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Ototoxicity refers to damage of inner ear structures (i.e., the cochlea and vestibule) and their
function (hearing and balance) following exposure to specific in-hospital medications (i.e.,
aminoglycoside antibiotics, platinum-based drugs), as well as a variety of environmental or
occupational exposures (e.g., metals and solvents). This review provides a narrative derived
from relevant papers describing factors contributing to (or increasing the risk of ) aminoglyco-
side and cisplatin-induced ototoxicity. We also review current strategies to protect against
ototoxicity induced by these indispensable pharmacotherapeutic treatments for life-threat-
ening infections and solid tumors. We end by highlighting several interventional strategies
that are currently in development, as well as the diverse challenges that still need to be
overcome to prevent drug-induced hearing loss.

Specific medications to treat life-threatening
conditions as well as several other com-

pounds can cause a debilitating side effect—oto-
toxicity (i.e., the permanent loss of hearing or
balance) (Table 1). The socioeconomic cost of
ototoxicity has to beweighed against the benefits
of surviving severe infections or cancer. In
this review, we focus on two clinically essential
drugs, the aminoglycosides and cisplatin, both
of which remain widely used despite the risk of
ototoxicity.

Aminoglycosides, including gentamicin,
amikacin, kanamycin, and tobramycin, are

broad-spectrum antibiotics used for treating sus-
pected or confirmed acute serious infections,
and the long-term management of recurrent
respiratory infections in cystic fibrosis and mul-
tidrug-resistant tuberculosis (Escobaret al. 2000;
Garinis et al. 2017a; Jiang et al. 2017). The oto-
toxicity of the first aminoglycoside discovered,
streptomycin (Schatz et al. 1944), was recog-
nized soon after its initial use (Hinshaw and
Feldman 1945). Newer aminoglycosides have
varying degrees of cochleotoxicity and vestib-
ulotoxicity (Miller 1985). Estimates of the in-
cidence of hearing loss after aminoglycoside
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treatment vary widely, due to differing dosing
regimens and sensitivities of audiological tests,
yet may be as high as 20%–50% of recipients
(Huth et al. 2015). Vestibulotoxicity can occur
in up to 60% of treatment courses (van Hecke
et al. 2017), and patients often self-report bal-
ance issues (and tinnitus) before any perceived
cochleotoxicity. The lack of appropriate vesti-
bulometric, compared to audiometric, testing
facilities means that vestibulotoxicity remains
woefully underreported. Furthermore, most au-
diometric diagnosis is within the 500–8000 Hz
(conventional) testing range, underestimating
the incidence of cochleotoxicity at higher fre-
quencies where the onset of hearing loss typi-
cally occurs (Schacht et al. 2012). Aminoglyco-
side-induced ototoxicity is dose dependent in
preclinical models and, likely, also in humans
(Wu et al. 2001; Garinis et al. 2017a,b).

Aminoglycosides are polycationicmolecules
with molar masses between 300 and 600 g/mol,
with a maximal cross-sectional diameter of
∼0.8 nm (van Netten and Kros 2007; Jiang
et al. 2017). In bacteria, aminoglycosides bind
to ribosomal RNA, causing misreading of mes-
senger RNA (mRNA) and consequent accumu-
lation of misfolded proteins that leads to cellular
stress and bacterial lysis (Schacht et al. 2012). In

mammals, aminoglycosides are selectively toxic
to kidney proximal tubule cells, and to sensory
hair cells of the inner ear. Drug-induced kidney
damage is reversible if detected early and med-
ication discontinued, as proximal tubule cells
can regenerate, but this is not typically true for
mammalian hair cells (Naughton 2008; Groves
2010; Kusaba et al. 2014; Lombardi et al. 2016).
Since aminoglycosides target bacteria, they also
readily disrupt mitochondria within cells, caus-
ing the release of proapoptotic factors and oxi-
dative enzymes into the cytoplasm and the gen-
eration of free radicals (Warchol 2010; Huth
et al. 2011; Esterberg et al. 2016).

Cisplatin degrades solid tumors, often with
very high efficacy (e.g., >90% cure rates for tes-
ticular carcinoma) (Cheng et al. 2018), yet the
incidence of cochleotoxicity is very high with
hearing loss in almost all treated patients (Cal-
lejo et al. 2015; Paken et al. 2016). As for amino-
glycosides, onset of cisplatin-induced hearing
loss typically occurs first in the extended high-
frequency range before affecting sensitivity at
conversational (lower) frequencies, as evaluated
by distortion product otoacoustic emissions or
conventional audiometry. Increasing the cumu-
lative dose consistently leads to increasing risk
of permanent hearing loss in humans (Brock

Table 1. Major classes of therapeutic agents inducing permanent hearing loss (with examples and citations)

Class Examples References

Platinum-based therapeutics Cisplatin, carboplatin, oxaliplatin Brock et al. 2012; Karasawa and
Steyger 2015

Aminoglycosides (AGs) Amikacin, gentamicin, kanamycin,
tobramycin

Miller 1985; Schacht et al. 2012;
Jiang et al. 2017

Peptide antibiotics Capreomycin, viomycin,
chloramphenicol

Akbergenov et al. 2011; Kokong
et al. 2014; Arnold et al. 2017

Polypeptide antibiotics Vancomycin (especially synergistically
with AGs)

Brummett et al. 1990; Lestner et al.
2016; Garinis et al. 2018

Macrolides Erythromycin Miller 1985; Brummett 1993
Cyclodextrins (vehicle) Derivatives of cyclodextrins, for

