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Abstract
Age-related hearing loss (AHL), also known as presbycusis, is a universal feature of mammalian
aging and is characterized by a decline of auditory function, such as increased hearing thresholds
and poor frequency resolution. The primary pathology of AHL includes the hair cells, stria
vascularis, and afferent spiral ganglion neurons as well as the central auditory pathways. A
growing body of evidence in animal studies has suggested that cumulative effect of oxidative
stress could induce damage to macromolecules such as mitochondrial DNA (mtDNA) and that the
resulting accumulation of mtDNA mutations/deletions and decline of mitochondrial function play
an important role in inducing apoptosis of the cochlear cells, thereby the development of AHL.
Epidemiological studies have demonstrated four categories of risk factors of AHL in humans:
cochlear aging, environment such as noise exposure, genetic predisposition, and health co-
morbidities such as cigarette smoking and atherosclerosis. Genetic investigation has identified
several putative associating genes, including those related to antioxidant defense and
atherosclerosis. Exposure to noise is known to induce excess generation of reactive oxygen
species (ROS) in the cochlea, and cumulative oxidative stress can be enhanced by relatively
hypoxic situations resulting from the impaired homeostasis of cochlear blood supply due to
atherosclerosis, which could be accelerated by genetic and co-morbidity factors. Antioxidant
defense system may also be influenced by genetic backgrounds. These may explain the large
variations of the onset and extent of AHL among elderly subjects.

1. Introduction
Age-related hearing loss (AHL), or presbycusis, is a complex degenerative disease and is
one of the most prevalent chronic conditions of the aged, affecting tens of millions of people
world-wide. AHL is a multifactorial condition, representing the end stage sequela of
multiple intrinsic (e.g. genetic predisposition) and extrinsic (e.g. noise exposure) factors

© 2013 Elsevier B.V. All rights reserved.
*Corresponding author. tyamasoba-tky@umin.ac.jp (T. Yamasoba), flin1@jhmi.edu (F.R. Lin), someya@ufl.edu (S. Someya),
kashioa-tky@umin.ac.jp (A. Kashio), tsakamoto-tky@umin.ac.jp (T. Sakamoto), kondok-tky@umin.ac.jp (K. Kondo).

Disclosures
Dr. Lin has served as a consultant to Pfizer, Autifony, and Cochlear Corp. Dr. Lin is on the scientific advisory board of Autifony.

NIH Public Access
Author Manuscript
Hear Res. Author manuscript; available in PMC 2014 September 01.

Published in final edited form as:
Hear Res. 2013 September ; 303: 30–38. doi:10.1016/j.heares.2013.01.021.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



acting on the inner ear over a lifetime that cumulatively lead to impairments in cochlear
transduction of acoustic signals (Ohlemiller, 2009; Schuknecht, 1955).

Potential sites of pathology include the inner and outer hair cells, the stria vascularis, and
afferent spiral ganglion neurons (Schuknecht et al., 1993). The stria vascularis and hair cells
are particularly susceptible to injury. The stria vascularis is highly metabolically active and
depends on an elaborate cellular machinery to maintain the steady-state endocochlear resting
potential. Consequently, injury from multiple different pathways (e.g. age-related cell losses
within the stria, oxidative stress from noise exposure, genetic polymorphisms leading to
inefficient oxidative pathways or dysfunctional supporting cells, or microvascular disease in
the strial vessels) could all affect strial function (Ohlemiller, 2009). The resulting loss of the
endocochlear potential would impair the function of the cochlear amplifier and lead to an
increase in hearing thresholds (Schmiedt et al., 2002; Schuknecht et al., 1974).

A similar multimodal pathway of injury and dysfunction is also observed in the cochlear
hair cells and cochlear nerve. Post-mitotic hair cells are susceptible to accumulated injury
over time from a combination of poor cellular repair mechanisms associated with aging,
direct mechanical or mitochondrial oxidative injury from noise, and toxicity from
aminoglycosides or other ototoxic medications (Liu et al., 2007; Ohlemiller, 2004; Pickles,
2008). Neuronal degeneration of spiral ganglion afferents can also be triggered by
cumulative exposures to loud noise leading to glutamate excito-toxicity and loss of the
afferent dendrites (Kujawa et al., 2006). Interestingly, such a mechanism of injury may
allow for relative preservation of pure tone threshold sensitivity but disproportionate effects
on speech perception in noise and speech understanding given the complexity of speech
sounds and the need for precise temporal and frequency coding by the spiral ganglion
afferents.

The complexity of factors (aging, genetic, epigenetic, environmental, health co-morbidity)
and importantly the interaction of the different mechanistic pathways that can cause AHL
have greatly complicate our interpretation of basic and clinical research into AHL (Van et
al., 2007) and have led to some latent cynicism about the precise value of key factors
contributing to AHL (Ohlemiller, 2009). In particular, the same functional consequences of
increased hearing thresholds and poor frequency resolution generally occur regardless of
etiology of AHL or the cochlear mechanistic pathway (Pickles, 2008). Consequently, for
elderly with AHL, the main issue is often the inability to understand words rather than the
inability to hear, leading to the refrains of “I can hear you but I can’t understand you” or
perhaps more commonly, “My hearing is fine. You’re just mumbling”. Most importantly,
AHL gradually impairs an individual’s ability to understand the meaning of everyday
language (e.g. “I’ll see you Sunday” versus “I’ll see you someday”), in which fine auditory
cues encoding semantic meaning are critical for understanding communicative meaning.

