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Abstract—Mitochondria are highly dynamic multifaceted
organelles with various functions including cellular energy
metabolism, reactive oxygen species (ROS) generation,
calcium homeostasis, and apoptosis. Because of these diverse
functions, mitochondria are key regulators of cell survival
and death, and their dysfunction is implicated in numerous
diseases, particularly neurodegenerative disorders such as
Alzheimer’s Disease, Parkinson’s Disease, and Huntington’s
Disease. One of the most common neurodegenerative disor-
ders is sensorineural hearing loss (SNHL). SNHL primarily
originates from the degenerative changes in the cochlea,
which is the auditory portion of the inner ear. Many cochlear
cells contain an abundance of mitochondria and are
metabolically highly active, rendering them susceptible to
mitochondrial dysfunction. Indeed, the causal role of mito-
chondrial dysfunction in SNHL progression is well estab-
lished, and therefore, targeted for treatment. In this review,
we aim to compile the emerging findings in the literature
indicating the role of mitochondrial dysfunction in the
progression of sensorineural hearing loss and highlight
potential therapeutics targeting mitochondrial dysfunction
for hearing loss treatment.

Keywords—Mitochondria, Mitochondrial dysfunction,

Hearing loss, Sensorineural hearing loss.

INTRODUCTION

Hearing loss is one of the most disabling and
prevalent conditions in the world. According to World
Health Organization, 1.57 billion people suffer from
some degree of hearing loss, and this prevalence is
projected to reach 2.45 billion by 2050 as populations

constantly age and recreational noise levels are on the
rise with emerging technology.46 The incidence of
hearing loss is associated with other neurodegenerative
diseases as it triggers social isolation and reduces
cognitive ability, which in many individuals can lead to
depression and increase the risk of dementia. Presently,
hearing loss is a high-impact and costly health issue
and requires pressing attention.

Hearing loss mostly arises from sensorineural defi-
cits that occur in the cochlea, an auditory portion of
the inner ear. Age-related decline in function, exposure
to noise, and drug-induced ototoxicity are the main
known considerations that lead to hearing loss. Dec-
ades of research have shown that certain cochlear cells
are highly associated with hearing loss due to their key
role in hearing. These cells are inner hair cells (IHC),
outer hair cells (OHC), and innervating auditory neu-
rons. IHC transduces sound vibrations into electrical
signals that are relayed to the brain through auditory
neurons while OHC amplifies sound stimulus. Inter-
estingly, those cells contain an abundance of mito-
chondria whose dysfunction plays an important role in
the progression of hearing loss.13,63

The primary function of mitochondria is to generate
energy through oxidative phosphorylation (OX-
PHOS). Mitochondria comprise a double membrane
system (outer and inner membrane) creating two dis-
tinct compartments of intermembrane space (an area
between inner and outer membrane) and matrix (inside
inner membrane). The outer membrane includes pore-
forming membrane proteins that allow for the free
transfer of ions or small uncharged proteins into the
intermembrane space whereas the inner membrane is
highly selective only allowing certain types of ions and
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molecules through its specific membrane transport
proteins. Mitochondrial DNA (mtDNA) in mammals
is a 16.6-kb circular DNA, which encodes two rRNAs,
22 tRNAs, and 13 subunits of the OXPHOS compo-
nents crucial to its function.11 Most of the OXPHOS
process occurs on the inner membrane through the
protein complexes of the electron transport chain
(ETC) and ATP synthase that are embedded across the
membrane. ETC mediates the transfer of electrons to
oxygen molecules through a series of oxidation–re-
duction events. The electron flow through ETC is
coupled with the generation of a proton gradient
across the inner membrane leading to inner mito-
chondrial membrane potential. The energy accumu-
lated in the protein gradient is then converted into
energy in the form of ATP through ATP synthase.

