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Abstract
Doxorubicin
remains
an
important
drug
of
chemotherapeutic agents. Unfortunately, its efficacy in
treating in different types of cancer cancer is limited by a
cumulative dose-dependent cardiotoxicity, which can cause
irreversible heart problems and cardiomyopathy. It is very
critical to understand the mechanism of doxorubicin
induced cardiotoxicity to counteract this problem. Oxidative
stress, apoptosis, autophagy and senescence are the most
important causes for its cardiotoxicity, therefore, different
drugs like melatonin, metformine, captopril, rosuvasatatin
and omega-3 can be considered feasible candidates to
protect against its cardiotoxicity. Therefore, the mechanisms
of its cardiotoxicity as well as different drugs used to
counteract it are discussed in this review.
Keywords: Doxorubicin; Cardiotoxicity; Oxidative stress;
Melatonin; Metformin; Captopril; Rosuvastatin; Omega-3

Introduction
Doxorubicin, also known as hydroxydaunorubicin, is an
anthracycline antibiotic, its structure is closely related to the
natural product daunomycin, and like all anthracyclines, works
by inhibiting DNA replication [1,2]. Its effectiveness is marvelous
as it is commonly used to treat some types of leukemia and
Hodgkin's lymphoma, as well as cancers of the bladder, breast,
stomach, lung, ovaries, thyroid, soft tissue sarcoma, multiple
myeloma, and others [3,4]. Unfortunately, it has well known
dose dependent cardiotoxicity effects [5]. The mechanism
underlying the severe cardiotoxicity of doxorubicin and other
anthracyclines is not fully cleared ,however, there is evidence
that drug toxicity may be produced due to free radical formation
and subsequent redox cycle with O2 resulting in the generation
of reactive oxygen species such as superoxide anion, hydroxyl
radicals and hydrogen peroxide[6,7]. The heart is particularly
susceptible to injury by doxorubicin induced oxygen radicals
because of its less developed antioxidant defenses, like
Glutathione in reduced form (GSH) and Superoxide Dismutase

(SOD) [8,9]. There are different trials to counteract the
cardiotoxicity of doxorubicin in an attempt to increase its safety
without reducing its antitumoral effect.

Mechanism of Cardio toxicity
Doxorubicin-induced heart damage may be due to different
mechanisms such as an increase in cardiac oxidative stress, as
indicated by Reactive Oxygen Species (ROS) induced damage
such as lipid peroxidation, along with reduced levels of
antioxidants and mercapto groups (SH) [6,7]. It was found that
irregularities in myofibrillar and intracellular calcium are also
important mechanisms for doxorubicin-induced cardiac toxicity
[10,11]. There are at least two targets for doxorubicin-induced
apoptosis, it was found that cardiac cells and endothelial cells
are affected by doxorubicin-induced apoptosis, as evidenced by
caspase activation and internucleosomal DNA damage [12,13].
Additionally, the changes in the high-energy phosphate pool,
endothelin-1 levels, and disturbances of myocardial adrenergic
signaling are the most suggested causing factors of cardiac
toxicity associated with doxorubicin administration [14,15]. All
of these molecular mechanisms of cardiotoxicity are discussed in
greater detail below.

Oxidative stress
The induction of free radicals production is the best described
mechanism through which doxorubicin injures the myocardium
[6,7]. The heart's unique sensitivity to oxidative stress, has given
this aspect of doxorubicin-induced cardiomyopathy an
overwhelming interest in the old and recent researches [6-9].
Through the past thirty years, it was focused on that the
understanding of how free radicals are produced and how they
destroy the heart. It was found that the enzymes such as Nitric
Oxide Synthases (NOS) and NAD(P)H oxidase have a pivotal role
in inducing oxidative stress when interacted with doxorubicin
[16].
Mitochondrial dependent ROS: The mitochondria are the
most importantly and aggressively damaged subcellular
organelles of doxorubicin-induced cardiomyopathy [17]. This
may be due to the fact that the cationic drug doxorubicin is
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enclosed in the mitochondrial inner membrane by forming a
nearly-irreversible bond with cardiolipin [18]. The electrontransport chain requires cardiolipin binding to function properly,
and it has been discussed that since doxorubicin disrupts the
binding between cardiolipin and protein, more superoxide (O2-)
formation occurs [6]. Other membrane proteins, such as those
responsible for carnitine transfer, can also be adversely affected
by doxorubicin, contributing to the decline in mitochondrial
function [19]. It is quite understood that these events disrupt
mitochondrial and therefore cellular metabolism, because more
than 90% of the ATP utilized by cardiomyocytes is produced by
mitochondria [20,21]. This functional disruption causes
ultrastructural pathologic changes such as mitochondrial
swelling and myelin figures within the mitochondria [22].
However,
experiments
showing
doxorubicin-induced
myocardial dysfunction were often done with supraclinical doses
of doxorubicin [23]. Yet clinical doses of doxorubicin can also
directly produce mitochondrial disruption, but the effects are
less severe [24]. In a model of chronic doxorubicin-induced
cardiomyopathy, it was found that the oxidation of long chain
fatty acids in cardiac mitochondria is significantly reduced, while
glucose metabolism is increased, expressing an overall shift from
aerobic to anaerobic metabolic state [25].
Manganese Superoxide Dismutase (MnSOD) overexpression
has been shown to enhance cell survival in case of doxorubicin
through its role as a free radical scavenger in mitochondria [26].
In addition, upregulation of glutathione peroxidase (Gpx1), a
cytosolic and mitochondrial enzyme that decreases hydrogen
peroxide (H2O2) and fatty acid hydroperoxides, protects cardiac
cells against acute doxorubicin-induced cardiomyopathy and
prevents deterioration of mitochondrial respiration and
inhibition of complex I activity [27,28]. It is well-known that
mitochondria play a pivotal role in the pathogenesis of
doxorubicin-induced cardiomyopathy [29]. Prevention of
mitochondria dysfunction will protect from myocardial
alteration and subsequently make better cardiac outcomes [30].
NAD(P)H-dependent ROS: Doxorubicin and NAD(P)H can
produce O2- in the absence of any enzymatic activity, although
this is a minor source of O2- radicals at best [31]. Recently, the
importance of the NAD(P)H complex in the development of
doxorubicin-induced cardiomyopathy has been confirmed
pharmacologically in vitro using NAD(P)H inhibitors on cultured
cell lines and in experiments where inhibitors of NAD(P)H
activity were found to enhance cell survival [32]. Furthermore,
NAD(P)H is such a large polypeptide chain, it was suggested that
Single Nucleotide Polymorphisms (SNP) in any one of the
subunits might make the NAD(P)H complex more vulnerable to
doxorubicin induced cardiomyopathy as it can produce more
free radical [33].
Fe–DOX complex: It was demonstrated that doxorubicin had a
strong affinity for iron, and that the iron complex could cause
defects in lipid metabolism through its interactions with the
negatively-charged membranes [34]. It was noted that
doxorubicin reduction in the presence of free iron also sets up a
cycle for free radical generation (redox recycling) and the
metabolite doxorubicinol is known to interact with mercapto
groups on proteins, producing the damages to the cell [35].

