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Abstract 
Objective: Oxidative damage is a critical role which involves hearing loss induced by impulse noise. That exogenous antioxidant 
agents reduce noise induced hearing loss (NIHL) has been well demonstrated in both animal studies and clinical practices. Choosing a 
stronger and more effective antioxidant is very important for treatment of NIHL. Vitamin E, α-lipoic acid, and radix astragali are the 
most commonly used anti-oxidants for cochlear oxidative damage from acoustic trauma. In this study, the protective effects of radix 
astragali, α-lipoic acid, and vitamin E on acute acoustic trauma are investigated. 
Methods: Guinea pigs in the experimental groups were intragastrically administered vitamin E, α-lipoic acid, and radix astragali. 
Auditory thresholds were assessed by sound-evoked auditory brainstem response (ABR) at click and tone bursts of 8, 16 and 32 kHz, 
24 hours before and 72 hours after exposure to impulse noise. Cochlear malondialdehyde (MDA) concentrations were detected. Hair 
cell damage was analyzed by scanning electron microscopy. 
Results: Vitamin E, α-lipoic acid, and radix astragali significantly reduced ABR deficits, reduced hair cell damage, and decreased the 
concentrations of MDA. α-lipoic acid and radix astragali were better than vitamin E, and there were no significant differences between 
α-lipoic acid and radix astragali.
Conclusions: α-lipoic acid or radix astragali are recommended for treatment of NIHL.
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Introduction
Acute acoustic trauma (AAT) is a common disease of 
modern life caused, among other reasons, by music, 
video games, and accidental explosions. Surges in 
noise levels due to spreading industrialization have 
contributed to make noise induced hearing loss (NIHL) 
an environmental hazard globally. Particularly in a 
military environment, AAT is caused by noise from 
weapons and equipment systems, turbine engines, 
and high-performance aircraft and helicopters. 
 Controlling noise and reducing its harmful effects 
have been a challenge for environmental protection 
and safety professionals. Noise should be paid close 
attention because it may affect an individual’s quality 
of life and working profession. A variety of mecha-
nisms have been proposed to account for hearing loss 
after AAT. There are two main mechanisms. The first 
is direct mechanical trauma to the organ of Corti. 
The second is metabolic damage following mechani-
cal trauma-dependent processes in the inner ear. It 
is well known that intense metabolic activity results 
in the production of excess free radicals1 and lipid 
peroxidation products.2 Noise-induced production 
of reactive oxygen species (ROS) in the cochlea has 
now been well confirmed.3,4 Antioxidants have been 
confirmed to partially protect sensory cells in the 
organ of Corti from oxidative damage. Upregulation 
of the  endogenous antioxidant glutathione reduces 
NIHL,5 whereas the opposite occurs with reduced 
endogenous antioxidants.6 That exogenous antioxi-
dant agents reduce sensory cell death and NIHL has 
been well demonstrated in animal studies and clinical 
practices.2,7

Vitamin E and α-lipoic acid are the most com-
monly used anti-oxidants for cochlear oxidative 
damage from acoustic trauma.8–12 Radix astragali is 
a kind of traditional Chinese herb which is widely 
used in treating free radical-mediated injury in vari-
ous organs because of its antioxidant properties.13,14 
In addition, radix astragali has been confirmed to 
reduce the cochlear damage induced by impulse 
noise through its antioxidant property.15–17 AAT is a 
common disease in our otologic clinic, particularly 
in army patients. As no therapy produces specific 
effects on AAT, comprehensive treatments have been 
used for it instead. Antioxidant is one of the important 
therapies for AAT.17 Therefore, it is critical to treat-
ment to select a more effective antioxidant for AAT. 

In this study, we investigated the antioxidant proper-
ties of vitamin E, α-lipoic acid, and radix astragali in 
cochlea after exposure to impulse noise.

Material and Methods
Animals and impulse noise exposure
Fifty albino guinea pigs weighing between 250 and 
350 grams were used in this study. All experimental 
protocols were reviewed by the Committee for  Ethics 
on Animal Experiments of the General Hospital of 
PLA Guangzhou Command (Guangzhou, China). All 
experiments were carried out in accordance with these 
guidelines. All animals were confirmed to have a pos-
itive Preyer’s reflex and were free from otitis media 
on microscopic examination. They were free to move 
around inside their cages and had free access to food 
and water at all times. Guinea pigs were randomly 
assigned to five groups and each group consisted of 
10 guinea pigs. Group I was the normal control group 
in which animals did not receive any treatments. 
Group II was the experimental control group, wherein 
animals were exposed to intense impulse noise and 
only treated with saline  intragastrically. Animals in 
group III, group IV and group V were intragastrically 
administered vitamin E (Beijing Shuanghe Modern 
Medical Technology Limited Company, approved no. 
H11021397), α-lipoic acid (Shandong Qidu Pharma-
ceutical Limited Company, approved no. H20100153) 
and radix astragali (Yangzijiang Pharmaceutical 
 Limited Company, approved no. Z32020370) respec-
tively, 24 hours before and 72 hours after exposure 
to impulse noise. The dose of vitamin E, α-lipoic 
acid, and radix astragali was respectively 100 mg/kg, 
200 mg/kg, 6000 mg/kg per 24 hours, intragastrically. 
All three drugs were delivered equally at 8:00, 14:00, 
and 20:00, respectively. The same volume of isotonic 
saline solution was administered to the animals in 
group II.

