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A B S T R A C T

Platinum-based compounds are widely used for the treatment of different malignancies due to their high ef-
fectiveness. Unfortunately, platinum-based treatment may lead to ototoxicity, an often-irreversible side effect
without a known effective treatment and prevention plan. Platinum-based compound-related ototoxicity results
mainly from the production of toxic levels of reactive oxygen species (ROS) rather than DNA-adduct formation,
which has led to test strategies based on direct ROS scavengers to ameliorate hearing loss. However, favorable
clinical results have been associated with several complications, including potential interactions with che-
motherapy efficacy. To understand the contribution of the different cytotoxic mechanisms of platinum analogues
on malignant cells and auditory cells, the particular susceptibility and response of both kinds of cells to mole-
cules that potentially interfere with these mechanisms, is fundamental to develop innovative strategies to pre-
vent ototoxicity without affecting antineoplastic effects. The n-3 long-chain polyunsaturated fatty acids (n-3
PUFAs) have been tried in different clinical settings, including with cancer patients. Nevertheless, their use to
decrease cisplatin-induced ototoxicity has not been explored to date. In this hypothesis paper, we address the
mechanisms of platinum compounds-derived ototoxicity, focusing on the differences between the effects of these
compounds in neoplastic versus auditory cells. We discuss the basis for a strategic use of n-3 PUFAs to potentially
protect auditory cells from platinum-derived injury without affecting neoplastic cells and chemotherapy efficacy.

1. Introduction

Since the 1970s platinum compounds have been widely used to treat
different types of cancer [1]. Despite their high effectiveness in con-
trolling malignant tumors, their use is associated with several side ef-
fects including ototoxicity, which currently has no effective treatment
or preventive strategy [1]. Among these drugs, cisplatin is the most
representative compound, used to treat a variety of pediatric and adult
malignancies [2].

Ototoxicity induced by platinum compounds commonly manifests
as irreversible sensorineural hearing loss (HL). In the pediatric popu-
lation, HL prevalence following platinum-based chemotherapy is not

well known, but has reported incidence as high as 90.1% [3]. Thus, it
has been established that the pediatric population is at risk for the
development of HL following cisplatin treatment, requiring long-term
follow-up [3,4]. Moreover, HL in the pediatric population requires early
intervention [4,5] because it may delay educational achievements and
psychosocial development [4–6]. Among adults, up to 80% of patients
may develop ototoxicity [1], decreasing quality of life in cancer sur-
vivors [7,8]. Thus, an otoprotective strategy against platinum com-
pounds-related HL should be considered as an important outcome for
improving patient prognosis [7], especially when there is limited access
to hearing health and rehabilitation as it occurs in developing countries
[9].
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In contrast to that occurring in tumor cells, where the platinum-
based compounds exert their cytotoxic effects both by direct attack on
DNA and massive ROS generation, on normal non-proliferative tissues
such as auditory hair cells, the latter mechanism is the major cause of
damage. Therefore, several otoprotective strategies have been at-
tempted to reduce ototoxicity using antioxidant compounds. However,
as increased ROS production also produces platinum-analogues anti-
neoplastic effects, some of these strategies have interfered with anti-
tumor efficacy.

In this hypothesis paper, we address the mechanisms of platinum
compound-derived ototoxicity, the evidence accounting for the role of
oxidative stress in this event and the differences between the effects of
these antineoplastic substances in tumor and non-proliferative cells
such as auditory hair cells. Thus, we discuss the basis to sustain the
development of potential prophylactic strategies to ameliorate cis-
platin-induced HL without interfering with antineoplastic activity,
suggesting taking advantage of the indirect antioxidant properties of
the n-3 long-chain polyunsaturated fatty acids (n-3 PUFAs), whose
safety has been proven in various clinical settings [10], including with
cancer patients [11]. These compounds have been tested to reduce
chemotherapy side effects [12–15], although their use to decrease cis-
platin-induced ototoxicity has not been explored as yet.

2. Platinum-based chemotherapy agents

The different properties of platinum compounds are based on the
distribution of their constituents. They have a central platinum atom,
coordinated with two amino groups. Substituents of the active site are
conformed by two covalent links to different electronegative motifs,
including chlorine (cisplatin) and carboxylates (carboplatin and ox-
aliplatin) [2], thus providing them particular properties regarding their
clinical effectiveness and side effects profile [2] (Fig. 1A).

Classically, the antineoplastic effect of platinum compounds is
thought to be mediated through the production of nuclear DNA

adducts, leading to apoptosis [2] (Fig. 1B). Currently, there are dif-
ferent mechanisms reported to be behind cisplatin-induced cell death,
including apoptosis, autophagy and others [16].

3. Platinum compounds-induced ototoxicity

Platinum compounds-induced ototoxicity clinically manifests as an
irreversible, bilateral sensorineural HL, which could also be associated
with tinnitus and vestibular disorders [1,4,17]. Symptoms onset may
occur within hours to days following cisplatin administration [18], and
even years after the completion of chemotherapy [19]. High-frequency
HL typically occurs first [18] and it can progress to involve middle
frequencies dose-dependently [18].

Platinum-based compounds have a limited entry to the inner ear
[20], but these compounds damage some cochlear regions irreversibly
[21]. Studies report auditory system cells tend to exhibit a special
susceptibility to platinum compounds-induced apoptosis [22], in-
cluding hair cells [23], stria vascularis, supporting cells and others
[24], the first being one of the most affected [18] (Fig. 2). Marginal cell
injury may also cause an impaired K+ metabolism with subsequent
dysfunction and loss of outer hair cells (OHC) [25], which is further
aggravated by type I spiral ligament fibrocytes apoptosis triggered by
cisplatin [26].

Platinum-based compounds have been observed to enter the cell
through passive diffusion or by transporters [2]. Some transporters,
such as copper transporters Ctr1 and Ctr2 and organic cation trans-
porter OCT2, appear to play an important role in cisplatin ototoxicity
and are exhibited in different auditory cells [27]. Precise details as to
how these different transporters are involved in the ototoxicity remain
unclear. However, it seems that different transporters may be re-
sponsible for varying degrees of cisplatin-related ototoxicity [27].

