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Age-related hearing loss (AHL), known as presbycusis, is a univer-
sal feature of mammalian aging and is the most common sensory
disorder in the elderly population. The molecular mechanisms
underlying AHL are unknown, and currently there is no treatment
for the disorder. Here we report that C57BL/6J mice with a deletion
of the mitochondrial pro-apoptotic gene Bak exhibit reduced
age-related apoptotic cell death of spiral ganglion neurons and
hair cells in the cochlea, and prevention of AHL. Oxidative stress
induces Bak expression in primary cochlear cells, and Bak deficiency
prevents apoptotic cell death. Furthermore, a mitochondrially
targeted catalase transgene suppresses Bak expression in the
cochlea, reduces cochlear cell death, and prevents AHL. Oral sup-
plementation with the mitochondrial antioxidants a-lipoic acid and
coenzyme Qo also suppresses Bak expression in the cochlea,
reduces cochlear cell death, and prevents AHL. Thus, induction of
a Bak-dependent mitochondrial apoptosis program in response to
oxidative stress is a key mechanism of AHL in C57BL/6J mice.
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A ge-related hearing loss (AHL), also known as presbycusis,
is characterized by an age-dependent decline of auditory
function associated with loss of sensory hair cells, spiral ganglion
(SG) neurons, and stria vascularis cells in the cochlea of the inner
ear (1, 2). Hair cells and SG neurons do not regenerate in
mammals, and loss of these long-lived cochlear cells leads to
permanent hearing impairment. AHL affects more than 40% of
people greater than 65 years of age in the United States (1, 2)
and is projected to afflict more than 28 million Americans by
2030 (1, 3). Because of its high prevalence, AHL is a major social
and health problem.

Most inbred mouse strains display at least some degree of
AHL, and the age of onset of AHL varies from 3 months in
DBA/2J mice to older than 20 months in CBA/Cal mice (4). The
C57BL/6J mouse strain, which is widely used for aging research,
displays the classic pattern of AHL by 12 to 15 months of age
(5-7). The onset of AHL in this strain begins in the high-
frequency region and spreads toward the low frequencies with
age; these functional deficits are accompanied by the loss of hair
cells and neurons that begins in the base and spread toward the
apex of the cochlea with age (5, 7). Strains susceptible to
early-onset AHL, including C57BL/6J, are known to carry a
specific mutation in the cadherin 23 gene (Cdh23), which
encodes a component of the hair-cell tip link (5, 8, 9).

The mitochondrial theory of aging postulates that reactive
oxygen species (ROS) generated inside mitochondria damage
key mitochondrial components, including mtDNA and respira-
tory chain complex proteins (10). Such damage accumulates with
time and ultimately leads to permanent age-related mitochon-
drial dysfunction, which in turn contributes to the aging pheno-
types (10, 11). In support of the relevance of this hypothesis to
AHL, hearing loss is a common symptom in individuals with
inherited mtDNA mutations (12-14), and patients with AHL
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have a significant load of acquired mtDNA mutations in their
auditory tissues (15). Moreover, accumulation of mtDNA mu-
tations plays a causal role in AHL in mice (16). Therefore,
mitochondrial damage and dysfunction are thought to play a
central role in AHL.

We have previously reported that caloric restriction (CR),
which retards several aspects of the aging process in multiple
species (17), slows the progression of AHL in C57BL/6J mice,
reduces the levels of apoptosis in the cochlea, and reduces the
levels of the mitochondrial proapoptotic Bcl-2 family member
Bak (6). Apoptosis may play a key role in the age-related decline
of physiological function in multiple organs (18), including aging
in the cochlea (6, 19). CR attenuates the age-related induction
of apoptotic factors in skeletal muscle (20), and may prevent
stress-induced apoptotic cell death through the induction of the
deacetylase SIRT1 (21). Apoptosis can occur through 2 major
pathways: the intrinsic pathway, also known as the mitochondrial
pathway, which is initiated when the outer mitochondrial mem-
brane loses its integrity; or the extrinsic pathway, which is
initiated through ligand binding to cell surface receptors (18, 22).
In mammals, mitochondria play a major role in apoptosis that is
regulated by Bcl-2 family members (18). Of the Bcl-2 family
members, the proapoptotic proteins Bak and Bax play a central
role in promoting mitochondrial-mediated apoptosis (18, 22).
These Bcl-2 proteins promote permeabilization of the outer
mitochondrial membrane, leading to caspase activation and cell
death (18). We therefore tested whether the cell-intrinsic, mi-
tochondrial pathway of apoptosis contributes to AHL in
C57BL/6J mice.

