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A B S T R A C T

Doxorubicin (DOX), is a very effective chemotherapeutic agent against cancer whose clinical use is limited by
toxicity. Different strategies have been proposed to attenuate toxicity, including combined therapy with
bioactive compounds. This review update mechanisms of action and toxicity of doxorubicin and the role of
nutrients like vitamins (A, C, E), minerals (selenium) and n-3 polyunsaturated fatty acids. Protective activities
against DOX toxicity in liver, kidney, skin, bone marrow, testicles or brain have been reported, but these have
not been evaluated for all of the reviewed nutrients. In most cases oxidation-related effects were present either,
by reducing ROS levels and/or increasing antioxidant defenses. Antiapoptotic and anti-inflammatory mechan-
isms are also commonly reported. In some cases, interferences with autophagy and calcium homeostasis also
have shown to be affected. Notwithstanding, there is a wide variety in duration and doses of treatment tested for
both, compounds and DOX, which make difficult to compare the results of the studies. In spite of the reduction of
DOX cardiotoxicity in health models, DOX anti-cancer activity in cancer cell lines or xenograft models usually
did not result compromised when this has been evaluated. Importantly, clinical studies are needed to confirm all
the observed effects.

1. Introduction

Doxorubicin (DOX) or adriamycin (ADR) is an antibiotic initially
isolated from Streptomyces peacetius, although currently it can be che-
mically synthesized. This substance belongs to anthracyclines, a class of
chemotherapeutic drugs with a large spectrum of activity. Namely, DOX
is a non-selective class I anthracycline that possess two differentiated
moieties, an aglyconic moiety that consists in a tetracyclic ring with
quinine–hydroquinone adjacent groups and a methoxy substituent short
side chain followed by the carbonyl group. The second one, known as
daunosamine, comprises a 3-amino-2,3, 4-trideoxy-L-fucosyl moiety.
This sugar is attached to one of the rings by a glycosidic bond (Hilmer
et al., 2004).

DOX, alone or in combination with other drugs, has been employed
for more than 40 years to fight against cancer, showing great efficacy in
cell killing in both hematological liquid and solid tumors (Weiss, 1992).

Actually, it can be considered as one of the most potent of all 132 Food
and Drug Administration (FDA)-approved chemotherapeutic drugs
(Carvalho et al., 2009). In particular, DOX is essential in treating breast
and esophageal carcinomas, solid tumors in childhood, osteosarcomas,
Kaposi's sarcoma, soft tissue sarcomas, and Hodgkin and non-Hodgkin
lymphomas (Minotti et al., 2004; Quiles et al., 2002, 2006).

DOX combats rapidly-dividing-cells and delays the progression of
the disease, characteristics that have led to its reputation as a very
important chemotherapeutic agent. However, drug resistance and side
effects are important limitations to its clinical use. Side effects related to
intravenous (iv) injection of DOX are mainly a consequence of its
toxicity on non-cancerous cells, which is particularly notably at the
heart level. Toxicity occurs both in acute and chronic modes, affecting
the overall outcome of the patients (Bonadonna et al., 1969; Cardinale
et al., 2010; Praga et al., 1979; Steinherz et al., 1991). Acute toxicity
includes nausea, vomits, myelosuppression and arrhythmia, and appear
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within minutes after infusion. On the other hand, chronic toxicity may
be developed several weeks or even months after the recurrent ad-
ministration of the drug, leading to heart, liver, and brain or kidney
injury. Cardiotoxicity is the most prominent side effect and involves
cardiomyocyte damage as well as apoptotic and necrotic cell death
(Wang et al., 2012). Since cardiomyocytes are post-mitotic cells, a great
proportion of the damage is irreversible, affecting thus to cardiac
function and leading to a dose-dependent cardiomyopathy and con-
gestive heart failure (Chen et al., 2007; Quiles et al., 2002, 2006). The
long-term effects are such that even years after stopping treatment, left
ventricular dysfunction, dilated cardiomyopathy and heart failure may
appear (Colombo et al., 2013; Lipshultz et al., 2012, 2010). Neurons
and brain function may also be affected, with the possibility of persis-
tent changes at the cognitive level. These cognitive changes include
memory and concentration losses as well as difficulty completing
multiple tasks (Chen et al., 2007). However, the repercussions at the
cardiac level are more prevalent and important than those observed in
the rest of organs, and since the survival of cancer patients continues to
increase, the clinical significance of DOX-related cardiotoxicity must be
considered in depth (DeSantis et al., 2014).

2. Mechanisms related to cell death and toxicity

The mechanisms of action of doxorubicin are common both to the
cancer cells that the clinical treatment aims to attack and to the healthy
cells that are affected as a side effect of this treatment. In the following
sections the known mechanisms of action for the drug will be presented,
without specifying whether such mechanisms are responsible for the
efficacy of the treatment or its toxicity.

2.1. DNA alterations associated to the presence of doxorubicin in the
nucleus

DOX enters the cell by diffusion. Once in the cytoplasm it binds to
the 20S subunit of the proteasome thanks to its high affinity, forming a
DOX–proteasome complex (Carvalho et al., 2009). This complex is able
to diffuse into the nucleus through the nuclear pores where interact

with nuclear proteins and DNA. This is possible because of the dis-
sociation of DOX from the proteasome due to variations in affinity
(Kiyomiya et al., 2001). DOX interactions at the nucleus lead to DNA
alterations, which finally result in cell damage and death. Un-
fortunately, these cellular damages not only occur in cancer cells, but
also in healthy cells, which at least in part explains some of the toxic
effects of adriamycin. The possible mechanism involved in alterations
in DNA caused by the presence of adriamycin in the nucleus are de-
scribed below.

2.1.1. Actions on topoisomerase II
It has been hypothesized that DOX functions as a trap for topoi-

somerase II at cleavage sites, stabilizes the cleavage complex and avoids
the resealing of DNA, thus leading to more double strand DNA (dsDNA)
breaks (Nitiss, 2009). At the moment, this has been reported for eto-
poside, an anthracycline related to DOX (Nitiss, 2009). Cells would
attempt to repair DNA breaks, but if this fails, apoptosis pathway would
be triggered and cellular growth would be inhibited at phases G1 and
G2 (Broeyer et al., 2014). Response against DOX-induced DNA damage
involves Ataxia-Telangiectasia Mutated protein (ATM) that results ac-
tivated by binding to DNA break sites activating, in turn, the tumor
suppressor protein p53 (Yoshida et al., 1990). It has been reported that
p53 suppresses the cardioprotective transcription factor GATA-4 when
is up-regulated as consequence of DOX treatment (Park et al., 2011).
Nevertheless, activation of some p53-independent pathways in relation
to DOX presence in cardiomyocytes has been reported (Feridooni et al.,
2011). Importantly, p53 is mutated in many human cancers and both
ATM and p53 have been implicated in the response of tumors to DOX
therapy (Jackson et al., 2012; Jiang et al., 2009), which could be re-
lated resistance to this drug. Overall, it seems that the role of p53 in
mediating the multiple DOX-induced deleterious effects is context de-
pendent, and likely depends on the experimental model used and the
timing of the assessment. Emphasizing the importance of this me-
chanism, it has been shown that topoisomerase II levels determine the
effectiveness of DOX treatment in a mouse model of lymphoma
(Burgess et al., 2008). However, based on existing evidence, it is un-
likely that this is the only mechanism through which anthracycline
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drugs kill cancer cells (Sørensen et al., 1992; Swift et al., 2006). In
addition, chromatin-associated processes as replication and transcrip-
tion could be dramatically affected by DOX due to this role as topoi-
somerase inhibitor (Liu and Wang, 1987). Other findings also suggest
that trapping topoisomerase IIβ (the predominant form of topoisome-
rase II in non-dividing cells) by DOX in non-dividing heart cells un-
derlies DOX-induced cardiotoxicity (Vavrova et al., 2013; Zhang et al.,
2012). Following the same reasoning, the potential capacity of adria-
mycin to modify histones could have effects not yet discovered that
would be independent of its actions related to chromatin.

2.1.2. Formation of doxorubicin-DNA adducts
It has been reported that the formation of DOX-DNA adducts might

contribute to increased effectiveness of the drug in DOX-sensitive tumor
cells. In fact, DOX has the ability to intercalate itself into the DNA base
pairs (Vincent et al., 2013). This allows the formation of covalent DOX-
DNA adducts during chemotherapy, as has been evidenced (Coldwell
et al., 2008). This DNA intercalation has been also associated with
dsDNA breaks and progressive mitotic catastrophe since it inhibits the
DNA and RNA polymerases, ultimately ceasing DNA replication and
RNA transcription (Tacar et al., 2013). DOX-DNA adducts have been
shown to activate DNA damage responses and to induce cell death in a
topoisomerase II trap-independent manner (Forrest et al., 2012; Swift
et al., 2006). Despite the evidence that DNA adducts form during DOX
treatment, DNA adduct formation is unlikely to be the main mechanism
of DOX action, because the amount of adducts formed represents just a
small fraction of total DOX (Swift et al., 2006). It seems that adducts are
formed by hydrogen-bond between DOX and guanine, which would
explain why DOX prefers an intercalation site with adjacent GC base
pairs (Chaires et al., 1987, 1990; Chen et al., 1986a). Interestingly, the
interaction between DOX and DNA can be stabilized by a covalent bond
mediated by cellular formaldehyde, which can be originated in free
radical reactions from carbon sources such as lipids and spermine
(Taatjes et al., 1997, 1996).

2.1.3. Alterations in the topology of DNA and nucleosome destabilization
Intercalation of ADR within the DNA induces its unwinding which,

in turn, could destabilize the nucleosomes due to the positive torsional
stress originated. A comparison between nucleosome turnover profiles
in mouse squamous carcinoma cells before and after DOX treatment
showed that DOX enhanced nucleosome turnover around active gene
promoters, despite it had a minor effect on gene expression level. This
enhancement was independent of the DNA damage response proteins
p53 and ATM, which is particularly important since p53 is mutated in
many human cancers (Jackson et al., 2012; Jiang et al., 2009).

Moreover, some anthracyclines including DOX are able to evict
histones from regions of accessible chromatin leading to impairment of
DNA repair and apoptosis as it has been reported in both, acute myeloid
leukemia blasts isolated from patients, and human melanoma cell lines
(Pang et al., 2013). In addition, results found in topoisomerase IIα-
depleted cells suggest that such enzyme is not required for DOX-in-
duced histone eviction (Pang et al., 2013). Additionally, topoisomerase
II inhibition could exacerbate the torsional stress caused by these drugs,
leading to enhancement of nucleosome turnover downstream of pro-
moters. Supporting this finding, increased positive torsion and nu-
cleosome turnover in gene bodies and vice versa have been reported in
intergenic regions of Drosophila cells treated with inhibitors of topoi-
somerases I and II (Teves and Henikoff, 2014). Therefore, DOX treat-
ments may have dramatic effects on chromatin-associated processes,
including replication and transcription, as consequence of its inhibitory
activity on Topoisomerase II. In addition, nucleosome destabilization
during RNA polymerase transit would increase DNA exposure to insults
such as reactive oxygen species (ROS), causing DNA breaks, and ulti-
mately cell death.

