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Sensorineural hearing loss (SNHL) is one of the most common causes of disability worldwide. Previous evidence suggests that
reactive oxygen species (ROS) may play an important role in the occurrence and development of SNHL, while its mechanism
remains unclear. We cultured dissected organs of Corti in medium containing different concentrations (0, 0.25, 0.5, 0.75, 1,
and 1.25mM) of hydrogen peroxide (H2O2) and established a four-concentration model of 0, 0.5, 0.75, and 1mM to study
different degrees of damage. We examined ROS-induced mitochondrial damage and the role of sirtuin 3 (SIRT3). Our results
revealed that the number of ribbon synapses and hair cells appeared significantly concentration-dependent decrease with
exposure to H2O2. Outer hair cells (OHCs) and inner hair cells (IHCs) began to be lost, and activation of apoptosis of hair
cells (HCs) was observed at 0.75mM and 1mM H2O2, respectively. In contrast with the control group, the accumulation of
ROS was significantly higher, and the mitochondrial membrane potential (MMP) was lower in the H2O2-treated groups.
Furthermore, the expression of SIRT3, FOXO3A, and SOD2 proteins declined, except for an initial elevation of SIRT3 between
0 and 0.75mM H2O2. Administration of the selective SIRT3 inhibitor 3-(1H-1,2,3-triazol-4-yl) pyridine resulted in increased
damage to the cochlea, including loss of ribbon synapses and hair cells, apoptosis of hair cells, more production of ROS, and
reduced mitochondrial membrane potential. Thoroughly, our results highlight that ROS-induced mitochondrial oxidative
damage drives hair cell degeneration and apoptosis. Furthermore, SIRT3 is crucial for preserving mitochondrial function and
protecting the cochlea from oxidative damage and may represent a possible therapeutic target for SNHL.

1. Introduction

As life expectancy increases, sensorineural hearing loss has
become more common, affecting people’s living quality
[1]. There are several types of sensorineural hearing loss
(SNHL), such as noised-induced hearing loss (NIHL),
age-related hearing loss (ARHL), ototoxic drug-induced
hearing loss (ODIHL), and inherited hearing loss. ARHL
or presbycusis is a progressive decline in hearing function
that is the most prevalent type of SNHL in the elderly
[2–5], which is characterized by higher hearing thresholds,
beginning at high frequencies and spreading toward low
frequencies, accompanied by the loss of HCs and spiral
ganglion neurons (SGNs) from the basal to apical turn.
Noise-induced hearing loss (NIHL) is the second most
prevalent type of SNHL, behind presbycusis [3]. It is typ-

ically characterized by elevation in hearing thresholds and
speech perception, tinnitus, and auditory processing disor-
ders [6] due to damage to and/or death of cochlear hair
cells, as well as primary auditory neurons after exposure
to strong noise stimulation [7]. Platinum-based anticancer
drugs and aminoglycoside antibiotics can lead to hearing
loss at high frequencies and preferential damage to OHCs
at the cochlea basal turn [8–10].

Reactive oxygen species (ROS) are mainly generated by
the mitochondria in most mammalian cells [11, 12], includ-
ing hydroxyl radicals and hydrogen peroxide (H2O2).
Growing evidence has convincingly argued that ROS and
oxidative stress are responsible for the pathogenesis of vari-
ous cochlear disorders, especially SNHL, including noise
exposure, senility, and ototoxicity [13, 14]. An immediate
increase in ROS in the cochlea after noise exposure indicates
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that ROS are associated with early damage to cochlear hair
cells and persist for 7-10 days [15]. In a model of the
senescence-accelerated mouse prone 8 (SAMP8), oxidative
stress and impairment in activities of antioxidant enzyme
were shown to be involved in premature ARHL [16]. More-
over, ototoxic drugs can induce generation of ROS [17, 18].
On the other hand, recent studies have suggested that before
overt hearing loss happened, cochlear synaptopathy, which
synapses between IHCs and cochlear afferent nerve fibers
are disrupted, is more common taking place [19], although
there is no direct evidence that ROS could cause loss of
synapses. Rodent studies have indicated excessive release of
glutamate from IHCs and insufficient energy supply can lead
to cochlear synaptopathy [20, 21], while this all could be
induced by ROS. In this study, we hoped to provide some
direct evidence between ROS and cochlear synaptopathy.
Much evidence implicates that mitochondrial dysfunction
contributes to the occurrence and evolution of SNHL
[22, 23]. As the major inducer of ROS, it is assumed that
exposure to noise, aging, and ototoxic drugs causes mito-
chondrial damage and, in turn, increases ROS accumula-
tion, which eventually results in apoptosis, necrosis, and
tissue damage [6]. Mitochondrial damage, lipid peroxida-
tion, and immune inflammatory reactions are strongly
associated with ROS [24–26]. ROS can also lower mitochon-
drial membrane potential and induce calcium overload, fur-
ther damaging the mitochondria and contributing to hair
cell apoptosis or necrosis [25, 27].

Given the important role ROS play in SNHL, the
development and application of antioxidant drugs are
becoming increasingly common. Sirtuin proteins are his-
tone deacetylases dependent on nicotinamide adenine
dinucleotide (NAD+); they have been shown to regulate
the morphology and function of mitochondria and have
become the focus of research in recent years. The
NAD+-dependent mitochondrial sirtuin, SIRT3, has been
shown to be able to deacetylate mitochondrial respiratory
chain complex subunit proteins and promote energy pro-
duction [28]. SIRT3 not only increases the activity of
intracellular antioxidant enzymes by activating FOXO3A
but also directly deacetylates MnSOD to increase the anti-
oxidant capacity of cells and reduce intracellular ROS
levels [29, 30]. A recent study has suggested that adminis-
tration of NAD+ precursor, nicotinamide riboside, can
prevent spiral ganglia neurite degeneration and NIHL,
which is mediated by SIRT3 [31]. In vitro, overexpression
of SIRT3 can ameliorate autophagic cell death, which is
dependent on superoxide anions generated from mito-
chondria induced by cadmium [32]. However, the direct
effect of SIRT3 in cochlear basilar membranes (CBMs)
has not been documented yet.

Here, we explored the hypothesis that ROS induced by
exposure to different concentrations of H2O2 may cause
mitochondrial damage and loss of ribbon synapses
in vitro, which may contribute to SNHL at the cellular
level. In addition, we also explored the role of SIRT3 in
cochlear oxidative damage in cultured organs of Corti
in vitro, and possible protective mechanisms by SIRT3
involvement were investigated.

2. Materials and Methods

2.1. Animals. We purchased postnatal day 3 C57BL/6 mice
from the Experimental Animal Department of the Capital
Medical University. The experimental protocols conformed
to the National Institutes of Health guidelines, which were
revised in 1996 (NIH Publications). Our research had got
permission from the Capital Medical University Animal
Ethics Committee.

2.2. Cultures. After the skin was cleaned with 75% alcohol,
the postnatal day 3 C57BL/6 mice were euthanized by cold
CO2 inhalation and decapitated painlessly. The skin was
peeled off the scalp, and the skull was cut into two pieces
posterior to the eye. The cochleae were removed and placed
in Leibovitz’s L-15 (Procell, PM151012, Wuhan, China). The
organ of Corti was separated away from the stria vascularis
and then adhered to separate culture plates. Each plate
contained 1ml/well of culture medium, which comprised
Dulbecco’s modified Eagle’s medium/Ham’s F-12 (DMEM/
F-12; 1 : 1 Mix) (Sigma-Aldrich, D8437, St. Louis, MO,
USA) with 10% bovine serum albumin (Sigma-Aldrich,
A1595, St. Louis, MO, USA) and 30U/mL penicillin G
(Sigma-Aldrich, P3032, St. Louis, MO, USA). The organ of
Corti explants was cultured in a humidified atmosphere with
5% CO2 at 37

°C.

2.3. H2O2-Induced Oxidative Stress. According to various
studies, we chose to use H2O2 to induce oxidative stress
in vitro. First, cochlear specimens were placed in a humidi-
fied incubator for 24h. Then, the culture medium was dis-
carded and substituted by fresh medium (DMEM/F-12)
containing different concentrations of H2O2 (0, 0.25, 0.5,
0.75, 1, and 1.25mM) for 24 h. Afterward, the medium was
discarded, and the specimens were left and prepared accord-
ing to subsequent studies’ protocols.

Next, we evaluated the effect of SIRT3 on oxidative stress
induced by H2O2 using 3-(1H-1,2,3-triazol-4-yl) pyridine
(3-TYP) (MCE, HY-108331, Monmouth Junction, NJ,
USA), an inhibitor of SIRT3. The organs of Corti were pre-
treated with 3-TYP (50μM) for 2 h prior to H2O2 treatment.
A 100mM stock solution was prepared with 3-TYP dis-
solved in DMSO (Beyotime Biotechnology, ST038, Haimen,
China) and was kept at -80°C until use. We further diluted
the stock solution with culture medium to appropriate con-
centration for administration. The highest concentration of
DMSO should be under 0.1%. Additionally, it has been pre-
viously shown that 50μM 3-TYP does not significantly affect
cell viability [32].

2.4. Immunofluorescence. The specimens were fixed with 4%
paraformaldehyde for 2min and then washed with PBS.
Subsequently, they were incubated in 0.3% Triton X-100
containing 10% goat serum (ZSGB-BIO, ZLI-9021, Beijing,
China) at room temperature for 15min. Then, they were
immunolabeled with monoclonal mouse anti-carboxyl-
terminal binding protein 2 (CtBP2) (1 : 300, Abcam,
ab204663, Cambridge, MA, USA) and rabbit anti-myosin
VIIa antibody (1 : 300, Proteus Biosciences, 25-6790,
Ramona, CA, USA) to label ribbon synapses and hair cells,
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respectively, and incubated overnight at 4°C. The next day,
the specimens were counterstained with secondary anti-
bodies conjugated with Alexa FluorTM/® 568 and 647
(1 : 300, Invitrogen, A21124, A21245, Molecular Probes,
Carlsbad, CA, USA) for 2 h. The specimens were washed in
PBS for 10min and mounted on glass slides with 4′,6-
diamidino-2-phenylindole (DAPI) (ZSGB-BIO, ZLI-9557,
Beijing, China). Finally, the specimens were observed
under a laser confocal microscope (Leica Microsystems,
Wetzlar, Germany).

2.5. Hair Cells and Ribbon Synapse Counting. We quantified
the outer hair cells (OHCs), inner hair cells (IHCs), and
ribbon synapses with a ×63 magnification oil-immersion
objective mounted on a Leica TCS SP8 laser confocal micro-
scope (Leica Microsystems, Wetzlar, Germany). Approxi-
mately 14–15 IHCs and 42–45 OHCs were included in
each visual field. Five specimens were selected from each
group to measure the average, and percentages were used
to describe the survival of hair cells. We obtained the mean
of ribbon synapses for each IHC using the sum of CtBP2-
stained puncta divided by the sum of IHC nuclei.

2.6. Determination of Mitochondria-Derived ROS. To evalu-
ate ROS, explants were cultured in a medium containing
MitoSOX (1 : 1000, Invitrogen, M36008, Carlsbad, CA,
USA) for 30min at 37°C. Then, they were washed gently
with PBS for 10min and mounted on glass slides with DAPI.
All steps of the procedure were protected from light. The
fluorescence intensity was analyzed by laser confocal micros-
copy with an optimal excitation wavelength of 568nm (red)
and calculated by Image J (National Institutes of Health,
Bethesda, Maryland, USA).

2.7. Laser Confocal Microscopy. The specimens were scanned
hierarchically with an interval of 0.5μm/layer by a ×63
magnification oil-immersion objective mounted on a Leica
TCS SP8 laser confocal microscope (Leica Microsystems,
Wetzlar, Germany). The final images were superimposed.
The optimal excitation wavelengths of 568 nm (red),
647 nm (far-red), and 358 nm (blue) for DAPI were used.

2.8. Measurement of Mitochondrial Membrane Potential.
Mitochondria extraction was performed with the Tissue
Mitochondria Isolation Kit (Beyotime Biotechnology,
C3606, Haimen, China) based on the manufacturer’s
instructions as preparation. Mitochondrial membrane
potential was measured using the potential-sensitive fluores-
cent dye JC-1 (Beyotime Biotechnology, C2006, Haimen,
China). The results were detected using a multimode plate
reader (EnSpireTM, Perkin Elmer Singapore Pte. Ltd. Singa-
pore) and expressed as the ratio of the readings.

2.9. Western Blot. To determine the levels of SIRT3 and the
SIRT3-related proteins, FOXO3A and SOD2, western blot
was adopted. We use radioimmunoprecipitation assay lysis
buffer (Beyotime Biotechnology, P0013, Haimen, China) to
extract total protein and an enhanced BCA Protein Assay
Kit (Beyotime Biotechnology, P0010S, Haimen, China) to
quantify protein concentration. Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis was used to isolated
protein lysates. Then, we transferred protein lysates onto
polyvinylidene difluoride membranes and incubated in a
5% fat-free milk blocking solution for 1 h. After washing in
tris-buffered saline, the membranes were incubated with
the primary antibodies anti-SIRT3 (1 : 1000 CST, D22A3,
Shanghai, China), anti-FOXO3A (1 : 1000 CST, D19A7,
Shanghai, China), and anti-SOD2 (1 : 1000 CST, D3X8F,
Shanghai, China) at 4°C overnight. After washing for 7min
three times, the membranes were subsequently incubated
with the appropriate horseradish peroxidase-conjugated
secondary antibody (1 : 5000, Santa Cruz Biotechnology,
SC-2357-CM, Santa Cruz, CA, USA) at room temperature
for 1 h. Finally, the membranes were visualized using
BeyoECL Plus (Beyotime Biotechnology, P0018S, Haimen,
China). We used the Image-Pro Plus 6.0 software (Media
Cybernetics, Rockville, MD, USA) to analyze quantification
of these proteins.

2.10. Apoptosis Staining. We used a terminal deoxynucleoti-
dyl transferase-mediated deoxy uridine triphosphate nick-
end labeling staining kit TUNEL POD (Roche Molecular
Biochemicals, 11772465001, Mannheim, Germany) to detect
hair cell apoptosis. After being incubated in 0.3% Triton X-
100 containing 10% goat serum (ZSGB-BIO, ZLI-9021,
Beijing, China) at room temperature for 15min, the speci-
mens were immunolabeled with rabbit anti-myosin VIIa
antibody (1 : 300, Proteus Biosciences, 25-6790, Ramona,
CA, USA) and incubated overnight at 4°C. The next day,
the specimens were first counterstained with secondary anti-
bodies conjugated with Alexa FluorTM/® 647 (1 : 300, Invi-
trogen, A21124, A21245, Molecular Probes, Carlsbad, CA,
USA) for 2 h. And then, the label reaction with TUNEL
POD was carried out for 1 h at 37°C. Wash the specimens
with PBS for 10min and mount them on glass slides with
DAPI (ZSGB-BIO, ZLI-9557, Beijing, China). Finally, the
specimens were observed under a laser confocal microscope
(Leica Microsystems, Wetzlar, Germany).

2.11. Statistical Analyses.We use GraphPad Prism 8 (Graph-
Pad Software, Inc., La Jolla, CA, USA) to perform statistical
cartography and illustrate our data with mean ± standard
error. The paired-sample t-test was performed to evaluate
differences between the different groups. Statistical signifi-
cance was set at P < 0:05.

3. Results

3.1. H2O2 Induces Dose-Dependent Ribbon Synapse, and
Hair Cells Decline: Model Building. First, we determined
the changes in the number of ribbon synapses and the
survival of hair cells under different H2O2 concentrations.
Our findings showed that after a 24h exposure to H2O2,
the number of ribbon synapses and cochlear hair cells was
significantly decreased in a concentration-dependent man-
ner. We recorded the concentrations at which there was
apparent loss of ribbon synapses with no loss of hair cells,
apparent loss of ribbon synapses and OHCs, and apparent
loss of IHCs (Figure 1(a)).
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The number of ribbon synapses in the middle turn of
the organ of Corti in the control, 0.25, 0.5, 0.75, 1, and
1.25mM groups was 28:2 ± 81:99, 18:5 ± 2:11, 14:36 ±
1:37, 12:96 ± 1:63, 5:62 ± 1:36, and 4:75 ± 0:92, respectively
(Figure 1(b)). In contrast with the 0.25mM group, there
were significantly fewer ribbon synapses in the 0.5mM
group in comparison with the control group (P < 0:001).
There was no significant difference in the number of ribbon
synapses in the 0.5mM and 0.75mM groups (P > 0:05),
while the number of ribbon synapses in the 1mM group
was efficaciously lower than that in the 0.75mM group
(P < 0:01). And no significant difference was found in
the number of ribbon synapses between the 1mM and
1.25mM groups.

Regarding the survival of hair cells, we investigated the
whole cochlear basilar membranes (Figures 1(c) and 1(d)).
In the 0.25mM and 0.5mM groups, hair cells remained
intact, and there were no obvious alterations in their quanti-
ties, although the arrangement of hair cells in the apex of the
cochlea was disordered in the 0.5mM group. At a concentra-
tion of 0.75mM H2O2, 92:75 ± 1:53% of OHCs (P < 0:01)

and all IHCs remained. In the 1mM group, approximately
50% of OHCs survived (50:10 ± 7:99%), which was signifi-
cantly different compared with the 0.75mM group (P <
0:01), and 97:92 ± 2:95% of IHC survived. There was exten-
sive hair cell loss in the 1.25mM group; only 9:13 ± 5:54%
and 72:35 ± 9:79% of OHCs and IHCs survived, respectively,
which was significantly different from the 1mM group (both
P < 0:01). According to the results above, we built a model of
four concentrations: 0, 0.5, 0.75, and 1mM for the following
study.

3.2. Pharmacological Suppression of SIRT3 and Aggravated
Oxidative Damage to the Cochlea. To investigate the impact
of SIRT3 mitigation on H2O2-induced oxidative damage, we
used a selective SIRT3 inhibitor, 3-TYP [33]. Previous
research by Pi et al. revealed that 3-TYP can inhibit SIRT3
activity but does not downregulate protein expression [32].

We first quantified the number of ribbon synapses and
analyzed the survival of hair cells in the groups established
above. Our results revealed that the damage to ribbon synap-
ses and hair cells was dependent on the concentration of
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Figure 1: H2O2 induces dose-dependent loss of ribbon synapses and hair cells at the 0, 0.25, 0.5 0.75, 1, and 1.25mM concentrations.
(a) Confocal images showing ribbon synapses (red) and hair cells (green) in the middle region of cochlear explants at each
concentration. The white arrows indicate OHC damaged areas. Yellow arrows indicate IHC damaged areas. (b) Quantification of
ribbon synapses at each concentration. (c) Rate of OHC survival at each concentration. (d) Rate of IHC survival at each
concentration. Data are expressed as means ± SD (n = 5 organ of Corti per concentration). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
Scale bar = 10μm.
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H2O2 (Figure 2). In the presence of 3-TYP, the number of
ribbon synapses in the middle turn of the organ of Corti in
the control, 0.5, 0.75, and 1mM groups declined with
21:03 ± 0:98, 14:31 ± 0:72, 11:85 ± 0:62, and 4:25 ± 0:33,
respectively (Figure 2(b)). Interestingly, after pretreated with
3-TYP, no significant difference was discovered in the num-
ber of ribbon synapses between these H2O2 concentrations,
except in the control group, in which the number was
declined (P < 0:01) (Figure 2(b)).

However, after pretreated with 3-TYP, HCs in H2O2
groups appeared more disorganized and morphologically
abnormal, as compared Figure 1(a) with Figure 2(a). Further-
more, as shown in Figure 2(c), there was a significantly lower
rate of OHC survival in the 0.5mM group compared with the
group that was not treated with 3-TYP (P < 0:05). A similar
tendency also appeared in the 0.75mM and 1mM groups
(P < 0:05 and P < 0:01, respectively). Regarding the survival

rate of IHCs (Figure 2(d)), in the 0.75mM group, we observed
that IHC loss began, and those that remained were chaoti-
cally arranged. In the 1mM group treated with 3-TYP, only
49:91 ± 2:47% IHCs survived, compared with 97:92 ± 2:95%
in the 1mM group without 3-TYP (P < 0:01). However, there
was no significant difference between the rate of IHC survival
in both control and 0.5mM groups. These results revealed that
3-TYP could inhibit intracellular antioxidant activity and
aggravate oxidative stress, increasing the damage to the ribbon
synapse and hair cells.

3.3. H2O2 Induces Increased Mitochondrial ROS in CBMs,
and This Is Enhanced with 3-TYP Treatment. We measured
the levels of mitochondrial ROS using MitoSOX staining.
The red fluorescence intensity of MitoSOX staining in the
groups treated with H2O2 was significantly more apparent
than that in the control group, and the level was largely
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Figure 2: H2O2 induces aggravated oxidative damage to cochlear by suppression of SIRT3. (a) Representative images of ribbon synapses
(red) and HCs (green) in the middle region of cochlear explants in 0, 0.5, 0.75, and 1mM groups pretreated with 3-TYP. The white
arrows indicate OHC damaged areas. Yellow arrows indicate IHC damaged areas. (b) Comparison of ribbon synapse at each
concentration between matched and 3-TYP groups. (c) Comparison of OHC survival at each concentration between matched and 3-TYP
groups. (d) Comparison of IHC survival at each concentration between matched and 3-TYP groups. Data are shown as means ± SD
(n = 5 in each group). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. Scale bar = 10μm.
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dependent on the concentrations of H2O2, with the highest
in the 1mM group, regardless of pretreatment with 3-TYP,
as shown in Figure 3. The quantitative comparison was
performed using red fluorescence intensity (Figure 3(b)).
Relative staining in the 0.5, 0.75, and 1mM groups rose by
1:07 ± 0:10 − fold, 1:42 ± 0:15 − fold, and 2:27 ± 0:37 − fold,
respectively. No significant difference was shown in the rel-
ative ROS levels between the 0 and 0.5mM groups. Relative
fluorescence intensity in the 0.5mM group was significantly
lower than that in the 0.75mM group (P < 0:05), and relative
fluorescence intensity in the 0.75mM group was signifi-
cantly lower than that in the 1mM group (P < 0:05).

After pre-treated with 3-TYP, the relative fluorescence
intensity was increased in each concentration group (0, 0.5,
0.75, and 1mM), by 1:33 ± 0:15 − fold, 1:96 ± 0:19 − fold,
2:43 ± 0:18 − fold, and 2:74 ± 0:16, respectively. Relative
staining was significantly higher as H2O2 concentrations
higher: control vs. 0.5mM, P < 0:01, 0.5 vs. 0.75mM, P <
0:05, and 0.75 vs. 1mM, P < 0:05, respectively. Furthermore,
the levels of relative fluorescence intensity in control, 0.5,
and 0.75mM 3-TYP pretreated groups were significantly
higher than in the nontreated matched group with P < 0:01.
Thus, it indicated that mitochondrial ROS levels increased
in response to H2O2 treatment in vitro. Furthermore, this
may be enhanced by inhibition of SIRT3.

3.4. H2O2 Induces Mitochondrial Dysfunction in CBMs,
Which Is Intensified by 3-TYP Treatment. The MMP was
used to evaluate mitochondrial function. As shown in
Figure 4, MMP levels in the 0, 0.5, 0.75, and 1mM groups
were 2:23 ± 0:27, 1:76 ± 0:09, 1:67 ± 0:12, and 1:43 ± 0:10,
respectively. Our results showed that mitochondrial function
was inversely related to H2O2 concentration. The MMP level
in the 0.5mM and 0.75mM groups was not significantly dif-
ferent. The MMP level in the 0.5mM group was significantly
lower than that in the control group (P < 0:01), as was the
MMP level in the 1mM group compared to that in the
0.75mM group (P < 0:01). The result also illustrated the

MMP levels in the same concentration groups pretreated
with 3-TYP; these were 1:82 ± 0:13, 1:56 ± 0:06, 1:46 ± 0:08,
and 1:34 ± 0:10, respectively, which also demonstrated a
concentration-dependent decline. There was a significant dif-
ference in MMP between the control and 0.5mM groups
(P < 0:01) and the 0.5mM and 1mM groups (P < 0:05). To
investigate the effect of SIRT3 suppression, we compared
the MMP level between the 3-TYP pretreated group and
nontreated group. The MMP level in each 3-TYP pretreated
group was lower than in the nontreated matched group, with
a significant difference in the 0 and 0.5mM groups (P < 0:01).
Our findings indicated that H2O2 resulted in a concentration-
dependent decrease in mitochondrial membrane potential,
and SIRT3 played an important role in protecting mitochon-
drial function.
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Figure 3: H2O2 induces ROS generation, which is enhanced by 3-TYP. (a) Confocal images of MitoSOX staining (red) in the 0, 0.5, 0.75,
and 1mM groups pretreated with or without 3-TYP. The white arrows indicate OHC damaged areas. Yellow arrows indicate IHC damaged
areas. (b) Relative level of fluorescence intensity in each group. Data are expressed as means ± SD (n = 5 organ of Corti per concentration).
∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001. Scale bar = 10 μm.
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Figure 4: Comparison of MMP levels in the 0, 0.5, 0.75, and 1mM
groups between matched nontreated and 3-TYP-treated groups.
Data are expressed as means ± SD (n = 5 organ of Corti per
concentration). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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3.5. H2O2 Downregulates SIRT3 and SIRT3-Dependent
Protein Expression. As previously mentioned, SIRT3 is cru-
cial in oxidation resistance and protects cells from oxidative
damage. We analyzed the expression of SIRT3 and the
related proteins FOXO3A and SOD2 by western blotting to
confirm this effect (Figure 5). As shown in Figure 5(b), the
level of SIRT3 protein was significantly higher in the
0.75mM group than in the 0.5mM and control groups
(1:19 ± 0:07 − fold vs. 1:05 ± 0:08 − fold, P < 0:05; 1:19 ±
0:07 − fold vs. 1:00 ± 0:02 − fold, P < 0:05, respectively).
However, in the 1mM group, the protein level was dramat-
ically decreased to 0:73 ± 0:07 − fold, which was significantly
lower than in any other group (P < 0:05). This suggested that
stimulation by H2O2 initially elevated the level of SIRT3
protein, which could help cells to resist oxidative damage
to a certain degree. However, this elevation was limited
and finally declined. The level of FOXO3A protein, a down-
stream target of SIRT3, generally declined (Figure 5(c)). By
contrast with the control group, the level of FOXO3A was
decreased in the 0.5mM, 0.75mM, and 1mM groups by
0:62 ± 0:04 − fold (P < 0:01), 0:70 ± 0:07 − fold (P < 0:05),
and 0:58 ± 0:06 − fold (P < 0:01), respectively. Compared
with the control group, the expression of SOD2 protein
declined stably to 0:96 ± 0:01 − fold in the 0.5mM group
(P < 0:05), 0:81 ± 0:08 − fold in the 0.75mM group (P <
0:05), and 0:55 ± 0:11 − fold in the 1mM group (P < 0:05).
Moreover, the levels were significantly different between
the 0.5mM and 1mM groups and the 0.75mM and 1mM
groups, although no difference was noticed in expression
levels between the 0.5mM and 0.75mM groups, which
may be related to statistical error. The decrease in the

expression of these two downstream proteins indicates that
despite elevated SIRT3 expression, H2O2 activated the oxida-
tive reaction and degraded the expression of antioxidant
proteins, causing damage to tissues. Together, these results
provide evidence that H2O2 could induce the downregula-
tion of SIRT3 and SIRT3-related proteins, thus inhibiting
the antioxidant reaction and causing damage.

3.6. Hair Cell Apoptosis Induced by H2O2 and Intensified by
3-TYP Treatment. As mentioned above, the loss of hair
cells appeared significantly H2O2 concentration-dependent,
which may due to the activation of apoptosis induced by
H2O2. To confirm the occurrence of apoptosis, we used
TUNEL POD staining. As shown in Figure 6, the TUNEL-
positive cells were first observed in the OHC area in the
0.75mM group. In the 1mM group, a large number of OHCs
appeared apoptosis and a portion of IHCs lost directly. After
treatment with 3-TYP, apoptosis of hair cells occurred earlier
and severer, as the TUNEL-positive cells were first observed
in the OHC area in the 0.5mM group and more TUNEL-
positive OHCs were in the 0.75mM group. Furthermore, in
the 1mM group, none of OHCs survived and almost half of
IHCs lost directly. However, we still could observe a
TUNEL-positive cell in IHC area. This suggests that H2O2
induces apoptosis of hair cells in the CBMs, and administra-
tion of 3-TYP could exacerbate the occurrence of apoptosis.

4. Discussion

Hair cells mainly function in turning the sound wave energy
into electric signals [34]. Although SNHL could be caused by
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Figure 5: H2O2 induces downregulation of SIRT3, FOXO3A, and SOD2. (a) Representative western blot analysis using antibodies against
SIRT3, FOXO3A, SOD2, and β-actin in CBMs. (b) Protein expression of SIRT3 in the 0, 0.5, 0.75, and 1mM groups. (c) Protein expression
of FOXO3A in the 0, 0.5, 0.75, and 1mM groups. (d) Protein expression of SOD2 in the 0, 0.5, 0.75, and 1mM groups. Data are expressed as
means ± SD (n = 5 organ of Corti per concentration). ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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many factors, including genetic factors, aging, chronic
cochlear infections, infectious diseases, ototoxic drugs, and
noise exposure, most of the SNHL occurs due to the irrevers-
ible loss of HCs and spiral ganglion neurons (SGNs), both of
which have limited regeneration ability in adult mammals
[35]. Thus, how to protect the cochlear HC is a key scientific
question in the hearing research field. As the human
cochlear is inaccessible, in vitro animal models could be a
crucial way to study SNHL. Here, we studied the oxidative
damage to the organ of Corti caused by H2O2 and further
investigated the changes of the oxidative damage after
inhibition of SIRT3. Accumulation of ROS could result in
various degrees of loss of hair cells and ribbon synapses,
decrease of mitochondrial membrane potential, and decrease
of SIRT3 and related protein expression. Furthermore,
under the administration of 3-TYP, oxidative damage was
aggravated.

4.1. Apoptosis May Contribute to Loss of HCs. It has been
proven that hearing mostly depends on hair cells to convert
mechanical stimulation to electrochemical activity and the
IHC ribbon synapses to transmit electrochemical signals
[36, 37]. OHCs are mainly responsible for the active
mechanical amplification process, which facilitates high sen-
sitivity and good frequency resolution. IHCs are responsible
for sound detection and provide afferent auditory neuro-
transmission to the brain [11, 38, 39]. In this study, cochlear
sensory hair cells and IHC ribbon synapses in cochlear
explants exhibited dose-dependent cytotoxic effects when
exposed to H2O2. At certain concentration group, we viewed
an enormous loss of OHCs and a slight loss of IHCs. Previ-
ous research has shown that the degeneration and loss of
hair cells are largely due to the activation of apoptosis [40,
41]. Apoptosis occurs in two ways: the extrinsic pathway,
activated by death receptors, and the intrinsic pathway, ini-
tiated by a change in mitochondrial membrane permeability
[42–44]. Mitochondrial dysfunction causes the permeability
transition pore to open in an irreparable way, which subse-
quently leads to rise of the permeability of mitochondrial
outer membrane [42, 45]. Moreover, the accumulation of
ROS, decrease of the mitochondrial membrane potential,
and release of apoptosis-related factors and cytochrome c

were induced by mitochondrial dysfunction spark apoptotic
and necrotic cell death pathways as well [44, 46].

4.2. Lack of Energy May Contribute to Synaptic Loss. Our
results indicate that the intrinsic pathway of apoptosis due
to mitochondrial dysfunction and overgeneration of ROS
may contribute to the loss of hair cells in the cochlea. Our
results also showed that exposure to H2O2 significantly
decreased the number of ribbon synapses, even at low
concentrations. The concomitant decline in the mitochon-
drial membrane potential decreases adenosine triphosphate
(ATP) levels in the cochlea, which becomes insufficient for
the transportation of ribbon synaptic vesicles and mainte-
nance of ribbon synapses’ function [41]. Considering oxida-
tive stress, related studies have shown that inhibition of
AMPK, a key cellular energy sensor related to ATP produc-
tion, could attenuate the loss of outer hair cells and ribbon
synapses and preserved auditory function after noise expo-
sure [47]. Recent animal studies have shown that synaptic
loss can occur without permanent hearing threshold shifts
after noise exposure [48, 49], suggesting that synaptopathy
is a significant marker of early noise-induced hearing loss.

4.3. Accumulation of ROS Reduces MMP and Triggers
Oxidative Damage. To evaluate the level of ROS, we used
MitoSOX staining, and our results demonstrated that the
higher the concentration, the greater the accumulation of
ROS and the more severe the damage to the cochlea. Most
mammalian cells generate ROS, which are regarded as toxic
products of cellular metabolism by the mitochondria, and
can act as signalling molecules to regulate various physiolog-
ical processes [50]. It is assumed that noise exposure induces
mitochondrial damage and, in turn, increases ROS
accumulation. A considerable amount of ROS can trigger
progressive oxidative damage, promote oxidation of the
mitochondrial DNA and proteins [51], and induce lipid per-
oxidation products, which can result in apoptosis and reduce
cochlear blood flow [6]. Normal mitochondrial membrane
potential is a prerequisite for maintaining oxidative phos-
phorylation of mitochondria and ATP production. The
cumulative burden of ROS production can lead to MMP
breakdown, which further results in energy deficiency and
mitochondrial dysfunction [41, 52]. In this study, the
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Figure 6: H2O2 induce occurrence of hair cell apoptosis, and this is intensified by 3-TYP. Representative images of TUNEL staining (red)
and hair cells (green) in 0, 0.5, 0.75, and 1mM groups pretreated with or without 3-TYP. The white arrows indicate TUNEL-positive cells in
OHC areas. Yellow arrows indicate TUNEL-positive cells in IHC areas. Scale bar = 25μm.
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MMP levels in both groups (with and without 3-TYP)
decreased as H2O2 concentration increased. In particular,
the pharmacological inhibitor 3-TYP of SIRT3 intensified
the decline of MMP.

4.4. Potential Role of SIRT3 in Hearing Protection and
Mitohormesis. SIRT3 is the major mitochondrial deacetylase
and is expressed in metabolically active tissues such as the
liver, kidney, and heart [28]. It appears that it can resist var-
ious mitochondrial stresses, especially by utilizing cellular
antioxidant systems to combat oxidative stress. FOXO3A is
a forkhead transcription factor that is deacetylated by SIRT3
to increase the transcription of key antioxidant genes,
including SOD2 and catalase, and protects mitochondria
from further oxidative stress [53, 54]. SOD2 is responsible
for reducing ROS and protecting against oxidative stress
and is also activated by SIRT3-mediated deacetylation [30].
Additionally, SIRT3 directly deacetylates mitochondrial iso-
citrate dehydrogenase, IDH2, and stimulates its activity [55],
which helps to maintain the mitochondrial pool of NADPH
for conversion of reduced glutathione [56–58].

To detect the expression of SIRT3, FOXO3A, and SOD2
proteins, we performed western blot analysis. Our results
revealed that under moderate amounts of ROS (i.e., the
0.5mM and 0.75mM H2O2 groups), the level of SIRT3 ini-
tially increased and subsequently decreased in the 1mM
group. We suggest that this may correspond with mitohorm-
esis, which means that the effects caused by a stressor may be
beneficial when its level is relatively low and deleterious
when it is high [59]. It has been reported that the level of
SIRT3 increases under calorie restriction (CR), fasting, and
exercise training in different tissues [55, 60]. Under calorie
restriction, a moderate increase in ROS can trigger oxidative
stress resistance activities to attenuate oxidative cellular
damage [59, 61]. However, large or chronic increases in
ROS may result in damage or cell death, as they exceed the
capacity to maintaining homeostasis; thus, the balance is
broken. It is noteworthy that oxidative stress is commonly
associated with mitochondrial hyperacetylation [60, 62].
We assume that the activities of antioxidants and related
enzymes such as FOXO3A and SOD2 are dampened
through direct acetylation [58, 63, 64]. In this study, we
found that the levels of FOXO3A and SOD2 decreased as
the H2O2 concentration increased. As mentioned above, a
moderate ROS rise increases SIRT3 transcription, thus help-
ing to achieve a new hormetic steady state. The increased
levels of SIRT3 can then deacetylate FOXO3A and SOD2
to defend against oxidative stress, but this capacity is limited.
Mitochondrial hyperacetylation fails in the function of anti-
oxidant enzymes and excess neutralization with oxidation
products and ultimately reduces the expression of SIRT3,
FOXO3A, and SOD2 and worsens oxidative stress. Interest-
ingly, the expression of FOXO3A protein rose slightly in the
0.75mM H2O2 group, which may probably due to dramati-
cal expression of its upstream protein SIRT3, as assumed.
Also, statistical bias cannot be ruled out, either.

To provide direct evidence that SIRT3 is a key factor in
the preservation of mitochondrial function and antioxida-
tion, we performed biochemical experiments with the selec-

tive SIRT3 inhibitor, 3-TYP. 3-TYP inhibits SIRT3 activity
but does not affect SIRT3 protein expression [32, 33]. Our
findings illustrated that inhibition of SIRT3 exacerbated
the level of ROS, loss of hair cells and ribbon synapses,
and decreased MMP. A previous study in cultured HepG2
cells had suggested that activation of SIRT3 could sup-
press mitochondrial-derived ROS-stimulated autophagic
cell death induced by cadmium through SIRT3/SOD2
pathway [32]. ROS is important for osteoclasts in differenti-
ation and activation induced by receptor activator of NF-κB
ligand (RANKL). Suppression of SOD2 activity by SIRT3-
targeted siRNA could increase ROS levels and raise osteoclas-
togenesis [65]. High expression of xCT, which is the member
11 of solute carrier family 7 (SLC7A11), was commonly along
with increased levels of ROS and sensitivity to glucose depri-
vation in breast cancer cells. Downregulation of SIRT3 fur-
ther increased the levels of ROS and promoted xCT-related
cell death [66]. Adjudin, a lonidamine analogue, could pro-
tect cochlear HCs from gentamicin-induced damage medi-
ated by the SIRT3-ROS axis in vitro [67]. Furthermore, an
in vivo study revealed that SIRT3-/- mice were more suscep-
tible to NIHL, and SIRT3 -/- mice treated with nicotinamide
riboside exhibited less protection from both TTS and PTS
after noise exposure [31]. On the other hand, it is interesting
that significant reduction in the number of ribbon synapses
was only discovered in the control group pretreated with 3-
TYP. As mentioned above, great evidence shows that the
level of SIRT3 increases under stress like CR. We have reason
to believe that the protective effect for ribbon synapses of
higher expression of SIRT3 induced by H2O2 is stronger than
inhibition of activity, while in the control group, only the
activity of SIRT3 was inhibited, and the loss of ribbon synap-
ses became severer.

However, in vitro research provides the suggestion for
studies in vivo but is different from in vivo research because
of the complex internal environment and variable influenc-
ing factors. Next, we hope to further study the mitochondrial
oxidative damage and deacetylation of SIRT3 in NIHL
in vivo.

5. Conclusion

Overall, we propose that ROS and oxidative stress are major
causes of SNHL. Furthermore, SIRT3 is crucial for preserv-
ing mitochondrial function and protecting the cochlea from
oxidative damage. Additionally, we imitate different phases
of SNHL in the organ of Corti in vitro and establish a novel
in vitro model for investigation of the mechanisms of SNHL.
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Genetic testing is the gold standard for exploring the etiology of congenital hearing loss. Here, we enrolled 137 Chinese
patients with congenital hearing loss to describe the molecular epidemiology by using 127 gene panel testing or 159
variant testing. Sixty-three deaf children received 127 gene panel testing, while seventy-four patients received 159 variant
testing. By use of 127 gene panel testing, more mutant genes and variants were identified. The most frequent mutant
genes were GJB2, SLC26A4, MYO15A, CDH23, and OTOF. By analyzing the patients who received 127 gene panel testing,
we found that 51 deaf children carried variants which were not included in 159 variant testing. Therefore, a large number
of patients would be misdiagnosed if only 159 variant testing is used. This study highlights the advantage of 127 gene
panel testing, and it suggests that broader genetic testing should be done to identify the genetic etiology of congenital
hearing loss.

1. Introduction

Congenital hearing loss (HL) is a common disease, and
about 1 to 2 per 1000 live births suffer from congenital
hearing loss in the world. The prevalence of hearing loss
increases with age. Among the kids in the primary school,
the prevalence is 2.83/1000. Furthermore, in adolescents, it
will rise to 3.5/1000 [1–3]. According to the latest date,
approximately 50%-60% of congenital HL is caused by
genetic factors [4, 5]. However, genetic disorder can also
cause late-onset deafness in children and adolescents [2].
Both congenital or late-onset deafness caused by genetic
disorder can be attributed to hereditary hearing loss. To date,
more than 150 deafness-related genes and 6000 variants have
been identified [6] (https://hereditaryhearingloss.org). The
hearing loss genes and hot variants showed distinctly in
different ethnic groups. Among these hearing loss genes,
GJB2 and SLC26A4 gene variants were most common in
Chinese deaf population [4]. For GJB2 gene variants, the
most frequent etiological factor of nonsyndromic hereditary

hearing loss, the hotspots were described as c.235delC and
c.109G>A, common in Asian, c.35delG, found in European,
and c.71G > A, predominant in the Indian [7, 8]. Although
GJB2 and SLC26A4 mutations account for a large part of
causes of hereditary deafness, there are still a large number
of known or unknown gene mutations that cause hearing
loss. How to quickly and accurately detect causes of patients
with suspected hereditary deafness is an important issue in
the diagnosis and treatment of deafness.

Genetic testing is the gold standard for exploring the
etiology of congenital and late-onset deafness. In addition,
medical history and other auditory physiology tests are
also very important. For hereditary deafness, genetic test-
ing is a crucial step. Except for finding causes, it also
could help diagnosis and intervention of syndromic hear-
ing loss because some children only exhibited hearing loss
without other symptoms at a young age. Besides, genetic
testing was beneficial to protecting children with some
variants such as m.1555A > G or variants in KCNQ1 gene
from avoidable risk factors [9–12]. DNA sequencing first
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described 44 years ago has evolved from single-mutation
sequencing (Sanger sequencing) to high-throughput sequenc-
ing (Next generation sequencing, NGS) [5, 13]. Compared to
Sanger sequencing, NGS was able to simultaneously sequence
millions of small fragments at a reasonable cost and reduced

runtime [13]. Targeted gene panel, a common NGS tech-
nique, has been widely applied in deaf population. It was
targeted to the detection of variants in the massively known
hearing loss genes. Considering the cost and time consum-
ing, different panels were designed in clinical applications
[1, 4, 12, 14, 15].

As the spectrum of gene mutations is distinct in different
ethnic group, studying mutated character of Chinese deaf
children and choosing the appropriate gene panel are critical
for clinical diagnosis and treatment. In this study, we
enrolled 137 Chinese children with sensorineural hearing
loss to describe the molecular epidemiology by using 127
gene panel testing and 159 variants in 22 gene testing.

2. Materials and Methods

2.1. Patients and Samples. A total of 137 patients under
the age of twelve with sensorineural hearing loss were
recruited from the Wuhan Union Hospital from 2018 to
2020. All patients failed pass the neonatal hearing screen-
ing and underwent 127 gene panel testing (targeting the
exon regions and exon-intron boundaries of 127 known
deafness-causing nuclear genes as well as deafness-causing
mitochondrial regions) or 159 variants in 22 gene testing
(detecting a total of 159 hotspot variants in 22 known
deafness-causing genes). Informed consent was obtained
from all patients or their legal guardians. This study was
approved by the Institutional Review Board of the BGI in
accordance with the Declaration of Helsinki (1964). Written
informed consent, clinical evaluations, and blood samples
were obtained from all the participants or their legal guard-
ians. The study of the protocols was approved by the review
boards of the ethics committees of the Tongji Medical Col-
lege of Huazhong University of Science and Technology.

Peripheral venous blood samples were collected from all
recruited patients. Genomic DNA was obtained and purified
using a QIAamp DSP DNA Blood Mini Kit (61104, Qiagen
Inc., Valencia, CA, USA).

2.2. Library Preparation, Sequencing, and Bioinformatics.
Fragmented DNA (a size of 350–400 base pairs) were pre-
pared using Covaris LE220 ultrasonicator (Covaris Inc.,
Woburn, Massachusetts, USA). Then end-repair and adap-
tor ligation were performed for library construction. After
array hybridization, elution, and postcapture amplification,
targeted DNA fragments were sequenced on the BGISEQ-
500 platform. After sequencing and quality control, the clean
reads derived from targeted high-throughput sequencing

Table 1: The basic information of patients recruited in this
research.

127 gene panel 159 variants Total

Male 35 39 74

Female 28 35 63

Total 63 74 137

Table 2: The genetic spectrum of hereditary hearing loss patients
detected by 127 gene panel testing.

Gene
Patients

carried variant
Pathogenic
variant

Likely
pathogenic
variant

VUS
variant

GJB2 33 32 0 1

SLC26A4 16 15 0 1

OTOF 5 1 3 1

MYO15A 5 1 1 3

CDH23 5 0 2 3

TECTA 4 0 1 3

MYO7A 4 0 0 4

WFS1 3 1 0 2

PTPRQ 2 1 0 1

COCH 2 0 2 0

GJB3 2 0 1 1

OTOA 2 0 1 1

USH2A 2 0 1 1

ESPN 2 0 0 2

TRIOBP 2 0 0 2

GRXCR1 1 1 0 0

ALMS1 1 1 0 0

COL4A3 1 0 1 0

ILDR1 1 0 1 0

ADGR
V1

1 0 0 1

CLDN14 1 0 0 1

CRYM 1 0 0 1

DIAPH3 1 0 0 1

EDNRB 1 0 0 1

LOXHD1 1 0 0 1

MITF 1 0 0 1

MYH14 1 0 0 1

PCDH15 1 0 0 1

PDSS1 1 0 0 1

SLC17A8 1 0 0 1

TJP2 1 0 0 1

TMC1 1 0 0 1

Table 3: The genetic spectrum of hereditary hearing loss patients
detected by 159 variant testing.

