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Abstract

Sensorineural hearing loss (SNHL), as one of the most common types of hearing impairment, has seen a
continuous increase in global incidence. It has seriously affected patients' quality of life and is closely
associated with a range of psychological and mental health issues, while also posing a significant burden on
healthcare systems. It is known that the etiologies of SNHL mainly include environmental factors (such as
noise exposure, ototoxic drugs, and viral infections), genetic factors (including relevant gene mutations),
and age-related degenerative changes in the auditory system (presbycusis). These pathogenic factors,
whether acting individually or synergistically, can interfere with the normal development and function of
the auditory nerves, resulting in damage to cochlear hair cells and auditory neurons, thereby causing
irreversible hearing impairment. Therefore, a deep understanding of the regulatory mechanisms of
auditory nerve development, structural and functional maturation, as well as its survival capacity and
plasticity changes after injury, is crucial for elucidating the pathological basis of SNHL heterogeneity and
promoting the development of precise treatment strategies. This article systematically reviews the
molecular basis of auditory nerve development, the related pathological mechanisms, and causes of injury,
while also exploring the cutting-edge therapeutic advances in this field, aiming to provide new insights for
clinical interventions in sensorineural hearing loss and ultimately improve patients' auditory function and
quality of life.
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1. Introduction

Hearing loss has become an increasingly severe
public health challenge worldwide. According to the
World Health Organization's latest World Hearing
Report, it is estimated that by 2050, nearly 2.5 billion
people globally will experience some degree of
hearing impairment, with approximately 700 million
requiring rehabilitation and medical services such as
otology and hearing carel” 2. As a common sensory
disorder, hearing loss not only severely affects
patients' ability to communicate verbally, but is also
closely associated with negative health outcomes such

as depression, social isolation, and cognitive decline,
significantly reducing quality of life and imposing a
heavy socioeconomic burden’. Hearing loss can be
classified as sensorineural, conductive, or mixed,
depending on whether the damage affects sound
conduction or perception?. SNHL is the most common
type of hearing impairment, and its pathological basis
stems from irreversible damage to cochlear sensory
hair cells, the stria vascularis, spiral ganglion neurons
(SGNs), and/or synaptic connections in the auditory
pathway® 5 6. Normal conduction of auditory signals
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relies on a multi-level conversion process from the
peripheral to the central system: sound is transmitted
to the cochlea through the outer and middle ears,
where sensory hair cells in the cochlea convert
mechanical vibrations of the basilar membrane into
electrical neural signals. These signals are then
transmitted via SGNs to the cochlear nucleus in the
brainstem, and ultimately ascend to the auditory
cortex for higher-level processing’. In this precisely
regulated pathway, SGNs serve as a crucial hub
connecting peripheral receptors with the central
system, and the integrity of their structure and
function is essential for the accurate transmission of
sound signals. Recent studies have shown that noise
exposure, ototoxic drugs, and viral infections, gene
mutations, as well as the aging process can all lead to
abnormal development or dysfunction of the auditory
nervous system, thereby triggering SNHLS. It is
noteworthy that mammalian cochlear hair cells and
SGNs lack regenerative ability, a characteristic that
makes SNHL a permanent damage once it occurs? °.
Currently, the main clinical interventions for
SNHL include ear reconstruction, hearing aids, and
conventional cochlear implantation. However, these
treatments can only improve patients’ hearing to a
certain extent by amplifying sound or using electrical
stimulation to replace the function of damaged hair
cells, and they cannot fundamentally repair the
damaged auditory neural network. Therefore, there
are significant limitations in their clinical
application’?. As the main hub of the peripheral and
central auditory system, the number and synaptic
integrity of SGNs directly determine the transmission
of sound signals. In common causes of SNHL,
degeneration of SGNs is often an irreversible step,
making the extent of their damage a better predictor
of final hearing outcomes than hair cells. Therefore,

deeply elucidating the molecular regulatory
mechanisms of auditory nerve development,
systematically analyzing the target sites and

pathological mechanisms of damaging factors, and
exploring innovative therapeutic strategies based on
this knowledge may provide new theoretical
foundations and technical approaches for the precise
treatment of SNHL, ultimately improving patients'
hearing rehabilitation outcomes and quality of life.

