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Abstract: Hearing loss is a prevalent condition affecting millions of people worldwide. Hearing loss
has been linked to oxidative stress as a major factor in its onset and progression. The goal of this
thorough analysis is to investigate the connection between oxidative stress and hearing loss, with an
emphasis on the underlying mechanisms and possible treatments. The review addressed the many
forms of hearing loss, the role of reactive oxygen species (ROS) in causing damage to the cochlea, and
the auditory system’s antioxidant defensive mechanisms. The review also goes over the available data
that support the use of antioxidants and other methods to lessen hearing loss brought on by oxidative
stress. We found that oxidative stress is implicated in multiple types of hearing loss, including
age-related, noise-induced, and ototoxic hearing impairment. The cochlea’s unique anatomical
and physiological characteristics, such as high metabolic activity and limited blood supply, make it
particularly susceptible to oxidative damage. Antioxidant therapies have shown promising results
in both animal models and clinical studies for preventing and mitigating hearing loss. Emerging
therapeutic approaches, including targeted drug delivery systems and gene therapy, offer new
possibilities for addressing oxidative stress in the auditory system. The significance of this review
lies in its comprehensive analysis of the intricate relationship between oxidative stress and hearing
loss. By synthesizing current knowledge and identifying gaps in understanding, this review provides
valuable insights for both researchers and clinicians. It highlights the potential of antioxidant-based
interventions and emphasizes the need for further research into personalized treatment strategies.
Our findings on oxidative stress mechanisms may also affect clinical practice and future research
directions. This review serves as a foundation for developing novel therapeutic approaches and
may inform evidence-based strategies for the prevention and treatment of hearing loss, ultimately
contributing to improved quality of life for millions affected by this condition worldwide.

Keywords: hearing loss; oxidative stress; antioxidants; gene therapy; inflammation

1. Introduction

Over 1.5 billion individuals globally suffer from hearing loss, and estimates suggest
that number will rise to 2.5 billion by 2050 [1]. Beyond only making it difficult to hear,
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hearing loss can have a significant negative influence on a person’s quality of life and
cause social isolation, depression, and cognitive deterioration [2,3]. Although several vari-
ables contribute to the development of hearing loss, oxidative stress has been identified
as a key role in the pathophysiology of hearing loss [4]. When the body’s capacity to
eliminate reactive oxygen species (ROS) through antioxidant defenses is out of balance,
oxidative stress occurs [5]. Cellular damage, malfunction, and finally cell death are the
outcomes of this imbalance [6]. Numerous illnesses, such as cancer, neurological diseases,
and cardiovascular disorders, have been linked to oxidative stress [7,8]. Studies have
shown that oxidative stress has detrimental effects on the auditory system and is linked
to age-related hearing loss, noise-induced hearing loss, and ototoxicity [9,10]. Because of
its high metabolic requirements and exposure to a variety of external stressors, including
noise and ototoxic medications, the auditory system is particularly susceptible to oxidative
stress [9]. Hearing loss is mostly caused by oxidative damage to the inner ear, specifically to
the cochlea [11]. Sound waves must be converted into electrical signals by sensory hair cells,
which are found in the highly specialized cochlea [12]. Due to their low ability to regenerate,
these hair cells are especially vulnerable to oxidative damage [13]. Research has repeatedly
demonstrated that oxidative stress markers are more prevalent in hearing-impaired people
than in normal-hearing people [14,15]. In comparison to healthy controls, individuals with
sensorineural hearing loss had far greater amounts of malondialdehyde, a marker of lipid
peroxidation, according to a study by Karlidag et al. [16]. In a similar vein, Neri et al. [17]
showed that patients with age-related hearing loss exhibited decreased antioxidant enzyme
activity and elevated levels of oxidative stress indicators. Considering the significant effects
that hearing loss has on people and society at large, it is imperative to comprehend the
connection between oxidative stress and hearing loss in order to create preventative and
therapeutic measures that will work. The objectives of this thorough study are to investigate
the mechanisms that lead to hearing loss caused by oxidative stress, the protective effect
of antioxidants against this damage, and possible future paths for clinical research and
treatment. Examining the causes of reactive oxygen species (ROS) in the auditory system,
as well as the antioxidant defense mechanisms that prevent them, is essential. Additionally,
it is important to explore the specific pathways through which oxidative stress results in
hearing loss, such as inflammation, ischemia-reperfusion injury, hair cell death, and mito-
chondrial dysfunction. The potential of antioxidant therapies, including pharmaceutical
drugs, gene therapy, and dietary antioxidants, in the prevention and treatment of hearing
loss will also be covered in this review. Although there have been several evaluations on
the connection between oxidative stress and hearing loss, our work makes several unique
contributions to the area. This review offers a comprehensive understanding of oxidative
stress in hearing loss by synthesizing recent developments from several fields, including
audiology, otolaryngology, biochemistry, and molecular biology. We extend the body of
research by providing a thorough examination of novel interventions not fully addressed
in earlier reviews, such as gene therapy, stem cell treatments, and drug delivery methods
based on nanotechnology. By bridging the gap between fundamental research and practical
applications, our method offers guidance on how current discoveries in oxidative stress
processes can impact clinical practice and direct future treatment approaches. We evaluate
the field’s present research approaches objectively, noting their advantages, disadvantages,
and potential areas of development for further research. By conducting this critical eval-
uation, we are able to pinpoint important knowledge gaps and suggest particular topics
for further study, which may serve as a roadmap for the subsequent round of studies in
this area. Additionally, we provide a distinct viewpoint on how the knowledge of oxida-
tive stress in hearing loss might be converted into useful clinical guidelines for treatment,
early intervention, and prevention. Our review differs from the previous literature due to
its translational focus, which makes it beneficial for researchers and clinicians alike. By
addressing these facets, this study offers a forward-looking perspective on the function of
oxidative stress in hearing loss while also consolidating present knowledge. Our goal is to
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provide a thorough, insightful, and clinically applicable analysis that sets our work apart
from previous evaluations and makes a significant contribution to the field’s advancement.

