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Aging causes progressive degenerative changes in many organs, particularly the auditory system. 
Several attempts have been conducted to investigate preventive and therapeutic strategy/strategies for 
age-related auditory dysfunction, such as maintaining a healthy lifestyle through good nutrition, lower 
anxiety levels, and noise exposure, different pharmacological approaches, gene and cell therapy, and 
other strategies. However, it is not clear which approach is the best to slow down these dysfunctions 
because several different underlying mechanistic pathways are associated with presbycusis which 
eventually leads to different types of this disease. A combination of several methods is probably 
required, whereas the effectiveness for some people needs to be monitored. The effectiveness of 
treatments will not be the same for all; therefore, we may need to have a unique and personalized 
approach to the prevention and treatment of ARHL for each person. In addition, each method needs 
to specify what type of presbycusis can prevent or treat and provide complete information about the 
extent, duration of treatment, persistency of treatment, side effects, and whether the approach is for 
treatment or prevention or even both. This paper reviews the updated literature, which targets current 
interventions for age-related hearing loss. 
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Introduction
The aging process is most commonly associated with age-

related progressive degenerative changes in many body organs, 
especially in the auditory system, known as age-related hearing 
loss (ARHL), also referred to as presbycusis (1, 2).

ARHL is one of the most common chronic disorders in 
the elderly population (2, 3). Although the pathogenesis of 
ARHL is not yet well known, it has been demonstrated that 
many functional and structural pathological changes occur 
in the aging process of the peripheral and central auditory 
systems (4). These pathological changes cumulatively lead 
to the decline of auditory function like reduced hearing 
sensitivity and several difficulties in localization, speech 
understanding in noise, and information processing that 
affect an individual’s psychosocial situation (2, 4, 5). The 
changes in the peripheral system include the cochlear aging 
process often accompanied by degeneration of the stria 
vascularis, the hair cells and spiral ganglion neurons, and 
pathological changes in central auditory pathways (2, 4, 6). 
ARHL does not occur uniformly in all individuals. This is 
because many extrinsic (e.g., exposures to environmental 
ototoxic agents and noise) and intrinsic factors (e.g., genetic 
predisposition) could influence the course and severity of 
this disorder (4, 6). 

Currently, there is no specific, FDA-approved 
otoprotective agent for ARHL. As a first step of prevention, 
it was suggested that controlling the modifiable risk factors 
such as changing lifestyle toward a life with lower noise 
exposure, less stress, and healthy nutrition could be one of 

the most effective accepted ways to reduce the risk of ARHL 
(7). Regarding ARHL, some studies found a relationship 
between anxiety and hearing loss among older adults (8-
11). In addition, different studies have investigated the 
relationship between nutrition and ARHL. A recent review 
article also has examined the relationship between nutrition 
and ARHL and found that a healthy diet consisting of more 
polyunsaturated fatty acids and less saturated fat and regular 
use of fruits and vegetables containing many anti-oxidants 
can prevent ARHL (12). Similarly, a recent population-based 
study found that pro-inflammatory foods with high sugar, 
calorie content, and alcohol were found to be associated 
with a higher risk of ARHL. They suggest that changing 
lifestyle toward less pro-inflammatory foods is more 
effective than the protective effect of anti-inflammatory 
or anti-oxidant foods (13). A similar population-based 
study also showed that higher  carbohydrate  and sugar 
intakes were associated with incident hearing loss in older 
adults(14). It can be clearly stated that pro-inflammatory 
foods, specifically sugars, increase systemic inflammation 
and directly cause micro-ischemic damage to small blood 
vessels. Consumption of these foods can accelerate the 
physiological process of ARHL in the elderly. Interestingly, 
they did not find a significant relationship between intake 
of anti-inflammatory foods such as vegetables, fruits, and 
nuts and smoking and BMI with ARHL, although ARHL 
patients had a lower intake of these foods.  It has been 
suggested that limiting pro-inflammatory foods may be 
more effective than relying on the protective effects of 
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anti-inflammatory or anti-oxidant foods in preventing age-
related diseases (13). On the other hand, other studies have 
reported the effect of nonsteroidal anti-inflammatory drugs 
(NSAIDs) on ARHL. Research conducted on nearly 27,000 
men (aged 40–74 years) over a 20-year period starting in 
1986 revealed that frequent use of anti-inflammatory drugs 
such as NSAIDs might increase the risk of hearing loss and 
tinnitus, particularly in middle-aged men under the age of 
60. It has been suggested that this is because NSAIDs can 
reduce cochlear blood flow, and this type of drug can also 
be ototoxic in high doses (15).

In addition to diet, anxiety, and inflammatory factors, 
other studies have examined the effects of other factors such 
as smoking and alcohol on hearing loss in the elderly. There 
are conflicting reports about the effect of smoking and 
alcohol on the progression of ARHL. For example, in a 2020 
study, a higher intake of alcohol but not smoking has been 
found among participants with ARHL (13). However, in the 
study by Kim et al. (2020) on the elderly population, neither 
smoking nor alcohol were associated with a greater risk of 
hearing loss (16). In addition, cross-sectional and survey 
studies have suggested an association between ARHL with 
vitamin intake or status (17-24) and folate (24-27) with 
conflicting results.  Some failed to find any association 
between folic acid (28) or vitamin B-12 intake (28, 29) with 
ARHL. There are also studies that suggest ARHL is less 
prevalent in women using calcium channel blockers (30), 
and in those using cholesterol-lowering medication like 
statins (31), omega (32), and postmenopausal women who 
do not use (33, 34) or use (35, 36) hormone replacement 
therapy. Also in people with higher serum aldosterone (37), 
higher plasma melatonin levels (18) and higher plasma 
very long-chain n-3 PUFAs  (38), lower risk of ARHL has 
been reported. The association of many  genes with the 
progression of ARHL has been also demonstrated in several 
studies (39, 40) that may be potential target genes for the 
treatment of ARHL. 

Based on these studies that have found a relationship 
between ARHL with several lifestyle factors, as well as 
inflammatory and genetic factors, numerous interventional 
studies have been conducted in recent years to establish 
prevention and treatment strategies for ARHL. Due to 
the fact that ARHL is a multifactorial disorder and that 
multiple cell-death pathways (e.g., oxidative stress, calcium 
signaling, glucocorticoid signaling, sex-specific hormones, 
and stress response signaling pathways) can contribute to 
cell death and thus ARHL (41), multiple types of research 
utilizing various methods for prevention and treatment of 
ARHL have been executed over the years. This review will 
comprehensively explain the interventions for ARHL with 
their potential mechanisms.

Method
A comprehensive narrative review was carried out. We 

searched the electronic databases of Elsevier, Medline, 
Embase, Scopus, Web of Knowledge, Google Scholar, 
Clinical Trials, and the Cochrane database of systematic 
reviews using the terms age-related hearing loss (ARHL/
AHL), presbycusis, prevention, treatment, and therapy 
using the Boolean operators AND/OR for relevant articles. 
In addition, bibliographies of extracted papers were also 
extensively searched for other potentially relevant studies 
reporting any type of intervention for ARHL were identified 
and included in this paper. All related articles were selected 

and reviewed. This is a narrative review that included all 
animal and human studies related to interventions targeting 
slowing down or prevention or treatment of ARHL. There 
were no other criteria for inclusion and exclusion of studies.

Results
Numerous interventional studies have been conducted in 

recent years to establish prevention and treatment strategies 
for ARHL. These studies have primarily included caloric 
restriction (6, 42-53), anti-oxidant supplementations (5, 
42, 54-78), gene therapy approaches targeting apoptosis 
and oxidative stress (79-97), and stem cells (98, 99). 
Although none of these methods have been implemented 
into clinical practice yet due to some limitations mentioned 
below, other strategies have also been evaluated in studies. 
However, these strategies are only at the theoretical level 
and were conducted in limited studies, some of which 
were designed based on cross-sectional studies that have 
found a relation between ARHL and some factors such as 
nutrition, inflammatory factors, taking some drugs, etc. 
These strategies include pharmacological interventions 
such as calcium channel blockers (100-102), statins (103), 
cochlear vasodilators (61), adenosine kinase inhibitors (104, 
105), salicylate (106), rapamycin (107-110), and some other 
strategies such as hormone therapy (111-115), augmented 
acoustic environment (AAE)(116-118), modulation of 
neurotransmitters (e.g., GABA up-regulation) (119), 
Modulation of Metabotropic Glutamate Receptor 7 (120), 
electrical stimulation for restoring the endo-cochlear 
potential (121), long-term exercise therapy (122), enhancing 
medial olivocochlear feedback (123), and also new methods 
in amplification such as implant of vibrant sound-bridge 
(124). Multiple mechanisms have been postulated for each 
strategy. It should be noted that there are two often separate 
but clearly different terms, prevention versus treatment in 
research on aging and age-related disease. In ARHL, also 
both lines of research have been conducted.  The detail of 
interventions will be discussed in the following sections as 
illustrated in Figure 1.

Interventions for ARHL
Caloric restriction

Among interventions, more studies have been conducted 
on caloric restriction and anti-oxidants. Caloric restriction, 
a long-term reduction in caloric intake, has been shown 
to delay the onset of age-related disease and extend the 
maximum lifespan (6, 43, 44). Several interventional 
studies have evaluated the effect of caloric restriction (CR) 
(6, 42-52). According to caloric restriction studies, Sirt3, 
a mitochondrial Sirtuin, increases NADPH production, 
primarily leads to enhancement in the mitochondrial 
glutathione anti-oxidant defense system, and could finally 
decrease oxidative stress-induced cell death and prevent 
ARHL. Interestingly, there are some signaling molecules 
like N1-methyl nicotinamide (MNAM) that could up-
regulate SIRT1 and SIRT3 expression in the cochlea, and 
its related increased enzyme levels under caloric restriction 
conditions could also be a therapeutic candidate for ARHL. 
Recently, it has been found that supplementation with 
MNAM could delay ARHL via this exact mechanism of 
caloric restriction. They also showed that a high-fat diet 
accelerates ARHL (125).  In contrast, Fujita et al. (2015) 
proved that, compared, to caloric restriction, a high-fat 
diet postpones ARHL progression in C57B/6J mice but 
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not in CBA/N-slc mice. They hypothesized that a high fat 
intake contributes to vitamin E’s anti-oxidant effect in the 
inner ear, thereby delaying ARHL progression in C57BL/6J 
mice (126). However, the results of studies that suggest that 
caloric restriction delays aging and ARHL are numerous 
and this finding is more consistent with the cross-sectional 
studies.

