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Abstract

Age, drugs, and noise are major causes of acquired hearing loss. The involvement of reactive
oxygen species (ROS) in hair cell death has long been discussed, but there is considerably less
information available as to the mechanisms underlying ROS formation. Most cellular ROS arise in
mitochondria and this review will evaluate evidence for mitochondrial pathology in general and
dysfunction of the mitochondrial respiratory chain in particular in acquired hearing loss. We will
discuss evidence that different pathways can lead to the generation of ROS and that oxidative
stress might not necessarily be causal to all three pathologies. Finally, we will detail recent
advances in exploiting knowledge of aminoglycoside-mitochondria interactions for the
development of non-ototoxic antibacterials.
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1. Introduction

1.1 Mitochondria and ROS in health and disease

Mitochondria are the givers of aerobic life and the mediators of cell death. This dual role is
intrinsic in their basic and most important function, namely to reduce oxygen in the electron
transport chain and provide energy in the form of ATP. However, this process also produces
potentially cell-damaging reactive oxygen species (ROS). Probably through this lifelong
exposure to ROS as well as through noxious environmental influences, mitochondrial DNA
(mtDNA) is at risk to sustain mutations that can impede the function of these organelles
(Lee and Wei, 2012).

Dysfunction of mitochondria is not only a phenomenon associated with the aging process
but also contributes to the pathogenesis of many diseases, including neurodegenerative
diseases such as Alzheimer’s, Parkinson’s, and amyotrophic lateral sclerosis (Martin, 2012).
The central role for mitochondria in cellular life and death makes them suspects in many
more disorders, including hearing loss. The genetic aspects of “mitochondrial deafness” are
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well-documented (Fischel-Ghodsian, 2003; Kokotas et al., 2007; Berrettini et al., 2008) and
will not be addressed here. Instead, this review concerns itself with the involvement of
mitochondria in acquired hearing loss. First, however, we want to consider some basic
issues of mitochondrial energy metabolism.

1.1 Mitochondrial energy metabolism and ROS formation

When we discuss mitochondrial energy metabolism and the role of ROS, we should not
overlook that ROS are essential molecules in cellular physiology. They are normal products
of biochemical pathways and serve as regulatory messengers in a multitude of processes,
ranging from proliferation and survival to gene expression and apoptosis, as well as being
signaling molecules for homeostatic adaptation under stress conditions (Ray et al., 2012;
Finkel, 2012). Not only do ROS serve multiple physiological roles, they also arise from
multiple sources. ROS can be generated as radicals or pro-radicals by, among others,
NADPH oxidase, nitric oxide synthase, and mitochondrial, peroxisomal, or microsomal
pathways.

The process of mitochondrial ROS formation itself is complex (Adam-Vizi, 2005; Drése and
Brandt, 2012), potentially involving several of the four complexes of the respiratory chain.
In brief, the production of ATP is linked to the reduction of oxygen (O,) to water, a process
that requires the coordinated addition of two electrons. The respiratory chain is highly
efficient in this coordination but not completely so. During regular metabolism 1-4% of
oxygen is estimated to be incompletely reduced in a one-electron transfer, yielding
superoxide as the primary radical. In addition to the electron transport chain, monoamine
oxidase in the outer membrane and the a-ketoglutarate dehydrogenase complex in the
matrix are potential contributors to mitochondrial ROS.

While mitochondria can generate ROS, their intrinsic antioxidants also guard against
damaging ROS escaping into the cell. Superoxide has a very short half-life and is dismutated
to hydrogen peroxide (H,05) either by the mitochondrial superoxide dismutase (Mn-SOD;
SOD?2) or its cytosolic counterpart, Cu-Zn-SOD (SOD1). Hydrogen peroxide is not a radical
by itself but a pro-radical capable of yielding the highly reactive hydroxyl radical (-OH) in
the presence of transition metals such as iron (Fe2*) in a non-enzymatic Fenton-type
reaction. Normally, however, H,O5 is rendered harmless by reacting with glutathione or
converted to water by catalase or glutathione peroxidase.

