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Abstract
Objective: Hair cell death caused by acute acoustic trauma (AAT) reaches a secondary maximum at 7–10 days after noise exposure due to a second oxidative stress. Therefore, this study tested the effects of a combination of hydroxylated alpha-phenyltert-butylnitrone (4-OHPBN), N-acetyl-L-cysteine (NAC) and acetyl-L-carnitine (ALCAR) on AAT when the duration of
treatment was extended over the period of 7–10 days after noise exposure as well as when the initial treatment was delayed 24
to 48 h after noise exposure. Methods: Thirty chinchilla were exposed to a 105 dB octave-band noise centred at 4 kHz for 6 h
and received the following treatments: (1) noise ⫹ saline (2–5) 4-OHPBN (20 mg/kg) ⫹ NAC (50 mg/kg) ⫹ ALCAR (20 mg/kg)
intraperitoneally injected beginning 24 or 48 h after noise exposure twice daily for the next 2, 8 or 9 days. Auditory brainstem
response (ABR) threshold shifts, outer hair cell (OHC) counts and organ of Corti immunohistochemistry were analyzed. Results:
The combination administration decreased ABR threshold shifts, inhibited OHC loss and reduced 4-hydroxynonenal (4-HNE)
immunostaining. Significant decreases in the threshold shifts and reduction in OHC loss were observed with a shorter delay
before starting treatment (24 h) and longer duration (9 days) treatment. Conclusions: These results demonstrate that the administration of antioxidant drugs extended up to 10 days after noise exposure can effectively treat AAT in a chinchilla model. This may
provide significant and potentially clinically important information about the effective therapeutic window for AAT treatment.
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Introduction
Acute acoustic trauma (AAT) results in oxidative
stress exceeding the capacity of the antioxidant
defence mechanisms in the cochlea through the
excessive production of reactive oxygen species
(ROS), reactive nitrogen species (RNS) and lipid
peroxidation. Oxidative stress leads to hair cell
death by apoptosis or to a lesser extent by necrosis,
causing hair cell damage and sensorineural hearing
loss. Pharmacological approaches for the prevention

or treatment of AAT-induced hearing loss have
been developed using antioxidant drugs, which
increase antioxidant defences in the cochlea. The
antioxidant drugs in this study include N-acetyl-Lcysteine (NAC), a glutathione (GSH) prodrug,
and acetyl-L-carnitine (ALCAR), a mitochondrial
biogenesis agent, as well as 4-hydroxy phenyl
N-tert-butylnitrone (4-OHPBN), a nitrone-based
free radical trap and an inhibitor of inducible nitric
oxide synthase [1–6].
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NAC has been shown to be effective in protecting
hair cells from AAT-induced damage presumably by
primarily increasing levels of GSH [3–5], while
ALCAR inhibits age-related and AAT-induced hearing loss caused by mitochondrial injury [2,7–9].
Recently, 4-OHPBN was shown to be effective in
treating AAT [6]. 4-OHPBN reduced AAT in a dosedependent manner (from 10 to 75 mg/kg). In addition, administration of 4-OHPBN in combination
with other antioxidant drugs [4-OHPBN (50 mg/kg)
plus NAC (100 mg/kg) and 4-OHPBN(20 mg/kg)
plus NAC (50 mg/kg) plus ALCAR (20 mg/kg)] has
greater efficacy, compared with each antioxidant drug
alone and at lower dosages based partly on historical
data. The three-drug combination of 4-OHPBN plus
NAC plus ALCAR showed the strongest synergistic
effect in treating AAT, since each agent can target a
distinctly different mechanism of AAT injuring.
The main objective of our laboratory is to develop
realistic pharmacological interventions for AAT that
can be administered to combatants exposed to explosions, blasts or loud noises in the military environment and to workers exposed to hazardous noise
levels in the civilian environment. Our previous study
suggested that the three-drug combination initially
given 4 h after noise exposure can be utilized as rescue agents for treating hearing loss in animals with
AAT [6]. However, although early treatment of AAT
is essential in many clinical situations (especially in
the military environment), the treatment for AAT
might be delayed for 1–2 days after noise exposure.
It is clinically important to understand the therapeutic window for the three-drug combination treatment. Therapeutic effectiveness of these antioxidant
drugs may depend on the timing and duration of
treatment. The effective therapeutic window for antioxidant drugs was reported to be 1–4 h after noise
exposure [5,6]. However, when the single administration of NAC or ALCAR was initiated 12 h after
noise exposure, therapeutic effects were not shown
[10]. Due to the synergistic effect of the three-drug
combination shown in our previous study, the threedrug combination may expand the therapeutic time
window for AAT. In addition, the duration of treatment should be associated with the time course of
ROS/RNS formation in the cochlea. It has been
shown that there is an increase in free radicals in the
cochlea during noise exposure, immediately after
noise exposure, and for a few hours or several days
after noise exposure [11–13]. Thus, in previous studies, the duration of treatment was up to 3 days after
noise exposure [5,14]. Recently, it has been shown
that an increase in free radical formation also occurs
7–10 days after noise exposure. This is referred to
as a secondary oxidative burst and results in delayed
cell death [14,15]. A pharmacological intervention
extending up to 10 days could perhaps counter this
secondary oxidative burst.

