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Abstract: Noise-induced hearing loss (NIHL) is a common type of sensorineural hearing
loss caused by exposure to high-intensity noise that leads to irreversible cochlear damage.
Despite extensive research on cochlear pathophysiology, the precise mechanisms remain
unclear, and no established treatment exists. This is due to the challenges in imaging
and the inability to perform biopsies in human patients. Consequently, animal models,
particularly mice, have been widely used to study NIHL. Clinically, NIHL presents as
either a temporary threshold shift, in which hearing recovers, or a permanent threshold
shift, which results in an irreversible loss. Histopathological studies have identified the
key features of NIHL, including outer hair cell loss, auditory nerve degeneration, and
synaptic impairment. Recent findings suggest that oxidative stress and inflammation are
major contributors to NIHL, highlighting the potential for therapeutic interventions, such
as antioxidants and anti-inflammatory agents. Given the increasing prevalence of NIHL
owing to occupational noise exposure and personal audio device use, addressing this
issue is a pressing public health challenge. This review summarizes the clinical features,
underlying mechanisms, and emerging treatment strategies for NIHL while identifying
current knowledge gaps and future research directions.

Keywords: reactive oxygen species (ROS); acoustic trauma; antioxidant

1. Overview of Noise-Induced Hearing Loss
Noise-induced hearing loss (NIHL) is a type of sensorineural hearing loss resulting

from prolonged exposure to high noise levels, leading to irreversible damage to hair cells
in the cochlea [1]. NIHL can be categorized as acute or chronic. Previous results from
a single exposure to intense noise, such as gunshot noise, can cause immediate hearing
impairment [2]. The latter develops gradually because of continuous exposure to loud
sounds over time and is commonly associated with occupational or recreational activi-
ties [3]. Although various standards and measures have been established in workplaces, the
prevalence of NIHL remains high. NIHL is the second most common cause of sensorineural
hearing loss after age-related hearing loss, and approximately 5% of the global population
has NIHL [4]. The economic impact of occupational hearing loss is projected to reach
billions of dollars [5].
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The advancement of audio technology and the rapid expansion of the music industry
have contributed to a growing trend among adolescents and young adults of voluntarily
listening to music at high volumes for extended periods. Such prolonged exposure to loud
sounds significantly increases the risk of NIHL, raising public health concerns about a
potential rise in the prevalence of NIHL in the future [6]. The social implications of NIHL are
profound, affecting communication abilities, social interactions, and overall quality of life.
Several studies have reported that hearing loss is associated with both dementia [7,8] and
depression [9]. Given the anticipated increase in the number of individuals with hearing
loss owing to aging and the rising prevalence of earphone-induced hearing loss, addressing
this issue represents a socially significant challenge that requires urgent attention.

NIHL is a common form of acute sensorineural hearing loss. Although the cochlear
pathophysiology underlying NIHL has been extensively studied, the exact mechanisms are
not fully understood. Consequently, no established treatment has been developed. This
limitation arises from two major challenges: the small size of the cochlea, which makes
detailed imaging evaluations difficult, and the inability to perform biopsies in patients with
HL. Consequently, much research on hearing loss has relied on animal models.

One of the most widely used models for studying acute sensorineural hearing loss is
the noise-induced trauma mouse model. This model is commonly employed owing to its
relative cost-effectiveness and simplicity of creation [10,11]. The increasing prevalence of
noise exposure from earphones and other personal audio devices suggests that NIHL cases
will continue to increase, potentially becoming a significant public health concern [12].
Noise exposure-related auditory damage has been extensively characterized in animal
studies, providing a robust foundation for future research.

This noise-induced trauma model offers valuable insights into the clinical progression
and underlying mechanisms of NIHL. Histological analysis often reveals damage to the
outer hair cells, inner hair cells, and synapses connecting these cells to spiral ganglion
neurons. Recent studies have identified oxidative stress and inflammation as critical con-
tributors to NIHL [13,14]. These findings underscore the importance of targeted therapeutic
strategies such as antioxidants and anti-inflammatory agents, which are being explored in
preclinical models.

In this review, we summarize the clinical course, underlying mechanisms, and poten-
tial therapeutic approaches of NIHL. Using recent publications, we highlight the current
gaps in knowledge and outline future research directions.

2. Clinical Features of NIHL
Hearing loss caused by noise exposure can recover to baseline levels over several

hours to weeks after exposure; this is referred to as a temporary threshold shift (TTS) [15].
However, when the intensity of the noise is higher or the duration of exposure is longer,
permanent hearing loss may persist, known as permanent threshold shift (PTS) [16]. Animal
studies indicate that immediate threshold shifts of approximately 50 dB or less may result in
complete recovery, whereas shifts exceeding this level are more likely to result in permanent
hearing loss [17,18]. Additionally, chronic exposure to noise levels of 85 dB or higher for
8 h per day can cause permanent hearing loss [19].

Although hearing thresholds recover after TTS, the reduced ability to understand
speech in noisy environments may remain impaired [20]. This residual damage, known
as hidden hearing loss, can occur even when TTS appears to have resolved. Repeated
exposure to noise levels that initially cause TTS can lead to PTS [21]. Therefore, noise
exposure that causes only TTS should not be ignored as it may result in cumulative damage
and progression to PTS.
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3. Histopathological Changes in the Cochlea in NIHL
Collecting human inner ear tissue to observe histological changes in NIHL is chal-

lenging. Therefore, various animal models have been used to elucidate the mechanisms
underlying NIHL, including mice [22], rats [23], chinchillas [24], zebrafish [25], guinea
pigs [26], and nonhuman primates [27].

By varying the sound intensity, duration, and frequency bands, it is possible to create
animal models of NIHL involving either PTS or TTS. Figure 1 shows the histological
changes associated with PTS and TTS which have been identified.

Normal 

TTS 

PTS 

Hair cell SGNs 

Synaptic damage 

Hair cell death Degeneration of 
auditory nerve fibers 

Supporting cells 

Buckling of 
supporting cells 

Damage to 
supporting cells 

Figure 1. Histological differences between temporary threshold shift (TTS) and permanent threshold
shift (PTS). In TTS, the hair cells remain intact; however, ribbon synapses are damaged and become
detached. Additionally, supporting cells undergo buckling, causing some outer hair cells to become
detached from the tectorial membrane. When noise exposure is more intense or repeated, hair
cells’ and supporting cells’ death and the auditory nerve’s degeneration can produce an irreversible
condition, leading to PTS.

3.1. PTS

(i) Hair Cell Death

Prolonged or intense noise exposure induces apoptosis or necrosis of outer hair cells,
leading to irreversible hearing loss. The loss of hair cells impairs their ability to convert
sound vibrations into neural signals [28].

(ii) Degeneration of Auditory Nerve Fibers

Following hair cell loss, spiral ganglion neurons undergo degeneration owing to the
loss of trophic support from hair cells, further exacerbating hearing impairment [28].

(iii) Damage to Supporting Cells and Cochlear Structures
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Severe noise exposure damages the supporting cells, stria vascularis, and other
cochlear structures. This damage disrupts ion homeostasis and cochlear stability, con-
tributing to permanent auditory dysfunction [28].

3.2. TTS

In cases of TTS, no significant histological changes, such as those observed in PTS, are
observed [29]. However, the following changes occur:

(i) Synaptic Damage

In TTS, hair cells remain intact, but the ribbon synapses between inner hair cells (IHCs)
and cochlear nerve fibers are impaired [29,30].

(ii) Buckling of Supporting Cells

Moderate noise exposure can induce buckling of supporting cells, such as pillar cells,
resulting in the detachment of outer hair cell (OHC) stereocilia from the tectorial membrane,
which is believed to cause TTS. The mechanism underlying TTS appears to be distinct from
those responsible for permanent hair cell damage and PTS [28].

4. Molecular Mechanisms Underlying NIHL
Mechanisms underlying NIHL are complex and multifaceted. Acoustic trauma caused

by exposure to intense sound affects various cellular components of the inner ear, particu-
larly the hair cells, auditory neurons, and surrounding supporting cells. NIHL pathogenesis
involves a combination of interrelated factors, including oxidative stress, calcium dysregu-
lation, mitochondrial dysfunction, inflammatory responses, and direct mechanical damage
induced by acoustic overstimulation. Collectively, these processes contribute to the auditory
dysfunction and hearing loss.

