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Abstract  
In view of the theory that alpha-lipoic acid effectively prevents cochlear cells from injury caused by 
various factors such as cisplatin and noise, this study examined whether alpha-lipoic acid can 
prevent kanamycin-induced ototoxicity. To this end, healthy BALB/c mice were injected 
subcutaneously with alpha-lipoic acid and kanamycin for 14 days. Auditory brainstem response test 
showed that increased auditory brainstem response threshold shifts caused by kanamycin were 
significantly inhibited. Immunohistochemical staining and western blot analysis showed that the 
expression of phosphorylated p38 mitogen-activated protein kinase and phosphorylated c-Jun 
N-terminal kinase in mouse cochlea was significantly decreased. The experimental findings suggest 
that phosphorylated p38 and phosphorylated c-Jun N-terminal kinase mediated kanamycin-induced 
ototoxic injury in BALB/c mice. Alpha-lipoic acid effectively attenuated kanamycin ototoxicity by 
inhibiting the kanamycin-induced high expression of phosphorylated p38 and phosphorylated c-Jun 
N-terminal kinase. 
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Research Highlights 
(1) The possible mechanism of alpha-lipoic acid in attenuating kanamycin-induced ototoxic injury 
was verified in accordance with the antioxidant properties of alpha-lipoic acid. 
(2) Phosphorylated p38 mitogen-activated protein kinase and c-Jun N-terminal kinase mediate 
kanamycin-induced ototoxic injury in BALB/c mice. Alpha-lipoic acid can effectively attenuate 
kanamycin ototoxicity by inhibiting the kanamycin-induced high expression of phosphorylated p38 
and c-Jun N-terminal kinase.  
(3) The pathway of alpha-lipoic acid for neuronal ototoxicity protection was investigated to provide a 
theoretical basis for the treatment of drug-induced deafness in clinic. 
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p38 MAPK, p38 mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase 

 
 
 
 
 

 
 
 
 
 



Wang AM, et al. / Neural Regeneration Research. 2012;7(35):2793-2800. 

 2794

 
INTRODUCTION 
    
p38 mitogen-activated protein kinase (MAPK) and c-Jun 
N-terminal kinase (JNK) are major members of the 
MAPK family, which play important roles in inflammation, 
stress, cell growth and apoptosis[1-4]. Studies have 
demonstrated that as the key kinases in stress signal 
transduction, p38 and JNK can be activated by various 
factors such as heat shock, radiation, ischemia and 
oxidative stress, which in turn leads to the initiation of 
apoptosis. Thus, both p38 and JNK are thought to be the 
important signaling pathways mediating apoptotic cell 
death[5-6]. Recent reports indicated that p38 and JNK are 
involved in cochlear cell apoptosis induced by noise, 
gentamycin and other ototoxic drugs[7-12]. Kanamycin and 
gentamycin are both aminoglycoside antibiotics[13], and 
kanamycin can induce apoptosis of cochlear hair 
cells[14-16]. However, it is unclear whether p38 and JNK 
are involved in cochlear cell apoptosis induced by 
kanamycin. At present, it is thought that kanamycin 
ototoxicity promotes the formation of reactive oxygen 
species and then causes lipid peroxidation[17-18]. Thus, 
using antioxidants to protect against kanamycin 
ototoxicity has become a major research focus in recent 
years[19-20].  
 
Alpha-lipoic acid is a new powerful antioxidant. It can 
effectively scavenge oxygen free radicals and thereby 
prevent the occurrence of oxidative stress in vivo [21-22]. 
Recent studies have shown that alpha-lipoic acid can 
protect cochlear cells of rats and guinea pigs from injury 
caused by various factors such as cisplatin and 
noise[23-25]. However, it has not been reported whether 
alpha-lipoic acid can also protect against kanamycin- 
induced cochlear cell injury, and whether the p38 and 
JNK pathways are involved. In this study, to explore the 
protective role and mechanism of alpha-lipoic acid in 
kanamycin-induced ototoxicity, we investigated the 
effect of alpha-lipoic acid on the kanamycin-induced 
expression of phosphorylated p38 (p-p38) and 
phosphorylated JNK (p-JNK) in mouse cochlea, using 
immunohistochemical staining and western blot 
analysis, combined with auditory brainstem response 
test.    
 
