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Autophagy protects auditory hair cells against neomycin-induced damage
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ABSTRACT
Aminoglycosides are toxic to sensory hair cells (HCs). Macroautophagy/autophagy is an essential and
highly conserved self-digestion pathway that plays important roles in the maintenance of cellular function
and viability under stress. However, the role of autophagy in aminoglycoside-induced HC injury is
unknown. Here, we first found that autophagy activity was significantly increased, including enhanced
autophagosome-lysosome fusion, in both cochlear HCs and HEI-OC-1 cells after neomycin or gentamicin
injury, suggesting that autophagy might be correlated with aminoglycoside-induced cell death. We then
used rapamycin, an autophagy activator, to increase the autophagy activity and found that the ROS levels,
apoptosis, and cell death were significantly decreased after neomycin or gentamicin injury. In contrast,
treatment with the autophagy inhibitor 3-methyladenine (3-MA) or knockdown of autophagy-related
(ATG) proteins resulted in reduced autophagy activity and significantly increased ROS levels, apoptosis,
and cell death after neomycin or gentamicin injury. Finally, after neomycin injury, the antioxidant N-
acetylcysteine could successfully prevent the increased apoptosis and HC loss induced by 3-MA treatment
or ATG knockdown, suggesting that autophagy protects against neomycin-induced HC damage by
inhibiting oxidative stress. We also found that the dysfunctional mitochondria were not eliminated by
selective autophagy (mitophagy) in HEI-OC-1 cells after neomycin treatment, suggesting that autophagy
might not directly target the damaged mitochondria for degradation. This study demonstrates that
moderate ROS levels can promote autophagy to recycle damaged cellular constituents and maintain
cellular homeostasis, while the induction of autophagy can inhibit apoptosis and protect the HCs by
suppressing ROS accumulation after aminoglycoside injury.
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Introduction

Hearing loss is one of the most common sensory disorders in
humans and is a serious concern globally. Ototoxic drug-
induced hair cell (HC) damage is one of the main causes of sen-
sorineural hearing loss. Chemotherapeutics (e.g., cisplatin),
aminoglycosides (e.g., neomycin), and loop diuretics (e.g., furo-
semide) are the major classes of ototoxic drugs. While the
molecular events resulting in ototoxicity are complex, the accu-
mulation of reactive oxygen species (ROS) plays a key role in
the process of HC death by activating multiple apoptotic path-
ways.1-4 ROS are a byproduct of cellular metabolism or expo-
sure to xenobiotic agents,5 and ROS are harmful when their

concentration exceeds the capacity of the cell to repair itself.
Thus, cell survival requires a balance between oxidative stress
and antioxidant defense, and ROS accumulation leads to cell
death.6,7

Previous studies have shown that ROS have the ability to
induce cellular defense pathways such as autophagy.8,9 Auto-
phagy is an orderly degradation and recycling mechanism that
disassembles unnecessary or dysfunctional cellular components
through a highly regulated process in all eukaryotic cells.10,11

This process initially involves the formation of a double mem-
brane autophagosome that surrounds the organelle or other
cytoplasmic components that are targeted for destruction.12,13
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The autophagosomes travel to lysosomes and subsequently fuse
with the lysosomes to form an autolysosome in which the cyto-
plasmic contents are degraded via acidic lysosomal hydro-
lases.14 MAP1LC3/LC3 (microtubule-associated protein 1 light
chain 3) proteins (mammalian subfamily of orthologs of yeast
Atg8) are ubiquitin-like proteins associated with the process of
autophagy. An LC3-I protein can be conjugated with phospha-
tidylethanolamine to form LC3-II, which is located in the auto-
phagosome membrane,15 and this makes LC3 a suitable marker
for autophagy activity in cells.16

Autophagy is known to be a general cellular response to
starvation or stress and to play an important role in cell survival
in many diseases, but whether the activation of autophagy
increases or decreases the rate of cell death in these diseases is
still being debated.17-19 Autophagy plays a causative role in
autophagic cell death, and excessive activation of autophagy
can contribute to apoptotic cell death through degradative pro-
cesses such as cardiac myocyte death during ischemia/reperfu-
sion. In addition, excessive activation of autophagy can also
promote pathological changes such as the development of
hepatic fibrosis.20-23 The activation of autophagy has also been
shown to be beneficial during various pathological and physio-
logical states. Autophagy can protect the cells against nutrient
deprivation, it can remove damaged organelles, it acts as a
defense against microbial infection, and it plays a protective
role in metabolic diseases, cardiac diseases, and neurodegenera-
tive diseases (including Parkinson, Alzheimer, Huntington, and
Creutzfeldt-Jakob diseases).21 In addition, there are some dis-
eases, such as ischemic stroke and cancer, for which it is still
not well established as to whether autophagy plays a protective
or destructive role.24,25 Thus, fully understanding autophagy is
necessary for the treatment of many human diseases.

Autophagy is an important cell survival process,26,27 but it is
also implicated in cell death processes.28 Early studies suggested
that autophagy serves as a cell survival mechanism in some
pathological processes via its suppressive role in necroptosis
and PARP-mediated cell death during unfavorable growth con-
ditions or cellular stress.29,30 In retinal ganglion cells, autophagy
plays an important role in suppressing apoptosis, and it has
been observed that activation of autophagy can promote retinal
ganglion cell survival and that deletion of autophagy can reduce
cell survival during optic nerve degeneration.31 However,
whether the activation of autophagy is a proapoptotic or antia-
poptotic factor in response to aminoglycoside-induced HC
injury in the cochlea remains uninvestigated. Therefore, under-
standing the relationship between autophagy and ROS, and
understanding the role of autophagy in HC survival, might
have therapeutic implications for the treatment of ototoxic
drug-induced hearing loss.

In this study, we determined the autophagy activity by mea-
suring the autophagic flux (including the expression of the
autophagy marker LC3B-II), the colocalization of the auto-
phagy markers LC3B and SQSTM1/p62, the degradation of the
SQSTM1/p62 protein, and the expression of the mRFP-GFP-
LC3B reporter; by performing the autophagy substrate experi-
ment; and by transmission electron microscope (TEM) imag-
ing. To explore the role of autophagy in HC survival,
rapamycin was used to activate autophagy and 3-methylade-
nine (3-MA) or the knockdown of autophagy-related proteins

(including ATG5, BECN1 and ATG7) were used to inhibit
autophagy before neomycin or gentamicin treatment,32,33 and
we assessed the influence of autophagy on the level of oxidative
stress and on HC survival. Furthermore, the antioxidant
N-acetylcysteine (NAC) was used to verify that autophagy
mediates its protective effect by suppressing ROS accumulation.
Together, our results suggest that autophagy might be a new
therapeutic target for the prevention of aminoglycoside-
induced HC death.

Results

Autophagy is increased in cochlear HCs after neomycin
or gentamicin damage

We dissected the cochleae from postnatal d (P)3 mice and cul-
tured them with different neomycin concentrations (0.2 mM,
0.5 mM, 1 mM, and 2 mM) for different exposure times (6 h
and 24 h). Western blots showed that the 0.5 mM neomycin
treatment of both 6 h and 24 h significantly increased the
expression of LC3B (Fig. 1A and B, P < 0.05, n D 3). TEM
images showed that there were significantly more autophagic
vacuoles (double membrane-bound autophagosomes) and
autolysosomes (containing lysosomal membrane proteins and
enzymes) after 0.5 mM neomycin treatment of 6 h compared
with the controls, which confirmed the occurrence of auto-
phagy and autophagosomes in the explant cultured cochleae
(Fig. 1C and D, P < 0.01, n D 3). GFP-LC3B mice were used to
confirm the increase in autophagy after neomycin exposure.
The cochleae were dissected from P3 GFP-LC3B mice and
immunolabeled with the HC marker MYO7A (myosin VIIA)
after culturing the cochleae with 0.5 mM neomycin for 6 h and
24 h. Quantification of the LC3B puncta in each HC showed
that the numbers of LC3B puncta were significantly increased
in HCs after both 6 h and 24 h neomycin treatments compared
with the controls (Fig. 1E and F, P < 0.01, n D 6).

To test whether these findings can be generalized to other
aminoglycosides, we used gentamicin, which is also ototoxic, to
treat the explant cultured cochleae. Western blots showed that
the gentamicin treatment significantly increased the expression
of LC3B-II (Fig. S1A and B, P < 0.05, n D 4). The cochlear
immunolabeling results showed that when treated with 0.5 mM
gentamicin for 6 h and 24 h, the number of LC3B puncta in
each HC was significantly greater than in the undamaged con-
trols (Fig. S1C and D, P < 0.001, n D 6). TEM images also
showed that there were significantly more autophagic vacuoles
and autolysosomes after 0.5 mM gentamicin treatment of 24 h
compared with the controls (Fig. S1E and F, P < 0.001, n D 3).
Together, these results demonstrated that autophagy is acti-
vated in cochlear HCs after neomycin or gentamicin damage.

