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Abstract 
Background: Chemotherapeutic agents such as cyclophosphamide and busulfan have 
been shown to have a negative impact on the spermatogenesis process. Based on this 
fact, the objective of this study was to investigate the effects of edaravone on spermato-
genesis in busulfan-induced mice.  
Methods: Forty adult male mice were equally divided into the four groups: 1) control, 2) 
edaravone, 3) busulfan, and 4) busulfan + edaravone. Then, the sperm parameters, histo-
pathological examinations, and serum levels of testosterone, follicle-stimulating hor-
mone (FSH), and luteinizing hormone (LH) were also assessed. Caspase-3, Beclin-1, and 
ATG-7 mRNA levels were also determined using real-time PCR. 
Results: Our results revealed that treatment of mice with edaravone in busulfan-induced 
azoospermia significantly improves sperm parameters, including total count, morpholo-
gy, and viability (p<0.05). Furthermore, edaravone administration led to a significant in-
crease in serum testosterone (p<0.0001) and FSH (p<0.001) levels, as well as testis 
weight (p<0.05) and volume (p<0.01). Edaravone also prevented a decrease in the num-
ber of testicular cells including spermatogonia (p<0.0001), primary spermatocytes (p< 
0.001), round spermatids (p<0.0001), Sertoli (p<0.01), and Leydig cells (p<0.0001) in 
busulfan-treated mice. Additionally, in busulfan-induced azoospermia, edaravone signif-
icantly reduced the percentage of sperm with immature chromatin (p<0.0001). Following 
treatment with edaravone, a decrease in reactive oxygen species (ROS) and an increase 
in glutathione (GSH) production were noted compared to busulfan-treated mice. Further-
more, caspase-3 (p<0.05), Beclin-1, and ATG-7 (p<0.001) genes expression decreased 
significantly in treatment groups compared to busulfan-induced azoospermia.  
Conclusion: According to our findings, edaravone can improve spermatogenesis in 
busulfan-induced azoospermia through free radical scavenging and autophagy modula-
tion in testicular tissue. 
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Introduction 
bstructive (OA) or non-obstructive (NOA) 
azoospermia is the medical condition defin-
ed as the complete absence of spermatozoa 
 

 
 
 
 
in semen due to obstruction, inadequate hormonal 
stimulation, or impaired spermatogenesis. Azoo-
spermia and oligozoospermia also occur due to 
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exposure to toxic substances, genetic factors, inju-
ries, immunosuppressants, and anticancer drugs 
such as cyclophosphamide and busulfan (1, 2). 

An interruption in germ cell differentiation lead-
ing to a spermatogenic arrest may result in either 
oligozoospermia or azoospermia in men (3-5). 
Therefore, given the underlying cause of infertili-
ty in such conditions, it is important to develop a 
more effective treatment. In this case, a wide vari-
ety of medications such as follicle-stimulating 
hormone (FSH), antiestrogens, L-carnitine, and 
antioxidants have been reported to improve the 
quality of sperm. Based on the critical role of tes-
ticular oxidative stress in azoospermia, antioxi-
dant supplementation has been suggested as a 
promising therapeutic intervention for infertile 
men with spermatogenic failure (5, 6). 

By inducing oxidative stress, excessive amounts 
of reactive oxygen species (ROS) adversely affect 
sperm parameters and the DNA integrity of germ 
cells. Antioxidants prevent damage caused by free 
radicals and other reactive metabolites by averting 
their formation, scavenging them, or facilitating 
their degradation into various less-damaging mo-
lecular breakdowns (7-9). Therefore, due to their 
reducing effects on ROS levels in seminal plasma, 
antioxidant-based treatment is a possible and 
practical approach in improving male fertility po-
tential.  

Edaravone (3-methyl-1-phenyl-2-pyrazolin-5-
one), as an antioxidant molecule, has been used 
safely for the clinical treatment of acute ischemic 
stroke in Japan since 2001 (10). The antioxidant 
properties of edaravone work by inactivating hy-
droxyl radical (OH) and thus, inhibiting the OH-
dependent and OH-independent lipid peroxidation 
by supplying individual free-radicals with one of 
its electrons. Several reports have shown that ed-
aravone as a potent scavenger of hydroxyl radicals 
has anti-apoptotic, anti-necrotic, anti-cytokine, and 
anti-autophagy effects in various diseases in the 
brain (11), heart (12), lungs (13), liver (14, 15), 
testis (15), kidneys (16), pancreas (17), and small 
intestine (18) in animal models. Furthermore, as 
demonstrated in a recent study, edaravone treat-
ment significantly relieved morphological damage 
and increased lipid peroxidation and apoptosis in 
testicular tissue by suppressing increased oxida-
tive stress in the diabetes-induced testicular dys-
function in the rat (15). 

