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Abstract

Cisplatin is one of the most widely-used drugs to treat cancers. However, its nephrotoxic and
ototoxic side-effects remain major clinical limitations. Recent studies have improved our
understanding of the molecular mechanisms of cisplatin-induced nephrotoxicity and ototoxicity.
While cisplatin binding to DNA is the major cytotoxic mechanism in proliferating (cancer) cells,
nephrotoxicity and ototoxicity appear to result from toxic levels of reactive oxygen species and
protein dysregulation within various cellular compartments. In this review, we discuss molecular
mechanisms of cisplatin-induced nephrotoxicity and ototoxicity. We also discuss potential clinical
strategies to prevent nephrotoxicity and ototoxicity and their current limitations.
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1. Introduction

Cisplatin (cis-diamminedichloroplatinum [I1]) is widely used for chemotherapy to
efficaciously treat various cancers, with remission rates >90% in testicular cancers (Einhorn,
2002). However, cisplatin therapy is limited by cellular resistance and severe side-effects in
normal tissues (Brock et al., 2012; McWhinney et al., 2009; Shen et al., 2012; Yao et al.,
2007). These side-effects include nephrotoxicity, neurotoxicity, and ototoxicity. Cisplatin-
induced nephrotoxicity primarily occurs in kidney proximal tubule epithelial cells,
neurotoxicity in the upper and lower extremities, and ototoxicity within the mechanosensory
outer hair cells of the cochlea.

More than 70% of pediatric patients receiving cisplatin experience renal dysfunction
(Skinner et al., 1998). Renal dysfunction typically begins several days after standard doses
of cisplatin treatment (50-120 mg/m?2) and is revealed by an increase in serum creatinine
and blood urea nitrogen levels (Akcay et al., 2010). This renal insufficiency can result in
cation wasting, glucose and proteins in the urine (glucosuria and proteinuria).
Hypomagnesemia is among the most common manifestations of cisplatin treatment
(Schilsky and Anderson, 1979). Progressive and permanent kidney failure can happen with
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successive cisplatin treatment, in spite of preventive measures (Jakob et al., 1996). While
saline hydration and mannitol diuresis can prevent nephrotoxicity (Cornelison and Reed,
1993), few methods to directly prevent ototoxicity have been implemented in clinical
practice. One strategy, sodium thiosulfate therapy, has shown efficacy during clinical trials
(Brock et al., 2012). Over 60% of cisplatin-treated pediatric patients develop irreversible
hearing loss (Knight et al., 2005; Knight et al., 2007). Pediatric hearing loss delays
educational attainment and psychosocial development (Bess et al., 1998; Knight et al.,
2005). In adults, acquired deafness has an economic cost of ~$300,000 over the lifetime, and
due to rehabilitation costs, lifetime costs for those with prelingual onset exceed $1 million,
in year 2000 (Mohr et al., 2000). In this review, we discuss molecular mechanisms of
cisplatin nephrotoxicity and ototoxicity. Although several reviews discuss cisplatin
nephrotoxicity or ototoxicity alone, there are few that discuss both together. Since many
studies for each toxicity now exist, it is possible to provide a more integrated view of
cisplatin nephrotoxicity and ototoxicity. We also discuss the potential clinical strategies to
prevent nephrotoxicity and ototoxicity and their current limitations.

2. Cisplatin and other platinum compounds

The discovery of cisplatin’s cytotoxic effect was observed serendipitously in 1960s. The
biophysicist Barnett Rosenberg observed that an electrical field generated via platinum
electrodes changed the normal short rod morphology of Escherichia coli into long filaments.
After excluding an electric field effect, analysis of electrolytic products revealed that several
platinum compounds, including cisplatin, could induce changes in bacterial morphology,
and inhibited bacterial cell division (Rosenberg et al., 1965). When mice with tumors were
treated with platinum compounds, potent antitumor effects were observed (Rosenberg et al.,
1969). These antineoplastic properties of cisplatin rapidly led to clinical testing and FDA
approval in 1970s.

