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Abstract

Doxorubicin is an effective chemotherapeutic agent prescribed to treat solid tumors (e.g., ovary, breast, and gastrointestinal
cancers). This anti-cancer drug has various side effects, such as allergic reactions, cardiac damage, hair loss, bone marrow
suppression, vomiting, and bladder irritation. The most dangerous side effect of doxorubicin is cardiomyopathy, leading
to congestive heart failure. The exact mechanisms of doxorubicin-induced cardiotoxicity remain incompletely understood.
Alteration in myocardial structure and functional cardiac disorders is provoked by doxorubicin administration; subsequently,
cardiomyopathy and congestive heart failure can occur. Congestive heart failure due to doxorubicin is associated with mor-
tality and morbidity. Probably, doxorubicin-induced cardiotoxicity starts from myocardial cell injury and is followed by left
ventricular dysfunction. Many factors and multiple pathways are responsible for the creation of doxorubicin-induced car-
diotoxicity. Inflammatory cytokines, oxidative stress pathways, mitochondrial damage, intracellular Ca** overload, iron-free
radical production, DNA, and myocyte membrane injuries have critical roles in the pathophysiology of doxorubicin-induced
cardiotoxicity. Unfortunately, there are currently a few medications for the treatment of doxorubicin-induced cardiotoxicity in
clinical settings. Extensive basic and clinical researches have been carried out to discover preventive treatments. This review
briefly discusses the basic and experimental approaches for treating or preventing doxorubicin-mediated cardiotoxicity based
on its pathophysiological mechanisms.
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Background

Cardiovascular diseases and cancers are the most leading
causes of morbidity and mortality in the world [1]. The
reported incidence of new cancer cases is estimated at 19.3
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million, with a mortality rate of 10 million in the world in
2020 [2]. Cardiac myocytes are potentially more susceptible
to the long-term adverse effects of chemotherapy agents such
as doxorubicin due to the less regeneration ability in cardiac
cells [3]. Moreover, heart muscle dysfunction (cardiomyo-
pathy) and cardiovascular complications may occur in can-
cer survivors even a year after chemotherapy or radiation
therapy and influence their quality of life [4, 5].
Doxorubicin (Adriamycin; DOX), the anthracycline anti-
biotic, was first produced from Streptomyces peucetius var.
caesius in 1960 [6]. DOX is represented as one of the most
effective broad-spectrum anti-cancer anthracycline antibiot-
ics either alone or in concomitant administration with other
anti-cancer agents [3, 7]. It is determined widely efficient
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against various types of cancers, including solid malignan-
cies (bladder, breast, lung, etc.) and hematologic neoplasia
(Hodgkin’s disease and non-Hodgkin’s lymphomas and pedi-
atric leukemia) [8, 9].

Intravenous injection of DOX produces high-plasma con-
centrations. Due to its rapid tissue distribution, the plasma
concentration falls quickly after administration. Plasma
protein binding of DOX is close to 50-85%. Nonetheless,
repeated injections do not cause plasma accumulation. The
volume of distribution (Vd) of DOX is in the range of 20
to 30 L/kg. DOX is quickly metabolized into the doxorubi-
cinol, 13-hydoxy1 metabolite, aglycones, doxorubicinone,
and 7-deoxydoxorubicinone. Metabolism of DOX occurs
in red blood cells, liver, and kidney cells by cytoplasmic
NADPH-dependent aldo—keto reductases. DOX and its
metabolites are mainly excreted in the bile. Although, over
50% is eliminated under the liver first-pass effect. After
seven days, cumulative fecal excretion of DOX has been
estimated as 25 to 45% [10].

Doxorubicin can cause several side effects, ranging from
cancer treatment’s common side effects, such as fever,
nausea, and vomiting to lethal cardiac dysfunction. DOX-
induced cardiotoxicity is an important clinical problem
in managing different types of malignancies. The cardiac
side effects of DOX during a chemotherapy regimen can be
acute, chronic, or even gradually progressive and persistent
after the termination of DOX therapy. In patients undergoing
anthracycline therapy, presented symptoms were as follows:
(1) reversible side effects, including cardiac rhythm changes,
altering blood pressure, pericarditis, and myocarditis and (2)
irreversible side effects, such as cardiomyopathy and conges-
tive heart failure. The incidence of DOX-induced cardiotox-
icity rises with the escalation in the total cumulative dose
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Fig. 1 The underlying cellular mechanism of DOX-induced cardio-
toxicity and stages of cardiovascular dysfunction after DOX-induced
cardiotoxicity. DOX chemotherapy can increase inflammatory and
free radical factors and subsequently, DNA damage and cellular
injury can occur. Cardiac cell death, cardiomyopathy, and heart fail-