Autophagy is increased in the HEI-OC-1 cells after
neomycin or gentamicin damage

HEI-OC-1 cells express several molecular markers of cochlear
HCs, including CALB1 (calbindin 1), CALM1 (calmodulin 1),
ATOH1/MATH1 (atonal bHLH transcription factor 1),
MYO7A, and SLC26A5/PRES (solute carrier family 26,
member 5).34,35 First, we examined the expression of the
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autophagosome marker LC3 (LC3B) in HEI-OC-1 cells after
treatment with different neomycin concentrations (0.5 mM,
1 mM, 2 mM, and 5 mM) for different exposure times (6 h and
24 h) and a 24 h recovery period. Western blots showed that
the expression of LC3B-II increased as the neomycin

concentration and the exposure time increased (Fig. 2A and B,
P < 0.05, n D 3). We found that 2 mM neomycin treatment of
24 h led to the highest level of LC3B-II in HEI-OC-1 cells.
Thus, we used this neomycin treatment condition for the fol-
lowing experiments in HEI-OC-1 cells.

Figure 1. Increased autophagy in cochlear HCs after neomycin treatment. (A) Western blotting using total cochlear homogenates showed changes of LC3B-II expression in
the cochleae treated with different concentrations of neomycin (0.2 mM, 0.5 mM, 1 mM, and 2 mM) and different exposure times (6 h and 24 h). GAPDH served as the
sample loading control, n D 3. (B) Quantification of the western blot in (A). (C) Transmission electron microscope (TEM) analysis to evaluate autophagy in cochlear HCs.
The numbers of autophagic vacuoles and autolysosomes (arrows in pictures) were significantly increased after neomycin treatment compared with the control, n D 3. (D)
Quantification of the results in C. (E) Immunofluorescence staining with MYO7A antibody in the cochleae from GFP-LC3B mice. The GFP-LC3B puncta were significantly
increased with neomycin treatment, n D 6. (F) Quantification of the GFP-LC3B punctum number in E. For all experiments, �P < 0.05, ��P < 0.01, ���P < 0.001.
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We used TEM analysis to confirm the occurrence of auto-
phagy and to explore the morphology of the autophagosome.
In this experiment, the neomycin group was treated with
2 mM neomycin for 24 h and allowed to recover for 24 h. The
neomycin-treated group had significantly more autophagic
vacuoles (double membrane-bound autophagosomes) and
autolysosomes (containing lysosomal membrane proteins and

enzymes) compared with the control group (Fig. 2C and E,
P < 0.001, n D 3).

We also used immunofluorescence staining with anti-LC3B
antibodies in HEI-OC-1 cells to confirm the occurrence of auto-
phagy after neomycin treatment. Quantification of the LC3B
puncta in each HEI-OC-1 cell showed that the numbers of
LC3B puncta were significantly increased in the cytoplasm after

Figure 2. Increased autophagy in HEI-OC-1 cells after neomycin treatment. (A) Western blot showing the changes in LC3B-II expression in the HEI-OC-1 cells treated with
different concentration of neomycin (0.5 mM, 1 mM, 2 mM, and 5 mM) and different exposure times (6 h and 24 h), n D 3. (B) Quantification of the western blot in (A).
(C) TEM analysis to evaluate the presence of autophagy in HEI-OC-1 cells. The numbers of autophagic vacuoles and autolysosomes (arrows in pictures) were significantly
increased after neomycin treatment compared with the control, n D 3. (D) Immunofluorescence staining with anti-LC3B antibody in HEI-OC-1 cells after neomycin injury,
n D 4. (E) Quantification of the results in (C). (F) Quantification of the LC3B fluorescent puncta in (D). (G) Western blots with anti-LC3B antibody after neomycin and Baf
treatment, n D 4. (H) Quantification of the western blot result in (G). (I) Immunofluorescence staining with anti-LC3B and anti-SQSTM1/p62 antibodies in HEI-OC-1 cells.
The colocalization puncta (arrows in pictures) appeared after neomycin treatment. (J) Western blots with anti-SQSTM1/p62 antibody revealed a significant decrease in
SQSTM1/p62 after neomycin treatment and significant increase after Baf treatment, n D 3. (K) Quantification of the western blot result in (J). (L) Transfection with mRFP-
GFP-LC3B plasmids in HEI-OC-1 cells, n D 4. (M) Quantification of the results in (L). (N) HEI-OC-1 Cells were transfected with NHTT-150Q-EGFP and treated with neomycin,
nD 4. For all experiments, �P < 0.05, ��P < 0.01, ���P < 0.001.
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neomycin treatment compared with the control cells (Fig. 2D
and F, P < 0.001, n D 4), suggesting that neomycin injury could
enhance autophagosome synthesis in HEI-OC-1 cells. Bafilomy-
cin A1 (Baf) is a V-ATPase inhibitor that inhibits autophago-
some degradation by blocking the fusion of autophagosomes
with lysosomes, and this allows us to monitor autophagosome
synthesis.36,37 Immunohistochemistry and western blot experi-
ments showed that the numbers of LC3B puncta and the LC3B-
II protein expression level were both increased in HEI-OC-1 cells
cotreated with neomycin and Baf compared with control cells
treated with Baf alone (Fig. 2D, F to H, P < 0.05, n D 4), indi-
cating that neomycin injury could still enhance autophagosome
synthesis even when autophagosome-lysosome fusion was inhib-
ited by Baf. We then examined the formation of autophago-
some-lysosome complexes by analyzing the colocalization of the
autophagy markers LC3B and SQSTM1/p62, which can interact
with ubiquitin and trigger the degradation of proteins in the pro-
teasome or lysosome.38 We found that the number of puncta
that colocalized with these 2 markers in the cytoplasm was sig-
nificantly increased after neomycin treatment (Fig. 2I). To
confirm our finding that neomycin injury can enhance autopha-
gosome–lysosome fusion, we performed a western blot assay to
validate the degradation of the autophagic substrate SQSTM1/
p62 protein. We found that the protein level of SQSTM1/p62
was significantly decreased in the HEI-OC-1 cells after neomycin
treatment compared with control cells (Fig. 2J and K, P < 0.05,
n D 3), again suggesting that neomycin injury could enhance
autophagosome–lysosome fusion. We further examined the
SQSTM1/p62 level when autophagosome–lysosome fusion was
blocked by Baf. We found no change in the SQSTM1/p62 level
in HEI-OC-1 cells cotreated with neomycin and Baf compared
with control cells treated with Baf alone (Fig. 2J and K,
P < 0.05, n D 3).

To better study the effect of neomycin injury on autophagic
flux, HEI-OC-1 cells were transfected with the mRFP-GFP-
LC3B plasmid as a reporter of autophagic flux.39 Because the
GFP signal is pH sensitive, this method can be used to quantify
the numbers of autophagosomes and autolysosomes. The yel-
low puncta represent the overlap of red and green puncta, indi-
cating the autophagosomes that have not fused with the
lysosomes, while the red puncta correspond to autolyso-
somes.39,40 We found a significant increase in the number of
both autophagosomes and autolysosomes in neomycin-treated
cells compared with control cells (Fig. 2L and M, P < 0.01, n D
4). We further examined the viability of cells that were trans-
fected with EGFP-tagged NHTT-150Q (truncated N-terminal
HTT [huntingtin] protein with 150 glutamine repeats), which
is a known autophagy substrate.41,42 The GFP fluorescence
intensity was significantly decreased after neomycin treatment
compared with control cells (Fig. 2N, P < 0.001, n D 4), indi-
cating that low concentrations of neomycin might trigger the
cytoprotective effects of autophagy and prevent cell death.
Taken together, all of these results demonstrated that neomycin
injury could enhance both autophagosome synthesis and auto-
phagosome–lysosome fusion in HEI-OC-1 cells.

To validate whether these results can be generalized to other
aminoglycosides, we treated the HEI-OC-1 cells with different con-
centrations of gentamicin for 6 h or 24 h. Western blots showed
that 0.5 mM gentamicin treatment of 24 h led to the greatest

increase in LC3B-II expression (Fig. S2A to D, P < 0.001, n D 3).
Thus, we used this gentamicin treatment condition for the follow-
ing experiments in HEI-OC-1 cells. The immunolabeling results
showed that the numbers of LC3B puncta in cells treated with
0.5 mM gentamicin for 24 h were significantly greater than the
undamaged controls (Fig. S2E and G, P < 0.001, n D 4). When
transfected with themRFP-GFP-LC3B plasmid, we found a signifi-
cant increase in the number of both autophagosomes and autolyso-
somes in gentamicin-treated cells compared with control cells
(Fig. S2F and H, P< 0.001, nD 4). TEM images also showed that
there were significantly more autophagic vacuoles and autolyso-
somes after 0.5 mM gentamicin treatment of 24 h compared with
the controls (Fig. S2I and J, P< 0.001, nD 3).

The induction of autophagy affects cochlear HC survival
after neomycin or gentamicin damage

Cochleae were dissected from P3 mice and pretreated with the
autophagy activator rapamycin or the autophagy inhibitor 3-
MA for 6 h before neomycin treatment. The cultures were then
treated with 0.5 mM neomycin for 6 h or 24 h together with
rapamycin or 3-MA. The tissues were collected for immunoflu-
orescence staining. To confirm that the expression of LC3B-II
was affected by the autophagy activator and inhibitor, we took
advantage of the GFP-LC3B mice to show LC3B puncta and
autophagosome formation. We found that the numbers of
LC3B puncta were significantly increased in HCs after 6 h and
24 h neomycin exposure (Fig. 3A and B, P < 0.01, n D 6). The
results also showed that treatment with rapamycin resulted in
an increase in the number of LC3B puncta in HCs, while treat-
ment with 3-MA markedly reduced the number of LC3B
puncta in HCs compared with the neomycin-only group
(Fig. 3A and B, P < 0.05, n D 6).