Therefore, the present study was performed to test
the hypotheses that the combination of antioxidant
drugs (4-OHPBN plus NAC plus ALCAR) would be
more effective in treating AAT if the duration of treatment was extended over the period of 7–10 days after
noise exposure. We tested whether delaying the initial
treatment up to 1–2 days after noise exposure altered
the outcomes. We tested these hypotheses by assessing
ABR threshold shifts, the number of missing outer
hair cells (OHCs), and 4-hydroxynonenal (4-HNE)
and nitrotyrosine (NT) as markers of ROS and RNS
formation.

Methods
Animals
Animal preparation and experimental methods were
similar to those previously described, except for the
duration and timing of treatment and immunohistochemical assays [6]. The experimental procedures
were reviewed and approved by the Institutional
Animal Care and Use Committees of the Office of
Naval Research and the Oklahoma Medical Research
Foundation (OMRF).
Thirty 3–5-year-old female chinchilla laniger
(Moulton Chinchilla Ranch, Rochester, MN) weighing 500–850 g were used in this study. The animals
were housed in plastic cages in the OMRF animal
facility with free access to a standard chinchilla diet
(Mazuri Chinchilla Diet, 5MO1, PM1 Nutrition
International Inc., Brentwood, MO) and tap water.
Ambient noise levels measured in our animal facility
(68–72 dB SPL at 70–80 Hz) were within permissible
normal noise levels recommended by the National
Institute for Occupational Safety and Health. Five
groups of six randomly assigned animals each were as
follows: (1) a control group, which received only
saline after noise exposure; (2) an experimental group
treated for 3 days with injections starting 48 h after
noise exposure; (3) an experimental group treated for
8 days with injections starting 48 h after noise exposure; (4) an experimental group treated for 3 days
with injections starting 24 h after noise exposure; and
(5) an experimental group treated for 9 days with
injections starting 24 h after noise exposure. Table I
shows the relationship between the specific groups
and the treatments that they received (Table I).
4-OHPBN was synthesized at OMRF using a previously described method [6]. For administration, this
chemical was dissolved in dimethyl sulfoxide (DMSO,
0.8 ml/100 mg, Sigma-Aldrich Inc., St. Louis, MO)
at 37 °C, then polyethylene glycol (PEG) 400 (0.8
ml/100 mg, Sigma-Aldrich Inc., St. Louis, MO) was
added. Sterile saline (0.4 ml/100 mg) was added just
before injection. A combination of 20 mg/kg of
4-OHPBN, 50 mg/kg of NAC (Hospira Inc., Lake
Forest, IL) and 20 mg/kg of ALCAR (Sigma-Aldrich
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Table I. Different groups with different treatment delays and
durations.
Groups

Treatment

Group 1
Group 2

Noise ⫹ saline (24 h delay with 9-day treatment)
Noise ⫹ three-drug combination (48 h delay with
3-day treatment)
Noise ⫹ three-drug combination (48 h delay with
8-day treatment)
Noise ⫹ three-drug combination (24 h delay with
3-day treatment)
Noise ⫹ three-drug combination (24 h delay with
9-day treatment)