Gene Patients with mutant gene Percentage

GJB2 45 0.608108

SLC26A4 27 0.364865

GJB3 2 0.027027

MT-RNR1 1 0.013514
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were aligned to the GRCh37/hg19 using the BWA (Burrows
Wheeler Aligner) Multi-Vision software package. After
alignment, the variants of single-nucleotide variants (SNVs)
and inserts and deletions (InDels) were detected by GATK
software. Then, filtered SNVs and InDels were compared
with NCBI GenBank database, 1000 Genomes, ESP6500,
dbSNP, HGMD, and ExAC. Candidate variants were classi-
fied into pathogenic variants, likely pathogenic variants, var-
iants of uncertain significance (VUS), likely benign variants,
and benign variants according to the American College of
Medical Genetics and Genomics–Association for Molecular
Pathology (ACMG–AMP) guideline. The method described
in this study partly reproduces the wording in our previous
article [16–18].

3. Result

3.1. Study Samples. A total of 137 patients were included in
this research, seventy-four patients were male and sixty-
three were female. Sixty-three patients (46%) received genetic
testing by 127 gene panel, while seventy-four patients (54%)
received 159 variant testing (Table 1). Tested genes are pro-
vided in supplement (Table S1 and S2.)

3.2. Genetic Spectrum. Among the 63 received 127 gene panel
test, ninety-two variants in 32 genes were detected, the top
five genes were GJB2 (33 patients), SLC26A4 (16 patients),
MYO15A (5 patients), CDH23 (5 patients), and OTOF (5
patients) (Table 2).

Among the 74 who received 159 variant testing, twenty-
one variants in 4 genes were detected; the patients with muta-
tion of GJB2, SLC26A4, GJB3, and MT-RNR1 were 45, 27, 2,
and 1, respectively (Table 3).

3.3. Different Diagnosis between 127 Gene Panel Testing and
159 Variant Testing. Among the 63 patients who received
127 gene testing, fifty-one patients were found to carry vari-
ants which were not included in 159 variant testing, thirty-
six of them had been found to carry pathogenic or likely
pathogenic variants. If these patients received 159 variant
testing only, in 36 of them, the genetic etiology of the
hearing loss would be missed, and 26 of the patients were
found to carry the pathogenic or likely pathogenic variants
(Figure 1). Twenty-two deafness gene mutation which was
not included in 159 variant testing was found in 25 patients;
nine of them carried pathogenic or likely pathogenic variants
of these 22 deafness genes. In these 22 deafness genes which
were not included in 159 variant testing, eighty-four variants
were found, ten of them were pathogenic or likely pathogenic
(Table 4).

3.4. GJB2 Variants. In 127 gene panel testing, six variants of
GJB2 were identified; c.109G>A, c.235delC, c.299_300del
AT, c.176_191del GCTGCAAGAACGTGTG, c.139G>T,
and c.88A>G were detected 18, 15, 5, 2, 1, and 1 times,
respectively (Table 5). The patients who carried heterozygous
variant of c.109G>A were the most, and secondary was
heterozygous c.235delC mutation in 11 patients, and then
was the homozygous c.109G>A mutation in 5 patients and
homozygous c.235delC mutation in 4 patients. In the 11
patients who carried heterozygous c.235delC variants, four
of them carried c.299_300del AT, 2 carried c.109G>A, and
2 carried c.176_191del GCTGCAAG AACGTGTG com-
pound heterozygotes variants, respectively. In our study, a
patient who carried a novel heterozygous variant was iden-
tified, the nucleotide change is c.88A>G, the protein
change is p.Ile30Val, and the characterization of variant

Patients carried pathogenic or likely pathogenic
variants which were not included in 159 variants
Patients carried VUS variants which
were not included in 159 variants
Not missed patients

Total = 63

36

15

12

(a)

Misdiagnosed patients carried
pathogenic or likely pathogenic variants

Missed diagnosis patients carried VUS variants

Not missed diagnosed patients

Total = 63

26

10

27

(b)

Figure 1: Analyze the genetic etiology of patients who received 127 gene panel testing compared with 159 variants. (a) 36 patients carried
pathogenic or likely pathogenic variants which were not included in 159 variants, fifteen patients carried VUS variants which were not
included in 159 variants, and 12 patients do not carry the variants which were not included in 159 variants. (b) 26 patients who carried
pathogenic or likely pathogenic variants would misdiagnose if they were only detected by 159 variant testing, ten patients who carried
VUS might miss diagnosis, and twenty-seven patients would not miss diagnosis.
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Table 4: The variants would be missed if tested by 159 variant testing.

Gene Variant Effect on protein Characterization of variant

ADGR V1
c.11704A>G p.Met3902Val VUS

c.2899-10T>A VUS

ALMS1 c.2035C>T p.Arg679Ter Pathogenic

CDH23

c.5067+1G>A Likely pathogenic

c.6604G>A p.Asp2202Asn Likely pathogenic

c.1765G>A p.Asp589Asn VUS

c.2368A>G p.Met790Val VUS

c.3262G>A p.Val1088Met VUS

c.4859T>A p.Val1620Glu VUS

c.5051G>A p.Arg1684His VUS

c.805C>T p.Arg269Trp VUS

CLDN14
c.449C>T p.Pro150Leu VUS

c.694G>A p.Gly232Arg VUS

COCH c.812_813insG p.Val271Valfs X5 Likely pathogenic

COL4A3 c.4755+1G>A Likely pathogenic

CRYM c.849C>T p.His283His VUS

DIAPH3 c.3543_3544i nsC p.Pro1181 Profs∗4 VUS

EDNRB c.758G>A p.Arg253Gln VUS

ESPN
c.1828G>C p.Ala610Pro VUS

c.2069C>T p.Ser690Leu VUS

GJB2

c.109G>A p.Val37Ile Pathogenic

c.139G>T p.Glu47Ter Pathogenic

c.88A>G p.Ile30Val VUS

GJB3
c.580G>A p.Ala194Thr Likely pathogenic

c.595A>G p.Ile199Val VUS

GRXCR1 c.784C>T p.Arg262Ter Pathogenic

ILDR1 c.206C>A p.Pro69His Likely pathogenic

LOXHD1 EX31 DUP VUS

MITF c.950G>C p.Arg317Thr VUS

MYH14 c.4641C>T p.Asp1547Asp VUS

MYO15A

c.10251_10253 delCTT Pathogenic

c.4642G>A p.Ala1548Thr Pathogenic

c.8702_8703i nsT p.Pro2901Pro fsX25 Likely pathogenic

c.3239G>A p.Arg1080His VUS

c.3743G>A p.Arg1248Gln VUS

c.5681T>C p.Leu1894Pro VUS

c.6340G>A p.Val2114Met VUS

MYO7A

c.1901G>A p.Arg634Gln VUS

c.1945C>T p.Arg649Trp VUS

c.6235C>T p.Arg2079Trp VUS

c.6470T>C p.Ile2157Thr VUS

OTOA

c.943delT p.Ser315Profs ∗5 Likely pathogenic

c.1172C>T p.Ser391Leu VUS

c.2359G>T p.Glu787Ter VUS

OTOF

c.5816G>A p.Arg1939Gln Pathogenic

c.4023+1G>A Likely pathogenic

c.5098G>C p.Glu1700Gln Likely pathogenic

c.1194T>A p.Asp398Glu VUS

c.3429G>A p.Arg1143Arg VUS
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is VUS; this patient carried c.919-2A>G and c.1229C>T
compound heterozygotes variants of SLC26A4 gene as
well.

In 159 variant testing, eight variants of GJB2 were identi-
fied; the frequency of these variants from high to low were
c.235delC, c.299_300delAT, c.176_191del GCTGCAAGA
ACGTGTG, c.139G>T, c.187G>T, c.257C>G, c.427C>T,
and c.428G>A; the check-out times of these variants were
36, 9, 5, 2, 1, 1, 1, and 1, respectively. Nineteen patients car-
ried heterozygous c.235delC variants, five of them carried
c.299_300delAT compound heterozygotes variants, three
patients carried c.176_191del GCTGCAAGAACGTGTG
compound heterozygotes variants, and one carried

c.257C>G compound heterozygotes variants. The homozy-
gous c.235delC patients were seventeen. c.299_300delAT
heterozygous variant was identified in 9 patients, two of them
carried c.176_191delGCTGCAAGAACGTGTG compound
heterozygotes variants.

3.5. SLC26A4 Variants. In 127 gene panel testing, seventeen
variants were identified in SLC26A4 gene, the most frequent
variant detected was c.919-2A>G, eleven patients carried
heterozygous c.919-2A>G variant, nine of them were com-
pound heterozygotes variants with other SLC26A4 variants,
and one homozygous c.919-2A>G was identified. Eight
novel variants were identified in our research; c.1339delA,

Table 4: Continued.

Gene Variant Effect on protein Characterization of variant

PCDH15 c.2563C>A p.Arg855Arg VUS

PDSS1 EX1 DUP VUS

PTPRQ

c.6475C>T p.Arg2159Ter Pathogenic

c.6025-4_6025-2delACA VUS

c.6293T>C p.Leu2098Ser VUS

SLC17A8
c.1117T>C p.Leu373Leu VUS

c.243G>A p.Met81Ile VUS

SLC26A4

c.1079C>T p.Ala360Val Pathogenic

c.1339delA p.Lys447Serfs∗8 Pathogenic

c.1519delT p.Leu507∗ Pathogenic

c.164+1G>C Pathogenic

c.2000T>C p.Phe667Ser Pathogenic

c.1001+5G>T VUS

c.1087A>C p.Ile363Leu VUS

c.1340A>T p.Lys447Met VUS

c.208C>A p.Pro70Thr VUS

c.678T>C p.Ala226Ala VUS

c.718C>T p.Leu240Phe VUS

c.765+5G>A VUS

TECTA

c.640G>T p.Gly214Ter Likely pathogenic

c.235G>C p.Val79Leu VUS

c.2936T>C p.Phe979Ser VUS

c.576G>A p.Thr192Thr VUS

TJP2 c.474G>T p.Arg158Ser VUS

TMC1
c.1810C>G p.Arg604Gly VUS

c.589G>A p.Gly197Arg VUS

TRIOBP

c.2133T>C p.Pro711Pro VUS

c.2314T>C p.Cys772Arg VUS

c.-60-1G>C VUS

USH2A

c.6937G>T p.Gly2313Cys Likely pathogenic

c.10740+7G>A VUS

c.7230A>T p.Val2410Val VUS

WFS1

c.2051C>T p.Ala684Val Pathogenic

c.125G>T p.Arg42Leu VUS

c.2458G>A p.Gly820Ser VUS
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c.1519delT, c.164+1G>C, and c.2000T>C were likely patho-
genic variants, while c.1340A>T, c.718C>T, c.765+5G>A,
and c.208C>A were VUS variants (Table 6).

Twelve variants of SLC26A4 were identified in 159 var-
iant testing; the most common variant was c.919-2A>G
same as the 127 gene panel testing, then was c.1229C>T
and c.2168A>G. Nineteen patients carried c.919-2A>G
variant, fourteen of them were heterozygous while 5 were
homozygous.

4. Discussion

Hearing scanning combined with molecular genetic testing
is an effective approach to diagnose hereditary hearing
loss, while because of the high cost of genetic testing, such
limited the usage of more comprehensive genetic testing.
Through 127 gene panel testing, more genetic etiology of
deaf children was identified. In 127 gene panel testing,
thirty-two deafness genes were identified in patients. The
five most frequent genes were GJB2 (33 patients), SLC26A4
(16 patients), MYO15A (5 patients), OTOF (5 patients), and
CDH23 (5 patients), while only four deafness genes were
identified by 159 variant testing, and the frequency of these
four genes was 45 (GJB2), 27 (SLC26A4), 2 (GJB3), and 1
(MT-RNR1), respectively. The genetic spectrum of 127 gene
testing is consistent with the previous research in China
[19]. The diagnostic rate of GJB2 and SLC26A4 is higher in
159 variant testing which may cause more mutant genes
identified in 127 gene panel testing. Furthermore, eighty-
four variants in 32 genes which were not included in 159
variant testing were identified, and ten variants of these were
pathogenic or likely pathogenic. This result demonstrates
that even though 159 variant testing contain hotspot deafness
variants, it would still misdetect abundant of gene mutations.

Broader genetic testing can improve the diagnostic
sensitivity and accuracy. By analyzing the patients who
received 127 gene panel testing, we found that 25 patients
had mutant genes which were not included in 159 variant
testing, and nine of them carried pathogenic or likely
pathogenic variants. Fifty-one patients carried variants that
were not included in 159 variant testing, and thirty-six of
them carried pathogenic or likely pathogenic variants. If
these patients only received 159 variant testing, the genetic
etiology would not be identified. This result revealed that
even if the patients pass the traditional gene testing, they
still could have genetic causes. Therefore, expanded gene
testing should be done to identify the genetic etiology.

Moreover, accurate genetic testing can benefit patients
in several aspects. Identifying genetic etiology can guide cli-
nicians to determine treatment strategies. In our research,
we found several patients carried variants in CDH23,
WFS1, and PCDH15 by 127 gene panel testing. As reported
in previous research, some patients with above gene muta-
tion may have a poor prognosis of cochlear implantation
(CI) [20]. Besides, early genetic diagnostic of hearing loss
would provide more information on nature, mode of inher-
itance, and implications of genetic disorders, which would
help individuals and families make informed medical and

Table 5: Variants frequency in GJB2 gene.

Variants Homozygous Heterozygous Total

Testing by 127 gene panel

c.109G>A 5 13 18

c.235delC 4 11 15

c.299_300del AT 1 4 5

c.176_191del GCTGCAAG
AACGTGTG

0 2 2

c.139G>T 1 0 1

c.88A>G 0 1 1

Testing by 159 variant testing

c.235delC 17 19 36

c.299_300delAT 0 9 9

c.176_191delGCTGCAAGA
ACGTGTG

0 5 5

c.139G>T 2 0 2

c.187G>T 0 1 1

c.427C>T 1 0 1

c.428G>A 0 1 1

c.257C>G 0 1 1

Table 6: Variants frequency in SLC26A4 gene.

Variants Homozygous Heterozygous Total

Testing by 127 gene panel

c.919-2A>G 1 11 12

c.2000T>C 0 2 2

c.1087A>C 0 1 1

c.1174A>T 0 1 1

c.1339delA 0 1 1

c.164+1G>C 0 1 1

c.718C>T 0 1 1

c.1226G>A 0 1 1

c.678T>C 0 1 1

c.1519delT 0 1 1

c.1229C>T 0 1 1

c.1340A>T 0 1 1

Testing by 159 variant testing

c.919-2A>G 5 14 19

c.1229C>T 0 5 5

c.2168A>G 0 4 4

c.1174A>T 0 1 1

c.1226G>A 0 1 1

c.1336C>T 0 1 1

c.1343C>A 0 1 1

c.1343C>T 0 1 1

c.1594A>C 0 1 1

c.1692dupA 0 1 1

c.1707+5G >A 0 1 1

c.589G>A 0 1 1
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personal decisions [14, 21]. Furthermore, the relationship
between genotype and phenotype of hereditary hearing loss
is complicated; finding novel variants would broaden the
understanding of hereditary hearing loss.

Genetic testing should be optimized according to multi-
ple dimensions. Firstly, the common detection of deafness
genes and variants should vary by ethnicity and region. For
example, in 127 gene panel testing, c.109G>A was the most
frequent variant, then was the c.235delC. In our research,
we did not select the ethnicity of the patients, which would
influence the frequency of these variants. A previous research
in Qinghai (China) has shown that c.109G>A was more
common in minority patients, while c.235delC was more
common in Han nationality [22]. Secondly, some gene muta-
tion which might be associated with poor prognosis of CI
such as POU3F4, TMPRSS3, PJVK, CDH23, and PCDH15
should be added in genetic testing. The full sequence of these
genes or at least the exon regions should be detected. If path-
ological mutations in these genes are missed, it may bring
catastrophic consequences to patients and their families.

5. Conclusion

Congenital deafness is the number one congenital disease
that endangers human health. The identification of the cause
through hearing screening combined with genetic testing is
an important basis for mechanism research, clinical interven-
tion, and genetic counseling. With the development of
sequencing technology, deeper and broader genetic testing
by next-generation sequencing are efficient and affordable.
More accurate and convenient genetic testing should be
designed and recommended. It can increase the detection
rate of patients with hereditary deafness, guide clinical treat-
ment strategies, expand new deafness genes or variants, and
provide help for future clinical work.
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Noise overexposure leads to hair cell loss, synaptic ribbon reduction, and auditory nerve deterioration, resulting in transient or
permanent hearing loss depending on the exposure severity. Oxidative stress, inflammation, calcium overload, glutamate
excitotoxicity, and energy metabolism disturbance are the main contributors to noise-induced hearing loss (NIHL) up to now.
Gene variations are also identified as NIHL related. Glucocorticoid is the only approved medication for NIHL treatment. New
pharmaceuticals targeting oxidative stress, inflammation, or noise-induced neuropathy are emerging, highlighted by the
nanoparticle-based drug delivery system. Given the complexity of the pathogenesis behind NIHL, deeper and more
comprehensive studies still need to be fulfilled.

1. Introduction

Hair cells (HCs) in the inner ear cochlea function in trans-
ducing sound waves into electric signals [1–4], while sup-
porting cells function in supporting the HCs and providing
the potential pool for HC regeneration [5–9]. Damages from
a variety of sources can impair HC function, including
mutations in deafness genes, aging, ototoxic drugs, chronic
cochlear infections, and noise exposure [10–13]. Acoustic
overexposure would result in sensorineural hearing loss char-
acterized by high-frequency hearing threshold shift mainly,
termed as noise-induced hearing loss (NIHL)[14], which is
due to loss or damage of sensory HCs and degeneration of
the spiral ganglion neurons (SGNs). Though noise suscepti-
bility is quite individual, it is normally acknowledged that
noise above 85 dB would be considered as hearing harmful
[15, 16]. Studies [17–19] have shown that mild or moderate
noise would only trigger temporary hearing threshold shift
(TTS), because the noise-induced hair cell damage and
auditory nerve fiber degeneration were still reversible. Hear-
ing ability is commonly measured by auditory brainstem
response (ABR) and distortion product otoacoustic emission

(DPOAE) test [20]. The ABR threshold and DPOAE level
would recover to prenoise level over time in TTS patients.
However, severe noise exposure, referring as strong sound
vibrations, or longtime exposure to harmful noise, or both,
can lead to cochlear hair cell necrosis and apoptosis, causing
permanent threshold shift (PTS)[16, 21]. Although the neo-
natal mammals still have very limited HC regeneration abil-
ity, the adults have lost this ability [22–26], leading to the
irreversible loss of HCs after noise damage. Besides decrease
of auditory sensitivity and language recognition ability,
NIHL patients could suffer from headache, tinnitus, dizzi-
ness, hypertension, etc. [14, 17].

It is estimated that about 5% of the world’s population
suffer from disabling hearing loss [27]. Modern people are
exposed to acoustic trauma with increasingly higher risk as
the industrialization of society. Strikingly, evidence has
shown that acoustic trauma-induced hearing impairment
aggravates microglial deterioration around the hippocampus,
indicating its potential causal role in the pathogenesis of
dementia, which exacerbates the already overloading public
health burden of NIHL [28]. Therefore, more and more
attention has been focused on revealing the pathogenesis
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mechanisms and effective therapeutics of NIHL. We review
the updates on molecular targets about NIHL, summarize
the approved and potential medications for NIHL treatment,
and propose the controversies and foreseeing on NIHL.

2. Cellular Pathologies

Acoustic shock with strong sonic energy caused temporary or
permanent cellular pathologies. Hair cells, especially outer
hair cells (OHCs), are the main targets of noise trauma. Noise
overexposure causes hair cells swelling and eventual irrevers-
ible death [29]. Noise-induced sensory hair cell impairment
also accompanies by collapse and loss of stereocilia and
destruction of their tip connection. Interestingly, the loss of
tip links connecting adjacent stereocilia would increase noise
susceptibility reversely [30–32]. Acoustic overstimulation
can also cause the reduction of synaptic connections between
hair cells and spiral ganglion cells, afferent fiber swelling, and
auditory nerve deterioration [33–37].

It is widely recognized that noise with sound intensity >
85 dB is hearing harmful, while extremely high intensity
noise like blast or gunshot could do much more harm to
the hearing system within very short exposing time. The lat-
ter has been given a special name termed blast-induced hear-
ing loss to highlight its difference from chronic NIHL [38].
Besides the damage of hair cells and spiral ganglion neurons,
high intensity noise can result in middle ear damage like
tympanic membrane perforation, ossicular chain dislocation,
oval/round window rupture, and thus external lymph fistula
[39]. The stria vascularis and spiral ligament are also attacked
by intense noise, resulting in lower blood flow and lower ves-
sel diameter in the stria vascularis [40]. Hearing impairment
is the foremost clinical symptom of blast overexposure
injury. Besides that, blast may also cause otitis media because
of the rupture of tympanic membrane and secondary infec-
tion [41]. Vertigo and balance disorder occur in patients
accompanied by labyrinthine damage and hemorrhage after
blast exposure, which leaves headache and dizziness for a
long time after the accident. Therefore, the treatment of
blast-induced hearing loss often involves operations like
tympanoplasty to repair tympanic membrane and rebuild
ossicular chain [42].

3. Molecular Pathogenesis

Acoustic trauma features hair cell loss, synaptic ribbon dete-
rioration, and acoustic nerve degeneration. Previous studies
[43, 44] have proved that after noise exposure, both necrosis
and apoptosis occurred in the sensory epithelium. However,
the causative mechanisms inducing necrosis and apoptosis
are much complex and intertwined (Figure 1).

3.1. Oxidative Stress. Though the exact mechanism behind
NIHL is not fully explained yet, various studies [45–47] have
suggested that oxidative stress in the cochlea contributes to
the noise-induced hearing impairment. Ohlemiller et al.
[45] have proved that the production of hydroxyl radical, a
main kind of reactive oxygen species (ROS), increases over
four times upon acoustic trauma in cochlear perilymph.

ROS, mainly generated from the leaking electrons in the
mitochondrial electron transport chain, is crucial for
multiple physiological behaviors like cell proliferation and
differentiation in relative low content [46, 48]. Under physi-
ological circumstances, the production and scavenging of
ROS are maintained at balance subtly and dynamically.
Many stress stimulators like extensive sound exposure as well
as ototoxic drugs like cisplatin [47] and aminoglycosides
[49–56] can increase ROS production in hair cells, which is
beyond themaximal cellular antioxidative ability, and threaten
the integrity of DNA, protein, and other survival-crucial mac-
romolecules [57]. Similar to ROS, reactive nitrogen species
(RNS) also contribute to the noise-induced cochlear oxidative
imbalance [58]. Overproduction of ROS/RNS in hair cells and
spiral ganglion neurons is well studied [59, 60], whereas the
role of oxidative stress in supporting cells still needs further
explanation. Styrene was applied to induce specifically oxida-
tive damage in cochlear supporting cells, and hearing ability
was also apparently impaired [61]. However, how oxidative
stress in supporting cells participates in NIHL progression
requires deeper exploration.

The production and scavenging of ROS/RNS are medi-
ated by various endogenous antioxidants and antioxidative
enzymes [57]. The enzymes producing ROS/RNS are usually
kept at low expressing level in hypermetabolic cells like
acoustic hair cells, tumor cells, and cardiac myocytes, which
are oxidative stress sensitive. The NADPH oxidase family
(NOX) has been proved to catalyze the electron transport
from NADPH to oxygen molecules to speed up ROS produc-
tion [62]. The NOX4 transgenic mice which constitutively
expressed human NOX4 were found to be noise susceptible
while they had normal hearing threshold without acoustic
stimulation, stressing the vital role of imbalance of redox
homeostasis in NIHL [63].

Besides ROS/RNS overproduction, the inducible tran-
sient upregulation of antioxidative genes also features the
pathogenesis of NIHL as a physical feedback mechanism.
Nrf2, which is widely expressed in multiple tissues such as
the heart, liver, and cochlea, can respond to oxidative stress
and activate downstream antioxidative gene expression like
glutathione peroxidase (GPx), NAD(P)H:quinone oxidore-
ductase 1 (NQO1), heme oxygenase-1 (HO-1), and catalase
(CAT) [64–66]. Nrf2 signaling can also activate autophagy
in hair cells via p62 protein for oxidative stress amelioration
[67]. More and more researches [67, 68] have proved that
targeting Nrf2 signaling is a promising therapeutic solution
for NIHL.

Given the fact that oxidative stress is one of the key
contributors to the pathogenesis of NIHL, it is reasonable
to assume that genes involved in the redox homeostasis cor-
relate to noise vulnerability of the cochlea [69]. Superoxide
dismutase (SOD) and paraoxonases (PONs) are two antioxi-
dative enzymes found in the cochlea; the former directly cat-
alyzes superoxide radicals to less toxic hydrogen peroxide
while the latter decreases lipid peroxidation activity [70]. It
is reported that the polymorphisms of SOD2, PON1, and
PON2 are related to susceptibility to NIHL in workers with
high occupational noise trauma risk [69, 71]. Meanwhile,
overexpression of SOD1 was found to provide a protective
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effect on noise-related hearing loss [72]. Another newly
emerging medication named nicotinamide, the NAD+ pre-
cursor, can boost NAD+ content and ameliorate NIHL in a
SIRT3-dependent way [73]. SIRT3 plays an important role
in maintaining the function of various antioxidative enzymes
while impaired SIRT3 resulted in ROS overproduction and
decreased levels of GSH [74, 75].

3.2. Autophagy. Autophagy, as a recently found endogenous
self-defense mechanism, degrades damaged organelles by
lysosome to maintain internal homeostasis and preserve
energy providing for cell survival upon stress like nutrient
deficiency, pathogen infection, protein misfolding, and oxi-
dative stress [76–80]. Previous studies [81, 82] have shown
that autophagy is upregulated in auditory hair cells after
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Figure 1: The molecular pathogenesis of NIHL.
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intense noise exposure. The immunostaining results show
the upregulation of LC3b, the indispensable component of
autophagosome, and the colocalization of LC3b and Lamp1,
indicating the enhanced fusion of autophagosome and lyso-
some. To test the hypothesis of autophagy as the cochlear
endogenous defenses against NIHL, researchers analyzed
whether the disruption of autophagy could exacerbate NIHL
with autophagy direct inhibitor 3-MA and mTOR signaling
agonist RAP. mTOR protein is one of the main negative reg-
ulators for autophagy induction because it can phosphorylate
Atg13 to cut off the beginning phase of autophagosome for-
mation [83]. Notably, the inhibition of autophagy worsened
the noise-induced oxidative imbalance and the eventual hair
cell loss and impaired hearing ability [81].

Pejvakin protein is recently identified as the oxidative
sensor in auditory hair cells. Researchers applied immuno-
staining colocalization analysis and in situ PLA technology
to testify the enhanced interactions between pejvakin and
LC3B, as well as pejvakin and PMP70 (the marker of perox-
isome) in hair cells after acoustic trauma or simply H2O2
treatment. Furthermore, pejvakin is found to mediate perox-
isome autophagy after noise exposure, which is vital to
secondary peroxisome proliferation and oxidative homeosta-
sis maintenance afterwards. Pejvakin-mutated mice show
impaired peroxisome proliferation and more severe oxidative
stress in auditory hair cells after noise exposure [84].

3.3. Inflammation. The cochlea was used to be considered as
immune exemption organ because of the blood-perilymph
barrier [85]. However back in 2008, Okano et al. [86] trans-
planted the EGFP-positive hematopoietic stem cells (HSCs)
into wide-type C57BL/6 mice to label the bone marrow-
derived cells (BMDCs) with green fluorescence and found
EGFP-positive cells in cochlear spiral ganglion and spiral lig-
ament regions of the HSC transplanted mice. Interestingly,
EGFP-positive cells were colocalized with F4/80, Iba1, and
CD68 immunostaining marks, indicating the presence of
bone marrow-derived cochlear resident macrophage-like
cells. Like microglia in the nervous system, supporting cells
can also be stained with various macrophage markers sur-
prisingly. LPS treatment can induce phagocytosis of support-
ing cells, which is the direct functional evidence linking
cochlear supporting cells with macrophages [87]. Recently,
more and more researches suggest the key role of inflamma-
tion in aging, drug, and noise-induced ototoxicity [10]. It is
notable to point out that inflammation is a dual sword that
requires a very complicated and delicate regulatory network
involving multiple genes and transcription factors. After
acoustic trauma, inflammatory cells representing CD45,
CD68, and Iba1 positive infiltrate and proliferate in the
cochlea, especially in the stria vascularis, with high expres-
sion of CX3CR1, the receptor of a classic chemokine [88,
89]. These inflammatory cells can synthesize and release a
variety of proinflammatory cytokines like interleukin-1β
(IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α
(TNF-α)[90]. IL-1β and IL-6, the markers of acute inflam-
mation belonging to the interleukin superfamily, contribute
to the mononuclear phagocyte infiltration and subsequent
release of elastase and prostaglandin, bringing to excessive

inflammation cascade activation resulting in microcircula-
tion disturbance, tissue destruction, and eventual hearing
impairment [88, 89, 91].

Targeting TNF-α inhibition by molecules or siRNA also
attenuates the noise-induced cochlear inflammation and thus
hearing threshold shift [92–94]. It is reported that noise-
induced increase of TNF-α can be regulated by nuclear factor
of activated T cells 4 (Nfatc4), a well-researched transcription
factor served as proinflammatory cytokine inducer. Nfatc4
knockout mice show resistance to TNF-α-mediated hair cell
apoptosis triggered by intense noise [95]. Notably, TNF-α is
testified to be able to induce calcium influx through ERK-
dependent activation of TRPV1. Desensitization of TRPV1
by capsaicin ameliorates TNF-α-induced calcium influx and
hair cell apoptosis in NIHL modeling mice [96].

Tumor growth factor-β (TGF-β) has been proved to be
pluri-regulatory in cochlear development and homeostasis
maintenance such as otic capsule formation [97], spiral gan-
glion neuron survival [98, 99], and inflammation responses
[100]. TGF-β initially serves as the inducer of adhesion
and chemoattractive molecules for the chemotaxis and
activation of leukocytes, and downregulates the interleukin
production reversely as the inflammation progresses, indi-
cating its double effects on inflammation regulation [101–
103]. Reportedly, the mRNA expression level of TGF-β is
upregulated in the cochleae upon noise trauma. Using P7
and P144, two peptides targeting TGF-β inhibition, signifi-
cantly improves hearing compared to the control group in
NIHL mouse model [104]. Further evidence indicates that
TGF-β inhibitor decreased the NOX4 content, which is
proved to promote NLRP3 inflammasome activation by oxi-
dating fatty acids [105].

It is well testified that nuclear factor kappa B (NF-κB) and
its target proinflammatory genes play the central roles in
inflammation regulation. Previous researches [94, 106, 107]
have found that NF-κB signaling cascade can be activated
by noise trauma and inhibition of NF-κB can decrease the
content of proinflammatory cytokines. Glucocorticoid is the
most commonly used medication for the treatment of NIHL,
and its pharmaceutical activity is reported to be partly medi-
ated by NF-κB inhibition [108]. Another interesting discov-
ery about NIHL is that mice show greater sensitivity to
noise overexposure during the night [109]. The circadian
sensitivity alteration of the cochlea is proved to be adrenal
gland-derived endogenous glucocorticoid dependent for its
key role on inflammation regulation [110]. Besides, proin-
flammatory meditators like cyclooxygenase-2 (COX2) and
NADPH oxidase 3 (NOX3) are also found upregulated after
noise exposure, verifying the indispensable role of inflamma-
tion in the pathogenesis of NIHL [94].

3.4. Glutamate Excitotoxicity and Neuropathy. The acute
cochlear synaptic ribbon disruption and lasting acoustic
neural degeneration also underlie the NIHL pathogenesis.
Studies [111, 112] have proved that glutamate excessive accu-
mulation serves as the contributor to acute and chronic dete-
rioration of the auditory nervous system. Glutamate is subtly
regulated and remains at a very low level in the synaptic cleft.
The overloading of glutamate might dysregulate the cystine-
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glutamate transporter and result in cystine and thus GSH
deficiency, or constantly activate the glutamate receptor in
the postsynaptic membrane and damage the afferent neural
fibers [113, 114]. GLAST, one of the five classic glutamate
transporters, is found to be expressed in supporting cells
located around the inner hair cells. GLAST plays a crucial
role in glutamate uptake for its rapid recirculation in the syn-
aptic cleft between the inner hair cells and afferent auditory
neural fibers, and depletion of GLAST leads to excessive
accumulation of glutamate, which might trigger calcium
overload in spiral ganglion neurons. The knockout of GLAST
exacerbates the hearing loss in transgenic mice, indicating
the potential role of glutamate excitotoxicity in NIHL [111].
The release of glutamate from inner hair cells is also vesicular
glutamate transporter type-3 (vGlut3) dependent. Despite
the fact that glutamate excitotoxicity relates to NIHL patho-
genesis, glutamate also has its dual effects on the noise-
induced synapses loss. vGlut3-KO mice show moderate to
severe hearing loss due to the impaired synaptic connection
development for IHCs and acoustic nerve fibers. And
Vglut3+/- mice show disrupted synaptic ribbon recovery after
acoustic trauma, indicating that glutamate also participates
in the repair of ribbon synapses in TTS model of NIHL [112].

Previous studies [115, 116] have suggested that calcium
overload as a vital contributor to glutamate excitotoxicity.
There are two main kinds of glutamate receptors in the post-
synaptic region, termed as N-methyl-d-aspartate (NMDA)
receptor and α-amino-3-hydroxy-5-methyl-4-isoxazole-pro-
pionate (AMPA) receptor [117]. Though NMDA receptors
play the key role in calcium influx and consequent excitotoxi-
city in the central nervous system, intratympanic injection of
NMDA receptor antagonist AM-101 shows no obvious pro-
tective effect on the tone ABR threshold at any frequencies,
indicating that calcium influx mediated by NMDA receptors
is not the most important contributor of glutamate excito-
toxicity in the cochlea [115].

As for AMPA receptor, it is an ionic channel type recep-
tor of glutamate, containing four subunits, namely, GluA1,
GluA2, GluA3, and GluA4. Once activated, AMPA receptors
mediate fast moving of multiple ions crossing cellular mem-
brane [117, 118]. GluA2 has been testified to decrease Ca2+

permeability greatly [119–121]. Recent studies have revealed
the existence of GluA2-lacking calcium-permeable AMPA
receptors (CP-AMPARs) [116, 122]. Interestingly, IEM-
1460, a CP-AMPAR inhibitor, significantly ameliorates the
noise-induced decline of synapse integrity, as well as ABR
threshold shift, shedding light on the therapeutic potential
of NIHL by targeting CP-AMPARs [116].

The reduction of synaptic ribbons and acoustic neural
degeneration is reversible in noise-induced transient hearing
loss. It is reported that the recovery of cochlear synaptic rib-
bons after noise exposure is regulated by some endogenous
neural factors named neurotrophins. Neurotrophins are
endogenous molecules which are vital to the morphogenesis
of nervous system development and neuron survival. Brain-
derived neurotrophic factor (BDNF) and neurotrophin-3
(NT-3) are highly expressed in the inner hair cells and sup-
porting cells to guide the auditory neural fibers to form pre-
cise synaptic connection in postnatal mice and stabilize the

connection in adult mice [123]. Knockout of Ntf3 in support-
ing cells using Plp1-CreER mouse line impairs the high-
frequency hearing while Bdnf depletion does not. Reversely,
overexpression of Ntf3 or Bdnf in supporting cells and hair
cells both attenuate the noise-induced synaptic ribbon reduc-
tion and eventual hearing loss [124]. Direct administration of
NT-3 also attenuates NIHL progression [125]. Interestingly,
as the detection technology develops into more microcosmic
level, NT-3 is also found in the extracellular vesicles from
human multipotent stromal cells (MSC-EVs). And adminis-
tration of MSC-EVs not only raises the survival rate of spiral
ganglion neurons cultured in vitro but also ameliorates the
NIHL in vivo [126].

The effect of BDNF on NIHL is quite complicated and
controversial. Many studies have reported that BDNF
administration can enhance auditory neuron survival [127–
129]. Meanwhile, tropomyosin-related kinase type B (TrkB,
a selective BDNF receptor) agonist DHF [109], amitripty-
line, and 7,8-dihydroxyflavone [130] increase resistance to
acoustic trauma. However, genetically, depletion of Bdnf
gene in adult mice shows protective effect against NIHL
because of impaired glutamate release from IHCs, indicating
the essential role of BDNF for maintenance of IHC function
as well [131].

3.5. Calcium Overload. Calcium is one of the most important
ions for the development and physiological function of the
inner ear [132, 133]. Under physiological circumstances, cal-
cium content in hair cells and spiral ganglion neurons is quite
low [134, 135]. In response to the sound stimulation, calcium
influx and calcium-induced calcium release (CICR) from the
endoplasmic reticulum significantly increase intracellular
calcium and trigger the release of neurotransmitter from
the IHCs to transform mechanical signals to electrical signals
[136, 137]. Moreover, the spontaneous calcium spike from
the IHCs also participates in the formation and functional
maturation of the afferent auditory nerve [138]. Calcium
takes part in various physiological functions as one of the
main second messenger molecules, while excessive accumu-
lation of calcium under stress like ischemia-reperfusion
injury [139] contributes to cell death in several pathways.
Previous studies show that calcium is also involved in the
acoustic ototoxicity [135, 140, 141]. Intracellular calcium
concentration is significantly upregulated in auditory hair
cells, especially outer hair cells shortly after acoustic over-
stimulation though returns to basal level within 30-45
minutes [135]. The calcium concentration is also found
increased abruptly in endolymph of the cochlea after intense
noise exposure [141]. Minami et al. have reported that the
expression of calcineurin, a calcium/calmodulin-dependent
phosphatase, is restrictedly increased in dying hair cells
marked by propidium iodide after noise overstimulation
[142]. Calcineurin can dephosphorylate and activate the clas-
sic proapoptotic protein BAD, and the systemic administra-
tion of calcineurin inhibitor FK506 reduced the apoptosis
of hair cells evidently [142, 143].

Though strong evidence has proved that excessive cal-
cium overload contributes to noise-induced hair cell death,
the pharmacological drug development targeting calcium
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overload is still contentious. Voltage-gated calcium channels
(VGCCs) facilitating calcium influx are proved to be respon-
sible for the noise-induced intracellular calcium overload.
There are five different types of VGCCs, namely, L-, T-, N-,
P/Q-, and R-type [144]. It is reported that administration of
T-type calcium channel blockers like ethosuximide and tri-
methadione prior to noise exposure can effectively reduce
the hearing threshold shift [145]. However, other researchers
suggest that L-type calcium channel blockers [146] attenuate
NIHL while T-type calcium channel blockers cannot.

3.6. Energy Metabolism. Transient ATP depletion in the
cochlear perilymph following acoustic trauma has been
proved by studies [147, 148]. Likewise, the extracellular
ATP content in the inner ear also decreased upon ischemia
stress [149]. Since either the production of endogenous anti-
oxidants or the recovery of spiral ganglion cells upon noise
exposure is energy consuming, researchers proposed the
hypothesis that transient ATP depletion might weaken the
defense ability of the cochlea against acoustic trauma. 5′
-Adenosine monophosphate- (AMP-) activated protein
kinase (AMPK), the energy sensor protein responding to
fluctuation of intracellular AMP/ATP ration [150], has been
reported to be activated by noise-induced ATP depletion and
responsible for the pathogenesis of NIHL [44]. Parallel to
transient energy exhaustion, AMPK activates Rac-1, belong-
ing to GTPase family which can phosphate its downstream
targets via hydrolyzing GTP and trigger p67 protein phos-
phorylation [151]. p67 is one of the functional subunits of
NADPH oxidase 3 (NOX3), which contributes to noise
overexposure-induced ROS overproduction in hair cells
and eventual cell death [152]. Reversely, excessive ROS
accumulation also activates the AMPKα signaling, marked
by enhanced phosphorylated AMPKα, while systematical
administration of antioxidant N-acetyl-L-cysteine (NAC)
decreases both phosphorylated AMPKα and oxidative stress
[153]. Noise-induced phosphorylation of AMPKα is also reg-
ulated by liver kinase B1 (LKB1), mediated by the transient
intracellular ATP depletion. Indirect inhibition of AMPKα
or its upstream regulatory gene LKB1 can ameliorate noise-
induced necrosis of acoustic hair cells [147].

However, there is hardly any effective way to boost
energy generation in hair cells after noise exposure. It is
reported that transient increasing serum glucose level with
administration of glucose can strengthen the cochlear
defense system against NIHL by increasing ATP and
NADPH content in hair cells [154]. Nevertheless, the dia-
betic mice with constant high blood glucose show much
more severe noise-induced hair cell death and spiral ganglion
neuron loss, which might be due to the blood flow ration
reduction induced by chronic inflammation [155].

3.7. Others

3.7.1. Matrix Metalloproteinases. Matrix metalloproteinases
(MMPs) play a key role in the extracellular matrix (ECM)
homeostasis and remodeling. For example, MMP-2 is
reported to be involved in synaptic remodeling after cochlear
lesion [156]. Either overactivation or excessive inhibition of

MMPs can lead to multiple disorders like carcinoma invasion
and migration [157]. RNA sequencing data reveal that
MMPs are upregulated in the acute phase after noise expo-
sure and decreased gradually over time. A short-term admin-
istration of doxycycline, an inhibitor of MMPs, can attenuate
noise-induced hearing loss while a seven-day application reg-
imen exacerbates the hair cell death reversely [158]. MMPs
are regulated by cysteinyl leukotriene and its type 1 receptor
(CysLTR1), which is also increased in the cochlea after
acoustic overstimulation. A four-day application of montelu-
kast, a leukotriene receptor antagonist, can ameliorate NIHL
damage [159].

3.7.2. Pannexins. Like the well-researched connexin channels,
pannexin protein is also involved in the intracellular commu-
nication channel formation allowing the passage of the small
molecules and ions. Panx3 is one of the main kinds of pan-
nexin protein expressed in the cochlea [160]. A previous study
[161] has proved that genetic depletion of paxn3 has no
impact on the proper morphogenesis of the inner ear and
hearing though the cochlear bone is slightly impaired. Strik-
ingly, the panx3 knockout mice show decreased susceptibility
to NIHL while the mechanism underlying its acoustic protec-
tive effect still requires further exploration.

4. Gene Variations Related to NIHL

Up to now, there are more than 30 gene variations reported
to be relevant to NIHL in animal studies or human epidemi-
ology investigations.

4.1. Oxidative Stress and DNA Repair-Related Gene
Variations. Since oxidative stress contributes to the patho-
genesis of NIHL, mutations of multiple genes involving in
the antioxidative system have been proved to alter noise sus-
ceptibility. Catalase (CAT), superoxide dismutase (SOD2),
and the antioxidant paraoxonase (PON) are three main
proteins playing important roles in scavenging free radicals;
mutation of which weakens the intracellular defensive ability
against noise-induced oxidative damage [71, 162, 163].
NFL2E2 (also known as Nrf2) is a vital transcriptional fac-
tor regulating various antioxidative protein expressions such
as HO-1, CAT, SOD, and GPx [65]. Polymorphisms of
NFL2E2 (rs6726395 and rs77684420) have been confirmed
as related to genetic vulnerability for NIHL in a Chinese
population-based study [164]. Other genes, like NOX3
encoding NADPH oxidase-3 catalyzing the generation of
superoxide [165], HSPA1L encoding chaperons assisting
antioxidative proteins to fold correctly [166], and GST (glu-
tathione S-transferase) family [167, 168] which participate
in the metabolism of an intracellular antioxidant GSH, have
been reported as NIHL-related genes.

Moreover, free radicals and lipid peroxide induced by
acoustic trauma could do harm to DNA integrity and might
cause mutations of certain sequences. APE1 [169] and OGG1
[170], encoding DNA repair enzymes to remove specific
abnormal bases, are found to be associated with NIHL sus-
ceptibility as well.
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4.2. Apoptosis-Related Gene Variations.Another case-control
study [171] involving Chinese workers with or without noise
exposure history identifies two SNPs of CASP3 (rs1049216
and rs6948) significantly correlated to decreased NIHL risk,
due to impaired apoptosis of hair cells since caspase3 serves
as the central role of apoptosis induction.

4.3. Gap Junction-Related Gene Variations. Connexin 26,
which is encoded by GJB2, is involved in the gap junction
establishment between hair cells, allowing intercellular com-
munications of ions and other small molecules [172, 173].
GJB2 SNP (rs3751385) is identified as a NIHL susceptible
genetic mutation in a study applied in Polish workers [174].
Meanwhile, another study including Chinese workers reports
that GJB2 SNP (rs137852540) combined with SOD2 and
CAT mutations increased the vulnerability to NIHL [162].
The correlation between GJBmutation and NIHL vulnerabil-
ity is also confirmed in Cx26 knockdown mice [174].

4.4. Potassium Channel-Related Gene Variations. Gene poly-
morphisms associated with K ion circulation in the inner ear
are also associated with resistance to noise-induced hearing
loss. KCNQ1/KCNE1 variation affecting potassium recycling
is identified related to NIHL [175, 176]. Mutations of other
potassium channel-related genes like KCNQ4 [175], KCNJ10
[176], and KCNMA1 [177] are also related to NIHL vulner-
ability. Potassium channels located in the outer hair cells in
the cochlea which are responsible for the K+ influx regulate
the excitability of OHCs. Reportedly, the potassium concen-
tration in the cochlear endolymph of the guinea pig is upreg-
ulated shortly after acoustic injury [141, 178]. However, the
exact mechanism behind potassium circulation disruption
and NIHL is still lack of strong evidence.