Results

Bak Deficiency Reduces Apoptotic Cochlear Cell Death and Delays the
Onset of AHL. To investigate whether the proapoptotic Bak and/or
Bax proteins contribute to the onset of AHL, we conducted hearing
tests in 5- and 15-month old C57BL/6J Bak /'~ and WT mice. The
auditory brainstem response (ABR), an objective electrophysio-
logical test of hearing function, was used to monitor the progression
of AHL (4). ABR hearing thresholds from middle-aged Bak™/~
mice were significantly lower than those of age-matched WT mice
at all frequencies tested, but were not significantly different from
those of young WT mice at the middle and high frequencies (Fig.
1A), indicating that Bak is required for the development of AHL.
There were no differences in body weight between middle-aged WT
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Fig. 1. Bak deficiency delays the onset of AHL, whereas Bax deficiency does
not. (A) ABR hearing thresholds were measured from Bak~/~ and WT mice at
5 and 15 months of age (n = 10). (B) ABR hearing thresholds were measured
from Bax~/~ and WT mice at 5 and 15 months of age (n = 10). *Significantly
different from 15-month-old WT mice (P < 0.05), **Significantly different
from 5-month-old WT mice (P < 0.05). Error bars represent SEM.

and Bak '~ groups [supporting information (SI) Fig. S14]. Because
Bax and Bak are thought to have redundant functions in the control
of mitochondrial apoptosis (22), we also tested the role of Bax in
AHL. Surprisingly, no significant differences were observed in
ABR thresholds between middle-aged WT and Bax~/~ mice
(Fig. 1B).

Decreased SG neuron density and hair cell numbers are
hallmarks of AHL (5). The hair cells that transduce sound relay
their electrical response postsynaptically to SG neurons, which in
turn transmit the neural signal through the auditory neuraxis to
the auditory cortex, where the information is interpreted (23). In
agreement with the ABR results, middle-aged Bak~/~ mice
displayed only minor loss of SG neurons (Fig. 2C) and hair cells
(Fig. 2D). Cell counting also demonstrated that Bak deficiency
increased SG neuron survival (Fig. 2E and Fig. S24) and outer
hair (OH) cell survival (Fig. 2F and Fig. S34), whereas Bax
deficiency did not increase SG neuron survival (Fig. S2B). There
were no differences in SG neuron and hair cell survival between
and young WT and Bak ™'~ mice (Fig. 2E and Fig. S24; Fig. 2F
and Fig. S3 4 and B). To confirm that age-related cochlear cell
death was apoptotic, we conducted TUNEL staining to measure
nuclear DNA fragmentation, a key feature of apoptosis (16, 24),
in 5- and 15-month-old Bak~/~ and WT mice. Consistent with
the SG neuron and OH cell counts, aging resulted in increased
levels of TUNEL-positive cells in the WT cochlea, whereas levels
of TUNEL-positive cells in the Bak~'~ cochlea did not increase
with age (Fig. 2G). Moreover, no significant difference was
observed in levels of TUNEL-positive cells between young WT
and middle-aged Bak~'~ cochlea (Fig. 2G). Collectively, our
results indicate that Bak is required for the development of AHL
through the induction of apoptosis in mice.

Oxidative Stress Triggers Bak Expression in Primary Cochlear Cells and

Bak Deficiency Reduces Apoptotic Cell Death. To uncover the
pathogenic mechanisms that trigger Bak-mediated apoptosis in
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Fig.2. Bakdeficiency reduces cochlear pathology. SG neurons (A and C) and
hair cells (B and D) in the basal cochlear regions from 15-month-old WT and
Bak~'~ mice. Arrows indicate the hair cell regions. (Scale bar, 200 um.) (E) SG
neuron survival (i.e., SG neuron density) of basal cochlear regions was mea-
sured from WT and Bak~/~ mice at 5 and 15 months of age (n = 5). (F) OH cell
survival (%) of basal cochlear regions was measured from WT and Bak~/~ mice
at5and 15 months of age (n = 5). (G) TUNEL-positive cells were counted in the
cochlea of WT and Bak~'~ mice at 5 and 15 months of age (n = 5). **Signif-
icantly different from 15-month-old WT mice (P < 0.05), **Significantly
different from 5-month-old WT mice (P < 0.05). Error bars represent SEM.