Anti-oxidants 
Based on some reports about lower prevalence of 

ARHL in vitamin users and the vital demonstrated role of 
oxidative stress in ARHL, several interventional studies 
have evaluated the effect of anti-oxidants (5, 42, 54-78) on 
ARHL. These studies were mostly based on cross-sectional 
and population-based studies that showed an association 
between ARHL and nutrition. These studies suggested a 
better diet consisting of fruits and vegetables containing many 
anti-oxidants that reduce the risk of ARHL. We reviewed 
the interventions with anti-oxidants in the prevention of 
ARHL described fully in our previous paper and found 
that the preventive effect of anti-oxidant supplementation 
against ARHL has been inconsistent across reports (127). 
This is probably because the effect of anti-oxidants differs 
depending on several factors such as the strain of mice (52, 
126), rate, duration, the onset of treatment, and single or 
combination of used anti-oxidants(128). In addition, there 
are some limitations to anti-oxidant therapy. For example, 
for those who have reached their anti-oxidant capacity 
through optimal nutrition  and adequate physical activity, 

anti-oxidant supplementation may provide no extra benefit, 
at least in terms of ARHL (7). However, studies on anti-
oxidants are ongoing. A large number of natural plants 
that contain a high amount of anti-oxidants have also 
been evaluated for ARHL which include Silymarin (129), 
Ninjinyoeito (130), Ginko Biloba (71, 131), Red ginseng 
(132), Erlong Zuoci  (133), oolong tea (134), plants or 
compounds containing polyphenols or flavonoids (65, 73, 
77, 135, 136), Soybean (137), Thymoquinone (78), and Yi-
qi Cong-ming  (YQCM)(138) with sometimes conflicting 
results. Some are usually multifunctional agents and act 
through different mechanisms. In general, most of anti-
oxidants can scavenge oxidant substances, thereby avoiding 
the potential damage associated with oxidative stress 
caused by aging in the auditory system. However, reducing 
oxidative stress and increasing the endogenous anti-oxidant 
defense is done using different ways including anti-oxidant-
rich nutrition, pharmacotherapy, and gene therapy which 
will be discussed in the following section.

Gene and cell therapy
Gene-therapy

As mentioned, there are also other methods for 
enhancing the anti-oxidant capacity of the body via gene 
expression. Several novel strategies utilizing gene therapy 
to decrease apoptosis in auditory system disorders are now 
being developed. These methods target auditory system 
protection as well as hair cell regeneration. Gene therapy 
is performed for various purposes in ear diseases, such as 

Figure1. Interventions for age-related hearing loss with potential mechanisms
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providing a protective agent for the survival of hair cells and 
ganglion neuron cells following injury, correcting genetic 
mutations, and regeneration of hair cells.

ARHL and other non-syndromic sensorineural 
hearing loss disorders are directly associated with hair 
cell irreversible death. Several researchers have expressed 
interest in treating ARHL through the protection and 
regeneration of hair cells. Multiple possible gene therapy 
pathways have been identified due to extensive research 
on hair cell regeneration. Many studies have shown that 
mutations in some genes may increase susceptibility to 
ARHL and showed the effect of genetic predispositions 
for ARHL. Different techniques have been conducted to 
identify genes associated with ARHL and found possible 
association of many  genes with the progression of ARHL 
such as DFNA5, MYO6, GRM7, GRHL2, KCNQ4, 
SLC26A4 (39), and CDH23 (40). Collectively, some 
potential candidate genes related to  ARHL may be found 
in genes related to inner ear structures and/or inner ear 
cells (KCNQ4 gene encoding the voltage-gated K+ channel, 
SLC26A4 encoding an anion transmembrane transporter), 
some in genes related to inner ear oxidative stress (e.g., 
mtDNA4977) (39). These as well as other genes may be 
potential target genes for the treatment of ARHL by gene 
therapy, and some are used to model ARHL and new 
treatments. For example, a new mouse mutant of the CDH23 
gene with early-onset hearing loss has emerged to facilitate 
the evaluation of otoprotection drugs on some form of 
inner ear disease linked to mutations in the  CDH23  gene 
such as ARHL (83). Down-regulating or up-regulating of 
related genes that can be used for intervention in ARHL 
using several gene therapy strategies have emerged that have 
shown promising therapeutic results for non-syndromic 
sensory-neural hearing loss, which mainly include viral and 
non-viral, gene editing, and gene-modulating strategies.

Anti-apoptotic treatments
There are also strategies for ARHL that target decreasing 

apoptosis in the cochlea to prevent age-related impairment. 
Because of the apoptotic program’s contribution to ARHL, 
over-expression of some apoptosis-related genes like Bak 
and Caspase-3 tend to be ARHL treatments. Anti-apoptotic 
treatments like caspase inhibitors and BCL2-antagonist/
killer1 (Bak) inhibitors act by inhibiting apoptotic-related 
gene expression, and they may protect against progressive 
age-related degeneration in the cochlea (83-87).

Using Cdh23 mutant mice model, some studies found 
the otoprotective effects of some agents like erythropoietin 
(EPO) against ARHL (79, 84). EPO is a multifunctional 
cytokine hormone featuring anti-apoptotic and 
neuroprotective properties. They demonstrated that EPO 
might have otoprotective properties in Cdh23erl/erl mutant 
mice by assessing the ABR thresholds and amplitudes 
of distortion product otoacoustic emission (DPOAE) by 
preventing apoptosis in erythroid progenitor cells, its 
cytoprotective or otoprotective mechanism seems to be 
anti-apoptotic (84). Epo-transgenic mice had dramatically 
reduced spiral ganglion neurons compared with the 
control group, mainly in the basal turn. In addition, there 
were better preservative inner and outer hair cells in Epo-
transgenic mice. Therefore, it has been suggested that EPO 
can effectively suppress the loss of spiral ganglion cells 
and probably hair cells and, thereby, the development of 
presbycusis in mice (79).

Similarly, it has been found that using a pan-caspase 
inhibitor such as Z-VAD-FMK and TUDCA in Cdh23 
mutant mice model can effectively reduce apoptosis in the 
cochlear tissues. Z-VAD-FMK significantly reduced outer 
hair cell loss (83, 85, 86) and preserved hearing of more than 
10 dB SPL (86) and about 15 dB SPL (85), and up to 35 dB SPL 
for the ABR thresholds (83). In a study by Hu et al.(2016), 
TUDCA significantly reduced  hearing loss and inhibited 
hair cell death in CDH23 mutant mice cochlear, owing to 
its ability to block apoptotic genes and caspase-3 activation. 
The authors indicate that TUDCA treatment is equivalent 
to or perhaps superior to erythropoietin and Z-VAD-FMK 
treatment for hearing improvement (as determined by ABR 
threshold shift) (87). TUDCA is a taurine-conjugated bile 
acid that is derived from Ursodeoxycholic acid (UDCA). 
From many years ago, UDCA has been extracted from dried 
black bear gallbladders and administered in traditional 
Chinese medicine to treat various ailments. TUDCA was 
extensively administered in clinical and laboratory research 
to treat liver disease, diabetes, and neurological illnesses. 
TUDCA was previously shown to act by altering the 
apoptotic threshold in various cell types (87). Another study 
showed the role of another gene, Efr3a, in ARHL. Efr3a is 
involved in the degeneration of several structures. The 
findings showed that down-regulation of Efr3a improves 
auditory function and suppression of the degeneration of 
SGNs in an early stage of senescence, probably via blocking 
of cell apoptosis (81). 

A series of other interventions has focused on reducing 
oxidative stress and apoptosis by  selectively  decreasing  or 
increasing the expression of specific genes or increasing the 
expression of anti-oxidants in the cochlea. A recent study 
showed redox activation in the auditory excitatory pathways, 
and NOX activity leads to excitotoxic cochlear damage and 
ultimately to ARHL. In this study, the down-regulation of 
NOX subunit p22phox in auditory neurons conserved hearing 
and cochlear morphology (90). Thus, it may be a future 
therapeutic target for ARHL, as NADPH oxidases (NOX) 
are critical sources of reactive oxygen species (ROS) in the 
cochlea and may thus play a role in the pathogenesis of 
the disease (90). NADPH is predominantly synthesized by 
the enzyme G6PD (glucose-6-phosphate dehydrogenase). 
Another recent study revealed that G6PD might have a role 
in preventing ARHL. Anti-oxidant enzyme gene expression 
was dramatically increased in G6PD-Tg mice compared to 
wild-type controls. However, pro-apoptotic protein levels 
were suppressed in this group. During aging, G6PD-Tg 
mice exhibit lower hearing thresholds than wild-type mice, 
as well as preserved IHCs and OHCs, OHC innervation, and 
a conserved number of synapses per IHC. Protein nitration, 
mitochondrial damage, and apoptotic cells labeled with 
TUNEL were all much reduced in the G6PD-Tg mice group. 
They determined that overexpression of G6PD is related to 
cochlear cellular degeneration because it increases NADPH 
synthesis, which helps maintain a balance between free 
radical production and cellular detoxification throughout 
aging, hence reducing the development of hearing loss (91). 

Suppressing oxidative stress using a master transcription 
factor, NRF2 which regulates various anti-oxidant proteins has 
also been evaluated for ARHL, recently. The findings showed 
that elevation  of NRF2 activity through KEAP1-inhibiting 
can protect the cochlea from oxidative damage during aging, 
particularly at the apical and middle turns (92).  A study 
suggested that NRF2 can protect the inner ear against age-
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related hearing injuries and  gentamicin  ototoxicity by up-
regulating  anti-oxidant  enzymes  and  detoxifying  proteins 
(80).

Oxidative stress can induce mitochondrial dysfunction, 
cell death, or apoptosis. As a fundamental principle in 
the field of molecular cells, the research results show that 
proper metabolic and anabolic function in the cell, in 
which the mitochondria play a significant role, is one of 
the most critical factors in preventing the onset of ARHL 
and cell degeneration cycle. A variety of critical events on 
apoptosis focus on mitochondria. Studies have shown that 
the two mechanisms of mitophagy and mitochondrial 
biogenesis are the most crucial cell death mechanisms 
activated during oxidative stress and aging. These two 
mechanisms are in contrast and are directly controlled 
and modulated by MicroRNA-34 (miR-34a) and Sirtuin 1 
(SIRT1). Suppose the amount of these two control factors 
stays accurate and in its perfect balance, in that case, it will 
cause a balance in the two mentioned mechanisms, which 
will prevent ARHL (93). Activation of Sirt1 expression was 
also one of the signaling pathways involved in the action 
mechanism of caloric restriction’s effect on ARHL. Sirt1 
activation has been shown to activate the autophagy system, 
minimize hair cell death and hearing loss, and prevent the 
development of ARHL in animal models. In a 2019 study, 
pharmacological inhibition of miR-34a/SIRT1 signaling 
elevated the mechanism of mitophagy, and mitochondrial 
biogenesis and thus reduced cochlear cell death due to 
oxidative stress. In contrast, prolonged use of resveratrol, 
as a SIRT1 activator, caused a reduction in the rate of hair 
cell death during aging, spiral ganglion neuron loss, and 
stria vascularis atrophy, and prevented the increase of 
auditory thresholds during the aging process. In addition 
to the mechanisms mentioned above, overexpression in 
SIRT1 or miR-34a deficiency both reduced the death of hair 
cells due to aging and prevented hearing loss significantly 
(93). As mentioned before, other supplements, such as N1-
methylnicotinamid (MNAM), can also activate cochlear 
SIRT1 expression and prevent ARHL(125).