Fig. 1. Platinum analogues and their mechanisms of action.
(A) Platinum-based compounds are characterized by a central platinum atom coordinated with two amino-groups. Non-active substituents of this active site are
conformed by two covalent links to symmetrical electronegative motifs, which confer different pharmacological profiles to these drugs. Platinum-based compounds
have different ototoxic profiles, cisplatin being the most deleterious. (B) Non-active substituents of platinum analogues become displaced from platinum by water,
forming highly reactive intermediates, which irreversibly binds to DNA at the N7 positions of purine bases, resulting in DNA-adduct formation. These adducts
activate several signaling mechanisms such as DNA repair, cell cycle arrest, and apoptosis. (C) Platinum analogues lead to ROS production and also to mitochondrial
dysfunction which enhances ROS generation, leading to cell death. Abbreviations: DNA = Deoxyribonucleic acid; ROS = Reactive Oxygen species.
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3.1. Oxidative stress and direct mechanisms of ototoxicity

Reactive oxygen species (ROS) are normally present in low con-
centrations within cells; however, to prevent potentially detrimental
oxidative action, cells have protective mechanisms such as antioxidant
molecules and enzymes. Cochlear antioxidant systems include glu-
tathione, glutathione peroxidase, glutathione reductase, superoxide
dismutase and catalase [18]. When ROS production increase or the
antioxidant defenses are impaired, oxidative stress increases, triggering
biomolecule damage and cell death. Platinum-based chemotherapy has
been shown to generate high amounts of ROS in cochlear cells, being a
major mechanism of ototoxicity [18] (Fig. 2). These toxic amounts of
ROS stem from different sources such as mitochondrial damage, in-
creased activity of NOX3 (an isoform of nicotinamide adenine dinu-
cleotide phosphate-oxidase (NADPH)), lipid peroxidation, and anti-
oxidant defense impairment. Moreover, ROS generation may lead to
lipid peroxidation in cochlear tissues [28–30], triggering Ca+2 overload
and activation of mitochondrial apoptosis signaling pathway with
subsequent activation of caspases 3 and 922. Interestingly, deletion of
the p53-gene prevents cytochrome c translocation, caspase-3 activation,

and hair cell death, revealing a role of that mediator in mitochondrial
ROS-derived apoptosis [31].

According to preclinical data, ROS production derived from NOX3
seems to be mediated by transient receptor potential vanilloid 1
channel (TRPV1) pathway [32], through a mechanism associated to
cytosol Ca+2 overload [18,33], which triggers the activation of STAT1
(transcription factor signal transducer and activation of transcription 1)
[34], leading to a caspase-induced OHC death [32]. STAT1 siRNA has
been seen to abolish cisplatin-induced p53-activation, revealing that
p53 also has a key role in this pathway [35].

Although direct nuclear DNA damage induced by platinum-based
compounds has an important role in the cytotoxic effect, this me-
chanism cannot explain completely their high effectiveness as antic-
ancer agents and their toxic effects exerted on normal non-proliferative
tissues such as auditory hair cells. Thus, recent data based on cisplatin
suggest that mitochondrial DNA damage plays a key role in the cyto-
toxic effects of platinum compounds [36,37]. Cisplatin may impair the
electron transport chain function, increasing the production of ROS,
which would be independent of the amount of nuclear DNA damage
[37] (Fig. 1C).

Fig. 2. Cisplatin and oxidative stress-mediated cell death in cochlear cells.
Different cochlear cells are affected by cisplatin treatment. We represented the major sources of ROS using an OHC. The ROS sources include cisplatin-induced
mitochondrial damage that increases the production of mitochondrial ROS. Furthermore, the activation of TRPV1 and NOX3 would be a key event which trigger an
increased ROS generation and an enhanced Ca+2 overload which is related to further TRPV1 and NOX3 activation, mitochondrial impairment and cell death. The
ROS generation promotes lipid-peroxidation in cell membranes, decreases antioxidant defenses and leads to an activation of inflammatory pathways which can
increase NO production, promote oxidative stress and trigger cell death. RNS could be formed by the reaction between ROS and NO leading to nitrosative stress,
contributing to caspase activation and cell death of OHCs, stria vascularis, spiral ganglion and supporting cells. Abbreviations: ROS = Reactive Oxygen species;
TRPV1 = transient receptor potential vanilloid 1 channel; NOX 3 = Nicotinamide adenine dinucleotide phosphate-oxidase 3; NO = Nitric oxide;
STAT = Transcription factor signal transducer and activation of transcription 1; OHC= Outer hair cell.
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Additionally, cumulative preclinical evidence indicates that NOX3,
increases superoxide production following cisplatin-exposure [38–40].
This isoform is highly expressed in the inner ear [40] and its inhibition
in an animal model by small interfering RNA confers protection to OHC,
showing an important role in platinum compound-derived ototoxicity
[41].

On the other hand, cisplatin may also enhance ROS production,
impairing cochlear antioxidant defenses, probably due to reduced co-
chlear antioxidant enzyme activities or through antioxidant inactiva-
tion by increased ROS and organic peroxides production [18], for ex-
ample by inhibition of the thioredoxin enzyme system [42]. Nitrosative
stress also plays a significant role in cisplatin-induced ototoxicity. In-
creased ROS levels in the cochlear tissue can react with nitric oxide to
generate peroxynitrite, an extremely reactive nitrogen species (RNS),
which can modify proteins by S-nitrosylation [30].

The role of ROS and RNS in cisplatin-induced ototoxicity has drawn
attention due to its relationship with protein S-nitrosylation and the
subsequent effects on intracellular signaling pathways [43]. Studies
have shown that cisplatin induces S-nitrosylation of cochlear LMO4, a
transcriptional regulator controlling cell survival that is also a potential
biomarker of cisplatin-induced oxidative inner ear damage [44]. Cis-
platin-induced protein nitration generates downregulation of LMO4,
enhancing caspases- and p53-mediated apoptosis in cochlear cells
[44,45]. Rats treated with cisplatin had a significant shift in the am-
plitude of distortion product otoacoustic emissions (DPOAEs) of OHC
[43]. This was associated with the S-nitrosylation of proteins located in
the organ of Corti, stria vascularis, and spiral ganglions, known targets
of cisplatin ototoxicity [43]. Thus, as is similar with ROS, RNS may
react with various targets in the cell, causing cytotoxicity, although its
mechanisms are less known than ROS and need to be more fully ex-
plored.

