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Abstract

Cisplatin is a chemotherapeutic agent that is widely used to treat a variety of malignant tumors.
Serious dose-limiting side effects like ototoxicity, nephrotoxicity and neurotoxicity occur with the
use of this agent. This review summarizes recent important clinical and experimental
investigations of cisplatin ototoxicity. It also discusses the utility of protective agents employed in
patients and in experimental animals. The future strategies for limiting cisplatin ototoxicity will
need to avoid interference with the therapeutic effect of cisplatin in order to enhance the quality of
life of patients receiving this important anti-tumor agent.
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Cisplatin is a chemotherapeutic agent used in the treatment of solid tumors like ovarian,
testicular, cervical, lung, head and neck and bladder cancers. Dose limiting side effects of
cisplatin include nephrotoxicity, neurotoxicity and ototoxicity. While nephrotoxicity can to
some extent be reversed by increasing saline hydration as well as mannitol diuresis, there are
no known cures or preventative treatments available for ototoxicity and neurotoxicity.
Elevation of hearing threshold have been reported in some audiometric studies in 75-100%
of patients treated with cisplatin (McKeage 1995). Cisplatin induced hearing loss is usually
bilateral and irreversible, and is particularly serious in the pediatric population (age 6
months and onwards) with cancers like neuroblastomas, CNS malignancies, head and neck
cancers, where irradiation of the base of the skull or brain is also performed (Chen et al.
2006). Loss of hearing at this developmental stage hampers the speech, cognitive and social
development of the child. Thus, there is an imperative need for treatments that will
ameliorate ototoxicity.

Attenuation of cisplatin ototoxicity has been shown in several scientific research papers by
protective agents that are predominantly anti-oxidants like N-acetyl cysteine (NAC), sodium
thiosulphate, amifostine, lipoic acid etc. However, clinical trials are under way for several
otoprotective agents like alpha-lipoic acid, lactated ringer’s, aspirin, sodium thiosulphate, D-
methionine in chemotherapy induced ototoxicity (www.clinicaltrials.gov). This review
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summarizes the latest research on cisplatin induced ototoxicity and molecules that show
prevention or alleviation of ototoxicity in clinical as well as experimental studies.

Clinical ototoxicity of cisplatin

Hearing loss following cisplatin chemotherapy appears to be variable. It may be related to
dose, age of the patient, and other factors, such as noise exposure (Bokemeyer et al. 1998),
exposure to other ototoxic drugs, depleted nutritional state, including low serum albumin
and anemia (Kopelman et al. 1988), and cranial irradiation (Huang et al. 2002). Young
children seem to be more susceptible than adults (Li et al. 2004). Hearing loss often is
permanent and bilaterally symmetric (Bokemeyer et al. 1998). Symptoms of ototoxicity
include subjective hearing loss, ear pain, or tinnitus (Reddel et al. 1982). 2% to 36% of
patients treated with cisplatin complain of tinnitus (Reddel et al. 1982). High frequency
audiometric thresholds often are affected first. However, hearing impairment may progress
to involve the middle frequencies when doses in excess of 100 mg/m? are used. If ultra-
high-frequency audiometric testing is used, up to 100% of patients receiving high-dose
cisplatin (150-225 mg/m2) may show some degree of hearing loss (Kopelman et al. 1988).
Dose-related ototoxicity is illustrated by the report that 20% of patients treated with cisplatin
for testicular cancer experience permanent ototoxicity, but > 50% of patients who received
cisplatin in doses > 400 mg/m? cumulative dose had permanent hearing loss (Bokemeyer et
al. 1998). A good correlation between transient otoacoustic emissions and pure tone
audiometric thresholds was shown in children. 90.5% of patients had a significant
sensorineural hearing loss at 8 kHz. The severity of the hearing loss was correlated with the
following risk factors: young age when the first dose of cisplatin was given, number of
cycles and high cumulative dose (Allen et al. 1998). Cranial irradiation enhanced the
probability and severity of hearing loss (Huang et al. 2002). Patients with nasopharyngeal
carcinoma appear to be very susceptible to the interaction of cisplatin chemotherapy with
cochlear irradiation. Radiation doses greater than 48 Gy increased the hearing loss in these
patients (Chen et al. 2005). However radiation therapy for brain tumors, such as
medulloblastoma, can be modified using intensity-modulated radiation therapy (IMRT) to
reduce the doses of radiation to the cochlea. Only 13% of patients treated with this protocol
combined with cisplatin had grade 3 or 4 hearing loss compared with 64% of the group
receiving conventional radiation therapy (Huang et al. 2002). A recent study showed that
patients with head and neck cancer treated with radiation therapy alone with doses of less
than 40 Gy did not suffer clinically significant hearing loss. However, high frequency
sensorineural hearing loss was profound in patients who received concomitant cisplatin in
doses of 100 mg/m2. The predicted threshold for hearing loss in patients receiving combined
radiation to the cochlea and cisplatin chemotherapy was 10 Gy (Hitchcock et al. 2009).