We also tested the changes of LC3B puncta in HCs when
treated with 0.5 mM gentamicin for 6 h or 24 h. We found that
the numbers of LC3B puncta were significantly increased in
gentamicin-treated HCs compared with the controls (Fig. S3A
and B, P < 0.001, n D 6). Treatment with rapamycin also
resulted in an increase in the number of LC3B puncta in HCs.
In contrast, the number of LC3B puncta was significantly
decreased in 3-MA–treated HCs compared with the gentami-
cin-only group (Fig. S3A and B, P < 0.001, n D 6).

We then assessed the effects of increased or decreased
autophagy on HC survival by counting the MYO7A-positive
HC number in 150 mm lengths in all 3 turns of the cochlea after
neomycin damage. Immunofluorescence and cell counting
indicated that HC loss was increased in all 3 turns of the
cochlea after treatment with 0.5 mM neomycin for 24 h, and
this loss was significantly increased after treatment with the
autophagy inhibitor 3-MA (Fig. 3C and Fig. S4, P < 0.01,
n D 6). In contrast, treatment with the autophagy inducer
rapamycin significantly attenuated the neomycin-induced HC
loss (Fig. 3C and Fig. S4, P < 0.05, n D 6). In addition, we
found that autophagy also played an important role in HC
survival after gentamicin damage. Activating autophagy
significantly increased the number of surviving HCs, while
inhibiting autophagy significantly decreased the number of
surviving HCs after treatment with 0.5 mM gentamicin for
24 h (Fig. S5, P < 0.05, n D 6).
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Inhibition and activation of autophagy affect
autophagosome formation and cell survival in HEI-OC-1
cells following neomycin or gentamicin damage

We examined the effects of rapamycin (which is an autophagy acti-
vator), 3-MA (which is an autophagy inhibitor), and knockdown of
the autophagy-related proteins ATG5, BECN1, and ATG7 (which
results in the inhibition of LC3-II formation), on autophagosome
formation in HEI-OC-1 cells after 2 mM neomycin treatment of
24 h. The western blot data showed that after neomycin treatment
the expression of ATG5, BECN1, and ATG7 were all increased,
and the expression levels of ATG5, BECN1, and ATG7were all sig-
nificantly reduced after siRNA transfection with or without neo-
mycin treatment (Fig. S6, P < 0.05, n D 3). To confirm that the
expression of LC3B-II was affected by the autophagy inhibitor and
activator, we performed immunofluorescence staining with anti-
LC3B antibodies. Quantification of the fluorophores showed that
treatment with 3-MAor knockdown of ATGs resulted in decreased
autophagosome formation after neomycin injury. In contrast,
treatment with rapamycin markedly stimulated the formation of
autophagosomes in the cytoplasm (Fig. 4A and B, P< 0.01, nD 4).

We then analyzed the autophagic flux with the mRFP-GFP
reporter system after different treatments. We found that the
numbers of both autophagosomes and autolysosomes were sig-
nificantly increased after neomycin treatment compared with
the controls (Fig. 4C and D, P < 0.01, n D 4). The addition of
rapamycin resulted in a significantly greater increase in both
autophagosomes and autolysosomes compared with the neo-
mycin treatment alone group, and the formation of autophago-
somes and autolysosomes was significantly inhibited when
treated with 3-MA or after knockdown of ATGs (Fig. 4C and
D, P < 0.05, n D 4). We used the CCK-8 kit to determine the
HEI-OC-1 cell numbers when autophagy was activated or
inhibited after neomycin injury. The cell number was signifi-
cantly increased when cultured with rapamycin and was signifi-
cantly decreased when cultured with 3-MA or after knockdown
of ATGs (Fig. 4E, P < 0.05, n D 4).

To validate whether these results can be generalized to
other aminoglycosides, we measured the LC3B puncta and
the autophagic flux after 0.5 mM gentamicin treatment of
24 h in the presence of the autophagy activator or inhibitor.
Knockdown of ATGs significantly decreased the formation

Figure 3. Rapamycin and 3-MA affected both the induction of autophagy and HC survival in the cochlea after neomycin damage. (A) Immunofluorescence staining with
the anti-MYO7A antibody in the cochleae from GFP-LC3B mice after different treatments, n D 6. (B) Quantification of the number of GFP-LC3B puncta in (A). The number
of GFP-LC3B puncta was significantly increased in the rapamycin-pretreatment group and significantly decreased in the 3-MA-pretreatment group after neomycin treat-
ment compared with neomycin treatment alone, n D 6. (C) Quantification of the MYO7A-positive HCs in Figure S4. Pretreatment with rapamycin promoted HC survival
from the apical to the basal turn of the cochlea compared with neomycin exposure alone. In contrast, 3-MA accelerated HC apoptosis after neomycin injury, n D 6. Scale
bars: 10 mm. For all experiments, �P < 0.05, ��P < 0.01, ���P < 0.001.
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of autophagosomes and autolysosomes, whereas rapamycin
significantly enhanced the formation of autophagosomes
and autolysosomes compared with the gentamicin treatment
alone group (Fig. S7A to D, P < 0.05, n D 4). In addition,
we found that activating autophagy significantly increased
the HEI-OC-1 cell number, while inhibiting autophagy sig-
nificantly decreased the cell number after gentamicin injury
(Fig. S7E, P < 0.01, n D 3).

Autophagy modulates neomycin-induced apoptosis
in cochlear HCs

In this study, we wanted to investigate the role of autophagy in
neomycin-induced HC injury, and previous studies revealed
that cleaved-CASP3 (caspase 3) and TUNEL (terminal deoxy-
nucleotidyl transferase dUTP nick end labeling) can be used as
markers of cell apoptosis induced by aminoglycosides.43-45

Here, cleaved-CASP3 and TUNEL staining was performed to
detect the apoptotic cochlear HCs after 3MA or rapamycin
treatments. Immunofluorescence staining showed that the
numbers and proportions of cleaved-CASP3-positive cells (6.4
§ 1.52) and TUNEL-positive cells (6.25 § 0.96) per 150 mm
cochlear length of the middle turn in the neomycin-treated

groups were significantly greater than the undamaged controls
(1.2 § 0.45 cleaved-CASP3-positive cells and 3.75 § 2.96
TUNEL-positive cells) (Fig. 5A to D, P < 0.05, n D 3). More-
over, the 3MA-pretreated cochleae had significantly more
cleaved-CASP3-positive cells (13.33 § 1.15) and TUNEL-posi-
tive cells (10.0 § 1.63) compared with the neomycin-only
group (Fig. 5A to D, P < 0.05, n D 3). In contrast, when auto-
phagy was activated by rapamycin, the numbers and propor-
tions of cleaved-CASP3-positive cells (3.8 § 1.1) and TUNEL-
positive cells (3.5 § 0.8) were significantly reduced (Fig. 5A to
D, P < 0.01, n D 3). The phenotypes of the apical and basal
turns in the cochlea were similar to that of the middle turn
(Fig. S8A to F, P < 0.05, n D 3), but the severity of the HC
injury in the apical turn of the cochlea was less than in the mid-
dle and basal turns after the neomycin treatments.

We also performed a quantitative real-time PCR (qRT-PCR)
experiment to explore the expression of apoptosis-related genes
in the cochlea after 3-MA or rapamycin treatment. After neo-
mycin treatment, the expression of the proapoptotic genes
Casp3, Casp9, and Casp8 was significantly increased compared
with the undamaged control, and the expression of the antia-
poptotic gene Bcl2 (B cell leukemia/lymphoma 2) was signifi-
cantly decreased compared with controls (Fig. 5E, P < 0.05,

Figure 4. Inhibition and activation of autophagy affect autophagosome formation and cell survival in HEI-OC-1 cells following neomycin damage. (A) Images of immuno-
labeled LC3B (green) in HEI-OC-1 cells, n D 4. (B) Quantification of the LC3B fluorescent puncta in (A). (C) Cells were transfected with mRFP-GFP-LC3B plasmids and
treated with different drugs. Yellow dots indicate autophagosomes and red dots indicate autolysosomes, n D 4. (D) Quantification of the LC3B fluorescent puncta in (C).
(E) After treatment with neomycin, the numbers of live cells in 7 groups (undamaged, neomycin alone, rapamycin-pretreatment, 3-MA-pretreatment, Atg5 siRNA, Becn1
siRNA, and Atg7 siRNA) were determined with the CCK-8 kit, n D 4. For CCK-8 experiments, the values for the normal controls were set to 1. Scale bars: 5 mm. �P < 0.05,
��P < 0.01, ���P < 0.001.
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n D 4). In addition, the autophagy inhibitor 3-MA significantly
upregulated the expression of the proapoptotic genes Casp3,
Casp9, and Casp8 and reduced the expression of the antiapop-
totic gene Bcl2 (Fig. 5F, P < 0.05, n D 4). The expression of the
proapoptotic genes Bax (BCL2-associated X protein), Casp3,
Casp9, and Casp8 was significantly decreased when the
cochleae were treated with the autophagy activator rapamycin
(Fig. 5F, P < 0.05, n D 4).