Another potential mechanism for DOX-induced nucleosomes un-
wrapping lays on DOX effect on replication and transcription processes.

The positive torsion generated ahead of RNA polymerase (Liu and
Wang, 1987) can potentially unwrap nucleosomes, which are nega-
tively supercoiled, and destabilize them (Lee and Garrard, 1991). DOX
intercalation into promoters and genes might act by interfering with the
balance between maintaining promoters free of nucleosomes while
preventing loss of nucleosomes during transcription. However, there is
no clear evidence confirming this model yet.

2.2. Ceramide overproduction

Ceramide is a lipid molecule implicated in growth arrest, apoptosis,
and senescence (Senchenkov et al., 2001). Different studies have re-
ported that DOX treatment increases ceramide levels (Delpy et al.,
1999; Kawase et al., 2002; Lucci et al., 1999). Also, ceramide produc-
tion has been related to DOX resistance in studies comparing MCF-
7 cells versus the resistant MCF-7-AdrR cells (Liu et al., 2008, 2001;
Uchida et al., 2004). However, more studies are needed to explain how
DOX ultimately modulates ceramide formation.

2.3. Production of free radicals and ROS

Adriamycin has the ability to increase the production of free radi-
cals and ROS through various mechanisms. ROS overproduction and
antioxidant depletion may cause oxidative stress, leading to DNA,
proteins and lipids damage, which altogether contributes to major
cellular damage and death (Miura et al., 1995). Among damaged pro-
teins, there are enzymes which may, directly or indirectly, perform key
roles in cell protection. Among other consequences, it is possible that
oxidative modifications of certain enzymes leads to alterations on
chromatin and DNA damage.

ROS have been already recognized as signaling molecules partici-
pating in many cellular processes including stress response. Further,
subcellular compartmentalization of ROS may contribute to it (Brown
and Griendling, 2015). Key enzymatic activities also could be modu-
lated by this way. This would explain AMP-activated protein kinase
(AMPK) activation reported in embryonic ventricular myocardial H9c2
rat cells in response to ROS (Chen et al., 2011). Increased levels of ROS
induced by DOX treatment would activates dependent liver kinase B1
(LKB1), an upstream signal necessary for AMPK activation. This process
ultimately leads to p53 phosphorylation and apoptosis. In any case, this
implies that the development of strategies to reduce morbidity and
mortality associated with oxidative stress must focus on subcellular
ROS or down-stream molecular signals. Rather than eliminate ROS, it
seems that modifying cellular responses to excessive levels is a more
effective strategy.

2.3.1. Formation of semiquinone radicals by NAD(P)H-oxidoreductases
NAD(P)H-oxidoreductases such as the mitochondrial electron

transport chain (mtETC) complex I and plasma membrane NADPH-
oxidases (NOX) are able to oxidize the quinone structure of DOX
through addition of one electron producing a semiquinone radical
(Berlin and Haseltine, 1981; Minotti et al., 2004). Semiquinone radicals
react with O2 to generate superoxide anion (O2

.-), which subsequently
give rise to other ROS and reactive nitrogen species (RNS) such as
hydrogen peroxide (H2O2), hydroxyl radical (.OH) or peroxynitrite
(ONOO−). Consequently, DOX is reconverted into quinone, leading to a
quinone-semiquinone cycle able to generate large amounts of O2

.-, and
subsequently ROS and RNS species (Chen et al., 2007; Quiles et al.,
2006).

2.3.2. Activation of NAD(P)H-oxidoreductases
DOX activates NOXs, which give rise to free radicals that participate

in activating the apoptotic pathway in cardiac cells (Gilleron et al.,
2009). NOX activation may generate ONOO− through the mitochon-
drial production of ROS as O2

.- and the reaction with nitric oxide (NO)
(Kimura et al., 2005). ONOO− also activates matrix metalloproteinases
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(MMPs); these proteases have been implicated as a major mechanism of
the ONOO−-dependent cardiotoxicity of DOX (Bai et al., 2004).

2.3.3. Alterations of nitric oxide synthases
In vitro, DOX has shown to be able to bind reductase domain of

endothelial nitric oxide synthase (eNOS) generating O2
.- (Vásquez-Vivar

et al., 1997). Moreover, it is known that renal NO is an important
controller of urinary sodium excretion. Thus, altering NO system at the
kidney could also cause salt-sensitive hypertension.

2.3.4. Mitochondrial dysfunction
Alternatively, DOX might be metabolized into a lipophilic aglycone

capable of diffusing through the mitochondrial membrane and accu-
mulating within it. This aglycone is the starting point for several re-
actions that release electrons, producing ROS and disturbing the func-
tional integrity of the respiratory chain (Chen et al., 2007). Inner
mitochondrial membrane is very susceptible to lipid peroxidation since
DOX has a high affinity for negatively-charged membranes (Nohl, 1988;
Tacar et al., 2013). In particular, cardiolipin peroxidation uncouples
mitochondrial respiratory chain complexes resulting in mitochondrial

dysfunction, and thus in reduced ATP and increased ROS production
(Cheung et al., 2015; de Wolf, 1991; Parker et al., 2001; Robinson,
1993). In cardiomyocytes, mitochondrial production of ATP primarily
is required for contractile function. Still, other important processes such
as some ER protein quality control mechanisms, cytoskeletal re-
assembly, protein synthesis, or autophagy also needs ATP (Biswas et al.,
2008; Hahn-Windgassen et al., 2005). However, mitochondrial dys-
function induced by DOX treatment would led to ATP deficient cardi-
omyocytes (Lv et al., 2012) that also exhibit increased proteotoxic load
(Li et al., 2014). This last suggest that DOX treatment comprises protein
degradation, overwhelming the endoplasmic reticulum (ER) and mi-
tochondria and contributing to cardiac injury (Li et al., 2014). Not-
withstanding, these can be a consequence of additional DOX effects
different from those on ATP production.

On the other hand, formation of mitochondrial permeability tran-
sition pore (mPTP), that facilitates the release of the intrinsic apoptosis
pathway inducer cytochrome C, is promoted as consequence of DOX-
induced peroxidation of mitochondria. Interestingly, necrotic cell death
also is associated with mPTP (Galluzzi et al., 2012).

Fig. 1. Main molecular mechanisms of doxorubicin toxicity. Abbreviations: ATM: ataxia telangiectasia mutated protein, DOX: doxorubicin, MMP; Matrix metallo-
proteinase, ROS: reactive oxygen species, NOX: NAD(P)H oxidase, NOS: Nitric oxide synthase, eNOS: endothelial nitric oxide synthase, RNS: reactive nitrogen
species, L-Arg: L-Arginine.

A. Varela-López, et al. Food and Chemical Toxicology 134 (2019) 110834

4



2.3.5. Iron-coupling and production of hydroxyl radicals
DOX treatment could affect to iron metabolism and its cell levels by

different mechanisms. On the one hand, aldoketo reductases are able to
convert the side chain carbonyl group of the carbon 13 of DOX into an
OH group, giving rise to doxorubicinol, a secondary alcohol. Then, this
chemical form can release iron from cytoplasmic aconitase, disturbing
the iron metabolism and subsequently leading to oxidative stress. In
addition, DOX interferes with non-enzymatic metabolic reactions which
implies a ROS production facilitated by iron. Likewise, the DOX semi-
quinone form, as well as ROS such as O2

.-, and H2O2, can promote the
release of iron from ferritin and cytoplasmic aconitase altering iron
metabolism. DOX also acts as an iron chelator forming a complex that
catalyzes the conversion of H2O2 to ·OH that is highly reactive (Myers,
1998).

2.3.6. Disturbances in calcium homeostasis
The treatment with DOX increases intracellular Ca2+ at the ven-

tricular myocardium, including that found at the mitochondrial level.
Moreover, calcium transport is also affected as consequence of changes
at ionic channels of the sarcoplasmic ER (Quiles et al., 2006). These
alterations might help to explain some aspects associated to DOX-re-
lated cardiomyopathies. Variations in the intracellular levels of Ca2+

associated to adriamycin treatment also affect the muscle function by
altering the balance in the response of the myotubes, disrupting skeletal
muscle relaxation and producing a restriction in the contraction (van
Norren et al., 2009). Down-regulation of the calcium/calmodulin-de-
pendent protein kinase II gene expression has been observed in cardi-
omyopathies associated to chronic administration of DOX. This finding
correlated with a reduced expression of sarcomeric proteins, cardiac
function depletion and a greater injury (Little et al., 2009).

Moreover, the endocannabinoid system might have a role in DOX-
induced cardiotoxicity, since the use of cannabinoid-1-receptor an-
tagonists can reverse the cardiodepressive effects of endocannabinoids
(Mukhopadhyay et al., 2007). Similarly, some alterations possibly re-
lated with the unbalance in the cellular levels of calcium have been also
reported at the brain. Cardoso et al. (2008) have reported that DOX
treatment (2 mg/kg) increases the susceptibility of brain mitochondria
to Ca2+-induced mPTP opening and oxidative stress in rats, which in
this case predisposed brain cells to degeneration and death. Part of the
events linked to DOX-induced cardiotoxicity (probably triggered by the
elevated ROS levels) might explain the reported disturbances in Ca2+

homeostasis. Among others, such events include the direct inhibition of
key transporters involved in ion homeostasis and cellular iron and
calcium metabolism alterations. In addition mitochondrial dysfunction
and the disruption of the sarcoplasmic ER function should be con-
sidered (Berthiaume and Wallace, 2007). In particular, the reduced
DOX metabolite, doxorubicinol, is able to interfere with the calcium
pump of the sarcoplasmic reticulum, ATP2A2, and the Na+/K+ pump
of sarcolemma, RYR2 (Minotti et al., 1998; Mordente et al., 2009).
Fig. 1 presents main molecular mechanisms treated in the preceding
section.