Using heat-shake proteins is another way to inhibit 
apoptotic pathways by affecting mitochondria. This method 
has also been evaluated in ARHL using pharmacological 
up-regulation of HSPs. In a study by Mikuriya et al., 
increasing expression of HSP70 and HSP110 by heat shock 
protein inducers, geranylgeranylacetone, ameliorated 
ARHL in DBA/2J, which has been proven in ABR test and 
histological  examination. However, the protection was 
specific to the apical portion of the cochlea (88). Hsp110, 
along with Hsp70, prevents proteins from breaking down in 
cells. Decreased gene expression levels and construction of 
hsp70 and hsp110 can cause hearing loss. Therefore, using 
pharmaceutical methods to increase these two will probably 
prevent the aging process effectively (88). Recently, a study 
also found that HSF1 can function as a mediator to prevent 
ARHL by decreasing ER stress-dependent apoptosis in the 
aging cochlea (89). The research on heat-shake proteins 
needs further studies. 

In addition, there are numerous genes responsible for 
coding specific supporting factors such as Brain-Derived 
Neurotrophic Factor (BDNF) and Neurotrophin 3 (NT-3), 
or Glia-cell Line Derived Neurotrophic Factor (GDNF) that 
are involved in the survival rate of Spiral Ganglion Neurons 
(SGNs). In a recent study, it has been found that increasing 

cochlear NT-3 levels in the middle-aged ear can prevent the 
age-related degradation of auditory responses, maintaining 
IHC and SGNs synapses and their function(96). 

Cell therapy
The other approaches in treating sensory-

neural hearing loss focus on hair cell regeneration. 
Many attempts have been conducted to  induce  hair 
cell  regeneration  in adult mammals using over-expression 
of specific transcription factors such as Atoh1 (139, 140). In 
fact, over-expression of the Atoh1 gene in the inner ear via 
genetic or pharmacological manipulation has been shown 
to induce the trans-differentiation of the supporting cells in 
the cochlea to new hair cell formation and restore hearing in 
experimental animal models (140). Many types of research 
have focused on Atoh1 for regenerating hair cells and 
improving this method as one option for sensory neural 
hearing loss, including ARHL. However, the findings are 
controversial. Recent studies also suggest that manipulating 
other transcription factors can increase efficacy compared 
with Atoh 1 alone. A study by Walters et al. (2017) showed 
that manipulating other factors such as p27Kip1, GATA3, and 
POU4F3, in addition to Atoh 1, can be more effective in 
trans-differentiation of the supporting cells to new hair cells 
and treating ARHL and NIHL (141).

One of the other hair cell regeneration methods is using 
stem cells. Many studies have evaluated the treatment 
of inner ear disease using stem cells from less common 
methods such as Embryonic Stem Cells (ESC) and induced 
pluripotent stem cells (99) to newer and more efficient 
methods such as Mesenchymal Stem Cells (MSC) (142). 
Stem cells are the foundation basis of all organs and tissues 
in the body. Different types of stem cells are divided 
according to where they are extracted and what they can 
become. However, in ARHL especially, limited studies 
have been conducted. An embryonic  neural  stem cells 
transplantation (NSCs)  study demonstrated improvement 
in the  auditory  of C57BL/6J mice with presbycusis and a 
lesser neuronal rate of apoptosis in NSCs  transplantation 
(98). Another study integrated the Cdh23 gene containing 
a uniquely targeted  nucleotide with embryonic  stem (ES) 
cells and evaluated the effect on ARHL. They found the 
role of the Cdh23c.753G allele in preventing the progression of 
high-frequency hearing loss in only one strain type but not 
all strains (99).

Gene therapy and stem cells are definitely some of the 
promising future approaches. They can inevitably be ideal 
solutions for the prevention and treatment of gene-related 
diseases. Still, it should not be overlooked that gene therapy 
is associated with many challenges and risks that can have 
the opposite effect on the treatment process. One of the 
challenges is safety considerations about potential side 
effects. Vectors are being used in the gene therapy process 
to facilitate gene transfer; these vectors, in turn, can cause 
various effects on non-target cells. So all gene and cell 
therapy methods must be adequately controlled to avoid 
destructive cell growth. Another issue is the high cost of 
these therapies, which is a fundamental challenge in gene 
therapy: the general public will not be able to afford the 
high price. Finally, the effectiveness of the methods is still 
questionable. Despite all the challenges, gene and stem 
cell therapies are promising strategies for treating sensory-
neural hearing loss because they are the only options to 
regenerate hair cells in the mature mammalian cochlea.

The rest of the strategies are only at the theoretical level 
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due to the limited studies. 

Pharmacological interventions
Calcium canal blockers

ARHL has been reported less prevalent in women using 
calcium channel blockers. In according, interventional 
studies provided further evidence that T-type calcium 
channel blockers could effectively prevent ARHL (100-
102). In a study by Yu et al.(2016), administering a 
T-type  calcium  channel  blocker  for four weeks caused 
a significant improvement in DPOAE  amplitudes and 24 
kHz   ABR thresholds and improvement in the function 
and  morphology  of the OHCs but not IHCs (101). The 
underlying mechanism is the vital role of calcium signaling 
in the auditory system. Calcium canal blockers may affect 
L-type, T-type, or even other ion channels in the cochlea (101). 
They have been shown to protect neurons using ameliorating 
calcium overload on spiral ganglion neurons (100).

Potassium channel activators
The function of the auditory system and hair cells is 

highly dependent on different channels. One of these 
channels is the Kv7.4 (a voltage-gated potassium channel) 
channel, which expresses in OHCs. A recent study showed 
that pharmacological activation of this potassium channel 
using ACOU085 (a novel small-molecule agonist of the 
KV7.4) can significantly reduce age-related threshold shift 
of auditory brainstem responses as well as OHC loss in a 
SAMP8 mouse model. Targeting the important channels 
in the organ of corti can be a potential therapeutic option 
for ARHL. Further studies are needed in this regard (143). 
The mechanism was attributed to the protective effect of the 
agonist of the KV7.4 against OHCs loss and degeneration. 
This is because the survival of OHCs is dependent on the 
functional circuit of potassium.

Cholesterol-lowering medication
In literature, a relationship between cholesterol-lowering 

medications like statins and omega and the risk of ARHL 
has been reported (31, 32). It has been suggested that statins 
can inhibit vascular inflammation, slow ARHL, improve the 
survival of outer hair cells, and achieve larger amplitudes of 
DPOAEs (31). 

So far, the effect of long-term omega supplementation 
has been researched, and it has been proven to preserve the 
cochlea  and prevent hearing loss. In a study omega fatty 
acids prevented unbalanced cytokine expression toward 
pro-inflammatory cytokines during cochlear aging and 
may also partially prevent the progression of hearing loss. 
Compared to the control group, the omega-3 group had 
significantly lower ABR hearing thresholds and significantly 
greater DPOAE amplitudes in the mid to high frequencies 
(144).

Honkura et al. also established considerable evidence for 
the protective effect of enhanced endogenous n-3 PUFAs 
against ARHL. They concluded that enhanced endogenous 
n-3 PUFAs created as a result of Fat-1 transgenic expression 
may be beneficial in preventing ARHL in male C57BL/6N 
mice(145). In studying the effect of nutrition and diet 
on hearing health, the role of maternal nutrition during 
pregnancy and after pregnancy cannot be ignored. Research 
has shown that Omega-3 fatty acid over-nutrition or 
imbalance has adverse neurological and sensory function 
effects during adulthood and aging (146). The effect is 

probably related to omega’s effect on cochlear metabolism 
(144).

In a review study by Tang et al. (2019), nutritional 
interventions for obesity and comorbidities, including a low-
fat diet, statin supplementation, omega-3 polyunsaturated 
fatty acids, and alpha-lipoic acids, were reviewed to explore 
the protective effect of nutritional interventions for obesity 
against the development of ARHL. They discovered that a 
high-fat diet may trigger oxidative stress, mitochondrial 
damage, and inner ear apoptosis. Statins, on the other 
hand, have been proven to slow the progression of ARHI 
by enhancing the lipid profile, lowering oxidative stress, 
and suppressing endothelial inflammation. By reducing 
dyslipidemia and preventing inflammation, omega-3 
polyunsaturated fatty acids may help protect the cochlear 
microcirculation (147). 

Cochlear vasodilators
The presence of ion balance and blood flow in the human 

cochlea is vital. Studies have shown a reduction in cochlear 
blood flow and  vascular  conductance  during aging, and 
some also suggest that  alterations  in the  stria  vascularis 
could be the primary cause of hearing loss during 
aging  (61). Vasodilators could regulate cochlear blood 
flow. It has been suggested that both medicinal and organic 
vasodilators, such as magnesium, can significantly restore 
blood flow to stria vascularis, restoring the endocochlear 
potential to its equilibrium, stabilizing ionic balances, 
and thereby improving sound amplification. Researchers 
suggest that using cochlear vasodilators with natural anti-
oxidants together could have synergic effects and provide 
promising effective therapeutic options for ARHL (61). Due 
to the weakness and various disorders in the circulatory 
system of the elderly and the delicate structure of the human 
cochlear blood supply network, the importance of blood 
flow and the use of cochlear vasodilators in the prevention of 
ARHL has become much clearer but needs further studies.

Salicylate
Inflammation in the human immune system is a natural 

barrier against various diseases, infections, and tissue 
damage. This factor is now mentioned as one of the most 
critical factors in many diseases and physiological disorders, 
including noise- and drug-induced ARHL. According to 
studies, improving the resolution phase of the inflammatory 
response in the inner ear can lead to cell protection at the 
cochlea and prevent and even treat hearing loss caused by 
the aging process (148). Recent studies have discovered 
associations between hearing loss and inflammatory 
markers such as C-reactive protein, IL-6, and TNF-α, all 
of which indicate an inflammatory state in human case-
cohort studies.  It has been suggested that one of the most 
accessible and effective ways of treating ARHL is to improve 
the resolution of cochlear inflammatory responses. The 
limitations and complexities of inflammatory processes 
in the face of invasive organisms and the repair of 
damaged tissues all lead us to manipulate and regulate the 
inflammatory process. According to studies, improving the 
resolution phase of the inflammatory response in the inner 
ear can lead to cell protection at the cochlea and prevent 
and even treat hearing loss caused by the aging process. The 
aging process’s anatomical and physiological effects on the 
ear’s physiology and a better understanding of inflammatory 
processes may suggest newer and more effective solutions in 
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the future field of treatment and prevention of ARHL (148). 
Recently, the effect of leukocytes and immune cells such as 
CD4+ T cells (an essential mediator of immune homeostasis 
and inflammation) on ARHL has also been investigated. It 
has been found that injections of a lymphoid fraction can 
prevent ARHL. It can suppress cochlear degeneration and 
serum nitric oxide levels (149). 