2. Methods

Several electronic databases, including PubMed, Scopus, Web of Science, and Google
Scholar, were used to perform an extensive literature search. Several key terms were
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used in the search strategy, including “hearing loss”, “oxidative stress”, “reactive oxy-
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gen species”, “antioxidants”, “cochlea”, “hair cells”, “mitochondria”, “inflammation”,
“ischemia-reperfusion”, “noise-induced hearing loss”, “age-related hearing loss”, and “oto-
toxicity”. To guarantee that pertinent research was included in the search results, boolean
operators (AND, OR) were employed. No year or language restriction was applied in the
search. In order to find any more pertinent research that might have gone unnoticed during
the original database search, the reference lists of the included papers were additionally
manually searched. We included the following. 1. Original research papers, reviews,
and meta-analyses that looked into the connection between hearing loss and oxidative
stress. 2. Research that investigated the pathways—such as mitochondrial malfunction,
ischemia—-reperfusion injury, inflammation, and hair cell death—that underlie oxidative
stress-induced hearing loss. 3. Research on the use of pharmaceutical drugs, gene therapy,
and nutritional antioxidants as antioxidant therapies to cure and prevent hearing loss. 4.
Studies involving animals, in vitro subjects, and humans were all taken into consideration
for inclusion. We excluded the following. 1. Conference abstracts, opinions, case reports,
and letters to the editor. 2. Research that did not concentrate on the connection between
hearing loss and oxidative stress. 3. Research that was not released in English. The rele-
vance of the titles and abstracts of the identified publications was checked by two separate
reviewers. After that, full-text publications for the chosen studies were obtained, and their
eligibility was further evaluated in accordance with the inclusion and exclusion criteria.
After the data were retrieved, a narrative approach was used to synthesize the information,
with an emphasis on the mechanisms underlying hearing loss caused by oxidative stress
and the potential benefits of antioxidant therapies for both prevention and treatment of
this illness. To provide a more nuanced view of the problem, subgroup analyses were
conducted based on the kind of hearing loss (e.g., age related, noise induced, ototoxicity)
and the specific antioxidant intervention (e.g., dietary antioxidants, pharmaceutical agents,
gene therapy). Following a thorough analysis, the results were presented in relation to the
state of the literature, emphasizing the main conclusions, restrictions, and implications
for further study and clinical application. In order to close these information gaps and
progress the topic of oxidative stress and hearing loss, the review also suggested future
research directions.

3. Results

A preliminary search of the database produced 1247 records. There were 987 unique
records left after duplicates were eliminated. A total of 723 records that did not fit our
inclusion criteria were excluded as a result of title and abstract screening. Figure 1 provides
a summary of our literature search findings (Figure 1).

After evaluating 264 full-text articles for eligibility, 156 of them were disqualified for
a variety of reasons, such as publications written in languages other than English or a
lack of emphasis on the connection between oxidative stress and hearing loss. There were
108 studies in the final review.
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Figure 1. Flow diagram describing the literature research protocol.
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4. How Are Oxidative Stress and the Auditory System Related?