 
RESULTS 
 
Quantitative analysis of experimental animals 
A total of 56 healthy BALB/c mice were randomly divided 
into control, kanamycin, kanamycin plus alpha-lipoic acid, 

and alpha-lipoic acid groups. Mice were given a 
subcutaneous injection of saline, kanamycin and/or 
alpha-lipoic acid, respectively, twice daily for 14 days. All 
mice were included in the final analysis, and no death or 
infection occurred.  
 
Alpha-lipoic acid attenuated kanamycin-induced 
auditory brainstem response threshold shifts 
Auditory brainstem response test showed that mice in 
the control group maintained stable thresholds 
throughout the experiment. In contrast, the auditory 
brainstem response threshold shifts in the kanamycin 
group were significantly elevated after continuous 
injections for 14 days (P < 0.01), and the functional 
deficit was greater at the higher frequency; the threshold 
shifts average was about 43 dB at 24 kHz, and 36 dB at 
8 kHz (Table 1). After concurrent treatment with alpha- 
lipoic acid, the auditory brainstem response threshold 
shifts were reduced to about 17 dB at 24 kHz, and 9 dB 
at 8 kHz (P < 0.01; Table 1). Alpha-lipoic acid alone had 
no effect on the auditory brainstem response threshold 
shifts (Table 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Alpha-lipoic acid reduced the kanamycin-induced 
expression of p-p38 and p-JNK in mouse cochlea 
The immunohistochemical staining results showed that 
the expression of p-p38 and p-JNK in outer hair cells, 
spiral ganglion and stria vascularis of mouse cochlea 
was markedly increased in the kanamycin group 
compared with the control group (P < 0.01). Concurrent 
subcutaneous injection with alpha-lipoic acid significantly 
reduced the kanamycin-induced high expression of 
p-p38 and p-JNK in mouse cochlea (P < 0.01), while 
alpha-lipoic acid alone had no effect on the expression of 
p-p38 and p-JNK in mouse cochlea (Figures 1, 2). 
 
Western blot analysis confirmed our immunohistochemical 
results (Figure 3). 

Table 1  Auditory brainstem response threshold shifts in 
mice under different stimulation frequencies 

Group 

Auditory brainstem response       
threshold shifts (dB SPL) 

8 kHz 12 kHz 24 kHz 

Control 1.03±1.37 1.07±1.15 1.36±1.44
Kanamycin  36.61±1.46a 40.43±1.83a 43.54±1.53a

Kanamycin + 
alpha-lipoic acid 

 9.64±1.34ab 13.25±1.24ab 17.32±1.28ab

Alpha-lipoic acid 1.07±1.27 1.00±1.15 1.50±1.17
 aP < 0.01, vs. control group; bP < 0.01, vs. kanamycin group. Data 

are expressed as mean ± SD (n = 28 ears). One-way analysis of 
variance followed by least significant difference t-test was used to 
compare the data of different groups. 
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Figure 1  Effect of alpha-lipoic acid (LA) on 
kanamycin (KM)-induced expression of p-p38 
in mouse cochlea.  

(A) Immunohistochemistry showed the effect 
of LA on KM-induced expression of p-p38 in 
mouse cochlea (× 400). The positive p-p38 
expression product exhibited brown yellow 
granules (arrows) in the cytoplasm and 
nucleus of OHC, SG and SV.  

(B) Quantitative analysis of p-p38 expression. 
Data are expressed as mean ± SD, five mice 
in each group. One-way analysis of variance 
followed by least significant difference t-test 
were used to compare the data of different 
groups. aP < 0.01, vs. control group; bP < 
0.01, vs. KM group. 

