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Introduction 
The kidney is an important excretory organ of the body, 

and tubule cells are the basic structural and functional unit that 
constitutes the kidney. Gentamicin (GM), an aminoglycoside 
antibiotic, is widely used in clinical practice. The doses of 
gentamicin for adults are given 1-1.7mg/kg every 8 hours; or 0.75-
1.25mg/kg per 6 hours1. Children are given 3-5mg/kg a day and 
administered 2-3 times [1]. When used improperly, it accumulates 
in the bodies of animals, and its main targets are the kidney and 
ear tissues [2]. Studies have shown that GM can cause damage and 
apoptosis of rat tubule cells through oxidative stress [3-5]. Free 
radicals found in the body mainly include Reactive Oxygen Species 
(ROS), alipid free radicals and lipid peroxidation free radicals. 
Under normal conditions, ROS in the body are in a state of dynamic  

 
balance between production and consumption. When the body is 
dreceives external stimuli, the accumulation of ROS causes damage 
to proteins, biofilms and DNA [6].

Edaravone (EDa), a synthetic antioxidant, is fat- soluble and 
can pass through the blood-brain barrier [7]. EDa protects cells 
by eliminating ROS from multiple types of cells and by reducing 
oxidative stress [8-10]. EDa has mainly been used to treat acute 
cerebral infarction and hypoxic ischemic encephalopathy [10]. 
However, whether it inhibits the apoptosis of MDCK cells through 
antioxidation has not been widely studued. In this study, the effects 
of GM and EDa on the apoptotic rate of cells and the activity of 
Superoxide Dismutase (SOD), Glutathione Peroxidase (GSH-Px), 
Catalase (CAT), and Malondialdehyde (MDA) were examined. The 
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ARTICLE INFO Abstract

To investigate the protective effect of Edaravone (EDa) against apoptosis induced 
by Gentamicin (GM) in MDCK cells, MDCK cells were treated with 4mmol/L GM for 24h 
following pre-incubation with or without EDa (40µmol/L) for 30 min. The apoptotic rate 
was detected by Annexin V-FITC/PI double staining; and changes in nuclear morphology 
were observed by Hoechst 33258 staining. T-SOD, GSH-Px, CAT activity and MDA content 
were detected by colorimetric assays. ROS content was detected by fluorescent staining; 
the expression of Bax and Bcl-2, the activation of caspase-9, caspase-3 and PARP protein, 
and the release of Cyt C and AIF were detected by western blotting. The results showed 
that EDa significantly inhibited GM-induced apoptosis in MDCK cells. EDa induced 
changes in nuclear morphology and ROS content and caused decreased T-SOD and GSH-
Px activity, increased CAT activity, decreased MDA content, increased Bcl-2/Bax ratio, 
inhibited activation of caspase-9, caspase-3 and PARP protein, and release of Cyt C and 
AIF (P<0.05 or P<0.01). These findings suggest that EDa can relieve oxidative damage to 
GM-induced apoptosis through the mitochondrial apoptotic pathway.
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expression of mitochondrial apoptosis pathway-associated proteins 
was detected by western blot to explore the protective effect of EDa 
in GM- induced MDCK cell apoptosis.

Materials and Methods
All chemicals were of the highest-grade purity available. Eda 

was purchased from Tocris Bioscience (Ellisville, MO, USA). GM, 
penicillin, Hoechst 33258 and streptomycin were purchased from 
Sigma Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle’s Me-
dium (DMEM), Fetal Bovine Serum (FBS) and trypsin were obtained 
from Gibco (Grand Island, NY, USA). Accutase cell detachment 
solution and an Annexin V–fluorescein isothiocyanate/propidium 
iodide (FITC/PI) apoptosis detection kit was purchased from Bec-
ton Dickinson (San Diego, CA, USA). A reactive oxygen detection kit 
was purchased from Beyotime Biotechnology (Shanghai, China). 
T-SOD, MDA, CAT, and GSH-Px kits were from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). All other chemicals were 
from Sigma-Aldrich. The following primary antibodies were used: 
anti-Bax(CST, #14796), anti–cytochrome (cyt c) (CST, #14940), 
anti–cleaved caspase-9 (CST, #9506), anti–cleaved caspase-3 (CST, 
#9664), and anti–β-actin (CST, #4970S) were from Cell Signaling 
Technology (Boston, USA); anti-AIF (Abcam, ab1998), anti-cleaved 
PARP(Abcam, ab32064) and anti-Bcl-2(Abcam, ab32124) were 
from Abcam (Cambridge, USA). All secondary antibodies were from 
Cell Signaling Technology (Boston, USA). 