Reactive oxygen species’ (ROS) generation and the body’s capacity to counteract them
through antioxidant defenses are out of balance in oxidative stress [18]. ROS are very
reactive substances that have the ability to harm lipids, proteins, and DNA, among other
cellular constituents, ultimately resulting in cellular malfunction and demise [19]. NADPH
oxidases, xanthine oxidase, and the mitochondrial electron transport chain are the main pro-
ducers of reactive oxygen species (ROS) [20]. Even while ROS are physiologically significant
for the immune system and cell signaling, excessive ROS generation can cause oxidative
stress and aid in the etiology of many disorders, including hearing loss [21]. The cochlea,
in particular, is extremely vulnerable to oxidative stress because of the special anatomical
and physiological traits of the auditory system [22]. There are different primary sources of
ROS in the auditory system. The increased ROS generation and mitochondrial activity are
the results of the high metabolic needs of the cochlea, particularly in the sensory hair cells
and stria vascularis [23]. Via a number of pathways, including NADPH oxidase activation,
glutamate excitotoxicity, and mitochondrial dysfunction, exposure to high noise levels can
increase the production of reactive oxygen species (ROS) in the cochlea [9,24]. By raising
ROS production and lowering antioxidant defenses, some pharmaceuticals, including
cisplatin and aminoglycoside antibiotics, can cause oxidative stress in the cochlea [25,26].
Decreased antioxidant capacity and mitochondrial dysfunction in the cochlea are age-
related alterations that lead to oxidative stress and hearing loss [4]. The auditory system is
equipped with a sophisticated network of antioxidant defense mechanisms to mitigate the
harmful effects of reactive oxygen species [27]. The main enzymes that neutralize ROS and
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shield the cochlea from oxidative damage are glutathione peroxidase (GPx), catalase (CAT),
and superoxide dismutase (SOD) [28]. Glutathione (GSH), vitamins C and E, and coenzyme
Q10 are examples of small-molecule antioxidants that are essential for scavenging reactive
oxygen species (ROS) and preserving redox balance in the cochlea [29,30]. The cochlea’s
cellular redox equilibrium is preserved by the nuclear factor erythroid 2-related factor 2
(Nrf2) pathway, which is a key regulator of antioxidant gene expression [30]. Oxidative
stress occurs when the generation of ROS surpasses the antioxidant defenses of the auditory
system, resulting in a variety of pathological alterations in the cochlea [4]. Direct damage
from oxidative stress to sensory hair cells can result in their malfunction and eventual
death, which is the main cause of hearing loss [31]. Hearing loss can be made worse by
a vicious loop of increased ROS generation and energy depletion brought on by damage
to mitochondrial DNA, proteins, and lipids caused by ROS [22]. Oxidative stress has the
ability to trigger inflammatory pathways within the cochlea. Oxidative stress in the cochlea
can trigger an inflammatory response, leading to the activation and recruitment of immune
cells. This process involves the activation of resident immune cells as macrophages and
leukocytes in the cochlea and the upregulation of pro-inflammatory cytokines, such as
TNF-e, IL-13, and IL-6, and increased vascular permeability. [32]. Activated immune cells
can also produce more ROS, creating a feedback loop that further exacerbates cochlear
damage. The stria vascularis, which is in charge of preserving the endocochlear potential,
is especially susceptible to oxidative stress, and when it malfunctions, hearing loss may
result [32].

5. What Are the Mechanisms of Hearing Loss Induced by Oxidative Stress?

Hearing loss is primarily caused by oxidative stress, and there are multiple ways that
excessive generation of reactive oxygen species (ROS) can harm the auditory system. The
main mechanisms underpinning oxidative stress-induced hearing loss will be discussed
in this part, including inflammation, ischemia-reperfusion injury, hair cell death, and
mitochondrial dysfunction. The main places in cells where reactive oxygen species (ROS)
are produced are the mitochondria, and oxidative stress-induced hearing loss is largely
caused by dysfunctional mitochondria [21] (Figure 2).

