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Neomycin is a common ototoxic aminoglycoside antibiotic that causes sensory hearing
disorders worldwide, and monosialotetrahexosylganglioside (GM1) is reported to have
antioxidant effects that protect various cells. However, little is known about the
effect of GM1 on neomycin-induced hair cell (HC) ototoxic damage and related
mechanism. In this study, cochlear HC-like HEI-OC-1 cells along with whole-organ
explant cultures were used to establish an in vitro neomycin-induced HC damage
model, and then the apoptosis rate, the balance of oxidative and antioxidant gene
expression, reactive oxygen species (ROS) levels and mitochondrial membrane potential
(MMP) were measured. GM1 could maintain the balance of oxidative and antioxidant
gene expression, inhibit the accumulation of ROS and proapoptotic gene expression,
promoted antioxidant gene expression, and reduce apoptosis after neomycin exposure
in HEI-OC-1 cells and cultured cochlear HCs. These results suggested that GM1 could
reduce ROS aggregation, maintain mitochondrial function, and improve HC viability in
the presence of neomycin, possibly through mitochondrial antioxidation. Hence, GM1
may have potential clinical value in protecting against aminoglycoside-induced HC injury.

Keywords: monosialotetrahexosylganglioside, neomycin, hair cell, cytotoxicity, reactive oxygen species

INTRODUCTION

Sensorineural hearing loss is a common sensory disorder in humans. Many factors, including
viral infections, noise, and exposure to ototoxic drugs, can cause hair cell (HC) damage and
induce hearing impairment (Sotoudeh, 2021). Adult mammalian HCs cannot regenerate, and once
these cells are damaged, the effects are often permanent (Zhang et al., 2020). Aminoglycoside
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antibiotics are antibacterial drugs commonly used in clinical
treatment and are also the most commonly encountered ototoxic
drugs. It is estimated that approximately one-quarter of people
who are treated with aminoglycoside antibiotics will develop
ototoxicity (Lopez-Novoa et al., 2011). However, these drugs
still play a crucial role in the treatment of severe gram-
negative bacterial infections and multidrug-resistant tuberculosis
and are becoming more irreplaceable as microbial resistance
to conventional antimicrobial agents increases (Germovsek
et al., 2017). Therefore, exploring the mechanism through
which they exert ototoxicity and identifying effective treatment
measures is of great significance (Guo et al., 2019). The
ototoxic mechanism of aminoglycoside drugs has not been
fully elucidated. Recent studies have found that it may be
related to oxidative stress (Jiang et al., 2016), apoptosis (Jiang
et al., 2017), and mitochondrial dysfunction (Jiang et al.,
2017). Previous studies have found that aminoglycoside drugs
accumulate in mitochondria after entering HCs and that this
can lead to disorders of mitochondrial metabolism, imbalanced
expression of prooxidants (ALOX15) and antioxidants (GSR,
SOD1, NQO1, GLRX), and the production of excessive reactive
oxygen species (ROS) such as hydrogen peroxide (H2O2) and
hydroxyl radicals (•OH) in cells. Aminoglycosides also disrupt
the normal synthesis of mitochondrial proteins and reduce the
mitochondrial membrane potential (MMP), leading to increased
mitochondrial permeability and release of cytochrome C and
ultimately to cell apoptosis (He et al., 2020; Yao et al., 2020). It
has been reported that some antioxidants exert protective effects
against the ototoxicity of aminoglycosides in vitro and in vivo
(Li et al., 2018; Pham et al., 2020). However, no ideal drug that
is protective against ototoxicity has been identified for use in
clinical practice (Guo et al., 2019).

