydrogen dehy-
drogenase and cytochrome c oxidase) are diminished by DOX [123], which may be a vital
factor contributing to the compromised bioenergetics induced by this agent.

5. Modulating the Mitochondria to Alleviate DOX-Induced Cardiotoxicity

Mitochondrial dysfunction, such as impaired bioenergetics, mitochondrial membrane
potential depolarization, and increased ROS production, is a hallmark of DOX-induced
cardiotoxicity, as discussed in previous sections. Thus, the mitochondria have long been
considered to be a therapeutic target for this disorder. In recent years, a broad range of
strategies to protect against DOX have been reported. Here, we will mainly focus on those
that target mitochondria to alleviate DOX-induced cardiotoxicity (Table 1).

Table 1. Mitochondrial targeted cardioprotective strategies against DOX-induced cardiotoxicity.

Item Function Model Reference

N-acetylcysteine ↓ Apoptosis

Neonatal rat cardiac
myocytes [80]

Alpha-tocopherol ↓ Apoptosis
↓ Oxidative stress

Ascorbic acid ↓ Apoptosis
↓ Oxidative stress

Dexrazoxane

↓ DNA damage H9c2 cells [96]
↑Mitochondrial membrane potential SD rat derived ventricular

myocytes

[95]
↓ Oxidant production
↓ Apoptosis
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Table 1. Cont.

Item Function Model Reference

DMX-5804
↑ Cell viability hiPSC-cardiomyocytes [125]
↑ Rescue spontaneous calcium cycling

Liensinine

↑Mitochondrial function

C57BL/6 mice, neonatal
and adult mice
cardiomyocytes

[126]
↓ ROS level
↓ Apoptosis
↓ Cardiac dysfunction
↓Mechanics disorder
↓ Ca2+ handling dysregulation
↓Mitochondrial fragmentation

Melatonin/metformin

↓ Apoptosis

H9c2 cells, Wistar rat

[127]
↓ Autophagy
↓ ROS and inflammation
↑ Cell viability
↑Mitochondrial function
↑Mitochondrial dynamics
↑Mitochondrial bioenergetics

Dexmedetomidine
↓Mitochondrial ROS level

C57BL/6 mice
[128]

↓ Apoptosis

BAY60-2770

↓Mitochondrial membrane potential loss
↓ Caspase-3 activation

H9c2 cells
[129]

↓Mitochondrial ROS
↓ Apoptosis

Phenylala-nine-butyramide ↑ State 3 and state 4 respiration rates
C57BL/6 mice

[130]
↓ ROS level

Nicotinamide riboside
↑ NAD+ level C57BL/6 mice

Mouse cardiomyocytes

[131]
↑ Autolysosome clearance
↓Myocardial dysfunction

Berberine

↑ Antioxidases activities

H9c2 cells, SD rat

[50]
↓Malondialdehyde level
↓Mitochondrial dysfunction
↓ Apoptosis

miR-146a
↑ Cell viability

AC16 cells
[132]

↑ Autophagy flux
↓ Apoptosis

miR-29b

↑ Bcl-2 expression

Wistar rat,
Rat cardiomyocytes

[133]
↓Mitochondrial membrane depolarization
↓ Cytochrome c release
↓ Caspase-3 activity
↓ Bax expression

miR-378
↑Mitochondrial membrane potential SD rat, neonatal mice

cardiomyocytes

[134]
↓ LDH level
↓ Apoptosis

miR-140-5p

↑Morphological damage

H9c2 cells, C57BL/6 J mice

[135]
↑ ROS level
↑ Creatine kinase and LDH levels
↓ Superoxide dismutase level

Up arrow, increase or activate; down arrow, reduce or suppress.

5.1. Small Molecules

Consistent with the role of the mitochondria as the target of DOX, small molecules
that protect mitochondrial homeostasis and function have been shown to protect against
the cardiotoxic effects of DOX. Here, we will review some recent progress in this field.
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For a more detailed review of small molecules targeting the mitochondria, please refer to
Shi et al. [136].

Golforoush et al. showed that the inhibition of the Mitogen-activated protein kinase
kinase kinase kinase-4 (MAP4K4) can alleviate DOX-induced cardiotoxicity using both
rat H9c2 cells and hPSC-cardiomyocytes [125]. MAP4K4 is an upstream member of the
MAPK superfamily that can regulate cell death. The same group has previously shown
that inhibition of this pathway using shRNA and the small molecule inhibitor DMX-5804
can improve mitochondrial function, protect against lethal oxidative stress, and reduce
cardiac ischemia reperfusion injury [137]. Golforoush et al. [125] then proceeded to show
that DMX-5804 could confer similar protection against DOX in in vitro models. In terms of
mitochondrial homeostasis, Liang et al. 2020 showed that liensinine, a newly identified
inhibitor of mitophagy, can protect against DOX in in vitro and in vivo rodent models by
inhibiting DRP1, a regulator of mitochondrial fission [126]. Along the same line, melatonin
and metformin have both been shown to alleviate DOX-induced cardiac damage by pre-
serving mitochondrial function and dynamics in rats [127]. In addition, melatonin is also a
potent anti-oxidant and has been shown to activate AMPK and PGC1α, which are impor-
tant regulators of metabolism and mitochondrial biogenesis, to protect against DOX [138].
The same pathway is implicated in the action of dexmedetomidin, a selective agonist of
the α2-adrenergic receptor. Dexmedetomidine can inhibit the ubiquitination of PGC-1α
induced by DOX, and preserves PGC-1α signaling, thereby attenuating mitochondrial
dysfunction, oxidative stress, and apoptosis in vitro and in vivo [128]. Augmenting the
guanylate cyclase pathway represents another potential avenue to suppress oxidative stress,
improve DOX-induced cardiac dysfunction, and inhibit apoptosis in vivo and in vitro [129].
The preservation of mitochondrial respiration is also thought the underlie the cardioprotec-
tive effect of phenylalanine-butyramide, a novel synthetic derivative of butyric acid, which
is a short chain fatty acid produced by the gut microbiota [130]. In addition, recent work
showed that nicotinamide riboside, a precursor of NAD+, could prevent DOX-induced
cardiotoxicity. Nicotinamide riboside was shown to elevate NAD+ levels, thereby reducing
cardiac injury and myocardial dysfunction in DOX-treated mice. Mechanistically, nicoti-
namide riboside is thought to act by enhancing autolysosome clearance via NAD+/SIRT1
signaling [131]. Similarly, SIRT1 signaling is implicated in the cardioprotective effects of
berberine. Berberine is a type of alkaloid originally extracted from a Chinese plant. It was
recently shown to protect the heart from DOX-induced injury by reducing ROS production,
apoptosis, and mitochondrial damage through SIRT1-mediated p66Shc suppression [50].
Now, with this expanding repertoire of potentially cardioprotective compounds, it is hoped
that some of these can be translated for clinical use soon.

5.2. Antioxidants

Propelled by numerous reports linking oxidative stress to DOX-induced cardiotoxicity,
much research has been done to investigate the use of antioxidants to alleviate toxicity,
with controversial results. Animal experiments typically involve the co-application of
antioxidants and/or ROS scavengers with DOX and gave generally favorable results.
Vitamins C, E, and N-acetylcysteine have all been shown to suppress oxidative stress in
primary cardiomyocytes and/or mouse cardiac cell lines [80]. The co-administration of
antioxidants have also been shown to alleviate cardiac dysfunction in rodent models of
DOX-induced cardiomyopathy in vivo [139,140].

Compared to such promising data, results from clinical trials have been disappoint-
ing [141]. N-acetylcysteine, a precursor of glutathione, can act as a scavenger of ROS and
was evaluated in a randomized controlled trial by Myers et al. in 1983 [142]. Among
54 adult patients with solid tumors treated with DOX, there was no statistically signifi-
cant difference in the development of heart failure among the control and patients who
received N-acetylcysteine. Later studies by Jo et al. and Dresdale et al. reported similar
findings [143,144], suggesting that N-acetylcysteine could not prevent or reverse cardiac
dysfunction or heart failure induced by DOX. Other oxidants, such as α-tocopherol, were
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tested as prophylaxis against DOX-induced cardiotoxicity, and were found to confer no
significant benefit by Weitzman et al. [145] and Legha et al. [146]. Mixed results were also
seen in the case of carvedilol, which is a β-blocker with antioxidant properties [147–149].

It is unclear why there is a great discrepancy between data from animal models and
that from clinical trials. Species-specific differences may play a role [150]. Alternatively, or
in addition, inadequate sample size, heterogeneity in the cumulative dose of anthracyclines
used, cancer type, and the very definition of, and method used for, the assessment of
cardiotoxicity also makes generalization difficult [151]. The efficacy of antioxidant therapy
is still unclear and awaits further study.

Yet another explanation for the poor efficacy of antioxidant therapy in the clinic may be
a combination of poor uptake into the body and limited delivery to the mitochondria, where
DOX accumulates and where ROS levels are the highest. A novel strategy to protect against
DOX-induced oxidative stress is to target the aforementioned anti-oxidants to the mitochon-
dria, where they are most needed [152]. To this end, a number of mitochondria-targeted
antioxidants have been developed. For instance, mitoQ and mitoTempo are mitochondria-
targeted mimetics of coenzyme Q and superoxide dismutase, respectively [151,153]. Both
are conjugated to a lipophilic cation, the triphenylphosphonium (TPP) cation, which confers
oral bioavailability and accumulation in the mitochondria as driven by the mitochondrial
membrane potential of the cell. Similarly, SKQ1, another mitochondria-targeted mimetic
of coenzyme Q, can also be directed to the mitochondria via a similar strategy. All three
compounds have demonstrated the ability to ameliorate the pathological phenotype of a
range of diseases involving oxidative stress and can protect against DOX in animal mod-
els [154–156]. Clinical trials are ongoing to test if they confer similar benefits in patients.

5.3. microRNAs (miRs)

microRNAs (miRs) are non-coding RNAs with ∼22 nucleotides that act as negative
transcriptional regulators through degradation or through inhibition by RNA interference,
and they have been established as critical regulators of cardiac differentiation, maturation,
and function [157,158]. Given the important role of miRs in post-transcriptional regulation,
miRs also play an important role in DOX-induced cardiotoxicity. Various miRs have been
shown to have cardioprotective properties. Pan et al. showed that the overexpression of
miR146a in AC16 cells protected against DOX-induced damage, while the inhibition of this
miR exacerbated it. Consistent with this, miR-146a knockout mice showed more severe
cardiac dysfunction upon DOX treatment than the control. miR-146a was shown to target
TATA-binding protein (TBP) associated factor 9b (TAF9b), which is a coactivator and stabi-
lizer of p53. The inhibition of miR-146 increased TAF9b levels and increased the stability of
p53, resulting in apoptosis and disturbed autophagy [132]. miR-29b was downregulated
in rat myocardium upon DOX exposure, and the restoration of miR-29b improved the
cardiac function of DOX-treated rats. Mechanistically, miR-29b could directly target the
3′ untranslated region of Bax to prevent apoptosis [133]. miR-378, another miRNA with
the ability to enhance cell viability and inhibit cardiomyocyte apoptosis, was found to be
down-regulated in the hearts of DOX-treated rats. The overexpression of miR-378 protected
against DOX-induced energy imbalance and apoptosis, targeting lactate dehydrogenase A
and cyclophilin A [134], a novel mitochondrial factor with antiapoptotic properties [159].
Unlike the miRs described above, miRs have also been shown to participate in the patho-
genesis of DOX-induced cardiotoxicity and/or exacerbate injury. For example, Wang et al.
showed that DOX treatment elevated the expression of miR-140-5p in H9c2 cells, leading to
oxidative damage by targeting Nrf2 and Sirt2 [135]. In addition, DOX could also upregulate
the expression of miR-22 in the murine heart and miR-22 antagomir inhibited DOX-induced
cardiotoxicity [160]. The inhibition of miR-22 alleviated DOX-induced cardiac fibrosis and
cardiac dysfunction, and mitigated mitochondrial dysfunction through the SIRT1/PGC-1α
pathway. Conversely, knocking out miR-22 enhanced mitochondrial biogenesis [161]. Thus
far, the investigations of miRs to alleviate DOX-induced cardiotoxicity remain pre-clinical,
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but it is hoped that miR mimetics and antagomirs may be used to combat this disease in
patients in the future.

5.4. Mitochondrial Transplantation

Since mitochondrial damage, in its various forms, is strongly implicated in the patho-
genesis of DOX-induced cardiac injury, one approach to address this is to replenish the
mitochondria. Mitochondria can transfer between cells by tunneling nanotubes, extracel-
lular vesicles, naked mitochondria extrusion, etc [162], to improve aerobic respiration in
mammalian cell cultures and to protect against injury in animal models [163]. Therefore, the
transport of mitochondria from a healthy cell can potentially replace damaged mitochon-
dria to rescue mitochondrial function [164,165]. Consistent with this, hPSC-cardiomyocytes
have been shown to take up exogenous mitochondria and incorporate them into the ex-
isting mitochondrial network, resulting in improved contractility, calcium flux, and ATP
production when challenged with DOX [166,167]. The transplantation of stem cells, includ-
ing mesenchymal stem cells (MSCs), hPSCs, and their derivatives, have become a focus of
research as sources of healthy mitochondria to treat tissue injury via mitochondrial trans-
fer [168]. MSCs have been shown to transfer mitochondria to various cell types, including
fibroblast, cancer, and endothelial cells [169]. Moreover, hPSC-derived MSCs have gained
popularity over traditional bone-marrow-derived MSCs since they have the advantage of
reduced batch-to-batch variation and high expansion ability without loss of differentiation
capacity [163,170]. Human PSC-MSCs have been used for attenuating cigarette-smoke-
induced damage [170] and DOX-induced cardiomyopathy [171], among others. In addition
to hPSC-MSCs, other hPSC-derivatives can also act as donors of mitochondria to pro-
mote functional recovery. Human PSC-derived astrocytes have been shown to suppress
dopaminergic neurodegeneration via mitochondrial transfer while mitochondria-rich extra-
cellular vesicles from hPSC-cardiomyocytes could improve bioenergetics in mouse models
of myocardial infarction [172,173].

In vivo study showed that autologously derived mitochondria injected directly into
rabbits protects the heart from ischemia-reperfusion injury, characterized by decreased
CK MB, cardiac troponin-I, and apoptosis [174]. Another study showed that mitochon-
drial transplantation in the swine heart by intracoronary delivery is a safe and effective
therapy for myocardial ischemia-reperfusion injury, and improved post-ischemic func-
tion, perfusion, and infarct size [175]. A recent clinical study found that 80% of subjects
(4 in 5 cases) who received autologous mitochondrial transplantation showed improve-
ments in ventricular function, and none had arrhythmias or bleeding related to epicardial
injections [176]. The group thus concluded that “Healthy autologous mitochondria har-
vested from nonischemic skeletal muscle can be safely injected into damaged myocardium
after ischemic injury for improvement in ventricular function.”. Specifically related to
DOX-induced cardiotoxicity, exogenously-transferred mitochondria in rat models of DOX-
induced dilated cardiomyopathy resulted in higher LVEF, lower fibrotic area, and DNA
damage in the LV myocardium compared with DOX treated rats without mitochondrial
treatment [177]. Clinical trials of mitochondrial transplantation, such as those designed
to ameliorate myocardial ischemia/reperfusion injury, have been registered at ClinicalTri-
als.gov, and the United Kingdom has passed regulations to regulate mitochondrial transfer
(The Human Fertilisation and Embryology (Mitochondrial Donation) Regulations 2015 No.
572). Mitochondria transplantation provides a novel technique to protect the heart from
DOX-induced damage.