OHC: Outer hair cell; SG: spiral ganglion; SV: 
stria vascularis; p-p38: phosphorylated p38 
mitogen-activated protein kinase. 

Figure 2  Effect of alpha-lipoic acid (LA) on 
kanamycin (KM)-induced expression of 
phosphorylated c-Jun N-terminal kinase 
(p-JNK) in mouse cochlea.  

(A) Immunohistochemistry showed the effect 
of LA on KM-induced expression of p-JNK in 
mouse cochlea (× 400). The positive p-JNK 
expression product exhibited brown yellow 
granules (arrows) in the cytoplasm and 
nucleus of OHC, SG and SV.  

(B) Quantitative analysis of p-JNK 
expression. Data are expressed as mean ± 
SD, five mice in each group. One-way 
analysis of variance followed by least 
significant difference t-test were used to 
compare the data of different groups. aP < 
0.01, vs. control group; bP < 0.01, vs. KM 
group. 

OHC: Outer hair cell; SG: spiral ganglion; SV: 
stria vascularis. 
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DISCUSSION 
 
Kanamycin, which is a common aminoglycoside 
antibiotic for clinical use, can produce ototoxicity in mice. 
In the present study, after healthy BALB/c mice aged    
4 weeks were given subcutaneous injection of 
kanamycin for 14 days, the auditory brainstem response 
threshold shifts were significantly elevated, and the 
threshold shifts at 24 kHz were higher than at 8 kHz. 
These results were consistent with previous findings[26-27], 
indicating that kanamycin-induced hearing injury in mice 
followed the common characteristics of aminoglycosides’ 
ototoxicity, and developed in the order of high frequency 
to low frequency. After concurrent injection with 
alpha-lipoic acid, the auditory brainstem response 
threshold shifts were significantly decreased, 
demonstrating that alpha-lipoic acid could effectively 
protect mice from kanamycin-induced hearing injury. In 
addition, we found that alpha-lipoic acid alone had no 
effect on auditory brainstem response threshold shifts in 
mice, indicating that alpha-lipoic acid is safe and non- 
toxic, and thus may serve as a potential effective drug 
protecting against aminoglycoside-induced ototoxicity. 
 
Jiang et al [28] reported that after treatment with 
kanamycin, the expression of the lipid peroxidation 
product, 4-hydroxynonenal, in the mouse cochlea was 
significantly increased, indicating that kanamycin can 
induce production of excessive reactive oxygen species. 
Kanamycin-induced production of reactive oxygen 
species causes reactive oxygen species accumulation, 

which then attack the cochlear hair cells, inducing cell 
membrane lipid peroxidation, and eventually leading to 
irreversible injury or death of hair cells, resulting in 
hearing disorders[28]. Alpha-lipoic acid is a naturally 
occurring dithiol compound, which possesses powerful 
antioxidant roles. It can scavenge reactive oxygen 
species and prevent lipid peroxidation[29-31]. Alpha-lipoic 
acid has both hydrophilic and hydrophobic properties, 
which allow it to reach any part of the body. Recent 
research showed that noise exposure caused a 
decrease in total antioxidant capacity in serum and an 
increase in nitric oxide levels in guinea pig cochlea, while 
alpha-lipoic acid could exert a protective effect against 
hearing loss in acoustic trauma through its antioxidant 
effects[32]. In addition, alpha-lipoic acid inhibited 
cisplatin-induced high expression of nicotinamide adenine 
dinucleotide phosphate hydratenucleotide oxidase 3 to 
reduce reactive oxygen species production in the rat 
cochlea, thus attenuating cisplatin-induced hearing loss[33]. 
In this study, we also observed that alpha-lipoic acid could 
effectively protect mice from kanamycin- induced hearing 
impairment, suggesting that alpha-lipoic acid may clear 
excessive accumulation of reactive oxygen species in vivo 
through its powerful antioxidant action, thus reducing 
kanamycin-induced hair cell damage in the mouse 
cochlea to protect auditory function.  
 
