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Abstract

Age-related hearing loss (ARHL) or presbycusis is the most prevalent sensory deficit in the elderly. This progressive hearing 
impairment leads to social isolation. Currently, our understanding of ARHL is very limited. In this review, we have chosen to focus 
on recent work that has improved our understanding of the cellular and molecular mechanisms that may cause age-related loss 
of sensory and neural cells in the cochlea. Our goal here is to give an overview of recent progress towards understanding these 
phenomena. In addition, we discuss future prospects for advances in our understanding of genetic susceptibility, pathology, and 
potential therapeutic approaches in ARHL.
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Abbreviations: ARHL: Age-related hearing loss; WHO: World Health Organization; GPx: Glutathione peroxidase; NAC: N-acetyl-
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Introduction
Presbycusis, or age-related hearing loss (ARHL), it is a complex 

and multifactorial disorder, with symmetric and progressive 
hearing loss over time [1]. According to the World Health 
Organization (WHO), estimated that in 2025 70 to 80% of adults 
between 65 and 75 years suffer from presbycusis [1], and that the 
incidence at the beginning of the decade from 2021 to 2030 will be 
100% in adults over 80 years [2]. ARHL is the most prevalent form 
of hearing loss in humans. It is due to the hearing’s deterioriation 
secondary to the progressive cellular aging of the auditory system, 
added to external agents that stimulate that damage that is, it is the 
addition of genetic factors to the cumulative effects of noise, drugs 
and diseases [3] Hearing loss has an effect on the psychosocial 
situation of the individual, and, if hearing impairment is not treated, 
it contributes to social isolation, depression and loss of self-esteem 
[3]. Given the difficulties of studying presbycusis in human cohorts, 
researchers have taken to using animal models to help determine 
the pathogenesis, cellular and molecular mechanisms associated  

 
with ARHL. Animal models that, similar to humans, suffer from a 
progressive decline in hearing, reflected as an increase in auditory 
thresholds, as age increases [4]. Although not all data obtained 
from animal models can generalized to humans, animal models are 
one of the best experimental tools for the evaluation of ARHL. 

Molecular Mechanisms of Arhl
Some theories have been proposed that give a broad overview 

of the causes at the molecular/cellular level of presbiacusia, 
focusing mainly on experimental studies in animal models, but the 
intrinsic mechanisms responsible for hearing loss associated with 
age have not yet been fully characterized.

Oxidative and nitrosative stress 
Oxidative injury caused by free-radical damage is perhaps the 

most fundamental cause of age-related pathology in the biological 
aging of cells. The mitochondrial theory of aging postulates that 
reactive oxygen species (ROS) generated inside mitochondria 
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damage key mitochondrial components, including mtDNA and 
respiratory chain complex proteins [5]. Therefore, mitochondrial 
damage and dysfunction are thought to play a central role in ARHL. 
Age related cochlear hair cell loss is enhanced in mice lacking 
the antioxidant enzyme Sod1, while mice lacking the antioxidant 
enzymes Gpx1 or Sod1 show enhanced susceptibility to noise-
induced hearing loss [6]. found that activation of mitochondrial 
Sirt3 (a member of the sirtuin family) or glutathione reductase, or 
increased levels of mitochondrial glutathione has great potential 
for maintaining good hearing by mimicking the anti-aging effects 
of caloric restriction (CR) in cells of the human inner ear [7]. Our 
group showed that the levels of ROS/RNS in young rats SD (3 and 

6 months) are low, while the levels significantly increase in adult 
and old rats (12, 18 and 24 months) (Figure 1). We also study the 
internal protective mechanisms against oxidative stress inside of 
the cochlea of SD rats. To this end, we measure the total activities 
of superoxide dismutase (SOD) and glutathione peroxidase (GPx) 
(antioxidant systems) in the complete homogenized cochlea. At 
early stages (3months), there is a significant increase in the total 
SOD and GPx activities in the cochlea, which decreases significantly 
at later time points (18 and 24 months) (Figure 2). The increase 
in oxidative and nitrosative stress with age correlates with a 
significant worsening in ABR and ASSR threshold shifts [8,9].