5.5. Heart Failure Medications

Clinically, patients with DOX-induced cardiotoxicity who develop heart failure are
often treated with standard heart failure medications, including angiotensin-converting en-
zyme (ACE) inhibitors (ACEI)/angiotensin receptor blockers (ARB), β-blockers, combined
angiotensin receptor/neprilysin inhibitors (ARNI), mineralcorticoid receptor antagonists
(MRA), and sodium-glucose cotransporter 2 (SGLT2) inhibitors. Although they are not
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specifically developed against DOX-induced cardiotoxicity, some of these medications have
shown efficacy in pre-clinical models and clinical studies, both in treating heart failure
after it develops and in preventing cardiotoxicity. For instance, ACEIs, such as temocapril,
zofenopril, and enalapril, have been shown to prevent DOX-induced myocardial damage
in animal models [178,179]. In vivo studies in rats found that the co-administration of
enalapril with DOX could alleviate cardiac dysfunction induced by the latter through
the preservation of mitochondrial respiratory efficiency and a reduction of free radical
generation [180]. Consistent with this, a recent study involving 473 cancer patients exposed
to high dose chemotherapy showed that early treatment with ACEIs, such as enalapril,
could prevent the development of LV dysfunction [181]. The cardioprotective mechanisms
of ACEIs against DOX are not completely clear, but may include the inhibition of the renin-
angiotensin system, which plays an important role in cardiac injury and heart failure [179].
The antihypertensive properties of ACEI may help preserve cardiac performance by de-
creasing coronary and vascular resistance [179]. The suppression of oxidative stress and
preservation of mitochondrial function may also contribute to the effects described. LCZ696,
a first-in-class ARNI composed of a neprilysin inhibitor prodrug and the angiotensin re-
ceptor antagonist valsartan, could protect against DOX-induced cardiac dysfunction by
suppressing mitochondrial fission, thereby improving mitochondrial respiration in rodent
models [182]. β-blockers, another commonly used treatment for heart failure, have also
shown promise [183]. Kawabata et al. demonstrated improved cardiac function in hearts
isolated from rabbits co-treated with the β-blocker propranolol and DOX, compared with
those treated with DOX alone, and this was attributed to the stabilization of myocardial
mitochondria by propranolol [184]. Carvedilol has been tested in a number of clinical
trials for protection against anthracyclines, and has given generally favourable responses
in terms of the preservation of LVEF and other cardiac parameters [147,185–187]. Recent
meta-analyses by Kheiri et al. and Rivera et al. both showed that the prophylactic use of
carvedilol was associated with significantly superior LVEF readings among cancer patients
treated with anthracyclines [188,189]. In a recent, prospective, randomized, double-blind,
placebo-controlled study, carvedilol did not prevent a chemotherapy-induced reduction
of LVEF, but a decrease in troponin levels and diastolic dysfunction were observed [148].
Despite such promising findings, it should be noted that carvedilol is known to have
antioxidant and anti-inflammatory properties; thus, it is unclear whether the beneficial
effects of carvedilol can be generalized to other β-blockers. As for SGLT2 inhibitors, Wang
et al. reported that empagliflozin could ameliorate mitochondrial respiratory dysfunction
in cardiomyocytes upon DOX treatment in vitro, and protected against DOX-induced car-
diomyopathy in mice in vivo [190]. These effects are thought to be mediated via SIRT3
and toll-like receptor 9. MRAs (e.g., spironolactone and eplerenone) are also effective in
ameliorating DOX-induced cardiotoxicity, as manifested in improved LVEF and fractional
shortening, as well as reduced fibrosis and cardiomyocyte apoptosis [191,192]. Since stan-
dard heart failure medications, as described above, already have proven cardioprotective
effects, repurposing them as prophylaxis against DOX-induced cardiomyopathy may be a
promising therapeutic approach against this disorder.

6. Research Models for DOX-Induced Cardiotoxicity

It has been known for decades that DOX can induce adverse effects on the heart,
and much effort has been made to alleviate its cardiotoxicity. Yet, only one compound,
dexrazoxane, has shown sufficient efficacy in clinical trials to be approved for use in cancer
patients. Most previous studies were done using in vitro and in vivo animal models, but
there has been much discrepancy between data from these models and those in clinical
trials. Rodents, which are commonly used for studies of DOX, have a vastly different
lifespan, cancer incidence, sensitivity to ROS, and metabolism compared to humans [150].
The rat embryonic H9c2 cardioblast cell line, and neonatal cardiomyocytes commonly used
in in vitro studies (Table 1), have a different cell cycle profile and metabolism compared to
adult human cardiomyocytes. Such species-specific differences might partially contribute
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to the conflicting results seen in animals and in patients. For these reasons, cardiomyocytes
of human origin might aid in the investigations of DOX-induced cardiotoxicity (Figure 6).
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Human PSCs, such as embryonic stem cells and iPSCs, self-renew and their cardiac
differentiation can potentially produce an unlimited number of cardiomyocytes for re-
search and therapy (reviewed in [193,194]). Human PSC-cardiomyocytes spontaneously
contract, express cardiac-specific genes/proteins, and recapitulate key aspects of human
cardiac physiology [193,194]. They are, therefore, of great value for cardiotoxicity evalua-
tions [194–196].

Human PSC-cardiomyocytes have now been used in studies of DOX-induced car-
diotoxicity. Many such studies, including ours, confirmed the presence of mitochon-
drial dysfunction and damage, in the form of increased ROS production and depolar-
ized mitochondrial membrane potential upon DOX treatment [197–199]. Human PSC-
cardiomyocytes can also be used to reveal the contributions of specific genes/pathways
in the pathogenesis of this disorder. Examples include studies by Golforoush et al., Mc-
Sweeney et al., and Li et al., which demonstrated the role of MAP4K4 and p53 in DOX-
induced injury [125,200,201]. The roles of post-transcriptional regulators in DOX-induced
cardiotoxicity have also been examined in hPSC-cardiomyocytes. For instance, Holmgren
et al. used expression profiling to identify the proteome, transcriptome, and the regulatory
miR network that might regulate DOX-induced injury [202]. The RNA-binding protein
quaking was shown by Gupta et al. to inhibit DOX-induced cardiotoxicity by regulating
the expression of a set of cardiac circular RNA [203]. Han et al. showed that CirclTCH, a
circular RNA, can directly target miR-330-5p and protect against DOX through upregulat-
ing SIRT6, survivin, and SERCA2a [204]. Human PSC-cardiomyocytes can also facilitate
biomarker discovery. Holmgren et al. reported on the differential expression of miR-34a,
miR-34b, miR-187, miR-199a, miR-199b, miR-146a, miR-15b, miR-130a, miR-214, and miR-
424 upon DOX treatment [205], while Chaudhari et al. revealed metabolite changes in
hPSC-cardiomyocytes in response to DOX [206].

An additional advantage to the use of hiPSC technology is the ability to generate
patient-derived cardiomyocytes. Somatic cells, such as blood cells or fibroblasts, can be
obtained from patients who exhibit DOX-induced cardiomyopathy and reprogrammed to
generate hiPSCs. Cardiomyocytes differentiated from these hiPSCs can then be used for
studies of DOX-induced injury. Such a strategy was successfully employed by Burridge
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et al., who showed that hiPSC-cardiomyocytes recapitulate the predilection of breast cancer
patients to DOX [207]. Human iPSC-cardiomyocytes derived from individuals with breast
cancer who experienced DOX-induced cardiomyopathy were found to be more sensitive to
DOX than those from patients who did not experience DOX-induced cardiomyopathy. The
same group, again using patient specific hiPSC-cardiomyocytes, went on to demonstrate the
genotype–phenotype correlation of a SNP in retinoic acid receptor-γ (RARG) and identified
RARG agonist CD1350 as a potential cardioprotective treatment against DOX [208]. The
use of patient-specific hiPSC-cardiomyocytes has the potential to greatly advance our
understanding of DOX-induced cardiotoxicity.

Human PSC-cardiomyocytes can serve as a human in vitro model to complement
in vivo animal models, but the use of these cells is not without limitations. Human PSC-
cardiomyocytes are commonly considered immature, and our group and others have
shown that they resemble embryonic cardiomyocytes in terms of their transcriptomic and
proteomic properties [157,209,210]. Functionally, hPSC-cardiomyocytes are proliferative,
with immature electrophysiological and calcium handling properties, have few mitochon-
dria reliant on glycolysis rather than fatty acids, and are relatively resistant to oxidative
damage [193,211–213]. The developmental immaturity of hPSC-cardiomyocytes limits their
ability to fully recapitulate human adult cardiac physiology and represents a critical barrier
to the use of these cells for studies of cardiotoxicity.

Much work has been done to promote the maturation of hPSC-cardiomyocytes
[193,211–213]. They include the activation of signaling pathways and supplementation
of media [209,214,215], culture on specific materials [216], formation of 3-dimentional
organoids/tissue strips [217–219], long-term culture [220], electrical stimulation [217], and
the isolation of mature hPSC-cardiomyocytes using cell surface markers [199]. We recently
showed that mature hPSC-cardiomyocytes with more adult-like cardiac function can be
isolated using CD36, a marker of cardiac maturation [199]. CD36hi cardiomyocytes are
more sensitive to injury to chemical, physiological, and drug-induced damage brought
on by H2O2, hypoxia/reoxygenation, and DOX, respectively, relative to a control. Unlike
conventionally grown cardiomyocytes, CD36hi cardiomyocytes also recapitulate patient re-
sponse to cardioprotective agents. CD36hi cardiomyocytes respond to the protective effects
of dexrazoxane, which is clinically proven to protect patients, but not to N-acetylcysteine,
which was not successful in clinical trials. It is hoped that the use of mature, patient-specific
hiPSC-cardiomyocytes will provide the impetus needed to advance the identification of
therapy for DOX-induced cardiotoxicity.

7. Conclusions

DOX is one of the most widely used chemotherapeutic compounds for the treatment
of malignancies, and has contributed to the increased survival of cancer patients. However,
the cardiotoxic effects of DOX remains a key limiting factor in the use of this drug. The
mechanisms of DOX-induced cardiotoxicity are complex and probably multi-factorial. In
addition to established pathogenic events, such as oxidative stress and disturbed calcium
homeostasis, newly discovered modes of cell damage/death, such as ferroptosis, have also
been implicated in DOX-induced cardiac injury and such studies have greatly increased
our understanding of DOX-induced cardiotoxicity. Great strides have also been made to
expand therapeutic strategies beyond small molecule therapeutics to encompass novel
treatment modalities, such as post-transcriptional regulators and mitochondrial transfer.
In recent years, hPSC-cardiomyocytes have been increasingly used as a human in vitro
model of DOX-induced cardiotoxicity to complete in vivo animal experiments. It is hoped
that the combination of these developments can propel the study of the pathogenesis of
this disorder and to identify cardioprotective strategies to protect patients against the
life-threatening cardiotoxic effects of DOX.
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7. Seferović, P.M.; Polovina, M.; Bauersachs, J.; Arad, M.; Gal, T.B.; Lund, L.H.; Felix, S.B.; Arbustini, E.; Caforio, A.L.P.;
Farmakis, D.; et al. Heart Failure in Cardiomyopathies: A Position Paper from the Heart Failure Association of the European
Society of Cardiology. Eur. J. Heart Fail. 2019, 21, 553–576. [CrossRef] [PubMed]

8. Govender, J.; Loos, B.; Marais, E.; Engelbrecht, A.M. Mitochondrial Catastrophe during Doxorubicin-Induced Cardiotoxicity: A
Review of the Protective Role of Melatonin. J. Pineal Res. 2014, 57, 367–380. [CrossRef]

9. Mitry, M.A.; Edwards, J.G. Doxorubicin Induced Heart Failure: Phenotype and Molecular Mechanisms. IJC Heart Vasc. 2016,
10, 17–24. [CrossRef]

10. Swain, S.M.; Whaley, F.S.; Ewer, M.S. Congestive Heart Failure in Patients Treated with Doxorubicin: A Retrospective Analysis of
Three Trials. Cancer 2003, 97, 2869–2879. [CrossRef]

11. Lefrak, E.A.; Pit’ha, J.; Rosenheim, S.; Gottlieb, J.A. A Clinicopathologic Analysis of Adriamycin Cardiotoxicity. Cancer 1973,
32, 302–314. [CrossRef]

12. Vejpongsa, P.; Yeh, E.T.H. Topoisomerase 2β: A Promising Molecular Target for Primary Prevention of Anthracycline-Induced
Cardiotoxicity. Clin. Pharmacol. Ther. 2014, 95, 45–52. [CrossRef] [PubMed]

13. Khanna, A.; Pequeno, P.; Gupta, S.; Thavendiranathan, P.; Lee, D.S.; Abdel-Qadir, H.; Nathan, P.C. Increased Risk of All
Cardiovascular Disease Subtypes Among Childhood Cancer Survivors. Circulation 2019, 140, 1041–1043. [CrossRef] [PubMed]

14. Vandecruys, E.; Mondelaers, V.; de Wolf, D.; Benoit, Y.; Suys, B. Late Cardiotoxicity after Low Dose of Anthracycline Therapy for
Acute Lymphoblastic Leukemia in Childhood. J. Cancer Surviv. Res. Pract. 2012, 6, 95–101. [CrossRef]

15. Leger, K.; Slone, T.; Lemler, M.; Leonard, D.; Cochran, C.; Bowman, W.P.; Bashore, L.; Winick, N. Subclinical Cardiotoxicity
in Childhood Cancer Survivors Exposed to Very Low Dose Anthracycline Therapy. Pediatr. Blood Cancer 2015, 62, 123–127.
[CrossRef]

16. Meiners, B.; Shenoy, C.; Zordoky, B.N. Clinical and Preclinical Evidence of Sex-Related Differences in Anthracycline-Induced
Cardiotoxicity. Biol. Sex Differ. 2018, 9, 38. [CrossRef]

17. Hequet, O.; Le, Q.H.; Moullet, I.; Pauli, E.; Salles, G.; Espinouse, D.; Dumontet, C.; Thieblemont, C.; Arnaud, P.; Antal, D.; et al.
Subclinical Late Cardiomyopathy after Doxorubicin Therapy for Lymphoma in Adults. J. Clin. Oncol. 2004, 22, 1864–1871.
[CrossRef]

