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Abstract

Increasing evidence suggests that noise-induced hearing loss may be reduced or prevented with antioxidant therapy. Biochemical
markers of reactive oxygen species (ROS)-induced damage can help elucidate possible treatment timing constraints. This study
examined the time course of ROS damage following a 2-h, broad-band noise exposure resulting in permanent threshold shift in 35
Long^Evans rats. Cochlea, brain, liver, serum and urine were analyzed at 1, 3, 8, 72, and 672 h (28 days) after exposure. Oxidative
DNA damage was assessed by measuring 8-hydroxy-2P-deoxyguanosine (8OHdG) by high performance liquid chromatography with
electrochemical detection. Lipid peroxidation was measured via the thiobarbituric acid-reactive substances (TBARS) colorimetric
assay for detection of aldehydes (e.g., malondialdehyde). Auditory brainstem response and distortion product otoacoustic emission
thresholds showed progressive elevation for the 3- and 8-h groups, then notable recovery for the 72-h group, and some worsening for
the 672-h group. 8OHdG was significantly elevated in cochlea in the 8-h group, and in brain and liver for the 72-h group. TBARS
were significantly elevated in serum for the 72-h group. Based upon oxidative DNA damage present in cochlea following intense
noise, we postulate that the first 8 h following exposure might be a critical period for antioxidant treatment. Published by Elsevier
Science B.V.
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1. Introduction

Oxidative stress is implicated as an important factor
in the cascade of cochlear events resulting from noise-

or medication-induced sensorineural hearing loss.
Although reactive oxygen species (ROS), also known
as free oxygen radicals, are normal byproducts of cel-
lular aerobic metabolism, these unstable molecules can
impair cellular lipids, proteins and nucleic acids in
DNA if the balance of corresponding antioxidants is
disrupted. The consequences of such disruptions can
be detected biochemically and histologically, and can
be demonstrated functionally.

There is both direct and indirect biochemical and
histological evidence of cochlear oxidative stress. Direct
evidence is derived from procedures that induce in-
creased ROS activity by cellular infusion of ROS (Cle-
rici et al., 1995; Clerici and Yang, 1996), exposure to
noise (Yamane et al., 1995; Ohlemiller et al., 1999b) or
ototoxic agents (Clerici et al., 1996; Lopez-Gonzalez et
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al., 1998, 1999), or induced ischemia (Ohlemiller and
Dugan, 1999). Indirect evidence is derived from proce-
dures that detect changes in ROS levels by inducing
increased antioxidant levels, blocking/reducing antioxi-
dant production/activity (Yamasoba et al., 1998; Ohle-
miller et al., 1999a), or inhibiting ROS production/ac-
tivity (Seidman et al., 1993; Quirk et al., 1994; Clerici
et al., 1995; Clerici and Yang, 1996; Fechter et al.,
1997; Jacono et al., 1998; Kamimura et al., 1999; Ya-
masoba et al., 1999; Rao and Fechter, 2000).

While the direct evidence is necessary to determine
ROS liability for subsequent tissue damage and func-
tional impairment, much enthusiasm surrounds the in-
direct evidence because it suggests the possibility of
prophylactic antioxidant treatment for cochlear dys-
function. The timing of such prophylaxis may be crit-
ical in preventing noise-induced hearing loss. To under-
stand this critical timing, one ¢rst must understand the
time course of oxidative damage to the cochlea. Bio-
chemical markers of ROS-induced cellular damage can
be utilized to delineate the time course of ROS-medi-
ated damage as well as biologically e¡ective dose(s).
Biochemical markers of oxidative lipid and DNA dam-
age have been well studied in many tissues, and several
studies have employed biomarkers of lipid peroxidation
for cochlear applications. However, the time course of
oxidative damage to DNA has not been studied in co-
chlea.

The most common biomarker for lipid peroxidation
is the thiobarbituric acid-reactive substances (TBARS)
assay, which detects malondialdehyde (MDA) and oth-
er aldehydes (for review see Janero, 1990); however,
more recently, the 8-isoprostane assay is being consid-
ered a sensitive and reliable biomarker (Morrow et al.,
1990). Rybak and colleagues reported increased cochle-
ar MDA following cisplatin administration in rats
(Ford et al., 1997; Ravi et al., 1995; Rybak et al.,
1995, 1997, 1999a,b), and She and Chen (1995) reported
the same for kanamycin in guinea pigs. Only Liu (1992)
has employed the TBARS assay following an intense
noise exposure (i.e., blast), and reported increased
MDA in guinea pigs at 1 h after explosion and again
at 3 and 6 days. At 8 days MDA reduced to normal
levels, then increased markedly at 12 days. These data
were in accordance with auditory brainstem response
(ABR) threshold changes.