2.4. DOX interactions with autophagy

Alterations in proteolytic processes have been consistently found in
cardiomyocytes exposed to DOX. Actually, the treatment with this an-
thracycline leads to an increased proteotoxic load in cardiomyocytes (Li
et al., 2014). This suggests that protein degradation pathways are
compromised, overwhelming the ER and mitochondria. This has been
associated with a decrease in ATP production, but also can result from
DOX-induced alteration of autophagic machinery that contributes to
the quality control of cell components. Indeed, numerous studies have
demonstrated that DOX-induced cardiac injury is associated with dys-
regulation in autophagic function (Bartlett et al., 2016; Ge et al., 2016;
Kawaguchi et al., 2012; Li et al., 2016; Sun et al., 2014; Wang et al.,
2014; Wu et al., 2014). Different up-stream regulatory signals that

govern autophagy, including mammalian target of rapamycin (mTOR)
and AMPK (ATP and ROS might also be considered among them), have
shown to be deregulated by DOX, leading to a robust initiation of au-
tophagy and stimulation of autophagosome formation (Terman and
Brunk, 2005). Importantly, strategies aimed at reversing DOX's effect
on autophagy initiation and autophagosome formation have shown to
attenuate cell death (Sishi et al., 2013).

The autophagic process must be completed through autophagosome
clearance to take advantage of its protective effect. Recent studies
suggest that DOX-mediated cardiac dysfunction could be determined by
inhibiting autophagic flux at the lysosome rendering lysosomes incap-
able of processing proteotoxic load in spite of their actions on macro-
autophagy upstream processes (i.e. regulation of autophagy initiation)
(Li et al., 2016; Pizarro et al., 2016). For instance, robust accumulation
of non-degraded and dysfunctional autolysosomes have been reported
in cardiomyocytes exposed to DOX (Li et al., 2016). Up to date, in-
hibition of lysosomal biogenesis and/or lysosomal function seem the
most feasible mechanism for this effect of DOX (Bartlett et al., 2016;
Kawaguchi et al., 2012; Li et al., 2016; Xu et al., 2013). It remains to be
established if DOX targets lysosomal signaling proteins to modulate
autophagic function in cardiomyocytes. In this sense, it is also plausible
that DOX might interrupt chaperone mediated autophagy with the
concomitant inhibition of lysosomal function. Such effect, attributed to
its action on mitochondrial function, would starves cardiomyocytes by
ATP deprivation. However, little is known on the implications of cha-
perone-mediated autophagy in DOX cardiotoxicity at the present.
Notwithstanding, treatment with daunorubicin, a DOX-related com-
pound, led to increased expression of the chaperone Hsc70 in a rabbit
model (Stěrba et al., 2011). More recently, it has been reported that
lysosome-associated membrane protein 2 (LAMP-2A) is suppressed in
H9c2 cardiomyoblasts after chronic treatment with DOX (Bartlett et al.,
2016).

It is possible that defects at the transcriptional level might be re-
sponsible of autophagy-related effects of DOX in cardiac cells, which
could result in proteotoxic stress and cell death. It is also plausible that
the potential effects of DOX on the different steps of the process would
be related to the loss of the transcription factor EB (TFEB) expression,
signaling and action after DOX exposure. Supporting this hypotheses,
DOX-treated cardiomyocytes showed depleted TFEB levels, which cor-
related with impaired autophagic flux, decreased expression of LAMP-
2A, reduced lysosomal content and lysosomal dysfunction (Bartlett
et al., 2016). On the other hand, TFEB restoration or activation atte-
nuated DOX-mediated suppression of the activity of the lysosomal
protein cathepsin B, reduced overproduction of ROS and increased cell
viability in cardiomyocytes (Bartlett et al., 2016). Anyway, to clarify
the direct consequences of DOX treatment on lysosomal TFEB and its
impact on autophagy in the heart, research utilizing models of cardio-
myocyte with specific TFEB alterations is needed.

Results from a murine genetic modified model of lysosomal en-
vironmental changes has shown that baseline levels of mitophagy are
high at the heart in comparison with other organs (Sun et al., 2015).
Mitophagy plays a fundamental role in cardiomyocyte survival under
various cellular stresses. This is because this process targets defective
mitochondria for autophagic elimination contributing to a mitochon-
drial quality control. Thus, cardiomyocytes ensure clearance of dys-
functional mitochondria in the lysosome via mitophagy, a process that
has also shown to be sensitive to DOX (Dirks-Naylor et al., 2014;
Gharanei et al., 2013). In adult female rats, DOX treatment resulted in
an increase in PINK1 and a decrease in p62 in intermyofribilar mi-
tochondria, while Parkin content did not vary. These results suggest
that DOX induced mitophagy are mediated by Parkin upregulation
(Kavazis et al., 2017). However, other authors proposed that DOX
mediates inhibition of Parkin translocation to the mitochondria with
impaired subsequent p62 translocation as has also been described
(Hoshino et al., 2013). Still, contribution of each mitophagy specific
receptor to baseline and DOX-associated mitophagy needs to be
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determined. Moreover, the increased levels of ROS and apoptotic in-
itiating proteins released after DOX treatment have also been associated
with inhibited clearance of damaged mitochondria (Bin-Umer et al.,
2014; Kubli and Gustafsson, 2012). This modulation of mitophagy
seems to depend on Parkin p53-dependent inhibition (Hoshino et al.,
2013). Moreover, some associations between alteration of mitochon-
drial functioning induced by DOX and resultant disruptions in autop-
hagy have been revealed by additional studies (Ge et al., 2016; Sun
et al., 2014). Overall, these studies suggest that DOX treatment leads to
mitophagy disruption via dysregulation of various cytosolic and mi-
tochondrial signaling axes. Subsequent dysfunctional mitochondria
accumulation would cause ROS overproduction and ATP starvation.

Interestingly, several studies have reported that stimulation of au-
tophagy prior to the administration of DOX can protect from its harmful
effects. For instance, administration of the mTOR inhibitor rapamycin
prevents DOX-induced cardiomyopathy in mice (Xu et al., 2013). Si-
milar results have been found for the combination of resveratrol with
moderate caloric restriction that activates AMPK (Dutta et al., 2014). It
is hypothesized that a modest activation of autophagy would eliminate

dysfunctional mitochondria and remove toxic aggregates which boost
cellular health prior DOX insult. Fig. 2 summarizes the interactions
between autophagy and DOX.

3. Nutrients with preventive and therapeutical properties against
doxorubicin toxicity

According to the information presented above, it is clear that DOX
can exert toxic effects by multiple mechanisms affecting cancer, but
also non-cancer cells. In turn, DOX toxicity to non-cancer cells would
ultimately lead to acute and chronic alterations at different organs and
tissues (Bonadonna et al., 1969; Cardinale et al., 2010; Praga et al.,
1979). Consequently, future well-being and lifespan of persons treated
with DOX can result seriously compromised, which is an important
limitation to its clinical use. This background makes essential to find
strategies to reduce DOX toxicity and there are several ways to achieve
this. The first option is optimizing the dosage (Chen et al., 2007), but
even a continuous infusion of low doses of DOX reaching a cumulative
dosage under of 450–550mg/mL can elevate the risk of cardiotoxicity

Fig. 2. Doxorubicin interaction with macroautophagic proccess. AMPK, AMP-activated protein kinase; DOX, doxorubicin; PI3K, phosphatidylinositol 3-kinase.
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(Verma et al., 2008). Another strategy is to synthesize and use DOX
analogues with equivalent activity but less toxicity. Finally, a third
possibility is to use substances, either combined with DOX, or ad-
ministered prior to the treatment, that protect against or prevent from
DOX toxic effects. This last strategy has received a considerable interest
(Granados-Principal et al., 2010; Quiles et al., 2002).

Dexrazoxane is a drug that has been used with this aim since it is
able to chelate the free iron ions released by DOX (Chen et al., 2007;
Della Torre et al., 1999a, 1999b; Minotti et al., 2004; Xiang et al.,
2009). Still, multiple compounds present in the diet have been pro-
posed to protect against DOX toxicity (Granados-Principal et al., 2010;
Quiles et al., 2002). Its use has been usually intended to reduce levels of
DOX-induced free radicals. This could be the consequence of free-ra-
dical scavenging activities presented by such compounds, but many of
them also have shown to interact with components of different cellular
regulatory pathways including mitogen-activated protein kinases
(MAPKs), peroxisome proliferator–activated receptor γ (PPARγ),
serine/threonine protein kinase Akt/protein kinase B (PKB) and/or
nuclear factor κB (NF-κB). There is certain controversy about the use of
substances able to reduce DOX toxicity. For instance, it has been pos-
tulated that different antioxidant compounds can diminish the anti-
tumor activity of DOX by eliminating the oxidative component con-
nected with the toxic side-effects but also with the anti-neoplastic ac-
tions. Nevertheless, there are a growing number of studies reporting
that many of these bioactive compounds does not diminish the efficacy
of DOX, but rather they would prevent some of its toxic side effects. In
many cases, they even would act in synergy with DOX anti-neoplasitc
activity despite reducing its toxicity (Ozben, 2007).

Because of their clinical and social relevance, this review sum-
marizes recent findings about the use of various nutrients to protect
against DOX toxicity and the possible mechanisms explaining such ef-
fects. For this, an initial search was done in PubMed to identify main
compounds of interest. Then, an individualized search was performed
for each compound to collect the highest number of published studies
for each compound on this topic as possible.

3.1. Vitamin E

Vitamin E is a nutritional term referring to a family of eight mole-
cules with “similar biological activities” (Lobo et al., 2010; Srividya
et al., 2010). Vitamin E (Wong and Radhakrishnan, 2012) is a well-
known lipid-soluble antioxidant (Traber and Atkinson, 2007) that
prevents lipid and lipoprotein peroxidation into cellular membranes
protecting cells and tissues from oxidative damage (Packer et al., 2001;
Quiles et al., 2002, 2006; Roy et al., 2002). This property was taken into
account for many researchers to carry out investigations on vitamin E
potential for preventing DOX-based chemotherapy side effects. Despite
an old study reported that vitamin E potentiated DOX toxicity (Alberts
et al., 1978), most of earlier preclinical studies in rodents have shown
that oral vitamin E tends to protects against acute and chronic toxic
effects of DOX, specially at heart, without interfering with its effec-
tiveness as chemotherapeutic agent (Geetha et al., 1990; Herman and
Ferrans, 1983; Krivit, 1979; Milei et al., 1986; Myers et al., 1976).
Additionally, some old preclinical studies have also observed that oral
vitamin E even tended to increase anti-tumor actions (Quiles et al.,
2006; Ripoll et al., 1986; Tanigawa et al., 1986). Still, other authors had
reported no effect of certain treatments with vitamin E on DOX toxicity
(Breed et al., 1980; Legha et al., 1982; Van Vleet and Ferrans, 1980).