MOLECULAR MECHANISMS OF OXIDATIVE
STRESS IN HEARING LOSS

[

1. OXIDATIVE STRESS 2. SENSORY CELL DEATH
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Figure 2. Flow diagram for molecular mechanisms of Oxidative stress related to Hearing loss
development.
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The cochlea depends heavily on mitochondrial function for energy production due to
its high metabolic needs, especially in the sensory hair cells and stria vascularis [23]. On
the other hand, excessive ROS production can harm proteins, lipids, and mitochondrial
DNA, which impairs mitochondrial activity and produces more ROS [22]. Superoxide
(O,°7) is frequently the first reactive oxygen species (ROS) to develop, mostly as a result
of NADPH oxidase activation or mitochondrial electron transport chain leakage. The
cochlea’s unique NADPH oxidase, NOX3, is a significant generator of superoxide. NOX3
produces a lot of superoxides when it is activated by ototoxic stimuli or noise stress, which
starts a chain reaction of oxidative processes. Iron-sulfur clusters in proteins can be directly
damaged by superoxide, which can result in the release of free iron and the inactivation
of enzymes, exacerbating oxidative stress. Superoxide dismutates to create hydrogen
peroxide (H,O,), which is less reactive than superoxide but more persistent and diffusible.
H)O; can cross membranes in the cochlea and oxidize different parts of the cell. It is
important for redox signaling because it affects transcription factors, like NF-xB and AP-1,
which control cochlear cell apoptotic and inflammatory responses. Furthermore, Fenton
reactions involving excess HyO; and transition metals can produce extremely corrosive
hydroxyl radicals. The most reactive ROS, hydroxyl radicals (OH®), destroy cellular
macromolecules without discrimination. The lipid-rich outer hair cell membranes in the
cochlea are especially vulnerable to the damaging effects of hydroxyl radicals, which can
cause lipid peroxidation cascades that impair membrane integrity and cellular function [33].
This process is particularly important in noise-induced hearing loss because it can quickly
cause the death of outer hair cells through the acute production of hydroxyl radicals.
In the end, the auditory system may experience energy depletion, cellular malfunction,
and cell death as a result of this destructive cycle of mitochondrial damage and ROS
generation [34]. Research has demonstrated a correlation between age-related hearing loss
and mutations and deletions in the mitochondrial DNA, underscoring the significance of
mitochondrial function in preserving auditory health [35,36]. The loss of sensory hair cells
in the cochlea, which are especially susceptible to oxidative stress, is the main cause of
hearing loss [31]. Both necrotic and apoptotic mechanisms can cause hair cell death when
exposed to oxidative stress [37]. Cell enlargement, organelle malfunction, and rupture of
the plasma membrane—which results in the release of cellular contents and inflammation—
are the passive processes that define necrosis [38]. On the other hand, apoptosis is a route
of programmed cell death that includes chromatin condensation, caspase activation, and
the creation of apoptotic bodies [39]. By triggering caspases, releasing cytochrome c, and
activating mitochondrial permeability transition pores (mPTPs), ROS can cause apoptosis
in hair cells [40]. Furthermore, oxidative stress can trigger additional apoptotic pathways,
including the JNK and p53 signaling cascades, which can further exacerbate the death
of hair cells [41,42]. Hearing loss can result from processes that are intimately related to
oxidative stress and inflammation (Figure 3) [32]. Pro-inflammatory cytokines, chemokines,
and adhesion molecules can be produced as a result of ROS-activating inflammatory
pathways, such as the NF-kB and MAPK signaling cascades [43]. These inflammatory
mediators have the ability to draw in and activate immune cells, like neutrophils and
macrophages, which can worsen tissue damage and oxidative stress in the cochlea [44].
Furthermore, hair cell loss and auditory impairment can be exacerbated by the activation
of resident immune cells in the cochlea, such as fibrocytes and macrophages, which can
prolong the inflammatory response [45,46]. The etiology of age-related hearing loss has
also been linked to inflammaging, a chronic low-grade inflammatory response linked
to aging [47]. Another way oxidative stress might cause hearing loss is by ischemia—
reperfusion damage [48]. Because the cochlea is so sensitive to changes in blood flow,
ischemia during the reperfusion period might cause ROS to be produced [49]. Hair cells,
spiral ganglion neurons, and other cochlear structures may sustain oxidative damage as
a result of this surge in ROS generation, which may outweigh the cochlea’s antioxidant
defenses [50]. An important modulator of cellular antioxidant responses is the nuclear
factor erythroid 2-related factor 2 (Nrf2) pathway. Nrf2 translocates to the nucleus in
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response to oxidative stress, where it binds to Antioxidant Response Elements (AREs)
and upregulates the expression of genes related to glutathione production and other
antioxidant enzymes. Chronic oxidative stress, however, has the potential to overpower or
compromise this defense system. Poly(ADP-ribose) polymerase-1 (PARP-1) is activated
by ROS-induced DNA damage, especially in mitochondrial DNA. Although PARP-1 aids
in DNA repair, overactivation of the protein can cause cochlear cells to experience an
energy crisis and NAD+ depletion, which ultimately leads to cell death. ROS cause lipid
peroxidation in the membranes of cochlear cells, especially influencing the outer hair cells
that are rich in phospholipids. Reactive aldehydes, like 4-hydroxynonenal (4-HNE), are
produced by this mechanism, and they have the ability to create protein adducts and spread
cellular harm. Oxidative stress in the cochlea can set off an inflammatory response that
activates leukocytes and macrophages, two types of native immune cells. Pro-inflammatory
cytokines such TNF-¢, IL-1$3, and IL-6 are upregulated as a result [7]. These cytokines can
worsen the harm that oxidative stress causes to the cochlea and are known to have a role
in the inflammatory process [8]. Furthermore, increased production of reactive oxygen
species (ROS) by the activated immune cells might result in a feedback loop that exacerbates
cochlear damage [32]. The article also notes that transcription factors, like NF-«B and AP-1,
which control inflammatory and apoptotic responses in cochlear cells, can be activated by
hydrogen peroxide (HyO,), a reactive oxygen species [34]. Additionally, oxidative stress
has the ability to initiate apoptotic pathways, including the JNK and p53 signaling cascades,
which may contribute to the cochlea’s hair cells dying [41,42].
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Figure 3. Molecular mechanism of oxidative stress in hearing loss.
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Antioxidant therapy can mitigate the considerable hair cell loss and auditory impair-
ment that ischemia—reperfusion injury can induce in animals [9,50]. Ischemia-reperfusion
damage and oxidative stress have been linked to cochlear blood flow impairment in hu-
mans, including presbycusis and abrupt sensorineural hearing loss [4,51].