2. The Development and Maturation of
the Auditory Nerve

2.1 Embryonic origin and ganglion formation

All sensory organs of the inner ear and their
associated sensory ganglia originate from the same
embryonic structure-the otic placode!l. After the three
germ layers are established at the gastrula stage, the

Bone Morphogenetic Protein signaling gradient
determines the transformation of the ectoderm into
neural and non-neural fates'?. Subsequently, the

antagonistic  interaction = between the Bone
Morphogenetic  Protein and  Wingless-related
integration site pathways jointly induces and

regulates the establishment of the prospective
placodal ectoderm??. In the region of the otic placode,
the dynamic coordination of fibroblast growth factor
and Wingless-related integration site signaling
induces the specialization of the prospective placodal
ectoderm into the otic placode structure'®. After the
invagination of the otic placode forms the otic vesicle,
neurogenesis is initiated by the expression of the
proneural basic helix-loop-helix transcription factor
Neurogenin 1, which is responsible for specifying the
fate of neuronal progenitor cells and subsequently
inducing the expression of another basic
helix-loop-helix  transcription factor, Neuronal
Differentiation 1'°. SOX2 is one of the earliest markers
of the prospective sensory domain and is crucial for
maintaining the undifferentiated state of neural
progenitor cells in various developmental systems.
The sequential upregulation of Neurogenin 1 and
Neuronal Differentiation 1 in SOX2 cell
subpopulations within the otic vesicle drives the
differentiation of neuronal progenitors and
neuroblasts, promoting the delamination of these cells
from the otic vesicle and the formation of primary
vestibular ganglia and spiral ganglion neurons’e.
SGNs are the main cell population of the cochlear
ganglion, characterized by glutamatergic activity and
a bipolar morphology, and can be subdivided into
Type I (90%-95%) and Type II (5%-10%). Their
peripheral processes precisely project to the bases and
lateral walls of hair cells, forming ribbon synapses
and receiving mechanoelectrical transduction signals;
their central processes traverse the cochlear axis
through the internal auditory canal, sequentially
transmitting action potentials to the cochlear ventral
nucleus and higher auditory centers, enabling
efficient encoding and relay of sound information.
Thus, SGNs play an indispensable hub role in
maintaining normal auditory perception and verbal
communication'”> 8. The development of SGNs is
cooperatively regulated by the neurotrophin family
and various transcription factors. Among them,
brain-derived neurotrophic factor (BDNF) and
neurotrophin-3  (NT-3) control the survival,
synaptogenesis, and axonal guidance of auditory
neurons through activation of TrkB/TrkC receptors;
transcription factors such as ISL1 and POU1F1
mediate neuronal migration, differentiation, and
phenotypic specialization, together ensuring the
precise integration of SGNs into the auditory
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pathway?9-21.

2.2 Regulatory mechanisms of auditory nerve
development

2.2.1 Neurotrophic factor signaling axis

The neurotrophin family is a group of secreted
proteins, including BDNF, nerve growth factor and
NT-3, which are considered key regulators of nerve
regeneration. Their biological functions are mediated
by binding to specific transmembrane receptor
systems: the tropomyosin receptor kinase family
(TrkA, TrkB, TrkC) and the p75 neurotrophin receptor
(p75NTR)?* 2. Nerve growth factor is synthesized as a
precursor protein or pro-nerve growth factor and is
processed at the N-terminal region (pro-domain) to
produce the mature protein. Pro-nerve growth factor
is released and is biologically active, mediating
downstream signaling pathways?*.The interactions
between neurotrophins and their receptors are
governed by a complex network of cross-regulatory
mechanisms. The classic high-affinity binding
paradigm involves specific neurotrophins binding to
Trk receptors: BDNF and NT-4 bind to TrkB, NT-3
binds to TrkC, and NGF binds to TrkA. However,
significant cross-binding occurs within this system.
All mature neurotrophins can bind to the common

receptor p7/5NTR, and this interaction plays a crucial
regulatory role?®?’, as shown in Figure 1. Notably,
when p75NTR is co-expressed with Trk receptors, it
can significantly enhance the affinity of Trk receptors
for their specific ligands and improve binding
specificity,  enabling  precise  regulation of
ligand-receptor interactions?. NT-3 primarily binds to
the TrkC receptor, but it can also bind to TrkA and
TrkB. The complexity of these interactions and their
ultimate outcomes are further regulated by multiple
factors, including neuronal activity, half-life, and the
presence of co-receptors?.

During the development of the human fetal
inner ear, the expression of TrkA, TrkB, TrkC, and
p75NTR exhibits spatiotemporal specificity: TrkA
begins to be expressed at the fifth gestational week
and disappears after ninth gestational week; TrkB and
TrkC reach their peak expression at eighth to twelfth
gestational week, while p75NTR is persistently
expressed throughout the entire developmental
period®. BDNF binds to TrkB, and after
phosphorylation ~ through  TrkB  and  the
Phospho-Tyr785 site via phospholipase Cy, it triggers
Ca?*transients mediated by inositol
1,4,5-trisphosphate/ diacylglycerol, which collectively
drive synaptic plasticity through the following three

proNGF proNT-3 proBDNF - — 1
| proteolytic processing ’ proteolytic processing i Sortilin-ubiquitously
NGF NT-3 expressed in the cochlea BDNF expressed

v v

TrkC

expressed in
SGNs

v

l l l

Neuronal survival Neurite growth

Synaptic potentiation

p7sNTR
TrkB expressed in certain
non-neuronal cells
post-trauma
l —> Proapoptotic

