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Abstract 

Objective  To investigate the effect of simulated microgravity and carbon ion irradiation (CIR) on 
spermatogenic cell apoptosis and sperm DNA damage to the testis of male Swiss Webster mice, and 
assess the risk associated with space environment. 

Methods  Sperm DNA damage indicated by DNA fragmentation index (DFI) and high DNA stainability 
(HDS) was measured by sperm chromatin structure assay (SCSA). Apoptosis of spermatogenic cells was 
detected by annexin V-propidium iodide assay. Bax (the expression levels of p53) and proliferating cell 
nuclear antigen (PCNA) were measured by immunoblotting; p53 and PCNA were located by 
immunohistology. 

Results  HDS, DFI, apoptosis index, and the expression levels of p53 and Bax were detected to be 
significantly higher in the experimental groups (P<0.05) compared with those in the control group; 
however, the PCNA expression varied to a certain degree. p53- and PCNA- positive expression were 
detected in each group, mainly in relation to the spermatogonic cells and spermatocytes. 

Conclusion  The findings of the present study demonstrated that simulated microgravity and CIR can 
induce spermatogenic cell apoptosis and sperm DNA damage. Sperm DNA damage may be one of the 
underlying mechanisms behind male fertility decline under space environment. These findings may 
provide a scientific basis for protecting astronauts and space traveler’s health and safety. 
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INTRODUCTION 

he integrity of chromosomal DNA in a 
sperm is a prerequisite for normal 
fertilization and transmission of paternal 

genetic information[1]. Although fertilization may 
also occur when sperm DNA is damaged, an 
abnormal sperm chromatin structure is reported to 
have been negatively correlated with the fertility 
and subsequent embryo development[2]. The sperm 
chromatin structure assay (SCSA), which has been 
used for more than two decades[3], has been proven 
to be a sensitive and precise tool to detect sperm 
DNA integrity and damage by flow cytometry[4] in the 
toxic environment, such as radiation, heat, and 
industrial chemicals which damage different types of 
testicular germ cells[5]. SCSA which uses parameters 
including sperm DNA fragmentation index (DFI) and 
high DNA stainability (HDS) sperm index[5] is 
considered the gold standard to detect the sperm 
DNA damage with the characteristic of 
high-throughput and stability[2,6]. DFI is the 
percentage of damaged sperm DNA divided by the 
total sperm DNA, which reflects the loss of sperm 
DNA. HDS refers to the high percentage of stained 
sperm divided by the total sperm, in which the not 
fully condensed core represents the immature 
sperm[7]. The sperm DNA damage may be induced by 
spermatogenic cells apoptosis during spermatogen- 
esis, or may be directly induced by environmental 
toxins. 

The space has a strong radiation and belongs to 
the microgravity environment. The main factors that 
affect biological cells in space environment are 
microgravity and space radiation[8]. Numbers of 
studies have reported that negative effects of gravity 
on biological reproduction and development exist in 
terms of damaging male reproductive organs. 
Microgravity can cause testicular atrophy to reduce 
the level of testosterone secretion, and promote 
testicular cells apoptosis[9], thereby affecting male 
fertilization[10]. In addition, oxidative damage in 
testicular tissues could be induced by CIR, resulting 
in cell cycle arrest, change in hormone levels, DNA 
strand breaks and apoptosis rate increase[11].  

In the present study, the tail suspension model 
in the ground state was used to simulate 
microgravity environment[12-13] and carbon ion beam 
irradiation was used to investigate the effect of 
microgravity and space irradiation on the male testis 
spermatogenic cell apoptosis, proliferation, and 
sperm DNA damage. This study has laid down a 

sound basis for further investigating spermatogenic 
cell apoptosis and sperm DNA damage induced by 
simulated microgravity and heavy ion irradiation, 
and has also provided relevant information for 
protecting the health and safety of astronauts and 
space travelers. 

