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COENZYME Q10 EFFECTIVELY PREVENTS
AGE-RELATED HEARING LOSS IN C57BL/6
MICE

AsstracT

Introduction: Presbycusis is characterized by gradual, progressive
sensorineural hearing loss. The aim of this study is to evaluate the effects of
coenzyme Q10 in the prevention and treatment of age-related hearing loss.

Materials and Method: Thirty-two C57BL/6 mice were assigned into four
groups as early treatment, late treatment, control and sham control. Treatment
was started at three months of age in the early treatment group and at six
months in the late treatment group. The auditory brainstem test was performed
once every three months. At the end of the study period, the cochleae of the
animals were harvested, and Bcl-2, Bcl-xL, iINOS, COX-2, NF-kB, Bax, and Bak
levels were analyzed with real-time polymerase chain reaction.

Results: The hearing thresholds of the mice in the early treatment group
were better than those of the other groups (p < 0.001). Hearing levels were also
better in the late treatment group than control groups, but the difference was
not significant (p > 0.05). The threshold shift in the early treatment group was
significantly lower than the control groups (p < 0.001). The mRNA expression
levels of proapoptotic genes Bax and Bak were lower (p < 0.05), antiapoptotic
genes Bcl-2 and Bcl-xL were higher (p < 0.05), and the NF-kB, COX-2, and
iNOS genes, which play a role in inflammation, were lower (p < 0.05) in the
early treatment group.

Conclusion: These results suggest that coenzyme Q10 effectively attenuates
the presentation of age-related hearing loss, especially when started before
the onset of hearing loss.

Key Words: Presbycusis; Evoked Potentials, Auditory, Brain Stem; Oxidative
Stress; Antioxidants
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INTRODUCTION

Age-related sensorineural hearing loss or presbycu-
sis is a slow, progressive hearing loss that develops
with age. Presbycusis is characterized by decreased
hearing, difficulty in distinguishing speech in noisy
environments, the slowing of acoustic stimuli in the
brain, and the deterioration of sound localization.
Hearing loss typically occurs at high frequencies (1,
2).

Oxidative damage, which is the cause of free
radical damage, is perhaps the most fundamental
cause of age-related pathologies in the biological
aging of cells. Oxidative damage is also an import-
ant intrinsic factor in the pathogenesis of presby-
cusis. Free radicals, which occur as a by-product
during the normal activities of cells, cause mito-
chondrial genome deletions. Considering the con-
tribution of oxidative damage in the pathogenesis
of presbycusis, an age-related condition, it can be
thought that antioxidants may prevent the onset
or progression of the disease. Therefore, the role
of many antioxidants, including folate, melatonin,
ascorbic acid, alpha lipoic acid, and carnitine, have
been investigated for the prevention or treatment
of presbycusis, as it has been suggested that vari-
ous antioxidants may play a role in the prevention
and treatment of age-related hearing loss (3, 4).

During inflammation, an increase in the expres-
sion of cyclooxygenase-2 (COX-2) and inducible
nitric oxide synthase (INOS) genes was observed
in monocytes, macrophages, synovial cells, fibro-
blasts, chondrocytes, and endothelial cells, which
are stimulated by different cytokines, growth fac-
tors, or mitogens. In hearing loss, studies have
shown that there is an increase in various inflam-
matory mediators, especially COX-2 and iNOS, and
coenzyme Q10 (CoQ10), which causes a significant
decrease in the amount of these mediators (5, 6).

Apoptotic cell death, which is an important
mechanism for maintaining the balance between
the life and death of cells, is stimulated or suppres-
sively regulated by various proteins. Some cellular
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molecules, such as caspase enzymes and intracel-
lular Bcl-2 gene family proteins (Bcl-2, Bel-xL, Bak,
and Bax), are involved in the regulation of apopto-
sis. In mouse experiments, it has been shown that
apoptotic cell death occurs earlier in mice with sen-
sorineural hearing loss (7).

