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Abstract. Gentamicin (GM) is a commonly used antibiotic, 
and ototoxicity is one of its side effects. Puerarin (PU) is an 
isoflavone in kudzu roots that exerts a number of pharma‑
cological effects, including antioxidative and free radical 
scavenging effects. The present study investigated whether PU 
could protect against GM‑induced ototoxicity in C57BL/6J 
mice and House Ear Institute‑Organ of Corti 1 (HEI‑OC1) 
cells. C57BL/6J mice and HEI‑OC1 cells were used to estab‑
lish models of GM‑induced ototoxicity in this study. Auditory 
brainstem responses were measured to assess hearing thresh‑
olds, and microscopy was used to observe the morphology of 
cochlear hair cells after fluorescent staining. Cell viability 
was examined with Cell Counting Kit‑8 assays. To evaluate 
cell apoptosis and reactive oxygen species (ROS) produc‑
tion, TUNEL assays, reverse transcription‑quantitative PCR, 
DCFH‑DA staining, JC‑1 staining and western blotting were 
performed. PU protected against GM‑induced hearing damage 
in C57BL/6J mice. PU ameliorated the morphological changes 
of mouse cochlear hair cells and reduced the apoptosis rate 
of HEI‑OC1 cells after GM‑mediated damage. GM‑induced 
ototoxicity may be closely related to the upregulation of p53 
expression and the activation of endogenous mitochondrial 

apoptosis pathways, and PU could protect cochlear hair cells 
from GM‑mediated damage by reducing the production of 
ROS and inhibiting the mitochondria‑dependent apoptosis 
pathway.

Introduction

Gentamicin (GM) is an aminoglycoside antibiotic that 
is commonly used in the clinic  (1). For more than half a 
century, despite the advantages of aminoglycosides in terms 
of their stable properties, broad antibacterial spectrum, 
strong bactericidal power and low cost, a large number of 
clinical reports and animal experiments have also proven that 
aminoglycosides induce ototoxicity (2), which severely limits 
their clinical application. Current studies have found that the 
mechanism underlying aminoglycoside ototoxicity may be 
that aminoglycoside antibiotics can accumulate in cochlear 
hair cells, and mitochondria are the main site of accumula‑
tion (3,4). Moreover, the hair cells located in the basal turn of 
the basilar membrane have a stronger absorption capacity than 
those located in the apical turn (5). The damage to cochlear 
hair cells caused by aminoglycosides is associated with the 
activity of oxygen radicals, and the expression of caspase‑3 
is also subsequently increased (6). Thus, GM‑induced ototox‑
icity may be closely related to the overproduction of reactive 
oxygen species (ROS) in cochlear hair cells and the activation 
of endogenous mitochondrial apoptosis pathways.

Puerarin (PU) is the main active ingredient among the 
isoflavones of wild Pueraria and dried Pueraria (7). Isoflavones 
are aromatic oxyheterocyclic compounds and effective anti‑
oxidants that prevent the formation of oxygen free radicals and 
exert biological antioxidant effects (8). Based on a number of 
animal experiments and clinical studies, PU has antioxidant, 
anti‑ageing, anti‑inflammatory and anti‑osteoporosis activities 
and is also used to treat hangovers and hypoglycaemia (9,10); 
in addition, PU is mainly used in the treatment of neurological 
diseases and cardiovascular diseases (11,12). The mechanism 
underlying the various pharmacological effects of PU has 
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been thoroughly studied and has attracted increasing attention 
from researchers. PU can improve the learning and memory 
abilities of ageing mice, and the mechanism underlying its 
anti‑ageing effects is related to the inhibition of mitochondrial 
dysfunction and the enzyme activity of caspase‑3 (13). PU can 
also significantly improve the activity of superoxide dismutase 
in ageing mice and enhance its ROS scavenging function. 
PU may inhibit the expression of caspase‑3 and Bax, which 
are closely related to cell apoptosis, and promote the protein 
expression of Bcl‑2 (11,12). In addition, it has been reported 
that PU is useful in treating alcoholic liver disease as an anti‑
dote and anti‑drinking agent (14). However, the effects of PU 
on GM‑induced ototoxicity have not yet been reported.