Reactive oxygen species can directly attack the cochlear 
hair cell membrane to damage the hair cell. Furthermore, 
reactive oxygen species can serve as an initiating factor to 
activate multiple signal transduction pathways of apoptotic 
cell death, ultimately resulting in apoptosis of cochlear hair 

Figure 3  Expression of phosphorylated p38 (p-p38) and phosphorylated c-Jun N-terminal kinase (p-JNK) in mouse cochlea 
(western blot assay).  

The expression of p-p38 and p-JNK in the control group was weak, while in the kanamycin (KM) group it was significantly strong. 
The expression of p-p38 and p-JNK in the KM + alpha-lipoic acid (LA) group was significantly weaker than in the KM group.  

Data are expressed as mean ± SD, nine mice in each group and six cochleae as a specimen. One-way analysis of variance 
followed by least significant difference t-test were used to compare the data of different groups. aP < 0.01, vs. control group; bP < 
0.01, vs. KM group. 
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cells and impairment of auditory function[15, 28, 34]. As 
important signaling pathways mediating apoptotic cell 
death, p38 and JNK play critical roles in cochlear hair cell 
apoptosis induced by noise and ototoxic drugs[5-6]. After 
intense noise exposure for 4 hours, p-p38 expression 
significantly increased in the mouse cochlea, and the 
auditory brainstem response threshold shifts elevated 
markedly at the same time, suggesting the involvement 
of the p38 pathway in noise-induced hearing loss[7]. 
Gentamycin can induce significant hair cell loss in 
cochlear explants from postnatal rats, and induce high 
expression of p-p38, indicating that the p38 pathway is 
also involved in gentamycin ototoxicity[9]. Moreover, 
gentamycin can also activate the JNK pathway to 
damage cultured cochlear hair cells from postnatal 
rats[11]. In addition, amikacin can induce high expression 
of p-JNK in guinea pig cochlea, and p-JNK expression is 
highly correlated with hearing loss[12]. These studies 
demonstrated that the JNK pathway participates in 
gentamycin and amikacin ototoxicity. In the current study, 
using immunohistochemistry and western blot analysis, 
we observed that the positive expression of p-p38 and 
p-JNK was significantly increased after continuous 
subcutaneous injection of kanamycin for 14 days, 
accompanied by a concurrent significant elevation in 
auditory brainstem response threshold shifts. These 
results indicate that p38 and JNK also mediate 
kanamycin-induced ototoxic damage in BALB/c mice. 
After concurrent treatment with alpha-lipoic acid, the 
expression of p-p38 and p-JNK was significantly 
decreased, and the auditory brainstem response threshold 
shifts attenuated significantly at the same time, suggesting 
that alpha-lipoic acid can effectively attenuate kanamycin 
ototoxicity by inhibiting the high expression of p-p38 and 
p-JNK. This may be one of the mechanisms by which 
alpha-lipoic acid protects against kanamycin ototoxicity.  
 
In conclusion, this study demonstrated that p38 and JNK 
mediated kanamycin-induced ototoxic injury in BALB/c 
mice. Alpha-lipoic acid effectively attenuated kanamycin 
ototoxicity by inhibiting the kanamycin-induced high 
expression of p-p38 and p-JNK, thus protecting against 
kanamycin ototoxicity and improving hearing function. 
 
 
MATERIALS AND METHODS 
 
Design 
A randomized, controlled animal experiment. 
 
Time and setting 
This experiment was performed at the Department of 

Physiology and Scientific Laboratorial Center, Liaoning 
Medical University, China from July to December 2011. 
 
Materials  
Animals 
56 healthy BALB/c mice of both genders, aged 4 weeks 
and weighing 18–20 g, with normal Preyer’s reflexes, 
were supplied by the Animal Experimental Center, Dalian 
Medical University, China (license No. SCXK (Liao) 
2008-0002). Mice were given free access to water and a 
regular mouse diet at room temperature, with natural light 
cycle and quiet conditions. Experimental procedures were 
performed in accordance with the Guidance Suggestions 
for the Care and Use of Laboratory Animals, issued by the 
Ministry of Science and Technology of China[35]. 
 