The aim of this study was to evaluate the possi-
ble protective, retarding and/or therapeutic effects
of CoQ10 on presbycusis in C57BL/6 mice. In ad-
dition, after presbycusis development and CoQ10
administration, real-time polymerase chain reaction
(PCR) examination of the cochlear tissues obtained
from mice was conducted to determine the chang-
es in mRNA expression levels of the INOS, COX-2,
and nuclear factor kappa B (NF-kB) genes, which
are effective in inflammation, Bcl 2, Bcl-xL, Bax, and
Bak genes, which play a role in the formation of
apoptosis.

MATERIALS AND METHODS

Laboratory animals

The study sample comprised 32 C57BL/6 healthy
male mice, each weighing 20-25 gr and aged three
months. The mice were procured from Bilkent Uni-
versity Laboratory Animal Breeding and Experimen-
tal Research Center and brought to Gazi University
Laboratory Animal Breeding and Experimental Re-
search Center, where the experiment was conduct-
ed. The animals were housed in plastic cages at a
temperature of 23°+ 2°C, with a 12 hours light/dark
cycle, and had free access to food and water before
and during the experiment. Ethics committee ap-
proval was obtained for the study from Animal Ex-
periments Local Ethics Committee (G.U.ET-18.067,
Number: 66332047-604.01.02).

The mice were separated into four experimental
groups of eight animals in each group: 1) Control
Group, 2) Sham Control Group, 3) Early Treatment
Group, and 4) Late Treatment Group. The CoQ10
and Dimethyl Sulfoxide (DMSO) used in the exper-
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iment were supplied by Sigma-Aldrich (Darmstadt,
Germany).

Anesthesia

The mice were anesthetized with an intraperito-
neal injection of ketamine (45 mg/kg) and xylazine
(2.5 mg/kg) during the ABR measurements. The
depth of anesthesia was measured with pedal re-
flex, and to maintain anesthesia, a half dose of this
cocktail was administered as required. At the end
of the study, the animals were sacrificed under the
same anesthetic protocol.

Study protocol

Sample size was determined based on a desired
power of 0.8, a desired alpha of 0.05, and an esti-
mated size effect delta of approximately 1.4, based
on preliminary data. The mice were randomly sep-
arated into four groups and treated as follows:
Group 1 (n = 8) as the control group received no
drugs; Group 2 (n = 8) as the sham control group
was administered dimethyl sulfoxide (DMSO) at
three months of age to evaluate the possible ef-
fects on hearing of DMSO, the substance in which
CoQ10 was dissolved; Group 3 (n = 8) as the early
treatment group was administered CoQ10 starting
at three months of age; and Group 4 (n = 8) as the
late treatment group received CoQ10 starting at six
months of age.

CoQ10 was purchased from Sigma Aldrich (St.
Louis, MQO), dissolved in 30% DMSO (20 mg/ml)
(Sigma Aldrich, St. Louis, MO), and added to the
drinking water of the mice so that an approximate
daily dosage of 500 uy/kg for each mouse was main-
tained. A new solution was prepared weekly during
the study period to ensure the stability of CoQ10.
The mice were weighed every week, and the dose
of the CoQ10 was adjusted according to the weight
of the mice, if necessary. Additionally, 30% DMSO
was freshly prepared on a weekly basis and added
to the drinking water of the sham control group.

Auditory Brain Stem Response

The auditory brainstem response (ABR) measure-

ments were taken using a two channel Neuro-au-
dio® ABR device (Neurosoft, lvanova, Russia). Body
temperature was maintained at 37°C by placing the
animal on a thermal blanket. After anesthesia, ABR
measurements were taken from both the right and
left ears of each mouse; two traces were registered
for each ear to control the repeatability of the re-
sponse. Frequency-specific tone bursts (TB) at 4000
Hz, 8000 Hz, 12000 Hz, and 16000 Hz were used as
the auditory stimulus. The analysis time for the ABR
recording was 20 ms, 100-2000 Hz for TB stimuli,
30-3000 Hz for click stimuli, and a band-pass filter
and alternating polarity were selected. The repe-
tition rate was set as 21/sec, and the average was
1024 sweeps. Thresholds were determined starting
from the maximum outputs (110-118 dB SPL) and
decreasing the stimuli by 5 dB; stimulus intensity
was reduced until waves in reproducible morphol-
ogy could not be detected.