—> Growth cone collapse
—> Synaptic depression
—> Response to trauma

Neuronal differentiation

Figure 1. The neurotrophin family primarily includes BDNF, NT-3, and nerve growth factor. These factors are synthesized in their precursor forms and require cleavage by
proteolytic enzymes to become mature, subsequently exerting their biological functions through binding to corresponding receptors. The interactions between neurotrophins
and their receptors are regulated by a complex and precise cross-regulatory network. BDNF primarily binds to the tropomyosin receptor kinase B (TrkB), NGF selectively binds
TrkA, while NT-3, in addition to its high-affinity receptor TrkC, can also bind to TrkA and TrkB. These interactions collectively regulate neuronal survival and differentiation,
neurite outgrowth, and enhance synaptic plasticity. Both BDNF and NT-3 are expressed in the cochlea and SGNs. Mature neurotrophins can also bind to the p75SNTR. When
p75NTR is co-expressed with Trk receptors, it can significantly enhance the affinity and binding specificity of Trk receptors to their specific ligands, thereby achieving precise
regulation of ligand-receptor interactions. Moreover, in certain non-neuronal cells following injury, the expression of p7S5NTR can contribute to the regulation of apoptosis,

growth cone collapse, synaptic inhibition, and mediate responses to injury.
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cascade pathways: (1) activation of transient receptor
potential canonical subfamily channels 3/6; (2)
specific recruitment of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor- GluR1 subunits to the synapse; (3)
promotion of PSD-95-TrkB complex assembly via
Ca?"/calmodulin-sensitive adenylyl cyclase and
initiation of cyclic AMP response
element-binding-dependent transcription3-3. After
Shc-Grb2  binds to TrkB-Tyr515, it sequentially
activates the Ras, Raf, MEK, and ERK pathways,
phosphorylating CREB as well as eukaryotic initiation
factor 4E, 4E-binding protein 1, and ribosomal protein
S6, thereby coupling gene expression to protein
synthesis—-dependent plasticity. The Shc-Grb2 node
can also recruit PI3K-Akt, which, by inhibiting the
tuberous sclerosis complex proteins, relieves negative
regulation of Rheb-mammalian target of rapamycin,
drives translation mediated by p70S6K and 4E-BP1,
and promotes membrane trafficking of synaptic
proteins®-3¢. As shown in Figure 2. Current research
confirms that BDNF and NT-3 and their receptors
play a key regulatory role in the development and
function of the inner ear, not only regulating the
survival of spiral ganglion cells and neurons but also
influencing nerve fiber growth, synaptic structure,
and membrane physiological properties’”. A study
indicates®s, that delivering BDNF to the inner ear via
mesenchymal stem cell-derived small exosomes
(sEVs) as mnanocarriers can significantly reduce
noise-induced cochlear hair cell loss in mice. In vitro
studies have shown that both sEVs and BDNF-sEVs
can directly protect hair cells against hydrogen
peroxide-induced  damage, with  BDNF-sEVs
exhibiting stronger synergistic protective effects,
significantly alleviating oxidative stress, apoptosis,
and nerve terminal degeneration. Another study?,
reported that after inducing ototoxic damage in adult
mice with neomycin, delivering BDNF and NT-3 to
the mouse inner ear via an adenovirus vector derived
from adenovirus type 28 increased the survival rate of
spiral ganglion neurons. In summary, BDNF and
NT-3 remodeling the synaptic connections between
cochlear hair cells and SGNs has become one of the
most promising biological strategies for treating
SNHL.

2.2.2 Regulation of transcription factors

Transcription factors are a class of DNA-binding
proteins that can specifically recognize promoter or
enhancer sequences upstream of genes and recruit or
exclude RNA polymerase and its auxiliary complexes.
In this way, they can precisely turn on or off the
transcription of target genes, thereby determining cell

1710
fate, differentiation direction, and functional
phenotype®. In the development of SGNs, a