In this review, we have chosen to focus on recent works that have improved our
understanding of the cellular and molecular mechanisms that could cause age-related
degeneration of the cochlea. Particularly, we have emphasized the role of oxidative stress
and mitochondrial dysfunction due to accumulation of mitochondrial DNA (mtDNA)
mutations/deletions in the development of AHL.

2. Human studies
2.1. Prevalence of ARHL

Estimating hearing loss prevalence and identifying epidemiologic risk factors can be
ascertained from large cohorts where audiometric testing was performed. A sampling of
such studies include Beaver Dam (Cruickshanks et al., 2003), Framingham (Gates et al.,
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1990), Blue Mountains (Gopinath et al., 2009), Baltimore Longitudinal Study of Aging
(BLSA) (Brant et al., 1990), and National Health and Nutrition Examination Survey
(NHANES) (Agrawal et al., 2008). Reports of hearing loss prevalence across these studies
vary because of different tonal frequencies utilized to obtain a pure tone average (PTA),
monaural or binaural definition of hearing loss, and audiometric cutoffs used to define
hearing loss. Differences in cohort characteristics (volunteer cohort or recruitment of
population sample) and the age of the cohort also limit comparisons across studies.

A useful audiometric definition of hearing loss has been adopted by the World Health
Organization as a speech-frequency pure tone average of thresholds at 0.5, 1, 2 and 4 kHz
tones in the better-hearing ear of >25 dB (World Health Organization). The selected tonal
frequency range and the use of the better-hearing ear are useful from a pragmatic
perspective that emphasizes communication since 0.5–4 kHz represents the critical
frequency range of speech, and the better-hearing ear would be the principal determinant of
a person’s communicative abilities. Using this definition of hearing loss and NHANES data
(representing a cross-section of the non-institutionalized U.S. population), hearing loss
prevalence approximately doubles every decade of life from the second through seventh
decades (Fig. 1) (Lin et al., 2011a). Using the same definition of hearing loss, national
Institute for longevity sciences-longitudinal study of aging (NILS-LSA) in Japan has
reported that the prevalence rates of AHL are 29% in late sixties, 39% in early seventies,
and 65% in late seventies in male, and 23%, 37%, and 59% in female, respectively (http://
www.ncgg.go.jp/department/ep/monograph5th/sensory.htm).

Other reports of hearing loss prevalence have generally focused on older adults using
differing definitions of hearing loss. Prevalence rates have been 29% (>26 dB in the
standard PTA [0.5–2 kHz] in the better ear, subjects >60 years), 73% (>25 dB in the speech
frequency [0.5–4 kHz] PTA in the worse ear, subjects >70 years), and 60% (>25 dB in the
standard PTA in the worse ear, subjects 73–84 years) in the Framingham (Gates et al.,
1990), Beaver Dam (Cruickshanks et al., 1998b), and Health ABC (Helzner et al., 2005)
studies, respectively. Using identical definitions of hearing loss and age ranges from the
latter two studies, prevalence figures calculated using the 2005–2006 NHANES dataset
would be 76% and 64%, respectively (Lin et al., 2011a). However, comparing results across
different studies is difficult even when applying the same definition of hearing loss given the
different demographic characteristics across cohorts particularly with regard to age and race.
For example, both the Framingham cohort and Beaver Dam cohorts included few African
American individuals, but the Health ABC cohort included 36.3% African American. Age
distributions and ranges also varied across these study cohorts. Strength of using NHANES
estimates of hearing loss prevalence is that these results are generalizable to the entire
civilian, non-institutionalized U.S. population.

2.2. Risk factors for AHL
Epidemiologic studies also provide insight into the modifiable and non-modifiable risk
factors associated with hearing loss and provide further insight into the mechanistic
pathways underlying AHL. Studied risk factors can generally be divided into four categories
as discussed previously (Cooper, 1994; Cruickshanks et al., 1998a, 2003): cochlear aging
(individual age), environment (occupational and leisure noise exposure, ototoxic
medications, socioeconomic status), genetic predisposition (sex, race, specific genetic loci/
genes), and health co-morbidities (hypertension, diabetes, stroke, cigarette smoking). Strong
and consistent associations of hearing loss have generally been found with the non-
modifiable risk factors of increasing age (increased risk), male sex (increased risk), and
African American (decreased risk) (Agrawal et al., 2008; Brant et al., 1990; Gates et al.,
1990; Helzner et al., 2005; Ishii et al., 1998; Jerger et al., 1986).
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Genetic predisposition as shown by heritability studies among twins and longitudinal studies
of family cohorts have also shown heritability indices of 0.35–0.55 (Christensen et al., 2001;
Gates et al., 1999; Karlsson et al., 1997), indicating that genetic phenotype accounts for a
substantial portion of hearing loss risk. Using general estimation equation analysis,
Shimokata (2008) found that 28 out of 177 single nucleotide polymorphisms (SNPs) were
associated with impaired hearing in the elderly subjects. Of these, 5 SNPs were significantly
related to hearing impairment at low frequencies (125–500 Hz) and other 5 SNPs at high
frequencies (2–8 kHz), respectively. The SNPs associated hearing loss at low frequencies
were distinct from those at high frequencies, but all these SNPs are known to be associated
with atherosclerosis or obesity. The odds ratio of hearing impairment between subjects with
all 5 SNPs and those with none of them was 18.6 (95% confidence interval, 4.9–70.8) at low
frequencies and 6.5 (95% confidence interval, 3.3–12.7) at high frequencies.