3.2. Indirect oxidative-mediated mechanisms of ototoxicity

Basic studies have reported that platinum-based compounds may
also exert their cytotoxic effects by increasing the expression of pro-
inflammatory mediators such as nuclear factor ĸ-B (NF-ĸB), tumor ne-
crosis factor-α, interleukin-1β and -6, triggered by NF-ĸB activation,
leading to apoptosis in the rat cochlea [1,46,47]. These effects are
ameliorated in OHC following antioxidant treatment [48,49]. However,
STAT1 activation also enhances inflammatory pathways, indirectly fa-
voring cisplatin-induced irreversible hair cell damage by caspase-re-
lated mechanisms [32], revealing a cross-talk between the direct and

indirect oxidative stress-mediated cell death routes triggered by cis-
platin [16]. Furthermore, it has also been reported that cisplatin can
lead to cell death through autophagy in cultured auditory cells, a cas-
pase-independent pathway related to increased mitochondrial-ROS
production [50].

3.3. Risk factors for developing ototoxicity

Several factors may increase the risk of developing ototoxicity and
HL following platinum-based chemotherapy. Cisplatin seems to be
considerably more ototoxic than carboplatin and when patients receive
both cisplatin and carboplatin, an increased rate of HL is reported [51].
The ototoxicity of other platinum compounds is less studied, but ox-
aliplatin seems to be less ototoxic than its predecessors [3]. Incidence of
platinum-induced ototoxicity is dose-dependent [1,51] and elderly and
pediatric populations are more susceptible to sensorineural HL fol-
lowing treatment [1,4,51]. Aging is one of the most important risk
factors for developing malignancies but also for acquired HL [52]. Thus,
it is important to consider and detect auditory deterioration triggered
by platinum-based compounds in elderly patient follow-up as it can be
difficult to differentiate from other causes of acquired HL such as age-
related HL [53], or even contribute to other causes of auditory dete-
rioration [17,52]. Radiation therapy (RT) is an important antitumor
treatment and it is another significant ototoxicity risk factor when au-
ditory structures are included in the radiation field [54]. RT triggers
DNA damage of cochlear cells and direct ROS production leading to cell
death [55]. It has been described that both high cumulative and frac-
tionated radiation doses, RT technique, and concomitant or sequential
platinum analogue use, increases ototoxicity risk [54,56]. Alternatively,
Lim et al. [57], reported that radio-chemotherapy based on low-dose
chemotherapy (IV cisplatin 40 mg/m2) did not increase levels of F2-
isoprostanes (as an oxidative stress index) in blood and urine samples in
patients with nasopharyngeal cancer. Based on a study of seven pa-
tients, the authors concluded that radiotherapy did not increase iso-
prostane urine levels. Nevertheless, the study was not designed to
conclude that 40 mg/m2 weekly do not cause oxidative stress. Fur-
thermore, they used intensity-modulated radiation therapy, so radiation
doses might have been lower, though their paper does not make this
clear.

Cumulative data indicate that genetic factors may be involved in HL
susceptibility following cisplatin treatment [1,58,59]. These include
gene variants of enzymes related to cisplatin pharmacokinetics, phar-
macodynamics and polymorphisms in genes for DNA-adduct repair

Fig. 3. A general view about pla-
tinum-analogues induced ototoxi-
city.
There are several factors which con-
tribute to increase the risk of devel-
oping ototoxicity and subsequent
hearing loss. Preserving life-quality of
cancer survivors is an important out-
come. Age, comorbidities and other
general risk factors influence the pos-
sibility to develop hearing loss. Some
gene polymorphisms of transport and
metabolism protein are related to pla-
tinum-analogues uptake and detox-
ification. The oncologic treatment
characteristics, for example, con-
comitant radiotherapy, remain as cri-
tical factors to develop ototoxicity.
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enzymes [58]. Other reported risk factors include [1]: noise exposure,
kidney failure and some drugs such as aminoglycosides and furosemide
[4,51] (Fig. 3).

4. Antioxidants and ototoxicity reduction

Numerous drugs and antioxidant strategies have been performed to
ameliorate ROS-derived ototoxicity [60]. However, most of these stu-
dies have been performed in preclinical models, with clinical evidence
remaining limited (Table 1).

As oxidative stress-associated injury may result from the imbalance
between the production and the clearance of ROS/RNS by the anti-
oxidant systems, major strategies avoiding oxidative stress in the inner
ear include ROS detoxification by induction of antioxidant enzymes;
ROS scavenging by nonenzymatic defenses; and inhibition of the
downstream signaling pathways of a pathologic amount of ROS.
Nonenzymatic antioxidants may be classified into directly acting anti-
oxidants, which exert their antioxidant action via direct binding to ROS
and RNS (e.g. scavengers and chain-breaking antioxidants); and in-
directly acting antioxidants (e.g. chelating agents and n-3 PUFAs) that
may develop antioxidant protection through binding to other molecules
or inducing the expression of antioxidant systems (Fig. 4). However, it
is important to consider that as platinum-based agents partially exert
their antineoplastic effects by increased ROS production, antioxidant-
based otoprotective strategies must be designed with extreme caution
so as not to interfere with expected antitumor cytotoxicity. Further-
more, most preclinical interventions have been evaluated in non-cancer
animal models. This fact limits the possibility of extrapolating these
results to cancer patients, considering that cancer leads to multisystem
alterations that may alter the effect of these interventions in the patient
cochlea; and some interventions may potentially decrease che-
motherapy effectiveness, critical to cancer treatment.