Conflicting results have been found regarding the use 
of anti-inflammatory drugs and ARHL. Significantly, the 
effect of NSAIDs like salicylate has been evaluated on the 
auditory system. Salicylate protects against ototoxicity and 
noise-induced hearing loss (106). It has been also found that 
salicylate induces cochlear temporary sensitivity loss and a 
reversible OHC dysfunction after acute administration in 
aged rats. However, long-term treatment with high doses 
of salicylate might exert different effects on the auditory 
system than acute treatments (106). Prolonged treatment 
with high doses of salicylate increases the expression of the 
prestin protein gene in OHCs, increases the electromotility 
of hair cells, and thus enhances DPOAE with a permanent 
amplitude reduction in CAP (compound action potential) 
and ABR responses. A fascinating finding from the high-
dose treatment of salicylate in mice was that if the interval 
between doses were increased, the reducing effects on ABR 
and CAP in mice would be eliminated, and the positive 
effect on DPOAE would remain, resulting in increased 
sensitivity of the auditory system (106). The research results 
on salicylate effects are still vague and unknown in many 
cases and need to be examined in more detail. In addition, 
the effect of regulating the immune response to prevent 
ARHL needs further studies. 

Rapamycin
Rapamycin is an mTOR (Mammalian Target of 

Rapamycin) inhibitor distinguished mainly through its 
immunosuppressive properties. It operates on additional 
functional signaling pathways, including those linked to 
metabolism, proliferation, immunological response, and 
cell survival. It has been proposed as a potential treatment 
option for age-related diseases. Altschuler et al. (2018, 
2021) showed that a later-in-life injection of Rapamycin 
could delay age-related loss of outer hair cells and ARHL 
in mouse models by modulating the mTOR signaling 
pathway, a crucial determinant in the development of 
ARHL. However, they claimed this reduction is more of a 
delay/deceleration than full prevention. Rapamycin has a 
“delay” rather than a “prevent” effect on ARHL. Rapamycin 
could also boost the survival pathway of p-Akt (S473) via 
mTOR2 signaling, blocking oxidative stress pathways in 
the cochlea and acting via its influence on inflammation 
(107, 108). However, Rapamycin’s adverse effects, such as 
immunosuppression, pose an essential dilemma regarding 
its use (109). Rapamycin also promotes autophagy of SGNs 
by suppressing mTOR activation, resulting in improvement 
in ARHL (110). 

Adenosine inhibitors:
Adenosine signaling is known to decline in the aging 

brain, and a similar process has been postulated to occur in 
the aging cochlea (104, 105). Currently, almost all new and 
innovative ARHL research is being conducted on animal 
species, specifically the C57BL / 6 mouse model. This mouse 
model is precisely suitable for designing and simulating 
ARHL in animal models. A recent paper discusses the effects 

of Istradefylline as an adenosine inhibitor on the prevention 
and treatment of ARHL (105). Istradefylline is an FDA-
approved drug widely used in clinics to treat the symptoms 
of Parkinson’s. They investigated the effects of the A2AR 
antagonist Istradefylline on ARHL in C57BL/6 mice and, 
in parallel, placed cognitive function in the Istradefylline-
treated mice group to exclude the neurotoxic effects of the 
treatment. After six months of weekly use of this drug, the 
results of the effect of this drug in four areas of body weight, 
ABR responses, hair cell survival, and behavioral responses 
were evaluated. ABR responses indicated significantly lower 
threshold shifts at high (32 kHz) and middle frequencies 
(16 kHz) in Istradefylline-treated mice compared to the 
control group. Response alterations were also found at low 
frequencies but were not statistically significant. Hair cell 
numbers decreased much greater in outer hair cells than 
those in inner hair cells in both groups. However, in the 
Istradefylline-treated group, this drop in the number of hair 
cells in the middle and basal turns was substantially less 
than in the control group. However, there was no change in 
the number of apical cells (105). Additionally, another study 
established the significance of adenosine signaling in ARHL. 
The study demonstrated increased adenosine signaling in 
the cochlea, which resulted in partial alleviation of ARHL in 
C57BL/6J mice treated with ABR, as well as increased hair 
cell survival in the apical region of the cochlea (104).

The mechanism enhanced by this drug might be A2AR 
inhibition. A2AR signaling and its effects on the brain and 
ears are still not fully understood and discussed, but its 
effects have been confirmed in many cochlear physiological 
functions such as blood flow and sound conduction. 
Researchers suggest the underlying mechanism action of 
adenosine inhibition in the cochlea is activation of anti-
apoptotic signaling pathways, released adenosine,  increased 
cochlear blood flow and oxygen supply via A2A  receptors, 
and enhanced anti-oxidant  defenses via A1  receptors that 
in turn improve the cochlear function during the aging 
process (104).

Other strategies
Hormone therapy

Hormones have been studied earlier  in relation 
to auditory function, and it has been claimed that hormonal 
levels may impact ARHL. As a result, hormone therapy has 
been suggested as a possible treatment option for ARHL. 
In agreement with some cross-sectional or cohort studies 
that showed ARHL is less frequent in those with higher 
serum aldosterone levels and postmenopausal women who 
receive hormone replacement therapy, some experimental 
studies have demonstrated that aldosterone hormone therapy 
is helpful for cochlear function in aging (111, 112).  Frisina et 
al. demonstrated that  aldosterone  has  therapeutic  effects 
on spiral  ganglion  neurons  by increasing their 
survival, up-regulating  mineralocorticoid  receptors, 
and finally,  inhibiting  apoptosis in the  cochlea of 
mice  (111).   It has been suggested that it may delay or 
reverse the  metabolic  pathogenesis of the  stria  caused 
by aging by maintaining the main  ion  pumps in the 
cochlear  lateral  wall cells, including NKCC1 (Na-K-Cl 
co-transporter  1), which is involved in the homeostatic 
maintenance of the endo-cochlear potential. This is 
because aldosterone regulates the expression of the sodium 
(Na+) and  potassium  (K+)  ion  transporters  NKCC1 
and Na-K-ATPase and thereby the level of sodium and 
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potassium (111, 112). Researchers evaluated the influence 
of  estradiol  and  progesterone  hormones on middle-aged 
female CBA/CaJ mice (113). They discovered that animals 
treated with estradiol had negligible ABR threshold changes 
in both HRT and recovery period compared with the placebo 
and all of the other HRT groups. Additionally, both groups 
of animals treated with  estradiol  and  progesterone  had 
elevated insulin growth factor 1 receptor (IGF1R) expression 
in the  stria  vascularis. They determined that hormones, 
particularly estradiol, have neuroprotective qualities in the 
auditory system that may help prevent or delay certain types 
of presbycusis. However, progesterone has no determining 
effect on the auditory system. The underlying process is a shift 
in the rate of IGF1R expression in the mammalian cochlea, 
which could increase sensory cell health and delay certain 
crucial features of ARHL via the PI3K/AKT pathway (113).  
Another study discovered that a four-month combination 
of estrogen and progestin hormone treatment  impairs  the 
function of outer hair cells and overall auditory sensitivity, 
potentially accelerating ARHL, compared to estrogen 
monotherapy (114). A recent study also revealed that 
estrogen treatment might protect against ARHL as estrogen-
treated aged C57BL/6J mice demonstrated decreased 
apoptosis of cochlear spiral  ganglion  cells and hearing 
threshold (115).

Neurotransmitters modulation
Aging could lead to changes in levels of neurotransmitters 

(119, 120), so it seems modification of neurotransmitters 
could help to slow down the ARHL progression. Therefore, 
modulation of Metabotropic Glutamate Receptor 7 (120) 
and GABA up-regulations (119) have been suggested as 
innovational options to improve auditory function in 
ARHL. For example, L-glutamate is the major excitatory 
amino acid neurotransmitter in the mammalian central 
nervous system. Antagonists of the NMDA (iGluR) 
receptor, such as Dizocilpine, have been shown to prevent 
auditory nerve excitotoxicity caused by noise, presbycusis, 
or aminoglycoside antibiotics (120). Another study showed 
that boosting GABA levels with agents such as Vigabatrin 
(VGB) restored age-related changes in the intensity coding 
of auditory midbrain neurons in elderly mice, attenuated 
spontaneous activity, and enhanced minimum thresholds 
while preserving frequency selectivity (119).

Electrical stimulation to restore the endo-cochlear potential
It has been claimed that by enhancing the 

endocochlear potential with DC voltage, hearing sensitivity 
in aged Mongolian gerbils can be recovered to approximately 
40 dB(121). No other study has been found in this regard.

AAE (Augmented acoustic environment)
In 2009, Tanaka and colleagues published an article 

on the impact of acoustically controlled and enlightened 
environments on ARHL. They arranged two groups of 
Fischer 344/NHsd rats. The first group was exposed to 80 
dB SPL stimulation for 12 hr a day and five days a week in 
an environment with 4 to 20 kHz frequency band sounds. 
The second group was kept in normal controlled daily 
conditions. Then, after 13 weeks of exposure to AAE, ABR 
tests were taken from them, and also the morphology of 
hair cells of the two groups was examined using propidium 
iodide and antiPrestin antibody staining. The results were 
interesting: in the group treated with AAE, the hearing 

thresholds in the 4 to 20,000 Hz range were less affected 
(1-3 dB) by ARHL than the control group. In terms of cell 
number and appearance, observations of hair cells in both 
groups were the same. Examination of prestins in these two 
groups resulted in an astonishing result; prestins density 
was more integrated and numbered than the control group 
in the AAE-treated group. Results highlighted the point that 
AAE increases prestin’s integrity and thus causes a protective 
mechanism against ARHL (116); further studies are needed.

Long-term exercise and physical activities 
As a major part of aging, exercise and physical activity 

have consistently shown significant and proven results 
in various fields of research. The nature of these sports 
activities is tied to their direct and undeniable impact on 
the musculoskeletal system, circulatory system, and body 
homeostasis systems in preventing various diseases related 
to aging disorders and non-aging ones. It is true that so far, 
no long-term human-phase research has been conducted on 
this issue. However, animal research confirms this two-way 
relationship between ARHL and physical activity (122).

In an experiment researchers exposed a group of mice 
from 6 months to 24 months of age to an 18-month voluntary 
wheel running. Their level of sports activity at 24 months 
was calculated at about 3987 m/d. After comparing the 
WR group and the control group, the results, as expected, 
showed that the middle and lower levels of hearing loss 
were lower in the ABR thresholds of the WR group of 
aged mice. Additionally, laboratory data revealed that the 
loss of cochlear hair cells and spiral ganglion neurons was 
significantly less likely to occur in the exercise group than in 
the control group. Gene ontology observations also showed 
quite clear enrichment at the level of the immune response, 
inflammatory response, vascular function, and apoptosis-
associated genes. In confirmation of the results obtained 
from gene ontology, the number of oxygen-carrying 
capillaries and cochlear nutrient factors and the severity of 
Stria Vascularis atrophy were quite evident in the control 
group compared to the Wheel Running group (122).

