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Research Progress of Hair Cell Protection Mechanism
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How to prevent and treat hearing-related diseases through the protection of hair cells (HCs) is the focus in the field of hearing in
recent years. Hearing loss caused by dysfunction or loss of HCs is the main cause of hearing diseases. Therefore, clarifying the
related mechanisms of HC development, apoptosis, protection, and regeneration is the main goal of current hearing research.
This review introduces the latest research on mechanism of HC protection and regeneration.

1. Introduction

Hearing loss has become one of the common health prob-
lems in the world, and more and more people suffer from
deafness. In recent years, with the exploration and under-
standing of the mechanism of deafness, many researchers
hope to improve or restore hearing through promoting HC
survival or regeneration. We will introduce the research
progress and new findings of the mechanism of protecting
and regenerating in HCs in this manuscript.

2. The Development of HCs

The inner ear of the mammal originates from the ectoderm of
the embryo, and the ectoderm is locally thickened to form the
auditory placode, and then the auditory placode is recessed to
form an otic cup. When the otic cup closes off, a sac-like otic
vesicle is formed [1, 2]. At E10.5-11, the cochlea duct is
derived from the ventral side of the otic vesicle, and the bot-
tom layer of the cochlea forms the proneurosensory domain.
At E14.5, the differentiation of sensory precursor cells was
initially from the central domain in the basal of the cochlea,
which progressively extends toward the apex and basal, and
finally differentiates into inner ear cells such as HCs and sup-

porting cells (SCs) [3]. In this process, the differentiation of
sensory precursor cells into HCs and SCs mainly depends
on the expression of the transcription factor Math1 (also
known as Atoh1, [4]). The development of the inner and
outer HCs progressed gradually from the basal turn to the
apex turn, and the inner HCs (IHCs) develop earlier than
the outer HCs (OHCs) [5–8].

HCs are located on the organ of Corti, which includes a
row of IHCs and three rows of OHCs and SCs. The OHCs
mechanically amplify and detect low-level sound, thereby
enhancing the responsiveness of the sensory epithelium to
different sound frequencies. The IHCs transmit the sound
stimulation to the nerve; thereby, the sound stimulation is
transformed into nerve excitement electrical signals, which
is then transmitted along the auditory nerve to the auditory
center to generate hearing [9]. SCs provide structural and
nutritional support for the long-term survival of HCs.

3. The Apoptosis of HCs

HC apoptosis is a process that occurs programmatically
under the control of genes and involves multiple triggering
factors and signaling pathways. As we all know, ototoxic
drugs, noise, aging, and other factors can cause apoptosis of
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HCs, and the main mechanisms of apoptosis can be roughly
divided into the following two.

3.1. Exogenous Pathway of HCs Apoptosis. Exogenous path-
ways can be triggered by a variety of factors, such as cell sur-
face death receptor (FasL), which can cause the recruitment
of specific adaptor proteins and the activation of caspases-8
and caspases-10. Other exogenous receptors include tumor
necrosis factor alpha (TNF-α), tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL), and death recep-
tor (DR), each of which can affect specific intracellular
medium and eventually activate caspase (a protease family
that plays an important role in programmed cell death and
inflammation). In addition, TNF-α can also activate JNK,
inhibit the antiapoptotic factor Bcl-2 through phosphoryla-
tion, and eventually cause apoptosis [10].

3.2. Endogenous Pathway of HC Apoptosis. The endogenous
apoptosis pathway of HCs can be activated by intracellular
stressors, such as reactive oxygen species (ROS). Previous
studies have reported that HC loss caused by ototoxic drugs
is usually associated with ROS accumulation, which can
induce mitochondrial depolarization and trigger apoptosis
[11]. Mitochondria are the main place for cells to produce
ROS. Normally, the production level of ROS is low, which
plays an important role in signal transduction, immune
response, and gene expression regulation. But when the accu-
mulation of reactive oxygen species is excessive, it will have a
toxic effect on the cells and eventually lead to apoptosis [12].
The appropriate level of reactive oxygen species can promote
autophagy and renew damaged cell components, thereby
maintaining the stability of the intracellular environment.
Autophagy is a physiologically conservative multistep pro-
cess for recycling endogenous or exogenous cytoplasmic
materials, such as misfolded proteins, lipids, organelles
(mitochondria and ribosomes), cellular components, and
peroxide enzyme and virus or bacteria, and finally degraded
after fusion with lysosome [13]. Previous studies have
reported that induced autophagy can inhibit the accumula-
tion of ROS after aminoglycoside damage, thereby playing a
role in promoting HC survival [14]. In addition, endogenous
apoptosis pathways can be activated not only by intracellular
stressors (such as ROS), but also by activated exogenous
pathways, which shows that the two pathways are not
completely independent.

