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Abstract

Objective: To study the effects of D-methionine in a mouse model of noise-induced hearing
loss (NIHL).

Methods: We investigated changes in auditory function and microscopic cochlear structure in a
mouse model of NIHL, and carried out 4-hydroxynonenal (4-HNE) immunostaining and terminal
deoxynucleotidyl transferase dUTP nick-end labeling, and examined expression levels of connex-
ins 26 and 30 by western blot.

Results: The auditory brainstem response threshold was significantly increased by noise expo-
sure. Noise exposure also damaged the inner and particularly the outer hair cells in the cochlear
basement membrane, while histochemistry demonstrated only scattered loss of hair cells in the
basement membrane in mice treated with D-methionine before or after noise exposure.
D-methionine inhibited apoptosis in the cochlear basement membrane, stria vascularis, and
spiral ligament. 4-HNE expression in the basement membrane, stria vascularis, and spiral collat-
eral ligament was increased by noise exposure, but this increase was attenuated by D-methionine.
Connexin 26 and connexin 30 expression levels were reduced by noise exposure, and this effect
was similarly attenuated by D-methionine administered either before or after noise exposure.
Conclusion: D-methionine administered before or after noise exposure could rescue NIHL by
protecting cochlear morphology, inhibiting apoptosis, and maintaining connexin 26 and 30 expression.
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Introduction

Noise-induced hearing loss (NIHL) may
result from excessive noise exposure in
recreational, occupational, and military
settings. Exposure to excessive noise is the
major cause of permanent hearing loss.
Intense noise generally leads to permanent
hearing loss, while noise at lower intensities
may cause temporary hearing loss.'
Hearing protection measures, such as the
use of protective earplugs and earmuffs,
are effective ways to prevent NIHL.
Several factors may contribute to the mech-
anism of NITHL, including reduced cochlear
blood flow, glutamate excitoxicity, altered
calcium homeostasis, and the generation
of oxidative stress.>> Hearing loss reflects
oxidative stress and structural changes in
the hearing organ.* Oxidative stress plays
a critical role in auditory dysfunction and
hearing loss by activating cochlear cell
death pathways after exposure to noise.>¢
Noise can also induce metabolic disorders
in cells, alter their redox state, and produce
excessive oxygen and nitrogen free radicals,
which can in turn destroy cellular lipids, pro-
teins, and nucleotides, thus positively regu-
lating the apoptotic pathway. Oxidative
stress has been identified as a major contrib-
utor to noise-related damage,” while the use
of antioxidants has been reported to
reduce NIHL.*®

D-methionine (D-met) is an essential
amino acid in the human body, and is a
natural component of cheese and yogurt.
A prior study showed that D-met protected
against both drug-induced ototoxicity and
NIHL,'” and against permanent NIHL and
ototoxic deafness caused by cisplatin, car-
boplatin, and aminoglycosides.!' D-met
may serve as a free radical scavenger, and
can be reversibly oxidized'? and support
cellular antioxidant systems by preventing
the efflux of glutathione from cells,'? elevat-
ing cellular glutathione levels'* and protect-
ing levels of the antioxidant enzymes

superoxide dismutase, catalase, and gluta-
thione reductase. The otoprotective ability
of D-met in NIHL may be secondary to its
direct and indirect antioxidant effects,
which mitigate the oxidative stress generat-
ed by excessive noise exposure, thus helping
to prevent hearing loss and sensory cell
death.'® In this study, we explored the pre-
ventive and therapeutic effects of D-met on
auditory function, cochlear morphology,
oxidative stress, and apoptosis in a mouse
model of NIHL.