the cochlea, we conducted in vitro studies to investigate whether
primary cochlear cells lacking Bak are resistant to oxidative
stress-induced cell death using paraquat (PQ), which damages
neurons and cochlear cells by generating ROS, such as super-
oxide anions (25, 26). We performed oxidative stress tests,
followed by cell viability tests using primary cochlear cells
derived from 4-d-old WT and Bak™/~ mice. We found that PQ
reduced cochlear cell viability in a dose-dependent manner in
WT cells (Fig. 34); however, cochlear cells lacking Bak were
more resistant to PQ-induced cell death at all PQ concentrations
measured (Fig. 34). Bak-deficient cochlear primary neurons
were also more resistant to PQ-induced cell death than WT
neurons (Fig. 34). These results indicate that Bak promotes
cochlear cell death in response to oxidative stress. Next, to
confirm that PQ-induced cochlear cell death was apoptotic in
nature, we measured TUNEL staining following PQ treatment.
Consistent with the in vivo TUNEL test results, PQ-induced cell
death was apoptotic and cochlear cells lacking Bak were resistant
to PQ-induced apoptosis (Fig. 3B). Finally, to examine whether
PQ-induced oxidative stress can trigger the expression of Bak
mRNA in cochlear cells, we conducted oxidative stress tests,
followed by quantitative RT-PCR (QRT-PCR) to measure
relative Bak mRNA level in WT cells. Mean relative Bak mRNA
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Fig. 3. Cochlear cells lacking Bak are resistant to PQ-induced apoptotic cell
death. (A) Cochlear cell viability (%) and neuron viability (%) were measured after
PQ treatment of cells derived from 4-d-old WT and Bak /'~ mice (n = 3). (B)
TUNEL-positive cells were counted after PQ treatment (400 uM) of cells derived
from 4-d-old WT and Bak '~ mice (n = 3). (C) Relative cochlear mRNA expression
of Bak was measured after PQ treatment (400 uM) of cells derived from 4-d-old
WT and Bak~/~ mice (n = 3). *Significantly different from WT (P < 0.05). **Sig-
nificantly different from control (P < 0.05). Error bars represent SEM.

levels in PQ-treated cells were significantly higher than in
controls (Fig. 3C). Thus, oxidative stress induces Bak expression
in cochlear cells, and cochlear cells lacking Bak are resistant to
oxidative stress-induced apoptotic cell death.

Mitochondrially-Targeted Catalase Suppresses Bak Expression in the
Cochlea, Reduces ROS-Induced Cochlear DNA Damage, and Delays the
Onset of AHL. To test the hypothesis that mitochondria-derived
ROS play a causal role in AHL, we conducted hearing tests in
C57BL/6J transgenic mice that overexpress catalase localized to
mitochondria (MCAT) (27). At 13 months of age the mean ABR
hearing thresholds of MCAT transgenic mice were significantly
lower than those of age-matched WT mice at all the frequencies
tested (Fig. 44). In agreement with the ABR test results,
middle-aged MCAT mice displayed only minor age-related loss
of SG neurons (Fig. S4E) and hair cells (Fig. S4F). Cell counting
also demonstrated that catalase overexpression reduced OH cell
and inner hair (IH) cell loss (Fig. 4B). These results indicate that
mitochondria-derived ROS play a causal role in AHL

To investigate whether oxidative damage to nucleic acids is
blocked by catalase overexpression, we measured oxidative
damage to DNA and RNA in the cochleae of WT and MCAT
mice at 13 months of age. We found that oxidative DNA damage,
but not RNA damage, was reduced in the cochleae of MCAT
mice (Fig. 54 and Fig. S4G). We also found that cochlear
oxidative DNA damage, but not RNA damage, increased during
aging in WT mice (Fig. 54 and Fig. S54). Cochlear oxidative
DNA damage also increased during aging in Bak™'~ mice,
suggesting that oxidative stress acts upstream of Bak (Fig. S5B).
Next, we measured relative mRNA levels of the proapoptotic
Bcl-2 family members Bak, Bax, Bid, and Bim, and anti-apoptotic
Bcl-2 (18) in the cochleae of WT mice at 5 and 15 months of age;
the mean relative mRNA expression of Bak increased with age
(Fig. 5B). No significant age-related changes were observed in
relative mRNA levels of Bax, Bid, and Bim with aging (Fig. 5B
and Fig. S5C). Interestingly, the mean relative mRNA expression
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Fig.4. Overexpression of catalase targeted to mitochondria delays the onset
of AHL and reduces cochlear pathology. (A) ABR hearing thresholds were
measured from WT and MCAT mice at 4 and 13 months of age (n = 6-9). (B)
OH cell and IH cell loss (%) of cochleae were measured from WT and MCAT
mice at 13 months of age (n = 5-6). *Significantly different from WT mice (P <
0.05). Error bars represent SEM.

of Bcl-2 decreased with age (Fig. S5C). Moreover, we found that
the mean relative mRNA expression of Bak (but not Bax) in the
cochleae of MCAT transgenic mice was significantly lower than
that of WT mice (Fig. 5C). Together, these results provide
compelling evidence that enhancing mitochondrial antioxidant
defenses reduces oxidative DNA damage, Bak expression, and
cochlear cell death, and also delays the onset of AHL in mice.