Niemann–Pick syndrome type 1C
Crumling et al. 2017

Antimalarials Chloroquine Bortoli and Santiago 2007; Kokong
et al. 2014

Loop diuretics (esp. synergistic with
AGs and cisplatin)

Furosemide, bumetanide Rybak 1993

Nonopioid analgesics Acetaminophen = paracetamol Yorgason et al. 2010
Antineoplastics Vincristine(?) Lugassy and Shapira 1996
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et al. 2012; Garinis et al. 2017a). By contrast,
there are few reports of vestibulotoxicity in pa-
tients treated with cisplatin, despite dose-depen-
dent loss of vestibular hair cells and vestibular
function in animals (Callejo et al. 2017), perhaps
due to limitations in human vestibular testing
protocols (Prayuenyong et al. 2018). Cisplatin
is smaller than the aminoglycosides, with a mo-
lar mass of 300 g/mol and a molecular “diame-
ter” of ∼0.5 nm. Cisplatin itself is not charged
but the molecule is unstable and one or both of
the Cl− ions can be replaced by H2O (aquation),
resulting inmonovalent or divalent cations. This
reaction is favored when Cl− concentrations are
low, as in the cytosol. Cisplatin can enter cells by
passive diffusion, and via a variety of transport-
ers, the most prominent of which are copper
transporter CTR1 and organic cation trans-
porter OCT2 (Waissbluth and Daniel 2013).
Aquated cisplatin binds to nuclear DNA form-
ing adducts that prevent transcription and rep-
lication, ultimately resulting in apoptosis, the
basis of its cytotoxic antitumor activity, partic-
ularly in proliferating cancer cells that are poor at
repairing DNA damage (Siddik 2003). Like ami-
noglycosides, cisplatin can also induce nephro-
toxicity and ototoxicity, with neurotoxicity an
additional outcome (Dzagnidze et al. 2007).
These side effects are also likely due to the gen-
eration of toxic levels of reactive oxygen species
that leads to apoptosis (Hazlitt et al. 2018a).

As aminoglycosides and cisplatin are typi-
cally infused parenterally in a hospital setting
(aminoglycosides are also administered viamid-
dle ear [intratympanic] injections clinically),
opportunities exist for coadministering thera-
peutics to prevent or reduce ototoxic side effects.
Yet, despite much experimentation, there are no
drugs that have been licensed for use in patients
to prevent ototoxicity. This review discusses
recent insights into how aminoglycosides and
cisplatin damage sensory cells that respond to
sound and motion. The intracellular mecha-
nisms that lead to ototoxicity are also briefly
discussed (with more detail in Schacht et al.
2012; Karasawa and Steyger 2015; Jiang et al.
2017). We end by considering how emerging
insights can promote development of novel oto-
protective therapies.

TRAFFICKING OF CLINICALOTOTOXINS
INTO THE INNER EAR

Ototoxicity results from drugs (ototoxins) en-
tering inner ear tissues to exert their cytotoxic
effects. Ototoxins must first cross the blood–
labyrinth barrier (BLB) that separates the blood-
stream from inner ear tissues and fluids, pre-
dominantly the endolymph and perilymph
(Fig. 1). The BLB is a specialized structure com-
posed of tight junction-coupled inner ear endo-
thelial cells that prevents macromolecules and
blood cells from entering cochlear tissues via
passive, paracellular extravasation from capillar-
ies. Perilymph has an ionic composition similar
to other extracellular fluids (high Na+, low K+,
and millimolar Ca2+). In contrast, the endo-
lymph has a high K+ concentration, low Na+

and ∼20 nM Ca2+, as well as a positive endolym-
phatic potential (EP) of∼+80 mV in the cochlea
(but not in the vestibule). The composition of
the endolymph is actively maintained by cells
within the adjacent stria vascularis in the co-
chlea, and by dark cells in the vestibule (Wan-
gemann 2006). Earlier cochlear studies reported
higher aminoglycoside levels in perilymph than
in the endolymph, suggesting that aminoglyco-
sides in perilymph were the primary source of
toxicity to hair cells (Tran Ba Huy et al. 1986).
Although aminoglycosides enter perilymph fol-
lowing systemic administration, they do not
readily enter hair cells via this route (Li and
Steyger 2011). Experiments using fluorescently
labeled gentamicin (gentamicin-Texas Red
[GTTR]) revealed that systemically adminis-
tered GTTR was more efficiently taken up by
hair cells than GTTR perfused into the scala
tympani. When applied systemically, GTTR
readily trafficked across the BLB into the stria
vascularis, and cleared into the endolymph prior
to entering hair cells.

Surprisingly, following middle ear adminis-
tration, auditory afferent fibers ipsilaterally, and
vestibular efferent fibers bilaterally, transport
aminoglycosides from cochlear perilymph to
the auditory brainstem, although it is not yet
known whether this leads to functional conse-
quences (Zhang et al. 2012). Cochlear uptake of
aminoglycosides and ototoxicity are also strong-
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ly increased during systemic inflammation that
vasodilates capillaries in the stria vascularis
(Koo et al. 2015). How exactly aminoglycosides
enter the endolymph from the capillaries in the
stria vascularis is currently not clear, but possi-
bilities include ion channels, transporters, or
transcytosis (Koo et al. 2015).