Materials and methods

Animals

Forty healthy female Kunming mice
(weight 25-30g) were provided by the
Laboratory Animal Center (Hebei Medical
University, China). This study was
approved by the Animal Care and Ethics
Committee of the Third Hospital of Hebei
Medical University, Shijiazhuang, China.
Mice were randomly divided into four
groups: control group (CG; mice without
noise exposure, with intraperitoneal (i.p.)
injection of normal saline (400 mg/kg)
twice a day for 3 consecutive days); noise-
exposed group (NG; i.p. injection of normal
saline twice a day for 3days followed by
exposure to noise (100 dB of sound pressure
level (SPL)) twice a day for 3days, for
8 hours each); pre D-met group (PreG; i.p.
injection of D-met (400 mg/kg; M9375-5G,
Meilunbio, Shijiazhuang, China) twice a
day for 3days, followed by exposure to
noise (100dB SPL) twice a day for 3 days,
for 8 hours each); and post D-met group
(PostG; exposure to noise (100dB SPL)
twice a day for 3days, for 8hours each,
followed by i.p. injection of D-met
(400 mg/kg) twice a day for 3days). The
treatment schedules are shown in Table 1.
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Table I. Dosing time and noise exposure in experimental mice.

Dosing time
Group

(3 consecutive days)

Noise exposure time
(3 consecutive days)

Control group
Noise-exposed group
Pre D-met group
Post D-met group

normal saline (8:00, 20:00)
normal saline (8:00, 20:00)
D-met (8:00, 20:00)
8:00-20:00 (noise time)

None

8:00-20:00
8:00-20:00

D-met (8:00, 20:00)

D-met, D-methionine.

Noise exposure

Mice were exposed to 4 kHz narrow-band
noise at 100dB SPL. The noise was created
using Sony Pictures Digital Sound Forge
8.0 software (Sony Pictures Digital, Culver
City, CA, USA) and delivered by a set of
loudspeakers driven by a Sony type
D-NE005 player (Sony Corporation,
Beijing, China) and LANEY CPX-115
active loudspeaker (Laney Amplification,
Birmingham, UK) to obtain a diffuse
acoustic field. The noise parameters were
monitored during exposure by a system
comprising a Briiel & Kjaer type 4190
microphone (Briel & Kjaer Sound &
Vibration Measurement, Denmark), a
Svantek microphone preamplifier type
SV03, and a Svantek type SVAN 912
sound analyzer (Svantek, Poland). The uni-
formity of the sound pressure distribution
within the exposure chamber was confirmed
by multiple location measurements. The
microphone was positioned above the
cage. Mice in the control group were simul-
taneously placed in an exposure chamber
without noise.

Auditory brainstem response (ABR) test

Mice were assessed by ABR test before and
after noise exposure. In the exposure cham-
ber, mice were injected i.p. with 5% chloral
hydrate (400 mg/kg) and placed in thermal
bags at room temperature on the test bench.
A differential active needle electrode was
placed subcutaneously below the test ear,

a reference electrode at the vertex, and a
ground electrode was positioned just above
the hind limb. A click sound was used as the
ABR stimulus in this experiment. The sound
stimulus consisted of 12.5-ms tone bursts
with a rise—fall time of 1 ms at a frequency
of 8kHz, generated by a Centor-O audio
generator (Deltamed, Racia-Alvar, Le
Bouscat Cedex, France). ABR data were col-
lected using an Intelligent Hearing Systems
evoked potential unit (Intelligent Hearing
Systems Corp., Miami, FL, USA). The stim-
uli were presented to the external auditory
meatus at an intensity high enough to allow
casy identification of the ABR peaks, and
the sound intensity was then decreased in
5-dB intervals near the threshold. A total
of 1000 tone presentations were delivered
at 10 per second and averaged to obtain a
waveform, using a data acquisition system
and a microcomputer with Racia software.
The hearing threshold was defined as the
lowest intensity of stimulation that yielded
a repeatable waveform with an one or two
identifiable peaks.’