Besides energy production, mitochondria are also
involved in a range of cellular functions including
intracellular signaling, fatty acids b-oxidation, calcium
regulation, senescence, and death. However, the con-
cept of mitochondrial dysfunction is widely attributed
to abnormalities in ATP synthesis by oxidative phos-
phorylation. In this review, we define mitochondrial
dysfunction in the context of bioenergetics and de-
scribe it as a condition in which mitochondria fail to
meet the cell energy need. Damaged mitochondria,
dysregulated mitochondrial homeostasis, and aberrant
nuclear-to-mitochondria signaling are among the
conditions that lead to mitochondrial dysfunction.
Here, we expand on these biological abnormalities in
the context of hearing loss and then summarize the
potentially-promising therapeutic approaches to miti-
gate mitochondrial dysfunction and prevent hearing
loss.

PROTECTING MITOCHONDRIA

Despite their critical role in energy generation,
mitochondria are the major source of reactive oxygen
species (ROS) due to electron leakage as a byproduct
of oxidative phosphorylation. These ROS include
superoxide ions (O2

�–), hydrogen peroxide (H2O2), and
hydroxyl radicals (ÆOH). ROS are highly unsta-
ble molecules with an affinity to react with and damage
almost all macromolecules (e.g., DNA, protein, and
lipids). ROS generation is a natural consequence of
oxidative phosphorylation. In fact, ROS plays an
important role in cell signaling.27 However, external
insults or internal abnormalities such as dysregulation
in cellular pathways may exacerbate ROS production,
eventually leading to oxidative stress, mitochondrial
damage, and ultimately hearing loss.24,32 Controlling
ROS generation, enhancing ROS removal; or repairing
ROS-induced damage to mitochondria are the three

lines of defense mechanism protecting mitochondria
against ROS overproduction and hence targeted for
hearing loss therapy as discussed below (Fig. 1).

Mitochondria’s first line of defense is lowering ROS
production to avoid oxidative stress. This is usually
addressed by depolarizing the membrane potential of
the inner mitochondrial membrane while still generat-
ing adequate ATP to fulfill the energy need.75 For in-
stance, uncoupling protein 2 (UCP2) residing on the
inner membrane mediates free proton flow across the
inner membrane and thus lowers the membrane
potential, thereby reducing the resistance of electrons
to flow through the ETC and minimizing the likelihood
of superoxide formation. Indeed, UCP2 deficiency is
associated with mitochondrial abnormalities
and is implicated in hearing loss.38,48,60 A study com-
paring 83 patients suffering from sudden sensorineural
hearing loss to 2,048 controls in a Japanese population
showed a significant association between UCP2 poly-
morphisms and sensorineural hearing loss.38 In a sep-
arate study, UCP2 (G-866 A) polymorphism was
found to contribute significant risk to age-related
hearing loss.48 Vegetable compounds (e.g., berberine,
curcumin, and capsaicin) or pharmaceutical drugs
(e.g., fenofibrate) are shown to induce UCP2 expres-
sion in a variety of cell types.60 Interestingly, admin-
istration of many of those compounds also showed
benefits on hearing loss in animal or cell models. For
example, fenofibrate treatment protected mouse co-
chlear cells against cisplatin-induced ototoxicity by
lowering ROS generation and maintaining mitochon-
drial number and function.36 Similarly, berberine
treatment also decreased mitochondrial ROS genera-
tion and prevented cisplatin- or noise-induced hair cell

FIGURE 1. Protection of mitochondria. The major lines of
defense mechanisms protecting mitochondria from ROS-
mediated damage are depicted in the diagram. 1. The
uncoupling proteins such as UCP2 allow a free H+ flow
across the membrane and thus lowers the membrane
potential, thereby allowing the flow of electrons in ETC with
less resistance and decreasing the spurious formation of
ROS. 2. Antioxidants mechanism prevents ROS production or
neutralizes existing ROS. 3. DNA repair protects mtDNA from
ROS-mediated damage.
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death.37,89 Similar benefits were observed with cur-
cumin or capsaicin treatments.3,81

It is now well established that external insults such
as noise exposure or certain ototoxic drugs can lead to
excessive ROS production, damaging hair cells and
causing temporary or permanent hearing loss.32 Once
ROS is formed, endogenous antioxidants provide an
additional internal defense mechanism by scavenging
free radicals and eliminating ROS. Superoxide dismu-
tases (SOD), catalase, glutathione S-transferase (GST),
and glutathione peroxidase (GPX) are some of the
primary antioxidant enzymes that play a critical role in
ROS clearance. Glutathione (GSH) is the most abun-
dant non-enzymatic antioxidant that functions as a
cofactor with GST and GPX to eliminate ROS.79