Like aminoglycosides, cisplatin and related
compounds such as carboplatin and oxaliplatin
have also been detected in perilymph following
systemic administration, suggesting that these
drugs may enter cochlear hair cells via their
basolateral membranes (Hellberg et al. 2009,
2013). Yet, like aminoglycosides, various strands
of evidence suggest that the stria vascularis–en-
dolymph route is more likely. Iontophoretic ap-
plication of cisplatin to the endolymphatic com-
partment of the guinea pig cochlea was more
rapid and effective in reducing auditory nerve
responses to sound than perfusion of perilymph
with cisplatin-containing solution (McAlpine

and Johnstone 1990). When loop diuretics
were coadministered with cisplatin, hearing
loss was exacerbated in guinea pigs (McAlpine
and Johnstone 1990). In young cancer patients
too, cotreatment with furosemide increased
the risk of hearing loss (Clemens et al. 2016).
The CTR1 and OCT2 transporters have been
observed in stria vascularis but not in the spiral
ligament, suggesting their possible involvement
in cisplatin transport across the BLB into the
endolymph (Ciarimboli et al. 2010; More et al.
2010; Waissbluth and Daniel 2013). Measure-
ment of platinum levels in cisplatin-treated
mice or patients revealed consistently higher
levels in the stria vascularis that were retained
formonths to years, especially in the basal, high-
frequency region (Breglio et al. 2017). The EP of
cisplatin-treated mice dropped by up to 30 mV
during and after cisplatin treatment (Breglio
et al. 2017). The entry of aminoglycosides and
cisplatin into the vestibular endolymph remains

Cisplatin
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OCT2?Reissner’s
membrane

Scala vestibuli
Perilymph 0 mV Stria

vascularis

Spiral
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cells

Scala media
Endolymph +80 mV

Organ of corti

Spiral ganglion
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Scala tympani
Perilymph 0 mV
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Figure 1.Main cochlear trafficking routes for systemic aminoglycosides and cisplatin. For both drugs, entry from
the bloodstream into the cochlea occurs primarily from capillaries within the stria vascularis. Fromhere, cisplatin
enters the endolymph in the scala media, potentially through organic cation transporter 2 (OCT2) and copper
transporter 1 (CTR1) transporters in the marginal cells. Aminoglycosides enter the endolymph through as-yet-
unidentified ion channels or transporters, although several candidates exist (e.g., transient receptor potential V1
[TRPV1] and TRPV4). From the endolymph, these ototoxins enter hair cells across their apical membranes.
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incompletely understood, and likely involves the
dark cells (the vestibular equivalent of the stria
vascularis) and/or the transitional cells sur-
rounding vestibular sensory epithelia (Liu et al.
2015a).

ENTRY OF CLINICALOTOTOXINS INTO
HAIR CELLS

To cause hair-cell death, the ototoxic drugsmust
first enter hair cells, or, alternatively, disrupt
cochlear homeostasis. Aminoglycosides readily
enter hair cells (Fig. 2) via stereociliary mecha-
noelectrical transduction (MET) channels that

open and close in response to sound or acceler-
ation (Marcotti et al. 2005; Alharazneh et al.
2011; Vu et al. 2013), although other routes exist
as well (e.g., endocytosis) (Hashino et al. 2000).
TheMET channels are large, nonselective cation
channels with a relatively high permeability but
low conductance for Ca2+ ions (Fettiplace and
Kim 2014). The concentration of Ca2+ in the
endolymph is relatively low (∼20 µM) compared
to the normal extracellular (∼1.25 mM) environ-
ment; the endolymph is also unusual in being
rich in K+ and poor in Na+ ions (Wangemann
and Schacht 1996). Experiments with a variety
of cations that block the MET channel suggest
that the channel permeation pathway is asym-
metrical, with a wide extracellular-facing vesti-
bule and a narrower selectivity filter (van Netten
and Kros 2007). The Ca2+ ions from the endo-
lymph are believed to be concentrated by this
vestibule, which may contain negatively charged
residues, from where they are further attracted to
other negatively charged residues within the se-
lectivity filter, and can then move either into the
hair cell where they drive adaptation (Fettiplace
and Kim 2014), or back out into the endolymph
without entering the hair cell.

Recent evidence points to the permeation
pathway of the MET channel being formed by
a dimer of TMC proteins (Fig. 2), with two
pores, one for each 10-transmembrane-domain
TMCmolecule (Ballesteros et al. 2018; Barr-Gil-
lespie 2018; Corey et al. 2018; Pan et al. 2018).
The permeation pathway, inferred from map-
ping to the closely related TMEM16, which
has been crystallized (Brunner et al. 2014), is
understood to be formed by transmembrane do-
mains 4–7. While the exact mapping of TM do-
mains and loops is still tentative and different in
detail between the Ballesteros and Pan studies, it
is clear that there are several negatively charged
amino acids in the pore region, as well as posi-
tive ones that could form the entry and exit bar-
riers. The electrochemical driving force of the
+80 mV EP strongly promotes entry into the
hair cells, boosted by the−40 to−70 mV resting
membrane potential of cochlear hair cells to
produce an electrical gradient of 120–150 mV
across the apical membrane of the hair cell.
The polycationic aminoglycosides appear to