Drugs

The dosage of gentamicin in this study is a model for 
nephrotoxicity and previously used by Servais H [11]. and Li X13. 
The dosage of edaravone in this study is previously used by Liu G14.

Cell Culture

The MDCK cell line was purchased from the Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, China). 
MDCK cells were cultured in DMEM supplemented with 10% FBS 
at 37 °C in 5% CO2.

Detection of Apoptosis

MDCK cells (5×105 cells/well) were cultured in six-well 
plates. After 30min of preincubation with EDa (40µmol/L), cells 
were cotreated with or without GM (4mmol/L) for 24h. Then, the 
cells were resuspended in 200μl 1×binding buffer containing 5μl 
Annexin V-FITC and 5μl PI for 15 min at room temperature in the 
dark. The cells were analyzed using a FACSAria flow cytometer 
(Becton Dickinson, San Jose, CA, USA). The percentage of apoptosis 
was considered the sum of from Annexin V+/PI− and annexin V+/
PI+ fluorescence. 

Hoechst 33258 Staining

Apoptotic morphological changes in the nuclear chromatin 
of MDCK cells were examined using Hoechst 33258 staining, as 
previously described. MDCK cells (5×104 cells per well) were 
cultured in 12-well plates. After 30 min of preincubation with EDa 
(40µmol/L), cells were cotreated with or without GM (4mmol/L) 

for 24 h. Then, cells were washed with ice-cold Phosphate Buffered 
Saline (PBS), fixed with paraformaldehyde (4% w/v) for 20 min 
at room temperature, and incubated with Hoechst 33258 staining 
solution (5mg/L in PBS) for 15 min at room temperature in the 
dark. After washing in PBS three times, the cells were viewed under 
a Leica inverted fluorescence microscope (Wetzlar, GER) at an 
excitation wavelength of 352nm. To assess the extent of GM-induced 
apoptosis, 200 cells per experiment were randomly selected and 
the apoptotic cells were counted; each experiment was performed 
in triplicate.

ROS Measurement

MDCK cells (5×104 cells per well) were cultured in 12-well 
plates. After 30 min of preincubation with EDa (40 µmol/L), cells 
were cotreated with or without GM (4mmol/L) for 24 h. Followiing 
treatment, cells were incubated with DCFH-DA staining for 20 
min at 37℃ in the dark and washed three times with PBS. The 
fluorescence intensity was measured by using a flow cytometer at 
an excitation wavelength of 488nm.

Oxidative Stress Assessment

The cells were extracted to determine the concentrations of the 
antioxidant enzymes present. The procedures were conducted in 
accordance with the instructions provided in the kit from Nanjing 
Jiancheng Bioengineering Institute. The detection kit can be used 
to measure the levels of SOD (SOD Assay Kit with WST-8), GSH-
Px (DTNB colorimetric method), CAT (ammonium molybdate 
colorimetry) and MDA (thiobarbituric acid colorimetric method).

Western Blot Analysis

Protein concentrations were assayed using a Bicinchoninic Acid 
(BCA) protein assay kit (Beyotime, Shanghai, China). All proteins 
were separated by 8-15% SDS-polyacrylamide gel electrophoresis 
and transferred to 0.22 μm PVDF membranes. Then, the membranes 
were blocked in 5% skim milk in TBST for 1.5h at room temperature 
before incubation with primary antibodies for Bax, Bcl-2, cleaved 
caspase-9, cleaved caspase-3, cleaved PARP, Cyt C, AIF, and β-actin 
(1:1000) overnight at 4°C and then with the appropriate secondary 
antibodies (1:5000) for 2 h at room temperature. Protein levels were 
determined by standard scanning densitometry with normalization 
to β-actin. All assays were performed in triplicate.