Coenzyme Q10 and melatonin are also other known
non-enzymatic antioxidants produced endogenously.51

Pharmacological approaches using small-molecule
antioxidants to eliminate excessive ROS products
mitigate mitochondrial dysfunction and have been
successfully used for noise and drug-induced hearing
loss. N-acetylcysteine (NAC), an L-cysteine precursor,
scavenges oxygen radicals and its administration pro-
tects against noise-induced hearing loss in animal
models.4,21,50 There are also clinical studies supporting
the protective effect of NAC. Oral NAC administra-
tion exhibited reduced noise-induced hearing loss
among textile workers compared to ones who received
a placebo.16 However, a clinical study on military
personnel did not lead to any significant benefits of
NAC administration on hearing, suggesting that
NAC’s clinical efficacy is still controversial. D-me-
thionine, a sulfur-containing antioxidant, has also
shown some promising results in laboratory and clin-
ical studies.7,39,76 Additionally, various other antioxi-
dants such as Ebselen are indicated in hearing loss
prevention.22,35

Repairing or controlling ROS-induced damage is
the third line of defense protecting mitochondria
against ROS. Due to its proximity, the mtDNA is
particularly exposed to ROS, making it prone to
oxidative DNA damage. If not repaired efficiently, the
damage to mtDNA accumulates and could eventually
deteriorate mtDNA integrity and lead to mitochon-
drial dysfunction.62 Base excision repair (BER) is
considered the primary repair pathway in mitochon-
dria, responsible for the removal of oxidized bases
through the following core steps: (i) the damaged base
is recognized and removed by DNA glycosylases,
leaving an abasic site which is then processed by
endonucleases; (ii) the resulting gap is then filled by a
DNA polymerase and; (iii) sealed by a DNA
ligase41,62. BER activity declines with age in various
tissues in mice and its deficiency is linked to mito-
chondrial abnormalities such as reduced oxygen con-

sumption rate.6,30,44,62 The expression of 8-
Oxoguanine DNA Glycosylase (OGG1), a crucial en-
zyme having a role in the first step of BER, decreases in
the auditory tissues in D-galactose-induced aging rats,
suggesting an age-dependent decrease in BER activity
in the auditory system as well.9 In line with this,
mtDNA integrity declines in an age-dependent manner
in both mouse cochlea and auditory cortex and is
associated with ARHL.26,54,83 However, BER’s impact
on the age-dependent decline in mtDNA integrity is
still under debate and thus warrants further investi-
gation.34 The impact of noise or drug exposure on
BER activity is not explored in detail in the cochlea
yet. However, a recent study showed that noise-ex-
posed workers with single nucleotide polymorphisms
in two important components of BER (XRCC1 and
APE1) are more susceptible to noise-induced hearing
loss, linking BER to hearing loss.14

MITOCHONDRIAL HOMEOSTASIS

AND HEARING LOSS

Mitochondria are plastic and dynamic organelles.
Depending on energy needs and other cues, they can
adapt their numbers and morphology through the
following three processes: mitochondrial biogenesis,
mitochondrial dynamics (fission and fusion), and
mitochondrial degradation (mitophagy). The coordi-
nated actions of these processes not only help cells
regulate metabolism but also ensure the health of
mitochondria. Disruption in their function, on the
other hand, causes mitochondrial dysfunction and is
associated with hearing loss. Below, we will dive into
each of these processes in more detail and describe how
they are targeted to ameliorate mitochondrial dys-
function and hearing loss.