Autophagy affects apoptosis in HEI-OC-1 cells after
neomycin damage

In this experiment, we investigated the role of autophagy in
neomycin-induced cell death in HEI-OC-1 cells through upre-
gulation or downregulation of autophagosome formation. HEI-
OC-1 cells were pretreated with 3-MA or rapamycin before
exposure to neomycin. The cells were then treated with 2 mM
neomycin for 24 h and allowed to recover in culture medium
for another 24 h together with 3-MA or rapamycin. In the
ATG knockdown group, the cells were treated with 2 mM neo-
mycin for 24 h and allowed to recover another 24 h after being
transfected with siRNA directed against Atg5, Becn1, or Atg7.
We used propidium iodide to label the dead cells and ANXA5/
Annexin V to label the cells undergoing apoptosis. After neo-
mycin treatment, the proportions of both dead and apoptotic
cells were significantly increased (4.47 § 0.44% and 13.2 §
2.2% dead and apoptotic cells, respectively) compared with the
undamaged control (0.3 § 0.19% and 0.05 § 0.04% dead and

apoptotic cells, respectively) (Fig. 6A and B, P < 0.01, n D 4).
We also found that the proportion of apoptotic cells after treat-
ment with rapamycin (5.2 § 0.35%) was significantly reduced
compared with the neomycin-only group (Fig. 6A and B, P <

0.01, n D 4). The proportion of dead cells (3.25 § 0.88%) was
also reduced when treated with rapamycin, but the difference
was not statistically significant. In contrast, the proportion of
dead and apoptotic HEI-OC-1 cells (5.53 § 0.18% and 48.4 §
2.88%, respectively) treated with 3-MA and the apoptotic pro-
portion in the ATG knockdown group (52.93 § 1.54%,
46.19 § 4.77%, and 50.88 § 3.24% for the Atg5 siRNA, Becn1
siRNA, and Atg7 siRNA groups, respectively) were markedly
increased compared with the neomycin-only group (Fig. 6A
and B, Fig. S9A, D and E, P < 0.05, n D 4).

Next, we performed cleaved-CASP3 and TUNEL staining
to detect the apoptotic HEI-OC-1 cells after ATG knock-
down or 3-MA or rapamycin treatments. Immunofluores-
cence staining showed that the proportions of cleaved-
CASP3-positive (14.24 § 2.57%) and TUNEL-positive cells
(13.22 § 2.7%) in the neomycin-treated groups were signifi-
cantly greater than the undamaged controls (0.57 § 0.31%
and 0.83 § 0.52%, respectively) (Fig. 6C to F, P < 0.001,
n D 4). The ATG knockdown and 3-MA–treated cells had
significantly more cleaved-CASP3-positive (38.11 § 1.08%,
35.38 § 6.58%, 38.95 § 4.29%, and 35.4 § 2.53% for the
Atg5 siRNA, Becn1 siRNA, Atg7 siRNA, and 3-MA groups,
respectively) and TUNEL-positive cells (46.02 § 1.82%,
32.67 § 4.72%, 39.28 § 3.05%, and 43.3 § 2.87% for the

Figure 5. Autophagy modulates the injury severity in cochlear HCs after neomycin exposure. (A) Immunofluorescence staining with TUNEL and MYO7A in the middle turn
of the cochlea after different treatments, n D 3. (B) Immunofluorescence staining for cleaved-CASP3 and MYO7A in the middle turn of the cochlea after different treat-
ments. (C and D) Quantification of the numbers of TUNEL and MYO7A double-positive, as well as cleaved-CASP3 and MYO7A double-positive cells. The numbers and pro-
portions of cleaved CASP3-positive cells and TUNEL-positive cells in the neomycin-treated groups were significantly greater than the undamaged controls. Moreover, the
numbers of apoptotic cells were significantly increased by 3-MA and decreased by rapamycin, n D 3. (E) The mRNA levels of 8 apoptosis-related genes were analyzed by
qRT-PCR after treatment with neomycin, n D 4. (F) qRT-PCR analysis of the apoptosis-related gene expression in the 3-MA-pretreatment group and rapamycin-pretreat-
ment group after neomycin injury, n D 4. For qRT-PCR experiments, the values for the normal controls were set to 1. Scale bars: 20 mm. �P < 0.05, ��P < 0.01,
���P < 0.001.
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Atg5 siRNA, Becn1 siRNA, Atg7 siRNA, and 3-MA groups,
respectively) compared with the neomycin-only group
(Fig. 6C to F and Fig. S9B, C, F and G, P < 0.001, n D 4).
In contrast, when autophagy was activated by rapamycin,
the proportions of cleaved-CASP3-positive (5.95 § 1.22%)
and TUNEL-positive cells (5.48 § 1.33%) were significantly
reduced (Fig. 6C to F, P < 0.001, n D 4). Western blot
showed that the protein expression of cleaved-CASP3 and
cleaved-PARP1 (poly[ADP-ribose] polymerase 1) in HEI-
OC-1 cells was significantly increased after neomycin

treatment compared with the undamaged controls (Fig. 7A
to D, P < 0.01, n D 4). The protein expression levels of
both cleaved-CASP3 and cleaved-PARP1 were significantly
reduced when treated with the autophagy activator rapamy-
cin, and they were significantly increased when autophagy
was inhibited by ATG knockdown (Fig. 7A to D, P < 0.05,
n D 4). The qRT-PCR results showed that the expression of
proapoptotic marker genes, including Casp8, Bax, and
Casp3, was significantly higher in the neomycin-treated
groups, and the expression of the antiapoptotic gene Bcl2

Figure 6. Autophagy affects cell death and apoptosis in HEI-OC-1 cells after neomycin exposure. (A) Apoptosis analysis by flow cytometry after different treatments. The
lower left quadrants, lower right quadrants, and upper right quadrants of the images represent live cells, early apoptotic cells, and late apoptotic cells, respectively, n D
4. (B) Quantification of the flow cytometry data. The proportions of dead cells and early apoptotic cells after neomycin treatment were significantly increased compared
with the undamaged groups. In addition, the dead and apoptotic proportions could be increased by 3-MA and ATG5 knockdown, and the apoptotic proportions could be
reduced by rapamycin. (C) TUNEL and DAPI double staining showing the apoptotic HEI-OC-1 cells after different treatments, n D 4. (D) Cleaved-CASP3 and DAPI double
staining confirmed the apoptotic cells after different treatments, n D 4. (E and F) Quantification of the numbers of TUNEL and DAPI double-positive, as well as cleaved-
CASP3 and DAPI double-positive cells in (C and D), respectively.
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was significantly lower than controls (Fig. 7E, P < 0.05,
n D 3). The autophagy inhibitor 3-MA and ATG5 knock-
down significantly upregulated the expression of the proapoptotic
marker genes and reduced the expression of the antiapoptotic
genes (Fig. 7F, P < 0.05, n D 3). The expression of proapoptotic
marker genes was significantly decreased and the expression of
the antiapoptotic gene Bcl2 was significantly increased when the
cells were treated with the autophagy activator rapamycin
(Fig. 7F, P < 0.05, n D 3).

After treatment with 0.5 mM gentamicin for 24 h, we also
found that apoptotic cells were significantly increased com-
pared with the undamaged controls (Fig. S10A to D, P < 0.05,
n D 4). Moreover, the apoptotic cells were significantly
decreased when autophagy was activated by rapamycin and
were significantly increased when autophagy was reduced
through knockdown of ATG expression (Fig. S10A to D,
P < 0.05, n D 4).

Autophagy attenuates neomycin-induced oxidative stress
in cochlear HCs

To determine the relationship between autophagy and oxi-
dative stress in cochlear HCs, we dissected and cultured the
cochleae from P3 mice and then treated them with neomy-
cin together with 3-MA or rapamycin. We used Mito-SOX
Red, which is a redox fluorophore that selectively detects
mitochondrial superoxide, to evaluate mitochondrial ROS
levels in neomycin-treated cochleae. Quantification of Mito-
SOX Red colocalization with MYO7A showed that the ROS
levels were increased in the middle turn of the cochlea after

neomycin treatment compared with the undamaged controls
(Fig. 8A and B, P < 0.05, n D 4). We then assessed the
effects of increased autophagy on ROS levels using the auto-
phagy stimulator rapamycin or the autophagy inhibitor 3-
MA. After neomycin exposure, treatment with rapamycin
markedly reduced the ROS levels in cochlear HCs, and
treatment with 3-MA significantly increased ROS levels
compared with the neomycin-only group (Fig. 8A and B,
P < 0.05, n D 4). The phenotypes of the apical and basal
turns in the cochlea were similar to that in the middle turn
(Fig. S11A to C, P < 0.05, n D 4). Moreover, we found
that the oxidative stress in the apical turn in the cochlea
was lower than that in middle and basal turns after neomy-
cin treatments. These findings are consistent with those
shown in Fig. 5 and Fig. S8.

