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Ferroptosis and hearing loss: from molecular mechanisms to therapeutic

interventions
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ABSTRACT

Hearing loss profoundly affects social engagement, mental health, cognition, and brain development, with
sensorineural hearing loss (SNHL) being a major concern. Linked to ototoxic medications, ageing, and noise
exposure, SNHL presents significant treatment challenges, highlighting the need for effective prevention and
regeneration strategies. Ferroptosis, a distinct form of cell death featuring iron-dependent lipid peroxidation,
has garnered interest due to its potential role in cancer, ageing, and neuronal degeneration, especially hearing
loss. The emerging role of ferroptosis as a crucial mediator in SNHL suggests that it may offer a novel
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therapeutic target for otoprotection. This review aims to summarise the intricate connection between ferroptosis
and SNHL, offering a fresh perspective for exploring targeted therapeutic strategies that could potentially
mitigate cochlear cells damage and enhance the quality of life for individuals with hearing impairments.

Introduction

Hearing loss, a prevalent condition affecting millions globally, has
attracted extensive research attention'2. Various factors are impli-
cated in auditory dysfunction especially sensorineural hearing loss
(SNHL), with oxidative stress, hair cells (HCs) injury, spiral ganglion
neuron (SGN) degeneration, and increased blood-labyrinth barrier
(BLB) permeability standing out as major causes in hearing loss=.
A core mechanism is the irreversible damage to cochlear HCs. Due
to its limited regenerative capacity, this leads to permanent hearing
decline. When chemicals or drugs enter cochlear HCs via diffusion
or active transport, they can trigger inflammation, activate caspases,
or generate reactive oxygen species (ROS), ultimately causing necro-
sis or programmed cell death (PCD). Additionally, ageing as a signif-
icant contributor to hearing impairment, largely due to mitochondrial
dysfunction, leading to ROS accumulation and the depletion of
intracellular antioxidants®®. Genetic factors have also received
increasing scrutiny in recent years, as mutations affecting key meta-
bolic pathways or antioxidant defences can exacerbate cellular vul-
nerability to damage®'®. Certain medications, such as cisplatin and
aminoglycoside, are known to be ototoxic, while prolonged noise
exposure is another established risk factor for hearing loss'".

Irrespective of the underlying cause, these factors collectively
induce oxidative stress and inflammation in HCs, which play a cru-
cial role in initiating ferroptosis, thereby contributing to hearing
impairment.

Given the irreversible nature of most hearing losses, the urgent
pursuit of protective or mitigating measures is paramount.
Extensive research has been dedicated to PCD as a potential

strategy to address hearing impairment, with apoptosis being the
earliest and most extensively studied form'. Recently, ferroptosis,
a newly recognised iron-dependent PCD characterised by lipid
peroxidation, has garnered significant attention'. Ferroptosis is
known for its critical role in neurologic disorders, organ dysfunc-
tions, and tumour proliferation’"7. However, the links between
ferroptosis and hearing loss are relatively unexplored.

In this review, we aim to summarise the recent findings which
clarify the links between ferroptosis and hearing loss, shedding
light on potential therapeutic avenues for mitigating hearing
impairment. By synthesising existing literature and integrating
recent discoveries, this review endeavours to provide a compre-
hensive understanding of the roles played by ferroptosis in the
aetiology and progression of hearing loss.

A brief overview of ferroptosis

Ferroptosis, a novel form of PCD, was first proposed in 20123, Its
core reason lies in the iron-dependent abnormal accumulation of
lipid peroxides. The mechanisms involve three key aspects: iron
metabolism imbalance inducing harmful Fenton reactions that
generate ROS'S; disruption lipid metabolism by ROS, leading to
produce membrane lipid peroxides'?; and imbalances in the amino
acid antioxidant system impeding the clearance of excess lipid
peroxides. These factors interplay, collectively driving the initiation
and progression of ferroptosis (Figure 1).

A crucial aspect of this regulation is the dynamic balance of iron
within the cell. In normal conditions, iron is primarily acquired from
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Figure 1. The key molecular pathways of ferroptosis. (Drawn by Y.C,, X.Li, Y.L, and Y.Y.).

the intestine via TF/TfR (iron transporters)?2!, followed by reduction
to ferrous ions by STEAP3 at the cell membrane??, and then
imported into the cytosolic iron pool by transporter proteins, such
as DMT1 or ZIP8/14. Once within the cell, ferrous ions are either
utilised by IRP1/2 proteins (iron regulatory proteins)?2* or stored in
Ferritin?>2', Excess ferrous ions are exported by Ferroportin.
Disruptions in any of these processes can lead to imbalanced iron
homeostasis. Abnormal accumulation of ferrous ions generates ROS,
particularly hydroxyl radicals via the Fenton reaction, which trigger
lipid peroxidation and ultimately induce ferroptosis®. As an iron
chelator, Deferoxamine (DFO) directly reduces ROS accumulation by
chelating ferrous ions, thereby inhibiting ferroptosis®®.

