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Abstract 

Objective  To investigate whether apoptosis induced by low-dose radiation (LDR) is regulated by 
mitochondrial pathways in testicular cells. 

Methods  Male mice were exposed to whole-body LDR, and changes in mitochondrial function and in 
expression of apoptotic factors were analyzed in the testicular cells as follows. Total nitric-oxide synthase 
(T-NOS) and Na+/K+ ATPase activities were biochemically assayed. Reactive oxygen species (ROS) and 
mitochondrial membrane potential (Δψm) were determined by flow cytometry using fluorescent probes. 
Levels of mRNAs encoding cytochrome c (Cyt c) and apoptosis-inducing factor (AIF) were quantified by 
real-time reverse-transcription PCR (RT-PCR). Expression of Cyt c, AIF, caspase-9, and caspase-3 at the 
protein level was assessed by western blotting and immunohistochemistry. 

Results  LDR induced an increase in T-NOS activity and ROS levels, and a decrease in Na+/K+ ATPase 
activity and mitochondrial Δψm, in the testicular cells. The intensity of these effects increased with time 
after irradiation and with dose. The cells showed remarkable swelling and vacuolization of mitochondria, 
and displayed a time- and dose-dependent increase in the expression of Cyt c, AIF, procaspase-9, and 
procaspase-3. Activation of the two procaspases was confirmed by detection of the cleaved caspases. The 
changes in expression of the four apoptotic factors were mostly limited to spermatogonia and 
spermatocytes. 

Conclusion  LDR can induce testicular cell apoptosis through mitochondrial signaling pathways. 
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INTRODUCTION 

poptosis, the process of programmed cell 
death[1], is characterized by cellular 
shrinkage, condensation of chromatin 

and cytoplasm, and chromatin fragmentation. It 
plays a crucial role in controlling tissue development 
and homeostasis, and its dysfunction can lead to 
autoimmune disease or cancer[2]. Spermatogenesis is 
a dynamic process, involving a balance between cell 
survival and death, in which spermatogonia produce 
spermatozoa via intermediate cell types known as 
spermatocytes and spermatids[3]. Spermatogonia 
and spermatocytes undergo mitotic proliferation and 
meiotic division respectively, and spermatids 
differentiate into spermatozoa to form the germ cell 
population of the testes[4]. Not all spermatogonia 
become mature spermatozoa, because some cells 
spontaneously die by apoptosis at different stages of 
the process. In adult rats, up to 75% of the cell loss 
occurs during spermatogonial development. In the 
seminiferous tubules, apoptosis of spermatogenic 
cells is a normal process that contributes to 
testicular homeostasis by reducing the number of 
germ cells when they are excessive, or by removing 
abnormal spermatogenic cells damaged by toxins[4-6]. 
In addition, germ cell apoptosis can be triggered by 
various stimuli, including hormone deprivation, heat, 
radiation exposure and some endocrine disruptors 
such as mono-(2-ethylhexyl)phthalate[6-9]. Germ cell 
apoptosis induced by exposure of the testes to 
ionizing radiation primarily affects actively dividing 
spermatogonia and preleptotene spermatocytes, 
whereas spermatids, spermatozoa and somatic cells 
such as Sertoli cells and Leydig cells are less affected 
because of their lower radiosensitivity [10-11]. 

High-dose radiation (HDR) can kill many types of 
cells, whereas low-dose radiation (LDR) can induce 
death of some cell types, such as thymocytes and 
splenocytes, but not others. Testes are among the 
most radiosensitive organs. HDR mainly induces 
necrotic death, whereas LDR mostly leads to apoptotic 
death[12]. Over the past 20 years, the biological effects 
of LDR, especially germ cell apoptosis and genomic 
damage, have been the focus of intense research[13]. 
Our previous studies showed that LDR can induce 
germ cell apoptosis in a dose- and time-dependent 
manner[11]. Apoptosis can be induced by intrinsic and 
extrinsic factors, and is regulated by several 
mechanisms (such as the p53, Fas/FasL and 
mitochondrial pathways) that are found in both 
somatic and germ cells. Crosstalk between the 

pathways occurs at multiple levels[14-19]. The Fas/FasL 
pathway plays a crucial role in germ cell 
apoptosis[8,11,20]. Radiation-induced apoptosis of germ 
cells is p53-dependent and involves the Fas/FasL 
system[8,11]. In contrast, very little is known about the 
role played by the mitochondrial pathway in regulating 
germ cell apoptosis induced by ionizing radiation. 