Next, we performed a qRT PCR experiment to analyze the
mRNA expression of redox-related genes in cochlear HCs after
neomycin treatment. We found that the expression of 5 impor-
tant antioxidant genes, including Sod1 (superoxide dismutase
1), Tmx3 (thioredoxin-related transmembrane protein 3), Nqo1
(NAD[P]H dehydrogenase, quinone 1), Gsr (glutathione reduc-
tase), and Glrx (glutaredoxin), was significantly decreased in
cochlear HCs after neomycin treatment compared with
undamaged cochleae (Fig. 8C, P < 0.05, n D 3). We then mea-
sured the expression of these genes after treatment with rapa-
mycin and 3-MA. We found that the expression of 3
antioxidant genes (Sod1, Gsr, and Glrx) was significantly upre-
gulated (Fig. 8D, P < 0.05, n D 3). The expression of Tmx3 and
Cat in the rapamycin-treated groups was also increased, but
the difference was not statistically significant compared with

Figure 7. Autophagy affects the levels of apoptosis-related genes and proteins in HEI-OC-1 cells after neomycin exposure. (A) Western blots with anti-cleaved-CASP3 anti-
body revealed that the amount of cleaved-CASP3 is significantly increased after neomycin treatment. In addition, the amount could be increased by ATG knockdown and
could be reduced by rapamycin, n D 4. (B) Quantification of the western blot in (A). (C) Western blots with anti-cleaved-PARP1 antibody, n D 4. (D) Quantification of the
western blot in (C). (E) The mRNA levels of proapoptotic genes and antiapoptotic genes were analyzed by qRT-PCR after treatment with neomycin, n D 3. (F) qRT-PCR
analysis of the apoptosis-related gene expression in the ATG5 knockdown group, 3-MA-pretreatment group, and rapamycin-pretreatment group after neomycin injury,
nD 3. For qRT-PCR experiments, the values for the normal controls were set to 1. Scale bars: 20 mm. �P < 0.05, ��P < 0.01, ���P < 0.001.
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the neomycin-only group. In contrast, treatment with 3-MA
significantly downregulated 2 antioxidant genes (Tmx3 and
Nqo1) (Fig. 8D, P < 0.05, n D 3). The expression of Sod1 and
Cat (catalase) was also decreased, but the difference was not
statistically significant compared with the neomycin-only
group.

Autophagy modulates oxidative stress in HEI-OC-1 cells
after neomycin injury

The preceding experiments showed that autophagy can affect
the apoptosis and cell survival of HEI-OC-1 cells after neomy-
cin injury, and we hypothesized that the effect of autophagy on
apoptosis in HEI-OC-1 cells might depend on oxidative stress.
To test our hypothesis, we assessed the effects of autophagy-
related protein (ATG5, BECN1, and ATG7) knockdown and 3-
MA and rapamycin treatment on ROS levels in HEI-OC-1 cells.
Mito-SOX Red was used to evaluate mitochondrial ROS levels
in neomycin-treated HEI-OC-1 cells. Immunohistochemistry
and flow cytometry showed that the ROS levels were increased
after neomycin treatment compared with the undamaged con-
trols (Fig. 9A, B, and C, P < 0.001, n D 4). After neomycin
injury, the ROS levels were significantly increased with the
3-MA treatment and knockdown of ATG5, BECN1, and
ATG7, while rapamycin significantly reduced the neomycin-
induced ROS accumulation in HEI-OC-1 cells compared with
the neomycin-only group (Fig. 9A to C and Fig. S12A to C,
P < 0.05, n D 4).

To further verify our findings, we performed a qRT PCR
experiment to analyze the mRNA expression of 6 redox-

related genes. We found that the expression of 5 important
antioxidant genes, including Sod1, Nqo1, Tmx3, Gsr, and
Glrx, was significantly decreased in HEI-OC-1 cells after
neomycin treatment compared with undamaged cells
(Fig. 9D, P < 0.05, n D 3). In addition, treatment with
rapamycin significantly upregulated the expression of 4
antioxidant genes (Sod1, Cat, Gsr, and Tmx3) while treat-
ment with 3-MA significantly reduced the expression of 5
antioxidant genes (Sod1, Cat, Nqo1, Tmx3, and Gsr) and
ATG5 knockdown reduced the expression of 4 antioxidant
genes (Sod1, Cat, Nqo1, and Gsr) compared with the neo-
mycin-only group (Fig. 9E, P < 0.05, n D 3).

Furthermore, we investigated whether the damaged and
ROS-producing mitochondria after neomycin treatment
could be eliminated by autophagy. According to recent stud-
ies, effective mitophagy can be assessed by detecting the
reduced levels of mitochondrial proteins, including the outer
mitochondrial membrane protein TOMM20 (translocase of
outer mitochondrial membrane 20 homolog [yeast]) and the
inner mitochondrial membrane protein COX4I1/COX IV
(cytochrome c oxidase subunit 4I1), during long-term cul-
ture.46,47 Therefore, we treated HEI-OC-1 cells with 2 mM
neomycin for 24 h or 48 h and performed immunofluores-
cence and western blot experiments to detect the protein lev-
els of TOMM20 and COX4I1. In contrast to the loss of
TOMM20 and COX4I1 in classic mitophagy,46,47 we did not
observe any statistically significant change in these mitochon-
drial protein levels in our experiments (Fig. S13A to E,
n D 3). Taken together, our results show that the mitochondria
were not eliminated by autophagy (mitophagy) in HEI-OC-1
cells during neomycin treatment.

Figure 8. Autophagy attenuates oxidative stress in cochlear HCs after neomycin injury. (A) Immunofluorescence staining with Mito-SOX and anti-MYO7A antibodies in the
middle turn of the cochlea after different treatments, n D 4. (B) Quantification of the numbers and proportions of Mito-SOX and MYO7A double-positive cells in (A). The
numbers and proportions of Mito-SOX-positive cells in the neomycin-treated groups were significantly greater than the undamaged controls. Moreover, the neomycin-
induced oxidative stress was significantly increased by 3-MA and reduced by rapamycin, n D 4. (C) The mRNA levels of genes related to redox reactions were analyzed by
qRT-PCR after neomycin treatment. The results showed that neomycin downregulated the expression of 5 genes (Sod1, Gsr, Glrx, Nqo1, and Tmx3), n D 3. (D) qRT-PCR
analysis of the redox-related gene expression in the 3-MA-pretreatment group and rapamycin-pretreatment group after neomycin injury, nD 3. For qRT-PCR experiments,
the values for the normal controls were set to 1. Scale bars: 20 mm. �P < 0.05, ��P < 0.01, ���P < 0.001.
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Antioxidant treatment successfully rescues the increased
HC loss and apoptosis induced by autophagy inhibitor
after neomycin injury

To further determine whether autophagy mediates its pro-
tective effects by suppressing ROS levels, the cochleae were
treated with the antioxidant NAC, which is a reduced gluta-
thione provider and a direct scavenger of reactive oxygen
intermediates, and then exposed the cochleae to neomycin.
Immunohistochemistry showed that the ROS levels were
significantly reduced in both the neomycinCNAC and neo-
mycinCNACC3-MA groups (Fig. 10A and B, P < 0.001,
n D 4), suggesting that NAC treatment could efficiently
reduce the ROS level.

Next, we assessed HC survival after neomycin treatment
by counting the number of MYO7A-positive HCs in 150-mm
lengths of the cochlea. Compared to the neomycin-only
group, the HC number was sharply decreased in the neo-
mycinC3-MA group (Fig. 10A and C, P < 0.001, n D 4),
and compared with the neomycinCNAC group the HC
number in the neomycinCNACC3-MA group was not sig-
nificantly decreased (Fig. 10A and C, n D 4). Immunolabel-
ing for the apoptotic markers TUNEL and cleaved-CASP3
also showed that compared with the neomycin-only group,
the numbers of cleaved-CASP3 and MYO7A, as well as
TUNEL and MYO7A double-positive cells were significantly

increased in the neomycinC3-MA group (Fig. 10D to G, P
< 0.001, n D 4). Compared to the neomycinCNAC group,
the number of double-positive cells in the neo-
mycinCNACC3-MA group was not significantly different
(Fig. 10D to G, n D 4). These results demonstrated that
NAC successfully rescued the increased HC loss and apopto-
sis induced by the autophagy inhibitor 3-MA after neomycin
injury, and this suggests that autophagy protects against neo-
mycin-induced HC loss by suppressing ROS accumulation.