Lipid peroxidation also plays a pivotal role in ferroptosis, partic-
ularly through the peroxidation of membrane polyunsaturated
fatty acids (PUFAs). Catalysed by ferrous ions, PUFAs form lipid per-
oxides, such as 4-HNE and MDA, which damage cellular mem-
branes and contribute to cellular collapse. Lipid metabolic enzymes,
such as lysophosphatidylcholine acyltransferase 3 (LPCAT3)%,
acyl-CoA synthetase long-chain family member 4 (ACSL4), and ara-
chidonate lipoxygenases (ALOXs)?, regulate the synthesis and per-
oxidation of PUFA-containing phospholipids (PUFA-PLs) in the cell
membrane, leading to iron-dependent lipid peroxidation and cell
death. Notably, ACSL4 accelerates the esterification of PUFAs into
acyl-CoA, exacerbating membrane lipid peroxidation and function-
ing as a critical driver in the progression of ferroptosis?.

Furthermore, the cellular clearance of lipid peroxides is essen-
tial for preventing ferroptosis. The GPX4 pathway plays a pivotal
role in this defence by reducing intracellular oxidative stress. GPX4,
located in mitochondria, cytoplasm, and nucleus, utilises glutathi-
one (GSH) as a cofactor to reduce lipid peroxides to non-toxic lipid

alcohols, thereby maintaining membrane lipid homeostasis.
Inactivation of GPX4 leads to the accumulation of lipid peroxides,
causing membrane rupture and cell death3°-33, Concurrently, cells
import cystine from the extracellular environment via the
cystine-glutamate antiporter (System Xc~), a vital precursor for
GSH synthesis34. Consequently, disruption of GSH synthesis by fer-
roptosis inducers like erastin3#-3%, which indirectly inactivates GPX4,
and Ras-selective lethal 3 (RSL3)3”28, which directly inactivates
GPX4 independently of system Xc-, exacerbates ferroptosis.
Conversely, Ferrostatin-1, a highly selective ferroptosis inhibitor,
demonstrates immense anti-ferroptotic effect by inhibiting lipid
peroxidation induced by the Fenton reaction, thereby protecting
membrane lipids from damage and effectively inhibiting ferropto-
sis3. Additionally, other glutathione-independent antioxidant sys-
tems, such as the NAD(P)H-FSP1-CoQ10 axis*® and the
DHFR-BH4-GCH1 axis*', also participate in lipid peroxide clearance
and ferroptosis inhibition.

After elucidating the intricate mechanisms underlying ferropto-
sis, it is crucial to acknowledge the involvement of ferroptosis in
various  diseases, such as cancer, neurodegeneration,
ischaemia-reperfusion injury, as well as hearing loss' .
Accumulating evidence suggests that oxidative stress and lipid
peroxidation play critical roles in the pathogenesis of hearing dis-
orders. For instance, mutations in genes encoding proteins involved
in iron metabolism and GSH synthesis have been associated with
SNHL*2-#4, Thus, understanding the regulation mechanisms of fer-
roptosis and its interplay with hearing loss is essential for elucidat-
ing the underlying causes of hearing loss and developing potential
therapeutic strategies. Thus, the research on ferroptosis holds
transformative potential for medical interventions.



The links between ferroptosis and hearing loss

There is substantial evidence showing that ferroptosis is closely
correlated with hearing loss since the concept of ferroptosis was
proposed. In this section, we reviewed the current existing studies
which clarified the significant roles of ferroptosis in the onset of
various types of hearing loss, including drug-induced hearing loss,
age-related hearing loss, noise-induced hearing loss, and
otitis-media-induced hearing loss. These studies have not only
highlighted the widespread impact of ferroptosis on auditory

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY e 3

dysfunction but also laid the groundwork for a deeper under-
standing of the underlying mechanisms.

Here, the key molecular pathways involved in ferroptosis and
hearing loss, which have emerged from these studies, are sum-
marised in Figure 2.

Ferroptosis in drug-induced hearing loss

In this section, we systematically reviewed the existing studies of
the most frequently used drugs that exhibited ototoxicity through

Figure 2. Key molecular pathways involved in ferroptosis and hearing loss. The key molecular pathways in hearing loss caused by cisplatin, aminoglycosides, sevoflu-
rane administration, ageing, noise exposure, and otitis media were summarised. (Drawn by T.J., Z.C,, and J.J.).
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ferroptosis and their mechanisms to lead to hearing dysfunction,
including platinum-based anti-cancer drug, aminoglycoside antibi-
otics, and anaesthetics.

Cisplatin, an anti-cancer drug

Cisplatin, a well-known chemotherapeutic drug, has been used for
the treatment of numerous malignant cancers including bladder,
head and neck, lung, ovary, and testis*. Attributed to its severe
side effects, among which nephrotoxicity and ototoxicity are the
main ones, the large scale of clinical application is limited*.

The prevailing view today is that apoptosis is the primary
mechanism leading to cisplatin-induced hearing loss''. However,
inhibiting apoptosis in animal models only partially reversed
cisplatin-induced hearing loss, suggesting that the exact mecha-
nisms behind cisplatin-induced ototoxicity are still not fully under-
stood. When cisplatin is taken up by the HCs, it triggers oxidative
stress and the release of inflammatory cytokines, which contribute
to excessive ROS production and ultimately lead to ferroptosis*’.