Supplementation with Mitochondrial Antioxidants Suppresses Bak
Expression in the Cochlea and Delays the Onset of AHL. We tested the
effects of 17 antioxidant compounds on AHL in C57BL/6J mice
(Table S1). Animals were fed the compounds orally under
conditions of controlled caloric intake, and the dietary regimen
was maintained from 4 months of age until 15 months of age. We
found that at 15 months of age the mean ABR hearing thresholds
from mice fed a-lipoic acid (LA), coenzyme Qjp (CQ), or
N-acetyl-L-cysteine (NAC) were significantly lower at the high
frequency than those of control diet-fed mice (Fig. 64 and Fig.
S6). In addition, the mean ABR hearing threshold at the low
frequency was significantly lower in CQ-treated mice than in
controls (Fig. 64 and Fig. S6). There were no differences in body
weight among control, LA, CQ, and NAC diet-fed groups (Fig.
S7). LA and NAC are thiol compounds that have been shown to
reduce mitochondrial ROS production and associated dysfunc-
tion (28-30), whereas CQ is an essential component of the
mitochondrial electron transfer chain and acts as a mitochondrial
antioxidant (31). Interestingly, antioxidants that do not selec-
tively target mitochondria did not delay the onset of AHL at all
the frequencies tested (Fig. S6). Consistent with the hearing test
results, LA and CQ diet-fed mice displayed only minor loss of SG
neurons (Fig. S8 E and F) and hair cells (Fig. S8 H and J). SG
neuron counting also revealed that supplementation with LA
and CQ increased SG neuron survival (Fig. 6B). Furthermore,
we found that the mean relative mRNA expression of Bak, but
not Bax, in the cochleae of LA and CQ diet-fed mice was
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Fig. 5. Enhancing antioxidant defenses reduce oxidative DNA damage and
reduce Bak expression in the cochlea. (A) Oxidative damage to DNA (8-
oxodGuo) was measured in the cochleae from WT and MCAT mice at 13
months of age and from WT mice at 5 and 15 months of age (n = 5-10). (B)
Relative cochlear mRNA expression of Bak and Bax was measured in the
cochleae from WT mice at 5 and 15 months of age (n = 5). (C) Relative cochlear
mMRNA expression of Bak and Bax was measured in the cochleae from WT and
MCAT mice at 13 months of age (n = 5). *Significantly different from control
diet or WT mice (P < 0.05). Error bars represent SEM.

significantly lower than in control diet-fed mice (Fig. 6C).
Together, these results provide evidence that enhancing mito-
chondrial antioxidant defenses through mitochondrial antioxi-
dant supplementation reduces pro-apoptotic Bak expression,
reduces cochlear cell death, and delays the onset of AHL in mice.

Discussion

Previous studies have shown that the apoptotic protein Bak is
up-regulated in the human aging brain (32), as well as in the
hippocampus of patients with Alzheimer disease (33). Therefore,
our finding that mitochondrial oxidative stress triggers Bak-
mediated apoptosis in the cochlea may have general implications
for aging and cell death in the brain and other sensory organs in
mammals. It is well established that the tumor suppressor and
nuclear transcription factor pS3 is activated by cell stress and DNA
damage and that activation of p53 can trigger apoptosis in a wide
range of cell types including neurons (34). In response to cell stress,
p53 rapidly translocates to mitochondria (35) and directly binds to
Bak and induces its oligomerization, leading to cytochrome c
release (36, 37). Therefore, we speculate that, in response to
increased oxidative DNA damage in the aged cochlea, p53 trans-
locates to mitochondria and activates Bak, leading to Bak-mediated
apoptosis and eventually to cochlear cell death. We also note that
based on our cochlear cell culture experiments, the age-related
increase in oxidative stress is likely to account for the increased Bak
gene expression in the aged cochlea, promoting apoptosis.
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Fig. 6. Supplementation of antioxidants that targets mitochondria delays
the onset of AHL and reduces cochlear pathology. (A) ABR hearing thresholds
were measured at 8, 16, and 32 kHz in 15-month-old mice fed control diet (CD)
or diets supplemented with LA, CQ, or NAC compounds (n = 5-7). (B) SG
neuron survival (i.e., SG neuron density) of basal cochlear regions was mea-
sured from control, LA, and CQ diet-fed mice at 15 months of age (n = 5). (C)
Relative cochlear mRNA expression of Bak and Bax was measured in the
cochleae from 15-month-old control, LA, and CQ diet-fed mice (n = 5).
*Significantly different from control diet or WT mice (P < 0.05). Error bars
represent SEM.