The animals were exposed to intense impulse 
noise from the 7.62 mm Chinese Army 81-1 type of 
assault rifle. Each animal was exposed to impulses 
of 15 shots delivered at an interval of 1 second so 
as to avoid the involvement of the stapedius reflex. 
During the exposure, each animal was kept with its 
head towards the muzzle of the rifle at a distance of 
0.35 m to the direction left 15° (average impulse peak 
176 dB SPL, the frequency spectrum 1.05–20.3 kHz). 
The variation in sound pressure was about 5 dB in 
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the area where the animal cage was placed. Sound 
peak was measured by a digital sound pressure meter 
(TDJ-23, Jinan, China). The average impulse peak 
sound pressure level was calculated from the average 
of 10 shots.

Auditory brainstem response (ABR) 
measurements
The guinea pigs were anesthetized with sodium pen-
tobarbital (40 mg/kg i.p.). ABR recordings were 
obtained 24 hours before experiment and 72 hours 
after exposure to impulse noise by means of an elec-
trodiagnostic system (Pathfinder I; Nicolet Biomedi-
cal Instruments). Responses were recorded using 
the far-field technique. The reference electrode was 
inserted subcutaneously (s.c.) below the ipsilateral 
pinna, the ground electrode s.c. below the contralat-
eral pinna, and the active electrode into the top of the 
head. Acoustic stimuli were delivered by an earphone 
through a small tube inserted into the external ear 
meatus in a soundproof box. The stimuli consisted 
of click and tone bursts of 8, 16, and 32 kHz (sine 
wave pulses with a trapezoidal envelope, total dura-
tion was 10 ms, and rise and fall times were 2 ms). 
They were presented at a rate of 11.1 s-1 and duration 
of 0.11 ms. Responses were accumulated 500 times. 
The levels of stimuli was lowered from 95 to 10 dB 
SPL by 5 dB steps. The ABR threshold was deter-
mined as the minimum sound level giving reproduc-
ible waveforms. The recordings were repeated twice 
at the threshold level and the reproducibility was 
confirmed.

Malondialdehyde (MDA) detection
All animals were sacrificed 72 hours after exposure 
to impulse noise. In each animal, left cochlea was 
for MDA detection, and right cochlea was for scan-
ning electron microscopy. The tissues were fixed 
via cardiac perfusion with 4% (w/v) paraformal-
dehyde (pH 7.4) after flushing out the blood with 
0.1 M PBS. Left cochleae for MDA detection were 
stored at -70 °C until biochemical analysis could be 
completed. Tissue (350–000 µg) was dissected from 
each cochlea immediately after removal from cold 
 storage. Cochlear tissue was homogenized in 1 mL 
of 50 mM phosphate buffer (pH 7.4) and centrifuged 
at 1,000 rpm for 10 min. The supernatant (tissue 
extract) was used for biochemical analysis. The end 

product of lipid peroxidation, MDA, was measured 
by an MDA assay kit (Nanjing Jiancheng Biologi-
cal Techniques Institute). Measurement of MDA was 
determined with a  chemical method according to the 
 manufacturer’s instructions. 100 µL of tissue homo-
genate was added to 50 µL of 8.1% sodium dodecyl 
sulfate, vortexed and incubated for 10 minutes at room 
 temperature. 375 µL of 20% acetic acid and 375 µL 
of thiobarbituric acid (0.6%) were added and the 
mixture was placed in a boiling water bath in sealed 
tubes for 60 minutes. The samples were allowed to 
cool at room temperature and 1.25 mL of butanol 
pyridine was added. The samples were then vortexed 
and centrifuged at 1,000 rpm for 5 minutes. 500 µL 
of the pink-colored layer was measured at 532 nm 
on a spectrophotometer using 1,1,3,3-tetra-ethoxy-
propane as standard. The concentration of MDA was 
expressed as nanomoles per milligram protein. The 
protein content in the cochlear samples was estimated 
using Coomassie dye and bovine serum albumin as a 
standard. All analysis of MDA was carried out in a 
randomized double-blind manner.