Apoptosis is a pathophysiological process in which various 
proteins or factors are involved. p53 is considered to be an 
important gene that mediates cell apoptosis and plays an impor‑
tant regulatory role in various cellular stress responses (15). 
The mechanism by which p53 functions is extremely complex, 
and p53 plays vital roles in the signalling pathways mediated 
by endogenous regulatory factors. When cells are stimulated 
by apoptotic signals, the expression of p53 is increased; p53 
regulates the expression of Bcl‑2 family proteins through 
transcription‑dependent pathways, and p53 can also directly 
act on mitochondria‑mediated apoptosis pathways. In fact, 
H2O2, the most important ROS in redox signalling, has been 
shown to trigger a typical DNA damage response pathway 
and the subsequent activation of p53 and apoptosis (16,17). 
GM‑induced ototoxicity may be closely related to the over‑
production of ROS in cochlear hair cells, the upregulation 
of p53 protein expression and the activation of endogenous 
mitochondrial apoptosis pathways. Thus, in the present study 
it was hypothesized that PU may protect cochlear hair cells 
from GM‑mediated damage by reducing ROS production and 
inhibiting the mitochondria‑dependent apoptosis pathway.

Materials and methods

Animal experiments and drugs. The animal protocols followed 
the guidelines of the Institutional Animal Care and Use 
Committee of University of Science and Technology of China 
(Jinan, China), and the experiments were conducted in accor‑
dance with the National Institutes of Health (NIH) Guide for the 
Care and Use of Animals in Laboratory Experiments (18). The 
study was approved by the Institutional Animal Care and Use 
Committee of University of Science and Technology of China. 
A total of 24 male C57BL/6J mice (8 days old; 4.5±0.3 g) were 
purchased from Changzhou Cavens Experimental Animal 
Co., Ltd. The mice were housed in an SPF facility, where they 
were under a controlled temperature of 25±2˚C, a humidity 
of 55±5% and a 12‑h day/night cycle, and where the mice 
were allowed to eat and drink ad  libitum. The health and 
behaviour of the mice were checked every day. Animals were 
maintained in accordance with the Guidelines for the Care and 
Use of Laboratory Animals (18). When the mice were 6 weeks 
old, the 24 mice were divided into four groups (six mice in 
each group): The control group; PU group; GM group; and 
GM + PU group. The mice in the control group were intra‑
peritoneally injected with 1 ml physiological saline once a day 
for 10 days. The mice in the PU group were intraperitoneally 
injected with 100 mg/kg PU (Sigma‑Aldrich; Merck KGaA) 

once a day for 10 days (19). The mice in the GM group were 
first intraperitoneally injected with 1 ml physiological saline 
once a day for 3 consecutive days and then intraperitoneally 
injected with 200 mg/kg GM (Sigma‑Aldrich; Merck KGaA) 
once a day for 7 days (20). The mice in the GM + PU group 
were first intraperitoneally injected with 100  mg/kg PU 
once a day for 3 consecutive days and then intraperitone‑
ally injected with 100 mg/kg PU and 200 mg/kg GM once a 
day for 7 consecutive days. In the entire study, no mice died 
accidentally. All efforts were made to minimize suffering. All 
the 24 mice were anaesthetized with an intraperitoneal injec‑
tion of a combination of ketamine (100 mg/kg) and xylazine 
(15 mg/kg) (21) At the end of the experiments, the mice were 
administrated with 30% volume displacement rate of CO2 for 
euthanasia. Animal death was confirmed by observing cardiac 
arrest and mydriasis.

Auditory brainstem response (ABR) test. The ABR thresholds 
of the four groups were measured in the 8th week. The mice 
were anaesthetized by intraperitoneal injection with a combi‑
nation of ketamine (100 mg/kg) and xylazine (15 mg/kg) (21), 
and the mice were kept warm during the ABR recording. 
ABR measurements were performed by using Tucker‑Davis 
Technology System hardware and software (Tucker‑Davis 
Technologies). The recording electrode was subcutaneously 
inserted into the tissue at the vertex, and the reference and 
ground electrodes were subcutaneously placed behind the 
ears. The ABR was measured with broadband clicks and 
pure tones at frequencies of 8, 12, 16, 24 and 32 kHz with 
1,024 stimulus repetitions per record, and the stimulus sound 
was decreased from 90 dB SPL to 10 dB SPL successively at 
10‑dB SPL intervals. When the electrophysiological response 
to the stimulus sound disappeared, the lowest stimulus sound 
that triggered a response was defined as the auditory threshold 
of the mouse tested at this frequency.