Antioxidant treatment successfully rescues the increased
cell death and apoptosis induced by autophagy inhibition
in HEI-OC-1 cells

To determine whether autophagy mediates its cytoprotective
effects by suppressing ROS accumulation in HEI-OC-1 cells,
we pretreated the HEI-OC-1 cells with the antioxidant NAC.
Immunohistochemistry and flow cytometry showed that the
ROS levels were significantly reduced in all NAC-pretreated
groups compared with the neomycin-only group (Fig. 11A to
C, P < 0.01, n D 4). Flow cytometry results showed that com-
pared with the neomycin-only group, both dead and apoptotic
cells in the neomycinC3-MA group and neomycinCAtg5
siRNA group were significantly increased (Fig. 11D and E, P <

0.05, n D 3). Compared to the neomycinCNAC group, the

Figure 9. Autophagy modulates oxidative stress in HEI-OC-1 cells after neomycin injury. (A) Five different groups of HEI-OC-1 cells were labeled using the Mito-SOX stain-
ing kit, n D 4. (B) Flow cytometry data confirmed the results in (A), n D 4. (C) Quantification of the results of flow cytometry in (B). The ROS levels were significantly
increased after neomycin treatment compared with the undamaged groups. In addition, the autophagy inducer rapamycin significantly reduced the ROS levels and both
the autophagy inhibitor 3-MA and knockdown of ATG5 significantly increased the ROS levels. (D) The mRNA levels of 6 genes related to redox reactions were analyzed by
qRT-PCR after neomycin treatment, n D 3. (E) qRT-PCR analysis of the redox-related gene expression in the ATG5 knockdown group, 3-MA-pretreatment group, and rapa-
mycin-pretreatment group after neomycin injury, n D 3. For qRT-PCR experiments, the values for the normal controls were set to 1. Scale bars: 50 mm. �P < 0.05,
��P < 0.01, ���P < 0.001.
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ratio of dead and apoptotic cells in the neomycinCNACC3-
MA group and neomycinCNACCAtg5 siRNA group was not
significantly changed (Fig. 11D and E, n D 3). Immunolabeling
with the apoptotic markers TUNEL and cleaved-CASP3 also
showed that compared with the neomycin-only group signifi-
cantly more cleaved-CASP3 and DAPI, as well as TUNEL and
DAPI double-positive cells were observed in the neomycinC3-
MA group and neomycinCAtg5 siRNA groups (Fig. 12A to C,
P < 0.001, n D 4). Compared to the neomycinCNAC group,
the rate of cleaved-CASP3 and DAPI, as well as TUNEL and
DAPI double-positive cells in the neomycinCNACC3-MA and
neomycinCNACCAtg5 siRNA groups was not significantly
changed (Fig. 12A to C, n D 4). These results demonstrated
that NAC successfully rescued the increased cell death and apo-
ptosis induced by 3-MA treatment or ATG5 knockdown after
neomycin injury, thus suggesting that autophagy prevents

neomycin-induced cell death and apoptosis in HEI-OC-1 cells
by suppressing ROS accumulation.

Discussion

Aminoglycoside ototoxicity is typically associated with bilateral
sensorineural hearing loss, because the sensory HCs are suscep-
tible to aminoglycoside-induced cytotoxicity and are not able
to regenerate once damaged.45,48 Although recent studies
reported that mouse cochleae have very limited HC regenera-
tion ability in neonatal ages, this limited spontaneous HC
regeneration is not able to recover the hearing ability once HCs
are damaged by aminoglycosides, and adult mice completely
lose this HC regeneration ability.49-54 Ototoxic agents induce
hearing loss by triggering apoptosis in auditory sensory HCs,
and their primary target is the mitochondria.55-61 Abnormal

Figure 10. Antioxidant treatment promotes the survival of cochlear HCs after neomycin injury. (A) Immunofluorescence staining with Mito-SOX and MYO7A in the middle
turn of the cochlea after different treatments, n D 4. (B) Quantification of the numbers of Mito-SOX and MYO7A double-positive cells in (A). (C) Quantification of the
MYO7A-positive cells in (A). (D) Immunofluorescence staining for cleaved-CASP3 and MYO7A in the middle turn of the cochlea after different treatments, nD 4. (E) Immu-
nofluorescence staining for TUNEL and MYO7A in the middle turn of the cochlea after different treatments, n D 4. (F and G) Quantification of the numbers of positive cells
in (Dand E). The neomycin-induced oxidative stress and apoptosis in HCs were significantly reduced after pretreatment with NAC. Scale bars: 20 mm. �P < 0.05,
��P < 0.01, ���P < 0.001.
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mitochondrial respiration leads to the production of high levels
of ROS, which subsequently activate multiple apoptotic path-
ways, such as the FAS-FASLG/FASL, NFKB/NF-kB, and TP53/
TRP53/p53 pathways.62-64 The activation of autophagy has
been reported to prevent cells from dying,66 but it also plays a
more destructive role in many diseases.67 The relationship
between autophagy and apoptosis has been extensively studied,
but the interplay between them is still not well understood.68

Autophagy can be classified into nonselective bulk autophagy
and selective autophagy, which degrades specific targets. Selec-
tive autophagy includes, but is not limited to, pexophagy,69

mitophagy,70 and reticulophagy.71 We know that cells have
evolved protective mechanisms to scavenge ROS and maintain
cellular redox homeostasis, and studies have shown that auto-
phagy can protect cells by removing dysfunctional mitochon-
dria and reducing the cellular ROS levels.73-75 This process is
called mitophagy because it is mitochondria-selective

autophagy that functions in the clearance of damaged mito-
chondria.72,76-78 In the current study we show that mitochon-
dria are not eliminated by selective autophagy such as
mitophagy in neomycin-treated HEI-OC-1 cells (Fig. S13),
indicating that autophagy may protect the HCs by suppressing
ROS accumulation and apoptosis in our model.

In this study, we fully explored the exact role of autophagy in
neomycin or gentamicin-induced injury in cochlear HCs and in
HC-like HEI-OC-1 cells. We found that the induction of auto-
phagy is markedly increased after neomycin or gentamicin injury
both in the HCs of explant culture and in HEI-OC-1 cells
(Figs. 1 and 2). In addition, by measuring the autophagic flux
(including the expression of the autophagy marker LC3B-II and
the mRFP-GFP-LC3B reporter), the colocalization of the auto-
phagy markers LC3B puncta and SQSTM1/p62, and the degra-
dation of the SQSTM1/p62 protein, and by performing TEM
imaging, and the autophagy substrate experiment, we found that

Figure 11. Antioxidant treatment rescues the cell death and apoptosis in HEI-OC-1 cells after neomycin injury. (A) Six different groups of HEI-OC-1 cells were labeled with
the Mito-SOX staining kit, n D 4. (B) Flow cytometry data confirmed the results in A, n D 4. (C) Quantification of the results of flow cytometry in B. The ROS levels were
significantly decreased after pretreatment with NAC. (D) Analysis of apoptotic HEI-OC-1 cells by flow cytometry after pretreatment with NAC, n D 3. (E) Quantification of
the flow cytometry data. The proportions of dead and apoptotic cells in the ATG5 knockdown groups and 3-MA-pretreatment groups significantly decreased when the
increased ROS level was blocked by NAC.
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neomycin injury could enhance both autophagosome synthesis
and autophagosome–lysosome fusion in HEI-OC-1 cells. The
increase in LC3B-II expression in the cochlea was not as great as
in HEI-OC-1 cells, and we believe that this is due to the presence
of many other cell types in the cochlea, such as supporting cells,
that are not sensitive to neomycin. Also, with low concentrations
of neomycin treatment, autophagy increased as the neomycin
concentrations and exposure times increased; however, the high-
concentration neomycin treatment decreased autophagy activity
compared with the low-concentration neomycin treatment
(Fig. 1). We hypothesized that autophagy might play a protective
role against neomycin injury up to the point where the damage
goes beyond the ability of the cell to rescue itself. The levels of
ROS and the rates of apoptosis were significantly increased in
the HCs after treatment with neomycin (Figs. 8 and 9), which
indicated that ROS accumulation might contribute to the induc-
tion of autophagy.

Enhancing or blocking autophagy with autophagy activa-
tors or inhibitors can help us to understand autophagic mech-
anisms under oxidative stress. Rapamycin is a natural product
with potent antifungal and immunosuppressive activities that

has been widely reported to induce autophagy both in vivo
and in vitro.79,80 The phosphatidylinositol-3-kinase inhibitor
3-MA was the first autophagy inhibitor to be identified and is
the most widely used autophagy inhibitor.81 ATG5 is an
important protein associated with phagophore formation, and
deletion of ATG5 results in the complete absence of LC3-
II.82,83 BECN1 (in yeast also known as Vps30/Atg6) is a core
subunit of the phosphatidylinositol-3-kinase complex that
mediates the formation of phosphatidylinositol 3-phosphate,
which plays an important role in autophagosome initiation
and maturation.84,85 ATG7 (ubiquitin E1-like activating
enzyme) is a key protein involved in the ubiquitin-like conju-
gation systems of LC3 and ATG12 in the expansion of phago-
phore membranes.86-88 In our study, we found that the levels
of LC3B-II were significantly increased and the levels of ROS
were significantly decreased when HEI-OC-1 cells and
cochleae were pretreated with rapamycin before neomycin
exposure. In contrast, when the HEI-OC-1 cells and cochlear
HCs were pretreated with the autophagy inhibitor 3-MA or
knockdown of ATGs (ATG5, BECN1, and ATG7), the expres-
sion of LC3B-II was decreased and neomycin-induced ROS

Figure 12. Antioxidant treatment promotes the survival of HEI-OC-1 cells after neomycin injury. (A) TUNEL and DAPI double staining and (B) cleaved-CASP3 and DAPI
double staining showed the number of apoptotic HEI-OC-1 cells after the different treatments, n D 4. (C) Quantification of the numbers of TUNEL and DAPI double-posi-
tive, as well as cleaved-CASP3 and DAPI double-positive cells in (A and B), respectively. The apoptotic cells were significantly decreased after pretreatment with NAC. For
flow cytometry quantification experiments, the values for the normal controls were set to 1. For all experiments, �P < 0.05, ��P < 0.01, ���P < 0.001.
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levels were increased (Fig. 3, Fig. 4, Fig. 8, and Fig. 9).
Moreover, we found that treatment with rapamycin signifi-
cantly increased the expression of 4 crucial antioxidant
genes (Sod1, Cat, Gsr, and Tmx3), while autophagy inhibi-
tion markedly reduced the expression of 5 antioxidant genes
(Sod1, Cat, Nqo1, Tmx3, and Gsr) in HEI-OC-1 cells after
neomycin injury (Fig. 9). In cochlear explant cultures, treat-
ment with rapamycin significantly enhanced the expression
of 3 crucial antioxidant genes (Sod1, Gsr, and Glrx), while
3-MA pretreatment markedly reduced the expression of 2
antioxidant genes (Tmx3 and Nqo1) (Fig. 8). Together,
these results indicated that there is a balance between oxi-
dative stress and autophagy in sensory HCs and suggested
that a suitable concentration of neomycin causes low levels
of oxidative stress that activate autophagy. Autophagy
attenuates the oxidative damage by regulating the activity of
the oxidative stress-related signaling pathways. Downregula-
tion of autophagy reduces the expression of antioxidant
genes and leads to elevated ROS levels, which further con-
tribute to mitochondrial dysfunction and apoptosis after
neomycin injury.