4.5. Tip-Link-Related Gene Variations. The maturation of
stereocilia in the hair cells is vital for hearing onset because
it is where mechanical signals of sound waves are trans-
formed into electrical signals that could be transported
through hair cells and neurons. Tip-link, made of cadherins,
plays an important part in the maintenance of ordered struc-
ture of stereocilia. A study revealed that mutations of
PCDH15 and CDH23, two genes encoding cadherins for
the integrity of stereocilia especially tip-link, are related to
susceptibility to NIHL [179, 180].

4.6. Others. The purinergic receptor 2 (P2X2 receptor) is
highly expressed in the cochlear sensory epithelium, espe-
cially in supporting cells of the greater epithelial ridge.
P2X2 receptor can be activated by ATP [181] which is
released from hair cells through connexins, and plays an
important role in the development of the cochlea and hearing
function [182]. A mutation of P2X2 gene (c.178G>T) is
found responsible for progressive hearing loss and NIHL sus-
ceptibility in a Chinese family [183].

Another genome-wide association study suggested that
AUTS2 SNP (rs35075890) and PTPRN2 SNP (rs10081191)
are associated with NIHL vulnerability [184], which are com-
monly thought to be related to mental disorders and meta-
bolic diseases according to previous studies [185].

There are quite more genes, with multiple physiological
functions, reported to be NIHL-associated genetic factors,
while the exact roles of which in the pathogenesis of NIHL
still require deeper explorations (see more details in Table 1).

5. Therapeutics

It is widely acknowledged the lack of approved medications
for NIHL treatment, and recent pharmaceutical explorations
are heralding a new era in the field.

5.1. Approved Medications. Clinically, few medications have
been identified as effective except glucocorticoid for NIHL.
Glucocorticoid has been proved to exhibit various protective
effects against NIHL, highlighted by its anti-inflammatory
activity via inhibiting the synthesis and release of inflamma-
tory molecules like prostaglandins and leukotrienes. Dexa-
methasone, as the most commonly used glucocorticoid in
clinical practice, was administered postintense white noise
with intratympanic or intraperitoneal injection. And two rou-
tines of administration show similar hearing recovery effects;
both are significantly better than the saline group [194].

5.2. Drugs in Clinical Trials. The phase 2 trial report of ebse-
len has assessed its safety and efficacy on NIHL. Ebselen, the
GPx1 mimic, aims at oxidative stress reduction. In this ran-
domized, double-blind, placebo-controlled phase 2 trial, sub-
jects receiving 400mg ebselen show significantly protective
effect on transient noise-induced hearing impairment with
no side effects reported [195].

5.3. Potential Medications

5.3.1. Medications Targeting Oxidative Stress. Qter, the artifi-
cial analog of an endogenous antioxidant coenzyme Q10, was
administered systematically to noise-exposed mice and sig-
nificantly reduced the threshold shift after acoustic trauma
and promoted outer hair cell survival [196]. Moreover, the
dendrites of spiral ganglion cells and cortical neuronal mor-
phology are significantly restored by Qter application for its
role involved in free radicals scavenging and regeneration
of antioxidants like reduced glutathione (GSH)[197]. And
redox homeostasis is maintained by Qter treatment demon-
strated by reduction of 4-HNE or DHE (the markers of lipid
peroxidation) immunostaining-positive cells in the cochleae.

Parallel to Qter, a peptide derived from human telome-
rase called GV1001 attenuates sensory hair cell death target-
ing the noise-induced excessive ROS/RNS accumulation, as
suggested by the byproducts of lipid peroxidation (4-HNE)
and protein nitration (3-NT) [58]. Moreover, GV1001 can
also ameliorate kanamycin-induced hearing loss in mice,
indicating that excessive ROS/RNS and its downstream cas-
cades like inflammation and apoptosis underlie the sharing
pathological contributors for noise and aminoglycoside-
induced ototoxicity. Taking into consideration previous
studies regarding the therapeutic effects of GV1001, we
hypothesize that GV1001 might also exert otoprotective
effects against NIHL, because excessive ROS/RNS generation
is thought to underlie the causative mechanisms of NIHL.
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Table 1: NIHL-related gene variations.

Class Gene name Variations Function

Oxidative
stress

NOX3 NADPH oxidase-3 rs33652818 [165] Generation of superoxide (O2⋅-)
CAT Catalase rs7943316 [162, 163] Hydrogen peroxide decomposition

GSTM1 Glutathione S-transferase mu 1 Null [167, 168] GSH metabolism

GSTP1 Glutathione S-transferase pi 1
Ile (105)/Ile (105)

[167, 168]
GSH metabolism

GSTT1 Glutathione S-transferase theta 1 Null [167, 168] GSH metabolism

NFL2E2
Nuclear factor erythroid-derived

2-like 2
rs6726395

rs77684420 [164]
Transcriptional factor regulating various

antioxidative protein expression

HSPA1L
Heat shock protein family A

member 1 like
rs2227956 [166] Antioxidative protein stabilizer

PON2 Paraoxonase 2 S311C [71] Antioxidative protein

SOD2 Superoxide dismutase 2
IVS3-23T/G

IVS3-60T/G [71]
Catalyzing the destruction of free radical

Apoptosis CASP3 Caspase3
rs1049216
rs6948 [171]

Intracellular apoptosis promoter

DNA
methylation

DNMT1 DNA methyltransferase 1 rs2228611 [186] DNA methylation

DNMT3A DNA methyltransferase 3 alpha rs749131 [186] DNA methylation

Gap
junction

GJB1 Gap junction protein beta1 rs1997625 [176] Gap junction channels

GJB2 Gap junction protein beta2 rs3751385 [162, 176] Gap junction channels

GJB4 Gap junction protein beta4 rs755931 [176] Gap junction channels

DNA repair
APE1

Apurinic/apyrimidinic
endodeoxy-ribonuclease 1

T1349G
T656G [169]

Encoding the endonuclease, a DNA
repair enzyme

OGG1 8-Oxoguanine DNA glycosylase Ser326Cys [170] DNA repair enzyme

Ion
channels

KCNMA1
Potassium calcium-activated channel

subfamily M alpha1
rs696211 [177] Ca2+-activated K+ channel

KCNE1
Potassium voltage-gated channel
subfamily E regulatory subunit 1

rs2070358
rs1805128 [175, 176]

K+ channel

KCNJ10
Potassium inwardly-rectifying
channel subfamily J member 10

rs1130183 [176] K+ channel

KCNQ1
Potassium voltage-gated channel

subfamily Q member 1

rs7945327
rs11022922
rs718579
rs163171

rs2056892 [175, 176]

K+ channel

KCNQ4
Potassium voltage-gated channel

subfamily Q member 4
rs4660468 [175] K+ channel

Stereocilia
structure

PCDH15 Protocadherin related 15
rs11004085

rs7095441 [179]
Encoding cadherin for the integrity
of stereocilia, especially tip-link

CDH23 Cadherin 23 rs3752752 [180]
Encoding cadherin for the integrity
of stereocilia, especially tip-link

MYH14 Myosin heavy chain 14
rs667907

rs588035 [179]
Might contribute to tip-link integrity

Others

EYA4
EYA transcriptional coactivator

and phosphatase 4
rs3813346 [187] Multifunctional transcriptional factor

FOXO3 Forkhead box O3
rs2802292
rs3777781

rs212769 [188]
Multifunctional transcriptional factor

GRHL2 Grainyhead-like 2 rs611419 [189, 190] Multifunctional transcriptional factor

HOTAIR HOX transcript antisense RNA rs4759314 [191] Regulatory lncRNA
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The systematical administration of methylene blue prior
to noise trauma promotes the acoustic hair cell survival via
ameliorating the oxidative stress-induced dysfunction of respi-
ratory electron transport chain, featured by the reservation of
complex IV activity and ATP production [198]. Moreover,
methylene blue induces generation of neurotrophin-3 (NT-
3) to preserve the synaptic ribbons around inner hair cells
upon noise exposure [199].

5.3.2. Medications Targeting Inflammation. Avenanthra-
mide-C (AVN-C), a natural flavonoid purified from oats,
has shown anti-inflammatory and antioxidant activities in
in vitro experiments. Notably, AVN-C has great water solu-
bility and blood-labyrinth barrier permeability, suggesting
pharmaceutical potential for NIHL treatment. Researchers
have found that peritoneal injection of AVN-C protects hair
cells from noise trauma by increasing antioxidant defense
and decreasing proinflammatory cytokines like IL-1β and
Tnf [200].

5.4. Medications Targeting Hearing Protective Genes. Isl1,
which is highly expressed in prosensory region during oto-
cyst development and no longer expressed in the postnatal
cochlea, attenuates noise-triggered hair cell loss when artifi-
cially overexpressed specifically in postnatal hair cells.
Though the exact mechanism behind the protective effect of
Isl1 is not fully understood, it proposes a bold hypothesis that
overexpression of acoustic progenitor developmental genes
in the adult cochlea might increase the hair cell defense sys-
tem against noise stress [201].

5.5. Emerging Nanoparticle Medications.Nanomedication, as
a newly emerged therapy, was applied in the NIHL treat-
ment. Nanosystems, including polyethylene glycol- (PEG-)
coated poly lactic acid (PLA) nanoparticles and zeolitic imi-
dazolate nanoparticles, were invented and applied to deliver
steroid drugs to the inner ear. They show significant protec-
tive effect, even better than free steroid drugs, when adminis-
tered systematically with better stability and biocompatibility
[202, 203]. However, the efficacy and safety of nanoparticle-
based medications still need further verification.

6. Conclusions

In this article, we systematically and comprehensively
reviewed the epidemiology, mechanical and molecular path-
ogenesis, and therapeutic inventions about NIHL. Oxidative

stress, inflammation, calcium overload, glutamate excitotoxi-
city, and energy metabolism are the main contributors to
NIHL up to now. These pharmaceutical exploring studies
not only shed light on the clinical treatment for NIHL but
also make further steps on the systematical understanding
of NIHL pathogenesis.

Controversies are engendered on certain disputations of
NIHL: Firstly, the oxidative stress in supporting cells upon
acoustic trauma has been verified, but how to promote hair
cell survival through regulating supporting cells is still blank.
Secondly, the excitotoxicity of excessive glutamate exacer-
bates the destruction of acoustic nerve while Vglut3 knock-
out mice show impaired neural fiber recovery. Similarly,
administration of BDNF ameliorates NIHL, but depletion
of Bdnf receptor gene also shows protective effect by inhibit-
ing glutamate release. Therefore, given the complexity of glu-
tamate and neurotrophins, what is the proper way of
modulating glutamate and neurotrophins for the maximum
protective effect? Thirdly, because of the blood-perilymph
barrier, most medications administered systematically are
hard to penetrate into the cochlea. The development of nano-
medication would alter the stability and permeability of
drugs, which might bring hope to the emergency of more effi-
cacious and less toxic medication. Moreover, with the
research progresses in the field of regeneration of cochlear
hair cells and neural fibers [24, 204–208], NIHL might be
curable one day in the future.
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As a general sensory disorder, hearing loss was a major concern worldwide. Autophagy is a common cellular reaction to stress that
degrades cytoplasmic waste through the lysosome pathway. Autophagy not only plays major roles in maintaining intracellular
homeostasis but is also involved in the development and pathogenesis of many diseases. In the auditory system, several studies
revealed the link between autophagy and hearing protection. In this review, we aimed to establish the correlation between
autophagy and hair cells (HCs) from the aspects of ototoxic drugs, aging, and acoustic trauma and discussed whether autophagy
could serve as a potential measure in the protection of HCs.

1. Introduction

As a general sensory disorder in human society, hearing loss
was a major concern worldwide. The causes of hearing loss
are infections, noise, aging, and ototoxic drugs. Autophagy
is a common cellular reaction to stress that degrades cyto-
plasmic waste through the lysosome pathway. Autophagy
not only plays major roles in maintaining intracellular
homeostasis but is also involved in the development and
pathogenesis of several diseases [1–6]. During a variety of
pathological and physiological states, the activation of
autophagy seems beneficial, as it removes damaged organ-
elles or defends microbial infection and is important in vari-
ous diseases related to metabolism or neurodegeneration [7].

Autophagy suppresses necroptosis and PARP-mediated
cell death under cellular stress conditions. Early studies dem-
onstrated that autophagy might be a prosurvival factor in
many pathological processes [8]. In retinal ganglion cells, it
was found that autophagy suppresses cell apoptosis and pro-
motes cell survival, while the deletion of autophagy signifi-
cantly decreases cell survival during the degeneration of the

optic nerve [9]. In the auditory system, several studies
revealed the link between autophagy and hearing protection
and proved that the upregulation of autophagy might con-
tribute to the alleviation of morphological damage in the
inner ear [6, 10]. In this review, we aimed to establish the cor-
relation between autophagy and hair cells (HCs), determined
the effect of autophagy in hearing loss, and further discussed
whether autophagy could serve as a potential measure in the
protection of HCs.

2. Autophagy and Cochlear Development

Modulated by the growth factor signaling pathway, autoph-
agy regulates cellular differentiation by providing energy
and materials to the cells (such as immune cell [11]). Some
studies proved the existence of autophagy in the inner ear
of many species. For example, Atg4b-/- null mice showed a
defect in vestibular otoconia development, which might lead
to the aberration of equilibrium [12]. Autophagy is involved
in the neurogenesis in chicken’s auditory spiral ganglion [13].
Moreover, HCs might present autophagic morphological
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features after ototoxic insults [14]. These data indicated that
autophagy is crucial at the early stage of inner ear develop-
ment. In the early postnatal stage of mice, auditory ribbon
synapses are formed and matured with the development of
cochlear HC stereocilia [15–18]. According to previous stud-
ies, although ATG5-deficient auditory HCs (including OHCs
and IHCs) show well-functional morphology and mechano-
transduction at P5, progressive accumulation of polyubiqui-
tinated protein, as well as degeneration, is observed at P14
[19], which might eventually cause hearing loss. Further-
more, the treatment of postnatal mice with autophagy inhib-
itors before the onset stage of hearing induces long-term
auditory disorders. The disruptions of autophagy have dele-
terious effects on the development of cochlear ribbon synap-
ses in mice [20]. Together, these results strongly suggested
that autophagy plays a critical role in the formation of HC
morphology at the early postnatal stage.

3. Autophagy and Hearing Loss

Sensorineural hearing loss (SNHL) includes noise-induced
hearing loss (NIHL), age-related hearing loss (ARHL), inher-
ited hearing loss, and ototoxic drug-induced hearing loss
(ODIHL). SNHL occurs because of the irreversible damage
to hair cells (HCs) and spiral ganglion neurons (SGNs), both
of which have very limited regeneration ability in adult
mouse cochlea [21–26]. Thus, how to protect the cochlear
HC is a key scientific question in the hearing research field.

3.1. Autophagy and Aminoglycoside-Induced Hearing Loss.
As widely used clinical drugs, aminoglycosides (AGs) are
famous for the broad antibacterial spectrum [27]. However,
the application is limited because of the severe side-effects
(including the ototoxicity), which might induce sensorineu-
ral hearing loss permanently and affect the life quality of
patients significantly [28]. AGs cause damage to the outer
hair cells (OHCs) of the basal turn, and with continuing drug
exposure, damage spreads to the other turns as well as inner
hair cells (IHCs) [29].

In the tissues with the need of high energy, such as HCs
[30], phosphatase and tensin homolog- (PTEN-) induced
putative kinase 1 (PINK1) is highly expressed [31]. Accord-
ing to a previous study, the suppression of PINK1 and the
loss of HEI-OC1 cells were increased, with or without genta-
micin (GM) exposure [32]. In addition, the PINK1 knock-
down (KD) cells showed less expression of LC3B but a
higher degree of p53 and activated caspase 3, indicating that
PINK1 alleviates the GM-induced ototoxicity by inducing
autophagy and resisting the level of p53 in HCs [32].

In the brain and neuroendocrine system, ubiquitin
carboxyl-terminal hydrolase isozyme L1 (UCHL1) is highly
expressed, which is important in maintaining synaptic struc-
tures, stabilizing ubiquitin, and regulating proteasomal or
lysosomal degradation [33]. In the auditory system, UCHL1
was found to be downregulated in the cochlea by gentamicin
(GM) in a time-dependent manner, and in damage or path-
ological condition, UCHL1 deficiency was found to be asso-
ciated with the autophagy pathway [34, 35]. According to
this study, UCHL1 was downregulated after GM treatment,

and after GM exposure, siRNA or the pharmacological inhib-
itor (LDN-91946) treatment exacerbated the damage to the
cochlear explants and HEI-OC1 cells [36]. The silencing of
the UCHL1 protein blocked autophagic flux and the inhibi-
tion of LAMP1 and LC3 colocalization. These findings sug-
gested that by downregulating UCHL1, GM might serve as
a negative regulator to the autophagosome and lysosome
fusion [36].

Fatty acids extracted from avocado oil have several func-
tions, including promoting collagen synthesis, reducing
inflammation, and wound healing [37]. In the brain tissue
of diabetic rats, the seed oil attenuates oxidative stress and
prevents mitochondrial dysfunction [38]. A recent study
showed the protective effect of avocado oil on auditory
HCs. Also, the avocado oil extract (DKB122) was shown to
protect the HCs from neomycin-induced damage via upreg-
ulating antioxidant pathways, inhibiting inflammatory gene
expression, and activating autophagy [39]. The level of p62
protein in HEI-OC1 cells is decreased in a dose-dependent
manner after DKB122 treatment. Furthermore, p62 binds
to LC3 and incorporates into the autophagosome; strikingly,
the downregulation of intracellular p62 suggested that
DKB122 upregulates the autophagy in HEI-OC1 cells.

3.2. Autophagy and Cisplatin-Induced Hearing Loss. Cis-
platin is an anticancer drug used in clinical treatment. Based
on the broad-spectrum chemotherapeutic effects, cisplatin is
widely utilized in various cancers, such as testicular cancer,
breast cancer, and head/neck cancer [40, 41]. However, pro-
gressive hearing loss could also be caused by high doses of
cisplatin [6, 42–46]. Previous studies have shown that the
accumulation of reactive oxygen species (ROS) after cisplatin
treatment is a critical factor inducing HC damage [47–49].

m6A is a fat mass and obesity-associated (FTO) demethy-
lase that regulates mRNA metabolism by catalyzing demeth-
ylation of m6A [50], while meclofenamic acid (MA), an anti-
inflammatory drug, serves as a selective inhibitor [51]. A pre-
vious study reported that MA2 (a more active form of MA)
treatment significantly reduces the apoptosis level of HEI-
OC1 cells after cisplatin exposure. However, the effects of
MA2 on cisplatin-induced HEI-OC1 death might not involve
the participation of m6A, because no significant increase of
m6A was observed after MA2 treatment [49]. The data
showed that the level of autophagy was upregulated after cis-
platin exposure, while after treatment of HEI-OC1 cells with
MA2, the cisplatin-induced cell apoptosis and autophagy
activation were significantly decreased [49]. These results
suggested that the correlation between autophagy and
cisplatin-induced apoptosis is complicated, and excessive
autophagy might promote HC apoptosis.

As a Pou family transcription factor [52], Pou4f3 is nec-
essary for HC differentiation, especially for the functional
transduction and synaptic specialization [53, 54]. The muta-
tion of Pou4f3 leads to the loss of HCs in the cochlea and sub-
sequently results in severe hearing loss [55]. A recent study
demonstrated that Pou4f3 participated in cisplatin-induced
autophagy. After cisplatin treatment or AAV2-Pou4f3
shRNA transfection, Pou4f3 expression was decreased mark-
edly. However, the levels of Beclin-1 and LC3-II were
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upregulated, indicating that Pou4f3 mutation promotes
cisplatin-induced autophagy [56]. In addition, as the autoph-
agy activator, rapamycin promoted HC apoptosis, while 3-
MA inhibited HC apoptosis. This Pou4f3 mutation promotes
HC apoptosis in the cochlea via autophagy [56].

A regulator of cell death, STAT1, was also reported to be
involved in cisplatin-induced HC death [57, 58]. A previous
study used siRNA to knockdown STAT1 gene expression;
consequently, the reduction of cisplatin-induced HC death
was observed in vivo and in vitro [57]. In order to reveal
the potential correlation between STAT1 and autophagy,
other studies investigated the effect of STAT1 ablation on
HC damage induced by cisplatin or GM. As shown in the
study, comparing to the WT mice, both LC3-II conversion
and Beclin-1 expression were increased in the explants from
STAT1-/- mice after cisplatin or GM treatment. However, 3-
MA+cisplatin/GM treatment significantly reduced the level
of surviving HCs in explants of STAT1-/- mice, suggesting
that autophagy is a potential protector in preventing cis-
platin- and GM-induced HC death [59].

As a regulatory protein, glycogen synthase kinase 3β
(GSK-3β) participates in a variety of physiological processes
and the occurrence of several diseases [60–65]. Some studies
also showed that as a downstream factor of AKT, GSK-3β is
involved in the regulation of autophagy, while in the normal
state GSK-3β suppresses the activation of autophagy. How-
ever, when abnormal external stimuli occur, the upstream
kinase in the cells promotes the phosphorylation and leads
to the inactivation of GSK-3β and blocks the inhibition on
autophagy [66, 67]. In auditory research, gene knockout
restored the inhibitory effect of GSK-3β, and the autophagy
and cytoprotective effects in HEI-OC1 cells were enhanced
successfully [68]. Furthermore, the GSK-3β-KO HEI-OC1
cells showed higher viability and higher autophagy rate after
cisplatin treatment as compared to that of GSK-3β-WT HEI-
OC1 cells. Moreover, cotreatment with 3-MA results in the
reduction of autophagy accompanied by an upregulation of
cell apoptosis [68]. These findings suggested that autophagy
could be activated by downregulating the expression of
GSK-3β, and autophagy exerts a protective effect against oto-
toxicity drugs.

As a member of the nucleotide-binding and oligomeriza-
tion domain- (NOD-) like receptor (NLR) family, NLRX1 is
important in regulating autophagy, ROS generation, and cell
death in various kinds of cell types, responding to different
stimuli [69–73]. In auditory research, it was found that
NLRX1 was localized in the mitochondria of HEI-OC1 cells,
and by activating the ROS/JNK signaling pathway and
autophagy, NLRX1 sensitized the HEI-OC1 cells to cisplatin
ototoxicity [74, 75]. According to the study, after treating
HEI-OC1 cells with cisplatin, the increased expression of
NLRX1 was synchronized with the activation of autophagy.
However, by silencing the expression of NLRX1, the level of
autophagy activation was reduced, and cell viability was
increased [75]. Mechanistic studies revealed that by inhibit-
ing ROS generation, autophagy activation and cell apoptosis
could be successfully prevented in both HEI-OC1 cells and
cochlear explants, providing a novel strategy against
cisplatin-induced ototoxicity [75–78].

3.3. Autophagy and Noise-Induced Hearing Loss. Increased
ROS production or decreased antioxidant activity causes oxi-
dative damage, which is a key element causing noise-induced
hearing loss (NIHL). However, ROS was also able to induce
cellular defense processes, such as autophagy [79]. A recent
study found that the level of oxidative stress in OHCs is
noise-dose dependent and that the activation of autophagy
exerts a protective effect against NIHL by alleviating the oxi-
dative stress. As described previously, oxidative stress
induced by temporary threshold shift (TTS) noise increases
the level of LC3B in OHCs, and rapamycin treatment dimin-
ishes 4-HNE and 3-NT levels and decreases noise-induced
HC loss. On the other hand, the reduction in LC3B via 3-
MA or LC3B-siRNA increases the level of 3-NT and noise-
induced cell death in OHCs [80].

Pejvakin, a peroxisome-associated protein from the gas-
dermin family, plays a critical role in sound-induced peroxi-
some proliferation [81]. Moreover, pejvakin participates in
an early autophagic degradation of peroxisomes (pexophagy)
in HCs after noise exposure [82]. According to the studies,
pejvakin-mediated pexophagy prior to peroxisome prolifera-
tion protects the HCs against oxidative damage [83, 84]. As
the lipid peroxidation in HCs was investigated through the
assessment of the immunoreactivity of 4-HNE, an inverse
correlation was established between pexophagy and 4-HNE,
which suggested that pejvakin-mediated pexophagy plays a
critical role in redox homeostasis and HC protection against
noise-induced damage [82]. These results were also con-
firmed by the rescue experiments in Pjvk-/- mice, as the viral
transduction of Pjvk and LC3B cDNAs successfully restored
the pexophagy and prevented the progress of oxidative stress
[82]. Due to the similar clearance mechanisms owned by per-
oxisomes and mitochondria [85, 86], investigating whether
mitochondrial autophagy has a protective effect against noise
overexposure is essential.

Sleep deprivation (SD) also causes various inner ear dis-
eases, such as hearing loss and tinnitus [87, 88]. The
hypothalamic-pituitary-adrenal (HPA) axis is activated by
successive SD, which subsequently leads to the upregulation
of corticosterone [89], which in turn, activates the glucocor-
ticoid receptors, resulting in the disruption of metabolic
activity in the autophagy system [90]. The presence of corti-
costerone receptors in the auditory system has been demon-
strated in many studies [91, 92], and it has been proved that
high levels of corticosterone protect cochlear OHCs from
various insults [93, 94]. Recently, the effects of SD on noise
vulnerability were investigated with respect to the potential
underlying mechanisms [95]. According to the study, the ele-
vated expression of LC3B and autophagy activation is
observed in the short-term SD+ acoustic trauma (AT) group,
whereas repeated SD+AT group could not exert a similar
effect. In addition, the SD+AT group exhibits high levels of
corticosterone and severe OHC loss. This phenomenon
could be attributed to the disruption of repeated SD to the
homeostasis, resulting in the disorders of immunological
malfunction [96, 97] and autophagy system disorder. How-
ever, the autophagy induced by short-term SD causes a pro-
tective effect on HCs in the apoptotic processes induced by
oxidative stress. Thus, it is demonstrated that short-term
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SD exerts protective effects on HCs by regulating corticoste-
rone and activating autophagy after noise exposure [95].

3.4. Age-Related Hearing Loss and Autophagy. As a predom-
inant neurodegenerative disease, age-related hearing loss
(AHL) is a common form of hearing loss [5, 98–102]. It is
prevalent in adults aged ≥70 years, which results in social iso-
lation, communication disorders, and a decline in physical
function [103]. The SAMP8 strain is a classic model in study-
ing the influence of aging on biological processes [104]. A
previous study has revealed the mechanisms of ARHL, using
SAMP8 mice, involved in the participation of oxidative
stress, inflammation, and autophagic stress [105].

MicroRNAs (miRNAs) are endogenous, small, noncod-
ing RNAs that control the stability of messenger RNA
(mRNA). Recently, the existence of miRNAs in the cochlea
has been proved, which suggested that miRNAs are critical
in cochlear pathology [106, 107]. As a regulator controlling
autophagy and cell death, miR-34a restrains autophagic flux
by inhibiting autophagy protein ATG9a in HEI-OC1 cells
[10, 108, 109]. Notably, the inhibitory effect of miR-34a to
autophagy is mediated through multiple targets, such as
SIRT1 and Bcl-2 [110–112]. As an NAD+-dependent histone
deacetylase, SIRT1 is famous in the modulation of aging. The
deacetylation of multiple autophagy-related proteins, includ-
ing ATG7, ATG5, and ATG8 [113], or regulation of uncou-
pling protein 2 (UCP2) to stimulate mitophagy activates
autophagy via SIRT1 [114]. According to a recent study, loss
of HCs is observed in aged C57BL/6 mice, accompanied by
the downregulation of autophagy and SIRT1 expression,
and in HEI-OC1 cells, the decrease in SIRT1 leads to the
reduction of LC3-II with an elevated level of p62. Moreover,
silencing the expression of SIRT1 impaired the formation of
the autophagosomes [115]. In addition, the long-term
administration of resveratrol (SIRT1 activator) to the aging
cochlea enhanced mitophagy, alleviated mitochondrial bio-
genesis, and improved the mitochondrial function [115].
Altogether, it suggested that the miR-34a/SIRT1 signaling
pathway is a potential target for modulating autophagy,
which is promising in delaying ARHL.

Inflammaging means a clinical condition in the elder
with low-grade and chronic inflammation. Since it is related
to several age-related diseases, it might increase the morbid-
ity or mortality in the elderly. The long-term infection might
alter the permeability and structure of the round window
membrane [116], causing the permeation of lipopolysaccha-
ride (LPS) into the inner ear [117]. When LPS enters the
inner ear, it damages the HCs through multiple mechanisms,
including inducing mitochondrial damage, accumulation of
ROS, and activation of NF-κB, SAPK/JNK, caspases, or other
apoptotic pathways [118–121]. FoxG1 is a critical transcrip-
tion factor belonging to the forkhead family. It regulates the
proliferation and differentiation of cells, and the mutations
in the Foxg1 gene affect the development of axon and neuron
[122]. During the development of the inner ear, FoxG1 is
critical in maintaining the formation of HCs and the mor-
phology of the cochlea [46]. FoxG1 also regulates the metab-
olism and biosynthesis of mitochondria [123–125], and
hence, the unusual expression of FoxG1 results in opposing

consequences to the function of mitochondria. Moreover,
another study showed that the susceptibility of aging OC-1
cells to LPS-induced inflammation is regulated by FoxG1
via activated autophagy [5], thereby providing a potential
target in AHL treatment.

3.5. Inherited Hearing Loss and Autophagy. The defection of
mitochondrial tRNA in posttranscriptional modification is
thought to be related to a variety of human hereditary dis-
eases, including inherited hearing loss [126]. Recently, the
molecular mechanism of deafness-related tRNAIle4295A>G
mutations was deeply studied. It was found that abnormal
tRNAmetabolism may lead to mitochondrial translation dis-
orders, respiratory deficiency, increased level of reactive oxy-
gen species, and autophagy promotion [127]. However,
whether the upregulation of autophagy in HCs is protective
or not was not demonstrated in this study.

4. Other Factors Related to Autophagy in the
Inner Ear

IGF-1 is a trophic factor belonging to the insulin family. It is
involved in the development of the nervous system in adults,
and hence, the mutations cause human syndromic deafness
[128]. The correlation between IGF-1 and autophagy has
been demonstrated in many studies. For example, activation
of mTOR and IGF-1 downregulates autophagy in mammary
epithelial cells [129]. On the other hand, in cultures of Pur-
kinje neurons, IGF-1 promotes autophagy through the
induction of autophagosome fusion with lysosomes [130].
However, in the auditory system, the role of IGF-1 in regulat-
ing autophagy does not seem crucial, as no significant differ-
ence was detected in the autophagic flux between IGF-1+/+

mice and IGF-1-/- mice [131]; however, the role of IGF-1 in
regulating autophagy should not be excluded out. Hearing
impairment is also caused by cochlear ischemia [132–134].
Reportedly, the patients with carotid arterial sclerosis might
suffer severer NIHL [135].

Hearing impairment can also be induced by cochlear
ischemia [132–134]. Reportedly, carotid arterial sclerosis
exacerbates the effects of noise exposure. Arterial sclerosis
might be a contributor to hearing loss in the elderly, espe-
cially in those exposed to noise [135, 136]. According to a
recent study, autophagy exerts a protective effect in
ischemia-induced hearing loss, as the activation of autophagy
occurs simultaneously with the recovery of hearing after
reperfusion [137]. However, additional studies are required
to understand the underlying mechanism.

5. Future Aspect

5.1. Using Autophagy as an Antioxidative Therapy. The role
of autophagy in the auditory system is that of an antioxidant
to protect HCs and hearing [6, 80, 138]. The accumulation of
intracellular free radicals and ROS is increased by oxidative
stress after injuries, and once the protective ability of the anti-
oxidant system is surpassed, HC death happens [139, 140].
Previously, antioxidative therapies mainly focused on
decreasing the ROS release or enhancing the antioxidant
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capacity. However, the efficiency of the conventional antiox-
idants is obviously limited to the already damaged organelles
[141]. As autophagy can remove both oxidized proteins and
impaired mitochondria at the same time, it offers a novel
measure for the protection of HCs by eliminating the already
oxidized proteins and organelles. Thus, autophagy can not
only remove ROS accumulation but also eliminate injured
mitochondria, suggesting that autophagy is an ideal candi-
date for antioxidation therapy [142]. Several studies have
confirmed that autophagy is a basic antioxidant measure.
After exposure of HEI-OC-1 cells to neomycin, the activation
of autophagy (by rapamycin) enhances the expression of
antioxidant genes, while the inhibition of autophagy exerts
an opposite effect [6]. The upregulation of autophagy level
suppresses the oxidative stress, thus exerting a protective
effect on the cells. Hence, the appropriate elevation of
autophagy might prevent SNHL induced by multiple factors.

5.2. Epigenetic and Autophagy. As epigenetic modifications
participate in various biological processes, including tran-
scriptional regulation and cell differentiation [143, 144], the
dysregulation of epigenetic modifications may lead to devel-
opmental disorders, as well as cancer [145]. Although epige-
netic research was under intensive focus in other biological
systems, the understanding of epigenetics in ototoxic
drug/noise/aged-induced hearing loss is not yet clear. In
addition to MIR-34 described above, MIR-96 is also a prom-
ising target involved in autophagy and hearing loss treat-
ment. As the first miRNA mutation associated with human
deafness, the mutation in MIR-96 results in nonsyndromic
SNHL [146]. Although miRNA is an essential factor in
mRNA regulation, the downstream genes of miR96 in the
cochlea are yet to be identified. Recent studies on the tumor
[147] and brain injury [148] suggested that ATG7 could be
modulated by miR-96. ATG7 activates ATG12 and ATG8
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Figure 1: The correlation between autophagy and apoptosis in hair cell death.
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that are the essential components in the formation of autop-
hagosomes [149]. According to a previous study, the reduced
expression of miR-96 may directly increase the level of
ATG7, thereby elevating the autophagosome synthesis and
autophagy hyperactivation and eventually resulting in neuro-
nal degeneration and death [150]. However, the correlation
between ATG7 and miR-96 in the auditory system remains
to be elucidated.

6. Conclusion

Autophagy is involved in a variety of signaling pathways and
plays a major role in the development and protection of HCs.
Mitochondrion depolarization and ROS accumulation would
happen when harmful stimulus exerted to HCs. If the dam-
aged mitochondria cannot be cleared in time, the apoptosis
pathway in HCs will be activated, leading to the death of
HCs. However, with the activation of autophagy pathway,
autophagosome could encapsulate the damaged mitochon-
dria and fuse with lysosomes to form autophagosomes, thus
degrading the damaged mitochondria and promoting the
survival of HCs (Figure 1). However, autophagy seems to
play a double-edged role in HC protection, some researchers
believe that autophagy may aggravate HC damage, and
others argue that autophagy can protect HCs from ototoxic
factors, but the specific mechanism of autophagy is unclear.
Along with the deepening of research, the mechanism of
autophagy will be fully understood, and new treatments for
hearing loss will be found in the future.
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Neuroinflammation plays important roles in the pathogenesis and progression of altered neurodevelopment, sensorineural hearing
loss, and certain neurodegenerative diseases. Hyperoside (quercetin-3-O-β-D-galactoside) is an active compound isolated from
Hypericum plants. In this study, we investigate the protective effect of hyperoside on neuroinflammation and its possible
molecular mechanism. Lipopolysaccharide (LPS) and hyperoside were used to treat HT22 cells. The cell viability was measured
by MTT assay. The cell apoptosis rate was measured by flow cytometry assay. The mRNA expression levels of interleukin-1β
(IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor necrosis factor-α (TNF-α) were determined by quantitative reverse
transcription polymerase chain reaction. The levels of oxidative stress indices superoxide dismutase (SOD), reactive oxygen
species (ROS), catalase (CAT), glutathione (GSH), and malondialdehyde (MDA) were measured by the kits. The expression of
neurotrophic factor and the relationship among hyperoside, silent mating type information regulation 2 homolog-1 (SIRT1) and
Wnt/β-catenin, and sonic hedgehog was examined by western blotting. In the LPS-induced HT22 cells, hyperoside promotes
cell survival; alleviates the level of IL-1β, IL-6, IL-8, TNF-α, ROS, MDA, Bax, and caspase-3; and increases the expression of
CAT, SOD, GSH, Bcl-2, BDNF, TrkB, and NGF. In addition, hyperoside upregulated the expression of SIRT1. Further
mechanistic investigation showed that hyperoside alleviated LPS-induced inflammation, oxidative stress, and apoptosis by
upregulating SIRT1 to activate Wnt/β-catenin and sonic hedgehog pathways. Taken together, our data suggested that
hyperoside acts as a protector in neuroinflammation.

1. Introduction

Neuroinflammation is a chronic inflammation of brain tis-
sue, which plays an important role in the pathogenesis and
progression of altered neurodevelopment, sensorineural
hearing loss, and certain neurodegenerative diseases [1–5].
In the early stages of the central auditory pathway, noise-
induced hearing loss and conductive hearing loss are related

to neuroinflammation [6]. In addition, neuroinflammation
contributes to neuronal death and neurological deterioration
by increasing the production of proinflammatory factors and
oxidative stress [7]. Numerous studies have shown that hip-
pocampal neurons are susceptible to neuroinflammatory
and cause neurological complications [8]. However, there
are still no effective agents or methods to restore and prevent
neuronal damage caused by neuroinflammation. Thus, the
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identification of effective inflammatory protective candidate
agents is crucial.

Hyperoside (quercetin3-O-β-D-galactoside) is an active
compound isolated from Hypericum plants. It has antioxidant
and anti-inflammatory activities, decreasing calcium overload
and inhibiting apoptosis [9, 10]. Previous studies have con-
firmed that hyperoside effectively prevents neurological compli-
cations caused by neuroinflammation. In the hyperglycemia-
induced oxidative stress and inflammation acute diabetes
model, the administration of hyperoside prevented cognitive
dysfunction, neuroinflammation, and oxidative stress caused
byDM through the TNF-α/NF-κB/caspase-3 signaling pathway
[11]. In diseases such as Parkinson’s disease, hyperoside acts as
a protective agent by attenuating LPS-induced activation of
microglia [12]. So far, there are few studies on the protective
effect of hyperoside on neuroinflammation, and themechanism
has not been fully elucidated.

Lipopolysaccharide (LPS) is widely used to activate the
innate immune system. Previous studies have shown that
LPS is usually used to prepare neuroinflammation models
induced by inflammatory response [13, 14]. In this study,
we exposed HT22 cells to LPS to mimic a cellular model of
neuroinflammation. Simultaneously, the protective effect of
hyperoside on neuroinflammation and its possible molecular
mechanism were studied through this model. We found that
hyperoside protects HT22 cells from LPS-induced inflamma-
tion; oxidative stress and apoptosis are closely related to
SIRT1 levels. Further analysis showed that hyperoside allevi-
ated LPS-induced inflammation, oxidative stress, and apo-
ptosis by upregulating SIRT1 to activate Wnt/β-catenin and
sonic hedgehog pathways.

2. Materials and Methods

2.1. Reagents and Drugs. LPS, hyperoside, and 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dulbecco’s modified Eagle medium containing 10%
fetal bovine serum (FBS) was purchased from Gibco (Carls-
bad, USA). 100U/ml penicillin and 100mg/ml streptomycin
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
LiCl and sonic hedgehog agonist SAg were purchased from
Merck (San Diego, CA, USA). Primary antibodies against
Bcl-2, Bax, caspase-3, BDNF, NGF, SIRT1, Wnt1, β-catenin,
Shh, Patch, and GAPDH and secondary antibodies were all
purchased from Cell Signaling (Boston, MA, USA).

2.2. Cell Culture and Treatments. The HT22 murine neuronal
cell line was purchased from Kunming Cell Bank of the Chi-
nese Academy of Sciences (Kunming, China). HT22 cells
were seeded at 2 × 104 cells/well in a 6-well plate and cultured
in the DMEM with 10% fetal bovine serum, 100U/ml peni-
cillin, and 100μg/ml streptomycin at 37°C in a 5% CO2
humidified incubator. When HT22 reached 70% confluency
after 24 h, cell transfection pretreated with different concen-
trations of hyperoside and LPS (1μg/ml) was performed.

2.3. Cell Viability. Cell viability was determined by MTT
assay. Briefly, the HT22 cells seeded into 24-well plates at a

density of 2 × 104 cells/ml for 24 h. Cells were starved over-
night and then pretreated with different concentrations of
hyperoside for 24 h followed by incubation with LPS
(1μg/ml) for another 24h. The medium was refreshed
and incubated with 50μl of MTT (5mg/ml prepared in
phosphate-buffered saline) for 4h at 37°C. Next, the solution
was removed and added DMSO to plates. The absorbance at
570nm was measured using a plate reader.

2.4. Western Blotting. RIPA buffer added to HT22 cells (Invi-
trogen; USA) to collect the total protein; then the protein
concentrations were determined assessed using the BCA
method (Invitrogen, USA). The protein samples were mixed
with a 5x loading buffer and denatured at the boil. The pro-
teins were separated by 15% SDS-PAGE and transferred onto
polyvinylidene fluoride membranes. Next, the membranes
were incubated with primary antibodies (Bcl-2, Bax, cas-
pase-3, BDNF, NGF, SIRT1, Wnt1, β-catenin, Shh, Patch,
and GAPDH) at 4°C overnight. Then, the next day, the mem-
branes were washed with PBS and incubated with secondary
antibodies for 1 h. Finally, the protein bands were measured
using the ImageJ software. The data were collected from at
least three independent experiments.

2.5. qRT-PCR. Total RNA of HT22 cells was isolated using
the TRIzol RNA Extraction Kit (Invitrogen, Grand Island,
NY, USA), and the isolated total RNA was reverse-
transcribed to cDNA using a reverse transcription kit
(Takara, Kyoto, Japan). Next, SYBR Premix Ex Taq II
(Takara, Kyoto, Japan) was used to perform qRT-PCR ampli-
fication. The IL-1β, IL-6, and TNF-α amplification primers
were as follows: IL-1β, 5′-GATGGTCGCATTAGCTCC-3′
and 5′-GGCTGTAGCTGTAGCGTC-3′; IL-6, 5′-ATTG
CGGCGGCTGACGCGTAG-3′ and 5′-GTCTGTTGCGC
GAGCTGGTA-3′; IL-8, 5′-GTCGAGCTGCCGCGTAGCG
T-3′ and 5′-CGCGATGCGTGCAGC-3′; and TNF-α, 5′
-CGTCAGCCGATTTGCTATCT-3′ and 5′-CGGACTCCG
CAAAGTCTAAG-3′. The relative expression of mRNA
was analyzed using the 2-ΔΔCt method.

2.6. SOD, GSH, and MDA Assay. We measured oxygen spe-
cies (ROS), catalase (CAT), superoxide dismutase (SOD),
glutathione (GSH), and malondialdehyde (MDA) levels
activity using the corresponding assay kits (Nanjing Jian-
cheng Bio Company, China).

2.7. Flow Cytometry. Flow cytometry assay was used to mea-
sure the cell apoptosis rate according to a previous report
[15]. HT22 cells in each group were harvested and resus-
pended. The apoptotic cells were double-labeled with
annexin V-FITC and PI using an annexin V-FITC/PI apo-
ptosis detection kit (Beyotime Biotechnology, China) for 30
min at room temperature in the dark. Then, the fluorescence
intensity of the cells was quantified by flow cytometry.

2.8. Statistical Analysis. In this study, the difference between
two groups was compared by using a t-test, and that among
groups was analyzed by one-way analysis of variance
(ANOVA). All data were presented as the mean values ±
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Figure 1: Hyperoside alleviated apoptosis and inflammation in the LPS-induced HT22 cells. HT22 cell viability was measured by the MTT
assay. Cell viability was observed by a microscope (100x) (a, b). The expression of Bcl-2, Bax, and caspase-3 in HT22 cells was measured by
western blotting (c). The HT22 cell apoptosis rate was measured by flow cytometry assay (d). The levels of IL-1β, IL-6, IL-8, and TNF-α
mRNA in HT22 cells were measured by qRT-PCR (e); ∗ was considered significant compared to control (∗P < 0:05); # was considered
significant compared to LPS (#P < 0:05).
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standard deviation (SD). Statistical analyses were performed
by GraphPad Prism 7.0 software. P < 0:05 was considered
to indicate a statistically significant difference.

3. Results

3.1. Hyperoside Alleviated Apoptosis and Inflammation in
the LPS-Induced HT22 Cells. The viability of HT22 cells
was detected using the MTT assay. The result showed that
hyperoside had little effect on HT22 cell viability
(Figure 1(a)). Compared with untreated cell, the treatment
of LPS (1μg/ml) significantly reduced HT22 cell viability
(Figure 1(b)). Based on the MTT results, we choose 20μM
hyperoside to evaluate the protective effect on HT22 cells.
The apoptotic protein expression of HT22 cells was detected
using the western blotting; the results showed that treatment
with 20μM hyperoside significantly enhanced the antiapop-
totic Bcl-2 expression and decreased the proapoptotic Bax
and caspase-3 expression (Figure 1(c)). Simultaneously, 20
μM hyperoside treatment significantly inhibited LPS-
induced apoptosis of HT22 cells (Figure 1(d)). Likewise,
treatment with 20μM hyperoside suppressed LPS-induced
production of IL-1β, IL-6, IL-8, and TNF-α (Figure 1(e)).
These results suggested that hyperoside alleviated apoptosis
and inflammation in the LPS-induced HT22 cells.

3.2. Hyperoside Alleviated Oxidative Stress and Reduction of
Neurotrophic Factor in the LPS-Induced HT22 Cells. The oxi-
dative stress of HT22 cells increased, and the production of
neurotrophic factors decreased after LPS treatment. Next,
we studied the effect of hyperoside on oxidative stress and
neurotrophic factors in LPS-induced HT22 cells. The results
showed that treatment with 20μM hyperoside significantly
increased the levels of SOD, GSH, CAT, and neurotrophic
factors BDNF, TrkB, NGF and decreased the levels of ROS
and MDA (Figures 2(a) and 2(b)). These results suggested
that hyperoside alleviated LPS-induced oxidative stress and
reduction of neurotrophic factor in HT22 cells.