Drugs  
Kanamycin sulfate chemical formula is 
C18H36N4O11•H2SO4, and the chemical structural formula 
is as follows: 
 
 
 
 
 
 
 
 
 
It was purchased from Amresco Corporation (Solon, OH, 
USA) and dissolved in sterile physiological saline for 
injection.  
 
Alpha-lipoic acid chemical formula is C8H14O2S2, and the 
chemical structural formula is as follows: 
 
 
 
 
 
 
 
 
It was purchased from Sigma-Aldrich (St. Louis, MO, 
USA) and dissolved in 0.1 M sodium hydroxide solution 
and then balanced to pH 7.4 by titrating with 1.0 M HCl 
solution[36]. 
 
Methods 
Establishment of a kanamycin-induced ototoxicity 
model and alpha-lipoic acid intervention 
Mice in the kanamycin group were subcutaneously 
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injected with freshly prepared kanamycin (750 mg/kg 
administered in 0.02 mL/g[37]). Mice in the alpha-lipoic 
acid group were subcutaneously injected with freshly 
prepared alpha-lipoic acid at 75 mg/kg. Mice in the 
kanamycin plus alpha-lipoic acid group were 
simultaneously given subcutaneous injections of 
kanamycin (750 mg/kg) and alpha-lipoic acid (75 mg/kg). 
Control mice received sterile physiological saline   
(0.02 mL/g). These groups were given injections twice 
daily for 14 days[27].  
 
Auditory brainstem response test  
Auditory thresholds were measured for each animal prior 
to the beginning of the study and 1 day after the end of 
drug treatments. Auditory brainstem response 
measurements were performed in a sound-isolated and 
electrically shielded booth. The mice were anesthetized 
with an intraperitoneal injection of pentobarbital sodium 
(90 mg/kg). The positive needle electrode was 
subdermally inserted at the midst vertex. The negative 
electrode was placed below the pinna of the test ear, and 
the ground electrode was inserted contralaterally[38-39]. 
Smart EP & OAE auditory evoked potential recording 
system (Intelligent Hearing Systems Co, Miami, FL, USA) 
was used to generate tone bursts of 8, 12 and 24 kHz, and 
record auditory brainstem response thresholds. Up to    
1 024 responses were averaged for each stimulation 
frequency. The threshold was determined by reducing the 
sound intensity in 5 dB intervals from 95 dB SPL to the 
threshold. Thresholds were defined as the lowest intensity 
that yielded a reproducible wave I and were verified at 
least twice. Threshold shifts were calculated for each 
animal by comparison to its threshold before treatment.  
 
Immunohistochemical staining for the expression of 
p-p38 and p-JNK in mouse cochlea 
After the last auditory brainstem response test, five mice 
from each group were decapitated under anesthesia, 
and the temporal bones were removed immediately. The 
round and oval windows were opened, then cochleae 
were perfused with 40 g/L paraformaldehyde (pH 7.4), 
and the specimens were immersed in the same fixative 
solution for 24 hours at 4°C. Following decalcification in 
40 g/L EDTA solution (pH 7.4) for 5 days at 4°C, the 
cochleae were dehydrated with ethanol, cleared by 
xylene, and then embedded in paraffin wax. Serial 
sections (5 μm thickness) were prepared, dewaxed, 
hydrated, rinsed with distilled water and treated with high 
pressure to retrieve antigen. Endogenous peroxidase 
activity was blocked with 3 g/L H2O2 for 10 minutes at 
room temperature, followed by a PBS wash. After 
incubation with normal serum for 15 minutes at room 

