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Hearing loss is amajor unresolved problem in the world, which has brought a heavy burden
to society, economy, and families. Hair cell damage and loss mediated by oxidative stress
are considered to be important causes of hearing loss. The nuclear factor erythroid
2–related factor 2 (Nrf2) is a major regulator of antioxidant capacity and is involved in the
occurrence and development of a series of toxic and chronic diseases associated with
oxidative stress. In recent years, studies on the correlation between hearing loss and Nrf2
target have continuously broadened our knowledge, and Nrf2 has become a new strategic
target for the development and reuse of hearing protection drugs. This review summarized
the correlation of Nrf2 in various types of hearing loss, and the role of drugs in hearing
protection through Nrf2 from the literature.
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INTRODUCTION

Hearing loss is a great challenge for the physical health and communication, which affects 6–8% of
the population all over the world. In 1985, only 42 million people suffered from hearing loss, while
recent updated statistics revealed that the number has rapidly increased to nearly 500 million
(Wilson et al., 2017). According to the latest estimates from the World Health Organization,
unresolved hearing loss costs about $750 billion a year globally (Marx et al., 2018). The etiology of
hearing loss is complex and diverse, and it is currently acknowledged that viral infection,
microcirculation disorder, autoimmunity, gene mutation, membranous labyrinth rupture,
congenital ear malformation, noise and drug toxicity are involved in the occurrence and
development of hearing loss (Cunningham and Tucci, 2017). Sensorineural hearing loss (SNHL)
is the most common type of hearing loss, including noise induced hearing loss (NIHL), age-related
hearing loss (ARHL) and ototoxic hearing loss. Within three subtypes of human hearing loss, the
accumulation of reactive oxygen species (ROS) in hair cells can be observed by pathological
examinations. Hair cell damage and loss mediated by oxidative stress are considered to be
important causes of hearing loss. Understanding the changes in the expression of antioxidant
factors in hearing loss is helpful for the prevention and treatment of hearing loss.

Nuclear factor erythroid-2 related factor 2 (Nrf2) as an important transcription factor in
regulating oxidative stress response of cells, plays an important role in maintaining cell redox
homeostasis (Ma, 2013; Cuadrado et al., 2018). Nrf2 reduces the cell damage caused by oxidative
stress and maintains the dynamic balance of the systematic redox by inducing and regulating the
expression of various antioxidant factors. Numerous studies have shown that Nrf2 is a major
regulator of a variety of cellular protective responses and a key molecular node in a specific disease
group, providing a new strategic target for drug development and reuse (Cuadrado et al., 2019). This
review systematically summarized the correlation studies of Nrf2 in hearing loss, providing ideas for
the prevention and treatment of hearing loss with Nrf2 as the target. At present, the research on the
treatment for hearing loss with drugs targeting Nrf2 is progressing gradually, and has only achieved
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satisfied results in cell and animal experiments. Drugs reduce
oxidative stress damage in hair cells by promoting the
intracellular translocation of Nrf2 and enhancing the
transcription of its downstream antioxidant factors. However,
there is still a long way to go in the clinical application of Nrf2
activator in the treatment for hearing loss.

In this review, we delineated the structure, function, and
localization of Nrf2 in the animal and human cochlea.
Moreover, the correlation summary of Nrf2 is specially
focused on the three subtypes of hearing loss, namely NIHL,
ARHL, and ototoxic hearing loss. In addition, the current
development of drug research on Nrf2 for the prevention and
treatment of hearing loss was summarized, and we provided our
perspectives on Nrf2 as a strategic target for the prevention and
treatment of hearing loss.