Group 3
Group 4
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Inc., St. Louis, MO) was intraperitoneally injected
into the experimental animals. Experimental animals
received the initial injection at 24 or 48 h after noise
exposure and additional injections twice daily for the
next 2, 8 or 9 days. In experimental groups 3 and 5,
the treatments continued for 10 days after noise
exposure with 48 or 24 h of delay before treatment
initiation and either 8 or 9 days of actual treatment.
Equal volumes of carrier solution (DMSO, PEG
400, and sterile saline, 2:2:1 ratio) were injected into
group 1 using the same method as in the experimental
animals. The carrier solution (saline) for group 1 was
paired with the three-drug combination experimental
group treated for 9 days with injections starting 24 h
after noise exposure.
Noise Exposure
During noise exposure, two animals at a time were
placed in two small wire restraint cages on a wooden
plate. These animals each wore a breeding collar and
were exposed to a 105 dB SPL octave-band noise
centred at 4 kHz for 6 h in a sound isolation booth
[Industrial Acoustics Company (IAC), New York,
NY]. The noise was digitally generated by a Tucker
Davis Technologies (TDT, Alachua, FL) device and
passed through a real-time attenuator (TDT, RP2),
filtered, amplified with a preamplifier (QSC audio
power, Costa Mesa, CA) and transduced with a high
frequency acoustic driver and an acoustic speaker
(JBL 2350, Northridge, CA) suspended from the
ceiling of the sound booth and positioned directly
above the wire cages. During noise exposure, the
noise level was continuously monitored by a PULSE
software system [B&K Sound & Vibration Measurement (version 10.0), Norcross, GA] with a condenser
microphone (B&K 2804, Norcross, GA) placed
between the two wire cages at the level of the animals’
heads and coupled to the preamplifier.
Auditory Brainstem Responses
Auditory brainstem response (ABR) for both ears
of each animal was measured before initial noise

exposure (baseline threshold), immediately after and
then 21 days after noise exposure for each frequency.
Permanent ABR threshold shift (PTS) was obtained
as the difference between the baseline threshold and
the final ABR threshold measured at 21 days after
noise exposure. The ABR measurement after noise
exposure was completed within 1.5 h after completion of noise exposure. ABR was recorded under light
ketamine (20 mg/kg) and xylazine (1 mg/kg) anaesthesia and small supplemental doses (1/3 of initial
dose) if needed. For ABR recordings, an active needle
electrode and a reference electrode were subcutaneously placed proximal to the test ear and the non-test
ear, respectively, while a ground electrode was placed
at the vertex. Auditory stimuli consisting of tone pips
(5 ms duration and 1 ms Blackman rise and fall) at
frequencies of 0.5, 1, 2, 4, 6 and 8 kHz were generated
by a computer-aided system (Intelligent Hearing
Systems, Miami, FL) coupled to high frequency
transducers and transduced through the computercontrolled attenuator to a 3A insert earphone [Etymotic
Research (ER)-3A, Etymotic Research Inc., Elk Grove
Village, IL] placed about 5 mm from the tympanic
membrane. The insert earphone was calibrated
with a coupler mounted to a sound level meter. The
electrical responses obtained from the electrodes were
amplified (⫻ 100,000), filtered (100–3000 Hz), digitized through an A/D converter on a signal processing
board and averaged at a sample rate of 1024 for each
level. Hearing threshold was determined with 10 dB
descending steps and then 5 dB ascending steps until
near the threshold, the mid-point between the lowest
level of a clear response and the next level where no
response was observed. The ABR hearing thresholds
were confirmed by two investigators who were blinded
as to the identity of the animal groups.
Histological Examination
After the final ABR tests were measured at 21 days
after noise exposure, the animals were humanely
euthanized by transcardial injection of sodium pentobarbital under anaesthesia with a mixture of ketamine
(20 mg/kg) and xylazine (1 mg/kg). One ear of each
animal was used for hair cell counting, whereas the
other was used for immunohistochemical staining.
After immediately removing the temporal bones from
the skull, the cochleae were perfused from the round
and oval windows through a hole made at the apex
with a solution of 4% paraformaldehyde in phosphate
buffer and were submerged in the same fixative for
24 h at 4° C. The cochlear tissues were dissected and
washed with PBS, permeabilized with 0.3% Triton
X-100 for 10 min and stained with actin with 1% rhodamine phalloidin for 30 min. After staining, the cochleae
were mounted on a glass slide as surface preparations
and examined for hair cell counts under a light microscope (Olympus BH-2; Olympus Optical Co. Ltd.).
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Percentages of missing OHCs were obtained by dividing the OHC count for the experimental animals by
control value hair cell counts for normative values
developed for each cochlear section from 100 animals. Finally, as a cytocochleogram, the percentage
of the missing OHCs was plotted as a function of
percent distance from the apex by entering inputs
into a worksheet to construct continual data points
along the entire cochlear length [6,16]. The average
at each 0.5 mm segment was plotted to create the
cytocochleogram. An equation of cochlear frequencyplace map (F ⫽ 125e0.051d, where F is the frequency
in Hz and d is percent distance from the apex) was
used to evaluate OHC losses at specific cochlear
regions corresponding to specific stimulus frequencies of 2, 4, 6 and 8 kHz [17,18]. Counting of OHC
losses was also confirmed by two investigators who
were blinded as to the identity of the animal groups.
Immunohistochemistry
Biomarkers 4-HNE and NT have been used to assess
oxidative stress, monitor ROS and RNS activity in the
inner ear and evaluate the effects of antioxidant treatment after noise exposure [14,15,19,20]. Since
4-HNE reacts extensively with DNA and proteins,
depletes intracellular GSH and alters many cell signalling cascades, it has been used as an indicator of
oxidative damage [21]. NT has been used as a marker
for endogenous nitric oxide production and nitration
of a tyrosine residue in proteins [22].
Immunohistochemistry for 4-HNE and NT was carried out on the left ear of each of the animals in each
group. After overnight fixation, the tissues were washed
in dH2O three times at room temperature and decalcified in 10% ethylene diamine tetraacetic acid (EDTA)
for about 2 weeks with 3–4 changes of solution. After
decalcification, the tissues were cryoprotected in 30%
sucrose in PBS at 4oC overnight and then placed in a
Tissue-Tek mold (Sakura Finetek USA, Inc., Torrance,
CA). The frozen sections (18–20 μm) were cut with a
Cryotome (Thermo Fisher Scientific, Inc. Waltham,
MA) parallel to the modiolus. The serial sections were
collected and mounted onto slides pre-coated with
gelatin. The sections were washed three times with
PBS for 30 min, incubated in blocking solution consisting of 1% bovine serum albumin and 1% normal
goat serum and permeabilized in 0.2% triton X-100 in
PBS (PBS/T) for 30 min. The sections were incubated
with a 1:100 dilution of rabbit anti-4-hydroxy-2nonenal Michael Adducts IgG (EMD Chemicals, Inc.
Gibbstown, NJ) or a 1:200 dilution of mouse antinitrotyrosine antibody IgG (Upstate, Lake Placid, NY)
at room temperature for 2 h. After washing with PBS/T,
a 1:1000 dilution of Alexa Fluor 594 donkey anti-rabbit
IgG secondary antibody (Invitrogen, Carlsbad, CA)
for 4-HNE or a 1:1000 of Alexa Fluor 594 donkey
anti-mouse IgG secondary antibody for NT was used