Although recent reports suggest that cisplatin induces mitochondrial DNA damage,
contributing to cytotoxicity in normal cells (Marullo et al., 2013; Wisnovsky et al., 2013),
the predominant antineoplastic action is mediated through the binding of cisplatin to nuclear
DNA. As cytoplasmic concentrations of chloride are very low, either or both chlorides
attached to platinum become displaced by water (aqua ligands), a process termed aquation.
This generates a positively charged electrophile that is highly reactive with nucleophilic
sites. As platinum releases water, it covalently binds to DNA at the N7 positions of purine
bases, resulting in a DNA-adduct (Jamieson and Lippard, 1999). The formation of DNA-
adducts activates several signaling mechanisms including DNA repair, cell cycle arrest, and
apoptosis. DNA repair is induced through the nucleotide excision repair (NER) system,
where excision repair cross-complementation group 1 (ERCC1) and xeroderma
pigmentosum (XP) group proteins work together to remove damaged DNA and allow DNA
polymerases and ligases fill the gap with normal strand DNA (Rosell et al., 2003). Cell cycle
arrest at G1 phase can also occur via up-regulation of tumor suppressor protein p53 and
cyclin-dependent kinase inhibitor p21 (Zamble et al., 1998). Apoptosis is dependent on p53,
which activates apoptotic proteins such as bax (Boersma et al., 1997).
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Since the 1970s, thousands of platinum analogues (congeners) have been synthesized and
tested to identify other antineoplastic compounds with reduced nephrotoxicity and
ototoxicity while retaining tumoritoxicity. One of the most successful compounds to meet
these criteria was carboplatin (Fig. 1A) (Harrap, 1985). Carboplatin is significantly less
nephrotoxic but its antineoplastic efficacy is also lower compared to cisplatin (Knox et al.,
1986). Carboplatin has a six membered ring as a leaving group, and is more stable than the
labile chlorides. Despite its lower anticancer activity, clinical trials have demonstrated that
subjects with ovarian cancer treated with carboplatin had similar survival rates to those
treated with cisplatin (Aabo et al., 1998).

Our in vitro experiments with a kidney proximal tubule cell line revealed that 20 pM
cisplatin killed most cells, while carboplatin, at the same concentration, induced negligible
cytotoxicity, likely due to slower rates of aquation compared to cisplatin (Fig. 1B), as
described previously (Knox et al., 1986). Interestingly, dichloro
(ethylenediamine)platinum(l1) (DEP), similar to cisplatin but with the two amino groups
replaced by ethylenediamine, also displayed negligible cytotoxicity at this concentration.
Although DEP has been used to study the difference between cisplatin-sensitive and -
resistant carcinoma cells (Jekunen et al., 1994), our data raises the possibility that amino
groups of cisplatin are also important for inducing toxicity.

Acquired and intrinsic resistance of some common cancers to cisplatin has also been a major
problem, and other platinum compounds have been developed to overcome cisplatin
resistance. For example, oxaliplatin, a platinum compound discovered in 1976, has been
used in combination with paclitaxel, a mitotic inhibitor, to effectively kill tumors resistant to
cisplatin (Faivre et al., 1999).

2.1. Reactive oxygen species

Cisplatin’s tumoritoxic efficacy is principally due to DNA damage in proliferating cells that
leads to apoptosis. However, kidney proximal tubule cells and cochlear cells have low rates
of cell proliferation (or none in the case of post-natal cochlear hair cells), yet these cells are
especially prone to cisplatin-induced cytotoxicity. Cisplatin has been shown to break
double-stranded DNA in strial marginal cells and cochlear hair cells that are
transcriptionally active, disrupting cellular physiology and inducing cytotoxicity (Rybak et
al., 2007; Slattery et al., 2014). Nonetheless, cisplatin-induced nephrotoxicity and
ototoxicity can also occur via the toxic generation of reactive oxygen species (ROS) and
binding to various cytoplasmic molecules, including the anti-oxidant glutathione (Fuertes et
al., 2003; Karasawa et al., 2013). Carboplatin is less toxic to kidney and cochlea compared
to cisplatin, likely due to slower rates of aquation and reduced generation of ROS
(Hannemann and Baumann, 1990; Hannemann et al., 1991; Knox et al., 1986).