6. Different Types of Hearing Loss and Oxidative Stress: Pathophysiological Mechanisms

It is essential to investigate the role that oxidative mechanisms play in different forms
of auditory impairment in order to improve our comprehension of the intricate link be-
tween oxidative stress and hearing loss. This method gives insights into possible focused
treatments in addition to a thorough framework. Oxidative stress has a complex involve-
ment in presbycusis, an age-related hearing loss [2,28]. Different cochlear structures are
impacted by the slow accumulation of oxidative damage over time [24]. For example,
reduced endocochlear potential caused by mitochondrial malfunction in the stria vascularis
impairs the cochlea’s capacity to transduce sound [4]. Hair cells have a build-up of mu-
tations in their mitochondrial DNA at the same time, which eventually sets off apoptotic
pathways. The oxidative stress-induced production of advanced glycation end products
(AGEs) exacerbates the situation by decreasing the compliance of the tectorial and basi-
lar membranes, which are crucial for hearing [14,15]. An alternative scenario is that of
noise-induced hearing loss, in which the cochlea experiences an acute increase in reac-
tive oxygen species (ROS) generation that occurs quickly and intensely [11]. Widespread
lipid peroxidation results from this abrupt oxidative burst, which especially damages the
fragile outer hair cells. The apoptotic cascades are triggered by the release of cytochrome
¢, and the ischemia-reperfusion injury caused by noise-induced vasoconstriction in the
stria vascularis intensifies the damage [27,34]. Different oxidative stress processes are
involved in ototoxicity-induced hearing loss, which is frequently linked to specific drugs.
For instance, iron and aminoglycoside antibiotics combine to produce complexes that
catalyze the production of ROS [27]. On the other hand, chemotherapeutics based on
platinum, such as cisplatin, deplete antioxidant systems and activate NOX3, which is a
major source of reactive oxygen species in the cochlea [28,43]. Both paths converge on
spiral ganglion neuron degeneration and hair cell death, despite their distinct beginning
processes. Although complex in nature, sudden sensorineural hearing loss commonly
involves acute oxidative stress. The early start of oxidative damage, whether due to viral
infections, vascular events, or autoimmune reactions, can swiftly overwhelm local an-
tioxidant defenses, leading to rapid and severe hearing impairment [46]. Hearing loss
caused by oxidative stress is also influenced by genetic factors. Genes such as GJB2, which
encodes connexin 26, can be mutated to affect important functions, such as potassium
recycling, which can result in an increased production of ROS and metabolic stress [24].
Similar to this, in cochlear cells, mutations that impair mitochondrial activity can have a
direct effect on cellular energy production and ROS control [23,25]. Gaining knowledge of
these many pathophysiological processes is essential for creating focused treatment plans.
Therapies targeted at promoting mitochondrial activity may be very helpful in several
disorders [52,53], in particular age-related hearing loss, and fast-acting antioxidants may be
essential in noise- or abrupt-induced hearing loss [54]. Strategies that strengthen endoge-
nous antioxidant systems or directly block particular ROS-generating pathways may work
well in cases of ototoxicity. Furthermore, tailored therapy methods have new opportunities
thanks to this sophisticated understanding of oxidative stress in various forms of hearing
loss. Through the identification of the major oxidative pathways involved in individual
cases, healthcare providers may be able to more effectively customize prevention and
treatment plans. In cases where there are known genetic components, this may entail a
mix of systemic and local antioxidant medications, lifestyle changes to lessen the oxidative
burden, or even genetic therapies that target certain pathways [55]. By delving into the
particular pathophysiological pathways of oxidative stress in different kinds of hearing
loss, we further advance scientific knowledge and open the door to more focused, success-
ful treatment interventions. This strategy fills the knowledge gap between fundamental
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science and practical application by providing a thorough framework that can direct future
investigations and influence therapeutic procedures in the field of auditory health.