Jian et al.2! observed pro-ferroptotic alterations, such as lipid
peroxidation and impaired antioxidant capacity, in the cochlea of
C57BL/6 mice and HEI-OC1 cell lines following cisplatin damage.
Additionally, the application of chloroquine to block the autoph-
agy pathway significantly alleviated cisplatin-induced ferroptosis,
indicating a close relationship between this form of cell death and
autophagy. This specific autophagy, known as ferritinophagy, is
mediated by nuclear receptor coactivator 4 (NCOA4)*, Intracellular
irons are stored in ferritin, which can be translocated into autoly-
sosomes in the mediation of NCOA4, to release free irons. This
process is crucial for maintaining intracellular iron homeostasis®.
However, excessive degradation of ferritin results in the release of
too much free iron, leading to ferroptosis. Consistent with this,
their study showed that cisplatin activated ferritinophagy in
HEI-OC1 cells, evidenced by increased expressions of NCOA4 and
LC3Il (autophagy marker), and altered FTH-LAMP-1 colocalization
upon cisplatin exposure?'. Therefore, drugs which target NCOA4
may offer potential therapeutic value in the future.

Moreover, another key player in initiating ferroptosis is ACSL4,
a key enzyme in arachidonic acid metabolic pathway®°. The activa-
tion of this pathway leads to the production of lipid peroxides,
which in turn induce ferroptosis. Based on this, He et al>' con-
ducted metabolomic assays on the HCs treated with cisplatin and
found that the highest degree of change occurred in both the
glutathione and arachidonic acid metabolic pathway. Their analysis
identified ACSL4 as a key enzyme with substantial regulatory
impact. Inhibition of ACSL4 expression enhances cellular resistance
to ferroptosis, suggesting that ACSL4 could be a promising target
for therapeutic interventions.

Intriguingly, the role of Hippo/YAP pathway in cisplatin sensitiv-
ity has been thoroughly investigated in cancer contexts®2%3. Niu
et al.>* extended this research to cisplatin-induced ototoxicity, util-
ising in vitro experiments to show that YAP can also regulate this
process. In the context of cisplatin exposure, the cellular viability
of HEI-OC1 cells is suppressed via elevated levels of free Fe** and
TfR1, along with the inhibition of GPX4 and SLC7A11. Concurrently,
YAP is inactivated in cisplatin-induced HEI-OC1 cells. However, acti-
vation of YAP enhances HEI-OC1 cellular viability by mitigating
cochlear hair cell damage through the regulation of ferritin light
chain (FTL) and TfR1, which in turn inhibits ferroptosis. The find-
ings highlight that the modulation of YAP activity could manipu-
late the viability of HEI-OC1 cells under the administration of
cisplatin, which in turn serves as a promising therapeutic approach
to ameliorate cochlear hair cell damage during chemotherapy.

Thus, the elucidation of otoprotective mechanisms of this pathway
suggests a potential avenue for medical intervention.

This dual modulation of ferroptosis by ACSL4 and YAP under-
scores the complexity of cisplatin-induced hearing loss and suggests
potential therapeutic strategies. Targeting ACSL4 to inhibit ferropto-
sis and activating YAP to enhance cellular resilience against cisplatin
ototoxicity represent promising avenues for mitigating hearing
impairment in cancer patients undergoing cisplatin treatment.

Shifting focus to another critical player in this scenario, nuclear
factor erythroid 2-related factor 2 (Nrf2). It emerges as a key tran-
scription factor regulating the cellular antioxidant response and
preventing ferroptosis®. Research has shown that the activation of
Nrf2 can attenuate hearing loss induced by oxaliplatin, a
platinum-based anti-cancer drug similar to cisplatin, by decreasing
the expression of IRP2 and reversing the expression of GPX4%,
However, it is interesting to notice that the expression of Nrf2 has
the opposite effect in cisplatin induced hearing loss. Wang et al.>’
have reported that in Nrf2 knockout (KO) HEI-OC1 cells, the expres-
sion of TfR1 is decreased, while GPX4 is increased, which suggest
that Nrf2 KO cells exhibit reduced ferroptosis. To further assess fer-
roptosis resistance, they treated these cells with ferroptosis inducer
(RSL3 and Erastin) and measured the release of lactate dehydroge-
nase (LDH) as an indicator of cell death. The results revealed that
the release of LDH in Nrf2 KO cells was lower than in Control cells
at the same concentration of ferroptosis inducers. This strongly
supported that Nrf2 KO inhibits ferroptosis in cisplatin-induced
ototoxicity. Nevertheless, the reason why Nrf2 has opposite effect
under various drug treatments still warrants further investigation.

Transitioning to another PCD modality, necroptosis, a
caspase-independent process, has also been implicated in
cisplatin-associated toxicity®®. Similar to ferroptosis, necroptosis
involves complex signalling pathways that can be activated in
response to cisplatin-induced stress. Specifically, cisplatin exposure
may activate receptor-interacting protein kinase-1 (RIPK1) and
RIPK3, key regulators of necroptosis, leading to membrane perme-
abilization and cell lysis>>°. While the administration of nectosta-
tin, a small molecule that inhibits the activity of RIPK1, protects
HEI-OC1 cells from necroptosis under the administration of cispla-
tin®'. This process further complicates the cellular demise in the
cochlea, contributing to the overall hearing impairment observed
in cisplatin-treated individuals. Thus, the interplay between apop-
tosis, ferroptosis, and necroptosis highlights the multifaceted
nature of cisplatin-induced hearing loss, suggesting that targeting
multiple cell death pathways may be necessary for effective ther-
apeutic interventions.