Treatment of cochlear basal membranes and staining. After 
the ABR was detected, the mice were anaesthetized, and 
perfusion was performed with normal saline and 4% para‑
formaldehyde. The head was removed, the temporal bone 
was removed and the cochlea was separated. The cochlea 
was immersed in a 10% EDTA solution and stored at 4˚C 
for 7 days. The basilar membrane was then isolated from 
the cochlea under an anatomical microscope. The basilar 
membrane was fixed in 10%  formaldehyde solution at 
room temperature for 15 min and fluorescence staining was 
performed with phalloidin (1:100, red) at room temperature in 
the dark for 30 min. Fluorescence microscopy was used for 
observation and imaging. The number of outer and inner hair 
cells in each segment of the basilar membrane was quantified 
per 100 µm. Images were captured using a fluorescence micro‑
scope (Leica Corporation).

Cell culture and treatment. House Ear Institute‑Organ of 
Corti 1 (HEI‑OC1) cells were derived from a murine Corti 
organ; this cell line is a type of auditory cell line and has 
properties similar to those of hair cells. HEI‑OC1 cells were 
donated by Professor Renjie Chai of Southeast University. 
HEI‑OC1 cells were cultured in high‑glucose medium (Gibco; 
Thermo Fisher Scientific, Inc.) containing 10% foetal bovine 
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serum (Gibco; Thermo Fisher Scientific, Inc.) in a 10% CO2 
incubator at 33˚C. The HEI‑OC1 cells in the control group 
were treated with no drugs. The cells in the GM, PU and 
H2O2 groups were treated with 1.0 mM GM, 100 µg/ml PU 
and 0.1 mM H2O2 for 24 h, respectively. The cells in the 
GM + PU group were pre‑treated with 100 µg/ml PU for 2 h, 
followed by a combination treatment with 1.0 mM GM for 
24 h. The cells in the H2O2 + PU group were pre‑treated with 
100 µg/ml PU for 2 h, followed by a combination treatment 
with 0.1 mM H2O2 for 24 h. All treatments were at 33˚C.

Cell viability. HEI‑OC1 cells were seeded in a 96‑well plate 
(5,000  cells per well) and incubated overnight at 33˚C in 
10% CO2. The cells were treated with different concentra‑
tions of GM (0.1, 0.2, 0.5, 1.0 and 2.0 mM) and PU (5, 10, 20, 
50, 100, 200 and 300 µg/ml) for 24 h. A total of 10 µl Cell 
Counting Kit‑8 (CCK‑8; Sangon Biotech Co., Ltd.) was added 
to the treated cells in each well and incubated at 37˚C for 1 h. 
The absorbance at 450 nm was determined with an ELISA 
reader (Multiskan MK3). The cell viability was calculated as 
(%) (OD assay ‑ OD blank) / (OD control ‑ OD blank) x100%.

Flow cytometry analysis of cell apoptosis. The treated cells 
were collected and transferred into a centrifuge tube. After 
centrifugation (1,000 x g, 4˚C, 5 min), the cells were resus‑
pended in 100 µl binding buffer. An Annexin V‑APC/7‑AAD 
apoptosis kit (BD Biosciences) was used for double staining 
in the dark. The apoptosis rate of the HEI‑OC1 cells was 
measured by flow cytometry (CytoFLEX S; Beckman Coulter, 
Inc.). CytExpert (v2.0; Beckman Coulter, Inc.) was used to 
analyze the data.

Detection of ROS. The intracellular ROS levels were detected 
by DCFH‑DA staining (cat.  no. E004; Nanjing Jiancheng 
Bioengineering Institute). DCFH‑DA (10 µM) was added to 
the treated cells in a 6‑well plate, at 1x106 cells per well, and 
incubated at 33˚C in 10% CO2 for 2 h. The cells were observed 
and photographed under a fluorescence microscope. Then, 
ROS production of the HEI‑OC1 cells was measured by flow 
cytometry (Beckman Coulter, Inc.)  (22). CytExpert (v2.0; 
Beckman Coulter, Inc.) was used to analyze the data.