CDH23

CTR1OCT2

TRPA1

KCNQ4
PIP2 K+

Cisplatin

Aquated cisplatin

Aminoglycoside
PCDH15
TMC1

Figure 2. Aminoglycoside and cisplatin entry into
hair cells from the endolymph. Both drugs preferen-
tially enter hair cells across their apical membranes.
Aminoglycosides predominantly enter hair cells via
the MET channel complex, consisting of two trans-
membrane channel-like protein subunits (purple),
each with a permeation pore. The MET channels
are gated by movement of the stereocilia, mediated by
tip links formed of CDH23 (orange) and PCDH15
(brown). Other minor routes include apical endocy-
tosis, and basolateral TRPA1 channels. Intracellular
aminoglycosides sequester PIP2, closing KCNQ4 po-
tassium channels in the basolateral membrane. Cis-
platin has multiple potential entry routes, for which
the relative importance has not been established. Up-
take of cisplatin, most likely in the aquated form, may
occur via CTR1 and OCT2 transport proteins or
through the MET channel pore. In its neutral form,
cisplatin can permeate directly through cell mem-
branes.
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compete with the Ca2+ ions for binding inside
the channel pore, and are therefore permeant
blockers of the MET channels (Marcotti et al.
2005). TheMET channel pore is unusually large,
with a diameter at its narrowest part of at least
∼1.25–1.5 nm (Farris et al. 2004; Alharazneh
et al. 2011), large enough to allow aminoglyco-
sides and other large cations to enter the hair cell
cytosol. The fluorescent GTTR has amolarmass
of ∼1125 g/mol, substantially larger than native
gentamicin, but can nevertheless rapidly enter
hair cells via their hair bundles (Alharazneh
et al. 2011). This rapid entry of aminoglycosides
down a strong electrochemical gradient, cal-
culated as ∼9000 molecules/hair cell/second for
dihydrostreptomycin (DHS) (Marcotti et al.
2005), likely accounts for the mostly undetect-
able levels of aminoglycosides in the endolymph
(Tran Ba Huy et al. 1986). Once inside hair cells,
aminoglycosides cannot exit via MET channels,
as the intracellular side lacks a vestibule and
has a high energy barrier for reentry from the
cytosol (Marcotti et al. 2005; van Netten and
Kros 2007). Aminoglycosides also indirectly,
via depletion of intracellular PIP2, inhibit volt-
age-gated potassium channels responsible for
repolarizing hair cells, leading to a sustained
cellular depolarization, which likely contributes
to hair cell death (Leitner et al. 2011).

Other pathways for entry of aminoglyco-
sides into hair cells exist. These pathways are
quantitatively less important than the MET
channel route, yet they can become unmasked
when theMET channels are nonfunctional. One
pathway is endocytosis at the apical and synaptic
poles of hair cells, although direct evidence for
its involvement in cytotoxicity has not been
found (Hashino et al. 2000; Alharazneh et al.
2011; Vu et al. 2013). There is stronger evidence
for a contribution by TRP channels, a family of
polymodal ion channels activated by a variety of
physical and chemical stimuli (Nilius and Szal-
lasi 2014). Like MET channels, they are nonse-
lective cation channels with a substantial perme-
ability for Ca2+ ions. TRPA1 is considered a
chemosensor, activated by various pungent
and irritant compounds released during inflam-
mation, oxidative stress and tissue damage, as
well as bacterial endotoxins (Nilius and Szallasi

2014). TRPA1 is expressed by inner (IHCs) and
outer hair cells (OHCs), and is assumed to be
present on the basolateral membranes of OHCs.
In murine cochlear cultures pretreated with
BAPTA to disable MET channels, activated
TRPA1 channels facilitated the uptake of
GTTR, implying entry through the TRPA1
channels (Stepanyan et al. 2011). In HEK 293
cells, TRPA1 is blocked by gentamicin with a
half-blocking concentration (Nagata et al.
2005) similar to that of hair cell MET channels.
The TRPA1 pore diameter can dilate upon acti-
vation from 1.1 to 1.4 nm (Karashima et al.
2010). This suggests that TRPA1 channels can
be activated during cochlear stress (e.g., that
caused by noise exposure), potentially increas-
ing aminoglycoside entry into OHCs (Yamashi-
ta et al. 2004; Li et al. 2015). TRPV1 and TRPV4
are additional candidate aminoglycoside-per-
meant channels, and both are expressed in the
stria vascularis and the hair cells (Zheng et al.
2003; Myrdal and Steyger 2005; Karasawa et al.
2008).

Uptake of cisplatin by hair cells is less clear.
Like the stria vascularis, cochlear hair cells ex-
press CTR1 and OCT2 (Ciarimboli et al. 2010;
More et al. 2010; Waissbluth and Daniel 2013).
If cisplatin predominantly enters hair cells via
endolymph, these transporters would need to be
present at the apical surface of the hair cells.
Although the localization of CTR1 in hair cells
is not clear (More et al. 2010), OCT2 labeling
was found at the apical surface of the OHCs, and
throughout the IHCs (Ciarimboli et al. 2010).
Reduced cochleotoxicity occurs following sys-
temic cisplatin administration in OCT1/2 dou-
ble knockout mice, or when cimetidine, an OCT
blocker, is administered contemporaneously
with cisplatin (Ciarimboli et al. 2010). Intratym-
panic administration of copper sulfate (a prima-
ry substrate of CTR1) can also ameliorate cis-
platin-induced cochleotoxicity, as judged by
auditory brainstem response (ABR) threshold
shifts (More et al. 2010). Cisplatin-induced
cochleotoxicity may also be partially because
of the loss of cochlear homeostasis, as well as
hair-cell damage (Laurell et al. 2007), and the
disruption of cochlear homeostasis can also in-
directly affect hair-cell survival (Liu et al. 2016).

C.J. Kros and P.S. Steyger
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It is not known whether mammalian vestibular
hair cells express either of these transporters.
Since the size of cisplatin (∼0.5 nm) is much
smaller than the MET channel pore, it is con-
ceivable that the mono- and/or biaquated forms
of cisplatin could be permeant blockers of the
MET channel, like the aminoglycosides. High
doses of cisplatin, near the solubility limit in
aqueous solution, block MET currents of chick
cochlear hair cells, with a half-blocking concen-
tration of about 1.5 mM (Kimitsuki et al. 1993,
1994) and a Hill coefficient of 2, indicating that
two molecules block the channel cooperatively.
Voltage dependencewas not investigated, so it is
not clear whether blockwas permeant. Zebrafish
neuromast hair cells with functional MET chan-
nels are killed by cisplatin, and zebrafish hair
cells do not express CTR1 or OCT2 (Thomas
et al. 2013). It is not yet knownwhether cisplatin
blocks mammalian MET channels.

