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Abstract: Sensorineural deafness mainly occurs due to damage to hair cells, and advances in stem cell technology, 
especially the application of induced pluripotent stem cells (iPSCs) and adult stem cells, provides new possibilities 
for hair cell regeneration. This review describes the basic knowledge of stem cells and their important applications 
in regenerative medicine, as well as recent progress in stem cell research in the field of hair cell regeneration, es-
pecially the induced differentiation of hair-like cells. At the same time, we also point out the challenges facing cur-
rent research, including differentiation efficiency, cell stability issues, and treatment safety and long-term efficacy 
considerations. Finally, we look forward to the direction of future research, and emphasize the importance of the 
cell differentiation mechanism, simulation of the inner ear microenvironment, safety assessment, and personalized 
treatment strategies. In conclusion, despite many challenges, stem cell technology has shown great potential in the 
field of hearing research and is expected to bring revolutionary treatment options for patients with sensorineural 
hearing loss in the future.
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Introduction

Sensorineural hearing loss (SNHL) is a com- 
mon hearing disorder that results primarily 
from dysfunction of the inner ear or auditory 
nerve. According to epidemiological studies, 
SNHL, as one of the most common hearing dis-
orders worldwide, affects 1.59 billion people, 
accounting for 20.3% of the total population, 
with the lives of about a quarter of those being 
seriously affected [1]. The impact of SNHL on 
patients is profound. In addition to the im- 
pact on communication and quality of life, 
SNHL can lead to social isolation, emotional 
problems, and decreased cognitive function, 
effects which are especially significant in the 
older population. Therefore, finding more effec-
tive treatments to restore or improve the func-
tion of damaged hearing has become an urgent 
problem to be solved.

SNHL has a variety of causes, including genetic 
factors, age-related degeneration, noise expo-

sure, side effects of certain medications, and 
various diseases [2, 3]. Its pathogenesis mainly 
involves damage to or death of inner ear hair 
cells. The inner ear hair cells are responsible for 
converting sound waves into electrical signals 
that are subsequently transmitted to the brain 
via the auditory nerve. Unlike in birds, the inner 
ear hair cells of mammals cannot naturally 
regenerate once they are damaged or die. For 
this reason, the current primary treatments for 
SNHL include medication, hearing aids, and 
cochlear implants. Drug therapy focuses on 
specific causes of deafness, such as inflamma-
tion or viral infections, but there are limited 
effective drug treatment options for most peo-
ple with SNHL [4, 5]. Hearing aids enhance 
sound signals and help patients improve their 
hearing, but they do not cure deafness or 
restore normal hearing. Cochlear implants, for 
people with moderate to severe SNHL, use 
electronic devices to directly stimulate the au- 
ditory nerve, bypassing damaged hair cells, to 
provide auditory perception.
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While hearing aids and cochlear implants have 
had some success in improving hearing, their 
therapeutic effectiveness is not without limits. 
Hearing aids help users hear better by amplify-
ing sound and are intended for people with mild 
to moderate sensorineural deafness. However, 
for people with moderate to severe deafness, 
amplifying sound alone does not fundamentally 
solve the problem of hearing loss. Cochlear 
implants can provide auditory perception for 
patients with severe to extreme deafness, but 
not all deaf patients are suitable or willing to 
undergo such surgery, and the hearing experi-
ence provided by cochlear implants is different 
from normal hearing, especially in complex 
hearing environments.

Therefore, although these devices offer help  
in alleviating hearing impairment in some 
patients, their limitations are obvious and new 
treatments are urgently needed. In this regard, 
stem cell therapy technology, as an emerging 
research hotspot and development direction 
with great potential, opens up new possibilities 
for the treatment of SNHL. Using the regenera-
tive capacity of stem cells, stem cell therapy 
has the potential to repair or regenerate dam-
aged hearing cells at the molecular level, which 
is expected to address the root cause of hear-
ing loss rather than just relieve symptoms. This 
approach not only offers new hope for deaf-
ness treatment, but also represents an impor-
tant direction for future medical research.