Therefore, it seems that free radical scavenger, 
edaravone, would be an effective preventative/ 
therapeutic measure for busulfan-induced testicu-

lar dysfunction. However, there is no information 
available on the effects of edaravone on free radi-
cal scavenger and its autophagy modulation in the 
testicular tissue of azoospermic mice induced by 
busulfan.  
 

Methods 
Animals: In the current study, 40 adult male 

NMRI mice (27-30 gr) were selected from the 
laboratory animal center in Pasteur Institute of 
Iran. Mice were housed at room temperature un-
der a 12 hr light/12 hr dark cycle with free access 
to water and food. Mice were randomly divided 
into four experimental groups (10 mice in each 
group): 
I. control group consisted of animals which were 
intact, II. edaravone group (10 mg/kg), III. busul-
fan (45 mg/kg, single dose), and IV. busulfan+ 
edaravone (45 mg/kg+edaravone10 mg/kg) group. 
All mice were kept for 35 days after a single dose 
of busulfan injection and next treated with edara-
vone for 35 days and then sacrificed for subse-
quent assessments. Experiments of the present 
study were conducted between December 2020 
and February 2021. All procedures were approved 
by the Medical Ethics Committee of Shahid Be-
heshti University of Medical Sciences, Tehran, 
Iran (IR.SBMU.MSP.REC.1400.023). 

 

Semen analysis: The tail of the epididymis was 
removed and transferred to a Petri dish containing 
1 ml warmed Ham's F 10 (Sigma, USA). Then, 
the epididymis was minced and incubated at 37°C 
in 5% CO2 for 15-20 min to release sperm from 
the epididymis. Next, each 10 μl of sperm mixture 
was transferred to a 1 ml microtube to evaluate 
sperm parameters (19). To determine the sperm 
count and motility, 190 ul of Ham's F-10 medium 
was added to each microtube, mixed, and then as-
sessed in two individual replicates using Neubau-
er hemocytometer slide and phase-contrast micro-
scopy, at 200× magnification. Finally, the total 
sperm count was reported. The sperm viability 
and morphology were assessed by staining the 
sperm samples with Eosin-Nigrosine. 

 

Sperm chromatin dispersion (SCD) test: The SCD 
test was performed using the Halospermt kit (IN-
DAS Laboratories, Spain). In the SCD test, sperm 
with fragmented DNA cannot produce and visual-
ize the peripheral halo of the dispersed DNA loop, 
but in healthy sperm, this peripheral halo is ob-
served. A minimum of 300 spermatozoa per sam-
ple were scored under the 100x microscope objec-
tive (20). 
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Sperm chromatin maturation assay (Aniline blue 

staining): For aniline blue staining, a fresh sperm 
smear of each sample was air-dried and then fixed 
in 3% buffered glutaraldehyde in 0.2 M phosphate 
buffer (pH=7.2) for 30 min at room temperature. 
The smear samples were treated with 5% aqueous 
AB stain (BDH, UK, Cat. No. 34003, 5 g powder 
in 100 ml distilled water) in 4% acetic acid (pH= 
3.5) for 5 min. Finally, 10 μl of the sample was 
placed on each slide and counted under a light 
microscope. It should be mentioned that unstained 
nuclei were considered normal sperm with mature 
chromatin, and blue nuclei were considered ab-
normal sperm with immature chromatin. Then, the 
percentage of abnormal spermatozoa was reported 
(20). 

 

Hormonal assessment: Blood samples were ob-
tained from the heart during deep anesthesia. 
Blood samples were centrifuged at 2500 RPM for 
5 min at 4°C prior to storing at −80°C until use. 
Mice specific ELISA kit was utilized to measure 
the serum levels of LH and FSH (catalogue No. 
CSB-E11162r, Cosmo Bio USA). 

