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Abstract

Noise exposure is an important cause of acquired hearing loss. Studies have found that noise exposure causes
dysregulated redox homeostasis in cochlear tissue, which has been recognized as a signature feature of hearing loss.
Oxidative stress plays a pivotal role in many diseases via very complex and diverse mechanisms and targets. Reactive
oxygen species are products of oxidative stress that exert toxic effects on a variety of physiological activities and are
considered significant in noise-induced hearing loss (NIHL). Endogenous cellular antioxidants can directly or indirectly
counteract oxidative stress and regulate intracellular redox homeostasis, and exogenous antioxidants can comple-
ment and enhance this effect. Therefore, antioxidant therapy is considered a promising direction for NIHL treatment.
However, drug experiments have been limited to animal models of NIHL, and these experiments and related observa-
tions are difficult to translate in humans; therefore, the mechanisms and true effects of these drugs need to be further
analyzed. This review outlines the effects of oxidative stress in NIHL and discusses the main mechanisms and strate-
gies of antioxidant treatment for NIHL.
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Introduction

Among the numerous causes of hearing loss, noise expo-
sure is an important contributor, particularly in noise-
induced hearing loss (NIHL). Exposure to excessive
noise leads to hair cell (HC) loss, auditory nerve degen-
eration and synaptic reduction at the microscale, and
these effects manifest as loss of auditory sensitivity and
a temporary or permanent hearing threshold shift [1].
Mild or moderate noise can lead to a temporary hear-
ing threshold shift (TTS), at which time HC damage
and auditory nerve fiber (ANF) degeneration are revers-
ible [2—4]. However, severe or long-term noise exposure
can lead to cochlear HC necrosis and apoptosis, result-
ing in damage that cannot be restored to the pre-trauma
level, a condition called permanent threshold shift (PTS)
[5, 6]. According to the World Health Organization, the
prevalence of NIHL among adults worldwide is 16%, with
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significant regional differences [7]. In addition to hear-
ing-related symptoms, patients with NIHL often present
with headaches, hypertension, tinnitus, dizziness and
other symptoms, which have a serious impact on their
communication and quality of life [3, 8].

The main causes of NIHL include mechanical damage
from noise itself and toxic damage from oxidative stress.
At the cellular level, excessive noise extensively destroys
synapses between ANFs [9], which leads to the loss of the
peripheral axons of bipolar sensory neurons and eventu-
ally the degeneration of cell bodies in the spiral ganglia
[9, 10]. Studies have shown that outer hair cells (OHCs)
are the main targets of noise damage, and OHC loss in
the basal (high frequency) cochlea is exacerbated [11]. In
addition to mechanical damage, noise exerts a damaging
effect on the stria vascularis, which leads to a decrease
in blood flow and, together with the former, leads to a
threshold elevation [10, 12]. Moreover, several pathways
are activated in the pathogenesis of NIHL. Autophagy
is a recently discovered highly conserved eukaryotic cell
cycle process that helps maintain internal homeostasis
by degrading organelles, proteins, and macromolecules
and recycling materials [13—-15]. Autophagy is involved in
the development of NIHL via -alanine metabolism and
arginine and proline metabolism and exerts an inhibi-
tory effect on NIHL [16-18]. As the main markers of
autophagy, the mRNA expression levels of 1c3b and Bec-
lin1 increased significantly after noise exposure and were
localized to cochlear spiral ganglion neurons (SGNs), as
determined by immunofluorescence assay [16]. For veri-
fication, researchers used the direct autophagy inhibitor
3-MA and the mTOR signaling agonist RAP [19]. The
results showed that the inhibition of autophagy signifi-
cantly aggravated the noise-induced oxidative imbalance,
which ultimately manifested as NIHL [20]. Some inflam-
matory mediators are involved in mediating NIHL. The
cochlea is considered an immune-exempt organ because
of its hemolymph barrier [21], but it has been proven
that noise exposure can induce HC ischemia [22-24]. In
addition, as a key nuclear factor, NF-«B is activated and
translocated under the action of a variety of damage-
associated molecular patterns (DAMPs), toll-like recep-
tors (TLRs) and receptors for advanced glycation end
products (RAGEs) [1], and noise-induced damage acti-
vates the NF-kB signaling cascade [25-27]. As an exam-
ple, researchers have found that NF-kB is activated 2—6 h
after PTS-inducing noise [28] and thus causes HC injury
and NTHL [29]. This evidence shows that oxidative stress
plays an extremely important role in NIHL.