3.3. Hyperoside Inhibits LPS-Induced HT22 Cell Apoptosis
and Inflammation through SIRT1. SIRT1 alleviated nerve
damage; to find out whether hyperoside could ameliorate
apoptosis and inflammation in the LPS-induced by acting
on SIRT1, SITR1 inhibitors (nicotinamide (NAM)) were
used to treat cells. Western blotting showed that SITR1
expression decreased in LPS-induced cells; simultaneously,
compared with LPS induction, hyperoside treatment upregu-
lated the expression level of SITR1. In addition, NAM treat-
ment decreased the expression of SIRT1 in HT22 cells
compared with the treatment of cells with LPS+hyperoside
treatment (Figure 3(a)). Likewise, NAM treatment decreased
the expression of Bcl-2 and enhanced the expression of Bax
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Figure 2: Hyperoside alleviated oxidative stress and reduction of neurotrophic factor in the LPS-induced HT22 cells. The levels of SOD, GSH,
CAT, ROS, and MDA were measured by corresponding assay kits (a). The expression of BDNF, TrkB, and NGF in HT22 cells was measured by
western blotting (b). ∗ was considered significant compared to control (∗P < 0:05); # was considered significant compared to LPS (#P < 0:05).
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and caspase-3 in HT22 cells compared with the treatment of
cells with LPS+hyperoside treatment (Figure 3(b)). Simulta-
neously, NAM treatment significantly increased apoptosis

of HT22 cells (Figure 3(c)). In addition, NAM treatment
increased the expression of IL-1β, IL-6, IL-8, and TNF-α,
compared with the treatment of cells with LPS+hyperoside

0.0

0.5

1.0

1.5

N
C

LP
S

LP
S+

H
YP

LP
S+

H
YP

+N
A

M

Re
la

tiv
e 

SI
RT

1 
ex

pr
es

sio
n

LPS

SIRT1

GAPDH

Hyperoside

–

–

+

–

+

+

NAM – – –

+

+

+

⁎

#

Δ

(a)

0.0

0.5

1.0

1.5
N

C

LP
S

LP
S+

H
YP

LP
S+

H
YP

+N
A

M

Re
la

tiv
e 

Ba
x 

ex
pr

es
sio

n

0.0

0.5

1.0

1.5

N
C

LP
S

LP
S+

H
YP

LP
S+

H
YP

+N
A

M

Re
la

tiv
e 

Bc
l-2

 e
xp

re
ss

io
n

0.0

0.5

1.0

1.5

N
C

LP
S

LP
S+

H
YP

LP
S+

H
YP

+N
A

M

Re
la

tiv
e 

ca
sp

as
e-

3 
ex

pr
es

sio
n

LPS

Bcl-2

Bax

Caspase-3

GAPDH

Hyperoside

–

–

+

–

+

+

NAM – – –

+

+

+

⁎

#

Δ

⁎

#

Δ

⁎

#

Δ

(b)

100
100

101

101

102

FL1-H Annexin V FITC

102

103

103

104

104 Q1
1.14

Q2
2.55

Q4
78.5

Q3
17.8

Q1
0

Q2
0.54

Q4
90.5

Q3
8.94

Q1
0.93

Q2
6.98

Q4
83.3

Q3
0

N
C

LP
S

LP
S+

H
YP

LP
S+

H
YP

+N
A

M

5

10

15

A
po

pt
ot

ic
 ra

te
 (%

)

20

25

8.82

Q1
0.26

Q2
2.19

Q4
93.3

Q3
4.28

FL
2-

H
PI

FL
2-

H
PI

FL
2-

H
PI

FL
2-

H
PI

FL1-H Annexin V FITC FL1-H Annexin V FITCFL1-H Annexin V FITC
100

100

101

101

102

102

103

103

104

104

100
100

101

101

102

102

103

103

104

104

100
100

101

101

102

102

103

103

104

104

⁎

⁎

Δ

#

(c)

0

2

4

6

N
C

LP
S

LP
S+

H
YP

LP
S+

H
YP

+N
A

M

Re
la

tiv
e 

IL
-6

 m
RN

A
 e

xp
re

ss
io

n

0

2

4

6

N
C

LP
S

LP
S+

H
YP

LP
S+

H
YP

+N
A

M

Re
la

tiv
e 

IL
-8

 m
RN

A
 e

xp
re

ss
io

n

0

2

4

8

6

N
C

LP
S

LP
S+

H
YP

LP
S+

H
YP

+N
A

M

Re
la

tiv
e 

IL
-1
𝛽

 m
RN

A
 e

xp
re

ss
io

n

0

2

4

8

6

N
C

LP
S

LP
S+

H
YP

LP
S+

H
YP

+N
A

M

Re
la

tiv
e 

TN
F-
𝛼

 m
RN

A
 e

xp
re

ss
io

n

⁎

Δ

⁎

Δ

⁎

Δ

⁎

⁎

#

Δ ⁎

#

⁎

#

⁎

#

(d)

Figure 3: Hyperoside inhibits LPS-induced HT22 cell apoptosis and inflammation through SIRT1. The expression of SIRT cells was
measured by western blotting (a). The expression of Bcl-2, Bax, and caspase-3 in HT22 cells was measured by western blotting (b). The
HT22 cell apoptosis rate was measured by flow cytometry assay (c). The level of IL-1β, IL-6, IL-8, and TNF-α mRNA in HT22 cells was
measured by qRT-PCR (d). ∗ was considered significant compared to control (∗P < 0:05); # was considered significant compared to LPS
(#P < 0:05); ▽ was considered significant compared to LPS+HYP (▽P < 0:05).
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treatment (Figure 3(d)). These results indicated that hypero-
side inhibits LPS-induced HT22 cell apoptosis and inflam-
mation by upregulating SIRT1.

3.4. Hyperoside Inhibits LPS-Induced HT22 Cell Oxidative
Stress and Reduction of Neurotrophic Factor through SIRT1.
We studied the effect of SIRT1 on oxidative stress and neuro-
trophic factors in LPS-induced HT22 cells. The results
showed that NAM treatment decreased the levels of SOD,
GSH, CAT, and neurotrophic factors BDNF and NGF and
increased the levels of ROS and MDA in HT22 cells, com-
pared with the treatment of cells with LPS+hyperoside treat-
ment (Figures 4(a) and 4(b)). These results indicated that
hyperoside inhibits oxidative stress and neurotrophic factor
reduction in LPS-induced HT22 cells by upregulating SIRT.

3.5. Hyperoside Activates Wnt/β-Catenin and Sonic Hedgehog
Pathways by Upregulating SIRT1. To clarify whether SIRT1
alleviates HT22 damage through theWnt/β-catenin and sonic
hedgehog pathways, we measured the expression levels of
signaling molecules in theWnt/β-catenin and sonic hedgehog
pathways. The results showed that LPS significantly decreased
the expression levels of Wnt1, β-catenin, Shh, and Patch;
hyperoside treatment significantly increased the expression
levels of Wnt1, β-catenin, Shh, and patch; in addition, NAM
treatment decreased the expression levels of Wnt1, β-catenin,
Shh, and patch. In addition, in HT22 cells, compared with
NAM-treated cells, Wnt/β-catenin agonist (LiCl) and sonic
hedgehog agonist (SAg) inhibited the inhibitory effect of
NAM (Figures 5(a) and 5(b)). These results indicated that
hyperoside activatesWnt/β-catenin and sonic hedgehog path-
ways by upregulating SIRT1.
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Figure 4: Hyperoside inhibits LPS-induced HT22 cell oxidative stress and reduction of neurotrophic factor through SIRT1. The level of SOD,
GSH, CAT, ROS, and MDA were measured by corresponding assay kits (a). The expression of BDNF, TrkB, and NGF in HT22 cells was
measured by western blotting (b). ∗ was considered significant compared to control (∗P < 0:05); # was considered significant compared to
LPS (#P < 0:05); ▽ was considered significant compared to LPS +HYP (▽P < 0:05).
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4. Discussion

Neuroinflammation is associated with the pathology of many
neurological complications, including hearing loss, AD, PD,
neuropathic pain, cognitive impairment, and cerebral ische-
mic injury [2, 16–24]. Identification of effective inflamma-
tory protective candidate agents is one of the hot spots in
the treatment of neurological complications [25]. Effective
medical treatment reduces neuroinflammation or prevents
neurodegeneration. Hyperoside has been reported to treat
neuroinflammation in neurological complications [12],
However, in recent years, there has been little research on
the mechanism by which hyperoside alleviates neuroinflam-
mation. In the present study, we explored the anti-
inflammatory effects of hyperoside on LPS-induced HT22
neuroinflammation in mouse neuronal cells. We demon-
strated that hyperoside attenuated apoptosis, inflammation,
and oxidative stress and simultaneously restored the levels
of neurotrophic factor proteins BDNF, TrkB, and NGF in
HT22 cells induced by LPS. In addition, we provide evidence
that STRI1 is highly expressed under the action of hyperoside
and activates Wnt/β-catenin and sonic hedgehog pathways.
In our study, hyperoside significantly inhibited the LPS-
induced apoptosis, inflammation, and oxidative stress pro-
duction by increased STRI and activating the Wnt/β-catenin
and sonic hedgehog pathways.

Neurons are the basic structural and functional units of the
nervous system [26]. Changes in the structure and function of
neurons in the brain will cause nerve damage [27]. HT22 cells
are a kind of mouse hippocampal neuronal cells, which are
widely used as an in vitro neuronal model associated with neu-
roinflammation and nerve injury in studies to identify effective
inflammatory protective candidate agents [28]. Previous stud-
ies have shown that systemic administration of LPS triggers
nerve injury and neuroinflammation and in the brain, which
induce neurodegeneration in mice [29, 30]. In the present
study, we used HT22 cells as a neuronal cell model to examine
the protective effect of hyperoside on LPS-activated neuroin-
flammation. We found that LPS inhibited HT22 activity, pro-
moted the level of proinflammatory cytokines (TNF-α, IL-1β,
IL-6, and IL-8) and apoptosis proteins Bax and xaspase-3,
and activated oxidative stress. However, pretreatment with
hyperoside significantly protected HT22 cells from LPS-
induced cell growth inhibition by inhibiting apoptosis; down-
regulating TNF-α, IL-1β, IL-6, IL-8, Bax, and caspase-3 levels;
and inhibiting oxidative stress. These results are consistent with
previous studies on hyperoside as antioxidants, anti-
inflammatory agents, and antiapoptotic agents.

Regulation that protects neuronal survival is essential in the
pathological process of alleviating neurological complications
caused by neuroinflammation [2, 31]. In the development of
neuronal, BDNF, as an important nerve growth factors, plays
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Figure 5: Hyperoside activates Wnt/β-catenin and sonic hedgehog pathways by upregulating SIRT1. The expression of Wnt1 and β-catenin
in HT22 cells was measured by western blotting (a). The expression of Shh and patch in HT22 cells was measured by western blotting (b). ∗
was considered significant compared to control (∗P < 0:05); # was considered significant compared to LPS (#P < 0:05); ▽ was considered
significant compared to LPS+HYP (▽P < 0:05); & was considered significant compared to LPS+HYP+LiCl or LPS+HYP+SAg (&P < 0:05).
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an important role in the growth, survival, and differentiation of
neurons [32]. BDNF enhances neuronal survival and protects
synaptic function by binding to tropomyosin receptor kinase
B (TrkB) [33, 34]. Simultaneously, BDNF promotes neuronal
outward growth and recombination of dendritic spines,
thereby improving neuronal connectivity [35]. NGF is a nerve
cell growth regulator with dual biological functions of neuron
nutrition and neurite outgrowth promotion. It has been proven
to protect neurons by promoting nerve fiber regeneration [36,
37]. Previous studies have shown that LPS-induced inflamma-
tion is the main cause of neuronal death in the hippocampus.
In this study, we found that the expression levels of BDNF,
TrkB, and NGF in HT22 cells induced by LPS were signifi-
cantly reduced and hyperoside treatment significantly restores
the expression levels of BDNF, TrkB, and NGF.

SIRT1 is the main regulator of neurogenesis and plays a
neuroprotective role in neurological diseases [38]. Previous
studies showed that activation of SIRT1 reversed nerve dam-
age in different neurological diseases by augmenting hippo-
campal neurogenesis [39]. Simultaneously, previous reports
also demonstrated that activation of SIRT1 reduces the level
of oxidative stress and the extent of inflammation [40]. In
addition, crucially, Li et al. found that hyperoside enhances
SIRT1 protein expression in a mechanism that protects
ECV-304 cells from tert-butyl hydrogen peroxide-induced
damage [41]. Thus, we speculate that hyperoside alleviating
neuroinflammation may be related to the level of SIRT1. In
this study, we found that hyperoside significantly increased
the expression of SIRT1 in cells, while the SIRT1 inhibitor
NAM effect attenuated the alleviating effect of hyperoside
on neuroinflammation of induced by LPS. Wnt/β-catenin
and sonic hedgehog pathways are confirmed to be regulated
by SIRT1; SIRT1-mediated deacetylation in the process of
c-myc degradation, which affected the stability of c-myc
and increased the transcriptional activity of β-catenin, acti-
vates Wnt signaling through β-catenin [42]; simultaneously,
SIRT1 agonist SRT1720 activated the sonic hedgehog signal-
ing [43]. In addition, we have also observed that Wnt/β-
catenin and sonic hedgehog signaling pathways are inhibited
in neuroinflammation [44, 45]. Simultaneously, Wnt/β-
catenin and sonic hedgehog signaling pathways are involved
in the development of neuroinflammation-mediated hearing
loss and other neurological diseases [46–55]. In this study, we
found that hyperoside activates the expression of Wnt1, β-
catenin, Shh, and patch by upregulating SIRT1.

In summary, the present study showed that hyperoside
alleviated apoptosis, inflammation, oxidative stress, and
reduction of neurotrophic factor in the LPS-induced HT22
cells. We further found that hyperoside alleviated nerve dam-
age by upregulating SIRT1 to activate Wnt/β-catenin and
sonic hedgehog signaling pathways. In conclusion, based on
our findings, the therapeutic effect of hyperoside on neuroin-
flammation is further clarified, providing possible treatment
basis for its clinical application for neuroinflammation.
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It is widely accepted that even a single acute noise exposure at moderate intensity that induces temporary threshold shift (TTS) can
result in permanent loss of ribbon synapses between inner hair cells and afferents. However, effects of repeated or chronic noise
exposures on the cochlear synapses especially medial olivocochlear (MOC) efferent synapses remain elusive. Based on a
weeklong repeated exposure model of bandwidth noise over 2-20 kHz for 2 hours at seven intensities (88 to 106 dB SPL with 3
dB increment per gradient) on C57BL/6J mice, we attempted to explore the dose-response mechanism of prolonged noise-
induced audiological dysfunction and cochlear synaptic degeneration. In our results, mice repeatedly exposed to relatively low-
intensity noise (88, 91, and 94 dB SPL) showed few changes on auditory brainstem response (ABR), ribbon synapses, or MOC
efferent synapses. Notably, repeated moderate-intensity noise exposures (97 and 100 dB SPL) not only caused hearing threshold
shifts and the inner hair cell ribbon synaptopathy but also impaired MOC efferent synapses, which might contribute to complex
patterns of damages on cochlear function and morphology. However, repeated high-intensity (103 and 106 dB SPL) noise
exposures induced PTSs mainly accompanied by damages on cochlear amplifier function of outer hair cells and the inner hair
cell ribbon synaptopathy, rather than the MOC efferent synaptic degeneration. Moreover, we observed a frequency-dependent
vulnerability of the repeated acoustic trauma-induced cochlear synaptic degeneration. This study provides a sight into the
hypothesis that noise-induced cochlear synaptic degeneration involves both afferent (ribbon synapses) and efferent (MOC
terminals) pathology. The pattern of dose-dependent pathological changes induced by repeated noise exposure at various
intensities provides a possible explanation for the complicated cochlear synaptic degeneration in humans. The underlying
mechanisms remain to be studied in the future.

1. Introduction

Noise-induced hearing loss (NIHL) is a global public health
issue. Hearing loss could be caused by genetic factors, aging,
infectious diseases, ototoxic drugs, and noise exposure [1–6].
The reported mechanisms of noise-induced hair cells (HCs)
and spiral ganglion neuron damage mainly include mechan-
ical shearing forces and oxidative damage to HCs [7] and glu-
tamate excitotoxicity to neurons [8–11]. In the past, noise
exposure was considered harmful only when it causes a per-

manent threshold shift (PTS) [3, 12–16]. However, Kujawa
and Liberman recently demonstrated that even a single acute
noise exposure at moderate intensity that induces temporary
threshold shift (TTS) could result in permanent loss of rib-
bon synapses, which was then known as synaptopathy [17].
Noise-induced cochlear synaptopathy has been the focus of
attention in hearing research in these years. A number of
studies further found that the loss of ribbon synapse between
cochlear inner hair cells and type I afferent nerve (AN) fibers
usually accompanies the abnormal suprathreshold auditory
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brainstem response (ABR) [17–19]. More and more evi-
dences indicate that cochlear synaptopathy might not only
be the primary mechanism of hidden hearing loss (HHL)
but also contribute to tinnitus and age-related hearing loss
(ARHL) [20–23].

Despite the large number of pathological studies involv-
ing the effects of noise on the cochlear synaptopathy, most
of the previous studies paid attention to the single or acute
noise exposure that induced TTS with the loss of ribbon syn-
apses [17, 19, 24, 25]. Although repeated noise exposure is
more common in human daily life (such as noise at bars, cin-
emas, concerts, and traffics), relatively few studies focused on
the effects of repeated or chronic noise exposures on the
cochlear synaptopathy [26–28]. It remains inconsistent
whether repeated noise exposure would cause more damage
on cochlear synapses, since the noise exposure procedure
and experimental animals in previous studies were quite
various. For instance, 16-week-old Sprague-Dawley rats
exposed to 8-16 kHz octave-band noise at 97 dB SPL for
2 hours in 4 repeated days did not produce similar ABR
wave I amplitude decrement as acute noise exposure
[27], while repeated white noise at 100 dB SPL for 2 hours
even cause additional cochlear damages in C57BL/6J mice
[26]. Moreover, a recent study suggested that the medial
olivocochlear (MOC) efferent feedback protects the
cochlea from loss of ribbon synapses under the weeklong
exposure to moderate-intensity noise (84 dB SPL) in mice
[29], while few studies reported chronic noise exposure-
induced MOC efferent synaptic degeneration.

In this study, to explore the pattern of cochlear afferent
and efferent synaptic degeneration induced by repeated noise
exposure, we used seven gradient levels of noise exposure at
low, moderate, and high intensity. Auditory function and
cochlear immunofluorescence were measured at baseline
and 1 day and 14 days post noise exposure to assess the path-
ological changes of ribbon and MOC efferent synapses in
C57BL/6J mice. We proposed a hypothesis that dose-
dependent cochlear synaptic degeneration in C57BL/6J mice
was induced by repeated noise exposure.

2. Materials and Methods

2.1. Animals. C57BL/6J mice aged four weeks were obtained
from the SIPPR-BK Laboratory Animal, Ltd. (Shanghai,
China), which were derived from breeders originally pur-
chased from The Jackson Laboratory. A total of about 82
male mice were used in this study to exclude potential sex
differences in susceptibility to NIHL [30]. Animals were
divided into one control group and seven experimental
groups. Mice were housed under quiet laboratory condi-
tions, which showed normal baseline ABR, and distortion
product otoacoustic emission (DPOAE) thresholds were
included in subsequent noise exposure experiments. Each
group included 8-12 mice in the analyses. All experimental
procedures followed the Guide for the Care and Use of Lab-
oratory Animals and were approved by the University
Ethics Committee for Laboratory Animals of Shanghai Jiao
Tong University.

2.2. Repeated Noise Exposure Procedure. Noise exposure was
performed by exposing conscious mice in a pie-shaped wire
cage separated by eight compartments, in a calibrated rever-
berating chamber as described previously [31]. Bandpass-
filtered noise of 2-20 kHz generated by MATLAB software
(version 2007b) was delivered for 2 hours by an amplifier
and loudspeaker (Yamaha) at seven gradients of intensity
from 88 to 106 dB SPL. We defined the groups of relatively
low intensity (88, 91, and 94dB SPL), moderate intensity
(97 and 100 dB SPL), and high intensity (103 and 106 dB
SPL) in this study. An acoustimeter (type AWA6228+, Hang-
zhou Aihua) was used to calibrate noise exposure to the tar-
get sound pressure level. The exposure procedure was
performed on seven exposed groups and their corresponding
control groups of mice for continuous seven days repeatedly.
The baseline was set at the day before the first day of noise
exposure, ABRs were performed at baseline and 1 day and
14 days after NE, and DPOAEs were performed at baseline
and 14 days after NE. Animals were sacrificed 14 days after
NE (aged seven weeks) for observation of cochlear morphol-
ogy using immunofluorescence (IF). Figure 1 shows the flow-
chart of the repeated noise exposure procedure.

2.3. ABR Tests. ABRs were performed at baseline and 1 day
and 14 days after the repeated noise exposure procedure.
Mice were anesthetized with xylazine (20mg/kg) and keta-
mine (100mg/kg) through intraperitoneal injection, and the
body temperature was maintained near 37°C using a heating
blanket (Harvard Apparatus, USA, 55-7020). Recordings
were performed using three subcutaneous needle electrodes
at the vertex (active), left mastoid area (reference), and right
shoulder (ground), respectively. Short tone burst stimuli of 3
ms duration with 1ms rise/fall times were generated by the
RZ6 workstation (Tucker-Davis Technologies, USA). Stimu-
lus sounds were delivered free-field via an MF-1 speaker
placed 10 cm away from the vertex, in front of the mouse.
Stimulus roved over frequencies of 32, 22.6, 16, 11.3, 8, and
4 kHz, and the sound level started from 90 to 0 dB sound
pressure level (SPL) in 5 dB steps. For each ABR waveform,
400 responses were collected and averaged. ABR thresholds
were identified as the minimal stimulus level that evoked
any noticeable recording of waveforms at each frequency.
Wave I amplitudes (μV) were measured by averaging the Δ
V of both sides of the peak using the BioSigRZ software
(Tucker-Davis Technologies, USA). Thresholds and ampli-
tudes were measured by a researcher who was blind to the
information of mice in groups.

2.4. DPOAE Tests. DPOAEs were performed at baseline and
14 days after repeated noise exposure of groups 88dB SPL
(representative low intensity) and moderate and high intensi-
ties, by the DPOAE workstation with BioSigRZ software
(Tucker-Davis Technologies). For recordings, the left exter-
nal auditory meatus of mice was coupled to a ER10B+ micro-
phone (Etymotic Research). TwoMF-1 speakers were used to
deliver equal intensity primary tones, and the frequency ratio
(f2/f1) was 1.2 of which [32]. The amplitude of distortion
product (DP) at the frequency 2f1‐f2 was collected and aver-
aged 512 times, in response to centre frequencies at 8, 16, and
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22.6 kHz presented from 80 to 20 dB SPL (in 5 dB incre-
ments). The DPOAE threshold was defined as the point
where the DP can no longer be detected from noise [33].
Thresholds were measured by a researcher who was blind
to the information of mice in groups.

2.5. Whole-Mount Cochlear Immunofluorescence. At 14 days
after the noise exposure procedure, mice in different noise-
exposed groups and nonexposed control groups were deeply
anesthetized and sacrificed. Cochleae were immediately dis-
sected from temporal bones in 10mM phosphate buffer
saline (PBS) solution (Sigma, USA) and then perfused with
4% paraformaldehyde (Sigma, USA) at 4°C overnight. The
fixed cochlea was decalcified in 10% ethylene diamine tetraa-
cetic acid (Sigma, USA) solution until it became boneless.
The organ of Corti was dissected from the decalcified cochlea
and then separated into three parts (the apical, middle, and
basal turn) in the PBS solution. For immunofluorescence
(IF), the tissue was blocked in 10% bovine serum albumin
solution with 0.3% Triton X-100 (Sigma, USA) for one hour
at room temperature. Primary antibodies mainly included
rabbit anti-myosin VIIa (Abcam, UK, 1 : 500), mouse anti-
CtBP2 immunoglobulin (Ig) G1 (BD Biosciences, USA, 1 :
200), and rabbit anti-synaptophysin (SYP) (Abcam, UK, 1 :
500). Secondary antibodies used were Alexa Fluor 633-
conjugated goat anti-mouse IgG1 and Alexa Fluor 488-
conjugated goat anti-rabbit IgG (Invitrogen, USA, 1 : 200).

Images were acquired using a 40x water or 63x oil objective
lens on a LSM880 confocal microscope (Carl Zeiss, Ger-
many) with Z-stack scanning for 10μm. The maximum
intensity projection analysis was performed by using Zen
software (Carl Zeiss, Germany, version 3.0).

2.6. Morphometric Analysis. In order to map the location of
specific frequency on the organ of Corti in mice, we used a
location-to-frequency relationship formula as previous stud-
ies described [34, 35]: d ð%Þ = 156:5‐82:5 × log ð f Þ, where d
is the percentage of the distance from the base and f is the
frequency in kHz. For morphometric analysis, confocal
images at frequencies of 8, 16, and 22.6 kHz were mapped
(Figure 2(a)). For ribbon synapses, spots of CtBP2 staining
under each IHC were counted, and the counts of 10 to 12
continuous IHCs at a frequency were averaged for each sam-
ple (Figure 2(b)). For MOC efferent synapses [36, 37], the
area of SYP staining of each Z-stack maximum intensity pro-
jection image was measured and calculated by using ImageJ
software (National Institutes of Health, USA, version 1.8.0),
which was expressed as the density of MOC efferent synapses
of 5 to 6 continuous columns of three rows of outer hair cells
(OHCs) for each sample (Figure 2(c)).

2.7. Data Processing and Statistical Analysis. Data processing
and statistical analyses were performed using GraphPad
Prism (GraphPad Software Inc., USA, version 8.0). Con-
tinuous variables are presented as the mean (standard

ABR
DPOAE

Repeated noise
2-20 kHz, 2hrs, 7 days 

Day 1  2 3 4  5  6 7Baseline
1 day 

after NE

Low: 88, 91, 94 dB SPL
Moderate: 97, 100 dB SPL
High: 103, 106 dB SPL 14 days 

after NE

ABR
ABR

DPOAE
IF

Figure 1: Flowchart of the repeated noise exposure procedure. NE: noise exposure; ABR: auditory brainstem response; DPOAE: distortion
product otoacoustic emission; IF: immunofluorescence.
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Figure 2: Morphometric analysis of frequency located ribbon and MOC efferent synapses: (a) frequency mapping on the organ of Corti; (b)
ribbon synaptic counting; (c) MOC efferent synaptic measurement.
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deviation, SD) in tables. Cumulative distributions were
tested by using the Kolmogorov-Smirnov test. Two-way
ANOVA with Bonferroni post hoc tests was used to com-
pare the difference between multiple groups. P value <
0.05 was considered statistically significant. In the figures,
the error bar represents standard error of the mean
(SEM), NS represents P > 0:05, ∗ represents P < 0:05, and
∗∗ represents P < 0:01.

3. Results

3.1. Dose-Response Relations for Repeated Noise-Induced ABR
Threshold Shifts. ABR threshold shifts at 1 day after NE
(Figure 3(a)) and 14 days after NE (Figure 3(b)) for groups
of repeated noise exposure at various intensities were mea-
sured over frequencies from 4kHz to 32 kHz. No significant
threshold shifts were observed in groups of low-intensity
noise exposures at 88, 91, and 94dB SPL at any frequency
except for 32 kHz (Table 1). Because the frequency of 32
kHz in C57 mice was extremely vulnerable to hearing loss
related to a genetic defect of cadherin in the stereocilia [38,
39], this frequency was excluded from the following analyses
in this study. For moderate- to high-intensity repeated noise
exposures, threshold shifts at 1 day and 14 days after NE both
showed a more striking increase at higher frequencies with
intensity, while no significant PTSs showed at the frequency
of 4 kHz even under the strongest noise exposure (106 dB
SPL) at 14 days after NE. Moderate-intensity noise exposures
(97 and 100 dB SPL) induced significant threshold shifts over
frequencies from 8kHz to 22 kHz at 1 day after NE, but no
significant PTSs of which except for the 22 kHz in the group
of intensity at 100 dB SPL (Table 1).

3.2. Not Significant Auditory Effects Induced by Low-Intensity
Repeated Noise Exposure. For groups of low-intensity noise
exposures at 88, 91, and 94dB SPL without significant

threshold shifts of ABR, we further analysed DPOAE thresh-
old shifts (representative group of 88 dB SPL, Supplementary
Figure 1), ABR wave I amplitudes (Figures 4(a)–4(c)), ribbon
synaptic counts (Figures 4(d) and 4(f)), and the density of
MOC efferent synapses (Figures 4(e) and 4(f)) at 14 days
after repeated noise exposures, and no significant changes
of which were observed at neither 8 kHz, 16 kHz, nor 22.6
kHz frequencies.

3.3. Moderate-Intensity Repeated Noise Exposure Impaired
Cochlear Synaptic Morphology ahead of Function. For
moderate-intensity noise exposures, the group of 97 dB SPL
showed only TTSs at frequencies of 8, 16, and 22.6 kHz, while
the group of 100 dB SPL showed more serious threshold
shifts than that in the 97dB SPL group and even a PTS
(ABR and DPOAE threshold shifts) at the frequency of
22.6 kHz (Supplementary Figure 1). The frequency of 22.6
kHz was most vulnerable to repeated acoustic trauma on
ABR wave I amplitudes, ribbon synapses, and MOC
efferent synapses in groups of moderate-intensity noise
exposures (Figures 5(c)–5(f)). Despite the considerable
degree of threshold shifts at 1 day after NE (averaged 21.82
dB for group 97 dB SPL and 30.5 dB for group 100 dB SPL),
16 kHz was the most robust frequency against the synaptic
degeneration from repeated noise exposures at 97 dB SPL;
however, it showed a mild but significant decrease of wave I
amplitudes and ribbon synaptic counts in the 100 dB SPL
group (Figures 5(b) and 5(d)). Notably, changes at a
frequency of 8 kHz indicated that the lower moderate-
intensity (97 dB SPL) repeated noise exposures induced the
cochlear ribbon and MOC efferent synaptic degeneration
(Figures 5(d) and 5(e)) before ABR wave I amplitudes
decreased (Figure 5(a)).

3.4. High-Intensity Repeated Noise Exposure Impaired Outer
Hair Cells despite Cochlear Synaptic Degeneration. In
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consideration of PTSs induced by repeated high-intensity
noise exposures, we performed DPOAE tests and HC count-
ing at 14 days post exposures. No significant loss of HCs was
found, even for the group of highest intensity (Supplemen-
tary Figure 2), while significant DPOAE threshold shifts
were essentially consistent with PTSs at frequencies of 8,
16, and 22.6 kHz for each group (Table 1 and Figure 6(a)).
In accordance with expectations, ABR wave I amplitudes
and ribbon synaptic counts permanently reduced in high-
intensity noise-exposed groups (Figures 6(b)–6(e)).
However, to our surprise, the decrement of MOC efferent
synapses was not significant after repeated noise exposures
at high intensities except for that at the frequency of 22.6
kHz in the 106 dB SPL group (Figures 6(f)–6(h)).

4. Discussion

In this study, we explored and summarized the dose-
dependent pattern of cochlear functional and morphological

degeneration induced by repeated noise exposure at various
intensities from 88 to 106 dB SPL in a 3 dB step increment.

Despite numerous studies that have demonstrated noise-
induced cochlear synaptic degeneration in various animal
models [18, 19, 25, 39–42], most of them used a single,
short-duration noise exposure procedure extensively used
in CBA/CaJ mice, Sprague-Dawley rats, guinea pigs, etc.
The C57BL/6 strain mouse was not commonly used in previ-
ous NIHL studies, because it showed more severe ABR and
DPOAE threshold shifts at high frequencies compared with
CBA mice [39, 43], which was attributed to the genetic defect
in the stereocilia of carrying Cdh23ahl alleles [38]. However,
in recent years, since many laboratories have moved their
mutant genes of interest to the C57BL/6 background [44],
this strain was widely used for genetic studies, including
many NIHL studies [45–47]. Moreover, previous strain com-
parisons revealed that C57 mice were more susceptible than
CBAs in the older age group only [43], while a recent study
indicated that the susceptibility of noise-induced cochlear
ribbon synaptopathy in CBA mice was different from C57
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mice [31]. Thus, we chose to use young C57 mice aged four
weeks and followed up to the age of 7 weeks. In this study,
we provided the characterization of repeated noise-induced
injury to cochlear function, synaptic morphology, and their
dose-response relationships in C57BL/6J mice.

4.1. Smaller TTS Did Not Show Evidence of Cochlear or
Synapse Pathology with Repeated Exposure. Given the com-
pelling evidence that even moderate noise exposure can
result in cochlear synaptic degeneration, numerous studies
asked whether prolonged overexposure to various noise
levels that had been considered “harmless” would add signif-
icant risk to NIHL [48, 49]. One challenge in understanding
the cochlear consequence of noise is to overview damage pat-
terns of the wide range of possible stimulus parameters.
Referring to human daily exposures, we wondered if cochlear
synaptic degeneration results from repeated exposures at
lower SPLs.

Overall, in this study, one-week long repeated noise
exposure at relatively low intensities seemed to be benign
for young C57BL/6J mice during a moderate period (two

weeks in our results). The “low” intensities (up to 94dB
SPL) of broadband noise used in this study are remarkably
higher than that of environmental sounds, which did not
induce even temporary impairments on cochlear function
and synaptic morphology. These results could be supported
by some previous studies. Morgan et al. [27] exposed
Sprague-Dawley rats to 8-16 kHz octave-band noise at 97
dB SPL for 2 hours, which repeated for 4 consecutive days.
They demonstrated that daily repeated exposures result in
diminished TTS and recovered thresholds; moreover, no per-
manent reduction in suprathreshold ABR responses was
observed. Mannström et al. exposed female Sprague-
Dawley rats to 2-20 kHz broadband noise for 1.5 hours at
various intensities, which was repeated every six weeks. They
found that rats exposed to the repeated noise exposure at 101
and 104 dB SPL did not have any permanent impairment in
thresholds or ABR wave I amplitudes in comparison with
unexposed control rats [50]. Despite the species differences
in the noise dose required to generate cochlear injuries [51,
52], our results suggested that in C57 mice [27], there is also
a permissible dose of noise exposure that does not directly
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cause the significant TTS as well as the cochlear synaptic
degeneration. However, the long-term effects of accumulated
noise-induced trauma in cochlea synapses should be further
considered in future studies.

4.2. Damage Pattern of Repeated Noise Exposures. Noise-
induced cochlear damage may take various patterns underly-
ing different degrees and mechanisms for reversible or per-
manent impairments. To date, the sustained cochlear
damage across all mammalian species studies seems to prog-
ress similarly with the noise dose increase, which first occurs
in IHC ribbon synapses, then the stereocilia, later the loss of
HCs and ANs [52, 53]. Different from the single octave band
of noise extensively used in many previous studies [17, 18,
22], we used the repeated broadband noise at intensities from
97 to 106 dB SPL without producing significant loss of HCs,
in order to focus on the cochlear synaptic degeneration and
dysfunction of OHC stereocilia (reflected on DPOAE) and
their vulnerability at various frequencies. Notably, we took
not only ribbon synapses but also MOC efferent synapses
into consideration of the cochlear synaptic degeneration.

As expected, repeated noise-induced hearing threshold
shifts in C57 mice were more severe at higher frequencies,
which should be attributed to the dysfunction or damage of
OHC stereocilia. In this study, we further found that the vul-

nerability to repeated noise-induced cochlear synaptic
degeneration was more remarkable at the higher frequency
of 22.6 kHz and the lower frequency of 8 kHz, while the mid-
dle frequency of 16 kHz was most robust against synaptic
degeneration. For all frequencies, TTSs first occurred with
the increased doses of repeated noise exposure, which were
not always accompanied by synaptic degeneration. More-
over, the change of ribbon synaptic counts appeared to be
consistent with MOC efferent synapses under low- and
moderate-intensity noise exposure. However, PTSs accom-
panied by damage on DPOAEs were more likely to result in
loss of ribbon synapses rather than MOC efferent synapses
(Table 2). To our knowledge, this present study showed for
the first time that repeated noise exposure leading to cochlear
synaptic degeneration could also cause reduction of MOC
efferent synapses, which depended on the vulnerability of fre-
quency and function of OHCs.

As previous studies indicated, the relationship between
threshold shifts at 1 day after NE criterion change and ABR
amplitudes or synaptic counts at each frequency was quite
complicated [22, 51, 54, 55]. Among Sprague-Dawley rats,
only the 8-16 kHz bandpass noise exposures producing TTSs
at 1 day after NE greater than 30 dB could reduce ABR wave I
amplitudes, while the degree of ABR wave I reduction was
not related to the degree of threshold shifts [19]. However,
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Maison et al. reported significant cochlear ribbon synaptopa-
thy in CBA mice exposed to lower intensity but more pro-
longed octave noise that only produced a 15dB TTS [29].
Here, we found that the degree of threshold shifts at 1 day
after NE producing cochlear synaptic degeneration was par-
ticularly related to the frequency. Our results suggested that
approximately 10 dB at 8 kHz, 30 dB at 16 kHz, and 20 dB at
22.6 kHz of threshold shifts at 1 day post exposure are able
to result in permanent loss of ribbon synapses. Moreover,
the degree of threshold shifts at 1 day after NE progress fol-
lowing PTSs was about 30 dB at 8 kHz and 22.6 kHz, which
was higher than 40dB at a frequency of 16 kHz (Table 1).
The findings suggested that repeated or prolonged noise
exposure might cause greater cochlear synaptic degeneration
at lower and higher frequencies, in the order of ARHL pat-
terns of IHC synapse loss observed in human temporal bones
[56, 57]. Fernandez et al. previously demonstrated that
CBA/CaJ mice exposed to 8-16 kHz noise at 91 dB SPL for
2 hours or 8 hours produced no loss of synapses at 16 kHz
and below, while the synaptic loss increased with frequency
for 8-hour exposure compared with the 2-hour exposure
[22]. Repeated exposures to the single noise that induced
only TTSs resulted in cumulative cochlear ribbon synaptopa-
thy at frequencies of 16 kHz and above as well [58]. These
results suggested that repeated noise overstimulation proba-
bly accelerates the cochlear synaptic degeneration in the ani-
mal model of ARHL [59].

4.3. Potential Effects on MOC Efferent Synapses of Repeated
Noise Exposure. It is widely accepted that the feedback from
the MOC efferent system can protect cochlear ribbon synap-
topathy from both acute and chronic noise exposures [29, 60,
61]. Maison et al. removed all efferent feedback to the inner
ear by cutting the efferent bundles, whereas the sectioning

of the efferent fibers greatly exacerbated the ribbon synapto-
pathy in both basal and apical regions of the cochlea in
CBA/CaJ mice under one-week exposure at 84 dB SPL [29].
A recent study used mice with a gain-of-function point
mutation in the α9 subunit of the nicotinic acetylcholine
receptor, which strengthened cochlear suppression of the
MOC efferent system protecting the loss of ribbon synapses
from acoustic injury [62]. The aging-induced MOC system
decline has been demonstrated in numerous previous stud-
ies. The density of MOC efferent terminals decreased with
age prior to OHC degeneration, as measured by contralateral
suppression (CS) of DPOAEs in humans and CBA mice [63,
64].

However, it remains unclear whether noise exposure
results in damage to MOC efferent nerves. Only a few studies
have focused on damage to efferent nerve endings following
noise exposure. Although the previous work failed to observe
any effects on CS of acute recreational noise exposure in nor-
mal hearing threshold adults [65], Boero et al. first demon-
strated that acute 1-16 kHz noise exposure at 100 dB SPL
for 1 hour can produce degeneration of MOC terminals con-
tacting the OHCs [60]. Consistently in this study, we first
demonstrated that repeated noise exposure in C57 mice also
results in MOC efferent synaptic degeneration. Our results
indicated that the MOC efferent synapses showed strong
resistance to noise damage, as well as partial protection from
ribbon synaptopathy at middle frequencies of 16 kHz
(Table 2), in accordance with the distribution of MOC termi-
nals as previous observations [63, 66]. Further studies to
reveal repeated noise-induced functional changes of MOC
efferent nerves need to be performed in the future.

Notably, we found that various repeated noise-induced
effects on patterns of TTSs, PTSs, ABR wave I amplitudes,
ribbon, and MOC efferent synaptic degeneration were quite

Table 2: Cochlear function and synaptic morphology changes related to repeated noise exposure at various intensities.

Frequency Intensity (dB SPL)
Function Synaptic morphology

Threshold shifts
at 1 day after NE

Threshold shifts
at 14 days after NE

Decreased ABR
wave I amplitude

Ribbon
synaptopathy

MOC efferent
synaptic degeneration

8 kHz

Low 88, 91, 94 (-) (-) (-) (-) (-)

Moderate
97 (+) (-) (-) (+) (+)

100 (+) (-) (+) (+) (+)

High
103 (+) (-) (+) (+) (-)

106 (+) (+) (+) (+) (-)

16 kHz

Low 88, 91, 94 (-) (-) (-) (-) (-)

Moderate
97 (+) (-) (-) (-) (-)

100 (+) (-) (+) (+) (-)

High
103 (+) (+) (+) (+) (-)

106 (+) (+) (+) (+) (-)

22 kHz

Low 88, 91, 94 (-) (-) (-) (-) (-)

Moderate
97 (+) (-) (+) (+) (+)

100 (+) (+) (+) (+) (+)

High
103 (+) (+) (+) (+) (-)

106 (+) (+) (+) (+) (+)

(+) indicates significant change; (-) indicates nonsignificant change.
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complex. For instance, although both ribbon and MOC effer-
ent synapses decreased at frequency of 8 kHz, ABR wave I
amplitudes reduced in group 100 dB SPL rather than 97 dB
SPL (Figure 4). We proposed that the different damage pat-
terns may depend on balance of the degree of injury of vari-
ous inner ear elements, especially the MOC efferent feedback.
Besides, repeated high-intensity noise exposures enabled
production of PTSs unexpectedly resulting in slighter MOC
efferent synaptic degeneration than that under moderate-
intensity noise. These results suggested that noise-induced
PTS may alter synaptopathic outcomes. Fernandez et al.
recently assessed the dose-response effects on ribbon synap-
topathy and HC damage of acute 8-16 kHz octave-band noise
exposure in CBA/CaJ mice. They also observed that higher-
level noise exposure producing mixed sensory and neural loss
resulted in smaller synapse losses, despite greater declines in
suprathreshold ABR amplitudes [53]. Underlying mecha-
nisms might involve HC injury attenuating the direct stimu-
lus on synapses, which protected them from synaptic
excitotoxicity [17].

5. Conclusions

In summary, we demonstrated the dose-dependent charac-
terization of the repeated noise-induced injury to cochlear
function, synaptic morphology, and their complex dose-
response relationships in C57BL/6J mice. We proposed that
the noise-induced various cochlear damage patterns attribute
to the balance of degrees of injury on HCs, ribbon and MOC
efferent synapses, etc. Notably, this study provided a sight
into the hypothesis that the interruption in synaptic commu-
nication between MOC efferent terminals and OHCs,
together with loss of ribbon synapses, contributes to pro-
longed noise-induced cochlear synaptic degeneration.
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Hearing loss is a debilitating disease that affects 10% of adults worldwide. Most sensorineural hearing loss is caused by the loss of
mechanosensitive hair cells in the cochlea, often due to aging, noise, and ototoxic drugs. The identification of genes that can be
targeted to slow aging and reduce the vulnerability of hair cells to insults is critical for the prevention of sensorineural hearing
loss. Our previous cell-specific transcriptome analysis of adult cochlear hair cells and supporting cells showed that Clu, encoding
a secreted chaperone that is involved in several basic biological events, such as cell death, tumor progression, and
neurodegenerative disorders, is expressed in hair cells and supporting cells. We generated Clu-null mice (C57BL/6) to
investigate its role in the organ of Corti, the sensory epithelium responsible for hearing in the mammalian cochlea. We showed
that the deletion of Clu did not affect the development of hair cells and supporting cells; hair cells and supporting cells appeared
normal at 1 month of age. Auditory function tests showed that Clu-null mice had hearing thresholds comparable to those of
wild-type littermates before 3 months of age. Interestingly, Clu-null mice displayed less hair cell and hearing loss compared to
their wildtype littermates after 3 months. Furthermore, the deletion of Clu is protected against aminoglycoside-induced hair cell
loss in both in vivo and in vitro models. Our findings suggested that the inhibition of Clu expression could represent a potential
therapeutic strategy for the alleviation of age-related and ototoxic drug-induced hearing loss.

1. Introduction

Hearing loss is one of the most common sensory impair-
ments in humans, affecting approximately 1.3 billion people
worldwide [1]. Sensorineural hearing loss, which accounts
for a large proportion of hearing loss, is permanent and often
caused by acoustic trauma, ototoxic drugs, aging, environ-
mental factors, and genetic defects. Hearing loss affects
speech understanding [2], which can lead to isolation,
depression, and dementia [3]. However, to our knowledge,
no drugs have been identified that can treat or prevent senso-
rineural hearing loss. The hair cells in the cochlea of the
mammalian inner ear are mechanosensitive receptor cells
that transduce mechanical stimuli into electrical signals.
Two types of hair cells exist in the cochlea. The inner hair
cells (IHCs) are the actual sensory receptors that relay

electrical signals to the central auditory system through
the spiral ganglion neurons, whereas outer hair cells
(OHCs) amplify the mechanical signals in the cochlea
[4]. Cochlear supporting cells maintain homeostasis of
the ionic and chemical environment of the cochlea as well
as contribute to the stiffness of the cochlear partition. Sup-
porting cell defects can also lead to hair cell degeneration
and hearing loss [5]. All hair cells, including those in the
inner ear of nonmammals, are vulnerable to aging, noise,
and ototoxicity drugs. The molecular mechanisms that
underlie hair cell aging and vulnerability to mechanical
and chemical insults remain unclear [6].