Ohinata et al. (2000) employed an 8-isoprostane im-
munoassay in guinea pigs and demonstrated that a
4-kHz octave band noise exposure increased lipid per-
oxidation in a time-dependent manner related to the
duration of the exposure. They additionally demon-
strated that these levels dropped signi¢cantly within
30 min of noise cessation and returned to near baseline
by 8 h post-exposure. Subsequent histology of various
cochlear tissues implies a complex relationship between

biochemical evidence of lipid peroxidation and tissue
damage.

In addition to lipid peroxidation biomarkers, bio-
markers of ROS-induced DNA damage are being in-
creasingly utilized. For many applications, investigation
of oxidative DNA damage is particularly compelling
due to mutagenic consequences ; however, for cochlear
applications possible mechanisms of cell death are rel-
evant. Low levels of damage as evidenced by base
changes and deletions generally can be repaired e⁄-
ciently, but high levels of oxidative stress can lead to
cell death (Halliwell and Aruoma, 1992).

One of the most abundant oxidative DNA adducts is
8-hydroxy-2P-deoxyguanosine (8OHdG) (Breen and
Murphy, 1995; Wang et al., 1995), which has been esti-
mated to represent approximately 5% of all oxidative
adducts (Beckman and Ames, 1997). 8OHdG is formed
by a range of reactive species (e.g., hydroxyl radical and
singlet oxygen) as they react with various forms of
2-deoxyguanosine (2dG) (Akiyama et al., 1989). When
8OHdG is incorporated into DNA, A:T to C:G trans-
versions can result during the next DNA replication
process (Cheng et al., 1992; Maki and Sekiguchi,
1992). Due to its prevalence and relative ease of mea-
surement, the 8OHdG adduct is a widely used marker
for oxidative damage. The extent of damage is ex-
pressed as a ratio of 8OHdG adducts to normal gua-
nosine bases (8OHdG/2dG; ng/mg).

The purpose of this investigation was to determine
whether an intense noise exposure (2-h broad-band
noise) resulting in permanent threshold shift (PTS) in
the rat produces measurable oxidative damage to co-
chlear DNA; and if so, to relate the time course of
that damage to the time course of lipid peroxidation
and functional impairment. To accomplish this, both
DNA damage and lipid peroxidation were assessed
within the same animal in bilateral cochlea and two
control organs (brain and liver). A secondary purpose
was to explore the process of repair following oxidative
damage by assessing serum and urine for biochemical
byproducts of damage and repair. 8OHdG was mea-
sured via high performance liquid chromatography
with electrochemical detection (HPLC-EC), and lipid
peroxidation was measured via the TBARS colorimetric
assay. Auditory function was assessed with ABR to
evaluate auditory sensitivity and with distortion prod-
uct otoacoustic emissions (DPOAE) to evaluate outer
hair cell function.

2. Methods

2.1. Animals

Thirty-¢ve male Long^Evans pigmented rats (ap-
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proximately 50^55 days of age; 226^250 g upon arrival)
were obtained from Charles River Laboratories (Wil-
mington, MA, USA). Rats were divided randomly
into ¢ve groups with one normal control animal per
group. The groups were de¢ned by time of sacri¢ce
following noise exposure (or sham noise exposure for
the control animal of the group): 1 h, 3 h, 8 h, 72 h
(3 days), and 672 h (28 days). All animals received pre-
and post-exposure ABR and DPOAE to assess auditory
function. Pre-exposure (baseline) auditory assessments
were obtained on a separate day from exposures and
post-exposure auditory assessments were obtained with-
in the hour before sacri¢ce (Table 1). Prior to testing,
rats were anesthetized with ketamine (100 mg/kg i.m.)
and xylazine (4 mg/kg i.m.).

Acquisition, maintenance and experimental use of
rats were approved by the Animal Care and Use Com-
mittee at the National Institute for Occupational Safety
and Health (Proposal #C88 VAN), which adheres to
the guidelines of the Declaration of Helsinki. Rats
were housed in standard polyurethane cages or meta-
bolic cages in a temperature-regulated room with rou-
tine 12-h light/dark conditions. They had free access to
water and food at all times. Average sound level in a
typical vivarium room was 65 dB SPL.