The aquated forms of cisplatin are highly reactive, particularly with thiol-containing
molecules including glutathione (Fuertes et al., 2003). Cisplatin also inhibits antioxidant
enzymes including glutathione S-transferase, glutathione peroxidase, and superoxide
dismutase (Khynriam and Prasad, 2002; Sadzuka et al., 1992), shifting the cellular redox
status, leading to toxic levels of ROS within the cell. Cisplatin conjugation with glutathione
can also lead to mitochondrial oxidative stress, mitochondrial lysis, and dysfunction through
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lipid peroxidation (Kruidering et al., 1997). Cisplatin-dependent increases in ROS levels
may also be due to direct drug binding to cytochrome P450 in microsomes where
cytochrome P450 is an important source of catalytic iron for ROS generation (Liu and
Baliga, 2003). Additional evidence implicating toxic levels of ROS as a major cause of
cytotoxicity originate from studies where anti-oxidants, like o-methionine, N-acetylcysteing,
sodium thiosulphate or dimethylthiourea, can prevent platinum-induced nephrotoxicity and
ototoxicity (Campbell et al., 1996; Dickey et al., 2005; Ramesh and Reeves, 2005).

Recent reports suggest that, in addition to ROS, nitrosative stress plays a significant role in
cisplatin-induced nephrotoxicity and ototoxicity. For example, cisplatin increases renal
inducible nitric oxide synthase (iNOS) protein expression and nitrotyrosine formation
(Mukhopadhyay et al., 2010). iNOS induces reactive nitric species (RNS) formation, which
in turn induces nitrotyrosine formation. Like ROS, RNS acts on various targets in the cell,
causing cytotoxicity, although its mechanisms are less clear than ROS. In the cochlea, it has
been reported that cisplatin nitrates LIM domain only 4 (Lmo4), a transcriptional regulator
controlling cell survival and cell death (Jamesdaniel et al., 2012).

Although ROS generation induces signal transduction cascades leading to apoptosis or
necrosis, how ROS induces these signaling pathways remains unclear. One mechanism
involves lipid peroxidation in the lipid bilayer of the cell membrane to generate highly toxic
aldehyde 4-hydroxynonenal (4-HNE). Increasing levels of 4-HNE induces increased Ca2*
influx, which causes apoptosis in the outer hair cells of the cochlea (Clerici et al., 1995;
Ikeda et al., 1993). Most of the cisplatin nephrotoxicity and ototoxicity mechanisms that we
discuss below involve ROS.

sms of cisplatin nephrotoxicity

A major consideration for cisplatin nephrotoxicity is its uptake into kidney cells. The kidney
takes up cisplatin at higher concentrations compared to other tissues, particularly in the
kidney proximal tubule. This is primarily due to membrane transporters such as the high
affinity copper transporter 1 (CTR1) and the organic cation transporter (OCT2) localized to
the basolater al membrane of proximal tubule cells (Filipski et al., 2009; Pabla et al., 2009).

There is an extrinsic pathway for cisplatin-induced apoptosis activated via death receptors,
like those for tumor necrosis factor (TNF) or Fas, in the plasma membrane (Fig. 2). Kidney
epithelial cells deficient for TNFR1 or Fas receptors are resistant to cisplatin treatment
(Tsuruya et al., 2003). Ligand binding of TNF-a to TNF receptors activates caspase 8,
which in turn triggers caspase 3, leading to apoptosis (Juo et al., 1998; Srinivasula et al.,
1996). TNF-a also stimulates an inflammatory response which plays a critical role in
cisplatin-induced nephrotoxicity (Zhang et al., 2007). Cisplatin treatment increases
expression of inflammatory cytokines and chemokines in the kidney, including
interleukin-1p (IL-1p), IL-18, CX3CL1 and IL3 in mice treated with cisplatin (Faubel et al.,
2007; Lu et al., 2008). Activation of caspase 1 also increases levels of IL-1 and I1L-18, and
deletion of caspase 1 gene protects mice against cisplatin-induced apoptosis and acute
kidney injury (Faubel et al., 2004). Cisplatin-induced apoptosis can also be triggered by
endoplasmic reticulum (ER) stress following cisplatin activation of caspase 12 localized at
the cytosolic membrane of ER (Liu and Baliga, 2005). ER stress activates a Ca*-
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independent phospholipase A, and inhibition of this enzyme ameliorates cisplatin-induced
apoptosis (Cummings et al., 2004).