7. How Can Antioxidant Techniques Prevent and Treat Hearing Loss?

Antioxidant-based interventions have emerged as viable approaches to prevent and
treat hearing loss due to the essential role that oxidative stress plays in the etiology of
this disorder. This section will examine several antioxidant strategies that have demon-
strated promise in reducing oxidative stress-induced hearing loss, such as pharmaceutical
treatments, targeted delivery methods, gene therapy, and dietary adjustments. The po-
tential of dietary antioxidants to prevent and treat hearing loss has been the subject of
much research [52]. These antioxidants include polyphenols, like quercetin, curcumin,
and resveratrol, as well as vitamins A, C, and E [53,54] (Table 1). By lowering oxidative
stress and inflammation in the cochlea, dietary supplements containing these antioxi-
dants have been demonstrated in animal studies to mitigate age- and noise-related hearing
loss [55,56]. Higher dietary antioxidant intake has been linked to a lower risk of hearing loss
in people, according to observational studies [57,58]. Nevertheless, to determine if dietary
antioxidants are effective in both preventing and treating human hearing loss, randomized
controlled trials are required. The potential of pharmacological antioxidants to lessen
hearing loss caused by oxidative stress has also been studied [59]. N-acetylcysteine (NAC),
ebselen, D-methionine, and coenzyme Q10 (CoQ10) are some of these agents [60,61]. By
scavenging reactive oxygen species (ROS) and bolstering endogenous antioxidant defenses,
NAC, a precursor of glutathione, has been demonstrated to protect against noise-induced
and ototoxic drug-induced hearing loss in animal models [62,63]. In a similar vein, it
has been discovered that the mitochondrial antioxidant CoQ10 can reduce age-related
hearing loss in both people and animals [64,65]. In preclinical studies, D-methionine and
ebselen have also shown protective benefits against ototoxic drug-induced hearing loss and
noise-induced hearing loss [66,67]. Even though these pharmacological antioxidants seem
promising, more clinical research is required to determine their efficacy and safety in people.
Antioxidants may be delivered to the inner ear specifically to maximize therapeutic benefit
and reduce systemic negative effects [68]. Antioxidants like resveratrol and NAC have been
delivered straight to the cochlea using nanoparticle-based delivery methods, including
liposomes and polymeric nanoparticles [69,70]. When compared to a systemic injection,
these targeted delivery strategies have demonstrated increased efficacy in attenuating age-
and noise-induced hearing loss in animal models [71,72]. Another intriguing method for
adjusting the inner ear’s antioxidant defenses is gene therapy [73]. It has been possible to
transfer genes encoding antioxidant enzymes, such as catalase and superoxide dismutase,
to the cochlea via adenoviral and adeno-associated viral (AAV) vectors [74,75]. In animal
models, these gene therapy techniques have shown preventive benefits against age-related
and noise-induced hearing loss [76,77]. To optimize targeted delivery methods and gene
therapy strategies for clinical translation, more studies are necessary. A comprehensive
strategy to prevent and manage hearing loss caused by oxidative stress should include
lifestyle changes and noise reduction techniques [78]. One of the main risk factors for
hearing loss is exposure to loud noise. Noise-induced hearing impairment can be avoided
by limiting noise exposure, using hearing protection devices, and avoiding loud places [79].
In addition, hearing loss risk can be decreased and total antioxidant defenses strengthened
by eating a well-balanced, antioxidant-rich diet, exercising frequently, abstaining from
tobacco use, and limiting alcohol intake [80,81]. In addition, sustaining auditory health
requires close observation and management of long-term illnesses that might exacerbate
oxidative stress and hearing loss, such as diabetes and cardiovascular disease [82,83].
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Table 1. Antioxidant strategies for the prevention and treatment of hearing loss.
Strategy Study Intervention Model Outcomes References
Dietary Someya et al. Mitochondrial- Mice with age-related Reduced oxidative
.. . . . stress, prevented [64]
antioxidants (2010) targeted vitamin C hearing loss .
age-related hearing loss
Heman-Ackah Oral cgmplnatlon Guinea pigs exposed ~ Reduced noise-induced
antioxidant . . [55]
et al. (2010) to noise hearing loss
supplement
Gopinath et al. Dietary intake of Blue Mountams ngh?r intake as.soc1atecl
I Hearing Study with lower risk of [58]
(2011) vitamins A, C, and E .
(human) hearing loss
Dietary intake of , Higher intake associated
Kang et al. (2014) vitamin C and Nurses’ Health Study with lower risk of [72]
. II (human) .
magnesium hearing loss
Pharmacological Kopke et al. N-acetylcysteine Chinchillas exposed Reduced noise-induced [79]
agents (2007) (NAC) to noise hearing loss
Feldman et al. N-acetylcysteine Rats exposed to o toncf)?(tiiCctlii a-%igljze d [84]
(2007) (NAC) ototoxic drugs g
hearing loss
Someya et al. Coenzyme Q10 Mice with age-related  Attenuated age-related [85]
(2007) (CoQ10) hearing loss hearing loss
Salami et al. Coenzyme Q10 Humznes_i:];tcet; with Improved hearing [65]
(2010) (CoQ10) ¢ function
hearing loss
N Protected against
Campbell et al. D-methionine Chmchlllas.exposed noise-induced [66]
(2007) to noise .
hearing loss
Protected against
Lynchetal Ebselen Rats P osed to ototoxic drug-induced [61]
(2005) ototoxic drugs .
hearing loss
Enhanced efficacy in
Targeted Gao et al. (2018) Resveratrol-'loaded Mice w1th age-related attenuating age-related [86]
delivery nanoparticles hearing loss hearing loss compared
to systemic delivery
Kawamoto et al Adenoviral- Guinea pigs with Prevented noise-induced
Gene therapy (2001) ' mediated catalase noise-induced hair cell death and [73]
gene delivery hearing loss hearing loss
AAV-mediated
Bao et al. (2005) .super0x1de Mice w1th age-related Attenuatef:l age-related 87]
dismutase gene hearing loss hearing loss
delivery

Antioxidant therapies have received a lot of attention lately due to their potential to
treat hearing loss brought on by oxidative stress. But, for researchers and clinicians alike,
a nuanced understanding of their limitations, accompanying obstacles, and effectiveness
is essential. Antioxidants found in food, like vitamins C and E and (-carotene, have
demonstrated potential in preventing age-related and noise-induced hearing loss. The
evidence is still conflicting, though, with several trials showing little or no benefit. The
blood-labyrinth barrier is a major obstacle to these chemicals’ bioavailability in the cochlea.
One example is the low penetration of vitamin C into the fluids of the inner ear. In order to
improve cochlear bioavailability, researchers are investigating novel delivery methods, such
as nanoparticle compositions. Even though they are usually thought to be harmless, large
dosages of some antioxidants can have negative effects. It has been difficult, in addition,
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to consistently translate these discoveries into clinical benefits. Like many antioxidant
medications, NAC has problems with bioavailability, such as low cochlear penetration and
poor oral absorption. Research on drug delivery strategies that target the cochlea may be
able to get around these restrictions. Pharmaceutical antioxidants have different safety
profiles. While NAC is generally well tolerated, large doses can cause allergic responses
or nausea. Before beginning treatment, a thorough patient assessment is essential due
to the possibility of drug interactions, such as those that may occur between NAC and
specific blood pressure drugs. An interesting new frontier in the prevention and treatment
of hearing loss is the use of gene therapy techniques that target antioxidant pathways in
the inner ear. Positive preclinical findings suggest that cochlear cells may produce targeted
antioxidants over an extended period of time. This strategy might get over established
bioavailability obstacles. Nevertheless, there is a dearth of long-term safety data and scant
clinical evidence on people. Thorough research is necessary to identify potential dangers,
which include immunological reactions to viral vectors and inadvertent off-target effects.
The various antioxidant techniques differ greatly in their practical aspects. While
gene therapy options now face substantial cost and administration issues, dietary interven-
tions may be more accessible and cost-effective for a greater number of individuals. The
practicality of different antioxidant therapies is greatly influenced by these parameters.