proneural transcription factor, Neurogl, is a key
switch that initiates neurogenesis. In multipotent
inner ear cells, Neurogl enhances CDK2 levels to
drive cell proliferation and promote neuronal
differentiation by binding to its own promoter and the
promoters of its target genes®. During the formation
of the spiral ganglion and the establishment of
peripheral and central auditory tonal expression, the
transcription factor ISL1 is a core molecule that
regulates the migration and pathfinding of SGNs.
When ISL1 is lost, it leads to SGN migration defects,
disorganized cochlear nerve distribution, and reduced
or unseparated central axons®. The transcription
factor Pou4fl belongs to the POU transcription factor
family and is broadly expressed in all SGNs starting
from embryonic day 1041. Germline deletion of Pou4f1
causes early axon guidance errors in SGNs,
preventing them from reaching central targets, which
subsequently leads to neuronal apoptosis due to
interruption of trophic signals, resulting in a
permanent reduction of about 30% in adult cochlear
neurons®. It is noteworthy that after hearing onset,
Pou4fl remains long-term in the cochlear apex-side
type I SGNs, which can directly calibrate the voltage
sensitivity and Ca?" influx strength of presynaptic
active zones, thereby maintaining high spontaneous
and low-threshold hearing characteristics*>. GATA3
belongs to the GATA transcription factor family in
vertebrates and acts as a switch for the early identity
of otic placode neuroblasts, primarily co-expressed in
the  anterior-ventral  otic  epithelium  and
corresponding neuroblasts. Gata3 is one of the earliest
transcriptional markers in mouse inner ear
development. In embryos with Gata3 deficiency, ear
morphogenesis is blocked and inner ear structures are
absent* 4. In summary, transcription factors are key
switches for the development of the inner ear and
SGNs, controlling processes from otic placode
formation, neuroblast identity determination, neuron
proliferation and differentiation, cell migration,
synapse targeting, to adjustment of calcium channel
sensitivity after hearing onset. They precisely turn
genes on or off throughout, ensuring the proper
construction of auditory circuits. Therefore, activating
or supplementing specific transcription factors
through gene therapy or drugs holds the potential to
reconstruct developmental programs and regenerate
spiral ganglion neurons to restore their function,
providing a new molecular entry point for precise
intervention in SNHL.
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Figure 2. This figure shows that after BDNF binds to TrkB, it promotes neuronal growth and survival through three different signaling pathways.

3. Etiology and Pathogenesis of Auditory
Nerve Injury

3.1 Auditory neuropathy spectrum disorder

Auditory neuropathy spectrum  disorder
(ANSD) is a relatively special type of sensorineural
hearing loss. It is characterized by normal outer hair
cell function, but abnormal function of inner hair cells,
the stereocilia bundle, SGNs, and/or the auditory
nerve itself, resulting in abnormal or even absent ABR
waveforms, while distortion product otoacoustic
emissions and cochlear sum potentials evoked by
electrocochleography remain normal. Clinically, it can
manifest as a disproportionately reduced speech
recognition rate*48. ANSD is mainly caused by
genetic variations. Among these, mutations in the
OTOF gene represent one of the most common genetic
etiologies of non-syndromic ANSD. The OTOF gene,
located on chromosome 2p23.3, belongs to the ferlin
family of large transmembrane proteins and functions
in regulating membrane fusion and vesicle
formation®. This protein is selectively expressed in
the inner and outer hair cells of the auditory system,
vestibular receptors, and central nervous system
tissues. Its core physiological mechanism lies in
regulating the exocytosis of synaptic vesicles through
calcium  ion  sensing, thereby  facilitating
mechano-electrical signal transduction®. Tsuzuki et
al. found that OTOF gene-mutant mice exhibited a

significant reduction in the number of spiral ganglion
neurons type I (SGNS I), which was attributed to
increased apoptosis, ultimately leading to the ANSD
phenotype?l. Notably, mutations in the OTOF gene
are one of the major pathogenic factors for congenital
deafness and autosomal recessive hereditary hearing
loss, with clinical phenotypes characterized by severe
to profound hearing impairment present at birth. The
research results indicate that among infants with AN,
the frequency of OTOF gene mutations is as high as
41.2%, suggesting that OTOF gene mutations are a
major cause of congenital AN in Chinese infants®2.
Among the Japanese population, the prevalence is
56%, and among the Spanish population, OTOF
mutations account for 87% of non-syndromic ANSD
cases®® 54, Importantly, recent preclinical and clinical
studies have demonstrated that bilateral OTOF gene
therapy can restore hearing function in affected
patients, with significant improvements in pure-tone
thresholds and speech perception. This positions
OTOF-related ANSD as an ideal candidate for precise
gene replacement therapy and highlights the clinical
significance of genetic diagnosis in selecting patients
for such interventions. In addition to OTOF, studies
have shown that mutations in the TMEM43 gene can
lead to developmental defects in cochlear glial-like
supporting cells and reduced gap junction
functionality, thereby causing hearing impairment in
ADSD patients#. Similarly, previous research has
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indicated that the AIFM1 c1265 G> A variant is
associated with ANSD, and its pathological
mechanism is closely related to mitochondrial
dysfunction and mCa?" overload®. Thoroughly
exploring the pathogenic mechanisms underlying the
genetic heterogeneity of ANSD, including synaptic
transmission defects (OTOF), supporting cell
dysfunction = (TMEM43), and  mitochondrial
metabolism (AIFM1), provides clear targets and a
theoretical basis for precise gene therapy.