18. Zeiss, C.J.; Gatti, D.M.; Toro-Salazar, O.; Davis, C.; Lutz, C.M.; Spinale, F.; Stearns, T.; Furtado, M.B.; Churchill, G.A. Doxorubicin-
Induced Cardiotoxicity in Collaborative Cross (CC) Mice Recapitulates Individual Cardiotoxicity in Humans. G3 Genes Genomes
Genet. 2019, 9, 2637–2646. [CrossRef]

19. Eksborg, S. Pharmacokinetics of Anthracyclines. Acta Oncol. 1989, 28, 385–419. [CrossRef]
20. Casper, E.S.; Gaynor, J.J.; Hajdu, S.I.; Magill, G.B.; Tan, C.; Friedrich, C.; Brennan, M.F. A Prospective Randomized Trial of

Adjuvant Chemotherapy with Bolus versus Continuous Infusion of Doxorubicin in Patients with High-grade Extremity Soft
Tissue Sarcoma and an Analysis of Prognostic Factors. Cancer 1991, 68, 1221–1229. [CrossRef]

21. von Hoff, D.D.; Layard, M.W.; Basa, P.; Davis, H.L.; von Hoff, A.L.; Rozencweig, M.; Muggia, F.M. Risk Factors for Doxorubicin-
Induced Congestive Heart Failure. Ann. Intern. Med. 1979, 91, 710–717. [CrossRef] [PubMed]

http://doi.org/10.2217/fca.12.44
http://doi.org/10.1056/NEJMoa035153
http://doi.org/10.1124/pr.56.2.6
http://www.ncbi.nlm.nih.gov/pubmed/15169927
http://doi.org/10.1159/000227467
http://www.ncbi.nlm.nih.gov/pubmed/7715910
http://doi.org/10.1200/JCO.1997.15.4.1318
http://doi.org/10.1002/ejhf.1461
http://www.ncbi.nlm.nih.gov/pubmed/30989768
http://doi.org/10.1111/jpi.12176
http://doi.org/10.1016/j.ijcha.2015.11.004
http://doi.org/10.1002/cncr.11407
http://doi.org/10.1002/1097-0142(197308)32:2&lt;302::AID-CNCR2820320205&gt;3.0.CO;2-2
http://doi.org/10.1038/clpt.2013.201
http://www.ncbi.nlm.nih.gov/pubmed/24091715
http://doi.org/10.1161/CIRCULATIONAHA.119.041403
http://www.ncbi.nlm.nih.gov/pubmed/31446776
http://doi.org/10.1007/s11764-011-0186-6
http://doi.org/10.1002/pbc.25206
http://doi.org/10.1186/s13293-018-0198-2
http://doi.org/10.1200/JCO.2004.06.033
http://doi.org/10.1534/g3.119.400232
http://doi.org/10.3109/02841868909092323
http://doi.org/10.1002/1097-0142(19910915)68:6&lt;1221::AID-CNCR2820680607&gt;3.0.CO;2-R
http://doi.org/10.7326/0003-4819-91-5-710
http://www.ncbi.nlm.nih.gov/pubmed/496103


Int. J. Mol. Sci. 2022, 23, 1912 20 of 28

22. Lipshultz, S.E.; Giantris, A.L.; Lipsitz, S.R.; Dalton, V.K.; Asselin, B.L.; Barr, R.D.; Clavell, L.A.; Hurwitz, C.A.; Moghrabi, A.;
Samson, Y.; et al. Doxorubicin Administration by Continuous Infusion Is Not Cardioprotective: The Dana-Farber 91-01 Acute
Lymphoblastic Leukemia Protocol. J. Clin. Oncol. 2002, 20, 1677–1682. [CrossRef] [PubMed]

23. Lipshultz, S.E.; Miller, T.L.; Lipsitz, S.R.; Neuberg, D.S.; Dahlberg, S.E.; Colan, S.D.; Silverman, L.B.; Henkel, J.M.; Franco, V.I.;
Cushman, L.L.; et al. Continuous versus Bolus Infusion of Doxorubicin in Children with ALL: Long-Term Cardiac Outcomes.
Pediatrics 2012, 130, 1003–1011. [CrossRef] [PubMed]

24. Lipshultz, S.E.; Lipsitz, S.R.; Sallan, S.E.; Dalton, V.M.; Mone, S.M.; Gelber, R.D.; Colan, S.D. Chronic Progressive Cardiac
Dysfunction Years after Doxorubicin Therapy for Childhood Acute Lymphoblastic Leukemia. J. Clin. Oncol. 2005, 23, 2629–2636.
[CrossRef]

25. Ventura-Clapier, R.; Garnier, A.; Veksler, V. Energy Metabolism in Heart Failure. J. Physiol. 2004, 555, 1–13. [CrossRef]
26. Pfanner, N.; Warscheid, B.; Wiedemann, N. Mitochondrial Protein Organization: From Biogenesis to Networks and Function. Nat.

Rev. Mol. Cell Biol. 2019, 20, 267–284. [CrossRef]
27. Shadel, G.S.; Horvath, T.L. Mitochondrial ROS Signaling in Organismal Homeostasis. Cell 2015, 163, 560–569. [CrossRef]
28. Tokarska-Schlattner, M.; Zaugg, M.; Zuppinger, C.; Wallimann, T.; Schlattner, U. New Insights into Doxorubicin-Induced

Cardiotoxicity: The Critical Role of Cellular Energetics. J. Mol. Cell. Cardiol. 2006, 41, 389–405. [CrossRef]
29. Goormaghtigh, E.; Huart, P.; Brasseur, R.; Ruysschaert, J.M. Mechanism of Inhibition of Mitochondrial Enzymatic Complex I-III

by Adriamycin Derivatives. Biochim. Biophys. Acta-Biomembr. 1986, 861, 83–94. [CrossRef]
30. Marcillat, O.; Zhang, Y.; Davies, K.J.A. Oxidative and Non-Oxidative Mechanisms in the Inactivation of Cardiac Mitochondrial

Electron Transport Chain Components by Doxorubicin. Biochem. J. 1989, 259, 181–189. [CrossRef]
31. Davies, K.J.A.; Doroshow, J.H. Redox Cycling of Anthracyclines by Cardiac Mitochondria. I. Anthracycline Radical Formation by

NADH Dehydrogenase. J. Biol. Chem. 1986, 261, 3060–3067. [CrossRef]
32. Basit, F.; van Oppen, L.M.P.E.; Schöckel, L.; Bossenbroek, H.M.; van Emst-De Vries, S.E.; Hermeling, J.C.W.; Grefte, S.; Kopitz, C.;

Heroult, M.; Willems, P.H.G.M.; et al. Mitochondrial Complex i Inhibition Triggers a Mitophagy-Dependent ROS Increase Leading
to Necroptosis and Ferroptosis in Melanoma Cells. Cell Death Dis. 2017, 8, e2716. [CrossRef]

33. Papadopoulou, L.C.; Theophilidis, G.; Thomopoulos, G.N.; Tsiftsoglou, A.S. Structural and Functional Impairmemt of Mito-
chondria in Adriamycin-Induced Cardiomyopathy in Mice: Suppression of Cytochrome c Oxidase II Gene Expression. Biochem.
Pharmacol. 1999, 57, 481–489. [CrossRef]

34. Lebrecht, D.; Setzer, B.; Ketelsen, U.P.; Haberstroh, J.; Walker, U.A. Time-Dependent and Tissue-Specific Accumulation of MtDNA
and Respiratory Chain Defects in Chronic Doxorubicin Cardiomyopathy. Circulation 2003, 108, 2423–2429. [CrossRef]

35. Wang, G.W.; Klein, J.B.; Kang, Y.J. Metallothionein Inhibits Doxorubicin-Induced Mitochondrial Cytochrome c Release and
Caspase-3 Activation in Cardiomyocytes. J. Pharmacol. Exp. Ther. 2001, 298, 461–468.

36. Zhang, P.; Chen, Z.; Lu, D.; Wu, Y.; Fan, M.; Qian, J.; Ge, J. Overexpression of COX5A Protects H9c2 Cells against Doxorubicin-
Induced Cardiotoxicity. Biochem. Biophys. Res. Commun. 2020, 524, 43–49. [CrossRef]

37. Zhang, J.; Xiang, H.; Liu, J.; Chen, Y.; He, R.R.; Liu, B. Mitochondrial Sirtuin 3: New Emerging Biological Function and Therapeutic
Target. Theranostics 2020, 10, 8315–8342. [CrossRef]

38. He, L.; Liu, F.; Li, J. Mitochondrial Sirtuins and Doxorubicin-Induced Cardiotoxicity. Cardiovasc. Toxicol. 2021, 21, 179–191.
[CrossRef]

39. Cheung, K.G.; Cole, L.K.; Xiang, B.; Chen, K.; Ma, X.; Myal, Y.; Hatch, G.M.; Tong, Q.; Dolinsky, V.W. Sirtuin-3 (SIRT3) Protein
Attenuates Doxorubicin-Induced Oxidative Stress and Improves Mitochondrial Respiration in H9c2 Cardiomyocytes. J. Biol.
Chem. 2015, 290, 10981–10993. [CrossRef]

40. Sundaresan, N.R.; Gupta, M.; Kim, G.; Rajamohan, S.B.; Isbatan, A.; Gupta, M.P. Sirt3 Blocks the Cardiac Hypertrophic Response
by Augmenting Foxo3a-Dependent Antioxidant Defense Mechanisms in Mice. J. Clin. Investig. 2009, 119, 2758–2771. [CrossRef]

41. Samant, S.A.; Zhang, H.J.; Hong, Z.; Pillai, V.B.; Sundaresan, N.R.; Wolfgeher, D.; Archer, S.L.; Chan, D.C.; Gupta, M.P. SIRT3
Deacetylates and Activates OPA1 To Regulate Mitochondrial Dynamics during Stress. Mol. Cell. Biol. 2014, 34, 807–819. [CrossRef]

42. Coelho, A.R.; Martins, T.R.; Couto, R.; Deus, C.; Pereira, C.V.; Simões, R.F.; Rizvanov, A.A.; Silva, F.; Cunha-Oliveira, T.;
Oliveira, P.J.; et al. Berberine-Induced Cardioprotection and Sirt3 Modulation in Doxorubicin-Treated H9c2 Cardiomyoblasts.
Biochim. Biophys. Acta-Mol. Basis Dis. 2017, 1863, 2904–2923. [CrossRef]

43. Yang, N.; Ma, H.; Jiang, Z.; Niu, L.; Zhang, X.; Liu, Y.; Wang, Y.; Cheng, S.; Deng, Y.; Qi, H.; et al. Dosing Depending on
SIRT3 Activity Attenuates Doxorubicin-Induced Cardiotoxicity via Elevated Tolerance against Mitochondrial Dysfunction and
Oxidative Stress. Biochem. Biophys. Res. Commun. 2019, 517, 111–117. [CrossRef]

44. Pillai, V.B.; Bindu, S.; Sharp, W.; Fang, Y.H.; Kim, G.; Gupta, M.; Samant, S.; Gupta, M.P. Sirt3 Protects Mitochondrial DNA
Damage and Blocks the Development of Doxorubicin-Induced Cardiomyopathy in Mice. Am. J. Physiol.-Heart Circul. Physiol.
2016, 310, H962–H972. [CrossRef]

45. Tanno, M.; Sakamoto, J.; Miura, T.; Shimamoto, K.; Horio, Y. Nucleocytoplasmic Shuttling of the NAD+-Dependent Histone
Deacetylase SIRT1. J. Biol. Chem. 2007, 282, 6823–6832. [CrossRef]

46. Soni, S.K.; Basu, P.; Singaravel, M.; Sharma, R.; Pandi-Perumal, S.R.; Cardinali, D.P.; Reiter, R.J. Sirtuins and the Circadian Clock
Interplay in Cardioprotection: Focus on Sirtuin 1. Cell. Mol. Life Sci. 2021, 78, 2503–2515. [CrossRef]

http://doi.org/10.1200/JCO.2002.20.6.1677
http://www.ncbi.nlm.nih.gov/pubmed/11896119
http://doi.org/10.1542/peds.2012-0727
http://www.ncbi.nlm.nih.gov/pubmed/23166343
http://doi.org/10.1200/JCO.2005.12.121
http://doi.org/10.1113/jphysiol.2003.055095
http://doi.org/10.1038/s41580-018-0092-0
http://doi.org/10.1016/j.cell.2015.10.001
http://doi.org/10.1016/j.yjmcc.2006.06.009
http://doi.org/10.1016/0005-2736(86)90406-2
http://doi.org/10.1042/bj2590181
http://doi.org/10.1016/S0021-9258(17)35746-0
http://doi.org/10.1038/cddis.2017.133
http://doi.org/10.1016/S0006-2952(98)00305-0
http://doi.org/10.1161/01.CIR.0000093196.59829.DF
http://doi.org/10.1016/j.bbrc.2020.01.013
http://doi.org/10.7150/thno.45922
http://doi.org/10.1007/s12012-020-09626-x
http://doi.org/10.1074/jbc.M114.607960
http://doi.org/10.1172/JCI39162
http://doi.org/10.1128/MCB.01483-13
http://doi.org/10.1016/j.bbadis.2017.07.030
http://doi.org/10.1016/j.bbrc.2019.07.029
http://doi.org/10.1152/ajpheart.00832.2015
http://doi.org/10.1074/jbc.M609554200
http://doi.org/10.1007/s00018-020-03713-6


Int. J. Mol. Sci. 2022, 23, 1912 21 of 28

47. Vikram, A.; Lewarchik, C.M.; Yoon, J.Y.; Naqvi, A.; Kumar, S.; Morgan, G.M.; Jacobs, J.S.; Li, Q.; Kim, Y.R.; Kassan, M.; et al.
Sirtuin 1 Regulates Cardiac Electrical Activity by Deacetylating the Cardiac Sodium Channel. Nat. Med. 2017, 23, 361–367.
[CrossRef]

48. Hsu, C.P.; Zhai, P.; Yamamoto, T.; Maejima, Y.; Matsushima, S.; Hariharan, N.; Shao, D.; Takagi, H.; Oka, S.; Sadoshima, J. Silent
Information Regulator 1 Protects the Heart from Ischemia/Reperfusion. Circulation 2010, 122, 2170–2182. [CrossRef]

49. Cui, L.; Guo, J.; Zhang, Q.; Yin, J.; Li, J.; Zhou, W.; Zhang, T.; Yuan, H.; Zhao, J.; Zhang, L.; et al. Erythropoietin Activates SIRT1 to
Protect Human Cardiomyocytes against Doxorubicin-Induced Mitochondrial Dysfunction and Toxicity. Toxicol. Lett. 2017, 275,
28–38. [CrossRef]

50. Wu, Y.Z.; Zhang, L.; Wu, Z.X.; Shan, T.T.; Xiong, C. Berberine Ameliorates Doxorubicin-Induced Cardiotoxicity via a
SIRT1/P66Shc-Mediated Pathway. Oxid. Med. Cell. Longev. 2019, 2019, 2150394. [CrossRef]

51. Brookins Danz, E.D.; Skramsted, J.; Henry, N.; Bennett, J.A.; Keller, R.S. Resveratrol Prevents Doxorubicin Cardiotoxicity through
Mitochondrial Stabilization and the Sirt1 Pathway. Free Radic. Biol. Med. 2009, 46, 1589–1597. [CrossRef] [PubMed]