Under basic metabolic conditions the intrinsic mitochondrial and cytosolic antioxidant
machinery can maintain redox homeostasis, the steady state between oxidative and reductive
forces. The situation, however, may change if ROS are being produced in excess creating
oxidative stress that might affect various organelles and pathways in the cell, ultimately
leading to apoptosis or other forms of cell death. In addition, ROS may damage the
mitochondria themselves, affecting the mitochondrial membrane potential and energy
metabolism.

1.3 Oxidative metabolism in the cochlea

From the very early investigations into cochlear respiration we learned that the stria
vascularis has by far the highest metabolic rate of all inner ear structures (Hughes and Chou,
1964; Marcus et al., 1978) commensurate with its task of establishing the endocochlear
potential and the driving force for transduction. Hair cells have a rather low metabolic rate,
estimated to be even lower than that of supporting cells based on histochemical studies of
enzymes involved in energy metabolism (Nakai and Hilding, 1968). This fact has led to
speculations of a high glycolytic (“anaerobic™) metabolism in outer hair cells, but
quantitative determination of the contributions of glycolysis and oxidative phosphorylation
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have clearly established that their metabolism is primarily aerobic (Puschner and Schacht,
1997) and, hence, their fate subject to mitochondrial function or dysfunction as much as
other cell types. In fact, outer hair cells may be even more susceptible to oxidative stress due
to a lower content of antioxidants (Sha et al., 2001).

1.4 Mitochondria and oxidative stress in acquired hearing loss

Oxidative stress, the failure to maintain redox homeostasis permitting cell death pathways to
proceed, has been associated with many forms of disease as well as the aging process (Lenaz
et al., 2006). Oxidative stress also figures prominently in the pathology of acquired hearing
loss and several recent review articles have addressed ROS-based and other mechanisms of
toxicity in drug-induced, noise-induced, and age-related hearing loss (Warchol, 2010; Huth
etal., 2011; Op de Beeck et al., 2011: Xie et al., 2011). A causal relationship linking ROS to
hearing loss has been inferred for both drug-induced and noise-induced hearing loss as the
co-administration of antioxidants effectively prevents or attenuates morphological and
functional damage in animal models. As we will discuss later, the case for ROS as the basis
for age-related hearing loss is more tenuous, although oxidative stress can be documented in
the aging cochlea (Jiang et al., 2007).

While ROS are formed by several cellular reactions, most ROS production is due to
mitochondrial metabolism. Therefore, this review will explore the evidence for
mitochondrial involvement in acquired hearing loss and, more specifically, mitochondria as
primary targets of ototoxic actions. Mitochondria also harbor the mediators of cell death
pathways that have been implicated in acquired hearing loss, for example the release of
cytochrome c and activation of Bcl-2 family proteins and caspases, leading to apoptosis.
While such pathways are important in an overall consideration of mitochondrial
involvement in disease or acquired hearing loss, this review will bypass these downstream
consequences of mitochondrial injury in favor of a close look into presumed primary events.

2. Noise-induced hearing loss

ROS emerge following noise exposure in cochlear tissues (YYamane et al., 1995; Ohinata et
al., 2000) and spill into inner ear fluids (Ohlemiller et al., 1999), suggesting that they can
leave the site of their original production to impact surrounding structures. Although their
formation is almost immediate, there is also delayed ROS production that persists for
extended periods of time (days) after cessation of noise exposure, spreading from the base of
the cochlea to the apex (Yamashita et al., 2004) and widening the area of morphological
damage. Antioxidants, when given prior to or shortly after noise exposure, can attenuate
both hair cell death and threshold shifts (see Oishi and Schacht, 2011), a fact that suggests a
causal relationship between oxidant stress and noise-induced hearing loss.

2.1 Mitochondria and noise-induced hearing loss

Mitochondria have long been speculated as being involved in noise trauma and the source of
ROS. Spoendlin (1971) observed mitochondrial damage in outer hair cells of guinea pigs
following exposure to noise, but such gross pathology may depend very well on the
conditions of the trauma. If severe enough, noise exposure may lead to major intracellular
derangements as well as mechanical destruction of cochlear structures; metabolic effects,
although possibly leading to cell death, will be more subtle and not necessarily
morphologically obvious. Metabolic effects signifying mitochondrial involvement in the
initial events after noise exposure might include, for example, a rapid depletion of ATP
levels (Chen et al., 2012). Genetic evidence also points to a link between mitochondria,
oxidative stress, and noise. Factory workers exposed to occupational noise were at higher
risk for hearing loss when they carried a specific single nucleotide polymorphism in the
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mitochondrial Mn-superoxide dismutase gene (Liu et al., 2010) compromising their ability
to effectively inactivate mitochondria-generated superoxide.