Antibiotics

Antibiotics, particularly aminoglycosides, such as streptomycin,
kanamycin, neomycin, and gentamicin, are well-known for their
irreversible ototoxicitys2. As the application of antibiotics remains
the primary and effective treatment for bacterial infections, the
resulting hearing loss affects millions of patients worldwide.

Since the identification of ferroptosis in 2012, researchers have
been investigating its connection to antibiotic-induced hearing
loss. Oxidative stress is a major factor associated with the ototoxic
effects of antibioticsS3. Overproduction of ROS disrupts intracellular
redox balance, triggers mitochondrial depolarisation, activates
caspase-3, and ultimately leads to HCs damage through apoptosis
pathway®*. It was well documented that apoptosis contributed to
the loss of HCs under the administration of aminoglycoside®'. The
activation of caspase-9 and its downstream protein, caspase-3,
plays a significant role in aminoglycoside-induced hearing loss,



which ultimately leads to HCs apoptosis®>%. Alongside caspase
activation, Nrf2 also plays a vital role in regulating apoptosis®”&. It
was demonstrated by Gu et al.®® that the activation of Nrf2 by the
administration of ebselen could attenuate tobramycin-induced
hearing loss.

As Nrf2 has also been demonstrated to regulate ferroptosis in
cisplatin-induced HCs death, it is anticipated that there might be
a complicated crosstalk between apoptosis and ferroptosis in the
mediation of it under the administration of aminoglycosides.
However, the precise molecular mechanisms still need to be fur-
ther elucidated.

In their exploration of aminoglycoside ototoxicity, Zheng et al.”®
focused on neomycin, the most ototoxic member, and its link to fer-
roptosis. Their research in HEI-OC1 cells revealed that neomycin
pre-treatment induced mitochondrial dysfunction and heightened
intracellular oxidative stress, processes associated with ferroptosis.
Notably, co-treatment with liproxstatin-1 (Lip-1) significantly enhanced
cell viability by alleviating ROS generation, mitigating mitochondrial
dysfunction, and preserving mitochondrial morphology. The protec-
tive role of Lip-1 against neomycin-induced HCs damage hints at its
therapeutic potential. Additionally, recent findings indicate that genta-
micin treatment reduces the expression of ferroptosis-related proteins
GPX4 and SLC7A11 while elevating iron content in HEI-OC1 cells,
effects reversed by the ferroptosis inhibitor Ferrostatin-17".
Furthermore, p53 inhibitors reverse the expression levels of GPX4 and
SLC7A1177, suggesting that gentamicin might induce ferroptosis in
HEI-OC1 cells via the p53 pathway, thereby implicating ferroptosis in
the mechanism of aminoglycoside-induced hearing loss.

Anaesthetics

Sevoflurane, a clinically prevalent anaesthetic renowned for its rapid
onset, minimal respiratory inhibition, circulatory inhibition, and quick
recovery’?, has garnered attention due to its neurotoxic potential’.
Studies have shown that sevoflurane administration in neonatal mice
leads to ROS accumulation in HCs, disrupting their normal functions
and ultimately causing hearing impairment in adults’* This
ROS-induced damage to HCs may extend its impact to the regulation
of cellular processes, notably those governed by microRNAs (miRNAs)
that target the 3’-untranslated regions (3'-UTRs) of specific mRNAs”>,
as evidenced by sevoflurane’s ability to modulate the expression of
specific miRNAs, thereby influencing downstream mRNA expression’s,
Jin et al’8 have demonstrated that GPX4 is one of the targeted genes
of miR-182-5p, implicating this miRNA is involved in ferroptosis related
hearing loss. Application of Ferrostatin-1 shows the role of ferroptosis
in sevoflurane-induced hearing loss and functional impairment of
synaptic ribbons in HCs of mice. In vitro, exposure of HEI-OC1 cells to
sevoflurane led to upregulated miR-182-5p expression, accompanied
by iron overload and accumulation of intracellular lipid peroxide. This
upregulation decreased GPX4 expression through binding to its
3'-UTR, thereby decreasing the intracellular antioxidant capacity. The
adverse effects of sevoflurane were attenuated upon treatment with
the miR-182-5p inhibitor or ferrostatin-1, which indicated that
miR-182-5p/GPX4 pathway was involved in sevoflurane-induced hear-
ing dysfunction. Thus, the inhibitor of miR-182-5p might have a ther-
apeutic value for preventing ototoxicity associated with anaesthesia.

Ferroptosis in age-related hearing loss

This section summarised the current studies which linked
age-related hearing loss and ferroptosis and its mechanisms of
onset, as ageing is an inevitable process that affects all individuals.
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Age-related hearing loss (ARHL) is characterised by progressive
bilateral decline in hearing®. Despite the pressing need for medical
interventions, the precise molecular mechanisms underlying ARHL
remain largely unclear. While degeneration of auditory cortex and
related peripheral auditory structures are well-recognised causes,
apoptosis has been the primary focus of investigation®’778,
However, recent studies have revealed that ferroptosis may also
play a significant role in ARHL. Chen et al.”® revealed that relieving
ferroptosis could partially reverse neurodegeneration in the audi-
tory cortex. Using D-galactose to create ageing models, they
observed that the ultrastructural features of ferroptosis appeared
in the auditory cortex with ageing, including upregulation of IRP2
and TfR1, which led to increased iron influx and ferroptosis.
Application of DFO and knockdown of IRP2 mitigated ferroptosis
and provided partial protection against ageing. This study offers
new insights into potential strategies for alleviating ARHL.