Oxidative stress is usually defined as an imbalance
between oxidant and antioxidant levels, and this defini-
tion has been refined to include the abrogation of redox
signaling and regulatory controls [30, 31]. Currently,
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oxidative stress is the focus of research in cancer, inflam-
mation and other diseases [32-34], and these studies
have promoted the progressive understanding of neu-
rodegenerative diseases to a large extent [35-37]. For
NIHL, research on oxidative stress is not abundant, but
oxidative stress has been shown to induce and aggravate
the progression of NIHL [38, 39]. For example, research-
ers have used superoxide and lipid peroxidation mark-
ers to demonstrate the level of oxidative damage in HCs
and SGNs. The results showed that HCs and SGNs in the
most severely damaged medial-basal area of the noise-
exposed rat cochlea emitted strong fluorescence signals
[38]. Correspondingly, after the noise-exposed rat coch-
lea was treated with the antioxidant Q;, analog Q..
the effect of noise exposure was offset, and the immune
reaction was significantly reduced at the end of the treat-
ment period [38]. Currently, the role of oxidative stress in
NIHL and targeted therapy has not been systematically
described. This article reviews the mechanism of oxida-
tive stress in NIHL and the current therapeutic antioxi-
dant drugs, aiming to clarify the prospects of targeting
oxidative stress for NIHL treatment.

Overview of the dysregulation of redox
homeostasis: oxidative stress and reactive oxygen
species (ROS)

Oxidative metabolism: the basis of redox homeostasis
Reactive oxygen species (ROS) are composed of free radi-
cal oxygen and nonradical oxygen formed by the partial
reduction of oxygen. ROS refer to various oxygen-derived
compounds, free radicals and nonradicals, including
superoxide anion O,”, hydrogen peroxide H,O, and
hydroxyl radical -HO [40]. Intracellular ROS are pro-
duced endogenously during oxidative phosphorylation
in mitochondria and can be produced via interactions
involving exogenous substances [41]. Electron detach-
ment during electron transport and binding to oxygen is
the main source of ROS. Modifications of biomolecules
mediated through low-level ROS are reversible switches
of protein function and play an important role in cell pro-
liferation, migration and differentiation [42]. However,
excessive accumulation of ROS can be detrimental to the
body’s function.

ROS are produced in many ways in cells, and the major
pathways of cellular ROS generation and detoxification
are shown in Fig. 1. Since selenocysteine(s) shows greater
potential for oxidation than cysteine, the oxidative envi-
ronment in the endoplasmic reticulum is supported by
the expression of selenoproteins [40]. Erol proteins (fla-
voproteins) oxidize FADH2 to generate FAD and produce
hydrogen peroxide with electrons and O, [43]. Mean-
while, the protein-folding process in the endoplasmic
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Fig. 1 Major pathways of cellular ROS generation and detoxification

reticulum produces immature oxidized glycoproteins,
which subsequently enter the calnexin cycle [40].

The main function of NADP oxidase (NOX) is ROS
production, which can affect many cellular compo-
nents. The “ROS-dependent ROS generation” pathway
is formed by the NOX-induced proliferation of ROS to
generate other ROS-producing enzymatic systems [40].
NOXs are membrane proteins with multiple transmem-
brane regions, including binding sites for NADPH and
FAD, and four histidine residues, which produce super-
oxide when generating molecular oxygen via heme [40].

In addition, the mitochondrial electron transport chain
(ETC) generates highly active -HO through a series of
complex reactions, which indiscriminately oxidize pro-
teins, lipids and DNA, resulting in DNA damage and
genomic instability [44]. This critical process is described
in detail in the next section.