4.1. Oxidative Stress

Oxidative stress is one of the most crucial factors in NIHL. Exposure to acoustic
stimulation induces excessive production of reactive oxygen species (ROS) in the inner ear,
which damages cellular structures and functions [31]. Among the ROS, the superoxide
anion (O2

−), hydroxyl radical (·OH), and hydrogen peroxide (H2O2) have been frequently
reported to accumulate in the cochlea following acoustic overstimulation [32–34]. Similarly,
reactive nitrogen species such as nitric oxide (NO) and peroxynitrite (ONOO−) are also
generated in response to noise exposure [35]. ROS oxidizes lipids in cell membranes,
DNA, and proteins, leading to cellular degeneration and destruction. Mitochondrial DNA
(mtDNA) is particularly susceptible to damage owing to the lack of protection by histone
proteins and limited DNA repair mechanisms. Consequently, these cells are highly prone
to mitochondrial dysfunction. Mitochondria are energy-producing centers that supply
energy to inner ear cells through ATP synthesis. However, when ROS levels increase
after NIHL, mitochondrial membranes are damaged, and ATP synthesis is disrupted.
Consequently, there is an energy deficit within the cells, ultimately leading to cell death.
Furthermore, mitochondrial damage exacerbates calcium stress and accelerates cellular
damage following NIHL [36,37]. The inner ear, particularly hair cells, has a high metabolic
demand and consumes significant amounts of oxygen, making it highly susceptible to ROS
generation [33]. In addition, damage to supporting cells, the stria vascularis, and auditory
nerve cells in the inner ear can ultimately lead to hearing loss [38].

Prolonged oxidative stress induces the release of pro-apoptotic factors, ultimately lead-
ing to caspase-dependent cell death [39]. Noise exposure promotes the nuclear translocation
of endonuclease G, thereby inducing caspase-independent cell death [40].
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Endogenous cellular processes, including autophagy, protect against NIHL by mitigat-
ing oxidative stress. Relatively low levels of oxidative stress induced by noise exposure
at the TTS level activate autophagy and promote OHC survival. In contrast, excessive
oxidative stress at the PTS level caused by noise exposure overwhelms the protective effects
of autophagy, leading to OHC death and NIHL development of NIHL [41].

4.2. Calcium Stress and Glutamatergic Excitotoxicity

The cochlea converts mechanical sound signals into electrical signals, which are trans-
mitted to the brain. In response to sound stimulation, calcium ions enter the cell, triggering
calcium-induced calcium release (CICR) from the endoplasmic reticulum, leading to a
significant increase in intracellular calcium concentration. This increase in calcium levels
induces the release of neurotransmitters, primarily glutamate, from IHCs, facilitating the
conversion of mechanical signals into electrical signals. Following acoustic overstimulation,
calcium levels within hair cells, particularly in the OHCs, increase rapidly [42].

Calcium overload activates calcium-dependent enzymes such as calpains [43,44].
Over-activation of calpains, which degrade intracellular proteins and the cytoskeleton,
causes structural collapse of cells via caspase- or cathepsin-associated pathways [45,46].
Furthermore, calcium overload has been suggested as a critical factor in glutamate exci-
totoxicity [47]. Glutamate is tightly regulated in the extracellular synaptic cleft, where its
concentration is maintained at very low levels. However, excessive glutamate can desta-
bilize the cysteine-glutamate transporter, leading to cysteine and glutathione depletion.
Additionally, sustained activation of glutamate receptors on the postsynaptic membrane
can result in excitotoxic damage to afferent nerve fibers [48].

4.3. Inflammatory Response

After noise exposure, activated resident macrophages undergo morphological changes,
increase in number, and migrate to the hair cell region [49]. At the animal experimental
level, noise exposure led to the upregulation of TLR4 expression in the cochlea. TLR4 is a
pattern recognition receptor (PRR) and a transmembrane receptor expressed on the surface
of immune cells. Activation of TLR4 induces the activation of NF-κB [50], which subse-
quently promotes the production of pro-inflammatory cytokines (e.g., TNF-α, IL-6, IL-1β).
This inflammatory cascade contributes to the loss of outer hair cells and ribbon synapse
damage [51,52]. Supporting this finding, a previous study reported that the inhibition
of TLR4 signaling suppressed noise-induced macrophage activation, which consequently
attenuated hair cell damage and led to a partial recovery of hearing function [53]. This indi-
cates that the resident macrophages in the cochlea exhibit a pro-inflammatory phenotype
and play a detrimental role in NIHL.

Excessive activation of the NF-κB pathway exacerbates inflammation in the inner
ear and accelerates hearing loss; thus, inhibition of the NF-κB pathway may aid in recov-
ery following NIHL [54]. Noise exposure induces activation of the NOD-like receptor
protein 3 (NLRP3) inflammasome, triggering an inflammatory cascade. The interaction be-
tween the upregulation of NLRP3 expression and activation of NF-κB may further amplify
inflammation within the cochlea [55].

Another cytokine implicated in NIHL is transforming growth factor-beta (TGF-β).
Although the impact of the TGF-β family, a key regulator of immune and inflammatory
responses [56], on NIHL remains incompletely understood, studies have reported that
within the first 24 h following noise exposure, the gene expression of Tgfb1 and TgfbR1
is upregulated, while Tgfb2 and TgfbR2 are downregulated. These findings suggest that
TGF-β1 is involved in the cochlear inflammatory response and may play a crucial role in
the early inflammatory phase [57]. TGF-β1 is known to exert dual functions in the inflam-
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matory response, exhibiting both pro-inflammatory and anti-inflammatory roles [58,59].
However, its overexpression can induce fibrosis, potentially leading to irreversible cochlear
damage [60]. Inhibition of TGF-β1 has also been shown to exert a protective effect against
NIHL [57].

In addition to the previously mentioned NF-κB pathway, several other inflammatory
pathways are involved in NIHL [61]. The Mitogen-Activated Protein Kinase (MAPK)
pathway plays a critical role in the cellular stress response and repair processes. Following
NIHL, the MAPK pathway is activated, which induces inflammation and cell death [62].
KSR1 is a scaffold protein that facilitates the proximity of MAPK proteins, including
BRAF, MEK1/2, and ERK1/2, thereby assisting their activation via a phosphorylation
cascade in response to noise-induced damage. Deletion of KSR1 suppresses the MAPK
phosphorylation cascade in cochlear cells following noise exposure, resulting in a protective
effect on hearing [63]. Administration of the oral BRAF inhibitor dabrafenib confers
protection against NIHL in KSR1 wild-type mice [63].

4.4. Endocochlear Potential (EP) Reduction

Noise exposure causes damage to the stria vascularis and spiral ligament, leading
to hearing loss through changes in the endocochlear potential (EP). In the acute phase,
degeneration of type II fibrocytes in the spiral ligament and edema in the stria vascularis
were observed. In the chronic phase, extensive loss of type II fibrocytes, as well as degener-
ation of intermediate and marginal cells in the stria vascularis, were noted, resulting in a
significant reduction in cell membrane surface area. In cases of TTS, no EP changes were
observed, and EP changes do not appear to contribute significantly to stable PTS. However,
EP reduction is involved in the acute threshold elevation and may subsequently contribute
to the transition to PTS [64]. It has also been reported that disruption of the ion-trafficking
system in cochlear spiral ligament fibrocytes is caused by a decrease in connexin levels and
Na+-K+-ATPase activity [65]. Lateral wall pathology may promote hair cell loss and lead to
the opening of the reticular lamina [66].

