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A B S T R A C T

Purpose: Doxorubicin, as an effective chemotherapeutic drug, is commonly used for combating various solid and
hematological tumors. However, doxorubicin-induced cardiotoxicity is considered as a serious adverse effect,
and it limits the clinical use of this chemotherapeutic drug. The use of melatonin can lead to a decrease in the
cardiotoxic effect induced by doxorubicin. The aim of this review was to evaluate the potential role of melatonin
in the prevention of doxorubicin-induced cardiotoxicity.
Methods: This review was conducted by a full systematic search strategy based on PRISMA guidelines for the
identification of relevant literature in the electronic databases of PubMed, Web of Science, Embase, and Scopus
up to January 2019 using search terms in the titles and abstracts. 286 articles were screened in accordance with
our inclusion and exclusion criteria. Finally, 28 articles were selected in this systematic review.
Results: The findings demonstrated that doxorubicin-treated groups had increased mortality, decreased body
weight and heart weight, and increased ascites compared to the control groups; the co-administration of mel-
atonin revealed an opposite pattern compared to the doxorubicin-treated groups. Also, this chemotherapeutic
agent can lead to biochemical and histopathological changes; as for most of the cases, these alterations were
reversed near to normal levels (control groups) by melatonin co-administration. Melatonin exerts these pro-
tection effects through mechanisms of anti-oxidant, anti-apoptosis, anti-inflammatory, and mitochondrial
function.
Conclusion: The results of this systematic review indicated that co-administration of melatonin ameliorates the
doxorubicin-induced cardiotoxicity.

1. Introduction

After cardiovascular diseases, cancer is considered as the second
cause of death in the world [1]. According to a recent report on global
cancer incidence and mortality, it was estimated 18.1 million new
cancer cases and 9.6 million deaths from cancer in the world in 2018
[2]. Also, a rapidly growing cancer incidence and mortality has been
reported worldwide [2]. There are several modalities for cancer treat-
ment including surgery, radiation therapy, chemotherapy, etc. [3].
Chemotherapy, as a systemic therapeutic modality, is effectively used
for the treatment of various cancers; however, its clinical utility is re-
stricted due to a wide range of adverse effects on normal cells and
tissues [4,5].

Doxorubicin (Adriamycin), as an effective chemotherapeutic drug,
is commonly applied since the late 1960s against solid tumors such as
breast, lung, testicular, thyroid, ovarian cancers, and hematological
tumors of Hodgkin Lymphoma, and non-Hodgkin lymphomas [6,7].
The immediate side effects of this chemotherapeutic drug such as ar-
rhythmia, myelosuppression, nausea, and vomiting are reversible or
clinically manageable [7]. Nevertheless, cardiotoxicity induced by
doxorubicin is considered as a serious adverse effect, and it limits the
clinical use of this chemotherapeutic drug; this side effect can lead to
reduced quality of life and sometimes fatalities. In this regard, various
methods are proposed to decrease cardiotoxic effect induced by dox-
orubicin [8,9].

When it is found that the formation of reactive oxygen species (ROS)
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can have an important effect in the doxorubicin-induced cardiotoxic
mechanism by reducing indigenous anti-oxidant systems in the body,
the use of exogenous anti-oxidants was introduced [10,11]. Melatonin,
as an indole-derived hormone, is principally generated and secreted by
the pineal gland, and it has applied to protect against the oxidative
damage [12]. This hormone exerts an antioxidative effect through two
direct and indirect mechanisms. The direct pathway of melatonin is
exerted mostly by formation of radical adduct, hydrogen transfer, and
single electron transfer. In another pathway (indirect), the anti-oxida-
tive effects of this hormone can be exerted by stimulation of anti-oxi-
dant enzymes, protection of anti-oxidant enzymes against oxidative
damage, modulation of genomic expressions, etc. Furthermore, it has
been reported that oxidative stress has key role in triggering in-
flammation and apoptosis, and melatonin with its anti-inflammatory
and anti-apoptotic properties can relieve these effects [4,5].

In this study, a systematic search was performed on the role of
melatonin on doxorubicin-induced cardiotoxicity. In addition, it was
tried to answer the following issues: 1) the mechanisms underlying
doxorubicin-induced cardiotoxicity, 2) the role of melatonin in the
prevention of doxorubicin-induced cardiotoxicity, and 3) the mechan-
isms related to the preventive role of melatonin.

2. Methods

2.1. Search strategy

In the current study, a systematic search was done based on the
guideline of the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) [13]. Literature search was carried out to
assess all relevant studies in both medical subject heading (MeSH) or
advance on electronic databases including PubMed, Web of Science,
Embase, and Scopus up to January 2019 using the keywords “Mela-
tonin” AND “Doxorubicin” OR “Adriamycin” AND “Heart” OR “myo-
cardium” OR “Myocardial” OR “Cardiomyopathy” OR “Myocyte cardiac
muscle cell” OR “Cardiopathic” OR “Cardiopathy” OR “cardiotoxicity”
OR “cardiomyocyte” in title, abstract or keywords.

2.2. Study selection

The inclusion criteria considered in this systematic review were full-
text articles with (a) English language, (b) the aforementioned key
search, (c) adequate information, and (d) without restriction in pub-
lications with in-vivo or in-vitro. The exclusion criteria were (a) hemo-
dynamic studies, (b) poster, (c) not related paper, (d) case report, (e)
review paper, (f) editorials, and (g) letter to the editor.

2.3. Data extraction

Each eligible article was reviewed by two researchers and the fol-
lowing data were extracted: (a) author name and the year of publica-
tion; (b) models; (c) doxorubicin dosage and route of administration
type; (d) outcomes of doxorubicin on cardiac tissue; (e) melatonin do-
sage and route of administration; and (f) melatonin co-administration
outcomes.

3. Results

3.1. Literature search

The process of study selection is illustrated in the Fig. 1.
286 articles were obtained by searching on the above-mentioned

databases up to January 2019. After the screening articles, 243 of them
were excluded by investigating their titles and abstracts and 43 studies
were qualified for assessment of their full-text. Thereafter, the studies
inconsistent with inclusion criteria or the studies with missing in-
formation were omitted. Finally, 28 remaining articles were included in

this systematic review. A summary of the extracted data related to the
eligible studies is listed in the Table 1.

3.2. The protective role of melatonin against doxorubicin-induced
cardiotoxicity

3.2.1. Survival study
The findings showed that mortality in the groups treated by dox-

orubicin was significantly higher than the control group
[14,15,23,29,31,36]. Furthermore, it has been reported that the sur-
vival rate after doxorubicin treatment in rats had a dose-dependent
manner [29]. Kim et al. [29] represented that the survival rates for
control, 5 mg/kg, 15 mg/kg, and 25 mg/kg doxorubicin groups were
100%, 100%, 85%, and 14%, respectively.

The use of melatonin significantly attenuated doxorubicin-induced
mortality [14,15,23,29,31,36]; for instance, doxorubicin-induced mor-
tality decreased from 86% to 20% (P < 0.05) by melatonin treatment
[29]. Moreover, it was observed no difference between the control and
melatonin groups [29].

3.2.2. Body weight, heart weight, and ascites changes
According to the obtained results, it was revealed that the body

weight, heart weight and ratio of heart to the body weight of rats/mice
were decreased in the doxorubicin group than the control group
[14,15,18,20,23,29,41]. In addition, a significant accumulation of as-
cites was reported in the rats treated with doxorubicin compared to the
control rats; the survival rate in the group with high ascites value was
significantly higher than the other rats [14,15].

When both melatonin and doxorubicin was administered to the
rats/mice, it was found an increase in the body weight, heart weight
and ratio of heart to body weight compared to the doxorubicin-treated
group [14,15,18,41]. Administration of melatonin also resulted in a
significant decrease of doxorubicin-induced ascites value [14,15].

3.2.3. Biochemical changes
The biochemical changes of heart tissue can be observed in the

doxorubicin-treated group, as listed in the Table 1. For example, the
malondialdehyde (MDA), 4-hydroxyalkenes (4-HDA), serum creatine
phosphokinase (CPK), serum creatine kinase, serum troponin I, leptin,
triglycerides, cholesterol, lactate dehydrogenase (LDH), serum aspar-
tate aminotransferase (AST), myocardial and plasma thiobarbituric acid
reactive substances (TBARS), creatine kinase isoenzyme (CK-MB), glu-
tamic-oxaloacetic acid transaminase (GOT), glutamic-pyruvic acid
transaminase (GPT) in plasma, plasma concentrations of transferrin,
ferritin, iron and protein carbonyl levels were increased significantly in
the doxorubicin-treated group than the control group
[14–16,18–20,22,23,25–33,37,40]. In addition, blood and tissue glu-
tathione (GSH), superoxide dismutase (SOD), and Glutathione-S-
Transferase (GST) levels were decreased significantly compared to the
control groups [16,19,25,28,30–32].