Correspondingly, to maintain redox homeostasis, anti-
oxidant systems in cells regulate ROS levels both tempo-
rally and spatially. Several antioxidants with enzymatic
activity convert hydrogen peroxide into water, including
peroxiredoxins (PRXs), catalase and glutathione perox-
ide (GPX) [4, 45]. Within mitochondria, NAD(P)H is the
source of reducing equivalents for antioxidant GPX or
PRX, and its oxidation is mediated via glutathione (GR)
and thioredoxin (TR) reductase [46].

Mitochondria: the main source of ROS

As the powerhouses of eukaryotic cells, mitochondria
supply most of the energy in a cell by reducing oxygen
in the ETC to produce ATP. However, the process of
energy production via mitochondria is accompanied by
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ROS generation, which poses potential threats to mito-
chondria and physiological processes [47]. In the ETC,
oxygen is reduced to water through the addition of two
electrons. Although the efficiency of this process is very
high, 1-4% of oxygen is not completely reduced through
one-electron transfer. In fact, superoxide dismutase 2
(SOD2) in the mitochondrial matrix and SODI1 in the
mitochondrial membrane gap convert O,” to H,O,,
which is converted to superoxide, the most common free
radical. Then, superoxide diffuses into the cytoplasm
through the mitochondrial membrane [40, 48]. Mito-
chondrial ROS (mtROS) are not only byproducts of the
ETC; monoamine oxidase in the outer membrane and
the o-ketoglutarate dehydrogenase complex are con-
tributors to ROS production [49]. Low levels of mtROS
enable metabolic adaptation and signal transduction
functions. However, high levels of mtROS trigger inflam-
matory reactions via danger signaling and then activate
autophagy and apoptosis [40]. When ROS are generated,
antioxidants in the mitochondria maintain redox homeo-
stasis under normal conditions. However, the oxidative
stress generated by excessive ROS may lead to destructive
consequences for mitochondria, other organelles, and
cellular pathways, eventually leading to cell death [49].

Oxidative stress-related mechanisms in NIHL
Sources of ROS: destructive noise

The main sources of ROS in cells are mitochondria, and
they have been thought to play a role in noise damage.
On the one hand, extreme noise exposure directly causes
intracellular rearrangements and mechanical damage to
the cochlear structure, causing NIHL [50]. On the other
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hand, NIHL can be caused by more subtle forms of noise
exposure [49]. Notably, ATP levels were depleted rap-
idly after noise exposure, indicating that mitochondria
underwent metabolic changes after noise exposure [51].
Some researchers believe that the increase in the coch-
lear metabolic rate after noise exposure leads to excessive
mitochondrial energy metabolism, which increases the
rate of ROS leakage [52]. However, excessive ROS pro-
duced under stress situations show selective inhibition of
the ETC, not its stimulation [53].

The effect of calcium homeostasis on ROS levels is
widely recognized. ROS must pass through the mito-
chondrial membrane to enter the cytoplasm, and the
destruction of mitochondrial membrane integrity and
loss of membrane potential lead to the release of ROS
into the cytoplasm [54]. Studies have shown that free
Ca”" in the cochlea increases immediately after exces-
sive noise exposure [55], which may be a result of intra-
cellular store release or entry via ion channels, including
L-type or T-type voltage-gated calcium channels. Some
experiments have proven that blocking these two types of
voltage-gated calcium channels can attenuate the hearing
loss caused by noise [56, 57], and extracellular Ca®" can
enhance the release of intracellular Ca", further increas-
ing the level of free Ca*" [58]. In addition, aminoglyco-
side antibiotics have been shown to alter the calcium
homeostasis between the endoplasmic reticulum and
mitochondria and thus promote the flow of Ca?* from
the endoplasmic reticulum to mitochondria [59, 60].

As another potential source of ROS, a-ketoglutarate
dehydrogenase is a calcium-regulated Krebs cycle
enzyme that can induce the generation of a large amount
of superoxide and H,O, [61]. In addition to increasing
oxidative stress, dysfunctional o-ketoglutarate dehy-
drogenase increases mitochondrial free radical-induced
damage and ETC inhibition, further increasing ROS pro-
duction and initiating apoptotic pathways [61].

