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Abstract: This paper will focus on understanding the role and action of reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) in the molecular and biochemical pathways responsible for the regulation of the survival of hair cells 
and spiral ganglion neurons in the auditory portion of the inner ear. The pivotal role of ROS/RNS in ototoxicity makes 
them potentially valuable candidates for effective otoprotective strategies. In this review, we describe the major character-
istics of ROS/RNS and the different oxidative processes observed during ototoxic cascades. At each step, we discuss their 
potential as therapeutic targets because an increasing number of compounds that modulate ROS/RNS processing or targets 
are being identified. 
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Hearing functions require intricate interactions between 
specialised cells of the inner ear. The organ of Corti is a sen-
sory epithelium composed of a highly ordered array of sen-
sory hair cells and non-sensory supporting cells. Hair cells 
are directly connected to primary auditory neurons in the 
spiral ganglion. In mammals, mature hair cells and spiral 
ganglion neurons do

 
not have the ability to regenerate, and 

their loss results in permanent hearing deficits, 

1. ROLE OF ROS/RNS IN PHYSIOLOGICAL AND 
PATHOLOGICAL CONDITIONS 

Both aerobic and anaerobic metabolism are accompanied 
by the production of reactive oxygen (ROS) and/or reactive 
nitrogen species (RNS), and organisms ranging from pro-
karyotes to mammals have evolved an elaborate and redun-
dant complement of defences to confer protection against 
oxidative and nitrosative insults. Compelling data also indi-
cate that ROS and RNS, at relatively low concentrations, are 
employed in physiological settings as signalling molecules in 
control of cell and tissue homeostasis, cell division, migra-
tion, contraction, and mediator production [1-6]. These sig-
nalling oxidants, which include nitric oxide (NO), superox-
ide radical (O2

.-
), peroxynitrite (ONOO

-
), S-nitrosothiols 

(RSNOs) and hydrogen peroxide (H2O2), are produced 
mainly by NADPH-dependent enzymes whose expression is 
tightly regulated. These enzymes function with the coen-
zyme nicotinamide adenine dinucleotide phosphate 
(NADPH), an electron scavenger. ROS are species of oxy-
gen, which are in a more reactive state than molecular oxy-
gen, and in which the oxygen is reduced at varying degrees. 
During the normal course of metabolism, electrons carried 
by the electron transport chain in the mitochondrion, can 
leak out of the pathway and interact with O2, producingO2

.-
. 

Other sources of O2
.-
 include endogenous enzymes, such as 

plasma NADPH oxidases or NOXs, cytoplasmic xanthine 
oxidase or cytochrome P-450 isozyme in the endoplasmic  
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reticulum. NOX3 is specifically expressed in the sensory 
epithelium of the inner ear and in spiral ganglion neurons. 
NOX3 produces physiological amounts of O2

.-
 essential for 

its development [7,8]. Further reduction of oxygen, from the 
dismutation of O2

.-
, produces H2O2 spontaneously (especially 

at low pH) or catalysed by superoxide dismutase (SOD). 
Under physiological conditions, once O2

.- 
is formed, the 

presence of H2O2 becomes almost inevitable. Hydrogen per-
oxide is then converted into water and oxygen by the cata-
lase enzyme. However, further reactions may lead to the 
formation of hydroxyl radicals (OH

•
), especially in the pres-

ence of metal ions through the Fenton or Haber–Weiss reac-
tions (Fig. 1). Hydroxyl radicals are extremely reactive, have 
a short half-life and will probably react with the first mole-
cule they encounter. Another cellular source of ROS is xan-
thine oxidase, which catalyses the synthesis of uric acid from 
purines, forming O2

.-
 and H2O2.  

It thus appears that following the formation of O2
.-

 a cas-
cade of ROS production is initiated. Some of these ROS, 
especially H2O2, are key signalling molecules, while others 
appear to be extremely detrimental to biological systems, 
with effects that are dependent on the concentrations that are 
perceived by the cells [9].  

Besides the enzymatic metabolism of oxygen-derived 
species, intracellular enzymes catalyse the production of 
RNS. Nitric oxide (NO), the major RNS, is formed endoge-
nously from the oxidation of L-arginine to L-citrulline by a 
family of NADPH-dependent enzymes, the NO synthases 
(NOS) which exist in three isoforms: the neuronal NOS 
(nNOS) and the endothelial NOS (eNOS) forming the consti-
tutive group, and the inducible NOS (iNOS). NO exists in 
different chemical forms (NO

- 
, NO

•
 and NO

+
) and thus acts 

as an important oxidative biological signalling molecule in a 
large variety of physiological processes including neuro-
transmission, blood pressure regulation and immune mecha-
nisms [10]. NO can also combine with O2

.-
 to form peroxyni-

trite (ONOO
-
), a highly reactive oxidant. Under physiologi-

cal conditions, the constitutive NOS expressed in specific 
tissues produce NO for the cellular needs. The constitutive 
NOS are expressed in the inner ear by the hair cells and sen-
sory neurons, and they produce small amounts of NO, which 
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plays a role in blood flow regulation and neurotransmission 
[11-14]. Inhibition of the constitutive NOS leads to hearing 
impairment in gerbils [15]. By contrast, iNOS is not detected 
in the inner ear under physiological conditions, but can be 
virtually synthesised by any cell type when stimulated, and 
produces large amounts of NO. Indeed, iNOS expression and 
inadequate high amounts of NO are detected in the inner ear 
under pathological conditions, such as following the inocula-
tion of lipopolysaccharide [16,17], the administration of cis-
platin [18,19], aminoglycosides [20,21], or after noise expo-
sure [22,23]. At the cellular level, immunoreactivity to iNOS 
under pathological conditions was found in the spiral liga-
ment, modiolus, spiral limbus, supporting cells, nerve fibers 
and spiral ganglion cells neurons [14,16,19]. Direct evidence 
of NO production was also observed in the stria vascularis 
and hair cells following excitotoxicity [12,24]. 

To counteract oxidative and nitrosative insults, cells have 
developed two important defence mechanisms: a thiol reduc-
ing buffer and enzymatic systems, such as SOD, catalase and 
glutathione peroxidase. Thiol reducing buffer consists of 
small proteins, such as glutathione (GSH) or thioredoxin 
(TRX-(SH)2) with redox active sulfhydryl existing under 

oxidized or reduced forms. Oxidation of glutathione or TRX 
by glutathione or thioredoxin peroxidase, respectively, al-
lows electron transfer from ROS and thus results in radical 
neutralisation. Glutathione or thioredoxin reductase rebuilts 
the intracellular stock of reduced glutathione or reduced thi-
oredoxin, using the coenzyme NADPH. 

As intracellular second messengers, ROS/RNS can acti-
vate

 
many downstream signalling molecules, including mito-

gen-activated
 

protein kinases (MAPK), protein tyrosine 
phosphatases, and protein

 
tyrosine kinases, to ultimately in-

terrupt gene expression [25,26]. Alternatively, ROS/RNS 
might change gene expression by targeting and modifying 
the activity of transcription factors. Finally, ROS and RNS 
can react directly with lipids, DNA and RNA bases, metal 
cofactors, and proteins. Some of these pathways are clearly 
linked to enhanced survival, while others are associated with 
cell death. When the amount of oxidant compounds exceeds 
the physiological level, damages are initiated. Under patho-
logical conditions, ROS may be produced by intracellular 
organelles, cell membrane or extracellular reactions. This 
ROS accumulation induces, via the activation of c-Jun-N-
terminal kinases (JNK) and p38MAPK, the release of cyto-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Major pathways of cellular ROS/RNS generation and detoxification. Antioxidant elements are represented in italics characters. Af-

ter the production of the superoxide anion (O2
-•
), the superoxide dismutase (SOD) enzyme converts it to hydrogen peroxide (H2O2). Hydro-

gen peroxide (H2O2) is then converted into water by the catalase enzyme or by the glutathione peroxidase. Blunted grey arrows represent an 

inhibitory effect against oxidative stress by antioxidant enzymes or by antioxidant compounds. Oxidation of glutathione by the glutathione 

peroxidase enzyme allows electron transfer from ROS. Reduced glutathione (GSH) can be regenerated from oxidized glutathione (GSSG) by 

the glutathione reductase enzyme. NO produced by the inducible NO synthase can combine with O2
.-
 to form peroxynitrite (ONOO

-
), a 

highly reactive oxidant. Production of ROS leads to the generation of peroxidized lipids, oxidized proteins and oxidized DNA. 
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chrome c from the mitochondria, and thus the activation of 
caspase-8, -9, and -3 (intrinsic pathway of apoptosis) [5]. By 
triggering the formation of autophagosomes and 
autolysosomes, ROS generated by the mitochondria also 
play a pivotal role in the autophagic cell death [27-29]. 

2. ROS/RNS IN OTOTOXICITY 

ROS/RNS play a pivotal role in ototoxicity. Recent stud-
ies suggested that ROS/RNS are even a key factor in aging 
and presbycusis [30-36]. This review focuses on the cochlear 
injuries induced by aminoglycosides, cisplatin, excessive 
noise and aging. In the cochlea, all cell types do not share the 
same vulnerability to ROS/RNS injury. Outer hair cells seem 
to be most susceptible to free radical damage at the base of 
the cochlea while supporting cells have considerably more 
survival capacity than hair cells [37]. This should be ex-
plained by different patterns of protein expression among 
cochlear cell types. Indeed, it has been shown that glu-
tathione levels are higher in apical outer hair cells than those 
at the base [37]. Moreover, NOX3, responsible for superox-
ide production, is specifically expressed in hair cells and in 
spiral ganglion neurons [7]. 

2.1. Aminoglycosides 

Aminoglycosides are polycationic compounds largely 
used in clinical practice, especially in multiresistant Gram 
negative infections and tuberculosis. The ototoxic effects of 
aminoglycosides have been suggested to be due to intracellu-
lar cytotoxic effects depending upon their entry into the hair 
cells [38]. The mechanisms by which systemically adminis-
tered aminoglycosides enter the cochlear fluids and tissues 
remain poorly understood. Recent studies have shown that 
aminoglycosides are electrically attracted to the negative-
charged apical portion of the hair cells and enter by (1) per-
meating the mechanoelectrical transduction channels at the 
tips of stereocilia in vitro [39] or (2) apical endocytosis via a 
yet unknown receptor [40]. Indeed, systemically adminis-
tered gentamicin rapidly enters marginal cells of the stria 
vascularis and hair cells in mice [41], suggesting that these 
drugs penetrate into the endolymphatic scala media of the 
inner ear, as hypothesised from cochlear perfusion experi-
ments [42,43]. 

Once inside the cell, aminoglycosides induce the genera-
tion of ROS, a central player in the molecular pathway of 
ototoxicity [44-46]. Aminoglycosides are considered to be 
redox inactive compounds, and therefore a conversion to a 
redox-active form is necessary to induce ROS formation. 
Indeed, the generation of ROS involves the formation of an 
aminoglycoside-iron complex, which catalyses the oxidation 
of unsaturated fatty acids located into the inner leaflet of the 
plasma membrane [47-49]. In the absence of iron, arachi-
donic acid enriched in phosphoinositides can serve as an 
electron donor [47,50]. Aminoglycosides interfere with 
phosphoinositides metabolism, particularly phosphatidyli-
nositol-biphosphate (PIP2), by binding to their polar head 
[51]. This binding induces sequestration of PIP2 and there-
fore inhibits PIP2-dependent processes [52], including the 
reduction of phosphatidylinositol-trisphosphate (PIP3) for-
mation and the inhibition of the survival activities of the 
PIP3/Akt signalling pathway [53]. 

Aside from ROS formation, aminoglycosides are also 
known to directly modulate the activity of enzymes involved 
in ROS metabolism. They inhibit the antioxidant activity of 
catalase or activate iNOS producing NO [21]. Nitric oxide 
has been suggested to be involved in hair cell death induced 
by gentamicin application [54]. Aminoglycosides also indi-
rectly promote the activation of NOX leading to the produc-
tion of superoxide. Kanamycin treatment in mice activates 
Rac1, a member of the family of small Rho GTPases, and 
promotes the formation of the Rac1 and NOX complex, es-
sential for the activation of NOX [55]. 

ROS subsequently activate apoptotic or necrotic intracel-
lular pathways [56]. They promote the opening of the mito-
chondrial permeability pore and activate the JNK pathway 
leading to hair cell apoptosis [57,58]. The inhibition of JNK 
pathway rescues hair cells injured by aminoglycosides, both 
in vitro and in vivo [57,58]. 

Direct evidence for ROS accumulation in the outer hair 
cells after aminoglycoside exposure was first demonstrated 
by Hirose and colleagues [59] and further confirmed recently 
[60]. The degree of aminoglycoside-induced outer hair cell 
death increases along a baso-apical gradient both in vivo and 
in vitro [37,61]. This increased vulnerability of basal outer 
hair cells may be due to an intrinsic susceptibility to free 
radicals that differs among the cochlear cell population 
[37,44]. Iron chelators and free radical scavengers have been 
widely used for protection against the aminoglycoside chal-
lenge (Table 1). 