3.2 Noise-induced hearing loss

Noise-induced hearing loss (NIHL) refers to
irreversible damage to the auditory system caused by
a single intense impulse sound (such as an explosion
or gunshot) or long-term repeated exposure to
high-level noise environments. The main pathological
sites are the outer hair cells of the cochlea and the
spiral ganglion cells, leading to varying degrees of
hearing loss%. Previous studies have shown that
when people are exposed to 89 dB of sound for more
than 5 hours per week, they may suffer permanent
hearing damage over time*. The pathogenic factors of
noise-induced hearing loss include many aspects,
such as mechanical damage, metabolic damage,
immune and inflammatory damage, and genetic
susceptibility®®. Generally, research suggests that
when noise intensity is too high, sound waves are
transmitted to the inner ear through the stapes,
causing violent fluctuations between the perilymph
and endolymph, resulting in strong shear forces
between the basilar membrane and tectorial
membrane. This leads to the breaking of tip links of
the stereocilia and tearing of the cuticular plate, which
can be observed as the destruction of outer hair cell
stereocilia bundles*®. Following metabolic overload,
spasm and metabolic disorders of the cochlear
capillaries occur, leading to excessive production of
reactive  oxygen species (ROS), triggering
ischemia-reperfusion injury in the inner ear
vasculature. The excessive ROS then begin to cause
cellular damage, leading to protein denaturation and
apoptosis of hair cells®®. Meanwhile, noise exposure
can rapidly trigger the simultaneous opening of
voltage-dependent Ca?* channels on hair cell
membranes, generating inward calcium currents and
causing a swift increase in intracellular free Ca?*
concentration. The sustained high Ca?* signal not only
damages mitochondria but, more importantly, high
concentrations of Ca?* activate calpains, which in turn
further activate downstream proteases such as
phospholipases, inducing lipid peroxidation and
mitochondrial membrane permeabilization,
ultimately initiating apoptotic pathways in hair cells.
This is one of the key molecular pathways of

noise-induced hearing loss®! 62. Within 1-2 days after
noise exposure, the cochlea initiates an immune
response, peaking with inflammation between 3-7
days, and then gradually subsiding, which clearly
demonstrates that immune and inflammatory
processes are deeply involved in and promote the
progression of noise-induced hearing loss®. In
addition to hair cell loss, recent evidence suggests that
noise exposure can directly damage auditory nerve
fibers and their synaptic connections with inner hair
cells (IHCs). This cochlear synaptopathy, often
referred to as “hidden hearing loss”, involves the loss
of ribbon synapses between IHCs and type I SGN
afferent fibers, even when hair cells remain
morphologically intact. Excessive noise exposure
induces glutamate excitotoxicity, causing excessive
Ca?* influx through postsynaptic AMPA receptors,
triggering calpain activation, and subsequently
dismantling presynaptic ribbon structures and
postsynaptic densities®*. As a result, the auditory
nerve undergoes primary degenerative changes
characterized by axonal retraction, demyelination of
fibers in the bony spiral lamina, and delayed loss of
SGN cell bodies in Rosenthal's canal®. Notably, this
neuropathy can occur at noise levels below those at
which threshold shifts are detectable by standard
hearing tests. However, due to reduced auditory
nerve firing precision and increased spontaneous
firing rates, it leads to deficits in temporal processing
and speech perception in noise®. Moreover,
noise-induced oxidative stress and mitochondrial
dysfunction may retrogradely spread from the
cochlea to the cochlear nucleus and superior olivary
complex, resulting in increased central gain and
maladaptive  neural  reorganization, thereby
worsening tinnitus and sound hypersensitivity®’. The
extent of hearing damage caused by noise is not
determined solely by sound intensity; individual
differences can exceed 10 dB. Genetic susceptibility
also plays a crucial role. For example, mutations in
ABCC1, part of the ATP-binding cassette transporter
superfamily, can reduce the cochlea's antioxidant
capacity, thereby amplifying noise-induced oxidative
stress and hearing loss®. Similarly, CDH23, located at
the lateral links of stereocilia during development, not
only assists in shaping the hair bundle but also
ensures efficient transmission of mechanical force to
the transduction channels. Additionally, the
polymorphic site rs3802711 in CDH13 (BB genotype
and B allele) is significantly associated with
susceptibility to acquired noise-induced hearing
loss®. In summary, noise-induced hearing loss is a
complex disorder involving physical, metabolic,
immune-inflammatory, = and  genetic  factors.
Mechanical energy triggers calcium overload and

https://www.medsci.org



Int. J. Med. Sci. 2026, Vol. 23

1713

oxidative  stress, while immune-inflammatory
responses and related genetic susceptibility factors
collectively ~ determine  individual = outcomes,
providing predictable and targetable molecular
targets for precision intervention.