8. Combination Therapies, Synergistic Approaches, and Long-Term Outcomes

Antioxidants and anti-inflammatory medications or neurotrophic factors have been
combined in recent studies to maximize therapeutic effects [88-91]. Combination therapy
makes sense because of the intricate interactions that occur in the pathophysiology of
hearing loss involving oxidative stress, inflammation, and cellular damage [90-92]. For
example, when combined with corticosteroids, N-acetylcysteine (NAC) has demonstrated
increased effectiveness in preventing noise-induced hearing loss as opposed to when ei-
ther medication is used alone [93,94]. In an investigation conducted by Fetoni et al., this
combination dramatically decreased hair cell loss and hearing threshold alterations in mice
exposed to noise [2]. NAC’s antioxidant qualities work in tandem with corticosteroids’
anti-inflammatory effects to potentially offer more complete protection against cochlear
damage. In preclinical research, combining antioxidants with neurotrophic factors, such as
neurotrophin-3 (NT-3) or the brain-derived neurotrophic factor (BDNF), has shown encour-
aging outcomes. The co-administration of the BDNF and the antioxidant Trolox improved
spiral ganglion neuron survival in deafened guinea pigs, according to research by Sly
et al. [95]. Together, these mixtures scavenge free radicals while also encouraging cochlear
hair cell survival and regeneration, thereby providing a two-pronged approach to hearing
preservation and restoration. Nevertheless, creating potent combination treatments comes
with a number of difficulties. It is necessary to determine the ideal dosage schedules in
order to optimize synergistic effects and reduce the possibility of negative interactions. The
significance of timing in combination therapy was brought to light by a study conducted
by Eastwood et al., which showed that in a model of electrode insertion trauma, sequential
delivery of dexamethasone and NAC was more efficacious than simultaneous delivery [4].
When it comes to age-related or chronic disorders causing hearing loss, antioxidant thera-
pies raise serious questions about the long-term safety and effectiveness of these treatments.
Since there is currently little information available in this field, patients on long-term
antioxidant regimens require close observation and extensive follow-up research. Many
antioxidant therapies still lack long-term safety data, especially when it comes to hearing
health. Even though dietary antioxidants are usually regarded as harmless, long-term high-
dose supplementation may be dangerous. As per the ATBC study, smokers’ risk of lung
cancer was observed to increase when they took high-dose beta-carotene supplements for
an extended period of time [5]. It is unknown if there are comparable hazards for cochlear
health, but further research is necessary. Concerns regarding possible changes in redox
signaling or disruption of regular physiological functions are also raised by the long-term
usage of pharmacological antioxidants. Long-term disruption of the cochlea’s sensitive



Antioxidants 2024, 13, 842

12 of 18

redox equilibrium may have unforeseen repercussions. Proper function depends on this
balance. Short-term NAC treatment prevented noise-induced hearing loss, according to
a study by Rousset et al., while long-term administration enhanced oxidative stress in
the cochlea [6]. There is little evidence to support the long-term advantages of chronic
antioxidant use in reducing age-related hearing loss or delaying the advancement of chronic
hearing problems. According to a prospective study by Gopinath et al., older persons who
consume more vitamin C and E in their diets are at a lower risk of developing hearing
loss [7]. To demonstrate causality and identify the best intervention techniques, however,
randomized controlled trials with long follow-up periods are required. The long-term
safety and effectiveness of antioxidant therapy may also be impacted by population-specific
characteristics. The reaction of an individual to long-term antioxidant consumption may
vary depending on factors such as age, genetic makeup, and co-occurring medical disorders.
The effectiveness of antioxidant supplementation in mitigating noise-induced hearing loss
differed depending on glutathione S-transferase gene polymorphisms, according to a study
by Hou et al. [8].