Clinical evidence of antioxidant strategies to prevent cisplatin-in-
duced HL is still limited. In fact, several substances used as otoprotec-
tive agents, such as thiol compounds, have limited access to the cochlea
because of the blood-inner ear barrier [61], requiring intratympanic
administration. More importantly, several potential otoprotective
agents are known to potentially interact with cisplatin, raising concerns
about decreasing antitumor therapy efficacy [62,63].

The most encouraging results have been reported using thiol com-
pounds. In a small pilot protocol in adults (n = 36) with malignant
brain tumors treated on a monthly basis with intra-arterial carboplatin
(total dose: 400 mg/m2) and blood-brain barrier osmotic opening for up
to 1 year, with (n= 17) and without (n= 19) systemic STS (16–20 g/
m2), 4 h after each carboplatin cycle, noteworthy results were reported

[62]: 29% of patients exposed to STS developed ototoxicity, versus 84%
in the control group (p < 0.0018). The same compound has also been
evaluated in pediatric patients with different cancers in a multicenter,
randomized, controlled, open-label, phase 3 trial [64]. Participants
were randomly assigned to receive STS 16 g/m2 intravenously 6 h after
each cisplatin dose (n = 49) or not to receive STS following the che-
motherapy (n= 55). After adjusting for stratification variables such as
age (< 5 years or ≥5 years older), duration of cisplatin infusion (< 2 h
or ≥2 h), and previous cranial irradiation, the risk of HL was lower in
the STS group (OR 0.31; 95% CI 0.13–0.73; p = 0.0036). Un-
fortunately, participants with disseminated disease treated with STS
had lower 3-year event-free survival (42%; 95% CI 0.21–0.61) versus
control group (61%, 95% CI 0.39–0.77) (p value by log-rank test<
0.05) and a lower overall survival (45%, 95% CI 0.23–0.65) compared
to control subjects (84%, 95% CI 0.62–0.94) (p value by log-rank
test< 0.05). Therefore, despite the positive otoprotective results, the
reported worsening of any oncologic primary endpoints makes complex
recommending an STS-based strategy to reduce platinum analogue
ototoxicity, even if only a small subgroup of patients had been affected.

Similarly, STS was tested in pediatric patients with standard-risk
hepatoblastoma in a randomized multicenter clinical trial [65]. Patients
were randomly allocated surgery and cisplatin (80 mg/m2 over 6 h)
(n= 52) or surgery, cisplatin and STS (20 g/m2) over 15 min (n= 57),
6 h after the discontinuation of cisplatin for four preoperative and two
postoperative courses. It was reported that patients who received STS
had a lower incidence of HL of grade ≥1 (≥40 dB at frequencies
≥8000 Hz) (RR: 0.52; 95% CI 0.33–0.81; p= 0.002). After a median of
52 months of follow-up, no significant differences were reported in 3-
year rates of event-free survival and overall survival. Although the two
latter discussed studies have some similarities in methodology, their
populations were different because the first study included children
with different types of cancer and only patients with hepatoblastoma in
the second study. Despite the positive otoprotective results, there is still
no conclusive clinical evidence about STS interaction with platinum-
based chemotherapy. Therefore, more clinical data is needed.

The decreased survival outcome reported in the study of Freyer
et al. can be related to decreased chemotherapy efficacy, in turn re-
sulting from a chemical interaction between STS and cisplatin [64].
This potential clinical interaction is consistent with several experi-
mental studies, which reported significantly decreased cisplatin anti-
tumor activity when thiols are used concomitantly [66–72]. Chemi-
cally, it has been described that thiol compounds bind to platinum
molecules [73–75], decreasing their antitumor effect.

Amifostine is another thiol-based potential otoprotective molecule
clinically tested with controversial results. Although several studies

Fig. 4. Direct and indirect antioxidant strategies.
(A) Platinum analogues triggers ROS production which damages different molecules, leading to cell death. Direct antioxidant strategies aim to counteract this ROS
production by direct binding to ROS and thus limiting their reaction with essential molecules, preventing cell death. As ROS production also mediates antitumor
effects of platinum analogues, this strategy potentially may interfere with antitumor effects of cisplatin. Thus, a reduced antitumor efficacy may occur. (B) Indirect
antioxidant strategies focus on the induction of pro-survival pathways and antioxidant enzymes which indirectly interfere on the deleterious effects triggered by the
ROS production. Abbreviations: ROS = Reactive Oxygen species.
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reported that amifostine have a protective effect against cisplatin-in-
duced HL in pediatric patients, particularly with medulloblastoma
[76,77], other studies failed to prove any otoprotective effect in the
oncologic pediatric population [78–80] (Table 1). Thus, a meta-analysis
of randomized controlled trials comparing platinum-based therapy with
an otoprotective intervention or a placebo concludes that there is no
evidence from individual studies in pediatric patients with osteo-
sarcoma or hepatoblastoma that underscores the use of amifostine as an
otoprotective intervention [8].

Another antioxidant tested is Ginkgo biloba extract, a polyphenolic
mix with reported preclinical properties against cisplatin ototoxicity
[81]. A double-blind pilot experience was performed in 15 cancer pa-
tients treated with cisplatin who were randomized to receive Ginkgo
biloba extract-761 (n = 8) or a placebo (n = 7). After 3 months of
follow-up, the control group showed smaller DPOAEs mean amplitudes
and smaller signal/noise ratio than the supplemented group, which
suggested that Ginkgo biloba extract-761 might have had an otopro-
tective effect against cisplatin ototoxicity [82].

As it has been suggested that systemic administration of otopro-
tective agents could affect platinum-based chemotherapy, local delivery
to the ear through transtympanic administration of these otoprotective
agents would circumvent the ototoxic effect, thereby maintaining oto-
protective properties. Usage of transtympanic n-acetylcysteine has been
reported in pilot trials at 2% (n = 11) [83] and 10% (n = 20) [61]

concentrations before systemic administration of cisplatin to have no
significant otoprotection [83] and some benefit at 8000 Hz in treated
ears compared to non-treated ones [61], respectively. Similarly, trans-
tympanic use of STS gel has been reported in 13 patients prior to cis-
platin delivery with no significant otoprotective effect; however, the
trial was stopped due to poor accrual [84]. Local drug delivery still has
several drawbacks, including: anatomic variations and other ear and
drug factors which complicate sustaining a constant drug concentration
in the middle ear and the passage to the inner ear [85]; repeated ad-
ministrations and ear pain, limiting use in children; the need for an
otorhinolaryngologist or a trained clinician to perform it, thus limiting
its clinical use. However, intensive research is ongoing about local drug
delivery to the ear and this will probably provide some benefit in cer-
tain cases [86].