MECHANISMS OF OTOTOXICITY

Ototoxicity can be multifactorial, inducing
damage to sensory hair cells or nonsensory cells
with homeostatic functions in the inner ear that
directly modulate hair cell function (e.g., in the
stria vascularis). Ototoxicity can also occur in
the neural pathway between the peripheral inner
ear and the cortex of the brain, disrupting
auditory and vestibular perception. Here we de-
scribe mostly peripheral mechanisms of oto-
toxicity that are better (but still incompletely)
characterized.

Aminoglycosides in the perilymph canblock
the efferent synapses at the base of OHCs, dis-
rupting the medial olivocochlear reflex that ap-
pears to protect auditory hair cells from expo-
sure to loud sounds (Avan et al. 1996; Blanchet
et al. 2000). Once aminoglycosides enter hair
cells from the endolymph, they can also degrade
the presynaptic ribbons prior to hair cell death
(Liu et al. 2013; Oishi et al. 2015). This phenom-
enon could contribute to auditory dysfunction
in cochlear regions with a high percentage of
surviving hair cells (Nicol et al. 1992; Koo
et al. 2015). Although the spontaneous repair
of presynaptic ribbons in IHCs following low-
dose gentamicin-induced cochleotoxicity has

been reported, further characterization of this
effect is needed (Liu et al. 2015b).

Within cells, aminoglycosides bind to nu-
merous proteins suggestive of multiple mech-
anisms by which these drugs can induce hair
cell death (Karasawa et al. 2011; Jiang et al.
2017). These include endoplasmic reticulum
stress and disruption of mitochondrial integrity
causing the generation of toxic reactive oxygen
species that lead to cell death, particularly in hair
cells (Oishi et al. 2015; Esterberg et al. 2016).
Selected mitochondrial mutations (predomi-
nantly A1555G) in ribosomal RNA result in a
higher binding affinity for aminoglycosides and
can cause mistranslation of mRNA during pro-
tein synthesis resulting in cell death (Hobbie
et al. 2008; Qian and Guan 2009; Matt et al.
2012).

Cisplatin-induced cytotoxicity is typically
due to cisplatin binding to nuclear DNA, and
downstream signaling resulting in apoptosis,
particularly in proliferating cells (Eastman
1999). Hair cells are, however, postmitotic and
do not proliferate. Many studies also report dis-
ruption of intracellular pathways and cisplatin
binding to various proteins that may also con-
tribute to cellular dysregulation and cell death
(Gibson 2009; Karasawa et al. 2013). In cochlear
cells, NADPH oxidase 3 (NOX3), is a major
source of reactive oxygen species, and is highly
expressed in the organ of Corti and spiral gan-
glion (Bánfi et al. 2004; Mukherjea et al. 2006).
Cisplatin activates the transcription factor, sig-
nal transducer and activator of transcription 1
(STAT1) to trigger the TRPV1 and NOX3 sig-
naling pathways that lead to cell death and hear-
ing loss (Mukherjea et al. 2008, 2011).

In the avian papilla, hair cells lost due to
ototoxicity or noise trauma can be regenerated
by mitotic or nonmitotic (cellular transdifferen-
tiation) mechanisms initiated by supporting
cells (Girod et al. 1989, 1991; Tucci and Rubel
1990; Cotanche et al. 1994; Janas et al. 1995;
Adler et al. 1997). Intriguingly, however, when
the avian papilla is exposed to cisplatin, hair-cell
regeneration is exceedingly low, suggesting that
cisplatin-induced damage of supporting cells
prevents mitotic and nonmitotic mechanisms
of restoring hair-cell populations (Slattery and
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Warchol 2010). Cisplatin also damages support-
ing cells in the mammalian vestibular system
(utricle), and blocks the proliferation of resident
stem cells in the utricle, reducing the potential to
regenerate hair cells (Slattery et al. 2014). In-
flammation potentiates cisplatin-induced oto-
toxicity, as do loop diuretics (McAlpine and
Johnstone 1990; Oh et al. 2011; Clemens et al.
2016).

Cisplatin also damages the stria vascularis,
diminishing the generation of the endolym-
phatic potential essential for optimal auditory
performance, and the spiral ganglion neurons
(Campbell et al. 1999; Hamers et al. 2003;
Sluyter et al. 2003; van Ruijven et al. 2005;
Thomas et al. 2006; Laurell et al. 2007; Guthrie
et al. 2008), suggesting that hearing loss due to
cisplatin is multifactorial. Cisplatin also damages
murine auditory cortical neurons in vitro, and rat
hippocampal neural networks involved in mem-
ory invivo (Gopal et al. 2012;Hinduja et al. 2015).

OTOPROTECTION

Strategies for Otoprotection

Blocking the production and/or effects of free
radicals and proapoptotic factors have been
intensely investigated to prevent aminoglyco-
side- and cisplatin-induced ototoxicity, andhold
some promise for therapeutic intervention (Ka-
linec 2005; Sha et al. 2006; Chen et al. 2007;
Huth et al. 2011; Brock et al. 2012). Alternative,
potentially more specific, otoprotective strate-
gies include blocking ototoxin entry into the
cochlear fluids and hair cells, thus preventing
these ototoxic compounds from reaching their
targets in the first place. Modification of the
drugs themselves to retain their desired efficacy
while ameliorating ototoxicity is another ap-
proach that has been investigated. Below, we
briefly discuss these and other strategies.