for 1 h at room temperature to visualize staining.
After rinsing with PBS/T, a 1:40,000 dilution of
4’-6-diamidino-2-phenylindole (DAPI) was used for
nuclear staining. A negative control was obtained by
omitting the primary antibody during processing of
tissues randomly selected across experimental groups.
Visual images were obtained from the basal and middle
turns of the cochlea by an observer blinded to the identity of the animal groups using a confocal microscope
(Leica SP2 Confocal Microscope, Leica Microsystems,
Heidelberg, Germany) with a 60 ⫻ objective.
Immunostaining semi-quantitation and
statistical analysis
All the data are reported as mean ⫾ S.E.M. Significant
differences in PTS among the different groups at each
frequency were evaluated using one-way ANOVA
(SPSS 14.0 for Windows). We used the ABRs from
both ears of each animal. Before we used the ABRs
from both ears, we compared the ABRs from one ear
with those from the other ear. With a paired samples
t-test at each frequency, there was no significant difference between them. This result was not different
from that of a one-way ANOVA. Therefore, we treated
the ABRs from both ears of each animal as independent
observations [2]. The ABR results from six animals
of each group resulted in a sample size of 12.
Measurement of 4-HNE relative fluorescence intensity and a semi-quantitative procedure to count an NT
immunostaining index were similar to previously
described procedures [23]. Relative fluorescence
intensity of 4-HNE in the organ of Corti was evaluated with LAS AF Lite software (Leica Microsystems
CMS GmbH, Heidelberg, Germany). Two to three
images from mid-modiolar sections of each cochlea by
fluorescence microscopy were collected using the
same camera settings (40 ⫻) so that a similar shape
and size of the organ of Corti could be measured in
all ears. The distance between two sections was 200–
400 μm to ensure non-duplicate measurement. Measurement of the relative fluorescence intensity was
conducted with the software by drawing a line around
the border of the organ of Corti, from which the mean
pixel intensity of the labelling was derived. A modified
semi-quantitative procedure was used to count an NT
immunostaining index in the spiral ligament of the
middle turn [23]. Images were taken from the spiral
ligament by fluorescence microscopy (40⫻) for every
other section. The distance between two sections was
about 400 μm to ensure non-duplicate counting. After
five to six images were collected from each middle
turn, an immunostaining index using the ImageJ software was calculated by dividing the number of NT
positive cells by total number of cells (number of
nuclei stained by DAPI) within the image.
Statistical differences in relative fluorescence
intensity of 4-HNE and NT immunostaining index
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among the different groups were also evaluated
using one-way ANOVA. In addition, differences in
percentage of missing OHCs among the different
groups were also tested with one-way ANOVA. The
Fisher’s least squares difference (LSD) post hoc
test was then used to evaluate the statistical differences of specific pairs of values. A p-value less than
0.05 was considered to indicate a statistically significant difference.