Gene Analysis in Cochlea Homogenates

To examine the effect of CoQ10 following the
termination of the experiment at the end of 12
months, cochlear tissue was taken from the inner
ear of each mouse to determine the expression lev-
els of INOS, COX-2, NF-kB, Bcl-2, Bcl-xL, Bax, and
Bak genes, which are effective in inflammation and
apoptosis, using real-time PCR analysis. The cochle-
ae of both ears were removed under a dissecting
microscope and crushed.

Total RNA was isolated from fresh cochlear tis-
sues using Trizol reagent (Life Technologies, CA,
USA) and stored at -80°C until use. RNA concentra-
tion was measured using a NanoDrop 1000 spec-
trophotometer (Thermo Fisher Scientific). One mi-
crogram of total RNA was used for gene-specific
reverse transcription polymerase chain reaction
(RT-PCR) using a Transcriptor High Fidelity cDNA
Synthesis Kit (Roche, Mannheim, Germany). The
cDNA samples were kept at -80°C until PCR analy-
sis. Gene expression level studies were determined
using the quantitative real-time PCR (gRT-PCR)
method using a Light Cycler-480TM (LC) device
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(Roche, Germany).
Statistical Analysis

From the real-time PCR analysis results of RNA
obtained after RNA isolation from the cochlea tis-
sue at the end of the experiment, differences in
iNOS, COX-2, NF-kB, Bcl-2, Bcl-xL, Bak, and Bax
mRNA expression levels were compared with the
REST (2009 V2.0.13) statistics program (8). For the
statistical evaluation of hearing loss between treat-
ed and untreated mice, SPSS V. 22 software was
used (SPSS Inc., Chicago, IL, USA). The ABR results
were compared with the Kruskal-Wallis analysis of
variance (ANOVA) to determine the significance of
the difference between the groups. The post hoc
Tukey method of analysis was used to verify statisti-
cal significance; a value of p < 0.05 was considered
statistically significant.

RESULTS

All 32 mice included in the study completed the
study period of 12 months. There was no significant
difference with respect to the pre- and post-study
weights of the mice (p = 0.520).

The ABR results of the mice at the beginning of
the study, when the mice were three months old,
were evaluated using Kruskal-Wallis ANOVA, and
there was no statistically significant difference be-
tween the experimental groups in terms of ABR

results at all frequencies (p = 0.810). There was no
significant difference between the groups with re-
spect to the ABR results in the third month of the
experiment (mice at six months of age) (p = 0.635,
Table 1).

In the tests performed in the sixth month of the
experiment, the ABR thresholds of the early treat-
ment group were significantly lower than those
of the control, sham control, and late treatment
groups (p = 0.007). However, there was no signifi-
cant difference in the ABR thresholds between the
late treatment, control, and sham control groups (p
= 0.354, Table 2). In comparison of the ABR thresh-
olds between the third and sixth months of the ex-
periment, no significant difference was determined
in the ABR thresholds in the early treatment group
(p = 0.264). In the late treatment, control, and sham
control groups, the ABR thresholds were found to
be significantly higher at six months than at three
months (p = 0.004 for the late treatment group, p
= 0.008 for the control group, and p = 0.007 for the
sham control group).

In the tests performed in the ninth month of the
experiment (when the mice were 12 months old),
the mean ABR thresholds of the early treatment
group were determined to be lower than those
of the control and sham control groups at all fre-
quencies (p < 0.001). The ABR thresholds of the
late treatment group were lower than those of the

Table 1. Mean ABR thresholds of the mice according to stimulus frequencies in the third month of the study (values in dB

SPL).