Although ototoxicity caused by cisplatin may occur within hours to days after drug
administration, delayed ototoxicity from cisplatin may occur in children. Pediatric patients
treated with cisplatin at cumulative doses approaching 400 mg/m? showed worsening of
their hearing long after treatment. Audiograms showed hearing loss in 5% of patients before
the end of therapy. After more than two years of follow up, 44% had significant hearing loss
(Bertolini et al. 2004). The median time for first significant decrease in hearing was 135
days in children. Additional follow-up for 6 to 44 months showed mild further progression
of hearing loss of 10 to 15 dB after completion of therapy (Knight et al. 2005).

Genetic predisposition to cisplatin ototoxicity

There have been several publications suggesting a relationship between genes and
susceptibility to cisplatin ototoxicity. Certain gene polymorphisms appear to play a role in
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increasing or decreasing the likelihood of ototoxicity in patients treated with cisplatin
chemotherapy.

Functional polymorphisms in cisplatin-detoxifying enzymes have been suspected to render
patients more susceptible to cisplatin-induced hearing loss. 173 cisplatin-treated survivors of
testicular cancer were followed in a long-term survey that included audiometric testing and
lymphocyte sampling. Hearing thresholds at 4,000 Hz were measured and compared with
known functional polymorphisms in glutathione-S-transferases (GSTs). The genes encoding
the enzymes GSTM1, GSTT1 and GSTP1 are polymorphic in humans. The risks of having
greater hearing loss was more than four times greater in patients with 1051le/1051le-GSTP1
or 105Val/1051le-GSTP1 compared with 105Val/105Val-GSTP1. Patients with the pattern
of GSTT1 positive, GSTM1 positive and 105Val/105Val-GSTP1 had better hearing than
those patients without this pattern (Oldenburg et al. 2007). A more recent study of 42
patients showed that pediatric patients with medulloblastoma having at least one null
genotype for GSTM1 or GSTT1 had greater than 4-fold increased risk of grade 3 toxicity,
including ototoxicity. They concluded that polymorphisms of GSTM1 and GSTT1 may
predict adverse events (Barahmani et al. 2009).

Nucleotide excision repair genes play a key role in reversing DNA damage. Since cisplatin
causes DNA cross-linking, an investigation was carried out to determine whether
polymorphisms in these genes have any relationship to clinical outcome and ototoxicity in
osteosarcoma patients treated with cisplatin. Eight single nucleotide polymorphisms in
excision repair cross-complementing group 1, 2, 4 and 5 (ERCC1, ERCC2, ERCC4, and
ERCCS) genes and xeroderma pigmentosum complementary group C and A (XPC, XPA)
genes were analyzed in 91 patients with osteosarcoma treated with cisplatin. Ototoxicity was
recorded in 32 patients. This adverse effect was associated with the CC genotype of XPC
Lys939GIn. Tumor response was correlated with the presence of homozygosity for the T
allele of ERCC2 gene in patients compared with poorer responses in patients with at least
one polymorphic G allele (Caronia et al. 2009).