TUNEL assay. A TUNEL assay was used to investigate the 
morphological characteristics of apoptosis. The treated cells 
were fixed with 4% paraformaldehyde for 30 min at 20˚C. 
After 20 min of treatment with 0.1% Triton X‑100, TUNEL 
working solution (Beyotime Institute of Biotechnology) 
was added to the cells for 1 h at 37˚C. DAPI staining was 
performed for 2 min at 20˚C. The treated HEI‑OC1 cells were 
then photographed and analyzed under a fluorescence micro‑
scope. Images were captured using a fluorescence microscope 
(Leica Corporation). For each sample, >5 areas were randomly 
selected for analysis.

Mitochondrial fluorescent probe staining analysis. A JC‑1 
probe was used to measure mitochondrial depolarization in 
HEI‑OC1 cells. Briefly, cells were treated in 6‑well plates, at 
1x106 cells per well, as indicated, and then the cells were incu‑
bated with an equal volume of JC‑1 staining solution (5 pg/ml; 
Beyotime Institute of Biotechnology) at 37˚C for 20 min and 

washed twice with PBS. The mitochondrial membrane poten‑
tials were monitored by determining the relative amounts of 
the emissions of mitochondrial JC‑1 monomers or aggregates 
using fluorescence microscopy and flow cytometry. The excita‑
tion and emission wavelengths of 514 and 529 nm, respectively, 
were used to detect the monomeric form of JC‑1. JC‑1 aggrega‑
tion was detected at 585 and 590 nm (23). CytExpert (v2.0; 
Beckman Coulter, Inc.) was used to analyse the data.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). RT‑qPCR was performed to detect the mRNA 
expression levels of Bax, caspase‑3 and Bcl‑2 in the HEI‑OC1 
cells. Total RNA was isolated from HEI‑OC1 cells using 
RNAiso Plus® reagent (Takara Biotechnology Co., Ltd.). 
Next, according to the product specification, ReverTra‑Plus™ 
(Toyobo Life Science) was used to reverse transcribe the RNA 
into cDNA. qPCR was performed using used TB Green® 
Premix Ex Taq™ II (Takara Biotechnology Co., Ltd.). The 
following thermocycling conditions were used for the qPCR: 
Initial denaturation at 95˚C for 30 sec; followed by 40 cycles 
at 95˚C for 5 sec and 60˚C for 34 sec. The primers used in 
this experiment (24) are shown in Table I. The mRNA expres‑
sion levels were normalized to GAPDH expression, and gene 
expression was calculated by using the 2‑ΔΔCq method in this 
study (25).

Western blotting. HEI‑OC1 cells were lysed in RIPA buffer 
(Wuhan Servicebio Technology Co., Ltd.) or Cell Mitochondria 
Isolation kit (Beyotime Institute of Biotechnology). The total 
protein content was determined using a BCA Protein assay 
kit (Beyotime Institute of Biotechnology). Protein samples 
(20 µg) were resolved by 10% SDS‑PAGE (Wuhan Servicebio 
Technology Co., Ltd.), and subsequently transferred to 
polyvinylidene fluoride membranes (MilliporeSigma). The 
membranes were blocked with 5% skimmed milk (P0216; 
Beyotime Institute of Biotechnology) for 1  h at room 
temperature. Then, the proteins were incubated with primary 
antibodies overnight in a 4˚C refrigerator, followed by incuba‑
tion with secondary antibodies [HRP‑conjugated Affinipure 
Goat Anti‑Rabbit IgG(H+L); cat.  no.  SA00001‑2; 1:5,000, 

Table I. Primers used in this study.