STRUCTURE AND FUNCTION OF NRF2

Nrf2 is a transcription factor encoded by NFE2L2 gene (Sykiotis and
Bohmann, 2010). In both humans and common house mice, the
NFE2L2 gene is located on chromosome 2. Nrf2 has a highly
conservative basic region-the Leucine Zipper (bZIP) structure,
which contains seven domains, respectively named Neh1 -- Neh7
(Nrf2-ech Homology) (Jaramillo and Zhang, 2013). The Neh1
region contains a bZIP structure. Small Maf proteins (sMafs) are
bZIP-type transcription factors that can bine to DNA and regulate
gene regulation. Through the leucine zipper structures, sMafs form
homodimers by themselves (Kataoka et al., 1995) and heterodimers
with other specific bZIP transcription factors, including the Cap ’n’
collar (CNC) proteins (p45 NF-E2, Nrf1, Nrf2 and Nrf3) (Igarashi
et al., 1994; Kobayashi et al., 1999) and Bach family (Bach1 and
Bach2) (Oyake et al., 1996). sMafs, as the key regulatory center of
CNC-sMaf transcription factor network, play an important role in
various biological pathways (Katsuoka andYamamoto, 2016).When
Nrf2 is translocated into the nucleus, bZIP forms heterodimers with
sMafs proteins in the nucleus, which enable Nrf2 to identify
antioxidant response element (ARE) (nucleotide sequence is 5’-
(G/A)TGA (G/C)nnnGC (G/A)-3’(n represents any type of
nucleotide), and thus initiate downstream related gene
transcription. Both DLG (aspartate, leucine, and glycine) and
ETGE (glutamate, threonine, glycine, and glutamate) are
important conserved regions that bind to Kelch-like ECH-
associating protein 1 (Keap1), and the Neh2 region stabilizes the
presence of Nrf2 in the cytoplasm through the interaction between
DLG, ETGE and Keap1. Located at the C terminal of Nrf2, Neh3 can
bind to CHD6 (a Chromo-ATPase/helicase DNA binding protein)
and promote the regulatory effect of ARE on the transcription of
related genes. Neh4 and Neh5 are structural domains involved in
initiating downstream gene transcription. Only when Nrf2 is
translocated into the nucleus and binds to ARE in the form of
Nrf2-Maf, thereafter combines with Neh4, Neh5 and CREB, etc., the
transcription process can be activated. Neh6 is a non-KEAP1-
dependent regulatory region degraded by Nrf2 and contains
abundant serine. Neh7 region mediates the physical binding of
Nrf2 to retinoic acid X receptor, which can inhibit the
transcriptional activity of Nrf2 (Wang et al., 2013).

Nrf2 activation is associated with two regulators, Keap1 and
Cullin3 (Cul3) (Williamson et al., 2012; Cuadrado et al., 2019). The
DLG and ETGE regions of Neh2 have different binding affinity
with Keap1. Compared with the ETGE region, the binding of DLG
region to Keap1 is weaker, and the bound DLG-Keap1 is likely to
separate due to the alteration of Keap1 conformation. Under
normal physiological conditions, Nrf2 is anchored in the
cytoplasm after binding to Keap1. As the substrate of Cul3-
dependent E3 ubiquitin ligase complex, Keap1 binds to Nrf2,
causing ubiquitination of Nrf2 and its rapid degradation by
proteases. However, in the state of oxidative stress, the binding
between Keap1 and DLG disconnects, and the ubiquitination of
Nrf2 is blocked. Therefore, the newly synthesized Nrf2 can be
transferred and accumulated into the nucleus (Itoh et al., 2004;
Jung andKwak, 2010; Baird andDinkova-Kostova, 2011). After the
dissociation of Nrf2 and Keap1, Nrf2 rapidly translocates into the
nucleus, which forms an isodimer with small Maf proteins, binds
ARE, and thereafter initiates the transcription of downstream
antioxidant enzyme genes regulated by Nrf2. Common
downstream gene products include nicotinamide adenine
dinucleotide phosphate (NADPH), quinone oxidoreductase 1
(NQO1), glutathione-S-transferases (GSTs), glutamate cysteine
ligase catalytic (GCLC) and heme oxygenase-1 (HO-1), etc. In
addition, Nrf2 also plays a key role in regulating the redox system
of L-γ-glutamyl-cysteinyl-glycine (GSH). Nrf2 regulates GSH
biosynthesis by regulating the expression of the rate-limiting
enzyme γ-glutamyl cysteine synthetase (γ-GCS) (Zhu et al., 2008).

In animals, Nrf2 is closely related to various diseases by
regulating oxidative stress response (Cuadrado et al., 2019). Drug
enhancement of the electrophilic counterattack organized by Nrf2
may be used as a strategy for chemoprophylaxis of cancer (Prestera
et al., 1993; Satoh et al., 2013; Panieri et al., 2020), and has been well
validated in various experimental cancer models in mice (Milkovic
et al., 2017). Moreover, Nrf2 has a broad protective effect on lung
diseases such as asthma, neurodegenerative diseases such as
Parkinson’s disease, inflammatory diseases such as inflammatory
bowel disease, liver damage, atherosclerosis, insulin resistance and
so on (Sykiotis and Bohmann, 2010; Cuadrado et al., 2019).

Unlike animal studies, the role of Nrf2 in human diseases is
much less reported. Research on the role of Nrf2 in human
diseases mainly focuses on cancer (Liu et al., 2020), respiratory
diseases (Cuadrado et al., 2020), neurodegeneration (Fao et al.,
2019). Restricted by ethics, DNA polymorphism analysis and
changes in mRNA and protein content are the main means to
study the protective effect of Nrf2 on a variety of human diseases.
More importantly, studies on the role of Nrf2 in hearing loss are
scarcely present in clinical trials.