4.5. Ischemia

Cochlear blood flow decreases after noise exposure [67]. It has been reported that this
may be due to the induction of potent vasoconstrictors, such as isoprostanes, in conjunction
with the generation of ROS [68]. In cases of severe noise exposure to induce PTS, cochlear
blood flow decreased more significantly than in TTS. Additionally, the diameter of the stria
vascularis was decreased. Furthermore, the expression of genes involved in vasodilation
decreased, whereas the expression of genes related to vasoconstriction increased [69].
Reperfusion injury caused by inner ear ischemia is thought to increase ROS levels and
contribute to cochlear damage [70]. Multiple mechanisms have been elucidated to account
for the generation of ROS during reperfusion. First, hypoxanthine, a byproduct of ATP
catabolism, is metabolized to uric acid via xanthine by the action of xanthine oxidase, a
process that concurrently generates ROS [71]. Second, NADPH oxidase (NOX), which is
ordinarily maintained in an inactive state with its membrane-bound and cytosolic subunits
spatially separated, becomes activate during ischemia–reperfusion through the assembly
of these subunits, resulting in the production of ROS [72]. Third, ischemia impairs the
mitochondrial electron transport chain, leading to a disrupted redox environment within
the mitochondria [73]. Upon reperfusion, reactivation of the electron transport chain
promotes electron leakage, which in turn facilitates the reduction in molecular oxygen to
ROS. Fourth, endothelial nitric oxide synthase (eNOS), which typically synthesizes nitric
oxide through coupling with tetrahydrobiopterin, undergoes uncoupling during ischemia–
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reperfusion [74]. In this state, the binding of 7,8-dihydrobiopterin to eNOS leads to the
diversion of enzymatic activity toward the production of ROS rather than nitric oxide.

Furthermore, Vascular Endothelial Growth Factor (VEGF) levels increased after acous-
tic exposure, suggesting that endothelial stress and reduced blood flow led to cochlear
hypoxia [75].

4.6. Changes in Auditory Cortex

Hearing loss caused by NIHL affects not only the cochlea but also the auditory cor-
tex. Following acoustic exposure, the upregulated expression of inflammatory cytokines
and activation of microglia are observed in the primary auditory cortex, indicating the
presence of neuroinflammatory responses [76]. One proposed mechanism involves the
increased expression of cytoplasmic receptors for advanced glycation end-products, which
has been reported to enhance the expression of inflammatory genes and contribute to
neuroinflammation [77].

Changes in spontaneous activity along the auditory pathway following NIHL have
also been reported following NIHL [78,79]. In the early phase following NIHL (within a
few days after noise exposure), glutamatergic excitatory activity in the brainstem decreases,
whereas glycinergic and GABAergic inhibitory activities remain largely unchanged. In
the late phase (approximately two months post-noise exposure), excitatory activity was
suppressed, while inhibitory activity increased [80]. Moreover, in the auditory cortex, NIHL
induces the deterioration of perineuronal nets, specialized extracellular matrix components
that enwrap parvalbumin (PV)-expressing GABAergic interneurons [81]. These alterations
may contribute to difficulties in speech comprehension as well as the development of
tinnitus and hyperacusis [80]. Although the hippocampus lies outside the classical auditory
pathway, it has been demonstrated that noise exposure chronically suppresses cell prolifera-
tion and neurogenesis within the hippocampus. Chronic exposure to noise leads to elevated
levels of corticosterone, which binds to glucocorticoid hormone receptors abundantly ex-
pressed in hippocampal neurons, thereby inhibiting hippocampal cell proliferation and
neurogenesis. Given the critical role of the hippocampus in spatial cognition, memory,
and emotional regulation, noise-induced hearing loss may contribute to the impairment of
these higher-order cognitive functions [82].

Furthermore, recent studies have suggested that plastic changes may also occur in
brain regions beyond the auditory pathway, particularly in areas involved in higher-order
cognitive functions, such as the prefrontal cortex [83].

5. Therapeutic Strategies: Potential of Antioxidant Therapy in NIHL
Clinically, glucocorticoids are the only approved medications for the treatment of

NIHL. Glucocorticoids have been reported to be effective against NIHL through their
anti-inflammatory effects. However, complete hearing recovery was not achieved, and in
many cases, histological degeneration persisted [84], so other treatment options are also
being sought. While current standard clinical interventions for NIHL include hearing aids
and cochlear implants in such cases, these approaches mainly compensate for existing
deficits rather than preventing or reversing damage. Furthermore, cochlear implants
may not be effective in all patients, especially those with severe neural degeneration,
making thorough pre-operative evaluation essential for surgical candidacy. In this context,
molecular-based therapeutic strategies such as antioxidant therapy are being actively
investigated in preclinical models as potential approaches to protect or restore cochlear
structures, and may complement or enhance current clinical treatments in the future.
Molecules involved in the aforementioned mechanisms can serve as potential therapeutic
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targets, and several drugs have shown therapeutic effects in preclinical animal models.
Figure 2 depicts how representative therapeutic agents exert their effects.
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Figure 2. Molecular mechanisms of noise-induced hearing loss and potential therapeutic targets.
The pathogenesis of noise-induced hearing loss (NIHL) involves multiple mechanisms, including
oxidative stress, inflammatory responses, and ischemia-induced hair cell death, as well as calcium
stress and glutamatergic excitotoxicity, which contribute to synaptic damage. Several pharmacological
agents have been proposed as potential therapeutic candidates for NIHL, including mito-TEMPO
(MT), a mitochondria-targeted superoxide dismutase (SOD) mimetic that mitigates oxidative stress; 6-
fluoro-9-methyl-pyridoindole (AC102), which has demonstrated neuroprotective effects; and calpain
inhibitor MDL-28170, which suppresses calpain-mediated apoptosis and preserves cochlear integrity.
In the figure, arrows indicate interactions between components. Activation arrows (→) represent
stimulatory effects, while inhibitory arrows (⊣) represent suppressive effects.

5.1. MT (mito-TEMPO)

Mito-TEMPO (MT) is a mitochondria-targeted antioxidant that is effective in condi-
tions associated with ROS, including renal fibrosis [85], ischemic brain injury [86], and
acetaminophen-induced liver damage [87]. Animal studies have demonstrated that Mito-
TEMPO is effective against NIHL. Mitochondrial DNA is susceptible to damage by ROS
owing to a lack of protection from histone proteins and limited repair mechanisms. How-
ever, mitochondrial transcription factor A (TFAM), which is located in nuclear DNA, plays
a crucial role in stabilizing and maintaining mitochondrial DNA. MT is believed to improve
mitochondrial function by reducing oxidative stress and mitochondrial DNA damage in the
inner ear as well as by restoring the interaction between TFAM and mtDNA, thus showing
efficacy in NIHL [88].

5.2. 6-fluoro-9-methyl-pyridoindole (AC102)

6-fluoro-9-methyl-pyridoindole (AC102) is a pyridoindole derivative. Pyridoindoles
are a group of organic compounds characterized by the fusion of a six-membered aromatic
heterocyclic pyridine ring containing a single nitrogen atom with an indole structure
comprising a benzene ring and a pyrrole ring. Notably, some pyridoindole derivatives
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have been reported to exhibit neuroregenerative potential in neurological disorders, such
as Parkinson’s disease [89]. AC102 has been suggested to ameliorate NIHL by exerting
neuroprotective effects through the reduction in ROS and enhancing synaptic plasticity via
increased ATP production [26].

5.3. Calpain Inhibitor (MDL-28170)

The calpain inhibitor MDL-28170 is a potent, cell-permeable inhibitor of calpain-1 and
calpain-2 and is capable of crossing the blood–brain barrier (BBB) [90]. Noise exposure
activates calpain, which inhibits downstream PI3K/Akt signaling, thereby promoting
apoptosis and leading to inner ear cell death. However, treatment with the calpain inhibitor,
MDL-28170, enhanced the PI3K/Akt signaling pathway, contributing to the prevention
of NIHL [91]. Reports have demonstrated that direct injection of the calpain inhibitor
MDL-28170 into the scala tympani effectively attenuates NIHL [92].

In addition, Qter, a synthetic analog of the endogenous antioxidant coenzyme Q10,
and avenanthramide-C, a natural flavonoid purified from oats, have been reported at the
experimental animal level to be beneficial for hearing protection against NIHL through
their anti-inflammatory and antioxidant effects [93,94].