2.2. Equipment

Tucker-Davis Technologies (TDT) BioSig and Sig-
Gen auditory software (200 MHz Pentium Dell com-
puter; Windows 95) controlled a rack of TDT modular
hardware. Right and left channel test signals were gen-
erated with a DA1 module then anti-alias ¢ltered at 35
kHz, and cascaded through two PA4 attenuators.
DPOAE signals then went directly to a Radio Shack
40-1377 tweeter and a Motorola KSN1165A piezoelec-
tric tweeter. ABR signals were routed through a Crown
5515-750W power ampli¢er, then to the Radio Shack
tweeter. Approximately 10 cm of Etymotic insert ear-
phone tubing coupled the tweeters’ inverted horn ports
to the signal ports of an Etymotic Research ER-10B
microphone, which served as the delivery system for
both DPOAE and ABR stimuli.

The attenuator cascade design was used to compen-
sate for the high-frequency spectral roll-o¡ of the twee-
ters and to control signal output. Attenuator settings
were established by measuring the output of the tweet-
er/ER-10B microphone system coupled to a tygon tube
simulating a rat ear canal (3.175 mm inner diameter;
2.5 mm length). A Bruel and Kjaer 4138 1/8th inch
microphone closed o¡ the open end of the tygon tube
and measured the sound pressure level of the system.
The ¢rst attenuator adjusted for the transfer function of
the system. The second attenuator controlled signal pre-
sentation level during animal testing. For DPOAE, the
¢rst attenuator was calibrated to yield 90 dB SPL at all
test frequencies when the second attenuator was set to
0 dB. Similarly for ABR, the ¢rst attenuator was set to
yield 110 dB SPL at all test frequencies with the second
attenuator at 0 dB.

2.3. Auditory assessments

For both ABR and DPOAE, acoustic stimuli were
delivered monaurally by coupling the ER-10B micro-
phone to the animal’s right ear canal with a piece of
1/8th inch diameter tygon tubing. Prior to ABR or
DPOAE testing, pure-tone in situ measurements were
made for each frequency with the ER-10B microphone.
Ear tip placement was adjusted to yield a maximal in-
tensity level at 32 kHz. ABR and DPOAE protocols
were automated with tester intervention possible for rep-
etitions or termination when no response was evident.

For ABR, subdermal needle electrodes were placed at
vertex (non-inverting), midline jaw region directly under
vertex (inverting), and cervical neck muscles (ground).
ABR tone bursts were gated with a Blackman window,
had a 1-ms rise^fall time and 3-ms duration, and were
alternating in polarity. Stimuli were presented at a rate
of 21.1/s. Test frequencies included 2, 4, 8, 16, and 32
kHz, and stimulus intensity ranged from 110 to 0 dB
SPL (10- and 5-dB step sizes). Electrophysiologic activ-
ity was ¢ltered from 200 to 2000 Hz and ampli-
¢ed U200 000. Averaging was done during a 12-ms
window with a 20-kHz sample rate over 512 stimulus
presentations. Alternate polarity responses were col-

Table 1
Study design

Sacri¢ce interval ABR and DPOAE evaluation intervals

Pre-exposure
(baseline)

1 h post
exposure

3 h post
exposure

8 h post
exposure

72 h post
exposure

672 h post
exposure

1 h post exposure (n = 6+1 control) X X
3 h (n = 6+1 control) X X
8 h (n = 6+1 control) X X
72 h (n = 6+1 control) X X
672 h (n = 6+1 control) X X
Number of animals 35 7 7 7 7 7
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lected simultaneously via two-bin averaging. Threshold
was de¢ned as the lowest intensity with repeatable
waveform morphology as con¢rmed separately by two
judges.

For DPOAE, stimuli were two simultaneous, contin-
uous pure tones (F1 and F2). F1 stimulus frequencies
were 2, 4, 8, 16, and 32 kHz, and intensity ranged
from 70 to 20 dB SPL (5-dB step size). The ratio of
F1/F2 was 1.2 Hz, and the intensity of F2 = F1315 dB.
The ear canal signal was sampled at 128 kHz for 64 ms.
DPOAEs were averaged over 24 stimulus presentations
and were measured at 1.333, 2.666, 5.333, 10.666, and
21.333 kHz (i.e., 2F13F2). A positive DP response was
de¢ned as amplitude 5 dB greater than the surrounding
noise £oor.

