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Ferroptosis is a recently discovered iron-dependent form of oxidative programmed cell death distinct from caspase-dependent
apoptosis. In this study, we investigated the effect of ferroptosis in neomycin-induced hair cell loss by using selective ferroptosis
inhibitor liproxstatin-1 (Lip-1). Cell viability was identified by CCK8 assay. The levels of reactive oxygen species (ROS) were
determined by DCFH-DA and cellROX green staining. The mitochondrial membrane potential (A¥m) was evaluated by TMRM
staining. Intracellular iron and lipid peroxides were detected with Mito-FerroGreen and Liperfluo probes. We found that
ferroptosis can be induced in both HEI-OCI1 cells and neonatal mouse cochlear explants, as evidenced by Mito-FerroGreen and
Liperfluo staining. Further experiments showed that pretreatment with Lip-1 significantly alleviated neomycin-induced increased
ROS generation and disruption in A¥m in the HEI-OCI cells. In parallel, Lip-1 significantly attenuated neomycin-induced hair
cell damage in neonatal mouse cochlear explants. Collectively, these results suggest a novel mechanism for neomycin-induced

ototoxicity and suggest that ferroptosis inhibition may be a new clinical intervention to prevent hearing loss.

1. Introduction

Hearing loss can be caused by ototoxic pharmaceutical
agents, excessive noise, genetic disorders, and aging. Amino-
glycoside antibiotics are one of the largest classes of valuable
clinical agents with ototoxic adverse effects [1, 2]. Nonmam-
malian vertebrates can regenerate hair cells, such that oto-
toxic damage is not permanent in these taxa, while ototoxic
drugs can result in irreversible damage to the hair cells within
the mammalian inner ear leading to hearing loss. The crucial
mechanism responsible for aminoglycoside-induced ototox-
icity is oxidative stress [3]. Overproduction of reactive oxy-
gen species (ROS) resulting from oxidative stress
overwhelms the ROS defense and disturbs the redox balance,
triggering mitochondrial depolarization, activating caspase-
3, and eventually inducing hair cell injury [1, 4]. However,
this mechanism is not exclusively responsible for

aminoglycoside-induced hair cell death [5-7]. Thus, better
understanding of the mechanisms of aminoglycoside-
induced ototoxicity is crucial for developing a new promising
treatment strategy to prevent hearing loss.

Ferroptosis is a recently discovered novel type of iron-
dependent programmed cell death that is characterized by
the intracellular overproduction of ROS and lipid peroxida-
tion, but independent from caspase-mediated cell death,
autophagy, and necrosis [8, 9]. Multiple inducers, regulators,
and inhibitors of ferroptosis have been shown to regulate the
accumulation of ROS in an iron-dependent manner [10].
Known inducers of ferroptosis can be divided into two clas-
ses: class 1 ferroptosis inducers, including erastin, sulfasala-
zine, and sorafenib, which can trigger ferroptotic cell death
by inhibiting the activity of system X_~, the glutamate/cystine
antiporter, which leads to the depletion of intracellular gluta-
thione (GSH), a major cellular antioxidant, and results in
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inactivation of glutathione peroxidase-4 (GPX4), a lipid
hydroperoxide detoxifying enzyme required for the clearance
of endogenous lipid ROS [8, 10, 11]; class 2 ferroptosis
inducers, including Ras-selective lethal 3 (RSL3) and FIN56,
which can directly inhibit GPX4 without depleting GSH [8,
10, 11]. Loss of GPX4 activity induces lipid ROS overaccu-
mulation and eventually induces cell death [10, 11]. Addi-
tionally, several small-molecule compounds have been
identified as inhibitors of ferroptosis, including Lip-1, a fer-
roptosis inhibitor and a lipid ROS scavenger, deferoxamine
(DFO), an iron chelator, and FINO,, an oxidized iron inhib-
itor [8]. Ferroptosis has been identified in various pathologi-
cal processes, such as ischemia-reperfusion (I/R) injury [12],
acute kidney injury [13-15], neurotoxicity [13], and cancer
[12]. Furthermore, a recent report [12] suggested that ferrop-
tosis is associated with the pathogenesis of I/R injury and that
inhibitors of glutaminolysis protect the heart against
ischemia-reperfusion-induced injury and are thus a potential
therapeutic target. However, the specific molecular mecha-
nisms underlying the induction of ferroptosis in hair cell sur-
vival remain unknown. This study’s aim was to investigate if
ferroptosis is associated with aminoglycoside-induced oto-
toxicity in HEI-OCI cell line and in an in vitro neonatal
mouse cochlear model.