Gene	 Sequences (5'‑3')

GAPDH	 F:	GTATGACTCCACTCACGG
	 R:	GGTCTGGCTCCTGGAAGA
Bcl‑2	 F:	ATCGCCCTGTGGATGACTGAGT
	 R:	GCCAGGAGAAATCAAACAGAGGC
Bax	 F:	TCAGGATGCGTCCACCAAGAAG
	 R:	TGTGTCCACGGCGGCAATCATC
p53	 F:	TCCGAAGACTGGATGACTGC
	 R:	GATCGTCCATGCAGTGAGGT
Caspase‑3	 F:	GGAAGCGAATCAATGGACTCTGG
	 R:	GCATCGACATCTGTACCAGACC

F, forward; R, reverse.
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ProteinTech Group, Inc.] at room temperature for 1 h. An ECL 
kit (Wuhan Servicebio Technology Co., Ltd.) was used to detect 
the immunoreactive bands. Protein expression was detected 
using a Clinx ChemiScope 3300 (Clinx, Inc.). ImageJ software 
(v1.8; National Institutes of Health, Inc.) was used to quantify 
protein expression levels. GAPDH (cat.  no.  5174; 1:1,000; 
Cell Signaling Technology, Inc.) and Cox IV (cat. no. 4850; 
1:1,000; Cell Signaling Technology, Inc.) (26) were used as the 
loading controls. The primary antibodies used were specific for 
p53 (cat. no. 2524; 1:1,000; Cell Signaling Technology, Inc.), 
Bcl‑2 (cat. no. sc‑7382; 1:1,000; Santa Cruz Biotechnology, 
Inc.), cleaved‑caspase‑3 (cat. no. 9661; 1:1,000; Cell Signaling 
Technology, Inc.), caspase‑3 (cat.  no.  14220; 1:1,000; Cell 
Signaling Technology, Inc.), Bax (cat.  no.  2772; 1:1,000; 
Cell Signaling Technology, Inc.) and cytochrome c (Cyto C; 
cat. no. 11940; 1:1,000; Cell Signaling Technology, Inc.).

Statistical analysis. The statistical software GraphPad Prism 7 
(GraphPad Software, Inc.) was used to analyse the significance 
of the data. All experimental results were independently 
repeated at least three times. All the data were collected from 
six or more samples in each of the experimental groups. The 
data are expressed as the mean ± standard error of the mean, 
and one‑way ANOVA followed by Tukey's post hoc test was 
performed. P<0.05 was considered to indicate a statistically 
significant difference.

Results

PU protects against GM‑induced hearing loss in C57BL/6J 
mice. The ABR threshold recording results showed that there 
was no difference between the PU and control groups. The 

threshold value of the GM group was significantly increased, 
with an increasing trend within the frequency range of 
4 to 32 kHz, and the increase was more obvious at high frequen‑
cies (Fig. 1A). The threshold value of the GM + PU group was 
lower than that of the GM group.

PU attenuates GM‑induced cochlear hair cell damage. The 
basal membrane of the cochlea and hair cells were stained 
with phalloidin (Fig. 1B). The results showed that the hair 
cells in the Control and PU groups were closely and neatly 
arranged. In the GM group, the hair cells were disorganized 
and partially absent, and the cilia were prostrate. Furthermore, 
the damage to hair cells in the basal and middle turns was 
more serious than that in the apical turn (Fig. 1C and D). The 
degree of hair cell damage in the GM + PU group was lower 
than that in the GM group.

PU improves the survival rate of HEI‑OC1 cells treated 
with GM. CCK‑8 assays were used to detect the viability of 
HEI‑OC1 cells (Fig. 2). The results showed that the viability of 
the HEI‑OC1 cells treated with 1 mM GM was ~50% (Fig. 2A). 
The HEI‑OC1 cell viability was not affected by treatment 
with 5, 10, 20, 50 or 100 µg/ml PU, while 200 and 300 µg/ml 
PU decreased the viability of the HEI‑OC1 cells (Fig. 2B). 
HEI‑OC1 cells were pre‑treated with different concentrations 
of PU (10, 50, 100 and 200 µg/ml) for 2 h, followed by a combi‑
nation treatment with 1.0 mm GM for 24 h. It was demonstrated 
that the viability of the cells treated with 100 µg/ml PU was the 
highest (Fig. 2C). Based on these results, treatment with 1 mM 
GM for 24 h was considered to be the appropriate condition 
for the HEI‑OC1 cell damage model, and 100 µg/ml PU was 
the optimal concentration for protecting HEI‑OC1 cells from 