In addition to the appearance of pro-ferroptotic features in
auditory cortex, genetic factors have also been demonstrated to
contribute to ARHL. KCNMA-1, a gene that encodes the a-subunit
of the large conductance calcium-activated potassium channel (BK
channel), has been associated with ARHL®-%2, Tang et al.®3 under-
scores the significance of KCNMA-1 in the context of ARHL and
provides novel insights. By demonstrating that downregulation of
KCNMA-1 in HEI-OC1 cells leads to enhanced ferroptosis and accel-
erated cellular ageing, they have highlighted a potential regulatory
role for this gene in maintaining cochlear health. The observation
of mitochondrial ultrastructural damage, including cristae loss and
membrane disruption, further supports the notion that KCNMA-1
is intricately linked to mitochondrial function and stability. Given
its role in regulating ferroptosis and mitigating ageing processes,
KCNMA-1 emerges as a promising therapeutic target for interven-
tions aimed at preserving auditory function in ageing individuals.
However, a notable limitation of this study is the lack of specific
elucidation on the precise molecular mechanisms through which
KCNMA-1 influences ferroptosis and senescence. Therefore, it is
imperative for future research to meticulously investigate these
mechanisms as well as exploring potential pharmacological strate-
gies to modulate its activity.

Oxidative stress is a prominent feature in senescence-accelerated
mouse prone 8 (SAMP8) models, extending beyond gene expres-
sion alterations®. This stress appears to be intricately linked to the
ferroptosis pathway, which plays a pivotal role in the pathogenesis
of neurodegenerative diseases. Characterised by GSH depletion,
lipoxygenase activation, ROS accumulation, and calcium dysregula-
tion due to cGMP-gated channel activation®®, ferroptosis has
been hypothesised to be implicated in ARHL as well.

Transitioning to the cellular consequences of oxidative stress in
ageing, particularly in auditory tissues. Hallmarks of ferroptosis,
such as GSH depletion and lipid peroxidation, are evident in the
auditory cortex” and cochlea®8. Recent studies in ageing rats have
demonstrated that ferroptosis contributes to neurodegeneration in
the auditory cortex, a process that can be alleviated by iron che-
lators, such as DFO or through IRP2 knockdown’. Building on
these findings, cutting-edge research employing bioinformatics
has now pointed lactotransferrin (LTF) as a pivotal gene in the
ageing cochlea. This finding has been validated in vivo and in vitro
models of senescence, where a significant reduction in LTF expres-
sion accompanies the occurrence of ferroptosis. Furthermore, they
have confirmed that CEBPA functions as a transcription factor (TF)
and miR-130b as an miRNA, both regulating LTF expression in
mice and humans, as it exhibits a high homology between these
two species. This suggests the existence of a potential regulatory
network, CEBPA-miRNA-130b-LTF (TF-miRNA-mRNA), modulates
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cochlear ferroptosis®. Despite the current absence of gene data
from cochlear tissue of ARHL patients, the regulatory network
identified in this study holds considerable potential for application
in both mice and humans. Targeting these molecular mechanisms
could potentially mitigate or even reverse the progression of hear-
ing decline associated with ageing.

In addition, excitingly pharmacological interventions aimed at
reducing lipid peroxidation have also shown promise in preserving
auditory function. CMS121, a neuroprotective drug with good oral
bioavailability, inhibits fatty acid synthase (FASN) to reduce the
lipid peroxidation®. Pham et al.”® demonstrated that SAMP8 mice
fed a CMS121-containing diet from 4weeks of age showed
improved auditory brainstem response (ABR) thresholds at
13weeks compared to those fed a vehicle diet. This study high-
lights the potential of fatty acid synthase antagonists in alleviat-
ing ARHL.

Ferroptosis in noise-induced hearing loss

This section reviews the current studies on the mechanisms of
ferroptosis-mediated noise-induced hearing loss (NIHL), particularly
important in today’s highly urbanised society where noise is diffi-
cult to avoid.

NIHL stands as one of the most prevalent forms of sensorineu-
ral hearing loss, second only to ARHL. Intense noise exposure, the
primary initiating factor, disrupts the perilymphatic and endolym-
phatic fluids, compromising HCs, ribbon synapses, and neural con-
duction, ultimately culminating in NIHL®'. Extensive research into
the causes of NIHL has revealed multiple factors, with mechanical
damage, inflammatory cascades, and oxidative stress being the
most prominent. Following noise exposure, cochlear tissues rapidly
accumulate ROS, persisting for 7-10days, marking early HCs dam-
age®2. Concurrently, inner ear immune response disrupts cellular
energy metabolism, leading to increased ROS®. ROS induces lipid
peroxidation, generating vasoactive products that reduce cochlear
blood flow. Noise-induced ischaemia and subsequent reperfusion
could further promote ROS generation in a positive feedback loop,
further compromising cochlear cell health®2. Since ROS can induce
ferroptosis, researchers are exploring that whether inhibiting ferro-
ptosis might mitigate NIHL.