Modulating Drug Transport across the BLB

The surest way to avoid ototoxicity is to pre-
vent entry of ototoxic agents into the inner
ear. Analogous to the blood–brain barrier
(BBB), the inner ear is substantially protected

by the BLB. The main blood supply to the
inner ear is via the spiral modiolar artery ra-
diating arterioles to the spiral limbus, spiral
ligament (perilymph), and stria vascularis (en-
dolymph). The permeability of the BLB can be
modulated by drugs like loop diuretics (Taylor
et al. 2008), and in experimental models of
systemic inflammation that mimic serious in-
fection, to potentiate both aminoglycoside- and
cisplatin-induced cochleotoxicity (Oh et al.
2011; Koo et al. 2015). On the other hand, a
detailed understanding of the relation between
the physicochemical properties of drugs and
BLB permeability is lacking at present. In-
creased understanding of the BLB will opti-
mize trafficking of otoprotective compounds
across the BLB into the inner ear for increased
efficacy.

Blocking the MET Channel

Designing competitive blockers to prevent oto-
toxins entering hair cells via theirMET channels
is an attractive strategy, especially for aminogly-
cosides, for which this is the major entry route
(Gale et al. 2001; Marcotti et al. 2005; Alharaz-
neh et al. 2011). Cisplatin, by contrast, likely has
multiple entry mechanisms into cells, including
hair cells (Waissbluth and Daniel 2013). Ideally,
a protective compound would be a nonper-
meant, reversible blocker that could be coad-
ministered with the ototoxin, either systemically
or intratympanically. The arrow poison, D-tubo-
curarine, is a nonpermeantMET channel block-
er in turtle auditory hair cells (Farris et al. 2004),
and permeates MET channels in murine OHCs
in vitro at an order of magnitude slower than the
aminoglycoside DHS (Kirkwood et al. 2017).
Further optimization of this compound, which
protects hair cells in zebrafish and cochlear
cultures, for otoprotection in vivo via intra-
tympanic injection would involve eliminating
permeation through the MET channel and re-
ducing its anticholinergic action to avoid block-
ing the middle ear reflex. Whereas this block
might cause a transient loss of hearing and re-
modeling of the stereociliary bundle, the latter
effect is, at least in vitro, also reversible (Velez-
Ortega et al. 2017).
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Modifying Ototoxin Structure to Reduce
Ototoxicity

This strategy has been applied to both amino-
glycosides and cisplatin. Although the clinically
approved aminoglycosides are reported to be
either more cochleotoxic or more vestibulotoxic
in the clinic, all nevertheless still cause damage
to both cochlear and vestibular hair cells to vary-
ing degrees (Miller 1985). Apramycin, an ami-
noglycoside currently licensed for veterinary
use, combines potent and wide-spectrum anti-
microbial activity with relatively little ototoxic-
ity, probably because it has very little activity
against mitochondrial ribosomes (Matt et al.
2012). This feature could be explored as a basis
for the rational design of novel, less ototoxic
aminoglycosides that still retain bactericidal ef-
ficacy. Another promising approach optimized
an existing aminoglycoside, sisomicin (similar
to gentamicin), by reducing the number of pos-
itive charges to reduce uptake by hair cells. One
compound that was designed (N1MS) had a
lower affinity for theMET channel than the par-
ent compound and preserved hearing in mice,
but at the expense of a narrowed spectrum of
antibacterial activity (Huth et al. 2015). Various
cisplatin congeners have been designed with the
aim of reducing ototoxicity (e.g., carboplatin
and oxaliplatin). Unfortunately, lower ototoxic-
ity tends to come at the cost of reduced antitu-
mor efficacy (Brock et al. 2012).

Drug Discovery and Optimization
Using Zebrafish

A candidate otoprotective compound (PROTO-
1) was originally discovered using a screen
based on larval zebrafish lateral-line neuromasts
(Owens et al. 2008). Rational optimization of
PROTO-1 identified a derivative, ORC-13661
(Chowdhury et al. 2018), that was recently
awarded investigational new drug (IND) status
by the United States Food and Drug Adminis-
tration (FDA), providing direction for others to
follow. The primary outcome measure was the
concentration of a compound required to pro-
tect neuromast hair cells in the face of challenge
by the aminoglycoside neomycin (Chowdhury

et al. 2018). The dose–response relationships for
numerous compounds in hair-cell survival as-
says can be determined within days using zebra-
fish, rather than over many months, with a rel-
atively low degree of variability. However, lead
compounds from such assays do not always pro-
vide otoprotection in mammals in vivo (Ma-
jumder et al. 2017), though the aforementioned
ORC-13661 is very promising.

A similar approach by Kenyon et al. (2017)
using zebrafish identified six hits from a screen
of 160 known ion-channel modulators for
permeant blockers of murine hair cell MET
channels. Whether MET channel block is the
primary otoprotective mechanism of these can-
didates remains to be verified, as several of these
compounds can also affect other ion channels
(e.g., NMDA receptors). These compounds,
plus two others that did not interact with the
MET channel, protected OHCs from gentami-
cin-induced ototoxicity in vitro, and were not
themselves cytotoxic to OHCs at high concen-
trations.