Mitochondrial Biogenesis is the generation of new
mitochondria, a sophisticated process mediated by the
orchestrated action of various transcription factors in
response to diverse stimuli, such as nutrient availabil-
ity, hormonal cues, and temperature fluctuations. Its
impairment is accompanied by reduced ATP synthesis,
hence potentially contributing to mitochondrial dys-
function.61 Peroxisome proliferator-activated receptor-
c co-activator 1a (PGC1a) is considered the master
regulator of the biogenesis process (Fig. 2).20 The up-
stream energy-sensing proteins such as AMPK and
Sirtuin1 activate PGC1a by post-translational modifi-
cations, leading to its translocation to the nucleus and
association with various transcription factors/proteins
such as Nuclear respiratory factors (NRF1 and
NRF2), Estrogen-related receptors (ERRs), and
Peroxisome proliferator-activated receptors (PPARs)
(Fig. 2).73 NRF activation increases TFAM expres-
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sion, which then induces mtDNA transcription and
replication.74 ERR also induces mtDNA synthesis
while PPARs control mitochondrial function and
biogenesis.23,66 Not surprisingly, many of these
abovementioned factors that play an essential role in
mitochondrial biogenesis are strongly associated with
hearing loss. PGC-1a protein levels are shown to de-
cline after noise exposure.47 PGC-1a overexpression,
on the other hand, induced the NRF-1 and TFAM
levels and reduced the cellular senescence and apop-
tosis in a rat cochlear marginal cell senescence model
harboring mtDNA4834 deletion.88 In accord with this,
Zhang et al. showed that the expression of PGC1a,
NRF1, NRF2, and TFAM decreased in mouse
immortalized cochlear cells (HEI-OC1) following
exposure to cisplatin, causing impairment in mito-
chondrial biogenesis.77 Inducing mitochondrial bio-
genesis using drugs that act on the upstream or
downstream members of the PGC1a pathway has
shown benefits for hearing. For instance, Sirtuin1
agonist resveratrol protects against age-related, cis-
platin-induced, aminoglycoside-induced, and noise-in-
duced hearing losses in various animal models
including mice, rats, and guinea pigs.52,67,84 Notably, a
small molecule (ZLN005) that selectively increases
PGC1a expression activates mitochondrial biogenesis
and attenuated the cisplatin-induced loss of immor-
talized cochlear cells (HEI-OC1).85 Another example is
that the activation of PPAR using pioglitazone is
shown to promote outer hair cells survival and protect
against noise-induced hearing loss in Wistar rats.58

Mitochondria are highly dynamic organelles that
can modify their morphology from fragmented states
to continuous networks based on the need of the cell.
Mitochondria adapt to these different states by
undergoing continuous events of fusion (forming lar-
ger mitochondria) and fission (breaking up mitochon-
dria into smaller bodies), also referred to as
‘‘mitochondrial dynamics’’. In healthy cells, the bal-
ance of these two opposite events contributes to

maintaining a tubular mitochondrial network to best
address the metabolic needs of the cell. Shifting the
balance toward fission results in fragmented network-
ing characterized as small round-shape mitochondria
while shifting toward fusion leads to a hyper-fused
enlarged mitochondrial network. Yet, the same phe-
nomenon is observed in auditory cells under stress.33

The key proteins regulating the mitochondrial fusion
process are Mitofusins (MFN1 and MFN2) on the
outer membrane and optic atrophy protein 1 (OPA1)
on the inner membrane (Fig. 3). The lack of MFN1
and MFN2 results in the complete loss of mitochon-
drial fusion, slower cell growth, reduced respiration,
and mitochondrial dysfunction.8 Interestingly, patients
with a variant of MFN2 (D414V) suffer from hearing
loss and the fibroblasts derived from those patients

FIGURE 2. Schematic diagram of mitochondrial biogenesis. PGC1a is the main regulator of mitochondrial biogenesis. It is
modified by Sirtuin1 and AMPK through deacetylation or phosphorylation respectively, which leads to its translocation to the
nucleus. PGC1a in the nucleus associates with various transcription factors/proteins including Nuclear respiratory factors (NRF1
and NRF2), Estrogen-related receptors (ERRs), and Peroxisome proliferator-activated receptors (PPARs), inducing the key events
of mitochondrial biogenesis such as mtDNA synthesis.