Enhanced medial olivocochlear feedback
The effect of aging on hearing can be explored in many 

ways. These effects comprise both neural and non-neural. 
Over time, the aging process affects the hearing perception 
of the older adult and dramatically reduces the person’s 
discrimination of sounds and speech stimuli in crowded and 
noisy environments. Cochlear denervation or synaptopathy 
is one of the causes of hearing problems mentioned in 
the discussion of ARHL. A recent article by Boero et al. 
discusses this type of neural ARHL. In the study conducted 
on several mice diagnosed with age-related cochlear 
synaptic degeneration and hair cell loss in mice, they were 
treated by enhanced α9α10 cholinergic nicotinic receptors 
gating kinetics. This method has an impressive effect on 
medial olivocochlear feedback by increasing acetylcholine 
release by the auditory system’s MOC fibers by genetically 
α9 nAChR point mutation. Medial olivocochlear feedback 
is a system that naturally induces negative feedback in the 
cochlear nervous system and establishes a protective barrier 
with the effect of acetylcholine neurotransmitters through 
the activation of associated calcium-gated potassium 
channels, then; due to this mechanism, the cochlea becomes 
sensitive to the auditory stimuli and acts as a gain-control 
system for cochlear amplification of sounds. The findings 
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showed both DPOAEs and ABRs thresholds were improved 
in α9 knockin [α9KI] mice, and hair cell death and synaptic 
loss were significantly decreased in comparison to wild-type 
mice. The results also show the direct and positive effect of 
efferent feedback in maintaining and long-term stability of 
this system on the inner ear and the application of medial 
olivocochlear system enhancement as an effective method 
in preventing ARHL (123). Further studies are needed in 
this regard.

Hearing aid and implants
Apart from all the medical, genetic, and physiological 

methods, we cannot ignore the unique role technology 
plays in hearing, especially hearing aids and wide implants 
used in hard-of-hearing patients. The growth rate of 
technology has increased very much, and at the same 
time, this growth of technology in the technologies used 
in the field of rehabilitation and therapy in audiology 
has also increased very fast. The use of hearing aids is a 
ubiquitous method in the rehabilitation of hearing loss due 
to age. However, amplification with a hearing aid may not 
improve word discrimination and speech understanding 
capabilities in older adults with more severe hearing loss. 
As a result, implants may give an alternate approach to 
hearing rehabilitation. The number of cochlear implant 
users is increasing. The studies show that consistent use of 
cochlear  implantation in adults causes an improvement in 
speech understanding abilities (150).

Although these approaches have improved 
communicative  abilities, such as speech recognition 
abilities, not hearing improvement, a study by Haar et al. on 
aged dogs used another type of implant, the Vibrant Sound 
Bridge Middle Ear Implant, and showed improvement in 
ASSR thresholds. In this experiment, three old dogs with a 
mean age of 11.1 years were unilaterally implanted with VSB 
middle ear implants. After three months of implantation, 
the ASSR results showed 20.7, 13, and 16.3 dB improvement 
at frequencies 1, 2, and 4 kHz. In the inactive state of these 
implants, using brainstem-evoked response audiometry 
(BERA), the implants had no adverse effect on the residual 
hearing of the dogs. The audio processor used in these 
implants may not be strong enough for humans, but with 
a more powerful processor, these implants can be more 
efficient in the human phase and clinical use (124). Further 
studies are needed on the effect of the Vibrant Sound Bridge 
on ARHL.

Conclusion and future directions
Numerous methods have been studied for the treatment 

and prevention of ARHL, the results of which are 
sometimes positive and sometimes contradictory. Summary 
of interventions for ARHL was shown in Figure 2. Some 
studies have rarely been conducted, and most studies have 
been done on animals. Because several different underlying 
mechanistic pathways are associated with presbycusis 
which eventually leads to different types of this disease, 
a combination of different methods will probably be 
required and targeting only one pathway may be helpful. 
However, according to studies, it does not seem enough. It 
is unclear which approach/approaches are the best to slow 
down these dysfunctions. Because ARHL highly depends 
on intrinsic factors like genetics, the effectiveness of even 
some effective treatments may not have a considerable 
effect on some people or even be contraindicated. So, the 
effectiveness of some treatments for some people may need 
to be monitored. Therefore, we may need a unique and 
personalized approach to the prevention and treatment of 
ARHL for each person. In addition, each method should 
specify what type of presbycusis it affects, to what extent, 
the duration of treatment, its persistence, the side effects, 
and whether the approach is for treatment, prevention, or 
even both.

Currently, based on studies, it seems rational to control 
the modifiable factors related to ARHL, such as changing the 
lifestyle towards a healthy life by modifying unhealthy eating 
habits (e.g., reducing daily caloric intake and inflammatory 
foods as well as increasing anti-oxidant and anti-inflammatory 
foods), minimizing noise exposures and anxiety during 
the lifetime to slow down ARHL. Although this may not 
guarantee complete prevention, the various treatment 
options developed so far need to be carefully monitored in 
humans. The treatment options of ARHL provided so far, 
either using novel pharmacological methods or gene therapy 
and stem cells, require further studies to explore the best way/
ways of treatment with the most remarkable efficacy and the 
more negligible side effect in humans with the determination 
of details about the treatment procedure. The following 
concerns need to be addressed in studies in order to obtain the 
desired outcomes in the prevention and treatment of ARHL: 
what combination of medicines for what individuals, with 
what onset and duration, and with how much bearable side 
effects can be used? 

Figure 2. Summary of interventions for age-related hearing loss 
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It should be noted that there are two often separate but 
clearly different terms, prevention versus treatment in 
research on aging and age-related diseases. In ARHL, also 
both lines of research have been conducted. Nevertheless, the 
efficacy of these strategies for ARHL is presently controversial 
and inconclusive, and further studies are needed.

Acknowledgment
The authors declare that there was no financial support.

Authors’ Contributions
E T, V R, ME KH, S F, and GH M participated in all 

aspects of the main file draft. M MZ and E T participated in 
the revision of the final format of the article.

Funding Sources
This work received no funding.

Ethical Approval
In this review, all procedures performed in studies 

involving human participants or animals were in accordance 
with the ethical standards of the institutional and/or national 
research committee.

Conflicts of Interest
The authors have no conflicts of interest to declare.

References
1. Seidman MD, Ahmad N, Bai U. Molecular mechanisms of age-
related hearing loss. Ageing Res Rev 2002; 1:331-343.
2. Gates GA, Mills JH. Presbycusis. Lancet 2005; 366:1111-1120.
3. Someya S, Prolla TA. Mitochondrial oxidative damage and 
apoptosis in age-related hearing loss. Mech Ageing Dev 2010; 
131:480-486.
4. Fetoni AR, Picciotti PM, Paludetti G, Troiani D. Pathogenesis 
of presbycusis in animal models: a review. Exp Gerontol 2011; 
46:413-425.
5. Heman-Ackah SE, Juhn SK, Huang TC, Wiedmann TS. A 
combination antioxidant therapy prevents age-related hearing loss 
in C57BL/6 mice. Otolaryngol Head Neck Surg 2010; 143:429-434.
6. Someya S, Tanokura M, Weindruch R, Prolla TA, Yamasoba T. 
Effects of caloric restriction on age-related hearing loss in rodents 
and rhesus monkeys. Curr Aging Sci 2010; 3:20-25.
7. Bielefeld EC, Tanaka C, Chen GD, Henderson D. Age-related 
hearing loss: is it a preventable condition? Hear Res 2010; 264:98-
107.
8. Mehta KM, Simonsick EM, Penninx BW, Schulz R, Rubin SM, 
Satterfield S, et al. Prevalence and correlates of anxiety symptoms 
in well-functioning older adults: findings from the health aging 
and body composition study. J Am Geriatr Soc 2003; 51:499-504.
9. Jayakody DMP, Almeida OP, Speelman CP, Bennett RJ, Moyle 
TC, Yiannos JM, et al. Association between speech and high-
frequency hearing loss and depression, anxiety and stress in older 
adults. Maturitas 2018; 110:86-91.
10. Jayakody DMP, Friedland PL, Eikelboom RH, Martins RN, 
Sohrabi HR. A novel study on association between untreated 
hearing loss and cognitive functions of older adults: baseline 
non-verbal cognitive assessment results. Clin Otolaryngol 2018; 
43:182-191.
11. Contrera KJ, Betz J, Deal J, Choi JS, Ayonayon HN, Harris T, et 
al. Association of hearing impairment and anxiety in older adults. 
J Aging Health 2017; 29:172-184.
12. Rodrigo L, Campos-Asensio C, Rodríguez M, Crespo I, 
Olmedillas H. Role of nutrition in the development and prevention 