Gangliosides are sphingolipid cell membrane components
containing sialic acid (Magistretti et al., 2019) that are
widely present in the cell membranes of vertebrate tissues.
Monosialotetrahexosylganglioside (GM1) is the most extensively
studied of the gangliosides to date. GM1 plays a protective role
in the nervous system by regulating the expression of BCL-
2 protein, reducing the damage caused by free radicals (Rao
et al., 2019), increasing mitochondrial activity and stabilizing
mitochondrial function (Fazzari et al., 2020). GM1 has also
been found to have a cytoprotective effect outside of the
nervous system. Franco et al. (2016) found that GM1-containing
nanoliposomes protect against light chain protein (LC)-induced
human microvascular dysfunction by increasing nitric oxide
bioavailability and reducing oxidative and nitrative stress
mediated by the Nrf-2-dependent antioxidant stress response.
Guo et al. (2021) reported that treatment with GM1 ganglioside
(40 µM) significantly decreased α-synuclein accumulation,
alleviated mitochondrial dysfunction and oxidative stress, and
played an anti-PD role in doxycycline-treated PC12α-Syn A53T
cells. In addition, GM-1 treatment was found to significantly
decrease auditory brainstem response (ABR) threshold shifts
and HC loss after acoustic overexposure, and immunostaining
for 4-hydroxynonenal (4-HNE) was found to be reduced
by GM-1 treatment, suggesting that GM-1 protects the
cochlea against acoustic injury by inhibiting lipid peroxidation

(Tanaka et al., 2010) and indicating that GM1 has an antioxidant
effect on cochlear HCs.

GM1 has been used as a neuroprotective drug in some
countries for the treatment of Alzheimer’s disease, stroke,
peripheral nerve damage, and Parkinson’s disease (Magistretti
et al., 2019), and some physicians in China are attempting to
use GM1 in the clinical treatment of sudden deafness (Diao
and Dong, 2012). However, the protective effect of GM1 against
cochlear HC damage and the possible mechanism of this effect
are still unclear. Therefore, clarification of the protective effect
and mechanism of GM1 on cochlear and HC injury is of
practical significance.

Neomycin is a representative ototoxic aminoglycoside drug
and is often used in ototoxicity studies. We established a mature
neomycin HC injury model in previous experiments (Gao et al.,
2019). In the present study, we used neomycin to damage
cochlear HC-like HEI-OC-1 cells and used whole-organ explant
cultures to establish an in vitro model of neomycin-induced HC
damage with the aim of investigating the potential protective
effect of GM1 on ototoxic HC damage and attempting to provide
evidence for the potential clinical use of GM1 in protecting
against HC injury caused by aminoglycosides.

MATERIALS AND METHODS

Chemicals and Reagents
GM1 (Macklin, Shanghai, China, G873919), penicillin (CSPC,
Shijiazhuang, China, h20033291), CCK-8 Kits (Beyotime,
Shanghai, China, C0038), BeyoRTTM II First-Strand cDNA
Synthesis Kits with gDNA Eraser (Beyotime, D7170 M), TUNEL
Apoptosis Assay Kits (Beyotime, C1086), DMSO (Sigma-
Aldrich, Saint Louis, MO, United States, D8371), neomycin
(Sigma-Aldrich, N6386-5G), paraformaldehyde (Sigma-Aldrich,
158127), TRIzol reagent (Sangon Biotech, Shanghai, China,
B610409-0100), SYBR Green (Roche, Basel, Switzerland,
4913914001), MitoSOX Red (Life Technologies, Carlsbad, CA,
United States, M36008), TMRE Mitochondrial Membrane
Potential Assay Kits (Abcam, Cambridge, United Kingdom,
ab113852), Triton X-100 (Solarbio, Beijing, China, T8260),
DAPI (Solarbio, C0060), antibodies against cleaved CASPASE-3
(Thermo Fisher Scientific, Carlsbad, CA, United States, Cat#
43-7800, RRID:AB_2533540), antibody against MYOSIN 7a
(Santa Cruz Biotechnology, Santa Cruz, United States, Cat#
sc-74516, RRID:AB_2148626), Alexa Fluor 488 goat anti-
rabbit IgG (Abcam, Cat# ab150077, RRID:AB_2630356), Alexa
Fluor 555 donkey anti-rabbit IgG (Abcam, Cat# ab150062,
RRID:AB_2801638), Alexa Fluor 555 goat anti-mouse IgG
(Abcam, Cat# ab150118, RRID:AB_2714033), and Alexa
Fluor 647 donkey anti-rabbit IgG (Abcam, Cat# ab150077,
RRID:AB_2630356) were used in this study.