FIGURE 3. Schematic diagram of mitochondrial dynamics.
Mitochondria undergo constant fusion and fission processes.
Fusion is the process of two mitochondria merging, leading to
the formation of elongated mitochondria. OPA1 and MFN1/2
are the key proteins regulating the fusion of the inner and
outer membranes, respectively. Fission refers to the division
of mitochondria into smaller bodies and is regulated by the
Drp1 protein.
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exhibit fragmented mitochondrial networks and im-
paired bioenergetics such as lower basal and maximal
oxygen consumption rates.69 Similarly, patients with a
mutation in the OPA1 gene (R445H) displayed ele-
vated hearing thresholds while cochlear outer hair cell
receptor potentials were normal.2,29 Remarkably, skin
fibroblasts from these patients exhibited similar phe-
notypes to patients with MFN (D414V) variant such as
elevated fragmentation of the mitochondrial network
and impaired bioenergetics.2 In line with these results,
elevated ROS and decreased reduced membrane
potential are observed in OPA-1-deficient immortal-
ized cochlear cells.15 The loss of OPA-1 exacerbated
cisplatin-induced mitochondrial dysfunction in mice
cochlear explants.15 Dynamin-related protein 1
(DRP1) is the core protein regulating the mitochon-
drial fission process. DRP1 is recruited to the outer
mitochondrial membrane and oligomerizes to form a
spiral that constricts mitochondria, resulting in fission
(Fig. 3).40 Using the single-molecule RNA FISH
method, Perkins et al. showed an age-dependent
reduction in the number of Drp1 RNA molecules in
outer hair cells, indicating downregulation of mito-
chondrial fission.59 Administration of mitochondrial
division inhibitor 1 (Mdivi1), a small molecule that
inhibits DRP1, elevated outer hair cell loss, inhibited
mitochondrial degradation, and aggravated ARHL in
aged mice.45 Collectively, these results provide evi-
dence for the importance of mitochondrial dynamics
for effective mitochondrial function and hearing.
Therefore, factors controlling the imbalance in fusion
and fission processes can be the candidates of thera-
peutic targets for preventing mitochondrial dysfunc-
tion and hearing loss.

Mitophagy is a process of selective degradation and
removal of damaged or dysfunctional mitochondria
through an autophagy-lysosomal pathway. It is one of
the crucial events for maintaining mitochondrial
homeostasis. A widely accepted mechanism for
the selective degradation of damaged mitochondria is
based on the notion that dysfunctional mitochondria
display a relatively depolarized membrane potential,
resulting in the stabilization and accumulation of
PINK1 (PTEN-induced putative protein kinase 1) and
Parkin on the mitochondrial surface.49 Parkin is an E3
ubiquitin ligase, and it mediates the ubiquitination of
several outer membrane proteins that leads to the
recruitment of relevant adapter and autophagy recep-
tor proteins such as p62 and LC3B42 (Fig. 4). This
initiates the mitophagy process and recruits
autophagosomal membranes that encapsulate dam-
aged mitochondria and fuse with the lysosome to de-
grade its contents. Alternatively, there is a Parkin-
independent mechanism of mitophagy that particularly
occurs under hypoxia conditions and includes Bnip3

protein directly interacting with LC3B, which in turn
initiates the mitophagy process (Fig. 4). Many mem-
bers of mitophagy including PINK1, Parkin, LC3B are
shown to decrease in the mouse auditory cortex upon
aging.83 Similarly, Oh et al. showed that Pink1, Parkin,
BNIP3 as well as LC3B declines in the cochlea of aged
mice, suggesting that age-related decline in mitophagy
contributes to ARHL.54 Mitophagy is also implicated
in drug-induced hearing loss. Although not consis-
tently observed, aminoglycoside ototoxicity impairs
mitophagy in auditory cells.28,68,82,87 Regardless,
induction of mitophagy through genetic manipulation
or using drugs protects murine cochlear hair cells from
aminoglycoside-induced damage.82,87