Figure 1. Effects of PU and GM in C57BL/6J mice. (A) Statistical analysis of ABR threshold. n=6. **P<0.01 GM group vs. control group; ##P<0.01 GM + PU 
group vs. GM group. (B) Image of basilar membrane stained with phalloidin. Scale bar, 20 µm. (C and D) Statistical analysis of the surviving outer and inner 
hair cells in the four groups. n=6. **P<0.01 GM group vs. control group; ##P<0.01 GM + PU group vs. GM group. PU, puerarin; GM, gentamicin; ABR, auditory 
brainstem response.
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GM‑mediated damage. Therefore, the aforementioned treat‑
ment conditions were selected for subsequent cell experiments.

PU attenuates GM‑induced oxidative stress in HEI‑OC1 
cells. The cells in the Control, H2O2, H2O2 + PU, GM and 
GM + PU groups were stained with fluorescent DCFH‑DA for 
12 and 24 h, according to the manufacturer's instructions, and 
the cells were photographed under a fluorescence microscope 
(Fig. 3A). ROS were detected by DCFH‑DA, and the intensity 
of green fluorescence was proportional to the level of ROS in 
the cells. The results indicated that the amount of intracellular 
ROS in the H2O2 and GM groups were notably increased in the 
24 h staining group compared with the 12 h staining group, and 
PU could reduce the amount of intracellular ROS production 
induced by H2O2 and GM. Flow cytometry was used to detect 
the green fluorescence intensity of DCFH‑DA in the cells 
after 24 h of treatment in each group (Fig. 3B). The statistical 
results also showed that PU could significantly reduce the ROS 
levels in the HEI‑OC1 cells after treatment with H2O2 and GM 
(Fig. 3C).

PU attenuates GM‑induced damage to mitochondrial 
membrane in HEI‑OC1 cells. JC‑1 could aggregate in 
normal mitochondria and emit red fluorescence. The expo‑
sure of HEI‑OC1 cells to GM (1 mM) for 24 h resulted in 
the dissipation of the ΔΨm, which was shown by increased 
green fluorescence and decreased red fluorescence after JC‑1 
staining. Pre‑treatment with PU (100 µM) moderated this 
dissipation, indicating the protective effect of PU (Fig. 4A). The 
mitochondrial membrane potential of each group was evalu‑
ated with JC‑1 stain by flow cytometry. Cells in the GM group 
displayed a lower ratio of mitochondria with normal potential. 
Pre‑treatment of the cells with PU displayed a higher ratio 
(Fig. 4B and C). The western blotting results suggested that the 
Cyto C expression levels were significantly reduced in the mito‑
chondria in the GM group compared with the Control group, 
but increased in the cytoplasm in the GM group. These changes 
were reversed following pre‑treatment with PU (Fig. 4D and E).

PU inhibits the GM‑induced apoptosis of HEI‑OC1 cells. The 
apoptosis of HEI‑OC1 cells in each group was detected via 

Figure 3. Effects of PU and GM on ROS in HEI‑OC1 cells as determined by staining with DCFH‑DA. (A) Image of HEI‑OC1 cells stained with DCFH‑DA 
(green). The treated cells were observed under a fluorescence microscope. Scale bar, 100 µm. (B) The fluorescence of DCFH‑DA was detected to determine 
the levels of ROS in the cells by flow cytometry. (C) The ratios of ROS‑positive cells and ROS‑negative cells were statistically analysed. n=6. **P<0.01. 
PU, puerarin; GM, gentamicin; HEI‑OC1, House Ear Institute‑Organ of Corti 1; ROS, reactive oxygen species.