Mechanisms of ROS damage to cochlear tissue

In the cochlea, different types of cells show different sen-
sitivities to ROS. Because of different protein expression
patterns, HCs seem to be the cochlear cells most vulner-
able to damage caused by free radicals [62]. As stated
above, ROS levels are increased in cochlear HCs exposed
to excessive noise, either indirectly via NADPH oxidase
and MAPK signaling cascades or directly via changes to
cell morphology and the cell cycle, programmed death,
and other physiological processes.

Peroxides, such as H,0,, directly damage HCs

H,0,, a typical ROS and a key signaling molecule, is
suitable for studying the effects of oxidative stress on
various physiological processes [63]. Through in vitro
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experiments based on mouse cochlear HCs, researchers
have shown that a high H,O, level increases the level of
p53 protein, leading to apoptosis and necrosis. Moreover,
the number of cells with nuclear blebbing and severely
altered nuclear morphology was significantly increased,
fewer of these cells were in the G1 phase of the cell cycle,
and the number of these cells in the G2/M phase was
increased, which may indicate delays in cell cycle pro-
gression [63]. In addition, H,O, affects the antioxidant
system, as indicated by the levels of GPX4, GSH and RSH
in cells significantly increasing upon exposure to high
levels of H,O,, which may lead to an imbalance in redox
homeostasis and eventually trigger oxidative stress [63].

MAPK-mediated pathways: a transmitter of ROS damage
Mitogen-activated protein kinases (MAPKs) are involved
in cellular signaling pathways and are important media-
tors of injury and survival signaling. MAPKs act down-
stream from plasma membrane receptors, intracellular
receptors, and ROS [64, 65]. They activate gene expres-
sion via intermediate signaling proteins such as Src, Ras,
Rac/cdc42, and mixed lineage kinase protein families.
MAPKs are categorized into several different groups,
among which c-Jun N-terminal kinases (JNKs) are
clearly affected by ROS [66]. The MAPK family is com-
prised of the following three layers: MAPK, MAPK
kinase (MAPKK) and MAPKK kinase (MAPKKK) [67].
MAPKKK phosphorylates and activates MAPKK; then,
MAPKK phosphorylates and activates MAPK, which
phosphorylates the target substrate [68]. Intense noise
has been proven to affect the phosphorylation of MAPK
in the cochlea and lead to HC death [69-71]. In addition,
enrichment analysis of the KEGG pathway confirmed
that the MAPK signaling pathway was significantly
enriched pathway of differentially expressed proteins in
the inner ear of NIHL rats [72].

JNK is expressed as three isomers, JNK1, JNK2 and
JNK3, among which JNK1 and JNK2 are extensively
expressed, and JNK3 is expressed mainly in heart and
nerve tissues. When exposed to extracellular stimulation,
JNK signaling can reach the nucleus and mitochondria,
promoting apoptosis via either pathway [66]. Spe-
cifically, a JNK signal that is transported to the nucleus
phosphorylates c-Jun and other transcription factors,
including p53, and then promotes the expression of
proapoptotic genes (FasL, TNF a, Bim, Bak, etc.), which
blocks the transcription of antiapoptotic genes (such as
Bcl-2) [73-80]. In the other pathway, activated JNK can
phosphorylate a variety of proteins related to mitochon-
drial cell death. Phosphorylated JNK indirectly triggers
proapoptotic Bax-mediated mitochondrial death sign-
aling through the cleavage of Bid. In this regard, studies
have confirmed that Bax expression is upregulated in
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noise-exposed rats [81]. Additionally, after phosphoryla-
tion by activated JNK, the death-promoting proteins Bim
and Bad stop the inhibition of the Bcl-2 and Bcl-xL pro-
teins and promote Bax activation of the intrinsic apopto-
sis pathway [82-87]. The increase in ROS levels promotes
the prolongation of JNK activation, which in turn leads
to an increase in mitochondrial ROS production, forming
a positive feedback loop [66, 88]. Correspondingly, INK
inhibitors have been proven to exert a protective effect
on HC damage caused by noise exposure [89-91], which
verifies the accuracy of the description of the aforemen-
tioned mechanisms.