2. Materials and Methods

2.1. HEI-OCI Cell Culture. The House Ear Institute-Organ of
Corti 1 (HEI-OC1) cell line is a widely used auditory HC line
[16-20]. Cells were cultured in high-glucose DMEM (Gibco
BRL, Gaithersburg, MD, USA) supplemented with 5% FBS
(Gibco BRL) in acceptable conditions (33°C, 5% CO,).

2.2. Postnatal Cochlear Explants. All animal experiments
were approved by the Shanghai Medical Experimental Ani-
mal Administrative Committee. Cochleae from C57BL/6
mice at postnatal day (P) 2 were dissected in phosphate-
buffered saline (PBS). The cochlear explants were stuck to a
glass coverslip coated with Cell-Tak (BD Biosciences, Frank-
lin Lakes, NJ, USA). Cochlear explants were incubated in
DMEM/F12 medium supplemented with N2/B27 (Invitro-
gen) and ampicillin at 37°C in a 5% CO,/95% air atmosphere
overnight prior to each treatment.

2.3. Drug Treatments. RSL3, Lip-1, N-acetylcysteine amide,
and z-VAD-FMK were purchased from Selleck Chemicals
(Houston, TX) and were initially dissolved in DMSO and
diluted in the culture medium (DMEM supplemented with
5% FBS) to a final concentration. Neomycin was purchased
from Sigma-Aldrich (Saint Louis, USA).

2.4. Cell Viability. Cell Counting Kit-8 (CCK8) was used to
examine cell viability according to the manufacturer’s
instructions. In brief, HEI-OC1 cells were seeded at a density
of 5000 cells/well in 96-well plates in three replicates and
incubated overnight. After treatment, CCK8 (Sigma, Saint
Louis, USA) was added to each well for 4 h. The optical den-
sity (OD) values were measured at 450nm using a plate
reader (Bio-Rad).
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2.5. Annexin V-FITC/PI Assay. Annexin V-FITC and propi-
dium iodide (PI) assay was detected by flow cytometry using
Annexin V-FITC/PI (BD Biosciences, Piscataway, NJ, USA)
according to the manufacturer’s instructions. Cells were col-
lected by centrifugation at 3000 x g for 5min and resus-
pended gently in 1x binding buffer at a concentration of
1x10° cells/ml. Annexin V-FITC (5ul) and PI (5 ul) were
gently mixed with cell suspension and incubated for 15 min
at room temperature in the dark. The cells were immediately
analyzed by flow cytometry.

2.6. ROS Assay. ROS production was detected using cellROX
green reagent (Molecular Probes, Life Technologies, USA)
and DCFH-DA (Molecular Probes, USA). We followed the
methods of He et al. [21]. Briefly, after treatment, cells were
washed with prewarmed PBS and stained with 5 uM cellROX
green or 50 uM DCFH-DA for 30 min or 10min, respec-
tively, and Hoechst (1 ug/ml) for 15min at 37°C. Fluores-
cence was then observed using a fluorescence microscope.
All images are representative of three independent
experiments.

2.7. Mitochondrial Transmembrane Potential Measurement.
Mitochondrial membrane potential (A¥m) was estimated
by TMRM (Molecular Probes, Invitrogen, UK) staining.
Samples were treated with the designated conditions and
then incubated with 20 nM TMRM for 30 min at 37°C.