Results
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ABR threshold shifts
There were no significant differences in temporary
threshold shifts measured immediately after noise
exposure among any of the groups (data not shown).
However, PTS varied with animal group (p ⬍ 0.001)
and frequency (p ⬍ 0.001). As shown in Figure 1,
mean PTS in group 1 ranged from about 16 dB at
low frequencies to 42 dB at high frequencies, while
the threshold shifts of the three-drug combination
treatment groups were reduced across frequencies
(Figure 1). No significant differences were found
across frequencies in PTS between group 1 and group
2. However, significant differences in PTS between
group 1 and group 3 were shown at high frequencies
of 4–8 kHz. For group 4, the threshold shifts were
significantly reduced at 0.5, 4, 6 and 8 kHz, compared
to group 1. For group 5, the PTS were significantly

reduced at all frequencies except at 1 kHz, compared
to group 1. There were no significant differences in
threshold shifts among experimental groups.
Figure 2 compares PTS averaged at higher frequencies (2–8 kHz) among groups 1–5 (Figure 2). Reduction in PTS became greater as the duration of treatment
increased and time delay before starting the treatment
was shortened. The mean threshold shifts for groups
3, 4 and 5 were significantly decreased compared to
those of group 1. Significant differences between
groups 2 and 5 were found. With these results, the PTS
could be averaged at higher frequencies (2–8 kHz) for
the experimental groups based on the delay in starting
the treatment (24 and 48 h) and different durations
(3 and 8/9 days) of treatment. The mean threshold
shifts for the experimental groups with treatment delay
of 24 h after noise exposure were significantly decreased
compared to those of group 1. The amount of reduction was 17 dB. Although there was no significant difference, the mean threshold shifts of the experimental
group with treatment delay of 48 h were reduced, compared to group 1. The amount of reduction was 9 dB.
The amount of reduction for the 3-day and 8/9 day
duration groups was 11 and 14 dB, respectively.
Hair cell counts
The OHC loss varied with animal group (p ⬍ 0.05)
and frequency (p ⬍ 0.01). Figure 3 shows a cytocochleaogram relating mean percentage of missing

Figure 1. Permanent ABR threshold shifts of different groups. The ABR threshold shifts of the groups 3, 4 and 5 were significantly reduced,
compared to group 1, at high frequencies (2–8 kHz). There were no significant differences among experimental groups (2, 3, 4, 5). At
lower frequencies (0.5–2 kHz), compared to group 1, significant reductions were found in groups 4 and 5 at 0.5 kHz and in group 5 at
2 kHz. Asterisks: ∗p ⬍ 0.05; ∗∗p ⬍ 0.01; and ∗∗∗p ⬍ 0.001.
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Figure 2. Permanent ABR threshold shifts averaged at frequencies of 2–8 kHz for different groups. Compared to group 1, significant
reductions in the average threshold shifts were found for groups 3, 4 and 5. Another significant reduction was found between group 2 and
group 5. The number after the asterisk represents the groups compared for statistical analysis as shown in Table 1.

OHCs to the measured percent distance from the
cochlear apex (Figure 3). Average percentages of
OHC losses at 55–90% distance from the apex (high
frequency regions) were approximately 50%, 37%,
40% and 10%, respectively for group 2 (n ⫽ 6), group
3 (n ⫽ 6), group 4 (n ⫽ 6) and group 5 (n ⫽ 5) after
noise exposure, compared to a 65% average loss in
group 1 (n ⫽ 6). The OHC losses of groups 3, 4 and
5 were significantly reduced, compared to groups 1

and 2. The OHC losses of group 5 were significantly
reduced, compared to group 4. Figure 4 illustrates the
percentage of missing OHCs averaged at higher frequencies (2–8 kHz) among specific groups (Figure 4).
The mean OHC losses of groups 3, 4 and 5 were
significantly reduced, compared to group 1. The mean
OHC losses of group 5 were significantly reduced,
compared to groups 2, 3 and 4. Based on these results,
the percentage of missing OHCs could be averaged