Antioxidant treatment of NIHL

Biological antioxidants can delay or prevent the oxida-
tion of substrates when the concentration is lower than
that of the oxidizable substrate [92], inhibiting the activ-
ity of ROS and reducing oxidative stress, DNA muta-
tion, malignant transformation and other cell-damaging
events. However, this steady state may be altered under
the action of sustained free radicals, leading to disease
[92, 93].

The research shows that the peroxidation reaction
starts from the addition of oxygen to carbon-centered
radicals, with most of the hydrogen atoms transferred to
the chain carrying peroxyl radicals. Antioxidants reduce
the local concentration of molecular oxygen, remove pro-
oxidative metal ions, capture aggressive ROS (superox-
ide anion radicals and hydrogen peroxide, etc.), remove
chain-starting free radicals (hydroxyl, peroxyl, alkoxyl,
etc.), inhibit the sequential production of radical chains,
and quench singlet oxygen [94, 95]. The redox homeosta-
sis of cells is maintained by complex endogenous antioxi-
dant defense systems, including endogenous antioxidant
enzymes (catalase, superoxide dismutase, glutathione

Table 1 Target proteins in the Nrf2-ARE pathway
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peroxidase, etc.) and nonenzymatic compounds (glu-
tathione, metal-chelating proteins, etc.) [96]. In addition,
exogenous antioxidants are capable of synergistically
reducing oxidative stress and impacting related disease
processes [96, 97]. Hence, based on these mechanisms,
antioxidants and their analogs have become the main
components in antioxidant treatment strategies. There
have been many drug studies targeting NIHL based on
these findings, and we will discuss some potential drugs.

Activation of endogenous antioxidants: the core
antioxidant system

The Kelch-like ECH-associated protein 1 (Keapl)—
nuclear factor erythroid 2-related factor 2 (Nrf2)—anti-
oxidant response element (ARE) pathway is the center
of the biological response to oxidative stress, regulating
a variety of cell-protecting proteins (also known as phase
2 enzymes) to maintain the homeostasis of ROS levels
in cells [98-102]. Under oxidative stress conditions, the
Nrf2 protein is stabilized and transferred to the nucleus,
where it activates a variety of ARE-response genes,
including antioxidant genes, heme oxygenase-1 (HO-
1) and nicotinamide adenine dinucleotide phosphate
(NAD(P)H) [101-104]. The Nrf2 pathway is also acti-
vated by the interruption of the interaction between Nrf2
and Keapl [105]. p62 is a ubiquitin-binding protein that
activates Nrf2 in autophagy-deficient cells by disrupt-
ing the Keap1-Nrf2 interaction [106]. p62 is upregulated
under oxidative stress, leading to the sequestration of
Keapl and activating Nrf2 and Nrf2-dependent antioxi-
dant defense gene expression [107]. The Nrf2-ARE path-
way targets a wide range of downstream proteins, which
are listed in Table 1. In this section, we describe in detail
several major endogenous antioxidant enzymes that have
been studied and shown to exert effects in NIHL.

Target proteins Results Mechanism References
GSH synthetic enzymes? GSH?T Increases GSH synthesis and regeneration, improves GSH levels Stefanson et al. [113]
GSH regenerative enzymes?
Glutamate cysteine ligase (GCL)T  GSH?T Upregulates two subunits of GCL, GCLC and GCLM, catalyzes the rate- ~ Shelly et al. [114]
limiting step in GSH synthesis
HO-11 Hemel The inducible isoform of HO-1 removes the oxidation promoting Maines et al. [109]
molecule heme
Bilirubin® HO-1 decomposes heme to produce biliverdin and its reduction prod-  Clark et al. [110]
Biliverdin® uct bilirubin, both of which have antioxidant effects
NAD(P)H generating enzyme NAD(P)H Keap1 increases mitochondrial NADH pool Holmstrom et al. [119]
Nrf2 expression of aldehyde dehydrogenase, generates NAD(P)H Dinkova-Kostova et al. [102]
with NAD(P) as a cofactor
Zn/Cu-SODT Superoxide  Nrf2 increases the level of Zn/Cu-SODs, Zn/Cu-SODs catalyze the dis-  Tu et al. [105]
anion radi- proportionation of superoxide anion radicals to generate oxygen
cals¥ and hydrogen peroxide