2.4. Exposure

Thirty noise-exposed animals received 120 dB SPL
bandpass noise (7.5^15 kHz) for 2 h in a foam-lined,
semi-anechoic enclosure. The uniformly distributed
noise stimulus was produced with a TDT waveform
generator, then band-pass ¢ltered by a TDT program-
mable ¢lter and attenuated by a TDT PA4 attenuator.
The signal was ampli¢ed by a Mackie 1202 preampli¢er
and a Stewart PA-1400 power ampli¢er, then delivered
by an Altec Lansing 908-8B high-frequency driver and
horn coupled to a chamber. Exposure chamber micro-
phones were calibrated daily and noise exposure levels
were monitored each hour.

Animals were noise-exposed individually in one of
two chambers that ran simultaneously. Attenuation
within a chamber su⁄ciently isolated the exposure
chambers from each another. The ¢ve normal control
animals (one per experimental group) received sham
treatments by being placed in an exposure chamber in
quiet for 2 h.

2.5. Sample collection

At the speci¢ed post-exposure intervals, six experi-
mental and one control rat(s) per group were anesthe-
tized to re-evaluate auditory function and then sacri-
¢ced with CO2. Bilateral cochlea, liver, brain and
serum were collected and frozen in liquid nitrogen at
the time of necropsy. Cochlear preparation included
separating the cochlear-vestibular apparatus from
temporal bone, dissecting away neural, connective,
and circulatory tissue, and removing the vestibular
apparatus from cochlea. All samples were stored at
380‡C.

Urine samples were collected from experimental and
control animals in the 8-, 72-, and 672-h groups. The
8-h animals resided in metabolic cages directly follow-

ing their noise exposure until just prior to re-evaluation
and sacri¢ce. The 72- and 672-h animals were placed in
metabolic cages 12 h prior to re-evaluation and sacri-
¢ce. Samples were centrifuged, then frozen at 380‡C.
Urine was not collected for the 1- and 3-h groups due
to insu⁄cient volume.

2.6. Enzyme and chemical sources

Inorganic salts used in DNA extraction were from
J.T. Baker (Phillipsburg, NJ, USA). Nuclease P1 was
obtained from USB Corporation (Cleveland, OH,
USA). Chemicals used in the TBARS assay and Tris-
(hydroxymethyl)aminomethane (Tris)-equilibrated phe-
nol were obtained from Sigma (St. Louis, MO, USA).

2.7. DNA extraction and 8OHdG analysis

Genomic DNA was extracted from left cochlea, brain
and liver using a modi¢cation of the method of Hofer
and Moller (1998). Tissues were homogenized using
DNase-free pellet pestles (Kontes, Vineland, NJ,
USA). Cochleae (46.11 þ 6.09 mg) were placed in
DNase-free microtubes and crushed with the vinyl-
coated handle of a microspatula. To simplify protein
removal after protein cleavage with protease, phase-
lock gel tubes (Eppendorf-5-Prime, Boulder, CO,
USA) were used to recover DNA in the aqueous phase
after protein precipitation with phenol.

Brie£y, after protease treatment, DNA containing
hydrolysate was transferred to a phase-lock gel 1 light
microtube, and 500 Wl of Tris-equilibrated phenol was
added. Contents were mixed vigorously to form a ho-
mogeneous suspension. Tubes were centrifuged at
1500Ug for 5 min at room temperature to isolate the
upper aqueous phase. The aqueous phase was decanted
into a second phase-lock gel tube, and 500 Wl of Sevag
reagent was added. The tubes were mixed as before and
centrifuged at 1500Ug to separate the phases. The
aqueous phase was decanted into a third phase-lock
gel tube, and Sevag treatment was repeated. After cen-
trifugation, the aqueous phase was decanted to a clean
microtube for DNA precipitation with ethanol and so-
dium chloride. From this point DNA precipitation and
hydrolysis to nucleotides was completed as described by
Hofer and Moller (1998).

To prevent loss of sample during transit, the nucleo-
tide hydrolysate was transferred to a screw-cap 1.5-Wl
microtube after ultra¢ltration, and frozen at 380‡C.
These tubes, as well as serum and urine samples, were
shipped frozen on dry ice to ESA Laboratories
(Chelmsford, MA, USA) for analysis of 8OHdG by
HPLC-EC analysis. Urine 8OHdG ratios were calcu-
lated against creatinine levels.
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2.8. Lipid peroxidation assay

The TBARS colorimetric assay method of Ohkawa et
al. (1979) was employed for detection of ROS-induced
lipid peroxidation in right cochlea, brain, liver, serum,
and urine. The procedure was modi¢ed to adjust for
small cochlear sample weight (46.17 þ 9.39 mg). Brain
and liver sample weights were 20 mg to allow for ap-
proximate comparisons across tissues. Serum and urine
samples were 25 Wl.