5. Basis for using OMEGA-3

5.1. General properties of omega-3

PUFAs are a family of fatty acids with two or more unsaturation in
their carboxylic chain. Among them, omega-3 fatty acids are char-
acterized by having their first double bond in the third carbon.
Mammals cannot produce n-3 PUFAS, which is why they obtain their
precursors from their diet. Nutritionally the main essential n-3 fatty
acid is the linolenic acid, with can be converted through enzymatic
action in the cell. However, this conversion is inefficient and does not
always meet body requirements, requiring supplementation with eico-
sapentaenoic acid (EPA) and docosahexaenoic acid (DHA) through diet
or capsules [87]. Both EPA and DHA are essential for proper human
health [10] and can be converted from several biologically active mo-
lecules [88], through the action of enzymes or their direct oxidation.
Some of these bioactive molecules are, resolvins, prostaglandins, neu-
roprostanes, protectins, maresins, among others [88]. Thus, the indirect
antioxidant properties of n-3 PUFAs are related to the generation of
mild oxidative stress by their lipid peroxidation, which leads to anti-
oxidant response induction, protecting cells against a potential further
oxidative insult. This response would be mainly mediated by the nu-
clear factor erythroid 2-related factor-2 (Nrf2) pathway activation
[89,90], a key regulator of the antioxidant response. Under normal
conditions, Nrf2 has a low constitutive expression [91] and localizes in
the cytoplasm, where it interacts with the repressor protein Kelch-like
ECH-associating protein 1 (Keap1) leading to Nrf2 degradation in
proteasomes [91]. In response to enhanced ROS production, Keap1 is
released from Nrf2, triggering the translocation of Nrf2 to the nuclei.
Subsequently, this factor binds to the antioxidant response element,
increasing the expression of proteins involved in cellular defense
against oxidative stress [92]. Other cytoprotective effects mediated by
n-3 PUFAs would be related to the inhibition of NF-ĸB proinflammatory
pathway [90] (Fig. 5).

In addition to their antioxidant properties, n-3 PUFAs exert anti-
inflammatory functions [93,94]. While the molecular mechanisms that
govern these effects are not completely understood, n-3 PUFAs are re-
cognized to inhibit the arachidonic-dependent production of pro-in-
flammatory lipids [93,95], pro-inflammatory cytokines [94] and in-
tracellular pathways such as EGFR, PKC, MAPK, NF-κΒ and AP-1 [96].
Many of these effects can be explained by the inhibition of the NF-ĸB
pathway [97]. Thus, for example, n-3 PUFAs impede the TNF-α tran-
scription induced by LPS through the inhibition of NF-ĸB [98]. Ad-
ditionally, it has been proposed that the anti-inflammatory effects could
be mediated by disruption of lipid raft-dependent inflammatory sig-
naling [94,99] and activation of the peroxisome proliferator-activated
receptor (PPAR)-γ [100,101].

As stated, there are other molecules associated to n-3 PUFAs with
anti-inflammatory capacities. These are the resolvins, produced from
EPA and DHA, and protectins and maresins, produced from DHA
[94,102]. The biosynthesis of resolvins involve transcellular

Fig. 5. Cytoprotective mechanisms of n-3 PUFAs.
The main proposed otoprotective mechanism of n-3 PUFAs would be related to
a mild to moderate ROS production by lipid-peroxidation triggering pro-sur-
vival pathways activation such as Nrf2, which promotes an antioxidant re-
sponse to oxidative insults. Furthermore, n-3 PUFAs incorporation to mem-
brane triggers the formation of anti-inflammatory molecules such as resolvins
and protectins as well as inhibiting the expression of NF-ĸ-B reen; B, a key pro-
inflammatory molecule. Abbreviations: n-3 PUFAs = n-3 long-chain poly-
unsaturated fatty acids; Nrf2 = Nuclear factor erythroid 2-related factor 2; NF-
ĸ-B reen; B = nuclear factor ĸ-B.
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interactions and the LOX and COX-2 activities [102]. Interestingly,
resolvin synthesis increased in humans with a diet rich in EPA and DHA
[103,104]. These molecules help to finish an inflammatory state by
activation of G-coupled receptors [105,106], which in turn can de-
crease migration of neutrophils, production of proinflammatory cyto-
kines [102] and initiate tissue repair and healing mechanisms [107].
Due to their importance in controlling inflammatory conditions such as
those found in cancer, several years ago a type of resolvin known as
neuroprostane was encapsulated in a nanoparticle to test its effect on a
breast cancer cell line [108]. It was found that encapsulated neuro-
prostane inhibited cell proliferation more efficiently than a non-en-
capsulated one, probably due to its highly lipophilic nature, which
could be stabilized by the nanoparticles. It has been suggested that most
of the effects of neuroprostanes and resolvins could be mediated by an
increase of heme-oxygenase-1 and Nrf2 expression [109–111].

5.2. Omega-3 against oxidative injury

Several data suggest a potential role of n-3 PUFA administration as a
protective strategy against oxidative-derived injury in different human
conditions, such as acquired HL [112–114] and cardiac ischemia-re-
perfusion without harmful effects [115,116].

Epidemiological studies have reported that increased n-3 PUFA
consumption is associated with reduced risk of age-related HL
[112,113]. A recent prospective cohort study including 65,215 women
evaluated the link between self-reported HL and consumption of fish
and n-3 PUFAs. The multivariable-adjusted relative risk for HL among
women in the highest quintile of n-3 PUFA intake was significantly
lower than in women in the lowest quintile (0.85; 95% CI 0.80–0.91;
p < 0.001)114. These results from n-3 PUFA supplementation could be
explained on the basis of its indirect antioxidant effects, anti-in-
flammatory properties [112,117,118]. Previous data suggest that n-3
PUFA oral supplementation could be a feasible strategy to prevent
oxidative damage and it also may influence cochlear function posi-
tively, improving hearing outcomes.