Research on the role of ferroptosis in NIHL has been advancing
rapidly. Studies have shown that ferroptosis inhibitors, such as
ferrostatin-1, can protect cochlear HCs from oxidative damage
both in vivo and in vitro'. For instance, CBA/J mice models of NIHL
treated with ferrostatin-1 demonstrated reduced hearing threshold
shifts and cochlear damage, ribbon synapse disruption, and audi-
tory nerve fibre damage compared to untreated controls. This was
accompanied by downregulation of FSP1, p53, and TfR1. These
findings suggest that targeting ferroptosis may offer a novel ther-
apeutic strategy for NIHL.

To further explore the potential of ferroptosis inhibitor in NIHL
treatment, researchers are developing novel drug delivery systems,
such as thermosensitive nanodelivery system loaded with
ferrostatin-1, for intratympanic injection®. This approach aims to
enhance drug delivery to the inner ear while minimising systemic
side effects. Preliminary studies have shown promising results,
indicating that this targeted therapy may effectively protect
against noise-induced hearing loss and cochlear structural damage.

In addition, apoptosis, a well-recognised PCD, occurs in response
to stressors like noise exposure. In NIHL, intense noise activated
caspase-3 in cochlear hair cell, leading to cellular breakdown and
apoptotic body release®®. In contrast, necrosis, resulting from

severe physical or chemical injury, occurs under extreme noise
conditions, characterised by cellular swelling, organelle disruption,
and release of cellular contents, triggering inflammation and tissue
damage®. Research showed noise exposure elicited apoptotic and
necrotic features in cochlear hair cells. Caspase inhibitors reduced
apoptosis but increased necrosis, whereas necrostatin-1 decreased
necrosis but elevated apoptosis®’. These findings suggest that
noise-induced hair cell death involves a balance among multiple
cell death modalities, including apoptosis, necrosis, and ferroptosis.
Further investigation into the underlying mechanisms is required.

Ferroptosis in otitis-media-induced hearing loss

Otitis media (OM) is characterised by conductive hearing loss,
mastoiditis, and tympanic membrane perforation, and it often
results in hearing disability in children®®®, In this section, the
mechanisms of hearing dysfunction caused by OM through ferro-
ptosis were summarised based on existing studies.

Recent studies have highlighted a correlation between iron
homeostasis and inflammatory diseases, suggesting that excessive
intracellular iron may trigger inflammatory response'®,
Consequently, some scientists hypothesise a close relationship
between ferroptosis and OM, given that both conditions involve
inflammation.

Yan et al.'" confirmed the involvement of ferroptosis in OM.
They successfully created OM models in C57BL/6 mice using PGPS
and examined ferroptosis related genes, such as ACSL4, GPX4, and
COX2, as well as lipid peroxidation markers including 4-HNE and
MDA. Cochlear histological changes were assessed using H&E
staining. The results indicated that ACSL4 and COX2 were upregu-
lated in the PGPS-induced OM group, while GPX4 was downregu-
lated, confirming the occurrence of ferroptosis in OM. Moreover,
levels of 4-HNE and MDA were also elevated, accompanied by
excessive immune cell infiltration, as observed in H&E staining.
Treatment with ferroptosis inhibitors, such as DFO, ferrostatin-1,
and Lip-1, restored the expression levels of ACSL4, GPX4, and
COX2, and reversed the histological changes induced by PGPS,
thereby efficiently inhibiting the onset of OM. Additionally, the
expression of TNF-a, an inflammatory factor, was reduced. These
findings demonstrated that ferroptosis contributed to the patho-
genesis of OM and that inhibiting ferroptosis might alleviate
PGPS-induced OM. The findings point to ferroptosis as a potential
therapeutic target for future treatment strategies.

Potential therapeutic targets for preventing ferroptosis
in hearing loss

As hearing loss can be caused by a variety of causes, seeking for
methods to protect or alleviate this problem becomes more and
more imminent. In this section, we reviewed the current existing
studies of the drugs or strategies which exerted the otoprotective
effect by targeting ferroptosis and their mechanisms.

The exploration of Chinese medicine therapy

Preventing ferroptosis in hearing loss represents a promising ther-
apeutic approach, with various potential therapeutic targets
emerging from both traditional and modern medicinal research.
Chinese medicinal herbs, such as tangerine peel and lotus leaves,
have shown potential in mitigating cisplatin-induced ototoxicity.
Tangerine peel contains nobiletin'®?, a compound that mimics the



effects of ferrostatin-1 by inhibiting ferroptosis linked to decreased
GPX4 levels and alleviating cisplatin-induced damage by promot-
ing Nrf2 transcription'®. Similarly, nuciferine, derived from lotus
leaves'®*1%, can inhibit cisplatin-induced ferroptosis by blocking
ferritinophagy, albeit with a need for careful dose management
due to potential cytotoxicity at higher concentrations'®. Building
on this foundation, Chinese medicine, with its rich tradition and
complex formulations, offers a promising avenue by potentially
modulating the pathways involved in ferroptosis through its bioac-
tive compounds. Future research could explore deeper into the
specific active compounds and their modes of action, paving the
way for the development of novel therapeutic agents derived from
traditional Chinese medicine.

