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Introduction
Sensorineural hearing loss (SNHL) is a common 
and complex sensorineural disorder with charac-
teristics of impaired speech discrimination, recog-
nition, sound detection, and localization.1 SNHL 
has been recognized globally as an area of low and 
highly variable effective interventions and little 
systematic data for outcomes. SNHL is generally 
considered to be a multifactorial progressive 
disease resulting from complicated interplay of 
genetic and environmental factors. SNHL affects 
numerous fundamental cellular processes.2 
Numerous factors including hazardous noise 
exposure, ototoxic medications, otologic disease 
history, head trauma, vascular insults, metabolic 
changes, hormones, diet, and immune system 
factors are superimposed upon an intrinsic, 
genetically controlled process.3,4 In our review, 
we focus on the recent advances about the causes 
of SHNL and discuss the complexities and chal-
lenges of prevention and intervention of SNHL.

Causes of SNHL

Genetics
Genome mutation. Numerous studies have 
revealed that various predisposing genetic factors 
are responsible for the hereditary SNHL.5 In 
addition, more than 100 gene mutations have 
been found to account for the onset of SNHL. 
Heritability studies have suggested that gene 
mutations contribute to the SNHL, including 
age-related hearing loss(ARHL). Gene mutations 
are one of the most common causes of early-onset 
SNHL. Hereditary SNHL is relatively common 
among newborns, affecting approximately 1 in 
1000 live births. However, it is very difficult to 
evaluate the exact role of gene mutations in adult-
onset SNHL due to the synergistic effect between 
gene mutations and environments. Therefore,  
it is difficult to distinguish whether a disabling 
SNHL is caused by genetic factors or noise, or 
even both.6
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Decades of studies have tried to illustrate the pos-
sible mechanisms of hereditary SNHL: (1) muta-
tion in cdh23 gene is harmful to stereocilia tip 
link in the organ of Corti and can cause mechano-
electrical transduction dysfunction or even hair 
cell apoptosis from the base to the apex;7 (2) some 
haplotypes of hsp70 genes may increase the sus-
ceptibility to noise-induced hearing loss (NIHL);8 
(3) a locus on distal chromosome 10 (ahl4) con-
tributes to the early-onset, rapidly progressing 
SNHL because of its earlier and more severe hair 
cell loss, that is, these gene mutations make peo-
ple susceptible to ARHL;9 (4) Gipc3 gene muta-
tions disrupt the structure of the stereocilia 
bundle, which in turn induces the disability of 
hair cells and spiral ganglion neurons.10

Mitochondrial DNA mutation. Recent technologi-
cal advancements in genetics have shown that 
somatic mutations in mitochondrial DNA 
(mtDNA) are also linked to SNHL.11 Due to the 
lack of the repair mechanism and histone proteins 
like genomic DNA, mtDNA is more susceptible 
to damage by reactive oxygen species (ROS).12 
ROS production results in mtDNA mutations, 
which in turn leads to SNHL. However, ROS 
inhibition is a promising strategy for ROS-related 
SNHL.13 Thus, we may speculate that ROS-pre-
disposed mtDNA mutations play a major role in 
the progression of SNHL.

Numerous investigations have been conducted to 
acknowledge the association between mitochon-
drial disorders and SNHL.14 Particularly, the 
A1555G and C1494 T mutations were associated 
with both aminoglycoside-induced and non-syn-
dromic hearing loss.15 The results from animal 
experiments and human autopsy studies have 
suggested that somatic mtDNA mutations, such 
as A3243G, T5655 C, and A14692G, are consid-
ered to be a significant underlying factor in the 
progression of hearing loss.16 However, mtDNA 
4977-bp deletion also occurs in young people and 
in children with SNHL. Reports have indicated 
that mtDNA common deletion (CD) occurred 
not only in individuals with normal hearing but 
also in young people. The effect of the CD on 
ARHL is still poorly understood. Based on these 
controversial results, we propose that mtDNA 
mutations might also occur in people without 
ARHL and that CD might not directly induce 
ARHL. Therefore, the exact mechanism of 
mtDNA deletion on ARHL needs further basic 
and clinical studies.