2.8. Mitochondrial Morphology Assay. Mitochondrial mor-
phology was measured with 20 nM MitoTracker Green FM
probe (Molecular Probes, Invitrogen, UK), according to the
manufacturer’s instructions. Briefly, cells were stained with
MitoTracker Green for 30 min and Hoechst (1 pug/ml) for
15min at 37°C.

2.9. Iron Staining. To label iron in mitochondria, samples
were incubated with Mito-FerroGreen (Dojindo, Kumamoto,
Japan) in accordance with the manufacturer’s instructions.
Briefly, samples were washed twice with serum-free DMEM.
Mito-FerroGreen was freshly dissolved in DMSO and added
at a final concentration of 5uM. Samples were incubated
with the reagent for 30 min at 37°C.

2.10. Lipid Peroxide Measurement. To detect lipid peroxides,
samples were exposed for 30min at 37°C to Liperfluo
(Dojindo, Kumamoto, Japan) at a final concentration of
5uM in accordance with the manufacturer’s instructions.

2.11. TUNEL Assay. TUNEL assay was determined by in situ
cell detection kit (Roche, Nutley, NJ, USA) according to the
manufacturer’s instructions. Briefly, cells were stained with
TUNEL reaction mixture at 37°C for 30 min in a humid
atmosphere.

2.12. Immunofluorescence. Cochleae fixed in 4% paraformal-
dehyde (PFA) were rinsed three times with PBS and perme-
abilized with 1% Triton X-100 in PBS (PBST) for 30 min at
room temperature. Permeabilized explants were then
blocked with 10% donkey serum in PBST for 1h followed
by incubation with the anti-myosin 7a antibody (Proteus
Biosciences, Ramona, CA, USA), anti-cleaved caspase-3
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F1GURE 1: Ferroptosis exists in HEI-OCI cells. (a—c) Cell viability was assessed after exposure to different concentrations of RSL3 for different
times (12 h, 24 h, and 48 h). (d) Cell viability was assessed after exposure to 3 uM RSL3 and different concentrations of Lip-1. Cell viability was
measured by CCKS kit. Values were represented as the mean + s.e.m.***p < 0.001 and ****p < 0.0001 vs. the controls; “***p < 0.0001 vs. the
group treated with RSL3 alone.
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FiGure 2: Effects of Lip-1 on neomycin-induced ototoxicity in HEI-OCI cells. (a-c) HEI-OCI cells were treated with or without various
concentrations of neomycin for different times (12h, 24 h, and 48 h). (d) Neomycin-damaged cells were cotreated with or without Lip-1.
Cell viability was measured by CCK8 kit. Values were represented as the mean +s.e.m.**p <0.01 and ****p <0.0001 vs. the control
group; 7p < 0.01 and ****p < 0.0001 vs. the neomycin group.
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FIGURE 3: Fluorescence microscopic analysis for detecting mitochondrial Fe** and lipid peroxidation in neomycin-damaged HEI-OCI cells.
Representative images of Mito-FerroGreen staining in the (a) control, (b) Lip-1, (c) neomycin (Neo), and (d) Lip-1+neomycin cotreatment
(Lip-1+Neo); scale bars indicate 10 ym. (e) Quantification of Mito-FerroGreen staining in HEI-OCI cells confirmed a significant reduction
with Lip-1 administration. Representative images of Liperfluo staining in the (f) control, (g) Lip-1, (h) neomycin (Neo), and (i) Lip-1
+neomycin cotreatment (Lip-1+Neo). Scale bars indicate 10 ym. (j) Quantification of Liperfluo staining in HEI-OC1 cells confirmed a
significant reduction with Lip-1 administration. Values were represented as the mean+s.e.m.****p <0.0001 vs. the control group;
###H

p <0.0001 vs. the neomycin group, n = 6.