5.3. Omega-3 in cancer-related models

To our knowledge, there are no studies that have investigated the
potential benefit of n-3 PUFA administration in this context. However,
the use of these lipids to prevent cardiotoxicity derived from anthra-
cyclines-mediated oxidative stress [119] is currently being tested by our
group (registered trial N°ISRCTN69560410) [120]. It has been pro-
posed that both DHA and EPA can be integrated into cardiomyocyte cell
membranes, inducing Nrf2 leading to a myocardial tissue pre-
conditioning against a further potential oxidative insult [89].

The use of n-3 PUFAs as preconditioning agents in preclinical
models improved histopathological appearance of myocardial tissue,
reduced oxidative stress biomarkers, preserved mitochondrial function,
inhibited NF-ĸB and iNOS, and increased antioxidant enzymes
[121–124]. One preclinical and one clinical study have used DHA and
EPA to specifically protect normal tissue from toxic side effects of
platinum-based chemotherapy. In the preclinical study rats treated with
DHA for 10 days, starting 3 days prior to the cisplatin injection, sur-
vived and further showed a recovery of glomerular flow rate [12]. In
the clinical study, a randomized trial designed to reduce oxaliplatin-
induced peripheral neuropathy was conducted in 71 patients with colon
cancer. Patients were allocated a placebo or n-3 PUFAs at a daily dose
of 1,244 mg coinciding with the start of chemotherapy until one month
after the end of treatment. The n-3 PUFA-supplemented group (n= 36)
showed a decreased incidence of peripheral neuropathy compared with
the placebo group (n = 35) (OR 0.14; 95% CI 0.04–0.49, p = 0.002)
without reported adverse effects [14]. In a similar manner, the use of
DHA and EPA would enhance antioxidant defenses in order to prepare
the cochlear tissue for the oxidative challenge derived from the use of
platinum-based chemotherapy.

5.4. Omega-3 on normal and cancer cells

The use of n-3 PUFAs in cancer patients has drawn attention over
time. Based on preclinical models, it has been suggested that EPA and
DHA supplementation may reduce the tumor growth rate by sensitizing
cancer cells to cellular death [125–127], increasing cancer cell sus-
ceptibility to conventional cytotoxic therapies with apparently no
toxicity on normal cells [128–130]. However, not all omega-3 fatty
acids have the same effects. High intake of the vegetal n-3 alpha-lino-
lenic acid has been found to be associated with increased cancer risk
development [131,132].

5.4.1. Omega-3 in cancer cells
The molecular pathways by which n-3 PUFAs would exert different

effects in normal and some tumor cells are not fully understood.
Nevertheless, there are several proposed mechanisms to explain this
unequal response [133–135], including: differential n-3 PUFA in-
corporation rate into cell membranes, determining a different ROS
production and tolerability to ROS levels (Fig. 6); modification of
membrane lipid microdomains; modulation of eicosanoid metabolites;
and altering gene expression by binding to nuclear receptors.

Compared to normal cells, tumor cells generate elevated basal levels
of ROS [136] from different sources, including increased metabolism
and pro-oxidant enzyme activity, relative hypoxia, oncogene activation,
and endoplasmic reticulum stress [137–139]. These basal ROS levels
are tightly balanced with a highly increased endogenous antioxidant
capacity [140–142], in order to sustain its enhanced metabolic activity
without altering its survival capability [134,140]. This enhanced anti-
oxidant capacity could be explained by a highly increased constitutive
expression of the Nrf2-pathway, an adaptive response to increase the
basal tumor ROS-tolerability threshold and survival [143,144] (Fig. 6).
The basally increased antioxidant capacity also needs an increased
NADPH requirement [145,146], which in many cases is mediated by
metabolic changes induced by KRAS oncogene [147]. Thus, as trans-
formed cells have an increased Nrf2 activity and higher NADPH re-
quirements compared with normal cells [145,146], neoplasms would be
expected to have a lower margin to optimally handle additional oxi-
dative insults [148]. An additional insult could be the pro-oxidant ac-
tion of n-3 PUFA incorporation, which in preclinical models showed the

Fig. 6. A schematic representation of different ROS-threshold tolerability
between cancer and normal cells
In this non-scaled representation, we showed that ROS production increases an
adaptative response that it develops until ROS generation reaches a critical
state, triggering cell death. Oncologic cells have higher basal ROS production
by altered metabolism compared to normal cells which is accompanied by an
increased antioxidant capacity in order to sustain their survival. Nonetheless,
the reserve antioxidant capacity decreases as the ROS production increases
which lead to normal cells have a higher antioxidant capacity to respond
against an oxidative insult compared to cancer cell. Abbreviations:
ROS = Reactive Oxygen species.
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ability to act simultaneously by depleting tumor antioxidant defenses
and inducing lipid peroxidation [149]. This pro-oxidative cascade
would disrupt cancer cell redox homeostasis, leading to a nonlethal
sustained pro-oxidative condition [134]. Thus, n-3 PUFA exposition
might bring different cancer cell types near to their maximum oxidative
stress tolerability, sensitizing them to a new massive ROS challenge,
such as platinum-based chemotherapy [150–152] (Fig. 7). In a similar
way, DHA can also be included rapidly into neoplastic mitochondrial
membranes, increasing their susceptibility to oxidative stress and sub-
sequent derived cell death [134].