2

However, the free iron content of most cells is very low
including cardiomyocytes [36]. In physiological conditions, there
is no enough free iron to couple with doxorubicin to the extent
necessary to cause cardiomyopathy [37]. It was suggested that
the effects of doxorubicin on iron metabolism are not mediated
by doxorubicin-iron interactions, but rather via the proteins that
sequester and bind intracellular iron [38]. One such mechanism
involves the doxorubicinol metabolite forming complexes with
the Fe–S group the cytoplasmic aconitase/IRP-1 (iron regulatory
protein), thereby enhancing the stability of transferrin mRNA
and preventing translation of iron sequestration proteins [39].
The subsequent decrease in IRP-1 leads to a decrease in the iron
sequestering protein and an increase in free iron, which could
continue the cycle of free radical generation [39]. It is concluded
that a critical component of doxorubicin-induced cardiotoxicity
is interference with iron sequestration.
Noteworthy, there is a wide variability in body iron stores in
patients complaining of cancer chemotherapy due to abnormal
blood losses, blood transfusions, iron supplementation, and
nutritional status in these patients. Adult and pediatric patients
undergoing treatment for leukemia, thalassemia, sickle cell
anemia and other malignancies can develop a significant level of
iron overload during, and as a result of chemotherapy, bone
marrow transplantation and blood transfusion [40].

Cellular death
The most probable second mechanism of doxorubicin induced
cardiotoxicity is cellular death. There are different types of cell
death as apoptosis, necrosis, autophagy and senescence.
Apoptosis: Apoptosis is a programmed cell death which is
critical for cell homeostasis. The steps of apoptosis include cell
membrane
shrinkage,
DNA
destruction,
chromatin
concentration, and form what is called “apoptotic body” that
allows for its removal by phagocytosis. There are two pathways
of apoptosis including extrinsic and intrinsic pathways. In the
extrinsic pathway, death ligands (FasL, TNFα, TRAIL) bind with
their receptors leads to activation of caspase 8 and then
activation of caspase 3 [41]. Mitochondrial cytochrome C release
leads to activation of the intrinsic pathway. The Bcl-2 family has
a pivotal role in case of this pathway , the Bcl-2 family includes
three groups: anti-apoptotic members Bcl-2, Bcl-XL, and Mcl-1,
pro-apoptotic members Bax and Bak, and BH3 only proteins
such as Bad, Bid, Nix and BNip3 that increase apoptosis via
inhibition of anti-apoptotic Bcl-2 proteins or activation of proapoptotic Bax and Bak [41]. In the cytosol, cytochrome c forms a
complex with the adaptor protein apoptosis protease activator
protein-1 (Apaf-1), dATP, and caspase 9. The result is the
formation of a structure known as the apoptosome, which in
turn activates caspase 9 [42]. Both extrinsic and intrinsic
apoptotic pathways converge on the activation of downstream
executioners, caspases 3, 6, and 7 [43]. The mechanism of DOXinduced cardiomyocyte apoptosis has been extensively studied
in both acute and chronic cardiotoxicity and it was suggested
that the caspase 3 has a pivotal role in doxorubicin induced
cardiotoxicity [44]. Additionally, it was reported that Death
Receptors (DRs), including TNF receptor 1 (TNFR1), Fas, DR4 and
DR5, are critical mediators of apoptosis through which
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doxorubicin may cause cardiomyocytes apoptosis as Fas and
FasL expressions were increased in rat cardiomyocytes following
doxorubicin treatment [44].
Necrosis: On the other hand, necrosis is a different form of
cell death which is typically described as early rupture of the
plasma membrane and swelling of cytoplasmic organelles, in
particular the mitochondria [45]. Necrosis is different from
apoptosis as necrosis is swelling then rupture of cell membrane
but apoptosis is shrinkage of cell contents [45]. However, it was
shown that necrotic cell death can be well controlled and
programmed [45]. Additionally, it was shown that DOX treated
mice hearts have a cardiac expression of proinflammatory
cytokine, inflammatory cell infiltration, and necrosis [46].
Oxidative stress is implicated in necrotic cardiomyocyte death.
The use of free radical scavengers protected cardiomyocytes
from anthracycline induced necrosis due to a strong relation
between necrosis and oxidative stress [47]. The rationale is that
increased ROS leads to mitochondrial calcium overloading,
promotes Mitochondrial Permeability Transition (MPT) pore
opening, causes mitochondrial swelling and ATP depletion, and
hence triggers necrotic cell death [48].Therefore, it was assumed
that the mitochondrial calcium homeostasis may exert a critical
factor in the accumulative and irreversible cardiomyopathy
associated with long-term DOX treatment.
Autophagy: Additionally, when cytosolic proteins and
organelle are degraded through engulfment into doublemembraned vesicles known as “autophagosomes”, which then
fuse with lysosomes and subsequently degrade the contents,
this process is called autophagy [49]. It normally occurs in the
myocardium, represents the most prevalent renewal mechanism
of cellular constituents. Additionally, autophagy is substantially
enhanced in pathological conditions, including cardiac
hypertrophy, cardiomyopathy, and heart failure [50]. It was
indicate that autophagy has an advantage and a disadvantage in
the heart under stress. The advantage is the removal of protein
aggregates and damaged organelles as a pro-survival pathway
maintaining energy homeostasis, while the disadvantage is cell
death occurred by intense enhancement of autophagy [50].
There is a strong correlation between calcium, ROS and
autophagy. Reactive oxygen species-induced increase in
intracellular calcium induces autophagy by activation of
calmodulin dependent kinase and AMP-activated protein kinase
[51].
Mitochondria play a pivotal role for autophagic, apoptotic,
and necrotic pathways. Autophagy is induced to degrade and
recycle cytoplasmic components in condition of mild stress.
With increasing stresses, apoptosis begins to occur because of
cytochrome c release from mitochondria. Under extreme stress,
mitochondrial permeability transition occurs in all mitochondria,
the intracellular supply of ATP is exhausted, and necrosis occurs
because of ATP depletion in case of extreme stress [52].
Doxorubicin induced cardiotoxicity may be due to apoptosis,
necrosis and autophagy. These three types of cell death may be
occurred due to free radicals production due to oxidative stress
and alteration in calcium hemostasis.
Aging (senescence): Moreover, progressive accumulation of
macromolecular damage, growth arrest of normal somatic cells,
© Under License of Creative Commons Attribution 3.0 License