Mitophagy is a crucial process to maintain mito-
chondrial quality and quantity, and thus its induction
ameliorates mitochondrial dysfunction and is targeted
for therapeutic approaches against diseases including
hearing loss. One potent approach to induce mito-
phagy is using compounds that lower mitochondrial
membrane potential which leads to PINK1 stabiliza-
tion on the mitochondrial surface and initiates mito-
phagy. For instance, a prodrug for dinitrophenol
(DNP), a small-molecule uncoupler, lowers the pro-
tonmotive force (Dp) across the mitochondrial inner
membrane and is shown to preserve auditory function
after noise exposure.25 Niclosamide is another mito-
chondrial uncoupling small molecule that reduces
mitochondrial membrane potential in cultured fibrob-
last cells and prevents noise or cisplatin-induced hair
cell loss and restores elevated hearing thresholds in
mice.64,71 Several natural metabolites that induce mi-
tophagy have a beneficial impact on hearing loss. For
instance, Urolithin A, a natural food metabolite that is
abundant in pomegranate, increases mitochondrial
function and attenuated premature senescence in
H2O2-induced auditory cells.10 Although their speci-
ficity is unclear, these compounds suggest the impor-
tance of mitophagy in mitigating mitochondrial
dysfunction and preventing hearing loss.

NUCLEAR TO MITOCHONDRIA (NM)

SIGNALING AND HEARING LOSS

Emerging evidence shows that signaling from the
nucleus to mitochondria (NM signaling) that is trig-
gered by DNA damage has an impact on mitochon-
drial function. It is postulated that persistent DNA
damage due to a lack of DNA repair proteins causes
sustained activation of poly-ADP ribose polymerase 1
(PARP1), an enzyme that mediates the initial steps of
DNA repair.19 Activated PARP1 consumes nicoti-
namide dinucleotide (NAD +) to such an extent to
cause depletion of cellular NAD + levels.19 NAD +
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is a key molecule for cellular metabolism and its
depletion inhibits a range of enzymes including Sirtu-
in1 which modulates downstream pathways and
mitochondrial functions (as mentioned above).19

Interestingly, the actors in the axis of PARP1/
NAD + /Sirtuin1 are implicated in hearing loss pro-
gression. For example, PARP1 deficiency protects mice
cochlear explants from cisplatin-induced cell death and
prevents damage in rat cochlear marginal strial cells
under oxidative stress.72,86 Cellular NAD + levels
decline in the cochlea with age or in response to noise
exposure.5,57 Lastly, the age-dependent decline in Sir-
tuin1 expression is observed in the mouse cochlea.80

Additionally, many DNA-repair disease models such
as Cockayne syndrome, xeroderma pigmentosum
group A (XPA), and ataxia-telangiectasia with dys-
regulated NM signaling exhibited both mitochondrial
dysfunction and hearing loss phenotype.1,17,55,65,70

Remarkably, strategies targeting the components of
NM signaling such as PARP inhibition,
NAD + supplementation, or Sirtuin1 activation dis-
played promising benefits on hearing, highlighting the
therapeutic potential of this signaling pathway on
hearing loss prevention.5,56,57,72,80

CONCLUDING REMARKS

Given the central role of mitochondria in cellular
metabolism, it is not surprising that mitochondria are
tightly regulated and protected to ensure their proper

function. Balancing net ROS production, DNA repair,
mitochondrial biogenesis, mitochondrial dynamics,
and mitophagy are crucial processes that allow cells to
ensure the quality and quantity of the mitochondria
based on cellular needs. These processes are closely
integrated to an extent that one depends on another.
For instance, DRP-1 mediated fission of mitochondria
is shown to be a prerequisite to mitophagy, perhaps
due to small mitochondrial size enabling an easier
mitochondrial encapsulation by autophagosomal
membranes. In line with this, mitochondrial hyper-fu-
sion inhibits mitophagy.12,43 A similar but more indi-
rect interaction is seen between mitochondria and
other cellular components. For instance, the sustained
damage in nuclear DNA impairs mitophagy and cau-
ses an increase in mitochondrial content in diseases
with hearing loss feature.17,18,65,78 Therefore,
approaches targeting mitochondrial dysfunction
should consider the interplay between these processes.