of doxorubicin during a day or a treatment cycle [11-14].
The mortality rate following DOX therapy ranged from 10
to 38% after a single or cumulative dose of 5-25 mg/kg. The
mortality rate increases significantly to 50% within two years
subsequent chemotherapy [12, 15]. Doxorubicinol, the main
biometabolite of DOX, primarily accumulates in the heart
during chronic DOX administration [16]. Doxorubicinol is
markedly more potent than doxorubicin in compromising
cardiac function and inhibiting the ion pumps activities. Col-
lective cardiotoxicity of doxorubicin therapy is due to the
accumulation of doxorubicinol in the heart. Doxorubicinol is
nearly 30 times more potent at depressing cardiac contractile
force than doxorubicin [17]. Given the poor prognosis of
DOX-induced cardiomyopathy, different studies have sug-
gested adjuvant therapies to reduce the severity or incidence
of cardiomyopathy and maximize patients’ survival rates.
In several basic and clinical reports, anti-inflamma-
tory or anti-oxidative medications are used as an adju-
vant treatment to reduce DOX-induced cardiotoxicity.
Various studies sought to explain the underlying cellular
mechanism that participates in the manifestation of this
medication’s undesirable effects (Fig. 1). So far, the stud-
ies agree with the multifactorial nature of DOX adverse
effects, but the precise underlying mechanism of DOX-
induced cardiotoxicity is not fully understood [18, 19].
Disruption of normal mitochondrial function is assumed
to be a key factor involved in DOX-induced cardiotoxicity
that eventually results in cardiac myocyte death. Mito-
chondrial damage, considerable demand for cardiac high-
energy phosphate due to amplified oxidative phosphoryla-
tion, as well as decreased amount of anti-oxidant defense
(catalase, superoxide dismutase, and peroxidase), make
cardiomyocytes more susceptible to cardiotoxicity in
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ure are the outcomes of this process. In the early stage of chemother-
apy, asymptomatic and then symptomatic cardiomyopathy can hap-
pen. After cellular injury and abnormal cell signaling development,
cardiomyocyte apoptosis and severe heart failure are created. DOX
doxorubicin
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comparison with other organs, such as the liver [18, 20].
Increased DOX concentration in mitochondria activates
the redox cycle, leading to reactive oxygen species (ROS)
production in both normal and tumor cells [21]. The
presence of quinone in the chemical structure of DOX is
responsible for the redox cycle [22]. In this regard, enzy-
matic cellular oxidoreductases (xanthine oxidase, NADH
dehydrogenase, cytochrome P-450 reductase especially
complex-1) and non-enzymatic pathway (complex with
iron (Fe")) have been associated with mediating DOX-
generated reactive oxygen and nitrogen compounds [23].
Besides, DOX is involved in the overproduction of nitric
oxide (NO) by enhancing the expression of endothelial
nitric oxide synthase (eNOS) and also inducible NOS
(INOS) mRNA [24, 25]. After DOX-induced injury in car-
diac cells, an inflammatory cascade is activated through
multiple inflammatory cytokines, including nuclear factor
kappa B (NF-kB), tumor necrosis factor-alpha (TNF-a),
and interleukin-1 beta (IL-1p) [26-28]. A transmembrane
protein named connexin 43 (Cx43) plays an essential role
in the electrical conduction system between the cardiac
myocytes. The expression of Cx43 is reduced following
DOX therapy and eventually, the electrical transmission
delay occurs [29]. Other mechanisms associated with
DOX cardiotoxicity are as follows: an imbalance in cal-
cium hemostasis, targeting topoisomerase-IIf (Top IIp)
and induced DNA damage [30], as well as a disturbance
in the neuregulin /ErbB signaling pathway, which lead to
apoptosis and mitochondrial dysfunction [31, 32].

The present review aims to summarize the current
adjuvant treatments that minimize DOX-induced cardio-
toxicity in both in vivo and in vitro studies and propose
the potential targets to enhance cardiac myocytes’ resist-
ance against doxorubicin.

Study design

A systematic search was performed in Embase, MED-
LINE, Scopus, Web of Science Core Collection, and
Google Scholar for relevant references. Different com-
bination of keywords including “Doxorubicin,” “Car-
diotoxicity,” “Anthracycline,” “Cancer chemotherapy,”
“Papillary contractile force,” “Cardiomyopathy,” “LVEF
dysfunction,” “Calcium homeostasis,” “lon disturbances,”
“Connexin,” “Sirtuin,” “Rat model,” “Animal model,” “in
vivo model,” “in vitro model,” “Inflammation,” “Oxida-
tive stress,” “Mitochondrial damage,” and “Apoptosis”
was searched in the “title/abstract” field in these data-
bases. Related articles were selected manually. All arti-
cles which had an abstract available were included.

@ Springer

Classification of the Pathophysiology
of Doxorubicin-Induced Cardiotoxicity and Its
Experimental Therapeutic Approaches

The pre-clinical studies including in vivo and in vitro experi-
ments are summarized in Table 1.

Mitochondrial Damage

Cardiomyocytes have a higher mitochondrion number in
comparison to other tissues. Since the mitochondria play
a critical role in producing ATP utilized by the cardiomyo-
cytes, its damage is consequential for DOX-induced car-
diotoxicity. Treatment with DOX increases reactive oxygen
species (ROS), resulting in disruption of mitochondrial
ATP synthesis. On the other hand, cardiolipin (mitochon-
drial inner membrane protein) creates a permanent complex
with DOX. This combination intensifies ROS formation in
the mitochondria [33]. Therefore, many basic and experi-
mental studies focused on finding a way to reduce mito-
chondrial damage to decrease DOX-induced cardiotoxicity.
DOX can induce mutations and defects in mitochondrial
DNA (mtDNA) coupled with ROS elevation in mitochon-
dria (Fig. 2). The mentioned events are associated with the
onset of cardiomyopathy [34].

In a previous report, dexrazoxane prevented DOX-induced
cardiotoxicity and protected the cardiac mitochondria from
functional damage through decreased mitochondrial ROS
levels and increased normal mtDNA [35]. Moreover, another
study showed improvement in LV function and isolated LV
muscle contractile force via inhibition of mitochondrial per-
meability transition pore opening by cyclosporine A in a
rat model of DOX-induced cardiotoxicity [36]. Also, it is
hypothesized that DOX would specifically increase mito-
chondrial ROS production. Cardiomyocytes treated with res-
veratrol showed the role of Sirtuin 1 (SIRT1) signaling in
cardioprotection against DOX-induced cardiotoxicity. Addi-
tionally, pre-treatment with resveratrol reduced basal DOX-
induced mitochondrial ROS production [37]. Visnagin, a
chief component of Ammi visnaga, exhibited protective
effects against DOX-induced cardiotoxicity via suppressing
malate dehydrogenase (MDH2) in mitochondria [38]. Silde-
nafil, a phosphodiesterase-5 (PDE-5) inhibitor, attenuates
apoptosis by inhibiting caspase-3 and increasing the B-cell
lymphoma protein 2 (Bcl-2) expression in DOX-induced car-
diotoxicity. Furthermore, sildenafil exerted cardioprotective
effects by regulating the NO signaling pathway, oxidative
stress, and mitochondrial K ,p channel activity [39]. Cardiac
alpha-1 adrenergic receptors (x1-ARs) play a crucial cardio-
protective role in cardiac injury. In an experimental model of
DOX-induced cardiotoxicity, dabuzalgron, «1-ARs agonist,
has been suggested as a desired candidate for inducing anti-
apoptotic effects via inhibiting caspase-3 and cytochrome C
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expression. Activation of al-ARs restores the deleterious
effect of DOX by mediating apoptotic responses and inhibit-
ing mitochondrial damage [40].