Statistical Analysis

All data are expressed as the mean ± standard deviation, and 
significance was determined by one-way ANOVA, followed by 
LSD’s test using SPSS 20.0 (SPSS, Chicago, USA). The results were 
considered significant at P < 0.05 and highly significant at P < 0.01.

Results

Apoptosis of MDCK cells

In this study, the effects of GM on apoptosis were distinguished 
by Annexin V-FITC/PI double staining and Hoechst 33258 staining 
(Figure 1). After 24 h of incubation with GM (4mmol/L), GM ap-
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peared to markedly alter the nuclear morphology and apoptosis 
rate. However, EDa prevented GM-induced increases in the apop-

tosis rate and the appearance of nuclear morphological changes 
typical of apoptosis. 

Figure 1: Effects of GM and EDa on the apoptosis rate in MDCK cells. 
(A)	 The results of flow cytometry. 
(B)	 Statistical results. 
(C)	 Morphological changes. 
(D)	 Apoptosis rates. Compared with the control group, **P<0.01; compared with the respective GM treatment group, 
#P<0.05, ##P<0.01. Scale bar = 50µm. GM, gentamicin; EDa, edaravone.

The level of Oxidative Stress in MDCK Cells

MDCK cells were treated with 4mmol/LGM for 24h following 
preincubation with or without EDa (40µmol/L) for 30min. The level 
of oxidative stress is shown in (Figures 2 & 3). The levels of ROS 
and MDA and the activities of T-SOD and GSH-Px were significantly 

higher, but the activity of CAT was markedly lower in the GM 
group, whereas the levels of ROS and MDA tended to decrease and 
the antioxidant activity was significantly lower in the GM+EDa 
group than in the GM group. The EDa group showed no significant 
differences in these indicators compared with the control group. 

Figure 2: Effect of GM and EDa on the level of oxidative stress in MDCK cells. 
(A)	 The results of fluorescence detection. 
(B)	 Statistical analysis of the fluorescence results. Compared with the control group, **P<0.01; compared with the GM 
treatment group, ##P<0.01. Scale bar = 50µm. GM, gentamicin; EDa, edaravone.
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Figure 3: Antioxidative enzyme activity and MDA levels in MDCK cells. 
(A)	 The activity of T-SOD. 
(B)	 The activity of GSH-Px. 
(C)	 The activity of CAT.
(D)	 The level of MDA. Compared with the control group, **P<0.01; compared with the GM treatment group, #P<0.05, 
##P<0.01. GM, gentamicin; EDa, edaravone.

Expression of Apoptosis-Related Proteins in MDCK Cells

MDCK cells were treated with 4mmol/L GM for 24h following 
preincubation with or without EDa (40µmol/L) for 30min. Then, the 
protein activity of Bax, Bcl-2, cleaved caspase-9, cleaved caspase-3, 
cleaved PARP, cty C and AIF in the mitochondrial apoptosis pathway 

was detected by western blot (Figures 4-6). In the GM group, the 
levels of Bax, cleaved caspase-9, cleaved caspase-3, cleaved PARP, 
cty C and AIF were significantly increased, but the Bcl-2/Bax ratio 
was decreased. Moreover, in the GM+EDa group, the levels of Bax, 
cleaved caspase-9, cleaved caspase-3, cleaved PARP, cty C and AIF 
were significantly decreased and the Bcl-2/Bax ratio was increased.