Overview of stem cell technology

Definition and classification of stem cells

Stem cells, with their unique capacity for self-
renewal and multidirectional differentiation, 
are key elements in biological development and 
tissue repair. They can be divided into several 
categories: (1) Embryonic stem cells (ESCs) are 
derived from early embryos and have unlimited 
self-renewal capacity and totipotent differentia-
tion potential, capable of differentiating into all 
types of cells in the body. (2) Adult stem cells 
are found in a variety of tissues in the adult 
body, such as bone marrow, fat, and brain tis-
sue, and have relatively narrow differentiation 
potential, usually limited to differentiation into 
specific types of cells for the maintenance and 
repair of the tissues in which they are located. 
Induced pluripotent stem cells (iPSCs), obtained 
by reprogramming adult cells (such as skin 

cells), have totipotent differentiation potential 
and self-renewal capacity similar to ESCs, but 
do not cause ethical controversy. (3) Mesen- 
chymal stem cells (MSCs) are mainly derived 
from bone marrow, fat and other tissues, and 
chiefly differentiate into bone, cartilage and fat 
cells; they are widely used in a variety of tissue 
engineering and regenerative medicine fields. 
Because of their diverse sources and differen-
tiation potential, these stem cells provide new 
therapeutic possibilities for disease treatment, 
especially for diseases that are difficult to cure, 
and show broad research and clinical applica-
tion prospects. With the deepening of research, 
stem cell technology is expected to play a more 
important role in medicine in the future, espe-
cially in repairing damaged tissues, treating 
genetic diseases and treating organ failure.

The application of stem cells in regenerative 
medicine

The expanding application of stem cell technol-
ogy in the field of regenerative medicine shows 
great potential for the treatment of a variety of 
diseases. Tissue engineering is one of the key 
application areas for this technology, in which 
stem cells are used to produce biomaterials 
that replace damaged or diseased tissue, such 
as skin, bone, heart tissue, etc. Combined with 
scaffold materials, these cells can be grown 
into tissue with a specific shape and function 
outside the body and then implanted into the 
patient to repair or replace the damaged tissue. 
Stem cells, especially iPSCs, also play a role in 
disease modelling and drug screening, provid-
ing unique disease models for specific genetic 
diseases, and facilitating the understanding  
of disease mechanisms and the development 
and safety testing of new drugs. In cell replace-
ment therapy, stem cells can be used to gener-
ate healthy cells to replace those that are da- 
maged or lose function in diseases such as 
Parkinson’s disease, diabetes, sensorineural 
deafness, and others.

Autologous cell therapy is another key applica-
tion. By taking, expanding and activating a 
patient’s own stem cells and then injecting 
them back into the body, immune rejection can 
be avoided. This approach is used to treat  
autoimmune diseases, tissue damage and cer-
tain types of cancer. The combination of stem 
cell technology with gene therapy, particularly 
through the use of gene-editing technologies 
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such as CRISPR/Cas9, offers the possibility of 
correcting genetic defects in stem cells to  
provide potential treatments for inherited 
diseases.

As an innovative therapeutic approach, stem 
cell technology has shown great potential in 
treating SNHL. Stem cells, especially pluripo-
tent and adult stem cells, offer new avenues  
for repairing damaged inner ear hair cells and 
auditory nerves due to their ability to self-renew 
and differentiate into multiple cell types [6]. In 
recent years, potent stem cells have been 
developed from a variety of cell populations, 
including MSCs, iPSCs, and specific inner ear 
stem cells, which have shown the ability to 
restore hearing in animal models.

In addition, 3D bioprinting technology related to 
stem cell therapy, gene editing technology and 
advanced drug delivery systems all offer more 
precise and personalized strategies for treating 
SNHL. These technologies can not only pro-
mote the targeted differentiation and tissue 
regeneration of stem cells, but also enhance 
the efficacy and safety of stem cell therapy by 
precisely regulating specific genes or signall- 
ing pathways. Despite the promising applica-
tions of stem cell technology, which may pro-
vide innovative solutions to many medical 
dilemmas that cannot be solved by traditional 
treatments, the field still faces many challeng-
es. These challenges include precise control  
of cell differentiation, long-term stability, and 
potential tumour risk, which need to be add- 
ressed through continuous research and devel-
opment. With advances in technology and a 
deeper understanding of stem cell behaviour, 
the application of stem cell technology in regen-
erative medicine will continue to expand, open-
ing up new paths for future medical research 
and clinical practice.