Cell Culture and Treatment
The House Ear Institute Organ of Corti 1 cell line (HEI-OC-1,
RRID: CVCL_D899), which is used as an HC-like model system,
expresses Atoh1, Prestin, Myosin7a and other cellular markers
specific for auditory and sensory HCs. The cells were cultured
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in DMEM/F12 containing 10% fetal bovine serum (FBS) and
100 IU/mL penicillin at 37◦C in a 5% CO2 atmosphere. In this
study, we exposed cells in FBS-free culture medium to 2 mM
neomycin for 24 h to establish an HEI-OC-1 cell injury model,
as reported previously (Gao et al., 2019). For the establishment
of the HEI-OC-1 cell injury protection model, we plated the
cells, cultured them for 12 h, replaced the medium with FBS-
free culture medium, and treated the cells with 10–100 µM GM1
or with the corresponding volume of DMSO for 12 h. After
24 h treatment with 2 mM neomycin, the medium was replaced
with complete culture medium lacking neomycin and GM1, and
the cells were cultured for an additional 12 h before subsequent
evaluation (Figure 1A).

Whole-Organ Explant Culture
On postnatal day 3 (P3), wild-type FVB mice were placed under
deep anesthesia and sacrificed, and the animals’ heads were
removed and placed in 75% alcohol. The temporal bone cochlea
was removed using scissors and placed in a sterile culture dish
containing precooled HBSS buffer. Under microscopic view, the
volute covering was peeled off, and the spiral ganglia and vascular
stripes were separated to obtain a complete basilar membrane,
which was then placed face up in the center of a sterile cover
glass coated with Cell-tak tissue glue. The cover glass was placed
in a 4-well plate and cultured in 120 µL of DMEM/F12 medium

containing 2% B27, 1% N-2 and 100 IU/mL penicillin at 37◦C
in a 5% CO2 atmosphere. The cochlear HC damage condition
was 0.5 mM neomycin for 12 h, as reported previously (Gao
et al., 2019). The explants in the GM1 group were cultured in
medium to which 20 µM GM1 had been added; after 12 h,
0.5 mM neomycin was added, and the explant was cultured for
an additional 12 h. The medium containing GM1 and neomycin
was then removed, and the explants were cultured in fresh
medium for an additional 12 h for recovery. The control group
and the neomycin group were treated with the same volume of
DMSO. All procedures involving FVB mice were performed in
accordance with the procedures approved by the Animal Care
and Use Committee of Nanjing Medical University, and all efforts
were made to use the minimum number of animals necessary and
to minimize their suffering.

Cell Viability and Number Analysis
Cell viability was measured using a CCK-8 kit. HEI-OC-1
cells were seeded in 96-well plates at 2,000 cells/well. After
the treatment described above, 10 µL of CCK-8 was added
to each well, and the plates were incubated at 37◦C for
30 min. The absorbance at 450 nm was measured using a
microtiter plate reader (Bio-Rad). In addition, the HCs of
explant-cultured cochleae were immunolabeled using antibodies
against MYOSIN 7a and counted by fluorescence labeling

FIGURE 1 | GM1 enhanced HEI-OC-1 cell survival after neomycin exposure. (A) Schematic diagram illustrating GM1 and neomycin addition in cell culture.
(B) Effects of GM1 on the viability of HEI-CO-1 cells after exposure to neomycin. Viability was measured using the CCK-8 assay, and the data are expressed as the
mean ± SD of triplicate determinations obtained in three independent experiments. *p < 0.05, **p < 0.01 compared with neomycin treatment alone. (C) Morphology
of HC-like HEI-OC-1 cells observed under a live-cell imaging system. Scale bars = 20 µm.
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microscopy. The MYOSIN 7a-positive cells in three regions of
equal length (160 µm) selected from the apical to the basal
turns of the cochlea were viewed under fluorescence microscopy
and counted.

Quantitative Real-Time PCR
TRIzol reagent was used to extract total RNA from HEI-OC-1
cells. The concentration and quality of RNA in the samples were
measured by NanoDrop spectroscopy (Thermo NanoDrop 2000,
United States). A BeyoRTTM II First-Strand cDNA Synthesis Kit
with gDNA Eraser was used for reverse transcription according to
the instructions supplied by the manufacturer. SYBR Green was
used to perform quantitative polymerase chain reaction (qPCR)
on a real-time PCR instrument (cfx96, Bio-Rad). Gapdh was used
as the internal reference gene. The primers were synthesized by
Sangon Biotech (Shanghai, China). The primer sequences for the
candidate genes are shown in Table 1.