The C57BL/6J mouse strain is a long-lived strain (mean lifespan
of approximately 30 months) and is the most widely used mouse
model for the study of aging and age-associated diseases (17). It is
also well known that C57BL/6J mice respond to CR with a robust
extension of lifespan (17), in agreement with our observation that
CR prevents AHL in this strain (6). C57BL/6J and many mouse
strains that display AHL carry a specific mutation (Cdh237>31) in
the Cdh23 gene, which encodes a component of the hair-cell tip link
(5, 8, 9). The mutation is a hypomorphic allele that leads to a
disorganized hair bundle (9). Because the Cdh237>34 mutation is
known to promote early onset of AHL in C57BL/6J mice (4-6, §,
9), it is possible that hair cells in mice carrying the Cdh237>34
mutation are more susceptible to oxidative stress and apoptosis,
thereby limiting the general implication of our findings. However,
the C57BL/6J strain displays the classic pattern of AHL (4, 5, 7),
similar to that reported in humans (1, 38) and in the CBA/J mouse
strain that does not possess the Cdh237°34 mutation and displays
late onset of AHL by 18 months of age (4, 7, 39). In both strains,
the onset of AHL begins in the high-frequency region and spreads
toward the low frequencies with age, and the loss of hair cells and
neurons begins in the base and spreads toward the apex of the
cochlea with age (4, 5, 7, 39). Thus, the Cdh237>34 allele affects age
of onset of AHL, but the basic mechanisms of cochlear aging are
likely to be similar in C57BL/6J and CBA/J strains.

Our study also establishes that oxidative DNA damage in-
creases with age in the cochlea of C57BL/6J mice, and that such
oxidative damage plays a causal role in AHL through the
induction of apoptosis. Consistent with the generality of these
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findings, oxidative protein damage also increases with age in the
cochlea of CBA/J mice (40), and aging is associated with
increased expression of apoptosis-associated genes in the co-
chlea of the CBA/CalJ mouse strain that also does not carry the
Cdh237>34 mutation (41). Importantly, CR slows the progression
of AHL in both the C57BL/6J and CBA/J strains (6, 42),
suggesting common age-related mechanisms of AHL.

CR is thought to slow the aging process by reducing levels of
ROS in a wide variety of cell types (17, 43). Indeed, CR reduces
oxidative damage to DNA, protein, and lipids (17, 43). In mice,
most of the attenuation of the oxidative damage by CR occurs
in post-mitotic tissues such as brain (17, 43). In agreement with
these reports, CR reduces levels of mtDNA deletions in the
cochlea (44) and delays the onset of AHL in rodents (6, 42, 44).
Thus, we propose that CR slows the cochlear aging process by
reducing oxidative DNA damage, thereby reducing levels of
Bak-mediated apoptosis in the cochlea (6).

It is thought that the proapoptotic Bcl-2 family members Bak
and Bax function in concert as a gateway to the mitochondrial-
mediated cell death pathway, and that they are redundant in
function in programmed apoptosis that is required for proper
development (18, 22). However, recent studies suggest that Bak
acts upstream of Bax in promoting mitochondrial apoptosis (25,
45), and that Bak plays the central role in apoptosis of differ-
entiated neurons (24). Moreover, Bak may play an exclusive role
in oxidative stress-mediated apoptosis in the brain (25), and also
in mitochondrial fragmentation (45). In the current study, Bak
deficiency prevented AHL whereas Bax deficiency did not.
Levels of Bak mRNA were reduced in the cochleae of MCAT
transgenic mice and LA and CQ treated mice, whereas levels of
Bax mRNA were not altered. We also note that aging resulted
in increased expression of Bak, but not Bax, in the WT cochlea.
Thus, our data provide evidence that the mitochondrial apopto-
tic function of Bak is not redundant with that of Bax in the adult
cochlea. In summary, our findings strongly support the hypoth-
esis that mitochondrial ROS plays a role in limiting the mam-
malian health span and provide evidence that the induction of a
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linking ROS, aging, and AHL.
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