Figure 3. A cytochocleogram representing percentage of missing OHCs at the measured percent distance from the cochlear apex in different
groups and the corresponding frequency regions. Compared to group 1, significant reductions in OHC loss were found in different groups,
especially at the 55–100% distance from the cochlear apex. These ranges correspond to the frequency regions of 2–20 kHz. The symbol
# indicates statistically multiple significances among different groups. There were significant differences between group 2 and group 3
(∗∗∗), group 2 and group 4 (∗∗∗), group 2 and group 5 (∗∗∗). There were also significant differences between group 3 and group 1 (∗∗∗), and
group 3 and group 2 (∗∗∗). Finally, there were significant differences between group 5 and group 1 (∗∗∗), group 5 and group 2 (∗∗∗), and
group 5 and group 4 (∗∗).
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Figure 4. Mean percentages of OHC loss averaged at high frequency regions (2–8 kHz) for different groups. Compared to group 1,
significant reductions in the average threshold shifts were found for groups 3, 4 and 5. Compared to group 5, other significant reductions
were found compared to groups 2, 3 and 4. The number after the asterisk represents the group compared for statistical analysis as shown
in Table 1.

at higher frequencies (2–8 kHz) for the experimental
groups with treatment delays (24 and 48 h) and different treatment durations (3 and 8/9 days). The
mean OHC losses for the experimental groups with
a 24 h treatment delay were significantly reduced
compared to those of group 1. The amount of reduction was 58%. Although there was no significant difference, the mean OHC loss of the experimental
groups with a 48 h treatment delay was reduced, compared to group 1. The amount of reduction was 28%.
The mean OHC losses for the experimental groups
with 8/9 days treatment duration were significantly
reduced compared to those of group 1 and the experimental group with 3-day treatment duration. The
amount of reduction was 25% and 63%, respectively
(p ⬍ 0.05).
Immunohistochemistry
All sections for 4-HNE or NT assessment were
taken from the middle basal turn (8–10 kHz area,
approximately 86% distance from the apex) and the
middle second turn (2 kHz area, approximately
57% distance from the apex) of the cochlea. There
were no significant differences in NT staining
between specific pairs of groups (data not shown).
However, significant differences were found in
4-HNE staining. Figure 5 shows 4-HNE immunolabeling results for the normal control group (no
noise exposure), the noise ⫹ saline group (group 1)
and the noise ⫹ treatment group treated for 9 days
with injections starting at 24 h (group 5) (Figure
5). For the normal control group, 4-HNE immunolabeling was not observed in the organ of Corti.

However, for group 1, 4-HNE immunolabeling was
found in the inner hair cells and the Deiters’ cells
at the basal turn; and in the inner hair cells, the
Deiters’ cells and the Hensen’s cells at the middle
turn. For group 5, 4-HNE immunolabeling was
found in only the inner hair cells at the basal turn
and not observed in the organ of Corti at the middle turn. The 4-HNE staining for this experimental
group was weaker than those of the noise-exposed
group (group 1).
There were statistically significant differences
among groups in the relative fluorescence intensity
at the middle turn of the cochlea (Figure 6). Significant differences were found between the normal
control and group 1 and between group 1 and the
noise ⫹ treatment groups (3 and 9 days), but not
between the normal control and the noise ⫹ treatment
groups (3 and 9 days) and between the noise ⫹
treatment group (3 days) and the noise ⫹ treatment
group (9 days).

Discussion
The benefits of combination therapies
The three-drug combination used in this study consisted of 4-OHPBN, NAC and ALCAR. The nitrone,
4-OHPBN has been known to have a variety of properties as follows: its ability to spin-trap free radicals,
its antioxidant properties, its action on important
membrane enzymes including ion transport proteins
and its function as a potent anti-inflammatory agent
modulating inducible nitric oxide synthase and inducible cyclooxygenase activity [24]. NAC has shown its
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Figure 5. 4-HNE immunocytochemical staining in the organ of Corti in different groups. For the normal control group (no noise exposure),
no positive 4-HNE staining was found in the organ of Corti in the basal (panel A) and middle turns (panel B). However, for the
noise ⫹ saline group, positive 4-HNE staining was found in the basal and middle turns. At the basal turn, strong positive 4-HNE staining
was shown in the inner hair cells (arrow in panel C), the Deiters’ cells (arrowhead in panel C) and the Hensen’s cells (starburst in panel
C), while most of the outer hair cells and the Hensen’s cells were missing. In the middle turn, positive 4-HNE staining was found in the
inner hair cells (arrow in panel D), the Deiters’ cells (arrowheads in panel D) and the Hensen’s cells (starburst in panel D). For the
noise ⫹ treatment group treated for 9 days with injections starting at 24 h, positive 4-HNE staining was only found in the inner hair cells
at the basal turn (panel E), staining was weaker than that of the noise ⫹ saline group, positive staining was not seen in the organ of Corti
in the middle turn (panel F). Brackets indicate the outer hair cell region in A–F. Scale bar ⫽ 10 μm for panels (A–F).