The findings showed that melatonin administration preserved dox-
orubicin-induced biochemical changes (for most of the cases)
[14–16,18,19,22,23,25–31,33,37,40].

3.2.4. Histological changes
The obtained results from histological evaluation of the doxor-

ubicin-treated groups revealed the following histological changes: cel-
lular edema, loss of myofibril, swelling of mitochondria, vacuolization
of cytoplasm, dilation of sarcotubular system, decrease of β-adreno-
ceptor (BAR) density in cell membrane, increase of membrane perme-
ability of cultured neonatal myocytes, decrease of myocytes, decrease
of myocyte size, increase of mitochondrial fission (round-shaped mi-
tochondria), decrease of mitochondrial major/minor aspect ratio, fibers
with dark acidophilic cytoplasm and pyknotic nuclei, disarrangement of
sarcomeres, disruption of microfilaments and Z-line, increase of number
and size of mitochondria, presence of oval-shaped cells with thin long
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processes, etc. (The rest of the histological changes is listed in the
Table 1) [14–16,18,19,22,23,25–31,33,37,40].

The results of most studies showed that co-administration of dox-
orubicin and melatonin resulted in the prevention of doxorubicin-in-
duced histological changes [14–16,18,19,22,23,25–31,33,37,40].

4. Discussion

In the present study, we aimed to review a serious adverse effect
(cardiotoxicity) induced by doxorubicin as well as co-administration
effects of melatonin on this disorder. Some of the important cardiac
complications induced by doxorubicin as well as the effects of mela-
tonin on these adverse effects are shown in the Fig. 2.

The cardiovascular system is one of the most important systems of
the body, and malfunction in this system strongly relates to patients'
morbidities, demanding huge cost consuming, and is considered as one
of the major reasons of mortality [42]. Most of the current literature
data indicate that melatonin in combination with chemotherapeutic
agents reduces the anti-cancer effects of these agents in the cancerous
cells. Melatonin also provides benefits in reduction of toxicity in the
normal cells [4,5]. To better understand this issue, it is reported that
formation of ROS can exert both positive and negative effects on normal
and cancerous tissues. ROS have a positive role in signal transduction
and gene transcription while they may act as a trigger for carcinogen-
esis via persistent DNA injuries [43]. It is also reported that reduced
sensitivity and resistance of cancer cells to chemotherapeutic agents are
common, which may result from genomic instability of the malignant
cells. The researchers concluded that melatonin by its pleiotropic
property exerts effects on sensitization of the cancer cells to the anti-
cancer agents viamodulating the expression and phosphorylation status
of drug targets, the reduced clearance of drugs by affecting their me-
tabolism and transport within the body, decreased survival of malig-
nant cells via altering DNA repair and telomerase activity, and en-
hanced responses to cell death-associated mechanisms such as apoptosis

and autophagy [4,5].
The mechanistic effects of doxorubicin on the cardiac cellular

pathway as well as the protective effects of melatonin and its reported
mechanisms on doxorubicin-induced cardiotoxicity are discussed
below.

4.1. Anti-oxidant actions

It is well-known that free radicals are commonly produced in the
normal cells, and the cells have several defense mechanisms against
them [44]. In oxidative stress conditions, there is an imbalance between
the free radical amounts and anti-oxidant defense systems, causing an
elevation of free radicals [45,46]. The cardiotoxicity induced by dox-
orubicin mainly exerts its effects through inhibiting the oxidative stress
defense systems and producing several more kinds of free radicals. The
free radicals attack cell macromolecules, resulting in their malfunction
[47,48]. Oxidative stress also relates strongly to many disorders in-
cluding cancers, neurotoxicity, aging, diabetes, etc. [49–51]. Further-
more, doxorubicin increases free radicals especially through impair-
ment of mitochondrial malfunction, as the main source of free radicals.
It is clearly demonstrated that free radicals are normally produced in
the cells, especially through electrons leakage from the mitochondrial
electron transport chain (ETC), and this process increases during mi-
tochondria injury [48]. O2

− is one of the ROS molecules, which is
turned to H2O2 by SOD enzyme [52]. Furthermore, non-radical ROS
including H2O2 is produced during malfunction of mitochondrial
NADPH oxidases and transferred by aquaporins to the cytoplasm
[53,54]. H2O2 has several destinations: 1) CAT enzyme produces H2O
and O2 from H2O2 [55], 2) H2O2 through Fenton and Haber-Weiss Net
reactions produces OH [56], and 3) H2O2 via the activity of glutathione
peroxidase (GPx) enzyme and consuming GSH produces 2H2O [57].
Normally, there is a low amount of nitric oxide (NO) in the cardiac
cells, and doxorubicin increases its level. In this context, NO is known to
exert important roles in cellular signaling during pathological processes

Fig. 1. Flow diagram used in the present study for selection process.
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[58,59]. Interaction of NO with O2
− produces ONOO− that is a po-

tential free radical [60]. The ONOO− can turn to NO2
−, NO3

−, OH−,
and CO3

−. Thus, O2
− can induce production of reactive nitrogen spe-

cies (RNS). It is demonstrated that doxorubicin via increasing the oxi-
dative stress and decreasing the activity of poly (ADP-ribose) poly-
merase (PARP) activity induces DNA damage. Doxorubicin increases
lipid peroxidation (LPO) markers including MDA, 4-HDA, and TBARs,
resulting in the cell membrane devastation and malfunctions [61,62].
In this condition, extracellular ions, especially Ca2+, easily enter the
cells and lead to the cell dysfunction and apoptosis [63]. Moreover,
peroxyl radical, as the production of LPO, worsens the oxidative stress
[64].

Melatonin or some of its metabolites have a strong anti-oxidant role.
Melatonin through its small size and amphiphilic property easily passes
into the cell and performs its pleiotropic effect at both lipid and water
conditions [4,5]. It is also reported the anti-oxidant potential of mela-
tonin is several times more than the well-known antioxidants [65].
Generally, melatonin through both direct and indirect anti-oxidant
properties reduces cellular oxidative stress. Melatonin donates an
electron to neutralize free radicals in a direct way. Melatonin can
perform such action possibly via radical adduct formation, single elec-
tron transfer, and hydrogen atom transfer [66]. The possible mechan-
isms for melatonin's indirect way are via interaction with calmodulin,
which is involved in inhibition of nuclear RAR-related orphan receptor
alpha (RORa) receptor, epigenetic mechanisms, and modulating func-
tion or expression of Nuclear factor erythroid 2–related factor 2 (Nrf2)
[67,68]. Nrf2 acts as a transcription factor for several molecules which
are involved in an anti-oxidant activity, such as NAD(P)H Quinone
Dehydrogenase 1, heme oxygenase 1 (HO-1), GST, c-glutamylcysteine
synthase, and γ-glutamylcysteine synthetase (γ-GCS) [69]. Interaction
between each molecule of melatonin with two HO− produces cyclic 3-
hydroxymelatonin (3-OHM) which is oxidized to N1-acetyl-N2-formyl-
methoxykynuramne (AFMK). AFMK converts to N2-acetyl-5-methox-
ykynuramine (AMK) through a deformation process. Moreover, it is
worth-noting that 3-OHM, AFMK, and AMK also have anti-oxidant
properties [70]. GSH is an important intracellular anti-oxidant agent
that plays a primary role against oxidative stress [71]. GPx is another
anti-oxidant enzyme which turns H2O2 to 2H2O, and lipid peroxides to
lipid alcohols. By activity of GPx, two molecules of GSH in its thiol's

sulfur atom are oxidized into one glutathione disulfide (GSSG) [72].
GSH is recycled through reduction of GSSG by glutathione reductase
(GR) enzyme through consuming NADPH as a co-factor which is turned
to NADP+ [73]. As mentioned, doxorubicin decreases heart GSH and
GR activity, which are both modified by melatonin. Melatonin would
do such action through its anti-oxidant activity, its synergistic effects
with other anti-oxidants agents, up-regulation of GSH, and elevation of
g-glutamylcysteine production [74]. Melatonin via its pleiotropic effect
inhibits elevation of NO and RNS induced by doxorubicin [4,5]. Mel-
atonin through its anti-oxidant effect and elevation of PARP enzyme
activity decreases doxorubicin-induced DNA damage [75].

Previous studies have clearly and strongly mentioned that there is a
relation between the elevation of oxidative stress with the initiation of
inflammation and apoptosis pathway [76,77].