Other factors that have associations with the risk of hearing loss include hypertension and
cardiovascular disease, cerebrovascular disease, smoking, diabetes, noise exposure, and
alcohol consumption, with all factors being associated with increased risk of hearing loss
except for alcohol consumption (Cruickshanks et al., 1998a, 1998b; Dalton et al., 1998;
Gates et al., 1993; Helzner et al., 2005; Van et al., 2007; Shimokata, 2008).Cruickshanks et
al. (1998a) evaluated the association between smoking and hearing loss in 3753 adults aged
48–92 years, and found that after adjusting for other factors, current smokers were 1.69
times as likely to have a hearing loss as nonsmokers (95% confidence interval, 1.31–2.17),
with weak evidence of a dose–response effect. Similarly,Fransen et al. (2008) conducted a
multicenter study to elucidate the environmental and medical risk factors contributing to
AHL and found that in 4083 subjects between 53 and 67 years, smoking significantly
increased high-frequency hearing loss with dose-dependent effect. There have been some
inconsistent findings with the latter group of risk factors, which may be a consequence of
how hearing loss was defined and the characteristics of the study cohort. For example, noise
exposure may primarily lead to high-frequency hearing loss, whereas cardiovascular risk-
factors affect both low and high-frequencies. Averaging across frequencies when defining a
pure tone average could, therefore, obscure certain associations depending on which tonal
frequencies are selected for the PTA. Characteristics of the study cohort may also obscure
potential associations depending on the risk factors present in the risk group. For example,
in a study focused on only older adults, the factors associated with older age and cochlear
aging may overshadow associations with these weaker risk factors. Genetic heterogeneity
within cohorts with consequent variability in gene-risk factor interactions (Liu et al., 2007;
Van et al., 2007) would also likely bias any possible association toward the null hypothesis.

Previous research into hearing loss epidemiology has emphasized the study of modifiable
risk factors in order to form the basis for possible hearing loss prevention strategies.
However, the contribution of these modifiable risk factors (e.g. hypertension, etc.) is
relatively weak in comparison to the non-modifiable risk factors of genetic predisposition
and race as demonstrated by the consistency and strength of associations seen in
epidemiologic studies. Further study of these non-modifiable risk factors, particularly the
physiologic basis of black race being a protective factor for hearing loss and the
identification of the genetic loci and genes contributing to AHL, could possibly offer the
most substantial and profound insights into actual hearing loss prevention.

2.3. Impact of race on AHL
Previous observational studies investigating the role of race and hearing loss have
consistently demonstrated that black race is associated with a 60–70% lower odd of noise-
induced hearing loss and AHL compared to white subjects (Agrawal et al., 2008; Cooper,
1994; Helzner et al., 2005; Lin et al., 2011b). Other epidemiologic studies using a case–
control approach recruiting individuals with similar occupational exposures have also
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demonstrated a reduced risk of hearing loss in black subjects (Ishii et al., 1998; Jerger et al.,
1986). A recent epidemiologic study suggests that skin color and hence melanocytic
functioning in the cochlea is the mechanism underlying the protective association of race
with hearing (Lin et al., 2011b).

Melanin produced by strial melanocytes (intermediate cells) in the cochlea has been
hypothesized to serve a protective role as a free radical scavenger, metal chelator, or
regulator of calcium homeostasis in the stria vascularis, which is involved with generating
and maintaining the endolymphatic potential necessary for normal hearing (Murillo-Cuesta
et al., 2010; Riley, 1997). A recent study has also demonstrated that deficiency in strial
melanin is associated with marginal cell loss and decline in the endocochlear potential
(Ohlemiller et al., 2009). There have not been any further epidemiologic studies exploring
the issue of race and hearing loss and little basic science research into mechanistic pathways
leading to hearing preservation in individuals with darker skin. The lack of research
exploring these topics is surprising, given the strength of the epidemiologic association
between race and hearing loss and the fact that melanin pathways in the inner ear could
potentially be pharmacologically targeted for hearing loss prevention.