It has been argued (Henderson et al., 2006) that the exposure to noise induces a higher
metabolic rate in the affected cochlear cells, “overstimulates” mitochondrial energy
metabolism, and thereby increases the rate of leakage of ROS. However, it appears unlikely
that an enhanced metabolic rate per se should lead to a surge in ROS sufficient to
overwhelm the cells’ considerable antioxidant defenses. An enhanced metabolism might
even lower ROS formation by making better use of energy-supplying substrates. In fact, it is
not stimulation but selective inhibition of the electron transport chain (in particular, of
complex I) that produces the largest excess of ROS under stress situations (Sipos et al.,
2003). Therefore, we need to look for alternative explanations of the elevation of ROS in
noise trauma.

2.2 A mechanism for noise-induced ROS generation

The most likely trigger for elevated ROS is calcium. Free Ca2* increases in outer hair cells
immediately after acoustic overstimulation (Fridberger et al., 1998), probably both via entry
through ion channels and liberation from intracellular stores. In agreement with calcium as a
decisive factor in noise trauma is the success of attenuating noise-induced hearing loss
through a blockade of L-type (Heinrich et al., 1999) or T-type voltage-gated calcium
channels (Shen et al., 2007). Another suggestive link between calcium and noise trauma is
the observation that sound conditioning prior to noise exposure reduces both the anticipated
threshold shift and the calcium load of outer hair cells (Zuo et al., 2005). If we add to this
scenario the well-established fact that elevated calcium significantly stimulates
mitochondrial ROS production, leading to the degeneration of neurons or other afflicted
cells (Peng and Jou, 2010), we can construct a reasonable scenario from noise-induced
calcium elevation to mitochondrial ROS formation to cell death.

This is an appealing hypothesis, but calcium does not directly affect the respiratory chain.
Other mechanisms must come into play in order to increase mitochondrial ROS production
and these might include calcium-induced lipid peroxidation, protein kinase activation, or
changes in mitochondrial membrane permeability. However, there is another potential
source of ROS production that we had briefly mentioned earlier and that seems a likely
target of calcium: a-ketoglutarate dehydrogenase, a calcium-regulated enzyme of the Krebs
cycle able to form significant amounts of superoxide and H,O, (Tretter and Adam-Vizi,
2004). Dysregulation of this enzyme would not only increase oxidative stress but have
additional consequences for mitochondrial function: ROS generation by a-ketoglutarate
dehydrogenase might lead to free-radical damage within mitochondria and inhibition of the
respiratory chain, resulting in a further elevation of ROS and the initiation of apoptotic
pathways.

An even stronger case for a crucial role of mitochondria and ROS in noise trauma can be
made by invoking a secondary set of reactions. Noise-induced (and calcium-mediated)
mitochondrial ROS produce vasoactive lipid peroxidation products such as isoprostanes
(Ohinata et al., 2000) which may contribute to the decrease in cochlear blood flow observed
after noise (Thorne and Nuttall, 1987). The resulting ischemia and subsequent reperfusion
would add to increased mitochondrial ROS formation and oxidative stress in a self-
perpetuating (or at least, self-enhancing) cycle.

One caveat applies. Calcium is a multifaceted ion in cellular homeostasis and pathology and
its overload can trigger apoptotic and necrotic cell death pathways in addition to or
independent of ROS formation. For example, calcineurin, a calcium/calmodulin-dependent
protein phosphatase, is activated after noise exposure (Minami et al., 2004) and can, in turn,
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activate mitochondria-mediated cell death pathways via the Bcl-2-associated death promoter
(BAD) in outer hair cells (Vicente-Torres and Schacht, 2006).