LOCALIZATION OF NRF2 IN THE
INNER EAR

Nrf2 is widely expressed in tissues including brain, retina and
inner ear (Hoshino et al., 2011; Zhong et al., 2013; Yamazaki et al.,
2015). Nrf2-immunoreactivity (IR) is found mainly in the human
Corti organ at the apical, medial and basal region (Hosokawa
et al., 2018). In humans, Nrf2 locates in the cytoplasm and nuclei
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of Corti organ, including inner hair cells (IHC), outer hair cells
(OHC) and supporting cells (Deiters and Hensen cell)
(Hosokawa et al., 2018). In cells of the spiral prominence and
spiral limbus, Nrf2 is found to be immunoreactive, but hardly in
spiral ganglion cells (Hosokawa et al., 2018). In addition, Nrf2
immunoreactivity is not found in other cochlea structures, such
as stria vascularis, spiral ligaments and Reissner membrane
(Hosokawa et al., 2018). The localization of Nrf2 in human
inner ear in normal or pathological conditions remains to be
further verified due to ethical issues, as well as differences in
sampling time and methods of human inner ear.

In contrast, animal experiments involving the localization of
Nrf2 in the inner ear are well established and reported. Different
from the normal human cochlea, in the normal rat cochlea, Nrf2
immune response is only detected in the cytoplasm of hair cells,
support cells and spiral ganglion neurons (SGNs), and no immune
response occurs in the nucleus (Hosokawa et al., 2018). However,
under pathological conditions, Nrf2 can be observed in the
cytoplasm and nucleus of the IHC, OHC and support cells in
the Corti organ (Fetoni et al., 2015b; Hosokawa et al., 2018). Nrf2 is
also reported in the cytoplasm and nucleus of stria vascularis and
SGNs. In addition, after the application of antioxidants and Nrf2
activators or the stimulation of noise and ototoxic drugs,
immunofluorescence staining showed that the expression of
Nrf2 in hair cells increased in cytoplasm and translocated into
nucleus (Fetoni et al., 2015b; So et al., 2006). Altogether, Nrf2 is
clearly present in the inner ear (Figure 1), and plays an important
role in different cells. The distribution of Nrf2 in cochlea may be
different between humans and animals or different species of
animals. There is a single nucleotide polymorphism (SNP)
(rs6721961) in the promoter region of human Nrf2 gene, and
in the presence of T allele, human hearing seems to be more
vulnerable to occupational noise exposure (Honkura et al., 2016).
Moreover, three SNPs of the Protein Kinase C Epsilon (PRKCE)
gene (rs12613391, rs5839661, rs7570049) and two SNPs of the

transforming growth factor-β1 (TGF-β1) gene (rs12980839,
rs8109627) have been associated with ARHL (Fetoni et al., 2018).

CORRELATION BETWEEN HEARING LOSS
AND NRF2

Peripheral hearing loss is usually divided into conductive hearing
loss, sensorineural hearing loss or mixed hearing loss with both
conductive and sensorineural hearing loss (Cunningham and
Tucci, 2017). Most patients suffering from conductive hearing
loss usually return to normal after drug or surgical intervention.
Unfortunately, medical treatments for sensorineural hearing loss
and mixed hearing loss typically received unsatisfied results,
because of the damaged sensory hair cells and/or auditory
neurons. Sensorineural hearing loss is the clinically common
type of hearing loss, mainly resulting from aging, gene mutation,
chronic diseases, noise and ototoxic drugs, etc. NIHL, ARHL and
ototoxic hearing loss are the three subtypes of sensorineural
hearing loss (Fujimoto and Yamasoba, 2019). All three
subtypes of hearing loss can be pathologically observed with
damage to cochlear hair cells and/or damage to auditory neural
pathways. Most importantly, oxidative stress and the imbalance
of redox homeostasis caused by ROS are important factors for
cochlear injury (Gentilin et al., 2019; Rousset et al., 2020; Wu F.
et al., 2020). As Nrf2 is an important regulator of antioxidant
function, the current studies on the role of Nrf2 in hearing loss on
NIHL, ARHL and ototoxic hearing loss are summarized.

Correlation Between Nrf2 and NIHL
Oxidative stress caused by auditory trauma is the main pathway
of cochlear injury (Henderson et al., 2006). There is an increase of
ROS in the lymphatic fluid of the cochlea, HCs and the stria
vascularis after noise exposure (Ohlemiller et al., 1999; Yuan et al.,
2015). During noise exposure, blood circulation in the cochlea is

FIGURE 1 | Localization of Nrf2 in the inner ear and the effect of SNPs on Nrf2. Nrf2 is located in IHC, OHC, SC, SGN and stria vasculatures in cochlea.
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impaired due to the contraction of capillaries in the cochlea and
vestibular tissues (Quirk et al., 1992; Quirk and Seidman, 1995).
After noise exposure, cochlear blood flow gradually recovers,
causing cochlear ischemia reperfusion injury (Yamane et al.,
1991), and increasing the production of ROS and reactive
nitrogen species (RNS) (Yamashita et al., 2005; Fetoni et al.,
2019; Wu et al., 2020). In addition, oxidative stress caused by
noise exposure over stimulates mitochondria, leading to an
increase in mitochondrial aerobic respiration, which in turn
leads to the production of a large number of ROS (Maulucci
et al., 2014). With the accumulation of ROS, the innate
antioxidant defense ability of the cochlea is eventually
exceeded, resulting in the damage of Corti organ and the
apoptosis of hair cells, ultimately leading to hearing loss.