antibody (Cell Signaling Technology, Inc., Danvers, MA, 3. Results
USA), and anti-parvalbumin antibody (Abcam, Cambridge, ) )
MA, USA) overnight at 4°C. The explants were then washed 3.1. Ferroptosis Can Be Induced in HEI-OCI Cells. To test

three times with PBS and incubated with secondary fluores- ~ Whether ferroptosis is induced in HEI-OCL cells, twenty-
cent antibodies for 1h at 37°C in the dark. Nuclei were four hours after the start of the HEI-OCI1 cell culture, we

replaced the culture medium with fresh medium with RSL3,
a ferroptosis inducer, at increasing concentrations for 12h,
24h, and 48 h (Figures 1(a)-1(c)). CCK8 assay revealed that
treatment with RSL3 at a concentration greater than 3 uM
for 24 h significantly reduced the cell viability to ~50% com-
pared with the nontreated controls; thus, a RSL3 concentra-
tion of 3 uM was used for the subsequent experiments. To

labeled with DAPI for 10 min at room temperature, and the
samples were visualized under a Leica SP8 confocal fluores-
cence microscope (Leica Microsystems, Biberach, Germany).

2.13. Western Blot Analysis. Cochleae were lysed with cold
RIPA lysis buffer plus PMSE. Equal amounts of each protein

sample were separated via 12% SDS-PAGE and transferred to  jo(ermine if inhibitor of ferroptosis could protect HEI-OC1

PVD F membranes (Imm'obilor'l—P, i\/[illi'pore, 'Schaﬂhausen, cells from RSL3-induced cell death, cells were cotreated with
Switzerland). After blocking with 5% skim milk for 1h, the Lip-1 concentrations of 0, 2, 5, 8, and 10 uM for 24h. We

membranes were probed with anti-GPX4 (1:1000, Abcam,
Cambridge, MA, USA) and anti-GAPDH (1:4000) over-
night at 4°C. Protein bands were detected using a chemilumi-

nescence solution, ECL kit (Millipore, USA). Each ] o ]
experiment was repeated three times, and all protein expres- 52 Lip-1 Protects Viability of HEI-OCI Cells against
sion was normalized to that of GAPDH. Neomycin Damage. HEI-OC1 cells were first exposed to

increasing concentrations of neomycin (0, 2, 4, 6, 8, or
10mM) [17, 22] for three different times (12h, 24h, and
48h) to ascertain an optimal in vitro neomycin ototoxicity
model. As shown in Figure 2, neomycin significantly
decreased the cell viability in a dose- and time-dependent
manner (Figures 2(a)-2(c)). Based on the cell viability data,
we selected 10 mM neomycin treatment for 24 h as an appro-
priate condition for HEI-OCI cell injury to the study of neo-
mycin ototoxicity, as the viability was significantly decreased
to ~50% compared with the nontreated control group. In
order to test if Lip-1 was able to protect HEI-OCI cells from
2.15. Statistical Analysis. Statistical analyses were performed  neomycin-induced ototoxicity, the cells were cotreated with
using GraphPad Prism statistical software (version 6, Graph-  Lip-1 and neomycin. Using CCK8 assay, we confirmed that
Pad Software, Inc., San Diego, CA). Comparison between two  cell viability in the presence of Lip-1 was indeed significantly
groups was analyzed by unpaired Student’s ¢-test and compar- ~ higher than in the absence of Lip-1 (Figure 2(d)). Based on
ison between multiple groups by one-way ANOVA. A p value  these data, we selected 5 uM Lip-1 as the optimal concentra-
< 0.05 was considered statistically significant for all tests. tion for subsequent experiments. Next, to explore whether

observed a significant protective effect of Lip-1 above 5uM,
compared with culture treated with RSL3 alone (Figure 1(d)).