4.2. Anti-apoptotic actions

Apoptosis is a physiological pathway that regulates cell death and
has critical roles in homeostasis and cell survival. Apoptosis is needed
to eliminate the harmed or transformed cells; this is required for
shaping the organs or controlling the cell numbers [78]. Any irregu-
larity or reduction of this pathway could induce tissue disorders or
cancer [79,80]. Doxorubicin-induced cardiomyocyte apoptosis as a
pathogenic mechanism in acute cardiotoxicity [46,81] and mitochon-
drial-dependent intrinsic apoptosis are the major reasons for cardiac
dysfunction [82]. Elevation of mitochondrial transition pore opening
(mPTP) and mitochondrial membrane permeabilization (MMP) con-
stitutes an essential step of the intrinsic pathway leading to apoptosis
[83]. In addition, cardiotoxicity of doxorubicin occurs possibly due to
the inducible effect of free radicals-induced on opening of mPTP. It is
demonstrated that free radicals are involved in mitochondrial damage
and protein oxidation, leading to irreversible formation of large holes in
the inner membrane, the so-called permeability transition causing loss
of MMP. It has been reported that aglycone metabolites of doxorubicin
increase Ca2+-dependent permeability of the inner mitochondrial
membrane to small solutes [84], which is accompanied by the release of
mitochondrial Ca2+, mitochondrial swelling, and the collapse of the
membrane potential. Doxorubicin also causes alterations in calcium
homeostasis which may accelerate through the chance of opening of

Fig. 2. The molecular mechanisms of cardiac cyto-
toxicity-induced by doxorubicin. Doxorubicin in-
duces oxidative stress mostly through mitochondrial
dysfunction. Also, doxorubicin through inhibition of
SOD, GST, and GSH enzymes induces increasing free
radicals and elevation in LPO markers. Furthermore,
doxorubicin elevates apoptosis through reduction in
BCL-2 and elevation of BAX activations as well as it
increases cytochrome C releases and caspase 3 levels.
In addition, this chemotherapeutic drug involves in
caspase independent apoptosis via reduction of PARP
cleavage. In this content, doxorubicin via up-reg-
ulation of SIRT1 and reduction in ATP and AMPK
levels induces apoptosis. Also, doxorubicin via up-
regulation of Mfn2, and elevation of Drp1 and hFis1
induces mitochondrial fission. Melatonin, through an
opposite pattern induced by doxorubicin, reduces
cardiac doxorubicin-induced cytotoxicity.
↑ increased by doxorubicin; ↓ decreased by doxor-
ubicin; SOD, superoxide dismutase; GST, glu-
tathione-S-transferase; GSH, glutathione; MDA,
malondialdehyde; 4-HDA, 4-hydroxyalkenes;
TBARS, thiobarbituric acid reactive substances;
PARP, poly (ADP-ribose) polymerase; Mfn2, mito-
fusin2; Drp1, dynamin-related protein1; hFis1,
human mitochondrial fission 1 protein; AIF,
Apoptosis Inducing Factor; AMPK, AMP-activated
protein kinase.
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sarcoplasmic reticulum calcium channels and inhibition of Na+/Ca2+

exchanger, thus inducing Ca2+overload of sarcoplasm and membrane
injury [39,85].

Several studies have indicated that melatonin exerts cardiac pro-
tection against apoptosis under above-mentioned diverse conditions
[86,87]. Melatonin markedly enhances anti-apoptotic Bcl2 protein level
and reduces pro-apoptotic proteins like Bax and caspase 3 in doxor-
ubicin-induced apoptosis [40]. PARP is a nuclear enzyme which is in-
volved in some of the cellular processes like programmed cell death and
DNA repair. Doxorubicin induces elevation activity of caspases 3 and 7,
and thus initiation of PARP cleavage [88–90]; these alterations are
modified by melatonin. Another pathway related to the anti-apoptotic
effects of melatonin against doxorubicin-induced cardiotoxicity is
through AMPK/PGC1 pathway. Peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC-1α), one of the transcriptional
co-activators, is a master regulator of mitochondrial biogenesis and
energy metabolism [91]. The diminished activity or expression of
PGC1α is a usual sign of cardiac dysfunction [92]. The studies have
demonstrated that doxorubicin reduces the activity and expression of
PGC1α in cardiomyocytes thus worsening acute cardiotoxicity [93,94].
However, in-vivo and in-vitro studies showed that melatonin markedly
increases PGC1α expression [95]. 5′ AMP-activated protein kinase
(AMPK) has the main role in cell growth and survival via several me-
chanisms including protein synthesis, mitochondrial biogenesis, and
energy homeostasis in the heart. AMPK activation occurs by phos-
phorylation of Thr172 site, and this activation maintains myocytes'
energy balance [96]. It has been demonstrated AMPK's activity sig-
nificantly reduces during doxorubicin-induced cardiotoxicity [97].
However, melatonin administration can effectively reverse reduction of
AMPK, and down-regulation of PGC1α expression induced by doxor-
ubicin, thereby diminishing cardiomyocyte apoptosis [98]. Further-
more, anti-apoptotic property of melatonin is exerted via inhibiting
nuclear and mitochondrial DNA damage, prevention of mPTP and di-
rect modulation of different proteins involved in the cell death related
processes [99]. These findings are further confirmed by the fact that
mitochondrial membrane potential is restored by melatonin as a potent
anti-oxidant. The protective effects of melatonin against doxorubicin-
induced loss of MMP may occur by inhibition of apoptosis and main-
tenance of mitochondria anti-oxidant capacity [24].

4.3. Anti-inflammatory actions

The inflammatory process is a biological phenomenon occurring in
response to harmful stimuli. The rate of inflammatory response must be
in balance, which is for reducing the harm of hazardous stimuli.
Inflammation is identified through elevation in leukocyte migration to
injured area, enhanced production of pro-inflammatory cytokines, and
increased chemotaxis of leukocytes [4,5]. Doxorubicin can induce heart
inflammation during chemotherapy. It has been previously mentioned
that oxidative stress induced by doxorubicin is involved in LPO and
may induce activation of lysosomal enzymes, and thereby promoting
inflammation in heart tissue. It is well-known that ROS take roles for
activation of NF-kappaB and IκB via IκB kinase (IKK). Inhibitory pro-
teins of kB family (IkB) hinder nuclear translocation of NF-kappaB. IKK
activation induces phosphorylation of IKB and NF-KB. Inactivation of
phosphorylated IKB promotes nuclear translocation of phosphorylated
NF-KB and its attachment to genomic promoter of numerous in-
flammatory mediators. Several studies revealed that the use of doxor-
ubicin induces up-regulation of pro-inflammatory cytokines including
TNF-α, cyclooxygenase-2 (COX-2), intercellular adhesion molecule-1
(ICAM-1) and IL-6 [100–102]. Melatonin is reported to reduce oxida-
tive stress and activation of NF-KB as well as upregulation of in-
flammatory cytokines [103]. ICAM-1 is a surface protein that exerts
important role in the infiltration of leucocytes to the damaged areas of
heart tissue [104].

In histological studies, it has been demonstrated that doxorubicin-

induced infiltration of inflammatory cells is reduced by melatonin.

4.4. Mitochondrial actions

The main site for the production of melatonin in organisms is mi-
tochondria [105]. Serotonin N-acetyltransferase (SNAT) is an enzyme
synthesizes melatonin, produced by cell genomic and translocated to
mitochondria matrix and intermembrane. Moreover, it is assumed that
melatonin production mainly occurs in matrix of mitochondria [106].

On a molecular level, the mitochondrial disorder is an apparent sign
of doxorubicin-induced cardiotoxicity. The selective removal of da-
maged mitochondria is called mitophagy, a process responsible for se-
lective degradation of mitochondria by autophagy, which is a necessary
process to keep mitochondrial quality control and cellular homeostasis
[107]. PARKIN and Pink1 are two vital proteins involved in mitophagy.
Pink1 binds to defected mitochondria and cytosolic PARKIN to initiate
mitophagic elimination [108]. It has been reported that in doxorubicin-
treated rats, the level of Pink1 protein significantly increases in the
heart tissue. Furthermore, PARKIN protein level significantly increased
in response to doxorubicin treatment. However, other studies have in-
dicated that melatonin elevates mitophagy and preserves mitochondrial
homeostasis [109]. Mitochondrial fusion in mammalian cells is con-
trolled by mitofusin (Mfn) proteins including Mfn1 and Mfn2. Mfn fa-
cilitates the binding of two separate mitochondria during early stages of
mitochondrial fusion [110]. Mitochondrial fission is controlled via dy-
namin-related protein1 (Drp) and hFis1 (human mitochondrial fission 1
protein); hFis1 is located in the outer mitochondrial membrane, and it
forms protein-protein interaction sites, which are protruding toward the
cytosol [111]. Drp1 is mainly located in the cytosol, and upon fission
Drp1 is recruited to the mitochondria via hFis1. When Drp1 interacts
with hFis1 at fission sites, a collar around the mitochondrion is formed.
The constriction of collar leads to a separation of the outer mitochon-
drial membrane, yielding two independent organelles [112]. Thus, the
results indicated that doxorubicin induces mitochondrial fission and
disrupting mitochondrial fusion via diminishing Mfn1 and Mfn2 ex-
pression as well as increasing mitochondrial fission protein (Drp1 and
hFis1) expression. Melatonin reversed the changes in expression of
mitochondrial fission and fusion proteins, favoring mitochondrial fu-
sion during doxorubicin-induced cardiotoxicity. In the cardiac cells,
mitochondrial fission and fusion are critical processes, where the
morphology of mitochondria adapts to meet the high metabolic needs
of the heart.