Hair cell injury and loss is followed by a retraction of the 
peripheral processes of the auditory nerve [62] and, later, by 
a gradual loss of spiral ganglion neurons [63,64]. Following 
aminoglycoside-induced hair cell injury, there is a progres-
sive loss of spiral ganglion neurons as a consequence of loss 
of hair cell-derived neurotrophic support [65-67]. Neurotro-
phin withdrawal increases ROS production in neuronal cell 
lines [68,69] and in spiral ganglion neurons in culture [70]. 
The interaction of ROS and free radicals with membrane 
phospholipids creates lipid peroxidation products that act as 
mediators of apoptosis. 

2.2. Cisplatin 

Cisplatin is a platinum-containing compound widely used 
in oncology, especially in small cell lung cancer, lymphoma 
and ovarian cancer [71,72]. Cisplatin forms a monohydrated 
complex inside the malignant cell and cross-links DNA. This 
binding interferes with DNA replication by inducing produc-
tion of DNA adducts, accumulation of which leads to malig-
nant cell death [73]. Its clinical use is limited due to the in-
duced nephro- and ototoxicity. In the cochlea, cisplatin ad-
ministration is especially targeting outer hair cells in the ba-
sal turn of the organ of Corti, cells of the stria vascularis and 
the spiral ganglion neurons [45]. 

Some studies have demonstrated the direct cytotoxic 
mechanisms of cisplatin, including DNA damage, mitochon-
drial dysfunction, and the formation of ROS [74]. In the 
adult inner ear, where the cells are mainly post-mitotic, cis-
platin toxicity is independent of DNA damage. Therefore, 
O2

.-

 production by cisplatin may be the central mechanism of 
its ototoxicity. Indeed, the generation of ROS in the cochlea 
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Table 1. Major Antioxidant Molecules Used for Protecting Against In Vivo Aminoglycoside-Induced Ototoxicity 

 

Type of antioxidant Antioxidant molecule Ototoxic drug Animal References 

Enzymes adenoviral vectors for overexpression of catalase and 
SOD 

kanamycin + 
ethacrynic acid 

guinea pig [135] 

Enzyme inhibitor L-NAME (iNOs inhibitor) gentamicin guinea pig [141] 

Vitamin alpha tocopherol (vitamin E) gentamicin guinea pig [184,186,189] 

flavanoid fraction from Drynaria fortunei gentamicin guinea pig [195] 

ginkgo biloba extract gentamicin guinea pig [211] 

Polyphenols 

tanshinone kanamycin mouse [212] 

gentamicin guinea pig [154,159] deferoxamine 

neomycin guinea pig [156] 

deferoxamine, dihydroxybenzoate  kamamycin, strep-
tomycin 

guinea pig [157] 

gentamicin guinea pig [154,155,158] 

Iron chelators 

dihydroxybenzoate 

kanamycin mouse [213] 

N-acetyl-L-cysteine gentamicin human [179] 

amifostine kanamycin guinea pig [214] 

glutathione gentamicin guinea pig [176,215] 

lipoic acid amikacin guinea pig [177] 

amikacin guinea pig [164] D-methionine 

gentamicin guinea pig [178] 

methylthiobenzoate, amifostine gentamicin guinea pig [154] 

Sulfhydryl (thiol) com-
pounds 

sodium thiosulfate gentamicin mouse [216] 

gentamicin guinea pig [154,155,157] mannitol 

kamamycin, strep-
tomycin 

guinea pig [157] 

ebselen gentamicin guinea pig [141] 

edaravone tobramycin rat [217] 

gentamicin guinea pig [190] 

Other antioxidants 

salicylate 

gentamicin human [198] 

SOD = superoxide dismutase. 

was demonstrated in guinea pig cochlear explants incubated 
with cisplatin [75] and in cultures of rat organ of Corti ex-
posed to cisplatin [76]. Cisplatin-treated animals were also 
found to have increased immunoreactivities for 4-
hydroxynonenal, a lipid peroxidation product, and for per-
oxynitrite in the outer hair cells and spiral ganglion neurons 
[77]. The increase in ROS generation could be due to deple-
tion of thiol reducing buffers and antioxidant enzymes and/or 
direct activation of ROS generating systems. Indeed, cis-
platin administration in rats is followed by a significant de-
pletion of cochlear glutathione concentration, and a signifi-
cant decrease in the cochlear SOD, catalase, glutathione per-
oxidase and glutathione reductase activities [78]. Moreover, 
cisplatin increases the expression of NOX3 mRNA in the 
spiral ganglion [7]. Following exposure to cisplatin, NOX3-
dependent superoxide production is markedly enhanced and 
leads to the formation of hydrogen peroxide [79]. Down-
regulation of NOX3 protects the hair cells and spiral gan-
glion neurons against cisplatin ototoxicity [80]. More re-

cently, other NOX isoforms, NOX1 and NOX4, have also 
been shown to play a critical role in cisplatin-induced co-
chlear injury [81]. Suppression of NOX1 and NOX4 expres-
sion by siRNA transfection markedly abolished ROS genera-
tion and cytotoxicity induced by cisplatin. Xanthine oxidase 
activity also increases in the cochlea after systemic admini-
stration of cisplatin [82,83]. Inhibition of xanthine oxidase 
by allopurinol provides protection to the cochlea and the 
kidney after cisplatin challenge [84]. Concomitantly, an 
over-expression of iNOS is observed in the cochlea after 
cisplatin challenge [85] and, subsequently, leads to nitrosa-
tive stress. Finally, excessive ROS generated by cisplatin 
could overwhelm the antioxidant defence mechanisms within 
the cochlea, activating the pro-apoptotic pathway, which 
leads to outer hair cell death [86,87]. 

Thioredoxin reductase 1 (TxR1) is also a target for cis-
platin in the cochlea [88]. This enzyme belongs to the large 
family of selenoproteins acting as major redox regulatory 
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agents and antioxidants [89]. In the presence of cisplatin, 
TxR1 highly reactive selenocysteine residue becomes com-
promised resulting in the inhibition of its reducing activity. 
Moreover, TxR1 is converted into a potential pro-oxidant 
killer [90]. 

Increased ROS triggers mitochondrial release of cyto-
chrome c, through activation of the pro-apoptotic Bcl-2 fam-
ily proteins. Subsequent apoptosis is then mediated by the 
activation of pro-caspase-9 and -3 [87]. More recently, it has 
been shown that ROS produced by cisplatin promotes activa-
tion of the transient receptor potential vanilloid 1 (TRVP1), 
which contributes to further increases in Ca

2+
 influx into the 

cell and finally to apoptosis of cells expressing these recep-
tors, such as the outer hair cells or spiral ganglion neurons 
[80]. 

2.3. Noise Trauma 

Exposure to excessive noise is the major avoidable cause 
of permanent hearing impairment worldwide, and is defined 
as an important public health priority by the World Health 
Organization [91]. Occupational noise is a major problem in 
the aging population and in developing countries. The inci-
dence of noise-induced hearing loss in children and young 
adults is increasing especially with the exposure to portable 
music players [92]. Permanent hearing loss is due to the de-
struction of cochlear hair cells or damage to their mechano-
sensory hair bundles [93]. 

Loud sound causes a dramatic change in cochlear blood 
flow, including increased vascular permeability, capillary 
vasoconstriction, and blood stagnation in strial capillaries 
[94,95]. This renders the hair cells relatively anoxic and thus 
secondarily damaged. Noise exposure is also followed by an 
intense metabolic activity, due to over-stimulation [96,97]. 
Increasing evidence suggests that ROS are important role in 
noise-induced cochlear damage: increased levels of superox-
ide anion [98,99], hydroxyl radical [100], and RNS [22] are 
observed in the cochlea after intense noise exposure. In the 
organ of Corti, immunostaining for nitrotyrosine, a marker of 
RNS formation, shifts from supporting cells to outer hair 
cells following noise exposure [101]. In addition, one of the 
best established endogenous “fingerprints” of ROS action is 
the peroxidation of polyunsaturated fatty acids. Markers of 
lipid peroxidation have been demonstrated in the hair cells, 
supporting cells, spiral ganglion neurons and stria vascularis 
after noise trauma [101-103]. At the enzymatic level, noise 
exposure increases NOX activity in the cochlea and targeted 
deletion of SOD increases the susceptibility to acoustic in-
jury, highlighting the importance of superoxide anion in 
noise-induced damage [104,105]. However, otoprotection by 
SOD remains controversial [106]. 

Thereafter, ROS accumulation initiates a complex cas-
cade of biochemical processes that includes the activation of 
JNK and p38MAPK, the release of cytochrome c from the 
mitochondria and the activation of procaspase-8, -9 and -3 
(intrinsic pathway of apoptosis). A caspase-independent 
pathway involving the endonuclease G translocation to the 
nucleus after noise trauma has also been reported [107,108]. 
Additionally, in vitro models of mechanical trauma showed 
an increased intracellular Ca

2+
 level [109,110]. The spread-

ing of calcium wave may trigger an excessive release of glu-

tamate in the cochlear efferent pathways, leading to excito-
toxicity [111]. 

2.4. Presbycusis 

Presbycusis is an extremely complex, multifactorial 
process, implying high frequency hearing loss concomitantly 
with physical signs of ageing [112]. Several molecular cas-
cades have been implicated in age-related hearing loss, and 
the current consensus is that oxidative stress is one of its core 
mechanisms [30-36]. Indeed, genes that protect against oxi-
dative stress are involved in development of age-related 
hearing loss [113-118]. Studies of the aging cochlea showed 
a decrease of antioxidant defenses such as glutathione level 
in the auditory nerve [119] or antioxidant enzymes in the 
organ of Corti and spiral ganglion neurons [112,120,121]. 
Significant loss of hair cells and spiral ganglion neurons has 
been observed in mice lacking SOD [122-124], and markers 
of oxidative and nitrosative stress are present in the organ of 
Corti and spiral ganglion of ageing mice [120]. In addition, 
there is a systematic degeneration of marginal and interme-
diate cells of the stria vascularis [125]. Strial intermediate 
cells normally produce melanin pigment, which has the abil-
ity to bind cations and metals to scavenge free radicals 
[126,127]. Indeed, cochlear melanin supports strial marginal 
cell survival and prevent age-related hearing loss [128,129]. 
Oral supplementation with the antioxidant lecithin (activat-
ing enzymes such as SOD) may prevent age-related hearing 
loss in rats [130]. However, overexpression of SOD in mice 
does not confer a resistance to the onset of presbycusis [131], 
and antioxidant agents have not been shown to counter audi-
tory ageing [125]. Therefore, other signalling pathways 
should be implicated in presbycusis. 

3. OTOPROTECTION AGAINST ROS/RNS 

Oxidative damage may result from overproduction and/or 
lack of clearance of ROS/RNS by the scavenging mecha-
nisms. Therefore, three major strategies avoiding oxidative 
stress in the inner ear can be developed: 1/ ROS detoxifica-
tion by antioxidant enzymes, 2/ ROS interception by oxidant 
scavengers or 3/. inhibition of the downstream signalling 
pathways of ROS. Antioxidant systems can be divided into 
two groups: non-enzymatic and enzymatic. Enzymatic de-
fences comprise agents that catalytically remove ROS, such 
as SOD, catalase, or glutathione peroxidase. Non-enzymatic 
antioxidants include intra- or extra-cellular low molecular 
weight compounds. They can be further classified into di-
rectly acting antioxidants (e.g. scavengers and chain break-
ing antioxidants) and indirectly acting antioxidants (e.g. 
chelating agents). Both groups of antioxidants have been 
widely used in otoprotective strategies. 