Megalin is a member of the low-density lipoprotein family. These genes are highly
expressed in the kidney and in the stria vascularis of the cochlea. These tissues have been
found to accumulate platinum-DNA adducts. A higher frequency of a particular megalin
gene polymorphism, the A-allele of rs2075252, was observed in a group of cisplatin-treated
patients who suffered hearing impairment compared with the group having no hearing loss
after cisplatin therapy. These findings suggest that SNPs at the megalin gene may influence
individual patient susceptibility to cisplatin ototoxicity (Riedemann et al. 2008).

Cisplatin-induced hearing loss has also been studied in patients with mitochondrial
mutations. Five of 20 cancer survivors who suffered hearing loss were found to have a rare
European J mitochondrial haplogroup that is also associated with Leber’s Hereditary Optic
Atropy (Peters et al. 2003).

Experimental studies of cisplatin ototoxicity

Cisplatin undergoes hydrolysis in blood to form cisdiamineaquachloroplatinum (11), the
major aquated metabolite, responsible for its cytotoxic actions (Jones et al. 1991; Huang et
al. 2006). Cisplatin uptake into the cell has been linked to several different transporters like
mammalian copper transporter 1 (CTR1), while ATP7A and ATP7B, the two efflux copper
transporters regulate the export of cisplatin from the cells (Komatsu et al. 2000; Samimi et
al. 2004; Kuo et al. 2007).

Laboratory animal as well as in vitro studies show that cisplatin interacts with cochlear
tissues such as outer hair cells of the organ of Corti, stria vascularis, spiral ligament and
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spiral ganglionic cells to generate a robust reactive oxygen species (ROS) response (Clerici
et al. 1995; Clerici and Yang 1996; Kopke et al. 1997; Dehne et al. 2001; Banfi et al. 2004)
while depleting the antioxidant enzyme system that would scavenge and neutralize this
increase in superoxides (Rybak et al. 2000). Cisplatin accumulates in the cochlear tissue,
integrates into the DNA, and causes inefficient and dysfunctional proteins and enzyme
synthesis. The cochlea, because of its unique anatomical position and isolation is practically
a closed system, and therefore is unable to flush out accumulated toxins at the rapid pace of
their generation. This leads to a ROS overload combined with decreased antioxidant system
leading to cell injury and apoptosis. The anti-oxidant enzymes of the cochleae include:
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px) and
glutathione reductase (GSH-R). Down regulation of these enzymes have been linked to
increased malondialdehyde (indicator of lipid peroxidation) (Rybak et al. 2000) and in the
amounts of oxidized glutathione (GSSG) (Somani et al. 2001).

The superoxides generated by the various cochlear tissues can a) interact with nitric oxide
and form peroxynitrites which nitrosylate and inactivate proteins (Lee et al. 2004a,b), b)
form free hydroxyl radicals which on interaction with Iron (Fe) react with poly unsaturated
fatty acids (PUFA) in the bilipid bilayer of the cell membranes to generate highly toxic
aldehyde 4-hydroxynonenal (4-HNE) leading to cell death (Lee et al. 2004a,b). This increase
in 4-HNE has been associated with increased Ca?* influx into the outer hair cell and
apoptosis (Ikeda et al. 1993; Clerici et al. 1995). c) inactivate antioxidant enzymes (Pigeolot
1990), and d) cause cytosolic migration of Bax, leading to release of cytochrome ¢ from
injured mitochondria which is responsible for for activation of caspase 3 and caspase 9.
Caspase-activated deoxyribonuclease (CAD) is then activated, causes DNA breakdown
(Watanabe et al. 2003) and cleavage of fodrin in the cuticular plates of injured hair cells
(Wang et al. 2004). An overview of cisplatin induced cytotoxic mechanisms in the different
areas of the cochleae and the potential inhibitors is shown in Fig. 1.