and reduction in function, mainly affects long-lived postmitotic
cells such as neurons and cardiac myocytes is called aging.
Telomere shortening, accumulation of DNA and chromosomal
damage, as well as the expression of cell cycle inhibitors
p16INK4a and p53 lead to controlling senescence. Oxidative
stress, altered gene expression/mutations, inflammation,
reduced cellular protection and repair, altered cellular
metabolism, altered protein degradation machinery and
autophagy machinery are the known factors involved in
senescence [53]. Cardiomyocyte senescence may play a role in
DOX-induced latent myocardial toxicity many years after the last
treatment.

Approaches
doxorubicin

to

reduce

the

cardiotoxicity

of

There are different trials were done to reduce the
cardiotoxicity of doxorubicin and increase its antitumoral effect
aiming to use a lower dose of doxorubicin and we here want to
demonstrate different drugs or herbal components used to
achieve this goal.
Melatonin: Melatonin is a hormone secreted from the pineal
gland at night. It has different pleiotropic actions such as direct
and indirect anti-apoptotic effects and most prominently the
antioxidant activities which include expression of genes relevant
to redox metabolism, including modulation of mitochondrial
electron flux [54]. These aforementioned data supported
different researchers to suppose that melatonin might reduce
the cardiotoxicity of doxorubicin.
For example, Govender et al. aimed to investigate the effects
of melatonin on cardiac function and tumor growth in an acute
model of doxorubicin-induced cardiotoxicity in vivo and in vitro.
For the in vitro study, H9c2 rat cardiomyoblasts were pre-treated
with melatonin (10 μM, 24 h) followed by doxorubicin exposure
(3 μM, 24 h). It was observed that melatonin increased the level
of ATP in rat cardiomyocytes which was attenuated by
doxorubicin treatment. In the in vivo study, female rats were
inoculated with a LA7 rat mammary tumor cell line and tumors
were measured daily. Animals were injected with doxorubicin
(3 × 4 mg/kg) and/or received melatonin (6 mg/kg) for 14 days in
their drinking water. It was found that doxorubicin treatment
increased cardiac cell death which was reduced with melatonin
treatment as melatonin might inhibit the level of caspase -3 in
cardiomyocytes and different pathways of apoptosis were
inhibited after melatonin treatment. Additionally, it was
observed that melatonin when used with doxorubicin increased
cardiac output in rats compared to doxorubicin-treated rats.
Furthermore, melatonin reduced the tumor growth when
combined with doxorubicin. These results indicated that the
melatonin treatment has a dual cardio-protective and
antitumoral effects by improving cardiac function whilst
simultaneously reducing tumor growth during doxorubicininduced cardiotoxicity [55].
Additionally, Liu et al. designed a study to explore the
protective effects of melatonin and its analogs 6hydroxymelatonin on the survival of doxorubicin-treated mice
and on doxorubicin-induced cardiac dysfunction. It was found
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that melatonin protected against doxorubicin-induced
cardiotoxicity and increased the survival rate of mice treated
with 25 mg/kg doxorubicin without interference with its
antitumor effect [56]. Furthermore, Fan et al. found that there is
a synergism between melatonin and doxorubicin by inhibiting
hepatoma cell growth and induces cell apoptosis in cancer cells
[57].
Metformin: Metformin (dimethyl-biguanide) is an effective
oral antidiabetic drug which decreases hepatic glucose
production. It also increases the peripheral glucose uptake in
skeletal muscles. It is a drug of choice for the treatment of
overweight and obese type 2 diabetic patients. It increases
insulin sensitivity and reduces the glycated hemoglobin A1C.
Additionally, it has multiple biological benefits including platelet
antiaggregating effect. There is also a demonstrable anti-oxidant
action of the drug explaining its vascular protective effect.
Additionally, it has a cardioprotective effect as it improves
cardiac remodeling in heart failure. There is evidence that
activation of adenosine monophosphate-activated protein
kinase and endothelial nitric oxide synthase, and a reduced
collagen expression are crucial for this effect [58]. Therefore,
metformin is one of different drugs used to reduce cardiotoxicity
of doxorubicin.
For example, Zilinyi et al. aimed to examine the protective
role of metformin and its effect on autophagy in doxorubicininduced cardiotoxicity. Rats were used and divided into four
groups at random. The doxorubicin-treated group received
doxorubicin (3 mg/kg every second day) intraperitoneally. The
metformin-treated group received 250 mg/kg/day metformin
via gavage. The doxorubicin + metformin-treated group were
given both at the above-mentioned doses. Serum levels of
Lactate Dehydrogenase (LDH), creatine phospho kinase isoenzyme MB (CK-MB) enzyme, troponin T, and cardiac
Malondialdehyde (MDA) were evaluated. Histopathological
examination by Masson's trichrome staining and Western blot
analysis were conducted for heart tissue samples for evaluating
the expression level of AMP-activated protein kinase (AMPK)
and autophagy-associated proteins. It was revealed that the
treatment with metformin caused a significant decline in serum
troponin T and cardiac MDA levels, and remarkable
improvement in heart function confirmed by histopathological
features [59].
Angiotensin converting enzyme inhibitors (ACEIs): ACE
inhibitors (ACEIs) are drugs that are routinely administered in
the clinic and have clearly shown positive therapeutic profiles
for the treatment of heart failure caused by a number of
cardiovascular diseases. ACEIs have free radicals scavenger and
antioxidant properties. The protective effects of ACEIs against
hypertension and oxidative damage may in part be related to
the increase of specific activities of antioxidant enzymes such as
the superoxide dismutase, glutathione peroxidase, and catalase
[60]. Moreover, ACEIs have a cardioprotective effect due to
inhibition of the formation of angiotensin II and aldosterone.
Angiotensin II has a bad effect on the heart due to its mitogenic
and vasoconstrictor effects [60]. It was reported that the
sulfhydryl group in captopril is responsible for its free radicals
scavenger effect [61]. The scavenging action of captopril was
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examined against superoxide anion, hydroxyl radical, or
hypohalite radical [61]. Bagchi et al. reported that captopril is an