Frequency Control Sham Control Early Late

(kHz) (mean + SD) (mean £ SD) (mean * SD) (mean * SD) P
4 44,375 = 4,973 43,75+ 5,313 40 + 5,212 41,875 + 4,892 0,613
8 18,125 = 3,323 20,625 = 3,967 17.5+4,112 18,125 = 4,033 0,512
12 16,875 = 3,612 17,5 = 3,453 16,875 = 3,834 19,375 % 3,673 0,472
16 27,5 = 4,345 28,125+ 5,173 26,25 = 4,873 28,75 = 4,364 0,520
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Table 2. Mean ABR thresholds of the mice at the sixth month of the study by frequency of stimulus (values in dB SPL)

Frequency Control Sham Control Early Late " o
(kHz) (mean = SD) (mean = SD) (mean = SD) (mean = SD) P P

4 51,25 + 8,873 51,875 + 9,412 42,510,112 49,375 + 10,883 0,005 0,312

8 24,375 + 3,323 26,25 + 3,967 20+ 4,112 25,625 + 4,033 0,007 0,245

12 23,75 £ 3,612 23,125 + 3,453 19,375 = 3,834 25+ 3,673 0,008 0,564

16 34,375 + 4,345 35+ 5,173 30 +4,873 35,625 + 4,364 0,004 0,320

p*: Comparison of early treatment group with other groups

p**: Comparison of late treatment. control and sham control groups

control and sham control groups, but the difference
was not statistically significant (p > 0.05). The ABR
thresholds of the early treatment group were lower
than those of the late treatment group. This differ-
ence was significant at 12 kHz and 16 kHz (p = 0.004
and p = 0.006, respectively), and not significant at 4
kHz and 8 kHz (Table 3).

The last ABR threshold data obtained at the end
of the study, just before the mice were sacrificed,
are presented in Table 4. The ABR thresholds in
the early treatment group were significantly better
than those of the late treatment, control, and sham
control groups (p = 0.000). The mean difference in
ABR thresholds between the early and late treat-

ment groups was 12.5 dB to 21.25 dB, the mean
difference of ABR thresholds between the early
treatment and the control group was 18.75 dB to 30
dB, and the mean difference in ABR thresholds be-
tween the early treatment and sham control groups
ranged from 20.625 dB to 28.75 dB. When the
mean ABR thresholds of the late treatment and the
control group were compared, although the ABR
thresholds of the late treatment group were better
than those of the control group at all frequencies,
the difference was not statistically significant (p =
0.102).

The ABR threshold changes that occurred from
the beginning of the study to the 15th month were

Table 3. Mean ABR thresholds of the mice at the 12th month of the study by frequency of stimulus (values in dB SPL)

Frequency Control Sham Control Early Late p** p***
(kHz) (mean % SD) (mean % SD) (mean % SD) (mean % SD) p*

4 61,875+ 9,673 63,125+ 9,412 47,5+ 8,122 55+ 6,883 0,000 0,102 0,312

8 42,5+ 8,323 41,25 7,967 27,5+6,112 35,625 + 5,433 0,000 0,007 0,245

12 41,25+ 8,612 42,5+ 8,453 28,75+ 7,834 38,75+ 6,773 0,000 0,090 0,004

16 57,5+7,435 56,25+ 8,137 37,5+8,873 48,125 +7,844 0,000 0,112 0,006

p*: Comparison of early treatment group with control groups
p**: Comparison of late treatment. control and sham control groups
p***: Comparison of early treatment group with late treatment group
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Table 4. Mean ABR thresholds of the mice at the end of the study by frequency of stimulus (values in dB SPL)