During the last decades, some new studies confirming vitamin E
protective or preventive actions against DOX toxicity have been carried
out, many of them administrating this compound intraperitoneally. A
single dose of vitamin E (100mg/kg of body weight [bw], in-
traperiotoneal [ip]) prior to a DOX injection (4mg/kg of bw, ip), has
shown to reduce the electrocardiographic changes, as well as the DOX-
caused increase in serum levels of the biochemical markers of cardiac
injury creatine phosphokinase (CPK) and lactate dehydrogenase (LDH)

in Wistar male rats (Puri et al., 2005). Similarly, a study in the same
similar model showed that an 8-day treatment with vitamin E (100mg/
kg of bw per day, ip) inhibited hepatotoxic effects of a higher dose of
DOX (20mg/kg of bw, ip) (Gokcimen et al., 2007). Likewise, other
authors reported that vitamin E (200 IU/kg of bw per week, ip), re-
duced hepatotoxicity associated to a 6-week treatment with DOX
(5mg/kg of bw per week, intravenous [iv]) in male Sprague–Dawley
rats (Kalender et al., 2005). Interestingly, in guinea pigs, vitamin E
administration (500mg/kg of bw, ip) even reversed some degenerative
changes at the ultrastructural level derived from a DOX injection (5mg/
kg of bw, ip) when it was administrated during 5 days from the day of
injection (Görgün et al., 1999). Some positive effects have been also
reported when vitamin E was orally administrated. Washio et al. (1994)
reported an improvement of focal glomerulosclerosis condition with
progressive renal failure induced by two injections of DOX (2mg/kg of
bw) administered in a 20-days period by a 5-days pretreatment with α-
tocopherol (500 IU/Kg of bw per day, intragastric [ig]) in male Lewis
rats. In contrast, consumption of a diet supplemented with D-α-toco-
pheryl succinate for one week prior to begin a 7-week DOX-based
chemotherapeutic treatment (2 mg/kg of bw in 7 weekly subcutaneous
[sc] injections) was unable to prevent histopathological alterations at
male rat heart induced by the drug (Berthiaume et al., 2005). However
the supplemented amount (2 g/kg of diet) was very low in comparison
with the previous study. In contrast, oral vitamin E (100 IU/kg of bw,
perioral [po]) was also ineffective in reducing cardiotoxicity induced by
a single dose of DOX (10mg/kg of bw) (Berthiaume et al., 2005).
Notwithstanding, in this case the drug was intravenously administrated,
and of vitamin E was orally administrated in a single dose (100 IU/kg of
bw, po) as post-treatment, so DOX toxicity could be higher and/or the
tested vitamin E treatment could be very weak. All these findings
suggest that this type of acute interventions with vitamin E can be in-
teresting to modulate DOX acute toxicity, although results supporting
validity of these type of compounds as protective agents against DOX
toxicity if they are administrated by oral via only have been reported at
kidney. Likewise, a single dose of vitamin E (200, 400 or 800mg/kg of
bw, ig) reduced the total number of chromosomal aberrations at bone
marrow cells induced by a single and high dose of DOX (90mg/kg of
bw, ip) in rats, obtaining the best result with the lowest one (Antunes
and Takahashi, 1998). A diet supplemented with vitamin E at different
doses (45, or 200mg/kg per day) 2 weeks prior to initiate a DOX
treatment (5 mg/kg of bw in 3 daily injections to reach a cumulative
dose of 15mg/kg of bw, ip) also prevented decreases in blood cells in
mice inoculated with L1220 leukemia cells (Thabrew et al., 1999).
However, vitamin E-supplemented diet consumption was unable to
mitigate DOX-induced leucopenia in Fisher 344 rats at low (50mg/kg
of diet) or high (750mg/kg of diet) doses, although this means a lower
daily dose of vitamin E respect than the previous study taking into
account that rats daily intake was 15 g of diet (Branda et al., 2006).
Lastly, topical application of vitamin E (10%) in hydrophilic gels alone
or in combination with other antioxidants, two days before and five
after intradermal administration of DOX (0.05 mg), reduced ulcers size
and accelerated epidermal regeneration respect than rats only receiving
DOX (Lucero et al., 1996). Similar protective effects against DOX-in-
duced skin lesions for α-tocopherol in combination with dimethyl
sulfoxide have been already reported in early studies, an ability pro-
posed to be used for prevention against local consequences of DOX
extravasation during iv infusion in humans (Svingen et al., 1981a,
1981b).

Those experiments reporting Vitamin E beneficial effects against
DOX toxicity usually related the improvement of antioxidant defenses
and reduction of ROS generation and oxidative damage, particularly
lipid peroxidation (Dominguez-Rodriguez et al., 2001; Kalender et al.,
2005; Quiles et al., 2006; Thabrew et al., 1999; Wahab et al., 2000).
Notwithstanding, it has been reported that dietary vitamin E was un-
able to prevent the heart mitochondrial dysfunction caused by DOX in
rats in spite of a decrease in DOX-induced oxidative damage was
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detected (Berthiaume et al., 2005). Here, the effect could be not enough
as consequence of the low amount of vitamin provided. Likewise, in
mice, DOX-induced oxidative damage at the liver was shown to be
prevented by a single dose (10 and 50mg/kg of bw) of d-α-tocopheryl
N,N-dimethyl aminoacetate hydrochloride, a water-soluble vitamin E
derivative, 2 h prior to a single injection of DOX (15mg/kg of bw, ip)
(Nagata et al., 1999). Pretreatment with oral vitamin E supplementa-
tion also decreased DOX-induced oxidative damage at blood cells in
mice inoculated with L1220 leukemia cells which correlated to in-
creases in superoxide dismutase (SOD) activity (Thabrew et al., 1999).
Importantly, some authors (Nagata et al., 1999; Thabrew et al., 1999)
have also reported no reduction of efficacy in mice inoculated with
L1220 leukemia cells or even an increase in chemotherapy efficacy by
vitamin E treatments despite it showed positive effect on health cells. In
this sense, a 2-weeks vitamin E treatment (250mg/kg of bw per day,
po) in parallel with administration of DOX (4mg/kg of bw per week, ip)
led to an increase in the average lifespan of the animals and the number
of long-term survivors in Ehrlich ascites carcinoma-bearing mice
(Wahab et al., 2000).

In sharp contrast, clinical studies up to date suggest that vitamin E
does not protect against DOX chronic cardiotoxicity, and provides only
slight protection against acute cardiotoxicity (Conklin, 2000; Quiles
et al., 2002, 2006). Still, there are interesting results concerning DOX
treatment consequences in skin and some mucosa. A preliminary study
by Ludwig et al. (1987) in DOX-treated patients found positive effects of
topically applied vitamin E in prevention of skin ulcers by weakening
ulcer aggressiveness and accelerating skin regeneration. However, oral
topical application of 2ml of vitamin E (800mg of DL α-tocopheryl
acetate diluted with corn oil) 24 h after DOX administration, once daily
for 2 weeks, did not reduce oral mucositis in children under che-
motherapy (2–6 DOX-containing chemotherapy cycles) (Sung et al.,
2007). Table 1 presents a summary of the effects of vitamin E on DOX
toxicity.

3.2. Vitamin C

Vitamin C or L-ascorbic acid is a water-soluble antioxidant (Padh,
1991) scavenging ROS from cell aqueous fraction before these mole-
cules can give rise to lipid peroxidation (Conklin, 2000). For this
reason, several studies have been conducted to investigate possible ef-
fects of the administration of vitamin C on DOX toxicity. In 1991,
Shimpo et al. reported that daily delivered ascorbic acid (2 g/kg of bw,
sc) increased lifespan in BD2FI mice receiving repeated administration
of DOX at a dose of 5mg/kg of bw, but not when a dose of 1mg/kg of
bw (ip) was administered. Similarly, daily ascorbate (835mg/kg of kg)

prolonged the life of guinea pigs after injecting a single dose of DOX
(2mg/kg of bw) without any effect on median lifespan. However, as-
corbate did not protect against body weight loss in of these experi-
ments. Earliest myocardial ultrastructural alterations in cardiac tissues
from guinea pigs obtained on day 17 after 4 injections of DOX (0.5mg/
kg of bw) were not observed when they were co-administered with
ascorbate (Shimpo et al., 1991). Co-treatment with vitamin C (100mg/
kg of diet per week, ip) mitigated increases in serum biomarkers of
cardiac injury and some histological alterations as infiltration, myofi-
brillar loss and edema induced by a 3-weeks treatment with DOX
(1.5mg/kg per week, ip) in rats with 1,2-dimethyl-hydrazine-induced
colorectal cancer (Injac et al., 2009). However, protective effect against
DOX hepatotoxicity was almost absent (Injac et al., 2009).

Importantly, oral intake of vitamin C has been also tested in animals
with promising results. Prevention of increases in biochemical markers
of cardiac injury and histopathological findings found after a 15-days
treatment with DOX (2.5 mg/kg of bw six equal injections, ip) were
reduced by a 15-days pre-treatment with ascorbic acid (20mg/kg of
bw, po) in Wistar rats (Viswanatha Swamy et al., 2011). In this last
study, ascorbic acid was also used as post-treatment after DOX injec-
tion, reducing the severity of cellular damage at the myocardium as
confirmed by histopathology, but without effect on the rest of markers,
suggesting that post-treatment had weaker protective effects
(Viswanatha Swamy et al., 2011). Prophylactic and concurrent daily
treatment with vitamin C (50mg/kg of bw, ig) improved cardiac
structure and function in rats treated with DOX (2.5mg/kg of bw, ip to
reach a cumulative 114 dose of 15mg/kg of bw) over 3 weeks, im-
proving survival (Akolkar et al., 2017). In addition, oral vitamin C
administration counteracted clastogenic consequences of DOX (90mg/
kg of bw, ip) in Wistar rat bone marrow cells using high doses of vi-
tamin C (200, 400 or 800mg/kg of bw) (Antunes and Takahashi, 1999;
Tavares et al., 1998). However, no differences concerning mitotic index
values were found, suggesting that vitamin C does not affects the pro-
liferation of the osteoclast progenitor cells. Interestingly, the lowest
dose seemed to be more efficient in decreasing the total number of
chromosomal aberrations at bone marrow in animals treated with DOX.
The authors tried to explain their finding as a consequence of the an-
tioxidant properties of vitamin C at low doses and its pro-oxidant effects
with higher doses. The protective effect of vitamin C at low doses
(10 μM) on leukocytes was also supported by a previous study reporting
an effective reduction of micronuclei in DOX-treated (1.5 or 10.2 μM)
human lymphocytes without cytotoxicity sings (Amara-Mokrane et al.,
1996).

At the heart, oxidative damage markers measured in different stu-
dies (Akolkar et al., 2017; Shimpo et al., 1991; Viswanatha Swamy

Table 1
Vitamin E effects on DOX toxicity.