Iron Homeostasis

Iron plays a vital role in forming dangerous free radicals
with potentially harmful effects on the myocardial tissue.
Numerous researches have suggested a role for metallic
ions in DOX-mediated cardiac damage. DOX interacts with
metallic ions, especially iron, which results in the creation
of the DOX-iron complex [41, 42]. It has been proposed
that DOX-mediated intracellular iron accumulation triggers
increased oxidative stress, which is a major phase of DOX
toxicity. Therefore, iron chelators are effective in reducing
DOX-induced cardiotoxicity [43]. One study demonstrated
that higher body iron content increases the cardiotoxic
effects of DOX. This study showed that elevation in dietary
iron loading caused an increase in DOX cardiotoxicity in
rats [44].

The cardioprotective effect of the iron chelator such as
desferrioxamine against DOX-induced cardiotoxicity in rats
has been investigated. This positive effect was mediated
through the transforming growth factor-p1 (TGF-p1)/Smad
pathway [45]. After administration, DOX caused severe
decreases in red blood cell (RBC) counts and hemoglobin
concentrations. In another study, desferrioxamine admin-
istration protected the heart and blood elements from the
toxic effects of DOX. This chelator agent improved levels of
cardiac enzymes and RBC counts to normal range without
significant myocardial lesions in a rat model [46]. Admin-
istration of deferiprone (iron chelator) remarkably reduced
DOX-induced cardiac electrocardiographic and biochemical
changes (malondialdehyde, glutathione, lactate dehydroge-
nase, and creatine kinase-MB) [47]. Dexrazoxane (an iron
chelator) binds to intracellular free iron (Fe** and Fe**) and
eliminates iron from its complex with DOX, thereby reduc-
ing hydroxyl radicals and superoxide formation. A complex
of DOX with an iron will remove when dexrazoxane is co-
administered with DOX [35]. In many studies, the benefi-
cial effects of flavonoids on the inflammatory and oxidative
processes are demonstrated. Also, flavonoids probably have
combined iron-chelating and anti-oxidant properties [48,
49]. In one study, the potential iron-chelating and oxygen
radical scavenging properties of semi-synthetic flavonoid
7-monohydroxyetylrutoside (monoHER) were evaluated in
both in vitro and in vivo models of DOX-induced cardiotox-
icity [50]. Moreover, according to the results of phase I of
a clinical study, it could be concluded that monoHER at the
dose of 1500 mg/m? is a possible and safe dose to be evalu-
ated in a phase II study to examine the protective properties
of monoHER against DOX-induced cardiotoxicity in can-
cerous patients [50, 51]. Electrophysiological changes and

Clinical studies on protectors

|DR receptor activity such as DR5 Not investigated
receptor

Outcomes of therapy

Therapeutic intervention (Protec-

tors)
DRS neutralizing antibody

Doxorubicin dosage and route of

administration

450 nM

In vitro/hiPSCs

Study model
1: increase; |: decrease; DOX: doxorubicin; iv: intravenous; ip: intraperitoneal; LV: left ventricle; ECG: Electrocardiography; RBC: red blood cell; CK-MB: creatine kinase-MB; CPK: creatine

phosphokinase; CTnT: cardiac troponin T; CTnl: cardiac troponin I; ROS: reactive oxygen species; SOD: superoxide dismutase; mtDNA: mitochondrial DNA; COX: cytochrome c-oxidase;
MnSOD: manganese superoxide dismutase; BNP: brain natriuretic peptide; HO-1: hemeoxygenase-1; MDA: malondialdehyde; GSH: glutathione; GSH-Px: glutathione peroxidase; TAC: total

anti-oxidant capacity; LDH: lactate dehydrogenase; CAT: catalase; MPO: myeloperoxidase; IL: interleukin; TNF: tumor necrosis factor; FOXO: forkhead box class O; NF-kB: nuclear factor

phatase 1; ERK: extracellular-regulated kinase; SIRT: sirtuin; monoHER: semi-synthetic flavonoid 7-monohydroxyetylrutoside; DiOHF: 3',4'-dihydroxyflavonol; NLRP3: NOD-, LRR-, and

pyrin domain-containing protein 3; MDH2: malate dehydrogenase; hiPSCs: human-induced pluripotent stem cells; DRS: death receptor 5; PDGFR: platelet-derived growth factor receptor;

kappa B; Nrf2: nuclear factor erythroid 2-related factor; Bax: B-cell lymphoma protein 2 (Bcl-2)-associated X; Bcl-2: B-cell lymphoma protein 2; Cx43: connexin 43; phlppl: protein phos-
AMPK: 5'-adenosine monophosphate-activated protein kinase; Rac1: Ras-related C3 botulinum toxin substrate 1; a1-ARs: alpha-1 adrenergic receptors

The study model, type of induction of DOX-induced cardiotoxicity, therapeutic interventions (protectors), outcomes of therapy, and related clinical studies on each protector are summarized in

Table 1 (continued)
the table

References
[145]
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Fig.2 Disturbances of Ca’* homeostasis and mitochondrial dysfunc-
tion after DOX administration. DOX can induce defects in mito-
chondrial function; as a result, elevation in ROS production of mito-
chondria can happen. On the other hand, because of the impairment
of endoplasmic reticulum structure, an increase in Ca** release can
occur. Moreover, ROS production can increase following the eleva-
tion in Ca?* release from the endoplasmic reticulum. DOX-induced

negative inotropic action after doxorubicin administration
almost completely were protected with monoHER treatment
in the electrically paced mouse left atrium model. This pro-
tective effect was related to the iron-chelating properties of
monoHER [52].

Inflammatory Pathways

DOX-induced cardiotoxicity is associated with cardiac
inflammation. DOX stimulates cytokine production,
enhances natural killer (NK) cell activity, and stimulates
cytotoxic T-lymphocyte (CTL) responses. All of these fac-
tors are essential components leading to direct cardiac dam-
age [53, 54]. Also, inflammation-related signaling pathways
have a crucial role in DOX-induced cardiotoxicity. It has
previously been stated that DOX also provokes inflamma-
tory responses by increasing the expression of nuclear factor
kappa B (NF-xB) and induces the production of several pro-
inflammatory cytokines, including TNF-a [55, 56] (Fig. 3).