 

Tissue preparation: The testicles were fixed in 
Bouin's solution for 24 hr. The serial sections with 
5 and 20 μm thicknesses using a microtome (Leica 
RM2125 RTS, Leica Germany) were consistent 
with the stereological techniques and they were 
stained by hematoxylin and eosin (H&E) (Sigma, 
USA). Then, 10 sections were selected by system-
atic uniform random sampling (SURS). Finally, 
the volume of testis and testicular cells were eval-
uated from the morphological appearance. 

 

Stereological assessment: Using a projection mi-
croscope designed at Stereology Research Center, 
testicular volume by Cavalieri's principle was de-
termine based on the following formula: 

 

𝑉𝑉 = ∑𝑃𝑃 × 𝑎𝑎
𝑝𝑝

× 𝑡𝑡.   
 

In this equitation, the ΣP is the number of points 
counted, and the a/p is an area of probe points 
divided by the magnification. The t is the distance 
between tissue sections (2, 21). 

 

Length density of the seminiferous tubules: The 
number of seminiferous tubules was counted to 
determine the length density of seminiferous tu-
bules; using the optical disector method and the 
following formula: 

 

𝐿𝐿𝑣𝑣 = 2∑𝑄𝑄
∑𝑃𝑃×𝑎𝑎𝑓𝑓

 ,  

the length density of seminiferous tubules was 
estimated. In this equation, ΣP is the total number 

of the fields counted, and the ΣQ is the total num-
ber of the seminiferous tubules profiles counted 
per tissue section. The a/f is the area of the probe 
divided by magnification (2). 

 

Number of testicular cells: The optical disector 
method was used for estimating the number of 
testicular cells. Using the equitation:  

 

𝑁𝑁𝑣𝑣 = ∑𝑄𝑄
∑𝑃𝑃×ℎ×𝑎𝑎𝑓𝑓

× 𝑡𝑡
𝐵𝐵𝐵𝐵

, 
 

the numerical density (Nv) of testicular cells was 
determined. 

In the above formula, ΣQ, the number of testicu-
lar cells, was estimated using a microcator (Hei-
denhain, Germany) connected to the stage of the 
microscope and used for measurement of height 
of the dissector (h) and real thickness of the tissue 
section (t), and the Σp is the total number of the 
fields counted. The a/f is the area of probe divided 
by magnification, and the BA is the thickness of 
the tissue section (1, 2).  

 

ROS and GSH measurement: ROS production was 
measured by 2',7' –dichlorofluorescin diacetate 
(DCF-DA; Sigma-Aldrich, USA) after reaction of 
DCF-DA with H2O2 for 20 min at 37°C in the 
dark. This feature lets the flow cytometry appa-
ratus measure DCF with the count of 104 cells in 
the excitation wavelength of 488 nm and emission 
wavelength of 527 nm (22). Glutathione assay kit 
(Zelbio GmbH, Germany) was used for determin-
ing glutathione peroxidase (GPX) as per the man-
ufacturer's instructions. The GPX activity unit as 
the content of the sample would catalyze the de-
composition of 1 μmol of GSH in 1 min.  To iden-
tify the ratio, 106 cells were isolated, and two 
markers named O-Phthalaldehyde (OPA) and N-
Ethylmaleimide (NEM) were applied in the test 
and then read by ELISA reader at 495 nm excita-
tion and 530 nm emission wavelengths (22). 

 

Analysis of gene expression: After RNA extrac-
tion, the samples were treated with DNase I 
(Roche, Switzerland) to eliminate genomic DNA 
contamination. For cDNA synthesis, a commer-
cial kit (Fermentas, Lithuania) was used at 42°C 
for 60 min according to the manufacturer's in-
structions, and to quantify the relative expression 
of genes by TaqMan real-time PCR based on the 
QuantiTect SYBR Green kit, RT-PCR (Takara 
Bio Inc., Japan) was used. PCR was tested using 
the Primer-Blast tool available at www.ncbi.nlm. 
nih.gov/tools/primer-blast. β-actin as a house-
keeping gene is a standard gene considered as an 
internal control (Table 1). 

 

https://www.leicabiosystems.com/histology-equipment/microtomes/products/leica-rm2125-rts/
https://www.leicabiosystems.com/histology-equipment/microtomes/products/leica-rm2125-rts/
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Statistical analysis: All results in this study were 
presented as mean±SD. All statistical analyses 
were performed using the SPSS software version 
20 (IMB, USA), and statistical significance was 
assessed using the one-way ANOVA (and Tukey's 
post-hoc test). Statistical significance was set at 
p<0.05.  