This review intentionally focused on targets of
pharmacological applications as a strategy to target
mitochondrial dysfunction for hearing loss treatment.
Gene therapy techniques, dietary regimens and exer-
cise, and mitochondrial therapies are other approaches
shown to improve mitochondria’s functions although
not elaborated on here as a hearing treatment
approach since they are beyond the scope of this re-
view. However, among those approaches, the mito-
chondrial therapy technique deserves to be briefly
discussed as it has never been applied to treating

FIGURE 4. Schematic diagram of mitophagy. Mitophagy is a process of selective degradation and removal of damaged or
dysfunctional mitochondria in the lysosome. The process is initiated by two different mechanisms. Parkin-dependent mechanisms
involve depolarization of mitochondrial membrane potential leading to stabilization and accumulation of PINK1 on the outer
membrane which then recruits Parkin protein to the surface of mitochondria. Parkin ubiquitinates several outer membrane proteins
which then provides a binding platform for autophagosomal membranes. Autophagosomal membranes eventually encapsulate the
entire mitochondrion and mediate the degradation of the organelle in the lysosome. Unlike Parkin-dependent mechanisms, the
Parkin-independent mechanism involves Bnip3 directly binding the adaptor proteins of autophagosomal membranes in the
initiation process.
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hearing loss. Mitochondrial therapy (mitotherapy) is a
strategy of exogenous transplantation of healthy
mitochondria into damaged organs and has shown
promising results in treating mitochondria-related
diseases.53 While isolated mitochondria can be directly
applied to damaged tissue, alternative delivery meth-
ods such as the encapsulation of mitochondria using
extracellular vehicles (EVs) were also developed and
have shown promising results. Kalinec et al. recently
showed that extracellular vehicles (EVs) from auditory
cells have particle sizes up to 900 nm and could func-
tion as a carrier for intracochlear drug delivery.31

These EVs could also work as small-size mitochondria
carriers and facilitate mitochondrial delivery to the
cochlea. Further research can thus shed light on this
approach to mitigating mitochondrial dysfunction as a
novel treatment for hearing loss.
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11Chocron, E. S., E. Munkácsy, and A. M. Pickering. Cause
or casualty: the role of mitochondrial DNA in aging and
age-associated disease. Biochim. Biophys. Acta Mol. Basis
Dis. 1865:285, 2019.

12Das, R., and O. Chakrabarti. Mitochondrial hyperfusion: a
friend or a foe. Biochem. Soc. Trans. 48:631–644, 2020.

13De La Luz, M., and A. Sordo. Mitochondrial dysfunction
and hearing loss. In: Handbook of Mitochondrial Dys-
function, edited by S. I. Ahmad. Boca Raton: CRC Press,
2019, pp. 163–170.

14Ding, E., et al. Analysis of polymorphisms associated with
base excision repair in patients susceptible and resistant to
noise-induced hearing loss. Dis. Mark. 2019. https://doi.
org/10.1155/2019/9327106.

15Dong, T., et al. Opa1 prevents apoptosis and cisplatin-in-
duced ototoxicity in murine cochleae. Front. Cell Dev. Biol.
2021. https://doi.org/10.3389/fcell.2021.744838.

16Doosti, A., et al. Comparison of the effects of N-acetyl-
cysteine and ginseng in prevention of noise induced hearing
loss in male textile workers. Noise Health. 16:223–227,
2014.

17Fang, E. F., et al. Defective mitophagy in XPA via PARP-1
hyperactivation and NAD(+)/SIRT1 reduction. Cell.
157:882–896, 2014.

18Fang, E. F., et al. NAD+ replenishment improves lifespan
and healthspan in ataxia telangiectasia models via mito-
phagy and DNA repair. Cell Metab. 24:566–581, 2016.

19Fang, E. F., et al. Nuclear DNA damage signalling to mito-
chondria in ageing. Nat. Rev. Mol. Cell Biol. 17:308, 2016.

20Fernandez-Marcos, P. J., and J. Auwerx. Regulation of
PGC-1a, a nodal regulator of mitochondrial biogenesis.
Am. J. Clin. Nutr. 93:884S, 2011.

21Fetoni, A. R., et al. Protective effects of N-acetylcysteine
on noise-induced hearing loss in guinea pigs. Acta Otorhi-
nolaryngol. Ital. 29:70, 2009.

22Fetoni, A. R., R. Piacentini, A. Fiorita, G. Paludetti, and
D. Troiani. Water-soluble Coenzyme Q10 formulation (Q-
ter) promotes outer hair cell survival in a guinea pig model
of noise induced hearing loss (NIHL). Brain Res. 1257:108–
116, 2009.