As it has been reported mitochondria is the main source of ROS
production, which is detoxified by melatonin. AFMK is produced by
melatonin interaction with cytochrome C, and it acts as a carrier of
electron in mitochondria electron transport chain [106]. Cytochrome
P450 isoform B in mitochondria is responsible for metabolizing mela-
tonin to N-acetylserotonin, and it exerts important roles in the anti-
tumor effects of melatonin [113]. Melatonin in normal cells has bene-
ficial effects, whereas in cancerous cells it increases apoptosis due to
increasing release of cytochrome C into the cytoplasm via elevated
activation of N-acetyl serotonin. As reported in several studies, mela-
tonin has protective effects on mitochondrial injury in organisms. It is
demonstrated that melatonin preserves normal mitochondrial mor-
phology [106]. Moreover, the use of melatonin caused a remarkable
increase in cellular ATP levels in comparison with the doxorubicin-
treated group. Furthermore, melatonin treatment alone is able to
maintain cellular ATP at basal levels suggesting that melatonin has a
protective effect on mitochondria during stressful conditions such as
doxorubicin-induced cardiotoxicity [39]. Melatonin would do such
actions possibly through influencing mitochondrial dynamics, including
blockade of mitochondrial fission and induction of mitochondrial fusion
[106]. Melatonin counteracts markedly inhibitory effect of doxorubicin
on Mfn proteins. In addition, melatonin is found to reduce the expres-
sion of Drp1 and hFis1 proteins, which are both increased by doxor-
ubicin. It was reported that the level of Pink1 protein in the heart tissue
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markedly diminished by melatonin [41]. It was demonstrated electron
leakage is the main mechanism for ROS elevation [114]. Melatonin
upregulates gene expression and increases activities of uncoupling
proteins (UCPs). Melatonin accelerates the electron flow in the ETC and
reduces the electron leakage, thereby avoiding ROS formation [115].

It is also likely that melatonin maintained cellular ATP levels by
reducing electron leakage from the ETC via modulation of uncoupling
protein activity and thereby limiting molecular damage to the ETC
[41]. The proposed mechanism for this is melatonin inducible effect on
UCPs activities in the mitochondrial inner membrane. The activation of
UCPs induces transferring of protons from intermembrane space to the
matrix and can be used to produce ATP [116,117].

5. Perspective of future research

It is known the use of doxorubicin, as a chemotherapy agent, is an
important way to battle cancer, especially in the progressive stage.
However, this chemotherapy agent has harmful effects on the normal
cells which limit its usage as an option for cancer treatment [118]. The
recent research on different in-vivo or in-vitro models demonstrated that
some agents can decrease the non-specific side effects related to che-
motherapy on normal cells and even potentiate the effects of che-
motherapy agents on cancerous cells or decrease drug resistance [4,5].
This property could be very effective and important during che-
motherapy which especially needs more research. Cardiac injury re-
lated to chemotherapy may be associated with the treatment strategy,
personal features such as individual rate of doxorubicin metabolisms, or
even functions of other tissues that are involved in excretion of dox-
orubicin [119,120].

It is of noting that oxidative stress is involved in the initiation and
progress of cancers, and that induction of oxidative stress is considered
as one of the main mechanisms of battling cancer cells. Non-specific
induction of oxidative stress may combat both cancer cells and normal
cells in the target cells or even non-target cells [121]. In this context, it
has previously been reported that melatonin can be served as both pro-
oxidant agent for combating cancer cells, and as an anti-oxidant to
reduce free radical accumulation in normal cells, thus it can be pro-
posed as a wonderful agent to use for patients receiving chemotherapy.
The dual melatonin role has also been proposed for targeting doxor-
ubicin-related inflammation and apoptosis. Sometimes the che-
motherapy process is the best and most effective way for cancer treat-
ment, but the non-specific side effects and toxic injury to normal cells
can be the main problems that limit chemotherapy treatment [4,5].
Doxorubicin-induced cardiotoxicity is common during chemotherapy of
other cancerous tissues, which are not related to heart [122]. Thus, it
seems necessary to discover some agents effective for protection of
normal cells from the perilous effect of doxorubicin.

As already stated, the use of melatonin, as an adjuvant treatment
alongside chemotherapy, has a double effect, as it would decrease side
effects induced by chemotherapy agents on the normal cells and in-
crease the pathway which leads to death of cancerous cells [123,124].
Previously, it has been demonstrated that melatonin reduces the toxic
effect of doxorubicin on the cardiac cells, but it needs to discover the
role of co-treatment of melatonin on cardiac cancerous cells, and to
identify underlying mechanisms [68]. In the present study, it can be
understood that melatonin reduces doxorubicin-induced cardiotoxicity
mainly by decreasing the oxidative stress via its direct and indirect
antioxidant property [70]. The limitation of this study is that the results
were interpreted according to the studies performed on animal models.
Because sometimes findings are different between the animal and clinic
studies, and thus further clinical studies are needed.

6. Conclusion

According to the results of the present study, it was found that co-
treatment of melatonin resulted a decrease in the rate of mortality, an

increase in the body weight and heart weight, and a decrease in the
ascites value compared to doxorubicin-treated groups. Co-administra-
tion of doxorubicin and melatonin also ameliorated the doxorubicin-
induced biochemical and histopathological changes (for most of the
cases) by mechanisms of anti-oxidant, anti-apoptosis, anti-in-
flammatory, and mitochondrial function.

Ethical approval

This article does not contain any studies with human participants or
animals performed by any of the authors.

Declaration of competing interest

Author M.N declares that he has no conflict of interest. Author
MR.HSH declares that he has no conflict of interest. Author K.M de-
clares that he has no conflict of interest. Author B.F declares that he has
no conflict of interest. Author H.H-A declares that he has no conflict of
interest.

References

[1] R.L. Siegel, K.D. Miller, A. Jemal, Cancer statistics, 2015, CA Cancer J. Clin. 65
(2015) 5–29.

[2] F. Bray, J. Ferlay, I. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries, CA Cancer J. Clin. 68 (2018) 394–424.

[3] M.T.B. Toossi, S. Soleymanifard, B. Farhood, S. Mohebbi, D. Davenport,
Assessment of accuracy of out-of-field dose calculations by TiGRT treatment
planning system in radiotherapy, J. Cancer Res. Ther. 14 (2018) 634.

[4] H. Haghi-Aminjan, B. Farhood, M. Rahimifard, T. Didari, M. Baeeri, S. Hassani,
et al., The protective role of melatonin in chemotherapy-induced nephrotoxicity: a
systematic review of non-clinical studies, Expert Opin. Drug Metab. Toxicol. 14
(2018) 937–950.

[5] H. Haghi-Aminjan, M.H. Asghari, B. Farhood, M. Rahimifard, N. Hashemi Goradel,
M. Abdollahi, The role of melatonin on chemotherapy-induced reproductive
toxicity, J. Pharm. Pharmacol. 70 (2018) 291–306.

[6] Y. Octavia, C.G. Tocchetti, K.L. Gabrielson, S. Janssens, H.J. Crijns, A.L. Moens,
Doxorubicin-induced cardiomyopathy: from molecular mechanisms to therapeutic
strategies, J. Mol. Cell. Cardiol. 52 (2012) 1213–1225.

[7] P.K. Singal, N. Iliskovic, Doxorubicin-induced cardiomyopathy, N. Engl. J. Med.
339 (1998) 900–905.

[8] Z.E. Ozgen, M. Erdinc, H. Akkoc, I. Kelle, Protective effects of melatonin on
doxorubicin induced cardiotoxicity in isolated rat heart, Eastern Journal of
Medicine 21 (2016) 119.

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

[10] S.E. Bates, D.R. Rosing, T. Fojo, R.L. Piekarz, Challenges of Evaluating the Cardiac
Effects of Anticancer Agents, AACR, 2006.

[11] P. Elliott, Pathogenesis of cardiotoxicity induced by anthracyclines, Seminars in
Oncology, Elsevier, 2006, pp. 2–7.