9. What Are the Future Directions of Hearing Loss Management?

Research and therapy options are expanding as our understanding of the mechanisms
underlying oxidative stress-induced hearing loss deepens. The management of hearing
loss will be examined in this section, with particular attention paid to preclinical research,
clinical trials, existing constraints and difficulties, and prospective topics for more studies.
The processes underlying oxidative stress-induced hearing loss have been clarified, and
possible treatment targets have been identified through preclinical research utilizing in vitro
systems and animal models [88]. Subsequent preclinical studies ought to concentrate on de-
lineating the molecular underpinnings of oxidative stress in the auditory system, including
the functions of antioxidant enzymes, particular ROS species, and signaling pathways [89].
Preclinical research should also prioritize the creation and improvement of tailored antiox-
idant delivery methods, such as hydrogels and nanoparticles [90]. Advanced methods,
such as mass spectrometry imaging and single-cell RNA sequencing, can shed light on
the temporal and spatial patterns of oxidative stress in the cochlea [91,92]. Moreover, the
translation of preclinical discoveries to clinical applications can be aided by the creation of
innovative animal models that more closely resemble situations associated with hearing loss
in humans, such as age-related and noise-induced hearing loss [93]. To evaluate the safety
and effectiveness of antioxidant-based treatments for hearing loss in people, clinical trials
are crucial. More thorough, large-scale clinical trials are required to determine the clinical
value of antioxidants, such as N-acetylcysteine (NAC) and vitamin E, even though some
clinical studies have shown encouraging results in treating and preventing noise-induced
hearing loss [56,94]. The potential of combination therapy, such as antioxidants paired
with anti-inflammatory drugs or neurotrophic factors, to improve therapeutic outcomes
should also be explored in future clinical investigations [95]. Furthermore, the application
of new biomarkers, including blood or inner ear fluid oxidative stress markers, can aid in
patient stratification and therapy response monitoring [41]. The creation of uniform clinical
trial procedures and outcome measures can make it easier to compare and synthesize data
from many trials, which will ultimately result in evidence-based recommendations for
the treatment of hearing loss [96]. Though there has been progress in our knowledge and
management of oxidative stress-induced hearing loss, there are still a number of obstacles to
overcome. Since the blood-labyrinth barrier prevents systemic medications from entering
the cochlea, getting antioxidants to the inner ear is a significant difficulty [97]. Although
local delivery techniques, like round window administration and intratympanic injections,
have shown potential, they can be intrusive and necessitate repeated treatments [98]. To
increase patient compliance and treatment effectiveness, non-invasive, sustained-release
medication administration devices must be developed [99]. The variety of causes of hearing
loss and the absence of particular diagnostic instruments to pinpoint hearing loss associ-
ated with oxidative stress present further difficulties [100]. The emergence of innovative
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diagnostic technologies, like genetic testing and imaging, can aid in customizing treatment
plans according to the underlying cause of hearing loss [101]. Furthermore, research is
required to determine the long-term safety and effectiveness of antioxidant treatments,
especially in light of chronic use and possible drug interactions [102]. There are many
prospects for more research in the area of oxidative stress and hearing loss. The creation of
regenerative treatments, such as those based on stem cells, to replace damaged cochlear
neurons and hair cells is one exciting field [103]. Regenerative methods, in conjunction with
antioxidant therapy, may have a synergistic effect on hearing function restoration [104]. The
use of gene therapy to alter the production of protective factors and antioxidant enzymes
in the cochlea is an additional topic of research [73]. Personalized preventive and treatment
techniques related to oxidative stress-associated hearing loss can be developed with the
help of genetic risk factor identification [105]. Additionally, new paths for intervention may
become available as a result of research on the gut-brain—ear axis and the function of the
microbiota in regulating inflammation and oxidative stress in the auditory system [106].
Lastly, the combination of machine learning and big data analytics can aid in the discovery
of new therapeutic targets and the optimization of treatment plans according to the unique
characteristics of each patient [107,108].

10. Conclusions

This thorough analysis has brought to light the crucial part that oxidative stress plays
in the pathophysiology of hearing loss and the promise that antioxidant-based treatments
can play in both preventing and curing this crippling illness. The auditory system, and
especially the cochlea, has special physiological and anatomical properties that make it
extremely vulnerable to oxidative injury. Age-related, noise-induced, and ototoxic drug-
induced hearing loss are among the types of hearing loss that have been linked to excessive
reactive oxygen species (ROS) formation and the lowering of endogenous antioxidant
defenses. Numerous pathways, including ischemia-reperfusion injury, inflammation, hair
cell death, and mitochondrial dysfunction, are involved in the mechanisms behind oxida-
tive stress-induced hearing loss. Preclinical and clinical research has demonstrated the
potential of targeting these pathways with antioxidant therapies, such as pharmacological
drugs, gene therapy, targeted delivery systems, and dietary antioxidants. Furthermore,
alterations in lifestyle, such as lowering noise levels and adhering to a nutritious diet and
regular exercise routine, might bolster general antioxidant defenses and lower the likeli-
hood of hearing impairments. The review’s conclusions have significant ramifications for
clinical practice when it comes to managing hearing loss. First off, measuring antioxidant
status and oxidative stress markers can be useful diagnostic and prognosis markers for
determining who is at risk for hearing loss and tracking how well a treatment is working.
Second, including foods and supplements high in antioxidants in the diet may offer a
secure and practical way to stop and lessen hearing loss brought on by oxidative stress.
Third, pharmaceutical antioxidants, like coenzyme Q10 and N-acetylcysteine, may be used
as adjuvant therapy for the treatment of hearing loss, especially when treating ototoxic
drugs or exposure to noise. Additionally, more focused and effective methods of preventing
oxidative damage to the auditory system may be available with the development of gene
therapy techniques and tailored antioxidant delivery systems. Large-scale clinical studies
and additional research will be necessary to validate these cutting-edge treatments before
they can be used in clinical settings. Lastly, encouraging healthy lifestyles and putting noise
reduction techniques into practice in both work and leisure environments can be crucial
preventative measures against hearing loss brought on by oxidative stress. New preventive
and therapeutic approaches have been made possible by the substantial advancements in
our understanding of the role of oxidative stress in hearing loss in recent years. Neverthe-
less, a number of obstacles still need to be overcome, such as the requirement for more
specialized diagnostic instruments, the improvement of medication delivery techniques,
and the demonstration of antioxidant therapy’s long-term safety and effectiveness. Future
investigations into the possibility of regenerative and customized therapy, as well as the
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intricate interactions between oxidative stress and other pathogenic pathways in hearing
loss, should be the main priorities. To translate research discoveries into practical therapeu-
tic solutions, a multidisciplinary strategy combining basic scientists, doctors, engineers,
and industry partners is important. Through the advancement of knowledge on oxidative
stress in the auditory system and the creation of novel therapeutic approaches, the lives
of millions of people afflicted with hearing loss globally can be enhanced. In the end, pre-
venting and treating oxidative stress-related hearing loss will call for an all-encompassing,
integrative strategy that incorporates lifestyle changes, antioxidant therapies, and other
therapeutic modalities.
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