Many basic studies could suppress DOX-induced cardio-
toxicity by inhibiting inflammatory pathways and cytokines.
In a new study, dapsone (as an anti-inflammatory compound)
significantly reduced TNF-a tissue level and improved
electrocardiographic (ECG) parameters (QRS complexes,
RR, and QT intervals) in a rat model of DOX-induced car-
diotoxicity [57]. Vitexin (30 mg/kg, p.o.) could markedly

mitochondrion damage can initiate suppression of the SIRT3 expres-
sion. Attenuation of SIRT3 concentration in mitochondria can lead to
ROS overproduction as well as exacerbation of mitochondrial dys-
function, mtDNA destruction, cellular injury, and heart failure. DOX
doxorubicin; ROS reactive oxygen species; RER rough endoplasmic
reticulum; mtDNA mitochondrial DNA; SIRT3 Sirtuin 3

reduce the increased serum levels of IL-1f, TNF-a, IL-6,
and NF-kB levels in the rat model of DOX-induced cardio-
toxicity. Reducing cardiac inflammatory cytokines showed
that vitexin could be an effective therapeutic compound to
prevent DOX-induced cardiotoxicity [58]. A recent study
confirmed that treatment with enoxaparin caused significant
decreases in cardiac levels of TNF-a and IL-1f, suggesting
a reliable cytoprotective mechanism for enoxaparin against
DOX-induced cardiotoxicity in a rat model. These cardio-
protective effects of enoxaparin are due to the inactivation of
the NF-kB pathway and following cytokines release suppres-
sion [59]. In an earlier study, three anti-inflammatory drugs,
aspirin, ibuprofen, and sulindac, were examined for their
positive effects on the survival rate of the mouse model of
DOX-induced cardiotoxicity. According to the result of this
study, inhibition of cyclooxygenase could reverse the cardio-
toxic effects of DOX [60]. DOX increases proinflammatory
cytokines and causes a concomitant decrease in IL-10 levels,
a well-known anti-inflammatory cytokine. IL-6 and TNF-a
suggested a valuable predictor of cardiovascular morbidity
and mortality in DOX cardiotoxicity.

Cardiomyocytes and endothelial cells usually produce
IL-6, but the myocardial expression of IL-6 is associated
with the progression of DOX-induced cardiotoxicity. The
cardiac nitric oxide (NO) level enhances in DOX administra-
tion which is probably due to increased expression of iNOS.
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Sarcolemma

Doxorubicin -

Cardiac muscle cell /

Cardiotoxicity

Fig.3 Inflammatory cytokine production and oxidative stress activ-
ity in a cardiac muscle cell with DOX-induced cardiotoxicity. NF-xB
(one of the main inflammatory transcription factors) is located in the
cytosol tangled with the inhibitory protein IkB. DOX can convert the
IxkB/NF-kB complex to an active form of NF-xB. This protein can
induce the production of inflammatory cytokines, such as TNF-a and
IL-1p. These cytokines exhibit cardiotoxic effects via stimulation of
other inflammatory pathways. Moreover, oxidative stress pathways
and ROS production have an essential role in DOX-induced cardio-

This pathway may be influenced by NF-xB activation [19].
The previous report evaluated the cytotoxicity of DOX in
HO9c?2 cardiac cells. Based on extracted data from this study,
a decrease in the levels of IL-1f, IL-6, and TNF-o was asso-
ciated with MAPK/NF-xB pathway suppression. Exogenous
hydrogen sulfide (H,S) attenuates DOX-induced inflamma-
tion and cytotoxicity by inhibiting p38 MAPK/NF-kB path-
way. Interaction between the NF-kB pathway and IL-1 is
essential in the induction of DOX-induced cardiotoxicity
[61]. Several natural compounds (NCs) with anti-inflam-
matory effects were investigated for their ability to reduce
DOX-induced cardiotoxicities, such as a-linolenic acid, asi-
atic acid, apigenin, B-lapachone, dioscin, ferulic acid, Gano-
derma lucidum polysaccharides, curdione, genistein, gin-
senoside Rg3, indole-3-carbinol, neferine, and p-coumaric
acid. NCs may have protective effects against DOX-induced
cardiac damage by suppressing inflammatory markers, such
as inducing the Nuclear factor erythroid 2-related factor 2
(Nrf2) signaling pathway, reducing NF-kB expression, and
inhibiting cyclooxygenase (COX) [62]. DOX excites mac-
rophages and monocytes through subsequent TNF-o produc-
tion, which activates the TNF receptor (TNFR). This action
was probably related to DOX-induced cardiotoxicity [22].
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toxicity. An increase in ROS production and a decrease in the con-
centration of the anti-oxidant factor such as SOD, GSH, and CAT are
involved in DOX-induced cardiomyopathy. Oxidative stress and lipid
peroxidation can induce cellular damage, apoptosis, cardiomyocyte
death, and finally, heart failure. DOX doxorubicin; NF-«xB nuclear fac-
tor kappa B; IkB inhibitory kappa B; TNF-a tumor necrosis factor-
alpha; IL-1p interleukin-1 beta; ROS reactive oxygen species; SOD
superoxide dismutase; GSH glutathione; CAT catalase