23Finck, B. N., and D. P. Kelly. Peroxisome proliferator-
activated receptor c coactivator-1 (PGC-1) regulatory cas-
cade in cardiac physiology and disease. Circulation.
115:2540–2548, 2007.

24Fujimoto, C., and T. Yamasoba. Oxidative stresses and
mitochondrial dysfunction in age-related hearing loss.
Oxid. Med. Cell. Longev. 2014:1–6, 2014.

25Geisler, J. G. 2,4 Dinitrophenol as medicine. Cells. 8:280,
2019.

26Han, B., et al. Correlation between mitochondrial DNA
4977bp deletion and presbycusis: a system review and meta-
analysis. Medicine (United States). 98:e16302, 2019.

27Hancock, J. T., R. Desikan, and S. J. Neill. Role of reactive
oxygen species in cell signalling pathways. Biochem. Soc.
Trans. 29:345–350, 2001.

28He, Z., et al. Autophagy protects auditory hair cells against
neomycin-induced damage. Autophagy. 13:1884–1904,
2017.

BIOMEDICAL
ENGINEERING 
SOCIETY

OKUR AND DJALILIAN1768

https://doi.org/10.1038/s41598-019-40425-9
https://doi.org/10.1080/14992027.2021.1983215
https://doi.org/10.1080/14992027.2021.1983215
https://doi.org/10.1155/2019/9327106
https://doi.org/10.1155/2019/9327106
https://doi.org/10.3389/fcell.2021.744838


29Huang, T., R. Santarelli, and A. Starr. Mutation of OPA1
gene causes deafness by affecting function of auditory nerve
terminals. Brain Res. 1300:97–104, 2009.

30Intano, G. W., E. J. Cho, C. A. McMahan, and C. A.
Walter. Age-related base excision repair activity in mouse
brain and liver nuclear extracts. J. Gerontol. A. Biol. Sci.
Med. Sci. 58:205–211, 2003.

31Kalinec, G. M., et al. Extracellular vesicles from auditory
cells as nanocarriers for anti-inflammatory drugs and pro-
resolving mediators. Front. Cell. Neurosci. 13:530, 2019.

32Kamogashira, T., C. Fujimoto, and T. Yamasoba. Reac-
tive oxygen species, apoptosis, and mitochondrial dys-
function in hearing loss. Biomed. Res. Int. 2015:1–7, 2015.

33Kamogashira, T., K. Hayashi, C. Fujimoto, S. Iwasaki,
and T. Yamasoba. Functionally and morphologically
damaged mitochondria observed in auditory cells under
senescence-inducing stress. npj Aging Mech Dis. 2017. htt
ps://doi.org/10.1038/s41514-017-0002-2.

34Kauppila, J. H. K., et al. Base-excision repair deficiency
alone or combined with increased oxidative stress does not
increase mtDNA point mutations in mice. Nucleic Acids
Res. 46:6642, 2018.

35Kil, J., C. Pierce, H. Tran, R. Gu, and E. D. Lynch.
Ebselen treatment reduces noise induced hearing loss via
the mimicry and induction of glutathione peroxidase. Hear.
Res. 226:44–51, 2007.

36Kim, S. J., C. Park, J. N. Lee, and R. Park. Protective roles
of fenofibrate against cisplatin-induced ototoxicity by the
rescue of peroxisomal and mitochondrial dysfunction.
Toxicol. Appl. Pharmacol. 353:43–54, 2018.

37Kim, J. H., et al. Protective effect of berberine chloride
against cisplatin-induced ototoxicity. Genes Genomics.
44:1–7, 2022.

38Koide, Y., et al. Association between uncoupling protein 2
gene Ala55val polymorphism and sudden sensorineural
hearing loss. J. Int. Adv. Otol. 14:166–169, 2018.

39Kopke, R., et al. Efficacy and safety of N-acetylcysteine in
prevention of noise induced hearing loss: a randomized
clinical trial. Hear. Res. 323:40–50, 2015.

40Kraus, F., and M. T. Ryan. The constriction and scission
machineries involved in mitochondrial fission. J. Cell Sci.
130:2953–2960, 2017.

41Krokan, H. E., and M. Bjørås. Base excision repair. Cold
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