4. The Regeneration of HCs

Most inner ear HCs of mammals are formed in the embry-
onic stage. After birth, due to congenital infections, noise,
and improper use of ototoxic drugs such as aminoglycoside
antibiotics, the HCs are irreversibly damaged and eventually
lead to permanent hearing impairment [15]. Unlike mam-
mals, the inner ear HCs of vertebrates such as fish and birds
can be restored to normal levels after HC regeneration,
mainly through the following two ways: the mitotic regener-
ation, the SCs proliferate and divide first and then a part of
the SCs differentiate into HCs. In the direct transdifferentia-

tion, the SCs directly differentiate into HCs without undergo-
ing proliferation and division [16].

Adult mammalian cannot spontaneously generate new
HCs, but in recent years, studies have found that HCs,
SCs, and pluripotent stem cells near the damaged area of
the inner ear may be the source of HC regeneration under
certain conditions. HC regeneration involves coordinated
regulation of multiple factors and signaling pathways. In
SC transdifferentiation-related research, it was found that
the transcription factor Hes/Hey in the Notch signaling
pathway can affect cell fate during development by combin-
ing the Atoh1 promoter region. In addition, the regulation
of multiple cell fate-related genes such as p27, Atoh1, and
Pou4f3 can enable the functional regeneration of HCs in
adult animals. The role of epigenetics in HC regeneration
has also been proven. For example, histone demethylase
LSD1 affects the expression of genes related to HC develop-
ment and transdifferentiation by regulating the level of
H3K4 methylation modification [17]. miRNAs have been
shown to participate in the regulation of the expression of
many important genes during cochlea development,
thereby affecting the processes of cochlea cell proliferation,
migration, development, and apoptosis [18]. For example,
miR-183 and miR-210 were found to play an important
role in the transdifferentiation of SCs to HCs [19, 20]. In
addition, the control of the number of regenerated HCs,
the reconstruction of cell structure, the effective arrange-
ment of cilia, the fine docking of nerve synapses, etc. are
all important basis for evaluating the success of HC regen-
eration [21]. Through continuous exploration of the mech-
anism of sensory HC regeneration, it will help to solve the
problem of mammalian sensory HC regeneration in the
future.

5. HC Regeneration-Related Signaling Pathways

During the development of cochlea HCs, a variety of signal-
ing pathways and signaling molecules are involved in regulat-
ing their differentiation and development, including Notch,
Wnt, BMP, FGF, Shh, and JNK [22]. Inhibition or activation
of related signaling pathways can increase the number of
transdifferentiated or proliferated HCs after damage [23].

5.1. The Role of Notch Signaling Pathway in HC Regeneration.
Notch signaling molecules and their receptors are membrane
integrins. Cells can directly receive signals from neighboring
cells through the receptors on their surface and transmit
them to the nucleus, thereby activating the expression of
related transcription factors in the nucleus [24, 25]. The
Notch signaling pathway plays a variety of roles in the devel-
opment of the inner ear, from the formation of the ear in the
embryo to the generation of SCs, HCs, and neurons [26].
Notch signaling can inhibit the differentiation of sensory pre-
cursor cells into HCs in adult rats, but after inner ear injury,
the activation of Notch signaling pathway has the potential to
promote HC regeneration [27–29].