3.3 Age-related degeneration

Presbycusis, also known as age-related hearing
loss, refers to the progressive bilateral degenerative
hearing decline that occurs with aging and is the most
common cause of hearing impairment in adults? 7!, In
individuals aged 65 and older, approximately 33%
experience severe hearing impairment, primarily
manifested as reduced speech recognition sensitivity
in noisy environments, diminished central auditory
processing capacity and speed, and difficulty with
sound localization. Severe presbycusis can even lead
to cognitive issues such as loneliness, depression, and
dementia”?. Among its subtypes, sensorineural
presbycusis is a prominent one, characterized
pathologically by a reduction in spiral ganglion
neuron numbers and thinning of axonal myelin, while
outer hair cells and the basilar membrane remain
largely intact in the early to middle stages”. The loss
of inner hair cells and auditory nerve fiber projections
is considered a critical early event in sensorineural
presbycusis’s. Clinical studies have found that in
age-related hearing loss, suprathreshold auditory
nerve responses are reduced, while the thinning of the
temporal-parietal cortex is positively correlated with
processing speed. This suggests that the decline in
peripheral SGN function is directly related to central
atrophy and cognitive decline’. At the molecular
level, mitochondrial function is closely associated
with hearing loss caused by degenerative changes in
the auditory system. For example, in the aged cochlea
with auditory degeneration, FOXG1 plays a crucial
role through autophagy. Inhibition of FOXGI reduces
autophagic activity, leading to the accumulation of
ROS and apoptosis of cochlear hair cells”. Single-cell
analysis further revealed that decreased expression of
the transmembrane transporter SLC35F1 causes
degeneration of cochlear hair cells and progressive
decline in auditory function”. Additionally, in a
d-galactose-induced aging model, iron deposition
was observed in the auditory cortex, accompanied by
increased iron-regulatory protein IRP-2 and elevated
lipid peroxidation marker MDA, which leads to
deformation of auditory nerve ganglion neurons,
suggesting that ferroptosis is involved in the
degeneration of central auditory neurons’. In short, a
key component of hearing loss caused by age-related
degeneration lies in the deterioration of the auditory
nerve, and factors such as mitochondria, transport
membrane proteins, and metabolic disorders play

important roles in this process. Targeting these
aspects can effectively delay SGN degeneration,
providing a practical molecular approach for the
precise prevention and treatment of age-related
hearing loss.

Hearing aid

Figure 3. Several causes can lead to auditory nerve damage, resulting in hearing loss.

3.4 Other injuries such as ototoxicity

Ototoxicity refers to dose-dependent structural
damage and functional impairment to the cochlea,
vestibular system, or auditory central structures
caused by exogenous factors such as drugs, chemical
agents, or heavy metals. As shown in Figure 3, the
main clinical manifestations are hearing loss, tinnitus,
vertigo, or balance disorders. The damage can affect
outer cochlear hair cells, SGNs, stria vascularis, and
vestibular cells” 8, and 1is often irreversible.
Clinically, aminoglycoside antibiotics are among the
most classic ototoxic drugs. They mainly catalyze a
burst of ROS in cochlear cells by forming iron-amino
complexes, and can also damage spiral ganglion
neurons, causing bilateral high-frequency onset,
permanent sensorineural hearing loss, and often
temporary vestibular function decline®! 8. Cisplatin is
a commonly used platinum-based chemotherapeutic
drug in clinical settings, and sensorineural hearing
loss is one of its dose-limiting side effects. Once the
drug enters the inner ear, it rapidly accumulates in
cells, causing damage to cochlear hair cell organelle
metabolism, inducing oxidative stress and ferroptosis,
while simultaneously activating the ATM-Chk2-p53
pathway to exert a decisive effect®3. Cisplatin-induced
ototoxicity involves multiple programmed cell death
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pathways, including  apoptosis,  necroptosis,
autophagy, and ferroptosis. This results in
cisplatin-induced ototoxicity exhibiting multi-target
and multi-modal characteristics, making it difficult for
traditional single-pathway inhibitors to provide
complete protection, which is a major challenge in
clinical prevention and treatment’.  Besides
commonly used drugs, organic solvents and heavy
metals are also clinically significant ototoxic factors,
capable of causing severe damage to cochlear
structures and hearing function. Industrial aromatic
hydrocarbon solvents, represented by toluene, can
cause loss of outer hair cells in the middle and basal
turns of the organ of Corti®. Continuous exposure can
lead to a significant elevation in BAER thresholds®.
Exposure to styrene can result in hearing loss of
approximately 35-40 dB and simultaneously induce
oxidative-reductive and inflammatory responses,
targeting hair cell and spiral ganglion neuron
dysfunction through oxidation and inflammation®”.
Studies have shown that heavy metals such as arsenic,
lead, and mercury may have synergistic effects with
noise, with lead being particularly harmful, causing
impairments in both peripheral and central auditory
function®. A meta-analysis covering 10 studies
indicated that there is an association between lead
exposure and hearing loss, with the risk of hearing
loss positively correlated with high concentrations of
lead exposure®®. Whether it is the oxidative and
inflammatory responses induced by industrial
solvents, or the potential synergistic damage from
heavy metals and noise, these findings suggest that
ototoxicity is not simply a classical paradigm of drugs
acting on a single target, but rather a multi-damage
model determined by neurodevelopment, metabolic
oxidative imbalance, and cochlear structural damage.
Therefore, prevention and treatment strategies must
shift from single antagonism to multi-pathway
collaboration to provide a precise direction for
reducing ototoxicity.