Scanning electron microscope
After right cochleae were dissected, specimens were 
perfused immediately with 2.5% glutaraldehyde at 
4 °C in 0.1 mol/L cacodylate (Cac) buffer (pH 7.4). 
A straight pick was used to create small openings 
into the round window, oval window, and apex of the 
cochlea through which the perfusions were performed. 
The specimens were then immersed in the glutar-
aldehyde solution and refrigerated overnight. The 
following day, the specimens were carefully rinsed 
with Cac buffer, then post fixed with 1.5% osmium 
tetroxide in 1.0 mol/L Cac buffer. After 15 minutes of 
rotation the specimens were again infused with Cac 
buffer. The lateral wall was exposed under magnifi-
cation by removing the bony capsule and lateral wall 
of the cochlea with a dental drill. The organ of Corti 
was then exposed using a razor to dissect the spiral 
 ligament. The specimens were dried, mounted, and 
sputter-coated with gold palladium alloy.  Photographs 
were taken using a Hitachi S-3000N scanning elec-
tron microscope.

Statistical analyses
t-tests were performed using a commercial statistical 
software package (SPSS 19.0).
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Results
Auditory testing
The changes in ABR thresholds for the five groups 
are shown in Figure 1. Impulse noise exposure caused 
a significant increase in ABR thresholds at all stimuli 
tested, when compared to pre-impulse noise exposure 
threshold values. The threshold shifts (mean ± SEM) in 
group II were 35.7 ± 8.2 dB SPL for clicks, 32.6 ± 6.9 
dB SPL at 8 kHz, 31.7 ± 9.1 dB SPL at 16 kHz, and 
37.6 ± 7.2 dB SPL at 32 kHz. There were no mean 
threshold shifts from baseline in group I. The thresh-
old changes for group I were 4.8 ± 2.6 dB for clicks, 
5.6 ± 2.9 dB for 8 kHz, 6.4 ± 1.9 dB for 16 kHz, and 
5.7 ± 2.3 dB for 32 kHz. In group III, group IV and 
group V, where animals had been administered vita-
min E, α-lipoic acid and radix astragali respectively, 
there were statistically significant reductions in the 
mean threshold shifts for clicks, 8 kHz tone bursts, 
16 kHz tone bursts, and 32 kHz tone bursts compared 
with group II. There were no significant differences 
in the mean threshold shifts between group IV and 
group V (P . 0.05). The mean threshold shifts in 
both group IV and group V were better than that in 
group III (P , 0.01).

MDA assay
The changes in cochlear MDA levels for the 5 groups 
are shown in Figure 2. The MDA concentration 

(mean ± SEM) in group I was 2.76 ± 0.35 nmol/mg 
protein. The mean MDA concentration in group II was 
significantly higher (10.29 ± 2.47 nmol/mg, P , 0.001). 
Compared with group II, there were  significant 
reductions in the mean MDA concentrations 
in group III (7.14 ± 1.89 nmol/mg, P , 0.01), 
group IV (5.23 ± 2.2 nmol/mg, P , 0.01) and group V 
(5.17 ± 2.4 nmol/mg  protein, P , 0.01). There was no 
significant difference in the mean MDA concentra-
tion between group IV and group V (P . 0.05). The 
mean MDA concentration in both group IV and 
group V were less than that in group III (P , 0.05).

Cochlear morphology
No change in hair cell morphological appearance was 
encountered in group I animals when observed by 
SEM. Outer hair cells with normal-appearing stereo-
cilia were seen at every turn of the cochlea (Fig. 3A). 
However, a lot of OHCs with stereocilia loss were 
observed at the basal turn and the second turn of the 
cochlea of group II animals. The IHCs appeared to 
retain their morphological integrity throughout the 
cochlea (Fig. 3B). A lesser degree of OHC damage 
was seen in group III, group IV and group V as com-
pared with group II (Fig. 3C–E respectively). Under 
SEM observation, 10 different areas were chosen ran-
domly in the basal turn, second turn, and apical turn, 
respectively. Magnification of every area was by a 
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Figure 1. Mean ABR threshold changes of five groups.
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factor of 1200. The number of OHCs with stereocilia 
loss was counted in every area; the rate of OHCs with 
stereocilia loss was then calculated. The rate of OHCs 
with stereocilia loss in the cochlear turn was the aver-
age of 10 different areas. The rate of OHCs with ste-
reocilia loss in the cochlear turn of each group was the 
mean of 10 cochleae. Figure 4 summarizes the rates of 
OHCs with stereocilia loss in three cochlear turns of 
the five groups. It indicates that OHCs at the basal and 
second turns were more vulnerable than those at the 
apical turn. There were no OHCs with stereocilia loss 
in group I. In group II, the mean rate of OHCs with 
stereocilia loss was 24.9% ± 6.8% at the basal turn, 
18.9% ± 6.6% at the second turn, and 9.1% ± 3.7% in 
the apical turn. Compared with group II, there was a 
significant reduction in the mean rate of OHCs with 
stereocilia loss in group III, group IV and group V. 
There was no significant difference in the mean rate 
of OHCs with stereocilia loss in all cochlear turns 
in group IV and group V (P . 0.05). The mean rate 
of OHCs with stereocilia loss of both group IV and 
group V was less than that of group III (P , 0.05).