3.1. Intracellular Antioxidant Enzymes 

In humans, the importance of antioxidant enzymes ma-
chinery is illustrated by a large inter-individual vulnerability 
to ototoxic drugs. Clinicians have observed that chemother-
apy-induced ototoxicity is associated with a polymorphism 
of glutathione-S-transferase (GST). Presence of both GST-
P1G alleles and/or absence of functional GST-M1 protect 
against cisplatin-induced hearing impairment [132]. In 
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Table 2. Main Antioxidant Molecules Protecting Against In Vivo Platinum Anti-Cancer Agent-Induced Ototoxicity 

 

Type of antioxidant Antioxidant molecule Ototoxic drug Animal References 

NOX3 SiRNA cisplatin rat [218] 

Adenosine receptor agonists cisplatin chinchilla [137] 

allopurinol (xanthine oxidase inhibitor) cisplatin rat [84] 

aminoguanidine (iNOS inhibitor) cisplatin rat [148,219] 

Enzymes modulators 

L-NAME (iNOS inhibitor) cisplatin guinea pig [147] 

guinea pig [183,185,187] Vitamins alpha-tocopherol (vitamin E, trolox) cisplatin 

rat [188] 

CAPE (caffeic acid phenethyl ester) cisplatin rat [83] Polyphenols 

ginkgo biloba extract cisplatin rat [220] 

guinea pig [166] N-acetyl-L-cysteine cisplatin 

rat [167] 

amifostin cisplatin hamster [221] 

rat [142,222]  diethyldithiocarbamate cisplatin 

hamster [223,224] 

erdosteine cisplatin rat [82] 

glutathione ester cisplatin rat [225] 

carboplatin rat [226] lipoic acid 

cisplatin rat [78,80,142] 

chinchilla [162] 

guinea pig [163] 

D-methionine cisplatin 

rat [161,164,227] 

methylthiobenzoate cisplatin rat [142,228] 

guinea pig [187,189] tiopronin cisplatin 

rat [229] 

guinea pig [163,230-233] cisplatin 

hamster [223,224] 

sodium thiosulfate 

carboplatin human [168] 

Sulfhydryl (thiol) compounds 

thiourea cisplatin guinea pig [234] 

ebselen cisplatin rat [84,142] 

cisplatin rat [191,192] salicylate 

cisplatin guinea pig [194] 

lazaroids cisplatin guinea pig [235] 

cisplatin guinea pig [236] dexamethasone 

cisplatin mouse [237] 

cisplatin mouse [81] 

Others antioxidants 

etanercept (anti-TNF ) 

cisplatin rat [238] 

 

mammals, differential levels of expression of SOD or glu-
tathione peroxidase may explain the unequal vulnerability of 
hair cells to aminoglycosides [37,119,133]. Therefore, ge-
netic and pharmacologic manipulation of antioxidant enzyme 
levels could trigger powerful otoprotection against drug- or 
noise-induced hearing loss (Tables 1-3). 

Genetic Interventions by Antioxidant Enzymes  

Experimental studies aimed at reducing oxidative stress 
by manipulating levels of antioxidant enzymes have shown 
encouraging results. SOD knockout mice have a greater sus-
ceptibility to noise trauma [104,134]. On the contrary, trans-
genic mice over-expressing SOD are protected against 
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Table 3. Antioxidant Molecules Shown to be Successful Against Noise-Induced Hearing Loss. 

 

Type of antioxidant Antioxidant molecule Animal References 

rat [136] Enzymes SOD-PEG, CuZn-SOD 

guinea pig [239] 

chinchilla [138,139] adenosine receptor agonist (up-regulating antioxidant enzymes) 

rat [240] 

guinea pig [239,241]  

Enzymes modulators 

allopurinol (xanthine oxidase inhibitor) 

rat [136] 

Vitamin trolox guinea pig [242] 

Iron chelators deferoxamine guinea pig [151] 

rat [182] 

guinea pig [150] 

N-acetyl-L-cysteine 

chinchilla [243] 

glutathione guinea pig [244] 

D-methionine chinchillas [164] 

Sulfhydryl (thiol) compounds 

oxothiazolidine carboxylate guinea pig [245] 

coenzyme Q10 guinea pig [246] 

mannitol guinea pig [151] 

ebselen guinea pig [144,145] 

mouse [247] salicylate 

guinea pig [242,243] 

tempol guinea pig [248] 

Other antioxidants 

BN82270 guinea pig [249] 

 

kanamycin-induced hearing loss [133]. Adenoviral vectors-
mediated over-expression of catalase and SOD administered 
into the cochlea of guinea pigs protect hair cells from ami-
noglycoside-induced toxicity [135]. Finally, siRNA directed 
against NOX3 decrease cisplatin-induced ototoxicity, both in 
vitro and in vivo [80]. 

Pharmacological Modulators of Antioxidant/Oxidant En-

zymes 

Activators and inhibitors of antioxidant or oxidant en-
zymes, respectively, have been widely used in otoprotective 
strategies. Allopurinol, a xanthine oxidase inhibitor, provides 
protection after noise trauma [136] or cisplatin challenge in 
the cochlea [84]. Similarly, a long acting SOD covalently 
linked to polyethylene glycol (PEG-SOD) preserves hearing 
threshold in rats exposed to noise injury [136]. Adenosine 
receptor agonists, which increase the activity of cochlear 
glutathione peroxidase and SOD, are effective in protection 
against cisplatin- [137] or noise-induced hearing loss 
[138,139]. 

Ebselen is a lipid-soluble seleno-organic compound that 
has been widely used as an antioxidant in experimental mod-
els, assuming that it acts via a GSH peroxidase like-
mechanism [140]. In the cochlea, ebselen is reported to pro-
tect against damages induced by gentamicin [141], cisplatin 
[74,76,142,143], or noise trauma [144,145]. 

The NOS inhibitors, such as L-N(omega)-Nitroarginine 

methyl ester (L-NAME) or aminoguanidine, attenuate hear-

ing threshold shifts and cochlear hair cell loss following cis-

platin- [146-148], aminoglycosides- [149], or noise-induced 

injury [150]. Whether these drugs act through NOS inhibi-

tion remains to be established. Indeed, treatment of rats with 

aminoguanidine reduced cisplatin-induced ototoxicity but 

did not cause any reduction of NO production. Thus, amino-

guanidine might act as a free-radical scavenger rather than an 
iNOS inhibitor [148].

3.2. Oxidant Scavengers in Otoprotection 

Intra- and extra-cellular low molecular weight oxidant 

scavengers are fascinating molecules with a high therapeutic 

potential. As ROS/RNS plays a pivotal role in ototoxicity, 
these scavengers have been tested as otoprotective agents.  

Metal Chelators 

The condition of oxidative stress generated after ototoxic 

drug administration or acoustic trauma is accompanied, to a 

varying degree, by a dyshomeostasis of metal ions, including 

the redox-active transition metals: iron and copper [151-

153]. Therefore, iron or copper chelation therapy could be a 

promising approach to prevent ototoxicity. Indeed, admini-

stration of the iron chelators, deferoxamine or 2,3-

dihydroxybenzoate, protects hearing function and cochlear 

hair cells of guinea pigs treated by aminoglycosides [154-

159]. Cochlear damage from noise trauma is also attenuated 

in the presence of deferoxamine [151]. 
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Thiol-Containing Compounds 

Low molecular weight thiol compounds, such as sodium 
thiosulphate, diethyldithiocarbamate, or L- or D-methionine, 
are electrophilic and can act directly as free radical scaven-
gers. In addition, these thiol compounds are reported to in-
duce cysteine uptake, thereby increasing the synthesis of 
intracellular glutathione [45,87]. 

Protection of the inner ear from cisplatin-induced damage 
has been tested with several thiol compounds (Table 2), 
which may also act, in that particular case, as a sulphur con-
taining nucleophile and thus protect sulphur containing en-
zymes and proteins. Glutathione supplementation prevents 
cisplatin-induced ototoxicity in guinea pigs [160]. Systemic 
or local inner ear delivery of D-methionine provides effec-
tive otoprotection after cisplatin treatment in rodents [161-
164]. Systemic administration of N-acetyl-L-cysteine allows 
the preservation of hearing threshold in cisplatin-treated rats 
[165]. Trans-tympanic application of N-acetyl-L-cysteine 
prevents cisplatin-induced obliteration of distortion product 
oto-acoustic emissions in guinea pigs [166]. Recent study 
has demonstrated a greater efficacy of the association of two 
thiol compounds, N-acetyl-L-cysteine and sodium thiosul-
fate, against cisplatin-induced ototoxicity, both in vitro and 
in vivo. The protection provided by this association has been 
observed at the molecular, cellular, histological and func-
tional levels [167]. Doolittle and colleagues have shown that 
sodium thiosulfate is effective in protecting against car-
boplatin-induced hearing loss in humans with malignant 
brain tumours [168]. Taken together, these studies have 
demonstrated that thiol compounds provide a good level of 
otoprotection against cisplatin damage to the cochlea. How-
ever, concerns about diminishing the oncological effects of 
cisplatin have limited the clinical use of thiol compounds 
[169-171]. Indeed, sodium thiosulfate, while providing a 
good level of protection against cisplatin damage to the 
cochlea, has been shown to also compromise its anti-tumour 
activity [169,172,173]. Protection from cisplatin-induced 
ototoxicity by systemic delivery of thiol compounds can be 
explained by a decreased systemic exposure to the platinum 
drug, and it therefore may cause a lowered antineoplastic 
activity [174]. Indeed, L-Methionine is efficient, either sys-
temically or locally via the round window membrane, to pro-
tect hair cells from the structural damage induced by cis-
platin [175]. However, systemic administration of L-
Methionine results in a significant decrease in the antitumour 
activity of cisplatin, while local delivery does not interfere 
with its antitumour efficacy. These data indicated that the 
local administration should be the preferred method in 
otoprotection. 

Thiol compounds also act as otoprotective drugs in ami-
noglycosides-induced ototoxicity [164,176-180]. N-acetyl-L-
cysteine was the first radical scavenger used against ka-
namycin-induced ototoxicity [181]. It has been recently used 
in humans to ameliorate gentamicin-induced ototoxicity 
[179]. 

Similarly, hearing threshold shifts are diminished and 
hair cells are protected by N-acetyl-L-cysteine in rats ex-
posed to noise trauma [182]. Recent data have also demon-
strated that the administration of D-methionine rescues hear-
ing function assessed by auditory brainstem responses from 

permanent noise-induced hearing loss when initiated one 
hour after noise exposure [164]. 

Other Antioxidant Molecules 

A protective effect against drug-induced toxicity was also 
provided by broad spectrum ROS scavengers, such as vita-
min E [183-189], salicylate [190-194] and antioxidant herbal 
extracts containing flavonoids in vivo [195] and in vitro 
[196,197]. 

Clinical Trials 

Too few clinical trials have been conducted to allow any 
firm conclusions to be drawn about the efficacy and the 
safety of antioxidant therapy. Salicylate and N-acetyl-L-
cysteine have been shown to decrease gentamicin-induced 
hearing loss in humans [179,198]. Sodium thiosulfate admin-
istered four hours after platinum treatment significantly de-
creased the time of hearing loss development and the rate of 
hearing loss in patients with malignant brain tumours [168]. 
Additional well-designed trials examining the benefit of an-
tioxidant therapy are needed for cisplatin- or noise-induced 
ototoxicity. 

3.3. Molecules Targeting the Downstream Signalling 
Pathway of ROS 

Beneath the otoprotective agents that directly scavenge 
ROS, alternative strategies have been considered. One such 
strategy is to target the downstream signalling pathway of 
ROS/RNS. Indeed, noise exposure or administration of oto-
toxic drugs generates ROS, which in turn activates JNK and 
p38MAPK [199-201]. 

JNKs are potent effectors of apoptosis of oxidative 
stress-damaged cells in the inner ear following a trauma. The 
phosphorylation of c-Jun, a component of the transcription 
factor AP-1, is a central event in JNK-mediated apoptosis of 
oxidative stress-damaged auditory hair cells and neurons 
[202]. Inhibition of JNK prevents neomycin-induced co-
chlear hair cell death in vitro [203,204]. Moreover, inhibition 
of JNK protects against aminoglycoside-induced hearing loss 
and hair cell death in guinea pigs, when administered by 
local cochlear perfusion [58,205] or by subcutaneous injec-
tions [57]. Inhibition of JNK has also been shown to attenu-
ate noise-induced hearing loss [203], but not the cisplatin-
induced hearing loss [206]. 

The p38 MAPK pathway is also activated following oto-
toxic insult [207], and therefore constitute a promising tar-
get. Indeed, blockade of p38MAPK prevents gentamicin-
induced hair cell loss in vitro [207,208], and noise-induced 
hearing loss in vivo [209]. 

4. CONCLUSIONS AND FUTURE DIRECTIONS 

In the medical community, increasing attention is being 
given to prevention based on health measures such as diet, 
exercise, mental state and avoidance of drug abuse [210]. 
Because of the mechanisms of ototoxicity, the use of anti-
oxidant therapy in inner ear toxicity is particularly relevant. 
These treatments could be used as soon as an ototoxic ther-
apy is needed. However, there is currently no FDA-approved 
drug to prevent or treat ototoxin- or noise-induced hearing 
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loss. There is a need for a randomised controlled trial to es-
tablish with certainty not only the benefit of antioxidant ther-
apy in human subjects but also the dose and the route of ad-
ministration. 

ABBREVIATIONS 

GSH = glutathione 

GSSG = oxidized glutathione 

GST = glutathione-S-transferase 

JNK = c-Jun-N-terminal kinases  

L-NAME = L-N(omega)-Nitroarginine methyl ester 

MAPK = mitogen-activated
 
protein kinases 

NADPH = nicotinamide adenine dinucleotide phosphate 

NOS = nitric oxide synthase  

iNOS  = inducible NOS 

nNOS = neuronal NOS 

eNOS = endothelial NOS 

NOX = NADPH oxidase 

PEG = polyethylene glycol  

PIP2 = phosphatidylinositol-biphosphate  

RNS = reactive nitrogen species 

ROS = reactive oxygen species 

SOD = superoxide dismutase 

TRVP1 = transient receptor potential vanilloid 1 

TRX = thioredoxin 

REFERENCES 

[1] Hancock, J.T. The role of redox in signal transduction. Methods. 