5.2. The Role of Wnt Signaling Pathway in HC Regeneration.
The Wnt signaling pathway is a highly conserved signaling
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pathway in the early stages of biological development and
participates in regulating physiological processes such as
embryonic development and differentiation, cell prolifera-
tion and growth, and cell polarity formation. The canonical
Wnt/β-catenin signaling pathway regulates the specialization
of the auditory placode and the differentiation of the otic ves-
icle in the early stages of inner ear development [30]. During
the early development of the cochlea, the canonical Wnt sig-
naling pathway is upregulated in cochlea precursor sensory
cells, and the inhibition of Wnt/β-catenin signaling reduces
HC formation in the differentiating organ of Corti [31]. In
addition, theWnt/PCP signaling pathway plays an important
role in the arrangement of the stereocilia of HCs and the
extension of the cochlea duct [32]. Lgr5+ cells in the cochlea
of newborn mice have been shown to be an HC progenitor
cell, which can regenerate HCs by direct differentiation or
mitosis. Studies have found that inhibition of Notch can reac-
tivate the inhibited Wnt signal, thereby promoting mitosis of
Lgr5+ progenitor cells and generating new HCs [33].

5.3. The Role of BMP Signaling Pathway in HC Regeneration.
Bone morphogenetic protein (BMP) belongs to the trans-
forming growth factor beta (TGF-β) superfamily, and its
ligands are expressed in the ear development of many animal
species, including precursor sensory regions and sensory cells
[34]. BMP signaling pathway plays an important role in
gastrulation, mesoderm formation, and bone and nervous
system development [35, 36]. Related studies of the inner
ear have found that the BMP signaling pathway plays a regu-
latory role in the process of inner ear morphogenesis, forma-
tion and development of nerve fibers, HC development, etc.
[37, 38]. When BMP signaling pathway is blocked, HCs
and SCs decrease, and when exogenous BMP is added, HCs
will increase [39].

5.4. The Role of FGF Signaling Pathway in HC Regeneration.
Fibroblast growth factor (FGF) is an important intercellular
signaling molecule. FGF plays a regulatory role in various
physiological or pathological processes by binding to specific
receptors on the cell membrane, such as embryonic develop-
ment and organ formation, cell growth, tissue repair, tumor-
igenesis, and inflammation [40]. The FGF signaling pathway
plays an important role in multiple stages of inner ear devel-
opment, such as the formation of auditory placode and otic
vesicle, the proliferation, and differentiation of sensory epi-
thelial cells [41–43]. Studies have shown that inhibiting
FGF can lead to the differentiation of precursor cells or SCs
into HCs [44]. In the process of culturing inner ear sensory
progenitor cells in vitro, ectopic activation of FGF receptor
(FGFR) in mesenchyme is sufficient to increase sensory pro-
genitor cell proliferation and cochlea length [45].

5.5. The Role of Shh Signaling Pathway in HC Regeneration.
Shh is a class of Hedgehog (Hh) protein family, which
regulates the gene expression of neighboring or distant cells
in the form of extracellular secreted proteins and participates
in regulating the development of multiple tissues and organs,
affecting the occurrence of tumors and inducing tissue
polarity [46, 47]. Shh is an important regulator of inner ear

development and plays an important role in regulating inner
ear morphogenesis, formation of spiral neurons, and differ-
entiation of HCs [48]. Shh gene deletion can cause severe
inner ear developmental disorders, such as malformation or
loss of ventral structures (cochlea duct and saccule) and dor-
sal structure (semicircular canal, utricle, and endolymphatic
ductus), and developmental disorders of Corti organs and
ganglion nerve cells [49, 50]. However, there are still few
reports on Shh signaling pathway in HC regeneration, so its
regulatory mechanism remains to be elucidated.

6. HC Protection-Related Drug Applications

Currently known drugs that have protective effects on HCs
mainly include JNK kinase inhibitors and antioxidant drugs.
In mouse and guinea pig experiments, JNK kinase inhibitors
can prevent hearing loss caused by noise exposure, ototoxic
drug treatment, trauma, and other factors [51, 52]. The
JNK kinase inhibitor AM-111 has now completed the phase
III clinical trial. For severe sensorineural hearing loss, AM-
111 has a good hearing protection effect [53]. Antioxidant
drugs including N-acetylcysteine, ebselen (glutathione per-
oxidase mimic), D-methionine, vitamin E, and flunarizine
all show hearing protection [54–56]. The hearing protection
effect of antioxidant drugs may be related to the removal of
free radicals and the synergistic effect on other antioxidant
enzymes to maintain the integrity of the cell membrane and
reduce the oxidative stress response of cells.