The symbol ¥ means the target factor level is reduced, and the symbol T means the target factor level rises
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Fluorescence analysis showed that Nrf2, HO-1 and
SOD levels were slightly increased in cells damaged by
noise, revealing an adaptive stress response. In the same
HC and SGN samples used for the fluorescence assay,
Nrf2 translocation paralleled the increase in expression
of HO-1 [108]. This means that Nrf2-induced upregu-
lation of HO-1 affects OHC signal amplification and
transmission from primary afferent neurons to the cen-
tral acoustic pathway [4]. The inducible isoform of HO-1
plays an antioxidative role by removing the oxidation-
promoting molecule haem, thereby acting as a micro-
somal enzyme in haem catabolism [109]. The catabolic
products of haem include biliverdin, which is converted
into bilirubin after reduction via biliverdin reductase.
Both haem and biliverdin exert significant antioxidant
effects, contribute to resistance to oxidative stress, and
protect cells [109-111]. Iron is released during haem
catabolism, which leads to the upregulation of ferritin.
As an iron-storing protein, ferritin participates in HO-1
activity against oxidative stress [111, 112].

In addition, an increase in GSH production and the
activity of its scavenger has been shown to be induced
by Nrf2 [108, 113, 114]. Glutathione is the most abun-
dant antioxidant and plays a major role in oxidative
stress resistance [115]. When Nrf2 and HO-1 levels are
increased, the amount of GSH also increases. Nrf2 not
only regulates GSH synthesis but also coordinates GSH
reductase transcription. Nrf2 leverages the reducing
equivalents of NAD(P)H to reduce oxidized GSH, thus
maintaining it in the reduced state [116-118].

Furthermore, Nrf2 regulates the major NAD(P)H-gen-
erating enzyme, aldehyde dehydrogenase, via transcrip-
tion, inducing aldehyde dehydrogenase expression in
microsomes, the cytoplasm and mitochondria and
generating NAD(P)H with the cofactor NAD(P) [102].
Compared with that in Keapl-wild-type cells, the total
mitochondrial NADH pool in Keapl-KO cells was sig-
nificantly increased, and it was significantly decreased in
Nrf2-KO cells [119]. Researchers analyzed the NAD(P)
H reduction capacity of OHCs and found that after
noise exposure, the oxidation of NAD(P)H increased,
the plasma membrane peroxidation rate increased, and
plasma membrane fluidity decreased concomitantly
[120-122]. The accumulation of free radicals leads to
plasma membrane peroxidation and then triggers lipid
peroxidation, indicating that effective antioxidant treat-

ment may enhance the protection of OHCs from cell
death [4].

Exogenous antioxidants: prospects for drug intervention

Endogenous antioxidants play an extremely important
role in maintaining redox homeostasis. When the con-
centration of endogenous antioxidants is insufficient to
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maintain redox homeostasis, exogenous antioxidants are
considered effective for inducing oxidative stress resist-
ance. On this basis, antioxidants that regulate cellular
oxidative stress to treat NIHL by targeting free radicals
have been developed [123]; some of these antioxidants
are listed in Table 2. In the remainder of this section, we
describe several drugs that have been extensively studied.

N-Acetylcysteine (NAC)

A precursor of cysteine, NAC is a substrate antioxidant
in glutathione synthesis [124—126] that may inhibit oxi-
dative stress and reduce cochlear damage caused by
noise exposure by providing a substrate for GSH synthe-
sis, inhibiting the activation of the MAPK pathway, and
scavenging free radicals [125, 127]. As a drug approved
by FAD, oral NAC has been used clinically for more
than 30 years, even in very large doses (8 g per day for
8 weeks), and it causes only mild side effects [125, 128].
However, as the synthesis of glutathione decreases with
age, the effectiveness of NAC decreases with age [126].
Since ROS are considered necessary for physiological cel-
lular activities, a certain ROS level must be maintained
for drugs such as NAC to be used as an effective treat-
ment [41].