ability to inhibit lipid peroxidation and scavenge ROS
and functions as a neuroprotective agent and a cysteine
donor to increase GSH synthesis [2,4,5,25]. ALCAR
functions mainly to protect oxidative stress-induced
mitochondrial injury by enhancing mitochondrial
bioenergetics and biogenesis [2,3,26,27].
Although each antioxidant agent targets and affects
different injury mechanisms, its effectiveness may be
maximized in combination with other antioxidant
drugs in preventing or treating AAT [6,11,28,29].
The synergistic effect of combination of antioxidant
drugs has been supported by many other studies. A
combination of 4-OHPBN and NAC decreased PTS
by 30 dB, while a combination of 4-OHPBN and
NAC and ALCAR given 4 h after noise exposure
reduced PTS by 37 dB in chinchilla [6]. NAC and
salicylate, a hydroxyl radical scavenger, decreased
PTS by 17 dB PTS in chinchilla [5]. A combination

of salicylate and Trolox, a water-soluble analogue of
α-tocopherol and an inhibitor of peroxynitrite-mediated tyrosine and guanine nitrosylation, reduced
PTS by approximately 15–18 dB in guinea pigs [15].
Given an iron chelator, a free radical scavenger in
combination with deferoxamine mesylate and mannitol, the three-drug combination reduced PTS by
about 20 dB in guinea pigs [30]. Another combination of vitamins A, C and E (free radical scavengers)
plus magnesium was effective in reducing both PTS
(about 30 dB) and cell death [29], while folate, vitamin E and ALCAR provided synergistic protection
against oxidative stress [28].
The optimal timing for treatment
The present study shows that the noise used in our
study induced permanent hearing loss of about 39 dB
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study provides different results. This difference may
result from the different drugs used in this study
and/or different timing and duration of treatment of
drug. Other studies have shown that a combination
of antioxidant drugs had greater efficacy when given
before noise exposure than when given up to 3 days
after noise exposure [5,14].
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The temporal relation between ROS production and
optimal timing of treatment

Figure 6. Relative fluorescence intensity for 4-HNE in the organ
of Corti 21 days after noise exposure. Compared to experimental
group 1 (noise ⫹ saline), significant reductions were found in the
normal control (no noise exposure) and noise ⫹ treatment (3 and
10 days) groups.

with approximately 41% loss of OHCs as well as the
distinct formation of 4-HNE. Large losses (about
70%) induced by noise were observed at 55–90% distance from the apex, indicating high frequency regions
(2–10 kHz). The functional and morphological consequences of noise trauma were significantly attenuated by a combination of 4-OHPBN plus NAC plus
ALCAR. The present study found that the effectiveness of the three-drug combination depends on the
time of initial treatment and the length of treatment
after noise exposure. When the treatment delay after
noise exposure decreased from 48 to 24 h, the average
threshold shift and OHC loss significantly decreased
(p ⬍ 0.05). When the length of treatment increased
from 3 days to 8/9 days, the average threshold shift
and OHC loss significantly decreased (p ⬍ 0.05).
Maximal effectiveness of treatment was observed in
the experimental group treated for 9 days with injections starting at 24 h after noise exposure. These data
demonstrate that a pharmacological therapy started
within 24 h and continuing for 10 days after noise
exposure can effectively treat AAT in a chinchilla
model using steady-state noise exposure.
Although the present study emphasizes effective
therapeutic intervention extended up to 10 days after
noise exposure, it is necessary to mention that early
administration of antioxidant drugs prior to or shortly
after noise exposure is effective in preventing or treating AAT. Coleman et al. (2007) investigated the timing (1, 4, 12 h) of the initial administration of NAC
or ALCAR after noise exposure on the effectiveness
of treatment for AAT [10]. The greatest reduction was
observed with the initial administration at 1 h after
noise exposure. The initial administration at 4 h after
noise exposure was still effective in treating AAT
because it countered the first oxidative burst. There
was no efficacy in treating AAT for the initial administration at 12 h after noise exposure. The present