Mol. Biol., 2009, 476, 1-9. 

[2] Hancock, J.T. The role of redox mechanisms in cell signalling. 

Mol. Biotechnol., 2009, 43, 162-166. 

[3] Lambeth, J.D. Nox enzymes, ros, and chronic disease: An example 

of antagonistic pleiotropy. Free. Radic. Biol. Med., 2007, 43, 332-

347. 

[4] Liaudet, L.; Vassalli, G.; Pacher, P. Role of peroxynitrite in the 

redox regulation of cell signal transduction pathways. Front. 

Biosci., 2009, 14, 4809-4814. 

[5] Pan, J.S.; Hong, M.Z.; Ren, J.L. Reactive oxygen species: A 

double-edged sword in oncogenesis. World J. Gastroenterol., 2009, 

15, 1702-1707. 

[6] Shiva, S.; Moellering, D.; Ramachandran, A.; Levonen, A.L.; 

Landar, A.; Venkatraman, A.; Ceaser, E.; Ulasova, E.; Crawford, 

J.H.; Brookes, P.S.; Patel, R.P.; Darley-Usmar, V.M. Redox 

signalling: From nitric oxide to oxidized lipids. Biochem. Soc. 

Symp., 2004, 107-120. 

[7] Banfi, B.; Malgrange, B.; Knisz, J.; Steger, K.; Dubois-Dauphin, 

M.; Krause, K.H. Nox3, a superoxide-generating nadph oxidase of 

the inner ear. J. Biol. Chem., 2004, 279, 46065-46072. 

[8] Krause, K.H. Tissue distribution and putative physiological 

function of nox family nadph oxidases. Jpn. J. Infect. Dis., 2004, 

57, S28-29. 

[9] Hancock, J.T.; Desikan, R.; Neill, S.J. Role of reactive oxygen 

species in cell signalling pathways. Biochem. Soc. Trans., 2001, 29, 

345-350. 

[10] Curtin, J.F.; Donovan, M.; Cotter, T.G. Regulation and 

measurement of oxidative stress in apoptosis. J. Immunol. Methods, 

2002, 265, 49-72. 

[11] Fessenden, J.D.; Coling, D.E.; Schacht, J. Detection and 

characterization of nitric oxide synthase in the mammalian cochlea. 

Brain Res., 1994, 668, 9-15. 

[12] Ruan, R.S. Possible roles of nitric oxide in the physiology and 

pathophysiology of the mammalian cochlea. Ann. N.Y. Acad. Sci., 

2002, 962, 260-274. 

[13] Shi, C.S.; Kehrl, J.H. Pyk2 links g(q)alpha and g(13)alpha 

signaling to nf-kappa b activation. J. Biol. Chem., 2001, 276, 

31845-31850. 

[14] Takumida, M.; Anniko, M. Nitric oxide in the inner ear. Curr. 

Opin. Neurol., 2002, 15, 11-15. 

[15] Zdanski, C.J.; Carrasco, V.; Johnson, K.; Prazma, J.; Pillsbury, 

H.C. Inhibition of nitric oxide synthase causes elevation of hearing 

thresholds. Otolaryngol. Head Neck Surg., 1998, 119, 159-163. 

[16] Hess, A.; Bloch, W.; Huverstuhl, J.; Su, J.; Stennert, E.; Addicks, 

K.; Michel, O. Expression of inducible nitric oxide synthase 

(inos/nos ii) in the cochlea of guinea pigs after intratympanical 

endotoxin-treatment. Brain Res., 1999, 830, 113-122. 

[17] Takumida, M.; Anniko, M.; Popa, R.; Zhang, D.M. 

Lipopolysaccharide-induced expression of inducible nitric oxide 

synthase in the guinea pig organ of corti. Hear. Res., 2000, 140, 91-

98. 

[18] Watanabe, K.; Hess, A.; Bloch, W.; Michel, O. Expression of 

inducible nitric oxide synthase (inos/nos ii) in the vestibule of 

guinea pigs after the application of cisplatin. Anticancer Drugs, 

2000, 11, 29-32. 

[19] Watanabe, K.; Inai, S.; Jinnouchi, K.; Bada, S.; Hess, A.; Michel, 

O.; Yagi, T. Nuclear-factor kappa b (nf-kappa b)-inducible nitric 

oxide synthase (inos/nos ii) pathway damages the stria vascularis in 

cisplatin-treated mice. Anticancer Res., 2002, 22, 4081-4085. 

[20] Heinrich, U.R.; Selivanova, O.; Brieger, J.; Mann, W.J. Endothelial 

nitric oxide synthase upregulation in the cochlea of the guinea pig 

after intratympanic gentamicin injection. Eur. Arch. 

Otorhinolaryngol., 2006, 263, 62-68. 

[21] Hong, S.H.; Park, S.K.; Cho, Y.S.; Lee, H.S.; Kim, K.R.; Kim, 

M.G.; Chung, W.H. Gentamicin induced nitric oxide-related 

oxidative damages on vestibular afferents in the guinea pig. Hear 

Res., 2006, 211, 46-53. 

[22] Shi, X.; Nuttall, A.L. Upregulated inos and oxidative damage to the 

cochlear stria vascularis due to noise stress. Brain Res., 2003, 967, 

1-10. 

[23] Watanabe, K.; Inai, S.; Hess, A.; Michel, O.; Yagi, T. Acoustic 

stimulation promotes the expression of inducible nitric oxide 

synthase in the vestibule of guinea pigs. Acta Otolaryngol. Suppl., 

2004, 54-57. 

[24] Takumida, M.; Anniko, M. Direct evidence of nitric oxide 

production in the guinea pig organ of corti. Acta Otolaryngol., 

2001, 121, 342-345. 

[25] Zhang, G.X.; Lu, X.M.; Kimura, S.; Nishiyama, A. Role of 

mitochondria in angiotensin ii-induced reactive oxygen species and 

mitogen-activated protein kinase activation. Cardiovasc. Res., 

2007, 76, 204-212. 

[26] Janssen-Heininger, Y.M.; Mossman, B.T.; Heintz, N.H.; Forman, 

H.J.; Kalyanaraman, B.; Finkel, T.; Stamler, J.S.; Rhee, S.G.; van 

der Vliet, A. Redox-based regulation of signal transduction: 

Principles, pitfalls, and promises. Free Radic. Biol. Med., 2008, 45, 

1-17. 

[27] Butler, D.; Bahr, B.A. Oxidative stress and lysosomes: Cns-related 

consequences and implications for lysosomal enhancement 

strategies and induction of autophagy. Antioxid. Redox Signal., 

2006, 8, 185-196. 

[28] Kiffin, R.; Bandyopadhyay, U.; Cuervo, A.M. Oxidative stress and 

autophagy. Antioxid. Redox Signal., 2006, 8, 152-162. 

[29] Chen, Y.; Gibson, S.B. Is mitochondrial generation of reactive 

oxygen species a trigger for autophagy? Autophagy, 2008, 4, 246-

248. 

[30] Fransen, E.; Lemkens, N.; Van, L.L.; Van, C.G. Age-related 

hearing impairment (arhi): Environmental risk factors and genetic 

prospects. Exp. Gerontol., 2003, 38, 353-359. 

[31] Howarth, A.; Shone, G.R. Ageing and the auditory system. 

Postgrad. Med. J., 2006, 82, 166-171. 

[32] Huang, Q.; Tang, J. Age-related hearing loss or presbycusis. Eur. 

Arch. Otorhinolaryngol., 2010, 267, 1179-1191. 



10    Current Medicinal Chemistry,  2010 Vol. 17, No. 31 Poirrier et al. 

[33] Seidman, M.D.; Ahmad, N.; Bai, U. Molecular mechanisms of age-

related hearing loss. Ageing. Res. Rev., 2002, 1, 331-343. 

[34] Seidman, M.D.; Ahmad, N.; Joshi, D.; Seidman, J.; Thawani, S.; 

Quirk, W.S. Age-related hearing loss and its association with 

reactive oxygen species and mitochondrial DNA damage. Acta 

Otolaryngol. Suppl., 2004, 16-24. 

[35] Seidman, M.D.; Quirk, W.S.; Shirwany, N.A. Mechanisms of 

alterations in the microcirculation of the cochlea. Ann. N.Y. Acad. 

Sci., 1999, 884:226-32., 226-232. 

[36] Sha, S.H.; Chen, F.Q.; Schacht, J. Activation of cell death 

pathways in the inner ear of the aging cba/j mouse. Hear. Res., 

2009, 254, 92-99. 

[37] Sha, S.H.; Taylor, R.; Forge, A.; Schacht, J. Differential 

vulnerability of basal and apical hair cells is based on intrinsic 

susceptibility to free radicals. Hear. Res., 2001, 155, 1-8. 

[38] Hiel, H.; Erre, J.P.; Aurousseau, C.; Bouali, R.; Dulon, D.; Aran, 

J.M. Gentamicin uptake by cochlear hair cells precedes hearing 

impairment during chronic treatment. Audiology, 1993, 32, 78-87. 

[39] Marcotti, W.; van Netten, S.M.; Kros, C.J. The aminoglycoside 

antibiotic dihydrostreptomycin rapidly enters mouse outer hair cells 

through the mechano-electrical transducer channels. J. Physiol., 

2005, 567, 505-521. 

[40] Hashino, E.; Shero, M. Endocytosis of aminoglycoside antibiotics 

in sensory hair cells. Brain Res., 1995, 704, 135-140. 

[41] Wang, Q.; Steyger, P.S. Trafficking of systemic fluorescent 

gentamicin into the cochlea and hair cells. J. Assoc. Res. 

Otolaryngol., 2009,  

[42] Takada, A.; Bledsoe, S., Jr.; Schacht, J. An energy-dependent step 

in aminoglycoside ototoxicity: Prevention of gentamicin ototoxicity 

during reduced endolymphatic potential. Hear. Res., 1985, 19, 245-

251. 

[43] Aran, J.M.; Erre, J.P.; Lima da, C.D.; Debbarh, I.; Dulon, D. Acute 

and chronic effects of aminoglycosides on cochlear hair cells. Ann. 

N.Y. Acad. Sci., 1999, 884:60-8., 60-68. 

[44] Wu, W.J.; Sha, S.H.; Schacht, J. Recent advances in understanding 

aminoglycoside ototoxicity and its prevention. Audiol. Neurootol., 

2002, 7, 171-174. 

[45] Rybak, L.P.; Whitworth, C.A. Ototoxicity: Therapeutic 

opportunities. Drug. Discov. Today, 2005, 10, 1313-1321. 

[46] Selimoglu, E. Aminoglycoside-induced ototoxicity. Curr. Pharm. 

Des., 2007, 13, 119-126. 

[47] Priuska, E.M.; Schacht, J. Formation of free radicals by gentamicin 

and iron and evidence for an iron/gentamicin complex. Biochem. 

Pharmacol., 1995, 50, 1749-1752. 

[48] Sha, S.H.; Schacht, J. Formation of reactive oxygen species 

following bioactivation of gentamicin. Free Radic. Biol. Med., 

1999, 26, 341-347. 

[49] Lesniak, W.; Pecoraro, V.L.; Schacht, J. Ternary complexes of 

gentamicin with iron and lipid catalyze formation of reactive 

oxygen species. Chem. Res. Toxicol., 2005, 18, 357-364. 

[50] Lesniak, W.; Harris, W.R.; Kravitz, J.Y.; Schacht, J.; Pecoraro, 

V.L. Solution chemistry of copper(ii)-gentamicin complexes: 

Relevance to metal-related aminoglycoside toxicity. Inorg. Chem., 

2003, 42, 1420-1429. 

[51] Lodhi, S.; Weiner, N.D.; Schacht, J. Interactions of neomycin with 

monomolecular films of polyphosphoinositides and other lipids. 

Biochim. Biophys. Acta, 1979, 557, 1-8. 

[52] Hirono, M.; Denis, C.S.; Richardson, G.P.; Gillespie, P.G. Hair 

cells require phosphatidylinositol 4,5-bisphosphate for mechanical 

transduction and adaptation. Neuron, 2004, 44, 309-320. 

[53] Jiang, H.; Sha, S.H.; Schacht, J. Kanamycin alters cytoplasmic and 

nuclear phosphoinositide signaling in the organ of corti in vivo. J. 

Neurochem., 2006, 99, 269-276. 

[54] Takumida, M.; Anniko, M. Nitric oxide in guinea pig vestibular 

sensory cells following gentamicin exposure in vitro. Acta 

Otolaryngol., 2001, 121, 346-350. 

[55] Jiang, H.; Sha, S.H.; Schacht, J. Rac/rho pathway regulates actin 

depolymerization induced by aminoglycoside antibiotics. J. 

Neurosci. Res., 2006, 83, 1544-1551. 