Oxidative Stress

Oxidative stress is produced due to an imbalance between
ROS formation and endogenous anti-oxidants activation in
reaction to cell injury, leading to myocardial toxicity.
Increased oxidative stress and anti-oxidant factors deficiency
serve important roles in DOX-induced cardiotoxicity. Previ-
ous studies reported that reduction in anti-oxidant enzymes
such as superoxide dismutase (SOD) and catalase accompa-
nied DOX-induced cardiotoxicity. Oxidative damages
increase malondialdehyde (MDA) level, as a marker of oxi-
dative and peroxidation process, in DOX-related cardiotoxic-
ity [18, 63, 64]. Accordingly, many studies have increased
the anti-oxidant level and decreased oxidative damage mark-
ers to suppress DOX-induced cardiotoxicity (Fig. 3). Moreo-
ver, the strong association between the created ROS and
NF-kB activation exaggerates their harmful impacts on
DOX-induced cardiac damage [65]. Extensive ROS genera-
tion induces lipid peroxidation and accumulation of the reac-
tive electrophile, 4-HNE, a biomarker of DOX-induced oxi-
dative stress [66]. Also, excess ROS generation in the
mitochondria and ROS-induced nuclear p53 activation after
DOX administration can lead to mitochondrial damage,
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including mutations in mitochondrial DNA, disturbances in
mitochondrial membrane permeability, and disruption to
Ca’* homeostasis [67, 68]. Nuclear factor erythroid 2-related
factor 2 (Nrf2) is a redox-sensitive transcription factor that
regulates the detoxification process and cellular response to
oxidative stress. Previously, it was reported that DOX
administration decreases active nuclear Nrf2 in the heart.
Moreover, Nrf2 upregulates the expression of several anti-
oxidant genes, such as heme oxygenase-1 (HO-1) [69]. HO-1
activity suppresses vital cellular deleterious processes,
including inflammation, apoptosis, and oxidative stress [70].
On the other hand, the inhibition of the Nrf2 pathway fol-
lowing DOX administration has been associated with sup-
pressing the cardioprotective enzymes against DOX-induced
oxidative damage [71]. Nrf2/HO-1 signaling pathway has
been studied and evaluated in several studies on DOX-
induced cardiotoxicity. Genistein, a phytoestrogen belonging
to the class of isoflavones, could enhance the Nrf2 and HO-1
expression in an animal model of DOX-induced cardiotoxic-
ity. The potential anti-oxidant properties of genistein may be
because of its stimulatory effect on Nrf2/HO-1 signaling
pathway and by this means shows cardioprotective effects
from DOX-induced oxidative injury [72]. Another study
confirmed that the Nrf2/HO-1 pathway also has anti-apop-
totic action. DOX-induced cardiomyocyte apoptosis and
oxidation were modulated with Nrf2/HO-1 signaling activa-
tion in DOX-treated H9c2 cells [73]. Pristimerin is a natural
triterpenoid compound (extracted from Chinese traditional
medicine) that showed strong anti-oxidant and anti-inflam-
matory activities, which effectively suppressed DOX-
induced cardiotoxicity due to activation of the Nrf2 signal-
ing pathway. Additionally, the HO-1 (Nrf2 target gene) level
was significantly decreased in the hearts of DOX-treated
animals. On the contrary, pristimerin administration signifi-
cantly increased the activity of Nrf2 and the expression of
the HO-1 gene. This compound caused a significant eleva-
tion of cardiac HO-1 level compared to the DOX-treated
animals [74]. Caffeic acid protects cardiac tissue success-
fully from oxidant injury induced by DOX via elevation in
SOD, catalase enzyme, and glutathione peroxidase levels in
the heart of rats [75]. Significant enhancement in cardiac
content of SOD and depletion of MDA after administration
of dapsone could reverse cardiac papillary muscle damage
and electrophysiological dysfunction induced by DOX in a
rodent model [57]. Administration of garlic in DOX-received
rats enhanced superoxide dismutase activities and reduced
MDA production in plasma and heart tissue. Garlic protected
the heart tissue against oxidative stress and apoptosis associ-
ated with DOX [76]. Sumatriptan, a 5-HT1B/D agonist, is
involved in decreasing proinflammatory and oxidative fac-
tors production. Recently, therapeutic effects of sumatriptan
in other conditions besides migraines have been studied
[77-79]. A recent study demonstrated that repetitive