of age-related hearing loss: a scoping review. J Formos Med Assoc 
2021; 120:107-120.
13. Sardone R, Lampignano L, Guerra V, Zupo R, Donghia R, 
Castellana F, et al. Relationship between inflammatory food 
consumption and age-related hearing loss in a prospective 
observational cohort: results from the salus in apulia study. 
Nutrients 2020; 12:426-440.
14. Gopinath B, Flood VM, McMahon CM, Burlutsky G, Brand-
Miller J, Mitchell P. Dietary glycemic load is a predictor of age-
related hearing loss in older adults. J Nutr 2010; 140:2207-2212.
15. Curhan SG, Eavey R, Shargorodsky J, Curhan GC. Analgesic 
use and the risk of hearing loss in men. Am J Med 2010; 123:231-
237.
16. Kim S, Park JM, Han JS, Seo JH, Han K-D, Joo YH, et al. Age-
related hearing loss in the korea national health and nutrition 
examination survey. PLoS One 2020; 15:1-9.
17. Kim TS, Chung JW. Associations of dietary riboflavin, niacin, 
and retinol with age-related hearing loss: an analysis of korean 
national health and nutrition examination survey data. Nutrients 
2019; 11:896-909.
18. Lasisi AO, Fehintola FA. Correlation between plasma levels of 
radical scavengers and hearing threshold among elderly subjects 
with age-related hearing loss. Acta Otolaryngol 2011; 131:1160-
1164.
19. Michikawa T, Nishiwaki Y, Kikuchi Y, Hosoda K, Mizutari K, 
Saito H, et al. Serum levels of retinol and other antioxidants for 
hearing impairment among Japanese older adults. J Gerontol A 
Biol Sci Med Sci 2009; 64:910-915.
20. Kang JW, Choi HS, Kim K, Choi JY. Dietary vitamin intake 
correlates with hearing thresholds in the older population: the 
korean national health and nutrition examination survey. Am J 
Clin Nutr 2014; 99:1407-1413.
21. Spankovich C, Hood LJ, Silver HJ, Lambert W, Flood VM, 
Mitchell P. Associations between diet and both high and low 
pure tone averages and transient evoked otoacoustic emissions in 
an older adult population-based study. J Am Acad Audiol 2011; 
22:49-58.
22. Gopinath B, Flood VM, McMahon CM, Burlutsky G, 
Spankovich C, Hood LJ, et al. Dietary antioxidant intake is 
associated with the prevalence but not incidence of age-related 
hearing loss. J Nutr Health Aging 2011; 15:896-900.
23. Lasisi TJ, Lasisi AO. Evaluation of serum antioxidants in age-
related hearing loss. Aging Clin Exp Res 2015; 27:265-269.
24. Houston DK, Johnson MA, Nozza RJ, Gunter EW, Shea KJ, 
Cutler GM, et al. Age-related hearing loss, vitamin B-12, and folate 
in elderly women. Am J Clin Nutr 1999; 69:564-571.
25. Lasisi AO, Fehintola FA, Yusuf OB. Age-related hearing loss, 
vitamin B12, and folate in the elderly. Otolaryngol Head Neck Surg 
2010; 143:826-830.
26. Gopinath B, Flood VM, Rochtchina E, McMahon CM, Mitchell 
P. Serum homocysteine and folate concentrations are associated 
with prevalent age-related hearing loss. J Nutr 2010; 140:1469-
1474.
27. Durga J, Anteunis LJ, Schouten EG, Bots ML, Kok FJ, 
Verhoef P. Association of folate with hearing is dependent on the 
5,10-methylenetetrahdyrofolate reductase 677C-->T mutation. 
Neurobiol Aging 2006; 27:482-489.
28. Berner B. Age-related hearing impairment and B vitamin 
status. Acta Otolaryngol 2000; 120:633-637.
29. Park S, Johnson MA, Shea-Miller K, Chicchis ARD, Allen 
RH, Stabler SP. Age-related hearing loss, methylmalonic acid, and 
vitamin B12 status in older adults. J Nutr Elder 2007; 25:105-120.
30. Mills JH, Matthews LJ, Lee FS, Dubno JR, Schulte BA, Weber 
PC. Gender-specific effects of drugs on hearing levels of older 
persons. Ann N Y Acad Sci 1999; 884:381-388.
31. Gopinath B, Flood VM, Teber E, McMahon CM, Mitchell P. 
Dietary intake of cholesterol is positively associated and use of 



Iran J Basic Med Sci, 2024, Vol. 27, No. 3

Tavanai et al. Interventions for age-related hearing loss

266

cholesterol-lowering medication is negatively associated with 
prevalent age-related hearing loss. J Nutr 2011; 141:1355-1361.
32. Gopinath B, Flood VM, Rochtchina E, McMahon CM, Mitchell 
P. Consumption of omega-3 fatty acids and fish and risk of age-
related hearing loss. Am J Clin Nutr 2010; 92:416-421.
33. Guimaraes P, Frisina ST, Mapes F, Tadros SF, Frisina DR, Frisina 
RD. Progestin negatively affects hearing in aged women. Proc Nat 
Acad Sci 2006; 103:14246-14249.
34. Curhan SG, Eliassen AH, Eavey RD, Wang M, Lin BM, Curhan 
GC. Menopause and postmenopausal hormone therapy and risk of 
hearing loss. Menopause 2017; 24:1049-1056.
35. Hederstierna C, Hultcrantz M, Collins A, Rosenhall U. Hearing 
in women at menopause. Prevalence of hearing loss, audiometric 
configuration and relation to hormone replacement therapy. Acta 
Otolaryngol 2007; 127:149-155.
36. Kilicdag EB, Yavuz H, Bagis T, Tarim E, Erkan AN, Kazanci F. 
Effects of estrogen therapy on hearing in postmenopausal women. 
Am J Obstet Gynecol 2004; 190:77-82.
37. Tadros SF, Frisina ST, Mapes F, Frisina DR, Frisina RD. Higher 
serum aldosterone correlates with lower hearing thresholds: a 
possible protective hormone against presbycusis. Hear Res 2005; 
209:10-18.
38. Dullemeijer C, Verhoef P, Brouwer IA, Kok FJ, Brummer RJ, 
Durga J. Plasma very long-chain n-3 polyunsaturated fatty acids 
and age-related hearing loss in older adults. J Nutr Health Aging 
2010; 14:347-351.
39. Ciorba A, Hatzopoulos S, Bianchini C, Aimoni C, Skarzynski 
H, Skarzynski PH. Genetics of presbycusis and presbystasis. Int J 
Immunopathol Pharmacol 2015; 28:29-35.
40. Bouzid A, Smeti I, Chakroun A, Loukil S, Gibriel AA, Grati 
M, et al. CDH23 methylation status and presbycusis risk in elderly 
women. Front Aging Neurosci 2018; 10:241-248.
41. Kidd Iii AR, Bao J. Recent advances in the study of age-related 
hearing loss: a mini-review. Gerontology 2012; 58:490-496.
42. Seidman MD. Effects of dietary restriction and antioxidants on 
presbyacusis. Laryngoscope 2000; 110:727-738.
43. Han C, Someya S. Maintaining good hearing: calorie restriction, 
Sirt3, and glutathione. Exp Gerontol 2013; 48:1091-1095.
44. Someya S, Yamasoba T, Weindruch R, Prolla TA, Tanokura 
M. Caloric restriction suppresses apoptotic cell death in the 
mammalian cochlea and leads to prevention of presbycusis. 
Neurobiol Aging 2007; 28:1613-1622.
45. Mannstrom P, Ulfhake B, Kirkegaard M, Ulfendahl M. Dietary 
restriction reduces age-related degeneration of stria vascularis in 
the inner ear of the rat. Exp Gerontol 2013; 48:1173-1179.
46. Henry KR. Effects of dietary restriction on presbyacusis in the 
mouse. Audiology 1986; 25:329-337.
47. Fowler CG, Torre P 3rd, Kemnitz JW. Effects of caloric 
restriction and aging on the auditory function of rhesus monkeys 
(Macaca mulatta): the university of wisconsin study. Hear Res 
2002; 169:24-35.
48. Fowler CG, Chiasson KB, Leslie TH, Thomas D, Beasley TM, 
Kemnitz JW, et al. Auditory function in rhesus monkeys: effects of 
aging and caloric restriction in the Wisconsin monkeys five years 
later. Hear Res 2010; 261:75-81.
49. Torre P 3rd, Mattison JA, Fowler CG, Lane MA, Roth GS, 
Ingram DK. Assessment of auditory function in rhesus monkeys 
(Macaca mulatta): effects of age and calorie restriction. Neurobiol 
Aging 2004; 25:945-954.
50. Du Z, Yang Y, Hu Y, Sun Y, Zhang S, Peng W, et al. A long-term 
high-fat diet increases oxidative stress, mitochondrial damage and 
apoptosis in the inner ear of D-galactose-induced aging rats. Hear 
Res 2012; 287:15-24.
51. Sweet RJ, Price JM, Henry KR. Dietary restriction and 
presbyacusis: periods of restriction and auditory threshold losses 
in the CBA/J mouse. Audiology 1988; 27:305-312.
52. Willott JF, Erway LC, Archer JR, Harrison DE. Genetics of 

age-related hearing loss in mice. II. strain differences and effects 
of caloric restriction on cochlear pathology and evoked response 
thresholds. Hear Res 1995; 88:143-155.
53. Someya S, Yu W, Hallows WC, Xu J, Vann JM, Leeuwenburgh C, 
et al. Sirt3 mediates reduction of oxidative damage and prevention 
of age-related hearing loss under caloric restriction. Cell 2010; 
143:802-812.
54. Takumida M, Anniko M. Radical scavengers: a remedy for 
presbyacusis. A pilot study. Acta Otolaryngol 2005; 125:1290-1295.
55. Salami A, Mora R, Dellepiane M, Manini G, Santomauro 
V, Barettini L, et al. Water-soluble coenzyme Q10 formulation 
(Q-TER((R))) in the treatment of presbycusis. Acta Otolaryngol 
2010; 130:1154-1162.
56. Müderris T, Sevil E, Yar Sağlam AS, Babademez MA. Coenzyme 
q10 effectively prevents age-related hearing loss in c57bl/6 mice. 
Turk Geriatri Dergisi 2021; 24:235-243.
57. Peng W, Hu Y, Zhong Y, Chen B, Sun Y, Yang Y, et al. 
Protective roles of alpha-lipoic acid in rat model of mitochondrial 
DNA4834bp deletion in inner ear. J Huazhong Univ Sci Technolog 
Med Sci 2010; 30:514-518.
58. Someya S, Xu J, Kondo K, Ding D, Salvi RJ, Yamasoba T, et 
al. Age-related hearing loss in C57BL/6J mice is mediated by Bak-
dependent mitochondrial apoptosis. Proc Natl Acad Sci U S A 
2009; 106:19432-19437.
59. Le T, Keithley EM. Effects of antioxidants on the aging inner 
ear. Hear Res 2007; 226:194-202.
60. Durga J, Verhoef P, Anteunis LJ, Schouten E, Kok FJ. Effects 
of folic acid supplementation on hearing in older adults: a 
randomized, controlled trial. Ann Intern Med 2007; 146:1-9.
61. Alvarado JC, Fuentes-Santamaria V, Melgar-Rojas P, Valero 
ML, Gabaldon-Ull MC, Miller JM, et al. Synergistic effects of free 
radical scavengers and cochlear vasodilators: a new otoprotective 
strategy for age-related hearing loss. Front Aging Neurosci 2015; 
7:86-93.
62. Ding D, Jiang H, Chen GD, Longo-Guess C, Muthaiah VP, Tian 
C, et al. N-acetyl-cysteine prevents age-related hearing loss and the 
progressive loss of inner hair cells in gamma-glutamyl transferase 
1 deficient mice. Aging (Albany NY) 2016; 8:730-750.
63. Davis RR, Kuo MW, Stanton SG, Canlon B, Krieg E, Alagramam 
KN. N-acetyl L-cysteine does not protect against premature age-
related hearing loss in C57BL/6J mice: a pilot study. Hear Res 2007; 
226:203-208.
64. Seidman MD, Khan MJ, Tang WX, Quirk WS. Influence of 
lecithin on mitochondrial DNA and age-related hearing loss. 
Otolaryngol Head Neck Surg 2002; 127:138-144.
65. Sanz-Fernandez R, Sanchez-Rodriguez C, Granizo JJ, Durio-
Calero E, Martin-Sanz E. Accuracy of auditory steady state and 
auditory brainstem responses to detect the preventive effect of 
polyphenols on age-related hearing loss in Sprague-Dawley rats. 
Eur Arch Otorhinolaryngol 2016; 273:341-347.
66. Derin A, Agirdir B, Derin N, Dinc O, Guney K, Ozcaglar H, et 
al. The effects of L-carnitine on presbyacusis in the rat model. Clin 
Otolaryngol Allied Sci 2004; 29:238-241.
67. Romeo G, Giorgetti M. Therapeutic effects of vitamin A 
associated with vitamin E in perceptual hearing loss. Acta 
Vitaminol Enzymol 1985; 7:139-143.
68. Bielefeld EC, Coling D, Chen GD, Henderson D. Multiple 
dosing strategies with acetyl L-carnitine (ALCAR) fail to alter age-
related hearing loss in the Fischer 344/NHsd rat. J Negat Results 
Biomed 2008; 7:4-9.
69. Kashio A, Amano A, Kondo Y, Sakamoto T, Iwamura H, Suzuki 
M, et al. Effect of vitamin C depletion on age-related hearing loss 
in SMP30/GNL knockout mice. Biochem Biophys Res Commun 
2009; 390:394-398.
70. Sha SH, Kanicki A, Halsey K, Wearne KA, Schacht J. 
Antioxidant-enriched diet does not delay the progression of age-
related hearing loss. Neurobiol Aging 2012; 33:1010-1013.