[56] Jiang, H.; Sha, S.H.; Forge, A.; Schacht, J. Caspase-independent 

pathways of hair cell death induced by kanamycin in vivo. Cell 

Death Differ., 2006, 13, 20-30. 

[57] Ylikoski, J.; Xing-Qun, L.; Virkkala, J.; Pirvola, U. Blockade of c-

jun n-terminal kinase pathway attenuates gentamicin-induced 

cochlear and vestibular hair cell death. Hear. Res., 2002, 163, 71-

81. 

[58] Wang, J.; Van De Water, T.R.; Bonny, C.; de, R.F.; Puel, J.L.; 

Zine, A. A peptide inhibitor of c-jun n-terminal kinase protects 

against both aminoglycoside and acoustic trauma-induced auditory 

hair cell death and hearing loss. J. Neurosci., 2003, 23, 8596-8607. 

[59] Hirose, K.; Hockenbery, D.M.; Rubel, E.W. Reactive oxygen 

species in chick hair cells after gentamicin exposure in vitro. Hear. 

Res., 1997, 104, 1-14. 

[60] Choung, Y.H.; Taura, A.; Pak, K.; Choi, S.J.; Masuda, M.; Ryan, 

A.F. Generation of highly-reactive oxygen species is closely related 

to hair cell damage in rat organ of corti treated with gentamicin. 

Neuroscience, 2009, 161, 214-226. 

[61] Richardson, G.P.; Russell, I.J. Cochlear cultures as a model system 

for studying aminoglycoside induced ototoxicity. Hear. Res., 1991, 

53, 293-311. 

[62] Spoendlin, H. Factors inducing retrograde degeneration of the 

cochlear nerve. Ann. Otol. Rhinol. Laryngol. Suppl., 1984, 112, 76-

82. 

[63] Webster, M.; Webster, D.B. Spiral ganglion neuron loss following 

organ of corti loss: A quantitative study. Brain Res., 1981, 212, 17-

30. 

[64] Miller, J.M.; Chi, D.H.; O'Keeffe, L.J.; Kruszka, P.; Raphael, Y.; 

Altschuler, R.A. Neurotrophins can enhance spiral ganglion cell 

survival after inner hair cell loss. Int. J. Dev. Neurosci., 1997, 15, 

631-643. 

[65] Ylikoski, J.; Wersall, J.; Bjorkroth, B. Degeneration of neural 

elements in the cochlea of the guinea-pig after damage to the organ 

of corti by ototoxic antibiotics. Acta Otolaryngol. Suppl., 1974, 

326, 23-41. 

[66] Dodson, H.C. Loss and survival of spiral ganglion neurons in the 

guinea pig after intracochlear perfusion with aminoglycosides. J. 

Neurocytol., 1997, 26, 541-556. 

[67] Dodson, H.C.; Mohuiddin, A. Response of spiral ganglion 

neurones to cochlear hair cell destruction in the guinea pig. J. 

Neurocytol., 2000, 29, 525-537. 

[68] Dugan, L.L.; Creedon, D.J.; Johnson, E.M., Jr.; Holtzman, D.M. 

Rapid suppression of free radical formation by nerve growth factor 

involves the mitogen-activated protein kinase pathway. Proc. Natl. 

Acad. Sci. USA, 1997, 94, 4086-4091. 

[69] Schulz, J.B.; Bremen, D.; Reed, J.C.; Lommatzsch, J.; Takayama, 

S.; Wullner, U.; Loschmann, P.A.; Klockgether, T.; Weller, M. 

Cooperative interception of neuronal apoptosis by bcl-2 and bag-1 

expression: Prevention of caspase activation and reduced 

production of reactive oxygen species. J. Neurochem., 1997, 69, 

2075-2086. 

[70] Huang, T.; Cheng, A.G.; Stupak, H.; Liu, W.; Kim, A.; Staecker, 

H.; Lefebvre, P.P.; Malgrange, B.; Kopke, R.; Moonen, G.; Van De 

Water, T.R. Oxidative stress-induced apoptosis of cochlear sensory 

cells: Otoprotective strategies. Int. J. Dev. Neurosci., 2000, 18, 

259-270. 

[71] Levison, M.E.; Chabner, B.A.; Thompson E. The merck manual, ed 

2009. Whitehouse Station, N.J., Merck Research Laboratories, 

2009. 

[72] Niederhuber, J.E. National cancer institute thesaurus, American 

Association for Cancer Research, 2010. 

[73] Furuta, T.; Ueda, T.; Aune, G.; Sarasin, A.; Kraemer, K.H.; 

Pommier, Y. Transcription-coupled nucleotide excision repair as a 

determinant of cisplatin sensitivity of human cells. Cancer. Res., 

2002, 62, 4899-4902. 

[74] Rybak, L.P.; Somani, S. Ototoxicity. Amelioration by protective 

agents. Ann. N.Y. Acad. Sci., 1999, 884:143-51., 143-151. 

[75] Clerici, W.J.; Hensley, K.; DiMartino, D.L.; Butterfield, D.A. 

Direct detection of ototoxicant-induced reactive oxygen species 

generation in cochlear explants. Hear. Res., 1996, 98, 116-124. 

[76] Kopke, R.D.; Liu, W.; Gabaizadeh, R.; Jacono, A.; Feghali, J.; 

Spray, D.; Garcia, P.; Steinman, H.; Malgrange, B.; Ruben, R.J.; 

Rybak, L.; Van de Water, T.R. Use of organotypic cultures of 

corti's organ to study the protective effects of antioxidant molecules 

on cisplatin-induced damage of auditory hair cells. Am. J. Otol., 

1997, 18, 559-571. 

[77] Lee, J.E.; Nakagawa, T.; Kim, T.S.; Endo, T.; Shiga, A.; Iguchi, F.; 

Lee, S.H.; Ito, J. Role of reactive radicals in degeneration of the 

auditory system of mice following cisplatin treatment. Acta 



Oxidative Stress in the Cochlea Current Medicinal Chemistry,  2010 Vol. 17, No. 31      11 

Otolaryngol., 2004, 124, 1131-1135. 

[78] Rybak, L.P.; Husain, K.; Whitworth, C.; Somani, S.M. Dose 

dependent protection by lipoic acid against cisplatin-induced 

ototoxicity in rats: Antioxidant defense system. Toxicol. Sci., 1999, 

47, 195-202. 

[79] Mukherjea, D.; Whitworth, C.A.; Nandish, S.; Dunaway, G.A.; 

Rybak, L.P.; Ramkumar, V. Expression of the kidney injury 

molecule 1 in the rat cochlea and induction by cisplatin. 

Neuroscience, 2006, 139, 733-740. 

[80] Mukherjea, D.; Jajoo, S.; Whitworth, C.; Bunch, J.R.; Turner, J.G.; 

Rybak, L.P.; Ramkumar, V. Short interfering rna against transient 

receptor potential vanilloid 1 attenuates cisplatin-induced hearing 

loss in the rat. J. Neurosci., 2008, 28, 13056-13065. 

[81] Kim, H.J.; Lee, J.H.; Kim, S.J.; Oh, G.S.; Moon, H.D.; Kwon, 

K.B.; Park, C.; Park, B.H.; Lee, H.K.; Chung, S.Y.; Park, R.; So, 

H.S. Roles of nadph oxidases in cisplatin-induced reactive oxygen 

species generation and ototoxicity. J. Neurosci., 2010, 30, 3933-

3946. 

[82] Kalcioglu, M.T.; Kizilay, A.; Gulec, M.; Karatas, E.; Iraz, M.; 

Akyol, O.; Egri, M.; Ozturan, O. The protective effect of erdosteine 

against ototoxicity induced by cisplatin in rats. Eur. Arch. 

Otorhinolaryngol., 2005, 262, 856-863. 

[83] Kizilay, A.; Kalcioglu, M.T.; Ozerol, E.; Iraz, M.; Gulec, M.; 

Akyol, O.; Ozturan, O. Caffeic acid phenethyl ester ameliorated 

ototoxicity induced by cisplatin in rats. J. Chemother., 2004, 16, 

381-387. 

[84] Lynch, E.D.; Gu, R.; Pierce, C.; Kil, J. Reduction of acute cisplatin 

ototoxicity and nephrotoxicity in rats by oral administration of 

allopurinol and ebselen. Hear. Res., 2005, 201, 81-89. 

[85] Li, G.; Liu, W.; Frenz, D. Cisplatin ototoxicity to the rat inner ear: 

A role for hmg1 and inos. Neurotoxicology, 2006, 27, 22-30. 

[86] Rybak, L.P. Mechanisms of cisplatin ototoxicity and progress in 

otoprotection. Curr. Opin. Otolaryngol. Head Neck Surg., 2007, 

15, 364-369. 

[87] Rybak, L.P.; Whitworth, C.A.; Mukherjea, D.; Ramkumar, V. 

Mechanisms of cisplatin-induced ototoxicity and prevention. Hear. 

Res., 2007, 226, 157-167. 

[88] Hellberg, V.; Wallin, I.; Eriksson, S.; Hernlund, E.; Jerremalm, E.; 

Berndtsson, M.; Eksborg, S.; Arner, E.S.; Shoshan, M.; Ehrsson, 

H.; Laurell, G. Cisplatin and oxaliplatin toxicity: Importance of 

cochlear kinetics as a determinant for ototoxicity. J. Natl. Cancer 

Inst., 2009, 101, 37-47. 

[89] Anestal, K.; Prast-Nielsen, S.; Cenas, N.; Arner, E.S. Cell death by 

sectraps: Thioredoxin reductase as a prooxidant killer of cells. 

PLoS One, 2008, 3, e1846. 

[90] Berndtsson, M.; Hagg, M.; Panaretakis, T.; Havelka, A.M.; 

Shoshan, M.C.; Linder, S. Acute apoptosis by cisplatin requires 

induction of reactive oxygen species but is not associated with 

damage to nuclear DNA. Int. J. Cancer, 2007, 120, 175-180. 

[91] W.H.O; Press, W.H.O.: Primary ear and hearing care. Training 

ressource. 2006. 

[92] Daniel, E. Noise and hearing loss: A review. J. Sch. Health, 2007, 

77, 225-231. 

[93] Liberman, M.C.; Dodds, L.W. Single-neuron labeling and chronic 

cochlear pathology. Iii. Stereocilia damage and alterations of 

threshold tuning curves. Hear. Res., 1984, 16, 55-74. 

[94] Shi, X. Cochlear pericyte responses to acoustic trauma and the 

involvement of hypoxia-inducible factor-1alpha and vascular 

endothelial growth factor. Am. J. Pathol., 2009, 174, 1692-1704. 

[95] Nuttall, A.L. Sound-induced cochlear ischemia/hypoxia as a 

mechanism of hearing loss. Noise Health, 1999, 2, 17-32. 

[96] Henderson, D.; Bielefeld, E.C.; Harris, K.C.; Hu, B.H. The role of 

oxidative stress in noise-induced hearing loss. Ear Hear., 2006, 27, 

1-19. 

[97] Le Prell, C.G.; Yamashita, D.; Minami, S.B.; Yamasoba, T.; Miller, 

J.M. Mechanisms of noise-induced hearing loss indicate multiple 

methods of prevention. Hear. Res., 2007, 226, 22-43. 

[98] Yamane, H.; Nakai, Y.; Takayama, M.; Iguchi, H.; Nakagawa, T.; 

Kojima, A. Appearance of free radicals in the guinea pig inner ear 

after noise-induced acoustic trauma. Eur. Arch. Otorhinolaryngol., 

1995, 252, 504-508. 

[99] Yamane, H.; Nakai, Y.; Takayama, M.; Konishi, K.; Iguchi, H.; 

Nakagawa, T.; Shibata, S.; Kato, A.; Sunami, K.; Kawakatsu, C. 

The emergence of free radicals after acoustic trauma and strial 

blood flow. Acta Otolaryngol. Suppl., 1995, 519, 87-92. 

[100] Ohlemiller, K.K.; Wright, J.S.; Dugan, L.L. Early elevation of 

cochlear reactive oxygen species following noise exposure. Audiol. 

Neurootol., 1999, 4, 229-236. 

[101] Yamashita, D.; Jiang, H.Y.; Schacht, J.; Miller, J.M. Delayed 

production of free radicals following noise exposure. Brain Res., 

2004, 1019, 201-209. 

[102] Miller, J.M.; Brown, J.N.; Schacht, J. 8-iso-prostaglandin f(2alpha), 

a product of noise exposure, reduces inner ear blood flow. Audiol. 

Neurootol., 2003, 8, 207-221. 

[103] Ohinata, Y.; Miller, J.M.; Altschuler, R.A.; Schacht, J. Intense 

noise induces formation of vasoactive lipid peroxidation products 

in the cochlea. Brain Res., 2000, 878, 163-173. 