52. Ruan, Y.; Dong, C.; Patel, J.; Duan, C.; Wang, X.; Wu, X.; Cao, Y.; Pu, L.; Lu, D.; Shen, T.; et al. SIRT1 Suppresses Doxorubicin-
Induced Cardiotoxicity by Regulating the Oxidative Stress and P38MAPK Pathways. Cell. Physiol. Biochem. 2015, 35, 1116–1124.
[CrossRef] [PubMed]

53. Wang(a), J.; Zhang, J.; Xiao, M.; Wang, S.; Wang(b), J.; Guo, Y.; Tang, Y.; Gu, J. Molecular Mechanisms of Doxorubicin-Induced
Cardiotoxicity: Novel Roles of Sirtuin 1-Mediated Signaling Pathways. Cell. Mol. Life Sci. 2021, 78, 3105–3125. [CrossRef]

54. Cui, M.; Atmanli, A.; Morales, M.G.; Tan, W.; Chen, K.; Xiao, X.; Xu, L.; Liu, N.; Bassel-Duby, R.; Olson, E.N. Nrf1 Promotes Heart
Regeneration and Repair by Regulating Proteostasis and Redox Balance. Nat. Commun. 2021, 12, 5270. [CrossRef]

55. Nicolay, K.; de Kruijff, B. Effects of Adriamycin on Respiratory Chain Activities in Mitochondria from Rat Liver, Rat Heart and
Bovine Heart. Evidence for a Preferential Inhibition of Complex III and IV. Biochim. Biophys. Acta-Bioenerg. 1987, 892, 320–330.
[CrossRef]

56. Goormaghtigh, E.; Huart, P.; Praet, M.; Brasseur, R.; Ruysschaert, J.M. Structure of the Adriamycin-Cardiolipin Complex. Role in
Mitochondrial Toxicity. Biophys. Chem. 1990, 35, 247–257. [CrossRef]

57. Sokolove, P.M. Interactions of Adriamycin Aglycones with Mitochondria May Mediate Adriamycin Cardiotoxicity. Int. J. Biochem.
1994, 26, 1341–1350. [CrossRef]

58. Sinibaldi, F.; Howes, B.D.; Droghetti, E.; Polticelli, F.; Piro, M.C.; di Pierro, D.; Fiorucci, L.; Coletta, M.; Smulevich, G.; Santucci, R.
Role of Lysines in Cytochrome C-Cardiolipin Interaction. Biochemistry 2013, 52, 4578–4588. [CrossRef]

59. Wallace, K.B.; Sardão, V.A.; Oliveira, P.J. Mitochondrial Determinants of Doxorubicin-Induced Cardiomyopathy. Circ.Res. 2020,
126, 926–941. [CrossRef]

60. Gebert, N.; Ryan, M.T.; Pfanner, N.; Wiedemann, N.; Stojanovski, D. Mitochondrial Protein Import Machineries and Lipids: A
Functional Connection. Biochim. Biophys. Acta-Biomembr. 2011, 1808, 1002–1011. [CrossRef]

61. Eilers, M.; Endo, T.; Schatz, G. Adriamycin, a Drug Interacting with Acidic Phospholipids, Blocks Import of Precursor Proteins by
Isolated Yeast Mitochondria. J. Biol. Chem. 1989, 264, 2945–2950. [CrossRef]

62. Guven, C.; Sevgiler, Y.; Taskin, E. Mitochondrial Dysfunction Associated with Doxorubicin. In Mitochondrial Diseases; BoD:
Norderstedt, Germany, 2018.

63. Wallace, K.B. Doxorubicin-Induced Cardiac Mitochondrionopathy. Pharmacol. Toxicol. 2003, 93, 105–115. [CrossRef] [PubMed]
64. Bellance, N.; Furt, F.; Melser, S.; Lalou, C.; Thoraval, D.; Maneta-Peyret, L.; Lacombe, D.; Moreau, P.; Rossignol, R. Doxorubicin

Inhibits Phosphatidylserine Decarboxylase and Modifies Mitochondrial Membrane Composition in Hela Cells. Int. J. Mol. Sci.
2020, 21, 1317. [CrossRef] [PubMed]

65. Voelker, D.R. Adriamycin Disrupts Phosphatidylserine Import into the Mitochondria of Permeabilized CHO-K1 Cells. J. Biol.
Chem. 1991, 266, 12185–12188. [CrossRef]

66. Songbo, M.; Lang, H.; Xinyong, C.; Bin, X.; Ping, Z.; Liang, S. Oxidative Stress Injury in Doxorubicin-Induced Cardiotoxicity.
Toxicol. Lett. 2019, 307, 41–48. [CrossRef]

67. Ide, T.; Tsutsui, H.; Kinugawa, S.; Suematsu, N.; Hayashidani, S.; Ichikawa, K.; Utsumi, H.; Machida, Y.; Egashira, K.; Takeshita, A.
Direct Evidence for Increased Hydroxyl Radicals Originating from Superoxide in the Failing Myocardium. Circ.Res. 2000, 86,
52–57. [CrossRef]

68. Pecoraro, M.; Pala, B.; di Marcantonio, M.C.; Muraro, R.; Marzocco, S.; Pinto, A.; Mincione, G.; Popolo, A. Doxorubicin-Induced
Oxidative and Nitrosative Stress: Mitochondrial Connexin 43 Is at the Crossroads. Int. J. Mol. Med. 2020, 46, 1197–1209. [CrossRef]

69. Angsutararux, P.; Luanpitpong, S.; Issaragrisil, S. Chemotherapy-Induced Cardiotoxicity: Overview of the Roles of Oxidative
Stress. Oxid. Med. Cell. Longev. 2015, 2015, 795602. [CrossRef]

70. Kim, S.J.; Kim, H.S.; Seo, Y.R. Understanding of ROS-Inducing Strategy in Anticancer Therapy. Oxid. Med. Cell. Longev. 2019,
2019, 5381692. [CrossRef]

71. Mukhopadhyay, P.; Rajesh, M.; Bátkai, S.; Kashiwaya, Y.; Haskó, G.; Liaudet, L.; Szabó, C.; Pacher, P. Role of Superoxide, Nitric
Oxide, and Peroxynitrite in Doxorubicin-Induced Cell Death in Vivo and in Vitro. Am. J. Physiol.-Heart Circul. Physiol. 2009, 296,
H1466–H1483. [CrossRef]

72. Tanaka, Y.; Nagoshi, T.; Yoshii, A.; Oi, Y.; Takahashi, H.; Kimura, H.; Ito, K.; Kashiwagi, Y.; Tanaka, T.D.; Yoshimura, M. Xanthine
Oxidase Inhibition Attenuates Doxorubicin-Induced Cardiotoxicity in Mice. Free Radic. Biol. Med. 2021, 162, 298–308. [CrossRef]
[PubMed]

http://doi.org/10.1038/nm.4284
http://doi.org/10.1161/CIRCULATIONAHA.110.958033
http://doi.org/10.1016/j.toxlet.2017.04.018
http://doi.org/10.1155/2019/2150394
http://doi.org/10.1016/j.freeradbiomed.2009.03.011
http://www.ncbi.nlm.nih.gov/pubmed/19303434
http://doi.org/10.1159/000373937
http://www.ncbi.nlm.nih.gov/pubmed/25766524
http://doi.org/10.1007/s00018-020-03729-y
http://doi.org/10.1038/s41467-021-25653-w
http://doi.org/10.1016/0005-2728(87)90236-2
http://doi.org/10.1016/0301-4622(90)80012-V
http://doi.org/10.1016/0020-711X(94)90176-7
http://doi.org/10.1021/bi400324c
http://doi.org/10.1161/CIRCRESAHA.119.314681
http://doi.org/10.1016/j.bbamem.2010.08.003
http://doi.org/10.1016/S0021-9258(19)81703-9
http://doi.org/10.1034/j.1600-0773.2003.930301.x
http://www.ncbi.nlm.nih.gov/pubmed/12969434
http://doi.org/10.3390/ijms21041317
http://www.ncbi.nlm.nih.gov/pubmed/32075281
http://doi.org/10.1016/S0021-9258(18)98878-2
http://doi.org/10.1016/j.toxlet.2019.02.013
http://doi.org/10.1161/01.RES.86.2.152
http://doi.org/10.3892/ijmm.2020.4669
http://doi.org/10.1155/2015/795602
http://doi.org/10.1155/2019/5381692
http://doi.org/10.1152/ajpheart.00795.2008
http://doi.org/10.1016/j.freeradbiomed.2020.10.303
http://www.ncbi.nlm.nih.gov/pubmed/33470212


Int. J. Mol. Sci. 2022, 23, 1912 22 of 28

73. Tadokoro, T.; Ikeda, M.; Ide, T.; Deguchi, H.; Ikeda, S.; Okabe, K.; Ishikita, A.; Matsushima, S.; Koumura, T.; Yamada, K.I.; et al.
Mitochondria-Dependent Ferroptosis Plays a Pivotal Role in Doxorubicin Cardiotoxicity. JCI Insight 2020, 5, e132747. [CrossRef]
[PubMed]

74. James Kang, Y.; Chen, Y.; Epstein, P.N. Suppression of Doxorubicin Cardiotoxicity by Overexpression of Catalase in the Heart of
Transgenic Mice. J. Biol. Chem. 1996, 271, 12610–12616. [CrossRef] [PubMed]

75. Yen, H.C.; Oberley, T.D.; Vichitbandha, S.; Ho, Y.S.; St. Clair, D.K. The Protective Role of Manganese Superoxide Dismutase
against Adriamycin-Induced Acute Cardiac Toxicity in Transgenic Mice. J. Clin. Investig. 1996, 98, 1253–1260. [CrossRef]

76. Shioji, K.; Kishimoto, C.; Nakamura, H.; Masutani, H.; Yuan, Z.; Oka, S.-I.; Yodoi, J. Overexpression of Thioredoxin-1 in Transgenic
Mice Attenuates Adriamycin-Induced Cardiotoxicity. Circulation 2002, 106, 1403–1409. [CrossRef]

77. Zhou, Z.; Kang, Y.J. Immunocytochemical Localization of Metallothionein and Its Relation to Doxorubicin Toxicity in Transgenic
Mouse Heart. Am. J. Pathol. 2000, 156, 1653–1662. [CrossRef]

78. Gao, J.; Xiong, Y.; Ho, Y.S.; Liu, X.; Chua, C.C.; Xu, X.; Wang, H.; Hamdy, R.; Chua, B.H.L. Glutathione Peroxidase 1-Deficient
Mice Are More Susceptible to Doxorubicin-Induced Cardiotoxicity. Biochim. Biophys. Acta-Mol. Cell Res. 2008, 1783, 2020–2029.
[CrossRef] [PubMed]

79. Ludke, A.; Akolkar, G.; Ayyappan, P.; Sharma, A.K.; Singal, P.K. Time Course of Changes in Oxidative Stress and Stress-Induced
Proteins in Cardiomyocytes Exposed to Doxorubicin and Prevention by Vitamin C. PLoS ONE 2017, 12, e0179452. [CrossRef]

80. Yamanaka, S.; Tatsumi, T.; Shiraishi, J.; Mano, A.; Keira, N.; Matoba, S.; Asayama, J.; Fushiki, S.; Fliss, H.; Nakagawa, M.
Amlodipine Inhibits Doxorubicin-Induced Apoptosis in Neonatal Rat Cardiac Myocytes. J. Am. Coll. Cardiol. 2003, 41, 870–878.
[CrossRef]

81. Gulati, V.; Harikrishnan, P.; Palaniswamy, C.; Aronow, W.S.; Jain, D.; Frishman, W.H. Cardiac Involvement in Hemochromatosis.
Cardiol. Rev. 2014, 22, 56–68. [CrossRef]

82. Miranda, C.J.; Makui, H.; Soares, R.J.; Bilodeau, M.; Mui, J.; Vali, H.; Bertrand, R.; Andrews, N.C.; Santos, M.M. Hfe Deficiency
Increases Susceptibility to Cardiotoxicity and Exacerbates Changes in Iron Metabolism Induced by Doxorubicin. Blood 2003, 102,
2574–2580. [CrossRef] [PubMed]

83. Vela, D. Keeping Heart Homeostasis in Check through the Balance of Iron Metabolism. Acta Physiol. 2020, 228, e13324. [CrossRef]
[PubMed]

84. Minotti, G.; Salvatorelli, E.; Menna, P.; Ronchi, R.; Cairo, G. 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. 2001, 61, 8422–8428. [PubMed]

85. Shi, Y.; Moon, M.; Dawood, S.; McManus, B.; Liu, P.P. Mechanisms and Management of Doxorubicin Cardiotoxicity. Herz 2011, 36,
296–305. [CrossRef] [PubMed]

86. Christidi, E.; Brunham, L.R. Regulated Cell Death Pathways in Doxorubicin-Induced Cardiotoxicity. Cell Death Dis. 2021, 12, 339.
[CrossRef]

87. Gordan, R.; Wongjaikam, S.; Gwathmey, J.K.; Chattipakorn, N.; Chattipakorn, S.C.; Xie, L.H. Involvement of Cytosolic and
Mitochondrial Iron in Iron Overload Cardiomyopathy: An Update. Heart Fail. Rev. 2018, 23, 801–816. [CrossRef]

88. Cavadini, P.; Biasiotto, G.; Poli, M.; Levi, S.; Verardi, R.; Zanella, I.; Derosas, M.; Ingrassia, R.; Corrado, M.; Arosio, P. RNA
Silencing of the Mitochondrial ABCB7 Transporter in HeLa Cells Causes an Iron-Deficient Phenotype with Mitochondrial Iron
Overload. Blood 2007, 109, 3552–3559. [CrossRef]

89. Ichikawa, Y.; Ghanefar, M.; Bayeva, M.; Wu, R.; Khechaduri, A.; Naga Prasad, S.V.; Mutharasan, R.K.; Jairaj Naik, T.; Ardehali, H.
Cardiotoxicity of Doxorubicin Is Mediated through Mitochondrial Iron Accumulation. J. Clin. Investig. 2014, 124, 617–630.
[CrossRef]

90. Kumfu, S.; Chattipakorn, S.; Fucharoen, S.; Chattipakorn, N. Mitochondrial Calcium Uniporter Blocker Prevents Cardiac
Mitochondrial Dysfunction Induced by Iron Overload in Thalassemic Mice. BioMetals 2012, 25, 1167–1175. [CrossRef]

91. Sripetchwandee, J.; Kenknight, S.B.; Sanit, J.; Chattipakorn, S.; Chattipakorn, N. Blockade of Mitochondrial Calcium Uniporter
Prevents Cardiac Mitochondrial Dysfunction Caused by Iron Overload. Acta Physiol. 2014, 210, 330–341. [CrossRef]

92. Qin, Y.; Guo, T.; Wang, Z.; Zhao, Y. The Role of Iron in Doxorubicin-Induced Cardiotoxicity: Recent Advances and Implication for
Drug Delivery. J. Mater. Chem. B 2021, 9, 4793–4803. [CrossRef] [PubMed]