In general, after noise exposure, the threshold shifts
gradually decrease and morphological damage
increases. Although these changes were found to continue up to 30 days after noise exposure [25], the first
10 days after noise exposure are an important time
period in treating AAT. At day 10 after noise exposure,
continued formation of ROS/RNS reaches a maximum
and PTS and OHC loss plateau [14,15]. Furthermore,
markers of ROS and RNS, 4-hydroxynonenal (4-HNE)
and NT are elevated 7–10 days after noise exposure
[15] and the free radical content of the cochlear tissue
is increased 3–6 days and also 12 days after noise exposure [31]. Due to these increases in free radicals 7–10
days after noise exposure, it is not surprising to observe
the benefit of antioxidant treatment extending up to
10 days after noise exposure because it may prevent or
reduce cumulative damage resulting from the delayed
production of free radicals. The increase of NT shown
by Yamashita et al. (2005) was not observed in our
current study [15]. The difference may result from
different noise levels used in each study.
Another important finding of the current study is
that the formation of 4-HNE remains but NT was
not found up to 21 days after noise exposure. At
approximately 21 days after noise exposure in chinchilla, compound threshold shift becomes permanent
hearing loss and progressive hair cell loss stabilizes
[3–5]. The 4-HNE results of the present study are
consistent with the findings of Yamashita et al. (2004)
showing that the immunoactivity of 4-HNE in inner
hair cells and supporting cells of the organ of Corti
remains up to 14 days after noise exposure [14,15].
However, the NT results of the present study are not
consistent with those of Yamashita et al. (2004)
showing that the immunoactivity of NT in OHC and
Deiter’s cells reaches a maximum by days 7–10 after
noise exposure [14]. Generally, since 4-HNE is an
indicator of oxidative damage formed as an abundant
product of polyunsaturated fatty acid oxidation and
decomposition, it reacts extensively with DNA and
proteins, depletes intracellular GSH and many cell
signalling cascades [21]. NT, a marker of nitric oxide
production in the body, is formed by nitration of a
tyrosine residue in proteins [22]. The formation of
4-HNE begins immediately after noise exposure and
stays up to 21 days after noise exposure, while the
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formation of NT begins immediately after noise
exposure and disappears up to 21 days after noise
exposure. Significantly lower expression of 4-HNE
found at 21 days after noise exposure in noise ⫹ treatment groups suggests that antioxidant drugs inhibit
the formation of 4-HNE and promote hair cell survival. This indicates that inhibition of 4-HNE formation in the inner ear may be one of the major reasons
to explain the therapeutic effects of the combination
of 4-OHPBN plus NAC plus ALCAR. However,
strong NT staining was observed in the spiral ligament immediately or few hours after noise exposure,
while the relatively weak expression of NT was found
in the same region after antioxidant drug treatment
[32,33]. We did not find any significant NT staining
in the organ of Corti or in the spiral ganglion 21 days
after noise exposure in the current study. This may
indicate that the formation of ROS in AAT is more
important than RNS in the organ of Corti. However,
the relationship between free radical formation in the
lateral wall of the cochlea and hair cell death is still
unclear [34]. In addition, each of the antioxidant drugs
used in this study has a different target and site of action
as follows: 4-OHPBN scavenges free radicals and
reduces inflammation [1–6], NAC provides cysteine
for GSH synthesis [3–5] and ALCAR decreases ROS
production and preserve mitochondria [2,7–9]. Therefore, each antioxidant drug may contribute differently
to the attenuation of HNE and NT production in the
cochlea induced by AAT. However, our current study
could not differentiate the unique site and mechanism
of action for each antioxidant drug.
It should be noted that the PTS data did correspond to those of 4-HNE intensity, but did not correspond to those of percentage of missing OHCs. In
addition, the difference in PTS between 3-day treatment and 10-day treatment was also shown in the
percentage of missing OHCs but not in the 4-HNE
intensity. It may indicate that although the OHCs of
10-day treatment survived longer than those of 3-day
treatment, they did not function well. Finally, we want
to mention that our data are based on chinchilla and
these data may not generalize to other species.

Conclusion
This study shows that the combination of antioxidant
drugs (4-OHPBN plus NAC plus ALCAR) can be
effectively used in treating AAT if the duration of
treatment is extended over the period of 7–10 days
after noise exposure and the initial treatment up to
1 day after noise exposure altered outcomes is delayed.
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