Cochlear basement membrane

After noise exposure for 3 days, mice were
injected i.p. with 5% chloral hydrate
(400 mg/kg) and placed in a supine position
on a dissection table. The thoracic cavity
was opened to expose the heart, and a
0.3-cm incision was made on the right
atrium using ophthalmology scissors.
Normal saline at 40°C was then injected
from the left ventricular apex until clear
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fluids flowed from the right atrium,
followed by injection of 4% paraformalde-
hyde solution. The mice were then decapi-
tated and the temporal bone was extracted
and put into 0.01 M phosphate-buffered
saline (PBS). The acoustic vesicle was
opened and the stapes was removed under
a microscope. The round and oval window
membranes were broken, a hole was
punched in the tip of the cochlea, and 4%
paraformaldehyde was poured in at 4°C
overnight. The cochlear tissue was then
washed with 0.01 M PBS and 10% EDTA
was added for decalcification. After thor-
ough decalcification, the cochlear tissue
was dehydrated through graded alcohol sol-
utions and embedded in paraffin. Finally,
4-um tissue slices were cut along the direc-
tion of the modiolus.

Hematoxylin and eosin (HE) staining

Tissue sections were deparaffinized in
xylene, rehydrated in graded alcohol solu-
tions (70%, 85%, and 95%), and washed
briefly in distilled water. The sections were
then stained with Harris hematoxylin solu-
tion (Hebei Bio-High Technology, China)
for 5 minutes, washed in tap water, and
counterstained in eosin-phloxine solution
for 2 minutes. The sections were then
observed and photographed under a light
microscope (Olympus, Japan).

Myosin VI staining

Tissue sections were immersed in 0.25%
Triton X-100 for Sminutes and 4% goat
serum phosphate buffer for 30minutes,
and then immersed in Myosin-CCC VI
phosphate buffer (1:200, Cell Signaling
Technology, Danvers, MA, USA) at 4°C
overnight. After two washes with 0.01 M
PBS (5Sminutes each), the sections were
immersed in Alexa Fluor 555 (goat anti-
rabbit fluorescent antibody II, 1:200;
Invitrogen, Carlsbad, CA, USA) and

incubated at room temperature for 1hour.
After three washes with 0.01 M PBS, the
sections were mounted with 50% glycerol
phosphate buffer and observed under a
confocal laser scanning microscope (400x;
Leica, Germany).

Immunohistochemical staining

The sections were dehydrated with alcohol
and xylene and washed three times with
0.01M PBS for Sminutes each. The sec-
tions were then repaired with antigen
repair solution (Abcam, Cambridge, MA,
USA) for 2.5minutes. The sections were
blocked with endogenous peroxidase for
10 minutes, washed three times with
0.01 M PBS, and then blocked with goat
serum for 10 minutes. After drying, the sec-
tions were incubated with 4-hydroxynone-
nal antibodies (4-HNE, 1:300; Abcam) at
4°C overnight and washed three times
with 0.0l M PBS. The sections were then
incubated with second antibody for
10 minutes and with reagent chain affinity
labeling horseradish peroxidase (HRP)
(ZSGB-BIO, Beijing, China) for 10 minutes,
followed by staining with DAB (ZSGB-
BIO) and HE. The sections were examined
under a light microscope (200x) to visualize
and quantify the positive areas.

Terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) assay

Cell apoptosis was detected by TUNEL
assay. Tissue sections were dehydrated in
alcohol and xylene, washed three times
with 0.01 M PBS, repaired with antigen
repair solution for 2.5minutes, and
washed a further three times with 0.0l M
PBS. The sections were then permeabilized
with 0.25% Triton X-100 for 8 minutes and
TUNEL reagent (enzyme:stain, 1:9; Roche,
Switzerland) was added and incubated
without light at 37°C for I[hour. After
three washes with PBS, the sections were
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mounted with 50% glycerol/PBS and exam-
ined under a confocal laser scanning micro-
scope (200x) (Leica) to observe apoptosis.