2.14. Cell Counts. Hair cells labeled with myosin 7a were con-
sidered to be surviving hair cells. For hair cell quantification,
we imaged the entire cochlea using a x40 lens on the Zeiss
microscope and used Image] software to quantify the myosin
7a-positive cells. The average number of hair cells per 200 ym
in the middle turn of the cochlea was calculated from each
group. Exact numbers of cochlear explants (n) are indicated
in the legends.
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P <0.0001 vs. the control group;

the protection mechanisms of Lip-1 are partly due to apopto-
sis, we measured the apoptotic rate of HEI-OCI cells by flow
cytometry. The results showed that the proportions of dead
and apoptotic cells markedly increased in the neomycin
group compared to the control group. Lip-1 remarkably
decreased the cell death, while it had no significant effect on
reducing the apoptotic cells (Supplemental Fig. 1A-C). In
addition, Lip-1 reduced cell death induced by neomycin mea-
sured by TUNEL labeling (Supplemental Fig. 1D and E).
Mito-FerroGreen, a novel mitochondria-targeted fluores-
cent probe for the detection of ferrous ion (Fe*™) in live cell
mitochondria, and Liperfluo, a fluorescent probe for a detec-
tion of lipid peroxides, were used to monitor ferroptosis. As
shown in Figure 3, neomycin exposure induced an increase
in intracellular Fe>* and lipid peroxidation which could be
significantly reduced by Lip-1 cotreatment (Figure 3). These
findings suggested that inhibition of ferroptosis was able to
ameliorate neomycin-induced damage to HEI-OC1 cells.

3.3. Lip-1 Alleviates Neomycin-Induced ROS Generation. To
confirm whether Lip-1 is associated with ROS generation,
ROS production was measured by immunofluorescence and
flow cytometric analysis with DCFH-DA staining in HEI-
OC1 cells. We found that DCFH-DA intensity was signifi-
cantly increased in the neomycin treatment group compared
with controls, indicating that neomycin damage induced
overproduction of ROS (Figures 4(a) and 4(c)). In contrast,
DCFH-DA intensity was significantly reduced in the Lip-1
cotreatment group compared with the neomycin only group
(Figures 4(d)-4(f)). In addition, production of ROS can also
be examined by using the ROS indicator dye cellROX green,
labeling a series of intracellular compartments. Immunofluo-
rescence and flow cytometry results demonstrated that cell-

p <0.0001 vs. the neomycin group.

ROX signal was significantly increased in the neomycin
treatment group compared with the undamaged controls
(Figures 4(g) and 4(i)), and cotreatment of neomycin and
Lip-1 significantly attenuated cellROX fluorescence in HEI-
OC1 cells compared with neomycin alone (Figures 4(j)-
4(1)). Neomycin also increased ROS accumulation in a
time-dependent manner; in contrast, Lip-1 treatment signif-
icantly inhibited neomycin-induced ROS generation in HEI-
OCI1 cells (Supplemental Fig. 2). These results suggested that
Lip-1 significantly alleviated neomycin-induced overproduc-
tion of ROS in HEI-OCI cells, which likely contribute to the
observations of improved cell viability.

3.4. Lip-1 Mitigates Neomycin-Induced Mitochondrial
Dysfunction. Next, in order to assess whether Lip-1 provides
protection against neomycin treatment by mitigating mito-
chondrial dysfunction, we measured the mitochondrial
membrane potential (A¥m) by TMRM fluorescence staining
assay. Compared with untreated controls, TMRM fluores-
cence intensity was significantly decreased following neomy-
cin exposure (Figures 5(a) and 5(c)). In contrast, Lip-1
cotreatment largely prevented neomycin-induced mitochon-
drial dysfunction (Figures 5(d)-5(f)). No significant differ-
ence in TMRM intensity was observed in cells treated with
Lip-1 alone (Figure 5(b)). Collectively, these results demon-
strated that Lip-1 could mitigate neomycin exposure-
induced mitochondrial dysfunction.

3.5. Lip-1 Preserves Mitochondrial Morphology in Neomycin-
Treated HEI-OCI Cells. Furthermore, mitochondrion-
specific dye MitoTracker Green was used to specifically label
the mitochondria of HEI-OC1 cells (Supplemental Fig. 3).
Our results showed that the filiform mitochondria were
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decreased while the punctate mitochondria were increased in
neomycin-treated cells, which was markedly restored by Lip-
1 (Supplemental Fig. 3). These results demonstrated that Lip-
1 is able to preserve mitochondrial morphology.