Noise exposure
NIHL17,18 is one of the most common injury or 
disease in many occupations and recreational 
places, and it also contributes to the ototoxicity 
and progression of ARHL.19 The World Health 
Organization (WHO) estimates that 1.2 billion 
teenagers and young adults aged 12–35 years are 
all susceptible to NIHL for various reasons, such 
as playing loud personal music, using firearms 
without hearing protection, and being exposed to 
loud sounds during recreational activities. 
Decades of research have shown that noise expo-
sure results in anatomical, physiological, and neu-
rochemical changes to the auditory system, which 
in turn lead to hair cell loss, primary auditory 
neuron damage, threshold elevation, and 
degraded frequency tuning.20–24 Patients exposed 
to noise may present with SNHL, tinnitus, and 
hyperacusis. The mechanisms underlying NIHL 
are the loss of hair cells, synaptopathy, primary 
auditory neurons, and lateral wall histopathology 
in the cochlea. However, hair cell loss could be 
detected within hours, while primary auditory 
neurons are thought to be a delayed downstream 
consequence of hair cell loss and may not be 
detected for years.25

Exposure to intense noise can lead to temporary 
threshold shift (TTS) of which hearing function 
can fully recover to normal. In addition, it can 
also result in permanent threshold shift (PTS) 
which means that auditory acuity fails to restore 
to pre-exposure level. Ebselen, a novel GPx1 
mimic, was safe and effective in preventing both 
temporary and permanent NIHL in preclinical 
studies.26 A recent investigation showed that rib-
bon synapses and changes could be recovered by 
the overexpression of the gene encoding neuro-
trophin3 (Ntf3), which can elicit the regeneration 
of the synaptic contacts between cochlear nerve 
terminals and inner hair cells (IHCs).27 These 
data confirmed that noised-induced damage is 
reversible and the study could pave the way for 
the clinical treatment of NIHL.

Aging
Aging is considered as one of the most important 
factors that lead to the degenerative processes of 
the auditory system, especially in adult-onset 
SNHL. ARHL is generally considered to be a 
multifactorial progressive disease caused not only 
by aging on the auditory system but also by the 
accumulated effects of other numerous factors, 
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such as noise, ototoxic drugs, otologic disease 
history, trauma, vascular insults, metabolic 
changes, hormones, diet, and immune system 
that are superimposed upon an intrinsic, geneti-
cally controlled aging process.3,4 The Medline 
Plus Medical Encyclopedia estimated that ARHL 
is projected to affect 25% of people aged 65–
75 years and 70–80% of people over the age of 75 
years.28 That is, the incidence of ARHL is rapidly 
increasing, due to the growing number of elderly 
people worldwide. ARHL usually begins after 
60 years of age and presents as bilateral and sym-
metric SNHL. Moreover, the hearing curve usu-
ally presents as a threshold elevation at higher 
frequencies.29

The potential mechanisms underlying ARHL are 
generally attributed to the following two factors: 
first, the progressive peripheral degeneration 
leading to the disability of the sound afferent; sec-
ond, the central degeneration that results in vari-
ous degrees of central nervous system executive 
dysfunction. Therefore, the perceptual and cog-
nitive declines resulting from ARHL cannot be 
explained solely by a dysfunction of peripheral 
sensory organs, and they frequently translate to 
slow perceptual processing and difficulty in accu-
rately identifying stimuli. Accumulating evidence 
from ethology, neurography, and electrophysio-
logical studies postulates that aging is associated 
with deficits in cognitive control abilities.30 
Etienne et  al. examined the effect of intensive 
auditory training on the primary auditory cortex 
in older rats. They found a nearly complete rever-
sal of most of the age-related functional and 
structural cortical changes.31 In addition, an 
interesting study demonstrated that a targeted 
cognitive training approach resulted in enhanced 
discrimination abilities in both older rats and 
humans.32 Therefore, all of the aforementioned 
studies may be useful for us to think about how 
the progression of ARHL may be controlled or 
even recovered since the impairment of auditory 
cortex can be repaired via adaptive cognitive 
training approach.