Clusterin (CLU) is a secreted chaperone protein involved
in several basic biological events, such as cell death, tumor
progression, and neurodegenerative disorders. CLU is
expressed in many tissues in humans and animals, such as
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the testis, epididymis, kidneys, heart, lungs, uterus, ovary,
breast, and prostate [7]. Moreover, CLU has been found in
the bodily fluids of almost all vertebrates, from zebrafish to
humans [8, 9]. CLU plays important roles in protein homeos-
tasis/proteostasis, the inhibition of cell death pathways, and
the modulation of prosurvival signaling and transcriptional
networks [10]. Previous studies have shown that CLU is asso-
ciated with neurodegenerative diseases, immune diseases,
aging, and cancer [10].

Our previous study used cell type-specific RNA sequenc-
ing (RNA-seq) analyses which show that Clu is expressed in
hair cells and supporting cells [11, 12]. In the present study,
we generated a Clu-null mouse model to examine the role
of CLU in the inner ear. We compared changes in inner ear
morphology and function between Clu-null and wild-type
(WT) mice. We showed that deletion of Clu did not affect
the development of cochlear hair cells and supporting
cells; however, Clu deficiency delayed the onset and pro-
gression of age-related hearing loss (ARHL) and reduced
aminoglycoside-induced hair cell and hearing loss.

2. Materials and Methods

2.1. Ethics Statement. All experimental procedures were
approved by the Animal Ethics Review Committee of Capital
Medical University. The usage of animals followed the Guide
for Use of Laboratory Animals of the Capital Medical Uni-
versity in Beijing, China. Clusterin Knockout Mice and
Genotyping Clusterin knockout mice were generated on
C57BL/6 background by CRISPR/Cas9 technology. The Clu
was deleted by replacing exon 3 of the Clu gene, which results
in a 583 bp deletion. Genomic DNA was extracted from the
tails of the newborn pups (N = 4 each group). The genomic
DNA fragment around the guide RNA target site was ampli-
fied by Clu-KO-specific PCR primers as the following primer
sets: forward:5′-CAACCGCATCAGGTAGA-3′; reverse:5′
-ACCCAC AGCAAGGGTTAG-3′. F0 mice were bred to
generate F1 mice. The PCR cycling parameters were as fol-
lows: 94°C for 3min; 35 cycles of 94°C for 30 s, 56°C for
60 s, 72°C for 60 s; 72°Cfor 10min. PCR products were sepa-
rated on 1.5% agarose gel, and the expected band sizes for
WT (wild-type) and knockout alleles were 1063 and
480 bps, respectively (Figure 1(b)). The DNA from the F1 off-
spring generation was sequenced to verify the mutation
(Figure 1(c)). F2 generation was obtained by intercrossing
heterozygous F1 offspring.

2.2. Auditory Brainstem Response (ABR) Measurements. ABR
thresholds were measured with tone burst stimuli at fre-
quencies of 8, 16, and 32 kHz in a sound-isolated chamber
using a Tucker-Davis Technologies System workstation
(RZ6) with SigGen32 software (Tucker-Davis Technologies
Inc., Alachua, FL, USA). Mice were anesthetized with a
ketamine/xylazine (18 : 2mg/ml) solution (100/10mg/kg
body weight) and then placed on a soft pad. Subcutaneous
electrodes were placed between the ears at the forehead for
noninverting, underneath the left external ear for invert-
ing, and back near the tail for ground lead. Auditory
brainstem response (ABR) intensity series were collected

with a descending series of stimulus levels in 5 dB steps
beginning at 90 dB SPL. At least 6 mice per group/age
were used for ABR hearing assessment. Following the
ABR hearing measurements, tissues from the same mice
were used to conduct histopathological and biochemical
analyses.

2.3. Distortion Product Otoacoustic Emission (DPOAE)
Measurements. DPOAE responses were recorded from anes-
thetized mice using TDT RZ6. The cubic (2f1-f2) DPOAE
thresholds were obtained at a range of frequencies (4-
32 kHz), evoked using two equal intensity primary stimuli
about the test frequency, and applied to the ear canal using
two speakers coupled via a microphone probe. Stimuli were
decreased in intensity from 80 to 20dB in 5 dB increments
to establish thresholds. The threshold of DPOAE was defined
as 6 dB above the noise floor. We used at least 6 mice per
group for DPOAE assessment.

2.4. Cochlear Tissue Processing. After ABR testing, the mice
were sacrificed by cervical dislocation and decapitation, and
the cochleae were quickly separated from the temporal bone
on the culture dish with 4% paraformaldehyde solution.
Under a dissecting microscope, a hole was poked at the apex
of the cochlea, and the round and oval windows were opened
with a needle. The cochlea was perfused with 4% parafor-
maldehyde solution instead of lymph fluid via the apex
and preserved with 4% paraformaldehyde solution at 4°C
overnight. Then, the specimen was decalcified in 10% eth-
ylenediaminetetraacetic acid (EDTA) solution for 1.5
hours. The cochlea shell was removed from the apex to
base in PBS solution. The basilar membrane was harvested
without the vestibular membrane and tectorial membrane.
Six cochleae from 6 mice were used for histopathological
assessment for each group/age.

2.5. Immunostaining and Laser Confocal Microscopy. The
samples were washed three times in PBS and preincubated
for 1 hour at room temperature in a blocking solution of
10% normal goat serum in 0.01M PBS with 0.25% Triton
X-100. Next, the samples were incubated with a combination
of antibodies about rabbit antimyosin VIIa (1 : 300, Proteus
Biosciences, 25-6790), left at 4°C overnight. After incubation,
the samples were washed in PBS three times and incu-
bated with the appropriate secondary antibodies coupled
to Alexa Fluor in green, red channels at room temperature
for 1 hour. After incubation, the samples were washed in
PBS three times, and approximately 40μL of DAPI (4, 6-
diamidino-2-phenylindole; Santa Cruz) was applied for
the nucleus staining.

Cochlear tissues were fixed with 4% paraformaldehyde in
PBS overnight at 4°C. The specimens were decalcified over
12 h in 10% EDTA. The preparations then were dehydrated
with graded alcohol series, cleared with xylene, and then
embedded in paraffin. Paraffin-embedded specimens were
cut into 10-μm-thick sections and then stained with H&E.
Confocal images were acquired using Leica confocal micro-
scope (TCS SP8 II; Leica Microsystems, Wetzlar, Germany).
20x magnification was used for imaging and cell counting.
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We used Myosin VIIa to label hair cells and DAPI to
mark the nucleus of supporting cells underneath the hair cells
for supporting cell count. To make cell count results compa-
rable between mice of different ages and genotypes, we com-
pared the actual number of supporting cells to the number of
hair cells in the same cochlear location to obtain their relative
percentages.

2.6. Drug Administration In Vivo. 6-week-old mice were
divided into three groups: control group, WT group, and
Clu-/- group (N = 6 for each group). In the control group,
mice were given a subcutaneous injection of saline followed
by an intraperitoneal injection of saline 30 minutes later. In
the other two groups, mice were injected subcutaneously
with kanamycin (0.1mg/g of body weight; Sigma-Aldrich,
St Louis, Missouri), dissolved in phosphate-buffered saline
(PBS), followed by an intraperitoneal injection of furose-
mide (0.3mg/g of body weight) 30 minutes later. For each

group, ABR threshold was measured before injection and
10 days after coadministration of kanamycin and furose-
mide injection.

2.7. Organotypic Culture of the Organ of Corti and Drug
Administration. Three-day-old mice were divided into three
groups (control group, WT group, and Clu-/- group (N = 6
each group) for culture. The basilar membrane together with
the organ of Corti were dissected out and place on the bottom
of culture dish as previously described [12] in a humidified
CO2 incubator at 37

°C. After 24 hours, the culture medium
in the WT group and Clu-/- group was replace with fresh
DMEM/F12 mediums containing 150μM gentamicin, while
the control group was replaced with DMEM/F12 medium.
The culture continued for another 36 hours.

2.8. Small Molecule Fluorescent In Situ Hybridization.
Cochleae from 21-day-old (C57BL/6) mice were dissected

Target site Target site

Exonl 2 3 4 5 6 7

Clu genomic structure

WT

KO

(−583 bp)

8 9

CCTTGAAATATTCTCTGTGGCTGTTGGCTCTCCA

CTGGACTGA
GGCGGTCCTCGAAGGGTTCCGCTAATGCTGGACTGA

CCTTGAAATATTCTCTGTG

(a)

11 12

−/− +/−

13 14 15 16 17 DL5000

WT: 1063 bp
KO: 480 bp

(b)

WT: AATATTCTCTGTGGCTGTTGGCTCTCC

KO: AATATTCTCTGTG 583 bp CTGGACTGAGGAGCC

A A T A T T C T C T G T G C T G G A C T G A G G A G C C A G G G A A

(c)

Figure 1: Construction of Clu knockout mice. (a) Schematic drawing showing the strategy used for Clu gene disruption. The target sites of
clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9 small guide RNAs (sgRNAs) in the Clu gene are indicated in red, and
the deleted region of the Clu gene in knockout mice is indicated by dashes. The positions of RT-PCR primers are indicated by arrows. (b) PCR
products were separated on a 1.5% agarose gel, and the expected band sizes for WT and knockout (KO) alleles were 1,063 and 480 bps,
respectively. (c) Sequencing results for homozygotes. The black arrows represent wild-type sequences, and the red arrows represent
sequences following the deleted fragment.
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out and placed in 4% PFA in PBS at room temperature for 24
hours, followed by decalcified in 120mM EDTA in 4%PFA at
4°Cfor 3 days until the bony tissue was soft and flexible. The
tissues were washed in PBS, dehydrated using a standard eth-
anol series, followed by xylene. After the cochlear wall was
removed, the tissues were embedded in paraffin. After paraf-
fin embedding, the blocks were allowed to harden overnight
before the tissues were sectioned along the perpendicular
plane on a Leica microtome into 5-10μm sections and
mounted on Superfrost plus slides.

To examine the mRNA level expression of Clu, the
RNAscope-based small molecule fluorescent in situ hybridi-

zation (smFISH) assay from Advanced Cell Diagnostics
(ACD) was used. The paraffin-embedded sections mounted
on the slides were baked for one hour at 60°C followed by
deparaffinization step (xylene 5min. 2x, 100% ethanol for
1min. 2x, and dried at room temperature for 5min.). A min-
imum of two sections from different cochlear regions were
selected for smFISH. The tissue sections were covered with
5 to 8 drops of RNAscope hydrogen peroxide and incubated
at room temperature for 10min, followed by two washes in
fresh distilled water. Slides were dried at room temperature,
and a barrier was drawn around each tissue sample using
an Immedge hydrophobic barrier pen. The protocol was
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Figure 2: Clu expression in the organ of Corti of the cochlea. (a) RNA-seq in the adult CBA/J mouse cochlea showed Clu expression in OHCs,
IHCs, pillar cells, Deiters’ cells, and melanocytes, with strong expression in OHCs. (b) RNA-Seq examining gene expression during mouse
inner ear development showed Clu expression in hair cells (GFP+) and supporting cells (GFP−) in the mouse cochlea, from E16 to P7. (c)
Temporal expression patterns of Clu mRNA in the mouse inner ear. Clu mRNA transcripts were strongly expressed at P12, with slight but
significantly decreased expression with aging. N = 4. (d) In situ hybridization performed in the WT cochlea at P21 showed Clu expression
in OHCs and stronger expression in the pillar and Deiters’ cells.
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conducted following the RNAscope 2.5 HD Detection
Reagent, RED user manual, and published protocols. The
proprietary gene-specific probe for Clu targets region n. 436
to 1335 (20 probe pairs). After completing the hybridization,
amplification, and color detection steps, the slides were incu-
bated with DAPI for 10 minutes. Finally, the slides were
washed in 1X PBS and allowed to dry at room temperature.
A drop of SlowFade (Invitrogen) was placed over the tissue
and a coverslip was added to preserve the sample. Slides were
imaged on a Zeiss LSM 710 confocal microscope. Images
were analyzed using ImageJ.

2.9. RNA Extraction and Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR). Total RNA was extracted from
the inner ear of C57BL/6 wild-type mice using the RNeasy
Mini kit (Tiangen, China). The RNase-free DNase set (Tian-
gen) was used to remove contaminated DNA. RNA concen-
tration and purity were estimated via spectrophotometry by
measuring the absorbance at 260nm and 260/280 nm ratio,
respectively. cDNA was synthesized from RNA using the
High Capacity cDNA Reverse Transcription Kit (KAPA
BIOSYSTEMS, USA) and oligo-dT primers. Subsequently,
qRT-PCR was performed to analyze Clu expression at post-

natal days 3 (P3), 12 (P12), 30 (1m), and 180 (6m). Four
mice per group/age were used. qRT-PCR primers were
designed based on published reference sequences in the
National Center for Biotechnology Information database
(NM_013492.3). qRT-PCR was performed using the KAPA
SYBR®FAST qPCR Kit Master Mix (2X) Universal (KAPA
BIOSYSTEMS) on a StepOnePlus Real-Time PCR System.
Each sample was run in triplicate along with the housekeeping
gene, GAPDH. Relative quantities of the transcripts were deter-
mined using 2−△△CT method using GAPDH as a reference.

2.10. Statistical Analyses. Data have been expressed as
means ± standard deviation. Statistical analyses were per-
formed with SPSS 13.0 software (IBM, Chicago, IL, USA).
A one-way analysis of variance was performed to compare
groups. Differences between groups with p < 0:05 were con-
sidered statistically significant.

3. Results

3.1. Clu Expression in the Organ of Corti. We first examined
the expression of Clu in the organ of Corti based on pub-
lished transcriptomes from OHCs, IHCs, pillar cells, Deiters’

OHC
IHC

P1m

25 𝜇m

5 𝜇m

(c)

Figure 3: Hearing and basilar membrane morphology of Clu-/- mice in one month. (a) ABR hearing thresholds and DPOAE hearing
threshold were measured at 32, 16, and 8 kHz in Clu−/− and WT mice at P1m. N = 6. (b) Cochlear basilar membrane morphology of
Clu−/−mice at P1m. (c) Organ of Corti in the basal cochlear regions of P1m Clu−/−mice. No hair cells or supporting cell defects were observed.
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cells, and stria melanocytes [11, 12]. As shown in Figure 2(a),
Clu is expressed in hair cells and supporting cells. Figure 2(b)
presents the expression of Clu in developing hair cells and
supporting cells based on the dataset published by Scheffer
et al. [13]. Cluwas expressed in developing hair cells and sup-
porting cells. To confirm the temporal patterns of Clu
expression in the mouse inner ear, we performed quantita-
tive real-time polymerase chain reaction (qRT-PCR) at P3,
P12, P1m, and P6m. Clu mRNA transcripts were strongly
expressed at P12, which slightly decreased with aging (i.e.,
at 1m and 6m) (Figure 2(c)). We also used smFISH to
examine the spatial expression of Clu in the cochlea at
P21. As shown in Figure 2(d), Clu was expressed in
OHCs, but stronger expression was observed in the pillar
and Deiters’ cells.

3.2. Auditory Function of Clu−/− Mice. We measured ABR
from Clu−/− and their WT littermates at P15 and P30.
Figure 3(a) shows the mean ABR thresholds at 8, 16, and
32 kHz. We also measured DPOAE thresholds from these
animals. It is clear from Figure 3(a) that the ABR and
DPOAE thresholds of the Clu-/- mice are not statistically dif-
ferent from those of the WT mice. This indicated that dele-

tion of Clu did not affect the development of hair cells and
auditory function at 1 month of age.

3.3. Hair Cells and Supporting Cell Morphology in Clu−/−

Mice. To investigate the morphology of the organ of Corti
of Clu−/− mice, we performed histological analyses on
cochlear sections from WT and Clu−/− mice at P3, P15, and
P1m. Some examples are presented in Figure 3. We counted
the total number of hair cells and found the numbers of hair
cells and supporting cells in Clu−/− mice were not signifi-
cantly different from the WT mice. Furthermore, we exam-
ined morphology of the organ of Corti in the basal turn in
P15 and 1m-old Clu−/− mice using HE staining. No defects
were observed in either the hair cells or supporting cells in
the Clu-/- cochleae. Thus, deletion of Clu did not affect the
development of hair cells and supporting cells.

3.4. Clu Deficiency Delays Onset and Progression of Age-
Related Hearing Loss. To investigate whether Clu plays a role
in the maintenance of auditory function or ARHL, we con-
ducted ABR tests in WT and Clu−/− mice at 2, 4, 6, and 9
months of age. The ABR thresholds at 8, 16, and 32 kHz are
presented in Figure 4. It is apparent that the ABR thresholds
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Figure 4: Assessment of age-related auditory dysfunction. (a) ABR hearing thresholds were measured at 32, 16, and 8 kHz in WT and Clu−/−

mice at P2m, P4m, P6m, and P9m. Clu deficiency delayed ARHL in C57BL/6 mice. Data are presented as themean ± SD. ∗p < 0:05, ∗∗p < 0:01
. N = 6. (b) ABR thresholds of WT and Clu−/− mice at P2m, P4m, P6m, and P9m. N = 6.
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Figure 5: Assessment of age-related morphology of hair cells and supporting cells. (a) Cochlear basilar membrane immunostaining in P2m,
P4m, P6m, and P9m Clu−/− mice. (b) Cochlear basilar membrane immunostaining in P2m, P4m, P6m, and P9m WT mice. The number of
remaining hair cells in Clu−/− mice was significantly higher than that in WT mice at the same age. (c) Quantification of OHCs and IHCs in
mice at P2m, P4m, P6m, and P9m across all tested frequencies in WT and Clu−/− mice. Data are presented as the mean ± SD. ∗p < 0:05, ∗∗
p < 0:01. N = 6. (d) Quantification of supporting cells at P4m, P6m, and P9m in WT and Clu−/− mice. The red box shows a typical section
after three-dimensional reconstruction. The percentages of supporting cells and hair cells showed no significant differences between WT
and Clu−/− mice. N = 6.

9Neural Plasticity



of WT at 16 and 32 kHz were elevated with age. Interestingly,
the threshold elevation of Clu−/− mice at 16 and 32 kHz was
significantly less comparing to that of theWTmice. This sug-
gests that deletion of Clu has altered the onset and progres-
sion of ARHL.

ARHL in C57BL/6 mice develops as a result of the degen-
eration of sensory hair cells [2, 14–16]. We performed histo-
logical analyses on cochlear sections from WT and Clu−/−

mice at 2, 4, 6, and 9 months. The cochleae from WT and
Clu−/− mice at 2m displayed no evidence of IHC or OHC
loss. At 4m, the basal region of the cochleae from WT mice
displayed severe loss of OHCs, whereas the basal region of
the cochlea from Clu−/− mice displayed no loss of hair cells.
At 6 and 9 months, bothWT and Clu-/-mice showed hair cell
loss. However, the number of remaining OHCs in Clu−/−

mice was significantly higher than that of the WT mice, in

both the middle (p < 0:05) and basal turn (p < 0:05) of the
cochleae. We also counted the number of Deiters’ cells from
WT and Clu−/− mice at these ages. The number of Deiters’
cells was comparable that of OHCs (Figure 5(d)).

3.5. Clu Deficiency Protects Hair Cell Loss against Ototoxicity
Induced by Coadministration of Kanamycin and Furosemide.
Both WT and Clu−/−mice were treated with the combination
of kanamycin and furosemide at 7–8 weeks to examine drug-
induced hearing loss. Before drug treatment, the ABR thresh-
old was measured to ensure that all mice used had normal
auditory function. Figure 6 shows the ABR threshold shifts
of WT and Clu−/−mice treated with furosemide and kanamy-
cin. The threshold shifts were calculated by subtracting the
ABR thresholds of the untreated control WT mice from the
ABR thresholds of the treated WT and Clu-/- mice. The
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Figure 6: Clu deficiency protects hearing ability and inhibits sensory cell death induced by the coadministration of kanamycin and
furosemide. (a) Assessment of auditory dysfunction in WT and Clu−/− mice treated with furosemide plus kanamycin. N = 6. (b)
Quantification of OHCs and IHCs in WT and Clu−/− mice after treatment with furosemide plus kanamycin. Data are presented as the
mean ± SD. ∗p < 0:05, ∗∗p < 0:01. N = 6. (c) Representative confocal microscopy images from WT and Clu−/− mice after treatment with
furosemide plus kanamycin.
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results showed that 10 days after drug treatment, the ABR
threshold shifts of WT mice were significantly greater than
the Clu-/-mice, suggesting that Clu deficiency protected hear-
ing loss against furosemide and kanamycin ototoxicity.

After the hearing test, we used immunohistochemistry to
assess hair cell damage. The observed hair cell damage was

consistent with the functional deficits indicated by the ABR
measurements. The area of the basal turn showed more hair
cell loss than the areas of the middle and apical turns, and
OHC loss was much greater than IHC loss. In WT and
Clu−/− mice, OHCs completely disappeared from the basal
regions of the cochlea; however, the numbers of remaining
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Figure 7: Clu deficiency attenuates gentamycin-induced cochlear hair cell death in vitro. (a) Representative images of myosin-stained hair
cells in the CBM after exposure to the gentamycin (GM). n = 6 CBMS per condition. (b) Quantification of myosin staining in IHCs and
OHCs. Data are presented as the mean ± SD. ∗p < 0:05, ∗∗p < 0:01. N = 6. (c) The percentages of supporting cells and hair cells showed no
significant differences between WT and Clu−/− mice. N = 6.
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OHCs in the middle and basal turns were significantly higher
in Clu−/− mice than in WT mice (Figure 6, ∗p < 0:05), sug-
gesting that Clu deficiency protested hair cell death. To con-
firm protection, we performed experiments in organotypic
culture of the organ of Corti in which concentration of gen-
tamicine can be controlled. As shown in Figure 7, treatment
with 150μM gentamicin after 36 hours significantly reduced
the number of hair cells in cultured cochlear explants in cul-
ture from theWTmouse. The number of remaining hair cells
in the cochlea derived from Clu−/− mice was significantly
higher than that in cochlea derived from WT mice. This
result was consistent with our in vivo findings, further vali-
dating the protective role played by Clu deficiency (Figure 7).

4. Discussion

HCs in the inner ear cochlea function in transducing
sound waves into electric signals [17–21], while supporting
cells function in supporting the HCs and providing the
potential pool for HC regeneration [22–26]. Damages
from a variety of sources can impair HC function, includ-
ing genetic factors, aging, ototoxic drugs, chronic cochlear
infections, and noise exposure [19, 27–31]. In this study,
we reported the protective effect of Clusterin deficiency
against age-related hearing loss and drug-induced ototox-
icity, which are both due to irreversible loss of sensory
HCs [32–36] and degeneration of the spiral ganglion neu-
rons (SGNs) [37–42]. CLU is an extracellular chaperone
protein that has been implicated in diverse physiological
and pathophysiological cellular processes. Clu expression
has been shown to be upregulated in response to cellular
stress and under certain environmental conditions, such
as during neurodegenerative diseases and cancer. In the
current study, we investigated the role of CLU in the inner
ear. We found that Clu deletion protected cochlear hair
cells against aging and ototoxicity, which is the evidence
that gene deletion can promote hair cell survival against
aging and ototoxicity.

The RNA-seq data showed that Clu was expressed in
both hair cells and supporting cells [13, 43]. Our RNA-
scope results showed that stronger expression was observed
in the pillar and Deiters’ cells, which is consistent with the
results reported by Lee et al. [44]. These differences between
the RNA-seq and in situ hybridization may be due to differ-
ence of sensitivity between RNA-seq and in situ
hybridization.

We examined hearing thresholds and hair and sup-
porting cell morphology in Clu−/− mice after birth. Com-
pared with WT mice, the ABR and DPOAE thresholds
of the Clu−/− mice were not significantly different from
those of the WT mice within the first month after birth,
which indicated that the deletion of Clu did not affect
the development of hair cells and supporting cells. This
also suggests that the biological processes involved with
Clu are not related to differentiation and development of
hair cells and supporting cells.

ARHL, or presbycusis, is a progressive decline in hearing
function and is the most prevalent type of SNHL in the
elderly. ARHL is characterized by higher hearing thresholds,

beginning at high frequencies and spreading toward low fre-
quencies, accompanied by the loss of HCs and SGNs from
the basal to apical turn [45–48]. Surprisingly, we found that
deletion of Clu slows onset and progression of age-related
hair cell and hearing loss.

Clusterin is a glycoprotein that acts as a molecular chap-
erone to help cells cope with the presence of denatured, mis-
folded, or aggregated proteins. It often plays a protective role
in the pathological processes of various diseases [10, 49]. Our
results appeared to be contradictory to the traditional view of
CLU function. However, studies of Clu mutations in Alzhei-
mer’s disease have suggested that CLU is associated with a
high risk of late-onset Alzheimer’s disease [50, 51]. No stud-
ies have been done to examine the relationship between CLU
and hearing.

Many stress stimulators like ototoxic drugs had been tes-
tified to vast ROS production in HCs [52–58]. After observ-
ing the protective effects of Clu deficiency against ARHL
and considering the importance of hair cells in drug-
induced deafness, we evaluated whether Clu deficiency could
confer protection against aminoglycoside ototoxicity by per-
forming both in vivo and in vitro experiments. Our results
showed that Clu deficiency protected hair cell death. The sen-
sory hair cells of the inner ear are the primary target of ami-
noglycoside ototoxicity, and no therapies are currently
available that can prevent ototoxicity. The mechanism
through which Clu deficiency protects hair cells from oto-
toxic drugs remains unclear.

We speculate that the protective effects of Clu defi-
ciency in hair cells may be the result of direct effects on
hair cells, indirect effects mediated by supporting cells, or
a combination of effects associated with both hair cells
and supporting cells. Supporting cells may exert various
effects on hair cells by providing an environment where
hair cells can live [59, 60]. Some recent studies have
shown that supporting cells may promote hair cell repair
when Atoh1 is overexpressed in Deiters’ cells [61, 62]. Dei-
ters’ cells may also release organelles to promote survival
of hair cells in response to stress [63].

In summary, our results revealed the protective effects of
Clu deficiency in cochlear hair cells. Thus, Clu may be a
good target gene for therapeutic interventions to slow ARHL
and prevent ototoxic drug-induced hearing loss. Future
work is necessary to determine the molecular mechanism
through which Clu deletion protects against age-related hair
cell apoptosis and aminoglycoside-induced hair cell loss.
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As part of the inner ear, the vestibular system is responsible for sense of balance, which consists of three semicircular canals, the
utricle, and the saccule. Increasing evidence has indicated that the noncanonical Wnt/PCP signaling pathway plays a significant
role in the development of the polarity of the inner ear. However, the role of canonical Wnt signaling in the polarity of the
vestibule is still not completely clear. In this study, we found that canonical Wnt pathway-related genes are expressed in the
early stage of development of the utricle and change dynamically. We conditionally knocked out β-catenin, a canonical Wnt
signaling core protein, and found that the cilia orientation of hair cells was disordered with reduced number of hair cells in the
utricle. Moreover, regulating the canonical Wnt pathway (Licl and IWP2) in vitro also affected hair cell polarity and indicated
that Axin2 may be important in this process. In conclusion, our results not only confirm that the regulation of canonical Wnt
signaling affects the number of hair cells in the utricle but also provide evidence for its role in polarity development.

1. Introduction

The cochlea and vestibule are important for hearing and bal-
ance, respectively. They detect sound and position signals
through stereociliary bundle on the surface of hair cells
(HCs) [1–4]. The vestibular system contains utricular macu-
lae, saccular maculae, and three semicircular canal cristae.
Planar polarity of the stereociliary bundle guarantees that
the range of motion is detected properly by vestibular HCs
[5]. In the inner ear, the stereocilia are arranged in an ascend-
ing cluster, with the highest being located adjacent to the
kinocilium [6, 7]. The direction of stereociliary bundle
between adjacent HCs are highly similar. Compared to the
cochlea, an artificial line (line of polarity reversal, LPR)
passes through the maculae. The maculae are divided into
two regions: the kinocilium of the utricular maculae faces
the LPR, while the kinocilium of the saccular maculae points
away from the LPR [8].

In the canonical Wnt pathway, Wnt protein binds to
Frizzled on the cell surface to inhibit the activity of the β-
catenin-degrading complex composed of GSK-3, APC, and
Axin. β-Catenin accumulates in the cytoplasm and is then
transferred to the nucleus, where it controls embryogenesis
and cell fate through T-cell factor/lymphoid enhancer-
binding factor (TCF/LEF). The canonical Wnt signaling
pathway and its downstream target genes play an important
regulatory role in cell proliferation [9–13] and differentiation
[14–18] during inner ear development [19], as well as in the
survival of HCs [20–24] and spiral ganglion neurons [25].
During development, the expression of Wnt signaling signif-
icantly decreased with age in the inner ear [26]. The canoni-
cal Wnt pathway is essential to induce Pax2-positive otic
placode cells to form an auditory sac [27]. In our previous
studies, we found that polarity of striola in the medial region
occurred earlier than in the lateral region, consistent with
proliferation and differentiation in utricle HCs [28]. This
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led us to hypothesize that the canonical Wnt signaling path-
way is involved in polarity development in the utricle. Here,
we found differences in the expression of Wnt pathway-
related genes among different stages of polar formation in
the utricle. We conditionally knocked out β-catenin, a core
protein in the canonical Wnt signaling pathway, in Sox2-
positive cells in mice. The number and polarity of HCs were
also affected. Moreover, the polarity of the utricle was
affected by treatment with an activator or inhibitor of the
canonical Wnt pathway in vitro, and we found that Axin2
may be a key role in this process (Figure 1).

2. Materials and Methods

2.1. Animal Protocols. All protocols were approved by the
Animal Care and Use Committee of the EENT Hospital of
Fudan University. Healthy wild-type C57BL/6 mice were
purchased from Shanghai SLAC Laboratory Animal Co.,
Ltd. (Shanghai, China). Female and male mice were mated
in the same nest at 10 AM and recorded as E0. They were
separated at 10 AM the next day and recorded as E0.5. In
turn, E11.5 were recorded on day 12, E12.5 on day 13, and
E13.5 on day 14. We also performed tap detection at E0.5.

Sox2CreER and Ctnnb1 flox(exon2-6) mice were provided by
Huawei Li at Fudan University and maintained in a mixed
background of C57BL/6J and BALB/C. Standard PCR was
performed to genotype transgenic mouse offspring. DNA
was isolated by incubating the tail tip in a 100μL mixture
of Direct PCR and Protein K (100 : 2) at 55°C overnight and
then at 95°C for 1 h. The primers used were as follows:
GA486 (TGCCACGACCAAGTGACAGCAATG) and
GA487 (ACCAGAGACGGAAATCCATCGCTC) for the
Cre allele, with an expected fragment size of 300–400 bp;
R15 (AAGGTAGAGTGATGAAAGTTGTT); and R16
(CAC CAT GTC CTC TGT CTA TTC) for the β-catenin
knockout allele, with expected fragment sizes of ~300 and
223 bp for the mutant and wildtype, respectively. To activate
Cre and avoid premature abortion due to tamoxifen, a
tamoxifen/progesterone mixture dissolved in corn oil (Sigma
Aldrich, St. Louis, MO, USA; 1mL corn oil : 10mg tamoxi-
fen : 20mg progesterone) was injected intraperitoneally once
a day for 2 consecutive days. The dose on the first day (E11.5)
was 0.1μg/g tamoxifen, and the dose was halved on the fol-
lowing day (E12.5).

2.2. Utricle Harvest. The pregnant mice were anesthetized
and killed. The embryo were removed from the uterus and
quickly placed into a cold solution of 1× phosphate-
buffered saline (PBS; pH = 7:4). The utricle was dissected
with the microscope. P1 mice were anesthetized and killed;
then, the utricle was harvested, and the otolith was removed
with the microscope and harvest the utricle.

2.3. Tissue Culture In Vitro. The freshly dissected utricle was
placed in Dulbecco’s modified Eagle’s medium (DMEM)/F12
medium (20% foetal bovine serum [FBS], B27 (1 : 100), strep-
tomycin [100U/mL]). The Petri dishes were incubated at
37°C, with a concentration of 5% CO2 and humidity of
95%. Dimethyl sulfoxide (DMSO), lithium chloride (LiCl),

or IWP2 was added 24 hours later. We treated cultures in
the activator group with the canonical Wnt pathway activa-
tor LiCl (2.5μM/mL). The canonical Wnt inhibitor IWP2
(1.0μM/mL) was added to the inhibitor group. DMSO
(1.0μM/mL) was added to the control group. The final cul-
ture concentration depended on the growth of the utricle.
The culture medium was replaced in full every 24 hours,
and the tissue was removed and fixed on the day 5 after treat-
ment. For all experiments, three biological replicates were
used.

2.4. PCR and RT-qPCR. The reaction protocol for PCR was as
follows: predenaturation at 94°C for 5min, 32 cycles of dena-
turation at 94°C for 1min, annealing at 55°C for 1min, elon-
gation at 72°C for 1.5min, and a final elongation at 72°C for
10min.

RNA was extracted from the utricle using the RNeasy
Micro Kit (Qiagen, Hilden, Germany), and cDNA was syn-
thesized using the GeneAmp® PCR System 9700 (Applied
Biosystems, Foster City, CA, USA) by reverse transcription:
42°C for 15min and 85°C for 5 s. The qPCR reaction protocol
was as follows: 94°C for 30 s, followed by 45 cycles at 94°C for
5 s and 60°C for 30 s. Each sample was run in triplicate for
analysis purposes. At the end of the PCR cycles, melting
curve analysis was performed to validate the generation of
the expected PCR product. The primer sequences were
designed in the laboratory and synthesized by TsingKe Bio-
tech (Beijing, China) based on the mRNA sequences
obtained from the NCBI database, as follows:

GADPH (F: GCAAGGACACTGAGCAAGA; R:GGAT
GGAAATTGTGAGGGAG), Apc (F: GCCTGGATGAG
CCATTTATAC; R: AGTTTCATTCCCATTGTCGT), Wif1
(F: TTGTACCTGTGGATCGACG; R:GGCTTTCCTGAAA
TCATGTGT), Camk2d (F: AGATCAAGGCCGGAGCTTA;
R:CAGAGGCTGTGATACGTT), Fzd6 (F: CTTCAGTGG
CCTGTATCTT; R:CCATGTCATCTCCCAGGT), Axin2
(F:AGAAGAGGAGTGGACGTGTG; R:AGCTGTTTCCG
TGGATCTCA), Vangl2 (F:TCTCTGGCCCTGACACATTT;
R:ACTGAGGAAGAGGGGAGACT), Prickle2 (F:ATGCCA
CCTTCTTCCTCCTC; R:AGTAGGTGACAAATGGCCGA).

2.5. RNA-Sequencing (RNA-Seq) and Protein-Protein
Interaction (PPI) Network. Total RNA was extracted from
the utricle (E13.5 and P1,wild-type C57BL/6 mice) and then
submitted to Otogenetics Corporation (Atlanta, GA, USA)
for RNA-Seq assays. We assessed RNA integrity and purity
using an Agilent Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). cDNA was generated from total RNA using
the Clontech SMARTer PCR cDNA Synthesis Kit (Clontech
Laboratories, Inc., Mountain View, CA USA, catalogue
#634891). Bioruptor (Diagenode, Inc., Denville, NJ, USA)
was used to fragment cDNA, an Agilent Bioanalyzer was
used for profiling, and SPRIworks HT (catalogue #B06938;
Beckman Coulter, Pasadena, CA, USA) was used to prepare
the Illumina library. The quality, quantity, and size distribu-
tion of the Illumina library were determined using TapeSta-
tion (Agilent Technologies).

The DAVID database (https://david.ncifcrf.gov/) is a
commonly used database for gene analyses. KEGG pathway
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enrichment analyses were performed using DAVID, and
the TXT files of the results were downloaded for subse-
quent analysis. For the Bonferroni test, P values < 0.05
were set considered significant, and Log2 (fold_change)
values between -1 and 1 were excluded from the analysis.
STRING (https://string-db.org/) was used to analyse the
interactions between proteins. Many signaling pathways
play important roles in the development of the utricle.
To better understand the role of the Wnt signaling path-
way, we only included the Wnt pathway-related genes in
this analysis.

2.6. Electron Microscope. Utricles were fixed with 2.5% glu-
taraldehyde at 4°C overnight and then processed using 2%
tannin and 1% osmium acid. Graded ethanol series were used
to dehydrate the samples, and liquid CO2 (EM CPD300;
Leica, Wetzlar, Germany) was used to dry them. An E-1045
sputter coater (Hitachi, Tokyo, Japan) was used to coat spec-
imens with 100Å Au. A NOV A NanoSEM 230 scanning
electron microscope (FEI, Hillsboro, OR, USA) was used to
scan the samples.

2.7. Whole-Mount Immunostaining. Mouse embryos were
harvested at E18.5. Otocysts were dissected in cold PBS
and fixed with 4% paraformaldehyde (Electron Microscopy
Services, Hatfield, PA, USA) for 1 h at 4°C. After washing
with PBS, utricles were dissected and blocked with 10%
donkey serum, and 0.1% Triton-X in PBS for 30min at
room temperature, followed by incubating with primary
antibodies diluted in PBS containing 5% donkey serum
and 0.1% Triton-X overnight at 4°C. The next day, after
washing extensively with PBS, tissues were incubated with
secondary antibodies at 1 : 1,000 dilution in 0.1% Triton-
X100 (in PBS) for 2 h at room temperature. After exten-
sive PBS washing, samples were mounted in antifade Fluo-
rescence Mounting Medium (Agilent Technologies) on

coverslips. We used mouse anti-β-spectrin (1 : 500; cata-
logue #612562; BD Biosciences) primary antibody and
Alexa Fluor 568 Donkey Anti-Mouse IgG (1 : 1,000; Invi-
trogen, Carlsbad, CA, USA) secondary antibody. FITC-
conjugated phalloidin (1 : 1,000; Invitrogen) was used to
visualize actin in the stereocilia of sensory HCs.

2.8. Quantification and Statistical Analyses. Whole-mount
immunostaining images were acquired using a Zeiss
LSM800 confocal microscope (Zeiss, Oberkochen, Ger-
many) at 40× magnification, and the whole utricle image
was obtained by flattening the overlapping parts of origi-
nal images using Photoshop CS4 (Adobe Systems). The
overall outline of a utricle was drawn on the stitched con-
focal image, and the area of the sensory epithelia was mea-
sured using the Zen image processing system (Zeiss). The
number of HCs on the composite image was counted
manually using Photoshop CS4 (Adobe Systems). Cell
number was scored in two regions divided by LPR, defined
as lateral and medial region. Hair bundle orientation was
scored in three 40 × 80μm2 regions in the middle of the
utricle, defined as field 1, field 2, and field 3
(Figure 2(a)). The hair bundle angle was measured based
on the position of kinocilium (spectrin-negative on the
apical surface), by defining 0° as the anterior apex and
90° as the lateral side, and quantified using ImageJ64
(National Institutes of Health, Bethesda, MD, USA). A sin-
gle kinocilium could be found directly in the electron
microscope specimens. Matlab and Screen protractor were
used to draw the angle distribution diagram. Statistical
analyses were conducted using Prism 8 (GraphPad Soft-
ware Inc., San Diego, CA, USA). A two-tailed, unpaired
Student’s t-test was used to determine statistical signifi-
cance. P < 0:05 was considered significant. Data are shown
as mean ± SD.
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Figure 1: The experimental procedure. (a) RNA-sequencing of the utricle of E13.5 and P1 mice. (b) To conditionally knockout β-catenin, the
β-cateninf/f female mice were mated with β-cateninf/f male mice with Sox2CreER+; the pregnant mice were treated with tamoxifen injection at
E11.5 and E12.5, and the utricle of the embryonic mice was harvested at E18.5. (c) Utricles of E13.5 mice were cultured in vitro with DMSO
(control), LiCl (activator), and IWP2 (inhibitor).
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Figure 2: Continued.
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3. Result

3.1. Wnt Signaling Is Active in the E13.5 Utricle.Our previous
studies showed that E13.5 is a critical period for the forma-
tion of polarity in the utricle [28]. Two clusters of HCs with
opposite cilia began to appear in the utricle, gradually form-
ing LPR. TheWnt signaling pathway is important for embry-
onic development and plays a variety of roles at different time
points during development. Therefore, the primary purpose
of our study is to understand the expression of Wnt
pathway-related genes in the early utricle.

Wnt5a, Wnt7a, Wnt11, β-catenin, and Frizzled are
important genes in the canonical/noncanonical Wnt signal-
ing pathway. We detected these genes in the utricle by RT-
PCR. Our research shows that these genes were expressed
in the utricle of E13.5 mice (Figure 3(a)).

3.2. Changes of Wnt Signaling in the Early Development of the
Utricle. To explore changes inWnt signaling pathway activity
during early development of the utricle, RNA from the utricle
of P1 and E13.5 was extracted for RNA-Seq analysis.

Our results showed that Wnt pathway-related genes were
differentially expressed. Compared to E13.5,the upregulated
genes in P1 were Apc, Axin1, Axin2, Camk2d, Rac1, Fzd1,

Fzd6, Dvl1, Wif1, Smad4, Wnt7a, Nkd1, Sfrp2, Ryk, Siah1a,
Camk2g, Ctnnd2, Rspo3, Ppp3cb, Map3k7, Tcf7l1, Prkacb,
Porcn, Cxxc4, Prkaca, Vangl1, Ppp3ca, Senp2, Prickle2,
Nfatc1, Nfatc3, Nlk, Fzd4, Rock2, Prkcd, Prkce, Prkcz, Ctbp2,
Prkci, Bambi, Mapk8, Csnk2a2, Frat1, Prickle1, Ppard,
Gsk3a, Tle1, Tle4, Gpc1, Pygo2, Sdc3, and Sdc4. The down-
regulated genes included Camk2b, Psen1, Ruvbl1, Trp53,
Ccnd1, Cacybp, Rhoa, Sfrp5, Csnk1g1, Csnk2b, Sdc1, Bcl9,
Gpc2, Gpc3, Lgr5, Ccnd2, Cby1, Dkk2, Rbx1, Myc, Wnt7b,
Ppp3r1, Frat2, Serpinf1, and Rhoc (Figure 3(b)). There were
some representative genes of canonical Wnt signaling, such
as Apc, Axin2, and Wif1. The protein interaction network
of Wnt pathway-related genes showed their ranking
(Figure 3(c)). Finally, we used RT-qPCR for verification
and found that some canonical Wnt pathway-related genes
differed in the expression levels of E13.5 and P1 (Figure 3(d)).

3.3. Conditional Knock-out β-Catenin Affects the Number
and Polarity of Vestibular HCs. The areas of utricle maculae
in the control and experimental groups were 96,326:63
± 36,029:13 μm2 (n = 7) and 33,824:00 ± 10,515:93μm2

(n = 5), respectively, P < 0:05 (Figure 2(b)). In the control
group (n = 3), the total number of HCs was 995:67 ±
14:61, with 585:33 ± 33:40 and 410:33 ± 15:41 in the
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Figure 2: Knockout (KO) β-catenin in Sox2 positive cells influenced the orientation and number of vestibular hair cells. (a) Compared to the
controls (left), Sox2CreER/+ and β-cateninfl/fl (tamoxifen given at E11.5 and E12.5) utricles (right) showed a significant decrease in sensory
epithelium area and HC number and a different extent of hair bundle orientation irregularity in fields 1–3. The schematic diagram in the
middle black box defining regions of the utricle and illustrating the hair bundle polarity pattern. (b) Quantification of the sensory
epithelium area of control and β-catenin KO utricles (controls, n = 6; mutants, n = 5). (c) Quantification of HC density on the lateral and
medial sides of the LPR and the whole sensory epithelium, from control and β-catenin KO utricles (controls, n = 3; mutants, n = 5). (d)
Circular histograms of the hair bundle orientation in field 1, field 2, and field 3 for control and β-catenin KO utricles (controls, n = 3;
mutants, n = 5). LPR: line of polarity reversal; L: lateral; M: medial; A: anterior; P: posterior. ∗P < 0:05, ∗∗∗P < 0:001.
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medial and lateral regions, respectively, whereas in the
experimental group (n = 5), the total number of HCs
was 156:80 ± 40:09 with 109:00 ± 30:25 and 47:80 ± 15:46
in the medial and lateral regions, respectively, P < 0:05
(Figure 2(c)). As in the control group, β-catenin knock-
out mice still showed relatively clear LPRs, with the
HCs on both sides having roughly normal directions
(Figure 2(a)). However, it is worth noting that the direc-
tion of some HCs near LPR, in filed 1 and filed 2
regions, was disordered (Figure 2(d)).

3.4. Regulation of Wnt Signaling In Vitro Leads to Polarity
Changes in the Utricle. To determine the role of the Wnt
signaling pathway in the polarity of HCs in the utricle,
we regulated Wnt signaling pathway activity in vitro
using a Wnt/β-catenin inhibitor (IWP2) and a Wnt/β-
catenin activator (LiCl) [29]. According to daily observa-
tions of the growth of the utricle, the final culture con-
centrations were 2.5 and 1.0μM/mL for LiCl and IWP2,
respectively.

Using a scanning electron microscope, we found that
the polarity of the utricle was affected by treatment with
the inhibitor or activator. Compared to the control group
(Figures 4(a)and 4(b)), the position of the LPR in the acti-

vation group was changed (Figure 4, A’ and B’), and the
polarity of HCs on the lateral and medial side of the LPR
was disturbed after adding the activator. In the inhibition
group, the polarity of HCs on the lateral and medial sides of
the LPR was disturbed (Figure 4, A” and B”). Circular histo-
grams of the hair bundle orientation also showed the differ-
ence (Figure 4(c)).