Western blotting analysis

Basement membrane proteins were extracted
by centrifugation and stored in liquid nitro-
gen. The protein concentration was mea-
sured using a BCA protein analysis kit
(Pierce Company, Thermo Fisher Scientific,
Rockford, IL, USA) according to the man-
ufacturer’s protocol. The samples were
boiled for 7minutes and then separated by
12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The separated proteins
were transferred to polyvinylidene difluoride
membranes (Thermo Fisher Scientific,
Waltham, MA, USA) and blocked with
TBST (NaCl 500 mM, Tris 20mM, pH 7.5)
containing 5% skim milk for 1hour, and
then incubated with primary antibodies
(rabbit connexin 26 and connexin 30 poly-
clonal antibodies, 1:1000; Invitrogen; mouse
B-actin  monoclonal antibody, 1:2000;
ZSGB-BIO) overnight at 4°C. The mem-
branes were then washed with TBST for
10 minutes (total four times) and incubated
with HRP-labeled secondary antibody
(1:5000; ZSGB-BIO) for 1hour at room
temperature. The membranes were washed
three times with TBST for 5minutes each
after each incubation. Finally, the mem-
branes were treated with enhanced chemilu-
minescence color solution (Beyotime,
Shanghai, China) and scanned using image
analysis software (BandScan 5.0) for semi
quantitative analysis.

Statistical analysis

All data were analyzed using SPSS 21.0
(IBM Corp., Armonk, NY, USA). The
results were expressed as mean =+ standard
deviation. Differences among multiple
groups were analyzed by one-way ANOVA
with post hoc comparisons (Bonferroni test).

Values of P<0.05 were considered statisti-
cally significant.

Results

General observations

Mice in the CG had glossy fur, showed
increased weight, and were sensitive to
sound, while mice in the NG had less-
glossy fur, showed decreased weight, and
were insensitive to sound. Mice in the PreG
had intermediately glossy fur, no weight loss,
and were sensitive to sound, while mice in
the PostG also had intermediately glossy
fur, slight weight decrease, and were sensi-
tive to sound.

ABR test

There were large interindividual differences
in hearing thresholds among the mice, rang-
ing from 15 to 40 dB before noise exposure,
and from 20 to 50dB after noise exposure.
There was a 22-dB threshold shift after
noise exposure. The ABR threshold shift
after noise exposure for 3 days was signifi-
cantly decreased by D-met at a dose of
400 mg/kg. There were no significant differ-
ences in ABR threshold values among
the four groups prior to noise exposure.
ABR threshold values were significantly
increased after noise exposure for 3days
in the NG, PreG, and PostG (all P<0.05)
(Figure 1). However, there was no signifi-
cant difference in ABR threshold values
between the PreG and PostG (Figure 1).

HE and myosin-VI staining

The inner and outer hair cells in the CG
were arranged in an orderly fashion at the
basement membrane, with clear structure
and no signs of degeneration or defects, as
shown by HE staining. However, the inner
and outer hair cells in the NG showed
degeneration and structural abnormalities
compared with the CG. In addition, the
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Figure |. Assessment of auditory brainstem
response in experimental mice. *P < 0.05 compared
with control group; #P < 0.05 compared with
noise group.

inner hair cells in the PreG and PostG
showed clear structures, but the outer hair
cells showed scattered losses compared with
the NG (Figure 2a). Specifically, the num-
bers of inner and outer hair cells indicated
that noise exposure mainly damaged the
outer hair cells, especially the cells in the
basal turn (Figure 2b). A similar pattern
was observed with myosin-VI staining.
However, only PreG and PostG hair cells
showed disorganization (Figure 2c).