administration of lower doses of sumatriptan is associated
with significant protective effects against DOX-induced car-
diotoxicity in a rat model. Sumatriptan could reduce the
weight loss and mortality rate mainly by decreasing MDA
levels and elevation in SOD activity. ECG disturbances,
including QT interval and QRS complex widening, signifi-
cantly modified in sumatriptan-treated rats. Also, papillary
muscle contractile force and left ventricular function
improved after administration of lower doses of sumatriptan
[80]. Telmisartan, an angiotensin receptor blocker, could
reduce the cardiotoxic effects of DOX through inhibition of
cardiac lipid peroxidation and enhancement of heart level of
glutathione (GSH) in rats. GSH has a crucial role in reduc-
ing toxic peroxides in all animal cells [76, 81]. Probucol is
an anti-lipemic drugs with a beneficial anti-oxidant effects.
Administration of probucol resulted in an escalation in GSH
peroxidase (GSH-Px) and SOD activities as well as inhibi-
tion of lipid peroxidation process [82, 83]. The development
of superoxide radical and subsequently lipid peroxidation
from DOX are critical factors in the pathogenesis of DOX
cardiotoxicity. Thymoquinone, the main constituent of the
oil from Nigella sativa seeds, showed protective properties
via superoxide radical scavenging action in a rat model of
DOX-induced cardiotoxicity. The effect of thymoquinone on
lipid peroxidation and scavenging of superoxide radical was
like superoxide dismutase in this model [84]. In a mice
model of DOX-induced cardiotoxicity, treatment with
G-Rutin and luteolin (well-known flavonoid compounds)
significantly inhibited lipid peroxidation destructive effects
by elevation in GSH peroxidase activity. This study also
suggested that oral administration of flavonoids or food
intake, including flavonoids, has reduced the effect of DOX
toxicity [85]. Luteolin significantly reduced MDA level and
increased SOD activity in cardiotoxic rats, indicating luteo-
lin exerted a protective effect against doxorubicin-induced
cardiotoxicity not only through suppression of the ROS-
mediated oxidative stress but also luteolin remarkably
reduced Bcl-2-associated X (Bax) and caspase-3 protein
expression. As a result, this flavonoid may be a novel, natu-
ral therapeutic agent for preventing DOX-induced cardiotox-
icity [86]. Quercetin, a plant-derived flavonoid, has been
established to comprise potent anti-oxidant and anti-inflam-
matory properties. Quercetin might inhibit DOX-induced
ROS accumulation, diminishing oxidative stress and down-
regulating redox-related process [87]. Anti-oxidant proper-
ties and carbonyl reduction effect of different flavonoids such
as quercetin against doxorubicin-induced cardiotoxicity have
previously confirmed [88]. Moreover, a fine balance between
the anti- and pro-oxidant properties of the flavonoids is well
known [89]. 3',4'-Dihydroxyflavonol (DiOHF), a recently
industrialized potent synthetic flavonoid, effectively pre-
vented the DOX-induced cardiotoxicity via reduction of
ROS production, mitochondrial dysfunction, and apoptosis.
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Results confirmed that DiIOHF is a strong anti-oxidant agent
against the DOX-induced oxidative stress in vitro through
inhibition of ROS generation and improving cell viability
[90]. Ginsenoside Rh2, a main bioactive ginsenosides form
Panax ginseng protects against DOX-induced cardiotoxicity
by exerting anti-oxidative properties and restoring the bal-
ance between oxidative stress markers [91]. Schisandrin B
(Sch B) is derived from Schisandra chinensis (Turcz.) and
is capable of decreasing the adverse effects of DOX on
excessive ROS formation through augmenting cardiomyo-
cyte glutathione redox cycle as well as restoring mTOR
signaling [92, 93]. There is a strong link between DOX-
induced cardiotoxicity and 5'-adenosine monophosphate-
activated protein kinase (AMPK) signaling pathway. DOX
can neutralize the AMPK signaling transduction. AMPK is
responsible for decreasing apoptosis and protecting the car-
diac mitochondria by reducing oxidative stress activity as
well as suppressing autophagy and fibrosis [94]. Metformin
is a biguanide anti-diabetic drug used for type 2 diabetes
mellitus. Along with its anti-hyperglycemic effect,metformin
possesses protective effects against DOX-induced cytotoxic-
ity via reduction of the oxidative stress activity. In addition,
metformin has the potency to stimulate AMPK signaling
pathway [95]. Another animal study demonstrated that met-
formin reduced the impaired autophagy process following
DOX administration due to activation of AMPK signaling
pathway. Additionally, the level of Troponin T and MDA
remarkably decreased after metformin treatment [96].
Statins are identified as therapeutic agents in treating hyper-
lipidemia and cardiovascular disorders. Statins have been
involved in protection against DOX-induced cardiotoxicity
by activating AMPK signaling pathway. Regarding to their
promising effects on lipoprotein metabolisms, statins can
modulate Ras-related C3 botulinum toxin substrate (Racl)
and reactive nitrogen species (RNS) and trigger AMPK
phosphorylation. For instance, in a study lovastatin signifi-
cantly suppressed DOX-induced cardiotoxicity through
reduction of the Racl signaling, DNA damage, and apopto-
sis [94, 97].

Apoptosis

Due to DOX administration, the imbalance between oxi-
dative stress markers stimulates intrinsic and extrinsic
apoptotic pathways, resulting in cardiac muscle cell death.
DOX-induced enhancement of oxidative markers leads to
activation of heat shock factor-1 (HSF-1) and subsequent
activation of heat shock protein (HSP)-25 that provokes p53
protein, which is responsible for engendering proapoptotic
agents [98, 99]. Following DOX administration, diverse
HSPs are activated and affect cardiomyocytes differently.
Expression of HSP-25 and HSP-70 in mice cardiac tissue
results in inflammation, apoptosis, and fibrosis [100]. On the
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other hand, HSP-10, HSP-20, HSP-22, HSP-27, and HSP-
60 exert protective effects against apoptosis and preserve
the function of cardiac muscle cells [101]. Adiponectin,
a protein hormone regulating glucose level and fatty acid
breakdown, showed protective effects against DOX-induced
cardiotoxicity through anti-apoptotic activities and reduced
serum levels of creatin kinase and lactate dehydrogenase
[102]. Erythropoietin is a glycoprotein hormone produced
by the kidney to regulate red blood cells production and is
used as an anti-anemia drug in patients undergoing chemo-
therapy. In addition to its protecting effect against anemia,
it also protects against DOX-induced cardiotoxicity by
decreasing apoptosis when administered as a prophylactic
treatment [103]. Curcumin, a natural anti-inflammatory
compound derived from turmeric, is able to potently induce
anti-apoptotic mediators such as B-cell lymphoma 2 (Bcl-
2) and reduce the expression of proapoptotic mediators
like Bax that provoke mitochondrial cell death due to DOX
administration. Curcumin attenuates DOX cardiotoxicity
by mediating propyroptosis agents, e.g., NOD-, LRR-, and
pyrin domain-containing protein 3 (NLRP3), inflammasome,
IL-18, and caspase-1. Moreover, curcumin attenuates DOX-
induced apoptosis and pyroptosis by activating Akt/mTOR
signaling pathway [104, 105]. Carvedilol, a cardioselective
p receptor blocker, is generally recommended to treat hyper-
tension. Carvedilol displayed a wide range of pharmacologi-
cal activities, including anti-oxidation, suppression of lipid
peroxidation, and reduction in mitochondrial toxicity. In a
mouse model of DOX-induced cardiotoxicity, carvedilol has
the potency to improve DNA damage and cardiomyopathy
through regulating apoptosis, mitochondrial damage (cyto-
solic cytochrome C), fibrosis, myocardial hypertrophy, and
oxidative stress [106].

Calcium Homeostasis

Another mechanism of cardiac injury of DOX is impaired
intracellular Calcium (Ca>*) homeostasis [107]. In cardio-
myocytes, Ca’* is the essential element for myocardial exci-
tation and contraction. Disturbances in cellular Ca>* concen-
tration are accompanied by cardiac structural and functional
alterations [108]. DOX increases the cytosolic Ca** primar-
ily by releasing calcium from the endoplasmic reticulum
(ER) [109]. Moreover, dysregulation of intracellular calcium
levels is both a result and a cause of ROS formation. Thus,
DOX-mediated ROS activation and apoptosis can be sup-
pressed using a Ca”* chelator [110].