Application of stem cell technology in deaf-
ness treatment

Challenges of hair cell regeneration

Hair cell regeneration is an important area of 
research in the treatment of SNHL. In recent 
years, many studies have focused on revealing 
the mechanism of cochlear hair cell regenera-
tion and its application prospects. Revuelta [7] 
and his team focused on novel strategies for 
hair cell regeneration in age-related hearing 

loss. Their research shows that the damage 
and loss of hair cells in the cochlea is irrevers-
ible with age, which leads directly to sensori-
neural deafness. By utilizing stem cells and 
gene therapy strategies, the regeneration of 
hair cells can be promoted to a certain extent, 
providing new treatments for hearing loss in 
the elderly. They demonstrated that regenera-
tion of hair cells can be promoted in a geriatric 
model through stem cell and gene therapy 
strategies, demonstrating the potential of the- 
se treatments to restore the function of hair 
cells damaged by aging. The scientific basis for 
this finding lies in the plasticity of stem cells 
and the target-specific nature of gene therapy, 
which enables interventions to target specific 
mechanisms of hair cell damage.

A study by Jang et al. [8] on the application of 
nerve-induced human MSCs (NI-hMSCs) dem-
onstrated significant potential for cochlear cell 
regeneration by reprogramming MSCs through 
specific neural induction processes to confer 
nerve cell-like properties. The achievement of 
this result fundamentally depends on a deep 
understanding and precise manipulation of cell 
destiny. During neural induction, specific signal-
ling pathways are activated and specific tran-
scription factors are regulated, causing the 
original MSCs to acquire new functional proper-
ties, such as the ability to respond to specific 
extracellular matrix components, and the abili-
ty to promote cell proliferation and differentia-
tion in the unique microenvironment of the 
cochlea.

In addition, the key to the successful applica-
tion of NI-hMSCs in cochlear cell regeneration 
also lies in their adaptive response to the  
special microenvironment of the cochlea. The 
cochlear microenvironment provides cells with 
a series of biochemical and physiological sig-
nals that are necessary to maintain cell cha- 
racteristics and promote the proliferation and 
differentiation of specific cell types. NI-hMSCs 
play a key role in cochlear cell regeneration pre-
cisely because they are able to accurately rec-
ognize and respond to these complex microen-
vironmental signals, prompting their transfor-
mation to the desired cell type.

Therefore, this study not only provides a new 
direction for cochlear cell regeneration, but 
also provides an important scientific founda-
tion for in-depth understanding of the mecha-
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nism of action of stem cells in specific tissue 
repair. Research by Jang et al. not only advanc-
es our understanding of the potential of stem 
cells in regenerative medicine, but also pro-
vides important experimental data and theo-
retical basis for future clinical applications.

Although remarkable progress has been made 
in the field of hair cell regeneration, Parker [9] 
and Groves [10] point out that many challenges 
remain, such as how to precisely control stem 
cell differentiation and improve regeneration 
efficiency. They highlight key scientific and 
technical questions that need to be addressed 
in future studies, as well as the need to trans-
late the results of laboratory research into clini-
cal applications. Waqas et al. [11] explore the 
use of stem cell-based therapies to restore 
SNHL in mammals. Their research highlights 
the great potential of stem cell technology to 
promote hair cell regeneration and repair dam-
aged hearing, while also pointing out technical 
and ethical hurdles to overcome, such as  
problems with the collection, differentiation, 
and precise implantation of stem cells into 
damaged areas, illustrating the technical and 
ethical issues that need to be addressed in 
moving this technology from the laboratory to 
clinical applications. Future research needs to 
ensure the efficiency and precision of stem  
cell differentiation while also taking into ac- 
count the ethical acceptability of therapeutic 
approaches.