Although the tumor suppressor gene p53 does not appear to play a major role,
pharmacologic inhibition by pifithrin-a, or genetic inhibition of p53 in dominant-negative
mutants, suppressed cisplatin-induced apoptosis in kidney in vitro (Cummings and
Schnellmann, 2002; Jiang et al., 2004). The p53-dependency of cisplatin-induced
nephrotoxicity has been confirmed using the same pharmacologic and genetic strategies in
vivo (Molitoris et al., 2009; Wei et al., 2007). More recent studies identified two
transcription factors, p53 upregulated modulator of apoptosis-a (PUMA-a) and p53-induced
protein with a death domain (PIDD), as major downstream targets (Jiang et al., 2006; Seth et
al., 2005). PUMA-q is a proapoptotic Bcl-2 family protein which can inhibit antiapoptotic
Bcl-2 and Bcl-x|_ (Jiang et al., 2006). PIDD activates caspase 2, inducing release of
apoptosis inducing factor (AlF) from mitochondria (Seth et al., 2005). This intrinsic
pathway leads to release of mitochondrial cytochrome c that sequentially activates caspase
9, 3,6 and 7, triggering apoptosis (Lee et al., 2001; Park et al., 2002; Yang et al., 2008).

Cell cycle proteins such as cyclin-dependent kinase (CDK) family proteins and E2F1 are
also implicated in cisplatin-induced nephrotoxicity. CDK2 is a cell cycle protein that is
required for cycle progression during late G1 through S phases. Expression of a CDK2
inhibitor, p21, is cytoprotective against nephrotoxicity (Price et al., 2004; Yu et al., 2005).
However, pharmacological inhibitors of the cell cycle itself are insufficient to protect cells
from cisplatin-induced nephrotoxicity (Price et al., 2004).

Cisplatin also activates mitogen-activated protein kinases (MAPKS) including extracellular
signal-regulated kinase (ERK), p38 and c-Jun N-terminal protein kinase (JNK). How
cisplatin activates MAPKSs is unclear, yet inhibition of MAPKs ameliorates cisplatin-
induced nephrotoxicity. ERK is activated by epidermal growth factor receptor (EGFR/Src)
signaling (Henson and Gibson, 2006). Cisplatin also activates EGFR/Src triggering ERK
and caspase-3 leading to apoptosis and cisplatin-induced nephrotoxicity (Arany et al., 2004).
p38 and JNK are activated by a variety of cellular stress pathways including oxidative stress
and inflammation. Activation of p38 leads to transcriptional induction of TNF-a,
contributing to nephrotoxicity (Mishima et al., 2006; Ramesh and Reeves, 2005). It is not
clear how JNK plays a role, but a recent report suggests that it acts on both apoptosis and
inflammatory responses (Francescato et al., 2007).

2.3. Mechanisms of cisplatin ototoxicity

Many studies report that cisplatin-induced ototoxicity is predominantly sensory hair cell
death within the cochlea, or inner ear (Fig. 3A), of the peripheral auditory sensory system
(Rybak et al., 2007). However, cisplatin-induced auditory dysfunction is composed of multi-
level effects, with damage to strial intermediate and marginal cells in the cochlear lateral
wall causing loss of the endolymphatic potential, or breakdown of the blood-labyrinth
barrier (Laurell et al., 2007; Laurell and Engstrom, 1989). Multiple low-dose administration
(up to 2 mg/kg) in guinea pigs and rats also causes outer hair cell loss and a decrease in
auditory sensitivity without loss of the endolymphatic potential or blood-labyrinth barrier
integrity (Cardinaal et al., 2000; Laurell and Engstrom, 1989; Laurell et al., 2000).
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Following systemic injection, cisplatin is trafficked into the inner ear fluids (Fig. 3B) and
taken up by a variety of cochlear cells. Although it is unclear how transporters like OCT2
and CTR1 facilitate cisplatin trafficking through the cochlea, competitive inhibition of
CTR1 and genetic loss of function in the OCT2 gene offer protection from cisplatin-induced
ototoxicity (Ciarimboli et al., 2010; Hellberg et al., 2015; Lanvers-Kaminsky et al., 2015;
More et al., 2010). Unlike most cells, sensory hair cells have mechano-electrical
transduction (MET) channels that are uniquely gated by tip links between individual
stereocilia in their apically-located hair bundle (Assad et al., 1991; Hudspeth, 1986;
Hudspeth and Corey, 1977; Pickles et al., 1984). Data from electrophysiological and time-
lapse imaging studies, as well as drug uptake studies in hair cells with dysfunctional MET
channels strongly suggest that the ototoxic aminoglycosides (molecular diameter ~0.81 nm;
molecular mass ~445-477 for gentamicin) can permeate through the MET channel pore of at
least 1.25 nm (Alharazneh et al., 2011; Farris et al., 2004; Marcotti et al., 2005; Vu et al.,
2013). A recent study demonstrated that functional MET channels are required for cytosolic
uptake of fluorescently-tagged cisplatin, and for cisplatin-induced hair cell death (Thomas et
al., 2013). This raises the possibility that cisplatin, with a lower molecular mass (300.05)
and narrower molecular diameter (~0.48 nm) than aminoglycosides, can also permeate hair
cell MET channels, although non-MET channel entry routes may also be involved (Hilder
and Hill, 2007; Thomas et al., 2013).