3.6. Lip-1 Protects Mouse Cochlear Hair Cells against
Neomycin-Induced Damage. In order to assess whether fer-
roptosis contributes to neomycin exposure-induced hair cell
damage, cochlear explant treated with 1 mM neomycin for
6h was stained with Mito-FerroGreen and Liperfluo probes.
As shown in Figure 6, compared to undamaged controls,
Mito-FerroGreen and Liperfluo signals were significantly
increased after treatment with neomycin, and these increases
were significantly inhibited by Lip-1 cotreatment (Figure 6).
We next investigated whether Lip-1 protects hair cells against

p <0.0001 vs. the control group; """p < 0.0001 vs. the neomycin group.

neomycin-induced damage in cultured cochlear explants
from postnatal day (P) 2 mice. Hair cells with normal nuclei
and labeled with myosin 7a, a specific hair cell marker [23,
24], were considered to be surviving hair cells and were
counted. Our results showed that cochlea explants treated
with 1 mM neomycin for 6h displayed extensive degenera-
tion of HCs in the cochlea (Figures 7(a) and 7(c)). In con-
trast, cotreatment with Lip-1 and neomycin exhibited
protective effects against the neomycin-induced loss of HCs
(Figures 7(d) and 7(e)). Cochlear explants treated with Lip-
1 alone did not exhibit any damage to the HCs
(Figure 7(b)). To investigate the mechanism of the protective
effect of Lip-1 in neomycin-treated cochlear explants, we
examined the expression of GPX4 [25]. The results showed
that neomycin significantly decreased the expression of
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0.0001 vs. the control group; “"""p < 0.0001 vs. the neomycin group, n = 10.

GPX4 compared with the control group, measured by west-
ern blot assay. Lip-1 treatment significantly reduced the def-
icit (Supplemental Fig. 4).

DCFH-DA and cellROX were used to investigate the
effects of Lip-1 treatment on intracellular ROS levels in
cochlear hair cells after neomycin treatment. The immuno-
histochemistry results showed that the ROS levels were
increased after neomycin exposure compared to the undam-

aged controls (Figures 8(a)-8(j)), and Lip-1 treatment signif-
icantly decreased the ROS levels in cochlear hair cells
compared with the neomycin alone (Figures 8(a)-8(j)). To
turther confirm whether the iron dysregulation is associated
with ROS production and hair cell death induced by neomy-
cin, we used cellROX staining to investigate the effect of the
ferroptosis inducer RSL3 on the ROS production in cochlear
hair cells after neomycin treatment with or without ROS
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scavenger N-acetylcysteine (NAC). Immunofluorescence
results showed that RSL3 treatment markedly enhanced
ROS production in neomycin-damaged cochlear hair cells.
Nonetheless, treatment with ROS inhibitor NAC signifi-
cantly inhibited RSL3-induced ROS generation in
neomycin-damaged cells (Supplemental Fig. 5). We next
used TMRM staining to investigate the effects of Lip-1 treat-
ment on the mitochondrial function of cochlear hair cells
after neomycin exposure. Our immunohistochemistry results
showed that when treated with Lip-1, the TMRM intensity
was significantly increased in neomycin-damaged cochlear
hair cells (Figures 8(k)-8(0)).