In addition, further research should explore 
how to improve the survival rate and functional 
integration of stem cells after implantation, as 
well as how to evaluate and optimize long-term 
therapeutic effects. The work of Takeda et al. 
[12] shows how implantation of human ESC-
derived precursor cells in the mouse cochlea 
can be facilitated by selective elimination of 
cochlear hair cells. This study not only demon-
strates the potential of using stem cell technol-
ogy to restore hearing, but also reveals a pos-
sible pathway to achieve hair cell regeneration 
by removing damaged hair cells to create space 
for the implantation of new cells. The success 
of this method reveals that the application of 
stem cells in the treatment of deafness 
depends not only on the differentiation poten-
tial of the stem cells themselves, but also lies 
in the precise manipulation and optimization of 
the internal microenvironment of the cochlea. 
By eliminating the hair cells that do not work 

properly, the dysfunctional cells are not only 
removed, but also the necessary physiological 
space and microenvironmental conditions are 
created for the colonization and differentiation 
of stem cells. This approach embodies a new 
way of thinking, which is to achieve more suc-
cessful therapeutic effects through compre-
hensive intervention in the internal environ-
ment of the cochlea.

Wu et al. [13] discussed the role of microRNA  
in inner ear stem cell research and related 
advances. MicroRNAs regulate the expression 
of specific genes by binding to the 3’ untrans-
lated region (3’UTR) of the target mRNA, inhibit-
ing its translation or promoting its degradation. 
Research into inner ear stem cells has shown 
that microRNA plays a key role in regulating 
stem cell differentiation and hair cell regenera-
tion, with the expression patterns of specific 
microRNAs directly influencing the fate deci-
sions of the stem cell, including whether it dif-
ferentiates into hair cells or other cell types. 
This mechanism provides the molecular basis 
for the key role of microRNAs in cell differentia-
tion. These data provide a new perspective for 
understanding the molecular mechanisms of 
hair cell regeneration and highlight possible 
molecular targets for the development of new 
therapies. Waqas and Chai [14] reviewed differ-
ent approaches to regenerating hair cells and 
spiral neurons in the inner ear. Their review cov-
ered not only stem cell therapy, but also strate-
gies as diverse as gene therapy and drug thera-
py. This shows that the study of hair cell regen-
eration is a multidisciplinary, multi-strategy 
field that requires the integration of different 
techniques and approaches to achieve the ulti-
mate therapeutic goal. Therefore, combining 
the regenerative potential of stem cell therapy, 
the molecular precision of gene therapy, and 
the manoeuvrability of drug therapy has be- 
come an effective way to achieve hair cell 
regeneration.

Taken together, these studies not only advance 
our understanding of stem cells in regenerative 
medicine, but also provide important experi-
mental data and theoretical basis for future 
clinical applications. However, translating these 
laboratory findings into effective clinical treat-
ments still requires numerous challenges to be 
addressed, including controlling cell differen- 
tiation, improving regenerative efficiency, and 
overcoming ethical and technical issues. Future 
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research will need to integrate different tech-
niques and approaches to achieve the ultimate 
therapeutic goal of offering new hope to pa- 
tients with SNHL.

Molecular mechanisms and the role of signal 
regulation in hair cell regeneration

In recent years, remarkable progress has been 
made in the study of the molecular mecha-
nisms and signal regulation of hair cell regen-
eration. From the molecular level to the cellular 
level to the whole tissue system level, hair cell 
regeneration involves multiple steps and fac-
tors that are complex and finely regulated.

Zhong et al. [15] conducted an in-depth study 
on the central role of ATOH1, a key transcription 
factor, in the development of mammalian inner 
ear sensory epithelium and the differentiation 
and regeneration of hair cells, providing impor-
tant insights into the mechanism of hair cell 
regeneration. During inner ear development, 
ATOH1 expression is an early marker of hair cell 
differentiation, driving undifferentiated precur-
sor cells to differentiate into hair cells by acti-
vating the expression of downstream genes. 
Thus ATOH1 not only plays a vital role in the 
normal developmental process of hair cells, but 
also shows great potential in promoting the 
regeneration of damaged hair cells. Based on 
ATOH1 research, new gene therapies or drug 
therapies could be developed to promote re- 
generation of hair cells by directly activating 
ATOH1 or its downstream signalling pathways. 
This strategy may provide new treatment 
options for patients with hearing loss due to 
hair cell damage. The review article by Shibata 
et al. [16] delved into the potential of gene ther-
apy in hair cell regeneration, specifically the 
strategy of efficiently delivering key regenera-
tive factors, such as ATOH1, to the damaged 
inner ear via methods such as viral vectors. Not 
only does this approach demonstrate great 
potential to activate or increase hair cell regen-
eration through precise genetic manipulation, 
but it also marks the beginning of a new era of 
promoting hair cell regeneration through gene 
editing.