extremely potent free radical scavenger, scavenging power being
as effective as superoxide dismutase against superoxide anion
[61]. Additionally, Andreoli demonstrated that captopril is able
to scavenge hydrogen peroxide and prevent oxidant-induced cell
injury [62]. Finally, Zieden et al. showed that captopril has
antioxidant effect against copper-induced oxidation of lowdensity lipoprotein [63]. It was reported that the concurrent
administration of ACEI with doxorubicin treatment not only
ameliorated cardiotoxic effects of doxorubicin, but also
prevented doxorubicin-induced free radical formation [64, 65].
Noteworthy, it was reported that doxorubicin-induced cardiac
dysfunction was attenuated by administration of enalapril in the
drinking water through preservation of mitochondrial
respiratory efficiency and reduction in free radicals formation
[64].
Recently, El-Sayed et al. showed that captopril (25 mg/kg)
administration produced a significant increase in the survival
rate of mice which markedly declined after doxorubicin (12
mg/kg) treatment. It was found that captopril increased the
ratio of heart weight to body weight in mice. Additionally,
captopril decreased the levels of MDA and TNFα in mice hearts.
Additionally, they found captopril might increase the
antitumoral effect of doxorubicin in hepatocellular carcinoma
[66].
Statins: Statins are competitive reversible inhibitor of 3Hydroxy-3-methylglutaryl coenzyme (HMG-CoA-reductase). They
are very effective in treating patients with lipid disorders and
atherosclerosis [67]. However, in addition, it is their antiinflammatory and antioxidative pleiotropic effects which,
independent of their lipid lowering potential, are relevant
beneficial mechanisms of this drug class [68]. It was shown that
a chronic treatment with statins using a dose too low to alter the
lipid profile, led to attenuation of vascular damage, which was
contributed by a reduction of inflammation and oxidative stress
[69]. Because doxorubicin-induced cardiotoxicity has been
shown to be sufficiently triggered by cardiac oxidative stress and
inflammation, different statins for example atorvastatin,
fluvastatin, simvastatin, and rosuvastatin were used in different
trials aiming to reduce the cardiotoxicity of doxorubicin
[66,70,71]. Riad et al. aimed to know whether or not statin
pretreatment can produce cardioprotective effects in a mouse
model of doxorubicin-induced cardiomyopathy and they found
that fluvastatin (100 mg/kg p.o.) improved left ventricular
function which was declined after doxorubicin treatment in mice
[70]. Fluvastatin treatment was associated with reduced cardiac
expression of nitrotyrosine, enhanced expression of the
mitochondrial located antioxidative SOD 2, attenuated
mitochondrial apoptotic pathways, and reduced cardiac
inflammatory response [70].
Additionally, it has been reported that simvastatin can exert
significant cardioprotective effects against doxorubicin-related
cardiotoxicity through suppression of endoplasmic reticulum
stress and activation of Akt signaling and its administration has
been suggested as an encouraging approach to manage
doxorubicin cardiotoxicity [71]. Furthermore, El-Sayed et al.
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showed that rosuvastatin (20mg/kg p.o. for three weeks) might
increase the antitumaoral effect of doxorubicin and reduce its
cardiotoxicity in experimentally induced hepatocellular
carcinoma in mice [66].
Fermented Cordyceps sinensis: Cordyceps sinensis (CS) is one
of the rare traditional Chinese herbs, only a very limited amount
of natural CS is produced. Fermented CS, as a substitute for
natural CS, is widely used in the field of supplementary medical
treatment and health products. CS has long been used to
improve quality of life and promote longevity. It has a wide
range of pharmacological effects, such as immune regulation,
antitumor,
anti-senescence,
and
hypoglycemic
and
hypolipidemic actions [72]. Wu et al. demonstrated that the
activities of glutathione peroxidase and catalase and the
scavenging activity of O2- in serum, and the total superoxide
dismutase activity in cardiac tissue compared to doxorubicin
treated mice (7.5 mg/kg) were significantly elevated after CS
treatment. Additionally, CS declined the malondialdehyde
content in liver and cardiac tissues [72]. Therefore, fermented CS
may be considered as good trial used for the prevention against
various cardiac diseases induced by doxorubicin.
Omega-3: Omega 3 fatty acids are fats commonly found in
marine and plant oils. They are Polyunsaturated Fatty Acids
(PUFA) have a double bond (C=C) starting after the third carbon
atom from the end of the carbon chain when counting is started
from the methyl group. The fatty acids have two ends—the acid
(COOH) end and the methyl (CH3) end. It was found that the
certain n−3 fatty acids are converted into eicosanoids, but at a
much slower rate. Eicosanoids made from n−3 fatty acids are
often referred to as anti-inflammatory [73].
Additionally, omega-3 fatty acids have important properties as
membrane stabilizers and can alter cell membrane fluidity. Fatty
acids are an essential constituent of the cell membrane, where
they modulate the action of membrane-bound transporters and
enzymes. Noteworthy, El-Sayed et al. designed an experiment
using omega-3 (1 gm/ kg p.o.) with doxorubicin (12 mg/kg i.p.) in
an attempt to reduce the cardiotoxicity of doxorubicin, in this
study also, captopril and rosuvasatatin were used with
doxorubicin and a comparison was made between these three
drugs. They showed that omega-3 increased the level of antioxidant power as glutathione in reduced form (GSH) and
Superoxide Dismutase (SOD). Paradoxically, the level of
malondialdehyde as a parameter of oxidative stress was
increased after omega-3 treatment. It was found that omega 3
might reduce the cardiotoxicity but to a lesser extent than
captopril or rosuvastatin did [66].
Additionally, Uygur et al. demonstrated the cardioprotective
effects of fish omega-3 fatty acids on doxorubicin-induced
cardiotoxicity in rats. Omega-3 (400 mg/kg/day) was given for 30
days by intragastric intubation. Doxorubicin (30 mg/kg) was
injected intraperitoneally by a single dose to induce acute
cardiotoxicity. The doxorubicin-treated group with fish n-3 fatty
acids therapy caused a significant reduction in the activity of
terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling in cardiomyocytes. Furthermore,
in contrast to the results of El-Sayed et al., the doxorubicintreated with fish n-3 fatty acids group showed a significant
© Under License of Creative Commons Attribution 3.0 License