Ototoxic drugs
Numerous investigations have shown that the 
clinical application of aminoglycoside antibiotics 
and platinum antitumor drugs is the major cause 
of ototoxic drug–induced SNHL. Moreover, 
other ototoxic drugs including doxorubicin 
(DOXO), aromatic solvent, ouabain, glutamic 

acid, glutamate analogues, 2-hydroxypropyl-β-
cyclodextrin (HPβCD), and heavy metals also 
contribute to ototoxic drug–induced SNHL.33 
Kyle et  al.34 reported that aspirin has a dose-
dependent ototoxic side effect in elderly people, 
but the damage is reversible. Sensory hair cells 
undergo necroptosis and apoptosis after exposure 
to ototoxic drugs.35 In addition, investigators 
found that salicylates damage the spiral ganglion 
neurons and their peripheral fibers in a dose-
dependent manner.36 Although no therapy is 
available for the treatment of ototoxic drug–
induced SNHL, it is possible to reduce the inci-
dence of the disease by limiting the application of 
some of those ototoxic drugs, such as analgesics 
and aminoglycosides.

Ion homeostasis
Correlative data from morphological and electro-
physiological studies support the hypothesis that 
the disturbance of calcium homeostasis in the 
cochlea is an important underlying factor for 
SNHL. Recent studies have shown that voltage-
gated calcium influx can load the synaptic cistern 
to modify the efficacy of cholinergic synaptic inhi-
bition of immature IHCs. The author concluded 
that IHC calcium electrogenesis modulates the 
efficacy of efferent inhibition during the matura-
tion of IHC synapses.37 Moreover, K+ channels 
and transporters are essential for preserving the 
sensory structures and supporting transduction.38 
Therefore, maintaining endolymph homeostasis is 
critical to sustain auditory functions. Belyantseva 
et al.39 reported that large sound-evoked changes 
in K+ flux can lead to osmotic swelling of IHCs. 
The K+ influx in IHCs leads to a rise in extra-
cellular K+, which can depolarize hair cells.40

Chronic diseases: diabetes, autoimmune 
disease
Dysglycemia has been recognized as a risk factor 
for SNHL. A growing number of evidences 
demonstrate that dysglycemia may contribute to 
SNHL. Patients diagnosed with diabetes are 
more susceptible to SNHL. SNHL may be con-
sidered a comorbidity related to diabetes. The 
possible mechanisms among diabetes and SNHL 
may be attributed to microvascular disease, 
acoustic neuropathy, or oxidative stress based on 
some cohort studies in humans.41,42 The degree of 
hearing loss may depend on the duration and 
severity of diabetes. Further studies should focus 
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on preventing diabetes or improving long-term 
glycemic control in patients with diabetes.

Studies have focused on the interaction between 
autoimmune disease and SNHL.43 Immune-
mediated SNHL may present in a sudden, 
chronic, rapidly progressive, or fluctuating form. 
Moreover, the onset is bilateral and the hearing 
curve is asymmetric. The mechanism of immune-
mediated SNHL is still unclear and may be 
related to inflammatory macrophages and micro-
glia in cochlea. These cells in the cochlea play an 
important role in the onset of SNHL due to 
increased levels of proinflammatory cytokines, 
ROS, and antigens. The possible mechanisms 
are as follows:44,45 (1) these proinflammatory 
cytokines lead to vasculitis of inner ear vessels 
and reduce the caliber of auditory arteries with a 
consequent decrease in blood flow; (2) ROS is 
also responsible for the impairment of hair cells 
and spiral ganglion neurons; (3) circulating anti-
bodies against inner ear antigens lead to anti-
body-dependent cell-mediated cytotoxicity, the 
activation of the complement system, a direct 
action of cytotoxic T cells, or immune complex–
mediated damage. Cumulative studies have 
reported that a number of autoimmune diseases 
are associated with immune-mediated SNHL, 
such as systemic lupus erythematosus,46,47 Cogan 
syndrome,48 sarcoidosis,49 and rheumatoid 
arthritis.50 Corticosteroids are the major therapy 
for immune-mediated SNHL and may lead to a 
near-complete hearing restoration. Therefore, it 
is critical to diagnose the autoimmune disease as 
early as possible.