Drug Discovery and Optimization
Using Cell Lines

An alternative strategy for large-scale screening
for candidate otoprotective compounds is to use
immortalized cell lines derived from the mouse
cochlea, such as the widely used HEI-OC1 (Ka-
linec et al. 2003). Unlike zebrafish larval neuro-
mast hair-cell screens, it is unlikely that such
screens will yield compounds that interact with
the MET channels, as HEI-OC1 cells do not
express functional MET channels. However,
other otoprotectivemechanisms that are directly
relevant to the mammalian inner ear may be
found instead. CDK2 (cyclin-dependent kinase
2) was identified as a target for protection from
cisplatin ototoxicity in a screen of over 4000
small molecules in the HEI-OC1 cell line (Teitz
et al. 2018). CDK2 inhibition reduces reactive
oxygen species production from mitochondria
in response to cisplatin, and to date three such
inhibitors have been identified as candidate oto-
protective compounds (Hazlitt et al. 2018b;
Teitz et al. 2018).
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Targeting Intracellular Cell-Death Pathways

Targeting intracellular signaling pathways that
lead to apoptotic hair cell death can be otopro-
tective in preclinical studies. Inhibiting the JNK
pathway protected mice from aminoglycoside-
and noise-induced hearing loss (Wang et al.
2003), but not from cisplatin-induced hearing
loss (Wang et al. 2004). Inhibition of cell death–
associated caspases (Wang et al. 2004) and p53
(Benkafadar et al. 2017) did, however, protect
mice from cisplatin ototoxicity. The p53 inhib-
itor PFT-α protected hearing when adminis-
tered intratympanically, or systemically, with-
out interfering with the tumoritoxic efficacy of
cisplatin.

Antioxidants likeN-acetylcysteine and D-me-
thionine also reduce aminoglycoside-induced
cochleotoxicity in preclinical models (Somdas
et al. 2015; Campbell et al. 2016; Turan et al.
2017), supporting the notion that drug-induced
generation of reactive oxygen species leads to
ototoxicity. D-methionine can also reduce cis-
platin-induced disruption of central neural
pathways (Gopal et al. 2012; Hinduja et al.
2015). Some antioxidants show otoprotection
against both aminoglycosides and cisplatin
(Lorito et al. 2011; Tate et al. 2017).

Aminoglycoside treatment also leads to hy-
poacetylation of nuclear histones, reducing tran-
scription factor binding to DNA and decreasing
gene expression (Chen et al. 2009). Histone de-
acetylases (HDACs) remove histone acetylation,
and specific inhibitors of HDACs are protective
in cochlear explants (Chen et al. 2009), yet often
are not otoprotective in vivo (Yang et al. 2017).
This dissociation between in vitro and in vivo
studies demonstrates that the efficacyof candidate
otoprotective agents must be verified in vivo.

Inducible expression of activation of heat
shock proteins (HSPs) by supporting cells can
promote hair-cell survival against ototoxicity
(Taleb et al. 2008; May et al. 2013). Induced
expression of cochlear HSPs can be caused by
exposure to sound levels sufficient to elicit tem-
porary threshold shifts. This transiently stresses
the cochlea, yet significantly reduces the degree
of both aminoglycoside and cisplatin-induced
ototoxicity (Roy et al. 2013).

Novel Otoprotective Strategies

Recently, several novel otoprotective strategies
have been reported. Steroids are otoprotective,
yet may also decrease the tumoritoxicity of
platin-based drugs when administered systemi-
cally, or have safety issues when dosed chroni-
cally (reviewed by Ramaswamy et al. 2017).
Alternatively, locally delivered steroids can un-
dergo rapid clearance from inner ear tissues
(Salt and Plontke 2009). To circumvent these
issues, Ramaswamy et al. (2017) injected pred-
nisolone-loaded magnetic nanoparticles intra-
tympanically and used a contralateral magnet
to pull the nananoparticles into the inner ear
from the middle ear space. This approach re-
duced cisplatin-induced hearing loss in the
high-frequency (basal) region of the cochlea.

A cell-penetrating peptide vaccine, GV1001,
was recently shown to alleviate inflammatory
responses, oxidative stress, and apoptosis, as re-
viewed by Kim et al. (2018). Significantly re-
duced hearing loss (and OHC loss) occurred
when the peptide was parenterally administered
contemporaneously with (or 1 or 3 days follow-
ing) a single combined dose of aminoglycoside
and furosemide that induces catastrophic hear-
ing loss (Kim et al. 2018). Validating the mech-
anism of action will be of great interest given the
spatiotemporal separation between potent oto-
toxin dosing and administration of the otopro-
tective peptide vaccine.

Aqueous and gaseous hydrogen (H2) have
shown potential in preventing ischemia in sev-
eral animal models of ototoxicity and nephro-
toxicity, presumptively by reducing oxidative
stress (reviewed by Fransson et al. 2017). Gas-
eous H2 is safe at levels <4% of atmospheric air,
and does not induce adverse reactions in hu-
mans (Huang et al. 2011). The BLB, or other
cochlear barriers, are not thought to pose a sig-
nificant obstacle to the penetration of dissolved
gases like H2, CO2, or O2, among others. Frans-
son et al. (2017) found that H2 inhalation (2% for
60 min) abrogated cisplatin-induced loss of
CTR1 or synaptophysin, and loss of OHCs in
guinea pigs. Crucially, inhaled H2 significantly
reduced cisplatin-induced hearing loss (Frans-
son et al. 2017).
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CHALLENGES TO PREVENTING
OTOTOXICITY

Several challenges to preventing ototoxicity ex-
ist. These are (1) insufficient understanding of
the mechanisms of ototoxicity for individual
ototoxins, (2) knowing which otoprotective
strategy is best for individual ototoxins, and (3)
translating this knowledge into efficacious ther-
apeutic interventions. Each are briefly discussed.