Performing animal experiments, researchers found that
NAC minimized the apoptosis rate of sensory HCs and
significantly reduced low- and medium-frequency audi-
tory threshold shifts [124, 129]. When used in humans,
oral NAC is metabolized into cysteine in the intestine,
and this cysteine is oxidized to cystine, which is then
transported into cells to be consumed as an essential pre-
cursor for glutathione synthesis [125]. In fact, the effect
of the cysteine product is more significant than that of
NAC treatment. However, due to differences in intestinal
and visceral metabolism, the bioavailability of cysteine
after oral administration of NAC is very high, which
makes NAC a better supplement than cysteine for con-
sumption as a GSH precursor [126, 130, 131].

In addition, NAC has been shown to inhibit JNK, p38
MAP kinase and NF-kB pathway activation, and the
inhibition of these signaling pathways reduces the cor-
responding cell damage and apoptosis rate [132, 133].
Moreover, NAC has also been found to be a mitochon-
drial protectant in different models of stress induction
[134, 135]. Therefore, NAC is thought to attenuate NIHL
via multiple antioxidant mechanisms.

Ebselen

Ebselen is a selenium-based organic compound with
antioxidant properties that can mimic and enhance the
activity of GPX1 [123, 136]. Immunofluorescence assays
of rat cochlea showed that the weighted intensity of the
GPX1-expressing area in the rat cochlea decreased by
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8.8% after noise exposure compared with a decrease in
the no-noise controls, but the weighted intensity of the
GPX1-expressing area in the noise-exposed rat cochlea
after ebselen treatment increased by 9.9% compared with
the level in the no-noise controls [136]. This study shows
that ebselen plays a role in enhancing GPX1 expression.

In fact, ebselen shows multifunctional ear protection
activity. In other experiments, ebselen was found to exert
a significant inhibitory effect on ROS production and
lipid peroxidation [137]. Additionally, ebselen enhanced
the activity of the cellular antioxidant system. At a certain
concentration, ebselen significantly increased the tran-
scriptional activity of ARE and the expression level of the
HO-1 protein, contributing to the fight against oxidative
stress [137].

Previous studies have shown that the immediate injec-
tion of ebselen into rats before and after NIHL induction
can effectively reduce auditory thresholds and HC death
[136]. The safety and limited but significant efficacy of
ebselen in humans have also been proven, providing a
basis for the future use of ebselen in clinical treatment
[138].

Vitamins

Some micronutrients, such as vitamins A, C, E and B12,
exhibit antioxidant properties. They are considered to
exert synergistic effects and have been used either indi-
vidually or in combination for the experimental treat-
ment of NIHL.

The main antioxidant effect of vitamin A is the removal
of singlet oxygen. Since singlet oxygen and lipids are sub-
strates of lipid peroxide, removing singlet oxygen can
prevent lipid peroxidation [139-143]. When retinoic acid
(the most active metabolite of vitamin A) was injected
into noise-exposed mice, the apoptosis rate of HCs was
significantly reduced, the cochlea was protected, and the
auditory threshold was also restored rapidly [144—146].

Vitamin C is a water-soluble molecule; therefore, the
elimination of oxygen radicals by vitamin C occurs in
the aqueous phase and is very effective in blocking and/
or reverting lipid peroxidation at the plasma membrane
[147, 148]. Studies have shown that taking vitamin C
before excessive noise exposure significantly reduced the
TTS in rats [149]. Furthermore, vitamin C protects cell
membranes by regenerating vitamin E from its oxidized
form, and vitamins C and E play opposite roles, which
shows that the oxidation of vitamin C and E is coupled
[141, 143].

The antioxidation mechanism of vitamin E is closely
related to vitamin C. Vitamin E exists in lipids in cells
and is a main free radical scavenger of cell membranes.
It inhibits the proliferation cycle of lipid peroxidation by
reacting with peroxyl radicals and reducing their number
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[140-143]. Researchers gave vitamins A, C, and E and
magnesium to animals exposed to noise and found that
the threshold of the audit brain response (ABR) in the
animals treated with combined administration was sig-
nificantly reduced, and the HCs of these animals survived
[141].