6. Suggesting New Avenues for Future Research
The mechanisms by which oxidative stress induced by noise exposure leads to NIHL

have been gradually elucidated, and various candidate therapeutic agents have been
reported. However, there remains significant difficulty in the clinical implementation of
these drugs. One major obstacle is the presence of the blood–labyrinth barrier, which
tightly regulates the exchange of substances between the bloodstream and the cochlea [95].
Due to this barrier, systemically administered drugs, whether oral or intravenous, often
fail to reach therapeutic concentrations within the cochlea, thereby limiting their efficacy.
One potential strategy to overcome this challenge is the development of nanoparticle-
based drug delivery systems that can either cross the blood–labyrinth barrier or be locally
administered into the middle ear, allowing drugs to pass through the round or oval window
membranes into the cochlea [96]. Specifically, nanosystems utilizing polyethylene glycol
(PEG)-coated polylactic acid (PLA) nanoparticles and zeolitic imidazolate framework (ZIF)-
90 nanoparticles have been developed, and their effectiveness in facilitating drug delivery to
the inner ear has been demonstrated [97,98]. Another promising approach involves the use
of viral vectors as carriers for therapeutic agents, delivered via the posterior semicircular
canal [99] or through the round window membrane [100]. Using superparamagnetic iron
oxide nanoparticles (SPIONs) and a recombinant adeno-associated virus vector (AAV2),
minimally invasive magnetic targeting of brain-derived neurotrophic factor (BDNF) gene
therapy to the inner ear has been reported to potentially reverse cochlear synaptopathy
following NIHL [101]. Although animal studies have made progress in identifying viral
types with high transduction efficiency [102,103], clinical translation of such methods is
hampered by concerns regarding invasiveness and safety. In parallel, hearing aids remain
the primary clinical solution for managing NIHL in affected individuals. Therefore, both
established technological interventions and emerging pharmacological strategies are critical
in addressing the multifaceted challenges of NIHL.

7. Conclusions
NIHL is the second leading cause of sensorineural hearing loss, and the number of

affected individuals is expected to increase due to changes in societal conditions. However,
no effective treatment has yet been established, making the development of therapeutic
strategies a significant public health challenge. Although the mechanisms underlying NIHL
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have not been fully elucidated, increasing evidence sheds light on the pathophysiological
processes involved. Consequently, targeting the molecular factors responsible for NIHL
has emerged as a promising approach for the development of effective treatments.

Author Contributions: Writing, T.K.; review and editing, T.N., M.H., M.N.S., M.U., F.Y., H.O. and
N.O. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Japan Society for the Promotion of Science (Grant-in-Aid for
Scientific Research (C) [23K08944] and TIMA Establishment (Liechtenstein), grant number 20170101).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: F.Y. is an employee of Gifu University. The Division of Antioxidant Research is a
laboratory established at the Life Science Research Center at Gifu University based on a research fund
from the TIMA Establishment (Liechtenstein). The sponsor had no control over the interpretation,
writing, or publication of this work.

Abbreviations
The following abbreviations are used in this manuscript:

NIHL noise-induced hearing loss
TTS temporary threshold shift
PTS permanent threshold shift
IHC inner hair cell
EP endocochlear potential
ROS reactive oxygen species

References
1. Metidieri, M.M.; Rodrigues, H.F.; Filho, F.J.; Ferraz, D.P.; Neto, A.F.; Torres, S. Noise-Induced Hearing Loss (NIHL): Literature

review with a focus on occupational medicine. Int. Arch. Otorhinolaryngol. 2013, 17, 208–212. [CrossRef]
2. Moon, I.S.; Park, S.Y.; Park, H.J.; Yang, H.S.; Hong, S.J.; Lee, W.S. Clinical characteristics of acoustic trauma caused by gunshot

noise in mass rifle drills without ear protection. J. Occup. Environ. Hyg. 2011, 8, 618–623. [CrossRef]
3. Brookhouser, P.E. Prevention of noise-induced hearing loss. Prev. Med. 1994, 23, 665–669. [CrossRef]
4. Oishi, N.; Schacht, J. Emerging treatments for noise-induced hearing loss. Expert Opin. Emerg. Drugs 2011, 16, 235–245. [CrossRef]
5. Daniell, W.E.; Fulton-Kehoe, D.; Smith-Weller, T.; Franklin, G.M. Occupational hearing loss in Washington state, 1984–1991: II.

Morbidity and associated costs. Am. J. Ind. Med. 1998, 33, 529–536. [CrossRef]
6. Fligor, B.J.; Cox, L.C. Output levels of commercially available portable compact disc players and the potential risk to hearing. Ear

Hear. 2004, 25, 513–527. [CrossRef]
7. Nishiyama, T.; Kimizuka, T.; Kataoka, C.; Tazoe, M.; Sato, Y.; Hosoya, M.; Shimanuki, M.N.; Wakabayashi, T.; Ueno, M.; Ozawa, H.;

et al. Relationship between hearing thresholds and cognitive function in hearing aid non-users and long-term users post-midlife.
npj Aging 2025, 11, 14. [CrossRef]

8. Dawes, P.; Munro, K.J. Hearing Loss and Dementia: Where to From Here? Ear Hear. 2024, 45, 529–536, Erratum in Ear Hear. 2024,
45, 1088. [CrossRef]

9. Lawrence, B.J.; Jayakody, D.M.P.; Bennett, R.J.; Eikelboom, R.H.; Gasson, N.; Friedland, P.L. Hearing Loss and Depression in
Older Adults: A Systematic Review and Meta-analysis. Gerontologist 2020, 60, e137–e154. [CrossRef]

10. Wang, Y.; Hirose, K.; Liberman, M.C. Dynamics of noise-induced cellular injury and repair in the mouse cochlea. J. Assoc. Res.
Otolaryngol. 2002, 3, 248–268. [CrossRef]

11. Ohlemiller, K.K. Contributions of mouse models to understanding of age- and noise-related hearing loss. Brain Res. 2006, 1091,
89–102. [CrossRef]

12. Le Prell, C.G.; Henderson, D.; Fay, R.R.; Popper, A.N. Noise-Induced Hearing Loss: Scientific Advances; Springer: New York, NY,
USA, 2012.

13. Yamane, H.; Nakai, Y.; Takayama, M.; Iguchi, H.; Nakagawa, T.; Kojima, A. Appearance of free radicals in the guinea pig inner
ear after noise-induced acoustic trauma. Eur. Arch. Otorhinolaryngol. 1995, 252, 504–508. [CrossRef]

https://doi.org/10.7162/S1809-97772013000200015
https://doi.org/10.1080/15459624.2011.609013
https://doi.org/10.1006/pmed.1994.1111
https://doi.org/10.1517/14728214.2011.552427
https://doi.org/10.1002/(SICI)1097-0274(199806)33:6%3C529::AID-AJIM2%3E3.0.CO;2-L
https://doi.org/10.1097/00003446-200412000-00001
https://doi.org/10.1038/s41514-025-00203-6
https://doi.org/10.1097/AUD.0000000000001494
https://doi.org/10.1093/geront/gnz009
https://doi.org/10.1007/s101620020028
https://doi.org/10.1016/j.brainres.2006.03.017
https://doi.org/10.1007/BF02114761


Int. J. Mol. Sci. 2025, 26, 4927 11 of 14

14. Fetoni, A.R.; Paciello, F.; Rolesi, R.; Paludetti, G.; Troiani, D. Targeting dysregulation of redox homeostasis in noise-induced
hearing loss: Oxidative stress and ROS signaling. Free. Radic. Biol. Med. 2019, 135, 46–59. [CrossRef]

15. Kujawa, S.G.; Liberman, M.C. Adding insult to injury: Cochlear nerve degeneration after “temporary” noise-induced hearing
loss. J. Neurosci. 2009, 29, 14077–14085. [CrossRef]

16. Chen, H.; Shi, L.; Liu, L.; Yin, S.; Aiken, S.; Wang, J. Noise-induced Cochlear Synaptopathy and Signal Processing Disorders.
Neuroscience 2019, 407, 41–52. [CrossRef]

17. Ryan, A.; Bone, R.C. Noise-induced threshold shift and cochlear pathology in the Mongolian gerbil. J. Acoust. Soc. Am. 1978, 63,
1145–1151. [CrossRef]