Germ cell apoptosis in testes can be initiated by 
heat stress, endocrine disruptors (such as bisphenol 
A) and diabetes, through a process mediated by the 
mitochondrial signaling pathway[6,21-22]. These 
triggering factors can disturb redox and energy 
metabolism in cells, and cause structural and 
functional changes in mitochondria, including 
mitochondrial swelling, loss of mitochondrial ridges, 
a decrease in mitochondrial membrane potential 
(Δψm), an increase in production of reactive oxygen 
species (ROS), disturbance of Ca2+ homeostasis and a 
decrease in ATPase activity. Furthermore, 
mitochondria can sense “death signals” and commit 
cells to apoptosis by releasing death factors such as 
cytochrome c (Cyt c) and apoptosis-inducing factor 
(AIF) into the cytosol. In the cytosol, Cyt c binds to 
apoptotic protease-activating factor 1 (Apaf-1) and 
to caspase-9 to form a protein complex known as 
the apoptosome that activates other caspases, 
which then cleave diverse cellular substrates[23-24]. 
AIF can mediate apoptosis in a caspase-independent 
manner by interacting with DNA or by inducing ROS 
production[25-26]. In addition, mitochondria are a 
major source of intracellular ROS, which act as 
second messengers during apoptosis[27]. Nitric oxide 
(NO), produced by nitric oxide synthase (NOS), can 
induce mitochondrial-dependent apoptosis, a 
process that becomes more frequent during aging in 
male germ cells of Brown-Norway rats[28-29]. 
Additionally, mitochondrial function is crucial for 
germ cells during the course of spermatogenesis. 
Spermatozoa containing defective mitochondria 
produce less ATP and generate more intense 
oxidative stress[30]. Therefore, the mitochondrial 
regulatory pathway is involved in germ cell apoptosis 
induced by diverse factors. 

Bcl-2 and Bax are known components of the 
mitochondrial regulatory pathway. We have 
previously shown that, during LDR-induced death of 
male germ cells, Bcl-2 protein expression decreases 
and Bax protein expression increases[11]. In the 
present study, we aimed to investigate further 
whether the mitochondrial pathway was involved in 
LDR-induced germ cell apoptosis in testes. To this 
purpose, we examined changes in mitochondrial 

A 



822 Biomed Environ Sci, 2013; 26(10): 820-830 

substructure and function in testicular cells of male 
mice that had been exposed to whole-body LDR. Our 
results indicate that mitochondria can modulate 
LDR-induced apoptotic death in testicular cells. 

MATERIALS AND METHODS 

Animals and Irradiation 

Healthy male Kunming mice, 7-8 weeks old and 
weighting 20±2 g, were obtained from the Jilin 
University Experimental Animals Center, Changchun, 
China. They were housed in standard lighting (12 h of 
light and 12 h of dark) and suitable room temperature, 
and allowed food and water ad libitum. All animal 
procedures were approved by the Animal Care and 
Use Committee of Jilin University. Mice were exposed 
to whole-body irradiation using X-rays generated by a 
Philips X-ray machine (XSS 205FZ) at 180 kV and 12 
mA. The dose rate of irradiation was 12.5 mGy/min, 
and the filters were 0.5 mm copper and 1.0 mm 
aluminum. To test dose-dependent effects, the mice 
were irradiated with 0, 25, 50, 75, 100, or 200 mGy, 
and killed 12 h afterwards. To test time-dependent 
effects, the mice were irradiated with 75 mGy, and 
killed 0, 3, 6, 12, 18, or 24 h afterwards. The 
irradiation doses and rates were selected based on a 
report by the United Nations Scientific Committee on 
Atomic Radiation (UNSCAR, 1986) and on previous 
studies[11,13,31-33]. Two sides of the testes were quickly 
removed from the killed animals for analysis. There 
were 5 animals in each group, and each experiment 
was performed three times. 

Biochemical Assays for Na+/K+ ATPase and Total 
NOS (T-NOS) Activities 

Mitochondrial ATPase activity was assayed by the 
method described by Katz and Epstein[34]. Testis 
tissues were weighed with an electronic balance and 
then shredded with eye scissors. The tissues were 
suspended in balanced salt solution (at 10% w/v) in 
centrifuge tubes, and then homogenized using a 
grinding pestle followed by ultrasound. Na+/K+ ATPase 
and T-NOS activities were measured in the testis 
homogenates using biochemical assay kits (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China) 
and a spectrophotometer (Beckman, USA) with 660 
and 530 nm excitation wavelengths, respectively. 