3. Mitochondria and age-related hearing impairment

Due to the central role of mitochondria for cellular homeostasis, it seems self-evident that
their proper function is vital to maintain auditory function, and many pathways indeed
cooperate in assuring mitochondrial integrity. This homeostatic capacity appears limited,
however, and studies from essentially all tissues and organs demonstrate that certain
pathological changes in mitochondria are intimately linked to the aging process. Thirteen of
the mitochondrial proteins are encoded by mtDNA, rendering them particularly vulnerable
to mutations. The reason for this vulnerability is that, in contrast to the situation for nuclear
DNA, mitochondria possess a less efficient machinery for DNA damage repair, and
spontaneous or induced mutations may remain uncorrected. As mutations accumulate, the
integrity of mitochondrial protein synthesis and hence mitochondrial function is
compromised, and phenotypic pathology becomes evident, varying with cell type and the
type of mutation (Lenaz et al., 2006; Cline, 2012; Lee and Wei, 2012). Given this fact, we
should expect plenty of information on mitochondrial changes in presbycusis. This is indeed
the case, and herein lies a challenge: which of the observed changes are related to the aging
process in general and which are related to and determine the progression and severity of
preshycusis?

3.1 Animal models of age-related hearing impairment

Human presbycusis is difficult to characterize because of its mix of genetic and
environmental influences and its complexity of structural changes (Schuknecht and Gacek,
1993). Different animal models have been proposed and each of them may reflect different
aspects of presbycusis (Spicer and Schulte, 2002; Ohlemiller, 2006), but some models may
be so confounded that their value is debatable. C57 mouse strains, for example, carry a
mutation in cadherin 23 that predisposes to accelerated hearing loss. In humans, Cdh23
mutations are present in type | Usher syndrome, but a relation of this mutation to
presbycusis is tenuous and perhaps non-existent: a recent population study found no
association between Cdh23 mutations and presbycusis (Hwang et al., 2012). Mouse mutants
deficient in mitochondrial proofreading (Kujoth et al., 2005) present features of accelerated
aging, including accelerated hearing loss. These animals accumulate excessive mtDNA
mutations and show dramatic degenerative changes in phenotype and disastrous
consequences for the animals’ health that are not seen in late-life wild-type mice. Therefore
the model has been criticized for introducing catastrophic mutations that do not represent a
normal aging process (Miller, 2005; Gershon, 2005). Finally, inbred animal strains in
general may not be good models for the heterogeneity of the human population. Outbred—
and hence genetically heterogeneous—strains might provide results that more likely can be
reproduced in other populations of animals and perhaps lend themselves more easily to
translational applications. The National Institute on Aging recognized this problem and
provided guidance when it adopted a four-way cross mouse population as its standard stock
for aging research (Miller et al., 1999).

Studies on age-related hearing loss and mitochondrial involvement mostly take one of two
approaches, comparisons of the young and the old cochlea or comparisons of good and bad
hearing cohorts at the same age. Comparing young and old cochleae gives information on
age-related changes in metabolism (Jiang et al., 2007), but such changes constitute a
combination of general age-related pathology and pathology potentially specific to
presbycusis. The fact that the aging process and presbycusis can be dissociated is seen in the
human population where subjects in the same (old) age group may maintain excellent
hearing (“golden ears”) while others do not. The direct comparison of good and bad ears in
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the same age-group therefore seems essential and such results are available from some
animal studies (e.g., Schacht et al., 2012) and from analyses of human temporal bones.
Interestingly, the latter are probably yet the best source of information into the role of

“mitochondrial deletions”.