Cochleae, serum, and urine were thawed on ice,
then placed in a glass tube with 200 Wl of 50 mM phos-
phate bu¡er with 0.1 mM ethylenediaminetetraacetic
acid (pH 7.0). Cochleae were crushed and ground
with a Te£on pestle. Brain and liver samples were
thawed on ice, placed in a 1.5-ml tube with 200 Wl of
bu¡er, homogenized with a pellet pestle, then trans-
ferred to a glass tube. For tissues only, 50 Wl of
8.1% sodium dodecylsulfate was added. After vortexing
and incubation at room temperature, 375 Wl of 20%
acetic acid (pH 3.5) and 375 Wl of 0.6% aqueous
thiobarbituric acid reagent were added. The mixture
was heated and cooled before adding 1.25 ml 1-buta-
nol/pyridine, according to the method of Ohkawa et al.
(1979).

Concentration of TBARS was determined with a
1,1,3,3-tetraethoxypropane standard. Fluorescence was
read at excitation and emission wavelengths of 536 and
550 nm, respectively (Yin, 1995), using a Perkin Elmer
LS 50B luminescence spectrometer. Results were ex-

pressed as nmol/g tissue or Wmol/l serum. Due to intra-
subject variability with serum and urine, analyses were
done in triplicate, and the median value used for statis-
tical applications. Urine TBARS were expressed as
Wmol/g creatinine.

2.9. Statistical analyses

Auditory and chemical data were analyzed with de-
scriptive and inferential statistics that included analysis
of variance and mixed linear models. For all auditory
tests, no response was de¢ned as 2.5 dB higher than
output limits of the equipment. A priori probability
of signi¢cance was P90.05. For both biochemical as-
says and ABR and DPOAE tests, data from the control
animal from each of the ¢ve groups were pooled togeth-
er to form a ‘control group’. Therefore, this group was
comprised of ¢ve normal, non-exposed animals that
had di¡erent life spans.

2.10. Pilot study

Prior to the stated study design, 12 rats (same age,
sex, and strain as previously stated) were used in a pilot
study with a noise level of 125 dB SPL (2-h exposure;
7.5^15 kHz bandpass noise). Six exposed animals were
sacri¢ced at 24 h and compared to six control animals.
The pilot study targeted the time period of interest for
the full study and determined the feasibility of using the
8OHdG assay for cochlear applications.

Fig. 1. Pre- and post-noise exposure ABR thresholds in dB SPL. The x-axis represents the group of control animals (n = 5) and experimental
groups that were sacri¢ced at speci¢ed post-exposure time intervals (n = 6 per group). Post-exposure thresholds were measured within the hour
prior to sacri¢ce. Time is displayed on a log scale. Values represent mean þ S.D. Maximum test signal output was 110 dB.
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3. Results

3.1. Auditory function

The auditory thresholds measured by ABR and
DPOAE both followed the same time course. Thresh-
olds were elevated for the 1-h post-exposure group, re-
mained high or progressed higher for the 3- and 8-h
groups, decreased notably for the 72-h (3 days) group,
and were elevated again for the 672-h (28 days) group
(Figs. 1 and 2). The transient increase is consistent with
a temporary threshold shift and the increase at 28 days
is consistent with PTS. The elevated DPOAE thresholds
con¢rmed outer hair cell dysfunction, as would be ex-
pected from noise-induced hearing loss.

In comparison to the pre-exposure (baseline) thresh-
olds, all ABR and DPOAE post-exposure thresholds
were signi¢cantly higher, except for the return to
near-baseline thresholds at 2 and 4 kHz for the 72-h
group. The 3-h group ABR thresholds were numerically
the highest for all ¢ve frequencies tested, but were not
statistically distinguishable from the 8-h group thresh-
olds or from the threshold for the 1-h group, except for
2 and 4 kHz. DPOAE thresholds for the 1-, 3-, and 8-h
groups were not statistically di¡erent from each other.
The 72-h group had the lowest post-exposure thresholds
for all frequencies with both methods. Thresholds for
the 672-h group were higher than 72-h group thresholds

for all frequencies, but only the ABR thresholds were
signi¢cantly higher at 2, 4, 16, and 32 kHz.