decline in malondialdehyde level, and an increase in superoxide
dismutase and glutathione peroxidase activities when compared
to the doxorubicin-treated group [74]. It was concluded that the
both studies examined the cardioprotective effects of omega-3
as anti-oxidant or anti-apoptotic drug.
Beta blockers: Beta blockers such as carvedilol and nebivolol
have cardioprotective effects especially in case of heart failure.
Carvedilol has anti-oxidant properties, anti-ischemic and
vasodilator effects [75,76]. There are different animal studies
reported that the anti-oxidant properties of carvedilol lead to
the reduction of acute cardiotoxicity and nephrotoxicity from
doxorubicin [77,78]. However, Kim et al. reported that
myocardial injury and LV systolic/diastolic dysfunction caused by
doxorubicin was alleviated by co-administered rosuvastatin, but
not by carvedilol [79]. Nebivolol is vasodilator and
cardioselective beta blocker through the releasing of nitric
oxide; it has anti-oxidant and anti-apoptotic effects [80].
Additionally, Shafik et al. showed a significant reduction of
Doxorubicin induced cardiotoxicity and nephrotoxicity in
nebivolol-treated animals more than carvedilol treated animals
[80]. Therefore, they can be considered a good combination to
protect against cardiotoxicity commonly encountered with
doxorubicin treatment.
Calcium channel blockers: The mechanism of doxorubicin
induced cardiotoxicity may be attributed to calcium overload in
mitochondria which leads to activation of ROS and consequently
causes mitochondrial swelling and ATP depletion, and therefore
triggers necrotic cell death [47,48]. Felodipine is one of
dihydropyridine and vaso-selective calcium channel blockers and
it was assessed against doxorubicin-induced cardiotoxicity. The
results were marvelous as felodipine improved cardiac marker
enzymes, additionally; it prevented damage to myocardial tissue
through inhibition of myocardial caspase-3 activity. Felodipine
was able to maintain normal histopathological examination of
heart without causing any harmful effects on the myocardium
[81]. Additionally, nicardipine and amlodipine have a
cardioprotective
effect
against
doxorubicin
induced
cardiotoxicity and this effect is not only due to calcium channel
blocking activity but also due to their antioxidant effects that act
by direct scavenging effect, conservation of glutathione
peroxidase enzymes activity, and inhibition of lipidperoxidation
[81].

Conclusion
Doxorubicin is very effective drug in treatment of different
types of cancer but it has a problematic issue inducing severe
dose dependent cardiotoxicity. It is very critical to understand
the mechanism of doxorubicin induced cardiotoxicity to
counteract this problem. Oxidative stress and cellular death are
the most important causes for its cardiotoxicity, hence, different
drugs like melatonin, metformine, captopril, rosuvasatatin, beta
blockers, calcium channel blockers and omega-3 can be
considered feasible candidates to protect against its
cardiotoxicity. These drugs may have anti-oxidant, anti-apoptotic
effects or reduce the calcium overload in cardiomyocytes.
Therefore, it is recommended that more researches and clinical
studies are needed to demonstrate the actual mechanism of
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doxorubicin induced cardiotoxicity and to decelerate this effect
aiming to increase the effect of doxorubicin without causing
serious side effects.

References

18. dos Santos Ferreira D, Faria SD, de Araújo Lopes SC, Teixeira CS,

Malachias A, et al. (2016) Development of a bone-targeted pHsensitive liposomal formulation containing doxorubicin:
physicochemical characterization, cytotoxicity, and biodistribution
evaluation in a mouse model of bone metastasis. Int J
Nanomedicine 11: 3737-3751.