 
Results 

Sperm parameters: Our results confirmed that the 
total sperm count in the busulfan group was sig- 
 

nificantly lower than control (p<0.0001), edara-
vone (p<0.0001), and busulfan+edaravone (p< 
0.05) groups (Figure 1A). Furthermore, statistical 
analysis revealed that the sperm count in the 
busulfan+edaravone group was significantly low-
er than control (p<0.0001) and edaravone (p< 
0.0001) groups (Figure 1A). The total number of 
spermatozoa showed a higher recovery rate in the 
treatment group than in the busulfan group (p< 
0.05) (Figure 1A). 

The percentage of immotile sperm was signifi-
cantly higher in the busulfan and busulfan+ ed-
aravone groups compared to other groups (p< 
0.0001) (Figure 1B). Moreover, our results show-
ed that the sperm viability and normal morpholo-
gy significantly declined in the busulfan group 
compared to other groups (Figures 1C and 1D). 
The results also revealed that the percentages of 
sperm viability and normal morphology in the 
busulfan+edaravone group were significantly low-
er than control (p<0.001 and p<0.0001, respec-
tively) and edaravone (p<0.001 and p<0.0001, re-
spectively) groups (Figures 1C and 1D). Further- 
 

Figure 1. A-D) The effect of edaravone on sperm parameters in study groups. Mean±SD of the total sperm count, percentage of 
sperm motility, percentage of sperm viability and normal morphology of sperm in different groups (* p<0.05, *** p<0.001, and **** 
p<0.0001) 

Table 1. Primers design 
 

Genes Primer sequences 

β-actin 
F: TCAGAGCAAGAGAGGCATCC  
R: GGTCATCTTCTCACGGTTGG 

Caspase-3 
F: AGTGGGATTGATGAGGAGATGG 
R: AGTGGAGTGTAGGGAGAAGGA 

Beclin-1 
F: AGGCTGAGGCGGAGAGATTG 
R: TGTGGAAGGTGGCATTGAAGAC 

ATG-7 
F: AGGACCCAACATAGATCAGAC 
R: CACTTGAACACTTGAGGCTAC 
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more, statistical analysis indicated higher recov-
ery rates of sperm viability and normal morpholo-
gy in the treatment (busulfan+edaravone) group 
than the busulfan group (p<0.05) (Figures 1C and 
1D). 

It is worth mentioning that there were no signifi-
cant differences between the control and edara-
vone groups in terms of sperm count, motility, 
viability, and morphology (Figures 1A, 1B, 1C, 
and 1D). 

 

Sperm chromatin assessment: Evaluation of DFI 
showed that the percentage of sperm DNA frag-
mentation in busulfan and busulfan+edaravone 
groups was increased when compared to the con-
trol (p<0.0001) and edaravone (p<0.0001) groups 
(Figure 2A), but there was no significant differ-
ence between the busulfan and busulfan+edara-
vone groups (Figure 2A). Our results revealed a 
considerable increase in the percentage of sperm 
with immature chromatin in the busulfan group as 
compared to other groups (p<0.0001) (Figure 2B). 
The percentage of sperm with immature chroma-
tin also showed a higher recovery rate of the treat-
ment group than the busulfan group. There was no 
significant difference between the busulfan+ed-
aravone and the control groups (Figure 2B). 

In terms of DFI and sperm with immature chro-
matin, no significant difference was noted be-
tween the control and edaravone groups (Figures 

2A and 2B). 
 

Hormonal assessment: Hormone assay showed 
that the treatment by edaravone had a significant 
impact on serum testosterone level in mice in-
duced azoospermia by busulfan. Our result indi-
cated that the serum testosterone level in the 
busulfan group was significantly decreased com-
pared to other groups (p<0.0001). Interestingly, 
the serum testosterone level in the busulfan+ed-
aravone group was remarkably higher than the 
one in the busulfan and control groups (p<0.0001 
and p<0.05, respectively) (Figure 3A). Further-
more, there was no significant difference between 
the edaravone group and the busulfan+edaravone 
group (Figure 3A). Our findings indicated that the 
serum FSH level in the treatment group (busul-
fan+edaravone) was significantly higher than the 
one in other groups (Figure 3B). Busulfan could 
slightly decrease the serum FSH level compared 
to control and edaravone groups, but the differ-
ence was not statistically significant (Figure 3B). 
Our results also showed that the serum level of 
LH was not significantly different between the 
study groups (Figure 3C). 