Model Organ/tissue/cell affected (administration via) Effects vs. DOX toxicity1 Effect on cell signaling and/or DOX efficiency2

Rodents Heart (oral) ▼ ECG alterations
▲ Antioxidant defenses
▼ ROS generation
▼ Oxidative damage

Liver (ip) ▲ Histopathological alterations
▲ Antioxidant defenses
▼ Oxidative damage

Kidney ▼ Biochemical markers of injury
▼ Alterations in TEM

Skin (topical) ▲ Regeneration
▼ Ulcers

Bone marrow (ip) ▼ Mutagenity
Red blood cells (oral) ▲ Antioxidant defenses

▼ Oxidative damage
Cell lines HEK cells ▼ ROS production ▼ p53 activation

Abbreviations: ECG, electrocardiogram; ip, intraperitoneal; ROS, reactive oxygen species; TEM, transmission electron microscopy. 1A green arrow indicates positive
effect. The direction of the arrow indicates that the effect or process on which it applies is increased or decreased. 2A black arrow indicates that the corresponding
cellular signaling process is activated (upwards) or inactivated (downwards).
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et al., 2011) suggest that vitamin C reduces oxidative stress associated
to DOX. This has been associated with increases in the concentration of
reduced glutathione (GSH) as well as in the activity of SOD, and cata-
lase until arrive to normal values (Injac et al., 2009; Viswanatha Swamy
et al., 2011). Therefore, toxicity would be reduced by scavenging ROS
as consequence of restoration of the endogenous antioxidant system
depicted by vitamin C (Viswanatha Swamy et al., 2011). In addition,
oral vitamin C has been shown to reduce DOX-induced-increases in the
apoptosis markers Bnip-3, Bak, and caspase-3 (Akolkar et al., 2017) and
pro-inflamatory cytokines tumor necrosis factor α (TNF-α), interleukin
(IL)-1β, and IL-6 (Akolkar et al., 2017). An interesting finding from one
of this studies was that vitamin C upregulated cardiac vitamin C
transporter proteins (sodium-ascorbate cotransporter 2 and glucose
transporter 4) which were reduced by DOX treatment alone. This could
have a crucial role in improving antioxidant status in this cardiomyo-
pathy by increasing the intracellular concentration of ROS scavenger
molecules (Akolkar et al., 2017). Similar conclusion about the protec-
tive effect of vitamin C arise from studies in cardiomyocytes isolated
from adult (Wold et al., 2005) and neonate (Yamanaka et al., 2003)
rats, as well as in cell lines, namely H9c2 cardiomyocytes (Choi et al.,
2007; Chularojmontri et al., 2005; Kim et al., 2006). In this sense, a
lower production of ROS has been reported in cardiomyocytes isolated
from adult Sprague-Dawley rats treated with vitamin C (Ludke et al.,
2017). As expected, cardioprotective effects of vitamin C has been as-
sociated with prevention of apoptosis in this assay (Ludke et al., 2017),
but also with autophagy. Namely, vitamin C pretreatment (25 μM)
prevented the activation of stress-induced proteins p53, p38 MAPK and
c-Jun N-terminal kinase (JNK) which also has shown to be induced by
DOX treatment (10 μM) (Ludke et al., 2017). Anyway, vitamin C effects
on autophagy, apoptosis and on signaling was mainly attributed to its
antioxidant properties (Ludke et al., 2017). Moreover, ultrastructural
features associated to DOX toxicity that were prevented by vitamin C in
guinea pigs might be related to prevention autophagy induction and to
apoptosis rate decrease (Shimpo et al., 1991). On the other hand, there
is an interesting alternative closely related to vitamin C that has also
been tested in this context, ascorbyl palmitate, which is a lipid-soluble
molecule, instead water-soluble like vitamin C. Ascorbyl palmitate
(50mg/kg of bw, ip) was also tested by Shimpo et al. (1991) reporting
that DOX-associated lipid peroxidation in mouse heart was reduced
after a treatment with this molecule for 5 days before plus 5 days after a
single subcutaneous injection of DOX (15mg/kg of bw).

On other hand, some preclinical studies carried out in different
cancer cell lines have generated certain controversy about vitamin C
effects on the anti-tumor activity of DOX. In two human breast cancer
lines (MCF-7 and MDA-MB-231) some pretreatments with ascorbic acid
(1 and 100mM) has shown a strong synergistic action on DOX (ranged
from 104 to 10mM) (Kurbacher et al., 1996). Interestingly, both non-

toxic (1 mM) and moderately cytotoxic concentrations (100mM) simi-
larly contributed to DOX effect in MCF-7 line, whereas a clear dose-
dependency was found in MBA-MB-231 cells. These findings points out
the relevance of the type of cell line in the modulation of DOX anti-
neoplastic activity by vitamin C that is likely to be in vivo transferable to
tumor or cancer type. In contrast, other results indicate that the use of
vitamin C to prevent the toxic effects of DOX may not be an effective
choice. Wells et al. (1995) reported that a more stable ascorbate deri-
vative, L-ascorbic acid 2-phosphate (2 and 10mM) enhanced resistance
to DOX in a DOX-resistant MCF-7 cell line but has no effect on a DOX-
sensitive MCF-7 cell line. In this sense, vitamin C caused a dose-de-
pendent decrease in apoptosis in cancer cell lines of leukemia (K562)
and lymphoma (RL) treated with DOX (Heaney et al., 2008). In this last
study, it was found only a modest effect on intracellular ROS, sug-
gesting a mechanism of action that is not mediated by ROS. However,
vitamin C prevented DOX-induced mitochondrial membrane depolar-
ization, an activity with interesting consequences from a mechan-
istically standpoint by its role in apoptosis (Heaney et al., 2008). On the
other hand, DOX ROS accumulation in human ovarian carcinoma cells
3AO exposed to ultrasounds was decreased by vitamin C, at least at a
final concentration of 10mM (Yu et al., 2003). This could be a con-
sequence of the increase in the expression of the multidrug resistance
(MDR) transport protein P-glycoprotein (P-gp) by ascorbic acid as has
been reported in NOX-1 over-expressing prostate tumor cells
(Wartenberg et al., 2005). Curiously, no up-regulation of P-gp or vi-
tamin C retention was found in the first study mentioned (Heaney et al.,
2008). Thus, the reported vitamin C inhibition of the anti-tumor action
of DOX could operate by different mechanisms, whose importance
could depend on cell line or vitamin C dose. The contradiction respect
than vitamin C effect on DOX anti-tumor activity is also present in
studies in animals. In the study by Shimpo et al. (1991), daily ascorbic
acid (2 g/kg) had no effects on DOX (5mg/kg of bw, ip) anti-tumor
action in mice inoculated with leukemia L1210 or Erlich ascites carci-
noma (three injections of 0.5mg/kg of bw, ip). In contrast, a study on
mice with lymphoma cell-derived xenogeneic tumors shows that iv
dehydroascorbic acid (250mg/kg of bw, iv) reduced the therapeutic
efficacy of DOX. Pro-oxidant effect of vitamin C at high doses have been
suggested as responsible for this controversial findings (Conklin, 2000;
Quiles et al., 2002, 2006). Despite the controversy, vitamin C is com-
monly used to compare the protective activity of other compounds
against the toxic effects of DOX. Table 2 presents a summary of the
effects of vitamin C on DOX toxicity.

3.3. Vitamin A and carotenoids

Retinoids, as vitamin A, and carotenoids, are lipid-soluble pigments
derived from plants, but also from animal sources. Vitamin A comprises

Table 2
Vitamin C effect on DOX toxicity.

Model Organ/tissue/cell affected (administration via) Effects vs. DOX toxicity1 Effect on Cell signaling and/or DOX efficiency2

Rodents Heart (oral) ▼ Histopathological alterations
▼ Biochemical markers of injury
▼ Alterations in TEM
▲ Antioxidant defenses
▼ Oxidative damage

▼ p53 activation
▼ JNK activation
▼ p38 MAPK activation
Efficiency: ↑/↓

Bone marrow (ip) ▼ Oxidative damage (at low doses)
Isolated cells Rat cardiomyocytes ▼ ROS levels

▼ Apoptosis
▼ Autophagy initiation

▼ p53 activation
▼ JNK activation
▼ p38 MAPK activation

Human lymphocytes ▼ Micronuclei
Cell lines H9c2 cells ▼ Cell death

Cancer cells (MCF-7 and MDA-MB-231, K562, RL) Efficiency: ↑/↓

Abbreviations: MAPK, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase; TEM, transmission electronic microscopy; ip, intraperitoneal. 1A green arrow
indicates positive effect. The direction of the arrow indicates that the effect or process on which it applies is increased or decreased. 2A black arrow indicates that the
corresponding cellular signaling process is activated (upwards) or inactivated (downwards).
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2 possible chemical forms: retinol, termed “vitamin A1”, and dehy-
droretinol, called “vitamin A2”. Carotenoids are closely related to re-
tinoids because many of them are vitamin A precursors (Holden et al.,
1999). An important antioxidant activity has been reported for these
dietary compounds (Krinsky and Johnson, 2005; Livrea et al., 1961).
Overall, both vitamin A and carotenoids have been administered during
or before DOX administration aimed to diminish its toxicity. Retinol
and its metabolite retinol palmitate administered at similar doses
(3.3 mg/kg of bw, ip) in mice have shown to reduce lipid peroxidation
in heart, brain membranes, liver microsomes and kidney, but they does
not facilitate the anti-tumor action of DOX (Quiles et al., 2006). Simi-
larly, a daily pretreatment with a natural derivative of vitamin A, all-
trans-retinoic acid (0.5 mg/kg of bw, ip) preserved mice cardiac his-
tology and prevented increases in serum biochemical biomarkers of
cardiac injury after DOX treatment (2.5 mg/kg of bw, ip, twice weekly)
for 3 weeks (Khafaga and El-Sayed, 2018). In addition, the assessment
of TNF-α and IL-6 levels and cardiac caspase 3 and p53 levels sug-
gested, respectively, that this compound had an anti-inflammatory ac-
tions and that prevented mitochondrial apoptotic pathway activation
(Khafaga and El-Sayed, 2018). The effects of vitamin A on the con-
sequences of DOX-based chemotherapy have also been evaluated in
bone. Thus, Gülkaç et al. (2004) reported a protective dose-dependent
effect against the DOX-induced chromosomal aberrations in rat-isolated
bone marrow cells with 15 μg/kg as the most effective dose. However, a
higher dosage (30 μg/kg) was found to be clastogenic. This could be due

to the existence of a dose-dependent dual role for vitamin A, as it has
been described for vitamin C, at least in this model. However, whether
this is due to pro-oxidant and antioxidant activities or to other me-
chanisms remains unclear. Additionally, retinol increased the efficiency
of DOX in mice with P388 leukemia, although this enhancement has not
been reported in all cases, e.g. in mice bearing ascites sarcoma 180
(Nakagawa et al., 1985).