93. Friedmann Angeli, J.P.; Schneider, M.; Proneth, B.; Tyurina, Y.Y.; Tyurin, V.A.; Hammond, V.J.; Herbach, N.; Aichler, M.; Walch, A.;
Eggenhofer, E.; et al. Inactivation of the Ferroptosis Regulator Gpx4 Triggers Acute Renal Failure in Mice. Nat. Cell Biol. 2014, 16,
1180–1191. [CrossRef] [PubMed]

94. Fang, X.; Wang, H.; Han, D.; Xie, E.; Yang, X.; Wei, J.; Gu, S.; Gao, F.; Zhu, N.; Yin, X.; et al. Ferroptosis as a Target for Protection
against Cardiomyopathy. Proc. Natl. Acad. Sci. USA 2019, 116, 2672–2680. [CrossRef] [PubMed]

95. Hasinoff, B.B.; Schnabl, K.L.; Marusak, R.A.; Patel, D.; Huebner, E. Dexrazoxane (ICRF-187) Protects Cardiac Myocytes against
Doxorubicin by Preventing Damage to Mitochondria. Cardiovasc. Toxicol. 2003, 3, 89–99. [CrossRef] [PubMed]

96. Yi, L.L.; Kerrigan, J.E.; Lin, C.P.; Azarova, A.M.; Tsai, Y.C.; Ban, Y.; Liu, L.F. Topoisomerase IIβ-Mediated DNA Double-Strand
Breaks: Implications in Doxorubicin Cardiotoxicity and Prevention by Dexrazoxane. Cancer Res. 2007, 67, 8839–8846. [CrossRef]

97. Hasinoff, B.B.; Patel, D.; Wu, X. The Oral Iron Chelator ICL670A (Deferasirox) Does Not Protect Myocytes against Doxorubicin.
Free Radic. Biol. Med. 2003, 35, 1469–1479. [CrossRef]

http://doi.org/10.1172/jci.insight.132747
http://www.ncbi.nlm.nih.gov/pubmed/32376803
http://doi.org/10.1074/jbc.271.21.12610
http://www.ncbi.nlm.nih.gov/pubmed/8647872
http://doi.org/10.1172/JCI118909
http://doi.org/10.1161/01.CIR.0000027817.55925.B4
http://doi.org/10.1016/S0002-9440(10)65036-5
http://doi.org/10.1016/j.bbamcr.2008.05.027
http://www.ncbi.nlm.nih.gov/pubmed/18602426
http://doi.org/10.1371/journal.pone.0179452
http://doi.org/10.1016/S0735-1097(02)02935-2
http://doi.org/10.1097/CRD.0b013e3182a67805
http://doi.org/10.1182/blood-2003-03-0869
http://www.ncbi.nlm.nih.gov/pubmed/12805055
http://doi.org/10.1111/apha.13324
http://www.ncbi.nlm.nih.gov/pubmed/31162883
http://www.ncbi.nlm.nih.gov/pubmed/11731422
http://doi.org/10.1007/s00059-011-3470-3
http://www.ncbi.nlm.nih.gov/pubmed/21656050
http://doi.org/10.1038/s41419-021-03614-x
http://doi.org/10.1007/s10741-018-9700-5
http://doi.org/10.1182/blood-2006-08-041632
http://doi.org/10.1172/JCI72931
http://doi.org/10.1007/s10534-012-9579-x
http://doi.org/10.1111/apha.12162
http://doi.org/10.1039/D1TB00551K
http://www.ncbi.nlm.nih.gov/pubmed/34059858
http://doi.org/10.1038/ncb3064
http://www.ncbi.nlm.nih.gov/pubmed/25402683
http://doi.org/10.1073/pnas.1821022116
http://www.ncbi.nlm.nih.gov/pubmed/30692261
http://doi.org/10.1385/CT:3:2:89
http://www.ncbi.nlm.nih.gov/pubmed/33504028
http://doi.org/10.1158/0008-5472.CAN-07-1649
http://doi.org/10.1016/j.freeradbiomed.2003.08.005


Int. J. Mol. Sci. 2022, 23, 1912 23 of 28

98. Hasinoff, B.B.; Patel, D. The Iron Chelator Dp44mT Does Not Protect Myocytes against Doxorubicin. J. Inorg. Biochem. 2009, 103,
1093–1101. [CrossRef]

99. Wang, H.; Cheng, X.; Tian, J.; Xiao, Y.; Tian, T.; Xu, F.; Hong, X.; Zhu, M.X. TRPC Channels: Structure, Function, Regulation and
Recent Advances in Small Molecular Probes. Pharmacol. Ther. 2020, 209, 107497. [CrossRef]

100. Peng, W.; Shen, H.; Wu, J.; Guo, W.; Pan, X.; Wang, R.; Chen, S.R.W.; Yan, N. Structural Basis for the Gating Mechanism of the
Type 2 Ryanodine Receptor RyR2. Science 2016, 354, aah5324. [CrossRef]

101. Kho, C.; Lee, A.; Hajjar, R.J. Altered Sarcoplasmic Reticulum Calcium Cycling—Targets for Heart Failure Therapy. Nat. Rev.
Cardiol. 2012, 9, 717–733. [CrossRef]

102. Chen, R.-C.; Sun, G.-B.; Ye, J.-X.; Wang, J.; Zhang, M.-D.; Sun, X.-B. Salvianolic Acid B Attenuates Doxorubicin-Induced ER Stress
by Inhibiting TRPC3 and TRPC6 Mediated Ca2+ Overload in Rat Cardiomyocytes. Toxicol. Lett. 2017, 276, 21–30. [CrossRef]
[PubMed]

103. Hanna, A.D.; Lam, A.; Tham, S.; Dulhunty, A.F.; Beard, N.A. Adverse Effects of Doxorubicin and Its Metabolic Product on Cardiac
RyR2 and SERCA2A. Mol. Pharmacol. 2014, 86, 438–449. [CrossRef] [PubMed]

104. Sag, C.M.; Köhler, A.C.; Anderson, M.E.; Backs, J.; Maier, L.S. CaMKII-Dependent SR Ca Leak Contributes to Doxorubicin-Induced
Impaired Ca Handling in Isolated Cardiac Myocytes. J. Mol. Cell. Cardiol. 2011, 51, 749–759. [CrossRef] [PubMed]

105. Santulli, G.; Xie, W.; Reiken, S.R.; Marks, A.R. Mitochondrial Calcium Overload Is a Key Determinant in Heart Failure. Proc. Natl.
Acad. Sci. USA 2015, 112, 11389–11394. [CrossRef] [PubMed]

106. Kalivendi, S.V.; Konorev, E.A.; Cunningham, S.; Vanamala, S.K.; Kaji, E.H.; Joseph, J.; Kalyanaraman, B. Doxorubicin Activates
Nuclear Factor of Activated T-Lymphocytes and Fas Ligand Transcription: Role of Mitochondrial Reactive Oxygen Species and
Calcium. Biochem. J. 2005, 389, 527–539. [CrossRef] [PubMed]

107. Sruthi Sritharan, N.S. A Comprehensive Review on Time-Tested Anticancer Drug Doxorubicin. Life Sci. 2021, 278, 119527.
[CrossRef]

108. Zhang, Y.; Xia, Z.; la Cour, K.H.; Ren, J. Activation of Akt Rescues Endoplasmic Reticulum Stress-Impaired Murine Cardiac
Contractile Function via Glycogen Synthase Kinase-3β-Mediated Suppression of Mitochondrial Permeation Pore Opening.
Antioxid. Redox Signal. 2011, 15, 2407–2424. [CrossRef]

109. Deniaud, A.; Sharaf El Dein, O.; Maillier, E.; Poncet, D.; Kroemer, G.; Lemaire, C.; Brenner, C. Endoplasmic Reticulum Stress
Induces Calcium-Dependent Permeability Transition, Mitochondrial Outer Membrane Permeabilization and Apoptosis. Oncogene
2008, 27, 285–299. [CrossRef]

110. Montalvo, R.N.; Doerr, V.; Min, K.; Szeto, H.H.; Smuder, A.J. Doxorubicin-Induced Oxidative Stress Differentially Regulates
Proteolytic Signaling in Cardiac and Skeletal Muscle. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2020, 318, R227–R233. [CrossRef]

111. Yarmohammadi, F.; Rezaee, R.; Haye, A.W.; Karimi, G. Endoplasmic Reticulum Stress in Doxorubicin-Induced Cardiotoxicity
May Be Therapeutically Targeted by Natural and Chemical Compounds: A Review. Pharmacol. Res. 2021, 164, 105383. [CrossRef]

112. Shore, G.C.; Papa, F.R.; Oakes, S.A. Signaling Cell Death from the Endoplasmic Reticulum Stress Response. Curr. Opin. Cell Biol.
2011, 23, 143–149. [CrossRef] [PubMed]

113. Tewey, K.M.; Rowe, T.C.; Yang, L.; Halligan, B.D.; Liu, L.F. Adriamycin-Induced DNA Damage Mediated by Mammalian DNA
Topoisomerase II. Science 1984, 226, 466–468. [CrossRef] [PubMed]

114. Schellenberg, M.J.; Lieberman, J.A.; Herrero-Ruiz, A.; Butler, L.R.; Williams, J.G.; Muñoz-Cabello, A.M.; Mueller, G.A.;
London, R.E.; Cortés-Ledesma, F.; Williams, R.S. ZATT (ZNF451)–Mediated Resolution of Topoisomerase 2 DNA-Protein Cross-
Links. Science 2017, 357, 1412–1416. [CrossRef] [PubMed]

115. Capranico, G.; Tinelli, S.; Austin, C.A.; Fisher, M.L.; Zunino, F. Different Patterns of Gene Expression of Topoisomerase II Isoforms
in Differentiated Tissues during Murine Development. Biochim. Biophys. Acta-Gene Struct. Expr. 1992, 1132, 43–48. [CrossRef]

116. Murabito, A.; Hirsch, E.; Ghigo, A. Mechanisms of Anthracycline-Induced Cardiotoxicity: Is Mitochondrial Dysfunction the
Answer? Front. Cardiovasc. Med. 2020, 7, 35. [CrossRef]

117. Zhang, S.; Liu, X.; Bawa-Khalfe, T.; Lu, L.S.; Lyu, Y.L.; Liu, L.F.; Yeh, E.T.H. Identification of the Molecular Basis of Doxorubicin-
Induced Cardiotoxicity. Nat. Med. 2012, 18, 1639–1642. [CrossRef]

118. Classen, S.; Olland, S.; Berger, J.M. Structure of the Topoisomerase II ATPase Region and Its Mechanism of Inhibition by the
Chemotherapeutic Agent ICRF-187. Proc. Natl. Acad. Sci. USA 2003, 100, 10629–10634. [CrossRef]

119. Berthiaume, J.M.; Wallace, K.B. Persistent Alterations to the Gene Expression Profile of the Heart Subsequent to Chronic
Doxorubicin Treatment. Cardiovasc. Toxicol. 2007, 7, 178–191. [CrossRef]

120. Smith, R.A.J.; Hartley, R.C.; Cochemé, H.M.; Murphy, M.P. Mitochondrial Pharmacology. Trends Pharmacol. Sci. 2012, 33, 341–352.
[CrossRef]

121. Zhou, W.; Ouyang, J.; Hu, N.; Li, G.; Wang, H. Protective Effect of Two Alkaloids from Hippophae Rhamnoides Linn. against
Doxorubicin-Induced Toxicity in H9c2 Cardiomyoblasts. Molecules 2021, 26, 1946. [CrossRef]

122. Adachi, K.; Fujiura, Y.; Mayumi, F.; Nozuhara, A.; Sugiu, Y.; Sakanashi, T.; Hidaka, T.; Toshima, H. A Deletion of Mitochondrial
DNA in Murine Doxorubicin-Induced Cardiotoxicity. Biochem. Biophys. Res. Commun. 1993, 195, 945–951. [CrossRef] [PubMed]

123. Lebrecht, D.; Kokkori, A.; Ketelsen, U.P.; Setzer, B.; Walker, U.A. Tissue-Specific MtDNA Lesions and Radical-Associated
Mitochondrial Dysfunction in Human Hearts Exposed to Doxorubicin. J. Pathol. 2005, 207, 436–444. [CrossRef] [PubMed]

124. Wallace, D.C.; Fan, W.; Procaccio, V. Mitochondrial Energetics and Therapeutics. Annu. Rev. Pathol.-Mech Dis. 2010, 5, 297–348.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.jinorgbio.2009.05.007
http://doi.org/10.1016/j.pharmthera.2020.107497
http://doi.org/10.1126/science.aah5324
http://doi.org/10.1038/nrcardio.2012.145
http://doi.org/10.1016/j.toxlet.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/28495616
http://doi.org/10.1124/mol.114.093849
http://www.ncbi.nlm.nih.gov/pubmed/25106424
http://doi.org/10.1016/j.yjmcc.2011.07.016
http://www.ncbi.nlm.nih.gov/pubmed/21819992
http://doi.org/10.1073/pnas.1513047112
http://www.ncbi.nlm.nih.gov/pubmed/26217001
http://doi.org/10.1042/BJ20050285
http://www.ncbi.nlm.nih.gov/pubmed/15799720
http://doi.org/10.1016/j.lfs.2021.119527
http://doi.org/10.1089/ars.2010.3751
http://doi.org/10.1038/sj.onc.1210638
http://doi.org/10.1152/ajpregu.00299.2019
http://doi.org/10.1016/j.phrs.2020.105383
http://doi.org/10.1016/j.ceb.2010.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21146390
http://doi.org/10.1126/science.6093249
http://www.ncbi.nlm.nih.gov/pubmed/6093249
http://doi.org/10.1126/science.aam6468
http://www.ncbi.nlm.nih.gov/pubmed/28912134
http://doi.org/10.1016/0167-4781(92)90050-A
http://doi.org/10.3389/fcvm.2020.00035
http://doi.org/10.1038/nm.2919
http://doi.org/10.1073/pnas.1832879100
http://doi.org/10.1007/s12012-007-0026-0
http://doi.org/10.1016/j.tips.2012.03.010
http://doi.org/10.3390/molecules26071946
http://doi.org/10.1006/bbrc.1993.2135
http://www.ncbi.nlm.nih.gov/pubmed/8373427
http://doi.org/10.1002/path.1863
http://www.ncbi.nlm.nih.gov/pubmed/16278810
http://doi.org/10.1146/annurev.pathol.4.110807.092314
http://www.ncbi.nlm.nih.gov/pubmed/20078222


Int. J. Mol. Sci. 2022, 23, 1912 24 of 28

125. Golforoush, P.A.; Narasimhan, P.; Chaves-Guerrero, P.P.; Lawrence, E.; Newton, G.; Yan, R.; Harding, S.E.; Perrior, T.;
Chapman, K.L.; Schneider, M.D. Selective Protection of Human Cardiomyocytes from Anthracycline Cardiotoxicity by Small
Molecule Inhibitors of MAP4K4. Sci. Rep. 2020, 10, 12060. [CrossRef]