Figure 1: Polyphenols decrease levels of apoptosis. (A) Caspase-3/7 activity measured in whole cochlea extracts of rats aged 
3,6,12,18 and 24 months. Caspase-3 activity measured by a luminescent assay. Result are expressed as mean ±SD of relative 
light units, RLUs. *p≤0.05 vs. 3-and 6-months-old rats. (B) Representative fluorescence micrographs of immunostaining of 
Annexin V-Alexa Fluor 546 conjugate in tissue from the cochlea rats of different ages (3-months-old and 24-months-old rats). 
Nuclei were identified in blue fluorescence by DAPI and the Annexin V immunoreactivity was labeled in red fluorescence. 
Increased red fluorescence is seen in several cell populations: MC, marginal cell of stria  vascularis; RM, Reisner’s membrane 
and organ of corti. (x40). Scale bar 100m. Representative images were taken at random in a blinded fashion. Sanchez-Rodriguez 
C et al. 2018.
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Figure 2: A) Level of ROS/RNS were measured in whole rat cochlear extracts of rats at different. The results are expressed as 
nM. *p≤0.05 vs. 3-months-old rats; B) Total SOD and C) GPx activities were measured in whole rat cochlear extracts from rats 
at different ages. The results are expressed as units/ml. *p≤0.05 vs. 3 months-old rats. Sanchez-Rodriguez et al.2016

Cell death pathway 

Many researches have labored to determine if active or passive 
mechanisms of cell death occur in the cochleae of those with 
presbycusis. Not surprisingly, researchers have found evidence 
of both necrosis and programmed cell death in aging cochleae. 
Multiple lines of evidence suggest that the damage and stress to 
hair cells and spiral ganglion cells results in programmed cell 
death. Apoptosis has an important role in pathologies related to 
aging. For example, mice that overexpress the human X-linked 
inhibitor of apoptosis (XIAP) protein have less hearing loss than 
wild-type siblings. Consistently, fewer hair cells died in mice with 
excess XIAP [10]. While microscopic analysis showed that dying 

hair cells in the cochleae of older mice typically appeared to be 
undergoing apoptotic death, there was also evidence of some cells 
undergoing necrotic death. As might be expected, these authors 
found expression of molecular markers consistent with caspase-
dependent and caspase-independent cell death [11]. By contrast, 
Shen et al. found that either overexpression of the pro-apoptotic 
protein BCL2 or deletion of the gene encoding that protein affected 
AHL [12]. However, Someya et al. [13] found that mice with a 
deletion of the pro-apoptotic gene Bak are resistant to age-related 
hearing loss and SGN death. In this sense, we previously showed 
the existence of aging-related induction of caspases in the rat 
cochlea, evoking the mitochondrion-initiated cell death pathway of 
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apoptosis (Figure 3). Activation of the intrinsic mitochondrial cell 
death pathway usually involves a signal that generates oxidative 
stress, with the creation of ROS. It is noteworthy that oxidative 
stress seems to increase with aging and is a major causal factor 

of cellular damage and enhanced apoptosis in many aging tissues, 
including the cochlea [8,9,14]. Additional work is required to clarify 
the role of non-apoptotic cell death and to describe the apoptotic 
pathway functioning in hair cells and SGNs further.

Figure 3: Polyphenols decrease levels of superoxide anions. Young rats,3-months-old and old rats, 24-months-old rats. 
Superoxide anion detection with fluorescent dihydroethidium probe (red fluorescent) in tissue from the cochlea rats of 
different ages either untreated or treated with polyphenols. Increased nuclear fluorescence is seen in several cell populations: 
Mc, marginal cells of stria vascularis; RM, Reisner’s membrane and organ of corti magnification x400 . sanchez-Rodriguez C 
et al.2016.