Vitamin B12 has been found to be associated with
NIHL. Researchers found that the incidence of vitamin
B12 deficiency in NIHL patients was higher than that in
subjects with normal hearing. Further studies showed
that the serum vitamin B12 and folic acid levels in NIHL
patients were significantly lower than those in subjects
without NIHL [150-152]. Deficiency in vitamin B12 and
folic acid increases the level of homocysteine, which may
lead to a decrease in the intracellular glutathione concen-
tration, thus increasing lipid peroxidation [151, 153].

Comprehensive research has shown that the com-
bined treatment with vitamins A, C, and E and magne-
sium taken one hour before noise exposure significantly
reduced NIHL and cell death, and long-term high-dose
intake of these micronutrients showed no obvious
adverse effects [141, 153]. These studies provide a direc-
tion and basis for the use of vitamins in the treatment of
NIHL.

HK-2

HK-2 is a multifunctional antioxidant with the charac-
teristics of a free radical scavenger and metal chelator
[154—156]. Therefore, in addition to reducing the oxida-
tive stress generated by free radicals, HK-2 synthesizes
bioactive transition metals, including Fe**, thus reducing
the availability of these ions for Fenton reactions, which
produce highly toxic hydroxyl radicals [156].

In an in vitro oxidative stress experiment, HK-2
showed a more significant protective effect than Trolox
in reducing hydrogen peroxide damage, hydroxyl damage
and peroxynitrite damage. With respect to superoxide
damage, both Trolox and HK-2 were effective in inhibit-
ing mitochondrial superoxide production in rat cochlear
cells [156]. This finding suggests that HK-2 significantly
inhibits damage caused by a variety of NIHL-related per-
oxides [157, 158].

Taking HK-2 before noise exposure can have a sig-
nificant and particularly substantial protective effect. A
dose-dependent reduction in hearing threshold shifts
was obtained in rats after continuous treatment with
HK-2 for 5 days prior to noise exposure, and this protec-
tion lasted for 10 days postexposure [156]. In addition,
preventive treatment with HK-2 significantly reduced the
pathological changes in OHCs. Notably, the magnitude of
the protective effect of HK-2 orally ingested 10 days after
exposure was profoundly lower than that of the preven-
tive treatment [156].
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In conclusion, HK-2 has been shown to significantly
reduce NIHL, attenuate HC loss in rats and significantly
reduce ROS-induced cell loss and damage. Furthermore,
HK-2 did not show any adverse effects in rats [154—156],
suggesting that HK-2 is a new therapeutic option for
NIHL.

Conclusions and perspectives

Oxidative stress plays a pivotal role in many diseases, and
its complex and diverse mechanisms indicate a variety of
targets for possible treatments. In contrast, therapeutic
options for NIHL, a disease with a wide impact, are rare.
Oxidative stress-related pathways have been found to be
significantly variable and specific in NIHL. Therefore, in-
depth study of oxidative stress and NIHL is warranted.
In this paper, we provide a review of the mechanisms
of NIHL and oxidative stress and describe analyses that
link pathways in NIHL and oxidative stress, establish-
ing a starting point to develop new and promising drug
treatments.

Antioxidants are promising therapeutic modalities
for NIHL because they can counteract oxidative stress
directly or indirectly. A variety of antioxidants have been
shown to protect animal HCs from damage, thereby
reducing hearing threshold shifts and attenuating NIHL
[159-162], and because noise exposure is often predicta-
ble, prophylactic treatment with NIHL is a highly feasible
option that has been tested with varying degrees of suc-
cess. Prophylactic treatment allows for the utilization of
many micronutrients that are usually ingested daily and
induce very few side effects [143], providing a significant
advancement in NIHL treatment options.

However, because of the difficulty of performing biop-
sies of cochlear tissue, drug trials for NIHL have been
limited to animal models, and these experiments or
direct observations are difficult to translate to humans.
Therefore, antioxidants that have been validated in ani-
mal studies still need to be subjected to follow-up experi-
ments to determine their side effects in humans when
administered alone or in combination. While these prob-
lems have limited the research on oxidative stress-related
drugs, the progress to date portends great potential for
these treatments.

Abbreviations
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