The exploration of gene therapy

Gene therapy has emerged as a transformative treatment for hear-
ing loss, offering global hope. A recent Lancet article (2024) on
“AAV1-hOTOF Gene Therapy for Autosomal Recessive Deafness 9: A
Single-Arm Trial”'%” reports preliminary clinical success, marking a
pivotal milestone. This study fosters optimism for future gene ther-
apies targeting diverse hearing loss conditions. Furthermore, gene
therapy’s potential extends beyond treating inherited deafness, as
it also presents viable strategies for targeting ferroptosis, a critical
mechanism implicated in hearing loss'%. Specific miRNAs, such as
miR-182-5p, which regulates GPX4 expression, show potential in
modulating iron overload and lipid peroxidation’®. Building on
this, gene therapy strategies, like overexpressing GPX4, have
demonstrated reversal of cochlear HCs damage in mouse mod-
els'®, Additionally, the role of Nrf2 and other genes like KCNMA-1
and Niemann-Pick type C1 (NPC1) in ferroptosis suggests that tar-
geting these pathways could offer innovative solutions for ARHL
and chemotherapy-induced hearing impairment®10, Given the
significant role of LTF in this CEBPA-miR-130b-LTF network and its
homology in mice and humans, therapeutic strategies focusing on
LTF holds considerable potential for addressing ARHL in humans.
Therapeutic strategies focused on LTF have considerable potential
to treat ARHL in humans, potentially by modulating its expression
level or activity. To mitigate ARHL, specific therapeutic strategies
involve inhibiting miR-130b to upregulate LTF expression, modu-
lating CEBPA to indirectly affect LTF levels, and utilising gene ther-
apy for LTF overexpression. Additionally, combining these
approaches with iron chelators could provide synergistic benefits
in reducing cochlear ferroptosis.

Gene therapy, on one hand, holds the promise of directly cor-
recting genetic defects or modulating gene expression to restore
balance in iron metabolism and antioxidant defences. Future stud-
ies could explore the use of RNA interference or CRISPR-Cas tech-
nologies to precisely manipulate gene expression networks,
offering personalised therapeutic approaches tailored to individual
genetic profiles through localised cochlear targeting methods.

On the other hand, gene therapy, specifically localised gene
therapy targeting the cochlea, stands as a frontier in treating
ferroptosis-induced hearing loss. By directly delivering therapeutic
genes to the site of action, high concentrations can be achieved
with minimal systemic exposure, enhancing both efficacy and
safety. This precision in delivery is crucial for effectively modulat-
ing gene expression and restoring the delicate balance of iron
metabolism and antioxidant defences. Thus, the unique features of
the cochlea pose not only challenges but also present opportuni-
ties for innovative therapeutic strategies to address hearing impair-
ments associated with ferroptosis. Future research could focus on
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optimising gene delivery vectors, enhancing gene expression sta-
bility, and exploring combination therapies that synergize the
effects of gene therapy with other treatment modalities.

The exploration of innovative therapeutic agents

Other strategies involve the use of small molecules and nanoma-
terials. 4-Octyl itaconate (4-Ol) activates the NRF2/HO-1 signalling
pathway to inhibit cisplatin-induced HCs ferroptosis''!, while DFO
exhibits otoprotective effects by inhibiting both apoptosis and fer-
roptosis, albeit with potential ototoxicity at high doses™.
Nanozymes, with antioxidant activities akin to natural enzymes,
such as a palladium single-atom nanozyme, convert ROS to oxy-
gen and water, exerting an otoprotective effect against
neomycin-induced ototoxicity''2.

The exploration of preclinical trials and dietary modifications

In recent preclinical trials, anti-ferroptotic compounds, such as
vitamin E, particularly its alpha-tocopherol form, have emerged as
promising agents for hearing health''>-"">, Elevated serum levels
of vitamin E have been inversely associated with the risk of sud-
den SNHL'S, and dietary intake has shown protective effects
against various hearing impairments, including cisplatin-induced
ototoxicity'” and noise-induced hearing loss''®20,  Similarly,
N-acetylcysteine (NAC), a glutathione precursor with potent anti-
oxidant properties'?', has demonstrated clinical benefit in hearing
loss'22125, particularly when used synergistically with corticoste-
roids'?6-'2%, hinting at its potential as a ferroptosis-targeted ther-
apy. However, despite these promising findings, direct
experimental validation of the NAC-ferroptosis link in hearing loss
remains an area of ongoing research, underscoring the potential
and progress yet to be made in this field.

These findings highlight a diverse range of potential therapeu-
tic targets and therapeutic strategies for suppressing ferroptosis in

Table 1. Summary of these potential therapeutic compounds and their mecha-
nisms of action.

Potential
therapeutic
compounds Mechanisms of action Models References
Ferrostatin-1 Antioxidant HEI-OC1 cells 14,51,76,101
Inhibit p53/SLC7A11/GPX4 Rats
pathway

Inhibit TfR1, ACSL4

Autophagy and Toll-like
receptor (TLR) inhibitor

ACSL4 inhibitor

Antioxidant

Increase GPX4, inhibit ACSL4

Inhibit the downregulation of
GPX4

Iron chelator

Increase GPX4, inhibit ACSL4

Chloroquine HEI-OC1 cells 21

HEI-OC1 cells 51
HEI-OC1 cells 70

Rosiglitazone
Liproxstatin-1

miR-182-5p
inhibitor
Deferoxamine

HEI-OC1 cells 76

HEI-OC1 cells 26,79

CMS121 Fatty acid synthase antagonist SAMP8 mice 90

alpha-tocopherol Antioxidant Human 117-119
(Vitamin E) Anti-ferroptosis (not known)

N-acetylcysteine  Antioxidant Human 123-125
(NAQ) Anti-ferroptosis (not known)

Nobiletin Antioxidant HEI-OC1 cells 103

Nuciferine Inhibit NCOA4-mediated HEI-OC1 cells 106

autophagy
4-Octyl itaconate Anti-inflammatory HEI-0C1 cells 111
Antioxidant
Pd SAN ROS scavenger HEI-OC1 cells 112

Zebrafish
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hearing loss, offering new avenues for future research and clinical
applications.