[12] N.H. Goradel, M.H. Asghari, M. Moloudizargari, B. Negahdari, H. Haghi-Aminjan,
M. Abdollahi, Melatonin as an angiogenesis inhibitor to combat cancer: mechan-
istic evidence, Toxicol. Appl. Pharmacol. 335 (2017) 56–63.

[13] D. Moher, A. Liberati, J. Tetzlaff, D.G. Altman, Preferred reporting items for sys-
tematic reviews and meta-analyses: the PRISMA statement, Ann. Intern. Med. 151
(2009) 264–269 (w64).

[14] I. Morishima, H. Matsui, H. Mukawa, K. Hayashi, Y. Toki, K. Okumura, et al.,
Melatonin, a pineal hormone with antioxidant property, protects against adria-
mycin cardiomyopathy in rats, Life Sci. 63 (1998) 511–521.

[15] I. Morishima, K. Okumura, H. Matsui, S. Kaneko, Y. Numaguchi, K. Kawakami,
et al., Zinc accumulation in adriamycin-induced cardiomyopathy in rats: effects of
melatonin, a cardioprotective antioxidant, J. Pineal Res. 26 (1999) 204–210.

[16] M.H. Abdel Wahab, E.S.E.M.S. Akoul, A.A.H. Abdel-Aziz, Modulatory effects of
melatonin and vitamin E on doxorubicin-induced cardiotoxicity in Ehrlich ascites
carcinoma-bearing mice, Tumori 86 (2000) 157–162.

[17] M. Granzotto, V. Rapozzi, G. Decorti, T. Giraldi, Effects of melatonin on doxor-
ubicin cytotoxicity in sensitive and pleiotropically resistant tumor cells, J. Pineal
Res. 31 (2001) 206–213.

[18] J. Han, C. Kim, N. Kim, J. Park, Y. Yang, E. Kim, The protective effect of melatonin
administration against adriamycin-induced cardiotoxicity in rats, Korean Journal
of Physiology and Pharmacology 5 (2001) 333–342.

[19] S. Karim, U. Bhandari, H. Kumar, A. Salam, M.A.A. Siddiqui, K.K. Pillai,
Doxorubicin induced cardiotoxicity and its modulation by drugs, Indian J. Pharm.
33 (2001) 203–207.

[20] M.F. Xu, S. Ho, Z.M. Qian, P.L. Tang, Melatonin protects against cardiac toxicity of
doxorubicin in rat, J. Pineal Res. 31 (2001) 301–307.

[21] M.F. Xu, P.L. Tang, Z.M. Qian, M. Ashraf, Effects by doxorubicin on the

M. Najafi, et al. Life Sciences 241 (2020) 117173

8

http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0005
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0005
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0010
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0010
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0010
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0015
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0015
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0015
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0020
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0020
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0020
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0020
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0025
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0025
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0025
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0030
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0030
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0030
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0035
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0035
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0040
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0040
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0040
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0045
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0045
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0045
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0050
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0050
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0055
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0055
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0060
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0060
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0060
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0065
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0065
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0065
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0070
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0070
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0070
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0075
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0075
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0075
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0080
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0080
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0080
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0085
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0085
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0085
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0090
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0090
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0090
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0095
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0095
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0095
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0100
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0100
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0105


myocardium are mediated by oxygen free radicals, Life Sci. 68 (2001) 889–901.
[22] P. Dziegiel, Z. Jethon, E. Suder, M. Sopel, J. Rabczynski, P. Surowiak, et al., Role

of exogenous melatonin in reducing the cardiotoxic effect of daunorubicin and
doxorubicin in the rat, Exp. Toxicol. Pathol. 53 (2002) 433–439.

[23] X. Liu, Z. Chen, C.C. Chua, Y.S. Ma, G.A. Youngberg, R. Hamdy, et al., Melatonin
as an effective protector against doxorubicin-induced cardiotoxicity, Am. J.
Physiol. Heart Circ. Physiol. 283 (2002) H254–H263.

[24] M.F. Xu, M. Ashraf, Melatonin protection against lethal myocyte injury induced by
doxorubicin as reflected by effects on mitochondrial membrane potential, J. Mol.
Cell. Cardiol. 34 (2002) 75–79.

[25] P. Dziegiel, E. Murawska-Cialowicz, Z. Jethon, L. Januszewska, M. Podhorska-
Okolow, P. Surowiak, et al., Melatonin stimulates the activity of protective anti-
oxidative enzymes in myocardial cells of rats in the course of doxorubicin in-
toxication, J. Pineal Res. 35 (2003) 183–187.

[26] E. Sahna, H. Parlakpinar, M.K. Ozer, F. Ozturk, F. Ozugurlu, A. Acet, Melatonin
protects against myocardial doxorubicin toxicity in rats: role of physiological
concentrations, J. Pineal Res. 35 (2003) 257–261.

[27] E. Balli, U. Mete, A. Tuli, Ö. Tap, M. Kaya, Effect of melatonin on the cardiotoxicity
of doxorubicin, Histol. Histopathol. 19 (2004) 1101–1108.

[28] H.H. Ahmed, F. Mannaa, G.A. Elmegeed, S.H. Doss, Cardioprotective activity of
melatonin and its novel synthesized derivatives on doxorubicin-induced cardio-
toxicity, Bioorg. Med. Chem. 13 (2005) 1847–1857.

[29] C. Kim, N. Kim, H. Joo, J.B. Youm, W.S. Park, D.V. Cuong, et al., Modulation by
melatonin of the cardiotoxic and antitumor activities of adriamycin, J. Cardiovasc.
Pharmacol. 46 (2005) 200–210.

[30] E. Oz, D. Erbas, H.S. Surucu, E. Duzgun, Prevention of doxorubicin-induced car-
diotoxicity by melatonin, Mol. Cell. Biochem. 282 (2006) 31–37.

[31] A.I. Othman, M.A. El-Missiry, M.A. Amer, M. Arafa, Melatonin controls oxidative
stress and modulates iron, ferritin, and transferrin levels in adriamycin treated
rats, Life Sci. 83 (2008) 563–568.

[32] S. Aydemir, I. Özdemir, A. Kart, Role of exogenous melatonin on adriamycin-in-
duced changes in the rat heart, Eur. Rev. Med. Pharmacol. Sci. 14 (2010) 435–441.

[33] M. Ozturk, M. Ozler, Y.G. Kurt, B. Ozturk, B. Uysal, N. Ersoz, et al., Efficacy of
melatonin, mercaptoethylguanidine and 1400W in doxorubicin- and trastuzumab-
induced cardiotoxicity, J. Pineal Res. 50 (2011) 89–96.

[34] C.M. Sag, A.C. Köhler, M.E. Anderson, J. Backs, L.S. Maier, CaMKII-dependent SR
Ca leak contributes to doxorubicin-induced impaired Ca handling in isolated
cardiac myocytes, J. Mol. Cell. Cardiol. 51 (2011) 749–759.

[35] I.S. Arif, C.L. Hooper, F. Greco, A.C. Williams, S.Y. Boateng, Increasing doxor-
ubicin activity against breast cancer cells using PPAR gamma-ligands and by ex-
ploiting circadian rhythms, Br. J. Pharmacol. 169 (2013) 1178–1188.

[36] Y. Zhang, L.X. Li, C. Xiang, Z.Q. Ma, T. Ma, S.C. Zhu, Protective effect of melatonin
against Adriamycin-induced cardiotoxicity, Exp. Ther. Med. 5 (2013) 1496–1500.

[37] A. Bilginoglu, D. Aydin, S. Ozsoy, H. Aygun, Protective effect of melatonin on
adriamycin-induced cardiotoxicity in rats, Turk Kardiyol. Dern. Ars. 42 (2014)
265–273.

[38] M.C. Asensio-López, F. Soler, J. Sánchez-Más, D. Pascual-Figal, F. Fernández-
Belda, A. Lax, Early oxidative damage induced by doxorubicin: source of pro-
duction, protection by GKT137831 and effect on Ca2+ transporters in HL-1 car-
diomyocytes, Arch. Biochem. Biophys. 594 (2016) 26–36.

[39] R.I. Yassien, A.F. Elsaid, The possible protective role of melatonin on doxorubicin
induced cardiomyopathy of adult male albino rats, Egyptian Journal of Histology
40 (2017) 25–36.

[40] D. Liu, Z.Q. Ma, S.Y. Di, Y. Yang, J.G. Yang, L.Q. Xu, et al., AMPK/PGC1 alpha
activation by melatonin attenuates acute doxorubicin cardiotoxicity via alleviating
mitochondrial oxidative damage and apoptosis, Free Radic. Biol. Med. 129 (2018)
59–72.