Inflammaging
Inflammaging or Chronic inflammation is a ubiquitous 

characteristic of aging tissue [15]. Chronic inflammation that may 
begin in a slow, insidious, and even unnoticed manner, which is 
compatible with the temporal progression of presbycusis. The 
role of inflammaging in many diverse age-related diseases suggest 
that inflammaging is an essential component in the physiology 
of ageing. Several researches have demonstrated that low-grade 
inflammation processes have critical roles in the causation of age-
related diseases including ARHL. Only a few groups have explored 
the role of inflammation in the auditory system and most have 
endorsed a human based cross-sectional analysis approach, so 
animal model investigations are rare [15]. Verschuur et al. [16] 
examined relationships between hearing thresholds and key serum 
biomarkers of low-grade inflammation. They analyzed quantitative 
relations between the average hearing thresholds of elderly 
individuals and their IL-6 and CRP levels, white blood cell counts, 
as well as neutrophil counts. These data, all precise indications 
of inflammation, indicated a gradual increase in systemic 
inflammation as aging persisted as well as a decrease in hearing 

thresholds. Vershcuur and colleagues concluded that inflammation 
is a component of the mechanisms underlying Presbycusis. The 
group of Lowthian et al. [17] is studying the potential therapeutic 
benefits of low-dose aspirin, a weak anti-inflammatory agent, on 
ARHL. The aim of the investigation is to determine whether this 
basic therapy will lessen the progression of the disease in elderly 
individuals. The results of clinical trial are providing large potential 
for an inexpensive yet feasible treatment option for preventing or 
reducing ARHL.

Others pathophysiological theories
a)	 Reduction of vascularization in stria vascularis 

In the animal models, signs of the general features of age-
related strial degeneration, including thinning, disorganization, and 
capillary loss have also been demonstrated. Several mechanisms 
have been suggested as potentially responsible for the impairment 
of angiogenesis-associated processes in ageing. First, it has been 
shown that aged animals display reduced activity of the hypoxia-
inducible factor-1, resulting in impaired ability to upregulate 
vascular endothelial grow factor (VEGF) in response to ischemic 
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stimuli. Secondly, ageing has been associated with multiple 
alterations in matrix composition and inflammatory response that 
are crucial phenomena in physiologic and pathologic angiogenesis 
and third, senescence influences plasticity and migratory capacities 
of stem cells and progenitor cells, thus reducing their potential 
contribution to neo-angiogenic processes. Finally, VEGF induced 
re-reendothelialization is impaired in aged mice [18,19]. These 
findings suggest that vascular dysfunction might play a role in 
ageing-associated hearing.

b)	 Ca2+ signaling pathway

Aberrant calcium homeostasis has repeatedly been suggested as 
a contributor to age-related impairment of neuronal function. Hair 
cells and SGNs have several types of calcium channels, including L- 
a T-type voltage-gated calcium channels [20]. Lei et al. [21] showed 
that wild-type mice treated with T-type calcium channel inhibitors 
had significant preservation of hearing thresholds and SGNs, as 
compared to untreated controls. Together, these findings strongly 
suggest that additional research to study the link between calcium 
signaling and hearing loss is warranted. Additionally, Mills et al. 
[22] showed that elderly women using calcium channel blockers 
were found to have lower hearing thresholds, suggesting that 
calcium regulation contributes to Presbycusis. 

c)	 Immune pathology

Aberrant immune cell activity is a contributive factor in the 
onset and progression of age-related degenerative diseases. This 
includes disorders such as ARHL. The inner ear mounts an immune 
response that connects to the systemic immune system and can lead 
to cochlear degeneration and permanent hearing loss [23]. Iwai et 
al. [24] have shown that the dysfunctions of the immune system 
rather than abnormalities in the cochlea cause the development 
of accelerated sensorineural hearing loss resulting from the 
deposition of autoantibodies in the cochlea in autoimmune-prone 
mice. The hearing loss and cochlear pathology can be treated by 
allogeneic bone marrow transplantation (BMT), replacing the 
perturbed immune system of the recipient with a new immune 
system reconstituted by allogeneic donor HSCs.