Previous studies have shown that the accumulation of ROS
triggers mitochondrial depolarization and initiates apoptosis.89

In this study, we showed that activation of autophagy contrib-
utes not only to reducing ROS levels, but also to promoting cell
survival both in the HEI-OC-1 cell line and in cochlear HCs.
We first showed that downregulation of autophagy dramati-
cally increases cell death and apoptosis both in HEI-OC-1 cells
and in cochlear HCs after neomycin injury, while rapamycin
significantly reduces cell death and apoptosis after neomycin
injury (Fig. 5, Figs. 6 and 7). We then performed a qRT-PCR
experiment to analyze the expression of proapoptotic and anti-
apoptotic genes when autophagy was enhanced or reduced after
neomycin injury. We found that expression of proapoptotic
genes was significantly decreased and the expression of antia-
poptotic genes was significantly increased in rapamycin-treated
groups after neomycin injury, while the expression of proapop-
totic genes was significantly increased and the expression of
antiapoptotic genes was significantly decreased in the auto-
phagy inhibition groups. These results suggested that auto-
phagy plays an important role in regulating apoptotic
pathways. Interestingly, the expression of Bcl2, which has long
been known as an inhibitor of both apoptosis and auto-
phagy,90,91 could also be regulated with an autophagy inducer
or autophagy inhibitor. The result of the qRT-PCR experiment
in HEI-OC-1 cells showed that Bcl2 expression could be signifi-
cantly induced by the autophagy-inducer rapamycin. This phe-
nomenon might be explained by the fact that Bcl2 plays an
inhibitory role in preventing excess autophagy, which was
found to be harmful to cell survival when autophagy was acti-
vated by rapamycin.

To validate whether the results after neomycin treatment
can be generalized to other aminoglycosides, we treated the
explant cultured cochleae and HEI-OC-1 cells with genta-
micin, which is also ototoxic. We found that the expression
of LC3B-II and the numbers of LC3B puncta were also
increased in both cochlear HCs and HEI-OC-1 cells after
gentamicin injury (Fig. S1 and S2). We also measured the
effect of gentamicin on autophagic flux and found a

significant increase in both autophagosomes and autolyso-
somes in gentamicin-treated HEI-OC-1 cells (Fig. S2). We
found that the inhibition and activation of autophagy affects
autophagosome formation and cell survival in both cochlear
HCs and HEI-OC-1 cells following gentamicin damage
(Fig. S3, S5 and S7). Our data also showed that inhibition
and activation of autophagy affect apoptosis in HEI-OC-1
cells after gentamicin injury (Fig. S10). Together, these
results demonstrated that our findings for neomycin can be
generalized to other aminoglycosides.

As previously reported, autophagy can eliminate the
increased mitochondria after damage in several tissues, includ-
ing liver, muscle, and neuronal tissue.46,47,92-94 The next ques-
tion is whether induction of autophagy can directly eliminate
the damaged and ROS-producing mitochondria to protect
HEI-OC-1 cells during neomycin treatment. In human primary
cells (fibroblasts and IMR-90 cells) and immortalized cells
(HeLa cells and KP-4 cells), activated mitophagy significantly
enhances the clearance of damaged mitochondria.46,47 How-
ever, in this study we found that neither the outer mitochon-
drial membrane protein TOMM20 nor the inner
mitochondrial membrane protein COX4I1 were decreased after
2 mM neomycin treatment of 24 h or 48 h compared with
undamaged controls (Fig. S13), suggesting that autophagy
might not directly target the damaged and ROS-producing
mitochondria for degradation in HEI-OC-1 cells. Based on
this, we speculated that autophagy might function downstream
of mitochondrial dysfunction and protect cells against ROS
accumulation and apoptosis signaling-induced cell toxicity and
cell death during neomycin injury. This is likely because auto-
phagy is induced by various stress conditions such as ROS and
starvation, not just by mitochondrial dysfunction.95,96

Under normal physiological conditions, the ROS level is
kept within a certain range due to the balance between ROS
production and scavenging. To confirm our preceding findings
showing the relation between ROS and autophagy, we used
NAC, which is an ROS scavenger, to treat the cells before neo-
mycin exposure.97 We found that NAC could successfully res-
cue the 3-MA or ATG5 knockdown-induced increase of
apoptosis and cell death both in HEI-OC-1 cells and in
cochlear HCs. These findings further demonstrated the rela-
tionship between oxidative stress and autophagy and suggested
that autophagy mediates its protective effects by suppressing
ROS accumulation.

In summary, this study shows that neomycin or gentamicin
injury activates autophagy both in HEI-OC-1 cells and cochlear
HCs. We report for the first time that there is a balance between
oxidative stress and autophagy in sensory HCs after neomycin
or gentamicin injury and that autophagy plays an important
role in HC survival after neomycin or gentamicin injury. Our
results suggest that moderate ROS levels can activate autophagy
to recycle damaged cellular constituents and maintain cellular
homeostasis, and the induction of autophagy after neomycin or
gentamicin injury can inhibit apoptosis and protect the HCs by
suppressing ROS accumulation. Our findings provide new
insights into the interplay between autophagy and oxidative
stress and suggest potential therapeutic strategies for the ame-
lioration of drug-induced ototoxicity through autophagy
activation.
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Materials and methods

Mice and genotyping

GFP-LC3B mice (Jackson Laboratory, 027139) were obtained
from the Jackson Laboratory. The genotyping for these trans-
genic mice with PCR was performed according to the Jackson
Laboratory recommendations. All animal procedures were per-
formed according to the protocols approved by the Animal
Care and Use Committee of Southeast University and were
consistent with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All efforts were made to
minimize the number of animals used and to prevent their
suffering.

Plasmid constructs

The NHTT-150Q-EGFP plasmids were kind gifts from Dr.
Zheng Ying (Soochow University, China). NHTT-150Q-EGFP
has been used to examine the cell viability of N-terminal-trun-
cated huntingtin, which is a known autophagy substrate.41,42

The recombinant lentivirus vector mRFP-GFP-LC3B was pro-
duced by Hanbio Biotechnology (HB-AP2100001). A punctum
with both GFP and mRFP fluorescence indicates an autophago-
some that has not fused with a lysosome. Because the GFP sig-
nal is sensitive to the acidic environment when the
autophagosome fuses with a lysosome, the mRFP punctum
without GFP corresponds to an autolysosome.39,40

Cell cultures and tissue cultures

HEI-OC-1 cells were cultured at 33�C with 10% CO2 in DMEM
containing 10% FBS and 100 IU/ml penicillin (Sigma-Aldrich,
A0166).34 The cells were subcultured at 80% confluence using
0.25% trypsin/EDTA (Life Technologies, 25200056). When
cells were cultured to a suitable density, we removed the serum
and washed them with PBS 3 times. Neomycin (Sigma-Aldrich,
N-18) was then added at a final concentration of 2 mM in
serum-free medium to damage the HEI-OC-1 cells after precul-
turing in DMEM for 24 h, and 2 mM NAC (Sigma-Aldrich,
A7250) was used to inhibit the ROS accumulation. Cochleae
were dissected from P3 mice and cultured as previously
reported,98 and neomycin (0.5 mM) was added for 24 h to
damage the HCs. After neomycin was removed, the tissues
were allowed to recover in serum-free medium for 24 h. Genta-
micin (Sigma-Aldrich, E003632) was used at a final concentra-
tion of 0.5 mM for 24 h to damage both the HEI-OC-1 cells
and the explant cultured cochleae.

Drug administration

3-MA (Sigma-Aldrich, M9281) and rapamycin (LC Laborato-
ries, AY 22989) were used as the autophagy inhibitor and auto-
phagy inducer, respectively. The cell line or explant cultured
tissue was pretreated with 5 mM 3-MA or 0.1 mM rapamycin
for 6 h, and neomycin was added for the following experiments.
Baf (Sigma-Aldrich, B1793), which can block the fusion of
autophagosomes with lysosomes,36,37 was used to monitor
autophagosome synthesis. The cells were cotreated with Baf
(100 nM) and neomycin for 24 h.