Sudden sensorineural hearing loss
Sudden sensorineural hearing loss (SSNHL) is 
defined as SSNHL of at least 30 dB in three 
sequential frequencies in the standard pure-tone 
audiogram over 3 days or less. Multiple surveys 
estimated the incidence of SSNHL at between 5 
and 30 cases per 100,000 per year.51 Population 
studies have shown that SSNHL is usually unilat-
eral. The incidence of bilateral SSNHL is reported 
to be less than 5%.52 SSNHL often presents with 
sudden drops in hearing, vertigo, tinnitus, and a 
feeling of ear fullness. The exact causes of the dis-
ease are not yet clear, but it is usually attributed 
to various infective, vascular, and immune facets 
and so on. Early intervention is generally consid-
ered necessary and may be the best chance for the 
improvement of SSNHL. Delay in dealing with 

the disease owing to the neglect from the patients 
and missed hearing assessments may cause seri-
ous implications, including permanent SSNHL.53 
Therefore, prompt diagnosis and management 
are critical for the recovery of SSNHL.

Preventions of SNHL

Difficulties and necessity
SNHL is a universal problem. However, it is also 
be considered as the ‘invisible disability’ and 
receives limited public awareness in some places. 
People usually pay less attention to SNHL com-
pared with other health problems, such as blind-
ness and dementia. Earlier data indicate that the 
societal and economic burdens will increase if 
enough resources were not allocated for preven-
tion and therapy of SNHL. The major barriers to 
widespread use of hearing healthcare included the 
high costs of hearing healthcare, lack of insurance 
coverage, the stigma associated with impairment 
and wearing hearing aids, and limited awareness 
of hearing health and the range of available 
options.54 Therefore, it is necessary to raise 
awareness of the potential impact of SNHL and 
to focus on preventing SNHL. Global multidisci-
plinary and collaborative efforts should be allo-
cated to patients suffering from SNHL. SNHL 
cannot, and must not, continue to be a silent 
epidemic.

Current situation
Fortunately, SNHL has received much more 
attention in recent years.54,55 Focusing on SNHL 
prevention will vastly improve the quality of life 
(QOL) of patients and their families and trans-
form the future for society. However, not every-
one will be able to make some changes and these 
changes may not make a difference; in some 
cases, the causes of SNHL are genetic and diffi-
cult to change. Nonetheless, delays in SNHL for 
a few years for even a small group of people would 
be an enormous achievement and would enable 
many more people to receive a high QOL. 
Electrophysiological, pharmacological, psycho-
logical, environmental, and social interventions 
should be conducted by the WHO, governments, 
leaders, social institutions, and professors. The 
World Health Assembly renewed the 1995 reso-
lution on the prevention of hearing impairment, 
urging member states and the director general of 
WHO to take specific steps to curtail the disease 
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burden. All of the measures should focus on rais-
ing awareness of the importance of SNHL among 
healthcare measures and ameliorating the present 
practices and providing new measures for hearing 
healthcare according the changing conditions for 
hearing healthcare worldwide.56

Prevention measures
The incidence and impact of SNHL are stagger-
ing, and half SNHL could be prevented with low-
cost interventions that include immunization for 
rubella, mumps, measles, and meningitis. For 
losses that cannot be prevented, hearing aids or 
cochlear implants can produce favorable out-
comes in most cases, and unprecedented oppor-
tunities exist for reducing the costs of these and 
other treatments.57

Prenatal genetic diagnosis and newborn hearing 
screening are universal and make the hearing 
interventions for babies with serious problems 
happen as early as possible. Therefore, early 
access to language for children with SNHL via 
hearing aids, cochlear implants, or sign language, 
as well as appropriate support, is needed to ensure 
normal cognitive, educational, and psychosocial 
development. Approximately half of all SNHL is 
preventable through public health strategies such 
as immunization against childhood diseases. In 
addition, more than 1 billion young people are 
globally at risk of developing SNHL through 
exposure to loud music through personal audio 
devices.30 The WHO issued a global standard for 
manufacturers of personal audio devices to 
improve their safety.58 In 2017, Fink DJ proposed 
that the safe noise exposure level to prevent 
SNHL is 70 dB time-weighted average for 24 h 
[Leq(24) = 70].59 These standards will result in 
quiet environments, effectively prevent SNHL, 
and alleviate developmental and social conse-
quences of SNHL. Meanwhile, professors should 
speak up about the health dangers of noise.