3.5 Human cytomegalovirus infection

Human cytomegalovirus (CMV), rubella virus,
herpes simplex virus, and human immunodeficiency
virus can all cause sensorineural hearing loss™.
Among these, CMV is the primary viral cause of
congenital deafness”. The possible mechanisms are as
follows: on one hand, CMV increases the expression
of ROS, which can activate the NOD-like receptor
family pyrin domain-containing 3 inflammasome in
SGNs, leading to the activation of Caspase 1 and
enhancing the maturation and release of IL-1p and
IL-18, thereby mediating inflammatory responses; on
the other hand, CMV can induce a sustained increase
in Ca?*, resulting in SGN apoptosis?>**. Cohort study

data indicate that infants with postnatal CMV
infection exhibit a higher rate of failing otoacoustic
emission screening®. Chatzakis® et al. reported that
in cases of fetal infection, CMV DNA can be detected
via amniocentesis, with a 22% probability of severe
symptoms. Conducting hearing screening and
antiviral treatment for newborns can reduce the
incidence of SNHL following CMV infection. CMV
can damage SGNs, and further research is needed to
elucidate the mechanisms underlying SGN injury,
providing a potential new strategy for the treatment
of SNHL.

4. Therapeutic Strategies and Prospects
Targeting the Auditory Nerve

4.1 Strategies for neuroprotection and
regeneration

4.1.1 Neurotrophic factor therapy

Neurotrophic factors (NTFs) include the classic
neurotrophic protein family and neuropeptides. They
are secreted proteins that regulate the survival,
development, and plasticity of neurons in the central
and peripheral nervous systems. They can maintain
normal neuronal activity and also initiate repair
signals after injuries such as trauma, repair, and
neurodegeneration”. In the auditory system, NTFs
play a key role in the development of SGNs. When
cochlear implants are used, the quantity and quality
of SGNs, as the target cells for the implant, directly
affect the effectiveness of the cochlear implant®.
Within the neurotrophic factor family, NT-3 in
particular has been shown to repair damaged SGNs
and restore synapses in the auditory system;
therefore, it is regarded as a key molecular enhancer
for cochlear implant performance®”. Likewise,
neurotrophic factors are crucial during SGN
development. Animal studies have shown that mice
lacking the NT-3 gene or its receptor TrkC experience
significant loss of spiral ganglion cells in the cochlear
basal turn and complete loss of innervation in the
inner ear'®. However, due to the special structure of
the ear, clinical application of neurotrophic factors
requires addressing issues related to drug delivery
and treatment protocols. NTFs in solution can be
injected into the cochlea via cochleostomy through the
cochlear bony wall or round window membrane!?,
but this inevitably causes a certain degree of damage.
Recent studies on minimally invasive delivery have
shown that PLGA temperature-sensitive hydrogels
loaded with brain-derived neurotrophic factor can
reverse synaptopathy and hearing loss in NIHL
mouse models'®2. Additionally, viral-mediated NT-3
cochlear gene therapy has also significantly improved
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damage and reduced abnormal SGN morphology in
rodent models'®. In summary, from surgical
perfusion to hydrogel slow release, from protein
supplementation to gene therapy, neurotrophic
factors provide a precise, minimally invasive, and
feasible intervention pathway for repairing SGN
damage and reversing disease in sensorineural
hearing loss.

Figure 4. Comprehensive therapeutic strategies and prospects targeting the
auditory nerve: focusing on neuroprotection, regulation of the regenerative
microenvironment, delivery of neurotrophic factors, synergistic repair via gene
editing/stem cell transplantation, and innovations in artificial auditory reconstruction
technologies. These strategies aim to surpass the limitations of traditional cochlear
implants and envision the clinical translation of emerging technologies such as
optogenetics, ultrasound, flexible electrodes, and organoid-based approaches.