MATERIALS AND METHODS 

Establishment of Simulated Microgravity Model of 
Mice  

A total of 42 adult male Swiss Webster mice 
(Lanzhou University School of Medicine, China) 
weighing 30-35 g (about 10-week-old) were used. All 
feeding procedures were approved by Lanzhou 
University School of Medicine. The animals were 
housed in individual cages in a temperature 
controlled room at 22±2 °C, 60%±10% humidity 
under 12:12 h light-dark cycle, and provided with 
standard food pellet and water available adlibitum[14]. 
The animals were randomly assigned into two 
groups: no suspended mice group as control (12 
mice) and tail suspended mice as microgravity group 
(30 mice). The tail suspension (SUS) technique was 
used to simulate microgravity. Briefly, a strip of 
elastic tape was applied to the surface of the tail. A 
clip at the end of the tape was fastened to an 
overhead bar and adjusted to maintain the mice at a 
30° head-down tilt, with the hind limbs being 
elevated above the floor of the cage and the front 
paws touching the floor. The mice were subjected to 
SUS for 7 days[12-13].  

Irradiation Procedure 

The mice in the microgravity group (30 mice) 
were randomly divided into five groups: SUS group, 
(SUS+0.25 Gy) group, (SUS+0.5 Gy) group, (SUS+1 Gy) 
group and (SUS+2 Gy) group; the mice in the 
unsuspended group was randomly divided into the 
control group and 2 Gy group (IR), with equal 
number of mice in each group. Mice were controlled 
in a chamber and whole-body irradiated with carbon 
ion beam at 200 MeV/U while 31.3 keV/μm beam 
entrance at a dose rate approximately 0.5 Gy/min in 
the Heavy Ion Research Facility in Lanzhou (HIRFL, 
Institute of Modern Physics, Chinese Academy of 
Sciences, Lanzhou, China). The carbon ion is 
equipped with a passive beam delivery system[15]. 
Data were controlled automatically by a microcom- 
puter during irradiation. Particle influence was 
determined by an air-ionization chamber signal 
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according to the calibration of the detector (PTW- 
UNIDOS, PTW-Freiburg Co., Wiesbaden, Germany). 

Quantification of Testes by Histological Evaluation 

Six mice from each group were used after 24 h 
irradiation. Mice were killed using cervical 
dislocation. The epididymides and testes of each 
mouse were taken out. The fat and connective 
tissues adhering to testis were removed. The left 
testes were frozen at -80 °C, and the right testes 
were fixed in 4% paraformaldehyde (4 g/100 mL) 
with 0.01 mol/L phosphate buffer (pH 7.4) at room 
temperature for 24 h preparing for paraffin section. 
The fixed testes were then thoroughly washed using 
0.01 phosphate buffer (pH 7.4), subsequently 
dehydrated in graded ethanol, toluene-cleared, and 
embedded in paraffin[16]. Histological quantification 
was performed in the testicular sections by assigning 
a Johnsen score as described previously[17]. Briefly, 
The Johnsen score which was based on the type of 
the cells damaged in the seminiferous tubules, was 
calculated by dividing the sum of all scores with the 
total number of seminiferous tubules examined. 

Extraction of Spermatogenic Cells and Annexin 
V-propidium Iodide Assay 

Extraction of spermatogenic cells assay was 
performed as described previously[18]. The Annexin-V 
FITC Apoptosis Detection Kit was used to implement 
apoptosis assay (Invitrogen, California, USA). The 
process was as follows: 100 mL spermatogenic cells 
were first suspended in 400 mL cold reaction buffer 
(HEPES; N-2-hydroxyethylpiperazine-N’-2-ethanesul- 
fonic acid) containing 2.5 mmol/L CaCl2. Then the 
mixture was labeled with 10 mL annexin- 
V/fluorescein isothiocyanate solution and PI 
respectively for apoptotic cells detection under   
15 min incubating at room temperature in the dark. 
And then cells were washed with 1 mL PBS, 
subsequently centrifuged, and resuspended in   
300 mL reaction buffer. Finally, a FCM analysis was 
done to quantitatively determine the percentage of 
early or late stage apoptotic, necrotic, and viable 
cells. A total of 20 000 events were accumulated for 
each measurement. 