3.2 Mitochondrial deletions and age-related hearing impairment

The spectrum of age-related mitochondrial DNA mutations is similar to that seen in nuclear
DNA, comprising point mutations, insertions, and deletions. As might be expected, some
mtDNA deletions found in human temporal bone material were generally age-related and
shared between individuals with good hearing and hearing loss (Markaryan et al., 2008). In
contrast, a specific “common deletion” (MtDNA4977) was apparent in temporal bone
material from 14 out of 17 patients with presbycusis while its presence was somewhat lower
(eight of 17) in individuals with normal audiograms (Bai et al., 1997). This observation was
confirmed and expanded by subsequent studies evaluating temporal bone materials from
presbycusic individuals against age-matched controls and young and middle-aged groups
(Dai et al., 2004). Quantification of archival human mtDNA by real-time polymerase chain
reaction and comparison to individual audiometric thresholds established a significant
correlation between levels of the mtDNA4977 deletion in human cochlear tissue and the
severity of presbycusis (Markaryan et al., 2009). Mitochondrial dysfunction as one cause of
presbycusis is, therefore, likely and in agreement with observations that mtDNA mutations
resulting in mitochondrial dysfunction and apoptosis are frequently associated with age-
related disorders (Reeve et al., 2008). On the other hand, such a conclusion must be drawn
with caution because mitochondrial variants per se do not determine the rate of age-related
deterioration of hearing. An analysis of the entire mitochondrial genome of 400 individuals
(200 with good hearing, 200 with bad hearing) found no association between the mutation
load of inherited mitochondrial variants and age-related hearing impairment (Bonneux et al.,
2011).

3.3 Oxidative stress in age-related hearing impairment

Oxidative stress is frequently associated with mitochondrial mutations and dysfunction (Lee
and Wei, 2012) and has been documented in aging cochlear tissue (Jiang et al., 2007). The
speculation that mitochondrial deletions give rise to ROS which, in turn, lead to tissue
damage and hearing loss therefore seems well founded (Seidman et al., 2004). However, the
issue is not resolved. Strategies to ameliorate oxidative stress by antioxidant
supplementation have been convincingly successful in drug- and noise-induced hearing loss
but have met with variable success in age-related hearing loss.

Rats on a life-long diet supplemented with antioxidants maintained better auditory
sensitivity than their cohort on a placebo (Seidman, 2000). However, different feeding
regimens with other vitamins, energy metabolites, or antioxidants have yielded inconsistent
results in various animal models and recent studies have outright questioned whether
oxidative stress is causal to presbycusis. Dosing aging rats with L-carnitine, an enhancer of
mitochondrial bioenergetics, was unable to alter the course of presbycusis (Bielefeld et al.,
2008). Likewise, a long-term intervention from 10 to 24 months of age in CBA/J mice with
an antioxidant cocktail (a-lipoic acid and vitamins A, C, and E) and L-carnitine failed to
attenuate or delay age-related hearing loss (Sha et al., 2012). Another independent line of
aging research is adding to the uncertainty to what extent mtDNA deletions and oxidative
stress contribute to presbycusis. Calorically restricted diets can extend longevity and slow
age-related physiological declines in a variety of species (Bordone and Guarente, 2005). A
prominent effect of such a regimen is the reduction of mitochondrial ROS production and
oxidative damage, preventing the formation of mtDNA mutations (Lee and Wei, 2012).
However, in terms of age-related hearing loss, the results are mixed, ranging from
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attenuation to aggravation of auditory damage in different animal models (Henry, 1986;
Park et al., 1990; Sweet et al., 1988; Willott et al. (1995).

Combining evidence from human and animal studies, we may argue that mtDNA deletions
might relate to presbycusis but that the metabolic effects must be more complex than simply
generating excess ROS. Mutations in mtDNA have multiple consequences on mitochondrial
gene expression (Cline, 2012) and might lead to ROS-independent dysregulation of
oxidative phosphorylation and energy production or mitochondria-mediated pathways of
apoptosis. Notwithstanding the case for a mitochondrial involvement, we should keep in
mind that the aging process is multifaceted and that non-mitochondrial cellular pathways
might also contribute to age-related hearing impairment (Kidd and Bao, 2012).

4. Aminoglycoside ototoxicity

4.1 Mitochondria and ototoxicity

A mitochondrial “involvement” in aminoglycoside toxicity is well established through
ample documentation of intrinsic pathways of cell death (Huth et al., 2011; Op de Beeck et
al., 2011). Whether mitochondria are a direct and possibly even a first target for
aminoglycosides is another question.