[104] Ohlemiller, K.K.; McFadden, S.L.; Ding, D.L.; Flood, D.G.; 

Reaume, A.G.; Hoffman, E.K.; Scott, R.W.; Wright, J.S.; Putcha, 

G.V.; Salvi, R.J. Targeted deletion of the cytosolic cu/zn-

superoxide dismutase gene (sod1) increases susceptibility to noise-

induced hearing loss. Audiol. Neurootol., 1999, 4, 237-246. 

[105] Ramkumar, V.; Whitworth, C.A.; Pingle, S.C.; Hughes, L.F.; 

Rybak, L.P. Noise induces a1 adenosine receptor expression in the 

chinchilla cochlea. Hear. Res., 2004, 188, 47-56. 

[106] Endo, T.; Nakagawa, T.; Iguchi, F.; Kita, T.; Okano, T.; Sha, S.H.; 

Schacht, J.; Shiga, A.; Kim, T.S.; Ito, J. Elevation of superoxide 

dismutase increases acoustic trauma from noise exposure. Free 

Radic. Biol. Med., 2005, 38, 492-498. 

[107] Yamashita, D.; Miller, J.M.; Jiang, H.Y.; Minami, S.B.; Schacht, J. 

Aif and endog in noise-induced hearing loss. Neuroreport, 2004, 

15, 2719-2722. 

[108] Han, W.; Shi, X.; Nuttall, A.L. Aif and endog translocation in noise 

exposure induced hair cell death. Hear. Res., 2006, 211, 85-95. 

[109] Fridberger, A.; van Maarseveen, J.T.; Ulfendahl, M. An in vitro 

model for acoustic overstimulation. Acta Otolaryngol., 1998, 118, 

352-361. 

[110] Gale, J.E.; Piazza, V.; Ciubotaru, C.D.; Mammano, F. A 

mechanism for sensing noise damage in the inner ear. Curr. Biol., 

2004, 14, 526-529. 

[111] Pujol, R.; Puel, J.L. Excitotoxicity, synaptic repair, and functional 

recovery in the mammalian cochlea: A review of recent findings. 

Ann. N.Y. Acad. Sci., 1999, 884, 249-254. 

[112] Staecker, H.; Zheng, Q.Y.; Van De Water, T.R. Oxidative stress in 

aging in the c57b16/j mouse cochlea. Acta Otolaryngol., 2001, 121, 

666-672. 

[113] Fischel-Ghodsian, N.; Bykhovskaya, Y.; Taylor, K.; Kahen, T.; 

Cantor, R.; Ehrenman, K.; Smith, R.; Keithley, E. Temporal bone 

analysis of patients with presbycusis reveals high frequency of 

mitochondrial mutations. Hear. Res., 1997, 110, 147-154. 

[114] Hilgert, N.; Smith, R.J.; Van Camp, G. Function and expression 

pattern of nonsyndromic deafness genes. Curr. Mol. Med., 2009, 9, 

546-564. 

[115] Liu, X.Z.; Yan, D. Ageing and hearing loss. J. Pathol., 2007, 211, 

188-197. 

[116] Martinez, A.D.; Acuna, R.; Figueroa, V.; Maripillan, J.; Nicholson, 

B. Gap-junction channels dysfunction in deafness and hearing loss. 

Antioxid. Redox Signal., 2009, 11, 309-322. 

[117] Pickles, J.O. Mutation in mitochondrial DNA as a cause of 

presbyacusis. Audiol. Neurootol., 2004, 9, 23-33. 

[118] Unal, M.; Tamer, L.; Dogruer, Z.N.; Yildirim, H.; Vayisoglu, Y.; 

Camdeviren, H. N-acetyltransferase 2 gene polymorphism and 

presbycusis. Laryngoscope, 2005, 115, 2238-2241. 

[119] Lautermann, J.; Crann, S.A.; McLaren, J.; Schacht, J. Glutathione-

dependent antioxidant systems in the mammalian inner ear: Effects 

of aging, ototoxic drugs and noise. Hear. Res., 1997, 114, 75-82. 

[120] Jiang, H.; Talaska, A.E.; Schacht, J.; Sha, S.H. Oxidative 

imbalance in the aging inner ear. Neurobiol. Aging, 2007, 28, 1605-

1612. 

[121] McFadden, S.L.; Ding, D.; Salvi, R. Anatomical, metabolic and 

genetic aspects of age-related hearing loss in mice. Audiology, 

2001, 40, 313-321. 

[122] Keithley, E.M.; Canto, C.; Zheng, Q.Y.; Wang, X.; Fischel-

Ghodsian, N.; Johnson, K.R. Cu/zn superoxide dismutase and age-

related hearing loss. Hear. Res., 2005, 209, 76-85. 

[123] McFadden, S.L.; Ding, D.; Reaume, A.G.; Flood, D.G.; Salvi, R.J. 

Age-related cochlear hair cell loss is enhanced in mice lacking 

copper/zinc superoxide dismutase. Neurobiol. Aging, 1999, 20, 1-8. 



12    Current Medicinal Chemistry,  2010 Vol. 17, No. 31 Poirrier et al. 

[124] McFadden, S.L.; Ding, D.; Burkard, R.F.; Jiang, H.; Reaume, A.G.; 

Flood, D.G.; Salvi, R.J. Cu/zn sod deficiency potentiates hearing 

loss and cochlear pathology in aged 129,cd-1 mice. J. Comp. 

Neurol., 1999, 413, 101-112. 

[125] Gates, G.A.; Mills, J.H. Presbycusis. Lancet, 2005, 366, 1111-

1120. 

[126] Riley, P.A. Melanin. Int. J. Biochem. Cell Biol., 1997, 29, 1235-

1239. 

[127] Schraermeyer, U.; Heimann, K. Current understanding on the role 

of retinal pigment epithelium and its pigmentation. Pigment Cell 

Res., 1999, 12, 219-236. 

[128] Murillo-Cuesta, S.; Contreras, J.; Zurita, E.; Cediel, R.; Cantero, 

M.; Varela-Nieto, I.; Montoliu, L. Melanin precursors prevent 

premature age-related and noise-induced hearing loss in albino 

mice. Pigment Cell Melanoma Res., 2009,  

[129] Ohlemiller, K.K.; Rice, M.E.; Lett, J.M.; Gagnon, P.M. Absence of 

strial melanin coincides with age-associated marginal cell loss and 

endocochlear potential decline. Hear. Res., 2009, 249, 1-14. 

[130] Seidman, M.D.; Khan, M.J.; Tang, W.X.; Quirk, W.S. Influence of 

lecithin on mitochondrial DNA and age-related hearing loss. 

Otolaryngol. Head Neck Surg., 2002, 127, 138-144. 

[131] Coling, D.E.; Yu, K.C.; Somand, D.; Satar, B.; Bai, U.; Huang, 

T.T.; Seidman, M.D.; Epstein, C.J.; Mhatre, A.N.; Lalwani, A.K. 

Effect of sod1 overexpression on age- and noise-related hearing 

loss. Free Radic. Biol. Med., 2003, 34, 873-880. 

[132] Oldenburg, J.; Kraggerud, S.M.; Cvancarova, M.; Lothe, R.A.; 

Fossa, S.D. Cisplatin-induced long-term hearing impairment is 

associated with specific glutathione s-transferase genotypes in 

testicular cancer survivors. J. Clin. Oncol., 2007, 25, 708-714. 

[133] Sha, S.H.; Zajic, G.; Epstein, C.J.; Schacht, J. Overexpression of 

copper/zinc-superoxide dismutase protects from kanamycin-

induced hearing loss. Audiol. Neurootol., 2001, 6, 117-123. 

[134] McFadden, S.L.; Ohlemiller, K.K.; Ding, D.; Shero, M.; Salvi, R.J. 

The influence of superoxide dismutase and glutathione peroxidase 

deficiencies on noise-induced hearing loss in mice. Noise Health, 

2001, 3, 49-64. 

[135] Kawamoto, K.; Sha, S.H.; Minoda, R.; Izumikawa, M.; Kuriyama, 

H.; Schacht, J.; Raphael, Y. Antioxidant gene therapy can protect 

hearing and hair cells from ototoxicity. Mol. Ther., 2004, 9, 173-

181. 

[136] Seidman, M.D.; Shivapuja, B.G.; Quirk, W.S. The protective 

effects of allopurinol and superoxide dismutase on noise-induced 

cochlear damage. Otolaryngol. Head Neck Surg., 1993, 109, 1052-

1056. 

[137] Whitworth, C.A.; Ramkumar, V.; Jones, B.; Tsukasaki, N.; Rybak, 

L.P. Protection against cisplatin ototoxicity by adenosine agonists. 

Biochem. Pharmacol., 2004, 67, 1801-1807. 

[138] Hu, B.H.; Zheng, X.Y.; McFadden, S.L.; Kopke, R.D.; Henderson, 

D. R-phenylisopropyladenosine attenuates noise-induced hearing 

loss in the chinchilla. Hear. Res., 1997, 113, 198-206. 

[139] Henderson, D.; McFadden, S.L.; Liu, C.C.; Hight, N.; Zheng, X.Y. 

The role of antioxidants in protection from impulse noise. Ann N Y 

Acad Sci, 1999, 884, 368-380. 

[140] Fang, J.; Zhong, L.; Zhao, R.; Holmgren, A. Ebselen: A 

thioredoxin reductase-dependent catalyst for alpha-tocopherol 

quinone reduction. Toxicol. Appl. Pharmacol., 2005, 207, 103-109. 

[141] Takumida, M.; Popa, R.; Anniko, M. Free radicals in the guinea pig 

inner ear following gentamicin exposure. ORL J. Otorhinolaryngol. 

Relat. Spec., 1999, 61, 63-70. 

[142] Rybak, L.P.; Whitworth, C.; Somani, S. Application of antioxidants 

and other agents to prevent cisplatin ototoxicity. Laryngoscope, 

1999, 109, 1740-1744. 

[143] Rybak, L.P.; Husain, K.; Morris, C.; Whitworth, C.; Somani, S. 

Effect of protective agents against cisplatin ototoxicity. Am. J. 

Otol., 2000, 21, 513-520. 

[144] Pourbakht, A.; Yamasoba, T. Ebselen attenuates cochlear damage 

caused by acoustic trauma. Hear. Res., 2003, 181, 100-108. 

[145] Yamasoba, T.; Pourbakht, A.; Sakamoto, T.; Suzuki, M. Ebselen 

prevents noise-induced excitotoxicity and temporary threshold 

shift. Neurosci. Lett., 2005, 380, 234-238. 

[146] Watanabe, K.; Hess, A.; Michel, O.; Yagi, T. Nitric oxide synthase 

inhibitor reduces the apoptotic change in the cisplatin-treated 

cochlea of guinea pigs. Anticancer Drugs, 2000, 11, 731-735. 

[147] Watanabe, K.I.; Hess, A.; Bloch, W.; Michel, O. Nitric oxide 

synthase inhibitor suppresses the ototoxic side effect of cisplatin in 

guinea pigs. Anticancer Drugs, 2000, 11, 401-406. 

[148] Kelly, T.C.; Whitworth, C.A.; Husain, K.; Rybak, L.P. 

Aminoguanidine reduces cisplatin ototoxicity. Hear. Res., 2003, 

186, 10-16. 

[149] Takumida, M.; Anniko, M. Brain-derived neurotrophic factor and 

nitric oxide synthase inhibitor protect the vestibular organ against 

gentamicin ototoxicity. Acta Otolaryngol., 2002, 122, 10-15. 

[150] Ohinata, Y.; Miller, J.M.; Schacht, J. Protection from noise-

induced lipid peroxidation and hair cell loss in the cochlea. Brain 

Res., 2003, 966, 265-273. 

[151] Yamasoba, T.; Schacht, J.; Shoji, F.; Miller, J.M. Attenuation of 

cochlear damage from noise trauma by an iron chelator, a free 

radical scavenger and glial cell line-derived neurotrophic factor in 

vivo. Brain Res., 1999, 815, 317-325. 

[152] Dehne, N.; Lautermann, J.; Petrat, F.; Rauen, U.; de Groot, H. 

Cisplatin ototoxicity: Involvement of iron and enhanced formation 

of superoxide anion radicals. Toxicol. Appl. Pharmacol., 2001, 174, 

27-34. 

[153] Wu, W.J.; Sha, S.H.; McLaren, J.D.; Kawamoto, K.; Raphael, Y.; 

Schacht, J. Aminoglycoside ototoxicity in adult cba, c57bl and balb 

mice and the sprague-dawley rat. Hear. Res., 2001, 158, 165-178. 

[154] Song, B.B.; Schacht, J. Variable efficacy of radical scavengers and 

iron chelators to attenuate gentamicin ototoxicity in guinea pig in 

vivo. Hear. Res., 1996, 94, 87-93. 

[155] Song, B.B.; Anderson, D.J.; Schacht, J. Protection from gentamicin 

ototoxicity by iron chelators in guinea pig in vivo. J. Pharmacol. 

Exp. Ther., 1997, 282, 369-377. 

[156] Conlon, B.J.; Perry, B.P.; Smith, D.W. Attenuation of neomycin 

ototoxicity by iron chelation. Laryngoscope, 1998, 108, 284-287. 