The unique structure of the cochlea makes it difficult to remove cisplatin from the cochlea,
which is surrounded by the blood-labyrinth barrier (BLB; Fig. 3B), blocking the drug from
rapidly clearing the cochlea (Jacobs et al., 2005; van Ruijven et al., 2005). Platinated DNA-
adducts have been observed in marginal cells, organ of Corti and the spiral ligament (van
Ruijven et al., 2005). The rapid appearance of DNA-adducts in marginal cells is suggestive
of a trans-strial trafficking pathway into endolymph and thereby hair cells (Fig. 3B), as
demonstrated for aminoglycosides (Li and Steyger, 2011).

Despite recent advances in understanding cisplatin-induced ototoxicity, many gaps remain to
understand the mechanisms involved, due largely to limited tissue availability. For example,
in the avian inner ear, cisplatin treatment causes a dose-dependent reduction in the
proliferation of supporting cells, which severely impairs the ability to regenerate hair cells
after ototoxic injury (Slattery and Warchol, 2010). In mammals, cochlear hair cells do not
spontaneously regenerate following hair cell death, unlike kidney proximal tubular cells
which can regenerate (Berger and Moeller, 2014). These observations also show that
cisplatin-induced cytotoxicity occurs in cells that are not actively proliferating. Thus,
cisplatin-induced cytotoxicity may be due to cisplatin-induced dysregulation of active DNA
transcription error, as well as or non-DNA damage mechanisms. Nonetheless, non-DNA
damage mechanisms described for cisplatin-induced nephrotoxicity likely also occur during
ototoxicity. Several extrinsic and intrinsic mechanisms described for nephrotoxicity have
been confirmed in cochlear cells (Devarajan et al., 2002). Below, we discuss mechanisms
identified using cochlear cells.
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There is growing evidence that ROS production plays an important role in cisplatin-induced
ototoxicity (Mukherjea et al., 2011b; Rybak et al., 2009; Rybak and Ramkumar, 2007). In
cochlear cells, NADPH oxidase 3 (NOX3), an isoform of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, is a major source of ROS (Fig. 4). NOX3 is highly expressed
in the organ of Corti and spiral ganglion (Banfi et al., 2004; Mukherjea et al., 2006).
Cisplatin activates NOX3, although the mode of activation remains unclear. Later studies
confirmed that NOX1 and NOX4 also generate ROS (Kim et al., 2010). Most interestingly,
ROS generation induced by cisplatin in cochlear hair cells is dependent on activation of the
transient receptor potential vanilloid 1 channel (TRPV1) (Mukherjea et al., 2008),
suggesting that Ca2* influx is a key factor in generating ROS (Caterina et al., 1997). This
was confirmed by siRNA knock down of TRPV1 expression that suppressed NOX3
expression, TRPV1 activation and Ca2* influx (Mukherjea et al., 2008). The sub-cellular
localization of these TRPV1 channels remains to be determined.

The well-recognized tumor suppressor, p53, is involved in cisplatin ototoxicity, which is
likely triggered by DNA damage (Devarajan et al., 2002 Zhang et al., 2003). The
transcription factor, signal transducer and activator of transcription 1 (STAT1) can also
mediate cisplatin-induced hair cell death (Schmitt et al., 2009). Recent evidence suggests
that STAT1 siRNA abolished cisplatin-induced p53 activation (Kaur et al., 2011). Finally,
the TRPV1 and NOXa3 signaling pathway has been connected to STAT1, leading to
inflammation and cisplatin-induced hair cell death, resulting in hearing loss (Mukherjea et
al., 2011a).