In morphological descriptions of ototoxicity, overt mitochondrial damage does not seem to
play a major role. Gross mitochondrial pathology was seen, to our knowledge, in only one
study dosing lizards with “consecutive large doses” of gentamicin (Bagger-Sjoback and
Wersall, 1978). In contrast, an elaborate day-by-day analysis of kanamycin ototoxicity in the
guinea pig (8 days of injections and 14 days of follow-up; Darrouzet and Guilhaume, 1974)
reports prominent intracellular changes in the Golgi apparatus and lysosomes but
unambiguously concludes “Jusqu’au stade de I’eclatement, les mitochondries ne sont pas
modifies” [Until the demise [of the hair cells], the mitochondria are not altered]. It is
therefore reasonable to assume that any effects on mitochondria in chronic ototoxicity would
be metabolic and morphologically subtle.

4.2 Mitochondrial energy metabolism in aminoglycoside ototoxicity

There appears to be general acceptance that ROS are involved in aminoglycoside
ototoxicity, and the mitigating influence of antioxidants on ototoxicity is perhaps the
strongest argument for a causal relationship (Rybak and Ramkumar, 2007; Poirrier et al.,
2010; Xie et al., 2011). However, antioxidants do not distinguish between the origin of ROS
and frequently nor do they between different species of ROS, leaving the question of the
mechanism of ROS formation open. Among the options are non-enzymatic formation by an
aminoglycoside-iron complex (Priuska and Schacht, 1995) and enzymatic reactions
catalyzed by nitric oxide synthase (Hong et al., 2006) or NADPH oxidase (Jiang et al.,
2006). In addition, attenuation of hair cell damage by stabilizing mitochondrial homeostasis
with L-carnitine (Kalinec et al., 2005) points to a mitochondrial contribution.

Two recent studies report effects of aminoglycosides on mitochondrial metabolism (Jensen-
Smith et al., 2012; Majumder et al., 2012). Both studies employ an acute exposure of early
postnatal murine cochlear explants to relatively high drug concentrations (0.3 mM
gentamicin and 1.0 mM neomycin) so that some caveats might apply to the applicability of
the results to an in-vivo situation. Jensen-Smith et al. (2012) implicate compromised energy
metabolism from the measurement of a gentamicin-induced decrease of the formation of
NADMH, interpreted as an overall indication of mitochondrial dysfunction. Given that
mitochondrial dysfunction ought to have the capacity to elevate ROS, some level of
gentamicin mediated mitochondrial ROS formation can be inferred. The effect is most
pronounced in outer hair cells at the base of the cochlea, the region most sensitive to
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aminoglycosides—a suggestive link between this observation and hair cell death. Majumder
et al. (2012) take a more direct approach to the question of oxidative stress and image the
fluorescence of dihydroethidium, a marker of ROS formation, as well as of intracellular free
calcium. Their pharmacological manipulations suggest sources of ROS that depend on
mitochondrial respiratory complex | but also sources that appear independent.

These studies make a compelling case for a mitochondrial dysfunction induced by
aminoglycosides but leave us with the question as to where exactly the drugs attack. A
disturbance of energy metabolism could result from a direct action on proteins regulating the
mitochondrial membrane potential or enzymes of the respiratory complexes; or it could be
indirect via, for example, an aberrant synthesis of mitochondrial proteins. While acute
experiments tend to direct speculation towards the first type of action, the slow development
of ROS during chronic injections of drugs /n vivo (Jiang et al., 2005) argues for a
mechanism of the latter type. In fact, there is evidence for such a more complex sequence of
events.

4.3 The mitochondrial ribosome in aminoglycoside ototoxicity

Common to most aminoglycosides is the neamine core composed of a 2-deoxystreptamine
linked to a glucopyranosyl moiety. Additional sugars are attached to position 5 or 6 of the 2-
deoxystreptamine to give rise to disubstituted 4,5- or 4,6-aminoglycosides (fig. 1). In their
antibacterial action, aminoglycosides bind to ribosomal RNA and affect protein synthesis by
inducing codon misreading and inhibiting tRNA translocation (Wilson, 2009). The binding
site is located within a conserved loop of 16S rRNA helix 44 including the small subunit’s
aminoacyl-tRNA acceptor site (A site), the decoding site of the ribosome. The molecular
details of aminoglycoside-rRNA complexes have been determined by X-ray crystallography
at atomic resolution (Carter et al., 2000; Francois et al., 2005).