2.4. Candidate genes associated with AHL
The number of genetic investigations on AHL has increased at a surprising rate recently.
Association studies analyze genetic variations in unrelated individuals and try to identify
those variations that are more frequent in affected individuals compared to unaffected
individuals. The ultimate in association studies is a genome-wide association study
(GWAS), in which hundreds of thousands of SNPs across the entire genome are analyzed in
unrelated individuals. Although the use of GWAS to understand human disease is maturing,
GWAS remain prohibitively expensive, and sometimes association studies are limited to a
carefully selected set of candidate genes. To date, only several GWAS studies have been
performed (Huyghe et al., 2008; Konings et al., 2009; Van et al., 2007, 2008, 2010;
Friedman et al., 2009; Girotto et al., 2011); however, these studies have been limited in only
studying a certain subset of potential genes or markers (i.e. those associated with monogenic
forms of deafness) rather than examining a broad array (>106) of various polymorphisms.

Candidate-gene-based association studies also have been extensively carried out recently.
This approach is based on the selection of candidate genes, which are usually implicated in a
biological pathway that is plausibly related to a specific disease. A whole range of candidate
genes can be proposed because perception of sound involves many complex pathways and
age-related changes in any component of one such pathway could contribute to AHL. Genes
causing monogenic forms of hearing loss are candidate susceptibility genes for AHL and
other genes can be candidates because of a known or presumed function in the inner ear.
With these considerations in mind, a number of researchers have speculated that oxidative
stress, and consequently, mitochondrial DNA mutations, have important causative roles in
the development of AHL. Several genes and loci have been proposed using candidate gene
approaches (see review by Uchida et al., 2011), which included DFNA18 and DFNA5 loci,
chromosome 8q24, 13-kb region of KCNQ4 (Potassium channel, voltage gated, subfamilyQ,
member 4), N-acetyltransferase 2 grainyhead like 2, glutamate receptor metabotropic 7,
glutathione S-transferase (GST), apolipoprotein E allele 34, endothelin-1 (EDN1),
mitochondrial uncoupling protein 2 (UCP2), and mitochondrial DNA mutations.

Interestingly, some of the candidate genes are well known to be associated with oxidative
stress and atherosclerosis. For example, GSTs, one of glutathione-related antioxidant
enzymes, catalyze conjugation of glutathione with xenobiotics and other compounds and
play an important role in the antioxidant protection of the cochlea (el Barbary et al., 1993).
Decreased glutathione and GST activity levels cause increased susceptibility of cells to
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insults and cell damage. When glutathione level is lower, cochlea becomes more vulnerable
to intense noise (Yamasoba et al., 1998) and aminoglycoside-induced hearing loss
(Lautermann et al., 1995). Van Eyken et al. (2007) investigated an association between AHL
and genes related to oxidative stress using a large set of 2111 independent samples from two
population groups, the general European and the Finnish population. Although they did not
detect an association between GSTM1 (mu, chromosome 1p13.3), or GSTT1 (theta,
chromosome 22q11.2) and AHL in the former population, there were significant
associations between both genes and AHL in the latter population.

UCPs are members of the larger family of mitochondrial anion carrier proteins They
facilitate the transfer of anions from the inner to the outer mitochondrial membrane and the
return transfer of protons from the outer to the inner mitochondrial membrane and also
reduce the mitochondrial membrane potential in mammalian cells. UCPs play a role in non-
shivering thermogenesis, obesity, diabetes and atherosclerosis, but the main function of
UCP2 is the control of mitochondria-derived ROS (Arsenijevic et al., 2000).
Recently,Sugiura et al. (2010) reported that UCP2 Ala55Val polymorphisms, but not UCP1
A-3826G polymorphism, exhibited significant association with AHL in the Japanese
population.

Endothelin is a potent vasoactive peptide that is synthesized and released by the vascular
endothelium and the best-characterized endothelin, EDN1, is involved in the development of
atherosclerosis. Several SNPs in EDN1 gene have been shown to be associated with
atherosclerosis, coronary disease and hypertension (for example, Yasuda et al., 2007).
Further, EDN1 can induce a strong, long-lasting constriction of the spiral modiolar artery,
causing an ischemic stroke of the inner ear (Scherer et al., 2005).Uchida et al. (2009) has
observed significant association between the Lys198Asn (G/T) polymorphism (rs5370) in
the EDN1 gene and hearing loss in middle-aged and elderly Japanese.