Nrf2 is an important factor to resist oxidative stress injury
in NIHL (Figure 2). After exposure to noise, Nrf2 in
cytoplasm increases slightly, however, it is not able to
prevent the damage of reactive oxygen species to hair cells,
and noise exposure has no significant influence on the
expression of Nrf2 target genes (Honkura et al., 2016). By
contrast, after the application of antioxidant and Nrf2 inducer,
Nrf2 expression in cytoplasm and intracellular translocation
are significantly increased. Confocal analysis has further
confirmed that Nrf2 transports from cytoplasm into nucleus
(Fetoni et al., 2015), thus binding to intracellular antioxidant

reaction elements and activating transcription of downstream
antioxidant factors. The regulation and expression of HO-1 in
hair cells and helical ganglion neurons in the same area is in
parallel with the translocation of Nrf2 from cytoplasm into
nucleus, and the increase of GSH adduct is observed at the
same time. This suggests, in NIHL, Nrf2 intracellular
translocation activates Nrf2-ARE signaling pathway, and
through enhancing the expression of HO-1 and superoxide
dismutases (SODs) in cochlear hair cells and spiral ganglion,
thereby reducing hearing loss caused by noise to rats, reducing
auditory brainstem response (ABR) threshold drift, and
promoting hair cell survival. The up-regulated HO-1
induced by Nrf2 affects the survival of hair cells that
amplify and transmit acoustic signals, and indirectly affects
the signal transmission from primary afferent neurons to the
central auditory pathway (Fetoni et al., 2015). Moreover, the
antioxidant stress injury induced by Nrf2 is time-correlated.
In studies on the resistance to NIHL with rosmarinic acid (RA,
a natural antioxidant), the expression of HO-1 and SODs
increases continuously over time after the Nrf2-ARE
signaling pathway is induced and activated by RA (Fetoni
et al., 2015).

Nrf2 deficiency aggravates NIHL. ABR threshold movement
after 7 days of noise exposure is significantly different in mice
with and without Nrf2 gene, and Nrf2−/− mice are more

FIGURE 2 | Nrf2 is an important factor to reduce oxidative stress injury of hair cells. Under normal conditions, Nrf2 is anchored in the cytoplasm by Keap1 and is
rapidly degraded by ubiquitination. However, Nrf2 is disconnected from Keap1 and translocates into the nucleus after the action of oxidative stress. Antioxidant drugs
have been found to promote the intracellular translocation of Nrf2 and the transcription of downstream antioxidant products after Nrf2 bound to ARE. After activation of
Keap1-Nrf2-ARE signaling axis, antioxidant factors such as HO-1 can reduce the intracellular ROS level mediated by NIHL, ARHL and ototoxic hearing loss,
thereby protecting hair cells and reducing hearing loss. Moreover, there is a positive feedback between p62-mediated autophagy and Nrf2. p62 destroyed the
connection between Keap1 and Nrf2 to promote the accumulation of Nrf2 and nuclear translocation. Concurrently, increased Nrf2 promotes p62 expression. In addition,
PI3K-Akt signaling pathway is also involved in the intracellular translocation of Nrf2 in hair cells. However, in the study on hearing loss, the relationship between other
signaling pathways and Nrf2 expression is still not fully understood.
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susceptible to noise. In Nrf2−/−mice, the expression levels of Nrf2
target genes (NQO1, HO-1, GCLC, GCLM, and Txnrd1)
significantly decrease after oxidative stress induction, and the
reduction of GSH is also demonstrated (Honkura et al., 2016). It
is worth mentioning that there is an SNP (rs 6721961) in the
promoter region of humanNrf2 gene. In the rs 6721961 genotype,
G and T alleles lead to high and low expression of Nrf2 mRNA,
respectively (Yamamoto et al., 2004; Suzuki et al., 2013). The
study found that in the presence of the T allele, human hearing
threshold at 4 kHz seemed more susceptible to increased
exposure to occupational noise (Honkura et al., 2016). The
study also pointed out that Nrf2 must be activated before
noise exposure to achieve significant hearing improvement.
When exposed to noise, sufficient antioxidant capacity
mediated by Nrf2 is essential to inhibit the progression of NIHL.