Immunofluorescence Assay
An antibody against cleaved CASPASE-3, the TUNEL Apoptosis
Assay Kit, MitoSOX Red, the TMRE Mitochondrial Membrane
Potential Assay Kit, an antibody against MYOSIN 7a (1:500
dilution), and DAPI (1:1,000 dilution) were used to analyze
apoptotic cells, measure ROS, measure MMP, and stain HCs
and nuclei. Briefly, after fixation with 4% paraformaldehyde at
room temperature for 1 h, the cells and tissues were washed
three times with PBST (1 × PBS containing 0.1% Triton X-
100) and incubated in blocking medium (PBS containing 10%
heat-inactivated donkey serum, 1% Triton X-100, 1% BSA,
and 0.02% sodium azide, pH 7.2) at room temperature for
1 h. The samples were then incubated with primary antibodies
against cleaved CASPASE-3 or MYOSIN 7a at 4◦C for 8 h.

TABLE 1 | Primer sequences for qRT-PCR.

Gene Sequence (5′ → 3′)

Gapdh F: AGGTCGGTGTGAACGGATTTG

R: TGTAGACCATGTAGTTGPAGGTCA

Caspase-3 F: ATGGAGAACAACAAAACCTCAGT

R: TTGCTCCCATGTATGGTCTTTAC

Bax F: TGAAGACAGGGGCCTTTTTG

R: AATTCGCCGGAGACACTCG

Bcl-2 F: ATGCTTTGTGGAACTATATGGC

R: GGTATGCACCCAGAGTGATGC

Alox15 F: GGCTCCAACAACGAGGTCTAC

R: AGGTATTCTGACACATCCACCTT

Sod1 F: AACCAGTTGTGTTGTCAGGAC

R: CCACCATGTTTCTTAGAGTGAGG

Caspase-9 F: CCTAGTGAGCGAGCTGCAAG

R: ACCGCTTTGCAAGAGTGAAG

Gsr F: TGCACTTCCCGGTAGGAAAC

R: GATCGCAACTGGGGTGAGAA

Sirt1 F: TGTGGTGAAGATCTATGGAGGC

R: TGTACTTGCTGCAGACGTGGTA

F, forward; R, reverse.

After 3 washes with PBST, the samples were labeled with a
secondary antibody for 1 h, washed again 3 times with PBST,
mounted with a fluorescent blocking agent, and imaged with
laser scanning confocal microscopy (Zeiss LSM700, Germany).
TUNEL, MitoSox Red, and TMRE signals were measured
according to the manufacturer’s instructions.

Flow Cytometry Assay
We used DAPI and propidium iodide (PI) to distinguish
dead cells from living cells. HEI-OC-1 cells were treated with
neomycin in the presence or absence of GM1 and were then
treated with trypsin and collected. The cells were washed twice,
resuspended in PBS, and diluted to a concentration of 1 × 106

cells/mL in PBS. DAPI and PI were added; the cells were then
incubated in the dark at room temperature for 10–20 min and
analyzed by flow cytometry (FACSCanto, BD) within 1 h. In
addition, MitoSOX Red was used to determine the level of
mitochondrial ROS.

Statistical Analysis
All data are expressed as mean ± SD. All statistical analyses
were performed using GraphPad Prism 7 software. Two-
tailed and unpaired Student’s t-tests were used to assess the
statistical significance of differences between the two groups.
One-way ANOVA and Dunnett’s multiple comparison tests
were used to compare multiple groups. P < 0.05 indicated a
significant difference.

RESULTS

Monosialotetrahexosylganglioside
Protects HEI-OC-1 Cells From
Neomycin-Induced Cytotoxicity
As shown in Figure 1, exposure to 2 mM neomycin decreased cell
viability by approximately half in comparison with the control
cells, and GM1 at 10–100 µM exhibited a certain degree of
protection; 20 µM GM1 gave the strongest protection. At GM1
concentrations higher than 20 µM, the viability of HEI-OC-1
cells began to decrease (Figure 1B). To confirm this finding, we
used a live-cell imaging system to observe HEI-OC-1 cells and
found that the morphology of living cells in the 20 µM GM1
group was most similar to that of the cells in the control group
(Figure 1C). Therefore, 20 µM GM1 was used as the treatment
concentration in the follow-up experiments in this study.