Therapeutic Perspectives
Given there is currently an insufficient understanding of 

the mechanisms involved in ARHL, it is unsurprising that very 
few clinical trials to prevent or treat ARHL have taken place. The 
identification of a drug that could prevent or ameliorate further 
progression of a mild-to-moderate hearing loss is currently a more 
realistic prospect than a drug or therapy, which can improve an 
existing hearing loss. Therefore, most studies on new therapies 
are develop in animal models of ARHL. The increasing rate of 
age-related hearing loss (ARHL), with its subsequent reduction 
in quality of life and increase in health care costs, requires new 
therapeutic strategies to reduce and delay its impact.

Antioxidants
The basic idea of the antioxidant supplementation interventions 

for ARHL probably comes from several cross-sectional population-

based studies that have showed dietary vitamin intake were 
significantly associated with the prevalence of age-related hearing 
loss. The goal of the study of Alvarado et al. [25] was to determine 
if ARHL could be reduced in a rat model by administering a 
combination of antioxidant vitamins A, C, and E acting as free 
radical scavengers along with Mg++, a known powerful cochlear 
vasodilator (ACEMg). These findings indicate that oral ACEMg 
may provide an effective adjuvant therapeutic intervention for the 
treatment of ARHL, delaying the progression of hearing impairment 
associated with age. In Sprague–Dawley animals, our group 
showed that a mixture of polyphenols with tannic acid, resveratrol, 
quercitine, rutin, gallic acid, and morin significantly improved 
ASSR and tone-burst ABR auditory thresholds [26]. In addition, 
polyphenols reduced oxidative and nitrosative stress, as well as 
apoptosis in the organ of Corti (Figure 3). These results are related 
to the significant improvements in the ASSR threshold changes. 
Some agents, such as N-acetyl-L-cysteine (NAC) [27], CoQ10 [28], 
acetyl-L-carnitine (ALCAR) [29], and a-lipoic acid [30], have also 
been studied separately for preventing ARHL. Collectively, although 
ARHL has been shown to be slowed by supplementation with 
antioxidants, particularly in laboratory animals, a few studies have 
investigated the effect of interventions against ARHL in humans. 
Nevertheless, there is need a long time to observe the preventive 
effects of antioxidants on ARHL and short-term treatments, such as 
1 or 6 months employed in human studies, are not an enough time 
[31]. The only long-term double-blind, placebo-controlled trial is 
the Durga’s study [32] that was conducted for 3 years and found a 
minimal but statistically significant reduction in the degree of age-
related hearing loss by folic acid supplement intake. It is clear that 
defining the type and dosage of antioxidant compounds, timing and 
duration of the treatment, species, and strains should be account in 
the future studies. 

Gene therapy
Currently, different molecular therapies are being developed 

for hearing loss, gene replacement, antisense oligonucleotides, RNA 
interference and CRISPR-based gene editing.

a)	 Gene replacement

Gene replacement is based on identifying and replacing the 
defective gene with a normal or wild type copy, it´s arguably the 
most ‘straight forward’ form of gene therapy [33,34]. The first 
successful inner-ear gene therapy study treated mice homozygous 
for the targeted deletion of VGLUT3. These mice are born deaf but 
exogenous replacement of VGLUT3 and its overexpression in inner 
hair cells (IHCs) mediated by Aden associated virus 1 (AAV1) leads 
to sustained hearing recovery, partial restoration of ribbon synapse 
morphology and a startle response [34].

b)	 Gene suppression-antisense oligonucleotides

Antisense oligonucleotides (ASOs) are modified nucleic acid 
sequences that bind to complementary RNA sequences by base 
pairing. Ponnath et al. [35], injected ASO-29 into homozygous 
(216AA) and heterozygous (216GA) knock-in mice intraperitoneally 
at P3 and P10 led to near-normal hearing thresholds in broad band 
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noise and 8 and 16 kHz pure tones in 216AA mice treated between 
P3 and P5. Hearing threshold at 32 kHz could not be rescued, 
and over the course of 3months there was a gradual decline in 
thresholds at 8 and 16 kHz. The vestibular dysfunction was also 
rescued. 216AA Mice treated at P10 showed significantly higher 
thresholds than animals treated at P3–5 but significantly better 
thresholds than untreated or control-ASO-treated animals in both 
broad band noise and at 8 kHz. Histological assessment of ASO-29-
treated inner ears demonstrated rescue of outer hair calls (OHCs) 
and IHCs at P1 bu3t not at P5.