 

Stereological parameters: The testis weight in 
busulfan injected mice was significantly de-
creased compared to other groups (Figure 4A). 
Statistical analysis revealed that the testis weight 
in the busulfan+edaravone group was significantly  
 

Figure 2. A) Photomicrograph of the DNA fragmentation index and sperm chromatin maturation, 100X. Sperm DNA fragmentation 
(arrowhead) and, healthy sperm (arrow), and B) Mature chromatin (arrow) and immature chromatin (arrowhead). Mean±SD of the 
percentage of sperm DNA fragmentation and sperm with immature chromatin in the study groups (**** p<0.0001) 
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lower than control (p<0.0001) and edaravone (p< 
0.0001) groups (Figures 4A, 5, and 6). The testis 
weight also showed a higher recovery rate in the 
treatment (busulfan+edaravone) group compared 
with the busulfan group (p<0.05) (Figures 4A, 5, 
and 6). Our results confirmed that the total vol-
ume of testis in the busulfan group was signifi-
cantly lower than the one in other groups (Figures 
4B, 5, and 6). Treatment with edaravone (busul-
fan+edaravone) increased the testis volume signif- 
 

icantly in busulfan-induced mice (p<0.01), bring-
ing it to the level of the edaravone group. Howev-
er, there was still a significant difference between 
the busulfan+edaravone and control groups (p< 
0.01) (Figure 4B, 5, and 6). The length density of 
seminiferous tubules in the busulfan group and 
busulfan+edaravone group had been significantly  
 

Figure 3. A-C) The effect of edaravone on serum testosterone, FSH, and, LH levels in the testis of busulfan-induced mice. Mean± 
SD of the serum testosterone, FSH, and LH levels in different groups (* p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001) 

Figure 4. A-H) The effect of edaravone on testis weight and stereological parameters in the testis of busulfan-induced mice.  
Mean±SD of the testis weight and stereological parameters in different groups (** p<0.05, ** p<0.01, *** p<0.001, and **** p< 
0.0001) 

Figure 5. The effect of edaravone on the total number of 
spermatogenic cells in busulfan-induced mice. Photomicro-
graph of seminiferous tubules stained with H&E (4X, 10X, 
and 40X, respectively) in different groups. Empty seminifer-
ous tubule (star) 
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decreased when compared to the control (p< 
0.0001) and edaravone (p<0.0001) groups (Figure 
4C, 5, and 6). Furthermore, the treatment with ed-
aravone (busulfan+edaravone group) resulted in a 
slight increase in the length density of seminifer-
ous tubules in busulfan-induced mice, but this 
increase was not statistically significant (Figures 
4C, 5, and 6). 

Our data showed a significant decrease in the 
number of spermatogonia, primary spermatocytes, 
and round spermatids in the busulfan group com-
pared to other groups (Figures 4D-F, 5, and 6). 
Compared to the busulfan group, treatment with 
edaravone (busulfan+edaravone group) signifi-
cantly increased the number of spermatogonia (p< 
0.0001), primary spermatocytes (p<0.001), and 
round spermatids (p<0.0001) (Figures 4D-F, 5, 
and 6). Despite the increase in the number of the 
above mentioned cells, there was still a significant 
difference between the busulfan+edaravone group 
compared to control (p<0.0001) and edaravone 
(p<0.0001) groups (Figures 4D-F, 5, and 6). 

According to our results, the number of Sertoli 
cells had been remarkably decreased in busulfan 
treated mice compared to other groups (Figure 
4G, 5, and 6). Interestingly, when busulfan-in-
duced animals were treated with edaravone, the 
total number of Sertoli cells increased significant-
ly (p<0.01) and reached its level in the control and 
edaravone groups (Figure 4G, 5, and 6). In addi-
tion, stereological results regarding the number of 
Leydig cells showed a significant decrease in 
busulfan compared to other groups (p<0.0001) 
(Figure 4H, 5, and 6). Despite a significant in-
crease in the number of Leydig cells in the busul-
fan-induced azoospermia when treated with ed-
aravone (p<0.0001), the increase could not reach 

the same level in the control and edaravone 
groups (p<0.01) (Figure 4H, 5, and 6). 

Our findings also indicated that none of the ste-
reological parameters listed above was statistical-
ly different between the control and edaravone 
groups (p>0.05) (Figure 4, 5, and 6). 