Immunoblotting and Immunohistology  

Testicular tissue was treated with a lysis buffer 
containing 7 mol/L urea, 2 mol/L thiourea, 4% (W/V) 
3-[(3-cholamidopropyl)-dimethylammonio]-1-propan
e sulfonate (Chaps), and 2% (W/V) dithiothreitol 

(DTT) in the presence of 1% (V/W) protease inhibitor 
cocktail (Sigma Chemical, St. Louis, MO, USA). 
Protein concentration was measured by the Bio-Rad 
Bradford protein assay while bovine serum albumin 
(Sigma) was used as a standard. Protein extracted 
from the testis (60 μg/10 μL) was resolved in 
SDS-PAGE [12% (W/V) polyacrylamide gel] and then 
transferred to a PVDF membrane. The membrane 
was blocked with 5% skimmed milk in Tris buffer 
saline (TBS), and immunoblotted with the rabbit 
polyclonal IgG anti-p53 (Cat. #SC-6243), anti-PCNA 
(Cat. #SC-7907), anti-Bax (Cat. #SC-493) (Santa cruz, 
California, USA), anti--actin (Cat. #13E5) (Cell signal, 
Boston, USA), and a horseradish peroxidase-labeled 
secondary antibody (Cat. #ZB2301) (Shanghai 
Biyuntian Biotechnology Co., Shanghai, China). 
Immunoreactivity was detected using an enhanced 
chemiluminescent HRP substrate kit (Millipore, 
Billerrica, USA) and the images were captured by a 
FluorChem 2 imaging system (Alpha Innotech, San 
Leandro, CA, USA). Quantitative analysis of the 
relative density of the bands in Western blots was 
performed using the Quantity One 4.5.2 image 
analysis software (Bio-Rad Laboratories, USA). 
Images were corrected for background and 
expressed as optical density (OD/mm2).  

For immunohistochemistry, the testes fixed 
before were embedded in paraffin, sectioned at    
5 μm, and mounted on silane-coated slides, 
subsequently dewaxed and rehydrated using alcohol 
and distilled water in sequence, followed by 
incubation in 2% hydrogen peroxide to quench 
endogenous peroxidase activity and then washed by 
PBS. Subsequently, they were blocked with goat 
serum (Beijing Boaoseng Biotechnology Co., Beijing, 
China) for 2 h and incubated with primary antibody 
(Santa cruz, California, USA; 1:500) overnight at 4 °C. 
After three times of washes using PBS, sections were 
incubated with horseradish peroxidase (HRP) 
conjugated goat anti-rabbit secondary antibody 
(Beijing Boaoseng Biotechnology) for 20 min at room 
temperature. Immunoreactive sites were visualized 
with diaminobezidine (DAB) and mounted for 
examination under bright field microscopy (Axio10, 
Zeiss, Germany).  

Sperm Counts and Sperm Viability Analysis  

For sperm sampling, the cauda epididymidis was 
placed in a pre-warmed petri dish containing 5 mL 
saline at 37 °C for 10 min to allow the sperm to swim 
up[19]. The 100 μL sperm suspension was mixed  
with 500 μL buffer (containing 0.01 mol/L Tris-HCl, 
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0.15 mol/L NaCl, and 0.001 mol/L ethylenediamine 
tetraacetic acid [EDTA], pH 7.4) and immediately 
placed into liquid nitrogen for sperm DNA damage 
assay[7]. The 1 mL sperm suspension was 
subsequently transferred into 2-mL microcentrifuge 
tubes, and sperm counts were conducted using a 
haemocytometer, under light microscope at ×200 
(Nikon, Japan). Sperm viability was tested using MTT 
assay. The 50 μL sperm suspension was mixed with 
25 μL MTT reagent and incubated in 96-well 
microplate at 37 °C for 2 h. After exhaustive 
centrifugation and pipetting, 100 μL DMSO was 
added to dissolve the formazan. Sperm activity was 
estimated at an absorbance of 490 nm (Tecan M200, 
Switzerland)[20]. 

Sperm DNA Damage Assay  

Sperm DNA damage assay (SCSA) was carried 
out as described previously[5,7,21]. The sperm were 
analyzed by flow cytometry using FACScaliber 
(Becton Dickinson, San Jose, CA, USA). A total of   
20 000 events were accumulated for each 
measurement. Acridine orange (AO, Sigma Chemical, 
St. Louis, MO, USA) was intercalated in 
double-stranded DNA emitting green fluorescence, 
and AO was associated with single-stranded DNA 
emitting red fluorescence. Sperm DNA damage was 
quantified by flow cytometry when the emission 
shifted from green to red fluorescence. %DFI = % of 
sperm outside the main population of a reference 
sample; and %HDS = % sperm with high green 
fluorescence due to lack of nuclear condensation. 
Using the areas defined as R1 (intact), R2 (highly frag- 
 

mented), and R3 (not highly fragmented), the DFI 
was determined by the value of (R2+R3)/(R1+R2 +R3) 
and the HDS was determined by the value of 
R2/(R1+R2+R3). 