Mechanisms of Ototoxicity

Individual ototoxins have different (and often
multiple) mechanisms of cytotoxicity that can
vary between cell type, cell status, and local en-
vironment. This is typified by cisplatin, which
is preferentially cytotoxic in proliferating cells,
yet remains toxic to terminally differentiated co-
chlear hair cells no longer undergoing cell
division. In the cochlea, cisplatin’s cytotoxicity
appears to primarily derive from its interference
with cellular redox status and frombiasing cellu-
lar inflammatory responses toward apoptosis
(Ross et al. 2009; Ghosh et al. 2018). In addition,
supporting cells in the avian basilar papilla ap-
pear to (initially) survive exposure to cisplatin,
yet cannot retain adequate proliferative capacity
to initiate hair-cell regeneration typically seen
after noise or aminoglycoside exposure (Co-
tanche et al. 1994; Woolley et al. 2001; Slattery
and Warchol 2010; Slattery et al. 2014). How
other ototoxins affect cochlear cell types remain
to be determined. Aminoglycosides bind to large
numbers of intracellular proteins, and it is not yet
clear which aminoglycoside-binding proteins
are themselves crucial for cell survival, and
which can sequester the drug to promote cellular
survival (Karasawa et al. 2010, 2011). More im-
portantly, unlike hair cells and renal proximal
tubule cells,most cells can clear aminoglycosides
from their cytosol, yet themechanisms by which
this occurs remain unknown (Dai et al. 2006).

Mechanisms of Otoprotection

Mechanisms of otoprotection are often uncer-
tain. For example, aspirin (salicyclate) is consid-
ered to be an antioxidant that can sequester free

oxygen radicals to reduce the degree and extent
of OHC loss (i.e., ototoxicity) (Sha and Schacht
1999; Chen et al. 2007). However, loss of OHCs
via apoptosis is dependent on the translocation
of cytoplasmic NF-κB to the nucleus, yet this
translocation of NF-κB is inhibited by aspirin
in other cell systems (Ramakrishnan and Jusko
2001; Jiang et al. 2005), suggesting that aspirin
has additional mechanisms of otoprotection
besides being an antioxidant. Thus, accurate in-
terpretation of data is dependent on under-
standing the full range of activities of candidate
otoprotectants to avoid erroneous mechanistic
assumptions and conclusions. The discovery of
novel otoprotectants can reveal new mecha-
nisms of ototoxicity. For example, the unexpect-
ed efficacy of CDK2 inhibitors in protecting hair
cells suggest that cell cycle kinases can regulate
drug-induced apoptosis (Hazlitt et al. 2018b;
Teitz et al. 2018). Thus, the role of this signaling
pathway in the cytotoxicity of postmitotic hair
cells needs further characterization. As mecha-
nisms of otoprotection become more fully un-
derstood, individual candidate otoprotectants
could be used for multiple ototoxins with simi-
lar mechanisms of action. The phenomenon of
increased drug uptake by the cochlea during
immunogenic inflammation (i.e., by bacterial
or viral infections) may also promote an in-
creased uptake of otoprotectants, akin to that
for the inadvertent increased uptake of amino-
glycosides that nefariously enhances cochleo-
toxicity (Koo et al. 2015).

Another primary consideration for success-
ful translation of a candidate otoprotectant into
clinical practice is that the protective efficacy of
the candidate otoprotectant must not protect
bacteria or tumors from the intended bacterici-
dal effects of aminoglycosides or tumoritoxicity
of platin-based drugs. This consideration has
delayed the use of antioxidant-based otoprotec-
tive candidates, like sodium thiosulfate, devel-
oped to prevent cisplatin-induced ototoxicity
(Freyer et al. 2017; Brock et al. 2018), and re-
mains the subject of intense debate for antioxi-
dants in general. It is for this reason that in vivo
preclinical studies must closely mimic the med-
ical setting in which these compounds will be
used. This includes chronic dosing, inducing
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live infection and/or subsequent inflammatory
response models for aminoglycosides (Koo et
al. 2015), and xenografting appropriate tumor
models combined with subsequent inflammato-
ry models (where appropriate) for platin-based
drugs like cisplatin.

Translation into Clinical Practice

Translating preclinical mechanisms of otopro-
tection into clinical practice remains challeng-
ing on numerous levels. Unless the primary site
of otoprotection is at the BLB, candidate otopro-
tectants must traverse the BLB at therapeutic
levels. If systemic administration is not practical
or safe, local delivery via intratympanic admin-
istration may be a viable alternative, providing
the candidate otoprotectant remains efficacious
when primarily delivered to perilymph. Other
mechanisms of preventing ototoxicity include
antibiotic stewardship to reduce aminoglycoside
dosing and the risk of bacterial resistance to
aminoglycosides (Pitiriga et al. 2017). Addition-
al otoprotective strategies include the develop-
ment of improved diagnosis for sepsis using
PCR detection of microbial DNA sequences
(Trung et al. 2016) to reduce the incidence of
prophylactic aminoglycoside dosing, as well as
genetic screening for mutations known to en-
hance susceptibility to aminoglycoside- or cis-
platin-induced ototoxicity (Ross et al. 2009; Jing
et al. 2015).

CONCLUSIONS

Over the last 70 years and since the discovery of
aminoglycosides and cisplatin, considerable in-
formation has been acquired about the mecha-
nisms of ototoxicity, underpinning novel strat-
egies of cytoprotection specific for the inner ear.
This foundation has poised the field for an ex-
ponential growth of new knowledge regarding
mechanisms of ototoxicity, and the discovery
of candidate otoprotective compounds. This
growth phase provides unprecedented opportu-
nities for academia and biotechnology com-
panies to collaborate on multiple levels, from
genetics and epidemiology to drug discovery,

toward preventing the devastating and debilitat-
ing consequences of drug-induced hearing loss.
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