Figure 2. Effects of PU and GM in HEI‑OC1 cells as determined via Cell Counting Kit‑8 assays. (A) Viability of HEI‑OC1 cells treated with different 
concentrations of GM for 24 h. n=6. **P<0.01. (B) Effect of PU on HEI‑OC1 cell viability. Cells were treated with various concentrations of PU for 24 h. n=6. 
*P<0.05, **P<0.01. (C) Cells were pre‑treated with various doses of PU for 2 h prior to the addition of 1 mM gentamicin and further cultured for 24 h. n=6. 
**P<0.01. PU, puerarin; GM, gentamicin; HEI‑OC1, House Ear Institute‑Organ of Corti 1.
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the TUNEL method (Fig. 5A) and flow cytometry (Fig. 5B). 
The results showed that apoptosis was significantly increased 

after H2O2 and GM treatment and that PU pre‑treatment 
significantly reduced this apoptosis (Fig. 5C). The RT‑qPCR 

Figure 5. Rate of apoptosis after different treatments as determined by TUNEL assay and flow cytometry. (A) Image of HEI‑OC1 cells stained with TUNEL 
staining. Nuclei were stained with DAPI (blue) and HEI‑OC1 cells were stained with TUNEL (red). Scale bar, 100 µm. (B) Flow cytometry was used to 
assess apoptosis after treatment under different conditions for 24 h. (C) The apoptotic rate of the cells was statistically analysed. n=6. **P<0.01. PU, puerarin; 
GM, gentamicin; HEI‑OC1, House Ear Institute‑Organ of Corti 1.

Figure 4. Effect of PU on the GM‑induced permeability of the mitochondrial membrane in HEI‑OC1 cells. Red fluorescence represents the mitochondrial 
aggregated form of JC‑1, indicating intact mitochondrial membrane potential. Green fluorescence represents the monomeric form of JC‑1, indicating dis‑
sipation of the ΔΨm. (A) Representative photographs of JC‑1 staining in different groups. Scale bar, 200 µm. (B) Flow cytometry study of the mitochondrial 
membrane potential. (C) Mitochondrial membrane potential analysis. n=6. **P<0.01. (D) Expression of Cyto C in the mitochondria and cytoplasm of HEI‑OC1 
cells as determined by western blotting. (E) Statistical analysis of protein expression in each group. n=6. **P<0.01. PU, puerarin; GM, gentamicin; HEI‑OC1, 
House Ear Institute‑Organ of Corti 1; Cyto C, cytochrome c.
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results suggested that compared with the GM  group, the 
GM  +  PU  group exhibited significantly reduced mRNA 
expression of Bax, caspase‑3 and p53, and increased mRNA 
expression of Bcl‑2 (Fig. 6A). The western blotting results 
(Fig. 6B) showed that p53 expression was increased after the 
HEI‑OC1 cells were treated with GM; moreover, PU could 
decrease the GM‑induced expression of p53. Compared with 
that in the GM group, the Bax and cleaved‑caspase‑3 expres‑
sion in the GM + PU group was significantly decreased, while 
the Bcl‑2 expression was increased (Fig. 6C). Moreover, the 
Bax/Bcl‑2 ratio and cleaved‑caspase‑3/caspase‑3 ratio in 
the GM + PU group was significantly lower than that in the 
GM group (Fig. 6D and E).

Discussion

PU is mainly used in the treatment of neurological diseases, 
cardiovascular diseases and hepatic impairment (7). In the 
present study, it was found that PU could protect the hearing 
of GM‑treated C57BL/6J mice. We will build more samples 
and conduct further animal experiments based on this mouse 
model in follow‑up studies. The HEI‑OC1 cell line is extremely 
sensitive to ototoxic drugs. Moreover, the HEI‑OC1 cell line is 
a very useful cell model that has been widely used in a number 
of studies investigating the molecular mechanism underlying 
ototoxicity and in studies that screen novel drugs with protective 
effects in vitro (27,28). After treatment with high concentrations 
of PU, cell viability was decreased. This finding indicated the 
potential toxicity of high concentrations of PU. We will conduct 
further in‑depth research on this toxicity in the future.

The main sites of aminoglycoside aggregation in cochlear 
hair cells are the mitochondria, which are the main organelles 

that produce oxygen free radicals (29). Appropriate ROS levels 
can promote immunity, repair and growth of the body, but 
excessive ROS levels can cause damage to mitochondria and 
lead to programmed cell death (30). ROS include H2O2, OH‑, 
NO and ONOO‑. Among these ROS, H2O2 easily penetrates 
the plasma membrane and produces the highly reactive free 
radical OH‑, which leads to damage to cells and tissues and 
induces cell apoptosis. H2O2 has been widely used to establish 
in vitro models of oxidative stress damage (31). In the present 
study, H2O2 was used to establish a control group for oxidative 
stress injury.