267Iran J Basic Med Sci, 2024, Vol. 27, No. 3

Interventions for age-related hearing loss Tavanai et al.

71. Polanski JF, Cruz OL. Evaluation of antioxidant treatment 
in presbyacusis: prospective, placebo-controlled, double-blind, 
randomised trial. J Laryngol Otol 2013; 127:134-141.
72. Ahn JH, Kang HH, Kim TY, Shin JE, Chung JW. Lipoic 
acid rescues DBA mice from early-onset age-related hearing 
impairment. Neuroreport 2008; 19:1265-1269.
73. Sanchez-Rodriguez C, Cuadrado E, Riestra-Ayora J, Sanz-
Fernandez R. Polyphenols protect against age-associated apoptosis 
in female rat cochleae. Biogerontology 2018; 19:159-169.
74. Marie A, Meunier J, Brun E, Malmstrom S, Baudoux V, Flaszka 
E, et al. N-acetylcysteine treatment reduces age-related hearing 
loss and memory impairment in the senescence-accelerated prone 
8 (SAMP8) mouse model. Aging Dis 2018; 9:664-673.
75. Serra LSM, Araújo JG, Vieira ALS, Silva EMD, Andrade RR, 
Kückelhaus SAS, et al. Role of melatonin in prevention of age-
related hearing loss. PLoS One 2020; 15:1-9.
76. Szepesy J, Humli V, Farkas J, Miklya I, Tímár J, Tábi T, et al. 
Chronic oral selegiline treatment mitigates age-related hearing 
loss in BALB/c mice. Int J Mol Sci 2021; 22:2853-2870.
77. Sánchez-Rodríguez C, Martín-Sanz E, Cuadrado E, Granizo JJ, 
Sanz-Fernández R. Protective effect of polyphenols on presbycusis 
via oxidative/nitrosative stress suppression in rats. Exp Gerontol 
2016; 83:31-36.
78. Salam SA, Mostafa F, Alnamshan MM, Elshewemi SS, Sorour 
JM. Thymoquinone ameliorates age-related hearing loss in 
C57BL/6J mice by modulating Sirt1 activity and Bak1 expression. 
Biomed Pharmacother 2021; 143:112149-112158.
79. Monge Naldi A, Belfrage C, Jain N, Wei ET, Canto Martorell 
B, Gassmann M, et al. Neuronal erythropoietin overexpression 
protects mice against age-related hearing loss (presbycusis). 
Neurobiol Aging 2015; 36:3278-3287.
80. Hoshino T, Tabuchi K, Nishimura B, Tanaka S, Nakayama M, 
Ishii T, et al. Protective role of Nrf2 in age-related hearing loss 
and gentamicin ototoxicity. Biochem Biophys Res Commun 2011; 
415:94-98.
81. Hu H, Ma Y, Ye B, Wang Q, Yang T, Lv J, et al. The role of Efr3a 
in age-related hearing loss. Neuroscience 2017; 341:1-8.
82. Wang J, Menchenton T, Yin S, Yu Z, Bance M, Morris DP, et al. 
Over-expression of X-linked inhibitor of apoptosis protein slows 
presbycusis in C57BL/6J mice. Neurobiol Aging 2010; 31:1238-
1249.
83. Han F, Yu H, Tian C, Chen HE, Benedict-Alderfer C, Zheng 
Y, et al. A new mouse mutant of the Cdh23 gene with early-
onset hearing loss facilitates evaluation of otoprotection drugs. 
Pharmacogenomics J 2012; 12:30-44.
84. Han F, Yu H, Zheng T, Ma X, Zhao X, Li P, et al. Otoprotective 
effects of erythropoietin on Cdh23erl/erl mice. Neuroscience 
2013; 237:1-6.
85. Han X, Ge R, Xie G, Li P, Zhao X, Gao L, et al. Caspase-
mediated apoptosis in the cochleae contributes to the early onset 
of hearing loss in A/J mice. ASN Neuro 2015; 7:1-13.
86. Yang L, Zhang H, Han X, Zhao X, Hu F, Li P, et al. Attenuation 
of hearing loss in DBA/2J mice by anti-apoptotic treatment. Hear 
Res 2015; 327:109-116.
87. Hu J, Xu M, Yuan J, Li B, Entenman S, Yu H, et al. 
Tauroursodeoxycholic acid prevents hearing loss and hair cell 
death in Cdh23(erl/erl) mice. Neuroscience 2016; 316:311-320.
88. Mikuriya T, Sugahara K, Sugimoto K, Fujimoto M, Takemoto 
T, Hashimoto M, et al. Attenuation of progressive hearing loss in a 
model of age-related hearing loss by a heat shock protein inducer, 
geranylgeranylacetone. Brain Res 2008; 1212:9-17.
89. Lee YY, Gil ES, Jeong IH, Kim H, Jang JH, Choung Y-H. Heat 
shock factor 1 prevents age-related hearing loss by decreasing 
endoplasmic reticulum stress. Cells 2021; 10:2454-2471.
90. Rousset F, Nacher-Soler G, Coelho M, Ilmjarv S, Kokje VBC, 
Marteyn A, et al. Redox activation of excitatory pathways in 
auditory neurons as mechanism of age-related hearing loss. Redox 

Biol 2020; 30:101434-101448.
91. Bermúdez-Muñoz JM, Celaya AM, Hijazo-Pechero S, Wang 
J, Serrano M, Varela-Nieto I. G6PD overexpression protects from 
oxidative stress and age-related hearing loss. Aging Cell  2020; 
19:1-18.
92. Oishi T, Matsumaru D, Ota N, Kitamura H, Zhang T, Honkura 
Y, et al. Activation of the NRF2 pathway in Keap1-knockdown 
mice attenuates progression of age-related hearing loss. NPJ Aging 
Mech Dis 2020; 6:14-29.
93. Xiong H, Chen S, Lai L, Yang H, Xu Y, Pang J, et al. Modulation 
of miR-34a/SIRT1 signaling protects cochlear hair cells against 
oxidative stress and delays age-related hearing loss through 
coordinated regulation of mitophagy and mitochondrial 
biogenesis. Neurobiol Aging 2019; 79:30-42.
94. Muderris T, Yar Sağlam AS, Unsal D, Mülazimoğlu S, Sevil E, 
Kayhan H. Efficiency of resveratrol in the prevention and treatment 
of age‑related hearing loss. Exp Ther Med 2022; 23:40-47.
95. Li H, Lu M, Zhang H, Wang S, Wang F, Ma X, et al. 
Downregulation of REST in the cochlea contributes to age-related 
hearing loss via the p53 apoptosis pathway. Cell Death Dis 2022; 
13:343-357.
96. Cassinotti LR, Ji L, Borges BC, Cass ND, Desai AS, Kohrman 
DC, et al. Cochlear neurotrophin-3 overexpression at mid-life 
prevents age-related cochlear synaptopathy and slows age-related 
hearing loss. bioRxiv 2022: 21:1-11.
97. Li Q, Zang Y, Sun Z, Zhang W, Liu H. Long noncoding RNA 
Gm44593 attenuates oxidative stress from age-related hearing loss 
by regulating miR-29b/WNK1. Bioengineered 2022; 13:573-582.
98. Ren H, Chen J, Wang Y, Zhang S, Zhang B. Intracerebral neural 
stem cell transplantation improved the auditory of mice with 
presbycusis. Int J Clin Exp Pathol 2013; 6:230-241.
99. Johnson KR, Tian C, Gagnon LH, Jiang H, Ding D, Salvi R. 
Effects of Cdh23 single nucleotide substitutions on age-related 
hearing loss in C57BL/6 and 129S1/Sv mice and comparisons with 
congenic strains. Sci Rep 2017; 7:44450-44463.
100. Yu YF, Wu WY, Xiao GS, Shi J, Ling HY. Effect of T-type 
calcium channel blockers on spiral ganglion neurons of aged 
C57BL/6J mice. Int J Clin Exp Med 2015; 8:15466-15473.
101. Yu YF, Wu WY, Xiao GS, Ling HY, Pan C. Protection of the 
cochlear hair cells in adult C57BL/6J mice by T-type calcium 
channel blockers. Exp Ther Med 2016; 11:1039-1144.
102. Lei D, Gao X, Perez P, Ohlemiller KK, Chen CC, Campbell KP, 
et al. Anti-epileptic drugs delay age-related loss of spiral ganglion 
neurons via T-type calcium channel. Hear Res 2011; 278:106-112.
103. Syka J, Ouda L, Nachtigal P, Solichova D, Semecky V. 
Atorvastatin slows down the deterioration of inner ear function 
with age in mice. Neurosci Lett 2007; 411:112-116.
104. Vlajkovic SM, Guo CX, Telang R, Wong AC, 
Paramananthasivam V, Boison D, et al. Adenosine kinase 
inhibition in the cochlea delays the onset of age-related hearing 
loss. Exp Gerontol 2011; 46:905-914.
105. Shin M, Pandya M, Espinosa K, Telang R, Boix J, Thorne PR, 
et al. Istradefylline mitigates age-related hearing loss in C57BL/6J 
mice. Int J Mol Sci 2021; 22:8000-8014.
106. Chen GD, Kermany MH, D’Elia A, Ralli M, Tanaka C, 
Bielefeld EC, et al. Too much of a good thing: long-term treatment 
with salicylate strengthens outer hair cell function but impairs 
auditory neural activity. Hear Res 2010; 265:63-69.
107. Altschuler RA, Kanicki A, Martin C, Kohrman DC, Miller 
RA. Rapamycin but not acarbose decreases age-related loss of 
outer hair cells in the mouse Cochlea. Hear Res 2018; 370:11-15.
108. Altschuler RA, Kabara L, Martin C, Kanicki A, Stewart CE, 
Kohrman DC, et al. Rapamycin added to diet in late mid-life delays 
age-related hearing loss in UMHET4 mice. Front Cell Neurosci 
2021; 15:1-7.
109. Fu X, Sun X, Zhang L, Jin Y, Chai R, Yang L, et al. Tuberous 
sclerosis complex–mediated mTORC1 overactivation promotes 