Correlation Between Nrf2 and ARHL
ARHL and presbycusis are also important health problems
lowering the quality of life (Figure 2). ARHL is characterized
by age-related hearing loss and is thought to be associated with
loss of SGNs and sensory hair cells in the inner ear cochlea
(Yamamoto et al., 2004; Liu and Yan, 2007). Chronic
inflammation and programmed cell death in cochlea caused by
changes in antioxidant enzyme levels, oxidative stress and
decreased activity of mitochondrial respiratory chain
complexes I, II, IV (NADH oxidase, succinate dehydrogenase,
and cytochrome c oxidase, respectively) are important molecular
mechanisms for premature ARHL (Someya et al., 2010; Someya
and Prolla, 2010; Menardo et al., 2012; Rousset et al., 2020).
Oxidative stress injury of cochlea is considered to be the most
important cause of ARHL (Yamasoba et al., 2013).

Nrf2 deficiency or decreased expression is involved in the
occurrence and development of ARHL. Tubby strain of obesity
mice develops progressive hearing loss due to gene mutations.
This mutation causes OHC loss in the hook area of cochlea by
1 month of age and the damaged area expands to the apical turn
by about 6 months of age. In addition, damage to inner hair cells
was also observed in the hook area by about 6 months of age in
the tubby mouse model (Ohlemiller et al., 1995). In homozygous
mutant tubby mice (tub/tub), Nrf2 expression is significantly
reduced, and ROS accumulation in hair cells leads to cell death
(Kong et al., 2009). Compared with wild-type mice matched with
the same age, Nrf2 gene completely knockout mice show a greater
degree of hearing loss with age, and a faster loss rate of HCs and
SGNs in cochlea (Hoshino et al., 2011). Some studies have found
that the gap junction protein beta-2 (GJB2) gene, also known as
connexin 26 (Cx26), and 35delG heterozygous (human) carriers
have hearing loss in excess of 4 kHz frequency (Franze et al.,
2005). In GJB2+/− mice, the function of the Cx26 is completely
lost, which shows that the expression of Nrf2 is significantly
reduced and accelerates the occurrence of ARHL (Fetoni et al.,
2018).

SNPs in antioxidant genes are also involved in hearing loss by
influencing Nrf2. PRKCE and TGF-β1 are two members of Nrf2
signaling pathway. Three SNPs of PRKCE gene (rs 12613391, rs
5839661, rs7570049) and two SNPs of TGF-β1 gene (rs 12980839,
rs 8109627) are closely related to ARHL in a matched and control

study of healthy volunteers and elderly deafness patients (Fetoni
et al., 2018) (Figure 1). In GJB2−/− mice, down-regulation of
TGF-β1 is at least partially protective against hearing loss (Fetoni
et al., 2018).

Correlation Between Nrf2 and Ototoxic
Hearing Loss
Platinum anticancer drugs and aminoglycoside drugs are the
main clinical ototoxic drugs (Brock et al., 2018; Kros and Steyger
2019; Zada et al., 2020). Cisplatin, as a highly effective
chemotherapy drug, exhibits a good effect on tumors in
children and adults, especially on head and neck squamous
cell carcinoma. Irreversible sensorineural deafness is one of the
main side effects from cisplatin treatment (Fetoni et al., 2016;
Frisina et al., 2016; Gentilin et al., 2019). Oxidative stress injury is
a major determinant of cell survival or death in cisplatin induced
ototoxicity (Poirrier et al., 2010; Rybak et al., 2019; Waissbluth
et al., 2012). NADPH oxidase 3 and xanthine oxidase are involved
in the production of ROS in ototoxicity induced by cisplatin
(Banfi et al., 2004; Lynch et al., 2005; Mukherjea et al., 2010) )
(Figure 2). Mitochondria play an important role in the regulation
of cell apoptosis induced by intracellular stimulation (Bock and
Tait, 2020), while oxidative stress is closely related to hair cell
apoptosis through mitochondrial pathway (Karasawa and
Steyger, 2015).

Cisplatin induces HEI-OC1 cell apoptosis, which is mainly
manifested in nuclear concentration, DNA ladder and caspase-3
activation (Rybak et al., 1999). The decrease of intracellular ROS
level after cisplatin application is the key to reduce the apoptosis
and death of HEI-OC1 cells and cochlear hair cells caused by
caspase 3 released by mitochondrial apoptosis. In previous
studies, the total intracellular ROS and mitochondrial ROS
change almost synchronously (Yang et al., 2018; Peoples et al.,
2019). Interestingly, after Nrf2 activation, the total ROS level in
hair cells decreases, whereas ROS level in mitochondria remains
at a high level. In addition, after the combined action of cisplatin
and Nrf2 activator, mitochondrial internal ROS in HEI-OC1 cells
and cochlear hair cells remain unchanged during the activation of
Nrf2, while the total intracellular ROS accumulation is
significantly reduced (Zhang et al., 2020), suggesting that Nrf2
activation is not related to the production of mitochondrial
internal ROS in the reduction of cisplatin induced oxidative
stress and apoptosis. The interaction between intracellular and
mitochondrial ROS levels needs to be further studied in the
hearing impairment.