2.5. Mitochondrial DNA mutations and AHL
Increases of deletions, mutations, or both in mtDNA have been reported in human archival
temporal bone samples from people with AHL compared to normal hearing control
tissues.Bai et al. (1997) examined mtDNA from celloidin-embedded temporal bone sections
of 34 human temporal bones, 17 with normal hearing and 17 with AHL, and found that a
4977-base pair (bp) deletion, called a ‘common ageing deletion,’ was significantly more
frequent in the cochlear tissues from patients with AHL compared to those with normal
hearing.Markaryan et al. (2009) evaluated the association between the common ageing
deletion level in cochlear tissue and the severity of hearing loss in elderly subjects and found
that a mean level of the deletionwas 32 ± 14% in subjects with AHL and 12 ± 2% in the
normal-hearing age-matched controls, with statistical significance. They also observed the
reduction of cytochrome c oxidase subunit 3 (COX3) expression in spiral ganglion cells
from individuals with AHL, and in addition to the mtDNA common ageing deletion, other
deletions involving the mtDNA major arc contributed to the observed deficit in COX 3
expression (Markaryan et al., 2010). Sporadic mtDNA mutations are also likely to contribute
to the manifestation of AHL. Fischel-Ghodsian et al. (1997) examined the archival temporal
bones from five patients with AHL for mutations within the mitochondrially-encoded
cytochrome oxidase II gene and when compared to controls, the mutations occurred more
commonly with AHL despite great individual variability in both quantity and location of
mutation accumulation.
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3. AHL studies in animals
3.1. General pathological and physiological findings

As discussed earlier, AHL is generally classified into three major types based on the
relationship between cochlear pathology and hearing levels: sensory (loss of sensory hair
cells), neuronal (loss of spiral ganglion neurons), and metabolic (strial atrophy) hearing loss
(Schuknecht, 1955). Age-related stria atrophy or degeneration is one of the common features
of AHL in both animals and humans (Gates and Mills, 2005; Ohlemiller, 2009; Fetoni et al.,
2011). Aged gerbils display loss of stria capillaries (Gratton and Schulte, 1995),
degeneration of marginal and intermediate cells of the stria vascularis (Gates and Mills,
2005; Spicer and Schulte, 2005), and loss of Na+K+ ATPase (Schulte and Schmiedt, 1992),
which regulates stria function and endcochlear potential (EP) through transporting Na+ out,
while transporting K+ into the cell (Spicer and Schulte, 2005). The loss of function of the
cells in the stria vascularis and/or spiral ligament is thought to result in disruption of inner
ear ion homeostasis, thereby causing a decline in EP. Consistent with this view, aged gerbils
display an age-related decline in EP as well as disruption of ion homeostasis in the cochlea
(Schmiedt, 1996).

There are several mouse models of aging and age-related diseases that display a variety of
premature aging phenotypes, including a reduced lifespan and early onset of AHL. C57BL/
6J mouse strain, one of the most widely used models for the study of aging and age-
associated diseases, display loss of the hair cells and spiral ganglion neurons and increased
hearing thresholds by 12 months of age (Zheng et al., 1999). Aged C57BL/6 mice display an
age-related decline in the density of spiral ligament and stria vascularis (Ichimiya et al.,
2000) and also an age-related decrease in the cross-sectional area of the stria vascularis as
well as the survival of the Type IV fibrocytes in the spiral ligament (Hequembourg and
Liberman, 2001). Interestingly, an age-related decline in EP was observed in CBA/CaJ mice
and BALB/cJ mice, but not in C57BL/6 or CBA/J (Lang et al., 2002; Sha et al., 2008),
which suggests that decreased EP may not be a key common feature of AHL. Since inbred
mouse strains have a wide range of noise sensitivities and rates of hearing loss with age,
they may not be good model for the heterogeneity of the human population. An animal
population featuring a genetically heterogenous background, late onset of hearing loss and a
well defined range of sensitivity to environmental factors might provide a more informative
model for human AHL.Schacht et al. (2012) tested four-way cross mice from 4 parental
strains, MOLF/Ei, C3H/HeJ, FVB/NJ, and 129/SvImJ, and identified several
polymorphisms affecting hearing in later life (loci on chromosomes 2, 3, 7, 10, and 15 at 18
months, on chromosomes 4, 10, 12, and 14 at 22 months in noise-exposed mice, and on
chromosomes 10 and 11 in those not exposed to noise). Such four-way cross mice, in which
each in the progeny shares a random 50% of its genetic heritage with each other, are
considered to have the advantages of providing robustness, reproducibility, and genetic
tractability (Miller et al., 1999) and thus are worth for future AHL studies.

3.2. Role of ROS in AHL
It has been postulated that reactive oxygen species (ROS) play a major role in the
degeneration of these cochlear cells during aging (Cheng et al., 2005; Someya et al., 2009).
It is now well established that mitochondria are a major source of ROS (Balaban et al.,
2005; Lin and Beal, 2006; Wallace, 2005) and that the majority of intra-cellular ROS are
continuously generated as a by-product of mitochondrial respiration metabolism during the
generation of ATP (Balaban et al., 2005; Beckman and Ames, 1998; Halliwell and
Gutteridge, 2007). These ROS include superoxide (•O2

−) and hydroxyl radical (•OH) which
are extremely unstable, and hydrogen peroxide (H2O2) which is freely diffusible and
relatively long-lived (Balaban et al., 2005; Beckman and Ames, 1998; Halliwell and
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Gutteridge, 2007). ROS generated inside mitochondria are hypothesized to damage key cell
components such as nuclear DNA, mitochondrial DNA (mtDNA), membranes, and proteins.
Such oxidative damage accumulates over time and leads to tissue dysfunction during aging.
This by no means is in any way special to the inner ear, but has been ubiquitously found in
all systems. An elaborate antioxidant system has evolved to control the damaging effects of
those ROS. The system includes the antioxidant enzymatic scavengers, such as superoxide
dismutase (SOD), catalase, GST, and glutathione peroxidase (Gpx) (see Halliwell and
Gutteridge, 2007). SOD decomposes superoxide (O2

−) into hydrogen peroxide (H2O2) and
oxygen (O2), while catalase and Gpx decomposes hydrogen peroxide into water (H2O) and
oxygen (Halliwell and Gutteridge, 2007).