3.5. Axin2 Is Decreased in Both the Activation and Inhibition
Groups in mRNA. According to RNA-seq results and com-
mon Wnt pathway genes, RT-qPCR was performed to
detect canonical Wnt signaling pathway-related genes
(Apc, Wif1, and Axin2) and PCP core genes (Prickle2
and Vangl2) in cultured utricle in vitro to explore the pos-
sible mechanism of polarity change (Figure 5). We found
that the expression of Wif1 decreased in the inhibitor
group and increased in the activator group, while the
expression of APC decreased in the activator group. PCP
core genes (Prickle2 and Vangl2) did not change signifi-
cantly in both groups. Interestingly, the expression of
Axin2 was decreased in both groups, indicating that Axin2
may be an important role affecting the polarity of the
utricle.
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Figure 3: Wnt signaling pathway is active in the E13.5 utricle and changes during utricle development. (a) RT-PCR shows that Wnt5a,
Wnt7a, Wnt11, β-catenin, and Frizzled were expressed in the utricle of E13.5 mice. (b) Differentially expressed Wnt pathway-related
genes between the E13.5 and P1 utricle. The red dots represent the upregulated genes based on an adjusted P value < 0.05 and ∣log2 ðfold
changeÞ ∣ >1; the green dots represent the downregulated genes based on an adjusted P value < 0.05 and ∣log2 ðfold changeÞ ∣ >1; the blue
spots represent genes with no significant difference in expression. (c) PPI network of E13.5 and P1 utricle. Circles represent genes. Lines
represent interactions between gene-encoded proteins, and the top 10 rankings are listed. (d) The relative levels of APC, Wif1, Camk2d,
and Fzd6 were analysed by RT-qPCR. The data presented are based on at least three independent experiments. The data are presented as
the mean ± SEM. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001.
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4. Discussion

The utricle is the organ that senses balance. Proper utricle
function depends on the polarization of hair bundles located
on the HC surface. This cellular polarization has also been
found in many epithelial cell types, including in the respira-
tory airway and lateral ventricles of the brain. The planar
polarity of the utricle was described at three levels: subcellu-
lar, cellular, and tissue-wide [8]. In the inner ear, tissue polar-
ity exists only in the vestibular organ. HCs are oriented such
that their stereociliary bundles point toward the LPR in the
mammalian utricle. LPR was intact in mouse embryos at
E15 [30]. Our previous studies found that the HCs in the lat-
eral extrastriolar region (E13.5) appear later than in the
medial extrastriolar regions (E11.5). Thus, E13.5 is a critical
period for the formation of polarity [28]. In this study, we
treated utricles at or before E13.5, either by adding inhibitor
or activator in vitro or by knocking out β-catenin in vivo. The
results showed that the canonical Wnt signaling pathway
played a role in polarity development of the utricle.

Wnt signaling is a marker of embryonic development and
has multiple functions at a number of developmental time

points. The Wnt signaling pathway includes both canonical
and noncanonical forms. The Wnt signaling pathway has
been studied in the early development of the cochlea. The
Wnt signaling receptors (Fzd 1, 2, 3, 4, 6, Ryk, Ror2, and
Lgr5) can be detected in the cochlea of mice at E14.5 [31–
36]. The expression of Wnt7a, Wnt5a, Wnt2, Wnt10b,
Wnt4, Wnt7b, Wnt8, and Wnt11 could be detected in the
cochlea at E15 and E17 [37], and studies suggested a potential
alternation between canonical and noncanonical signaling
pathways [38, 39]. Our study also revealed both canonical
and noncanonical Wnt pathway-related genes in the utricle
during early development, and most Wnt pathway genes
were also different between the two time periods of E13.5
and P1. These greatly altered genes may contribute to valid
proliferation, differentiation, or innervation. When LiCl
was added to activate the Wnt pathway in vitro, the prolifer-
ation domain of Sox2-positive cells in the cochlea (E12.5) was
significantly expanded, indicating that the canonical Wnt
pathway regulates the proliferation and differentiation of
HCs during early development of the cochlea [14]. Further-
more, overexpression of β-catenin initiated proliferation of
sensory precursors cells within the cochlear sensory
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Figure 4: Regulation of Wnt signaling in vitro. (a) A’ and A” correspond to the control, activation, and inhibition groups, respectively.
DMSO, LiCl, and IWP2 were added into Petri dishes with E13.5 utricles and cultured for 5 days. Scanning electron microscopy showed
the polarity and line of polarity reversal (LPR) of the hair cells (HCs) in the control group. The green line represents the LPR, and the
green arrow represents the direction of the HC polarity. (b) B’ and B” are the white boxes in (a) A’ and A,” respectively; the green circles
represent the HCs on the medial side of the LPR, and the blue circles represent the HCs on the lateral side of the LPR; the red dots
represent the position of the kinocilium. Circular histograms of the hair bundle orientation in lateral and medial regions for the control,
activator, and inhibitor utricles. ∗P < 0:05, ∗∗∗P < 0:001.
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epithelium [40]. Therefore, we hypothesized that the Wnt
pathway might play the same role in the early development
of the utricle. This was confirmed in vivo when we condition-
ally knocked out β-catenin that the number of utricle HCs
was affected in the mic. In addition, we found changes in
the polarity of hair cells.

Indeed, the Wnt pathway also plays an important role in
inner ear polarity regulation. The polarity of HCs in the
cochlea is mainly reflected in their convergence and exten-
sion, an identical ciliary direction among all HCs, and a V-
shaped stereociliary bundle with a uniform direction [41].
In vestibular organs, the stereocilia arrangement and kinocil-
ium displacement are in accordance with a subcellular polar-
ity. HCs are surrounded by supporting cells, and all HCs
showed directional coordination in this study. Regarding tis-
sue polarity, cilia bundles of HCs are present on both sides of
the LPR face, or move away from the LPR. The role of the
Wnt/PCP pathway, a noncanonical Wnt pathway, in inner
ear polarity has been studied extensively [34, 42–44]. The
noncanonical Wnt/PCP signaling pathway mainly involves
Wnt proteins, such as Wnt4, Wnt5A, andWnt11 [45]. These
proteins activate the DEP domain of the Dsh protein, to in
turn activate downstream homologous paleogenesis by PCP
core proteins, independent of the accumulation of β-catenin.
Dislocation of the hair bundle is a common phenotype of
Wnt/PCP pathway mutants in the inner ear. The cochlea of
the Wnt5a mutant is wider and shorter, with stereociliary

bundle misorientation in accordance with a subcellular
polarity [35]. After knocking out Vangl or Frizzled, which
are the core PCP genes, we observed a disturbance in the
polarity of neighbouring cells that appeared relatively consis-
tent, while its subcellular polarity remained intact [34, 46]. In
addition, Testin, Celsr1, and Pk2 affect the PCP protein dis-
tribution in the vestibule according to the cellular polarity
[44, 47, 48]. It is generally believed that the PCP axis is estab-
lished by noncanonical Wnt signals for tissue polarity.
Therefore, it is worth investigating whether canonical Wnt
signals play a role in the polarity of the utricle.

Our results showed that the Wnt genes expressed on dif-
ferent days in the utricle were closely related to canonical
Wnt/β-catenin pathway, such as Axin2. Thus, we suspect
that the canonical Wnt pathway also plays an important role
in regulating polarity. The canonical Wnt pathway has been
implicated in the regulation of polarity in other organs and
animals. Local activation of the canonical Wnt pathway reg-
ulates neuronal polarity and axonal outgrowth [49]. In addi-
tion, our previous study found that Rack1 is involved in cell
membrane localization of the polarity core protein Vangl2,
which is associated with zebrafish planar cell polarity forma-
tion, primarily by antagonizing the Wnt/β-catenin signaling
pathway [50]. β-catenin is the core protein in the canonical
Wnt pathway that controls the expression of downstream
target genes. A mouse with conditional knockout of β-
catenin in the dorsal neural folds will exhibit spina bifida
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aperta, caudal axis bending, and tail truncation [51]. Similar
polarity changes occurred in mouse kidneys with conditional
knockout of β-catenin [52]. However, there are few studies
on the canonical Wnt pathway in the context of polarity
development in the inner ear, especially in the vestibule.
Ankrd6 is asymmetrically distributed in the utricle and regu-
lates polarity by inhibiting the canonical Wnt/β-catenin sig-
naling pathway [53]. Some researchers suggested that the
Wnt/β-catenin pathway is important in the ground hypoth-
esis, which was suggested to explain the formation of LPR
in the vestibule [54]; however, this has not been verified in
mammals. Sox2 is expressed throughout the developing ner-
vous system and plays a role in hair cell type formation [55].
We knocked out β-catenin in Sox2-positive cells and found
that the utricle polarity was subsequently affected: the direc-
tions of some HCs were disordered near the LPR in the lat-
eral and striolar regions. The changed polarity was also
found after activating and inhibiting canonical Wnt path-
ways in vitro. The changed polarity was also found after acti-
vating and inhibiting canonical Wnt pathways in vitro, and
PCP core genes (Vangl2 and Prickle2) were no statistical dif-
ference with IWP2 treatment or Licl treatment at the RNA
level, compared with the control group. However, Axin2
unexpectedly decreased in the two treatment groups. Axin2,
a scaffolding protein of glycogen synthase kinase 3, is a neg-
ative regulator of Wnt signaling. In addition, Axin2 feedback
loop is important with many studies in Wnt pathway, which
could help to limit Wnt-initiated signal [56]. Axin2 is
involved in the development of the permanent teeth, hair,
and eye brows and regulates calvarial suture closure in skull
development [57, 58]. In the study of hair cells, a subset of
hair cells is derived from Axin2-expressing tympanic border
cells, and Axin2 cells were able to differentiate into hair cell-
like cells [59]. These findings may suggest that Axin2 has the
value in the polarity of utricle, which needs further study to
elucidate.

5. Conclusion

In this study, we investigated expression changes of Wnt
pathway-related genes during early development of the
mouse utricle. In conditional knockout of β-catenin in vivo,
our data showed the main effect is on hair cell number and
may reveal an impact on stereociliary bundle orientation.
Combined with the in vitro results, we believe that the canon-
ical Wnt pathway is important for controlling HC polarity
during mammalian utricle development. Our findings may
stimulate future studies on vestibule polarity development.
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Congenital deafness is one of the most common causes of disability in humans, and more than half of cases are caused by genetic
factors. Mutations of the MYO15A gene are the third most common cause of hereditary hearing loss. Using next-generation
sequencing combined with auditory tests, two novel compound heterozygous variants c.2802_2812del/c.5681T>C and
c.5681T>C/c.6340G>A in the MYO15A gene were identified in probands from two irrelevant Chinese families. Auditory
phenotypes of the probands are consistent with the previously reported for recessive variants in the MYO15A gene. The two
novel variants, c.2802_2812del and c.5681T>C, were identified as deleterious mutations by bioinformatics analysis. Our findings
extend the MYO15A gene mutation spectrum and provide more information for rapid and precise molecular diagnosis of
congenital deafness.

1. Introduction

Congenital deafness is one of the most common birth
defects, with an incidence of approximately 1.4 per 1000
newborns screened. More than 60% of neonates with con-
genital deafness can be attributable to genetic factors [1].
Most of these cases are nonsyndromic hearing loss
(NSHL), and autosomal recessive inheritance accounts for
up to 80% of NSHL [2]. GJB2, SLC26A4, and MYO15A
are the top three common genes responsible for hereditary
hearing loss [3, 4]. Mutations in the MYO15A gene have
been found to lead to autosomal recessive nonsyndromic
hearing loss 3 (DFNB3) [5], and new mutations of this
gene are constantly being detected.

The MYO15A gene spans 71 kb of genomic DNA on
chromosome 17p11.2. It contains 66 exons and encodes
unconventional myosin-XV protein which is composed of
3530 amino acids [6]. The protein it encodes mainly local-

izes in the tips of mammalian hair cell stereocilia, which
plays a crucial role in the development of stereocilia and
the formation of normal auditory function [7, 8]. It shares
a structural organization consisting of a N-terminal
domain, an ATPase motor domain, a neck region with
myosin light chain binding, and a globular tail domain
[6, 9]. The integrity of a protein plays a crucial role for
its function. Therefore, the truncating mutation which is
interrupted by a stop codon may lead to a pathogenic pro-
tein. Besides, more than 40 missense mutations have been
identified in the moto domain of the MYO15A gene asso-
ciated with autosomal recessive nonsyndromic hearing loss
(ARNSHL), where the most mutations occur. In the
mouse model, the mutation in the motor domain results
shorter stereocilia with an abnormal staircase structure
which leads to deafness [4].

Hearing screening combined with genetic diagnosis can
help us recognize more pathogenic gene mutations. The
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mutation spectrum of the MYO15A gene is highly heteroge-
neous which refers to two heterozygous variants present in
trans configuration within the same genomic region of inter-
est. Through the study of two independent MYO15A gene
mutant families, we identified two novel compound hetero-
zygous mutations: c.2802_2812del/c.5681T>C and
c.5681T>C/c.6340G>A. Besides, the known pathogenic vari-
ant of c.6340G>A provides more evidence to deduce the
pathogenicity of the first two novel mutations by the verifica-
tion between pedigrees.

2. Materials and Methods

2.1. Family Description. In this study, two Chinese families
affected by congenital NSHL were recruited. These two
Chinese families contain three family members (daughter/-
son, mother, and father), respectively. The affected mem-
ber II-1 of Family 1 (Figure 1(a)): a 2-year-old girl,
failed to pass hearing screening and diagnosed with con-
genital NSHL. The proband II-1 of Family 2
(Figure 1(d)): a 1-year and 5-month-old boy, diagnosed
with congenital NSHL as well. Other individuals had no
history of hearing impairment.

2.2. Clinical Examination. All affected family members
underwent clinical evaluation in the Department of Otorhi-
nolaryngology, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan,
China. A series of audiological examinations were performed
on probands, which included otoscopic examination, behav-
ioral observation audiometry (BOA), auditory immittance,
auditory brainstem response (ABR), auditory steady-state
evoked response (ASSR), and distortion product otoacoustic
emission (DPOAE). The DPOAE were detected in 750, 1000,
1500, 2000, 3000, 4000, 6000, and 8000Hz frequencies. The
degree of hearing loss was defined as mild (26–40 dB HL),
moderate (41–55dB HL), moderately severe (56–70dB HL),
severe (71–90 dB HL), and profound (>90 dB HL). The com-
puted tomography (CT) scan and MRI (Magnetic Resonance
Imaging) were also performed on probands. In addition,
physical examinations were also performed to rule out other
systemic diseases. The probands’ parents provided family
history and clinical questionnaires, and informed consent
was obtained from the whole family for inclusion in the
study.

2.3. Mutation Detection and Analysis. HDNPL_
9957712After obtaining informed consent, 3-5mL periph-
eral venous blood samples were obtained from all the fam-
ily members for NGS+Sanger sequencing. Genomic DNA
was extracted from the blood samples according to the
manufacturer’s standard procedure using the QIAamp
DNA Blood Midi Kit (Qiagen Inc., Hilden, Germany).
Agarose gel electrophoresis was performed for evaluating
the quality and quantity of DNA samples according to
the routine protocol. DNA from the proband were per-
formed whole-exome sequencing. Whole-exome capture
was performed using the BGI-Exome kit V4 and
sequenced by BGI-seq500 with 100 bp paired-end sequenc-

ing. Sequenced reads were collected and aligned to the
human genome reference (UCSCGRCh37/hg19) by the
Burrows-Wheeler Aligner (BWA-MEM, version 0.7.10)
[10]. In order to validate the mutations identified in the
proband and confirm their cosegregation in the pedigree,
DNA from all members of the family was performed
Sanger sequenced. After polymerase chain reaction (PCR)
amplification and purified the amplified fragments, Sanger
sequencing was performed with an ABI3730xl DNA
Sequence and the results were analyzed using the Sequenc-
ing Analysis 5.2 software (Thermo Fisher Scientific, USA)
[11]. The names of variants were referred to the HGVS
nomenclature guidelines (http://www.hgvs.org/
mutnomen). The methods have been published in our pre-
vious studies [12, 13].

2.4. Predictions of the Pathogenic Variations. Several different
computer algorithms were used to predict the pathogenic
features of missense variants: MutationTaster (http://www
.mutationtaster.org/), PROVEAN (http://provean.jcvi.org/),
and PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/).
The PROVEAN scores indicated deleterious and neutral
function, with a cut-off score set at -2.5. The PolyPhen-2
score ranges from 0.0 to 1.0. Variants with scores of 0.0 are
predicted to be benign. Values closer to 1.0 are more confi-
dently predicted to be deleterious. Phylogenetic analysis of
different sequence alignments was performed by Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). The
orthologous MYO15A protein sequences include mouse,
chimpanzee, rat, and macaque. The mutations were detected
in the 1000 Genomes database, the dbSNP database, and the
Exome Aggregation Consortium database (ExAC). Pathoge-
nicity of the variants was classified based on the guidelines of
ACMG 2015 [14].

3. Results

3.1. Clinical Data

3.1.1. Family 1. The proband II-1 of Family 1 test results were
as follows. BOA showed poor hearing, and acoustic immit-
tance test results show that the tympanograms were type As
(left ear) and type A (right ear). The thresholds of ASSR were
80 dB nHL at 500Hz, 90 dB nHL at 1 kHz, 100 dB nHL at
2 kHz, and 100 dB nHL at 4 kHz (right ear) and 90dB nHL
at 500Hz, 60 dB nHL at 1 kHz, 110 dB nHL at 2 kHz, and
110 dB nHL at 4 kHz (left ear) (Figure 1(b)). The wave V
thresholds of ABR of both ears were 90dB, and DPOAE were
absent bilaterally (Figure 1(c)). Tympanogram indicated
almost normal function of the middle ear. The temporal bone
CT scan suggested the proband without any malformation of
middle or inner ear.

3.1.2. Family 2. The proband II-1 of Family 2 suffered from
profound hearing loss, which was shown by the auditory
examination. The wave V thresholds of ABR of both ears
were not extracted in 105 dB. The thresholds of ASSR were
all 100 dB nHL at every frequency (Figure 1(e)) of each ear,
and bilateral DPOAE were absent (Figure 1(f)). Tympano-
gram revealed a type A curve indicating a normal function
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of the middle ear. Temporal bone CT scans and MRI showed
no obvious abnormalities. There was no family history of
congenital deafness and no underlying environmental causes
of hearing loss. The detailed clinical information is summa-
rized in Table 1.

3.2. Mutation Identification and Analysis. Using deafness
panel sequencing, 159 loci of 22 genes that cause congenital
deafness were excluded. Whole-exome sequencing results
were compared with the human reference genome
(GRCh37/hg19). We found novel compound heterozygous
mutation c.2802_2812del/c.5681T>C in Family 1 and
c.5681T>C/c.6340G>A in Family 2. In Family 1, the c.2802_
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Figure 1: Pedigrees of the affected Family 1 (a) and Family 2 (d) associated with NSHL. The novel compound heterozygous mutations were
found in family members. The probands are shown in black. WT: wild type. (b) Auditory steady-state response (ASSR) audiogram of the
proband II-1 of Family 1. (c) Distortion product otoacoustic emission (DPOAE) audiogram of both ears of the proband II-1 of Family 1.
(e) ASSR audiogram of the proband II-1 of Family 2. (f) DPOAE audiogram of both ears of the proband II-1 of Family 2.
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2812del mutation, which was located in exon 2 and passed on
from her clinically normal father (Figure 2(a)), led to a frame-
shifting change in the N-terminal domain (p.Gln937Leufs∗
39) and truncate mRNA translation resulting in lack of com-
plete amino acid sequence. Occurring in exon 24, the
c.5681T>Cmutation, which was inherited from the unaffected
mother (Figure 2(b)), led to a single substitution from leucine
to proline at amino acid position 1894 in the ATPase motor
domain (p.Leu1894Pro). Both of them were predicted to be
deleterious variants based on the result of computer algo-
rithms PolyPhen-2 and PROVEAN (Table 2), and these two
variants were not seen in public databases dbSNP, 1000
Genomes Project, and ExAC. According to the American Col-
lege of Medical Genetics and Genomics–Association for
Molecular Pathology (ACMG–AMP) guidelines, the variant
c.2802_2812del and c.5681T>C were classified pathogenic
(PSV1+PM2+PM3+PM4+PP3) and likely pathogenic (PM2
+PM3+PP3), respectively.

Interestingly, the variant c.5681T>C (p.Leu1894Pro) was
also found in Family 2 and his unaffected father, and another
variant was a reported variant c.6340G>A (p.Val2114Met) in
exon 30, which was also detected in his mother (Figure 2(c)).
The mutation c.6340G>A of theMYO15A gene, a known path-

ogenic missense mutation, leads to an alternation of a Valine
with a Methionine at amino acid position 2114 in the MyTH4
domain. The c.6340G>A mutation was previously reported in
another Chinese family and in two Egyptian families which is
predicted to weaken the function ofMyTH4 [15, 16]. It was pre-
dicted as deleterious by computational tools. Following the
ACMG guidelines, the c.6340G>A variant was classified as
pathogenic (PVS1+PM2+PM3+PP1+PP3). Detailed informa-
tion of variants is shown in Table 2.

3.3. Functional Analysis of the Mutant Protein. Myosin-XV
differs from other myosin proteins in that it has a long
N-terminal extending in front of the conserved motor
region. It includes a N-terminal domain encoded by giant
exon 2 (Figure 3(a)), the ATPase motor domain, a lever
arm that consists of three IQ motifs, and a globular tail
domain that contains MyTH4, FERM, SH3, and PDZ
ligand (Figure 3(b)). The locations of the mutations in this
study have been shown in Figure 4. The mutation c.2802_
2812del identified in the proband II-1 of Family 1 results
in a frameshift, and no. 975 amino acid was converted
into a termination codon, which generated a truncated
protein (Figure 4(a)). The evolutionary conservation result

Table 1: The clinical information of the patients.

Proband number Age Gender Age onset Hearing impairment ABR DPOAE Tympanogram MRI/CT

1 2 yr F 0 Profound 85 dB Absent As(L)/A(R) Normal

2 1 yr M 0 Profound 105 dB Absent A(L)/A(R) Normal

ABR: auditory brainstem response; DPOAE: distortion product otoacoustic emissions; A: A type; As: As type.
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c.6340G>A

WT

(c)

Figure 2: Sanger sequencing results of the c.2802_2812del (a), c.5681T>C (b), and c.6340G>A (c) mutations in the family members. Red
arrows: sites of nucleotide changes.
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proved that the amino acid residues at the mutation sites
were highly conserved among multiple species
(Figure 4(b)). This strongly demonstrates the importance
of these residues for the normal function of the protein.

4. Discussion

Hair cells (HCs) in the inner ear contribute to transducing
sound waves into electric signals [17–21]. Hearing loss is
one of the major disabilities worldwide, which is often
induced by irreversible loss of sensory HCs and degeneration
of the spiral ganglion neurons. Congenital hearing loss could
be caused by genetic factors, cochlear infections, ototoxic
drugs, and noise exposure, and genetic factors account for
more than 60% of congenital hearing loss [22]. Each cochlear
hair cell has a bundle of actin-based stereocilia that detect
sound. TheMYO15A gene encodes an unconventional myo-
sin that is expressed in the cochlea, which traffics and delivers
critical molecules required for stereocilia development and
thus is essential for building the mechanosensory hair bundle
[7, 23, 24]. Mouse models’ studies show thatMYO15Amuta-
tions can lead to abnormal hearing function caused by short
stereocilia and by loss of the normal staircase structure of ste-
reocilia in hair cells [25, 26].

The mutation c.2802_2812del results in a truncated
protein caused by the frameshift. Like many previously
reported pathogenic truncating mutations in the MYO15A
gene, the c.2802_2812del variant is predicted to result in a
truncated protein product without motor, IQ, MyTH4,
FERM, SH3, and PDZ domains. Since DFNB3 is an auto-
somal recessive disorder and the proband’s father is a het-
erozygous carrier, we strongly speculate that the variant
c.2802_2812del might cause hearing loss related to the
incomplete protein structure. A previous study indicated
that pathogenic mutations that reside in the N-terminal
domain are associated with a variety of mild hearing loss
phenotypes [27–29]. In combination with other studies
[30], our study suggests that a truncated mutation
c.2802_2812del in the N-terminal domain of the MYO15A
gene may contribute to a severe phenotype. These evi-
dences indicate the diversity of auditory phenotypes due
to MYO15A variation [31].

The c.5681T>Cmutation leads to a single substitution from
leucine to proline at amino acid position 1894. This variant is
located in the motor domain of theMYO15A gene. Our litera-
ture review illustrated that the motion domain is a hot region
affected by MYO15A variation and more and more variants
were detected in this domain [32, 33]. This region contains actin
and ATP binding sites that generate the force to transport actin
filaments in vitro [34]. It is reasonable that motor domain dys-
function will lead to abnormal stereocilia associated with a
severe deafness phenotype. A recent mechanism study revealed
that the myosin-XV motor domain may exhibit strain sensitiv-
ity, suggesting that it could also act as a force-sensitive element
bridging the membrane and actin cytoskeleton at the stereocilia
tip which, in turn, makes a significant influence on human deaf-
ness ofMYO15Amutation [24]. Profound hearing loss and null
DPAOE response may be caused by this novel compound het-
erozygous mutations of the MYO15A gene. The c.6340G>A
mutation is a known disease mutation (https://www.ncbi.nlm
.nih.gov/snp/rs377385081) which was first reported by Yang
et al. in 2013 [15]. In Yang’s study, the biallelic mutations
c.6340G>A/c.6956+9C>G were also found in the proband’s
deaf relatives for which they were identified as disease muta-
tions. The c.6340G>A mutation is a missense mutation result-
ing in an alternation of a Valine with a Methionine at amino
acid position 2114 in the first MyTH4 domain in myosin-XV.
The MyTH4 domain of myosin has some roles in microtubule
as well as actin binding at the plasma membrane. Mutations in
this domain can disrupt the protein-protein interaction which is
important for the normal function of hearing [35, 36].

Here, we found c.5681T>C was compound heterozy-
gous with c.2802_2812del and c.6340G>A in these two
irrelevant pedigrees. We concluded the c.5681T>C variant
to be pathogenic for several reasons: (a) the amino acid
residues at the mutation sites were highly conserved; (b)
several pathogenic mutations have been found near this
location; (c) detected in 2 sporadic pedigrees with similar
DFNB3 phenotype; (d) the MYO15A gene is highly het-
erogeneous, and c.6340G>A mutation is a known disease
mutation, which combined with c.5681T>C causing deaf-
ness. Moreover, both the 2 novel mutations were cosegre-
gated with the profound deafness and were predicted to be
pathogenic mutations by computer algorithms. These all

Table 2: Identified pathogenic variants in the MYO15A gene in this study and their prediction results by computer algorithms.

Nucleotide
change

Type of
variation

Gene
subregion

Amino acid
change

MutationTastera PROVEANb PolyPhen-2c Novelty

c.2802_
2812del

Truncation Exon 2
p.Gln937Leufs∗

39
DC

Deleterious (score
-65.157)

— Novel

c.5681T>C Missense Exon 24 p.Leu1894Pro DC
Deleterious (score

-6.817)
Probably damaging

(score 0.988)
Novel

c.6340G>A Missense Exon 30 p.Val2114Met DC
Deleterious (score

-2.696)
Probably damaging

(score 0.982)
[15, 16]

aDC: disease causing; PO: polymorphism. bThe PROVEAN scores indicated deleterious and neutral function, respectively, with a cut-off score set at -2.5.
Variants with a score equal to or below -2.5 are considered “deleterious”; variants with a score above -2.5 are considered “neutral.” cThe PolyPhen-2 score
ranges from 0.0 to 1.0. Variants with scores of 0.0 are predicted to be benign. Values closer to 1.0 are more confidently predicted to be deleterious. The
score can be interpreted as follows: 0.0 to 0.15: benign; 0.15 to 1.0: possibly damaging; 0.85 to 1.0: probably damaging.
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Figure 3: (a) Schematic diagram of 66 exons of the MYO15A gene is shown with all pathogenic mutations (arrows) of two families. Novel
compound heterozygous MYO15A mutations are indicated in red. Previously reported mutation is indicated in black. (b) Overview of the
reported MYO15A variants and their locations in the protein structure. The red words indicate the novel mutations, and the blue one
refers to the reported variant that was detected in the proband in this study.
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suggested that c.5681T>C is a relevant and pathogenic
mutation in the MYO15A gene responsible for the pro-
found hearing loss of the probands.

In conclusion, our study demonstrated that two com-
pound heterozygous mutations in the MYO15A gene
(c.2802_2812del/c.5681T>C and c.5681T>C/c.6340G>A)
were the pathogenic variants in two ARNSHL families. The
c.2802_2812del and c.5681T>C mutations are reported for
the first time, and both were strongly speculated as patho-
genic mutations in the MYO15A gene. Our finding further
extends the MYO15A gene mutation spectrum and enriches
our knowledge of genotype-phenotype correlation in
MYO15A-related deafness.
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Background. Approximately 70% of congenital deafness is attributable to genetic causes. Incidence of congenital deafness is known
to be higher in families with consanguineous marriage. In this study, we investigated the genetic causes in three consanguineous
Pakistani families segregating with prelingual, severe-to-profound deafness. Results. Through targeted next-generation
sequencing of 414 genes known to be associated with deafness, homozygous variants c.536del (p. Leu180Serfs∗20) in TECTA,
c.3719 G>A (p. Arg1240Gln) in MYO7A, and c.482+1986_1988del in HGF were identified as the pathogenic causes of enrolled
families. Interestingly, in one large consanguineous family, an additional c.706G>A (p. Glu236Lys) variant in the X-linked
POU3F4 gene was also identified in multiple affected family members causing deafness. Genotype-phenotype cosegregation was
confirmed in all participating family members by Sanger sequencing. Conclusions. Our results showed that the genetic causes of
deafness are highly heterogeneous. Even within a single family, the affected members with apparently indistinguishable clinical
phenotypes may have different pathogenic variants.

1. Background

Congenital hearing loss affects 1‰-2‰ of newborns world-
wide. Among them, approximately 70% of deafness is attrib-
utable to genetic causes [1]. The genetics of hearing loss is
extremely heterogeneous as, to date, more than 120 genes
are reported to cause nonsyndromic hearing loss (Hereditary
Hearing Loss Homepage; https://hereditaryhearingloss.org).

Similarly, numerous genes are known to cause syndromic
hearing loss [2–10]. In recent years, next-generation
sequencing (NGS) has been increasingly implemented in
the genetic diagnosis of heterogeneous diseases including
hearing loss, providing a high-throughput, efficient approach
to target hundreds of causative genes or even the whole
exome for the identification of pathogenic variants [11, 12].
Due to the extremely high heterogeneity of genetic hearing
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loss, however, determining the pathogenicity of the candidate
variants can be challenging in many cases. For example, rare,
benign variants are not always distinguishable from the true
pathogenic variants following general guidelines for sequenc-
ing data interpretation [13, 14]. Reporting of rare variants
with phenotypic cosegregation in large families, therefore,
will provide valuable references for genetic diagnosis of deaf-
ness in isolated cases [14].

The deafness-associated genes play diverse roles in the
development, function, and maintenance of the inner ear.
Variants in these genes correspondently lead to variable
auditory phenotypes in regard to onset, severity, progression,
audiogram profile, and accompanying syndromic features
[1]. In some cases, different variants in the same gene, such
as MYO7A, may result in distinct phenotypes in nonsyn-
dromic deafness DFNA11 and DFNB2 [15, 16] or syndromic
deafness USH1B [17]. Documentation and analysis of the
genotype-phenotype correlation covering a broad range of
novel or previously less characterized variants are therefore
necessary to facilitate genetic diagnosis of hearing loss.

Approximately 80% of genetic deafness are inherited in
an autosomal recessive manner [18]. In many cases, they
are closely related to consanguineous marriage, which is
common in regions of the Middle East, South Asia, South
America, and Africa [19, 20]. Studies in Iranian and Palestin-
ian populations, for example, showed that, respectively, 65%
and 58% of deaf children were born to parents having
consanguineous marriage [21, 22]. A number of deafness-
associated genes are discovered by linkage analyses based
on homozygosity mapping of large consanguineous deaf
families [23, 24].

In this study, we performed targeted NGS in three Paki-
stani consanguineous families and identified novel variants
in TECTA and POU3F4 and previously reported variants in
MYO7A and HGF as the pathogenic causes for prelingual,
severe-to-profound deafness. Interestingly, in a large, multi-
generational consanguineous family, we identified two sepa-
rated variants in HGF and POU3F4, illustrating the complex
genetic heterogeneity of deafness.

2. Materials and Methods

2.1. Subjects and Clinical Evaluations. Three consanguine-
ously married families (PK-DD-KA-01 (Figure 1), PK-DD-
RP-01 (Figure 2), and PK-DB-OKA-01 (Figure 3)) were
enrolled from three districts (Muzafargarh, Rajanpur, and
Okara, respectively) in Punjab (Pakistan) with multiple
individuals suffering from deafness. Written informed
consents were obtained from all participants and/or their
parents before their enrollment in this study. Family mem-
bers affected with deafness were examined in the ear, nose,
and throat (ENT) wards of their respective District Head
Quarter Hospital by medical specialists. Clinical evaluations
included complete medical history interview, comprehen-
sive physical examination, and pure tone audiometry
(PTA). Otoscopic examination was performed to exclude
hearing loss due to infections, trauma, or other environ-
mental factors. The vestibular function was evaluated by
medical history inquiry and behavioral testing. This study

was approved by the Research Ethics Committee of the
Peking University Shenzhen Hospital.

2.2. Genetic Analysis. Genomic DNA was extracted from
peripheral blood samples of the enrolled subjects by using the
QIAamp DNA BloodMini Kit (QIAGEN, Shanghai). Targeted
NGSwas performed in the proband fromeach family (arrows in
Figures 1(a), 2(a), and 3(a)) plus individual IV-5 from Family
PK-DB-OKA-01. The customized capture panel (MyGenostics,
Beijing) targeted the exonic region of 414 known deafness-
associated genes; in addition to the exonic region, the panel
also included all intronic, intergenic, and noncoding regions
containing variants that reported in HGMD (147 genes, 751
variants) (Supplementary Table S1). Candidate pathogenic
variants were defined as nonsynonymous (including
nonsense, missense, splice-site, and indels) variants with
minor allele frequencies (MAFs) less than 0.005 in public
databases including 1000 Genomes, dbSNP, and GnomAD.
Potential pathogenic effect of the candidate variants was
evaluated by in silico tools MutationTaster, PROVEAN,
SIFT, and PolyPhen-2. Cosegregation of the deafness
phenotype and the pathogenic variants was confirmed in
participating family members by PCR amplification and
Sanger sequencing; the results were shown in each pedigree
map. Pathogenicity of the variants was classified following
the guidelines of ACMG 2015 [13].

3. Results

3.1. Clinical Characterization. There are at least seven
subjects in family PK-DD-KA-01 (Figure 1(a)), 2 in PK-
DD-RP-01 (Figure 2(a)), and 22 in PK-DB-OKA-01
(Figure 3(a)) that were suffering from bilateral, prelingual,
severe-to-profound sensorineural hearing loss (Figures 1(c),
2(c), and 3(c)). All affected subjects in Families PK-DD-
KA-01 and PK-DD-RP-01 and half (11/22) of the affected
subjects in Family PK-DB-OKA-01 were born to parents
with consanguineous marriage. No ear malformation, vestib-
ular dysfunction, developmental abnormality, or syndromic
symptom were identified in enrolled subjects.

3.2. Identification of the Pathogenic Variants in Probands.
Targeted NGS of 414 known deafness genes was performed
on probands of the three families. Homozygous variants
c.536del (p. Leu180Serfs∗20) in TECTA (NM_005422.4),
c.3719 G>A (p. Arg1240Gln) in MYO7A (NM_
001127180.2), and c.482+1986_1988del in HGF (NM_
000601.6)were identified as the candidate pathogenic variants
in probands IV-4 of Family PK-DD-KA-01 (Figure 1(a)), IV-
4 of Family PK-DD-RP-01 (Figure 2(a)), and IV-24 of Family
PK-DB-OKA-01 (Figure 3(a)), respectively. All candidate
variants have minor allele frequencies lower than 0.0001 in
the public database gnomAD and are categorized as likely
pathogenic based on ACMG guidelines (Table 1).

3.3. Identification of a Second Pathogenic Variant in Family
PK-DB-OKA-01. Sanger sequencing confirmed that homozy-
gous variants c.536del (p. Leu180Serfs∗20) in TECTA and
c.3719 G>A (p. Arg1240Gln) in MYO7A segregated with
the deafness in all participating members in Families PK-
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Figure 1: Continued.
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DD-KA-01 (Figure 1(b)) and PK-DD-RP-01 (Figure 2(b)),
respectively. In Family PK-DB-OKA-01, however, five deaf
members (IV-4, IV-5, IV-6, III-10, and III-17, marked blue
in (Figure 3(a))) were either heterozygous or wild type for
variant c.482+1986_1988del in HGF (Figure 3(b)). A second
round of targeted NGS on subject IV-5 in this family identi-
fied a hemizygous c.706G>A (p. Glu236Lys) variant in the X-
chromosome gene POU3F4 (NM_000307.5), a causative
gene for X-linked nonsyndromic deafness DFNX2. The
c.706G>A (p. Glu236Lys) variant segregated with the deaf-
ness in the five aforementioned male family members, but
it was not detected in any other family members
(Figures 3(a) and 3(b)). This novel variant is not seen in the
gnomAD databases and has not been previously reported in
association with hearing loss. It substitutes an evolutionarily
conserved, acidic residue glutamic acid to an alkaline residue
lysine at position 236 (Figure 3(e)) and is predicted to be
deleterious or probably damaging by in silico tools Mutation-
Taster, PROVEAN, SIFT, and PolyPhen-2 (Table 1).

4. Discussion

Hearing loss is one of the major disabilities worldwide, which
is often induced by loss of sensory hair cells [25–29] and
spiral ganglion neurons [30–34] in the inner ear cochlea.
Hearing loss could be caused by genetic factors, aging, chronic
cochlear infections, infectious diseases, ototoxic drugs, and
noise exposure [35–42], and genetic factors account for around
70% of the hearing loss. In the present study, we are reporting
the genetic causes of the prelingual, severe-to-profound deaf-
ness in three consanguineous Pakistani families through tar-
geted NGS approach. Variants c.536del (p. Leu180Serfs∗20)

inTECTA and c.706G>A (p. Glu236Lys) in POU3F4 are novel,
while c.3719 G>A (p. Arg1240Gln) in MYO7A and c.482
+1986_1988del inHGFwere previously reported in only very
limited cases associated with deafness [43, 44]. In support of
their pathogenicity, all four variants segregated with multiple
affected and unaffected family members consistent with the
autosomal recessive or X-linked inheritance modes. Consid-
ering that homozygosity of rare variants is quite rare in the
general population, the data generated during the present
study will provide valuable genetic evidence regarding the
genetic basis of deafness.

The phenotypes of the three families in this study are all
characterized as prelingual, severe-to-profound sensorineu-
ral hearing loss. Consistently, a similar type of hearing loss
has also been associated with many variants in TECTA,
MYO7A, HGF, and POU3F4 in previous reports. TECTA
encodes α-tectorin, which is one of the main components
to comprise the tectorial membrane in the cochlea [45].
Unlike dominant TECTA variants, which are associated with
milder hearing loss DFNA8/12 (MIM 601543), the recessive
TECTA variants often result in prelingual, severe-to-
profound hearing loss (DFNB21, MIM 603629) [46–50]. Like
several other recessive, truncating variants in TECTA, the
c.536del (p. Leu180Serfs∗20) variant identified in this study
causes a frameshift; this will result either in an abortive
protein truncated in exon 4 or in no protein at all due to
nonsense-mediated mRNA decay [51] and likely results in
loss of function (Figure 4(a)). MYO7A is extensively
expressed in the hair cells and plays an important role in
maintaining stereocilia differentiation and morphology [52,
53]. The c.3719 G>A (p. Arg1240Gln) variant in MYO7A
locates in the highly conserved first MyTH4 domain
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Figure 1: Genetic and phenotypic characterization of Family PK-DD-KA-01. (a) Pedigree and genotype showing the c.536del (p.
Leu180Serfs∗20) variant in TECTA. (b) Sanger sequencing of the c.536del (p. Leu180Serfs∗20) variant in affected and unaffected family
members. (c) Pure tone audiometry showing the bilateral profound hearing loss in affected family member IV-4. (d) Multiple sequence
alignment showing the conservation of the L180 residue in different species.
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(Figure 4(b)). It has been previously reported to be associated
with Usher syndrome 1B (MIM 276900), characterized by
congenital, severe-to-profound hearing loss, and late-onset
retinitis pigmentosa before or after puberty [44, 54]. Since
the two affected children with the c.3719 G>A (p.
Arg1240Gln) homozygous variant in our study were 7 and
9 years old without apparent visual abnormality, the poten-
tial visual dysfunction remains to be determined at older
age. HGF encodes a hepatocyte growth factor and is
expressed in the stria vascularis of the mouse inner ear. The
c.482+1986_1988del variant identified in this study has been
previously reported to cause prelingual, profound deafness
(DFNB39, MIM 608265) [43]. AHgf 10 bp deletion in homo-
zygous mutant mice, which fully encompasses the 3 bp dele-
tion in humans, also displayed profound hearing loss at 4
weeks age (Figure 3(d)) [55]; Hgf 10 bp deletion in homozy-
gous mice causes low expression of Hgf in the cochlea, which
leads to developmental defect of the stria vascularis and

reduced endocochlear potential in the cochlea [55]. The
3 bp deletion in the intronic region possibly has a similar
mechanism to cause hearing loss. POU3F4 encodes a POU
domain transcription factor expressed in a spiral ligament
and spiral limbus [56]. Most DFNX2 (MIM 304400) patients
with POU3F4 variants have profound hearing loss with or
without developmental abnormality of the conductive com-
ponents [57, 58]. Although the temporal bone abnormities
could not be confirmed in this family, the PTA results of
affected males in the family only presented sensorineural
hearing loss, which is less common than mixed hearing loss
in patients with POU3F4 variants. The novel c.706G>A (p.
Glu236Lys) variant identified in this study is located in the
highly conserved POU-specific domain (Figure 4(c)), which
is similar to a previously reported c.707A>C; p. (Glu236Ala)
variant in a Turkey family [59]. Overall, our results are con-
sistent with known genotype-phenotype correlation of the
corresponding genes.
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Figure 2: Genetic and phenotypic characterization of Family PK-DD-RP-01. (a) Pedigree and genotype showing the c.3719 G>A (p.
Arg1240Gln) variant in MYO7A. (b) Sanger sequencing of the c.3719 G>A (p. Arg1240Gln) variant in affected and unaffected family
members. (c) Pure tone audiometry showing the bilateral profound hearing loss in affected family member IV-4. (d) Multiple sequence
alignment showing the conservation of the R1240 residue in different species.

5Neural Plasticity



1 2 3 4

1 2 3 4 5 6 7 8

2 3 4 5 6 7 8 9 1 0 1 1 3 12 13 14 15 16 17 18 19 20

9

21 22 23

1 3

4 5 6

2

7 8 9 1 0 1 1

12 13 14 15 16 17 18 19 20 21 22 15 23 14 20 24 25 18 26 27 28 29 30 31

1 2 3 4

5 6 7 8 9 1 0 1 1 16 12 13 14 15 16 18 19 20 2117

I.

II.

III.

IV.

V.

IV.

V.

−/+

HGF482+1986–1988del TGA

POU3F4 c.706G> A

PK-DB-OKA-01

X−/Y X−/Y X−/Y
−/+−/++/+

X+/X+
−/+

X+/Y
−/+

X+/X+ X+/X+X−/X+
−/+ −/+−/+

X−/X+
−/+

X−/Y
−/+

X−/Y
−/−

X+/Y
−/+

X+/X+
−/+

X+/X+
−/−

X+/X+
−/−

X+/X+
−/+

X+/YX+/X+ X+/X+
−/−−/−

X+/X+
−/−

X+/X+
−/+

X+/YX+/X+X+/X+
−/+−/+−/+−/+

X+/X+ X+/Y X+/Y X+/Y
−/−

X+/X+
−/− −/−−/+ −/+ −/+

X+/X+ X+/X+X+/X+ X+/Y
+/+ +/+ +/+

X+/Y
−/+

X+/Y
−/−

X−//Y
+/+

X+/X+

−/−
X+/X+

(a)

V-20
Control

IV-24
Patient

T

HGF482+1986–1988del POU3F4 c. 706G> A;

p.(Glu236Lys

IV-6
Patient

II-7
Control

III-17
Patient

III-10
Patient

III-11
Patient

90 100

90 100

70

40

T TTG G G G G GA A A A A A A A TA

T T TG G G G G GA A A A A A AA TA

T T TG G G G G GA A A A A A AA TA

T T TG G G G G G

G G G GC C C

A A A A A AA T

T T TT

A

A

G G G GC C CT T TT AA

G G G GC C CT T TT AA

50

40 50

40 50

40 50

(b)

Figure 3: Continued.
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As summarized above, in this study, rare pathogenic var-
iants were identified in four separate deafness-associated
genes, TECTA, MYO7A, HGF, and POU3F4, which have
distinct expression profiles and functions in the inner ear.
Nevertheless, all four variants resulted in an almost uni-
formed type of prelingual, severe-to-profound deafness,
representing yet another example of extremely high genetic
heterozygosity for hearing loss. Interestingly, within the
large pedigree of Family PK-DB-OKA-01 with multiple
consanguineous marriages, five of the fifteen affected indi-
viduals actually have a hemizygous, X-linked variant as a
separate cause of hearing loss irrelevant to the consanguine-
ous marriage pattern (Figure 3(a)). Since most novel
deafness-causative genes were originally identified through

genetic analysis of such large pedigrees based on assumptions
that all affected family members share a single pathogenic
variant, our results suggested that caution should remain
against such complexed inheritance patterns involving two
or multiple genetic causes.