Early speculation of mitochondrial ribosomes as targets of aminoglycosides pointed to the
structural relationship of mitochondrial to bacterial ribosomes, since mitochondrial
ribosomes (mitoribosomes) are remnants of previous symbiotic bacteria. Speculation was
further fuelled by familial cases of aminoglycoside-induced deafness which are maternally
transmitted and linked to mutations in mtDNA. Transition mutations in the mitochondrial
small ribosomal RNA gene, particularly A1555G and, less frequently, C1494T are primary
genetic traits in a predisposition towards aminoglycoside-induced deafness. A1555G and
C1494T both map to the decoding A site, and would replace a non-canonical RNA base-pair
with a perfect base-pairing. By themselves, the A1555G and C1494T alterations produce a
clinical phenotype that may range from normal hearing through moderate progressive
hearing loss of later onset to severe congenital deafness (Fischel-Ghodsian, 2003). In
addition to the 1555 A—G transition, a plethora of other mitochondrial RNA mutations
have been suggested to influence aminoglycoside ototoxicity (Guan, 2004; Lu et al., 2010).
However, the roles of some of these variants in aminoglycoside-induced hearing loss remain
unclear because of potentially confounding factors in analysis or interpretation of the data
(Yao et al., 2006).

The mechanistic link between mitochondrial rRNA mutation, mitoribosomal function,
deafness, and aminoglycoside ototoxicity has remained largely elusive because of the
absence of suitable experimental models. The presence of hundreds to thousands of
mitochondria in a eukaryotic cell, each organelle carrying multiple copies of its genome,
renders genetic manipulations of mitochondrial rRNA in higher eukaryotes impossible. To
establish an experimental and genetically tractable model for the study of human A site
function, we replaced A-site residues in bacterial 16S rRNA helix 44 with that of various
eukaryotic homologs (Hobbie et al., 2007; Hobbie et al. 2008a). Replacement of a 34-
nucleotide part of bacterial 16S rRNA helix 44 with human homologs resulted in rRNA
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decoding A sites corresponding to those in cytosolic and mitochondrial (wild-type and
mutant) human ribosomes, essentially constructing a bacterial ribosomal backbone with
functional eukaryotic decoding sites. These hybrid ribosomes provided an opportunity to
study aminoglycoside susceptibility of the eukaryotic cytoplasmic, mitochondrial, and
mitochondrial C1494U and A1555G mutant ribosomes (Hobbie et al., 2008b). In contrast to
the cytohybrid ribosomes, the mitohybrid ribosomes show remarkable aminoglycoside
susceptibility (see fig. 2A) with malfunction of protein synthesis in-vitro correlating with the
ototoxicity of the drugs (fig. 2B). In addition, mutations A1555G and C1494U in mitohybrid
ribosomes conferred increased levels of spontaneous misreading and hypersusceptibility to
aminoglycoside action (fig. 2C). Mitochondrial dysfunction may thus represent a unifying
mechanism, integrating both sporadic dose-dependent and genetically inherited
susceptibility to aminoglycoside ototoxicity.

The hypothesis that aminoglycoside ototoxicity is related to the compounds’ anti-ribosomal
activity can in principle be tested, provided that it is possible to separate the antibacterial
activity of aminoglycosides from the compounds’ activity toward the eukaryotic ribosome.
We recently observed (Matt et al., 2012) that apramycin, a unique 4-monosubstituted 2-
deoxystreptamine (see fig. 1) shows a dissociation of its anti-bacterioribosomal and anti-
mitoribosomal activities, as assessed by the interaction with hybrid ribosomes (table 1; Matt
et al., 2012). The commonly used disubstituted 4,5- and 4,6-aminoglycosides significantly
affect the mitoribosome and this effect is aggravated by the A1555G mutation. In contrast,
apramycin affects all three eukaryotic drug binding pockets in an equally poor fashion and
does not induce misreading on mitohybrid or mitohybrid-A1555G ribosomes. Studies in
murine organ of Corti explants and in the guinea pig /n vivo testified to a much lower hair
cell toxicity of apramycin compared to gentamicin. Furthermore, in accordance with its
lesser toxicity, apramycin elicited only little ROS formation. From these data, an interplay
of mitochondrial dysfunction and ROS formation resulting in cell death becomes a logical
postulate for a mechanism of ototoxicity. In addition, the dissociation of antibacterial and
anti-mitoribosomal activity resulting in greatly alleviated ototoxicity provides a long-sought
rationale for hypothesis-driven modifications of aminoglycosides to improve further this
important class of antibacterials.