Statistical Analysis  

The results were expressed as mean±SEM. 
One-way ANOVA and Duncan’s post hoc test were 
used to analyze the difference under the SPSS/PC 
software package environment (Version 19.0; SPSS 
Inc., Chicago, IL, USA). P<0.05 was considered 
statistically significant.  

RESULTS 

Analysis of Caudal Sperm Count, Sperm Viability, 
Sperm DNA Damage, and Spermatogenic Cells 
Apoptosis Index 

The caudal sperm count was observed to have 
obviously decline in the SUS group (P<0.05) and 
other experimental groups (SUS+0.25 Gy group, 
P<0.01; other groups, P<0.001) compared with the 
control group (Table 1) while the apoptosis index 
was detected to be significantly increasing in the SUS 
group (P<0.05) and other experimental groups 
(P<0.001) (Figure 1). The sperm viability was found 
to have changed little in the SUS group, but 
significantly reduced in the SUS + IR (P<0.001) and 2 
Gy groups (P<0.001) (Table 1). The %HDS and %DFI 
increased significantly in the experimental groups 
compared with those in the control group (P<0.001) 
(Table 2, Figure 2).  

Table 1. The Effect of Simulated Microgravity Conditions and CIR on Caudal Sperm Count and Viability 

  Control SUS SUS+0.25 Gy SUS+0.5 Gy SUS+1 Gy SUS+2 Gy 2 Gy 

Epididymal  
Count (106) 

8.94±0.8278 8.013±0.2013 7.24±0.3175 6.707±0.8317 6.107±0.1665 6.08±0.4 5.087±0.3931 

Viability 0.0907±0.0093 0.0905±0.0054 0.0716±0.003 0.071±0.0027 0.0704±0.0021 0.0689±0.0007 0.0695±0.0004 

Note. Values represent the average ±S.E.M. *indicate a statistically significant difference: *P<0.05, **P<0.01, 
***P<0.001 using one-way ANOVA and Duncan’s post hoc analysis.  

Table 2．The Effect of Simulated Microgravity Conditions and CIR on Sperm DNA Damage 

  Control SUS SUS+0.25 Gy SUS+0.5 Gy SUS+1 Gy SUS+2 Gy 2 Gy 

HDS (%) 3.903±0.1721 6.22±0.1375 7.31±0.36 8.533±0.2516 8.68±0.0854 10.06±0.3412 12.03±0.3523 

DFI (%) 9.547±0.3172 12.8±1.054 13.5±0.071 16.47±1.061 16.67±0.4483 18.41±0.1274 21.35±0.7879 

Note. Values represent the average ±S.E.M. *indicate a statistically significant difference: ***P<0.001 using 
one-way ANOVA and Duncan’s post hoc analysis. 
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Figure 1. The effect of simulated 
microgravity conditions and CIR on apoptosis 
of spermatogenic cells. Values represent the 
means±S.E.M. *indicate a statistically 
significant difference: **P<0.01, ***P<0.001 
using one-way ANOVA and Duncan’s post 
hoc analysis. 

 

Testicular Histological Changes 

A normal spermatogenesis, i.e. smooth 
seminiferous tubules, and regular spermatogenic 
cells, was identified in the control group and SUS 
group. Testis pathological changes were observed in 
the SUS+IR and 2 Gy groups and were seriously 
affected. Compared with the control group, a 
disordered arrangement of spermatogenic cells was 
observed, luminal narrowing was present, 
cytoplasmic vacuolization was noted, and the 
number of spermatids was smaller in the SUS+2 Gy 
group and 2 Gy group, respectively (Figure 3). The 
quantitative assessment of the seminiferous tubules 
was carried out based on the type of cells damaged, 
and the Johnsen score was assigned from 1 to 10 
accordingly. A significant damage in the seminiferous 
tubule was observed in the SUS+IR groups and the IR 
group (Figure 4). 

 

Figure 2. Sperm DNA damage quantified by flow cytometry. 