126. Liang, X.; Wang, S.; Wang, L.; Ceylan, A.F.; Ren, J.; Zhang, Y. Mitophagy Inhibitor Liensinine Suppresses Doxorubicin-Induced
Cardiotoxicity through Inhibition of Drp1-Mediated Maladaptive Mitochondrial Fission. Pharmacol. Res. 2020, 157, 104846.
[CrossRef]

127. Arinno, A.; Maneechote, C.; Khuanjing, T.; Ongnok, B.; Prathumsap, N.; Chunchai, T.; Arunsak, B.; Kerdphoo, S.; Shinlapawit-
tayatorn, K.; Chattipakorn, S.C.; et al. Cardioprotective Effects of Melatonin and Metformin against Doxorubicin-Induced
Cardiotoxicity in Rats Are through Preserving Mitochondrial Function and Dynamics. Biochem. Pharmacol. 2021, 192, 114743.
[CrossRef]

128. Yu, J.L.; Jin, Y.; Cao, X.Y.; Gu, H.H. Dexmedetomidine Alleviates Doxorubicin Cardiotoxicity by Inhibiting Mitochondrial Reactive
Oxygen Species Generation. Hum. Cell 2020, 33, 47–56. [CrossRef]

129. Zhao, X.X.; Cho, H.; Lee, S.; Woo, J.S.; Song, M.Y.; Cheng, X.W.; Lee, K.H.; Kim, W. BAY60-2770 Attenuates Doxorubicin-Induced
Cardiotoxicity by Decreased Oxidative Stress and Enhanced Autophagy. Chem.-Biol. Interact. 2020, 328, 109190. [CrossRef]

130. Russo, M.; Guida, F.; Paparo, L.; Trinchese, G.; Aitoro, R.; Avagliano, C.; Fiordelisi, A.; Napolitano, F.; Mercurio, V.; Sala, V.; et al.
The Novel Butyrate Derivative Phenylalanine-Butyramide Protects from Doxorubicin-Induced Cardiotoxicity. Eur. J. Heart Fail.
2019, 21, 519–528. [CrossRef]

131. Zheng, D.; Zhang, Y.; Zheng, M.; Cao, T.; Wang, G.; Zhang, L.; Ni, R.; Brockman, J.; Zhong, H.; Fan, G.C.; et al. Nicotinamide
Riboside Promotes Autolysosome Clearance in Preventing Doxorubicin-Induced Cardiotoxicity. Clin. Sci. 2019, 133, 1505–1521.
[CrossRef]

132. Pan, J.A.; Tang, Y.; Yu, J.Y.; Zhang, H.; Zhang, J.F.; Wang, C.Q.; Gu, J. miR-146a Attenuates Apoptosis and Modulates Autophagy
by Targeting TAF9b/P53 Pathway in Doxorubicin-Induced Cardiotoxicity. Cell Death Dis. 2019, 10, 668. [CrossRef] [PubMed]

133. Jing, X.; Yang, J.; Jiang, L.; Chen, J.; Wang, H. microRNA-29b Regulates the Mitochondria-Dependent Apoptotic Pathway by
Targeting Bax in Doxorubicin Cardiotoxicity. Cell. Physiol. Biochem. 2018, 48, 692–704. [CrossRef] [PubMed]

134. Wang, Y.; Zhang, Q.; Wei, C.; Zhao, L.; Guo, X.; Cui, X.; Shao, L.; Long, J.; Gu, J.; Zhao, M. miR-378 Modulates Energy Imbalance
and Apoptosis of Mitochondria Induced by Doxorubicin. Am. J. Transl. Res. 2018, 10, 3600–3609. [PubMed]

135. Zhao, L.; Qi, Y.; Xu, L.; Tao, X.; Han, X.; Yin, L.; Peng, J. microRNA-140-5p Aggravates Doxorubicin-Induced Cardiotoxicity by
Promoting Myocardial Oxidative Stress via Targeting Nrf2 and Sirt2. Redox Biol. 2018, 15, 284–296. [CrossRef]

136. Shi, W.; Deng, H.; Zhang, J.; Zhang, Y.; Zhang, X.; Cui, G. Mitochondria-Targeting Small Molecules Effectively Prevent
Cardiotoxicity Induced by Doxorubicin. Molecules 2018, 23, 1486. [CrossRef]

137. Fiedler, L.R.; Chapman, K.; Xie, M.; Maifoshie, E.; Jenkins, M.; Golforoush, P.A.; Bellahcene, M.; Noseda, M.; Faust, D.;
Jarvis, A.; et al. MAP4K4 Inhibition Promotes Survival of Human Stem Cell-Derived Cardiomyocytes and Reduces Infarct Size In
Vivo. Cell Stem Cell 2019, 24, 579–591. [CrossRef]

138. Liu, D.; Ma, Z.; Di, S.; Yang, Y.; Yang, J.; Xu, L.; Reiter, R.J.; Qiao, S.; Yuan, J. AMPK/PGC1α Activation by Melatonin Attenuates
Acute Doxorubicin Cardiotoxicity via Alleviating Mitochondrial Oxidative Damage and Apoptosis. Free Radic. Biol. Med. 2018,
129, 59–72. [CrossRef]

139. Tesoriere, L.; Ciaccio, M.; Valenza, M.; Bongiorno, A.; Maresi, E.; Albiero, R.; Livrea, M.A. Effect of Vitamin A Administration on
Resistance of Rat Heart against Doxorubicin-Induced Cardiotoxicity and Lethality. J. Pharmacol. Exp. Ther. 1994, 269, 430.

140. Doroshow, J.H.; Locker, G.Y.; Ifrim, I.; Myers, C.E. Prevention of Doxorubicin Cardiac Toxicity in the Mouse by N-Acetylcysteine.
J. Clin. Investig. 1981, 68, 1053–1064. [CrossRef]

141. van Dalen, E.C.; Caron, H.N.; Dickinson, H.O.; Kremer, L.C.M. Cardioprotective Interventions for Cancer Patients Receiving
Anthracyclines. Cochrane Database Syst. Rev. 2011, 2011, CD003917. [CrossRef]

142. Myers, C.; Bonow, R.; Palmeri, S.; Jenkins, J.; Corden, B.; Locker, G.; Doroshow, J.; Epstein, S. A Randomized Controlled Trial
Assessing the Prevention of Doxorubicin Cardiomyopathy by N-Acetylcysteine. Semin. Oncol. 1983, 10, 53–55. [CrossRef]
[PubMed]

143. Jo, S.H.; Kim, L.S.; Kim, S.A.; Kim, H.S.; Han, S.J.; Park, W.J.; Choi, Y.J. Evaluation of Short-Term Use of N-Acetylcysteine as a
Strategy for Prevention of Anthracycline-Induced Cardiomyopathy: EPOCH Trial—A Prospective Randomized Study. Korean
Circ. J. 2013, 43, 174–181. [CrossRef] [PubMed]

144. Dresdale, A.R.; Barr, L.H.; Myers, C.E. Prospective Randomized Study of the Role of N-Acetylcysteine in Reversing Doxorubicin-
Induced Cardiomyopathy. Am. J. Clin. Oncol.-Cancer Clin. Trials 1982, 5, 657–663. [CrossRef]

145. Weitzman, S.A.; Lorell, B.; Carey, R.W. Prospective Study of Tocopherol Prophylaxis for Anthracycline Cardiac Toxicity. Curr.
Ther. Res.-Clin. Exp. 1980, 28, 682–686.

146. Legha, S.S.; Wang, Y.-M.; Mackay, B.; Ewer, M.; Hortobagyi, G.N.; Benjamin, R.S.; Ali, M.K. Clinical and Pharmacologic
Investigation of the Effects of Alpha-Tocopherol on Adriamycin Cardiotoxicity. Ann. N. Y. Acad. Sci. 1982, 393, 411–418.
[CrossRef]

147. Elitok, A.; Oz, F.; Ahmet, Y.; Kilic, L.; Ciftci, R.; Sen, F.; Bugra, Z.; Mercanoglu, F.; Oncul, A.; Oflaz, H. Effect of Carvedilol on
Silent Anthracycline-Induced Cardiotoxicity Assessed by Strain Imaging: A Prospective Randomized Controlled Study with
Six-Month Follow-Up. Cardiol. J. 2014, 21, 509–515. [CrossRef]

http://doi.org/10.1038/s41598-020-68907-1
http://doi.org/10.1016/j.phrs.2020.104846
http://doi.org/10.1016/j.bcp.2021.114743
http://doi.org/10.1007/s13577-019-00282-0
http://doi.org/10.1016/j.cbi.2020.109190
http://doi.org/10.1002/ejhf.1439
http://doi.org/10.1042/CS20181022
http://doi.org/10.1038/s41419-019-1901-x
http://www.ncbi.nlm.nih.gov/pubmed/31511497
http://doi.org/10.1159/000491896
http://www.ncbi.nlm.nih.gov/pubmed/30025410
http://www.ncbi.nlm.nih.gov/pubmed/30662611
http://doi.org/10.1016/j.redox.2017.12.013
http://doi.org/10.3390/molecules23061486
http://doi.org/10.1016/j.stem.2019.01.013
http://doi.org/10.1016/j.freeradbiomed.2018.08.032
http://doi.org/10.1172/JCI110328
http://doi.org/10.1002/14651858.CD003917.pub4
http://doi.org/10.5555/uri:pii:0093775483900660
http://www.ncbi.nlm.nih.gov/pubmed/6340204
http://doi.org/10.4070/kcj.2013.43.3.174
http://www.ncbi.nlm.nih.gov/pubmed/23613694
http://doi.org/10.1097/00000421-198212000-00015
http://doi.org/10.1111/j.1749-6632.1982.tb31279.x
http://doi.org/10.5603/CJ.a2013.0150


Int. J. Mol. Sci. 2022, 23, 1912 25 of 28

148. Avila, M.S.; Ayub-Ferreira, S.M.; de Barros Wanderley, M.R.; das Dores Cruz, F.; Gonçalves Brandão, S.M.; Rigaud, V.O.C.;
Higuchi-dos-Santos, M.H.; Hajjar, L.A.; Kalil Filho, R.; Hoff, P.M.; et al. Carvedilol for Prevention of Chemotherapy-Related
Cardiotoxicity: The CECCY Trial. J. Am. Coll. Cardiol. 2018, 71, 2281–2290. [CrossRef]

149. Huang, S.; Zhao, Q.; Yang, Z.-G.; Diao, K.-Y.; He, Y.; Shi, K.; Shen, M.-T.; Fu, H.; Guo, Y.-K. Protective Role of Beta-Blockers in
Chemotherapy-Induced Cardiotoxicity—A Systematic Review and Meta-Analysis of Carvedilol. Heart Fail. Rev. 2019, 24, 325–333.
[CrossRef]

150. Demetrius, L. Aging in Mouse and Human Systems: A Comparative Study. Ann. N. Y. Acad. Sci. 2006, 1067, 66–82. [CrossRef]
151. Trnka, J.; Blaikie, F.H.; Smith, R.A.J.; Murphy, M.P. A Mitochondria-Targeted Nitroxide Is Reduced to Its Hydroxylamine by

Ubiquinol in Mitochondria. Free Radic. Biol. Med. 2008, 44, 1406–1419. [CrossRef]
152. Skulachev, V.P. Cationic Antioxidants as a Powerful Tool against Mitochondrial Oxidative Stress. Biochem. Biophys. Res. Commun.

2013, 441, 275–279. [CrossRef] [PubMed]
153. Murphy, M.P.; Smith, R.A.J. Targeting Antioxidants to Mitochondria by Conjugation to Lipophilic Cations. Annu. Rev. Pharmacol.

Toxicol. 2007, 47, 629–656. [CrossRef] [PubMed]
154. Sacks, B.; Onal, H.; Martorana, R.; Sehgal, A.; Harvey, A.; Wastella, C.; Ahmad, H.; Ross, E.; Pjetergjoka, A.; Prasad, S.; et al.

Mitochondrial Targeted Antioxidants, Mitoquinone and SKQ1, Not Vitamin C, Mitigate Doxorubicin-Induced Damage in H9c2
Myoblast: Pretreatment vs. Co-Treatment. BMC Pharmacol. Toxicol. 2021, 22, 49. [CrossRef] [PubMed]

155. Chandran, K.; Aggarwal, D.; Migrino, R.Q.; Joseph, J.; McAllister, D.; Konorev, E.A.; Antholine, W.E.; Zielonka, J.; Srinivasan, S.;
Avadhani, N.G.; et al. Doxorubicin Inactivates Myocardial Cytochrome c Oxidase in Rats: Cardioprotection by Mito-Q. Biophys. J.
2009, 96, 1388–1398. [CrossRef] [PubMed]

156. Rocha, V.C.J.; França, L.S.D.A.; de Araújo, C.F.; Ng, A.M.; de Andrade, C.M.; Andrade, A.C.; Santos, E.D.S.; Borges-Silva, M.D.C.;
Macambira, S.G.; Noronha-Dutra, A.A.; et al. Protective Effects of Mito-TEMPO against Doxorubicin Cardiotoxicity in Mice.
Cancer Chemother. Pharmacol. 2016, 77, 659–662. [CrossRef] [PubMed]

157. Poon, E.N.Y.; Hao, B.; Guan, D.; Li, J.M.; Lu, J.; Yang, Y.; Wu, B.; Wu, S.C.M.; Webb, S.E.; Liang, Y.; et al. Integrated Transcriptomic
and Regulatory Network Analyses Identify microRNA-200c as a Novel Repressor of Human Pluripotent Stem Cell-Derived
Cardiomyocyte Differentiation and Maturation. Cardiovasc. Res. 2018, 114, 894–906. [CrossRef]

158. Poon, E.; Lieu, D.K.; Li, R.A. microRNA and Pluripotent Stem Cell-Based Heart Therapies: The Electrophysiological Perspective.
In Heart Rate and Rhythm; Tripathi, O., Ravens, U., Sanguinetti, M., Eds.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 365–383.