 

ROS production: The ROS production level in the 
testis tissue was measured, and the data showed a 
significant increase in ROS level in the busulfan 
group compared to other groups (p<0.0001) (Fig-
ure 7A). Although edaravone therapy significantly 
reduced ROS generation in busulfan-induced azo-
ospermia (p<0.0001), it was not the same in the 
control group (p<0.0001) and the edaravone group 
(p<0.0001) (Figure 7A). The data also showed 
that the ROS level in the control group was not 
significantly different from the edaravone group 
(Figure 7A). 

 

Thiols metabolism: Glutathione (GSH) levels 
were determined in testis tissue and found to be 
significantly lower in busulfan-treated mice as 
compared to other groups (Figure 7B). In addi-
tion, our data indicated that treatment with edara-
vone in busulfan-induced azoospermia (busulfan+ 
edaravone) significantly increased the GSH level 
in the testis tissue when compared to the busulfan 
group (p<0.001). However, despite this improve-
ment, edaravone (edaravone+busulfan) was una-
ble to restore the GSH level to that of the control 
group (p<0.05) (Figure 7B). 

 

Real-time PCR analysis: The mRNA expression 
of one gene involved in apoptosis (caspase-3) and 
two genes involved in autophagy (Beclin-1 and 
ATG-7) was examined in testis tissue. According 
to our results, the transcript of caspase-3 as apop-
totic markers had been remarkably increased in 
busulfan induced mice compared to other groups 
(Figure 7C). Interestingly, treatment with edara-
vone in the busulfan+edaravone group significant-
ly increased caspase-3 mRNA expression, restor-
ing it to the level seen in the control and edara-
vone groups (Figure 7C). Furthermore, our results 
indicated that Beclin-1 mRNA expression in the 
busulfan group was considerably higher than the 
one in the other groups (Figure 7D). Moreover, 
when treated with edaravone, the busulfan-treated 
animals exhibited a significant reduction in Be-
clin-1 gene expression (p<0.01), restoring it to the 
level seen in the control and edaravone groups 
(Figure 7D). ATG-7 mRNA expression was also 
substantially increased in busulfan-induced mice 
when compared to the control (p<0.0001), edara- 
 

Figure 6. Photomicrograph of the testis stained with H&E, 
40X. SG (spermatogonia), PS (primary spermatocyte), ST 
(round spermatid), SC (sertoli cell), and LC (leydig cell) 
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vone (p<0.0001), and busulfan+edaravone (p< 
0.001) groups (Figure 7E). Although edaravone 
therapy significantly decreased the level of ATG7 
mRNA in busulfan-induced animals (p<0.001), it 
could not restore it to the values seen in the con-
trol and edaravone groups (p<0.05) (Figure 7E).  
 

Discussion 
The results of the present study suggest that ed-

aravone could ameliorate semen quality and quan-
tity, especially in the mice induced by busulfan. 
Our histological results confirmed that busulfan 
caused testicular damage, which led to decreased 
testicular weight and alteration in sperm morphol-
ogy, sperm count, sperm motility, sperm viability, 
and disruptions of antioxidative enzymes and hor-
mones compared to the control group. Previous 
reports back up our findings, clearly demonstrat-
ing that the use of busulfan results in depletion of 
germ cells and interruption of spermatogenesis in 
male mice (1).  

The reduction in testis volume in the present 
study is due to the marked atrophy of the seminif-
erous tubules, along with the decreased total num-
ber of spermatogenetic, Leydig and Sertoli cells 

observed in busulfan-treated mice. The current 
study indicated that exposure to busulfan induced 
testicular damage, which led to a significant de-
crease in serum testosterone levels of busulfan-
treated mice. This hormonal alteration occurs be-
cause testosterone production is dependent on the 
endocrine function of the interstitial cells. In addi-
tion, exposure to busulfan amplifies intracellular 
ROS production. Overproduction of reactive sub-
stances stimulates DNA fragmentation, depletion 
of germ cells, and impairs functions of Leydig and 
Sertoli cells. In this study, the inactivation of anti-
oxidant enzymes caused by the unrestrained pro-
duction of ROS can explain the reduction noted in 
antioxidant enzyme activity (9). In the present 
study, it was shown that edaravone treatment 
markedly improved the above-noted parameters 
and protected testicular tissues against the adverse 
consequences of exposure to busulfan. Therefore, 
it can be concluded that edaravone regulates cell 
mitosis and meiosis of germ cells and reduces ox-
idative and nitrosative stresses (15). Furthermore, 
Tamamura et al. reported that edaravone amelio-
rated the ischemia-reperfusion injury-induced tes-
ticular damage through its ability to scavenge free 