Although the mechanism underlying GM‑induced injury 
has not been determined, ROS may be key players in this 
mechanism (32), and ROS can also cause oxidative stress and 
cell damage. The ototoxicity induced by GM is related to the 
production of ROS, which leads to damage to the auditory 
hair cells in Corti organs. For a long time, cochlear sensory 
cells have been known to produce ROS after exposure to 
aminoglycoside compounds (33). p53 is an important protein 
that mediates cell apoptosis, and p53 is directly regulated 
by redox signals due to its readily oxidized cysteine  (16). 
Previous studies have shown that p53 is activated when ROS 
levels increase (16,34). Moreover, p53 expression has been 
demonstrated to be positively correlated with Bax expres‑
sion (35). Bax not only antagonizes the inhibitory effect of 
Bcl‑2 on apoptosis, but also promotes apoptosis. Caspase‑3 is 
a regulator of cell death and plays an important role in the 
progression of apoptosis. Caspase‑3 is a protease that directly 
leads to the disintegration of apoptotic cells and plays a central 
role in the network of apoptotic mechanisms. As an upstream 
protein that regulates caspase‑3, Bax can activate caspase‑3 
and initiate the caspase cascade (36). The cytotoxicity of GM 

Figure 6. Expression levels of caspase‑3, cleaved‑caspase‑3, Bcl‑2, Bax and p53 were analysed via RT‑qPCR and western blotting. (A) The mRNA expression 
levels of caspase‑3, Bcl‑2, Bax and p53 in each group were detected by RT‑qPCR. n=6. **P<0.01. (B) The relative expression levels of p53, caspase‑3, Bax, Bcl‑2 
and cleaved‑caspase‑3 were analysed via western blotting. (C) Statistical analysis of protein expression in each group. n=6. **P<0.01. (D) The Bax to Bcl‑2 ratio. 
Statistical analysis of protein expression n=6. **P<0.01. (E) The cleaved‑caspase‑3 to caspase‑3 ratio. Statistical analysis of protein expression. n=6. **P<0.01. 
PU, puerarin; GM, gentamicin; RT‑qPCR, reverse transcription‑quantitative PCR.
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in hair cells is mainly due to the initiation of the mitochondrial 
apoptosis pathway (29). In the present study, p53 expression 
was increased, and p53 regulated the expression of Bcl‑2 family 
proteins when ROS accumulated in HEI‑OC1 cells. Bax and 
Bcl‑2 form heteropolymers, enhance mitochondrial membrane 
permeability, release apoptotic factors into the cytoplasm 
and stimulate the caspase apoptotic pathway, leading to the 
programmed death of HEI‑OC1 cells (11). Investigation into 
the regulatory roles of ROS and p53 was not performed in 
the present study, so these results may have limited generaliz‑
ability. In future studies, p53 and ROS inhibitors will be used 
to clarify the protective effect of ROS and p53 on PU in audi‑
tory hair cell damage induced by GM.

Previous studies have shown that PU has a variety of phar‑
macological activities and exerts antioxidant effects (11,37). 
The present study found that PU protected against GM‑induced 
hearing damage in C57BL/6J mice and ameliorated the 
morphological changes in mouse cochlear hair cells after 
GM‑mediated damage. It was also observed that PU could 
reduce the production of ROS, downregulate the expression of 
p53, Bax and caspase‑3, and upregulate the expression of Bcl‑2 
in GM‑ and H2O2‑treated HEI‑OC1 cells. After treatment 
of HEI‑OC1 cells with GM and H2O2, the expression of p53 
was significantly increased. It was demonstrated that PU may 
ameliorate GM‑induced ototoxicity, which is at least partially 
mediated by p53‑regulated apoptotic signalling pathways, by 
inhibiting the mitochondria‑dependent apoptosis pathway. 
This study provided novel insights into potential therapeutic 
targets for protecting against GM‑induced ototoxicity. PU 
could be used as a protective agent against the ototoxicity 
caused by GM.
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