Frequency Control Sham Control (mean Early Late -
(kHz) (mean + SD) + SD) (mean = SD) (mean + SD) p* P
4 75+ 9,563 76,875 10,112 56,259,132 68,75 = 8,963 0,000 0,070
8 61,25+ 8,432 60 = 10,067 31,259,012 52,5+7,542 0,001 0,011
12 58,75+ 8,723 57,5+9,344 325+8,123 48,75 + 8,463 0,000 0,090
16 63,75+ 9,324 63+ 9,248 41,259,762 55+8,732 0,000 0,112

p*: Comparison of early treatment group with late treatment and control groups
p**: Comparison of late treatment group with control and sham control groups

also evaluated. The mean ABR threshold change in
the control and sham control groups ranged from
34.375 dB to 46.25 dB (p = 0.935). The threshold
change ranged between 14.375 dB and 16.875 dB
in the early treatment group and between 28.75 dB
and 37.5 dB in the late treatment group. The ABR
threshold changes in the early treatment group
were lower than those of the control groups at all
frequencies (p = 0.000). The final threshold change
differences of the early and late treatment groups
varied between 11.875 dB and 23.125 dB. This dif-
ference was not significant at 4 kHz (p = 0.823), and
the threshold change at 8, 12, and 16 kHz was sig-
nificantly lower in the early treatment group (p =
0.000).

In the age-related hearing loss model, the
mRNA expression levels of proapoptotic genes
such as Bax and Bak, which may be responsible
for increased apoptosis in cells, were determined
to be significantly reduced (p < 0.05) in the early
treatment group compared to the control and sham
control groups. The mRNA expression levels of anti-
apoptotic genes such as Bcl-2 and Bcl-xL increased
significantly (p < 0.05) while the mRNA expression
levels of INOS, COX-2, and Nf-kB genes, which are
the inflammatory mediators involved in inflamma-
tion, were statistically decreased (p < 0.05). In the
late treatment group, it was determined that the
mRNA expression levels of proapoptotic genes
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such as Bax and Bak decreased while the mRNA ex-
pression levels of antiapoptotic genes such as Bcl-2
and Bcl-xL increased; however, these increases and
decreases were not statistically significant (p > 0.05).
In the late treatment group, it was observed that the
mRNA expression levels of the inflammatory medi-
ator’s iINOS, COX-2, and Nf-kB decreased, which
was similar to the early treatment group, but this
decrease was not statistically significant (p > 0.05,
Figure 1).

DISCUSSION

Age-related hearing loss is a degenerative disease
that affects millions of people around the world and
can lead to isolation and depression by distancing
people from their environment (9). Furthermore,
once it has developed, age-related hearing loss re-
habilitation is a highly expensive process requiring
the use of rehabilitation centers, devices (hearing
aids and cochlear implants), and other technologies
(10). This places a heavy burden on social security
institutions, and in countries such as Turkey, where
such rehabilitation and devices are not fully cov-
ered by these institutions, the financial cost to the
patient is also quite high (11). Therefore, the high
prevalence, serious impact on the general health
status and quality of life of elderly people, and the
cost of rehabilitation to individuals or social security
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Figure 1. The effect of coenzyme Q10 on the relative mRNA expression levels of the target genes in the age-related

hearing loss model.
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institutions make age-related hearing loss an im-
portant public health problem.

In cell aging, the most basic age-related pathol-
ogy is oxidative damage caused by free radicals. It
is now widely accepted that mitochondria are an
important source of free radicals (ROS and RNS)
and the main center of ROS/RNS-derived oxidative
damage (12).

The current study findings, when evaluated
in light of previous studies, show that antioxidant
supplementation is more effective when initiated
before the development of the genotypic changes
responsible for age-related hearing loss. CoQ10
may have been less effective when treatment was
initiated after the occurrence of age-related hear-
ing loss, as the apoptotic process and inflammation
had already begun at the molecular level. These re-

Bel-xL

u Early treatment © Late treatment

sults are in line with those of previous studies (13,
14), which have demonstrated that antioxidants are
effective in preventing but not treating age-relat-
ed hearing loss. This is due to the inability of hair
cells and spiral ganglion neurons to regenerate in
mammals, so hearing cannot recover after damage.
These findings are consistent with the current study
hypothesis that CoQ10 would be effective in pre-
venting the development of age-related hearing
loss.