The nuclear translocation and activation of Nrf2 are related to
the regulation of other signaling pathways. Mitogen-activated
protein kinase (MAPK) and phosphatidylinositide 3-kinase
(PI3K) signaling pathways are recognized to be involved in the
nuclear translocation and activation of Nrf2 (Martin et al., 2004).
However, in the correlation study of hearing impairment, only
PI3K-Akt signaling pathway participated in the induction of Nrf2
nuclear translocation. The study has also found that Akt signaling
is usually involved in the intracellular stimulation and activation
of the natural product Nrf2 (Wang et al., 2012; Niture et al.,
2014). Flunarizine and other antioxidative drugs can significantly
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increase the phosphorylation of Akt in a time-dependent manner
and improve the nuclear translocation of Nrf2, while the decrease
of the phosphorylation level of Akt significantly affects the
expression of Nrf2. Moreover, PI3K-Akt signaling inhibitor
can reduce the expression of Nrf2 and HO-1, suggesting that
the Akt signaling pathway is involved in the regulation of Nrf2/
HO-1, and the reduced phosphorylation level of Akt affects the
expression of Nrf2 (So et al., 2006; So et al., 2008; Ma et al., 2015;
Youn et al., 2017; Zhu et al., 2018).

Nrf2-ARE signaling pathway takes a prominent role in
regulating phase II detoxifying and antioxidant genes. HO-1 is
a downstream product of Nrf2, which plays an antioxidant, anti-
apoptotic and anti-inflammatory role through its products
bilirubin/biliverdin and carbon monoxide (Ma. 2013). HO-1
has been considered to be a critical antioxidant factor for
resistance to cisplatin induced oxidative stress injury after
activation of Nrf2-ARE signaling pathway in a number of
studies (Ma et al., 2015; Youn et al., 2017). Antioxidant drugs
can promote the nuclear translocation of Nrf2 in HCs and SGNs
after cisplatin treatment, activate Nrf2-ARE signaling pathway,
and improve the expression of antioxidant factors such as HO-1
(Fetoni et al., 2015). In the HEI-OC1 cell injury, cisplatin can
significantly reduce the binding of HO-1 promoter to Nrf2.
However, Ginkgolide B (GB) can significantly suppress the
inhibitory effect of cisplatin on the binding of HO-1 promoter
to Nrf2, and activate the Akt-Nrf2-HO-1 pathway to reduce the
generation of ROS, thereby inhibiting mitochondrial apoptosis
and ultimately reducing the toxicity induced by cisplatin (Ma
et al., 2015). However, some studies have found that after the
combined application of antioxidant drugs and cisplatin, HO-1
and SOD may not be the main components that play the role of
hearing protection after the activation of Nrf2-ARE signaling
pathway (Hoshino et al., 2011; Kim et al., 2015). Bucillamine
induced translocation of Nrf2 to promote the expression of
γ-GCS, GSS, GSH, HO-1 and SOD2. However, after gene
knockout of HO-1 and SOD2, the protective effect of
bucillamine on hearing seems to be independent of the
enzyme activity of HO-1 and SOD (Kim et al., 2015). Another
study also shows no significant difference in HO-1 expression
between wild-type and Nrf2-KO mice after gentamicin exposure
(Hoshino et al., 2011). Based on different research models or
different experimental settings, there may be differences in the
regulation of HO-1 expression by Nrf2. However, according to
the current literature, HO-1 is indeed an important link for Nrf2
to play an antioxidant role.

Similar to the ototoxicity induced by cisplatin, ROS mediated
oxidative stress loss is one of the main factors of aminoglycosides
induced cochlear injury (Noack et al., 2017; Sekulic-Jablanovic et al.,
2017). The aminoglycoside iron complex and aminoglycoside drug-
induced mitochondrial dysfunction are important causes of
intracellular ROS production. Sestrin-2 (Sesn2) is a member of the
oxidative stress pathway, and the loss of Sesn2 increases the
susceptibility of hair cells to gentamicin. Sesn2 may counteract the
toxic effects of gentamicin on hair cells by activating Nrf2(Bodmer
and Levano-Huaman, 2017). In Nrf2-knockout (KO) and wild-type
mice, Nrf2 protects hair cells in wild-type mice from gentamicin
damage by up-regulating antioxidant enzymes (Honkura et al., 2016).