Measurement of ROS Levels and Mitochondrial 
Δψm by Flow Cytometry 

The testis tissues were converted into single-cell 

suspensions containing 5×105 cells/mL. We used 
2’,7’-dichlorofluorescein diacetate (DCFH-DA; Sigma, 
USA) for detection of intracellular ROS. DCFH-DA is 
deacetylated inside cells to yield reduced 
2’,7’-dichlorofluorescein (DCFH), which ROS can 
convert into oxidized 2’,7’-dichlorofluorescein (DCF), 
a fluorescent compound. Fluorescence intensity is 
proportional to oxidant production[35]. Rhodamine 
123 (Rh123; Sigma) was used as a fluorescent probe 
to detect mitochondrial Δψm, because the probe 
accumulates in cells in direct proportion to the 
intensity of the mitochondrial Δψm[36-37]. DCFH-DA 
and Rh123 were added to testicular cell suspensions 
to yield final concentrations of 20 and 5 μmol/L, 
respectively. Then, the cells were incubated at 37 °C 
for 30 min in the dark, washed twice with 0.01 mol/L 
phosphate-buffered saline (PBS), and centrifuged at 
×300 g for 5 min. ROS levels and mitochondrial Δψm 
were measured by mean fluorescence intensity (MFI) 
of 10000 cells using a flow cytometer (Becton, 
Dickinson and Co., USA). 

Observation of Subcellular Structures by 
Transmission Electron Microscopy 

After the mice were killed, two sides of the 
testes were removed quickly, washed twice with 
0.01 mol/L PBS, and then fixed in 2.5% 
glutaraldehyde at 37 °C for 2 h. The samples were 
then washed five times with 0.01 mol/L PBS, fixed in 
1% osmic acid for 2 h, and then dyed with uranium 
acetate at 4 °C overnight. They were then 
dehydrated in gradient alcohol, saturated in pure 
epoxide resin for 3 h, and embedded in Epon812 
resin (Sigma). The polymerization was done at 60 °C 
for 48 h. Ultrathin sections of 60-90 nm thickness 
were collected on copper grids, double-stained with 
uranyl acetate and lead citrate (Sigma) and then 
washed three times with double-distilled water. The 
sections were examined using a JEM-1200EX 
transmission electron microscope (JEOL, Japan)[38]. 

Real-time Reverse-transcription PCR (RT-PCR) 

The testis tissues were frozen in liquid nitrogen 
and then placed in 2-mL Eppendorf tubes. Total RNA 
of the tissues was extracted using TRIzol reagent 
(Invitrogen, USA) following the manufacturer’s 
protocol, and quantified by measuring the 
A260/A280 ratio. Complementary DNA (cDNA) was 
synthesized using a high-capacity reverse 
transcription kit (MBI Fermentas, Canada) and 1 μg 
total RNA, incubated at 42 °C for 60 min, then at  
70 °C for 2 min. The following primers were used: 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
forward primer 5’-AAATGGTGAAGGTCGGTGTG-3’ 
and reverse primer 5’-TGAAGGGGTCGTTGATG G-3’; 
Cyt c forward primer 5’-AGTCCTTGGGCACA 
GCAGTTG-3’ and reverse primer 5’-GGCACTGAGC 
ACATTTCTGAACA-3’; and AIF forward primer 
5’-GGTCGAAGGCGAGTAGAGCATC-3’ and reverse 
primer 5’-CCAATAGCTTCATAGCCGACATCA-3’. The 
real-time PCR reaction was performed and analyzed 
using an MX 3000P real-time PCR system (Stratagene, 
USA) following the PrimeScript RT reagent kit 
protocol (Takara, Japan). A two-step PCR 
amplification procedure was performed as following: 
denaturation at 95 °C for 30 s, followed by 40 cycles 
at 95 °C for 5 s and at 60 °C for 20 s. Relative gene 
expressions were calculated as the ratio of mRNA for 
a given gene to mRNA for GAPDH in the same cDNA 
sample. 

Western Blotting Assay 

Total protein was extracted from frozen testes 
using ice-cold lysis buffer (10 mmol/L Tris-HCl, pH 7.4; 
1 mmol/L EDTA, pH 8.0; 0.1 mol/L NaCl; 1 µg/mL 
aprotinin; 100 µg/mL PMSF). Protein concentration 
was determined using a coomassie brilliant blue 
protein assay (Nanjing Jiancheng Bioengineering 
Institute). For western blotting, 20 µg extracted 
protein were loaded per lane, electrophoresed on 
15% SDS-PAGE, and transferred to a nitrocellulose 
membrane (Bio-Rad, USA) that had been blocked in 
PBS containing 5% non-fat dry milk. The membrane 
was then immersed into milk for 1 h, incubated with 
a primary antibody at 4 °C overnight, washed twice 
with TBST (Tris-buffered saline containing 0.05% 
Tween 20, pH 7.2) to remove unbound antibodies, 
and incubated with horseradish peroxidase- 
conjugated secondary antibody (Pierce, USA) at   
37 °C for 1 h. The antigen-antibody complex was 
visualized using an ECL system (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). The primary 
antibodies for GAPDH, Cyt c, AIF, caspase-9 and 
caspase-3 (Santa Cruz Biotechnology) were diluted at 
an appropriate ratio (GAPDH, 1:200; Cyt c, 1:200; AIF, 
1:100; caspase-9, 1:300; caspase-3, 1:300), and the 
secondary antibody was diluted to 1:1500. 