18. Clark, W.W.; Bohne, B.A. Effects of noise on hearing. JAMA 1999, 281, 1658–1659. [CrossRef]
19. Morata, T.C.; Dunn, D.E.; Kretschmer, L.W.; Lemasters, G.K.; Keith, R.W. Effects of occupational exposure to organic solvents and

noise on hearing. Scand. J. Work. Environ. Health 1993, 19, 245–254. [CrossRef]
20. Lobarinas, E.; Spankovich, C.; Le Prell, C.G. Evidence of “hidden hearing loss” following noise exposures that produce robust

TTS and ABR wave-I amplitude reductions. Hear. Res. 2017, 349, 155–163. [CrossRef]
21. Lonsbury-Martin, B.L.; Martin, G.K.; Bohne, B.A. Repeated TTS exposures in monkeys: Alterations in hearing, cochlear structure,

and single-unit thresholds. J. Acoust. Soc. Am. 1987, 81, 1507–1518. [CrossRef]
22. Early, S.; Du, E.; Boussaty, E.; Friedman, R. Genetics of noise-induced hearing loss in the mouse model. Hear. Res. 2022, 425,

108505. [CrossRef]
23. Escabi, C.D.; Frye, M.D.; Trevino, M.; Lobarinas, E. The rat animal model for noise-induced hearing loss. J. Acoust. Soc. Am. 2019,

146, 3692. [CrossRef]
24. Bielefeld, E.C.; Harrison, R.T.; Riley DeBacker, J. Pharmaceutical otoprotection strategies to prevent impulse noise-induced

hearing loss. J. Acoust. Soc. Am. 2019, 146, 3790. [CrossRef]
25. Han, E.; Lee, D.H.; Park, S.; Rah, Y.C.; Park, H.C.; Choi, J.W.; Choi, J. Noise-induced hearing loss in zebrafish model: Characteriza-

tion of tonotopy and sex-based differences. Hear. Res. 2022, 418, 108485. [CrossRef]
26. Rommelspacher, H.; Bera, S.; Brommer, B.; Ward, R.; Kwiatkowska, M.; Zygmunt, T.; Theden, F.; Usekes, B.; Eren, N.; Nieratschker,

M.; et al. A single dose of AC102 restores hearing in a guinea pig model of noise-induced hearing loss to almost prenoise levels.
Proc. Natl. Acad. Sci. USA 2024, 121, e2314763121. [CrossRef]

27. Burton, J.A.; Valero, M.D.; Hackett, T.A.; Ramachandran, R. The use of nonhuman primates in studies of noise injury and
treatment. J. Acoust. Soc. Am. 2019, 146, 3770. [CrossRef]

28. Nordmann, A.S.; Bohne, B.A.; Harding, G.W. Histopathological differences between temporary and permanent threshold shift.
Hear. Res. 2000, 139, 13–30. [CrossRef]

29. Shi, L.; Liu, K.; Wang, H.; Zhang, Y.; Hong, Z.; Wang, M.; Wang, X.; Jiang, X.; Yang, S. Noise induced reversible changes of
cochlear ribbon synapses contribute to temporary hearing loss in mice. Acta Otolaryngol. 2015, 135, 1093–1102. [CrossRef]

30. Valero, M.D.; Burton, J.A.; Hauser, S.N.; Hackett, T.A.; Ramachandran, R.; Liberman, M.C. Noise-induced cochlear synaptopathy
in rhesus monkeys (Macaca mulatta). Hear. Res. 2017, 353, 213–223. [CrossRef]

31. Ohlemiller, K.K.; Wright, J.S.; Dugan, L.L. Early elevation of cochlear reactive oxygen species following noise exposure. Audiol.
Neurootol. 1999, 4, 229–236. [CrossRef]

32. Fan, B.; Lu, F.; Du, W.J.; Chen, J.; An, X.G.; Wang, R.F.; Li, W.; Song, Y.L.; Zha, D.J.; Chen, F.Q. PTEN inhibitor bisperoxovanadium
protects against noise-induced hearing loss. Neural Regen. Res. 2023, 18, 1601–1606. [CrossRef] [PubMed]

33. Henderson, D.; Bielefeld, E.C.; Harris, K.C.; Hu, B.H. The role of oxidative stress in noise-induced hearing loss. Ear Hear. 2006, 27,
1–19. [CrossRef] [PubMed]

34. Bottger, E.C.; Schacht, J. The mitochondrion: A perpetrator of acquired hearing loss. Hear. Res. 2013, 303, 12–19. [CrossRef]
35. Shi, X.; Han, W.; Yamamoto, H.; Omelchenko, I.; Nuttall, A. Nitric oxide and mitochondrial status in noise-induced hearing loss.

Free. Radic. Res. 2007, 41, 1313–1325. [CrossRef] [PubMed]
36. Park, M.H.; Lee, H.S.; Song, J.J.; Chang, S.O.; Oh, S.H. Increased activity of mitochondrial respiratory chain complex in noise-

damaged rat cochlea. Acta Otolaryngol. 2012, 132 (Suppl. S1), S134–S141. [CrossRef]
37. Coleman, J.K.; Kopke, R.D.; Liu, J.; Ge, X.; Harper, E.A.; Jones, G.E.; Cater, T.L.; Jackson, R.L. Pharmacological rescue of noise

induced hearing loss using N-acetylcysteine and acetyl-L-carnitine. Hear Res. 2007, 226, 104–113. [CrossRef]
38. Suzuki, M.; Yamasoba, T.; Ishibashi, T.; Miller, J.M.; Kaga, K. Effect of noise exposure on blood-labyrinth barrier in guinea pigs.

Hear Res. 2002, 164, 12–18. [CrossRef]
39. Nicotera, T.M.; Hu, B.H.; Henderson, D. The caspase pathway in noise-induced apoptosis of the chinchilla cochlea. J. Assoc. Res.

Otolaryngol. 2003, 4, 466–477. [CrossRef]
40. Yamashita, D.; Miller, J.M.; Jiang, H.Y.; Minami, S.B.; Schacht, J. AIF and EndoG in noise-induced hearing loss. Neuroreport 2004,

15, 2719–2722.
41. Yuan, H.; Wang, X.; Hill, K.; Chen, J.; Lemasters, J.; Yang, S.M.; Sha, S.H. Autophagy attenuates noise-induced hearing loss by

reducing oxidative stress. Antioxid. Redox Signal. 2015, 22, 1308–1324. [CrossRef]

https://doi.org/10.1016/j.freeradbiomed.2019.02.022
https://doi.org/10.1523/JNEUROSCI.2845-09.2009
https://doi.org/10.1016/j.neuroscience.2018.09.026
https://doi.org/10.1121/1.381822
https://doi.org/10.1001/jama.281.17.1658
https://doi.org/10.5271/sjweh.1477
https://doi.org/10.1016/j.heares.2016.12.009
https://doi.org/10.1121/1.394503
https://doi.org/10.1016/j.heares.2022.108505
https://doi.org/10.1121/1.5132553
https://doi.org/10.1121/1.5132285
https://doi.org/10.1016/j.heares.2022.108485
https://doi.org/10.1073/pnas.2314763121
https://doi.org/10.1121/1.5132709
https://doi.org/10.1016/S0378-5955(99)00163-X
https://doi.org/10.3109/00016489.2015.1061699
https://doi.org/10.1016/j.heares.2017.07.003
https://doi.org/10.1159/000013846
https://doi.org/10.4103/1673-5374.358606
https://www.ncbi.nlm.nih.gov/pubmed/36571368
https://doi.org/10.1097/01.aud.0000191942.36672.f3
https://www.ncbi.nlm.nih.gov/pubmed/16446561
https://doi.org/10.1016/j.heares.2013.01.006
https://doi.org/10.1080/10715760701687117
https://www.ncbi.nlm.nih.gov/pubmed/17963121
https://doi.org/10.3109/00016489.2012.659755
https://doi.org/10.1016/j.heares.2006.08.008
https://doi.org/10.1016/S0378-5955(01)00397-5
https://doi.org/10.1007/s10162-002-3038-2
https://doi.org/10.1089/ars.2014.6004