4-HNE staining

4-HNE was barely expressed in the CG,
while strong 4-HNE immunoreactivity was
detected in the NG. 4-HNE immunoreac-
tivity was significantly decreased after treat-
ment with D-met compared with the
matching NG (Figure 3a). The changes
in 4-HNE staining were quantified
(Figure 3b), and protein expression was sig-
nificantly increased in the NG compared
with the CG (P <0.05). However, treat-
ment with D-met significantly decreased
the expression of 4-HNE in the PreG and
PostG (both P <0.05). Interestingly, there
was no significant difference between the

PreG and PostG with regard to 4-HNE
expression.

TUNEL assay

TUNEL staining was significantly greater
in the NG compared with the CG. Few
apoptotic cells were present on the spiral
ligament of the cochlea in the CG, while
the numbers of apoptotic cells in the cochle-
ar basement membrane, stria vascularis,
and spiral ligament of the cochlea were sig-
nificantly higher in the NG compared with
the CG (P<0.05) (Figure 4a and 4b).
Apoptotic cells in the PreG and PostG
were mainly distributed on the stria vascu-
laris and spiral ligament of the cochlea, and
were significantly more frequent than in the
CG (P <0.05) (Figure 4a and 4b), but sig-
nificantly less frequent than in the NG
(P <0.05). However, there was no signifi-
cant difference with regard to apoptotic
cell numbers between the PreG and PostG.

Western blotting

Connexin 26 and connexin 30 expression
were detected by western blot (Figure 5).
Expression levels of connexin 26 and con-
nexin 30 were significantly lower in the NG
compared with the CG (P < 0.05), and were
significantly higher in the PreG/PostG than
in the NG (both P <0.05). However, there
were no significant differences in either con-
nexin between the PreG and PostG, and no
significant differences between the CG and
PreG/PostG (Figure 5).

Discussion

D-met is an oral protective agent with the
ability to prevent NIHL in animal experi-
ments.'® Numerous animal and human
experiments have showed that D-met
administration before noise exposure can
improve the rate of hair cell loss." The
results of the current study confirmed that
D-met protected the inner and outer hair
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Figure 2. Changes in hair cells in experimental mice. (a) Hematoxylin-eosin staining of hair cells in the
basement membrane (400x). (b) Quantization of inner and outer hair cells in the basement membrane.
#E&p < 0.05 compared with control group; *>“P < 0.05 compared with noise group. (c) Myosin-VI staining of
hair cells in the basement membrane (400x). There were obvious defects in the hair cells of the cochlear
basement membrane in the noise group, but no significant changes in the structures of the inner and outer
hair cells in the pre- and post D-methionine groups. i: control group; ii: noise group; iii: pre D-methionine

group; iv: post D-methionine group.
IHC, inner hair cell; OHC, outer hair cell.

cells of the cochlear basement membrane.
Many experimental studies have examined
NIHL,'”!® but its complex molecular path-
ological mechanism means that its precise
pathogenesis remains unclear. The main
pathogenic mechanism is considered to
involve mechanical injury and metabolic

damage,'” and loss of cochlear hair cells is
a characteristic of NIHL. Cochlear hair
cells in mammals are non-renewable, and
it is therefore important to protect against
NIHL. The current HE staining and immu-
nohistochemistry results demonstrated the
obvious changes associated with auditory
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Figure 3. 4-Hydroxynonenal (4-HNE) staining in the basement membrane, stria vascularis, and spiral lig-
ament of the cochlea (200x). (a) Immunohistochemical staining of 4-HNE. 4-HNE staining was significantly
decreased in the post D-methionine group compared with the noise group, but there was no difference
in staining between the pre and post D-methionine groups. (b) Quantitative analysis of 4-HNE staining.
“#E&p < 0.05 compared with control group; **P < 0.05 compared with noise group.