19. Carvalho FS, Burgeiro A, Garcia R, Moreno AJ, Carvalho RA, et al.

1.

Pérez-Arnaiz C, Busto N, Leal JM, García B (2014) New insights into
the mechanism of the DNA/doxorubicin interaction. J Phys Chem
B 118: 1288-1295.

2.

Priebe W (1995) Mechanism of action-governed design of
anthracycline antibiotics: A "turn-off/ turn-on" approach. CPD 1:
51-68.

20. Bernardi P, Scorrano L, Colonna R, Petronilli V, Di Lisa F (1999)

3.

Hortobagyi GN (1997) Anthracyclines in the treatment of cancer.
Drugs 54:1-7.

21. Tait SW, Green DR (2010) Mitochondria and cell death: outer

4.

Cortés-Funes H, Coronado C (2007) Role of anthracyclines in the
era of targeted therapy. Cardiovasc Toxicol7:56-60.

5.

Takemura G, Fujiwara H (2007) Doxorubicin-induced
cardiomyopathy: from the cardiotoxic mechanisms to
management. Prog Cardiovasc Dis 49: 330-352.

6.

Jung K, Reszka R (2001) Mitochondria as subcellular targets for
clinically useful anthracyclines. Adv Drug Deliv Rev 49: 87-105.

7.

Octavia Y, Tocchetti CG, Gabrielson KL, Janssens S, Crijns HJ, et al.
(2012) Doxorubicin-induced cardiomyopathy: from molecular
mechanisms to therapeutic strategies. J Mol Cell Cardiol 52:
1213-1225.

8.

Doroshow JH, Locker GY, Myers CE (1980) Enzymatic defenses of
the mouse heart against reactive oxygen metabolites: alterations
produced by doxorubicin. J Clin Invest 65: 128-135.

9.

Mukherjee S, Banerjee SK, Maulik M, Dinda AK, Talwar KK, et al.
(2003) Protection against acute adriamycin-induced cardiotoxicity
by garlic: Role of endogenous antioxidants and inhibition of TNF-α
expression. BMC Pharmacol 3: 16.

10. Tocchetti CG, Carpi A, Coppola C, Quintavalle C, Rea D, et al.
(2014) Ranolazine protects from doxorubicin-induced oxidative
stress and cardiac dysfunction. Eur J Heart Fail 16: 358-366.

11. Mihm MJ, Yu F, Weinstein DM, Reiser PJ, Bauer JA (2002)
Intracellular distribution of peroxynitrite during doxorubicin
cardiomyopathy: evidence for selective impairment of myofibrillar
creatine kinase. Br J Pharmacol 135: 581-588.

12. Kalyanaraman BJ, Joseph J, Kalivendi S, Wang S, Konorev E, et al.
(2002)
Doxorubicin-induced
apoptosis:
implications
cardiotoxicity. Mol Cell Biochem 234: 119-124.

in

13. Sakaguchi N, Inoue M, Ogihara Y (1998) Reactive oxygen species
and intracellular Ca2, common signals for apoptosis induced by
gallic acid. Biochem Pharmacol 55: 1973-1981.

14. Rochette L, Guenancia C, Gudjoncik A, Hachet O, Zeller M, et al.
(2015) Anthracyclines/trastuzumab: new aspects of cardiotoxicity
and molecular mechanisms. Trends in pharmacological sciences
36: 326-348.

15. Ventura-Clapier R, Garnier A, Veksler V (2004) Energy metabolism
in heart failure. J Physiol 555:1-3.

16. Vertuani S, Angusti A, Manfredini S (2004) The antioxidants and

pro-antioxidants network: an overview. Curr Pharm Des 10:
1677-1694.

17. Chaiswing L, Cole MP, St Clair DK, Ittarat W, Szweda LI, et al. (2004)

Oxidative damage precedes nitrative damage in adriamycininduced cardiac mitochondrial injury. Toxicol Pathol 32:536-547.

6

(2014) Doxorubicin-induced cardiotoxicity: from bioenergetic
failure and cell death to cardiomyopathy. Med Res Rev 34 :
106-135.

Mitochondria and cell death. Mechanistic aspects
methodological issues. Eur J Biochem 264:687-701.

and

membrane permeabilization and beyond. Nat Rev Mol Cell Biol 11:
621.

22. Brand MD, Nicholls DG (2011) Assessing mitochondrial
dysfunction in cells. Biochem J 435: 297-312.

23. Gewirtz D (1999) A critical evaluation of the mechanisms of action
proposed for the antitumor effects of the anthracycline antibiotics
adriamycin and daunorubicin. Biochem Pharmacol 57: 727-741.

24. Tokarska-Schlattner M, Zaugg M, Zuppinger C, Wallimann T,
Schlattner U (2006) New insights into doxorubicin-induced
cardiotoxicity: the critical role of cellular energetics. J Mol Cell
Cardiol 41: 389-405.

25. Carvalho RA, Sousa RP, Cadete VJ, Lopaschuk GD, Palmeira CM, et
al. (2010) Metabolic remodeling associated with subchronic
doxorubicin cardiomyopathy. Toxicology 270 :92-98.

26. Ott M, Gogvadze V, Orrenius S, Zhivotovsky B (2007)
Mitochondria, oxidative stress and cell death. Apoptosis
12:913-922.

27. Choi EH, Han JY, Kang JH, Kim MK, Chun HS (2015) Alleviation of
Doxorubicin-Induced Cardiocytotoxicity by Anthocyanin-Rich
Bilberry (Vaccinium myrtillus L.) in H9c2 Cells by Antioxidative
Effects. J Pharm Chem Biol Sci 3:247-261.

28. Zhang W (2015) Loss of Multidrug Resistance-associated Protein 1

(MRP1/ABCC1) Potentiates Doxorubicin-induced Cardiotoxicity in
Mice.

29. Sawyer DB, Peng X, Chen B, Pentassuglia L, Lim CC (2010)
Mechanisms of anthracycline cardiac injury: can we identify
strategies for cardioprotection? Prog Cardiovasc Dis 53:105-113.