The ABR pre-exposure (baseline) thresholds mea-
sured for each frequency in the control and exposed
rats were not signi¢cantly di¡erent from each other.
The control group post-sham-exposure ABR thresholds
were not signi¢cantly di¡erent from their respective
baseline thresholds for each frequency tested. The
DPOAE pre-exposure (baseline) thresholds measured
for each frequency in the control and exposed rats
were not signi¢cantly di¡erent from each other except
for the following: 3 hs 1 h at 2 kHz; 72 hs 672 h at
4 kHz; 3 hs 1, 8, 72, 672 h at 32 kHz; controls 1, 8,
72, 672 h at 32 kHz. The control group post-sham-ex-
posure DPOAE thresholds were not signi¢cantly di¡er-
ent from their respective baseline thresholds for each
frequency tested.

3.2. 8OHdG

Oxidative DNA damage, as evidenced by the ratio of
8OHdG to 2dG (ng/mg), was present in cochlea, brain,
and liver in animals exposed to noise. For cochlea,
damage peaked with the 8-h group, then decreased
for the 72- and 672-h groups (Fig. 3). The 8-h group
mean ratio was signi¢cantly higher than both the 1-h
and control groups. Cochlear ratio levels were approx-
imately two to six times higher than brain and liver

Fig. 2. Pre- and post-noise exposure DPOAE thresholds in dB SPL. The x-axis represents the group of control animals (n = 5) and experimental
groups that were sacri¢ced at speci¢ed post-exposure time intervals (n = 6 per group). Post-exposure thresholds were measured within the hour
prior to sacri¢ce. Time is displayed on log scale. Values represent mean þ S.D. Maximum test signal output was 70 dB.
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levels and variability was notably higher for cochlea
than for brain or liver. The variability for cochlea could
re£ect individual susceptibility to noise. Also possible
are technical challenges of extracting DNA from the
small amount of cochlear tissue, and extracting the
DNA from a background of bone. The background
of bone would be re£ected in slight di¡erences of co-
chlear weight (46.11 þ 6.09 mg). The pilot study re-
vealed a signi¢cant increase in mean cochlear 8OHdG
ratio levels for the six experimental rats (120.71 þ 54.25
ng/mg) compared with the six control rats (40.81 þ
14.09 ng/mg) 24 h after noise exposure.

For brain and liver, oxidative damage peaked with
the 72-h group (Fig. 3). In both organs, the 72-h group
mean ratio was signi¢cantly higher than all other
groups. In liver, there were additional signi¢cant di¡er-
ences between groups. The 8-h group mean ratio was
signi¢cantly higher than the 3-h group, and both the
672-h group and control group were signi¢cantly higher
than the 1- and 3-h groups. Urine levels of 8OHdG to
creatinine (Wg/g) showed no signi¢cant di¡erences be-

tween the 8-, 72-, 672-h, or control groups. The control
group mean was 22.2 þ 6.8. In serum, 2dG and 8OHdG
levels were below the level of detection.

3.3. TBARS

Oxidative lipid damage, as evidenced by TBARS, was
present only in liver and serum. Cochlea, brain and
urine showed no signi¢cant di¡erences in TBARS levels
for any groups. For liver, the only signi¢cant di¡erence
was that the control group mean (12.6 þ 1.1 nmol/g)
was signi¢cantly higher than the 672-h group mean
(11.0 þ 1.7). With serum, the 72-h group mean
(4.6 þ 1.1) was signi¢cantly higher than 1-h (3.5 þ 0.5)
and control group (3.4 þ 0.6) means. Although urine
levels were not statistically signi¢cant, it is notable
that they showed the same general trend as serum,
with a peak for the 72-h group.

4. Discussion

These data indicate that oxidative DNA damage is
present in cochlea following intense noise exposure, and
that the time course of damage corresponds to the time
course of functional impairment. In rats exposed to a
120-dB SPL broad-band noise for 2 h, ABR and
DPOAE thresholds showed progressive deterioration
in groups sacri¢ced at 3 and 8 h post-exposure, and
8OHdG ratios peaked with the 8-h group. Therefore,
oxidative DNA damage peaked during or just after the
peak auditory threshold shift implying that oxidative
pathways are involved in mechanisms of noise-induced
auditory dysfunction. It is not possible to adequately
discern ROS contributions to temporary threshold shift
(TTS) and PTS from this study, however, the peak and
subsequent decline in 8OHdG ratios seem to correlate
with the TTS component of the ABR and DPOAE
results. Although the time course is di¡erent, Liu’s
(1992) blast exposure data also showed a correlation
between oxidative stress (lipid peroxidation) and audi-
tory dysfunction (ABR).