Monosialotetrahexosylganglioside
Decreased Neomycin-Induced Apoptosis
in HEI-OC-1 Cells
To confirm the protective effect of GM1 against apoptosis of
HEI-OC-1 cells, HEI-OC-1 cells were stained using TUNEL
and antibodies against cleaved CASPASE-3. The percentages
of TUNEL-positive and cleaved CASPASE-3-positive cells in
the neomycin group were significantly higher than those
in the control group, and pretreatment with 20 µM GM1
significantly reduced the percentages of TUNEL-positive and
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FIGURE 2 | GM1 reduced neomycin-induced apoptosis in HEI-OC-1 cells. (A) Immunofluorescence images of apoptotic HEI-OC-1 cells with TUNEL and DAPI
double staining. (B) Immunofluorescence images of apoptotic HEI-OC-1 cells with cleaved CASPASE-3 and DAPI double staining. (C,D) Quantification of the
number of apoptotic cells in (A,B). (E,F) Survival and percentage of HEI-OC-1 cells determined by DAPI/PI staining flow cytometry. (G) Expression of proapoptotic
and antiapoptotic genes in HEI-OC-1 cells treated with neomycin and/or GM1 determined by qRT-PCR; the values were normalized to Gapdh as an internal control.
The data are expressed as the mean ± SD of triplicate samples. *p < 0.05, **p < 0.01. Scale bars = 20 µm.

cleaved CASPASE-3-positive cells after neomycin exposure
(Figures 2A–D). Similarly, flow cytometry showed that 20 µM
GM1 significantly reduced the death of HEI-OC-1 cells induced
by neomycin (Figures 2E,F). The qRT-PCR results also showed
that the mRNA expression of Caspase-3, Bax, and Caspase-
9 decreased significantly, while Bcl-2 expression increased
significantly, in the GM1 group compared with the neomycin
group (Figure 2G). Taken together, our results suggest that GM1
protects HEI-OC-1 cells from neomycin-induced apoptosis.

Monosialotetrahexosylganglioside
Reduced Neomycin-Induced Apoptosis
of Hair Cells in Explant-Cultured
Cochleae
To explore the protective effect of GM1 on explant-cultured
cochleae, TUNEL and antibody staining for cleaved CASPASE-
3 were used to measure apoptosis of the cells in the explants after
treatment. We found that the percentages of TUNEL-positive
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FIGURE 3 | GM1 decreased neomycin-induced HC apoptosis in cochleae. (A) Immunofluorescence staining for TUNEL, cleaved CASPASE-3, and MYOSIN 7a in
the basal turn of the cochlea in different treatment groups. (B,C) Quantification of the number of TUNEL/MYOSIN 7a and cleaved CASPASE-3/MYOSIN 7a
double-positive cells per 160 µm of cochlea in (A). The data are expressed as the mean ± SD of triplicate samples. **p < 0.01. Scale bars = 16 µm.

and cleaved CASPASE-3-positive cells in the neomycin group
were significantly higher than those in the control group and
that pretreatment with 20 µM GM1 significantly reduced the
percentage of TUNEL-positive and cleaved CASPASE-3-positive
cells after neomycin exposure (Figures 3A–C), consistent with
the results obtained for HEI-OC-1 cells.

Monosialotetrahexosylganglioside
Protects Against Neomycin-Induced Hair
Cell Loss in Explant-Cultured Cochleae
The procedures used to process the samples in the explant-
cultured cochlea experiment are described in Figure 4A.
MYOSIN 7a and DAPI staining were used to observe the changes
in the number of HCs in the apical, middle and basal turns of the
cochlea. We found that the number of HCs in the apical turn did
not change significantly after neomycin exposure (Figure 4B). In
contrast, the number of HCs in the middle and basal turns of the
cochlea decreased significantly, and GM1 treatment successfully
reduced HC loss in the middle and basal turns after neomycin
exposure (Figures 4C–E).