[41] J. Govender, B. Loos, E. Marais, A.M. Engelbrecht, Melatonin improves cardiac
and mitochondrial function during doxorubicin-induced cardiotoxicity: a possible
role for peroxisome proliferator-activated receptor gamma coactivator 1-alpha and
sirtuin activity? Toxicol. Appl. Pharmacol. 358 (2018) 86–101.

[42] N.J. Pagidipati, T.A. Gaziano, Estimating deaths from cardiovascular disease: a
review of global methodologies of mortality measurement, Circulation 127 (2013)
749–756.

[43] S. Jafari, S. Saeidnia, M. Abdollahi, Role of natural phenolic compounds in cancer
chemoprevention via regulation of the cell cycle, Curr. Pharm. Biotechnol. 15
(2014) 409–421.

[44] H. Panahpour, G.A. Dehghani, S. Bohlooli, Enalapril attenuates ischaemic brain
oedema and protects the blood-brain barrier in rats via an anti-oxidant action,
Clin. Exp. Pharmacol. Physiol. 41 (2014) 220–226.

[45] S. Bohlooli, S. Mohammadi, K. Amirshahrokhi, H. Mirzanejad-Asl, M. Yosefi,
A. Mohammadi-Nei, et al., Effect of Methylsulfonylmethane pretreatment on
aceta-minophen induced hepatotoxicity in rats, Iran. J. Basic Med. Sci. 16 (2013)
896–900.

[46] P.B. Narayanaswamy, M. Hodjat, H. Haller, I. Dumler, Y. Kiyan, Loss of urokinase
receptor sensitizes cells to DNA damage and delays DNA repair, PLoS One 9 (2014)
e101529.

[47] M. Baeeri, S. Momtaz, M. Navaei-Nigjeh, K. Niaz, M. Rahimifard, S.F. Ghasemi-
Niri, et al., Molecular evidence on the protective effect of ellagic acid on phosa-
lone-induced senescence in rat embryonic fibroblast cells, Food Chem. Toxicol.
100 (2017) 8–23.

[48] K. Niaz, F.I. Hassan, F. Mabqool, F. Khan, S. Momtaz, M. Baeeri, et al., Effect of
styrene exposure on plasma parameters, molecular mechanisms and gene ex-
pression in rat model islet cells, Environ. Toxicol. Pharmacol. 54 (2017) 62–73.

[49] N. Jowzi, M. Rahimifard, M. Navaei-Nigjeh, M. Baeeri, B. Darvishi,
M.A. Rezvanfar, et al., Reduction of chlorpyrifos-induced toxicity in human

lymphocytes by selected phosphodiesterase inhibitors, Pestic. Biochem. Physiol.
128 (2016) 57–62.

[50] N. Nobakht-Haghighi, M. Rahimifard, M. Baeeri, M.A. Rezvanfar, S. Moini Nodeh,
H. Haghi-Aminjan, et al., Regulation of aging and oxidative stress pathways in
aged pancreatic islets using alpha-lipoic acid, Mol. Cell. Biochem. 449 (2018)
267–276.

[51] M. Sanati, F. Khodagholi, S. Aminyavari, F. Ghasemi, M. Gholami,
A. Kebriaeezadeh, et al., Impact of gold nanoparticles on amyloid beta-induced
Alzheimer’s disease in a rat animal model: involvement of STIM proteins, ACS
Chem. Neurosci. 10 (2019) 2299–2309.

[52] J.C. Juarez, M. Manuia, M.E. Burnett, O. Betancourt, B. Boivin, D.E. Shaw, et al.,
Superoxide dismutase 1 (SOD1) is essential for H2O2-mediated oxidation and
inactivation of phosphatases in growth factor signaling, Proc. Natl. Acad. Sci. U. S.
A. 105 (2008) 7147–7152.

[53] G.P. Bienert, F. Chaumont, Aquaporin-facilitated transmembrane diffusion of hy-
drogen peroxide, Biochim. Biophys. Acta 1840 (2014) 1596–1604.

[54] M. Cerny, H. Habanova, M. Berka, M. Luklova, B. Brzobohaty, Hydrogen peroxide:
its role in plant biology and crosstalk with signalling networks, Int. J. Mol. Sci. 19
(2018).

[55] B. Shrestha, J.M. Reed, P.T. Starks, G.E. Kaufman, J.V. Goldstone, M.E. Roelke,
et al., Evolution of a major drug metabolizing enzyme defect in the domestic cat
and other felidae: phylogenetic timing and the role of hypercarnivory, PLoS One 6
(2011) e18046.

[56] A. Phaniendra, D.B. Jestadi, L. Periyasamy, Free radicals: properties, sources,
targets, and their implication in various diseases, Indian J. Clin. Biochem. 30
(2015) 11–26.

[57] B.J. Day, Catalase and glutathione peroxidase mimics, Biochem. Pharmacol. 77
(2009) 285–296.

[58] A.Z. Luu, B. Chowdhury, M. Al-Omran, H. Teoh, D.A. Hess, S. Verma, Role of
endothelium in doxorubicin-induced cardiomyopathy, JACC Basic to Translational
Science 3 (2018) 861–870.

[59] T. Münzel, G.G. Camici, C. Maack, N.R. Bonetti, V. Fuster, J.C. Kovacic, Impact of
Oxidative Stress on the Heart and Vasculature: Part 2 of a 3-Part Series, J. Am.
Coll. Cardiol. 70 (2017) 212–229.

[60] M.A. Rezvanfar, M.A. Rezvanfar, A. Ahmadi, H.A. Saadi, M. Baeeri, M. Abdollahi,
Mechanistic links between oxidative/nitrosative stress and tumor necrosis factor
alpha in letrozole-induced murine polycystic ovary: biochemical and pathological
evidences for beneficial effect of pioglitazone, Hum. Exp. Toxicol. 31 (2012)
887–897.

[61] M. Ciaccio, M. Valenza, L. Tesoriere, A. Bongiorno, R. Albiero, M.A. Livrea,
Vitamin A inhibits doxorubicin-induced membrane lipid peroxidation in rat tissues
in vivo, Arch. Biochem. Biophys. 302 (1993) 103–108.

[62] C. Mylonas, D. Kouretas, Lipid peroxidation and tissue damage, In Vivo (Athens,
Greece) 13 (1999) 295–309.

[63] A. Rani, A. Kumar, A. Lal, M. Pant, Cellular mechanisms of cadmium-induced
toxicity: a review, Int. J. Environ. Health Res. 24 (2014) 378–399.

[64] A. Ayala, M.F. Munoz, S. Arguelles, Lipid peroxidation: production, metabolism,
and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal,
Oxidative Med. Cell. Longev. 2014 (2014) 360438.

[65] R. Hardeland, R.J. Reiter, B. Poeggeler, D.X. Tan, The significance of the meta-
bolism of the neurohormone melatonin: antioxidative protection and formation of
bioactive substances, Neurosci. Biobehav. Rev. 17 (1993) 347–357.

[66] A. Galano, D.X. Tan, R.J. Reiter, On the free radical scavenging activities of
melatonin’s metabolites, AFMK and AMK, J. Pineal Res. 54 (2013) 245–257.

[67] P. Abraham, V.K. Kolli, S. Rabi, Melatonin attenuates methotrexate-induced oxi-
dative stress and renal damage in rats, Cell Biochem. Funct. 28 (2010) 426–433.

[68] U. Kilic, E. Kilic, Z. Tuzcu, M. Tuzcu, I.H. Ozercan, O. Yilmaz, et al., Melatonin
suppresses cisplatin-induced nephrotoxicity via activation of Nrf-2/HO-1 pathway,
Nutr. Metab. 10 (2013) 7.

[69] K. Kleszczynski, D. Zillikens, T.W. Fischer, Melatonin enhances mitochondrial ATP
synthesis, reduces reactive oxygen species formation, and mediates translocation
of the nuclear erythroid 2-related factor 2 resulting in activation of phase-2 an-
tioxidant enzymes (gamma-GCS, HO-1, NQO1) in ultraviolet radiation-treated
normal human epidermal keratinocytes (NHEK), J. Pineal Res. 61 (2016)
187–197.

[70] R.J. Reiter, D.X. Tan, J.C. Mayo, R.M. Sainz, J. Leon, Z. Czarnocki, Melatonin as an
antioxidant: biochemical mechanisms and pathophysiological implications in hu-
mans, Acta Biochim. Pol. 50 (2003) 1129–1146.

[71] S.S. Singhal, S.P. Singh, P. Singhal, D. Horne, J. Singhal, S. Awasthi, Antioxidant
role of glutathione S-transferases: 4-hydroxynonenal, a key molecule in stress-
mediated signaling, Toxicol. Appl. Pharmacol. 289 (2015) 361–370.