4.1.2 Gene therapy and stem cell therapy

In addition to the neurotrophic factor therapies
mentioned above, gene therapy and stem cell therapy
have also been extensively studied and applied in the
field of sensorineural hearing loss. As shown in
Figure 4. Gene therapy primarily uses viral vectors,
such as adeno-associated viruses or lentiviruses, to
deliver therapeutic genes targeted to the inner ear.
This approach is suitable for treating recessive genetic
disorders like autosomal recessive DFINB9 caused by
OTOF mutations, as well as dominant genetic
disorders resulting from haploinsufficiency of a single
allele’®. Gene therapy for DFNB9 has been validated
for feasibility in mouse models and is expected to
further advance related treatments!%. Since this type
of cellular damage is permanent, regenerative
treatment strategies have been explored, leading to
the development of stem cell-based regenerative
therapies!%. Stem cell therapy involves differentiating
embryonic stem cells, adult stem cells, or induced

pluripotent stem cells in vitro into cells with auditory
neuron characteristics, which are then transplanted
into the damaged cochlea to repair SGNs or cochlear
hair cell injuries caused by noise, aging, ototoxic
drugs, or genetic factors, thereby reconstructing the
auditory conduction pathway and restoring or
improving hearing function?”. 1%, The differentiation
efficiency of stem cells into hair cells and auditory
neurons is remarkably high, with hair cell
differentiation success rates reaching 82% and
auditory neurons nearly 100%. Moreover, these
differentiated cells can form new synapses and
interact with surrounding cochlear explant cells and
neurons, showing promising therapeutic potential.
However, this therapy still faces many challenges in
the preclinical stage, including limited ethical
approvals, destruction during embryo separation, and
immune rejection following transplantation'®. Gene
therapy and stem cell therapy constitute two
complementary strategies in regenerative medicine,
providing transformative intervention frameworks
for sensorineural hearing loss from the perspectives of
gene correction and cell replacement, respectively.
Although clinical translation from the laboratory
remains limited by constraints such as pre-existing
vectors, stem cell sources, and post-transplant
functional integration, these studies have already
established a clear research pathway for the
regeneration of auditory function.

4.2 Innovations in strategies for artificial
auditory reconstruction

4.2.1 Limitations and optimization of traditional
cochlear implants

Cochlear implants are implantable neural
prosthetic devices that restore sensory functions in
humans and essentially act as electronic substitutes
for sensory hair cells. As of 2012, 324,000 patients
worldwide had received cochlear implants,
successfully restoring auditory perception in
individuals with severe to profound hearing loss'®.
However, cochlear implants still face several
limitations: patients may have restrictions during
postoperative MRI examinations due to magnetic
artifacts or thermal effects'!0. Speech understanding in
noisy environments remains difficult, likely due to
inadequate low-frequency resolution caused by broad

current spread from the stimulation sites!!.
Moreover, complications such as meningitis,
infections, cerebrospinal fluid leaks, electrode

extrusion, and facial nerve stimulation may occur
after cochlear implantation, with incidence rates
related to both surgeon experience and implant
design'2. Despite these challenges, cochlear implant
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technology continues to advance. For example, the
use of new Spectral Peak and Continuous Interleaved
Sampling strategies has significantly improved
speech  recognition  performance!’3.  Notably,
neurotrophic factor-assisted therapies can enhance
cochlear implant outcomes and improve the survival
of SGNs*,

4.2.2 Prospects for emerging technologies

For sensorineural hearing loss, in addition to
traditional cochlear implants, several emerging
technologies are gradually moving from the
laboratory to clinical use. Auditory brainstem
implants were initially used to restore auditory
perception in patients with type 2 neurofibromatosis
deafness and are now being expanded to treat
children with congenital deafness due to cochlear
malformations and cochlear nerve deficiency4.
Optogenetic cochlear implants are considered an
important method for hearing restoration. They
address the limitations of traditional cochlear implant
electrical stimulation in conductive environments like
the cochlea, where sound encoding precision and
hearing quality are restricted. By using light
stimulation, they achieve higher spectral selectivity
and can precisely activate auditory nerves over a
smaller tonal range, significantly improving hearing
quality’®. Additionally, stem cell-based strategies are
actively being explored. By inducing pluripotent stem
cells to differentiate into functional auditory neurons
and implanting them into the auditory pathway, it is
possible to rebuild synaptic input-output circuits and
achieve fundamental regeneration of mneural
structures!¢. From the expansion of ABI indications
and the precise encoding of optogenetics to structural
regeneration using stem cells, these emerging
technologies together offer a new pathway for
treating sensorineural hearing loss.

5. Conclusion

The auditory nervous system, SGNs plays an
irreplaceable and central role in maintaining normal
auditory function. As the sole bridge connecting
cochlear hair cells to central auditory pathways, SGNs
are not only responsible for converting mechanical
sound signals into electrochemical nerve impulses but
also carry the crucial mission of ensuring the accurate
transmission of auditory information. When SGNs
undergo degenerative changes, this delicate auditory
conduction pathway suffers serious disruption,
leading to a sharp decline in hearing, or even
complete loss. Future research should further explore
the specific molecular mechanisms underlying SGN
damage, develop more precise neuroprotective
strategies, optimize stem cell transplantation and

neurotrophic factor delivery techniques, and establish
personalized treatment plans. With the rapid
advancement of single-cell sequencing technology,
gene editing, and biomaterials science, precision
medical treatments based on SGN regeneration and
protection will bring new hope to patients with
hearing impairments.
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