Additional evidence for noise-induced ROS DNA
damage was obtained from the pilot study, which
showed noise-exposed rats had a signi¢cant increase
in 8OHdG ratios compared to control rats, 24 h follow-
ing broad-band noise exposure. Since the pilot group
had a di¡erent exposure level than the main study, and
the chemistry was done separately from the large group,
direct comparisons cannot be made. However, these
data help con¢rm that cochlear oxidative DNA damage
is detectable within a day of intense noise exposure.

Clerici et al. (1996) counseled against placing all li-
ability for induced hearing loss on ROS activity since
most antioxidant studies show only partial protection.

Fig. 3. Control and post-noise exposure 8OHdG ratio levels for co-
chlea, brain and liver. The x-axis represents the group of control
animals (n = 5) and experimental groups that were sacri¢ced at
speci¢ed post-exposure time intervals (n = 6 per group). Time is dis-
played on log scale.
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Very likely, there are multiple mechanical and biochem-
ical cochlear activities following an ototoxic insult ;
however, others have demonstrated complete protection
from aminoglycoside ototoxicity in the presence of anti-
oxidants or iron chelators (see Schacht, 1999 for re-
view). Clerici et al. (1996) did demonstrate that direct
ROS-induced hearing impairment is predominantly
high-frequency in nature and Ohinata et al. (2000)
stated that a causal relationship between ROS activity
and auditory dysfunction is implied by a tonotopic re-
lationship between ROS lipid peroxidation and hair cell
loss in the organ of Corti. In the present study, the
elevated DPOAE thresholds, the time course and
high-frequency nature of the auditory dysfunction,
and the time course of DNA damage provide additional
evidence of a relationship between outer hair cell dam-
age and ROS activity. This evidence should be weighed
with the knowledge that oxidative DNA damage can
also be caused by cell damage that is non-oxidative in
origin.

Over 20 speci¢c oxidized DNA adducts have been
identi¢ed to date, and of these, 8OHdG is the most
prominent modi¢cation (Dizdaroglu, 1992). It has be-
come, therefore, a widely used biomarker of DNA oxi-
dative stress. It is also considered one of the most mu-
tagenic oxidized adducts, associated with formation and
progression of neoplasms (for review see Halliwell and
Aruoma, 1991). Since neoplasms are not an issue within
cochlea, there must be other implications for increased
8OHdG levels in this organ.

One possibility is that DNA oxidative stress may
contribute to, or result from, biochemical dysfunction
occurring in necrotic and apoptotic cell death. DNA
can be an early target of damage in mammals, such
that strand breakage occurs before detectable lipid per-
oxidation or protein damage (Schraufstatter et al.,
1986). The damage may result from direct ROS activity
or may be an indirect result of ROS lipid peroxidation.
Excessive strand breakage can lead to a depletion of
compounds necessary for strand repair and ATP syn-
thesis, and subsequently to cell death (Szabo et al.,
1996). Additionally, the noise-induced DNA damage
reported here is not unprecedented. Quirk et al.
(1999) presented unpublished data to support this con-
cept. They found a 4834-bp deletion in mitochondrial
DNA in rat following 40 days of daily noise exposure.
Although our data represent nuclear DNA, and Quirk
et al.’s mitochondrial DNA, taken together these stud-
ies provide intriguing evidence for a noise^ROS^DNA
damage linkage.

The methodology for detection of 8OHdG deserves
discussion. While cochlear results were statistically sig-
ni¢cant, and the trend of increasing levels at 8 h post-
exposure (and 24 h for the pilot group) is notable, with-
in groups variability was rather high. This may re£ect

individual susceptibility to noise, especially since the 8-h
group had the highest standard deviation and the 1-h
and control groups had the least. Standard deviation
values for ABR and DPOAE thresholds in the noise-
exposed groups also had high variability, which further
supports the concept of individual noise susceptibility.
Another source of 8OHdG variability could be the
DNA extraction and hydrolysis from cochlea. Overall,
there was not a high level of 2dG and at times the level
of 8OHdG was just at or above the level of detection,
possibly due to the amount of tissue available or the
background of bone. It is also possible that auto-oxi-
dation during cochlear DNA extraction and hydrolysis
contributed to the higher level of 8OHdG in cochlea
versus liver or brain. High ratios can also re£ect the
redox state of the cell, or the presence of transition
metals under oxic conditions (Halliwell, 1998).