Figure 4: The expression levels of Bax and Bcl-2. 
(A)	 The expression levels of Bax and Bcl-2 in MDCK cells were detected by western blot analysis. 
(B)	 Statistical analysis of the western blot results of three independent experiments (mean ± SD, n = 3). Compared with the 
control group, **P<0.01; compared with the GM treatment group, #P<0.05. GM, gentamicin; EDa, edaravone.
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Figure 5: The levels of cleaved caspase-9, cleaved caspase-3 and cleaved PARP in MDCK cells. 
(A)	 The levels of cleaved caspase-9, cleaved caspase-3 and PARP were detected by western blot analysis. 
(B)	 Statistical analysis of tshe results of three independent experiments (mean ± SD, n = 3). Compare with control group, 
*P<0.05, **P<0.01; compare with respective GM treatment group, # P<0.05, ##P<0.01. GM, gentamicin; EDa, edaravone.

Figure 6: The release of Cyt C and AIF from MDCK cells. 
(A)	 The release of Cyt C and AIF was detected by western blot analysis. 
(B)	 Statistical analysis of the results of three independent experiments (mean ± SD, n = 3). Compared with the control group, 
*P<0.05; compared with the GM treatment group, #P<0.05. GM, gentamicin; EDa, edaravone.
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Discussion 
GM is a commonly used aminoglycoside antibiotic used in 

animal clinical practice, but due to its toxic effects, the incidence 
of kidney damage is approximately 36% [15]. GM was injected 
intraperitoneally at a dose of 100 mg/kg for seven successive days, 
which is well known to cause significant nephrotoxicity in rats [16]. 
Many studies have shown that GM can induce an increase in ROS 
[16-18].and oxidative stress in various cells [19-21]. Excessive ROS 
can disrupt mitochondrial membrane integrity, cause a decrease 
in mitochondrial membrane potential, increase membrane 
permeability, and promote mitochondrial release of apoptosis-
related proteins. In cochlear hair cells, GM induced apoptosis 
through ROS accumulation [22].

ROS are mitochondrial respiratory products that have a high 
degree of oxidative activity [23]. Under normal physiological 
conditions, ROS can regulate intracellular signal transduction, 
but excessively high concentrations of ROS will induce oxidative 
stress in cells, causing apoptosis or necrosis of cells. In a variety 
of cells, there is a close relationship between oxidative stress and 
apoptosis. Oxidative stress not only directly induces apoptosis but 
also mediates apoptosis by regulating genes and related signal 
transduction [24-26]. Experiments have confirmed that oxidative 
stress is involved in the death receptor pathway, the mitochondrial 
pathway and endoplasmic reticulum stress-mediated apoptosis 
[25-28]. The results of this study showed that GM increased the ROS 
level and activated the cellular antioxidant enzyme system. It also 
increased the Bcl-2/Bax ratio, the expression of cleaved caspase-9, 
cleaved caspase-3, cleaved PARP protein, release of Cyt C and AIF. 
These fingings suggest that the accumulation of ROS may activate 
the mitochondrial pathway in GM-induced apoptosis of MDCK cells.

EDa, as an antioxidant used in clinical practice, can effectively 
reduce the level of ROS in the body [29,30]. A model of HT22 cell 
injury can be induced by hydrogen peroxide; EDa can antagonize 
oxidative stress, reduce ROS levels, downregulate Bax expression, 
and upregulate Bcl expression [31]. This study revealed that 
pretreatment with EDa significantly inhibited ROS levels and altered 
in antioxidant enzyme activity. Furthermore, Bcl-2 expression was 
increased, and Bax and mitochondrial apoptosis pathway proteins 
were decreased, which confirmed that EDa can inhibit activation of 
the mitochondrial apoptosis pathway by scavenging ROS. 

Conclusion
 The present study suggested that the accumulation of ROS 

plays an important role in GM-induced apoptosis of MDCK cells 
and that EDa can confer a marked protective effect against 
GM-induced oxidative stress and nephrotoxicity. Our findings 
suggest that preincubation with EDa may be effective in clinical 
applications given its with antioxidant properties. However, further 
investigations are essential to elucidate the exact mechanism of 
protection and the potential usefulness of EDa as a protective agent 
against drug toxicity in clinical trials.
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