Agmatine is a precursor for polyamine synthesis and can
induce cytosolic Ca** uptake and cause an increase in the
activity of calcium pumps. Agmatine may increase the thera-
peutic effects of DOX and it showed protective properties via
modulating cellular Ca?* disturbances against DOX-induced
cardiotoxicity in rats. Agmatine could improve ventricular
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papillary muscle dysfunction and cardiac electrical disor-
ders after DOX-induced cardiotoxicity in rats [111]. The
arrhythmogenic effects of DOX, such as induction of QT
interval prolongation, were significantly reversed via co-
administration by magnesium sulfate. Mg?* alleviates the
intracellular Ca>* through different mechanisms such as the
effect on Ca** pumps on the sarcoplasmic reticulum surface
and the change of Ca®* in sarcoplasmic stores. Therefore,
magnesium sulfate could improve electrophysiological dis-
orders induced by DOX [112]. Some electrophysiological
studies have confirmed that opioid receptors stimulation
directly modulates ion channels by interfering with G-pro-
tein-coupled receptors. In the cardiac myocytes, opioid
receptor stimulation induces mobilization of intracellular
Ca”" [113-115]. Morphine exerts cardiac protective effects
via various receptors (k and 8 opioid receptors), which can
be antagonized with naloxone. Additionally, morphine atten-
uates cardiac dysfunction and mortality induced by DOX
via the aforementioned mechanisms. Yet, the tolerance and
dependence impact of morphine in chronic treatments need
to be taken into account [116, 117].

Gap Junctions

Gap junctions are aggregates of intercellular channels
that facilitate direct cell-cell interactions and intercellular
transmission of molecules and ions [118]. Gap junctions
mediate the electrical connection between cardiomyocytes
and maintain the normal cardiac rhythm. These junctions
consist of groups of membrane channels that directly link
the cytoplasmic parts of nearby cells. Each gap junctional
channel is constructed from connexins. The most abundant
isoform of connexin in the mammalian cardiac cells is con-
nexin43 (Cx43), while other types of connexins are also
expressed [119]. Changes in Cx43 expression and distri-
bution are accompanied by myocardium diseases, such as
hypertrophic cardiomyopathy, heart failure, and ischemia
[120]. Cx43 generally localizes in gap junctions but has also
been detected in mitochondria and it is considered vital for
cardioprotection. Mitochondria-Cx43 has a crucial role in
mitochondrial permeability under conditions of calcium
overload and oxidative stress [120, 121]. Administration
of DOX induces alterations in Cx43 expression and dis-
tribution. Therefore, electrical signal conduction between
cardiomyocytes, intracellular calcium homeostasis, and
mitochondrial function is disturbed. As a result, a part of
the cardiotoxic effects of DOX is exerted by affecting the
function of Cx43 [29, 122].

In an animal model of DOX-induced cardiotoxicity,
diazoxide could improve cardiac electrophysiological dis-
turbances, intracellular Ca®* signaling, and Cx43 expression
and localization. Diazoxide exerts its cardioprotective effects
by enhancing Cx43 in the sarcoplasmic membrane and

mitochondria [122]. Ghrelin, an endogenous peptide (iso-
lated from the stomach), showed cardioprotective properties
in a rat model of DOX-induced cardiotoxicity. Treatment
with ghrelin caused a significant improvement in electro-
physiological parameters and myocardial histopathological
damages. According to the results obtained from this study,
the beneficial effects of ghrelin in DOX-induced cardiotox-
icity may be mediated through an increase in myocardial
Cx43 expression. Mechanistically, elevation in the level of
Cx43 in the intercalated discs could reduce DOX cardiotoxic
effects, such as cardiomyocytes’ calcium overload and ECG
abnormities [123]. Hydrogen sulfide (H,S), as a unique gas-
eous mediator, plays a crucial role in many human organs,
especially in the cardiovascular system. H,S donors such as
S-diclofenac could lead to a significant increase in the num-
ber and density of cardiomyocyte gap junctions (Cx43 and
Cx45 expression) in a mouse model of DOX-induced car-
diotoxicity. On the other hand, H,S considerably attenuated
DOX-related heart injury and left ventricular dysfunction via
upregulation of cardiac gap junctions [124].

Sirtuins

Sirtuins are a well-known family of proteins found in most
classes of organisms, including mammals. Sirtuins have
many vital roles in mammalian physiology, and they may
provide new targets for treating diseases associated with
aging and perhaps increasing lifespan. Seven mammalian
sirtuins, SIRT1-7, have been identified. Sirtuin 1 (SIRT1)
and sirtuin 3 (SIRT3) are essential for regulating metabolic
processes in mammalian. Various metabolic disorders are
related to SIRT1 and SIRT3 deficiencies. The kidney, brain,
and heart have the highest tissue levels of SIRT3. It is local-
ized in the mitochondrial matrix and it is necessary for enzy-
matic activity and the expression of many mitochondrial
proteins [125].

Moreover, mitochondrial sirtuins reduce myocardial
ischemia—reperfusion injury, expansion of cardiac hypertro-
phy, and heart failure. Therefore, elevation in cardiac tissue
levels of sirtuins for myocardial mitochondrial energetics is
a novel approach in several cardiac disorders [126]. Sirtuins
are activated by low energy levels and stimulate energy pro-
duction by activating transcription factors and enzymatic
regulators of cardiac energy metabolism. Moreover, DOX
interferes with myocardial energetics; thus, a promising
approach to reduce the cardiotoxic effects of DOX may be
targeting mitochondria in order to improve metabolic func-
tion. DOX-treated neonatal rat cardiomyocytes have reduced
mitochondrial membrane potential and SIRT3 expression.
SIRT3 overexpression protects cardiomyocytes from DOX-
induced mitochondrial damage by preventing mitochondrial
destruction and cellular death in the heart (Fig. 2). Further-
more, SIRT3 expression reduced DOX-induced interstitial
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cardiac fibrosis and collagen expression. Also, SIRT1 over-
expression in rat cardiomyocytes prevented DOX-induced
ROS production, apoptosis, reduction in SOD1 expression,
and the initiation of caspase-3 cleavage [127, 128].