Besides DNA, cellular lipids and proteins are vulner-
able to ROS activity. The byproducts of lipid peroxida-
tion (e.g., epoxides, saturated aldehydes, unsaturated
aldehydes, ketones, and hydrocarbons) can cause severe
damage to cell membrane lipids and proteins (for re-
view see Halliwell and Gutteridge, 1999). The present
study did not show signi¢cant di¡erences in lipid per-
oxidation aldehydes, as measured by the TBARS assay,
between control and experimental animals. This was
unexpected since Liu (1992) demonstrated increased
TBARS following blast exposure, and Rybak and col-
leagues (Ford et al., 1997; Ravi et al., 1995; Rybak et
al., 1995, 1997, 1999a,b), and She and Chen (1995)
reported similar results for cisplatin and kanamycin,
respectively. It is possible that the TBARS assay may
not be optimal for all cochlear applications or that the
time course utilized in the present study was not opti-
mal for lipid peroxidation detection. Ohinata et al.
(2000) employed the 8-isoprostane immunoassay in
guinea pig and reported increased noise-induced lipid
peroxidation that was time-dependent during expo-
sures. They also reported that levels dropped rapidly
within the ¢rst 30 min following noise cessation and
returned to near baseline by 8 h post-exposure, the
same time that DNA damage peaked in the present
study. Taken together, these results support Halliwell
and Gutteridge’s (1999) comment that there is no uni-
versal ‘marker’ of oxidative stress. Failure to detect one
variation does not preclude damage to that or other
parts of the cell.

In addition to cochlea, oxidative DNA and lipid
damage was investigated in brain, liver, serum and
urine. Brain was selected as a control organ because
of neural connections to the ear, while liver was selected
due to its high metabolic function. Both organs showed
a statistically signi¢cant peak in oxidative DNA dam-
age at 72 h post-exposure. It is notable that even with
this very small sample weight (20 mg), standard devia-
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tions and 8OHdG ratios were much smaller for both
organs than for cochlea in all groups. These di¡erences
might re£ect a generally lower level of oxidative activ-
ity, but likely represent better DNA extraction/hydro-
lysis as the cochlear mass included bone.

The positive DNA ¢ndings for brain and liver were
somewhat unexpected if interpreted as direct conse-
quences of cochlear insult. However, it is well docu-
mented that noise is a psychophysiological stressor.
Ising and Braun (2000) propose a compelling theory
of noise exposure reactions. According to them, habit-
ual noise produces sympathetic activation and a chronic
increase in noradrenaline. Non-habitual noise produces
a ¢ght/£ight reaction with an acute increase in adrena-
line and noradrenaline. Extremely intense noise at or
above the level of pain produces a defeat reaction
with an increase in cortisol, an adrenal stress hormone.
In the present study, animals likely had a defeat reac-
tion due to the intensity and duration of the noise pre-
sentation. If so, the delayed (72-h) peak in oxidative
stress may be time-dependent upon the rising stress
hormone level. The present study’s liver results agree
with a previous study by Adachi et al. (1993) that
showed increased levels of liver 8OHdG in rats exposed
to psychological stress.

Serum and urine were analyzed for detection of DNA
repair products and excretion of lipid peroxidation
products. Although these circulating products represent
the oxidative status of the whole body, they can serve as
biomarkers of oxidative stress if elevated above normal
levels, and therefore can provide additional details re-
garding the time course of ROS damage (Collins et al.,
1996). Unfortunately, DNA repair products could not
be adequately extracted from serum in our samples, and
urine showed no signi¢cant di¡erences among groups.
However, lipid peroxidation products (MDA) were de-
tected in serum and urine. Although these elevations
cannot be directly correlated to cochlear damage, they
did corresponded in time period with ABR and
DPOAE threshold recovery, which returned to near
baseline at some frequencies. It is also the time period
when brain and liver 8OHdG ratios were at their high-
est. Neither the serum and urine data, nor the cochlear
data provided a clear explanation for the rebound of
ABR and DPOAE thresholds to higher levels at 4 weeks
post-exposure.

In summary, the present study contributes further
understanding of the time course of oxidative cochlear
damage following intense noise exposure. It provides
evidence that ROS DNA damage corresponds to audi-
tory dysfunction following an acoustic insult, and that
the ¢rst 8 h post-exposure may be a critical period for
antioxidant treatment. The potential for prevention of
noise-induced hearing loss, possibly through antioxi-
dant treatment, is an exciting clinical concept with

widespread implications. Fuller comprehension of its
feasibility will depend on future biomarker studies
that will assess noise exposure with ¢ner time incre-
ments, varying doses and types of noise, and include
the use of antioxidants. Additionally, more complete
assessments of the cascade of cellular events, including
gene activation in a¡ected structures, will be necessary.
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