A major source of ROS which has been identified in the cochlea is an isoform of NADPH
oxidase, NOX3 (Banfi et al. 2004). This enzyme appears to be activated and induced by
cisplatin in the rat cochlea (Mukherjea et al. 2006) as early as 24 hrs post cisplatin treatment,
and in cochlear explants (Béanfi et al. 2004). A link between cisplatin and the activation/
induction of NOX3 has not been clearly defined. Interestingly, studies from our laboratory
indicate that, at least for outer hair cells, cisplatin-mediated ROS generation is dependent on
induction and activation of the transient receptor potential vanilloid 1 (TRPV1) channel
(Mukherjea et al. 2008). This is the first evidence of TRPV1 being used as a permeant
channel by cisplatin. Thus the activation of TRPV1 brings in the added toxicity of Ca2*
influx and overload followed by activation of caspases and cell death. Therefore suppression
of TRPV1 expression in UB/OC-1 cultures as well as in the rat model by short interfering
(si) RNA showed suppression of cisplatin-mediated ROS generation, NOX3 expression and
Ca?" increase, thus protecting the outer hair cells from cisplatin-damage, leading to
protection from cisplatin induced hearing loss (Fig. 2) (Mukherjea et al. 2008).

Cisplatin also activates big conductance potassium (BK) channels in the type | spiral
ligament fibrocytes of the lateral wall and disrupts the electrochemical gradient thus
triggering apoptosis (Liang et al. 2005). Stria vascularis or the lateral wall maintains the
ionic environment of the endolymph which has higher potassium and lower calcium
concentration than the surrounding perilymph and maintains a high resting membrane
potential. Cisplatin induced persistent activation of the BK channels leads to potassium
efflux, thus decreasing the intracellular potassium, causing the loss of intracellular osmotic
pressure and ionic concentration which in turn triggers the pro-apoptotic nucleases, cleavage
of caspases leading to cell death (Hughes et al. 1997; Bortner and Cidlowski 1998; Liang et
al. 2005).

Tohoku J Exp Med. Author manuscript; available in PMC 2010 August 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rybak et al.

Page 5

Transcription factor nuclear factor kappa B (NFxB) and inducible nitric oxide synthase
(iNOS) have been shown to be upregulated in the stria vascularis and spiral ligament of
cisplatin treated mice in immunohistochemical preparations (Watanabe et al. 2002).
However, in vitro experiments show that NF«B is essential for survival of immature
auditory hair cells (Nagy et al. 2005). NF«xB inhibitors have been shown to decrease cell
death in HEI/OC1 cells on cisplatin teatment (Chung et al. 2008) by decreasing the caspase
3 activity. Increased NFB staining has been observed in the organ of Corti, spiral ligament,
and stria vascularis in cisplatin treated rat cochlea, and NFB was shown to be activated in
HEI/OC1 cells on cisplatin treatment as well (So et al. 2007). The same group has also
shown that proinflammatory cytokines like TNF-alpha, IL-1beta, and IL-6 along with NFkB
are upregulated by cisplatin treatment in vitro in the HEI/OC1 cells as well as in the rat
cochleae (So et al. 2008) and that administration of etanercept (TNF-alpha inhibitor) as well
as flunarazine (T-type calcium channel blocker) were otoprotective. This otoprotection was
then shown to be via the down regulation of NF«B activation and upregulation of NRF2/
HOL1 activation.

Activation of transcription factor STAT1 is known to mediate cell death in exposure to ROS
(Stephanou et al. 2001, 2002; Townsend et al. 2004; De Vries et al. 2004), UV radiation
(Zykova 2005), tumor necrosis factor a (TNF o) and DNA damage (De Vries et al. 2004).
Cisplatin induced hair cell death in utricular cultures has been shown to be mediated via
STAT1 (Schmitt et al. 2009) and is attenuated by pretreatment with epigallocatechin gallate
(EGCGQG), a green tea extract.