In addition to these therapeutic strategies mentioned ear-
lier, dietary modifications to augment antioxidant intake, par-
ticularly vitamin E, a potent lipid-soluble antioxidant that
scavenges ROS and mitigates oxidative damage to cellular
membranes pivotal in ferroptosis pathogenesis, represent a
promising adjunctive therapy for ferroptosis-induced hearing
loss. Incorporating foods rich in vitamin E, such as nuts, seeds,
leafy greens, and oils, significantly elevates serum levels of this
nutrient. Additionally, a holistic antioxidant screening approach
should encompass glutathione, vitamin C, and polyphenols
from fruits and vegetables, which also maintain redox balance
and protect auditory cells. Evaluating dietary intake and serum
concentrations of these antioxidants, with targeted supplemen-
tation as needed, could further enhance protection against
ferroptosis-related hearing decline.

These potential therapeutic compounds which exhibit the abil-
ity to protect hearing loss were summarised in Table 1'3°,

Conclusion and expectation

In conclusion, this review offers a concise overview of ferroptosis,
highlighting its emerging role as a critical factor in the pathogen-
esis of various forms of hearing loss. By examining the links
between ferroptosis and hearing loss, including its involvement in
drug-induced, age-related, noise-induced, and otitis media-induced
hearing impairments, we have demonstrated the widespread and
profound impact of this novel cell death mechanism. The intricate
interplay between ferroptosis and hearing loss pathways has been
elucidated, revealing potential therapeutic targets for mitigating
hearing damage.

In particular, the exploration of therapeutic strategies to pre-
vent ferroptosis in hearing loss has been a focal point of this
review. The potential of Chinese medicine therapy, gene therapy,
and innovative therapeutic agents in targeting ferroptosis has
been discussed, showing the diverse approaches being pursued to
address this complex issue. Furthermore, the importance of pre-
clinical trials and dietary modifications in assessing the efficacy
and safety of these therapies has been emphasised. However, it is
important to note that therapeutic interventions targeting
ferroptosis-related pathways have thus far been primarily explor-
atory and preclinical. There is an urgent need for clinical trials to
validate the efficacy and safety of these novel therapeutic
approaches, ultimately paving the way for the translation of
ferroptosis-targeted therapies into clinical practice for the manage-
ment of hearing loss.

Our analysis revealed substantial potential for ferroptosis
inhibitors in treating hearing loss. By targeting key factors in
the ferroptosis pathway, such as GPX4 and ACSLs, these inhibi-
tors hold promise for mitigating oxidative stress-related hearing
damage and cellular injury. In animal models, these inhibitors
have demonstrated positive outcomes by improving auditory
function and protecting cochlear hair cells. Given these find-
ings, we firmly believe that this therapeutic approach merits
further exploration. Accumulating evidence links ferroptosis to
hearing loss, and encouraging preclinical results with ferropto-
sis inhibitors provide a robust rationale for human clinical trials.
Future efforts must prioritise clinical trials to validate the effi-
cacy and safety of these novel therapies, facilitating the trans-
lation of ferroptosis-targeted treatments into clinical practice
for hearing loss. However, we acknowledge the multifaceted

challenges involved in transitioning preclinical successes to
clinical applications, including identifying efficacious and safe
inhibitors, optimising dosing and administration protocols, and
developing reliable biomarkers and diagnostic tools to assess
cochlear ferroptosis levels and monitor therapeutic responses.
These are pivotal areas of ongoing research.

Moreover, early detection and intervention are crucial in man-
aging hearing loss associated with ferroptosis. Serial assessments
of serum levels of total antioxidant capacity (TAC) and specific
antioxidants are indispensable for understanding physiological
processes predisposing individuals to ferroptosis-induced hearing
impairment. Specifically, elevated ferrous iron and depleted anti-
oxidants reserve augment oxidative stress, a key driver of ferro-
ptosis, thereby highlighting those at heightened risk. Additionally,
genetic screening for mutations related to iron metabolism disor-
ders or oxidative stress susceptibility further refines risk assess-
ment and enables the tailoring of personalised intervention
strategies.

In future, we anticipate rapid advancements in the field of
ferroptosis-targeted therapies for hearing loss. As our understand-
ing of the molecular mechanisms underlying ferroptosis and hear-
ing loss deepens, and novel therapeutic agents are developed, we
are optimistic that effective and safe treatments for hearing loss
will become a reality in the near future.

In summary, ferroptosis inhibitors offer a promising therapeutic
strategy for treating hearing loss. Despite the numerous challenges
that remain, the potential benefits of these inhibitors in preserving
auditory function and improving the quality of life for patients
with hearing impairments cannot be overlooked. We eagerly await
the outcomes of future research and clinical trials, which will fur-
ther elucidate the role of ferroptosis in hearing loss and validate
the effectiveness of ferroptosis inhibitors as therapeutic
interventions.
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