Iran J Basic Med Sci, 2024, Vol. 27, No. 3

Tavanai et al. Interventions for age-related hearing loss

268

age-related hearing loss. J Clin Invest 2018; 128:4938-4955.
110. Liu H, Li F, Li X, Wu Q, Dai C. Rapamycin ameliorates age-
related hearing loss in C57BL/6J mice by enhancing autophagy in 
the SGNs. Neurosci Lett 2022; 772:136493.
111. Frisina RD, Ding B, Zhu X, Walton JP. Age-related hearing 
loss: prevention of threshold declines, cell loss and apoptosis in 
spiral ganglion neurons. Aging (Albany NY) 2016; 8:2081-2099.
112. Halonen J, Hinton AS, Frisina RD, Ding B, Zhu X, Walton 
JP. Long-term treatment with aldosterone slows the progression of 
age-related hearing loss. Hear Res 2016; 336:63-71.
113. Williamson TT, Ding B, Zhu X, Frisina RD. Hormone 
replacement therapy attenuates hearing loss: mechanisms involving 
estrogen and the IGF-1 pathway. Aging Cell 2019; 18:1-15.
114. Price K, Zhu X, Guimaraes PF, Vasilyeva ON, Frisina RD. 
Hormone replacement therapy diminishes hearing in peri-
menopausal mice. Hear Res 2009; 252:29-36.
115. Chen L, Yang YQ, Feng ZY, Li XR, Han ZW, Ma KT, et al. 
Effects of estrogen on apoptosis of spiral ganglion cells in cochlea 
of aged C57BL/6J mice]. Zhongguo Ying Yong Sheng Li Xue Za 
Zhi 2020; 36:529-533.
116. Tanaka C, Bielefeld EC, Chen GD, Li M, Henderson D. 
Ameliorative effects of an augmented acoustic environment on 
age-related hearing loss in middle-aged Fischer 344/NHsd rats. 
Laryngoscope 2009; 119:1374-1379.
117. Willott JF, Turner JG. Prolonged exposure to an augmented 
acoustic environment ameliorates age-related auditory changes in 
C57BL/6J and DBA/2J mice. Hear Res 1999; 135:78-88.
118. Willott JF, Turner JG, Sundin VS. Effects of exposure to an 
augmented acoustic environment on auditory function in mice: 
roles of hearing loss and age during treatment. Hear Res 2000; 
142:79-88.
119. Brecht EJ, Barsz K, Gross B, Walton JP. Increasing GABA 
reverses age-related alterations in excitatory receptive fields and 
intensity coding of auditory midbrain neurons in aged mice. 
Neurobiol Aging 2017; 56:87-99.
120. Friedman; Rick (Pacific Palisades C, Vollrath; Benedikt 
(San Diego, CA), inventor; House Ear Institute (Los Angeles, 
CA), assignee. Treatment and/or Prevention of Presbycusis by 
Modulation of Metabotropic Glutamate Receptor 7. United States 
of America patent 9,173,864. 2015 November 3, 2015.
121. Boettcher FA, Mills JH, Norton BL, Schmiedt RA. Age-related 
changes in auditory evoked potentials of gerbils. II. response 
latencies. Hear Res 1993; 71:146-156.
122. Han C, Ding D, Lopez MC, Manohar S, Zhang Y, Kim MJ, 
et al. Effects of long-term exercise on age-related hearing loss in 
mice. J Neurosci 2016; 36:11308-11319.
123. Boero LE, Castagna VC, Terreros G, Moglie MJ, Silva S, Maass 
JC, et al. Preventing presbycusis in mice with enhanced medial 
olivocochlear feedback. Proc Natl Acad Sci U S A 2020; 117:11811-
11819.
124. Ter Haar G, Mulder JJ, Venker-van Haagen AJ, van Sluijs FJ, 
Snik AF, Smoorenburg GF. Treatment of age-related hearing loss in 
dogs with the vibrant soundbridge middle ear implant: short-term 
results in 3 dogs. J Vet Intern Med 2010; 24:557-564.
125. Miwa T. Protective effects of N1-methylnicotinamide 
against high-fat diet- and age-induced hearing loss via moderate 
overexpression of sirtuin 1 protein. Front Cell Neurosci 2021; 15:1-
12.
126. Fujita T, Yamashita D, Uehara N, Inokuchi G, Hasegawa S, 
Otsuki N, et al. A high-fat diet delays age-related hearing loss 
progression in C57BL/6J mice. PLoS One 2015; 10:1-11.
127. Tavanai E, Mohammadkhani G. Role of antioxidants in 
prevention of age-related hearing loss: a review of literature. Eur 
Arch Otorhinolaryngol 2017; 274:1821-1834.
128. Mohammadkhani G, Tavanai E. The effect of the duration 
of treatment with antioxidants on age-related hearing loss. Hear 
Balance Commun 2021; 19:190-196.

129. Tavanai E, Mohammadkhani G, Farahani S, Jalaie S. Protective 
effects of silymarin against age-related hearing loss in an aging rat 
model. Indian J Otolaryngol Head Neck Surg 2019; 71:1248-1257.
130. Kawashima T, Harai K, Fujita N, Takahashi R. Ninjinyoeito 
has a protective effect on the auditory nerve and suppresses the 
progression of age-related hearing loss in mice. Front Nutr 2020; 
7:1-7.
131. Nevado J, Sanz R, Sanchez-Rodriguez C, Garcia-Berrocal 
JR, Martin-Sanz E, Gonzalez-Garcia JA, et al. Ginkgo biloba 
extract (EGb761) protects against aging-related caspase-mediated 
apoptosis in rat cochlea. Acta Otolaryngol 2010; 130:1101-1112.
132. Tian C, Kim YJ, Lim HJ, Kim YS, Park HY, Choung YH. Red 
ginseng delays age-related hearing and vestibular dysfunction in 
C57BL/6 mice. Exp Gerontol 2014; 57:224-232.
133. Dong Y, Guo CR, Ding Y, Zhang Y, Song HY, Peng YT, et al. 
Effects of erlong zuoci decoction on the age-related hearing loss in 
C57BL/6J mice. J Ethnopharmacol 2016; 181:59-65.
134. Hwang JH, Chan YC, Hsu CJ, Liu TC, Chen JC. Effects of 
tea drinking on auditory functions in aged subjects. J Nutr Health 
Aging 2012; 16:252-256.
135. Gopinath B, McMahon CM, Lewis JR, Bondonno NP, 
Bondonno CP, Burlutsky G, et al. Associations between intake of 
dietary flavonoids and 10-year incidence of age-related hearing 
loss. Nutrients 2020; 12:3297-3305.
136. Del Mar Rivas-Chacón L, Yanes-Díaz J, de Lucas B, Riestra-
Ayora JI, Madrid-García R, Sanz-Fernández R, et al. Preventive 
effect of cocoa flavonoids via suppression of oxidative stress-
induced apoptosis in auditory senescent cells. Antioxidants (Basel) 
2022; 11:1450-1471.
137. Tanigawa T, Shibata R, Kondo K, Katahira N, Kambara T, 
Inoue Y, et al. Soybean β-conglycinin prevents age-related hearing 
impairment. PLoS One 2015; 10:1-10.
138. Yang Y-F, Yan X-R, Wu R-X, Li N, Chu M, Dong Y, et al. 
Network pharmacology and experimental evidence reveal the 
protective mechanism of Yi-Qi Cong-Ming decoction on age-
related hearing loss. Pharm Biol 2022; 60:1478-1490.
139. Lee S, Song J-J, Beyer LA, Swiderski DL, Prieskorn DM, Acar 
M, et al. Combinatorial Atoh1 and Gfi1 induction enhances hair 
cell regeneration in the adult cochlea. Sci Rep 2020; 10:21397-
14012.
140. Cheng Y-F. Atoh1 regulation in the cochlea: more than just 
transcription. J Zhejiang Univ Sci B 2019; 20:146-155.
141. Walters BJ, Coak E, Dearman J, Bailey G, Yamashita T, Kuo B, 
et al. In vivo interplay between p27(Kip1), GATA3, ATOH1, and 
POU4F3 converts non-sensory cells to hair cells in adult mice. Cell 
Rep 2017; 19:307-320.
142. Chorath K, Willis M, Morton-Gonzaba N, Moreira A. 
Mesenchymal stem cells for sensorineural hearing loss: a systematic 
review of preclinical studies. Mol Biol Rep 2020; 47:4723-4736.
143. Peixoto Pinheiro B, Müller M, Bös M, Guezguez J, Burnet M, 
Tornincasa M, et al. A potassium channel agonist protects hearing 
function and promotes outer hair cell survival in a mouse model 
for age-related hearing loss. Cell Death Dis 2022; 13:595-609.
144. Martinez-Vega R, Partearroyo T, Vallecillo N, Varela-
Moreiras G, Pajares MA, Varela-Nieto I. Long-term omega-3 fatty 
acid supplementation prevents expression changes in cochlear 
homocysteine metabolism and ameliorates progressive hearing 
loss in C57BL/6J mice. J Nutr Biochem 2015; 26:1424-1433.
145. Honkura Y, Suzuki J, Sakayori N, Inada H, Kawase T, Katori Y, 
et al. Effects of enriched endogenous omega-3 fatty acids on age-
related hearing loss in mice. BMC Res Notes 2019; 12:768-775.
146. Church MW, Jen KL, Anumba JI, Jackson DA, Adams BR, 
Hotra JW. Excess omega-3 fatty acid consumption by mothers 
during pregnancy and lactation caused shorter life span and 
abnormal ABRs in old adult offspring. Neurotoxicol Teratol 2010; 
32:171-181.
147. Tang T-H, Hwang J-H, Yang T-H, Hsu C-J, Wu C-C, Liu T-C. 



269Iran J Basic Med Sci, 2024, Vol. 27, No. 3

Interventions for age-related hearing loss Tavanai et al.

Can nutritional intervention for obesity and comorbidities slow down 
age-related hearing impairment? Nutrients 2019; 11:1668-1679.
148. Watson N, Ding B, Zhu X, Frisina RD. Chronic inflammation 
- inflammaging - in the ageing cochlea: a novel target for future 
presbycusis therapy. Ageing Res Rev 2017; 40:142-148.
149. Iwai H, Inaba M, Van Bui D, Suzuki K, Sakagami T, Yun Y, et 

al. Treg and IL-1 receptor type 2-expressing CD4+ T cell-deleted 
CD4+ T cell fraction prevents the progression of age-related 
hearing loss in a mouse model. J Neuroimmunol 2021; 357:1-8.
150. Lin FR, Chien WW, Li L, Clarrett DM, Niparko JK, Francis 
HW. Cochlear implantation in older adults. Medicine (Baltimore) 
2012; 91:229-241.