 

 

Figure 3．Photomicrographs of HE staining in testis sections and p53-, PCNA- positive expression in 
testis sections by immunohistology. sg, spermatogonia; sc, spermatocytes; esd, early spermatids; lsd, 
late spermatids. Dark brown is positive cells. Slides were performed at 40× magnification. Bar=10 μm. 
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Analysis of Immunohistology and Immunoblotting 

The p53 expression level in the spermatogenic 
cells was almost zero, and a low stromal cell 
expression was observed in the control group. 
Positive p53 expression was witnessed in the 
spermatogonia and primary spermatocytes in the SUS 
group, but the increase was not significant compared 
with that in the control group. In the SUS+IR groups 
and the 2 Gy group, the positive p53 expression in 
spermatogenic cells indicated a significant increase. 
Particularly in the SUS+2 Gy and 2 Gy groups, the 
positive p53 expression of sperm cells and 
mesenchymal cells also changed significantly (Figure 
3). The immunoblotting assay showed a significant 
increase of p53 protein expression in the SUS+IR 
(P<0.001) and 2 Gy groups (P<0.001) (Figure 5). A 
significant increase in Bax protein expression was 
observed in the experimental groups compared with 
that in the control group (P<0.001) (Figure 5). 
Positive PCNA expression of spermatogenic cells was 
observed in each group, mainly in the 
spermatogonia and spermatocytes. Low or no sperm 
cell expression was indicated (Figure 3). As shown in 
the immunoblotting assay, the PCNA expression in 
the SUS, SUS+0.25 Gy, and SUS+0.5 Gy groups 
decreased significantly (P<0.001), whereas it 

increased significantly (P<0.01) in the SUS+1 Gy 
group compared with that in the control group. 
Meanwhile, PCNA expression in the SUS+IR groups 
was elevated significantly (P<0.001) compared  
with that in the SUS group. However, PCNA 
expression declined significantly (P<0.05) in the 2 Gy 
group compared with that in the SUS+2 Gy group 
(Figure 5). 

 

 

Figure 4. Testicular damage by Johnsen 
scoring. Values represent the means ±S.E.M. 
*indicate a statistically significant difference: 
**P<0.01, ***P<0.001 using one-way ANOVA 
and Duncan’s post hoc analysis. 

 
 

 

Figure 5. The expression levels of p53, PCNA and Bax protein were examined with Western blot assay 
(A). Relative expression of p53, PCNA and Bax protein (B). Values represent the means±S.E.M.        
*indicate a statistically significant difference: *P<0.05, **P<0.01, ***P<0.001 using one-way ANOVA and 
Duncan’s post hoc analysis.  
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DISCUSSION 

The findings of the present study demonstrated 
that the SUS combined IR had a negative effect on 
spermatogenesis to cause spermatogenic cell 
apoptosis and proliferation imbalance. 
Spermatogenic cells apoptosis was found to have 
significantly increased in each experimental group. 
Meanwhile, SUS+IR increased spermatogenic cells 
apoptosis and disorder, thereby reducing sperm 
count and affecting sperm DNA integrity and 
viability. 

Wang et al. studied the apoptotic effect of 
spermatogenic cells by CIR (0.1, 0.5, 1, 1.5, 2 Gy), 
and found that the apoptosis rate reached the peaks 
in 12 h after irradiation, and increased over time  
(12 h ago)[22]. However, excessive apoptosis of 
spermatogenic cells might induce spermatogenic 
disorders as one of the main reasons for male 
infertility[23]. Under normal circumstances, apoptosis 
and proliferation of spermatogenic cells maintain a 
dynamic equilibrium, thus regulating 
spermatogenesis and spermatogenic cells. Barriers 
to sperm from spermatogenic cells apoptosis and 
proliferation are believed to be caused by: (1) 
increased apoptosis and decreased proliferative 
capacity; (2) increased apoptosis and proliferation 
(more apoptosis than proliferation); (3) significantly 
inhibited proliferative capacity (although apoptosis 
was not enhanced); (4) slight change in sperma- 
togenic cells apoptosis coupled with markedly 
inhibited proliferation[24].  