[72] L. Flohe, The fairytale of the GSSG/GSH redox potential, Biochim. Biophys. Acta
1830 (2013) 3139–3142.

[73] D. Giustarini, I. Dalle-Donne, A. Milzani, P. Fanti, R. Rossi, Analysis of GSH and
GSSG after derivatization with N-ethylmaleimide, Nat. Protoc. 8 (2013)
1660–1669.

[74] D. Giustarini, D. Tsikas, G. Colombo, A. Milzani, I. Dalle-Donne, P. Fanti, et al.,
Pitfalls in the analysis of the physiological antioxidant glutathione (GSH) and its
disulfide (GSSG) in biological samples: an elephant in the room, J. Chromatogr. B
Anal. Technol. Biomed. Life Sci. 1019 (2016) 21–28.

[75] N.J. Curtin, C. Szabo, Therapeutic applications of PARP inhibitors: anticancer
therapy and beyond, Mol. Asp. Med. 34 (2013) 1217–1256.

[76] M. Mittal, M.R. Siddiqui, K. Tran, S.P. Reddy, A.B. Malik, Reactive oxygen species
in inflammation and tissue injury, Antioxid. Redox Signal. 20 (2014) 1126–1167.

[77] M. Redza-Dutordoir, D.A. Averill-Bates, Activation of apoptosis signalling path-
ways by reactive oxygen species, Biochim. Biophys. Acta 1863 (2016) 2977–2992.

M. Najafi, et al. Life Sciences 241 (2020) 117173

9

http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0105
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0110
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0110
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0110
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0115
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0115
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0115
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0120
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0120
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0120
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0125
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0125
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0125
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0125
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0130
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0130
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0130
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0135
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0135
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0140
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0140
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0140
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0145
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0145
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0145
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0150
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0150
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0155
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0155
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0155
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0160
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0160
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0165
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0165
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0165
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0170
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0170
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0170
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0175
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0175
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0175
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0180
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0180
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0185
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0185
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0185
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0190
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0190
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0190
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0190
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0195
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0195
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0195
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0200
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0200
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0200
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0200
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0205
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0205
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0205
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0205
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0210
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0210
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0210
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0215
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0215
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0215
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0220
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0220
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0220
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0225
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0225
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0225
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0225
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0230
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0230
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0230
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0235
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0235
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0235
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0235
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0240
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0240
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0240
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0245
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0245
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0245
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0245
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0250
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0250
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0250
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0250
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0255
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0255
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0255
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0255
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0260
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0260
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0260
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0260
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0265
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0265
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0270
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0270
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0270
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0275
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0275
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0275
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0275
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0280
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0280
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0280
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0285
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0285
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0290
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0290
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0290
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0295
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0295
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0295
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0300
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0300
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0300
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0300
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0300
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0305
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0305
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0305
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0310
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0310
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0315
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0315
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0320
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0320
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0320
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0325
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0325
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0325
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0330
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0330
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0335
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0335
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0340
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0340
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0340
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0345
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0345
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0345
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0345
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0345
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0345
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0350
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0350
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0350
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0355
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0355
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0355
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0360
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0360
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0365
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0365
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0365
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0370
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0370
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0370
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0370
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0375
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0375
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0380
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0380
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0385
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0385


[78] S. Bohlooli, N. Jafari, S. Jahed, Cytotoxic effect of freeze-dried extract of
Ecballium elaterium fruit on gastric adenocarcinoma (AGS) and esophageal
squamous cell carcinoma (KYSE30) cell lines, J. Gastrointest. Cancer 43 (2012)
579–583.

[79] V. Heydary, M. Navaei-Nigjeh, M. Rahimifard, A. Mohammadirad, M. Baeeri,
M. Abdollahi, Biochemical and molecular evidences on the protection by mag-
nesium oxide nanoparticles of chlorpyrifos-induced apoptosis in human lympho-
cytes, J. Res. Med. Sci. 20 (2015) 1021–1031.

[80] M. Shiri, M. Navaei-Nigjeh, M. Baeeri, M. Rahimifard, H. Mahboudi,
A.R. Shahverdi, et al., Blockage of both the extrinsic and intrinsic pathways of
diazinon-induced apoptosis in PaTu cells by magnesium oxide and selenium na-
noparticles, Int. J. Nanomedicine 11 (2016) 6239–6250.

[81] S. Wang, Y. Wang, Z. Zhang, Q. Liu, J. Gu, Cardioprotective effects of fibroblast
growth factor 21 against doxorubicin-induced toxicity via the SIRT1/LKB1/AMPK
pathway, Cell Death Dis. 8 (2017) e3018.

[82] L.B. Priya, R. Baskaran, C.-Y. Huang, V.V. Padma, Neferine ameliorates cardio-
myoblast apoptosis induced by doxorubicin: possible role in modulating NADPH
oxidase/ROS-mediated NFκB redox signaling cascade, Sci. Rep. 7 (2017) 12283.

[83] K.A. Webster, Mitochondrial membrane permeabilization and cell death during
myocardial infarction: roles of calcium and reactive oxygen species, Futur.
Cardiol. 8 (2012) 863–884.

[84] P.M. Sokolove, Interactions of adriamycin aglycones with mitochondria may
mediate adriamycin cardiotoxicity, Int. J. Biochem. 26 (1994) 1341–1350.

[85] P. Waring, Redox active calcium ion channels and cell death, Arch. Biochem.
Biophys. 434 (2005) 33–42.

[86] Z. Ma, Z. Xin, W. Di, X. Yan, X. Li, R.J. Reiter, et al., Melatonin and mitochondrial
function during ischemia/reperfusion injury, Cell. Mol. Life Sci. 74 (2017)
3989–3998.

[87] H.F. Pei, J.N. Hou, F.P. Wei, Q. Xue, F. Zhang, C.F. Peng, et al., Melatonin at-
tenuates postmyocardial infarction injury via increasing Tom70 expression, J.
Pineal Res. 62 (2017) e12371.

[88] S. Chua, F.Y. Lee, H.J. Chiang, K.H. Chen, H.I. Lu, Y.T. Chen, et al., The cardio-
protective effect of melatonin and exendin-4 treatment in a rat model of cardi-
orenal syndrome, J. Pineal Res. 61 (2016) 438–456.

[89] J. Liu, W. Mao, B. Ding, C. Liang, ERKs/p53 signal transduction pathway is in-
volved in doxorubicin-induced apoptosis in H9c2 cells and cardiomyocytes, Am. J.
Phys. Heart Circ. Phys. 295 (2008) H1956–H1965.

[90] B.J. Sishi, B. Loos, J. van Rooyen, A.-M. Engelbrecht, Autophagy upregulation
promotes survival and attenuates doxorubicin-induced cardiotoxicity, Biochem.
Pharmacol. 85 (2013) 124–134.

[91] R. Ventura-Clapier, A. Garnier, V. Veksler, Transcriptional control of mitochon-
drial biogenesis: the central role of PGC-1α, Cardiovasc. Res. 79 (2008) 208–217.

[92] G.C. Rowe, A. Jiang, Z. Arany, PGC-1 coactivators in cardiac development and
disease, Circ. Res. 107 (2010) 825–838.

[93] L. Cui, J. Guo, Q. Zhang, J. Yin, J. Li, W. Zhou, et al., Erythropoietin activates
SIRT1 to protect human cardiomyocytes against doxorubicin-induced mitochon-
drial dysfunction and toxicity, Toxicol. Lett. 275 (2017) 28–38.

[94] J. Guo, Q. Guo, H. Fang, L. Lei, T. Zhang, J. Zhao, et al., Cardioprotection against
doxorubicin by metallothionein is associated with preservation of mitochondrial
biogenesis involving PGC-1α pathway, Eur. J. Pharmacol. 737 (2014) 117–124.

[95] S.M. Oliveira, Y.-H. Zhang, R.S. Solis, H. Isackson, M. Bellahcene, A. Yavari, et al.,
AMP-activated protein kinase phosphorylates cardiac troponin I and alters con-
tractility of murine ventricular myocytes, Circ. Res. 110 (2012) 1192–1201.

[96] V.G. Zaha, L.H. Young, AMP-activated protein kinase regulation and biological
actions in the heart, Circ. Res. 111 (2012) 800–814.

[97] T. Kawaguchi, G. Takemura, H. Kanamori, T. Takeyama, T. Watanabe,
K. Morishita, et al., Prior starvation mitigates acute doxorubicin cardiotoxicity
through restoration of autophagy in affected cardiomyocytes, Cardiovasc. Res. 96
(2012) 456–465.

[98] L. Yu, B. Gong, W. Duan, C. Fan, J. Zhang, Z. Li, et al., Melatonin ameliorates
myocardial ischemia/reperfusion injury in type 1 diabetic rats by preserving mi-
tochondrial function: role of AMPK-PGC-1α-SIRT3 signaling, Sci. Rep. 7 (2017)
41337.