Someya et al. showed that age-related hearing
loss in C57BL/6J mice is mediated by Bak-depen-
dent mitochondrial apoptosis and that oral support-
ive therapies containing mitochondrial antioxidants
reduce cochlear cell death and prevent age-relat-
ed hearing loss by lowering Bak expression in the
cochlea (15). Similarly, in the current study, the ex-
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pression levels of proapoptotic genes in cochlear
tissue, such as Bak and Bax, which play an import-
ant role in the pathway of mitochondrial apoptosis,
were found to be significantly lower in mice that
were given CoQ10 before the damage that caused
hearing loss had developed in the inner ear, when
compared to the late treatment and control groups.
In parallel with this, the mRNA expression levels in
the cochlear tissue of the Bcl-2 and Bcl-X| genes,
which are antiapoptotic genes suppressing apop-
tosis, were also significantly higher when compared
to the control and late treatment groups. These
findings demonstrate that CoQ10 reduces age-re-
lated changes by suppressing mitochondrial apop-
tosis-mediated cell death.

It has been clearly demonstrated that chronic
inflammation plays a role in age-related intracellu-
lar damage in mammalian cells (16). In the current
study, the expression levels of the iINOS, COX-2,
and Nf-kB genes, which are mediators with im-
portant roles at different levels in the inflammatory
process, were determined to be significantly lower
in the cochlear tissues of the mice that received
CoQ10 treatment in the early period compared to
the other groups. In the late treatment group, al-
though the expression levels of these genes were
lower than in the control groups, the difference was
not statistically significant. This shows that the ad-
ministration of CoQ10 slows down the emergence
of these processes before the development of
chronic inflammatory processes that are responsi-
ble for age-related changes. Although the use of
CoQ10 after these processes began to suppress the
inflammatory processes to some extent, it could not
cause a change at the clinical or molecular level.

The results of the current study showed that
CoQ10 has a protective effect against age-related
hearing loss even when used alone, which is in ac-
cordance with the findings of previous studies (17,
18). This effect was particularly pronounced when
CoQ10 was used before the onset of hearing loss.
This protective effect of CoQ10 is due to the anti-
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oxidant properties revealed by its anti-inflammatory
and antiapoptotic properties, as demonstrated by
molecular studies. CoQ10 reduces the mRNA ex-
pression levels of the proapoptotic genes Bax and
Bak, as well as the inflammatory mediators NF-kB,
COX-2, and iNOS, while increasing the mRNA ex-
pression levels of antiapoptotic genes such as Bcl-2
and Bcl-xL. These changes caused by CoQ10 slow
down the aging process in the cochlea, thereby de-
laying the age-related changes.

In this study, functional and molecular studies
revealed that CoQ10 treatment, which has antiox-
idant properties acting on many points in oxidative
metabolism, can delay the emergence and reduce
the severity of age-related hearing loss in C57BL/6
mice. This benefit was particularly evident in the
early treatment group, where treatment was initiat-
ed before hearing loss developed. Furthermore, al-
though the ABR results in the late treatment group
were also better than those of the control groups,
neither the changes at the molecular level nor the
ABR thresholds were significantly better compared
to the control groups.

The most important limitation of this study was
that an ABR device covering 32 kHz could not be
used due to technical limitations. Age-related hear-
ing loss starts at high frequencies, so most, if not all,
previous animal studies on this topic have includ-
ed 32 kHz ABR measurements. In addition, the ex-
pression levels of the genes examined in this study
were investigated only in the cochlear tissue, which,
although this is the first study in this scope in the
literature, resulted in the examination of only the
peripheral component of hearing loss at the molec-
ular level. To be able to reveal the effects of CoQ10
on the changes that occur in the central pathways
of hearing with regard to aging, there is a need for
different histopathological and molecular studies of
central hearing centers.

In conclusion, the results of this study demon-
strated that starting CoQ10 treatment before the
mechanisms leading to presbycusis development
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are effective in preserving hearing in mice. In the
light of these findings, further studies are needed to
determine the optimal dose and duration of treat-
ment in humans. Human studies with a large num-
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