4. Stria vascularis and spiral ganglia

Cisplatin also has effects on other cochlear structures, including the stria vascularis and
spiral ganglion neurons, inducing independent manifestations of ototoxicity. Cisplatin-
treated mice showed increased expression of NF-xB and inducible nitric oxide synthase
(iNOS) in stria vascularis and spiral ligament (Watanabe et al., 2002). Since NF-xB is
essential for survival of various cell types, including auditory hair cells, it is expected that
this protein expression is induced in response to cisplatin treatment to protect cochlear cells.
Degeneration of stria vascularis appears to be triggered by iNOS activity, which generates
nitric oxide (NO) (Watanabe et al., 2002).

In spiral ganglia, an increase in high mobility group (HMG1) protein was observed
following cisplatin treatment (Li et al., 2006). Since HMG1 binding to DNA is associated
with anti-cancer actions of cisplatin, and increased HMG1 expression sensitizes target cells
to cisplatin cytotoxicity, it is likely that the increase of the protein in spiral ganglion cells by
cisplatin treatment leads to DNA damage-dependent apoptosis in these non-proliferating
cells. Additional confirmation that cisplatin induces DNA damage-dependent apoptosis in
spiral ganglion cells comes from a study on NER factors, in which cytoplasmic to nuclear
translocation of NER proteins was detected in spiral ganglia from rats treated with cisplatin
(Guthrie et al., 2008).

Toxicol Lett. Author manuscript; available in PMC 2016 September 17.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karasawa and Steyger Page 8

4. 1. Cisplatin-binding proteins

To better understand how cisplatin induces DNA-independent cytotoxicity, we hypothesized
that cisplatin also binds to cytoplasmic proteins, disrupting their normal physiological
function, leading to cytotoxicity. To identify such proteins, we generated platinum
compounds that could be conjugated to agarose beads, and performed pull-down assays
(Karasawa et al., 2013). By mass spectrometric analysis, we identified several proteins that
bind to cisplatin at the amino groups with high affinities. Interestingly, many of them are
known to be over-expressed in cancer, suggestive of a role in sensitivity or resistance to
cisplatin. Of particular interest was heat shock protein 90 (HSP90) because of its low protein
expression in kidney proximal tubule cells. Thus, we predicted HSP90 to be cytoprotective
against cisplatin and that kidney proximal tubule susceptibility to cisplatin-induced toxicity
was due to low HSP90 expression. However, proximal tubule-derived cells engineered to
express higher levels of HSP90 were more sensitive to cisplatin treatment than cells with
low HSP90 expression. However, cells with high HSP90 expression had higher proliferation
rates, suggesting that accelerated cell division conferred greater susceptibility to cisplatin
that could not be attenuated by HSP90 (Karasawa et al., 2013).

Physiologically, HSP90 functions to maintain cellular homeostasis, by facilitating protein
folding and degradation of misfolded proteins (Taipale et al., 2010). Cancer cells exploit the
HSP90 chaperone machinery to protect mutated and over-expressed oncoproteins from
degradation (Trepel et al., 2010). Therefore, a number of inhibitory drugs for HSP90 have
been developed and tested (Lu et al., 2012). Although the significance of cisplatin
interaction with HSP90 in nephrotoxicity or ototoxicity remains unclear, cisplatin appears to
block HSP90 interactions with its binding targets, including inositol hexakisphosphate
kinase-2 (IP6K2), an enzyme that mediates apoptosis through inositol pyrophosphate
generation, and this disruption is likely one of cytotoxic mechanism of cisplatin
(Chakraborty et al., 2008).