In combination with stem cell therapy, gene 
therapy offers a dual strategy for hair cell 
regeneration. On the one hand, the differentia-
tion of stem cells into hair cells is promoted 
through gene editing; on the other hand, it can 

also repair damaged hair cells or improve their 
ability to regenerate. The study by Maharajan, 
Cho, and Jang [17] is an important milestone in 
the field of deafness treatment, which delves 
into the potential of MSCs for use in cochlear 
regeneration. Their work not only highlights the 
remarkable effectiveness of MSCs in promot-
ing the regeneration of damaged hair cells,  
but also highlights the great potential of this 
therapeutic strategy in restoring hearing loss. 
Through detailed experimental studies, the 
team revealed how MSCs support the repair 
and regeneration of damaged cochlea by se- 
creting growth factors and promoting improve-
ments in the local cellular environment. As a 
class of stem cells with high plasticity, MSCs 
are able to secrete a variety of growth factors 
and cytokines, which play important roles in 
cell proliferation, differentiation and tissue re- 
pair. In the context of cochlear regeneration, 
MSCs directly promote the regeneration and 
repair of damaged hair cells by secreting spe-
cific growth factors, such as nerve growth fac-
tor (NGF) and brain-derived neurotrophic factor 
(BDNF). Waqas et al. [11] explored the role of 
other stem cell sources in the regeneration of 
the inner ear, which further confirmed the ver-
satility and plasticity of stem cells, providing  
a unique and effective strategy for replacing 
damaged hair cells. When these stem cells are 
used in combination with other regenerative 
factors, their therapeutic potential is even more 
significant.

The development of single-cell RNA sequenc- 
ing (scRNA-Seq) technology has provided a 
completely new perspective for research into 
hair cell regeneration. Regenerative factors, 
such as growth factors and specific signalling 
proteins, promote the directed differentiation 
of stem cells and enhance their regenerative 
capacity. When used in combination with stem 
cells, these factors can more effectively pro-
mote the replacement of damaged hair cells 
and the overall repair of the cochlea. Lush et al. 
[18] used this technique to reveal which spe-
cific stem cell populations contribute to the 
regeneration of hair cells after FGF and Notch 
signalling is blocked. This high-throughput 
sequencing technique allows researchers to 
gain insight into the molecular and cellular het-
erogeneity involved in hair cell regeneration, 
providing valuable information for the develop-
ment of targeted therapies. The FGF and Notch 
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signalling pathways play a central role in many 
types of tissue development and cell differen-
tiation, including the development of inner ear 
hair cells. The blocking of these two signalling 
pathways is thought to be a key step in activat-
ing the differentiation of inner ear stem cells 
into hair cells, thereby promoting hair cell 
regeneration.

Combining different research methods and 
treatment strategies, the field of hair cell regen-
eration is moving towards a more diverse and 
integrated approach. For example, research by 
Waqas and Chai [14] and Chen et al. [19] has 
not only included gene editing and stem cell 
therapy, but also explored other possible regen-
eration strategies such as drug intervention. 
The development of gene-editing techniques, 
particularly the CRISPR-Cas9 system, has op- 
ened up the possibility of precisely modifying 
genes involved in influencing hair cell regenera-
tion, allowing researchers to solve the puzzle of 
hair cell regeneration at the molecular level. 
Stem cell therapy, which relies on the pluripo-
tency and plasticity of stem cells, provides a 
new cell resource for inner ear regeneration by 
inducing stem cells to differentiate into hair 
cells or to repair damaged hair cells. Drug inter-
vention strategies are a relatively direct and 
practical treatment strategy to reduce damage 
to hair cells by activating the intrinsic regenera-
tive pathway or providing protection. The diver-
sity of these studies not only demonstrates the 
broad potential of the field of hair cell regenera-
tion, but also provides insights into understand-
ing the natural regeneration process of inner 
ear hair cells after damage and how to enhance 
this process through various strategies.