Doctors should try their best to avoid prescrib-
ing ototoxic drugs for patients, especially chil-
dren, with normal infections since ototoxic drugs 
could be replaced with other non-ototoxic anti-
biotics. However, we should use some drugs to 
protect the inner ear and the subsequent SNHL 
if ototoxic drugs cannot be avoided. Meanwhile, 
prompt diagnosis of autoimmune diseases 
related to SNHL is critical to control the pro-
gression of SNHL or even prevent the incidence 

of autoimmune forms of ear disease. A proper 
diet which includes reducing the ADI (accepta-
ble daily intake) of carbohydrate and physical 
exercise can alleviate inner ear impairment in 
patients with diabetes. Owing to the afore-
mentioned causes of SNHL, we hypothesize that 
balanced nutrition or even balanced iron home-
ostasis is helpful for SNHL, and studies should 
be carried out in the future.

SNHL is the third most prevalent chronic disease 
in elderly people and leads to negative effects on 
physical and mental health, which eventually 
overwhelm families and aggravate socio- economic 
burdens. Despite the prevalence and negative 
effects of ARHL, SNHL is not estimated and 
treated in most older adults. Given the aforemen-
tioned factors, it is necessary for primary care 
physicians to screen and manage adult SNHL. 
For example, prompt recognition of potentially 
reversible causes of SNHL, such as SSNHL, oto-
toxic drug–induced SNHL, and infections of 
middle/inner ear, may greatly maximize the pos-
sibility of hearing function recovery.

Current therapy for SNHL
The development of effective therapeutic strate-
gies to prevent or treat SNHL has proven to be a 
relatively difficult progress, as demonstrated by 
the lack of restorative medicines and technolo-
gies.60 Consequently, there is an overwhelming 
impression between professionals and the public 
that hearing aids are all that can be done for 
SNHL. However, SNHL requires concerted 
counseling, rehabilitative training, environmental 
accommodations, and training. Therefore, we 
would like to explore the advantages and limita-
tions associated with currently available strategies 
for the restoration of SNHL.

Clinical interventions
Hearing device to replace hearing loss. Currently, 
there are very few treatment options for people 
with SNHL. With the rapid development of tech-
nology, hearing devices appear as a promising 
approach for the treatment of SNHL. People can 
partially or even greatly benefit from hearing 
devices, including hearing aids, middle ear 
implants, and cochlear implants. Hearing aids 
were widely used to amplify the signal of sound 
for patients suffering from a mild or moderate 
SNHL, whereas middle ear and cochlear implants 
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are suitable for patients whose SNHL cannot be 
compensated by hearing aids.

The use of hearing aids is the cornerstone of 
audiologic intervention. Hearing aids are consid-
ered sound-amplifying device that is used to com-
pensate for impaired hearing. There is mounting 
evidence that shows that the QOL status of peo-
ple with SNHL will be greatly improved after 
treatment with well-fitted hearing aids which can 
strengthen the audibility of speech and other 
sounds and minimize participation restric-
tions.60,61 Despite the benefits of hearing aid, the 
use of it is lower than the real incidence of SNHL 
owing to missed diagnoses, patient refusal, and 
high costs of the devices and their subsequent ser-
vice. H Staecker reported that only 14.2% of 
adults suffering from hearing impairment wear 
hearing aids.62 Furthermore, approximately 30% 
of patients who receive hearing aids refuse to wear 
them for various reasons, such as stigma, per-
ceived effectiveness, ongoing costs, lack of com-
fort, and cosmetic appearance.63 Although there 
is an obvious benefit of hearing aids, Bojana listed 
several shortcomings in the current hearing-aid 
fitting procedures. First, they require the hearing 
aid users to actively perform a task, which may 
not be optimal for all types of patients. Second, 
the pure-tone audiogram does not index supra-
threshold processing abilities, as required for 
arguably the most important hearing-aid out-
come: speech understanding. Third, the fitting 
procedures cannot be re-evaluated in real-time, 
nor can they adjust to a user’s distinct demands in 
complex listening conditions.64 As a result, vari-
ous investigations should be conducted to solve 
these questions.