30. Kuznetsov AV, Margreiter R, Amberger A, Saks V, Grimm M (2011)

Changes in mitochondrial redox state, membrane potential and
calcium precede mitochondrial dysfunction in doxorubicininduced cell death. Biochim Biophys Acta 1813: 1144-1152.

31. Wojnowski L, Kulle B, Schirmer M, Schlüter G, Schmidt A, et al.
(2005) NAD (P) H oxidase and multidrug resistance protein genetic
polymorphisms are associated with doxorubicin-induced
cardiotoxicity. Circulation 112: 3754-3762.

32. Vejpongsa P, Yeh ET (2014) Prevention of anthracycline-induced

cardiotoxicity: challenges and opportunities. J Am Coll Cardiol 64 :
938-945.

33. Šimůnek T, Štěrba M, Popelová O, Adamcová M, Hrdina R, et al.

(2009) Anthracycline-induced cardiotoxicity: overview of studies
examining the roles of oxidative stress and free cellular iron.
Pharmacol Rep 61: 154-171.

34. Hasinoff BB, Davey JP, O'brien PJ (1989) The adriamycin
(doxorubicin)-induced inactivation of cytochrome c oxidase

This article is available from: http://www.imedpub.com/journal-medical-oncology/

Journal of Medical Oncology

2018
Vol.1 No.3:10

depends on the presence of iron or copper. Xenobiotica 19 :
231-241.

35. Villamena FA, Zweier JL (2004) Detection of reactive oxygen and
nitrogen species by EPR spin trapping. Antioxid Redox Signal 6:
619-629.
36. Young IS, Woodside JV (2001) Antioxidants in health and disease. J
Clin Pathol 54: 176-186.

37. Goldswain TL (2017) An investigation into the potential
cardioprotective effects of ghrelin in a rat model of chronic
Doxorubicin-induced cardiotoxicity .

38. Bredahl EC (2015) Effects of Resistance Training and Creatine
Monohydrate on Doxorubicin-Induced Muscle Dysfunction.

39. Minotti G, Recalcati S, Mordente A, Liberi G, Calafiore AM, et al.
(1998) The secondary alcohol metabolite of doxorubicin
irreversibly inactivates aconitase/iron regulatory protein-1 in
cytosolic fractions from human myocardium. FASEB J 12: 541-552.

40. Beutler E, Hoffbrand AV, Cook JD (2003) Iron deficiency and

overload. Hematology Am Soc Hematol Educ Program 2003 :
40-61.

41. Elmore S (2007) Apoptosis: a review of programmed cell death.
Toxicol Pathol 35: 495-516.

42. Chowdhury I, Tharakan B, Bhat GK (2006) Current concepts in
apoptosis: the physiological suicide program revisited. Cell Mol
Biol Lett 11: 506.

43. Yuan J, Lipinski M, Degterev A (2003) Diversity in the mechanisms
of neuronal cell death. Neuron 40: 401-413.

55. Govender J, Loos B, Marais E, Engelbrecht AM (2018) Melatonin
improves cardiac and mitochondrial function during doxorubicininduced cardiotoxicity: A possible role for peroxisome proliferatoractivated receptor gamma coactivator 1-alpha and sirtuin activity?
Toxicol Appl Pharmacol pii: S0041-008X(18)30305-3.

56. Liu X, Chen Z, Chua CC, Ma YS, Youngberg GA, et al. (2002)
Melatonin as an effective protector against doxorubicin-induced
cardiotoxicity. Am J Physiol Heart Circ Physiol 283: H254-263.

57. Fan LL, Sun GP, Wei W, Wang ZG, Ge L, et al. (2010) Melatonin and
doxorubicin synergistically induce cell apoptosis in human
hepatoma cell lines. World J Gastroenterol 16:1473-1481.

58. Viollet B, Guigas B, Garcia NS, Leclerc J, Foretz M, et al. (2012)

Cellular and molecular mechanisms of metformin: an overview.
Clin Sci 122: 253-270.

59. Zilinyi R, Czompa A, Czegledi A, Gajtko A, Pituk D, et al. (2018) The
Cardioprotective Effect of Metformin in Doxorubicin-Induced
Cardiotoxicity: The Role of Autophagy. Molecules 23: pii: E1184.

60. Hiona A, Lee AS, Nagendran J, Xie X, Connolly AJ, et al. (2011)
Pretreatment with angiotensin-converting enzyme inhibitor
improves doxorubicin-induced cardiomyopathy via preservation of
mitochondrial function. J Thorac Cardiovasc Surg 142:396-403.

61. Bagchi D, Prasad R, Das DK (1989) Direct scavenging of free
radicals by captopril, an angiotensin converting enzyme inhibitor.
Biochem Biophys Res Commun 158: 52-57.

62. Andreoli SP (1993) Captopril scavenges hydrogen peroxide and
reduces, but does not eliminate, oxidant-induced cell injury. Am J
Physiol 264: F120-127.

44. Zhao L, Zhang B (2017) Doxorubicin induces cardiotoxicity through

63. Zieden B, Wuttge DM, Karlberg BE, Olsson AG (1995) Effects of in

45. Kumar R, Patel SK, Rami Reddy BV, Bhatt M, Karthik K, et al. (2015)

64. Hiona A, Lee AS, Nagendran J, Xie X, Connolly AJ, et al. (2011)

upregulation of death receptors
cardiomyocytes. Sci Rep 7: 44735.

mediated

apoptosis

in

Apoptosis and other alternate mechanisms of cell death. Asian J
Anim Vet Adv 10: 646-668.

46. Guerriero JL (2010) A study of cell death pathways and innate
immunity in cancer chemotherapy .

47. Štěrba M, Popelová O, Vávrová A, Jirkovský E, Kovaříková P, et al.
(2013) Oxidative stress, redox signaling, and metal chelation in
anthracycline
cardiotoxicity
and
pharmacological
cardioprotection. Antioxid Redox Signal 18: 899-929.