7. Application of Gene Therapy in
HC Protection

Gene therapy refers to the treatment or prevention of dis-
eases through the addition and expression of genes. These
gene fragments can reconstruct or correct those missing or
abnormal gene functions and can interfere with the patho-
genic process. Adeno-associated virus (AAV) vector is a vec-
tor that transfers genes into cochlea cells. It has a highly
efficient transduction effect and is safe and stable in terms
of long-term expression. The vector constructed based on
AAV1 can effectively transduce IHCs and spiral ganglion
cells and introduce secreted proteins into the cochlea,
thereby protecting inner ear sensory cells from drug-
induced damage [57]. Although the AAV vector can trans-
duce mouse cochlea IHCs, the OHCs are still difficult to
transduce. There is also an AAV-ie viral vector that can
efficiently transduce cochlea SCs and induce the SCs to trans-
differentiation into HCs. With the continuous optimization
of the AAV virus, Isgrig et al. have proved that AAV2.7m8
can efficiently infect cochlea IHCs and OHCs. In addition,
AAV2.7m8 can also efficiently infect inner pillar cells and
inner phalangeal cells [58]. These studies prove that the
AAV virus as an excellent vector for inner ear gene therapy
has a good application prospect.

8. Application of Exosomes in HC Protection

Exosomes are membrane-bound nanovesicles that contain a
variety of biomolecules such as lipids, proteins, and nucleic
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acids. Exosomes are produced by cells through exocytosis
and then taken up by target cells, which can transmit biolog-
ical signals between local or distant cells [59]. Exosomes pro-
mote the interaction between HSP70 and TLR4 through
intercellular communication, thereby activating non-cell-
autonomous protective signaling in the inner ear and pro-
tecting HCs from aminoglycoside-induced damage [60].
Studies have found that exosome-associated AAV vectors
have a higher efficiency of transducing cochlea and vestibular
HCs than traditional AAV vectors [61].

9. Application of Biomaterials in HC Protection

Biomaterials are a type of artificial or natural materials that
can be made alone or together with drugs for the treatment
and replacement of tissues and organs and ultimately replace
or repair human organs and tissues to achieve the remodeling
of their physiological functions, without adversely affecting
the body. The selection of biomaterials is particularly impor-
tant for nerve regeneration, which requires a high biocom-
patibility with host tissues [62]. Researchers use the three-
dimensional culture system and the regulation of various sig-
naling pathways to cultivate pluripotent stem cells into inner
ear organs containing functional HCs [63]. Compared with
2D, the 3D matrix gel culture system significantly promotes
the growth of spiral ganglion explants and preserves the fine
structure of spiral ganglion explants, so it can be used to sim-
ulate the three-dimensional structure of spiral ganglia under
physiological conditions [64]. When therapeutic biomate-
rials enter the inner ear, they are restricted by the existence
of biological structures and blood-brain barriers. Therefore,
the construction of liposome nanoparticles or multifunc-
tional nanoparticle-based drug delivery systems will help
treat a variety of inner ear diseases [65].

10. Application of Stem Cell Therapy in
Hearing Protection

Stem cell transplantation therapy uses stem cell pluripotency
to restore or replace the function of spiral ganglion cells and
HCs. Studies have found that bone marrow mesenchymal
stem cells, embryonic stem cells (ESCs), adult inner ear stem
cells, and neural stem cells can all become inner ear HC-like
cells after inducing proliferation and differentiation [66].
When human pluripotent stem cell- (hPSC-) derived neu-
rons are cocultured with rat HCs and cochlea nucleus neu-
rons, hPSC-derived neurons are induced by inner ear HCs
and cochlea nucleus neurons to form many new synapses
[67]. It is known that Lgr5+ and Lgr6+ progenitor cells are a
large number of progenitor cell groups present in the inner
ear, both of which can be induced to generate HCs [68].
Although the research on inner ear stem cells has made great
breakthroughs, there are still many problems waiting to be
solved, such as the survival time of stem cells differentiated
into cochlea sensory epithelial cells in the body and whether
their physiological functions can function normally, how to
deliver stem cells to the correct position, and how to avoid
the body’s immune rejection reaction.

11. Conclusion

The development and regeneration of HCs involve multiple
factors and signaling pathways. At this stage, researchers
have made many important discoveries about the protection
and regeneration of HCs. With a more comprehensive
understanding of the mechanism of HC regeneration, gene
therapy and stem cell therapy will become important treat-
ment options for the treatment of ear diseases in the future.
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