5. Conclusion

The sum of the evidence strongly implies mitochondria as primary targets in cochlear
dysfunction induced by noise, ototoxic drugs, and the aging process. This, however, is also
where the commonality seems to end. While we still need to explore more details, the three
otopathologies cause mitochondrial failure apparently by different mechanisms, including
aberrant calcium-regulation, mitochondrial DNA deletions, and the targeting of
mitochondrial ribosomes. Commensurate with the multifaceted roles of mitochondria in cell
physiology and pathology, the three stimuli invoke different sequels of this failure, ROS
formation being only one of the options. Consequently, a “silver bullet” to ameliorate
acquired hearing loss may not exist, and each of these pathologies might require its own
consideration in terms of mechanisms and prevention.
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Figure 1. Structures of drugs and complexeswith ribosomal RNA

Left: The three-dimensional structure of the ribosomal A site in complex with 4,5- and 4,6-
disubstituted 2-deoxystreptamines. The common neamine core is denoted in yellow; ring 111
of the 4,6-aminoglycosides (tobramycin) in red; rings Il and 1V of the 4,5-aminoglycosides
(paromomycin) in blue.

Right: Neomycin is a 4,5-disubstituted 2-deoxystreptamine, tobramycin and kanamycin are
4,6-disubstituted 2-deoxystreptamines, and apramycin is a 4-monosubstituted 2-
deoxystreptamine.
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Figure 2. Drug effects on protein synthesis and recombinant microor ganisms

A. Susceptibility to aminoglycosides of the mitochondrial and the cytosolic decoding site as
assessed by MIC assays (minimal inhibitory concentrations) on recombinant
microorganisms with hybrid ribosomes.

B. Relationship between inhibition of protein synthesis in mitochondrial hybrid ribosomes
and relative cochleotoxicity of aminoglycoside antibiotics. The potencies of a series of
cochleotoxic aminoglycosides (Ak, amikacin; Gm, gentamicin; Ne, neamine; Nm,
neomycin) in inhibiting protein synthesis in hybrid mitochondrial ribosomes (see Table 1)
correlates with their previously reported relative cochleotoxicity (Kotecha and Richardson,
1994).

C. Susceptibility to aminoglycosides of mutant and wild-type mitochondrial hybrid
ribosomes. Dose-response curves with wild-type mitochondrial (red squares), mutant
A1555G (green triangles), and mutant C1494T (blue inverted triangles) hybrid ribosomes;
bacterial ribosomes (black circles) are included for comparison. Left: Gentamicin-induced
increase in mis-incorporation of the near-cognate [3H]-leucine using polyU as template
relative to the drug-free control (mean = SD; n= 3). Right: Gentamicin-induced inhibition of
luciferase synthesis relative to the drug-free control (mean £ SD; n= 3). Modified from
Proc. Natl. Acad. Sci. USA 2008, 105: 20888-20893 with permission from the publisher.
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Table 1

Aminoglycoside interaction with drug binding pockets

Bacterial wild-type and hybrid ribosome A siter RNA2

Aminoglycoside

Bacterial  Mitochondrial hybrid  Mitochondrial A1555G hybrid  Cytosolic hybrid
Apramycin 0.08 £ 0.02 115.6 +27.8 475+ 10.7 89.4+21.2
Gentamicin 0.02 +£0.01 111+16 0.69+0.12 404 +10.4
Tobramycin 0.03 £0.01 326+21 1.07+0.19 58.5+11.8
Kanamycin 0.04 £ 0.02 31.1+14.3 1.12+0.16 91.2+123
Neomycin 0.02 £0.01 2.64 +0.58 0.35+0.08 37.9+11.2

Page 18

aAminoegcoside-induced inhibition of protein synthesis (IC50 uM). IC5Q values represent the drug concentrations in M required to inhibit in-
vitro synthesis of functional firefly luciferase to 50% (mean + SD; n=3).
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