Several studies have been conducted on the effects of oil extracted
from pequi (Caryocar brasiliense), very rich in carotenoids, in the pre-
vention of DOX-induced toxicity and action. Thus, it has been reported
the reduction in oxidative stress in normal cells from an Ehrlich solid
tumor-bearing mice model when it is applied both, before tumor in-
oculation and in continuous and concurrent administration with DOX
(Miranda-Vilela et al., 2014). Pequi oil also resulted effective in con-
taining tumor growth by increasing internal necrosis and reducing cell
proliferation, besides increasing lymphocyte-dependent immunity
(Miranda-Vilela et al., 2014). Notwithstanding, other studies focused on
specific carotenoids support some of the mentioned effects. Lycopene
has received a special attention since it presents a powerful antioxidant
activity. A unique dose of this intraperiotoneally administrated lyco-
pene (1.7 or 3.5mg/kg of bw, ip) following by a single injection of DOX
(15mg/kg of bw, ip) has shown to be enough to ameliorate cardiac cell
injury in mice (Karimi et al., 2005). Still, other studies confirmed the
protective effect of this compound when orally administrated. Thus, a
daily treatment (4 mg/kg of bw in corn oil, ig) for 10 days before a DOX

Table 3
Carotenoids and retinoids effect on DOX toxicity.

Model Organ/tissue/cell affected (administration) Effects vs. DOX toxicity1 Effect on Cell signaling and/or DOX efficiency2

Vitamin A
Rodents Heart (ip) ▼ Oxidative damage

Liver (ip) ▼ Oxidative damage
Kidney (ip) ▼ Oxidative damage
Brain (ip) ▼ Oxidative damage
Bone marrow (ip) ▼ Mutagenity

▲ Clastogenesis (at high doses)
All-trans retinoic acid
Rodents Heart (ip) ▼ Histopathological alterations

▼ Biochemical markers of injury
▼ TNF-α and IL-6 levels
▼ Apoptosis

▼ p53 levels

β-carotene
Rodents Heart (oral) ▼ Histopathological alterations

▼ Biochemical markers of injury
▲ Antioxidant defenses
▼ Oxidative damage

Efficiency: ↑

Liver (oral) ▼ Oxidative damage
Lycopene
Rodents Heart (oral) ▼ Histopathological alterations

▼ Biochemical markers of injury
▲ Antioxidant defenses
▼ Oxidative damage

Kidney (oral) ▼ Histopathological alterations
▼ Biochemical markers of injury
▲ Antioxidant defenses
▼ Oxidative damage

Testicles (spermatogenesis) (oral) ▼ Histopathological alterations
▼ Biochemical markers of injury
▲ Antioxidant defenses
▼ Oxidative damage

Astaxanthin
Rodents Brain (oral) ▼ Hippocampal alterations

▼ Cognitive impairment
▼ Oxidative damage
▼ Inflammatory biomarkers
▼ Apoptosis

Efficiency: ↑

Bixin
In vitro HL60 cells ▲ Apoptosis Efficiency: ↑

Abbreviations: ip, intraperitoneal. 1A green arrow indicates positive effect. A red arrow means a negative effect. The direction of the arrow indicates that the effect or
process on which it applies is increased or decreased. 2A black arrow indicates that the corresponding cellular signaling process is activated (upwards) or inactivated
(downwards).
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injection (10mg/kg of bw, ip) has shown to prevent histopatological
alterations in heart and kidney tissues (Yilmaz et al., 2006). In the same
study, another experimental group received a similar treatment but
only for 2 days prior to and 3 days after the administration of DOX. This
group also presented normalized levels of plasma creatinine and urea,
confirming the role of lycopene in kidney protection (Yilmaz et al.,
2006). These results also suggested that the oral administration of this
carotenoid for a short period also is useful in reducing DOX toxicity, at
least in such organs. Lycopene effect on cardiotoxicity has been cor-
roborated by additional studies. Oral supplementation with a lower
dose (5mg/kg per day) for seven weeks has demonstrated a cardio-
protective effect of myocytes of male rats chronically treated with DOX
(four equal injections containing 4mg/kg of bw at week 3, 4, 5 and 6,
ip), although it did not prevent cardiac dysfunction (Anjos Ferreira
et al., 2007). At the testis, it has been reported that pretreatment with
intragastric lycopene (4mg/kg of bw) reversed the histopathologic
changes in rats treated with DOX (10mg/kg of bw, ip). The treatment
prevented deleterious consequences of DOX treatment less explored in
this context attributed to spermatogonia and primary spermatocytes
apoptosis (Zanetti et al., 2007). Protection affected also germ cell dis-
organization and separation and gradual loss of spermatogenic cells in
association with a marked reduction in testicular size and weight
(Ateşşahin et al., 2006). In any case, effects on toxicity of lycopene were
related to prevention of DOX-induced oxidative damage again, parti-
cularly to lipid peroxidation (Ateşşahin et al., 2006; Yilmaz et al.,
2006). This probably occurred as consequence of an increase in some
antioxidant defenses, but reduction of ROS production also could be
implicated. Interestingly, decreased GSH levels at the heart, kidney
(Yilmaz et al., 2006) and testis (Ateşşahin et al., 2006) and a normal-
ized catalase activity were found in heart and kidney tissues of animals
treated with lycopene (Yilmaz et al., 2006). Similarly, it has been re-
ported that supplementation with a tomato oleoresin containing mostly
lycopene (95%) reduced DOX-induced oxidative DNA damage of car-
diomyocytes in rats (Ferreira et al., 2007a). The same authors reported
that the treatment maintained lycopene levels raising antioxidant ca-
pacity in rat myocardial tissue despite DOX treatment (Ferreira et al.,
2007b). Notwithstanding, it is important to note that all-trans-β-car-
otene (5%), and 13-cis-β-carotene (1%) were also present in the tested
product (Ferreira et al., 2007a) which could have contributed to the
reported effects.

Another carotenoid particularly important, since it has a great an-
tioxidant activity and is the main vitamin A precursor, is β-carotene.
This compound has been evaluated as a protective agent against DOX
hepatotoxicity. An early study in rats (Vile and Winterbourn, 1988)
showed that treatment with β-carotene inhibited lipid peroxidation in
microsomes of liver. Then, Aissa et al. (2012) reported that adminis-
tration of β-carotene (5.0 mg/kg of bw, ig) for 14 days protected against
liver DNA damage produced after an injection of DOX (16mg/kg of bw,
ip). The effect of a lower dosage (2.5 mg/kg) was also tested but it was
not effective in reducing genotoxicity. Additionally, β-carotene effects
of a microencapsulated form were also tested in the same study. Dif-
ferences found suggested that the biodisponibility offered by this deli-
vering system could be modified maintaining the protective properties
(Aissa et al., 2012).

Other carotenoids that have shown to protect against DOX dele-
terious effects and that have deserved less attention are bixin and as-
taxanthin. Astaxanthin treatment (25mg/kg) protected against DOX-
induced memory impairment and restored hippocampal histopatholo-
gical architecture. This would indicate that this carotenoid might re-
duce DOX neurotoxicity that usually would lead to decline in cognitive
functions, another side effect of DOX-based chemotherapy (El-Agamy
et al., 2018). On the other hand, bixin reduced the DNA damage in-
duced by DOX in HL60 cells. In addition, it has been shown an agonistic
effect on DOX-induced apoptosis as revealed the apoptotic cells per-
centage (Santos et al., 2016).

Importantly, different carotenoids including β-carotene, lutein,

astaxanthin or fucoxanthin (< 5 μM) have shown to increase DOX ef-
ficacy in breast cancer cells in a combined treatment context. Several
markers pointed to a synergistic effect of carotenoid and DOX treatment
promoting oxidative stress-mediated apoptosis as main cause.
Interestingly, normal breast epithelial cells (MCF10A) exposed to si-
milar treatments resulted in non-significant cytotoxicity. Curiously, in
breast cancer cells, a low-dose of DOX significantly enhanced cyto-
toxicity in carotenoid (< 5 μM)-treated cells compared to a high-dose of
DOX (> 1 μM) or carotenoid (20 μM) treatment alone (Vijay et al.,
2018). If this relationship is maintained in vivo, a combined therapy
would allow to reduce DOX dose decreasing side effects on health cells.
In particular, the synergy between DOX and β-carotene in relation to its
antitumor activity has been also noted in two murine solid tumors, the
FsaII fibrosarcoma and the SCCVII carcinoma. As suggested, the co-
treatment with the carotenoid increased the tumor growth delay
(Teicher et al., 1994). Table 3 presents a summary of the effects of
carotenoids and retinoids on DOX toxicity.

3.4. Selenium

Selenium is a trace element that forms part of the antioxidant en-
zyme gluthathione peroxidase (GPX). In fact, it has been widely de-
monstrated that alterations in selenium levels directly affect the con-
centration and activity of GPX (Halliwell and Gutteridge, 2015). Given
the established relationship between DOX toxicity and oxidative stress,
there are an important number of studies investigating possible bene-
ficial roles of selenium against DOX side effects. Earlier studies in-
dicated that oral supplementation with selenium diminished heart in-
jury caused by DOX in animals and fortified the antioxidant defenses of
cardiac cells. Curiously, the oldest studies in preclinical models used
great animals. In a study in pigs by Van Vleet et al. (1981), dietary
supplementation with selenium led to a prolonged survival and delayed
onset of leukopenia after a 13-week treatment with DOX (1.6mg/kg of
bw per week, ip). However, the same authors previously reported that
pretreatment with intraperitoneally-administrated selenium (0.06mg/
kg of bw) failed to generate cardioprotection in dogs under a 20-week
DOX treatment (1 mg/kg of bw to reach a cumulative dose of 400mg/
kg of bw, ip) (Van Vleet et al., 1980). The reason for this lack of effect
could reside in the low amount administrated, since co-administration
with DOX (2.4 mg/kg of bw, ip, once a week) of a similar dose for 17
weeks resulted in a better survival rate and improved cardiomyopathic
symptoms in rabbits (Van Vleet and Ferrans, 1980). Other subsequent
studies on dietary selenium reported benefits only in some cases. In
mice, no protection against toxicity caused by a single injection of DOX
at different doses (15 and 30mg/kg, ip) was found for a supple-
mentation with selenium (27mg/kg per day) during 2 weeks before and
5 weeks after the injection (Hermansen and Wassermann, 1986). In
contrast, the increase in the degree of structural alterations to sarco-
meres caused by a 3-weeks DOX treatment (2.5 mg/kg of bw, ip, twice
weekly) has shown to be abolished in rats fed a selenium-supplemented
diet (2500 μg/kg of diet) for 8 weeks (Boucher et al., 1995). Im-
portantly, there was a great difference in the amount of DOX admini-
strated, which could explain the absence of effects seen in the first
study. Other recent studies have also found protective activity, but
weak, of selenium (15mg/kg of bw, ip) against DOX (20mg/kg of bw,
iv) nephrotoxicity (Bulucu et al., 2008) and hepatotoxicity (Bulucu
et al., 2009) in male rats. In turn, there are also some studies carried out
in rats investigating the consequences of selenium deficiency on DOX
toxicity. Most authors (Chen et al., 1986b; Coudray et al., 1992;
Matsuda et al., 1997; Nakano et al., 1989), but not all (Fischer et al.,
1992; Sokolove et al., 1993), have reported that selenium deficiency led
to an enhancement of DOX cardiotoxicity in rats.