BM, basilar membrane; SV, stria vascularis; SL, spiral ligament of cochlea. i: control group; ii: noise group; iii:
pre D-methionine group; iv: post D-methionine group. P <0.05 compared with control group; #P < 0.05

compared with noise group.

function in mice after noise exposure for 3
consecutive days, including the degenera-
tion and death of inner and outer hair
cells in the basement membrane. The main

manifestations were an unclear cellular
structure, disordered cell arrangement, and
reduced cell numbers in the basement mem-
brane. Furthermore, the most serious outer
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BM, basilar membrane; SV, stria vascularis; SL, spiral ligament of the cochlea. i: control group; ii: noise group;
i pre D-methionine group; iv: post D-methionine group.

hair cell loss occurred in the basal turn and
the lightest loss in the apical turn. Our find-
ings were consistent with the results of a
previous study,'” which also demonstrated
that noise mainly damaged the outer hair

cells. The ABR was used as an objective
detection index in this study and revealed
no significant difference in ABR thresholds
among the groups before noise exposure,
but the ABR increased in all groups
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Figure 5. Connexin 26 and connexin 30 protein expression. (a) Connexin 26 and connexin 30 protein
expression detected by western blotting. (b) Quantitative analyses of connexin 26 and connexin 30 protein
expression levels. CG, control group; NG, noise group; PreG, pre D-methionine group; PostG, post
D-methionine group. P<0.05 compared with CG group; #P < 0.05 compared with NG group. Cx26,

connexin 26; Cx30, connexin 30.

exposed to noise. However, the ABR
threshold was smaller in the PreG, suggest-
ing that D-met protected against NITHL.
Previous studies showed that cochlear
tissue can produce excessive reactive
oxygen species (ROS) after noise expo-
sure.’>?! Under physiological conditions,
the body’s oxidation and antioxidant sys-
tems are maintained in dynamic balance;
however, disruption of the balance under
pathological conditions may result in exces-
sive ROS, which may in turn promote the
rapid proliferation of polyunsaturated fatty
acids on biological membranes, leading to
cell degeneration and apoptosis. Compared
with other tissues, the cochlea has a high
metabolic rate, and energy for its various
functions is generated by the mitochondria
and organ of Corti. The process of energy
generation results in the production of a

large number of oxygen free radicals.’
A reduction in the generation of ROS
after noise exposure may thus improve
NIHL. The current study revealed high
4-HNE staining on the basement mem-
brane, vascular stria, and spiral ligament
of the cochlea in the NG, and TUNEL
assay confirmed apoptosis at these sites.
These findings suggested that noise caused
oxidative stress and excessive ROS produc-
tion, leading to apoptosis. The antioxidant
D-met antagonized 4-HNE and thereby
reduced the occurrence of apoptosis, consis-
tent with the auditory and morphological
tests. These findings suggest that D-met
exerts a protective effect against NIHL by
reducing oxidative stress and apoptosis.
Cochlear connexin plays an important
role in the cochlear microenvironment,
which includes tight junction, gap junction,
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and  adherent  junction  proteins.*?
Connexins 26 and 30 are involved in
normal hearing function in humans and
are important subunits of the cochlear gap
junction.”® Recent studies demonstrated
reduced expression of connexins 26 and 30
in the cochlear lateral wall in NIHL mice,
suggesting that these connexins may be
related to the pathogenesis of NIHL.**?3
Gap junction proteins are crucial for the
stability of the inner environment and inter-
cellular biochemical substance exchange.
The current study indicated that D-met
could prevent decreased expression of con-
nexin 26 and connexin 30 in the lateral wall
of the cochlea in NIHL mice, suggesting
that these proteins may be involved in the
pathogenesis of NIHL. However, the mech-
anism by which NIHL regulates connexin
26 and connexin 30 requires more in-
depth investigation.

Conclusion

NIHL mainly affects the inner and partic-
ularly the outer hair cells of the cochlear
basement membrane. ROS, apoptosis, and
connexins 26 and 30 may be involved in the
mechanism of NIHL, and D-met, adminis-
tered either before or after noise exposure,
may affect auditory function, cochlear mor-
phology, ROS, apoptosis, and connexin 26
and 30 expression levels to protect mice
against NIHL.
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