5. Risk factors that enhance cisplatin toxicity

Clinical data suggests that a poor performance status and the regular use of non-steroidal
anti-inflammatory drugs are associated with cisplatin nephrotoxicity (Kidera et al., 2014).
For ototoxicity, high cumulative doses of cisplatin and history of noise exposure have been
established as significant risk factors (Bokemeyer et al., 1998). A study of pediatric
oncology patients have found that, other than high cumulative doses of cisplatin, males are
at significantly greater risk to develop hearing loss compared to females, and age at cancer
diagnosis is inversely related to severity of ototoxicity (Yancey et al., 2012). Interestingly,
another study suggests that females are at greater risk for developing nephrotoxicity as well
as increasing age (de Jongh et al., 2003). However, patient group differences need to be
considered because the latter study was conducted on patients of median age 54 years.
Therefore, risk factors on gender and age could be the same between ototoxicity and
nephrotoxicity, if similar patient groups were studied.

Another risk factor that predispose individuals to cisplatin-induced toxicity includes
polymorphisms in genes for DNA adduct repair enzymes like ERCC2 and XPC (Caronia et
al., 2009; Suk et al., 2005) and in membrane pumps, drug efflux or detoxifying genes
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(ACYP2, ABCC3, COMT, TPMT) that are also associated with hearing loss (Carleton et al.,
2009; Ross et al., 2009; Xu et al., 2015). Systemic inflammation can exacerbate cochlear
uptake of ototoxic drugs and potentiate cisplatin-induced ototoxicity (Koo et al., 2015; Oh et
al., 2011). Thus, radiation therapy that kills commensal bacteria could inadvertently induce
systemic inflammation and potentiate cisplatin-induced ototoxicity during combination anti-
neoplastic therapies.

5.1. Preventing cisplatin nephrotoxicity and ototoxicity

While some approaches are specific to prevent nephrotoxicity such as pharmacological
inhibition of the transporter OCT2 (Sprowl et al., 2013), there are also some common
approaches to protect the cochlea and kidney from cisplatin toxicity (Ciarimboli et al.,
2010). One critical consideration for these approaches is prevention of cisplatin toxicity
without compromising its antineoplastic efficacy.

In preclinical studies, antioxidants have been shown to reduce cisplatin nephrotoxicity and
ototoxicity. For example, several thiol antioxidants like amifostine, N-acetylcysteine and
superoxide dismutase are electrophilic and act as free radical scavengers. Amifostine has
been approved by FDA for use in patients with advanced ovarian cancer who undergo
repeated cisplatin treatment (Hensley et al., 2008). However, certain thiols like sodium
thiosulfate and mesna form a complex with cisplatin which lead to drug inactivation and
excretion from the kidney, reducing antineoplastic efficacy (Boven et al., 2002). This can be
overcome by pretreatment with a drug like procainamide that also forms a complex with
cisplatin to maintain antitumor activity, while reducing renal excretion and nephrotoxicity
(Viale et al., 2000). For these thiol compounds, drug application through round window, one
of the two openings into the cochlea, is possible, but for clinical consideration, this could be
invasive and difficult (Li et al., 2001). Another approach to avoid protective agents
interfering with the tumoricidal effect of cisplatin is delayed administration. For example,
administration of sodium thiosulfate 6 h after cisplatin did not compromise
antineuroblastoma activity of cisplatin (Harned et al., 2008).

Inhibition of cell death pathways also reduces nephrotoxicity and ototoxicity in vitro and in
vivo. For this method, local administration to the cochlea is required to avoid conflicts with
chemotherapy, because the antineoplastic action of cisplatin uses the same cell death
pathways. As a method of such administration, intracochlear perfusion of caspase 3 and
caspase 9 inhibitors reduced apoptosis of hair cells in guinea pigs treated with cisplatin
(Wang et al., 2004). A gene therapy approach using X-linked inhibitor of apoptosis (XIAP)
has also been tested using adeno-associated virus (AAV), and cisplatin-induced auditory
threshold shifts and hair cell loss were reduced by the AAV encoding XIAP (Cooper et al.,
2006). However, these methods are currently too invasive to use in the clinical setting, and
alternative approaches for local application are needed.

A third approach to prevent or reduce cisplatin nephrotoxicity and ototoxicity is inhibition of
inflammation. For example, inhibitors of TNF-a ameliorated cisplatin-induced renal
dysfunction in mice and apoptosis of cochlear cells (Ramesh and Reeves, 2002; So et al.,
2007). The effects of TNF-a inhibitors on cancer cells are unclear. Since TNF-a acts as
tumor promoter in some cancer cells, it is likely that inhibitors of TNF-a can enhance cancer
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remission by cisplatin (Popivanova et al., 2008). Anti-inflammatory cytokines, like IL-10,
also inhibit cisplatin-induced acute kidney injury (Deng et al., 2001).