[157] Song, B.B.; Sha, S.H.; Schacht, J. Iron chelators protect from 

aminoglycoside-induced cochleo- and vestibulo-toxicity. Free 

Radic. Biol. Med., 1998, 25, 189-195. 

[158] Sinswat, P.; Wu, W.J.; Sha, S.H.; Schacht, J. Protection from 

ototoxicity of intraperitoneal gentamicin in guinea pig. Kidney Int., 

2000, 58, 2525-2532. 

[159] Mostafa, B.E.; Tawfik, S.; Hefnawi, N.G.; Hassan, M.A.; Ismail, 

F.A. The role of deferoxamine in the prevention of gentamicin 

ototoxicity: A histological and audiological study in guinea pigs. 

Acta Otolaryngol., 2007, 127, 234-239. 

[160] Lautermann, J.; Song, B.; McLaren, J.; Schacht, J. Diet is a risk 

factor in cisplatin ototoxicity. Hear. Res., 1995, 88, 47-53. 

[161] Campbell, K.C.; Rybak, L.P.; Meech, R.P.; Hughes, L. D-

methionine provides excellent protection from cisplatin ototoxicity 

in the rat. Hear. Res., 1996, 102, 90-98. 

[162] Korver, K.D.; Rybak, L.P.; Whitworth, C.; Campbell, K.M. Round 

window application of d-methionine provides complete cisplatin 

otoprotection. Otolaryngol. Head Neck Surg., 2002, 126, 683-689. 

[163] Wimmer, C.; Mees, K.; Stumpf, P.; Welsch, U.; Reichel, O.; 

Suckfull, M. Round window application of d-methionine, sodium 

thiosulfate, brain-derived neurotrophic factor, and fibroblast growth 

factor-2 in cisplatin-induced ototoxicity. Otol. Neurotol., 2004, 25, 

33-40. 

[164] Campbell, K.C.; Meech, R.P.; Klemens, J.J.; Gerberi, M.T.; 

Dyrstad, S.S.; Larsen, D.L.; Mitchell, D.L.; El-Azizi, M.; Verhulst, 

S.J.; Hughes, L.F. Prevention of noise- and drug-induced hearing 

loss with d-methionine. Hear. Res., 2007, 226, 92-103. 

[165] Thomas Dickey, D.; Muldoon, L.L.; Kraemer, D.F.; Neuwelt, E.A. 

Protection against cisplatin-induced ototoxicity by n-acetylcysteine 

in a rat model. Hear. Res., 2004, 193, 25-30. 

[166] Choe, W.T.; Chinosornvatana, N.; Chang, K.W. Prevention of 

cisplatin ototoxicity using transtympanic n-acetylcysteine and 

lactate. Otol. Neurotol., 2004, 25, 910-915. 

[167] Dickey, D.T.; Wu, Y.J.; Muldoon, L.L.; Neuwelt, E.A. Protection 

against cisplatin-induced toxicities by n-acetylcysteine and sodium 

thiosulfate as assessed at the molecular, cellular, and in vivo levels. 

J. Pharmacol. Exp. Ther., 2005, 314, 1052-1058. 

[168] Doolittle, N.D.; Muldoon, L.L.; Brummett, R.E.; Tyson, R.M.; 

Lacy, C.; Bubalo, J.S.; Kraemer, D.F.; Heinrich, M.C.; Henry, J.A.; 

Neuwelt, E.A. Delayed sodium thiosulfate as an otoprotectant 

against carboplatin-induced hearing loss in patients with malignant 

brain tumors. Clin. Cancer Res., 2001, 7, 493-500. 

[169] Aamdal, S.; Fodstad, O.; Pihl, A. Some procedures to reduce cis-

platinum toxicity reduce antitumour activity. Cancer Treat. Rev., 



Oxidative Stress in the Cochlea Current Medicinal Chemistry,  2010 Vol. 17, No. 31      13 

1987, 14, 389-395. 

[170] Konstantinov, S.; Topashka-Ancheva, M.; Karaivanova, M.; 

Zoneva, G.; Galova, I. Antitumor, nephrotoxic and clastogenic 

effect of cis-ddp with ddtc or nac. Neoplasma, 1994, 41, 253-258. 

[171] Blakley, B.W.; Cohen, J.I.; Doolittle, N.D.; Muldoon, L.L.; 

Campbell, K.C.; Dickey, D.T.; Neuwelt, E.A. Strategies for 

prevention of toxicity caused by platinum-based chemotherapy: 

Review and summary of the annual meeting of the blood-brain 

barrier disruption program, gleneden beach, oregon, march 10, 

2001. Laryngoscope, 2002, 112, 1997-2001. 

[172] Gandara, D.R.; Wiebe, V.J.; Perez, E.A.; Makuch, R.W.; 

DeGregorio, M.W. Cisplatin rescue therapy: Experience with 

sodium thiosulfate, wr2721, and diethyldithiocarbamate. Crit. Rev. 

Oncol. Hematol., 1990, 10, 353-365. 

[173] Jones, M.M.; Basinger, M.A.; Holscher, M.A. Relative 

effectiveness of some compounds for the control of cisplatin-

induced nephrotoxicity. Toxicology, 1991, 68, 227-247. 

[174] Ekborn, A.; Laurell, G.; Johnstrom, P.; Wallin, I.; Eksborg, S.; 

Ehrsson, H. D-methionine and cisplatin ototoxicity in the guinea 

pig: D-methionine influences cisplatin pharmacokinetics. Hear. 

Res., 2002, 165, 53-61. 

[175] Li, G.; Frenz, D.A.; Brahmblatt, S.; Feghali, J.G.; Ruben, R.J.; 

Berggren, D.; Arezzo, J.; Van De Water, T.R. Round window 

membrane delivery of l-methionine provides protection from 

cisplatin ototoxicity without compromising chemotherapeutic 

efficacy. Neurotoxicology, 2001, 22, 163-176. 

[176] Lautermann, J.; McLaren, J.; Schacht, J. Glutathione protection 

against gentamicin ototoxicity depends on nutritional status. Hear. 

Res., 1995, 86, 15-24. 

[177] Conlon, B.J.; Aran, J.M.; Erre, J.P.; Smith, D.W. Attenuation of 

aminoglycoside-induced cochlear damage with the metabolic 

antioxidant alpha-lipoic acid. Hear. Res., 1999, 128, 40-44. 

[178] Sha, S.H.; Schacht, J. Antioxidants attenuate gentamicin-induced 

free radical formation in vitro and ototoxicity in vivo: D-

methionine is a potential protectant. Hear. Res., 2000, 142, 34-40. 

[179] Feldman, L.; Efrati, S.; Eviatar, E.; Abramsohn, R.; Yarovoy, I.; 

Gersch, E.; Averbukh, Z.; Weissgarten, J. Gentamicin-induced 

ototoxicity in hemodialysis patients is ameliorated by n-

acetylcysteine. Kidney Int., 2007, 72, 359-363. 

[180] Tepel, M. N-acetylcysteine in the prevention of ototoxicity. Kidney 

Int., 2007, 72, 231-232. 

[181] Bock, G.R.; Yates, G.K.; Miller, J.J.; Moorjani, P. Effects of n-

acetylcysteine on kanamycin ototoxicity in the guinea pig. Hear. 

Res., 1983, 9, 255-262. 

[182] Duan, M.; Qiu, J.; Laurell, G.; Olofsson, A.; Counter, S.A.; Borg, 

E. Dose and time-dependent protection of the antioxidant n-l-

acetylcysteine against impulse noise trauma. Hear. Res., 2004, 192, 

1-9. 

[183] Teranishi, M.; Nakashima, T.; Wakabayashi, T. Effects of alpha-

tocopherol on cisplatin-induced ototoxicity in guinea pigs. Hear. 

Res., 2001, 151, 61-70. 

[184] Fetoni, A.R.; Sergi, B.; Scarano, E.; Paludetti, G.; Ferraresi, A.; 

Troiani, D. Protective effects of alpha-tocopherol against 

gentamicin-induced oto-vestibulo toxicity: An experimental study. 

Acta Otolaryngol., 2003, 123, 192-197. 

[185] Teranishi, M.A.; Nakashima, T. Effects of trolox, locally applied 

on round windows, on cisplatin-induced ototoxicity in guinea pigs. 

Int. J. Pediatr. Otorhinolaryngol., 2003, 67, 133-139. 

[186] Fetoni, A.R.; Sergi, B.; Ferraresi, A.; Paludetti, G.; Troiani, D. 

Alpha-tocopherol protective effects on gentamicin ototoxicity: An 

experimental study. Int. J. Audiol., 2004, 43, 166-171. 

[187] Fetoni, A.R.; Sergi, B.; Ferraresi, A.; Paludetti, G.; Troiani, D. 

Protective effects of alpha-tocopherol and tiopronin against 

cisplatin-induced ototoxicity. Acta Otolaryngol., 2004, 124, 421-

426. 

[188] Kalkanis, J.G.; Whitworth, C.; Rybak, L.P. Vitamin e reduces 

cisplatin ototoxicity. Laryngoscope, 2004, 114, 538-542. 

[189] Sergi, B.; Fetoni, A.R.; Ferraresi, A.; Troiani, D.; Azzena, G.B.; 

Paludetti, G.; Maurizi, M. The role of antioxidants in protection 

from ototoxic drugs. Acta Otolaryngol. Suppl., 2004, 42-45. 

[190] Sha, S.H.; Schacht, J. Salicylate attenuates gentamicin-induced 

ototoxicity. Lab. Invest., 1999, 79, 807-813. 

[191] Li, G.; Sha, S.H.; Zotova, E.; Arezzo, J.; Van de, W.T.; Schacht, J. 

Salicylate protects hearing and kidney function from cisplatin 

toxicity without compromising its oncolytic action. Lab. Invest., 

2002, 82, 585-596. 

[192] Minami, S.B.; Sha, S.H.; Schacht, J. Antioxidant protection in a 

new animal model of cisplatin-induced ototoxicity. Hear. Res., 

2004, 198, 137-143. 

[193] Chen, Y.; Huang, W.G.; Zha, D.J.; Qiu, J.H.; Wang, J.L.; Sha, 

S.H.; Schacht, J. Aspirin attenuates gentamicin ototoxicity: From 

the laboratory to the clinic. Hear. Res., 2006,  

[194] Hyppolito, M.A.; de Oliveira, J.A.; Rossato, M. Cisplatin 

ototoxicity and otoprotection with sodium salicylate. Eur. Arch. 

Otorhinolaryngol., 2006, 263, 798-803. 

[195] Long, M.; Smouha, E.E.; Qiu, D.; Li, F.; Johnson, F.; Luft, B. 

Flavanoid of drynaria fortunei protects against gentamicin 

ototoxicity. Phytother. Res., 2004, 18, 609-614. 

[196] Xie, D.; Liu, G.; Zhu, G.; Wu, W.; Ge, S. (-)-epigallocatechin-3-

gallate protects cultured spiral ganglion cells from h2o2-induced 

oxidizing damage. Acta Otolaryngol., 2004, 124, 464-470. 

[197] Im, G.J.; Chang, J.W.; Choi, J.; Chae, S.W.; Ko, E.J.; Jung, H.H. 

Protective effect of korean red ginseng extract on cisplatin 

ototoxicity in hei-oc1 auditory cells. Phytother. Res., 2009,  

[198] Sha, S.H.; Qiu, J.H.; Schacht, J. Aspirin to prevent gentamicin-

induced hearing loss. N. Engl. J. Med., 2006, 354, 1856-1857. 

[199] Kamata, H.; Hirata, H. Redox regulation of cellular signalling. Cell 

Signal., 1999, 11, 1-14. 

[200] Torres, M. Mitogen-activated protein kinase pathways in redox 

signaling. Front. Biosci., 2003, 8, d369-391. 

[201] Torres, M.; Forman, H.J. Redox signaling and the map kinase 

pathways. Biofactors, 2003, 17, 287-296. 

[202] Zine, A.; Van De Water, T.R. The mapk/jnk signalling pathway 

offers potential therapeutic targets for the prevention of acquired 

deafness. Curr. Drug Targets CNS Neurol. Disord., 2004, 3, 325-

332. 

[203] Pirvola, U.; Xing-Qun, L.; Virkkala, J.; Saarma, M.; Murakata, C.; 

Camoratto, A.M.; Walton, K.M.; Ylikoski, J. Rescue of hearing, 

auditory hair cells, and neurons by cep-1347/kt7515, an inhibitor of 

c-jun n-terminal kinase activation. J. Neurosci., 2000, 20, 43-50. 

[204] Sugahara, K.; Rubel, E.W.; Cunningham, L.L. Jnk signaling in 

neomycin-induced vestibular hair cell death. Hear. Res., 2006, 221, 

128-135. 