Research in the field of hair cell regeneration 
has revealed the important role of multiple 
molecular mechanisms and signalling regula-
tion. From the key role of ATOH1 to the app- 
lication of gene therapy, stem cell therapy, and 
the contribution of single-cell RNA sequencing 
technology, each advance has provided us with 
a deeper understanding of how to promote hair 
cell regeneration and possibly restore hearing. 
With a deeper understanding of the mecha-
nisms of hair cell regeneration, combined with 
advanced gene-editing techniques, stem cell 
therapy strategies, and single-cell analysis 
tools, scientists are gradually unlocking the 
secrets of hair cell regeneration. The cumula-

tive results of these studies offer new thera-
peutic hope for patients with sensorineural 
hearing loss, indicating that in the near future, 
we may be able to effectively ameliorate or 
even completely restore hearing loss caused by 
hair cell damage.

Stem cell technology and its application in the 
treatment of hearing loss

Sensorineural deafness is a common hearing 
disorder for which one of the treatment strate-
gies is regeneration of hair cells. Research by 
Lopez-Juarez et al. [20] has provided break-
through insights into stem cell technology in 
the treatment of SNHL. They successfully 
implanted human stem cell-derived auditory 
progenitor cells into the damaged cochlea, 
demonstrating the great potential of these 
stem cells in restoring hearing function. Th- 
rough experimental validation in animal mod-
els, this work not only reveals the ability of 
human stem cells to promote cochlear repair in 
practical applications, but also lays a solid 
foundation for further development of stem 
cell-based therapeutic strategies. The results 
of the study show that by precisely controlling 
the differentiation and implantation of stem 
cells, it is possible to restore hearing loss 
caused by damage or loss of hair cells, thus 
opening a new chapter in the treatment of sen-
sorineural deafness using regenerative medi-
cine approaches.

The work of Dufner-Almeida et al. [21] provides 
a comprehensive look at the current status and 
challenges of harnessing stem cell technology 
for the treatment of hearing loss. In their review, 
current scientific progress in the field of hair 
cell regeneration is discussed in detail, while 
pointing out the wide gap between laboratory 
and clinical application. In particular, they high-
light the technical obstacles to the realization 
of stem cell therapy for hearing loss, including 
the targeted differentiation of stem cells, ef- 
fective implantation into damaged cochlea, 
and how to ensure the functional integration 
and persistence of new hair cells.

In their study, Denans, Baek and Piotrowski 
[22] took an innovative approach to explore a 
generic pathway for hair cell regeneration by 
comparing different sensory organs. Their anal-
ysis not only revealed the common mecha-
nisms of hair cell regeneration across species, 
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but also highlighted the key roles of specific 
molecular and cellular actions in this complex 
process. Their work provides an important sci-
entific foundation for understanding how hair 
cells regenerate in humans and other animals, 
laying a cornerstone for the development of 
potential therapeutic strategies. The sensory 
organs of different species, although they may 
differ in function and structure, may have 
retained some common regeneration mecha-
nisms throughout evolution. By comparing hair 
cell regeneration mechanisms in different spe-
cies, such as fish, amphibians and mammals, 
the study reveals possible common molecular 
and cellular pathways in these processes.

Work by Zhang et al. [23], which represents a 
significant advance in the field of deafness 
treatment, successfully promoted the regener-
ation of hair cells in the human inner ear by 
activating the ATOH1 gene using small activat-
ing RNA (saRNA) technology. This study not only 
reveals the central role of ATOH1 in hair cell 
development and regeneration, but also dem-
onstrates the potential to restore hearing by 
precisely regulating gene expression. The work 
by Zhang and his team opens new avenues for 
gene therapy for deafness, providing an innova-
tive way to promote the repair and regeneration 
of damaged hair cells by activating key regen-
erative genes. The strategy of restoring hearing 
by activating the ATOH1 gene breaks through 
the limitations of traditional treatment meth-
ods, provides a brand new gene therapy path-
way for deafness treatment, and shows the 
broad application prospects of gene therapy in 
the treatment of complex diseases.