5. Conclusions

In summary, our study of three consanguineous families with
prelingual, severe-to-profound deafness revealed a rather
heterogeneous variant spectrum in the corresponding
Pakistani deaf communities. Next-generation sequencing
illustrates its advantages in resolving such complexed cases.
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Figure 3: Genetic and phenotypic characterization of Family PK-DB-OKA-01. (a) Pedigree and genotypes showing the 482+1986-1988del
variant in HGF (marked as -) and the c.706G>A (p. Glu236Lys) variant in POU3F4 (marked as X-). (b) Sanger sequencing of the 482
+1986-1988del and c.706G>A (p. Glu236Lys) variants. (c). Pure tone audiometry showing the bilateral profound hearing loss in affected
family members IV-24 and IV-6. (d) Position of the 3 bp deletion in human HGF and the 10 bp deletion in mouse Hgf that both lead to
profound hearing loss. (e) Multiple sequence alignment showing the conservation of the E236 residue in different species.
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Figure 4: Domain structure and variant position of TECTA, MYO7A, and POU3F4 proteins. (a) α-Tectorin consists of entactin domain
(ENT), zonadhesin (ZA) domain, and C-terminal zona pellucida (ZP) domain. Previously reported autosomal recessive variants in
TECTA are presented, with the c.536del (p. Leu180Serfs∗20) variant highlighted by the red arrow. (b) Myosin VIIA consists of a motor
domain, five IQ motif repeats, two large repeats of MyTH4 and FERM domains, and an SH3 domain. The c.3719 G>A (p. Arg1240Gln)
variant is highlighted by the red arrow. (c) POU3F4 consists of a POU-specific domain (POUS) and a POU homeodomain (POUH).
Previously reported POU3F4 variants are presented, with the c.706G>A (p. Glu236Lys) variant highlighted by the red arrow.
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Purpose. Slc26a4-/- mice exhibit severer defects in the development of the cochlea and develop deafness, while the underlying
mechanisms responsible for these effects remain unclear. Our study was to investigate the potential mechanism linking
SLC26A4 deficiency to hearing loss. Materials and Methods. RNA sequencing was applied to analyze the differential gene
expression of the stria vascularis (SV) from wildtype and Slc26a4-/- mice. GO and KEGG pathway analysis were performed.
Quantitative RT-PCR was applied to validate the expression of candidate genes affected by Slc26a4. ELISA and
immunofluorescence technique were used to detect the homocysteine (Hcy) level in serum, brain, and SV, respectively. Results.
183 upregulated genes and 63 downregulated genes were identified in the SV associated with Slc26a4 depletion. Transcriptomic
profiling revealed that Slc26a4 deficiency significantly affected the expression of genes associated with cell adhesion,
transmembrane transport, and the biogenesis of multicellular organisms. The SV from Slc26a4-/- mice exhibited a higher
expression of Bhmt mRNAs, as well as altered homocysteine (Hcy) metabolism. Conclusions. The altered expression of Bhmt
results in a dramatic change in multiple biochemical reactions and a disruption of nutrient homeostasis in the endolymph
which may contribute to hearing loss of Slc26a4 knockout mouse.

1. Introduction

Pendred syndrome, characterized by deafness with enlarge-
ment of aqueduct and goiter, is caused by mutations of
SLC26A4, one of the most prevalent causes of hereditary
hearing loss globally [1]. A large-scale study showed muta-
tions of SLC26A4 that occur in approximately 5-10% senso-
rineural hearing loss children among a variety of different
ethnic populations [2]. The onset of hearing loss in patients
with Pendred syndrome is variable. Some patients may have
hearing loss at birth, while others suffer fluctuating, or
progressive hearing loss during their childhood, which may
provide a window of opportunity for treatment [3].

To investigate the underlying mechanism of the Pendred
syndrome, researchers have created a mouse model for study.

The Slc26a4 knockout mice suffer severe hearing loss and
malformation of cochlea at birth. Previous studies looking
at the Slc26a4 knockout mice have found that pendrin,
encoded by the Slc26a4 gene, locates in root cells of the outer
sulcus, cells overlying the spiral prominence, and spindle-
shaped cells of the stria vascularis in cochlea. Meanwhile,
three main changes occur in the inner ears of Slc26a4mutant
mouse. (1) A lack of pendrin causes the acidification of the
endolymph [4]. Pendrin is an anion exchange protein, simi-
lar to Cl- and HCO3- exchangers that participate in fluid reg-
ulation of the endolymph [5]. In the absence of pendrin,
HCO3- secretion into the endolymph is affected, which
causes the endolymph to become acidic and leads to inhibi-
tion of Ca2+ reabsorption [4, 6]. (2) The scala media is
enlarged due to the dysfunction of the endolymphatic sac.
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The cochlear lumen is formed by the balance of the fluid
secretion in the vestibular labyrinth and fluid absorption in
the endolymphatic sac, from embryonic day (E) 13.5 and
14.5 [7]. Thus, dysfunction of fluid absorption in the endo-
lymphatic sac, due to Slc26a4mutation, results in an enlarged
volume of the scala media [8, 9]. (3) The expression of
Kcnj10 is reduced, and this inwardly rectifying K+ channel
subunit, located in the intermediate cells of the stria vascu-
laris (SV), is responsible for the establishment of the endo-
lymphatic potential (EP) [10, 11]. Wangemann et al. have
reported an absence of Kcnj10 in the intermediate cells of
Slc26a4 mutant mice at 1-4 months of age, and this lack of
channel protein causes a decrease in the EP, which may
directly lead to deafness [12]. Among these three changes,
the pathology in the SV is the initial and predominant cause
of the hearing loss associated with Slc26a4-/- mice. However,
how Slc26a4 deficiency affects morphology and function of
SV remains unknown.

In this study, we used RNA sequencing methodology to
compare differences in the transcriptomes in the SV from
wildtype and Slc26a4 mutant mice. We found that Slc26a4
deficiency significantly affected SV genes required for multi-
cellular organism biogenesis. Furthermore, the SV from
Slc26a4-/- mice exhibited higher expression of BhmtmRNAs,
as well as a dramatic reduction of Hcy, suggesting abnormal-
ity of Hcy metabolism as a novel mechanism by which
SLC26A4 affects hearing.

2. Materials and Methods

2.1. Animals. Slc26a4 knockout mice were obtained from the
Jackson Laboratory, and Calca knockout mice were from
Cyagen Co. LTD. All animals were maintained in heterozy-
gotes in SPF circumstances and adapted to the experimental
circumstances for a week before the experiments. All experi-
mental procedures were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals and were
approved by the Animal Care and Use Committee of the
Shanghai Jiao Tong University Affiliated Sixth People’s Hos-
pital [Permit number: SYXK 2016-0020].

2.2. RNA-seq.Wildtype and Slc26a4-/- mice were sacrificed at
P14. The stria vascularis were isolated from inner ear and
then lysed in Trizol (Invitrogen). Total RNA was isolated
according to the manufacturer’s instructions. All samples
were sequenced on an Illumina HiSeq2500 platform at 15
million 100-bp single reads per sample. After quality control
of the sequencing libraries, reads were trimmed and mapped
against the Ensembl genome annotation and the human
genome assembly (hg19/GRCh38) using Tophat2. Reads
mapping to ribosomal RNAs or the mitochondrial genome
were removed.

2.3. Quantitative Real-Time RT-PCR. Total RNA from wild-
type and Slc26a4-/- stria vascularis was extracted with TRIzol
reagent according to the manufacturer’s instructions (Invi-
trogen). One microgram of total RNA was reverse tran-
scribed using the ReverTra Ace® qPCR RT Kit (Toyobo,
FSQ-101) according to the manufacturer’s instructions. A
SYBR RT-PCR kit (Toyobo, QPK-212) was used for quanti-
tative real-time PCR analysis. The relative mRNA expression
of different genes was calculated by comparison with the
control gene Gapdh (encoding GAPDH) using the 2-△△Ct

method (Table 1).

2.4. Immunostaining. Wildtype and Slc26a4-/- mice were
sacrificed at P14. The cochleae were isolated from temporal
bone, fixed by 4% PFA, dehydrated by 30% sucrose, and cut
into frozen sections. The section was then permeabilized with
0.1% Triton X-100 in PBS and blocked with 1% BSA in PBS.
The samples were incubated with anti-Hcy (PAD984Ge01,
Clonecloud) at 4°C overnight and then secondary antibody
or DAPI at room temperature for 30min. The stria vascularis
were dissected from lateral wall and its actin structure were
shown by phalloidin staining. Samples were examined and
the figures were acquired with an LSM 710 confocal laser-
scanning microscope (Carl Zeiss, Oberkochen, Germany) at
20x or 63x magnification.

2.5. Enzyme-Linked Immunosorbent Assay. The blood
plasma and brain homogenate from wildtype and Slc26a4-/-

mice were prepared and persevered at -20°C until analysis.

Table 1: Primer used in this study.

Target Forward (5’to3’) Reversed (5’to 3’)

Slc26a7 GCATGATGAAACCTCGCAACA TTCATTGCAGTTGCCGTTGG

Ace2 CACTCCTGCCACACCACGTT TGGTCTTTAGGTCAAGTTTACAGCC

Gpr176 GGTGTTATGGTCAACTTGCCG AGAGCATCGTATAGATCCACCAG

Lrrc8d ATGTTTACCCTTGCGGAAGTTG CATCAGCATAACGACTGCCAG

Padi1 TGTGTGCGTGGTAGGTGTG TCGAGGGATCGTAGACCATGT

Arrb1 AAGGGACACGAGTGTTCAAGA CCCGCTTTCCCAGGTAGAC

Alox15 CAGGGATCGGAGTACACGTT GATTGTGCCATCCTTCCAGT

Bmht CTGGGGAAGTGGTTTGGACA GCCGGAAGCTATTCGCAGAT

Bhmt2 CTCCAGAAGCAGTGGTAGAACATC CATCAGCTCCCGCTCTCAAG

Ahcy TCGAAGTGTCCAATGTTACAGAC CTTGGCCGGCACTTTGAG

Cbs GCAGCGCTGTGTGGTCATC GTCACTCAGGAACTTGGACATGTAGT
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Hcy level was measured using ELISA Kit for Homocysteine
(CED984Ge, Clone-Cloud) according to the manufacture’s
instruction. Absorbance was assessed by an ELISA
microplate reader at 450 nm and the results were expressed
in pg/ml.

2.6. ABR Threshold Testing. The hearing condition of mice
was detected by auditory brain stem response (ABR) thresh-
olds. The mice used for ABR testing were fully anesthetized
by a mixture of ketamine and xylazine. The initial dose of
ketamine and xylazine was 85 and 15mg/kg, respectively.
The stimulus generation and biosignal acquisition parame-
ters were similar to those used in a previous study [13]. Audi-
tory stimuli were presented from a speaker 10 cm ahead of
the mouse’s head, needle electrodes were positioned in the
vertex of the head and the reference, and grounding elec-
trodes were positioned posterior to the external auditory
canals. The tone bursts were generated by TDT RP2.1 Real-
time signal processor, (10-ms duration with 0.5-ms rise/fall

time presented at 21.1/s intervals) at 4, 8, 16, 24, and
32 kHz with SigGen software. The biological signals picked
up by the electrodes were led to a RA4PA preamplifier from
Tucker-Davis Technologies (TDT System III; Alachua, FL,
USA). The evoked ABR responses were amplified 20x by a
PA4 preamplifier (TDT) and averaged 1000 times. The inten-
sity of tone bursts started at 90 dB SPL and declined by a step
of 10 dB, except around threshold where it was 5 dB. The
threshold was determined based on visibility and reproduc-
ibility of negative–positive waves. Threshold was defined as
the lowest sound level that produces a reproducible response.

2.7. Statistical Analysis. The results are represented as the
mean ± s:e:m:, and statistical significance between groups
was determined using an unpaired t-test or the Mann–Whit-
ney U test. The GraphPad Prism software 8.0 was used for all
analyses, and a ∗p < 0:05 was considered statistically
significant.

Basilar membrane
Lateral wall

Slc26a4+/+

SV SV

Slc26a4-/-

(a)

Slc26a4+/+ Slc26a4-/-
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Phalloidin

10,000nm 10,000nm

(b)

Figure 1: The dramatic morphological changes occurred in stria vascularis from Slc26a4-/- mice. (a) The scala media, formed by basilar
membrane, lateral wall, and vestibular membrane, is significantly enlarged in Slc26a4-/- mice. SV: stria vascularis. The outline of stria
vascularis, which is visualized through pigmentation in intermediate cells, is clearer in Slc26a4+/+ mice. (b) Marginal cells in stria
vascularis from wildtype or Slc26a4-/- mice were coated on coverlips and sent for phalloidin staining.
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3. Results

3.1. Dramatic Morphological Changes in the Stria Vascularis
from Slc26a4-/- Mice. Slc26a4-/- mice typically have larger

inner ears due to the dysfunction of the endolymphatic sac.
Compared to those from Slc26a4+/+ mice, the cochlear lumen
of the inner ears, isolated from 6-week-old Slc26a4-/- mice, is
significantly enlarged. Furthermore, the SV can be visualized
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Figure 2: Transcripts regulated in stria vascularis of Slc26a4 deletion. (a) Principal component analysis of RNAs from stria vascularis of
wildtype (WT) and Slc26a4-/- (KO) mice. (b, c) Scatter plot (b) and Volcano plot (c) indicate individual RNAs sequenced.
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Figure 3: Continued.
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through the pigmentation of the intermediate cells [14], and
the lateral wall appears darker and more obvious in
Slc26a4+/+ mice when compared to Slc26a4-/- (Figure 1(a)).

The inner layer of the SV is formed by marginal cells fac-
ing the endolymph [10]. Therefore, we used the actin stain
phalloidin, to profile the structure of these marginal cells in
SV. Indeed, enlargement of marginal cells was seen in
Slc26a4-/- mice, while the marginal cells from Slc26a4+/+ mice
were normal in both size and organization [15] (Figure 1(b)).

3.2. Transcript Regulation in the Stria Vascularis Caused by
Slc26a4 Deletion. To determine the role of SLC26A4 in the
function of the cochlea, wildtype and Slc26a4-/- mice were
sacrificed and their SV were carefully isolated. Total RNA
from pairs of SVs was extracted and then sent for next-
generation sequencing and data from each sample generated
on average 24-Mb of clean reads, after low-quality filtering,
and these clean reads were mapped for reference. Each of
the data sets contained 24-Mb reads and a mapping rate of
92–93%. Moreover, we counted the number of identified
expressed genes and calculated their proportion and distribu-
tion to the total gene number in the database for each sample.

The correlation for gene expression levels among the samples
is a key criterion to determine whether the experiments are
reliable and whether the samples chosen are reasonable,
and principal component analysis was performed to assess
gene expression levels (Figure 2(a)).

Volcano and Scatter plots showed differentially expressed
transcripts for a fold change of >2 in the Slc26a4 deficient
group when compared to the wildtype group (183 upregu-
lated genes and 63 downregulated genes) (Figures 2(b) and
2(c)).

3.3. Gene Ontology Analysis of the Differential Genes. To bet-
ter understand the associated functions of these differentially
expressed genes in Slc26a4-mediated cochlear function, gene
ontology (GO) analysis was used to perform enrichment
analysis and classifications (Figures 3(a) and 3(b)). GO anal-
ysis identified enriched biological processes associated with
“biological adhesion,” “cellular component organization or
biogenesis,” “multicellular organismal processes,” and “devel-
opmental processes,” indicating that a strong multicellular
organism biogenesis process occurred during the Slc26a4-
mediated maintenance of cochlear homeostasis. Furthermore,
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Figure 3: Gene ontology analysis and KEGG analysis of differentiated expressed genes in stria vascularis of Slc26a4 deletion.
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enriched cellular component terms associated with “mem-
brane,” “organelle,” “extracellular region,” and “membrane-
enclosed lumen” were identified implying that diverse cellular
components were involved in Slc26a4-mediated cochlear
function. Enriched molecular functions were defined as asso-
ciated with “structural molecule activity,” “catalytic activity,”
and “molecular transducer activity,” indicating that formation
of organelle structure and intracellular signal transduction
were the major molecular functions for Slc26a4.

3.4. Analysis of Important KEGG Pathways.We next used the
differential genes for KEGG pathway enrichment, and the
results showed that genes involving in the “ECM-receptor
interaction pathway,” “focal adhesion pathway,” “aldosterone-
regulated sodium reabsorption pathways,” and “taste transduc-
tion pathways” were significantly enriched, indicating that loss
of Slc26a4 genes may lead to disrupted transmembrane cell com-
munication and transport in the SV (Figures 3(c) and 3(d)).

Collectively, GO and KEGG pathway analysis suggested
an essential role for SLC26A4 in the regulation of extracellu-

lar structure formation, cell-to-cell or cell-to-ECM adhesion,
and transmembrane transport.

3.5. Validation of Selected Genes. Several important upregu-
lated and downregulated genes are represented as shown in
the heatmap (Figures 4(a) and 4(b)). Quantitative RT-PCR
results validated the differential expression of selected candi-
date genes, including Padi1, Arrb1, Ace2, Gpr176, Lrrc8d,
Alox15, and Calca (Figure 4(c)).

We noted that one of the important downregulated genes
in the SV of Slc26a4 deficient mice was Gpr176, which
encodes a G-protein-coupled receptor [16] and has previ-
ously been reported to be associated with adult-onset autoso-
mal dominant cerebellar ataxia, with deafness and narcolepsy
[17]. Quantitative RT-PCR analysis confirmed the downreg-
ulation of Gpr176 in the SV of Slc26a4-/- mice (Figure 4(c)),
suggesting a reduction of GPR176-mediated signaling upon
Slc26a4 deficiency.

Another important gene found was Calca and therefore,
we generated a Calca knockout mouse using CRISPR/Cas9
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technology and carefully examine its ABR threshold. The
results showed that Calca+/- mice had equivalent hearing to
the wildtype controls (Figure 4(d)), suggesting that at least
heterozygous deletion of Calca had no significant effect on
hearing.

3.6. Altered Hcy Metabolism in the Stria Vascularis of
Slc26a4-/- Mice.We next determined the expression of Bhmt,
as well as several other enzymes required for Hcy metabolism
including Bhmt2, Ahcy, and Cbs in the SV and brain from
Slc26a4-/- mice using quantitative RT-PCR. The results
showed that Slc26a4 deficiency significantly increased Bhmt
expression in the SV but not the brain, while the expressions
of other enzymes involved in Hcy metabolism were similar in
both groups (Figures 5(a) and 5(b)). Interestingly, we also
observed a significant increase in the Bhmt pseudogene
(Bhmt-ps), in the SV of Slc26a4-/- mice but not in brain,
which was similar to the levels of Bhmt itself, suggesting that
there may be a common regulation of Bhmt and Bhmt-ps in
the SV. Thus, we applied immunostaining assays using an
anti-Hcy polyclonal antibody to measure levels in the SV
from wildtype and Slc26a4-/- mice and found that Hcy levels
were dramatically decreased in the SV of Slc26a4-/- mice
(Figure 6(a)). However, we did not observe a significant
change in serum Hcy levels in these mice when compared
to the wild types, based on an anti-Hcy ELISA (Figures 6(b)
and 6(c)).

4. Discussion

Hearing loss could be caused by genetic factors, aging,
chronic cochlear infections, infectious diseases, ototoxic
drugs, and noise exposure [18–24]. Most of the hearing loss
is due to the damage of hair cells and spiral ganglion neurons
and has been extensively investigated in many previous stud-
ies [25–30], while the detailed mechanism of stria vascularis-
related hearing loss, such as Pendred syndrome, has not been
well known. SLC26A4 affects cochlear function both in
humans and mice; however, the mechanism by which
SLC26A4 achieves this is unclear [15]. Transcriptome
sequencing has been extensively used in many previous stud-
ies to investigate the detailed mechanism in the inner ear
[31–37]. In our study, we applied a transcriptome sequencing
approach to examine the levels of differentially expressed
genes in the SV from Slc26a4-/- mice. Using bioinformatic
analysis, we identified 183 upregulated genes and 63 down-
regulated genes in the SV associated with Slc26a4 depletion.
Furthermore, the cellular functions of these genes are related
to cell communication, extracellular matrix organization,
and transmembrane transportation. Therefore, our findings
suggest a novel mechanism by which SLC26A4 can affect
cochlear function.

Previous studies have shown that macrophage invasion
contributes to degeneration of the SV in the Slc26a4-/- mouse
model [14, 38]. Consistent with this, we found an additional
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Figure 5: Altered expression of Hcy metabolism enzymes in Slc26a4-/- SVs. (a, b) Quantitative RT-PCR analysis of expression of Hcy
metabolism enzymes in Slc26a4-/- SVs (a) or brains (b). n.s.: no significance. ∗p < 0:05 and ∗∗p < 0:01 by the unpaired t-test (c). Data are
from three independent experiments with biological duplicates in each (a, b; mean ± s:e:m: of n = 3 duplicates).
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two well-characterized inflammation regulating genes, Alox15,
that encoded arachidonate 15-lipoxygenase [39] and Arrb1,
encoding β-arrestin 1 [40, 41], in top downregulated genes in
the SV of Slc26a4-/- mice. Quantitative RT-PCR results also
showed that the expression levels of Arrb1 and Alox15 were
decreased in the SV of these knockoutmice. These findings sug-
gest a possible role for tissue inflammation in the degeneration
of the SV in the Pendred syndrome mouse model [42, 43].

The Calca gene, encoding calcitonin and alpha-calcitonin
gene-related peptide [44], is one of the top downregulated
genes found in our study. As reported in a previous study,
Calca is expressed in mouse cochlea at an early stage during
development [45]. We therefore obtained a Calca mutant
mouse to determine whether the low expression of Calca
affected hearing. Since Calca plays a critical role in multior-
gan development [46, 47], Calca-/-mice, created by CRISPR/-
Cas9 methodology, were unhealthy and died soon after birth.
Therefore, we were forced to generate a Calca+/- heterozy-
gous mouse model to determine hearing. The ABR result
showed that there was no difference in the hearing threshold
between the wildtype and the Calca+/- animals. No significant

hearing loss may be due to the heterozygotic nature of the
mice used. Therefore, further research is needed to determine
whether more subtle, or hidden hearing loss is present in
these mice. Also, a new Calca minus model is needed to
further investigate its effect upon hearing.

Our transcriptome sequencing results found that the most
distinctive upregulated gene in the SV from Slc26a4-/- mice
was Bhmt, which encodes betaine Hcy S methyltransferase,
whose activity is required for the transfer of a methyl group
from betaine to Hcy, a nonproteinaceous sulfur amino acid
[48, 49]. Malfunction of Bhmt leads to hyperhomocysteinemia
and several previous epidemiological and experimental studies
have revealed a correlation between hyperhomocysteinemia
and hearing loss [50]. Previous study showed that Hcy level
plays an important part in keeping the integrity of SV, which
is the foundation of SV to establish the EP [51]. We consis-
tently observed a dramatic decrease in Hcy from the SV of
Slc26a4-/- mice when compared to wildtypes, and recently,
nutritional imbalance is emerging as a causative factor associ-
ated with hearing loss. Furthermore, Teresa Partearroyo et al.
have reported that Bhmt plays a central role in the homeostasis
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Figure 6: Altered Hcy metabolism in Slc26a4-/- SVs. (a) Stria vascularis from wildtype or Slc26a4-/-mice were coated on coverlips and sent for
immunostaining against Hcy. (b, c) Elisa assay of Hcy level in plasma (b) and brain (c) from wildtype or Slc26a4-/- mice. n.s.: no significance.
∗p < 0:05 by the unpaired t-test (b, c). Data are from three independent experiments with biological duplicates in each (a, b, c;mean ± s:e:m:
of n = 3 duplicates).
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of methionine metabolism in the cochlea and its deficiency in
mice causes increased susceptibility to noise-induced hearing
loss [52, 53]. Moreover, a decrease in Bhmt expression and
an increase of Hcy in the SV is thought to explain the hearing
loss phenotype seen in Cx30-/-mice [54]. However, one differ-
ence between our findings and previous studies is that in the
SV of Slc26a4-/- mice, Bhmt is upregulated, which leads to
decreased amounts of Hcy, which is part of the folate and
methionine cycles. The elevated expression of Bhmt leads to
an increased consumption of Hcy and folate and production
of methionine and S-Adenosylmethionine, which serve as
the major donors of methyl groups in the synthesis of hor-
mones, nucleotides, and membrane lipids. It is speculated that
the altered expression of Bhmt results in a dramatic change in
multiple biochemical reactions and a disruption of nutrient
homeostasis in the endolymph. However, whether the
decrease in Hcy levels accounts for cochlear dysfunction and
hearing loss in Pendred syndromemouse models requires fur-
ther investigation.

5. Conclusion

Transcriptomic profiling revealed that Slc26a4 deficiency sig-
nificantly affected the expression of genes associated with cell
adhesion, transmembrane transport, and the biogenesis of
multicellular organisms. The altered expression of Bhmt
results in a dramatic change in multiple biochemical reac-
tions and a disruption of nutrient homeostasis in the endo-
lymph which may contribute to hearing loss of Slc26a4
knockout mouse.
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Branchio-oto-renal spectrum disorder (BORSD) is characterized by hearing loss accompanied by ear malformations, branchial
cysts, and fistulae, with (branchio-oto-renal syndrome (BORS)) or without renal abnormalities (BOS (branchio-otic syndrome)).
As the most common causative gene for BORSD, dominant mutations in EYA1 are responsible for approximately 40% of the
cases. In a sporadic deaf patient diagnosed as BOS, we identified an apparent heterozygous genomic deletion spanning the first
four coding exons and one 5′ noncoding exon of EYA1 by targeted next-generation sequencing of 406 known deafness genes.
Real-time PCR at multiple regions of EYA1 confirmed the existence of this genomic deletion and extended its 5′ boundary
beyond the 5′-UTR. Whole genome sequencing subsequently located the 5′ and 3′ breakpoints to 19268 bp upstream to the
ATG initiation codon and 3180 bp downstream to exon 5. PCR amplification across the breakpoints in both the patient and his
parents showed that the genomic alteration occurred de novo. Sanger sequencing of this PCR product revealed that it is in fact a
GRCh38/hg38:chr8:g.71318554_71374171delinsTGCC genomic deletion-insertion. Our results showed that the genomic variant
is responsible for the hearing loss associated with BOS and provided an example for deciphering such cryptic genomic
alterations following pipelines of comprehensive exome/genome sequencing and designed verification.

1. Introduction

Branchio-oto-renal spectrum disorder (BORSD) character-
ized by malformations of the outer, middle, and inner ear
associated with conductive, sensorineural, or mixed hearing
loss, branchial cysts and fistulas, and renal abnormalities
comprises branchio-oto-renal (BOR) syndrome (BOR1:
#113650, BOR2: #610896) and branchio-otic syndrome
(BOS) (BOS1: #602588, BOS3: #608389) [1, 2], two pheno-

types that differ only by the presence or absence of renal
abnormalities. BORSD affects about 1 in 40000 children
including 2% of profoundly deaf children [3, 4]. Same
to other dominant disorders, the offspring of BOR/BOS
individuals are at a 50% risk of inheriting the pathogenic
variant. Once the pathogenic variant has been identified
in an affected family member, prenatal testing for a preg-
nancy or preimplantation genetic diagnosis (PGD) becomes
possible [5, 6].
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The known disease-causing genes for BOR/BOS are
EYA1 (#601653; located in 8q13.3), SIX1 (#601205; located
in 14q23.1), and SIX5 (#600963; located in 19q13.32), in
which EYA1 is the most frequent gene responsible for about
40% of affected patients [7]. EYA1, the human homolog of
the Drosophila eyes absent gene, acts as a protein phosphatase
and transcriptional coactivator [8, 9]. Eya1 homozygous-
deficient mice lack ears and kidneys, and Eya1 heterozygous-
deficient mice present with phenotypes resembling BOR
syndrome [10, 11]. The majority of disease-associated mis-
sense mutations cluster in the conserved C-terminal 271-
residue Eya domain (ED) of EYA1 (321-592 residues) [12].
Otherwise, the N-terminal domain of EYA1 (1-320 residues)
is poorly conserved and can attenuate the catalytic activity of
Eya to achieve transactivation when bound to a DNA-
binding protein [9, 13]. To date, more than 190 mutations in
EYA1 have been found to be associated with BOR/BOS, of
which copy number variants (CNVs) account for about 17.1-
20% (http://www.hgmd.cf.ac.uk/ac/all.php, last updated in
April 2019) [7, 14, 15].

CNVs, DNA segments including deletions, duplications,
and complex rearrangements which exceed 1 kb, are a major
source of genome diversity in human populations [16, 17]
and have been implicated in a variety of human diseases
and cancers [18, 19]. Large CNVs, especially the heterozy-
gous ones, however, were hard to be detected by the conven-
tional mutation screening methods such as polymerase chain
reaction (PCR) amplification and Sanger sequencing. With
the wide application of various genome sequencing tech-
nologies, an increasing number of rare CNVs have been
found to play a vital role in genetic etiology of hearing
loss [20, 21]. But so far, there is no recognized pipeline
for the detection of cryptic genomic alterations that are
hard to detect by conventional methods.

In this study, we reported how multiple genomic
sequencing methods including targeted NGS, real-time
PCR,WGS, and Sanger sequencing were applied comprehen-
sively to identify a heterozygous 55618 bp genomic deletion-
insertion of EYA1 gene in a sporadic patient with BOS. This
may provide an example for deciphering such cryptic geno-
mic alterations following pipelines of comprehensive exo-
me/genome sequencing and designed verification.

2. Materials and Methods

2.1. Editorial Policies and Ethical Considerations. All subjects
in this study gave written, informed consent to participate in
this study. Identifying information will not be included in the
manuscript unless the information is essential for scientific
purposes. This study was approved by the Ethics Committee
of Taizhou People’s Hospital, the Fifth Affiliated Hospital of
Nantong University, and was compliant with the Declaration
of Helsinki.

2.2. Subjects and Clinical Examinations. The proband II-1
and his parents (I-1 and I-2) were recruited by the Depart-
ment of Otolaryngology—Head and Neck Surgery, Taizhou
People’s Hospital, Jiangsu Province (Figure 1(a)). Compre-
hensive clinical history was taken, and a detailed physical

examination was performed in all subjects with special
attentions to audiological, branchial, renal, olfactory, car-
diac, ophthalmologic, skeletal, mental, intestinal, and der-
matologic abnormalities. The hearing loss was confirmed
by otoscopy, pure-tone audiometry (PTA), immittance,
distortion product otoacoustic emission (DPOAE), and
auditory brainstem response (ABR). The malformation of
the middle and inner ear was confirmed by high-
resolution CT (HRCT) and magnetic resonance imaging
(MRI). Renal abnormalities were excluded by ultrasound
and renal function test. Phenotypes of BOS/BOR were
evaluated by the diagnostic criteria described previously
[7]. Major criteria are branchial anomalies, deafness, pre-
auricular pits, and renal anomalies. Minor criteria are
external ear anomalies, middle ear anomalies, inner ear
anomalies, preauricular tags, and others, including facial
asymmetry and palate abnormalities.

2.3. Targeted NGS of 406 Deafness Genes. Genomic DNA was
extracted from the whole blood using the Blood DNA Kit
(TIANGEN BIOTECH, Beijing, China). Sequencing of all
406 deafness-related genes was completed by targeted
next-generation sequencing (NGS) using the MyGenotics
gene enrichment system (Panel1-V4, MyGenotics, Boston,
MA, USA) and the Illumina HiSeq 2000 sequencer (Illu-
mina, San Diego, CA, USA) as previously described (Sup-
plementary Table S1) [22]. The reads were aligned to
HG19 using the BWA software, and the variants were
called using the Genome Analysis Toolkit (GATK), both
with the default parameters. The copy numbers of
related genes were obtained through CapCNV analysis
followed by CNVkit protocol (https://cnvkit.readthedocs
.io/en/stable/pipeline.html). SNVs and indels were
presented using Variant Call Format (VCF) version 4.1
and annotated using the ANNOVAR software. Data
analysis and bioinformatics processing were performed as
previously described [22].

Possible pathogenic effect of the missense mutations was
evaluated by computational tools including CADD, Exome
Variant Server, gnomAD, MutationTaster, PolyPhen-2,
1000 genomes, PhastCons, Phylop, PROVEAN (cut-off
score < –2:5), and SIFT (cut-off score < 0:05).

2.4. Real-Time PCR. To verify the existence and explore
approximate breakpoint position of the suspected hetero-
zygous genomic deletion related to exons 1-5 in EYA1
found by targeted NGS of 406 deafness genes
(Figure 2(a)), primers were designed in its upstream, mid-
dle, and downstream regions, including 5′-end upstream
region, noncoding 5′-UTR, exon 2, exon 5, and exon 6
(Figure 2(b)). The primers were designed by the PRIME3
software online (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). Real-time PCR was performed in the
proband, his unaffected parents, and a normal-hearing
control on the 7300 Real-Time PCR System (Applied Bio-
systems) using SYBR® Premix Ex Taq™ (Takara Bio Com-
pany). Each reaction was repeated three times and the
average Ct was recorded [21].

2 Neural Plasticity

http://www.hgmd.cf.ac.uk/ac/all.php
https://cnvkit.readthedocs.io/en/stable/pipeline.html
https://cnvkit.readthedocs.io/en/stable/pipeline.html
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi


2.5. Whole Genome Sequencing. To judge whether the hetero-
zygous deletion involved upstream genes or not and search
for the exact breakpoint position of 5′- and 3′-end, whole
genome sequencing was selected (Figure 2(c)). Paired-end
DNA libraries were prepared according to the manufac-
turer’s instructions (Illumina TruSeq Library Construction).
DNA libraries were sequenced on Illumina HiSeq X
according to the manufacturer’s instructions for paired-end
150 bp reads. The average sequencing depth ranged from
31.35 to 57.77, and 90.1% to 99.2% of whole genome were
covered at least 20. Reads (without barcode) were aligned
to HG19 using SpeedSeq. Single nucleotide variants,
insertions, deletions, and indels calling were performed
using Genome Analysis Toolkit v2.1. Structure variants
and copy number variants were analyzed in SpeedSeq.

Annotations of single nucleotide variants, indels, structure
variants, and copy number variants were performed with
ANNOVAR [23].

2.6. Sanger Sequencing. To verify the results of WGS, a single
PCR amplification was performed in the proband across the
break junction (Figure 2(d)). The exact break junction and
additional insertion were identified by sequencing of this
PCR product. The same PCR amplification was used to
detect the novel CNV in unaffected parents and a normal-
hearing control (forward primer F1: 5′-ATCTGTGGCCC
CCAAATACTTC-3′; reverse primer R1: 5′-AGGTCCT
CTGCCCATTATTTGA-3′; PCR product size: 244 bp)
(Figure 2(d)). In addition, a second PCR was performed
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Figure 1: Pedigree, genotype, and phenotype characterization of the family. (a) Pedigree, genotype, and audiograms. Proband II-1 is pointed
by the black arrow, and hearing loss is indicated by the black square. The audiograms showed profound sensorineural hearing loss in II-1 and
normal hearing loss in his parents. (b) Right cup-shaped outer ear is showed by a black arrow in b1; two white arrows in b1 and b2 indicate
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to amplify across the 5′ breakpoint from the wild-type
allele (forward primer F2: 5′-TTAGACCAGACACAAA
AGCAACTCC-3′; reverse primer R1: 5′-AGGTCCTCT
GCCCATTATTTGA-3′; PCR product size: 364 bp)
(Figure 2(d)), and a third PCR was performed to amplify
across the 3′ breakpoint from the wild-type allele (forward
primer F1: 5′-ATCTGTGGCCCCCAAATACTTC-3′; reverse
primer R2: 5′-AGAAAGGGATTTTCTAAAGCCATCA-3′;
PCR product size: 559bp) (Figure 2(d)). The CNV was deter-
mined as heterozygous if all PCR products were amplified and
as homozygous if only the 244bp but not the 364bp and
559bp products were amplified. No CNV was detected when
only 364bp and 559bp were amplified. This CNV was subse-
quently screened in 400 ethnically matched normal controls
(data not shown) and excluded benign CNV listing in the
Database of Genomic Variants (http://dgv.tcag.ca/dgv/app/
about?ref=).

3. Results

3.1. Clinical Characteristics. The sporadic patient II-1 was
found with bilateral congenital profound sensorineural hear-
ing loss (Figure 1(a)), right cup-shaped outer ear, bilateral old
surgical scars of congenital preauricular fistula, and cervical
branchial cysts (Figure 1(b)). Bilateral lower external audi-
tory canals, enlarged middle ear cavity, overgasification of
mastoid cells, malformed ossicular chain, cochlear hypopla-
sia in immature apical turn and absence of the middle turn,
malformed semicircular canals, and abnormal internal

auditory canals were found by temporal bone HRCT
(Figure 1(c)). Renal and other abnormalities were excluded
after a series of detailed clinical examinations.

3.2. Screening for All Known Deafness Genes by Targeted
NGS. Five heterozygous variants were submitted by targeted
NGS of 406 known deafness genes in this patient: a genomic
deletion spanning coding exon 2-6 in EYA1 (GRCh38/h38:
chr8: 71321733-71356548) (Figure 2(a)), c.1082G>A
(p.Arg361Gln) in EYA1 (NM_000503.6), c.571T>C
(p.Phe191Leu) in GJB2 (NM_004004.6), c.2575C>G
(p.Gln859Glu) in TCOF1 (NM_001135243), and c.685T>C
(p.Tyr229His) in KARS (NM_001130089) (Figure 3). Possi-
ble pathogenic effect of the missense mutations was evaluated
by computational tools (Table 1). Variants p.Arg361Gln
(rs145219836) in EYA1 and p.Phe191Leu (rs397516878) in
GJB2 were proved to be inherited from his unaffected father,
while p.Gln859Glu (rs201043592) in TCOF1 and p.Tyr229-
His (rs150529876) in KARS were from his unaffected mother
(Figure 3 and Table 1).

3.3. Verify the Existence of the Deletion by Real-Time PCR. To
verify if the genomic deletion found by targeted NGS existed
or not, the DNA segments in 5′-upstream region, 5′-UTR,
exon 2, exon 5, and exon 6 were detected quantitatively,
and their copy numbers were 1, 1, 1, 1, and 2, respectively
(Figure 2(b)). The genomic deletion was proved to exist
and its 3′-end breakpoint located within exon 5-exon 6.

But where the 5′-end breakpoint was and whether the
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words: region of deletion; F and R: forward and reverse primer; Ins: insertion. (d) Sequence diagram of 244 bp PCR product. 4 bases between
the two black vertical lines were additional insertion.
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deletion involved upstream genes or not need further
exploration.

3.4. Breakpoints of the Deletion Identified byWGS. To explore
where the 5′-end breakpoint was and whether the deletion
involved upstream genes or not, WGS was selected.
55618 bp genomic deletion located in chromosome 8q13.3
was identified from g.71318554 to g.71374171 (19268 bp
upstream to initiation codon ATG and 3180 bp downstream
to exon 5), which involved 5′ upstream, noncoding 5′-UTR
and exon 1, coding exons 2-5, intron 1-4, and partial intron
5 (Figure 2(c)).

3.5. True Genomic CNVWas Identified by Sanger Sequencing.
The breakpoints detected by WGS were verified exactly the
same by amplification of the 244bp product across 5′ and 3′
breakpoints. Notably, an additional 4 bp insertion not detected
by WGS was identified by Sanger sequencing. So a novel
deletion-insertion variant GRCh38/hg38:chr8:g.71318554_
71374171delinsTGCC spanned 5′-UTR, exons 1 to 5, was
identified in our study (Figure 2(d)). 559bp and 364bp
products amplified successfully suggested that the deletion-
insertion variant was a heterozygous one. Meanwhile, these
three fragments (559bp, 364bp, and 244bp) also amplified
in unaffected parents and one normal-hearing control, only
fragments of 559bp and 364bp but 244bp amplified success-
fully in them (Figure 4).

Moreover, the novel deletion-insertion variant in EYA1
was not found in 400 ethnically matched normal controls
and was ruled out as a benign CNV listed in the Database
of Genomic Variants (DGV, http://dgv.tcag.ca/dgv/app/
about?ref=).

4. Discussion

Hearing loss is one of the major disabilities worldwide, which
is often induced by loss of sensory hair cells in the inner ear
cochlea [24–28]. Hearing loss could be caused by genetic fac-
tors, aging, chronic cochlear infections, infectious diseases,
ototoxic drugs, and noise exposure [29–37]; and genetic fac-
tors account for more than 60% of hearing loss. According to
phenotypes of BOS/BOR evaluated by the diagnostic criteria
described previously [7], BOS was diagnosed in our sporadic
patient with three major criteria of branchial anomaly, deaf-
ness, and preauricular pits and three minor criteria of exter-
nal, middle, and inner ear anomalies. In contrast to the

deformities of the ear reported in a previous study which
showed atresia or stenosis in the external auditory canal,
reduction in size of the middle ear space and hypoplastic
mastoid cells [2], enlarged middle ear cavity, and overgasifi-
cation of mastoid cells were discovered in our study
(Figure 1(c)). In addition, the lower position of bilateral
external auditory canals was first reported. High heterogene-
ity of phenotypes in BOR spectrum disease was further con-
firmed by our findings [7].

A heterozygousmissense variant p.Arg361Gln and a geno-
mic CNV GRCh38/hg38:chr8:g.71318554_71374171delins
TGCC in EYA1 were identified simultaneously in our study.
The former was suggested to be a nonpathogenic variant due
to inheriting from his phenotypically normal father and
benign predicted result of PolyPhen-2, PROVEAN, and SIFT
(Figures 1 and 3, Table 1). The latter, a novel genomic
deletion-insertion variant spanned 5′-UTR, exons 1 to 5,
involving 5′-UTR and N-terminal domain, was very likely to
be a pathogenic mutation, due to it being not found in his phe-
notypically normal parents (Figure 4) and 400 ethnically
matched normal controls, and was ruled out as a benign
CNV listed in the DGV. De novo mutation was proved by
the parental origin of variants p.Arg361Gln in EYA1,
p.Phe191Leu in GJB2, p.Gln859Glu (rs201043592) in TCOF1,
and p.Tyr229His in KARS (Figures 1 and 3, Table 1). This
result further proved previous opinion about high de novo rate
in EYA1 [38].

To date, two pathogenic mutations c.241C>T
(p.Gln81Ter) and c.229C>T (p.Arg77Ter) (NM_000503.6)
involving exons 1-5 are reported in previous study. They
are predicted to be pathogenic due to loss of function from
truncated or absent protein (https://www.ncbi.nlm.nih.gov/
clinvar/variation). These two pathogenic mutations were
included in the range of the novel genomic CNV discovered
in our study. Haploinsufficiency seems to be the most likely
explanation for BOR-related phenotypes in cases with non-
sense and large deletions leading to similar disease pheno-
types [39, 40]. In addition, the presence of the N-terminal
domain significantly attenuates the phosphatase activity of
Eya [9]. It has been proposed that the ED domain of Eya acts
as an autoinhibitor of the transactivation potential of the N-
terminal domain [41]. A decreased ability in binding to spe-
cial proteins of N-terminal domain caused by haploinsuffi-
ciency led to a decline in transactivation of EYA1, which
was very likely the pathogenic mechanism of the genomic
deletion-insertion mutation identified in our study [9, 13].

II-1

I-1

I-2

EYA1 c.1082G>A (p.R361Q) GJB2 c.571T>C (p.F191L) KARS c.685T>C (p.Y229H)TCOF1 c.2575C>G (p.Q859E)

Figure 3: Sequencing diagram of 4 missense variants in patient II-1, unaffected parents I-1/I-2. Black arrow: changed base position.
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So far, no specialized detection scheme was considered
reasonable for rapid and economical detection of cryptic
genomic CNVs. In our study, by applying multiple genomic
testing methods step by step to identify a potential hetero-
zygous genomic CNV (Figure 2), a rational pipeline for
detecting cryptic genomic CNVs appeared to have been
successfully established. Since most of the pathogenic
mutations are located in the coding region and its flanking
sequences and the cost of targeted NGS andWES is relatively
lower than that of WGS, researchers often choose one of
them to search for pathogenic mutations first. A potential
heterozygous genomic deletion involving exon 1-exon 5 of
EYA1 was reported by targeted NGS (Figure 2(a)). To verify
whether the deletion existed and the range of 5′- and 3′-end
breakpoints, real-time PCR was considered as the preferred
method for quantification [21]. Unfortunately, while con-
firming the presence of the deletion, 5′-end breakpoint
region could not be evaluated by real-time PCR
(Figure 2(b)). Considering economy, accuracy, time, and
manpower saving, WGS was selected to detect the exact
breakpoints. Encouragingly, the position of 5′- and 3′-end
breakpoints detected by WGS was proved perfectly accurate
by Sanger sequencing (Figures 2(c) and 2(d)). However, if
there was no verification by Sanger sequencing, the “TGCC”
insertion that WGS failed to detect would have been missed
(Figure 2(d)). In the process of detection, we discovered
that all molecular detection methods applied above had
their own special advantages and disadvantages; reasonable
and comprehensive application of them was of great sig-
nificance for the efficient detection of cryptic heterozygous
genomic CNV. Targeted NGS and WES only detected
exons and their flanking sequences, but not noncoding
regions, so they can only provide clues for the possible
existence of CNVs. Fortunately, due to no restriction on
the region of primers for quantitative detection, real-time
PCR can well make up for the defects of targeted NGS
and WES and can confirm the existence of CNV and the
range of its breakpoints no matter in coding or noncoding
regions. When the region of CNV breakpoints cannot be
determined, WGS can be selected to find the breakpoints
accurately in the genomic level. However, given that the
read length of WGS is about 150-200 bp, short fragment
may be missed for complex CNVs, such as deletion-

insertion. As the most accurate sequencing technology,
Sanger sequencing can detect each base missed by WGS
in targeted amplified region and thus dig out the true
genomic CNVs. So we suggested that the reasonable appli-
cation of the above sequencing methods step by step can
be used as a pipeline for detection of cryptic genomic
CNVs in our future work.