159. Daneri-Becerra, C.; Valeiras, B.; Gallo, L.I.; Lagadari, M.; Galigniana, M.D. Cyclophilin A Is a Mitochondrial Factor That Forms
Complexes with P23—Correlative Evidence for an Anti-Apoptotic Action. J. Cell Sci. 2021, 134, jcs253401. [CrossRef]

160. Xu, C.; Liu, C.H.; Zhang, D.L. microRNA-22 Inhibition Prevents Doxorubicin-Induced Cardiotoxicity via Upregulating SIRT1.
Biochem. Biophys. Res. Commun. 2020, 521, 485–491. [CrossRef]

161. Wang, R.; Xu, Y.; Niu, X.; Fang, Y.; Guo, D.; Chen, J.; Zhu, H.; Dong, J.; Zhao, R.; Wang, Y.; et al. miR-22 Inhibition Alleviates
Cardiac Dysfunction in Doxorubicin-Induced Cardiomyopathy by Targeting the Sirt1/PGC-1α Pathway. Front. Physiol. 2021, 12,
646903. [CrossRef]

162. Chen, J.; Zhong, J.; Wang, L.; Chen, Y. Mitochondrial Transfer in Cardiovascular Disease: From Mechanisms to Therapeutic
Implications. Front. Cardiovasc. Med. 2021, 8, 771298. [CrossRef]

163. Robicsek, O.; Ene, H.M.; Karry, R.; Ytzhaki, O.; Asor, E.; McPhie, D.; Cohen, B.M.; Ben-Yehuda, R.; Weiner, I.; Ben-Shachar, D.
Isolated Mitochondria Transfer Improves Neuronal Differentiation of Schizophrenia-Derived Induced Pluripotent Stem Cells and
Rescues Deficits in a Rat Model of the Disorder. Schizophr. Bull. 2018, 44, 432–442. [CrossRef] [PubMed]

164. Shanmughapriya, S.; Langford, D.; Natarajaseenivasan, K. Inter and Intracellular Mitochondrial Trafficking in Health and Disease.
Ageing Res. Rev. 2020, 62, 101128. [CrossRef] [PubMed]

165. Hayakawa, K.; Esposito, E.; Wang, X.; Terasaki, Y.; Liu, Y.; Xing, C.; Ji, X.; Lo, E.H. Transfer of Mitochondria from Astrocytes to
Neurons after Stroke. Nature 2016, 535, 551–555. [CrossRef]

166. O’Brien, C.G.; Ozen, M.O.; Ikeda, G.; Vaskova, E.; Jung, J.H.; Bayardo, N.; Santoso, M.R.; Shi, L.; Wahlquist, C.; Jiang, Z.; et al.
Mitochondria-Rich Extracellular Vesicles Rescue Patient-Specific Cardiomyocytes From Doxorubicin Injury. JACC CardioOncol.
2021, 3, 428–440. [CrossRef]

167. Cowan, D.B.; Yao, R.; Thedsanamoorthy, J.K.; Zurakowski, D.; del Nido, P.J.; McCully, J.D. Transit and Integration of Extracellular
Mitochondria in Human Heart Cells. Sci. Rep. 2017, 7, 17450. [CrossRef] [PubMed]

168. Wang, J.; Li, H.; Yao, Y.; Zhao, T.; Chen, Y.Y.; Shen, Y.L.; Wang, L.L.; Zhu, Y. Stem Cell-Derived Mitochondria Transplantation: A
Novel Strategy and the Challenges for the Treatment of Tissue Injury. Stem Cell Res. Ther. 2018, 9, 106. [CrossRef]

169. Luz-Crawford, P.; Hernandez, J.; Djouad, F.; Luque-Campos, N.; Caicedo, A.; Carrère-Kremer, S.; Brondello, J.M.; Vignais, M.L.;
Pène, J.; Jorgensen, C. Mesenchymal Stem Cell Repression of Th17 Cells Is Triggered by Mitochondrial Transfer. Stem Cell Res.
Ther. 2019, 10, 232. [CrossRef]

170. Li, X.; Zhang, Y.; Yeung, S.C.; Liang, Y.; Liang, X.; Ding, Y.; Ip, M.S.M.; Tse, H.F.; Mak, J.C.W.; Lian, Q. Mitochondrial Transfer of
Induced Pluripotent Stem Cell-Derived Mesenchymal Stem Cells to Airway Epithelial Cells Attenuates Cigarette Smoke-Induced
Damage. Am. J. Respir. Cell Mol. Biol. 2014, 51, 455–465. [CrossRef]

171. Zhang, Y.; Yu, Z.; Jiang, D.; Liang, X.; Liao, S.; Zhang, Z.; Yue, W.; Li, X.; Chiu, S.M.; Chai, Y.H.; et al. IPSC-MSCs with
High Intrinsic MIRO1 and Sensitivity to TNF-α Yield Efficacious Mitochondrial Transfer to Rescue Anthracycline-Induced
Cardiomyopathy. Stem Cell Rep. 2016, 7, 749–763. [CrossRef]

http://doi.org/10.1016/j.jacc.2018.02.049
http://doi.org/10.1007/s10741-018-9755-3
http://doi.org/10.1196/annals.1354.010
http://doi.org/10.1016/j.freeradbiomed.2007.12.036
http://doi.org/10.1016/j.bbrc.2013.10.063
http://www.ncbi.nlm.nih.gov/pubmed/24161394
http://doi.org/10.1146/annurev.pharmtox.47.120505.105110
http://www.ncbi.nlm.nih.gov/pubmed/17014364
http://doi.org/10.1186/s40360-021-00518-6
http://www.ncbi.nlm.nih.gov/pubmed/34530934
http://doi.org/10.1016/j.bpj.2008.10.042
http://www.ncbi.nlm.nih.gov/pubmed/19217856
http://doi.org/10.1007/s00280-015-2949-7
http://www.ncbi.nlm.nih.gov/pubmed/26712129
http://doi.org/10.1093/cvr/cvy019
http://doi.org/10.1242/jcs.253401
http://doi.org/10.1016/j.bbrc.2019.10.140
http://doi.org/10.3389/fphys.2021.646903
http://doi.org/10.3389/fcvm.2021.771298
http://doi.org/10.1093/schbul/sbx077
http://www.ncbi.nlm.nih.gov/pubmed/28586483
http://doi.org/10.1016/j.arr.2020.101128
http://www.ncbi.nlm.nih.gov/pubmed/32712108
http://doi.org/10.1038/nature18928
http://doi.org/10.1016/j.jaccao.2021.05.006
http://doi.org/10.1038/s41598-017-17813-0
http://www.ncbi.nlm.nih.gov/pubmed/29234096
http://doi.org/10.1186/s13287-018-0832-2
http://doi.org/10.1186/s13287-019-1307-9
http://doi.org/10.1165/rcmb.2013-0529OC
http://doi.org/10.1016/j.stemcr.2016.08.009


Int. J. Mol. Sci. 2022, 23, 1912 26 of 28

172. Cheng, X.Y.; Biswas, S.; Li, J.; Mao, C.J.; Chechneva, O.; Chen, J.; Li, K.; Li, J.; Zhang, J.R.; Liu, C.F.; et al. Human IPSCs Derived
Astrocytes Rescue Rotenone-Induced Mitochondrial Dysfunction and Dopaminergic Neurodegeneration in Vitro by Donating
Functional Mitochondria. Transl. Neurodegener. 2020, 9, 13. [CrossRef]

173. Ikeda, G.; Santoso, M.R.; Tada, Y.; Li, A.M.; Vaskova, E.; Jung, J.H.; O’Brien, C.; Egan, E.; Ye, J.; Yang, P.C. Mitochondria-Rich
Extracellular Vesicles From Autologous Stem Cell–Derived Cardiomyocytes Restore Energetics of Ischemic Myocardium. J. Am.
Coll. Cardiol. 2021, 77, 1073–1088. [CrossRef] [PubMed]

174. Masuzawa, A.; Black, K.M.; Pacak, C.A.; Ericsson, M.; Barnett, R.J.; Drumm, C.; Seth, P.; Bloch, D.B.; Levitsky, S.; Cowan, D.B.; et al.
Transplantation of Autologously Derived Mitochondria Protects the Heart from Ischemia-Reperfusion Injury. Am. J. Physiol.-Heart
Circul. Physiol. 2013, 304, H966–H982. [CrossRef] [PubMed]

175. Shin, B.; Saeed, M.Y.; Esch, J.J.; Guariento, A.; Blitzer, D.; Moskowitzova, K.; Ramirez-Barbieri, G.; Orfany, A.; Thedsanamoor-
thy, J.K.; Cowan, D.B.; et al. A Novel Biological Strategy for Myocardial Protection by Intracoronary Delivery of Mitochondria:
Safety and Efficacy. JACC-Basic Transl. Sci. 2019, 4, 871–888. [CrossRef] [PubMed]

176. Emani, S.M.; Piekarski, B.L.; Harrild, D.; del Nido, P.J.; McCully, J.D. Autologous Mitochondrial Transplantation for Dysfunction
after Ischemia-Reperfusion Injury. J. Thorac. Cardiovasc. Surg. 2017, 154, 286–289. [CrossRef]

177. Yip, H.K.; Shao, P.L.; Wallace, C.G.; Sheu, J.J.; Sung, P.H.; Lee, M.S. Early Intramyocardial Implantation of Exogenous Mitochondria
Effectively Preserved Left Ventricular Function in Doxorubicin-Induced Dilated Cardiomyopathy Rat. Am. J. Transl. Res. 2020, 12,
4612–4627.

178. Tokudome, T.; Mizushige, K.; Noma, T.; Manabe, K.; Murakami, K.; Tsuji, T.; Nozaki, S.; Tomohiro, A.; Matsuo, H. Prevention
of Doxorubicin (Adriamycin)-Induced Cardiomyopathy by Simultaneous Administration of Angiotensin-Converting Enzyme
Inhibitor Assessed by Acoustic Densitometry. J. Cardiovasc. Pharmacol. 2000, 36, 361–368. [CrossRef]

179. Sacco, G.; Bigioni, M.; Evangelista, S.; Goso, C.; Manzini, S.; Maggi, C.A. Cardioprotective Effects of Zofenopril, a New
Angiotensin-Converting Enzyme Inhibitor, on Doxorubicin-Induced Cardiotoxicity in the Rat. Eur. J. Pharmacol. 2001, 414, 71–78.
[CrossRef]

180. Hiona, A.; Lee, A.S.; Nagendran, J.; Xie, X.; Connolly, A.J.; Robbins, R.C.; Wu, J.C. Pretreatment with Angiotensin-Converting
Enzyme Inhibitor Improves Doxorubicin-Induced Cardiomyopathy via Preservation of Mitochondrial Function. J. Thorac.
Cardiovasc. Surg. 2011, 142, 396–403.e3. [CrossRef]

181. Cardinale, D.; Colombo, A.; Sandri, M.T.; Lamantia, G.; Colombo, N.; Civelli, M.; Martinelli, G.; Veglia, F.; Fiorentini, C.;
Cipolla, C.M. Prevention of High-Dose Chemotherapy-Induced Cardiotoxicity in High-Risk Patients by Angiotensin-Converting
Enzyme Inhibition. Circulation 2006, 114, 2474–2481. [CrossRef]

182. Xia, Y.; Chen, Z.; Chen, A.; Fu, M.; Dong, Z.; Hu, K.; Yang, X.; Zou, Y.; Sun, A.; Qian, J.; et al. LCZ696 Improves Cardiac Function
via Alleviating Drp1-Mediated Mitochondrial Dysfunction in Mice with Doxorubicin-Induced Dilated Cardiomyopathy. J. Mol.
Cell. Cardiol. 2017, 108, 138–148. [CrossRef]

183. Metra, M.; Nodari, S.; Bordonali, T.; Milani, P.; Fracassi, F.; Dei Cas, L. β-Blocker Therapy of Heart Failure: An Update. Expert
Opin. Pharmacother. 2007, 8, 289–298. [CrossRef] [PubMed]

184. Kawabata, H.; Ryomoto, T.; Ishikawa, K. Effect of Beta-Blocker on Metabolism and Contraction of Doxorubicin-Induced
Cardiotoxicity in the Isolated Perfused Rabbit Heart. Angiology 2000, 51, 405–413. [CrossRef] [PubMed]

185. Kalay, N.; Basar, E.; Ozdogru, I.; Er, O.; Cetinkaya, Y.; Dogan, A.; Inanc, T.; Oguzhan, A.; Eryol, N.K.; Topsakal, R.; et al. Protective
Effects of Carvedilol Against Anthracycline-Induced Cardiomyopathy. J. Am. Coll. Cardiol. 2006, 48, 2258–2262. [CrossRef]

186. Bosch, X.; Rovira, M.; Sitges, M.; Domènech, A.; Ortiz-Pérez, J.T.; de Caralt, T.M.; Morales-Ruiz, M.; Perea, R.J.; Monzó, M.;
Esteve, J. 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. 2013, 61,
2355–2362. [CrossRef] [PubMed]

187. Jhorawat, R.; Kumari, S.; Varma, S.C.; Rohit, M.K.; Narula, N.; Suri, V.; Malhotra, P.; Jain, S. Preventive Role of Carvedilol in
Adriamycin-Induced Cardiomyopathy. Indian J. Med. Res. 2016, 144, 725–729. [CrossRef]

188. Kheiri, B.; Abdalla, A.; Osman, M.; Haykal, T.; Chahine, A.; Ahmed, S.; Osman, K.; Hassan, M.; Bachuwa, G.; Bhatt, D.L.
Meta-Analysis of Carvedilol for the Prevention of Anthracycline-Induced Cardiotoxicity. Am. J. Cardiol. 2018, 122, 1959–1964.
[CrossRef]

189. Rivera, F.B.; Magalong, J.V.; Sachiko, E.; Chiu, H.H.; Magno, J.D.; John, A. Efficacy of Carvedilol in Preventing Anthracycline-
Induced Cardiotoxicity: A Meta-Analysis of Randomized Controlled Trials. J. Card. Fail. 2020, 26, S80. [CrossRef]

190. Wang, C.Y.; Chen, C.C.; Lin, M.H.; Su, H.T.; Ho, M.Y.; Yeh, J.K.; Tsai, M.L.; Hsieh, I.C.; Wen, M.S. TLR9 Binding to Beclin 1 and
Mitochondrial SIRT3 by a Sodium-glucose Co-transporter 2 Inhibitor Protects the Heart from Doxorubicin Toxicity. Biology 2020,
9, 369. [CrossRef]

191. Liu, G.; Liu, Y.; Wang, R.; Hou, T.; Chen, C.; Zheng, S.; Dong, Z. Spironolactone Attenuates Doxorubicin-Induced Cardiotoxicity
in Rats. Cardiovasc. Ther. 2016, 34, 216–224. [CrossRef]

192. Lother, A.; Bergemann, S.; Kowalski, J.; Huck, M.; Gilsbach, R.; Bode, C.; Hein, L. Inhibition of the Cardiac Myocyte Mineralocor-
ticoid Receptor Ameliorates Doxorubicin-Induced Cardiotoxicity. Cardiovasc. Res. 2018, 114, 282–290. [CrossRef]

http://doi.org/10.1186/s40035-020-00190-6
http://doi.org/10.1016/j.jacc.2020.12.060
http://www.ncbi.nlm.nih.gov/pubmed/33632482
http://doi.org/10.1152/ajpheart.00883.2012
http://www.ncbi.nlm.nih.gov/pubmed/23355340
http://doi.org/10.1016/j.jacbts.2019.08.007
http://www.ncbi.nlm.nih.gov/pubmed/31909298
http://doi.org/10.1016/j.jtcvs.2017.02.018
http://doi.org/10.1097/00005344-200009000-00012
http://doi.org/10.1016/S0014-2999(01)00782-8
http://doi.org/10.1016/j.jtcvs.2010.07.097
http://doi.org/10.1161/CIRCULATIONAHA.106.635144
http://doi.org/10.1016/j.yjmcc.2017.06.003
http://doi.org/10.1517/14656566.8.3.289
http://www.ncbi.nlm.nih.gov/pubmed/17266464
http://doi.org/10.1177/000331970005100507
http://www.ncbi.nlm.nih.gov/pubmed/10826857
http://doi.org/10.1016/j.jacc.2006.07.052
http://doi.org/10.1016/j.jacc.2013.02.072
http://www.ncbi.nlm.nih.gov/pubmed/23583763
http://doi.org/10.4103/ijmr.IJMR_1323_14
http://doi.org/10.1016/j.amjcard.2018.08.039
http://doi.org/10.1016/j.cardfail.2020.09.232
http://doi.org/10.3390/biology9110369
http://doi.org/10.1111/1755-5922.12189
http://doi.org/10.1093/cvr/cvx078