Prophylactic effect of dietary selenium on DOX toxicity seems to be
mediated, at least in part, by reductions of oxidative damage in health
cells (Boucher et al., 1995). A moderate dietary supplementation with
selenium (0.1 mg/kg) increased the total antioxidant activity and GSH
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concentration (Danesi et al., 2006) as well as GPX (Boucher et al., 1995;
Danesi et al., 2006) and catalase activities (Danesi et al., 2006) in heart
of rats treated with DOX in different studies. Likewise, overall, higher
DOX-cardiotoxic insults found in the selenium deficient rats were re-
lated to a greater formation of ROS with subsequent damage at the
levels of lipids, DNA, as well as to mitochondrial dysfunction (Quiles
et al., 2002). The administration of selenium increased catalase activity
in contrast to chemotherapy alone that led to a decrease in the activity
of this enzyme (Popovic et al., 2007). Such effect on catalase activity
could be also relevant for preventing damage caused by chemotherapy
with DOX alone.

On the other hand, selenium has demonstrated to have synergic
effects on DOX toxicity in several malignant cells lines (breast, colon,
prostate, lung, small intestine and liver cancer). Thus, when this com-
pound was simultaneously added to the culture medium, apoptosis rate
was increased or DNA synthesis was decreased (Li et al., 2007a, 2007b;
Vadgama et al., 2000). In MCF-7 breast cancer cells, the increased
sensitivity to DOX-induced apoptosis after selenium treatment has been
reported to be related to DOX-induced Akt activation repression of se-
lenium (Li et al., 2007b), and Fas death pathway induction (Li et al.,
2007a). It also induced massive apoptosis in a DOX resistant cell line
derived from human small cell lung carcinoma in a caspase-3 in-
dependent manner (Jönsson-Videsäter et al., 2004). Interestingly, this
element induced protective responses in normal human mononuclear
cells but cytotoxic effects in malignant cells (THP1 monocytic leukemia
cells), alone and in conjunction with chemotherapy in the same study
that it was administered in the chemical form of methylseleninic acid
(Lobb et al., 2018). According to these effects, combined therapies with
selenium and DOX can significantly reduce DOX dose-limiting toxicities
and potentially improve their anti-cancer efficacy. Importantly, higher
methylseleninic acid concentrations were generally more effective in
combination with cancer treatments in malignant cells. However, in
normal cells higher concentrations of methylseleninic acid were toxic
and increased the cytotoxicity of radiation but not chemotherapy (Lobb
et al., 2018). These results suggest that selenium should be limited in
the applied dosage.

The use of selenium nanoparticles (NPs) have received attention in
recent years, reporting synergic effects with DOX on human hepatic
cancer cells Bel7402 (Tan et al., 2009). The advantages of selenium NPs
in combination with DOX or alone have been corroborated in a hepa-
tocellular carcinoma model in male rats where the treatment with na-
noselenium either alone or in combination with DOX was more effec-
tive than treatment with DOX alone. Moreover, the NPs also had
protective effects against bone marrow and liver cytogenetic toxicity
(Abd El-Moneim et al., 2018). Different DOX-coated NPs with selenium
polymer (Fang et al., 2018; Kumari et al., 2018; Purohit et al., 2017; Xia
et al., 2018) or nanocomposites with additional elements (Deng et al.,
2018; Kumari et al., 2018; Luesakul et al., 2018; Purohit et al., 2017;
Wang et al., 2018) have been studied. These nanoparticles can be
modified with targeting moieties for specific binding to components
overexpressed in certain cancer cells to and accumulate in the tumor
site (Kumari et al., 2018; Xia et al., 2018). These preparations have
shown an interesting potential as cancer therapeutic agents and

emerging drug delivery carriers. This would be consequence of phar-
macokinetic properties improvement, but also of the synergic effect on
different mechanisms under DOX anti-cancer effect (Deng et al., 2018;
Fang et al., 2018; Luesakul et al., 2018; Purohit et al., 2017) and al-
leviating the overall MDR (Kumari et al., 2018). Moreover, some of
these studies tested and confirmed the absence of adverse effects (Deng
et al., 2018) and reduction of DOX toxicity for some of these NPs (Deng
et al., 2018; Fang et al., 2018). Modification of form and structure also
is very relevant for its activity since they could have effects on selenium
NPs stability. For instance, chemical structures of pullulan selenium
NPs decorated with cysteine and folic acid showed more potent activity
against cancer cells while showing less toxicity against normal cells
(Nonsuwan et al., 2018). In this sense, DOX-coated selenium liposomes
have shown to enhance the antitumor efficacy of DOX in tumor-bearing
mice (Xie et al., 2018). Overall, all these studies would allow to design
specific novel and promising candidates for DOX-based therapies
against different cancers. In addition to increase anti-tumor effects of
DOX, cancer-specific drug delivery also represents an attractive ap-
proach to prevent undesirable side effects increasing the accumulation
of the drug in tumors. However, the optimal selenium compound and
dose has not yet been fully established. Table 4 presents a summary of
the effects of selenium on DOX toxicity.

3.5. N- 3 polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFA) belonging to n-3 series (n-3
PUFA) are the most common fatty acids found in fish, although other
foods as nuts or egg yolk also present important amounts. From a nu-
tritional standpoint, n-3 PUFA are essential nutrients since human cells
are not able to synthesize them. The amount of these fatty acid presents
in cell membranes have important consequences for health, particularly
in modulation of inflammatory processes and susceptibility to lipid
peroxidation. Overall, preclinical studies in rodents have provided
promising results for n-3 PUFA supplementation in relation to DOX side
effects. Pretreatment with daily fish n-3 PUFA (400mg/kg of bw, ig) for
28 days prior and 2 days after receiving a single DOX injection (30mg/
kg of bw, ip) improved different histological features of myocardial
acute injury including muscle fibers disorganization, myofibrillar loss,
and myocardial fibers with cytoplasmic vacuoles appeared 48 h after
DOX treatment (Tulubas et al., 2015; Uygur et al., 2014a). Cardiopro-
tective role of n-3 PUFA also has been supported by a study in dogs with
lymphoblastic lymphoma receiving a diet supplemented with men-
haden fish oil (140 g of eicosapentanoic acid [EPA] per kg fish oil, 120 g
of docosahexanoic acid [DHA] per kg fish oil) and arginine (5.5 4% dry
matter basis). In this study supplements were provided before and after
a chemotherapeutic treatment with DOX (up to five dosages of 30 mg/
m2 every 3 weeks, iv) that finished with tumor remission. Results in-
cluded the improvement of different metabolic parameters for dogs
with Stage III lymphoma in comparison with those treated on a diet
supplemented with soybean oil (Ogilvie et al., 2000). Likewise, testis
tissues from rats pretreated with n-3 PUFA in the same conditions as the
previously mentioned study showed an improvement in histological
parameters, a reduced cell death and a higher cell proliferation

Table 4
Selenium effects on DOX toxicity.

Model Organ/tissue/cell affected (administration) Effects vs. DOX toxicity1 Effect on Cell signaling and/or DOX efficiency2

Pigs Leucocytes (ip) ▼ Leucopenia onset
Dogs Heart (ip) No effect
Rodents Heart (oral) ▲ Antioxidant defenses

▼ Oxidative damage
Heart (ip) ▼ Cardiomyopathic symptoms

Cell lines Cancer cells (MCF-7, Bel7402, SKBR-3, RH2, HCF8, Caco-2, & HepG2 cells) ▲ Apoptosis Efficiency: ↑

Abbreviations: ip: intraperitoneal. 1A green arrow indicates positive effect. The direction of the arrow indicates that the effect or process on which it applies is
increased or decreased. 2A black arrow indicates that the corresponding cellular signaling process is activated (upwards) or inactivated (downwards).
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compared with animals only treated with DOX (Uygur et al., 2014b).
Moreover, a daily n-3 PUFA supplement at higher doses (0.6% of bw,
ig) during a 8-week DOX-treatment (2 mg/kg of bw, ip, once weekly)
attenuated DOX-derived myocardial injury in rats according echo-
cardiographic and histological parameters (Teng et al., 2010). These
results suggest that supplementation with n-3 PUFA could have a pro-
phylactic but also therapeutical use for reducing acute and chronic
cardiac injuries associated to DOX-based chemotherapy. In the same
way, these dietary interventions could be also useful for palliating acute
testicular damages caused by DOX.

The usefulness of n-3 PUFA against DOX toxicity has also been
evaluated in female rats treated with DOX and cyclophosphamide. In
this study n-3 PUFA (375 mg/100 g per day) attenuated chemotherapy-
induced bone marrow cell depletion and marrow adiposity. This in-
tervention also attenuated trabecular bone separation, normalized cell
size and the number of osteoclasts formed ex vivo from bone marrow
cells isolated from chemoterapy-treated rats (Fan et al., 2018). Like-
wise, a low sucrose diet (9% of Kcal) supplemented with EPA and DHA
(2% of Kcal) for four to six weeks attenuated synaptic damage at the
cortex, but not at the hippocampus. In this study, chemotherapy con-
sisted in a combined therapy of DOX (9mg/kg of bw, ip) and cyclo-
phosphamide (90mg/kg of bw, ip) administered two and four weeks
after starting the dietary treatment in ovariectomized C57BL/6 mice
(Orchard et al., 2018). Therefore, it is possible that protective effects of
dietary n-3 PUFA could be extended to DOX toxicity in bone, nervous
system and even in blood cells, at least in part. In another study, Merino
sheep received repeated intracoronary infusions of DOX (to reach a
total dosage of 3.6 mg/kg of bw). Oral treatment with fish oil (10mL
fish oil comprising 3 g of n-3 PUFA per day) 3 weeks before and 12
weeks after DOX exposure did not reported positive effects. Even the
opposite, n-3 PUFA exacerbated DOX-induced cardiotoxicity (Carbone
et al., 2012). Notwithstanding, in the last study, olive oil was used as
placebo. This might suggest a potential for monounsaturated fatty acids
(MUFA) in the prevention of DOX toxicity.