Monosialotetrahexosylganglioside
Attenuates Oxidative Stress in
Explant-Cultured Cochleae and
HEI-OC-1 Cells After Neomycin
Treatment
In this study, MitoSox Red immunofluorescence staining showed
that the levels of ROS were significantly increased in the
neomycin group compared with the control group and that
pretreatment with 20 µM GM1 significantly reduced ROS levels
compared with the neomycin group both in explant-cultured
cochleae (Figures 5A,B) and in HEI-OC-1 cells (Figures 6A,B).
MitoSOX flow cytometry of HEI-OC-1 cells yielded similar
results (Figure 6C). qRT-PCR showed that the mRNA expression
of Gsr, Sod1, and Sirt1 was significantly upregulated in the
GM1 pretreatment group compared with the neomycin group
(Figure 6D). This suggests that GM1 alleviates the neomycin-
induced imbalance in antioxidant-prooxidant gene expression.
However, the mRNA expression of Alox15 did not change
significantly after GM pretreatment. We also found that the MMP
decreased in the neomycin group but significantly increased
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FIGURE 4 | GM1 promoted the survival of cochlear HCs in explant cultures after neomycin exposure. (A) Schematic diagram illustrating GM1 and neomycin addition
to explant-cultured cochleae. (B,D) Immunofluorescence staining of MYOSIN 7a/DAPI in the apical turns (B), middle turns (C), and basal turns (D) of
explant-cultured cochleae in the different treatment groups. (E) Quantification of the number of MYOSIN 7a-positive cells per 160 µm of cochlea in (B–D). The data
are expressed as the mean ± SD of triplicate samples *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars = 16 µm.

in the GM1 group compared to that in the neomycin group,
indicating that 20 µM GM1 treatment can prevent the MMP
decrease induced by neomycin exposure in HEI-OC-1 cells
(Figures 7A,B).

DISCUSSION

Gangliosides are mainly composed of hydrophobic ceramide
and hydrophilic oligosaccharide chains containing sialic acid,
which are fat-soluble and water-soluble, respectively. Ceramide
is composed of long basic hydrophobic chains attached to
fatty acids that are embedded in the lipid bilayer of the cell

membrane and enhance the stability of the cell membrane
structure. Oligosaccharides are linked to the serine residue
of ceramide, and the sialic acid in oligosaccharides binds to
peripheral calcium ions to maintain normal cellular physiological
functions (Schnaar, 2016; Ledeen and Wu, 2018). Recent studies
have reported that GM1 exerts antioxidant effects through its
regulation of intracellular calcium levels in the hippocampus
(She et al., 2009) and its activation of tyrosine kinase Trk
receptors (Vlasova Iu et al., 2009) and that it has a protective
effect on a variety of cells when applied as an intervention
(Nikolaeva et al., 2015; Zhao et al., 2015). In this study, we
used the HEI-OC-1 cell line and whole-organ explant cultures
to investigate the protective effect of GM1 on neomycin-induced
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FIGURE 5 | GM1 decreased ROS levels in explant-cultured cochlear HCs after neomycin exposure. (A) Immunofluorescence due to MitoSox, MYOSIN 7a and DAPI
in the middle turns of explant-cultured cochleae in the different treatment groups. (B) Relative MitoSox immunofluorescence intensity. The data are expressed as the
mean ± SD of triplicate samples. *p < 0.05, **p < 0.01. Scale bars = 16 µm.

FIGURE 6 | GM1 decreased ROS levels in HEI-OC-1 cells after neomycin exposure. (A,B) Immunofluorescence of MitoSox/DAPI in different treatment groups.
(C) MitoSox levels of HEI-OC-1 cells in different treatment groups determined by flow cytometry. (D) mRNA expression levels of redox-related genes in HEI-OC-1
cells determined by qRT-PCR and normalized to Gapdh. The data are expressed as the mean ± SD of triplicate samples. *p < 0.05, **p < 0.01. Scale
bars = 20 µm.

HC injury in vitro. Our results showed that a protective effect
of GM1 on HEI-OC-1 cells is observed when GM1 is applied at
concentrations between 10 and 100 µM and that 20 µM is the

optimal concentration; beyond this, the protective effect begins
to decline, suggesting that GM1 can protect HCs when applied at
an appropriate concentration.
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FIGURE 7 | GM1 increases the mitochondrial membrane potential (MMP) after neomycin exposure. (A) Immunofluorescence of HEI-OC-1 cells in different treatment
groups after labeling using a TMRE staining kit and DAPI. (B) Relative immunofluorescence intensities of the cells in (A). The data are expressed as the mean ± SD
of triplicate samples. *p < 0.05. Scale bars = 20 µm.