Cisplatin DNA adduct formation is removed by nucleotide excision repair (NER) system,
which has also been linked to development of cisplatin resistance in ovarian and small cell
lung cancer (Dabholkar et al. 1994; Ferry et 2000; Giaccone 2000; Selvakumaran et al.
2003). The NER identifies lesions made by two pathways: 1) The global genome-NER (GG-
NER) identifies DNA damage on non-transcribed genes (de Laat et al. 1999, Costa et al.
2003), and is via activation of xeroderma pigmentosum complementation group C (XPC)
and it’s conjugates (Boonstra et al. 2001, Chen et al. 2003) and 2) The transition coupled
NER (TC-NER) pathway that repairs DNA damage on transcribed genes. Activation of
xeroderma pigmentosum complementation group A (XPA) is essential for TC-NER and is
initiated by RNA Pol Il during transcription (Tornaletti et al. 2003). It has been shown that
XPA activation is essential for both the NER pathways (de Laat et al. 1999). Dysregulation
of XPA and XPC has been shown in cisplatin-treated rat cochleae (Guthrie et al. 2008).

Clinical studies of protection against cisplatin ototoxicity

Thiosulfate may protect against nephrotoxicity in humans (Goel et al. 1989). However, it
may also reduce the anti-neoplastic activity of cisplatin (Howell and Taetle 1980; lwamoto
et al. 1985). The reductions in anti-tumor efficacy and side effects are most likely caused by
a decrease in the area under the curve (AUC) of cisplatin and/or it monohydrated complex
(Goel et al. 1989; Ekborn et al. 2002; Videhult et al. 2006).

Chemoradiation protocols with intra-arterial cisplatin include thiosulfate as a protective
agent. However, thiosulfate given in this manner may not provide much protection. 146
patients received high-dose intra-arterial cisplatin chemotherapy (150 mg/m2, for four
courses) with sodium thiosulfate rescue and concurrent radiation therapy (70 Gy) for locally
advanced head and neck cancer. 23% of the ears were found to have sufficient hearing loss
to require hearing aids after treatment. Cumulative dose of cisplatin and radiation and young
age were correlated with increased sensorineural hearing loss during and after therapy.
Furthermore, the pretreatment hearing level of the involved ear was found to be an
independent predictive factor for hearing capability after therapy (Zuur et al. 2007).
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Maximum threshold shifts occurred after the second cisplatin infusion, and occurred at 8
kHz. Hearing loss seemed to reach a plateau at higher levels (75-80 dB hearing loss) for
frequencies above, compared with frequencies below 8 kHz (45-60 dB hearing loss) (Zuur
et al. 2006).

Patients with metastatic melanoma treated with amifostine prior to cisplatin demonstrated no
evidence of protection against ototoxicity (Ekborn et al. 2002). No protection was observed
in children with germ cell tumors treated with amifostine in combination with cisplatin,
etoposide and bleomycin (Marina et al. 2005; Sastry and Kellie 2005). Although these
previous studies showed no protection from this drug, amifostine (600 mg/m?) given as an
intravenous bolus immediately prior to and three hours after cisplatin and craniospinal
irradiation in children with medulloblastoma, provided significant protection against hearing
loss. One year after treatment initiation, 13 (37.1%) of controls compared to 9 (14.5%) of
amifostine-treated patients had hearing loss sufficient to require hearing aid in at least one
ear ( p = 0.005 chi square one-sided test). There was no evidence that amifostine interfered
with the efficacy of the cisplatin and the side effects of amifostine therapy were mild and
well tolerated (Fouladi 2008).