Our data indicated that the SUS+IR increased 
spermatogenic cells apoptosis and enhanced 
proliferation. PCNA is a protein present in the 
nucleus, which represents the proliferative capacity 
of spermatogonia and primary spermatocytes[25]. 
The increase in PCNA expression levels may be 
induced by differentiation of spermatogonia and 
primary spermatocytes, and induced spermatogenic 
cells apoptosis. In the present study, the PCNA 
expression in histology indicated that only 
spermatogonia and primary spermatocytes had DNA 
synthesis, and SUS could inhibit the proliferation of 
spermatogenic cells. The tendency of p53 and Bax 
expression was similar to that of PCNA under SUS. 
Compared with the SUS+1 Gy group, the SUS+2 Gy 
group exhibited a significant reduction in PCNA and 
increased p53 and Bax expressions, indicating that 
irradiation overdose caused an irreversible damage 
to the testis and the testis was consequently unable 

to increase PCNA expression for proliferation 
balance.  

p53 expression in the five groups (from the SUS 
group to the SUS+2 Gy group) increased with doses, 
indicating that SUS+IR could aggravate 
spermatogenic cells apoptosis, and had a dose-effect 
relationship. The data of Bax expression tests 
confirmed the conclusion because Bax is an 
important apoptosis regulatory protein. Bax 
expression increased the apoptosis and survival 
imbalance leading to apoptosis. Recent studies 
suggested that Bax was involved in the process of 
spermatogenic cell apoptosis[26] and wild-type p53 
might induce Bax expression[27]. The present study 
also revealed that spermatogenic cells apoptosis and 
sperm DNA damage in the SUS+2 Gy group were 
lower than those in the 2 Gy group, suggesting that 
SUS might resist radiation-induced spermatogenic 
cells apoptosis and sperm DNA damage. 
Nevertheless, the underlying mechanism remains 
unclear, which warrants further clarification. 
However, in the present study, the 2 Gy group 
showed higher p53 and Bax expression compared 
with the SUS+2 Gy group because PCNA expression 
in the SUS+2 Gy group was higher than that in the 2 
Gy group. Therefore, the SUS+2 Gy group had a 
higher resistance to radiation than the 2 Gy group.  

In general, the data obtained in the present 
study are in agreement with those of several authors 
who evaluated the expression of p53, Bax, PCNA 
related to cell apoptosis and proliferation. p53 
protein plays a key role in the cell proliferation and 
apoptosis. On the one hand, as revealed by the 
present study, the overexpression of PCNA and p53 
was present from SUS+0.25 Gy group to the SUS+1 
Gy group, which was associated with the 
p53-mediated regulation of PCNA expression[28]. On 
the other hand, the expression of Bax was up 
regulated, because the p53 protein up regulated the 
Bax gene, and an over-expression of Bax would 
promote apoptosis and inhibit the anti-apoptotic 
activity pathway[27,29]. These two effects led to 
spermatogenic cells apoptosis and proliferation 
imbalance in simulated microgravity conditions and 
CIR.  

Studies have shown that sperm DNA damage 
have a potential negative impact on male fertility[30]. 
Through a variety of detection methods, DNA 
damage in infertile males was found to be 
significantly higher than that in fertile males[31]. The 
association between DFI and HDS sperm 
abnormalities and male fertility has been confirmed 
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in several studies[32-34]. The results of this study 
indicate that sperm DNA damage induced by SUS+IR 
can also affect the male reproductive system. 
Meanwhile, sperm viability and sperm count are 
closely related to relevance and sensitivity. Higher 
HDS and DFI values, more inactive sperm and less 
sperm count indicate that the SUS+IR can cause 
sperm DNA damage and DNA fragmentation, with 
affecting the sperm viability. SCSA could be an 
objective analysis of sperm DNA integrity, allowing 
rapid identification and evaluation of sperm cells, 
thereby showing high sensitivity to DNA 
denaturation[35]. The sperm DNA damage as 
identified in the present study can be interpreted as 
SUS+IR could disturb spermatogenic cells 
proliferation and apoptosis balance, resulting in 
sperm chromatin packaging blockage by the 
apoptosis of spermatogenic cells and thereby 
causing sperm DNA damage. Direct sperm DNA 
damage may also result in SUS+IR. Two 
super-imposed effects have exhibited high HDS and 
DFI values.  

In conclusion, simulated microgravity conditions 
and CIR can induce spermatogenic cells apoptosis 
and sperm DNA damage. The findings in our study 
provided evidence that SUS+IR could interfere with 
spermatogenesis: spermatogenic cells apoptosis and 
proliferation imbalance. Sperm DNA damage may be 
one of the underlying mechanisms leading to the 
decline in the fertility of males under microgravity 
conditions and space environment. Meanwhile, this 
study also laid down a scientific basis for the 
protection of the health and safety of astronauts and 
space travelers. 
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