Int. J. Mol. Sci. 2025, 26, 4927 12 of 14

42. Zuo, H.; Cui, B.; She, X.; Wu, M. Changes in Guinea pig cochlear hair cells after sound conditioning and noise exposure. J. Occup.
Health 2008, 50, 373–379. [CrossRef] [PubMed]

43. Wang, J.; Pignol, B.; Chabrier, P.E.; Saido, T.; Lloyd, R.; Tang, Y.; Lenoir, M.; Puel, J.L. A novel dual inhibitor of calpains and lipid
peroxidation (BN82270) rescues the cochlea from sound trauma. Neuropharmacology 2007, 52, 1426–1437. [CrossRef]

44. Yamaguchi, T.; Yoneyama, M.; Ogita, K. Calpain inhibitor alleviates permanent hearing loss induced by intense noise by
preventing disruption of gap junction-mediated intercellular communication in the cochlear spiral ligament. Eur. J. Pharmacol.
2017, 803, 187–194. [CrossRef]

45. Wood, D.E.; Newcomb, E.W. Caspase-dependent activation of calpain during drug-induced apoptosis. J. Biol. Chem. 1999, 274,
8309–8315. [CrossRef] [PubMed]

46. McCollum, A.T.; Nasr, P.; Estus, S. Calpain activates caspase-3 during UV-induced neuronal death but only calpain is necessary
for death. J. Neurochem. 2002, 82, 1208–1220. [CrossRef]

47. Bing, D.; Lee, S.C.; Campanelli, D.; Xiong, H.; Matsumoto, M.; Panford-Walsh, R.; Wolpert, S.; Praetorius, M.; Zimmermann,
U.; Chu, H.; et al. Cochlear NMDA receptors as a therapeutic target of noise-induced tinnitus. Cell. Physiol. Biochem. 2015, 35,
1905–1923. [CrossRef]

48. Chamorro, A.; Dirnagl, U.; Urra, X.; Planas, A.M. Neuroprotection in acute stroke: Targeting excitotoxicity, oxidative and
nitrosative stress, and inflammation. Lancet Neurol. 2016, 15, 869–881. [CrossRef] [PubMed]

49. Mizushima, Y.; Fujimoto, C.; Kashio, A.; Kondo, K.; Yamasoba, T. Macrophage recruitment, but not interleukin 1 beta activation,
enhances noise-induced hearing damage. Biochem. Biophys. Res. Commun. 2017, 493, 894–900. [CrossRef]

50. Zhang, G.; Zheng, H.; Pyykko, I.; Zou, J. The TLR-4/NF-kappaB signaling pathway activation in cochlear inflammation of rats
with noise-induced hearing loss. Hear Res. 2019, 379, 59–68. [CrossRef]

51. Fujioka, M.; Kanzaki, S.; Okano, H.J.; Masuda, M.; Ogawa, K.; Okano, H. Proinflammatory cytokines expression in noise-induced
damaged cochlea. J. Neurosci. Res. 2006, 83, 575–583. [CrossRef]

52. Tan, W.J.; Thorne, P.R.; Vlajkovic, S.M. Characterisation of cochlear inflammation in mice following acute and chronic noise
exposure. Histochem. Cell Biol. 2016, 146, 219–230. [CrossRef]

53. Pan, J.; Wang, K.; Qu, J.; Chen, D.; Chen, A.; You, Y.; Tang, J.; Zhang, H. Activated tissue-resident macrophages contribute to hair
cell insults in noise-induced hearing loss in mice. Commun. Biol. 2024, 7, 1078. [CrossRef] [PubMed]

54. Liu, D.; Sai, N.; Zhou, Y.; Yu, N.; Jiang, Q.Q.; Sun, W.; Han, W.J.; Guo, W. CD38 Coordinates with NF-kappaB to Promote Cochlear
Inflammation in Noise-Induced Hearing Loss: The Protective Effect of Apigenin. Mol. Neurobiol. 2024, 62, 6166–6178. [CrossRef]
[PubMed]

55. Ren, D.; Chen, X.; Liu, H.; Li, M.; Zheng, L.; Yong, P.; Huang, M.; Shi, X.; Xu, Y.; Chen, S.; et al. Exploring the efficacy of (R)-PFI-2
hydrochloride in mitigating noise-induced hearing loss by targeting NLRP3 inflammasome and NF-kappaB pathway to reduce
inner ear inflammation. J. Otol. 2024, 19, 200–206. [CrossRef]

56. Mantel, P.Y.; Schmidt-Weber, C.B. Transforming growth factor-beta: Recent advances on its role in immune tolerance. Methods
Mol. Biol. 2011, 677, 303–338. [CrossRef]

57. Murillo-Cuesta, S.; Rodriguez-de la Rosa, L.; Contreras, J.; Celaya, A.M.; Camarero, G.; Rivera, T.; Varela-Nieto, I. Transforming
growth factor beta1 inhibition protects from noise-induced hearing loss. Front. Aging Neurosci. 2015, 7, 32. [CrossRef]

58. Sanjabi, S.; Zenewicz, L.A.; Kamanaka, M.; Flavell, R.A. Anti-inflammatory and pro-inflammatory roles of TGF-beta, IL-10, and
IL-22 in immunity and autoimmunity. Curr. Opin. Pharmacol. 2009, 9, 447–453. [CrossRef]

59. Wautier, J.L.; Wautier, M.P. Pro- and Anti-Inflammatory Prostaglandins and Cytokines in Humans: A Mini Review. Int. J. Mol. Sci.
2023, 24, 9647. [CrossRef]

60. Satoh, H.; Billings, P.; Firestein, G.S.; Harris, J.P.; Keithley, E.M. Transforming growth factor beta expression during an inner ear
immune response. Ann. Otol. Rhinol. Laryngol. 2006, 115, 81–88. [CrossRef] [PubMed]

61. Wang, Q.; Shen, Y.; Hu, H.; Fan, C.; Zhang, A.; Ding, R.; Ye, B.; Xiang, M. Systematic Transcriptome Analysis of Noise-Induced
Hearing Loss Pathogenesis Suggests Inflammatory Activities and Multiple Susceptible Molecules and Pathways. Front. Genet.
2020, 11, 968. [CrossRef]

62. Jamesdaniel, S.; Hu, B.; Kermany, M.H.; Jiang, H.; Ding, D.; Coling, D.; Salvi, R. Noise induced changes in the expression of
p38/MAPK signaling proteins in the sensory epithelium of the inner ear. J. Proteom. 2011, 75, 410–424. [CrossRef] [PubMed]

63. Ingersoll, M.A.; Lutze, R.D.; Kelmann, R.G.; Kresock, D.F.; Marsh, J.D.; Quevedo, R.V.; Zuo, J.; Teitz, T. KSR1 Knockout Mouse
Model Demonstrates MAPK Pathway’s Key Role in Cisplatin- and Noise-induced Hearing Loss. J. Neurosci. 2024, 44, e2174232024.
[CrossRef]

64. Hirose, K.; Liberman, M.C. Lateral wall histopathology and endocochlear potential in the noise-damaged mouse cochlea. J. Assoc.
Res. Otolaryngol. 2003, 4, 339–352. [CrossRef]