It has been shown that increased Gpx activity was observed in the stria vascularis and spiral
ligament in the cochlea of aged Fisher 344 rats (Coling et al., 2009). In the organ of Corti of
CBA mice, glutathione-conjugated proteins, markers of H2O2-mediated oxidation, began to
increase at 12 months of age and 4-hydroxynonenal and 3-nitrotyrosine, products of
hydroxyl radical and peroxynitrite action, respectively, were elevated by 18 months,
whereas antioxidant proteins AIF and enzymes SOD2 decreased by 18 months (Jiang et al.,
2007). Age-related cochlear hair cell loss was enhanced in mice lacking the antioxidant
enzyme SOD1 (McFadden et al., 1999), and reduced thickness of the stria vascularis and
severe degeneration of spiral ganglion neurons were observed in middle-aged SOD1
knockout mice (Keithley et al., 2005). Similarly, mice lacking senescence marker protein 30
(SMP30)/gluconolactonase (GNL), which could not synthesize vitamin C (VC), showed
reduction of VC in the inner ear, increased hearing thresholds, and loss of spiral ganglion
cells, suggesting that VC depletion accelerates AHL (Kashio et al., 2009). Conversely
overexpression of catalase in the mitochondria reduced oxidative DNA damage in the
cochlea and slowed AHL in C57BL/6 mice (Someya et al., 2009). These findings implicate
that oxidative damage in the cochlea reflects an age-related decline in the antioxidant
defenses and/or an age-related increase in ROS levels and pays a crucial role in the
development of AHL.

Several studies have been conducted to examine the effects of antioxidants against AHL.
Seidman (2000) conducted a randomized prospective study over a 3-year period, in which
Fischer 344 rats were given vitamin E, VC melatonin, or lazaroid, and observed that the
antioxidant-treated animals had better auditory sensitivities and a trend for fewer mtDNA
deletions compared with placebo subjects.Seidman et al. (2002) also examined the effects of
lecithin, a polyunsaturated phosphatidylcholine that plays a rate-limiting role in the
activation of numerous membrane-located enzymes including SOD and glutathione, on
aging and AHL. When Harlan–Fischer rats aged 18–20 months were divided into controls
and experimental group supplemented orally for 6 months with lecithin, lecithin-treated
animals showed significantly better hearing sensitivities, higher mitochondrial membrane
potentials, and less common ageing mtDNA deletion in the cochlear tissues including stria
vascularis and auditory nerve compared to controls. Le and Keithley (2007) demonstrated
that aged dogs fed a high antioxidant diet for the last 3 years of their life showed less
degeneration of the spiral ganglion cells and stria vascularis compared to dog fed control-
diet.

In C57BL/6 mice, supplementation with VC did not increase VC levels in the cochlear
tissue or slow AHL (Kashio et al., 2009), but animals fed with diet comprising six
antioxidant agents (L-cysteine-glutathione mixed disulfide, ribose-cysteine, NW-nitro-L-
arginine methyl ester, vitamin B12, folate, and ascorbic acid) exhibited significantly better
hearing sensitivity than controls (Heman-Ackah et al., 2010). When C57BL/6 mice were fed
with control diet or diet containing one of 17 antioxidant compounds (acetyl-L-carnitine, α-
lipoic acid, carotene, carnosine, coenzyme Q10, curcumin, tocopherol, EGCG, gallic acid,
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lutein, lycopene, melatonin, poanthocyanidin, quercetin, resveratrol, and tannic acid), AHL
was nearly completely prevented by α-lipoic acid and coenzyme Q10 and partially by N-
acetyl-L-cysteine, but not by other compounds (Someya et al., 2009). In CBA/J mice,
antioxidant-enriched diet containing vitamins A, C, and E, L-carnitine, and α-lipoic acid
given from 10 months through 24 months of age significantly increased the antioxidant
capacity of the inner ear tissues but did not ameliorate AHL or loss of the hair cells and
spiral ganglion cells (Sha et al., 2012). These findings indicate that supplementation with
certain antioxidants can slow AHL in animals but that the effects depends on many factors,
including the type and dosage of anti-oxidant compounds, timing and duration of the
treatment, species, and strains. Defining these factors and those we’ve yet to identify is one
of the goals in future research.