It is worth mentioning that there is a positive feedback
relationship between autophagy and Keap1/Nrf2 signaling
pathway (Figure 2). Autophagy plays a pivotal role as an
intracellular clearance system, cross-talking with Keap1/Nrf2
signaling pathway (Taguchi et al., 2011; Tang et al., 2019). p62 is
a cohesive protein and plays an important role in autophagy as a
molecular hub (Kirkin et al., 2009). p62 interacts directly with Keap1
and disrupts the association between Keap1 and Nrf2, thereby
enhancing Nrf2 stability and nuclear accumulation (Komatsu
et al., 2010). Moreover, the p62 gene is the target of Nrf2, and
the accumulation of Nrf2 promotes the expression of p62 (Ishii et al.,
2000). p62 alleviates H2O2-induced HEI-OC1 cell damage by
promoting autophagy and activation of Keap1/Nrf2 signaling
pathway, suggesting that p62 has the potential to serve as an
adaptor protein between autophagy and the Keap1/Nrf2 signaling
pathway in auditory cells (Copple et al., 2010; Hayashi et al., 2015).

DRUGS ACTING ON NRF2 FOR HEARING
PROTECTION

Research on hearing protection targeting Nrf2 is ongoing,
however, this research is mainly executed on animals and cells
in vitro. In light of this, there is still a long way to go approach
clinical application. In cell or animal experiments involving Nrf2,
the hearing protection effect of various drugs is mainly realized by
promoting the intracellular translocation of Nrf2 and the increase
of its downstream target gene products, which we have listed in
Table 1 and Table 2.

As far as the current in vivo experiments are concerned, the
research on the role of Nrf2 in protecting hair cells seems only
heading in one direction, showing a single mode of activating
Nrf2 after drug administration, promoting the expression of its
downstream genes and protecting hair cells from damage.

Although the interactions between Nrf2 and its downstream gene
products and other transcription factors were considered in some
studies, the key molecules are still far from enough to fully reveal the
complete network involved in Nrf2 regulation after drug
administration. In these in vitro studies, although the differences in
the protective effects of different dosages of drugs on hearing loss were
explored in some settings and the dose-response curves were plotted,
future in vitro studies are indispensable to determine the maximum
amount of drugs and the resulting acute and chronic toxicity,
including pathological sections of major organs after
administration. Moreover, the best route, time and dosage of drug
administration need to be further optimized. Ebselen, an old analgesic
and anti-inflammatory drug, has been shown to reduce oxidative
stress damage in hair cells induced by cisplatin via activating theNrf2-
ARE signaling pathway and increasing the expression of HO-1,
NADPH and γ-GCS(Kim et al., 2009). In addition, ebselen has
been shown to prevent and protect against hearing loss caused by
noise and aminoglycosides in animal studies (Kil et al., 2007; Gu et al.,
2021). In clinical trials, oral administration of ebselen, 400mg twice
daily, can safely and effectively prevent noise induced temporary
threshold shift (TTS) (Kil et al., 2017). At present, ebselen is in phase
IIb clinical trial, and the feasibility of the drug acting on Nrf2 to
prevent and treat hearing loss deserves our expectation.
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PROSPECTS

Nrf2 has been proved as an important target for the treatment of
neurodegenerative diseases, respiratory diseases, digestive
diseases, cardiovascular diseases, metabolic diseases and
cardiovascular diseases. Meanwhile, a variety of drugs have
also been discovered to possess antioxidant effects by
regulating the expression of Nrf2. The etiology of hearing loss
is complex and unclear. Reducing hearing loss caused by
oxidative stress injury is considered as one of the greatest
challenges. This review summarized the current studies on the
role of Nrf2 in various subtypes of sensorineural hearing loss, and
lists the current drug studies that act on Nrf2 for hearing
protection or to protect HEI-OC1 cell from injury. However,
how Nrf2 regulates ROS changes in hair cells and the upstream
and downstream regulatory network of Nrf2 in hair cells are still
not fully understood. Studies on the early prevention and
treatment of hearing loss through the Keap1-Nrf2-ARE
signaling axis are still at the exploratory stage, although the
new and effective Nrf2 inducer has been proven effective for
hearing protection in animal models. In addition, the safety of
Nrf2 inducers or activators also merits more attention.

There is an urgent need to clarify the following issues. First, the
interactions of Nrf2 with other transcription factors should be
further investigated to obtain a network for related drug
discovery. Second, the development of better cell, animal
models which support a real reflection of the pathological
conditions of hearing loss. Third, pre-clinical experiments
should be executed deliberately to acquire optimized results
for transplantation into clinical trials.
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TABLE 1 | Drugs acting on Nrf2 for hearing protection in vitro studies.