Strategies to prevent cisplatin ototoxicity in experimental studies

Scientific literature study suggests that cisplatin mediated hearing loss essentially involves a
robust generation of reactive oxygen species (ROS) in the cochlea, outer hair cells, spiral
ganglia, stria vascularis and the spiral ligament. Despite the presence of various endogenous
antioxidant cytoprotective mechanisms like glutathione and other antioxidant enzymes, heat
shock proteins, A, adenosine receptors, NRF2, kidney injury molecule-1 (KIM-1), the
damage seems to be inevitable as these mechanisms become overwhelmed (over time and
cumulative dosage) and succumb to the lethal/cytotoxic effects of cisplatin (Rybak et al.
2007). Thus, exogenous administrations of antioxidants have been the primary focus for
devising the treatment strategy against cisplatin-induced ototoxicity.

Numerous studies have reported on the protective effects of various antioxidants on cisplatin
induced hearing loss. Many of the anti oxidants studied have been thiol-compounds, where
the high affinity of sulfur for platinum forms the basis for their use against cisplatin toxicity.
Included are some of the animal studies that formed the basis of ongoing clinical trials: a)
The protective effects of N-acetyl cysteine (NAC) have been demonstrated in the rat
(Dickey et al. 2004) and guinea pig (Choe et al. 2004) models of cisplatin-induced hearing
loss. In guinea pigs, transtympanic administration of NAC and Ringer’s lactate resulted in
the preservation of the distortion product otoacoustic emissions (DPOAE) (Choe et al.
2004), b) Administration of sodium thiosulfate (STS) along with cisplatin protected against
cisplatin-induced hearing loss as assessed by auditory brainstem responses (ABR) (Otto et
al. 1988). STS forms a complex with cisplatin that leads to its inactivation and excretion by
kidneys, thus interfering with the tumoricidal activity of cisplatin, suggesting the use of local
application of STS as an alternative and more targeted route of administration (Wimmer et
al. 2004). An intracochlear perfusion of STS was shown to inhibit cisplatin-induced
activation of cytochrome c, thus preventing the death of outer hair cells in guinea pigs
(Wang et al. 2003), c) High doses of amifostine showed protection against cisplatin
ototoxicity in hamsters, but had neurotoxicity as its own side-effect (Church et al. 2004), d)
D-methionine another sulfur-containing compound has also been studied extensively in the
prevention of cisplatin-induced hearing loss. Both the systemic and local administration of
D-methionine effectively reduced cisplatin ototoxicity (Campbell et al. 1996; Korver et al.
2002). D-methionine also elevated the levels of antioxidant enzymes while reduced the
levels of malondialdehyde (marker of lipid peroxidation) after cisplatin administration
(Campbell et al. 2003). ) Other antioxidant compounds like lipoic acid, ebselen,

Tohoku J Exp Med. Author manuscript; available in PMC 2010 August 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rybak et al.

Page 7

diethyldithiocarbamate and 4-methylthiobenzoic acid also showed protection from cisplatin
induced ototoxicity in rats (Rybak et al. 1999).

Endogenously expressed A; adenosine receptors (A1ARs) have also been shown to provide
cytoprotection against oxidative damage in the cochlea in chinchillas. Localized application
of A1AR agonist resulted in an increase in antioxidative enzymes glutathione peroxidase and
superoxide dismutase (Ford et al. 1997). Furthermore, A1AR agonists also reduced the
cisplatin-mediated increase in malondialdehyde levels in the cochlea resulting in protection
against cisplatin-induced hair cell damage and hearing loss (Whitworth et al. 2004).

Intra-tympanic administration of dexamethasone reduced cisplatin-induced hearing loss in a
guinea pig as well as in a mouse model (Daldal et al. 2007; Hill et al. 2008). Salicylates have
also been shown to be effective against cisplatin-induced outer hair cell damage. In a study
by Hyppolito et al. (2006), subcutaneous administration of sodium salicylate, 90 min prior to
cisplatin infusion, attenuated the loss of outer hair cells seen with cisplatin. An additional
advantage of salicylate administration was lack of its effect on the antitumor activity of
cisplatin (Li et al. 2002).