c)	 Gene suppression-RNA interference

RNA interference (RNAi) is a biological process in which RNA 
molecules inhibit gene expression or translation by neutralizing 
specifically targeted messenger RNA (mRNA) molecules. Its 
therapeutic use typically focuses on one of two types of small RNA 
molecule, small interfering RNA (siRNA) or microRNA (miRNA) 
[36]. While siRNAs and miRNAs share many similarities, their 
mechanisms of action and clinical applications are different. 
siRNAs tend to be more specific than miRNAs. miRNAs are in 
general typically regulate the expression of multiple genes [37]. 
In studies relevant to hearing loss, Shibata et al. [38] designed 
an artificial miRNA to specifically target the mutation carrying 
TMC1 allele in the Beethoven mouse, a murine model of human 
autosomal dominant non-syndromic hearing loss at the DFNA36 
locus, and slowed the progressive hearing-loss phenotype in 
mice treated at P1–2. A follow-up study by Yoshimura et al. [33] 
treated older animals, and although progression of hearing loss 
could also be slowed in animals treated at P15 and P30, the results 
were not as dramatic, and in animals treated at P60, no effect was 
observed. These findings suggest that, for TMC1-related deafness, 
the opportunity to intervene using RNAi is temporally defined and, 
beyond a specific time point, targeted allele suppression has no 
effect.

d)	 Gene editing: CRISPR/Cas9

Targeted genome editing has emerged as a powerful tool for 
biological research. Although there are three major programmable 
nucleases, CRISPR (clustered regularly interspaced short 
palindromic repeats)/Cas9 (CRISPR-associated protein 9)–ZFNs, 
can identify a target sequence with only 20 bp of guide RNA (gRNA) 
and also be used for multiplexing by delivering multiple gRNAs to 
target multiple genes in the same cell at the same time [39]. Gao et 
al. [40] injected Cas9–gRNA–lipid complexes targeting the mutant 
TMC1 allele into P1 Beethoven mice and substantially reduced 
progression of hearing loss. Significant hearing preservation was 
detected from 8 to 23 kHz with average ABR thresholds 15 dB 
lower for treated ears as compared to untreated contralateral ears. 
This study was the first of its kind to demonstrate the potential of 
CRISPR/Cas9 for the treatment of autosomal dominant hearing loss 
related to hair cell dysfunction.

Cell-Based Therapies

Organ of Corti hair cells are highly specialized mammalian cells; 
in fact, they are so highly differentiated that they appear to have lost 

their capacity to divide. Hearing loss in mammals is an irreversible 
process caused by degeneration of the hair cells of the inner ear. 
However, some authors believe that some cell populations are able 
to regenerate after injury, but on lyat very early stages (P0-P3) of 
development, and not in the adult auditory epithelium [41]. There 
is great interest in the development of regenerative therapies to 
treat deafness in the future. However, there are complex factors 
that need to be considered in application of stem cells therapy, 
such as stem cell-type choice, signaling pathway regulations, 
transplantation approaches, internal environment of cochlea and 
external stimulation.