Deng and Hu [24] demonstrated a novel mech-
anism of hair cell regeneration, and success-
fully induced hearing restoration by applying 
DNA demethylation technology in an adult 
mouse model of chemical deafness. The break-
through of this study lies in its revelation that by 
altering the epigenetic level of gene expression, 
regeneration and repair of damaged hair cells 
can be promoted, thereby restoring hearing. 
DNA demethylation is an epigenetic regulatory 
mechanism that activates the expression of 
genes by removing methyl groups on DNA. In 
the context of hair cell regeneration, this means 
that genes associated with hair cell regenera-
tion that are normally suppressed in adult mice 
can be reactivated by demethylation, thus pro-

moting the repair of damaged hair cells and the 
generation of new hair cells. Through DNA 
demethylation, Deng and Hu not only provided 
a new molecular mechanism for hair cell regen-
eration, but also opened up a new research 
and therapeutic path for using stem cell tech-
nology to treat sensorineural deafness.

Research by Maharajan, Cho and Jang [17] pro-
vides important insights into the potential of 
MSCs to promote cochlear regeneration. Their 
work focused on the unique properties of 
MSCs, such as their pluripotency and immuno-
modulatory ability, that make MSCs ideal for 
restoring damaged hearing and promoting hair 
cell regeneration. MSCs have the ability to regu-
late the immune response, reduce inflamma-
tion and promote the stability of the internal 
environment of the cochlea. This property is 
extremely important for reducing the inflamma-
tory response after cochlear injury and creating 
a more favourable environment for hair cell 
regeneration. The research team demonstrat-
ed the efficacy of the application of MSCs in a 
cochlear injury model, underscoring their the- 
rapeutic potential in alleviating sensorineural 
deafness.

A review article by Qiu [25], which delves into 
the potential of stem cell technology in the 
treatment of hearing loss, marks an important 
advance in this field. They meticulously anal-
ysed different types of stem cells, including 
ESCs, iPSCs, as well as adult stem cells, and 
the ability and potential mechanisms of these 
stem cells to promote hair cell regeneration in 
the ear. The paper emphasizes that despite 
numerous technical and ethical challenges, 
stem cell technology offers an unprecedented 
opportunity to restore hearing by replacing 
damaged hair cells or stimulating self-repair 
mechanisms in the inner ear.

Boddy et al. [26] successfully generated audi-
tory line cells from unintegrated human iPSCs 
by using mRNA reprogramming technology, 
marking an important breakthrough in the field 
of deafness treatment. This work not only dem-
onstrates that auditory cells with therapeutic 
potential can be effectively generated through 
advanced cell reprogramming techniques, but 
also demonstrates the safety and effective-
ness of this approach, providing an important 
scientific basis for the future application of 
stem cell technology in the treatment of deaf-
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ness. The successful application of the latest 
mRNA reprogramming technology in this study 
shows the broad application prospect of this 
technology in the field of cell therapy, especially 
the potential to precisely control the direction 
of cell differentiation.

In the field of stem cell therapy for hearing  
loss, a deeper understanding of the molecular 
mechanisms and signalling pathways of stem 
cell differentiation into hair cells is key to devel-
oping more effective differentiation induction 
strategies. This involves a deep insight into the 
fate decisions of stem cells and how to facili-
tate their transformation into the desired cell 
type by precisely regulating cell behaviour. At 
the same time, the development of new cell 
delivery systems and implantation techniques 
will be equally critical to improving the precision 
of cell localization and survival in the cochlea. 
This will require not only innovative engineering 
solutions to ensure that stem cells can effi-
ciently reach their target locations, but also 
that these cells, once they reach the cochlea, 
can survive and function there. In addition, 
assessing the functional integration of new hair 
cells is also a complex but necessary process 
that requires the use of model systems and 
advanced biotechnology to explore in depth the 
interactions between new hair cells and the 
natural cells of the inner ear. This is not only 
about whether the new hair cells are able to 
properly integrate with other cell types within 
the cochlea, but also whether they are able  
to maintain their function and contribute to 
hearing restoration in the long term. Therefore, 
this series of research efforts all points to a 
common goal: to promote the transformation  
of stem cell therapy for hearing loss from  
theory to practice through in-depth research 
and technological innovation from multiple 
angles.