Other proposed mechanisms include: the incorporation of n-3
PUFAs in cancer cell membranes would also alter the physical-chemical
properties of bilipid layers as well as their lipid microdomain formation
[153,154], favoring proapoptotic pathways in cancer cells rather than
normal cells [133,155]; modification of eicosanoid metabolism of
cancer cells, as a membrane enrichment with these lipids may reduce
the activity of the cyclooxygenase (COX)-prostaglandin (PG)-E2
pathway, which is involved in tumor cell resistance to apoptosis
[133,156,157]; binding to nuclear receptors such as peroxisome pro-
liferator activating receptors in tumor cells, leading to up-regulation of

p53 protein, favoring caspase activation and apoptosis [126,158].
Therefore, neoplastic cells would be expected to have lower n-3

PUFA levels in their membranes compared to the non-transformed
configuration [153,159]. This could be explained by a lower capability
of transformed cells to synthesize EPA and DHA from their n-3 pre-
cursors and uptake them compared to normal cells, probably to protect
themselves against n-3 PUFA-induced lipid peroxidation [160]. How-
ever, the lower PUFA uptake of cancer cells is still enough to generate
an increased lipid-peroxidation rate when they are exposed to increased
levels of EPA plus DHA [150,161]. Where common sense would in-
dicate that the anti-inflammatory effect of PUFAs could enhance cancer
cell resistance to chemo/radiotherapy, empirical evidence indicates
that PUFAs can enhance cancer cell susceptibility to apoptosis, diminish
angiogenesis and metastasis [162]. Alternatively, it has been reported
that in human and animal models, omega-3 PUFAs can inhibit tumor
infiltration of macrophages and T-suppressors while on the contrary
they stimulate proliferation and activation of immune cells that de-
crease tumor growth [163–166]. Additionally, resolvins, which have
been proposed to have an anti-proliferative effect on oral squamous cell
carcinoma [167], interestingly, also inhibit cancer stem cell stemness

Fig. 7. Differential response of cancer and
non-cancer cells to n-3 PUFAs supplementa-
tion following their exposure to platinum-
based compounds
(A) How a normal non-proliferating cell would
respond to platinum-analogue without n-3 PUFAs
supplementation. At baseline, normal non-pro-
liferating cells produce a low-level ROS which are
controlled by antioxidant defenses. Platinum-
analogue leads to a rapid increase in ROS pro-
duction and a consumption of antioxidant de-
fenses leading to an oxidative stress-mediated in-
jury. (B) How a normal non-proliferating cell
would respond to n-3 PUFAs supplementation. At
baseline, normal cells produce a low-level ROS
which are controlled by antioxidant defenses. The
n-3 PUFAs incorporation develops an increase in
ROS production by lipid-peroxidation which
trigger an antioxidant response by pro-survival
pathways activation. This nuclear-response is
sustained until platinum analogue-derived oxida-
tive challenge occurs. Platinum-analogue leads to
a rapid increase in ROS production which is
ameliorated by previously formed antioxidant
response, limiting the harmful effects of ROS on
biomolecules. (C) How a cancer cell would re-
spond to platinum-analogue without n-3 PUFAs
supplementation. At baseline, cancer cells pro-
duce high level of ROS which are controlled by
antioxidant defenses due to an increased con-
stitutive expression of pro-survival pathways such
as Nrf2. Platinum-analogue leads to a rapid in-
crease in ROS and a consumption of antioxidant
defenses leading to uncontrolled oxidative injury.
(D) How a cancer cell would respond to n-3
PUFAs supplementation. At baseline, cancer cells
produce high level of ROS which are controlled by
antioxidant defenses due to an increased con-
stitutive expression of pro-survival pathways such
as Nrf2. The n-3 PUFAs incorporation develops an
increase in ROS production by lipid-peroxidation
and a decrease in antioxidant potential. The oxi-
dative insult triggered by n-3 PUFAs incorpora-
tion is sustained because basal production of ROS
is augmented, the reserve antioxidant capacity is

diminished caused by constitutive antioxidant expression and high requirements of NADPH directed to sustain biomolecules synthesis during proliferation. Platinum-
analogue leads to a rapid increase in ROS, however, cancer cell would be limited to respond against this oxidative challenge. Abbreviations: n-3 PUFAs = n-3 long-
chain polyunsaturated fatty acids; ROS = Reactive oxygen species; Nrf2 = =Nuclear factor erythroid 2-related factor 2; NADPH = nicotinamide adenine dinu-
cleotide phosphate.
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and epithelial-to-mesenchymal transition (EMT) in a hepatic carcinoma
[168]. These anticancerogenic roles are probably mediated by their
anti-inflammatory effects [167]. Thus, for example, resolving D1 in-
hibits TGF-1-induced EMT of a lung cancer cell line [169] and has been
proposed as an immunotherapy enhancer [170]. Therefore, resolvins
may also account for decreasing ototoxicity caused by platinum-based
chemotherapy.

5.4.2. Omega-3 in normal cells
In contrast to most cancer cells, normal cells have the capacity to

induce a higher margin of antioxidant activity to compensate oxidative
insults, as their basal ROS production tend to be substantially less
[171]. Despite this higher margin, these responses can also be over-
whelmed by massive ROS production, so if the aggression is rapid, as
occurs with platinum-based compounds where there is not enough time
to generate responses that require gene expression [172]. In this case,
there are no differences between the irreversible oxidative damage
generated to normal and oncologic cells, stress that explains the ob-
served cochlear cell death. However, in contrast to cancer cells, normal
cells not previously exposed to n-3 PUFAs can be indirectly favored by
the uptake of these fatty acids [160] due to their greater capacity to
generate inducible antioxidant responses [137,171] (Fig. 7). This al-
lows normal cells to adapt to the mild/moderate pro-oxidative effect of
n-3 PUFA incorporation, which in turn grants resistance to further
massive oxidative insults such as those caused by platinum-based
compounds.

At the molecular level, when n-3 PUFAs are incorporated, a lipid-
peroxidation cascade is triggered, leading to a mild-moderate in-
tracellular oxidative stress leading to Nrf2 activation with the sub-
sequent expression of antioxidant responses (Fig. 5). Because this gene
expression is oversized and its effects are maintained over time, they
provide protection to normal cells against an oxidative aggression
generated by a future platinum compounds intervention. As most tumor
cells have high constitutive expression of Nrf2 and elevated basal ROS
production, the stimuli aimed to activate this transcription factor will
tend to be ineffective. In addition, the higher incorporation rate of n-3
PUFAs in normal cells leads to increased production of cytoprotective
molecules such as lipoxins, resolvins, and protectins, as well as de-
creased expression of NF-ĸB [90,152,173,174], and may also defend
normal cells against other anticancer treatments [175].