More recently, a strategy targeted for NOX3 has emerged as a method to reduce ototoxicity.
In mice treated with siRNA for NOX3 as trans-tympanic administration preserved hearing
thresholds and inner ear hair cells, preventing cisplatin ototoxicity (Mukherjea et al., 2010).
Although it is unclear if delivering siRNA into the cochlea is feasible in the clinical setting,
this could lead to a new direction in preventive clinical strategy against cisplatin.

A new approach called sound preconditioning has been developed to inhibit cisplatin-
induced hearing loss (Roy et al., 20 13). Cochlear expression of heat shock proteins (HSPs)
can be induced by sound stimuli and are protective against cisplatin ototoxicity in mouse
models of cisplatin-induced hearing loss. Since this method also protects against
aminoglycoside ototoxicity, sound preconditioning is a promising strategy to prevent
hearing loss in patients receiving these drugs.

6. Conclusions

Although more studies are needed to understand molecular mechanisms of cisplatin
ototoxicity, both nephrotoxicity and ototoxicity induced by cisplatin likely use similar
intracellular mechanisms. On the other hand, clinical strategies to prevent nephrotoxicity
and ototoxicity will likely be quite different because cellular uptake mechanisms into kidney
and cochlear sensory hair cells may be quite different. Although OCT2 and CTR1
transporters are likely involved in cisplatin uptake in both kidney and cochlear non-sensory
cells, cytosolic uptake of cisplatin by sensory hair cells is also facilitated by functional
mechanotransduction channels. Additionally, local administration of preventive drug or
other agents is possible for the cochlea, but such approaches are difficult for the kidney.
Improved understanding of the molecular mechanisms involved in cisplatin nephrotoxicity
and ototoxicity will provide more insight to open new clinical strategies to prevent
nephrotoxicity and ototoxicity.
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(A) Platinum compounds. (B) In vitro cisplatin nephrotoxicity assay results. Mouse kidney
proximal tubule KPT11 cells were treated with each platinum compound (all purchased
from Sigma) for 2 days before cellular viability was measured by MTT assay.
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Agoptosis signaling pathways in cisplatin nephrotoxicity. In the extrinsic pathway, binding
of TNF-a to TNF receptors activates caspase 8, which in turn triggers caspase 3, leading to
apoptosis. ER stress induced by cisplatin activates caspase 12 also leads to apoptosis. DNA
damage triggers p53, which in turn activates PUMA-a and PIDD. PUMA-a is a pro-
apoptotic Bcl-2 family protein which inhibits anti-apoptotic Bcl-2. PIDD activation leads to
release of apoptosis-inducing factor (AlF) from mitochondria. This intrinsic pathway leads
to release of mitochondrial cytochrome c that sequentially activates caspase 9, 3, 6 and 7,
resulting in apoptosis.
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(A?) A cross-section of the right-side of the human head, showing the peripheral auditory
(external and middle ear, as well as the cochlea [inner ear]) system, and the semicircular
canals of the peripheral vestibular system (adapted from an image by British Columbia
Children’s Hospital, image is not to scale). (B) A cross-section of the cochlear duct shown in
(A) as a thick line. The cochlear duct is divided into three compartments, two of which
contain perilymph, and an inner compartment, the scala media, containing endolymph.
Systemic cisplatin could cross the BLB via a trans-strial trafficking route from strial
capillaries, across the stria vascularis in endolymph (1) prior to entering hair cells across
their apical membranes (2). Alternatively, cisplatin could traverse the BLB into perilymph
and pass through the basilar membrane into extracellular fluids within the organ of Corti and
enter hair cells across their basolateral membranes. S, stria vascularis; adapted from Brock et
al. (2012), image is not to scale.
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Agschematic pathway for one mechanisms of cisplatin-induced ototoxicity involves TRPV1
activation by cisplatin leads to NOX3-dependent generation of ROS to trigger STAT1
activation. STAT1 promotes an intracellular inflammatory response and p53 activation,
resulting in cell death, adapted from Mukherjea et al. (2011a, 2008).
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