a)	 Endogenous stem cell

In Li et al. [42] found that there were stem cells which have 
differentiation potential presented in adult mice inner ear, which 
provides a possibility of application for endogenous stem cell to treat 
hair cell damage. In Oshima et al. [43]. isolated stem cells from the 
organ of Corti and vestibular sensory epithelium of newborn mice. 
These stem cells could differentiate into hair cell-like cells which 
expressed various hair cell markers and functional ion channels 
similar to normal hair cells. As the growing of the age, the number 
of endogenous stem cells also gradually reduced. These problems 
make the therapeutic potential of cochlear endogenous stem cells 
only limited to the neonatal mammals with hair cell damage. In 
the previous study of inner ear development, many genes were 
considered to participate in regulation of hair cell differentiation 
process. Their expression products include transcription regulatory 
factors, growth factors, tyrosine kinase receptor, cell division factor-
dependent kinase inhibitors and Notch receptor, Notch activation 
molecules, and signaling proteins on the cell membrane surface 
[44]. A number of studies have demonstrated that the bHLH protein, 
Atoh1 (also known as Math1) is a key player in embryonic hair cell 
differentiation [45]. Notch signaling also appears to be activated, 
impeding the differentiation of some Atoh1 positive cells into hair 
cells. Recent studies have demonstrated thatthe disruption of Notch 
signaling results in an increase in the number of hair cells [46,47]. 
Leucine-rich repeat-containing G-protein coupled receptors (LGRs) 
are also allegedly involved in hair cell regeneration. In particular, 
Lin et al. [48] suggested that LGR5 positive cells may serve as hair 
cell progenitors in the mammalian cochlea. Retinoblastoma 1 (RB1) 
is an endogenous protein that regulating cellular proliferation and 
differentiation. Downregulation of RB1 was reported to increase 
the proliferation of hair cells in the cochlea [49]. Findings which 
have recently emerged have shown that epigenetic mechanisms 
may also play important roles in controlling stem cell states, and 
such regulation might also have effects on tissue regeneration [50].

b)	 Exogenous stem cell

The other approach is to use exogenous stem cell 
transplantation to replace damaged or injured cells of cochlea. 
The low immunogenicity of stem cells, it considered suitable for 
inner ear application. There are several potential candidates for 
transplantation to regenerative cells of cochlea like embryonic 
stem cells (ESCs), Mesenchymal stem cells/Adult stem cells (ASCs) 
and Induced pluripotent stem cells (iPSCs). ESCs are derived from 
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a single fertilized egg. These cells are multipotent so they can 
differentiate into any cell type. There are many studies about the 
use of ESCs to regenerate hair cells [51,52], but ESCs can generation 
of teratomas and to immunological rejection [53]. ESCs introduced 
directly into the cochlea need to use neurotrophic factors, such as 
GDNF or BDNF, to promote their survival, although this continues 
to be quite low [54]. Adult stem cells (ASCs) are undifferentiated 
cells found throughout the body [55]. Moreover, the use of ASCs 
in research and therapy is not ethically controversial, because it 
does not require damage to any embryo, no tumors are created, 
and ASCs immunoreactivity is very low. The ASCs that have been 
used for inner ear regeneration are as follows: hematopoietic SCs 
from bone marrow, mesenchymal SCs and neuronal SCs. One type 
of ASCs is mesenchymal stem cell (MMSC) that could be used for 
transplantation, such as bone marrow-derived mesenchymal 
stem cell, nasal mesenchymal-like stem cell, and adipose-derived 
mesenchymal stem cell [56-58]. In Cho et al. [59]. transplanted 
neural differentiated mesenchymal stem cells into the cochlea, but 
only limited number of regenerated neurons were observed, and 
mild hearing function was recovered. Some studies have successfully 
attempted to transfer MSCs to the cochlea to regenerate or replace 
cochlear fibrocytes. Despite not being sensory epithelium, they play 
an important role in cochlear physiology and gradually degenerate 
with age [60]. 

Delivery systems for ARHL
Although there is increased understanding of the molecular 

pathophysiology of ARHL, biologic treatment options are limited 
due to lack of noninvasive targeted delivery systems. Obstacles 
of targeted inner ear delivery include anatomic inaccessibility, 
biotherapeutic instability, and nonspecific delivery. Advances 
in nanotechnology may provide a solution to these barriers. 
Nanoparticles can stabilize and carry biomaterials across the round 
window membrane into the inner ear, and ligand bioconjugation 
onto nanoparticle surfaces allows for specific targeting. A newer 
technology, nanohydrogel, may offer noninvasive and sustained 
biotherapeutic delivery into specific inner ear cells.