6. Otoprotective strategy based on OMEGA-3

Like other cells such as those of the retina and nervous system, the
cells of the auditory system need an adequate supplementation of
PUFAs for their proper functioning. Thus, for example, mice over-
expressing an enzyme that convert n-6 to n-3 (Fat-1) are less affected by
aging-induced loss of auditory function [176]. Similar results have been
obtained in humans where a diet supplemented with omega-3 asso-
ciated with lower risk of hearing loss in women [114] and auditory loss
prevention in the elderly [112,113]. Moreover, use of omega-3 has been
proposed to treat inner hearing disorders such as Meniere's disease
[177]. One of the effects of omega-3 is likely through activation of
prostanoid receptors which can regulate auditory blood flow, protec-
tion of sensory cells and immune responses in cochlea [178].

On the basis of the evidence discussed and results of studies using n-
3 PUFA supplementation before the oxidative challenge [12,14,115],
we hypothesize that it is possible to precondition patients’ cochlear cells
against platinum-derived oxidative damage through an indirect anti-
oxidant intervention based on these lipids (Fig. 4). Theoretically, it
would be possible to induce an upregulation of antioxidant enzymes
and related pathways of cochlear cells, by a short-term administration
of oral doses of n-3 PUFAs before platinum-based compound cycles,
alone or combined with other treatments, in order to increase the ca-
pacity of these cells to resist the treatment-induced oxidative insult
[89,133,175]. It is important to note that nerve cells are more prone to

uptake these lipids than other normal cells [179] and clinical trials that
have used similar strategies to protect cardiomyocytes from ischemia-
reperfusion injury [115], renal [12] and peripheral nerve tissue [14]
from platinum-based compounds treatment, achieved successful pre-
vention of oxidative-derived injury.

Additionally, proper use of n-3 PUFAs in cancer patients has proven
to be safe, and no harmful effects have been reported during and after
platinum- and non-platinum-based chemotherapies, while also not af-
fecting oncologic treatment efficacy [14,119,127,133,134,180]. In this
sense, n-3 PUFA supplementation in pediatric patients with lympho-
blastic leukemia (n = 32) decreased methotrexate-induced hepato-
toxicity compared to placebo (n= 33) (p < 0.01) without side effects
[13]. Moreover, DHA can increase Nrf2 activity at least in breast cancer
[181] and leukemia [182] cells mediating cancer cell apoptosis, sug-
gesting that PUFAs can effectively protect normal cells and enhance
cisplatin ROS-induced cell death. Therefore, n-3 PUFA supplementation
would also be a feasible and safe strategy in pediatric patients.

7. Concluding remarks and perspectives

Platinum-based compounds, especially cisplatin, are widely used to
treat different malignancies in adults and children. However, their use
may be limited due to several major adverse reactions, including oto-
toxicity. Hearing loss is especially relevant because of its long-term high
incidence and detrimental effect on survivor quality of life, especially in
children.

Although ototoxicity is recognized as a significant side effect, the
real impact of HL secondary to platinum-based chemotherapy exposure
has not been well reported or measured. Irreversible HL is also fre-
quently underrated during the oncologic follow-up as its detection can
be delayed to post oncologic therapy completion or may be masked by
the clinical deterioration of the patients. Furthermore, audition mea-
surements are not commonly considered as an evaluation to perform on
patients exposed to platinum-based compounds inside or outside clin-
ical research. Therefore, most large clinical trials involving treatments
that include platinum-based compounds have not reported HL as a
usual adverse event. This situation enhances the chance to omit HL as a
treatment-related adverse event and diminishes physician perception to
educate or advise patients about it.

It is also crucial to consider that young patients treated with a
curative aim, due to longer life exposition to platinum-based com-
pounds, have a higher probability of developing audition deterioration
and that risk must be explained to patients and parents carefully.
Furthermore, limitations to hearing health access and auditory aids
persist, especially in developing areas.

Therefore, preventing platinum compound-derived ototoxicity is a
well-established goal. In recent decades it has driven research into
molecular targets and compounds to ameliorate this injury. Increased
production of ROS triggered by platinum compounds has been shown at
different levels to account for their anticancer capacity, but it also plays
a key role in the development and progression of ototoxicity. This has
led to testing different strategies based mainly on direct antioxidants to
ameliorate the harmful effects of ROS on auditory cells, showing fa-
vorable results in terms of otoprotection. However, they have also been
associated with several complications, including a reduction of pla-
tinum-compound anticancer efficacy, rendering a potential clinical
application of these strategies still controversial.

In the development of effective strategies to prevent platinum
compound-related ototoxicity, it is important to consider that neo-
plastic proliferative cells are significantly different from non-pro-
liferative auditory cells in terms of metabolism and response to several
stimuli, including external molecules and oxidative stress response.
Developing an intervention for reducing ROS-derived damage in non-
proliferative auditory cells without impairing the oxidative injury that
platinum-compounds trigger on cancer cells is a specific concern.

Based on current evidence, it is plausible to think that a strategy
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designed to precondition auditory cells by indirectly increasing an en-
dogenous antioxidant response before exposure to platinum-compounds
could protect these cells from platinum-based chemotherapy oxidative
injury. There is potential to propose that an indirect, well-designed
strategy would not trigger the same antioxidant response in the cancer
cell, thus avoiding decreasing the anticancer capacity of platinum-
compounds reported in direct antioxidant-based interventions. In this
regard, an n-3 PUFAs-based strategy would also have the advantage of
having been tested on different oncologic settings without reported
interference with chemotherapy effectiveness. Finally, to date there are
no reports of clinical trials designed to explore the potential benefit of
indirect antioxidant strategies based on n-3 PUFAs aimed to reduce
ototoxicity incidence or severity derived from platinum-based che-
motherapy.
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