To sum up, stem cell technology shows great 
potential for the treatment of hearing loss, 
especially in promoting the regeneration of hair 
cells. Although many challenges remain, includ-
ing optimization of the technology, safety evalu-
ation, and translation to clinical applications, 
recent research results offer hope for overcom-
ing these challenges. Future research is need-
ed to further explore the potential of stem cell 
technology to develop more effective and safer 
deafness treatment strategies.

Discussion and summary

Stem cell technology shows significant poten-
tial in hearing research, particularly in the treat-
ment of sensorineural deafness and hair cell 
regeneration. Hair cells, an important compo-
nent of the inner ear that convert sound waves 
into nerve signals, fail to regenerate naturally  
in most mammals when damaged, leading to 
permanent hearing loss. Stem cell technology, 
in particular research using iPSCs, offers the 
possibility of regenerating damaged hair cells. 
iPSCs can be reprogrammed from a patient’s 
own cells, reducing the risk of immune rejec-
tion, and have thus become a research focus.

However, despite the huge application promise 
of stem cell technology, there are several chal-
lenges in hair cell regeneration. For example, 
improving the efficiency and stability of stem 
cells in differentiating into hair cells, ensuring 
that the resulting hair cells are functionally 
identical to natural hair cells, and understand-
ing the influence of the inner ear microenviron-
ment on stem cell differentiation are all impor-
tant research directions. In addition, the long-
term effects and safety of stem cell therapy 
have not been fully validated.

Future research will focus on several key areas, 
including delving into the molecular mecha-
nism by which stem cells differentiate into hair 
cells, studying the interaction of stem cells with 
the inner ear microenvironment, evaluating the 
safety and long-term effects of the treatment, 
and developing personalized stem cell treat-
ment strategies. These studies are expected  
to break through current technical limitations 
and provide more effective and safe treatment 
options for patients with SNHL. All in all, stem 
cell technology shows great potential for hair 
cell regeneration and treatment of SNHL, and 
future research will be key to the development 
of effective treatment strategies that offer ho- 
pe to those affected by this type of deafness.

Conclusion

Stem cell technology has shown unprecedent-
ed potential in the treatment of sensorineural 
hearing loss, offering new hope for overcoming 
the problem of hair cell damage that has long 
plagued the medical community. By delving 
deeper into the applications of iPSCs and adult 
stem cells, scientists have begun to uncover 
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the secrets of hair cell regeneration and bring 
new hope to deaf patients. Although research-
ers have made remarkable progress in inducing 
differentiation of stem cells into hair-cell-like 
cells, they still face multiple challenges in prac-
tical application, such as differentiation effi-
ciency, cell stability, and the safety and long-
term effect of treatment. Future research 
needs to focus on understanding the mecha-
nisms of cell differentiation in detail, simulating 
the inner ear microenvironment to facilitate 
proper stem cell localization and functiona- 
lization, and conducting comprehensive safety 
evaluations to ensure the efficacy and safety of 
therapeutic strategies.

At present, stem cell treatment of deafness is 
still in the preliminary research and preclinical 
trials stages, but some positive results have 
been achieved. For example, some studies 
have shown that specific types of stem cells  
are able to differentiate into hair cell-like cells 
in the damaged cochlea, promising to restore 
or improve hearing function [26, 27]. These 
studies not only provide new insights into the 
pathology and regeneration mechanisms of  
the inner ear, but also lay the foundation for  
the development of novel treatments for 
deafness.

In the future, with the further development of 
stem cell technology and related biomedical 
engineering, stem cell therapy is expected to 
become one of the effective ways to treat 
SNHL. This requires not only a comprehensive 
consideration of the type, source, safety and 
effectiveness of stem cells, but also a solution 
to technical challenges, such as how to improve 
the efficiency of targeted differentiation of 
stem cells in the cochlea, and how to ensure 
long-term functional maintenance and stability. 
With continued research and innovation, stem 
cell technology has great application potential 
and social significance in the future treatment 
of SNHL. By synthesizing current research and 
innovation, this review aims to achieve a com-
prehensive understanding of progress in treat-
ing deafness based on stem cell-based regen-
erative hair blast cells, the challenges faced, 
and potential future directions in this field.
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