3.3. Effect of calorie restriction against AHL
Caloric restriction (CR) extends the lifespan of most mammalian species and is the only
intervention shown to slow the rate of aging in mammals. Maximum lifespan is thought to
be increased by reducing the rate of aging, while the average lifespan can be increased by
improving environmental conditions. In laboratory rodents, CR delays the onset of age-
related diseases such as lymphomas, prostate cancer, nephropathy, cataracts, diabetes,
hypertension, and hyperlipidemia, and autoimmune diseases (see Sohal and Weindruch,
1996; Mair and Dillin, 2008). Despite such evidence, the question remains whether CR also
acts to retard aging and disease in higher species such as non-human primates and humans.
In monkeys, CR has been reported to result in signs of improved health including reduced
body fat, higher insulin sensitivity, increase in high-density lipoprotein and reduction in very
low-density lipoprotein levels (Rezzi et al., 2009). Twenty-year longitudinal adult-onset CR
study in rhesus macaques maintained at the Wisconsin National Primate Research Center
(WNPRC) demonstrated that moderate CR lowered the incidence of aging-related deaths
and delayed the onset of age-associated pathologies, such as diabetes, cancer, cardiovascular
disease, and brain atrophy (Colman et al., 2009). Very recently, a CR regimen implemented
in young and older age rhesus monkeys at the National Institute on Aging (NIA) has been
shown not to improve survival outcomes, contrast with an ongoing study at WNPRC,
suggesting a separation between health effects, morbidity and mortality (Mattison et al.,
2012).

It is difficult to determine whether CR has beneficial effects on longevity and age-related
diseases in humans because there are no validated biomarkers that can serve as surrogate
markers of aging and because it is impractical to conduct randomized, diet-controlled, long-
term survival studies in humans. Nonetheless, data from epidemiologic studies suggest that
CR may have beneficial effects on the factors involved in the pathogenesis of primary and
secondary aging and life expectancy in humans. Food shortages during World War in
European countries were associated with a sharp decrease in coronary heart disease
mortality, which increased again after the war ended (Hindhede, 1921; Strom and Jensen,
1951). Another study among Spanish nursing home residents undergoing long-term alternate
day feeding regimen also demonstrated decreased morbidity and mortality (Vallejo, 1957).
In addition, inhabitants of Okinawa island, who ate ≈30% fewer calories than the rest of
Japanese residents, had ≈35% lower rates of cardiovascular disease and cancer mortality
than the average Japanese population and had one of the highest numbers of centenarians in
the world (Kagawa, 1978). Due to the Westernization on the nutrition, resulting in increased
meat intake and fat energy ratio and decreased intake of beans and vegetables, the longest
life expectancy at birth for men in Okinawa is now no higher than the national average in
Japan, reflecting increased mortality ratio due to heart disease and cerebrovascular disease
(Miyagi et al., 2003). It should be noted, however, that these associations do not prove
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causality between decreased calorie intake and increased survival and that CR studies in
humans did not always show influence on age-related changes.

The preventive effect of CR against AHL has been inconsistent across reports (see review
by Someya et al., 2010a). Fischer rats that were calorie restricted to 70% of the control
intake beginning at one month of age and then housed for 24–25 months showed
significantly better hearing thresholds, reduced hair cell loss, and decreased mtDNA
common deletion in the auditory nerve and stria vascularis of the cochlea compared to
controls (Seidman, 2000). CR also delayed the onset of AHL in the AU, CBA and B6 strains
of mice, but not in the DBA, WB, or BALB strains. Beneficial effects by CR have been
reported in monkeys maintained at WNPRC, but not in those at NIA. Interestingly, high fat
diet given for 12 month, which is opposite to CR, elevated hearing thresholds at high-
frequency region and increased ROS generation, expressions of NADPH oxidase and UCP,
accumulation of mtDNA common deletion, and cleaved caspase-3 and TUNEL-positive
cells in the inner ear of Sprague–Dawley rats (Du et al., 2012).

The underlying mechanisms for the CR-associated benefits remain unclear.Someya et al.
(2007b) observed that C57B/6 mice that received CR by 15 months of age retained normal
hearing and showed no obvious cochlear degeneration and a significant reduction in the
number of TUNEL-positive cells and cleaved caspase-3-positive cells in the spiral ganglion
cells compared to age-matched controls; microarray analysis also revealed that CR down-
regulated the expression of 24 apoptotic genes, including Bak (BCL2-antagonist/killer 1)
and Bim (BCL2-like 11), suggesting that CR could prevent apoptosis of the cochlear cells.
In addition, oxidative stress by paraquat induced Bak expression and apoptosis in primary
cochlear cells, which was ameliorated in Bak-deficient cells (Someya et al., 2009).
Furthermore, a mitochondrially targeted catalase transgene and oral supplementation with α-
lipoic acid and coenzyme Q10 suppressed Bak expression in the cochlea, reduced cochlear
cell death, and prevented AHL, suggesting that oxidative stress induces Bak-dependent
apoptosis in the cochlear cells (Someya et al., 2009). It has recently been reported that CR
failed to reduce oxidative DNA damage and prevent AHL in C57B/6 mice lacking the
mitochondrial deacetylase Sirt3, a member of the sirtuin family (Someya et al., 2010b). In
response to CR, Sirt3 directly deacetylated and activated mitochondrial isocitrate
dehydrogenase 2 (Idh2), leading to increased NADPH levels and an increased ratio of
reduced-to-oxidized glutathione in mitochondria. In cultured cells, overexpression of Sirt3
and/or Idh2 increased NADPH levels and protected from oxidative stress-induced cell death.
These findings strongly suggest that at least a primary mechanism underlying the beneficial
effects of CR is mediated by ROS-antioxidant systems and that Sirt3 is essential in
enhancing the mitochondrial glutathione antioxidant defense system in the cochlea during
CR.