[99] A. Tarocco, N. Caroccia, G. Morciano, M.R. Wieckowski, G. Ancora, G. Garani,
et al., Melatonin as a master regulator of cell death and inflammation: molecular
mechanisms and clinical implications for newborn care, Cell Death Dis. 10 (2019)
317.

[100] R.M. Delgado 3rd, M.A. Nawar, A.M. Zewail, B. Kar, W.K. Vaughn, K.K. Wu, et al.,

Cyclooxygenase-2 inhibitor treatment improves left ventricular function and
mortality in a murine model of doxorubicin-induced heart failure, Circulation 109
(2004) 1428–1433.

[101] H. Haghi Aminjan, S.R. Abtahi, E. Hazrati, M. Chamanara, M. Jalili, B. Paknejad,
Targeting of oxidative stress and inflammation through ROS/NF-kappaB pathway
in phosphine-induced hepatotoxicity mitigation, Life Sci. 232 (2019) 116607.

[102] M. Pecoraro, M. Del Pizzo, S. Marzocco, R. Sorrentino, M. Ciccarelli, G. Iaccarino,
et al., Inflammatory mediators in a short-time mouse model of doxorubicin-in-
duced cardiotoxicity, Toxicol. Appl. Pharmacol. 293 (2016) 44–52.

[103] S. Cristofanon, F. Uguccioni, C. Cerella, F. Radogna, M. Dicato, L. Ghibelli, et al.,
Intracellular prooxidant activity of melatonin induces a survival pathway invol-
ving NF-kappaB activation, Ann. N. Y. Acad. Sci. 1171 (2009) 472–478.

[104] F. Olivares-Silva, R. Landaeta, P. Aranguiz, S. Bolivar, C. Humeres, R. Anfossi,
et al., Heparan sulfate potentiates leukocyte adhesion on cardiac fibroblast by
enhancing Vcam-1 and Icam-1 expression, Biochim. Biophys. Acta Mol. Basis Dis.
1864 (2018) 831–842.

[105] D.X. Tan, L.C. Manchester, X. Liu, S.A. Rosales-Corral, D. Acuna-Castroviejo,
R.J. Reiter, Mitochondria and chloroplasts as the original sites of melatonin
synthesis: a hypothesis related to melatonin’s primary function and evolution in
eukaryotes, J. Pineal Res. 54 (2013) 127–138.

[106] D.-X. Tan, R.J.J.M.R. Reiter, Mitochondria: The Birth Place, Battle Ground and the
Site of Melatonin Metabolism in Cells, 2 (2019), pp. 44–66.

[107] Y. Chen, G.W. Dorn, PINK1-phosphorylated mitofusin 2 is a Parkin receptor for
culling damaged mitochondria, Science 340 (2013) 471–475.

[108] S. Rodriguez-Enriquez, I. Kim, R.T. Currin, J.J. Lemasters, Tracker dyes to probe
mitochondrial autophagy (mitophagy) in rat hepatocytes, Autophagy 2 (2006)
39–46.

[109] M.E. Díaz-Casado, E. Lima, J.A. García, C. Doerrier, P. Aranda, R.K. Sayed, et al.,
Melatonin rescues zebrafish embryos from the parkinsonian phenotype restoring
the parkin/PINK 1/DJ-1/MUL 1 network, J. Pineal Res. 61 (2016) 96–107.

[110] I. Scott, R.J. Youle, Mitochondrial fission and fusion, Essays Biochem. 47 (2010)
85–98.

[111] E.A. Wappler, P.S. Katz, P.V. Katakam, D.W. Busija, Melatonin Affects the
Expression of Mitochondrial Fission-Fusion Proteins in Cultured Neurons,
Federation of American Societies for Experimental Biology, 2012.

[112] J. Govender, B. Loos, E. Marais, A.M. Engelbrecht, Mitochondrial catastrophe
during doxorubicin-induced cardiotoxicity: a review of the protective role of
melatonin, J. Pineal Res. 57 (2014) 367–380.

[113] T. Quintela, I. Goncalves, M. Silva, A.C. Duarte, P. Guedes, K. Andrade, et al.,
Choroid plexus is an additional source of melatonin in the brain, J. Pineal Res. 65
(2018) e12528.

[114] L. Casteilla, M. Rigoulet, L. Penicaud, Mitochondrial ROS metabolism: modulation
by uncoupling proteins, IUBMB Life 52 (2001) 181–188.

[115] S. Cadenas, Mitochondrial uncoupling, ROS generation and cardioprotection,
Biochim. Biophys. Acta Bioenerg. 1859 (2018) 940–950.

[116] R.A. Busiello, S. Savarese, A. Lombardi, Mitochondrial uncoupling proteins and
energy metabolism, Front. Physiol. 6 (2015) 36.

[117] L. Rui, Brown and beige adipose tissues in health and disease, Comprehensive
Physiology 7 (2017) 1281–1306.

[118] V. Malhotra, V.J. Dorr, A.P. Lyss, C.M. Anderson, S. Westgate, M. Reynolds, et al.,
Neoadjuvant and adjuvant chemotherapy with doxorubicin and docetaxel in lo-
cally advanced breast cancer, Clin. Breast Cancer 5 (2004) 377–384.

[119] H.-M. Chang, T.M. Okwuosa, T. Scarabelli, R. Moudgil, E.T.H. Yeh, Cardiovascular
complications of cancer therapy: best practices in diagnosis, prevention, and
management: part 2, J. Am. Coll. Cardiol. 70 (2017) 2552–2565.

[120] F.C. Marmelo, C.F.R. Sá, Physiopathology and diagnosis of cardiotoxicity in pa-
tients submitted to chemotherapy treatment, Oncol. Rev. 13 (2019) 383.

[121] G.-Y. Liou, P. Storz, Reactive oxygen species in cancer, Free Radic. Res. 44 (2010)
479–496.

[122] T. Byers, M. Nestle, A. McTiernan, C. Doyle, A. Currie-Williams, T. Gansler, et al.,
American Cancer Society guidelines on nutrition and physical activity for cancer
prevention: reducing the risk of cancer with healthy food choices and physical
activity, CA Cancer J. Clin. 52 (2002) 92–119.

[123] W. Arjumand, A. Seth, S. Sultana, Rutin attenuates cisplatin induced renal in-
flammation and apoptosis by reducing NFκB, TNF-α and caspase-3 expression in
wistar rats, Food Chem. Toxicol. 49 (2011) 2013–2021.

[124] E. Ozbek, Induction of oxidative stress in kidney, International journal of ne-
phrology 2012 (2012).

M. Najafi, et al. Life Sciences 241 (2020) 117173

10

http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0390
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0390
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0390
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0390
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0395
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0395
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0395
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0395
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0400
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0400
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0400
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0400
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0405
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0405
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0405
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0410
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0410
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0410
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0415
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0415
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0415
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0420
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0420
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0425
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0425
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0430
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0430
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0430
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0435
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0435
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0435
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0440
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0440
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0440
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0445
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0445
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0445
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0450
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0450
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0450
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0455
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0455
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0460
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0460
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0465
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0465
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0465
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0470
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0470
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0470
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0475
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0475
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0475
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0480
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0480
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0485
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0485
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0485
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0485
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0490
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0490
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0490
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0490
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0495
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0495
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0495
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0495
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0500
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0500
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0500
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0500
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0505
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0505
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0505
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0510
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0510
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0510
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0515
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0515
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0515
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0520
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0520
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0520
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0520
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0525
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0525
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0525
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0525
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0530
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0530
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0535
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0535
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0540
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0540
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0540
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0545
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0545
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0545
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0550
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0550
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0555
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0555
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0555
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0560
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0560
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0560
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0565
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0565
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0565
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0575
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0575
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0580
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0580
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0585
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0585
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0590
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0590
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0595
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0595
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0595
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0600
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0600
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0600
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0605
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0605
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0610
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0610
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0615
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0615
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0615
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0615
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0620
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0620
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0620
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0625
http://refhub.elsevier.com/S0024-3205(19)31101-4/rf0625

	The role of melatonin on doxorubicin-induced cardiotoxicity: A systematic review
	Introduction
	Methods
	Search strategy
	Study selection
	Data extraction

	Results
	Literature search
	The protective role of melatonin against doxorubicin-induced cardiotoxicity
	Survival study
	Body weight, heart weight, and ascites changes
	Biochemical changes
	Histological changes


	Discussion
	Anti-oxidant actions
	Anti-apoptotic actions
	Anti-inflammatory actions
	Mitochondrial actions

	Perspective of future research
	Conclusion
	Ethical approval
	mk:H1_21
	References