To investigate whether the decreased apoptosis contributes
to the decreased sensitivity of cochlear hair cells to neomycin
damage after Lip-1 treatment, we treated the cochlear hair cells
with Lip-1 in the absence or presence of z-VAD-FMK (a pan-
caspase inhibitor). The expression of apoptotic protein cleaved
caspase-3 in cochlear hair cells was upregulated when detected
with immunocytochemistry following the challenge of neomy-
cin, and this effect was markedly reversed by the pretreatment
with 50 yuM z-VAD-FMK. In contrast, Lip-1 at a dose of 5 uM
had no significant effects on that of cleaved caspases-3
(Figure 9). Of note, although the numbers of parvalbumin, a
specific hair cell marker [26, 27], positive hair cells in the pre-
treated z-VAD-FMK group were increased after neomycin
treatment compared to the cochlear explants exposed to neo-

P <0.0001 vs. the control group; *"""p < 0.0001 vs. the neomycin group, n =6.

mycin without z-VAD-FMK pretreatment, more hair cells
were observed in cochlear explants pretreated with Lip-1 than
in cochlear explants pretreated with z-VAD-FMK. Collectively,
these findings suggest that ferroptosis and apoptosis contribute
to cell death induced by neomycin in cochlear hair cells, but
Lip-1-mediated hair cell protection was caspase independent,
at least in our experimental conditions.

4. Discussion

Aminoglycosides are widely used in the treatment of severe
infections; however, ototoxicity is a serious side effect among
patients [28]. Reducing this aminoglycoside-induced oto-
toxic effect is an important problem for hearing studies.
The present study provides evidence that the ferroptosis inhi-
bition might serve as a new target to reduce aminoglycoside-
induced ototoxicity.

Ferroptosis is a type of newly discovered iron-dependent
programmed cell death that is characterized by the intracel-
lular overproduction of ROS and lipid peroxidation, but
independent from caspase-mediated cell death [9]. In recent
years, accumulating studies have reported ferroptosis occur-
ring in multiple pathological situations, such as neurodegen-
erative diseases [13]. Previous studies have proposed a novel
mechanism of aminoglycoside ototoxicity which was based
on observations of iron chelation and free radical generation
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neomycin group, n = 10.

[29-31], suggesting that aminoglycoside gentamicin acted as
an iron chelator and that the formation of an iron-
aminoglycoside complex was a preliminary step in free radi-
cal generation and subsequent hair cell death. Furthermore,
Song and Schacht [32] have demonstrated that iron chelators
are more efficient than various radical scavengers in attenuat-
ing gentamicin-induced hearing loss in vivo in the guinea pig.
The fact that the iron chelator deferoxamine effectively atten-
uated another aminoglycoside neomycin-induced hearing
loss further confirmed that iron availability is indeed a criti-
cal factor in aminoglycoside ototoxicity [33]. Studies from
this mechanism led to promising therapeutic prevention of
aminoglycoside-induced ototoxicity by the use of iron chela-
tors and radical scavengers. So far, the role of ferroptosis in
aminoglycoside-induced ototoxicity is unknown. Because
the ROS accumulation is associated with ototoxicity patho-
physiology, we speculated that ferroptosis may be correlated
with aminoglycoside-induced ototoxicity.

In this study, we found that RSL3 treatment induced an
increase in intracellular Fe** and lipid peroxidation which
could be significantly reduced by treatment with
liproxstatin-1 (Lip-1), the first in vivo eflicacious ferroptosis
inhibitor, as assessed using the Mito-FerroGreen and Liper-
fluo probes. Hence, these data strongly indicated that ferropto-
sis could be induced in HEI-OCI cells. We next analyzed the
correlation between ferroptosis and neomycin. We found that
hair cell apoptosis was not the only type of neomycin-induced
damage. Further experiments showed that ferroptosis
occurred in neomycin-damaged HEI-OC1 cell line and

cochlear hair cells. Treatment with Lip-1 could rescue ferrop-
tosis induced by neomycin in hair cells, suggesting that ferrop-
tosis inhibitor could become a novel therapeutic strategy for
preventing hearing loss caused by aminoglycoside ototoxicity.