Resveratrol attenuated DOX-induced cardiotoxicity via
induction of SIRT1 expression. Resveratrol administration
was associated with the prevention of SIRT1 suppression
by DOX. On the other hand, elevation in the level of SIRT1
was associated with increased SOD1 expression, decreased
apoptosis, and caspase-3 cleavage in DOX-induced cardio-
toxicity in the rat [129, 130].

Honokiol, as an activator of SIRT3, protects the heart
from DOX-induced cardiac damage in a rat model. Honok-
iol-mediated activation of SIRT3 prevented DOX-induced
ROS creation, mitochondrial injury, and cell death in rat
cardiomyocytes. Also, overexpression of SIRT3 by honokiol
could effectively protect cardiomyocytes from DOX-induced
apoptosis, cardiac hypertrophy, and the development of
fibrosis [131].

Other Mechanisms

Troponin T (TnT) is expressed in skeletal muscle and car-
diomyocytes. Troponin T binds to tropomyosin and helps
position it on actin. This protein is a portion of the troponin
complex, which is crucial for the contraction of cardiac
and skeletal muscles [132, 133]. Cardiac troponin T is a
very sensitive biomarker for detecting myocardial damages.
Therefore, measuring serum levels of cardiac TnT as a bio-
marker for DOX-induced cardiotoxicity is becoming popular
[134, 135]. Based on the importance of cardiac TnT in DOX-
induced cardiotoxicity, it has been shown that lithium could
prevent the elevation of cardiac troponin T and the develop-
ment of myocardial injury. These results demonstrated the
protective effects of lithium against DOX-induced cardio-
toxicity in rat. In addition, papillary muscle contractility,
electrophysiological dysfunction, and mortality rate could
improve remarkably after lithium administration [136].

Novel Pre-clinical Model for DOX-Induced
Cardiotoxicity Evaluation

The generation of human-induced pluripotent stem cells
(hiPSCs) from somatic cells of the adult body opens new
areas for discovering novel platforms for drug development.
Researchers have shown enormous attention toward applying
hiPSC technology to human disease modeling [137]. Also,
the application of human iPSC-derived cells was previously
recommended to evaluate drug-induced toxicity [138]. In
this regard, hiPSCs are great tools for modeling and evalu-
ating the DOX-induced cardiotoxicity since they replicate
unlimitedly and have the capacity to differentiate into several
human cell types, including cardiomyocytes. Advances in
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the differentiation and purification of hiPSC-derived cardio-
myocytes have promoted strategies to use these cells for the
cardiotoxicity assessment of drugs [139]. For this reason,
the potential use of hiPSC-derived cardiac models in pre-
clinical testing of drug-induced cardiotoxicity was previ-
ously confirmed. It is helpful to evaluate cardiotoxicity in 3
categories: electrophysiological abnormalities, contractile
force dysfunction, and cardiac structural damage [140]. Pri-
mary mechanisms of DOX-induced cardiotoxicity in hiPSC-
derived cardiomyocytes are DNA damage, ROS production,
mitochondrial dysfunction, and disturbed calcium homeo-
stasis [141]. Cellular and mitochondrial ROS production in
hiPSC-derived cardiomyocytes increase 24 h after exposure
with a low dose of DOX (0.01 pM). Moreover, mitochon-
drial dysfunction and reduced mitochondrial transmembrane
potential were induced via a higher dose of DOX (5 pM)
[142, 143]. One study demonstrated that hiPSCs-derived
cardiomyocytes might be more sensitive to DOX because
of higher expression of topoisomerase II; thus, they are more
prone to severe DNA damage [144]. DOX potently induces
apoptosis by activating death receptors (DRs), such as TNF
receptor 1, Fas receptor, DR4, and DRS. One study showed
that pre-treating hiPSC-derived cardiomyocytes completely
inhibited DOX-induced apoptosis with a DRS neutralizing
antibody. However, this cardiotoxic effect was reversible
after recovery for seven days [145, 146]. In contrast to these
studies with acute exposure to DOX, another investigation
showed that p53 could protect against chronic DOX cardio-
toxic effect by counteracting mitochondrial DNA depletion
after chronic exposure of hiPSC-derived cardiomyocytes to
low doses DOX [147]. Treatment of cardiomyocytes with
dexrazoxane is therefore expected to prevent cardiotoxicity.
However, pre- and co-treatment of hiPSC-derived cardio-
myocytes with dexrazoxane could not inhibit DOX-induced
cardiotoxicity. This discrepancy may be correlated to the
relative immature character of hiPSC-derived cardiomyo-
cytes. Dexrazoxane might exert protective effects in more
mature cardiomyocytes via depletion of topoisomerase I3
[144, 148]. Moreover, studies with hiPSC-derived cardio-
myocytes have revealed that cardiotoxic effects of DOX were
dependent on various factors, such as lifestyle or genetic
background of patient-derived hiPSC-cardiomyocytes.
Taken together, the use of hiPSC-derived cardiomyocytes
reduces the abrasion rate, costs, and time of drug develop-
ment and facilitates the evaluation of drug toxicity, espe-
cially DOX-induced cardiotoxicity [141, 143]. Today, the
maturity of hiPSC-derived cardiomyocytes is getting better
by many efforts. However, there are also many limitations
and challenges in using these cells to predict clinical cardio-
toxicity [149, 150]. Although further studies are required,
the safety and efficacy of drug therapy will be comprehended
using hiPSCs in the near future [151].
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Conclusion

Due to its cardiotoxic effects, DOX remains a critical drug in
cancer treatment and a challenging chemotherapeutic agent.
The mechanism of DOX-induced cardiotoxicity is multifac-
torial and occurs because of cell death and functional distur-
bances in cardiac cells. Based on its cytotoxic mechanisms,
various strategies were proposed to prevent or attenuate
the adverse cardiotoxicity effect of this drug. In this study,
numerous compounds from different original studies with
potential cardioprotective effects were mentioned that could
reduce the DOX-induced cardiotoxicity by various mecha-
nisms, such as anti-inflammatory and anti-oxidant effects
or modification of intracellular ions homeostasis. We hope
that these basic and animal studies can pave the way to
develop novel therapies for the prevention or treatment of
DOX-induced cardiotoxicity in various clinical settings in
the future.
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