Neurotrophins like neurotrophin-3 (NT-3) and brain-derived nerve growth factor (BDNF)
have also shown effectiveness against cisplatin ototoxicity. Mouse cochlear explants
expressing NT-3 gene delivered by herpes simplex virus (HSV) amplicon vector showed
protection against cisplatin-induced damage (Chen et al. 2001). BDNF protected the
auditory neurons from cisplatin-mediated damage in organotypic cultures of postnatal
cochlear explants without any significant protection against outer hair cells damage (Zheng
and Gao 1996). However, when BDNF was administered in combination with D-
methionine, it was able to protect both the auditory neurons as well as outer hair cell damage
caused by cisplatin (Gabaizadeh et al. 1997). In a recent study, BDNF was also shown to be
effective in the treatment of cisplatin-induced hearing loss in guinea pigs (Meen et al. 2009).

In an organ of Corti-derived cell line, HEI-OCL1, cisplatin increased cell death via increase in
lipid peroxidation and altered mitochondrial permeability transition, which was inhibited by
a calcium-channel blocker, flunarizine (So et al. 2005). Furthermore, flunarizine mediated
attenuation of cisplatin-induced cell death involved activation of a transcription factor:
nuclear factor erythroid 2-related factor (Nrf2) in a PI3K/Akt-dependent pathway (So et al.
2006). Activation of this pathway by flunarizine also resulted in an increased expression of
an endogenous protective molecule against oxidative stress, heme oxygenase-1 (HO-1), in
both HEI-OC1 cells as well as rat primary organ of Corti explants (So et al. 2006).
Additionally, flunarizine also inhibited cisplatin-induced pro-inflammatory cytokine
production in an ERK1/2 MAP kinase-NF-kB- dependent pathway (So et al. 2008).

One of the mechanisms in cisplatin-induced outer hair cell damage involves activation of
pro-apoptotic pathways. Use of caspase-3 and caspase-9 inhibitors prevented cisplatin-
induced outer hair cell death in guinea pigs (Wang et al. 2004). However, in this study
intracochlear perfusion was used as the route of administration, which is too highly invasive
to be used in the clinical settings. In a different approach, a gene encoding X-linked inhibitor
of apoptosis (XIAP) was delivered using adeno-associated viral (AAV) vector through
round window two months before administering cisplatin for 72 h. AAV encoding XIAP
prevented the cisplatin-induced shifts in ABR thresholds as well as outer hair cell loss
(Cooper et al. 2006), which was lost when a mutant form of XIAP, dXIAP-t, was
administered (Chan et al. 2007). Pifithrin-alpha, a p53 inhibitor, was also shown to be
effective against cisplatin-induced damage to the organotypic organ of Corti cell cultures by
reducing the expression of p53 as well as caspases (Zhang et al. 2003).
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In a recently published study, our lab demonstrated the role of transient receptor potential
vanilloid 1 (TRPV1) channels in cisplatin-mediated ototoxicity (Mukherjea et al. 2008).
Using a rat model, we showed that cisplatin caused outer hair cell loss via activation of
TRPV1 channels, and by using a short interfering RNA (siRNA) against TRPV1 by round
window application we were able to inhibit the cisplatin response. Additionally, cisplatin
increased ROS generation in the organ of Corti hair cell cultures (UB/OC-1 cells) via
activation of NOX3 isoform of NADPH oxidase enzyme system, and siRNA against NOX3
blocked this high ROS generation. The NOX3-mediated ROS generation also led to an
increase in TRPV1 expression as part of the positive feedback mechanism, which was
suppressed by siRNA against NOX3 as well as TRPV1. The fact that the administration of
naked siRNA was able to abrogate the cisplatin toxicity gives a new direction to the ongoing
research looking for the treatment options against cisplatin-induced ototoxicity.