[205] Eshraghi, A.A.; Wang, J.; Adil, E.; He, J.; Zine, A.; Bublik, M.; 

Bonny, C.; Puel, J.L.; Balkany, T.J.; Van De Water, T.R. Blocking 

c-jun-n-terminal kinase signaling can prevent hearing loss induced 

by both electrode insertion trauma and neomycin ototoxicity. Hear. 

Res., 2007, 226, 168-177. 

[206] Wang, J.; Ladrech, S.; Pujol, R.; Brabet, P.; Van De Water, T.R.; 

Puel, J.L. Caspase inhibitors, but not c-jun nh2-terminal kinase 

inhibitor treatment, prevent cisplatin-induced hearing loss. Cancer 

Res., 2004, 64, 9217-9224. 

[207] Wei, X.; Zhao, L.; Liu, J.; Dodel, R.C.; Farlow, M.R.; Du, Y. 

Minocycline prevents gentamicin-induced ototoxicity by inhibiting 

p38 map kinase phosphorylation and caspase 3 activation. 

Neuroscience, 2005, 131, 513-521. 

[208] Corbacella, E.; Lanzoni, I.; Ding, D.; Previati, M.; Salvi, R. 

Minocycline attenuates gentamicin induced hair cell loss in 

neonatal cochlear cultures. Hear. Res., 2004, 197, 11-18. 

[209] Tabuchi, K.; Oikawa, K.; Hoshino, T.; Nishimura, B.; Hayashi, K.; 

Yanagawa, T.; Warabi, E.; Ishii, T.; Tanaka, S.; Hara, A. Cochlear 

protection from acoustic injury by inhibitors of p38 mitogen-

activated protein kinase and sequestosome 1 stress protein. 

Neuroscience, 2010,  

[210] Kovacic, P.; Somanathan, R. Ototoxicity and noise trauma: 

Electron transfer, reactive oxygen species, cell signaling, electrical 

effects, and protection by antioxidants: Practical medical aspects. 

Med. Hypotheses, 2008, 70, 914-923. 

[211] Jung, H.W.; Chang, S.O.; Kim, C.S.; Rhee, C.S.; Lim, D.H. Effects 

of ginkgo biloba extract on the cochlear damage induced by local 

gentamicin installation in guinea pigs. J. Korean Med. Sci., 1998, 

13, 525-528. 

[212] Wang, A.M.; Sha, S.H.; Lesniak, W.; Schacht, J. Tanshinone 

(salviae miltiorrhizae extract) preparations attenuate 

aminoglycoside-induced free radical formation in vitro and 

ototoxicity in vivo. Antimicrob. Agents Chemother., 2003, 47, 

1836-1841. 

[213] Severinsen, S.A.; Kirkegaard, M.; Nyengaard, J.R. 2,3-



14    Current Medicinal Chemistry,  2010 Vol. 17, No. 31 Poirrier et al. 

dihydroxybenzoic acid attenuates kanamycin-induced volume 

reduction in mouse utricular type i hair cells. Hear. Res., 2006, 

212, 99-108. 

[214] Pierson, M.G.; Moller, A.R. Prophylaxis of kanamycin-induced 

ototoxicity by a radioprotectant. Hear. Res., 1981, 4, 79-87. 

[215] Garetz, S.L.; Altschuler, R.A.; Schacht, J. Attenuation of 

gentamicin ototoxicity by glutathione in the guinea pig in vivo. 

Hear. Res., 1994, 77, 81-87. 

[216] Hochman, J.; Blakley, B.W.; Wellman, M.; Blakley, L. Prevention 

of aminoglycoside-induced sensorineural hearing loss. J. 

Otolaryngol., 2006, 35, 153-156. 

[217] Asplund, M.S.; Lidian, A.; Linder, B.; Takumida, M.; Anniko, M. 

Protective effect of edaravone against tobramycin-induced 

ototoxicity. Acta Otolaryngol., 2009, 129, 8-13. 

[218] Mukherjea, D.; Jajoo, S.; Kaur, T.; Sheehan, K.E.; Ramkumar, V.; 

Rybak, L.P. Transtympanic administration of short interfering 

(si)rna for the nox3 isoform of nadph oxidase protects against 

cisplatin-induced hearing loss in the rat. Antioxid. Redox Signal., 

2010,  

[219] Iraz, M.; Kalcioglu, M.T.; Kizilay, A.; Karatas, E. Aminoguanidine 

prevents ototoxicity induced by cisplatin in rats. Ann. Clin. Lab. 

Sci., 2005, 35, 329-335. 

[220] Huang, X.; Whitworth, C.A.; Rybak, L.P. Ginkgo biloba extract 

(egb 761) protects against cisplatin-induced ototoxicity in rats. 

Otol. Neurotol., 2007, 28, 828-833. 

[221] Church, M.W.; Blakley, B.W.; Burgio, D.L.; Gupta, A.K. Wr-2721 

(amifostine) ameliorates cisplatin-induced hearing loss but causes 

neurotoxicity in hamsters: Dose-dependent effects. J. Assoc. Res. 

Otolaryngol., 2004, 5, 227-237. 

[222] Rybak, L.P.; Ravi, R.; Somani, S.M. Mechanism of protection by 

diethyldithiocarbamate against cisplatin ototoxicity: Antioxidant 

system. Fundam. Appl. Toxicol., 1995, 26, 293-300. 

[223] Church, M.W.; Kaltenbach, J.A.; Blakley, B.W.; Burgio, D.L. The 

comparative effects of sodium thiosulfate, diethyldithiocarbamate, 

fosfomycin and wr-2721 on ameliorating cisplatin-induced 

ototoxicity. Hear. Res., 1995, 86, 195-203. 

[224] Kaltenbach, J.A.; Church, M.W.; Blakley, B.W.; McCaslin, D.L.; 

Burgio, D.L. Comparison of five agents in protecting the cochlea 

against the ototoxic effects of cisplatin in the hamster. Otolaryngol. 

Head Neck Surg., 1997, 117, 493-500. 

[225] Campbell, K.C.; Larsen, D.L.; Meech, R.P.; Rybak, L.P.; Hughes, 

L.F. Glutathione ester but not glutathione protects against cisplatin-

induced ototoxicity in a rat model. J. Am. Acad. Audiol., 2003, 14, 

124-133. 

[226] Husain, K.; Whitworth, C.; Somani, S.M.; Rybak, L.P. Partial 

protection by lipoic acid against carboplantin-induced ototoxicity 

in rats. Biomed. Environ. Sci., 2005, 18, 198-206. 

[227] Campbell, K.C.; Meech, R.P.; Rybak, L.P.; Hughes, L.F. The effect 

of d-methionine on cochlear oxidative state with and without 

cisplatin administration: Mechanisms of otoprotection. J. Am. 

Acad. Audiol., 2003, 14, 144-156. 

[228] Rybak, L.P.; Husain, K.; Evenson, L.; Morris, C.; Whitworth, C.; 

Somani, S.M. Protection by 4-methylthiobenzoic acid against 

cisplatin-induced ototoxicity: Antioxidant system. Pharmacol. 

Toxicol., 1997, 81, 173-179. 

[229] Fetoni, A.R.; Quaranta, N.; Marchese, R.; Cadoni, G.; Paludetti, G.; 

Sergi, B. The protective role of tiopronin in cisplatin ototoxicity in 

wistar rats. Int. J. Audiol., 2004, 43, 465-470. 

[230] Otto, W.C.; Brown, R.D.; Gage-White, L.; Kupetz, S.; Anniko, M.; 

Penny, J.E.; Henley, C.M. Effects of cisplatin and thiosulfate upon 

auditory brainstem responses of guinea pigs. Hear. Res., 1988, 35, 

79-85. 

[231] Wang, J.; Lloyd Faulconbridge, R.V.; Fetoni, A.; Guitton, M.J.; 

Pujol, R.; Puel, J.L. Local application of sodium thiosulfate 

prevents cisplatin-induced hearing loss in the guinea pig. 

Neuropharmacology, 2003, 45, 380-393. 

[232] Muldoon, L.L.; Pagel, M.A.; Kroll, R.A.; Brummett, R.E.; 

Doolittle, N.D.; Zuhowski, E.G.; Egorin, M.J.; Neuwelt, E.A. 

Delayed administration of sodium thiosulfate in animal models 

reduces platinum ototoxicity without reduction of antitumor 

activity. Clin. Cancer Res., 2000, 6, 309-315. 

[233] Saito, T.; Zhang, Z.J.; Manabe, Y.; Ohtsubo, T.; Saito, H. The 

effect of sodium thiosulfate on ototoxicity and pharmacokinetics 

after cisplatin treatment in guinea pigs. Eur. Arch. 

Otorhinolaryngol., 1997, 254, 281-286. 

[234] Ekborn, A.; Laurell, G.; Ehrsson, H.; Miller, J. Intracochlear 

administration of thiourea protects against cisplatin-induced outer 

hair cell loss in the guinea pig. Hear. Res., 2003, 181, 109-115. 

[235] Schweitzer, V.G. Cisplatin-induced ototoxicity: The effect of 

pigmentation and inhibitory agents. Laryngoscope, 1993, 103, 1-

52. 

[236] Daldal, A.; Odabasi, O.; Serbetcioglu, B. The protective effect of 

intratympanic dexamethasone on cisplatin-induced ototoxicity in 

guinea pigs. Otolaryngol. Head Neck Surg., 2007, 137, 747-752. 

[237] Hill, G.W.; Morest, D.K.; Parham, K. Cisplatin-induced 

ototoxicity: Effect of intratympanic dexamethasone injections. 

Otol. Neurotol., 2008, 29, 1005-1011. 

[238] So, H.; Kim, H.; Lee, J.H.; Park, C.; Kim, Y.; Kim, E.; Kim, J.K.; 

Yun, K.J.; Lee, K.M.; Lee, H.Y.; Moon, S.K.; Lim, D.J.; Park, R. 

Cisplatin cytotoxicity of auditory cells requires secretions of 

proinflammatory cytokines via activation of erk and nf-kappab. J. 

Assoc. Res. Otolaryngol., 2007, 8, 338-355. 

[239] Cassandro, E.; Sequino, L.; Mondola, P.; Attanasio, G.; Barbara, 

M.; Filipo, R. Effect of superoxide dismutase and allopurinol on 

impulse noise-exposed guinea pigs--electrophysiological and 

biochemical study. Acta Otolaryngol., 2003, 123, 802-807. 

[240] Wong, A.C.; Guo, C.X.; Gupta, R.; Housley, G.D.; Thorne, P.R.; 

Vlajkovic, S.M. Post exposure administration of a(1) adenosine 

receptor agonists attenuates noise-induced hearing loss. Hear. Res., 

2010,  

[241] Franze, A.; Sequino, L.; Saulino, C.; Attanasio, G.; Marciano, E. 

Effect over time of allopurinol on noise-induced hearing loss in 

guinea pigs. Int. J. Audiol., 2003, 42, 227-234. 

[242] Yamashita, D.; Jiang, H.Y.; Le Prell, C.G.; Schacht, J.; Miller, J.M. 

Post-exposure treatment attenuates noise-induced hearing loss. 

Neuroscience, 2005, 134, 633-642. 

[243] Kopke, R.D.; Weisskopf, P.A.; Boone, J.L.; Jackson, R.L.; Wester, 

D.C.; Hoffer, M.E.; Lambert, D.C.; Charon, C.C.; Ding, D.L.; 

McBride, D. Reduction of noise-induced hearing loss using l-nac 

and salicylate in the chinchilla. Hear. Res., 2000, 149, 138-146. 

[244] Ohinata, Y.; Yamasoba, T.; Schacht, J.; Miller, J.M. Glutathione 

limits noise-induced hearing loss. Hear. Res., 2000, 146, 28-34. 

[245] Yamasoba, T.; Nuttall, A.L.; Harris, C.; Raphael, Y.; Miller, J.M. 

Role of glutathione in protection against noise-induced hearing 

loss. Brain Res., 1998, 784, 82-90. 

[246] Hirose, Y.; Sugahara, K.; Mikuriya, T.; Hashimoto, M.; Shimogori, 

H.; Yamashita, H. Effect of water-soluble coenzyme q10 on noise-

induced hearing loss in guinea pigs. Acta Otolaryngol., 2008, 128, 

1071-1076. 

[247] Adelman, C.; Freeman, S.; Paz, Z.; Sohmer, H. Salicylic acid 

injection before noise exposure reduces permanent threshold shift. 

Audiol. Neurootol., 2008, 13, 266-272. 

[248] Minami, S.B.; Yamashita, D.; Ogawa, K.; Schacht, J.; Miller, J.M. 

Creatine and tempol attenuate noise-induced hearing loss. Brain 

Res., 2007, 1148, 83-89. 

[249] Wang, J.; Pignol, B.; Chabrier, P.E.; Saido, T.; Lloyd, R.; Tang, Y.; 

Lenoir, M.; Puel, J.L. A novel dual inhibitor of calpains and lipid 

peroxidation (bn82270) rescues the cochlea from sound trauma. 

Neuropharmacology, 2007, 52, 1426-1437. 

 

 