Discussion
It is well known that free radicals are produced fol-
lowing acoustic trauma. Hydroxyl (OH) radicals have 
been seen to increase nearly 4 times within 1–2 hours 

of noise exposure,18 and a significant early increase in 
superoxide (O2

-) with reaction products has also been 
evident after 5 minutes following noise exposure.19 
Additionally, significant formation of ROS and reac-
tive nitrogen species (RNS) also appear 7–10 days 
after noise trauma.20 Free radicals can induce lipid 
peroxidation, free radicals are produced following 
the acoustic trauma, and significant noise-induced 
lipid peroxidation has been described 15–30  minutes 
 post-noise. Therefore, this study was designed to 
determine the changes in concentrations of the end 
product of lipid peroxidation (MDA) in the cochleae, 
compared to changes in ABRs and stereocilia of 
OHCs in guinea pigs treated with vitamin E, α-lipoic 
acid and radix astragali, and to evaluate the otopro-
tective efficacy on NIHL of these three antioxidants. 
This study demonstrated vitamin E, α-lipoic acid and 
radix astragali were all effective on NIHL; α-lipoic 
acid and radix astragali were considered more effec-
tive than  Vitamin E. However, there was no signifi-
cant difference in otoprotective efficacy on NIHL 
between α-lipoic acid and radix astragali.

It is understood that pre-treatment with a variety of 
antioxidants reduces the early formation of free radi-
cals in cochlear noise damage. Daily treatment with 
antioxidants post-noise presumably reduces the late 
forming radicals. Noise reduces blood vessel diameter 
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A B C

D E

Figure 3. Scanning electronic microscopy (SEM) of cochleae. (A) No change in hair cell morphological appearance was encountered in normal control 
group animals when observed by SEM. (B) A large number of outer hair cells (OHCs) with stereocilia loss were observed at the basal turn and the second 
turn of the cochlea in experimental control group animals. Most of the damage appeared to affect the first to second rows of hair cells, with distortion and 
twisting of the stereocilia along with complete absence of hair cells. (c–e) A lesser degree of OHC damage was seen in vitamin E group, α-lipoic acid 
group and radix astragali group as compared with experimental control group.
note: Scale bars: 10 µm.
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Figure 4. Rates of stereocilia loss of outer hair cells (OHCs) in the five groups.
notes: There was no loss of stereocilia of OHCs in normal control group. The rates of stereocilia loss of OHCs in the basal turn, second turn and apical 
turn were much lesser in vitamin E group, α-lipoic acid group and radix astragali group when compared with experimental control group (P , 0.05). The 
rates of stereocilia loss of OHCs of α-lipoic acid group and radix astragali group were lesser than that of vitamin E group (P , 0.05). There were no sig-
nificant differences in rates of stereocilia loss of OHCs between α-lipoic acid group and radix astragali group (P . 0.05).
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and red blood cell velocity and decreases blood flow 
in the cochlea. Noise-induced vasoconstriction is a 
direct consequence of 8-isoprostane-F2α, a vasocon-
strictor by-product of free radicals; therefore, antioxi-
dants that reduce free radical formation may decrease 
noise-induced vasoconstriction. There is some sug-
gestion that joint application of antioxidants is more 
effective than single agent application. We would 
prefer a stronger and more effective antioxidant 
because comprehensive treatment was recommended 
for NIHL, including oxygen therapy and application 
of dexamethasone and compound vitamin B.7

Dose conversion of vitamin E, α-lipoic acid, and 
radix astragali were applied in this study. It is common 
sense that the dosage of the drug affects the efficacy 
of the drug. The reasonable guinea pig dose is about 
20 times the amount of the human dose. The doses 
of vitamin E, α-lipoic acid, and radix astragali in this 
study were 20 times the appropriate dose for humans. 
 Therefore, the treatments with vitamin E, α-lipoic acid, 
and radix astragali on acoustic trauma are comparable.
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