Most of the above mentioned treatment strategies for prevention of cisplatin-induced
ototoxicity have been performed in vitro or have been studied in vivo by using invasive
approaches for local administration. Their use in cancer patients, where they are unlikely to
interfere with the cisplatin’s therapeutic effects has still to be verified.

Conclusions

A variety of otoprotective compounds have been successfully used in experimental animals.
The ideal protective agent if given systemically should have three characteristics: 1) it
should be non-toxic. Some of the protective agents tested in animals have significant
adverse effects in patients (e.g., diethyldithiocarbamate); 2) it should achieve sufficiently
high concentrations in the inner ear to protect these tissues from cisplatin injury; 3) it must
not interfere with the anti-tumor effect of cisplatin. In order to achieve high concentrations
of protective molecules in the inner ear, the transtympanic route of administration may be
considered. The potential advantages of this route of administering protective agents are: 1)
higher concentrations of protective drug in the inner ear; 2) direct treatment of the target
organ for protection while avoiding systemic side effects (Light and Silverstein 2004). The
disadvantages would be the need to treat each ear with a moderately invasive procedure and
the lack of protection of other organs, such as the kidney. At the present time, there is no
ideal protective agent in clinical use. There is a great need to find safe and effective
protective agents against cisplatin ototoxicity. This would eliminate one of the dose-limiting
side effects of cisplatin therapy and improve the quality of life for many patients (Van den
Berg et al. 2006).
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Fig. 1. An overview of cisplatin induced pathways in cochlear ototoxicity in the different areas of
the cochleae and the potential inhibitors

Cisplatin administration causes induction/activation of TRPV1 and NOX3, both of which
lead to increased ROS generation. One common pathway by which increased ROS produced
apoptosis in all the regions of the cochleae is by production of free superoxide radical which
reacts with water to form hydrogen peroxide that will react with iron to form highly reactive
hydroxyl radical. This in turn interacts with poly unsaturated fatty acids (PUFA) of the cell
membrane to form 4-hydroxynonenal (4-HNE), which is a highly toxic aldehyde which
leads to cell death. In addition to this pathway cisplatin has also been shown to activate
NF«B which induces the formation of nitric oxide (NO) by upregulating the enzyme iNOS
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in the lateral wall (stria vascularis and spiral ligament, represented as SVA/SL) of the
cochlea. This NO release reacts with superoxide to form peroxynitrite which will activate a
caspase cascade followed by apoptosis. In the spiral ganglion (SG), cisplatin has been shown
to upregulate the expression of high mobility group (HMG1) protein which upregulates
iNOS and can cause cell death via either the caspase cascade or via the 4-HNE pathway in
this tissue.
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Fig. 2. siRNA for TRPV1 protein shows decreased immunoreactivity in the rat cochlea
Scrambled siRNA or TRPV1 siRNA (0.9 ug) were administered to the rat cochlea by round
window application, followed by vehicle or cisplatin (13 mg/kg; i.p.) treatment 48 h later.
Animals were anesthetized and euthanized 72 h post cisplatin treatment, the cochleae were
excised and processed for TRPV1 immunohistochemistry. Midmodiolar sections of the
cochlea (magnification, 100x) are shown in the images above. Cisplatin treatment showed
increased immunolabeling in the organ of Corti, spiral ganglion and stria vascularis.
Administration of TRPV1 siRNA significantly decreased both basal and cisplatin-induced
TRPV1 immunoreactivity in all the three regions examined. This difference in fluorescence
intensity has been represented as a bar graph in the right panel. The data are presented as the
mean + SEM of 3 animals for each treatment group. Abbreviations: SVA, OC and SG
represent stria vascularis, organ of Corti and stria vascularis, respectively. Asterisk (*)
indicate statistically significant increase in TRPV1 immunolabeling as compared to vehicle
treated controls ( p < 0.05), while (**) indicates statistically significant difference from the
cisplatin group ( p < 0.05). (Mukherjea et al. 2008; This image has been republished with
permission from Journal of Neuroscience).
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