Agents Function Model systems References

THSG Activation of Nrf2 nuclear translocation and increase of HO-1 and NQO1 The mouse cochlear UB/OC-2 cell line Wu T. Y. et al. (2020)
MIF Activator of Akt-Nrf2-HO-1signaling pathway and increase of HO-1 and NQO1 HEI-OC1 cells Zhu et al. (2018)
Flunarizine Induction of Nrf2 nuclear translocation by PI3K/Akt signaling pathway and

increase of HO-1
HEI-OC1 cells and corti organ So et al. (2006)

So et al. (2008)
11R-VIVIT Promotion of Nrf2 transcription and increase of HO-1 C57BL/6N mice organ of corti explants Sekulic-Jablanovic et al. (2020)
Phloretin Activation of Nrf2 and JNK signaling pathways and induction of HO-1 expression HEI-OC1 cells Choi et al. (2011)
Piperine Increase of Nrf2 nuclear translocation HEI-OC1 cells Choi et al. (2007)
Rapamycin Increased Nrf2 expression via autophagy activation HEI-OC1 cells Hayashi et al. (2015)

TABLE 2 | Drugs acting on Nrf2 for hearing protection in vitro studies.

Agents Function Model systems References

Curcumin Activation of Nrf2 nuclear translocation and enhance endogenous
antioxidant capacity

Wistar rats Fetoni et al. (2015a)

Curcumin and ferulic
acid

Activation of Nrf2 nuclear translocation and increase of HO-1 in HCs and
SGNs

Wistar rats Paciello et al.
(2020)

Bucillamine Induction of Nrf2 nuclear translocation and increase of
γ-GCS,GSS,GSH,HO-1and SOD2

Balb/C male mice and HEI-OC1 cells Kim et al. (2015)

Rosmarinic acid Induction of Nrf2 nuclear translocation and increase of HO-1 and SOD Wistar rats Fetoni et al. (2015b)
CDDO-Im Activation of Nrf2 and increase of NQO1, HO-1, GCLC, GCLM and Txnrd1 Wild-type and Nrf2-KO C57BL/6 mice Honkura et al.

(2016)
Ginkgolide B Reduction of intracelluar ROS by activation of Akt-Nrf2-HO-1 signaling

pathway
HEI-OC1 cells and SD rats Ma et al. (2015)

TBHQ Inhibition of intracellular ROS outside mitochondria by activation of Nrf2 HEI−OC1 cell and C57BL/6 mice Zhang et al. (2020)
Ferulic acid Reduction of intracelluar ROS by increase of Nrf2 HEI-OC1 cells and C57BL/6 mice Jo et al. (2019)
Interleukin-10 Inhibition of NF-κB signaling pathway by activation of Nrf2/CO-mediated

feedback loop
C57BL/6 mice and rat spiral ligament
fibrocyte cell line

Mwangi et al.
(2017)

Sulforaphane Enhancement of ERK activation and possibly further regulation of Nrf2
expression

Tub/tub mice and tub/WT mice Kong et al. (2009)

Ebselen Activation of Nrf2 and increase of HO-1, NADPH and γ-GCS HEI-OC1 cells and Balb/C mice Kim et al. (2009)
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GLOSSARY

ABR auditory brainstem response

ARE antioxidant response element

ARHL age-related hearing loss

bZIP basic region-Leucine Zipper

CDDO-Im 2-cyano-3,12 dioxooleana-1,9 dien-28-imidazolide

CRISPR clustered regularly interspaced short palindromic repeat

Cul3 cullin3

Cx26 connexin 26

ERK extracellular signal-regulated kinase

GB ginkgolide B

GJB2 gap junction protein beta-2

GCLC glutamate cysteine ligase catalytic

γ-GCS c-glutamyl cysteine synthetase

GSS glutathione synthase;

GSH glutathione

GSTs glutathione-S-transferses

HO-1 heme oxygenase-1

IHC inner hair cell

IR immunoreactivity

Keap1 Kelch-like ECH-Associating protein 1

KO knockout

MAPK mitogen-activated protein kinase

MIF macrophage migration inhibitory factor

NADPH nicotinamide adenine dinucleotide phosphate

NIHL noise induced hearing loss

NQO1 quinone oxidoreductase 1

Nrf2 nuclear factor erythroid 2-related factor 2

OHC outer hair cell

PI3K phosphatidylinositide 3-kinase

PRKCE Protein Kinase C Epsilon

ROS reactive oxygen species

RNS reactive nitrogen species

Sesn2 sestrin-2

SGNs spiral ganglion neurons

sMafs small Maf proteins

SNHL sensorineural hearing loss

SNP single nucleotide polymorphism

SOD2 superoxide dismutase 2

SODs superoxide dismutases

TBHQ tert-butylhydroquinone

TGF-β1 transforming growth factor-β1
THSG 2,3,4’,5-Tetrahydroxystilbene-2-O-β-D-Glucoside

TTS temporary threshold shift

Txnrd1 Thioredoxin reductase 1
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