Cochlear implants are now universally used and 
considered to be the standard of care for patients 
with severe-to-profound SNHL that cannot be 
compensated by hearing aids. Many people with 
SNHL typically benefit from cochlear implants 
that bypass the cochlea hair cells and provide 
direct electrical stimulation to the auditory neu-
rons.65 Cochlear implants often work very well 
and display substantial benefits in speech percep-
tion. Nonetheless, the wide use of cochlear 
implants is restricted due to their high cost.66 The 
cost of the cochlear implant could be reduced by 
encouraging specialists to prompt the innovations 
in technology and to supervise competitions 
between governments.57 Unfortunately, while 
many patients have received many benefits from 

cochlear implants, a number of patients have 
achieved poor outcomes. Future research on 
cochlear implants should focus on finding predis-
posing factors that are responsible for variability 
in outcomes following implantation. What’s 
more, studies should find out proper methods to 
predict patients who will not receive an ideal out-
come with cochlear implant and provide effective 
measures to ameliorate the poor outcome.67

Auditory brainstem implant (ABI) is a surgically 
implanted central neural auditory neuroprosthesis 
that provides a safe and effective auditory rehabili-
tation for patients with profound SNHL who are 
not candidates of cochlear implant due to abnor-
malities of the cochlea and the cochlear nerve.68 In 
2000, the Food and Drug Administration (FDA) 
approved the use of ABIs in patients diagnosed 
with neurofibromatosis type 2 (NF2). Recently, it 
has been reported that the use of ABI was not 
restricted to only patients with NF2 but was also 
expanded to non-NF2 patients.69,70 ABIs have 
similar components as cochlea implant.71–73 The 
electrical impulse–derived sounds can directly 
stimulate the nucleus through a soft silicone pad-
dle that is placed along the surface of the brain-
stem. Although the speech outcomes of patients 
with ABIs are inferior to those of patients with 
cochlear implantation74 and non-tumor patients 
with ABIs may benefit more from ABIs than NF2 
patients, it is effective in the recovery of auditory 
input and offers hope for a group (population) of 
patients who would otherwise fail to benefit from 
the auditory world forever.

Drug treatment. Current promising drugs for 
SNHL primarily include steroids75 and neuro-
trophic factors. Steroids are considered the main 
treatment for hearing impairment, including 
SSNHL and autoimmune disease–related SNHL. 
Moreover, neurotrophic factors were thought to 
be one of the more effective drug-based therapies 
for NIHL to repair the ribbon synapse, to prevent 
the loss of primary auditory neurons, and to facil-
itate the regrowth of auditory neuron fibers after 
severe SNHL.76 In addition, drugs that modify 
the microcirculation, diuretics, and salicylate are 
widely used in the treatment of some types of 
SNHL. Although the wide application of the 
aforementioned drugs leads to partial hearing 
function recovery in some patients, there is a lack 
of randomized, double-blind, case-controlled 
studies to confirm those reagents as standard 
therapy.
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Pre-clinical intervention
Currently, hearing devices are one of the most 
important ways to improve hearing performance 
for many patients. Nevertheless, the effect is lim-
ited because although the residual hair cells can 
be stimulated, they cannot restore the underlying 
pathology: cell loss in the cochlea and the degen-
eration of both peripheral and central auditory 
systems. A cumulative investigation has been car-
ried out over the past decades to explore the novel 
drugs, progenitor cells, genes, and operant train-
ing for the development of SNHL therapy based 
on the genetic mechanisms and molecular path-
ways underlying hearing impairment.77