Real-time PCR

Total RNA was extracted from HEI-OC-1 cells or whole
cochleae with ExTrizol Reagent (Protein Biotechnology,
PR910) and reverse transcribed to cDNA by using cDNA Syn-
thesis kits (Thermo Fisher Scientific, K1622) according to the
manufacturer’s protocol. Total DNA was extracted with the
DNA and RNA Isolation Kit (Qiagen, Dusseldorf, 80204). The
qRT-PCR was performed on an Applied Biosystems CFX96
real-time PCR system (Bio-Rad, Hercules, CA, USA) using the
FastStart Universal SYBR Green (Rox) qRT-PCR Master Mix
(Roche Life Science, 04913850001). Validated primers were
designed for each targeted mRNA or DNA. qRT-PCR condi-
tions were an initial denaturing step of 15 sec at 95�C followed
by 40 cycles of 15 sec denaturation at 95�C, 60 sec annealing at
60�C, and 20 s extension at 72�C. The mRNA expression values
were normalized to the mRNA expression of Actb and Gapdh.
The results were calculated using the comparative cycle thresh-
old (DDCt) method.

Immunohistochemistry

The immunohistochemistry was performed using the Fast
ImmunoCytoChemistry� Staining Kit (Protein Biotechnolo-
gies, BPICC30–1KT). Anti-cleaved-CASP3 antibody (Cell Sig-
naling Technology, 9664S), anti-cleaved-PARP1 antibody (Cell
Signaling Technology, 9544S), Mito-SOX Red (Life Technolo-
gies, M36008), anti-LC3B antibody (Santa Cruz Biotechnology,
sc-16755), anti-SQSTM1/p62 antibody (Abcam, ab109012),
anti-ATG5 antibody (Cell Signaling Technology, 12994), anti-
BECN1 antibody (Cell Signaling Technology, 3495),
anti-ATG7 antibody (Cell Signaling Technology, 8558S), anti-
MYO7A antibody (Proteus Bioscience, 25–6790), anti-
TOMM20 antibody (Proteintech, 11802–1-AP), and DAPI
(Sigma-Aldrich, D9542) were used to analyze apoptotic cells,
detect autophagy, measure ROS, stain HCs, measure mitochon-
drial number, and stain nuclei, respectively.

Mito-SOX was used for measuring ROS levels in live cells
following the manufacturer’s instructions. A TUNEL kit
(Roche, 11684817910) was used to detect apoptotic cells
according to the manufacturer’s instructions. Briefly, the sam-
ples were incubated with 4% polyoxymethylene (Sigma-
Aldrich, 158127) for 1 h and permeabilized with 0.5% Triton
X-100 (Sigma-Aldrich, X100) for 1 h. They were then incubated
with primary antibodies for 10 h (4�C) at a dilution of 1:400 to
1:1000. The cells were washed 3 times with PBST (1 £ PBS
[Wisent, 311–010-CL] with 0.1% Triton X-100) and incubated
for 1 h (37�C) with secondary antibody (Abcam, ab150073,
ab150075, ab150074, ab150105, ab150107) and DAPI. The cells
were imaged with a confocal microscope (LSM700; Zeiss, Hei-
denheim, Germany).

Quantification of the immunofluorescence signals

The GFP-LC3B fluorescent puncta were quantified from the
original confocal images. For cochlear tissue culture, we
counted the GFP-LC3B fluorescent puncta in each HC, and we
counted all of the HCs in 50 mm cochlear lengths to get an
average number of GFP-LC3B fluorescent puncta per HC for
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each cochlea. At least 6 independent cochleae were counted.
For HEI-OC-1 cell culture, we counted the GFP-LC3 fluores-
cent puncta in each HEI-OC-1 cell, and we counted 50 HEI-
OC-1 cells to get an average number of GFP-LC3B fluorescent
puncta per HEI-OC-1 cell for each culture experiment. At least
3 independent culture replicates were counted.

The immunolabeling intensity of antibodies was quantified
from the original confocal images taken with the same lens
under identical conditions and equal parameter settings for
laser gains and photomultiplier tube gains. The samples from
the different groups were processed in parallel and immunola-
beled with identical solutions. The fluorescence was quantified
with the ImageJ software, and the fluorescence intensity was
then normalized to DAPI fluorescence intensity to further
improve the accuracy of the measurement. The final relative
fluorescence was quantified by normalizing the ratio of the
average fluorescence of the drug-treated groups to the average
fluorescence of the untreated groups.

Cell number analysis

After incubating HEI-OC-1 cells for 24 h in 96-well plates at
2,000 cells/well with 3 replicates, different drugs were added
(controls received a similar volume of DMEM). Cell numbers
were counted with the CCK-8 Cell Counting Kit (Protein Bio-
technology, CC201) at different time points after incubation.
After whole organ cultured tissues were treated with different
drugs, the immunostained cells were quantified per 150 mm
length of the cochlea in all 3 turns. The numbers of positive
cells were counted in equal lengths from the apical to the basal
turns of the cochlea.

Electron microscopy

HEI-OC-1 cells and cochleae were collected and immediately
fixed in 2.5% glutaraldehyde (Sigma-Aldrich, G5882) for 24 h
and then in 1% osmic acid (Sigma-Aldrich, O5500) for 1 to 2 h,
dehydrated with acetone (Sinopharm Chemical Reagent,
u1006801), and embedded in araldite CY 212 (TAAB, E009).
The ultrathin sections were stained with alcoholic uranyl ace-
tate (Polysciences, 6159–44–0) and alkaline lead citrate (Sigma-
Aldrich, 15326), washed gently with distilled water, and
observed with a JEM 1230 transmission electron microscope
(JEOL Ltd, Tokyo, Japan).

Flow cytometry

Mito-SOX was used to analyze ROS production. The HEI-OC-
1 cells were treated with different drugs then trypsinized and
collected by centrifugation at 60 g for 5 min and resuspended
in solution containing Mito-SOX for 10 min followed by wash-
ing with PBS and analysis by flow cytometry (FACSCanto, BD,
San Jose, CA, USA). If required, the cells were pretreated with
NAC to lower the ROS level.

An ANXA5 (Annexin V) kit (BD Biosciences, 556547) was
used for apoptosis analysis. The HEI-OC-1 cells were treated
with different drugs, trypsinized, collected by centrifugation at
60 g for 5 min, and then washed twice with PBS and resus-
pended in 1 £ binding buffer at a concentration of 1 £ 106

cells/ml. ANXA5-FITC and propidium iodide were added and
gently mixed with the cells and incubated for 10 to 30 min at
room temperature in the dark. The cells were analyzed by flow
cytometry as soon as possible, and all experiments were
repeated at least 3 times.

Western blot

The HEI-OC-1 cell line and tissues from the cochleae were
lysed with ice-cold RIPA Lysis Buffer (Protein Biotechnology,
PP109) plus Phosphatase Inhibitor Cocktails (Roche,
04693132001). Protein concentrations were measured using a
BCA Protein Quantification Kit (Protein Biotechnology,
PP202) according to the manufacturer’s instructions using
GAPDH as the reference protein. LC3B-II was monitored using
anti-LC3B rabbit polyclonal antibody (Santa Cruz Biotechnol-
ogy, sc-28266), and GAPDH was measured using a mouse
monoclonal antibody (Abcam, ab8245). Peroxidase-conjugated
goat anti-rabbit (or anti-mouse) immunoglobulin G (Abcam,
ab6789, ab6721) was used as the secondary antibody. The pro-
teins were bound to polyvinylidene fluoride membranes and
detected using a SuperSignal West Dura chemiluminescent
substrate kit (Thermo Scientific, 34075) according to the manu-
facturer’s instructions. Semiquantification of the western blot
result was performed using ImageJ software to measure the
intensities of the bands. The band densities were normalized to
background, and then the relative optical density ratio was cal-
culated by comparison to the housekeeping gene GAPDH.
Each experiment was repeated more than 3 times.

Statistical analysis

All of the data are shown as the mean § S.D, and all experi-
ments were repeated at least 3 times. Statistical analyses were
conducted using Microsoft Excel and GraphPad Prism6 soft-
ware. For the whole organ explant culture experiments, n repre-
sents the number of independent cochlea, and for all HEI-OC-1
cell culture experiments, n represents the number of indepen-
dent culture replicates. Two-tailed, unpaired Student t tests
were used to determine statistical significance when comparing
2 groups, and one-way ANOVA followed by a Dunnett multi-
ple comparisons test was used when comparing more than 2
groups. A value of P < 0.05 was considered to be statistically
significant.

Abbreviations

ATG autophagy-related
Baf bafilomycin A1

Bax Bcl2-associated X protein
Bcl2 B-cell leukemia/lymphoma 2
BECN1 Beclin 1, autophagy related
CASP Casp caspase; Cat, catalase
COX4I1 cytochrome c oxidase subunit 4I1
Glrx glutaredoxin
Gsr glutathione reductase
HCs hair cells
MAP1LC3/LC3 microtubule-associated protein 1 light chain 3
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MYO7A myosin VIIA
NAC N-acetylcysteine
NHTT truncated N-terminal huntingtin protein
Nqo1 NAD(P)H dehydrogenase, quinone 1
PARP1 poly (ADP-ribose) polymerase 1
qRT PCR quantitative real-time PCR
ROS reactive oxygen species
Sod1 superoxide dismutase 1
TEM transmission electron microscope
Tmx3 thioredoxin-related transmembrane protein

3
TOMM20 translocase of outer mitochondrial mem-

brane 20 homolog (yeast)
TUNEL terminal deoxynucleotidyl transferase dUTP

nick end labeling
3-MA 3-methyladenine
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