Figure 7. The effect of edaravone on reactive oxygen species (ROS) production, glutathione (GSH) levels, and mRNA expression 
levels of caspase-3, Beclin-1, and ATG-7 in testis of busulfan-induced mice. Mean±SD of the ROS production, GPX activity, and 
mRNA expression levels of caspase-3, Beclin-1, and ATG-7 in the study groups (* p<0.05, ** p<0.01, *** p<0.001 and **** 
p<0.0001) 
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radicals in rat testes (23). Edaravone has many 
functions including scavenging free radicals such 
as O2 and SOH and alleviating the damage in-
duced to the mitochondrial membrane by chelat-
ing agents (24). Tsounapi et al. also demonstrated 
the effectiveness of edaravone in reducing oxida-
tive stress and apoptosis in testicular tissue in dia-
betic rats (15). 

In the present study, GSH levels were seen to 
drop in the busulfan group. However, treatment 
with edaravone increased these concentrations in 
the testes. In the busulfan group, reduced levels of 
GSH in testis tissues were noted. Decreased activ-
ity of GSH as scavengers of H2O2 may be at-
tributed to excessive production of ROS, which 
results in excessive intake of antioxidant enzymes 
or a disturbance of antioxidant enzyme synthesis 
(25). In the present study, edaravone treatment 
resulted in a significant reduction in ROS level 
and an increase in GSH level in busulfan-induced 
mice. Consistent with our results, it has been re-
ported that edaravone preserved coronary micro-
vascular endothelial function, increased nitric ox-
ide (NO), and decreased ROS in dogs with ische-
mia/reperfusion injury (26). Similar results were 
also found in multiple tissues, including heart, 
lungs (27), liver (28), kidney (16), and brain tissue 
(29), where treatment with edaravone prevented 
the decrease in glutathione activity and inhibition 
of mitochondrial lipid peroxidation through scav-
enging free radicals. Edaravone may protect 
against DNA damage by reducing hydroxyl radi-
cals in the testes. In the current study, it was also 
shown that the gene expression of caspase-3 in the 
testes of the busulfan group was significantly 
higher than the one in controls and that treatment 
with edaravone significantly reduced caspase-3 
gene expression. Treatment with edaravone has 
been shown to alleviate several diseases due to its 
anti-apoptotic properties, which is achieved through 
modulating mitochondrial Bcl-xL and Bax (30-
32). It was found that busulfan is capable enough 
to induce cell death (33). Qiao et al. reported that 
edaravone inhibited the activation of the mito-
chondrial apoptosis pathway by increasing the ex-
pressions of Bcl-2 and inhibiting the expressions 
of Bax and caspase-3 (33). The aggregation of 
ROS could bring about defects in homeostasis, 
resulting in oxidative stress and mitochondrial dy-
sfunction, and induced autophagy. Beclin-1 and 
ATG-7 genes also play important roles at different 
stages of the autophagic process (34, 35). This 
study revealed that mRNA expression of Beclin-1 

and ATG-7 in the busulfan group was significant-
ly higher than that in the treatment edaravone 
group. The overexpression of ATG-1 and Beclin-
1 sufficed to increase the overall rate of autopha-
gy in the busulfan group. It seems that busulfan 
could activate destructive factors generated in tes-
tis tissues like hypoxia, oxidative stress, and aber-
rant hormone secretion and finally activate au-
tophagy. In this study, edaravone normalized the 
production of oxidative stress and it was saved 
from the autophagy defect by restoring the oxida-
tive stress state (36).  
 

Conclusion 
In conclusion, this study showed that edaravone 

significantly restored the busulfan-induced struc-
tural alterations in the testicular tissue. This pro-
tective effect could be linked to the antioxidant 
properties and increased activity of the antioxi-
dant defense systems of edaravone. This study re-
vealed that edaravone may be a valuable protec-
tive agent due to its antioxidant properties alt-
hough its potential to approximate the sperm pa-
rameters to the level in the control groups was not 
satisfactory enough; therefore, further experiments 
are needed to validate this association. Due to the 
lack of information on the properties of edara-
vone, further studies must be performed to better 
understand the effects of edaravone on reproduc-
tive organs. 
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