Hair cell regeneration. The sensory hair cells in 
the cochlea serve as mechanoreceptor cells for 
detecting sound and transmitting their electrical 
signal to the brain via the auditory nerve. Since 
mammalian hair cells cannot be replaced, loss of 
hair cell and subsequent auditory loss lead to a 
high prevalence of SNHL. Although hair cells 
cannot regenerate, hair cells and spiral ganglion 
neurons can be transdifferentiated from various 
kinds of progenitor cells in the cochlea78 and 
transplanted stem cells cultured in vitro79 or even 
under the role of gene80 or RNA delivery.81 Exten-
sive data are available on gene expression that 
may lead to hair cell regeneration.82 Hair cells are 
specified after the activity of the transcription fac-
tors. Many studies have reported that hair cells 
can be regenerated by local delivery of Atoh1 
both in vitro and in vivo. Moreover, while the Wnt 
signaling pathway plays a major role in promoting 
hair cell proliferation or differentiation in the 
organ of Corti, the Notch signaling pathway plays 
a negative role in hair cell fate. Dll1 and JAG2 
are both activators of the notch signal by binding 
to the DSL region of the two ligands. Then, the 
notch signal is cleaved into three pieces by γ-
secretase, and one piece of the notch signal called 
the Notch-intraceullar domain (ICD) is released 
into the intramembrane. Presenilin is the catalytic 
center of the metalloprotease. The Notch ICD 
translocates to the nucleus, where it interacts with 
CSL (C-promoter-binding factor). The binding 
of the Notch ICD and the recruitment of the co-
activator protein Mastermind convert CSL from 
a transcriptional repressor to an activator, which 
results in the inhibition of hair cell fate.83,84 Wnts 
binds to the cell surface receptors encoded by 
the Frizzled gene family, which in turn activates 
Dsh. The precise role of Dsh activation may turn 
off the expression of GSK3β and lead to the 

accumulation of β-catenin, which binds to T-cell 
factor (TCF) and recruits other proteins to drive 
Atoh1-mediated hair cell fate. Notch/Atoh1 is 
counteracting with each other to regulate the Hair 
Cells/Supporting Cells.5 Thus, hair cell prolifera-
tion or differentiation will be greatly improved if 
the Notch signaling pathway is inhibited and the 
Wnt signaling pathway is activated. Nevertheless, 
both important signaling pathways interacted 
through the transcription factor, Atoh1 (Figure 1).

Although a growing number of studies have 
proved the existence of progenitor cells within the 
cochlea, which have defined capacities to differ-
entiate into hair cells and neurons after cochlea 
development is complete, those cells fail to divide 
and form hair cells and neurons to alleviate hear-
ing impairment. Furthermore, difficulty in gener-
ating large numbers of progenitor cells has limited 
genetic and physiological studies on the advance-
ment of potential therapies. Thus, it is necessary 
to induce reagents to obtain more progenitor cells 
and stimulate those cells to differentiate into hair 
cells and neurons. Will McLean and his team 
found that 2000-fold Lgr5-positive cells could be 
produced after the stimulation of Wnt signaling 
by a GSK3b inhibitor and transcriptional activa-
tion by a histone deacetylase inhibitor. As a result, 
these Lgr5-expressing cells differentiate into hair 
cells at a high yield.85 Since early studies demon-
strated regenerated hair cells in damaged tissues, 
recent experiments have illustrated that progeni-
tor cell differentiation promotes hearing improve-
ment in animals with SNHL.86 In addition, while 
increasing data have shown that progenitor hair 
cell is available during animal development, only 
limited information has expanded development 
for the treatment in humans. In 2013, Heiko 
Locher et  al.87 were the first to provide notable 
insights into the onset of hair cell differentiation 
and innervation within a pre-sensory domain in 
the human fetal cochlea. Moreover, a recent 
study not only purified postmitotic hair cell pro-
genitors derived from human fetal cochlea, but 
also promoted these cells to regain progenitor 
potential to eventually differentiate to hair cell–
like cells in vitro.88 Thus, these breakthroughs 
offer a blueprint of inner ear development and 
guide efforts to obtain more abundant progenitor 
cell sources to generate hair cells or even provide 
patients with an effective therapy in the future.