It has been demonstrated that mitochondria served a
major role in ototoxic drug-induced ototoxicity [21, 34]. For
instance, the previous study showed that inhibition of PRMT6
using pharmacological and genetic interventions significantly
prevents hair cells from aminoglycoside- and cisplatin-
induced damage by decreasing ROS generation and results
in preservation of mitochondrial function, supporting the
notion that targeting mitochondria might improve protection
against ototoxicity-induced hearing loss [21]. In the present
study, it was observed that neomycin promoted cell death,
ROS production, and iron accumulation in HEI-OC1 cells,
which was consistent with those previously reported [21, 34].
Pretreatment with Lip-1 significantly decreased neomycin-
induced cell death and ROS production and increased mito-
chondrial membrane potential in HEI-OC1 cells, implying
that ferroptosis represented a central mechanism of
aminoglycoside-induced ototoxicity and ferroptosis inhibitor
could preserve mitochondrial function, thereby mitigating
hair cell death secondary to neomycin exposure.

The common ferroptotic mechanisms result from system
X, inhibition, GSH depletion, GPX4 inactivation, lipid per-
oxidation, and iron dysregulation. GPX4 is a lipid repair
enzyme, which reduces phospholipid hydroperoxides within
membranes and lipoproteins and inhibits the initiation of
ferroptosis [11, 35]. Inactivation of GPX4 activity or
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degradation of GPX4 induces rapid accumulation of lipid
peroxides and contributes to ferroptosis, and knocking out
GPX4 is embryonically lethal [10, 36, 37]. GPX4 has also
been shown to protect cells from apoptosis [38, 39] and
necroptosis [40], suggesting that it plays a protective role in
cell death. Reduced GSH, a basal cofactor of GPXs, plays a
role in the antioxidant defense, and the GSH/GPX4 axis is
critical for the regulation of redox [10]. GSH depletion
reduces the activity of GPX4, which is a key event upstream
of mitochondrial dysfunction, leading to ferroptosis [10,
41]. Further research is required to analyze the spatial and
temporal distribution patterns of these potential ferroptosis
regulators by using appropriate pharmacologic and genetic
inhibitory approaches in neomycin-triggered hair cell injury,
such as GPX4, GSH, and xCT.

p <0.0001 and n.s. no significant vs. the neomycin group, #n = 10.

The more complete picture of molecular mechanisms
underlying neomycin-induced ferroptosis in hair cell needs
turther exploration. Previous studies have reported that the
mitogen-activated protein kinase (MAPK) and AKT pathway
has been implicated in erastin-induced ferroptosis in cancer
cells [41, 42] and oxidative stress-induced hair cell damage
[43, 44]. Erastin could activate the JNK and p38 MAPK sig-
naling pathway and trigger ferroptosis, and inhibition of
JNK and p38 MAPK activation significantly decreased the
erastin-induced cytotoxicity, further confirming the role of
MAPK in erastin-induced ferroptosis in HL-60 cells [41,
45]. MAPK signaling is also associated with OGD/R-induced
ferroptosis in Sertoli cells [46]. Inactivation of p38 MAPK
was demonstrated to prevent OGD/R-induced cell ferropto-
sis confirming the role of p38 MAPK in ferroptosis. However,
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whether these signaling pathways serve roles in neomycin-
induced ferroptosis in hair cells remains an open question.
Additionally, although ferroptosis contributes to neomycin
ototoxicity in hair cells, other cell death pathways cannot be
ruled out in these assays. Future research could focus on
how ferroptosis interacts with other cell deaths, such as apo-
ptosis, necrosis, and autophagy, at the molecular level and
how these pathways could be integrated in hair cells.

5. Conclusions

In summary, our findings revealed that Lip-1 protected hair
cells from aminoglycoside-induced ototoxic damage by inhi-
bition of ferroptosis in a cultured HEI-OC1 cell line and in a
neonatal mouse cochlear explant model. Our findings there-
fore suggest that ferroptosis inhibition might have clinical
applications for the attenuation of aminoglycoside-induced
hearing loss. Further studies extending these findings to
in vivo mouse models utilizing multiple ototoxic agents are
required to advance ferroptosis inhibitor as a potential oto-
protectant in patients.
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