65. Yamaguchi, T.; Nagashima, R.; Yoneyama, M.; Shiba, T.; Ogita, K. Disruption of ion-trafficking system in the cochlear spiral
ligament prior to permanent hearing loss induced by exposure to intense noise: Possible involvement of 4-hydroxy-2-nonenal as
a mediator of oxidative stress. PLoS ONE 2014, 9, e102133. [CrossRef]

https://doi.org/10.1539/joh.L8032
https://www.ncbi.nlm.nih.gov/pubmed/18654041
https://doi.org/10.1016/j.neuropharm.2007.02.007
https://doi.org/10.1016/j.ejphar.2017.03.058
https://doi.org/10.1074/jbc.274.12.8309
https://www.ncbi.nlm.nih.gov/pubmed/10075737
https://doi.org/10.1046/j.1471-4159.2002.01057.x
https://doi.org/10.1159/000374000
https://doi.org/10.1016/S1474-4422(16)00114-9
https://www.ncbi.nlm.nih.gov/pubmed/27180033
https://doi.org/10.1016/j.bbrc.2017.09.124
https://doi.org/10.1016/j.heares.2019.04.012
https://doi.org/10.1002/jnr.20764
https://doi.org/10.1007/s00418-016-1436-5
https://doi.org/10.1038/s42003-024-06768-4
https://www.ncbi.nlm.nih.gov/pubmed/39223249
https://doi.org/10.1007/s12035-024-04675-7
https://www.ncbi.nlm.nih.gov/pubmed/39725836
https://doi.org/10.1016/j.joto.2024.07.008
https://doi.org/10.1007/978-1-60761-869-0_21
https://doi.org/10.3389/fnagi.2015.00032
https://doi.org/10.1016/j.coph.2009.04.008
https://doi.org/10.3390/ijms24119647
https://doi.org/10.1177/000348940611500112
https://www.ncbi.nlm.nih.gov/pubmed/16466104
https://doi.org/10.3389/fgene.2020.00968
https://doi.org/10.1016/j.jprot.2011.08.007
https://www.ncbi.nlm.nih.gov/pubmed/21871588
https://doi.org/10.1523/JNEUROSCI.2174-23.2024
https://doi.org/10.1007/s10162-002-3036-4
https://doi.org/10.1371/journal.pone.0102133


Int. J. Mol. Sci. 2025, 26, 4927 13 of 14

66. Ohlemiller, K.K.; Kaur, T.; Warchol, M.E.; Withnell, R.H. The endocochlear potential as an indicator of reticular lamina integrity
after noise exposure in mice. Hear Res. 2018, 361, 138–151. [CrossRef]

67. Lamm, K.; Arnold, W. Successful treatment of noise-induced cochlear ischemia, hypoxia, and hearing loss. Ann. N. Y. Acad. Sci.
1999, 884, 233–248. [CrossRef]

68. Miller, J.M.; Brown, J.N.; Schacht, J. 8-iso-prostaglandin F(2alpha), a product of noise exposure, reduces inner ear blood flow.
Audiol. Neurootol. 2003, 8, 207–221. [CrossRef]

69. Shin, S.A.; Lyu, A.R.; Jeong, S.H.; Kim, T.H.; Park, M.J.; Park, Y.H. Acoustic Trauma Modulates Cochlear Blood Flow and
Vasoactive Factors in a Rodent Model of Noise-Induced Hearing Loss. Int. J. Mol. Sci. 2019, 20, 5316. [CrossRef]

70. Ohlemiller, K.K.; Dugan, L.L. Elevation of reactive oxygen species following ischemia-reperfusion in mouse cochlea observed
in vivo. Audiol. Neurootol. 1999, 4, 219–228. [CrossRef] [PubMed]

71. Rieger, J.M.; Shah, A.R.; Gidday, J.M. Ischemia-reperfusion injury of retinal endothelium by cyclooxygenase- and xanthine
oxidase-derived superoxide. Exp. Eye Res. 2002, 74, 493–501. [CrossRef] [PubMed]

72. Walder, C.E.; Green, S.P.; Darbonne, W.C.; Mathias, J.; Rae, J.; Dinauer, M.C.; Curnutte, J.T.; Thomas, G.R. Ischemic stroke injury is
reduced in mice lacking a functional NADPH oxidase. Stroke 1997, 28, 2252–2258. [CrossRef]

73. Tran, T.P.; Tu, H.; Liu, J.; Muelleman, R.L.; Li, Y.L. Mitochondria-derived superoxide links to tourniquet-induced apoptosis in
mouse skeletal muscle. PLoS ONE 2012, 7, e43410. [CrossRef]

74. De Pascali, F.; Hemann, C.; Samons, K.; Chen, C.A.; Zweier, J.L. Hypoxia and reoxygenation induce endothelial nitric oxide
synthase uncoupling in endothelial cells through tetrahydrobiopterin depletion and S-glutathionylation. Biochemistry 2014, 53,
3679–3688. [CrossRef]

75. Picciotti, P.M.; Fetoni, A.R.; Paludetti, G.; Wolf, F.I.; Torsello, A.; Troiani, D.; Ferraresi, A.; Pola, R.; Sergi, B. Vascular endothelial
growth factor (VEGF) expression in noise-induced hearing loss. Hear. Res. 2006, 214, 76–83. [CrossRef]

76. Wang, W.; Zhang, L.S.; Zinsmaier, A.K.; Patterson, G.; Leptich, E.J.; Shoemaker, S.L.; Yatskievych, T.A.; Gibboni, R.; Pace, E.; Luo,
H.; et al. Neuroinflammation mediates noise-induced synaptic imbalance and tinnitus in rodent models. PLoS Biol. 2019, 17,
e3000307. [CrossRef]

77. Lee, C.H.; Kim, K.W.; Lee, D.H.; Lee, S.M.; Kim, S.Y. Overexpression of the receptor for advanced glycation end-products in the
auditory cortex of rats with noise-induced hearing loss. BMC Neurosci. 2021, 22, 38. [CrossRef]

78. Imig, T.J.; Durham, D. Effect of unilateral noise exposure on the tonotopic distribution of spontaneous activity in the cochlear
nucleus and inferior colliculus in the cortically intact and decorticate rat. J. Comp. Neurol. 2005, 490, 391–413. [CrossRef]

79. Pienkowski, M.; Eggermont, J.J. Long-term, partially-reversible reorganization of frequency tuning in mature cat primary auditory
cortex can be induced by passive exposure to moderate-level sounds. Hear. Res. 2009, 257, 24–40. [CrossRef]

80. Eggermont, J.J. Acquired hearing loss and brain plasticity. Hear. Res. 2017, 343, 176–190. [CrossRef]
81. Nguyen, A.; Khaleel, H.M.; Razak, K.A. Effects of noise-induced hearing loss on parvalbumin and perineuronal net expression in

the mouse primary auditory cortex. Hear. Res. 2017, 350, 82–90. [CrossRef]
82. Manohar, S.; Chen, G.D.; Ding, D.; Liu, L.; Wang, J.; Chen, Y.C.; Chen, L.; Salvi, R. Unexpected Consequences of Noise-Induced

Hearing Loss: Impaired Hippocampal Neurogenesis, Memory, and Stress. Front. Integr. Neurosci. 2022, 16, 871223. [CrossRef]
83. Hayes, S.H.; Patel, S.V.; Arora, P.; Zhao, L.; Schormans, A.L.; Whitehead, S.N.; Allman, B.L. Neurophysiological, structural, and

molecular alterations in the prefrontal and auditory cortices following noise-induced hearing loss. Neurobiol. Dis. 2024, 200,
106619. [CrossRef]

84. Han, M.A.; Back, S.A.; Kim, H.L.; Park, S.Y.; Yeo, S.W.; Park, S.N. Therapeutic Effect of Dexamethasone for Noise-induced Hearing
Loss: Systemic Versus Intratympanic Injection in Mice. Otol. Neurotol. 2015, 36, 755–762. [CrossRef]

85. Liu, Y.; Wang, Y.; Ding, W.; Wang, Y. Mito-TEMPO Alleviates Renal Fibrosis by Reducing Inflammation, Mitochondrial Dysfunc-
tion, and Endoplasmic Reticulum Stress. Oxid. Med. Cell. Longev. 2018, 2018, 5828120. [CrossRef]

86. Li, C.; Sun, H.; Xu, G.; McCarter, K.D.; Li, J.; Mayhan, W.G. Mito-Tempo prevents nicotine-induced exacerbation of ischemic brain
damage. J. Appl. Physiol. 2018, 125, 49–57. [CrossRef]

87. Du, K.; Farhood, A.; Jaeschke, H. Mitochondria-targeted antioxidant Mito-Tempo protects against acetaminophen hepatotoxicity.
Arch. Toxicol. 2017, 91, 761–773. [CrossRef]