Gene therapy. Genetic factors contribute to 
approximately half of all cases of SNHL. Although 
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Figure 1. The role of Notch and Wnt signaling pathways on Atoh1-mediated hair cell differentiation and 
proliferation. (a), Dll1 and JAG2 are both activators of the notch signal by binding to the DSL region of the 
two ligands. Then, the notch signal is cleaved into three pieces by γ-secretase, and one piece of notch signal 
called Notch intracellular domain (ICD) is released into the intramembrane. Presenilin is the catalytic center 
of metalloprotease. (b), The Notch ICD translocates to the nucleus, where it interacts with CSL (C-promoter-
binding factor). The binding of the Notch ICD and the recruitment of the co-activator protein Mastermind 
convert CSL from a transcriptional repressor to an activator, which results in the inhibition of hair cell death. 
Wnts binds to the cell surface receptors encoded by the Frizzled gene family, which in turn activates Dsh. The 
precise role of Dsh activation may turn off the expression of GSK3β and lead to the accumulation of β-catenin, 
which binds to T-cell factor and recruits other proteins to drive Atoh1-mediated hair cell death. Thus, it is 
necessary to promote the Wnt signaling pathway and inhibit the Notch signaling pathway to promote Atoh1-
mediated hair cell differentiation or proliferation.
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6000 causative variants in more than 150 genes 
have been identified, few effective treatment 
options are available to inhibit the progression of 
genetic SNHL.89 Atoh1 expression is critical for 
cochlear hair cells. Meanwhile, Eya1 and Sox2 are 
expressed in the cochlear nuclei that require the 
upregulation of Atoh1 for cochlear nuclei devel-
opment.82 Gene intervention, which has recently 
shown promising outcomes, usually consists of 
the following methods. First, the basic form of 
gene therapy is gene replacement, which means 
that functional cDNA with the correct coding 
sequence is delivered to specific cell types to com-
plement the non-functional wild-type alleles.90 
Second, gene silencing is another form of gene 
therapy. Silencing dominant-negative mutant 
alleles can be achieved at the transcriptional level 
by RNA interference to prevent mRNA transla-
tion.91 Finally, gene editing has appeared as a new 
gene therapy approach to prevent hair cell loss 
and improve hearing function. The CRISPR/
Cas9 system can mediate targeted gene disrup-
tion or repair, which is linked to genetic SNHL 
and affects the function of hair cells.92 Gao et al.93 
developed CRISPR/Cas9-based genome-editing 
complexes targeting Tmc1Bth to knockdown the 
dominant mutant allele in the cochlea of neonatal 
Tmc1Bth/+ mice. The approach improved the hair 
cell survival rates followed by hearing rehabilita-
tion in the injected ears. This finding effectively 
relieved a bottleneck in the field and provided a 
benchmark for future gene therapy. Nonetheless, 
current gene therapy approaches face potential 
challenges including stability and target selection, 
timeliness, immunogenicity, oncogenicity, toxicity 
to the inner ear, and limitations of viral vectors, so 
more solid preclinical studies must be conducted 
prior to further patient application.90

Caloric restriction and antioxidant enhancement.  
Oxidative stress is considered one of the most 
common mechanisms of SNHL, especially in 
NIHL and ARHL. Although the cellular mecha-
nisms underlying cochlear degeneration have yet 
to be fully understood, the available evidence 
implicates that the formation and accumulation 
of ROS may play an important role in cochlear 
cell loss over time. Thus, an abundance of experi-
ments focusing on oxidative stress has drawn 
attention to antioxidant defense and the protec-
tive function of antioxidants in SNHL. Numer-
ous studies have indicated that caloric restriction 
can significantly reduce oxidative damage, 
enhance antioxidant defense, facilitate the 

upregulation of the sirtuin pathway, and promote 
the stress response–induced upregulation of heat 
shock proteins. We have mentioned the impor-
tance of antioxidant defense by caloric restriction 
and antioxidant enhancement by the application 
of antioxidants in ARHL. Simultaneously, many 
studies have reported that both the caloric restric-
tion and antioxidant applications, including 
Nox313 and P62,94 are also promising approaches 
for the treatment of NIHL.

Conclusion
According to WHO, by 2050 there will be more 
than 900 million people (1 in every 10 people) 
who will suffer from disabling SNHL, which 
implies an enormous burden for the development 
of society and economics. Since there are a few 
sufficient therapeutic options, approximately half 
of all SNHL is preventable through public health 
measures such as inclusive action, early interven-
tion, and the positive support from families and 
society. Nonetheless, the amelioration of auditory 
function in the remaining half of people with 
SNHL mainly depends on the development of 
hearing devices and preclinical approaches, which 
will be translated to clinic measures as soon as 
possible. Thus, it is hoped that scientists and cli-
nicians can cooperate and co-ordinate together 
based on the essential mechanisms that bring 
basic research to the clinic, which will resolve the 
damaging effects of SNHL in patients.
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