Previous studies have suggested that aminoglycoside drugs
induce HEI-OC-1 cell apoptosis by promoting the release of
proapoptotic factors (Leis et al., 2015). Our previous research
also showed that after exposure of HEI-OC-1 cells to neomycin,
the expression of proapoptotic genes such as Caspase 3 and Bax
increased significantly, while that of the antiapoptotic genes Bcl-
2 and Nf-kb decreased significantly (Gao et al., 2019). In the
current study, we found that treatment with GM1 decreases the
death and apoptosis induced by neomycin. Moreover, our results
also showed that exposure of cochlear explant cultures to GM1
protected HC cells in the middle and basal turns of the cochlea
from damage; since the damage caused by aminoglycoside drugs
shows a decreasing trend from the basal turn to the apical turn of
the cochlea (Zhang et al., 2019) and high-frequency hearing loss
is the first and most severe impairment in patients with ototoxic
hearing loss (Guo et al., 2019), the protective effect of GM1 on
high-frequency hearing may have potential clinical significance.

BCL-2 family proteins play a key role in the apoptosis
process. Proapoptotic proteins such as BAX change their
molecular conformations when they encounter apoptosis signals;
they then translocate and insert into the outer mitochondrial
membrane, eventually leading to increased permeability of the
outer mitochondrial membrane, the release of cytochrome c
(Cyt C), and the activation of multiple caspases. BCL-2 can
prevent this process (Verma and Syed Mohammed, 2019; Tian
et al., 2020; Zeng et al., 2020). Our study found that the
mRNA expression of Bcl-2 was upregulated and that that of Bax
was downregulated, indicating that GM1 can relieve neomycin-
induced HC damage by regulating the mRNA expression of Bax
and Bcl-2. This is consistent with the report by Chen et al. (2019)
that GM1 increases Bcl-2 expression and reduces Bax expression,
thereby protecting against lead-induced neurological damage in
developing rats.

Many studies have found that aminoglycoside antibiotics
aggregate in inner ear HCs, where they affect normal metabolism

and produce a large number of highly toxic ROS (Han
et al., 2020). ROS include hydroxyl radicals (OH•), hydrogen
peroxide, superoxide and other free radicals, all of which
exhibit great oxygen toxicity. ROS can affect various signaling
pathways and physiological activities of cells, including cell
growth, division, differentiation and apoptosis. Excessive ROS
levels can lead to a variety of diseases (Zhang et al., 2016).
Studies have found that aminoglycosides bind to calreticulin,
which is highly expressed in cochlear marginal cells and HCs.
and disrupt chaperone activity. This binding in turn elevates
mitochondrial Ca2+ levels, and this leads to elevated levels
of both mitochondrial oxidation and cytoplasmic ROS and to
an imbalance in the redox state (Jiang et al., 2017). The high
reactivity of oxygen free radicals can damage cell components
and structures such as nucleic acids and cell membranes. ROS
accumulation can also cause mitochondrial depolarization and
change mitochondrial membrane permeability. The resulting
impairment of mitochondrial function leads to the further
accumulation of oxygen free radicals and eventually to apoptosis
(He et al., 2020; Zhong et al., 2020). In this study, we
found that GM1 significantly decreased ROS levels in HEI-
OC-1 cells and explant-cultured cochlear HCs, suggesting that
GM1 can alleviate mitochondrial dysfunction after exposure
to neomycin. Redox balance plays an important role in the
generation and elimination of ROS. In this study, the mRNA
expression levels of Gsr, Sod1, and Sirt1 decreased and that
of Alox15 increased significantly after neomycin exposure,
and GM1 pretreatment significantly improved the imbalance
in the mRNA expression of Gsr, Sod1, and Sirt1 induced
by neomycin. These results suggest that exposure of cells
to GM1 can correct the imbalance in the expression of
prooxidant and antioxidant genes observed after neomycin
exposure, thereby reducing the ROS level and preventing HC
mitochondrial dysfunction and apoptosis. However, it must be
noted that the use of high GM1 concentrations will reduce
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the protective effect and may cause additional damage to
HCs. Drug dosage must be considered in future animal and
clinical studies.

In conclusion, our results suggest that GM1 can maintain
the normal balance between oxidative and antioxidant gene
expression, reduce the accumulation of ROS, and reduce
apoptosis after exposure of HEI-OC-1 cells and cultured
cochlear HCs to neomycin. These results indicate that
GM1 may have potential clinical value in protecting against
hearing impairment in individuals treated with aminoglycoside
drugs.
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