88. Chen, J.W.; Ma, P.W.; Yuan, H.; Wang, W.L.; Lu, P.H.; Ding, X.R.; Lun, Y.Q.; Yang, Q.; Lu, L.J. mito-TEMPO Attenuates
Oxidative Stress and Mitochondrial Dysfunction in Noise-Induced Hearing Loss via Maintaining TFAM-mtDNA Interaction and
Mitochondrial Biogenesis. Front. Cell. Neurosci. 2022, 16, 803718. [CrossRef]

89. Wernicke, C.; Hellmann, J.; Zieba, B.; Kuter, K.; Ossowska, K.; Frenzel, M.; Dencher, N.A.; Rommelspacher, H. 9-Methyl-beta-
carboline has restorative effects in an animal model of Parkinson’s disease. Pharmacol. Rep. 2010, 62, 35–53. [CrossRef]

90. Northington, F.J.; Chavez-Valdez, R.; Martin, L.J. Neuronal cell death in neonatal hypoxia-ischemia. Ann. Neurol. 2011, 69,
743–758. [CrossRef]

91. Lai, R.; Fang, Q.; Wu, F.; Pan, S.; Haque, K.; Sha, S.H. Prevention of noise-induced hearing loss by calpain inhibitor MDL-28170 is
associated with upregulation of PI3K/Akt survival signaling pathway. Front. Cell. Neurosci. 2023, 17, 1199656. [CrossRef]

https://doi.org/10.1016/j.heares.2018.01.015
https://doi.org/10.1111/j.1749-6632.1999.tb08645.x
https://doi.org/10.1159/000071061
https://doi.org/10.3390/ijms20215316
https://doi.org/10.1159/000013845
https://www.ncbi.nlm.nih.gov/pubmed/10436314
https://doi.org/10.1006/exer.2001.1156
https://www.ncbi.nlm.nih.gov/pubmed/12076093
https://doi.org/10.1161/01.STR.28.11.2252
https://doi.org/10.1371/journal.pone.0043410
https://doi.org/10.1021/bi500076r
https://doi.org/10.1016/j.heares.2006.02.004
https://doi.org/10.1371/journal.pbio.3000307
https://doi.org/10.1186/s12868-021-00642-3
https://doi.org/10.1002/cne.20674
https://doi.org/10.1016/j.heares.2009.07.011
https://doi.org/10.1016/j.heares.2016.05.008
https://doi.org/10.1016/j.heares.2017.04.015
https://doi.org/10.3389/fnint.2022.871223
https://doi.org/10.1016/j.nbd.2024.106619
https://doi.org/10.1097/MAO.0000000000000759
https://doi.org/10.1155/2018/5828120
https://doi.org/10.1152/japplphysiol.01084.2017
https://doi.org/10.1007/s00204-016-1692-0
https://doi.org/10.3389/fncel.2022.803718
https://doi.org/10.1016/S1734-1140(10)70241-3
https://doi.org/10.1002/ana.22419
https://doi.org/10.3389/fncel.2023.1199656


Int. J. Mol. Sci. 2025, 26, 4927 14 of 14

92. Tona, Y.; Hamaguchi, K.; Ishikawa, M.; Miyoshi, T.; Yamamoto, N.; Yamahara, K.; Ito, J.; Nakagawa, T. Therapeutic potential of a
gamma-secretase inhibitor for hearing restoration in a guinea pig model with noise-induced hearing loss. BMC Neurosci. 2014, 15,
66. [CrossRef]

93. Umugire, A.; Lee, S.; Kim, D.; Choi, M.; Kim, H.S.; Cho, H.H. Avenanthramide-C prevents noise- and drug-induced hearing loss
while protecting auditory hair cells from oxidative stress. Cell Death Discov. 2019, 5, 115. [CrossRef]

94. Fetoni, A.R.; De Bartolo, P.; Eramo, S.L.; Rolesi, R.; Paciello, F.; Bergamini, C.; Fato, R.; Paludetti, G.; Petrosini, L.; Troiani, D.
Noise-induced hearing loss (NIHL) as a target of oxidative stress-mediated damage: Cochlear and cortical responses after an
increase in antioxidant defense. J. Neurosci. 2013, 33, 4011–4023. [CrossRef]

95. Shi, X. Pathophysiology of the cochlear intrastrial fluid-blood barrier (review). Hear. Res. 2016, 338, 52–63. [CrossRef]
96. An, X.; Zha, D. Development of nanoparticle drug-delivery systems for the inner ear. Nanomedicine 2020, 15, 1981–1993. [CrossRef]
97. Horie, R.T.; Sakamoto, T.; Nakagawa, T.; Ishihara, T.; Higaki, M.; Ito, J. Stealth-nanoparticle strategy for enhancing the efficacy of

steroids in mice with noise-induced hearing loss. Nanomedicine 2010, 5, 1331–1340. [CrossRef]
98. Xu, X.; Lin, K.; Wang, Y.; Xu, K.; Sun, Y.; Yang, X.; Yang, M.; He, Z.; Zhang, Y.; Zheng, H.; et al. A metal-organic framework based

inner ear delivery system for the treatment of noise-induced hearing loss. Nanoscale 2020, 12, 16359–16365. [CrossRef]
99. Suzuki, J.; Hashimoto, K.; Xiao, R.; Vandenberghe, L.H.; Liberman, M.C. Cochlear gene therapy with ancestral AAV in adult mice:

Complete transduction of inner hair cells without cochlear dysfunction. Sci. Rep. 2017, 7, 45524. [CrossRef]
100. Yoshimura, H.; Shibata, S.B.; Ranum, P.T.; Smith, R.J.H. Enhanced viral-mediated cochlear gene delivery in adult mice by

combining canal fenestration with round window membrane inoculation. Sci. Rep. 2018, 8, 2980. [CrossRef]
101. Mukherjee, S.; Kuroiwa, M.; Oakden, W.; Paul, B.T.; Noman, A.; Chen, J.; Lin, V.; Dimitrijevic, A.; Stanisz, G.; Le, T.N. Local

magnetic delivery of adeno-associated virus AAV2(quad Y-F)-mediated BDNF gene therapy restores hearing after noise injury.
Mol. Ther. 2022, 30, 519–533. [CrossRef]

102. Tan, F.; Chu, C.; Qi, J.; Li, W.; You, D.; Li, K.; Chen, X.; Zhao, W.; Cheng, C.; Liu, X.; et al. AAV-ie enables safe and efficient gene
transfer to inner ear cells. Nat. Commun. 2019, 10, 3733. [CrossRef] [PubMed]

103. Zhao, Y.; Zhang, L.; Wang, D.; Chen, B.; Shu, Y. Approaches and Vectors for Efficient Cochlear Gene Transfer in Adult Mouse
Models. Biomolecules 2022, 13, 38. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/1471-2202-15-66
https://doi.org/10.1038/s41420-019-0195-1
https://doi.org/10.1523/JNEUROSCI.2282-12.2013
https://doi.org/10.1016/j.heares.2016.01.010
https://doi.org/10.2217/nnm-2020-0198
https://doi.org/10.2217/nnm.10.88
https://doi.org/10.1039/D0NR04860G
https://doi.org/10.1038/srep45524
https://doi.org/10.1038/s41598-018-21233-z
https://doi.org/10.1016/j.ymthe.2021.07.013
https://doi.org/10.1038/s41467-019-11687-8
https://www.ncbi.nlm.nih.gov/pubmed/31427575
https://doi.org/10.3390/biom13010038
https://www.ncbi.nlm.nih.gov/pubmed/36671423

	Overview of Noise-Induced Hearing Loss 
	Clinical Features of NIHL 
	Histopathological Changes in the Cochlea in NIHL 
	PTS 
	TTS 

	Molecular Mechanisms Underlying NIHL 
	Oxidative Stress 
	Calcium Stress and Glutamatergic Excitotoxicity 
	Inflammatory Response 
	Endocochlear Potential (EP) Reduction 
	Ischemia 
	Changes in Auditory Cortex 

	Therapeutic Strategies: Potential of Antioxidant Therapy in NIHL 
	MT (mito-TEMPO) 
	6-fluoro-9-methyl-pyridoindole (AC102) 
	Calpain Inhibitor (MDL-28170) 

	Suggesting New Avenues for Future Research 
	Conclusions 
	References