According to the parental origin and pathogenic predic-
tion of computational tools, missense p.Arg361Gln in
EYA1, p.Gln859Glu (rs201043592) in TCOF1, and p.Tyr229-
His in KARS were considered as benign variants (Figures 1
and 3, Table 1). Although p.Phe191Leu in GJB2 was listed
as uncertain significance in ClinVar (https://www.ncbi.nlm
.nih.gov/clinvar), it was regarded as a recessive inherited
pathogenic one in our daily counseling work according to
functional study [42]. Unfortunately, biallelic pathogenic
mutations c.235delC and c.176_191del of GJB2 were identi-
fied in his girlfriend with nonsyndromic profound hearing
loss. According to the law of autosomal recessive inheritance,
the offspring of the proband and his girlfriend is at a 50% risk
of inheriting biallelic pathogenic variants of GJB2. To EYA1,
also 50% of their offspring should be affected with BOR spec-
trum diseases in an autosomal dominant way. Therefore, it
was of great significance to identify the genetic pathogenic
factors for them, which provides a theoretical basis for prena-
tal diagnosis or PGD to get healthy offspring. Given that the
chance of conceiving healthy offspring naturally was only
25%, we suggested that PGD technology was their best
choice.

5. Conclusion

In conclusion, a novel heterozygous de novo genomic
deletion-insertion in EYA1, GRCh38/hg38:chr8:.71318554_
71374171delinsTGCC, was very likely the pathogenic cause
for the patient with BOS due to a decline in transactivation
of EYA1 resulting from haploinsufficiency. Through genetic
counseling, the disease from EYA1 and GJB2 in the offspring
of the patient can be avoided in the process of subsequent
reproduction. Our results provided an example for decipher-
ing such cryptic genomic alterations following pipelines of
comprehensive exome/genome sequencing and designed
verification.

M 559 bp 364 bp 244 bp559 bp 364 bp 244 bp 559 bp 364 bp 244 bp 559 bp 364 bp 244 bp

250 bp
500 bp
750 bp

II-1 I-1 I-2 Control

Figure 4: Electrophoresis gel figure of 244 bp, 364 bp, and 559 bp PCR product in patient II-1, unaffected parents I-1/I-2, and control.
M: marker.
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Objective. To treat children with acute nonsuppurative otitis media induced by acute upper respiratory tract infection of varying
severity and evaluate its therapeutic effects. Materials and Methods. Patients from the emergency department with acute
nonsuppurative otitis media were followed up between September 2015 and December 2018. A total of 420 patients were
classified into grades I to III according to tympanic membrane intactness and systemic reactions and treated according to
grading. Results. Grade I patients showed no significant difference in the recovery of acute symptoms whether antibiotics are
used or not. Grade II patients, after 3 months of follow-up, showed no tympanic membrane perforation, and 9 cases of binaural
B-type children did not improve but were cured by operation. In grade III patients, after treatment for 4 hours in the
experimental group 3, the earache subsided, 1 case had tympanic membrane perforation, and the patients recovered after 2
weeks (64/92) and after 3 months (28/92) of drug treatment. After treatment for 4 h in the control group 3, the earache eased,
and 3 patients developed tympanic membrane perforation and were treated for 3 months. 4 binaural B-type children did not
improve but recovered after surgical treatment. Conclusion. Grade I patients could be closely followed up by clinical observation.
For anti-inflammatory patients with grade II disease, treatment has therapeutic significance. For patients with grade III, some
patients still have TMP, but the use of cephalosporin third-generation drugs plus an appropriate amount of hormone therapy is
effective in reducing symptoms and tympanic local reactions.

1. Introduction

Acute otitis media (AOM) is one of the most common dis-
eases in children in the otolaryngology department. AOM
is an infection of the mucosa in the middle ear cavity caused
by bacteria and/or viruses, directly entering the tympanum
through the eustachian tube and is usually followed by a
common cold [1]. AOM is more common in children
between the ages of 6 months and 3 years. The three most
common bacterial infections are Streptococcus pneumoniae
(25-50%), Haemophilus influenzae (15-30%), and Moraxella
catarrhalis (3-20%). AOM is classified into acute nonsup-
purative otitis media and acute suppurative otitis media.
Acute nonsuppurative otitis media refers to the tubal phar-
ynx, mouth, and cartilage segments, inflammatory mucosal

hyperemia, swelling, and congestion after acute upper respi-
ratory tract infection and may be accompanied by bacteria or
viruses via the eustachian tube, directly into the middle ear
cavity, resulting in an inflammatory reaction in the middle
ear mucosa. In the early acute inflammatory stage, it is
accompanied by changes in the tympanic membrane and
inflammatory serous or mucous exudation changes in the
middle ear cavity in the late stage. The disease often coexists
with upper respiratory tract infection and can include recur-
rent attacks, sudden onset, and one or more symptoms. The
symptoms of acute nonsuppurative otitis media are mainly
local symptoms, such as ear pain which is persistent and
can be characterized by irritability, sometimes covering and
pulling ears, most often affecting sleep. Only those having
an upper respiratory tract infection in the early stage can
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present with fever. Signs seen in the early stage are mild con-
gestion, depression of the tympanic membrane, and defor-
mation of the light cone. Tympanic effusion shows a dull,
pale yellow, or amber, tympanic membrane sometimes with
an arc-shaped liquid level line. Acute suppurative otitis
media refers to its pathological change, which is caused by
a large amount of middle ear exudate formed by the negative
pressure of the middle ear in the early stage, which becomes
the culture medium of bacteria, leading to continuous inva-
sion of the suppurative bacteria through the eustachian tube,
resulting in high reproduction rate, responsible for the
absorption of toxins causing systemic fever symptoms. Its
pathological manifestations are congestion and swelling of
middle ear mucosa, increased purulent secretion, hyperemia
and convex tympanic membrane, and even perforation and
purulent discharge. Intracranial and extracranial complica-
tions may occur if the infection involves suppuration of the
mastoid cavity without timely drainage. In addition to the
symptoms of local persistent ear pain and infant earache,
the symptoms may also be accompanied by systemic symp-
toms such as high fever, crying, nausea, and vomiting, and
the symptoms will be relieved after purulent ear discharges.
Some children experienced early hearing loss. Symptoms
include enlarged and convex tympanic membrane hyperemia
areas, disappearance of tympanic membrane sign, rupture of
tension part, perforation, pus overflow, and sometimes red-
ness behind the ears.

The treatment of acute otitis media in children is mainly
through the application of antibacterial drugs combined with
other symptomatic treatments. Indications for the use of
antibacterial drugs for acute otitis media in children are sus-
pected nonsuppurative otitis media and suppurative otitis
media caused by bacterial infection, especially in severe cases
(ear purulent or with high fever ≥ 39°C) and young children,
who should be treated with antibacterial drugs in time [2–8].

The three common pathogenic bacteria in children with
acute otitis media include Streptococcus pneumoniae, Hae-
mophilus influenzae, and Moraxella catarrhalis. Oral amoxi-
cillin is recommended as the first-line medication to
effectively fight against moderately sensitive strains of peni-
cillin, and the course of treatment is 7-10 days [6]. Alterna-
tively, macrolide oral azithromycin, which has a high tissue
concentration in the middle ear mastoid infection site, has
a significant effect on intracellular bacteria such as nonclassi-
fied Haemophilus influenzae, with a short course of treat-
ment, long action time, and good compliance and is also
suitable for those allergic to penicillin drugs [7, 8]. If the
above drugs are ineffective, second- or third-generation
cephalosporins can also be selected.

Because the shape of the tympanic membrane is very
important for the diagnosis of diseases and judging the sever-
ity of lesions, this study classified children’s acute otitis media
according to pain score and tympanic membrane shape.
Patients with perforation and purulent tympanic membrane
or accompanied by systemic symptoms are definitively diag-
nosed with acute suppurative otitis media, and patients with
acute nonsuppurative otitis media were classified and treated
individually in order to establish a reasonable threshold for
emergency medical treatment and procedures for children

with acute nonsuppurative otitis media, while focusing on
assessing the eustachian tube function and reducing
complications.

The inclusion criteria, based on China’s “Guidelines for
the diagnosis and treatment of otitis media in children”
2015 diagnostic criteria, were as follows: (1) age 2-14 years,
(2) 48 h within a sudden occurrence, (3) earache, (4) tym-
panic membrane intact with acute congestion, (5) middle
ear effusion, and (6) a history of upper respiratory tract infec-
tion before onset.

The exclusion criteria were as follows: (1) tympanic tube
and cochlear implants, (2) external ear canal redness or pus,
(3) congenital head deformity, and (4) other serious infec-
tions, such as renal insufficiency, heart failure, malignant
tumors, immune dysfunction, or other serious diseases.

2. Subjects and Methods

2.1. Subjects. The subjects of this study were children with
acute nonsuppurative otitis media (2-14 years old, 208 males
and 212 females) with an average age of 4:12 ± 2:31 years
(Table 1).

This study included 420 cases: 293 cases of single ear, 127
cases of both ears, 106 cases of hernias, and 10 cases of recur-
rent episodes (repeated more than three times). These cases
were classified into grades I to III based on the tympanic
membrane intactness and systemic reactions.

2.2. Grading Criteria: Severity Grading of Acute
nonsuppurative Otitis Media. Grade I: the tympanic mem-
brane is mainly in the hammer bone, a small tympanic mem-
brane, no effusion, normal shape, pain score of 4–6 points,
and transient attack.

Grade II: tympanic membrane congestion is obvious,
involving most of the tympanic membrane, no effusion, the
shape is normal, a pain score of 6–8 points, and a transient
attack.

Grade III: tympanic membrane congestion, effusion or
empyema, obvious bulging of the tympanic membrane ten-
sion, pain score higher than 8 points, children with persistent
ear pain, ear nausea, and symptoms may be accompanied
with fever (Figure 1).

There were 147 cases of grade I, which were randomized
into two groups: experimental group 1, which was adminis-
tered oral antibiotics for 3 days (61 cases) and control group
1 without antibiotic administration (86 cases). There were
150 cases of grade II, which were randomized into two groups:
experimental group 2 with oral antibiotics for 5–7 days (69
cases) and control group 2,with analgesic therapy which did
not use antibiotics (81 cases). There were 123 cases of grade
III, which were randomized into two groups: experimental
group 3, which received a course of three-generation

Table 1: The basic situation of the researcher.

Gender Quantity Age Height (cm) Weight (kg)

Male 208 4:81 ± 2:29 99:8 ± 10:13 21:1 ± 3:14
Female 212 4:75 ± 2:27 99 ± 10:98 19:6 ± 3:08
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Figure 1: Continued.
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cephalosporins with appropriate steroid hormone by intrave-
nous drip for 1 day (92 cases) and control group 3, who
received oral antibiotics for 5–7 days (31 cases) and analgesic
therapy.

2.3. Selection Criteria for Anti-Inflammatory Drugs. Based on
common bacterial infections, third-generation cephalospo-
rins are considered more sensitive, and the side effects are
also reduced. For glucocorticoids, it is recommended to use
sodium methylprednisolone succinate for injection (based
on the weight of the patient, 1-2mg/kg).

2.4. Efficacy Evaluation. Two weeks after the patient’s acute
symptoms subsided, the tympanogram was reviewed; if the
tympanogram was type A, the treatment was terminated; if
the tympanogram was type B or C, the patient was trans-
ferred to the late follow-up treatment (Table 2).

2.5. Late Follow-Up Treatment. According to the situation,
the corresponding treatment was followed up for treatment
review. After a three-month conservative treatment (nasal
hormone and oral discharge), the patient was observed for
recurrence, adenoid hypertrophy, and swelling of the eusta-
chian tube and pharyngeal mucosa, then treated by adenoi-
dectomy and tympanic tube implantation, if warranted by
the observation (Figure 2).

2.6. Statistical Methods. The data were statistically analyzed
using SPSS software (version 19.0), and the measurement
data were expressed as mean ± SD. The comparison between
groups was made using the paired t-test and Chi-square test.
Statistical significance was set at P < 0:05.

3. Results

3.1. Grade I. In 147 patients with grade I, the symptoms of
earache in the experimental group 1 and control group 1

(g) (h)

Figure 1: Grading criteria: severity grading of acute nonsuppurative otitis media: (a) normal, (b) grade I, (c) grade II, and (d)–(h) grade III.

Table 2: Efficacy rating.

Cure All symptoms disappeared or the total score before and after treatment decreased by >80%
Better Part of the symptoms disappeared or the total score decreased by 30%-80% before and after treatment

Invalid No improvement in symptoms or a total score reduction of<30% before and after treatment

Aggravation Increased symptoms or increased total score before and after treatment

Follow-up table of acute otitis media
Patient name: Age:
Height: Weight:
Family contact:
Time of onset: Duration:

Pain level:

Accompanying symptoms: fever (yes no) ; change of mind (yes no)

0 2 4 6 8 10
Tympanic membrane morphology

See drawing for the hyperemic range, swelling (yes no)

Tympanogram: Le� Right
Treatment regimen:
�e next review:

Figure 2: Clinical follow-up table of acute otitis media.
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were transient, and there was no significant difference in the
recovery of symptoms. 34 children had both ears of C-type,
and nasal symptoms were treated with nasal hormones. In
the last month, both groups were converted to type A;
patients in class I were treated with antibiotics. There was
no significant difference in clinical outcomes.

3.2. Grade II. Children with grade II (150cases), experimental
group 2 (69 cases), and control group 2 (81 cases) were
treated with no perforation of the tympanic membrane and
children with sputum; there was no significant difference in
pain relief and control.

Among the children with grade II (43/150) both ears type
B, (31/150) binaural type C, and 9 cases of children with bin-
aural type B after 3 months of standardized follow-up treat-
ment were treated with surgery and the remaining patients
recovered. In the experimental group, 23 patients with a b-
tympanogram before treatment were treated, and 1 patients
were treated. In the control group, 20 patients had a b-
tympanogram before treatment and 8 patients after treat-
ment. Apply the Chi-square test (t = 6:203, P < 0:05), there
was a significant difference in negative pressure in the exper-
imental group compared to the control group in the treat-
ment of tympanic effusion (Tables 3–6).

3.3. Grade III. In grade III (123 cases), experimental group 3
(92/123) cases were treated with antibiotics and hormones
once. Earache and ear swelling symptoms recovered quickly,
and there was only 1 case of tympanic membrane perforation
(TMP). After two weeks of tympanogram review, 64/92
patients recovered, and the remaining patients recovered
after 1–3 months of conservative treatment. None of the
patients underwent surgery.

In the control group 3, 31 of 123 patients were treated
with antibiotics alone and 5 children with TMP. Ear pain
and ear swelling symptoms partially recovered slowly. After
two weeks of tympanogram review, 3/31 patients recovered,
and the remaining patients recovered after 1–3 months of
conservative treatment. 4 cases of B-type children with stan-
dard treatment for 3 months did not improve, and treatment
was performed with adenoid radiofrequency ablation+tym-
panic membrane transplantation. After extubating, the
patient healed (Tables 7 and 8).

There was a significant difference of the experimental
group compared to the control group in the treatment of
TMP, in the Chi-square test (t = 8:297, P < 0:05).

4. Discussion

AOM is a common and frequently occurring disease in
children. The onset was sudden, and some lesions exhib-
ited a self-healing tendency [9–11]. Clinical diagnosis is
often performed in pediatric or otolaryngology head and
neck surgery emergency departments, requiring more
visits to the pediatric department [12–14]. Because of
the lack of later clinical observation and follow-up, related
research on the disease is gradually gaining attention from
domestic otolaryngology head and neck surgery depart-
ments, with the main research focusing on the use of

antibiotics. According to reports from the United States
on the treatment of children with AOM and the self-
healing tendency of AOM, observation treatment is under
consideration [15–19].

In clinical observation, the tympanic membrane mor-
phology is the gold standard for the diagnosis of AOM in
children [20–25]. The researchers divided the clinically
enrolled children with AOM into tympanic membrane mor-
phology, accompanying symptoms, and children’s crying
degree and divided them into three grades. The correspond-
ing treatments were then performed.

Table 3: Pain score.

Experimental group 2 Control group 2

Before treatment 7:2 ± 0:84 7:17 ± 0:76
After treatment 1 ± 0:71 2:4 ± 1:34
t 21.54 19.26

P <0.05 <0.05

Table 4: Tympanic membrane morphology changers.

Tympanic membrane
congestion

Tympanic
effusion

Experimental group
before treatment

Serious Presence

Experimental group after
treatment

Lighten Regression

Control group before
treatment

Serious Presence

Control group after
treatment

Lighten Regression

Table 5: The tympanic negative pressure of both ears before
treatment.

A C B

Experimental group 13 19 23

Control group 21 12 20

Table 6: The tympanic negative pressure of both ears after 3
months of treatment.

A C B

Experimental group 44 10 1

Control group 41 4 8

Table 7: Pain score after 4 hours.

Experimental group3 Control group3

Before treatment 9:34 ± 1:31 9:5 ± 1:30
After treatment 0:8 ± 0:84 2:4 ± 0:64
t 26.87 24.79

P <0.05 <0.05
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Conclusions from clinical studies were as follows:

(1) The symptoms of earache in children with grade I
were transient, even when antibiotic treatment was
taken, and there was no significant difference in the
recovery of acute symptoms. Some children had nasal
congestion, and ear symptoms were treated with nasal
hormones in the presence of nasal symptoms. Type A,
whether antibiotic treatment was used or not, there
was no significant difference in clinical effects; there-
fore, children with grade I can be observed, and no
anti-inflammatory treatment is necessary

(2) Children with grade II tumors should receive antibi-
otics to treat tympanic effusion. Negative pressure in
patients treated with antibiotics was better than that
in patients not treated with antibiotics. Children with
grade II are recommended to receive oral antibiotics
to strengthen the tympanic effusion for the treatment
of negative pressure

(3) Children with grade III disease should be treated
immediately with hormones and anti-inflammatory
agents. After earache, the relief of other ear swelling
symptoms was obvious. These agents are known to
have a certain effect in preventing perforation of the
tympanic membrane. After a three-month follow-
up and observation period, it was observed that
anti-inflammatory and hormonal treatments have a
significant effect on accelerating the regression of
tympanic effusion in late stages

The investigators believe that the clinical treatment of
acute nonsuppurative otitis media in children caused by an
acute upper respiratory tract infection should be treated by
evaluating the degree of severity, the absence of excessive
intake of antibiotics for the treatment of low-grade disease,
and insufficient treatment of more serious grades [26–30].
In case of incomplete remission, some patients may have
prolonged symptoms, resulting in future hearing loss and
cholesteatoma formation [31, 32]. Effective and not excessive
treatment, clinical summarizing of the standardized treat-
ment mode, convenient and quick referral modes, effective
follow-up systems, and minimization of the impact of
AOM on patients are the focus of this research. Through out-
patient follow-up observation and appropriate treatment, the
researchers improved the attention of the patient’ s family
members, reduced the occurrence of clinical symptoms
caused by AOM, and treated the children in a timely manner,
including those whose treatment was initially ineffective and
required repeated treatment [33–37].

Given that clinical work requires special treatment,
researchers carried out pediatrics and otolaryngology head
and neck surgery and referred all patients with upper respira-
tory tract infection with acute ear pain to the otolaryngology
head and neck specialist for grading, appropriate treatment
program, and specialized disease treatment [38–40]. The
process attempted to avoid shortcomings in the pediatric
and otolaryngology departments by using clinical scales,
speeding up the diagnosis, standardizing diagnosis and treat-
ment processes, and facilitating scientific research data and
follow-up of clinical treatment effects [41, 42].

The relationship between tympanic effusion in children
with AOM and secretory otitis media is still not clear. These
two diseases have complex connections in children. It is cer-
tain, however, that the two diseases mutually promote and
create a vicious cycle therefore requiring close follow-up
observations and treatment. Finally, the relationship between
these two diseases is an important direction for future
research.

5. Conclusions

This study showed no significant difference in clinical in 147
grade I patients regardless of antibiotic treatment. A total of
150 patients had grade II tumors that were treated with anti-
biotics for tympanic effusion. Negative pressure was signifi-
cantly different in patients treated with antibiotics
compared to those without antibiotic treatment. In 123 grade
III patients who underwent hormone therapy, regardless of
the ear pain after medication, the relief of ear swelling symp-
toms was obvious, and the perforation of the tympanic mem-
brane was prevented. The acceleration of the regression of
tympanic effusion was also observed in the late stage.
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Mitochondrial dysfunction has been suggested to be a risk factor for sensorineural hearing loss (SNHL) induced by aging, noise,
ototoxic drugs, and gene. Reactive oxygen species (ROS) are mainly derived from mitochondria, and oxidative stress induced by
ROS contributes to cochlear damage as well as mitochondrial DNA mutations, which may enhance the sensitivity and severity
of hearing loss and disrupt ion homeostasis (e.g., Ca2+ homeostasis). The formation and accumulation of ROS further
undermine mitochondrial components and ultimately lead to apoptosis and necrosis. SIRT3–5, located in mitochondria, belong
to the family of sirtuins, which are highly conserved deacetylases dependent on nicotinamide adenine dinucleotide (NAD+).
These deacetylases regulate diverse cellular biochemical activities. Recent studies have revealed that mitochondrial sirtuins,
especially SIRT3, modulate ROS levels in hearing loss pathologies. Although the precise functions of SIRT4 and SIRT5 in the
cochlea remain unclear, the molecular mechanisms in other tissues indicate a potential protective effect against hearing loss. In
this review, we summarize the current knowledge regarding the role of mitochondrial dysfunction in hearing loss, discuss
possible functional links between mitochondrial sirtuins and SNHL, and propose a perspective that SIRT3–5 have a positive
effect on SNHL.

1. Introduction

Hearing loss is a common sensory disorder with high preva-
lence. About 500 million people in the world suffer from
hearing loss [1]. It can not only cause impaired communica-
tion, but also affect the physical and mental health of individ-
uals and social and economic development. It has been
proposed that the elderly with hearing loss have higher rates
of dementia, depression, and death [2]. Hearing loss is often
classified as conductive, sensorineural, or mixed according to
anatomical deficit [2, 3]. Sensorineural hearing loss is caused
by dysfunction of cochlea or auditory nerve, which is the
commonest in adult primary care [2, 3].

Many previous studies have suggested that mitochondrial
dysfunction is involved in the etiology of several types of sen-
sorineural hearing loss (SNHL), such as noised-induced
hearing loss (NIHL), age-related hearing loss (ARHL), oto-
toxic drug-induced hearing loss (ODIHL), and inherited
hearing loss. In most mammalian cells, mitochondria are

the main source of reactive oxygen species (ROS) [4, 5, 6].
Increased ROS formation results in further damage to the
mitochondrial structure, including mitochondrial mem-
branes, mitochondrial DNA (mtDNA), respiratory chain
proteins, and nuclear DNA related to mitochondrial func-
tions [7]. SNHL occurs because of the irreversible damage
to hair cells (HCs) and spiral ganglion neurons (SGNs), both
of which have very limited regeneration ability in adult mice
cochlea [8, 9, 10, 11, 12, 13].

Sirtuins are histone deacetylases dependent on NAD+

that remove various cellular proteins’ acyl modifications
[14]. They regulate metabolism, differentiation, stress
responses, apoptosis, and the cell cycle [15, 16]. Seven mem-
bers of the sirtuin family (named SIRT1–7) have been identi-
fied with different locations in the cell. Recent studies have
revealed that mitochondrial sirtuins, especially SIRT3, mod-
ulate ROS levels in hearing loss pathologies and indicated
that SIRT4 and SIRT5 may have a potential protective effect
against hearing loss. In this review, we focus on
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mitochondrial dysfunction and the role of mitochondrial sir-
tuins in SNHL, as shown in Figures 1 and 2.

2. Hearing Loss and Mitochondrial Dysfunction

2.1. Age-Related Hearing Loss (ARHL). ARHL, or presbycu-
sis, is a progressive decline in hearing function that is the
most prevalent type of SNHL in the elderly [17, 18, 19, 20].
It is characterized by higher hearing thresholds, beginning
at high frequencies and spreading toward low frequencies,
accompanied by the loss of HCs and SGNs from the basal
to apical turn [21, 22, 23, 24, 25, 26]. The mechanism under-
lying ARHL is considered to be multifactorial, involving
environmental and hereditary factors, but remains unclear.

Extensive evidence suggests that mitochondria make a large
contribution to the pathology of ARHL.

A previous study proposed that the accumulation of
mtDNA mutations could result in age-related degenerative
diseases like ARHL [27]. Major mtDNA mutations arise in
the genes encoding mitochondrial oxidative phosphorylation
complexes, resulting in an impairment of its activity [28].
Transgenic PolgA mice with knockout of the functional
nuclear gene that encodes the polymerase helping repair
damaged mtDNA, POLG D257A, developed hearing loss
more rapidly and earlier than their wild-type counterparts.
Furthermore, 10-month old PolgA mice showed severe sen-
sorineural degeneration in the basal turn and neural degener-
ation in the apical turn, including clumping of surviving
neurons in the cochlea [29]. On the other hand, mtDNA
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Figure 1: Stimulations induce ROS and mitochondrial dysfunction and finally cells’ apoptosis. Diagram showing aging, noise, and drugs
could induce ROS and the probable mechanism to lead to mitochondrial dysfunction, moreover, the interaction between ROS and
mitochondrial dysfunction.
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mutations affect cochlear function by leading to not only
mitochondrial dysfunction but also energy metabolic distur-
bances and induction of apoptosis [30].

Extensive experimental evidence indicates that oxidative
stress and ROS are closely associated with the development
of ARHL. A suitable model of the senescence-accelerated
mouse prone 8 (SAMP8) has been established to study the
impact of the aging process on various parameters. In
SAMP8 mice, oxidative stress, changes in antioxidant
enzyme levels, and impairment in activities of complexes I,
II, and IV were shown to be involved in premature ARHL
[31]. Moreover, the level of 7,8-dihydro-8-oxoguanine, a cru-
cial biomarker of mitochondrial and nuclear DNA damage in
HCs and SGNs [32], increased with aging and mitochondrio-
genesis decreased, as assessed by the activity of citrate syn-
thase and the ratio of mtDNA to nuclear DNA [31]. After
exposure to H2O2 (0.1mM) for only 1 h in vitro, House Ear
Institute-Organ of Corti 1 auditory cells presented with pre-
mature senescence, leading to a lower mitochondrial mem-
brane potential (MMP), breakdown of the mitochondrial
fusion/fission balance, destruction of mitochondrial mor-
phology, and collapse of the mitochondrial network [33].
Furthermore, oxidative stress and an accumulation of ROS
increased expression of the mitochondrial proapoptotic gene
Bcl-2-antagonist/killer 1 (Bak) to induce apoptosis. Suppres-
sion or deletion of Bak reduced apoptotic cell death of SGNs
and HCs and prevented ARHL [34, 35].

As the major source of ROS, mitochondria contain a
complex antioxidant system to resist the destructive effects
of these species. Isocitrate dehydrogenase 2 (IDH2), which
can convert NADP+ to NADPH, is crucial in the mitochon-
drial response to oxidative stress. In male mice, IDH2 defi-
ciency accelerated the ARHL process, along with increased
oxidative DNA damage and apoptosis and a loss of SGNs
and HCs [36]. Superoxide dismutase 1 (SOD1-) knockout
mice also exhibited premature ARHL, characterized by an
early loss of HCs, severe degeneration of SGNs, and leanness
of the stria vascularis [37].

Glutathione peroxidase 1 (Gpx1) also has important anti-
oxidant properties. Mice with deletion of Gpx1 showed
higher hearing thresholds at high frequencies and extensive
damage of HCs [34]. Ggt1dwg/dwg mice, with deletion of the
γ-glutamyl transferase 1 gene that encodes an antioxidant
enzyme crucial for resynthesizing reduced glutathione
(GSH), exhibited an extremely rare type of cochlear pathol-
ogy in which the function of outer hair cells (OHCs) was
unaffected while inner hair cells (IHCs) were unusually and
selectively lost. Furthermore, treatment with N-acetyl-L-cys-
teine could completely prevent the hearing deficit and IHC
loss in these mice [38]. In addition, administration of EUK-
207, a synthetic SOD/catalase drug, attenuated the senes-
cence phenotype in vitro and mitigated ARHL in SAMP8
mice by increasing the expression of FOXO3A and the
mRNA and protein levels of manganese SOD (Mn-SOD)
and catalase [39].

Peroxisome proliferator-activated receptor γ coactivator
1α (PGC-1α) could regulate mitochondrial biogenesis and
upregulate the expression of oxidative stress-related genes,
including Gpx1, catalase, and Mn-SOD genes [40, 41]. Over-

expression of PGC-1α, with a consequent rise in nuclear
respiratory factor 1 and mitochondrial transcription factor
A, resulted in reduced damage to mtDNA and decreased
apoptosis in the strial marginal cell aging model harboring
mtDNA4834 deletion [34, 42, 43].

2.2. Noise-Induced Hearing Loss (NIHL). Excessive exposure
to noise from recreation, the environment, and various occu-
pations can lead to hearing loss, known as NIHL, which is
one of the most prevalent types of SNHL. Its typical charac-
teristics are an increased hearing threshold, tinnitus,
decreased speech discrimination score, and auditory process-
ing disorders [44]. Higher frequencies are preferentially
affected, creating a V-shaped dip or notch, around 4 or
6 kHz [45]. The cochlear injury following noise exposure is
mainly caused by mechanical damage and biochemical path-
ways. Generally, OHCs are more sensitive to noise exposure
than IHCs [28].

ROS production was observed as an early event in
cochlear damage after noise exposure [46]. As the major
source of ROS, mitochondria are assumed to be damaged
and, in turn, increase the accumulation of ROS. It has also
been reported that mitochondrial ROS provide feedback
regulation after metabolic excess, autophagy, and the inflam-
matory response [44]. ROS generate lipid peroxidation prod-
ucts, such as 8-iso-prostaglandin F2α, that reduce blood flow
in the cochlea [47], finally resulting in apoptosis [44]. Ische-
mia may lead to cochlear hypoxia and lower adenosine tri-
phosphate (ATP) levels and further increase the generation
of ROS. On the other hand, mitochondria possess a potent
antioxidant enzyme system to scavenge ROS, relying on the
NADPH pool. Mn-SOD heterozygous knockout mice had
worse hearing thresholds, particularly at 4 kHz, and greater
damage of OHCs in all cochlear turns after noise exposure
and exacerbation of NIHL [14]. In another study, Gpx1-
knockout mice exhibited greater HC and nerve fiber loss with
higher auditory brainstem response thresholds [48].

Calcium homeostasis is also a significant factor in the
occurrence and development of NIHL. After noise exposure,
the level of free Ca2+increased immediately in HCs [43, 49];
the probable ion channels allowing entry are L-type Ca2+

and P2X2 ATP-gated channels [50]. Mitochondria modulate
cellular calcium homeostasis through selective calcium entry
channels, the mitochondrial calcium uniporter (MCU), and
the sodium-calcium exchanger with the function of extrud-
ing calcium from mitochondria [51]. Inhibiting the MCU
in CBA/J mice attenuated the loss of sensory HCs, synaptic
ribbons, and the NIHL process. Furthermore, MCU-
knockout mice showed resistance to noise-induced seizures
and recovery of IHC synaptic connections, the auditory
brainstem response, and wave I amplitude after noise expo-
sure [51]. Mitochondrial Ca2+ overload not only results in a
decline in the MMP and overproduction of ROS but also
triggers ROS-independent apoptotic and necrotic cell death
pathways [50, 52, 53].

Before there is a permanent threshold shift caused by
noise exposure, the level of 5′-AMP-activated protein kinase
(AMPK) is elevated in the spiral ligament of cochlea, in addi-
tion to an increased level of phospho-c-Jun N-terminal
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kinase, and this mediates the activation of apoptosis [54, 28].
Apoptosis occurs through both extrinsic and intrinsic path-
ways; the latter is activated by the change of mitochondrial
membrane permeability. In addition to ROS, cytochrome C
and caspase-independent apoptosis-inducing factor increase
membrane permeability [28, 50, 55].

2.3. Ototoxic Drug-Induced Hearing Loss (ODIHL). Plati-
num-based anticancer drugs, such as cisplatin, and amino-
glycoside antibiotics are clinically common ototoxic drugs
[56, 57, 58]. Platinum-based anticancer drugs are widely
adopted to treat different kinds of cancer, and aminoglyco-
sides are broad-spectrum antibiotics used to treat many
life-threatening bacterial infections. Both can lead to hearing
loss at high frequencies and preferential damage to OHCs at
the cochlea basal turn [43, 59, 60–62, 63, 64].

The ototoxicity of both cisplatin and aminoglycoside
antibiotics is modulated by genetic factors, and mitochon-
drial mutations are well-defined risk factors. Individuals
bearing the mtDNA mutation A1555G in the 12S ribosomal
RNA gene suffer more profound hearing loss [56, 65, 66].
C1494T is the second most common mutation identified,
especially in Chinese populations [67, 68, 69]. Mutations in
thiopurine S-methyltransferase (TMPT) and catechol O-
methyltransferase (COMT) are related to earlier onset and
greater severity of hearing loss induced by cisplatin in chil-
dren [70]. However, a more recent study revealed that varia-
tions in the TMPT or COMT genes may not correspond to
cisplatin ototoxicity and did not affect hearing damage
induced by cisplatin in mice. Thus, the precise role of these
genes in cisplatin ototoxicity remains unclear [71].

Mitochondrial dysfunction and ROS are the main initia-
tors of ODIHL. Aminoglycoside antibiotics, such as gentami-
cin, tend to accumulate in the mitochondria of HCs through
nonselective mechanoelectrical transducer cation channels
expressed on the stereociliary membranes of HCs [72–74,
75, 76]. Administration of gentamicin can directly inhibit
mitochondrial protein synthesis [28], trigger opening of the
mitochondrial permeability transition pore, and lower the
MMP [77]. Aminoglycosides can induce the release of ara-
chidonic acid, leading to lipid peroxidation and generation
of ROS [78, 79, 80, 81]. The ototoxic effect of aminoglyco-
sides has been proposed to be linked to the formation of
iron-aminoglycoside complexes that promote the formation
of ROS [82]. Downregulation of tRNA5-methylamino-
methyl-2-thiouridylate methyltransferase, a mitochondrial
protein, significantly made HEI-OC1 auditory cells more
sensitive to damage induced by neomycin [80]. Aminoglyco-
sides also dysregulate calcium homeostasis, facilitating the
transfer of Ca2+ into mitochondria [83]. Elevation of mito-
chondrial Ca2+ levels promotes both mitochondrial oxida-
tion and cytoplasmic ROS prior to cell death [84]. In an
in vitro study, mitochondria-specific ROS formation was
evaluated in cochlear explants after exposure to gentamicin,
which was accompanied by a reduction of NAD(P)H and
the MMP [85]. ROS formation in HCs in response to cis-
platin leads to depletion of NADPH and binding to the sulf-
hydryl groups of enzymes [28, 86]. Cisplatin could stimulate
the activity of NADPH oxidase 3, a relevant source of ROS, to

elevate ROS levels [87]. Oxidative stress induced by cisplatin
could lead to GSH depletion, increased lipid peroxidation,
and an imbalance of the oxidant/antioxidant systems [43].

Mitochondrial apoptotic pathways are activated follow-
ing both cisplatin and aminoglycoside cochlear injury
through the Bcl-2 family of proteins. After cisplatin treat-
ment, the level of Bax was increased and the level of Bcl-2
was decreased in HCs, spiral ganglia, and the lateral wall
[88]. Pretreatment with an adenovector expressing human
Bcl-2 (Ad.11D.Bcl-2) could protect HCs and preserve hear-
ing in mice treated with gentamicin [89].

2.4. Inherited Hearing Loss. Sensorineural hearing loss which
mainly causes by mutation of genes, known as inherited
hearing loss, has been identified more common due to the
development of science and technology [90, 91, 92]. Its clin-
ical and genetical characteristics are very heterogeneous [93].
Though the mechanism of many cases remains unclear, large
evidence has proved that it has much to do with the mito-
chondrial function.

13 crucial polypeptides of oxidative phosphorylation
were encoded by mitochondrial genome [94]. Mutation in
the mitochondria DNA has been proved to be related to the
maternally inherited susceptibility in both syndromic and
nonsyndromic hearing loss [93]. Mitochondrial disorders
including Kearns-Sayre syndrome, MELAS syndrome, and
MERRF syndrome are always accompanied by syndromic
hearing loss [94]. In view of nonsyndromic hearing loss,
extensive research has been carried out to identify the role
of A1555G and C1494T mutations in 12S rRNA and empha-
size the high susceptibility to hearing loss induced by drugs
such as cisplatin and aminoglycoside [95, 65, 66, 96]. Muta-
tion of 7505A>G in the tRNASer(UCN) would lead to mito-
chondrial dysfunction by lowering the activity of cellular
respiratory chain and the level of ATP, MMP, and over
produce ROS [97], finally induce cell apoptosis [98]. Other
variants in the tRNASer(UCN) including A7445G, T7505C,
T7510C, and T7511C alter mitochondrial translation and
function, involving in SNHL [95, 99, 100, 101].

The phenotypic expression of variants in mitochondrial
DNA could be modulated by nuclear modifier genes, which
may also play an important role in inherited hearing loss.
Fan et al. had found that the interaction between p.191Gly>-
Val mutation in mitochondrial tyrosyl-tRNA synthetase 2
(YARS2) and the 7511A>Gmutation in tRNASer(UCN)caused
hearing loss [102]. Moreover, in the study of Chinese fami-
lies, people who suffer both mutations present much higher
penetrance of hearing loss than those who carry only one
[102]. Mtu1 is a tRNA-modifying enzyme and mtu1 knock-
out zebrafish exhibited a smaller number of hair cells and
reductions in the hair bundle densities in the auditory and
vestibular organs [103]. Deletion of Gtpbp3 also resulted in
impairment of mitochondria function in zebrafish, which
provided novel opportunities for studying pathophysiology
of mitochondrial disorders [104].

Much more mitochondrial gene loci associated with
hearing loss have been discovered due to advanced technol-
ogy. Mitochondrial dysfunction caused by mtDNA muta-
tions are one of the major molecular mechanisms
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responsible for deafness. However, many cases remained
unclear. We hope more research will be carried out in the
future.

3. Sirtuins and Function

Sirtuins were originally described in yeast and named Sir2,
with seven Sir2 homologs (SIRT1-7) discovered. Sirtuins
consume NAD+ to deacetylate lysine residues and generate
nicotinamide and 2′-O-acetyl-ADP-ribose [105]. The crucial
function of sirtuins is to sense and regulate cellular metabolic
responses [106, 107]. They display diverse subcellular locali-
zations in the cell. In the nucleus, there are mainly SIRT1,
SIRT6, and SIRT7, whereas in the cytoplasm, SIRT2 is
located. SIRT3, SIRT4, and SIRT5 are predominantly located
in the mitochondria [16] and are the main focus of this
review. SIRT3 is the principal mitochondrial deacetylase,
whereas SIRT4 and SIRT5 only have weak deacetylase func-
tions [108]. However, SIRT5 has robust demalonylase, desuc-
cinylase, and deglutarylase activities [109], and SIRT4 can
regulate lipoamidation [110].

3.1. SIRT3. SIRT3 is the main deacetylase in mitochondria,
and its expression is the highest in tissues with vigorous
metabolism such as the liver, kidney, and heart [111]. SIRT3
level increases under calorie restriction, fasting, and exercise
training in different tissues [112, 113]. Acetyl-CoA synthe-
tase 2 was the first reported target of SIRT3 [114]. However,
further research revealed that SIRT3 also affected a diverse
range of target proteins and participated in all major bio-
chemical reactions and metabolic activities of mitochondria,
including the respiratory chain, antioxidant defenses, and
apoptosis [15, 16].

SIRT3 is an important factor involved in resisting various
mitochondrial stresses, especially by utilizing cellular antiox-
idant systems to combat oxidative stress. SOD2, which
reduces ROS levels and protects against oxidative stress, is
activated by SIRT3-mediated deacetylation [115]. SIRT3 dea-
cetylates and activates IDH2, the major source of NADPH in
mitochondria, which helps maintain GSH levels [16, 15, 116].
Deacetylation of FOXO3A, a forkhead transcription factor,
by SIRT3 activates the transcription of SOD2, catalase, and
other crucial antioxidant genes and protects mitochondria
from further oxidative stress [117, 118]. Another key stress-
sensitive pathway in mitochondria affected by SIRT3 is the
mitochondrial permeability transition pore. SIRT3 deacety-
lates cyclophilin D [119] and mitochondrial fusion protein
optic atrophy protein 1. These proteins affect mitochondrial
dynamics and the MMP [120].

SIRT3 plays important roles in a wide range of diseases,
including hearing loss. As mentioned above, ROS and mito-
chondrial dysfunction have much to do with the etiology of
SNHL. SIRT3 deacetylates and activates the antioxidant sys-
tem in mitochondria to reduce the level of ROS induced by
noise, aging, or drugs and maintain mitochondrial perme-
ability through deacetylation of proteins. Under caloric
restriction, deacetylation and activation of IDH2 by SIRT3
increased the levels of NADPH and GSH in mitochondria,
thus preventing ARHL in wild-type, but not SIRT3-

knockout mice [112]. Similarly, overexpression of SIRT3 in
mice aided in preventing NIHL. Administration of the
NAD+ precursor nicotinamide riboside to mice prevented
the degeneration of spiral ganglia neurites and NIHL by acti-
vating the NAD+-SIRT3 pathway, and these protective effects
were abrogated with SIRT3 deletion [121]. Adjudin, a lonida-
mine analog, could protect cochlear HCs from gentamicin-
induced damage mediated by the SIRT3-ROS axis [122].

3.2. SIRT4. SIRT4 is widely expressed and abundant in pan-
creatic β-cells, kidney, heart, brain, and liver [123, 110]. It
has been reported that SIRT4 has no detectable NAD+-
dependent deacetylase activity and function through
NAD+-dependent ADP-ribosylation [16, 123]. Few studies
have been carried out in other tissues, except pancreatic ß-
cells, and the precise enzymatic functions of SIRT4 remain
unclear. ATP is indispensable for insulin secretion by pancre-
atic β-cells, and SIRT4 inhibits the activity of glutamate
dehydrogenase (GDH) to reduce the amount of ATP pro-
duced by the catabolism of glutamate and glutamine [124,
16]. Mice deficient in SIRT4 or subjected to calorie restriction
exhibited upregulation of amino acid-stimulated insulin
secretion [123]. It is interesting that SIRT3 deacetylates and
activates GDH, indicating that this enzyme may be regulated
by both SIRT3 and SIRT4 [124, 125]. SIRT4 knockdown also
caused increased fatty acid oxidation dependent on SIRT1,
respiration, and AMPK phosphorylation [126].

Compared with those on SIRT3, there have been fewer
studies on the regulation of SIRT4. Recent research suggests
that SIRT4 may be involved in ROS homeostasis by the pyru-
vate dehydrogenase complex and GDH and fatty acid oxida-
tion through malonyl-CoA decarboxylase [110, 127],
ultimately reducing ROS production, that is, may have
potentially optimistic effect in preservation of hearing func-
tion. However, there are studies showing that increased activ-
ity of SIRT4 may raise ROS levels in murine cardiomyocytes
[128, 129]. Nevertheless, the precise mechanism of SIRT4
enzymatic activity is unknown, though it may play a role in
hearing loss. Further studies are needed to identify the
mechanism underlying SIRT4 function.

3.3. SIRT5. Unlike other sirtuins, SIRT5 primarily originated
from prokaryotes [130], with high expression in various tis-
sues such as the heart, brain, and liver. [131]. The function
of SIRT5 has generally become an important research topic.

SIRT5-deficient mice show no detectable alterations in
the whole acetylation state of mitochondria, indicating there
is a specific acetyl substrate for SIRT5 or alternative functions
[132]. And global protein hypermalonylation and hypersuc-
cinylation are observed, indicating that SIRT5 catalyzes
lysine demalonylation and desuccinylation reactions in
mammals [133]. One target of SIRT5 is carbamoyl phosphate
synthetase 1 (CPS1). This enzyme has been identified as the
key rate-determining step of the urea cycle for detoxification
and removal of ammonia. SIRT5 upregulates CPS1 activity
through deacetylation and desuccinylation, and this function
is absent in SIRT5-deficient mice [124, 134, 15]. In mice
overexpressing SIRT5, the CPS1 protein was more deacety-
lated and activated in the liver than in wild-type mice [135].
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In terms of occurrence and development of SNHL, SIRT5
has been demonstrated to contribute to ROS homeostasis
and attenuate oxidative stress. It may reduce ROS levels
and oxidative stress through a mechanism similar to that of
SIRT3, by deacetylation of FOXO3A and desuccinylation of
IDH2, so that it may have optimistic effect on preserve hear-
ing function [136, 137]. Another study showed that SIRT5
enhanced SOD1-mediated ROS reduction by desuccinylation
[138]. Recent evidence suggests that SIRT5 plays a potential
protective role against neurodegeneration, which is a com-
mon phenomenon in SNHL. Although the mechanism
remains undetermined, SIRT5 may protect neurons by limit-
ing overproduction of ROS directly and controlling systemic
ammonia levels indirectly [139].

4. Conclusion

Although extensive research is required to probe the pathol-
ogy of hearing loss, a causative role for mitochondrial dys-
function remains one of the most solid theories.
Mitochondrial sirtuins (SIRT3-5) are intimately linked to
responses to stress, such as oxidative stress, metabolic regula-
tion, and apoptosis, all of which are related to the occurrence
and development of hearing loss. Moreover, we have reasons
to believe SIRT3-5 have positive effect on SNHL. Moving for-
ward, it is important to determine the precise activities of
mitochondrial sirtuins as crucial targets to help prevent and
cure hearing loss.
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