3.4. Mitochondrial dysfunction and mitochondrial DNA mutations in AHL
Recent development of DNA microarray analysis has provided a global analysis of gene
expression in the aging tissues. Someya et al. (2007a) compared gene expression profiles in
the cochlea between 2-month-old and 8-month-old DBA/2J and found that AHL was
associated with profound down-regulation of genes involved in the mitochondrial
respiratory chain complexes in the cochlea of aged DBA/2J mice. A comparison of cochleae
from middle aged C57B/6 mice under CR and normal control diet revealed that genes
involved in apoptosis were down-regulated whereas those involved in mitochondrial
function and DNA repair were up-regulated as a result of CR (Someya et al., 2007b).

As discussed before, mtDNA mutations and common ageing deletions have been reported to
increase with aging in human temporal bones (Bai et al., 1997; Markaryan et al., 2009,
2010; Fischel-Ghodsian et al., 1997). It has been shown that accumulation of mtDNA
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mutations leads to premature aging in mitochondrial mutator mice (Polg knockin mice),
indicating a causal role of mtDNA mutations in mammalian aging (Kujoth et al., 2005;
Trifunovic et al., 2004). The Polg knockin mice were created by introducing a two base
substitution, which results in a defect in mtDNA proof-reading ability. Young Polg mutator
mice were indistinguishable from wild-type WT littermates, but 9–10 months old mutator
mice displayed a variety of premature aging phenotypes, including early onset of AHL,
severe loss of the spiral ganglion neurons, degeneration of the stria vascularis, and increase
of TUNEL-positive spiral ganglion cells, while age-matched wild-type mice displayed only
minor loss/degeneration of the cochlear cells (Someya et al., 2008). DNA microarray
analysis revealed that mtDNA mutations were associated with transcriptional alterations
consistent with impairment of energy metabolism, induction of apoptosis, cytoskeletal
dysfunction, and hearing dysfunction in the cochlea of aged Polg mutator mice.Niu et al.
(2007) also reported that the mtDNA mutator mice showed progressive apoptotic cell loss in
the spiral ganglion, increased pathology in the stria vascularis, and accelerated progressive
degeneration in the neurons in the cochlear nucleus compared to wild-type mice. These
findings imply that accumulation of mtDNA mutations lead to mitochondrial dysfunction,
an associated impairment of energy metabolism, and the induction of an apoptotic program
in the cochlea.

4. Putative mechanisms of AHL
As discussed above by reviewing recent human and animal studies, it is now well
established that oxidative stress and mtDNA mutations/deletions play a crucial role in the
development of AHL. Substantial evidence has accumulated from animal studies that
cumulative effect of oxidative stress could induce damage to macromolecules such as
mtDNA in the cochlea and that the resulting accumulation of mtDNA mutations/deletions
and decline of mitochondrial function over time progressively induce (Bak-dependent)
apoptosis of the cochlear cells. Epidemiological human studies have demonstrated four
categories of risk factors of AHL, i.e., cochlear aging, environment such as noise exposure,
genetic predisposition, and health co-morbidities such as cigarette smoking and
atherosclerosis. Genetic investigation has identified several putative associating genes,
including those related to antioxidant defense system and atherosclerosis. Exposure to noise
is known to induce excess generation of reactive oxygen species (ROS) in the cochlea, and
cumulative oxidative stress can be enhanced by relatively hypoxic situations resulting from
the impaired homeostasis of cochlear blood supply due to atherosclerosis, which could be
accelerated by genetic and co-morbidity factors. Antioxidant defense system may also be
influenced by genetic backgrounds including race. The conceptual figure of the model for
the development of AHL has been shown in Fig. 2. This may explain the large variations of
the onset and extent of AHL among elderly subjects. AHL has been shown to be slowed by
certain interventions, such as CR and supplementation with antioxidants, in laboratory
animals. Large clinical trials are needed to investigate if AHL can be delayed or prevented
in humans and gain insights into the molecular mechanisms of AHL. Given the social value,
quality of life and economic costs of AHL and the safety of many of the potentially effective
interventions, we hope that such trials will begin in the near future.
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Fig. 1.
Prevalence of hearing loss in the United States by age, 2001–2008. Hearing loss is defined
by a PTA of 0.5–4 kHz thresholds in the better-hearing ear >25 dB.
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Fig. 2.
Conceptual model of the development of age-related hearing loss.
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