Int. J. Mol. Sci. 2022, 23, 1912 27 of 28

193. Musunuru, K.; Sheikh, F.; Gupta, R.M.; Houser, S.R.; Maher, K.O.; Milan, D.J.; Terzic, A.; Wu, J.C. Induced Pluripotent Stem Cells
for Cardiovascular Disease Modeling and Precision Medicine: A Scientific Statement From the American Heart Association.
Circ.-Genom. Precis. Med. 2018, 11, e000043. [CrossRef] [PubMed]

194. Paik, D.T.; Chandy, M.; Wu, J.C. Patient and Disease–Specific Induced Pluripotent Stem Cells for Discovery of Personalized
Cardiovascular Drugs and Therapeutics. Pharmacol. Rev. 2020, 72, 320–342. [CrossRef] [PubMed]

195. Gintant, G.; Burridge, P.; Gepstein, L.; Harding, S.; Herron, T.; Hong, C.; Jalife, J.; Wu, J.C. Use of Human Induced Pluripotent
Stem Cell-Derived Cardiomyocytes in Preclinical Cancer Drug Cardiotoxicity Testing: A Scientific Statement From the American
Heart Association. Circ. Res. 2019, 125, e75–e92. [CrossRef]

196. Kwok, M.; Lee, C.; Li, H.S.; Deng, R.; Tsoi, C.; Ding, Q.; Tsang, S.Y.; Leung, K.T.; Yan, B.P.; Poon, E.N. Remdesivir Induces
Persistent Mitochondrial and Structural Damage in Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Circ. Res.
2021, cvab311. [CrossRef] [PubMed]

197. Maillet, A.; Tan, K.; Chai, X.; Sadananda, S.N.; Mehta, A.; Ooi, J.; Hayden, M.R.; Pouladi, M.A.; Ghosh, S.; Shim, W.; et al.
Modeling Doxorubicin-Induced Cardiotoxicity in Human Pluripotent Stem Cell Derived-Cardiomyocytes. Sci. Rep. 2016, 6, 25333.
[CrossRef]

198. Louisse, J.; Wüst, R.C.I.; Pistollato, F.; Palosaari, T.; Barilari, M.; Macko, P.; Bremer, S.; Prieto, P. Assessment of Acute and Chronic
Toxicity of Doxorubicin in Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Toxicol. Vitro 2017, 42, 182–190.
[CrossRef]

199. Poon, E.N.Y.; Luo, X.-L.; Webb, S.E.; Yan, B.; Zhao, R.; Wu, S.C.M.; Yang, Y.; Zhang, P.; Bai, H.; Shao, J.; et al. The Cell Surface
Marker CD36 Selectively Identifies Matured, Mitochondria-Rich HPSC-Cardiomyocytes. Cell Res. 2020, 30, 626–629. [CrossRef]

200. McSweeney, K.M.; Bozza, W.P.; Alterovitz, W.L.; Zhang, B. Transcriptomic Profiling Reveals P53 as a Key Regulator of Doxorubicin-
Induced Cardiotoxicity. Cell Death Discov. 2019, 5, 102. [CrossRef]

201. Li, J.; Wang, P.Y.; Long, N.A.; Zhuang, J.; Springer, D.A.; Zou, J.; Lin, Y.; Bleck, C.K.E.; Park, J.H.; Kang, J.G.; et al. P53 Prevents
Doxorubicin Cardiotoxicity Independently of Its Prototypical Tumor Suppressor Activities. Proc. Natl. Acad. Sci. USA 2019, 116,
19626–19634. [CrossRef]

202. Holmgren, G.; Sartipy, P.; Andersson, C.X.; Lindahl, A.; Synnergren, J. Expression Profiling of Human Pluripotent Stem Cell-
Derived Cardiomyocytes Exposed to Doxorubicin-Integration and Visualization of Multi-Omics Data. Toxicol. Sci. 2018, 163,
182–195. [CrossRef]

203. Gupta, S.K.; Garg, A.; Bär, C.; Chatterjee, S.; Foinquinos, A.; Milting, H.; Streckfus-Bomeke, K.; Fiedler, J.; Thum, T. Quaking
Inhibits Doxorubicin-Mediated Cardiotoxicity through Regulation of Cardiac Circular RNA Expression Short Communication.
Circ.Res. 2018, 122, 246–254. [CrossRef]

204. Han, D.; Wang, Y.; Wang, Y.; Dai, X.; Zhou, T.; Chen, J.; Tao, B.; Zhang, J.; Cao, F. The Tumor-Suppressive Human Circular RNA
CircITCH Sponges miR-330-5p to Ameliorate Doxorubicin-Induced Cardiotoxicity through Upregulating SIRT6, Survivin, and
SERCA2a. Circ. Res. 2020, 127, e108–e125. [CrossRef]

205. Holmgren, G.; Synnergren, J.; Andersson, C.X.; Lindahl, A.; Sartipy, P. microRNAs as Potential Biomarkers for Doxorubicin-
Induced Cardiotoxicity. Toxicol. Vitro 2016, 34, 26–34. [CrossRef]

206. Chaudhari, U.; Ellis, J.K.; Wagh, V.; Nemade, H.; Hescheler, J.; Keun, H.C.; Sachinidis, A. Metabolite Signatures of Doxorubicin
Induced Toxicity in Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Amino Acids 2017, 49, 1955–1963. [CrossRef]

207. Burridge, P.W.; Li, Y.F.; Matsa, E.; Wu, H.; Ong, S.G.; Sharma, A.; Holmström, A.; Chang, A.C.; Coronado, M.J.; Ebert, A.D.; et al.
Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes Recapitulate the Predilection of Breast Cancer Patients to
Doxorubicin-Induced Cardiotoxicity. Nat. Med. 2016, 22, 547–556. [CrossRef] [PubMed]

208. Magdy, T.; Jiang, Z.; Jouni, M.; Fonoudi, H.; Lyra-Leite, D.; Jung, G.; Romero-Tejeda, M.; Kuo, H.H.; Fetterman, K.A.;
Gharib, M.; et al. RARG Variant Predictive of Doxorubicin-Induced Cardiotoxicity Identifies a Cardioprotective Therapy. Cell
Stem Cell 2021, 28, 2076–2089.e7. [CrossRef] [PubMed]

209. Poon, E.; Keung, W.; Liang, Y.; Ramalingam, R.; Yan, B.; Zhang, S.; Chopra, A.; Moore, J.; Herren, A.; Lieu, D.K.; et al. Proteomic
Analysis of Human Pluripotent Stem Cell-Derived, Fetal, and Adult Ventricular Cardiomyocytes Reveals Pathways Crucial for
Cardiac Metabolism and Maturation. Circ.-Cardiovasc. Genet. 2015, 8, 427–436. [CrossRef] [PubMed]

210. Poon, E.; Yan, B.; Zhang, S.; Rushing, S.; Keung, W.; Ren, L.; Lieu, D.K.; Geng, L.; Kong, C.W.; Wang, J.; et al. Transcriptome-Guided
Functional Analyses Reveal Novel Biological Properties and Regulatory Hierarchy of Human Embryonic Stem Cell-Derived
Ventricular Cardiomyocytes Crucial for Maturation. PLoS ONE 2013, 8, e77784. [CrossRef] [PubMed]

211. Ahmed, R.E.; Anzai, T.; Chanthra, N.; Uosaki, H. A Brief Review of Current Maturation Methods for Human Induced Pluripotent
Stem Cells-Derived Cardiomyocytes. Front. Cell. Dev. Biol. 2020, 8, 178. [CrossRef]

212. Karbassi, E.; Fenix, A.; Marchiano, S.; Muraoka, N.; Nakamura, K.; Yang, X.; Murry, C.E. Cardiomyocyte Maturation: Advances in
Knowledge and Implications for Regenerative Medicine. Nat. Rev. Cardiol. 2020, 17, 341–359. [CrossRef]

213. Denning, C.; Borgdorff, V.; Crutchley, J.; Firth, K.S.A.; George, V.; Kalra, S.; Kondrashov, A.; Hoang, M.D.; Mosqueira, D.;
Patel, A.; et al. Cardiomyocytes from Human Pluripotent Stem Cells: From Laboratory Curiosity to Industrial Biomedical
Platform. Biochim. Biophys. Acta-Mol. Cell Res. 2016, 1863, 1728–1748. [CrossRef]

214. Yang, X.; Rodriguez, M.L.; Leonard, A.; Sun, L.; Fischer, K.A.; Wang, Y.; Ritterhoff, J.; Zhao, L.; Kolwicz, S.C.; Pabon, L.; et al.
Fatty Acids Enhance the Maturation of Cardiomyocytes Derived from Human Pluripotent Stem Cells. Stem Cell Rep. 2019, 13,
657–668. [CrossRef] [PubMed]

http://doi.org/10.1161/HCG.0000000000000043
http://www.ncbi.nlm.nih.gov/pubmed/29874173
http://doi.org/10.1124/pr.116.013003
http://www.ncbi.nlm.nih.gov/pubmed/31871214
http://doi.org/10.1161/RES.0000000000000291
http://doi.org/10.1093/cvr/cvab311
http://www.ncbi.nlm.nih.gov/pubmed/34609482
http://doi.org/10.1038/srep25333
http://doi.org/10.1016/j.tiv.2017.04.023
http://doi.org/10.1038/s41422-020-0292-y
http://doi.org/10.1038/s41420-019-0182-6
http://doi.org/10.1073/pnas.1904979116
http://doi.org/10.1093/toxsci/kfy012
http://doi.org/10.1161/CIRCRESAHA.117.311335
http://doi.org/10.1161/CIRCRESAHA.119.316061
http://doi.org/10.1016/j.tiv.2016.03.009
http://doi.org/10.1007/s00726-017-2419-0
http://doi.org/10.1038/nm.4087
http://www.ncbi.nlm.nih.gov/pubmed/27089514
http://doi.org/10.1016/j.stem.2021.08.006
http://www.ncbi.nlm.nih.gov/pubmed/34525346
http://doi.org/10.1161/CIRCGENETICS.114.000918
http://www.ncbi.nlm.nih.gov/pubmed/25759434
http://doi.org/10.1371/journal.pone.0077784
http://www.ncbi.nlm.nih.gov/pubmed/24204964
http://doi.org/10.3389/fcell.2020.00178
http://doi.org/10.1038/s41569-019-0331-x
http://doi.org/10.1016/j.bbamcr.2015.10.014
http://doi.org/10.1016/j.stemcr.2019.08.013
http://www.ncbi.nlm.nih.gov/pubmed/31564645


Int. J. Mol. Sci. 2022, 23, 1912 28 of 28

215. Yang, X.; Rodriguez, M.; Pabon, L.; Fischer, K.A.; Reinecke, H.; Regnier, M.; Sniadecki, N.J.; Ruohola-Baker, H.; Murry, C.E.
Tri-Iodo-l-Thyronine Promotes the Maturation of Human Cardiomyocytes-Derived from Induced Pluripotent Stem Cells. J. Mol.
Cell. Cardiol. 2014, 72, 296–304. [CrossRef]

216. Wang, J.; Cui, C.; Nan, H.; Yu, Y.; Xiao, Y.; Poon, E.; Yang, G.; Wang, X.; Wang, C.; Li, L.; et al. Graphene Sheet-Induced Global
Maturation of Cardiomyocytes Derived from Human Induced Pluripotent Stem Cells. ACS Appl. Mater. Interfaces 2017, 9,
25929–25940. [CrossRef] [PubMed]

217. Ronaldson-Bouchard, K.; Ma, S.P.; Yeager, K.; Chen, T.; Song, L.J.; Sirabella, D.; Morikawa, K.; Teles, D.; Yazawa, M.; Vunjak-
Novakovic, G. Advanced Maturation of Human Cardiac Tissue Grown from Pluripotent Stem Cells. Nature 2018, 556, 239–243.
[CrossRef] [PubMed]

218. Chen, Y.; Huang, L.; Dai, X.; Tian, Q.; Yu, M.; Agheb, M.; Chan, H.N.; Poon, E.; Guo, Z.; Boheler, K.R.; et al. Facile Formation of a
Microporous Chitosan Hydrogel Based on Self-Crosslinking. J. Mat. Chem. B 2017, 5, 9291–9299. [CrossRef]

219. Gu, X.; Yeung, S.Y.; Chadda, A.; Poon, E.N.Y.; Boheler, K.R.; Hsing, I.M. Organic Electrochemical Transistor Arrays for In Vitro
Electrophysiology Monitoring of 2D and 3D Cardiac Tissues. Adv. Biosyst. 2019, 3, e1800248. [CrossRef]

220. Kamakura, T.; Makiyama, T.; Sasaki, K.; Yoshida, Y.; Wuriyanghai, Y.; Chen, J.; Hattori, T.; Ohno, S.; Kita, T.; Horie, M.; et al.
Ultrastructural Maturation of Human-Induced Pluripotent Stem Cell-Derived Cardiomyocytes in a Long-Term Culture. Circ. J.
2013, 77, 1307–1314. [CrossRef]

http://doi.org/10.1016/j.yjmcc.2014.04.005
http://doi.org/10.1021/acsami.7b08777
http://www.ncbi.nlm.nih.gov/pubmed/28718622
http://doi.org/10.1038/s41586-018-0016-3
http://www.ncbi.nlm.nih.gov/pubmed/29618819
http://doi.org/10.1039/C7TB02736B
http://doi.org/10.1002/adbi.201800248
http://doi.org/10.1253/circj.CJ-12-0987

	Introduction 
	Types of Anthracyclines 
	Clinical Features of DOX-Induced Cardiotoxicity 
	The Mechanisms of DOX-Induced Cardiotoxicity 
	The Mitochondria 
	DOX Accumulates in the Mitochondria and Perturbs Mitochondrial Bioenergetics and Function 
	ROS and DOX-Induced Cardiotoxicity 
	Iron, Ferroptosis, and DOX-Induced Cardiotoxicity 
	Calcium Homeostasis and DOX-Induced Cardiotoxicity 
	Topoisomerase and DOX-Induced Cardiotoxicity 
	DNA Damage 

	Modulating the Mitochondria to Alleviate DOX-Induced Cardiotoxicity 
	Small Molecules 
	Antioxidants 
	microRNAs (miRs) 
	Mitochondrial Transplantation 
	Heart Failure Medications 

	Research Models for DOX-Induced Cardiotoxicity 
	Conclusions 
	References