temperature, sections were incubated with rabbit 
anti-p-p38MAPK polyclonal antibody (1:500; Beijing 
Biosynthesis Biotechnology Co., Ltd., China) and rabbit 
anti-p-JNK polyclonal antibody (1:200; Beijing 
Biosynthesis Biotechnology) overnight at 4°C and rinsed 
with PBS. The sections were incubated with biotinylated 
goat anti-rabbit IgG (1:1; Beijing Zhong Shan-Golden 
Bridge Biological Technology Co., Ltd., China) for     
15 minutes at 37°C and rinsed with PBS. Subsequently, 
sections were incubated with horseradish peroxidase- 
labeled streptavidin-biotin complex (1:1; Beijing Zhong 
Shan-Golden Bridge Biological Technology) for       
15 minutes at 37°C and rinsed with PBS. The 
chromogen- reaction was performed with 
diaminobenzidine at room temperature and rinsed with 
distilled water to stop the reaction. Finally, sections were 
counterstained with hematoxylin for nuclear staining. 
Sections were dehydrated by ethanol, cleared by xylene, 
mounted with neutral gum, and observed by a Zeiss A1 
microscope (Carl Zeiss Inc., München, Germany). For 
control sections, the immunostaining procedure was the 
same except they were incubated with PBS. Ten sections 
from each group were randomly selected and the 
average gray value of p-p38 and p-JNK immunostaining 
in the outer hair cells, spiral ganglion and stria vascularis 
of each section was measured under identical conditions 
by the CIAS-1000 image analysis system (Daheng 
Group, Beijing Image Vision Technology Branch 
Company, China). The lower the average gray value, the 
stronger was the expression of p-p38 and p-JNK[40].  
 
Western blot analysis of p-p38 and p-JNK expression 
in mouse cochlea 
After the last auditory brainstem response test, nine mice 
from each group were decapitated under anesthesia, and 
the temporal bones were removed immediately. Cochleae 
were rapidly removed and dissected in 10 mM HEPES- 
NaOH buffer solution. Cochlear tissues from three mice 
were pooled and grinded in ice-cold RIPA lysis buffer 
(Shanghai Beyotime Biotechnology Ltd, China) by 
ultrasonication for 30 seconds at 0°C. Then, tissue debris 
was removed by centrifugation at 12 000 r/min for      
25 minutes at 4°C. The supernatants were obtained and 
the protein contents were measured. The protein samples 
(50 μg) were separated by SDS-PAGE. After 
electrophoresis, the proteins were transferred onto 
polyvinylidene difluoride membranes and blocked with 
10% bovine serum albumin for 1 hour at 4°C. The 
membranes were incubated with rabbit anti-p-p38MAPK 
polyclonal antibody (1:200), rabbit anti-p-JNK polyclonal 
antibody (1:200), and rabbit anti-β-actin polyclonal 
antibody (1:500; Beijing Zhong Shan-Golden Bridge 
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Biological Technology) overnight at 4°C. After washes with 
Tris-buffered saline containing Tween-20, membranes 
were incubated with horseradish peroxidase-labeled goat 
anti-rabbit IgG (1:1 000; Beijing Zhong Shan-Golden 
Bridge Biological Technology) for 1 hour at 4°C. Following 
a final wash with Tris-buffered saline containing Tween-20, 
the immunoreactive bands were visualized by enhanced 
chemiluminescence reagent. The iBox 600 gel imaging 
analysis system (UVP Co, Upland, CA, USA) was used to 
analyze the electrophoresis bands. p-JNK1 and p-JNK2 
represented the activation products of p-JNK, and β-actin 
was used as an internal loading control. The absorbance 
ratio of p-p38 or p-JNK to β-actin represented p-p38 and 
p-JNK protein expression levels. 
 
Statistical analysis 
Data were presented as mean ± SD, and were analyzed 
using SPSS 16.0 software (SPSS, Chicago, IL, USA). 
Intergroup differences in mean values were compared by 
one-way analysis of variance and least significant 
difference t-test. A P < 0.05 value was considered 
statistically significant.  
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