a)	 Nanoparticles

The delivery of therapeutic molecules with NPs is considered 
a promising approach for restoring hearing function. NPs can 
encapsulate various therapeutic agents and deliver them to target 
cells [61,62]. NPs have been created from a variety of materials, 
generally ranging from tens to several hundred nanometers 
in diameter [63]. Customization of NP attributes can allow for 
noninvasive application, drug stabilization, controlled release, 
and surface modification for specific targeting [64]. Many NP 
systems have been developed for inner ear drug delivery, including 
poly (d, l-lactide-co-glycolide acid) (PLGA) nanoparticles (NPs), 
magnetic NPs, lipid NPs, liposomes, polymersomes, hydroxyapatite 
NPs, and silica NPs [65]. Certain classes of nanoparticles exhibit 
additional characteristics that offer unique diagnostic and 
therapeutic advantages. For example, superparamagnetic iron 
oxide nanoparticles (SPIONs), gold nanoparticles, and cationic 
polymer carriers may be used for bioimaging by MRI, confocal laser 
microscopy, two-photon luminescence, etc. [66-68].

Liposomes containing magnetic resonance imaging (MRI) 
tracking dye were intratympanic ally injected onto the middle-
inner ear barriers (oval window and RWM), and the uptake of 
liposomes in the inner ear was observed using a rat model [69]. 
Polymerases consisting of amphiphilic block copolymers are 
vesicular, nanosized spheres that encapsulate an aqueous solution 
and lead to the delivery of large amounts of biomolecules of 
interest. Because polymerases are easily modified by chemical 
conjugation and tagging peptides to target a specific site, promising 
results, including for OHCs, have been reported [70,71]. While the 
efficiency of epithelial membrane penetration and cellular uptake 
should consider in the design of NPs for inner ear delivery, the 
detection of NPs is also important. When injected, the NPs penetrate 
the RWM and possibly reach hair cells; thus, the distribution of NPs 
in the organ of Corti and vestibular tissue indicates the efficacy 
of the delivery system. In many cases, the direct incorporation of 
fluorescent dyes is used for optical detection, but other imaging 
methods e.g. CT, MRI and ultrasound) can also be used if the NPs 
incorporate proper detection dyes or carbon dots in their innate 
structure. NP-based drug delivery systems for diseases of the inner 
ear, a deeper study is needed [70,71].

b)	 Hydrogels

An increasing number of approaches have used hydrogels for 
the delivery of biomolecules to the inner ear by their injection 
into the middle ear, which causes the biomolecules to diffuse to 
the inner ear through epithelial membranes. Hydrogels are soft 
materials networked by physically or chemically crosslinked 
biopolymers in aqueous solutions [72]. Some hydrogels exhibit 
a stimuli-responsive property, and thereby undergo an abrupt 
change in physical properties (i.e. volume, stiffness, degradability 
and shape) in response to micro-environmental changes, including 
pH, temperature and enzymes produced by cells they are in contact 
with [73-75]. PLGA-PEGPLGA hydrogels were used for sustained 
drug release in guinea pigs through intratympanic injection [76] 
and this approach was applied in the clinical setting to locally 
deliver glucocorticoids for hearing recovery in patients with 
sudden sensorineural hearing loss resistant to systemic treatment 
[77]. Intratympanic injections of hydrogels of a high viscosity [78] 
or at a large volume [76] have been found to compromise hearing 
in guinea pigs.

Conclusion
While the population of patients with ARHL continues to 

grow, identification and development of potential protective 
or therapeutic treatments becomes more and more potentially 
clinically significant. Compared with the major advances in the 
understanding of the genes and pathological mechanisms involved 
in congenital deafness our knowledge of ARHL is still limited. 
Recent studies in the animal models have effectively revealed 
numerous cellular and molecular mechanisms that contribute 
to ARHL. However, it is unclear if these signaling pathways are 
universally involved in presbycusis. Future studies that rely on 
more detailed analysis, including cell-type-specific transgenic 
models, genomic, and proteomic techniques, to ensure the most 
detailed understanding and effective treatments for presbycusis.
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