48. Hafstad AD, Nabeebaccus AA, Shah AM (2013) Novel aspects of
ROS signalling in heart failure. Basic Res Cardiol 108: 359.

49. Ravikumar B, Sarkar S, Davies JE, Futter M, Garcia-Arencibia M, et
al. (2010) Regulation of mammalian autophagy in physiology and
pathophysiology. Physiol Rev 90: 1383-1435.

50. Navarro-Yepes J, Burns M, Anandhan A, Khalimonchuk O, Del Razo
LM, et al. (2014) Oxidative stress, redox signaling, and autophagy:
cell death versus survival. Antioxid Redox Signal 21: 66-85.

51. Zhou F, Yang Y, Xing D (2011) Bcl-2 and Bcl-xL play important roles
in the crosstalk between autophagy and apoptosis. FEBS J 278:
403-413.

52. Periyasamy-Thandavan S, Jiang M, Schoenlein P, Dong Z (2009)
Autophagy: molecular machinery, regulation, and implications for
renal pathophysiology. Am J Physiol Renal Physiol 297: F244-256.

53. Kirkwood TB (2005) Understanding the odd science of aging. Cell
120: 437-447.

54. Mahmood D (2018) Pleiotropic Effects of Melatonin. Drug Res.
© Under License of Creative Commons Attribution 3.0 License

vitro addition of captopril on copper-induced low density
lipoprotein oxidation. Br J clin Pharmac 39:201-203.

Pretreatment with angiotensin-converting enzyme inhibitor
improves doxorubicin-induced cardiomyopathy via preservation of
mitochondrial function. J Thorac Cardiovasc Surg 142:396-403.

65. Wouters KA, Kremer LC, Miller TL, Herman EH, Lipshultz SE (2005)

Protecting against anthracycline-induced myocardial damage: a
review of the most promising strategies. Br J Haematol 131:
561-578.

66. El-Sayed I, Selima E, Nasr M, Ghoneim H (2018) The Impact of
Rosuvastatin and Omega-3 on the antitumaoral activity and
Cardiotoxicity of Doxorubicin Compared to Captopril effect in
Experimentally-Induced Hepatocellular Carcinoma in Mice. Res J
Oncol 2: 1.

67. Jasiñska M, Owczarek J, Orszulak-Michalak D (2007) Statins: A new

insight into their mechanisms of action and consequent
pleiotropic effects. Pharmacol Rep 59: 483-499.

68. Kostapanos MS, Milionis HJ, Elisaf MS (2010) Current role of
statins in the treatment of essential hypertension. Expert Opin
Pharmacother 11: 2635-2650.

69. Bonetti PO, Lerman LO, Napoli C, Lerman A (2003) Statin effects

beyond lipid lowering—are they clinically relevant? Eur Heart J 24:
225-248.

70. Riad A, Bien S, Westermann D, Becher PM, Loya K, et al. (2009)
Pretreatment with statin attenuates the cardiotoxicity of
Doxorubicin in mice. Cancer Res 69: 695-699.

71. Liu D, Liu Y, Yi Z, Dong H (2016) Simvastatin protects
cardiomyocytes from doxorubicin cardiotoxicity by suppressing

7

Journal of Medical Oncology

2018
Vol.1 No.3:10

endoplasmic reticulum stress and activating Akt signaling. Int J
Clin Exp Med 9:2193-2201.

72. Wu R, Gao JP, Wang HL, Gao Y, Wu Q, et al. (2015) Effects of
fermented Cordyceps sinensis on oxidative stress in doxorubicin
treated rats. Phcog Mag 11:724-731.
73. Simopoulos AP (2008) The importance of the omega-6/omega-3
fatty acid ratio in cardiovascular disease and other chronic
diseases. Exp Biol Med 233: 674-688.

74. Uygur R, Aktas C, Tulubas F, Alpsoy S, Topcu B, et al. (2014)

Cardioprotective effects of fish omega-3 fatty acids on
doxorubicin-induced cardiotoxicity in rats. Hum Exp Toxicol 33:
435-445.

75. Carreira RS, Monteiro P, Goncalves LM, Providencia LA (2006)

Carvedilol: just another Beta-blocker or a powerful
cardioprotector? Cardiovasc Hematol Disord Drug Targets 6:
257-266.

76. Münzel T, Gori T (2009) Nebivolol: the somewhat-different βadrenergic receptor blocker. J Am Coll Cardiol 54:1491-1499.

8

77. C Pereira G, M Silva A, V Diogo C, S Carvalho F, Monteiro P, et al.
(2011) Drug-induced cardiac mitochondrial toxicity and
protection: from doxorubicin to carvedilol. Curr Pharm Des
17:2113-2129.

78. Spallarossa P, Garibaldi S, Altieri P, Fabbi P, Manca V, et al. (2004)
Carvedilol prevents doxorubicin-induced free radical release and
apoptosis in cardiomyocytes in vitro. J Mol Cell Cardiol 37:
837-846.

79. Kim YH, Park SM, Kim M, Kim SH, Lim SY, et al. (2012)

Cardioprotective effects of rosuvastatin and carvedilol on delayed
cardiotoxicity of doxorubicin in rats. Toxicol Mech Methods
22:488-498.

80. Shafik AN, Khodeir MM, Fadel MS (2011) Animal study of

Anthracyclineinduced Cardiotoxicity and Nephrotoxicity and
Evaluation of Protective Agents. J Cancer Sci Ther 3: 096-103.

81. Alkuraishy HM, Al-Gareeb AI, Al-hussaniy HA (2017) Doxorubicin-

Induced Cardiotoxicity: Molecular Mechanism and Protection by
Conventional Drugs and Natural Products. Int J Clin Oncol Cancer
Res 2: 31-44.

This article is available from: http://www.imedpub.com/journal-medical-oncology/