Additional findings support that n-3 PUFA benefits on DOX toxicity
would be a consequence of reductions in oxidative stress. This re-
commends the assessment of oxidative damage markers. In this sense
several studies have confirmed the improvement of the antioxidant
enzymes SOD and GPX activities after the co-treatment with n-3 PUFA
(Tulubas et al., 2015; Uygur et al., 2014a, 2014b). This antioxidant role
has been supported by in vitro assays in H9c2 cells showing a reduction
of ROS production after DOX treatments by 24-h pretreatments with
these nutrients (EPA 100 μM or DHA 50 μM) in parallel with increases
in cell viability (Hsu et al., 2014; Wang et al., 2016). Sardine oil mi-
croencapsulated in vanillic acid-grafted chitosan (Va-g-Ch) also

revealed an effective cytoprotective and antiapoptotic effect at con-
centration of 12.5 μg/mL with decreased ROS production in H9c2 car-
diomyocytes (Vishnu et al., 2018). The reduction in ROS production
could be related to the prevention of mitochondrial potential losses and
the maintenance of mitochondrial function observed in H9C2 cells
pretreated with n-3 PUFA and subsequently treated with DOX (1 μM,
24 h) (Hsu et al., 2014). The mentioned mitochondrial alterations could
be also responsible of cell events leading to apoptosis associated with
exposition to DOX and avoided by n-3 PUFA (Hsu et al., 2014). The
reported maintenance of mitochondrial potential and function by n-3
PUFA could be consequence of the prevention of oxidative damage.
Also the reduction in the decrease of uncoupling protein 2 (UCP2)
mRNA and protein levels as consequence of the pretreatment could be
involved (Hsu et al., 2014). According to that, the presence of higher
levels of UCP2 could dissipate mitochondrial ROS production, reducing
by this way oxidative damage and consequently preventing membrane
potential changes. Interestingly, the effect on UCP-2 gene expression
were not seen when cells were exposed simultaneously to the n-3 PUFA
and DOX (Hsu et al., 2014). It has been also evidenced an anti-in-
flammatory effect as an additional protective mechanism of n-3 PUFA
against DOX toxicity. This has been demonstrated to happen at least at
heart and could explain the recovery from DOX-induced pro-in-
flammatory cytokine network imbalance by DHA found in some in vitro
studies (Teng et al., 2010; Wang et al., 2016). This anti-inflammatory
role seems to be mediated, at least in part, by inducible nitric oxide
synthase (iNOS) reduction as consequence of the transcriptional control
exerted by DHA via NF-κB/iNOS/NO signaling pathway (Wang et al.,
2016). Sardine oil microencapsulated at concentration of 12.5 μg/mL
also down-regulated NF-κB expression in H9c2 cardiomyocytes (Vishnu
et al., 2018). A decrease in the inflammation markers α-1 acid glyco-
protein, TNFα and IL-6 was also noted in dogs with lymphoblastic
lymphoma receiving a diet supplemented with menhaden fish oil
(Ogilvie et al., 2000) supporting the in vitro n-3 PUFA anti-in-
flammatory effects found in cardiomyocytes (Wang et al., 2016). At
brain, it was shown a reduced expression of the synaptic marker Shank
3 protein that has been related with a reduction in neuroinflammation.
That was found in ovariectomized C57BL/6 mice fed a low sucrose diet
(9% of Kcal) supplemented with EPA and DHA treated with a combined
chemotherapy containing DOX and cyclophosphamide (Orchard et al.,
2018). A third mechanism by which DHA might exert their effects on
DOX-associated toxicity would involve interference with ER Ca2+ re-
lease channel (Ondrias et al., 1990). In that sense, a 20 min-treatment
with DHA (10 μM) prevented acute modifications of calcium home-
ostasis in adult rat ventricular cardiomyocytes perfused with CaCl2
Krebs solution and treated with DOX (100 μM) (Vitelli et al., 2002).

Table 5
n-3 PUFA effects on DOX toxicity.

Model Organ/tissue/cell affected (administration via) Effects vs. DOX toxicity1 Effect on Cell signaling &/or DOX efficiency2

Rodents Heart (oral) ▼ Histopathological alterations
▼ Biochemical markers of injury
▲ Antioxidant defenses
▼ Oxidative damage

Efficiency: ↑

Testicles (spermatogenesis) (oral) ▼ Histopathological alterations
▼ Cell death

Brain (oral) ▼ neuroinflammation marker
Cell lines H9c2 cells ▲ Antioxidant defenses

▼ Oxidative damage
▼ Inflammatory cytokines
▲ UCP2
▼ Mitochondrial depolarization
▲ Mitochondria

▼ NF-κB/iNOS/NO

EHEB, MEC-2, JVM-2, L1210, A-172, U-87 MG and A-427 cancer cells ▲ Cell death Efficiency: ↑

Abrreviations: UCP2, uncoupling protein 2; NF-κB; nuclear factor κB, iNOS, inducible nitric oxide synthse; NO, nitric oxide. 1A green arrow indicates positive effect.
The direction of the arrow indicates that the effect or process on which it applies is increased or decreased. 2A black arrow indicates that the corresponding cellular
signaling process is activated (upwards) or inactivated (downwards).

A. Varela-López, et al. Food and Chemical Toxicology 134 (2019) 110834

13



Other preclinical studies have also explored the potential of n-3
PUFA for improving DOX chemotherapy effectiveness. In this context, it
was reported that co-administration of different n-3 PUFA in diet
(Hardman et al., 2001; Newell et al., 2019) or parenteral (Xue et al.,
2016) improved the anti-cancer efficacy of chemotherapeutic treatment
in cancer xenograft rodent models without increase in DOX toxicity
(Hardman et al., 2001; Newell et al., 2019; Xue et al., 2016). Sup-
porting these findings from animal studies, different in vitro assays
carried out in cell lines including the B-leukemic cell lines EHEB, MEC-
2, JVM-2 and L1210 (Guffy et al., 1984), the glioblastoma cell lines A-
172 and U-87 MG (Rudra and Krokan, 2001), as well as the bronchial
carcinoma cell lines A-427, reported an increase in sensitivity to DOX
cytotoxic effects (Guffy et al., 1984; Rudra and Krokan, 2001) affecting
viability, cell growth, or both (Guffy et al., 1984). Moreover, in some
assays, a dose-dependent effect was found (Guffy et al., 1984). How-
ever, some cell lines (like the bronchial carcinoma cell line SK-LU-1)
were not affected in this way, suggesting that this effect could be cell
line dependent (Rudra and Krokan, 2001). Moreover, comparisons be-
tween DOX-resistant and sensitive cell lines have also indicated that
pretreatment with n-3 PUFA increase sensitivity to DOX cytotoxicity in
DOX resistant cells such as mouse leukemia cell subline P388/DOX (Liu
and Tan, 2000) or resistant small-cell lung carcinoma cells (Zijlstra
et al., 1987). More recently, DHA has been co-loaded with DOX in Tc-
99m-labeled nanostructured lipid carrier formulation improving sub-
stantial tumor growth inhibition (Fernandes et al., 2018). Moreover, in
this study favorable toxicity profiles were found when compared to
equivalent doses of free administered drug, reducing heart and liver
damage compared with equivalent doses of free administered DOX.

It has been reported that cells in culture adapted membrane lipids to
the composition of the medium (Guffy et al., 1984; Zijlstra et al., 1987).
In an study of n-3 PUFA supplementation it was found that for the same
supplementation, the content of n-3 PUFA was 2-3-fold higher in DOX-
sensitive compared with DOX-resistant rat glioblastoma cells. Authors
suggested that the uptake of fatty acids by resistant cells was twice of
that in sensitive cells (Vrignaud et al., 1986; Vrignaud and Robert,
1987). This difference could explain why in some assays n-3 PUFA only
increased DOX cytotoxicity in resistant cell lines, but not in sensitive
cells since the change in membrane composition would occur in a
higher degree with the same treatment (Zijlstra et al., 1987). A higher
content of PUFA in cell membranes might facilitate the formation of
cytotoxic lipid peroxidation products as consequence of the known
susceptibility of membranes rich in PUFA to lipid peroxidation.
Nevertheless in EHEB and JVM-2 cells, n-3 PUFA enhanced chemo-
sensitivity without showing a clear effect on lipid peroxidation and ROS
generation (Fahrmann and Hardman, 2013). Likewise, it has been re-
ported that GPX activity increased after DOX exposure and even more
after addition of Na-selenite in DHA-treated cells, but this did not re-
duce the cytotoxicity of DOX (Rudra and Krokan, 2001). These results
demonstrated that the mechanisms of cytotoxicity enhancement by n-3
PUFA are complex and probably cell-specific and do not require in-
creased lipid peroxidation or ROS. On the other hand, the alteration of
the lipid domain of the cell membrane results in a higher intracellular
drug level, circumventing drug resistance and increasing deleterious
effects in the cell. Among these effects oxidative damage accumulation
(Hardman et al., 2001; Xue et al., 2016) and the subsequent induction
of cell cycle arrest and apoptosis (Newell et al., 2019) should be con-
sidered. This has been observed in vivo in xenograft models (Hardman
et al., 2001; Newell et al., 2019; Xue et al., 2016) and different cell lines
(Newell et al., 2019). In support of this, cellular accumulation of DOX
was greater in the DHA-enriched L1210 murine leukemia cell line as
compared to those cells enriched with the MUFA oleate (Burns and
North, 1986). Similarly, the increase in sensitivity to DOX cytotoxicity
as consequence of a pretreatment with n-3 PUFA in mouse leukemia cell
subline P388/DOX has been associated with DOX accumulation, an
effect not associated with p-gp expression changes (Liu and Tan, 2000).
Moreover, the accumulation of DOX has been directly correlated with

the average number of double bonds in cells's membrane fatty acids.
The observed effect for n-3 PUFA could also be the same for n-6 PUFA
in relation to DOX uptake (Burns and North, 1986). In fact, the content
of both, n-3 and n-6 PUFA, was higher in DOX-resistant cells compared
to DOX-sensitive rat glioblastoma cells (Vrignaud and Robert, 1987).
Table 5 presents a summary of the effects of n-3 PUFA on DOX toxicity.
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