Immunohistochemistry Staining 

Testes from killed mice were immediately fixed 
in 10% neutral formalin, stepwise dehydrated in 
gradient alcohol, embedded in paraffin for 24 h, and 
then cut into 5-μm-thick sections. The sections were 

attached on poly-L-lysine-coated slides, baked for  
2 h, deparaffinized twice with xylol, and incubated 
with different alcohol concentrations (100%, 95%, 
90%, 70%, and 50%). An UltraSensitive SP kit 
(Maixin-Bio, Fujian, China) was used for the 
immunohistochemistry reaction. The sections were 
blocked with goat serum for 10 min at room 
temperature, then incubated at 4 °C overnight with 
antibodies against Cyt c, AIF, caspase-9 and 
caspase-3 (1:100 dilution each, in 1% non-immune 
goat serum), and then saturated with biotinylated 
anti-goat IgG (for Cyt c and caspase-3) and 
anti-rabbit IgG (for AIF and caspase-9) at 37 °C for  
10 min. After being washed three times with 0.1 
mol/L PBS (for 3 min each time), the sections were 
incubated with streptavidin-peroxidase complex for 
10 min at room temperature, and then with 
3,3'-diaminobenzidine (DAB) for color development, 
followed by counterstaining with hematoxylin. 
Sections acting as negative controls were incubated 
with PBS. Cyt c, caspase-9 and caspase-3 proteins 
were located in the cytoplasm, whereas AIF was 
located in nuclei and cytoplasm. For each protein, 50 
seminiferous tubules from each section were 
analyzed under a microscope (Olympus, Japan), and 
three sections were examined for each animal. All 
measurements were made using a CMEAS-007 
automatic image-analysis system. The results were 
reported as a percentage (number of positive cells in 
100 seminiferous tubules). 

Statistical Analyss 

All statistical analyses were done using SPSS, 
version 12.0 (SPSS Inc., Chicago, IL, USA). The results 
were presented as mean±SD and subjected to 
one-way ANOVA followed by Student’s t test P<0.05 
was considered significant. 

RESULTS 

Effect of LDR on Na+/K+ ATPase Activity in Testicular 
Cells 

To determine the effects of LDR on 
mitochondrial ATP production in testicular cells, we 
first examined Na+/K+ ATPase activity at different 
times after exposure to 75 mGy irradiation. As 
shown in Figure 1A, the Na+/K+ ATPase activity had 
significantly decreased 3 h after exposure (P<0.05), 
reached the lowest level after 12 h, and then began 
to increase gradually. We also tested the effect of 
increasing radiation doses, and found that the Na+/K+ 
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ATPase activity decreased with radiation doses 
between 25 mGy and 200 mGy (although the 
decrease obtained with 25 mGy was not statistically 
significant), reaching its lowest level with 75 mGy. 
These results indicate that LDR negatively affects 
mitochondrial Na+/K+ ATPase activity, which would 
lead to reduced ATP production. 

Effects of LDR on T-NOS Activity and ROS Levels in 
Testicular Cells 

It is known that ionizing radiation can induce ROS 
 

 

Figure 1. Time- and dose-dependent effects 
of LDR on mitochondrial function in 
testicular cells. Panels on the left show the 
effects of a 75-mGy irradiation, tested after 0, 
3, 6, 12, 18, and 24 h, on Na+/K+ ATPase 
activity (A), T-NOS activity (B), ROS levels (C) 
and mitochondrial Δψm (D). Panels on the 
right show the effects of different irradiation 
doses (0, 25, 50, 75, 100, and 200 mGy), 
tested after 12 h, on Na+/K+ ATPase activity 
(A), T-NOS activity (B), ROS levels (C), and 
mitochondrial Δψm (D). The data shown are 
mean±SD. *P<0.05 as compared with 0 h or 
with 0 mGy. 

production, and that ROS and NO can trigger 
mitochondrial-dependent apoptosis. We measured 
T-NOS activity and ROS levels in the testicular cells 
after LDR. As shown in Figure 1B, the T-NOS activity 
significantly increased 12, 18, and 24 h after 75 mGy 
irradiation (P<0.05). It also significantly increased 
with 75, 100, and 200 mGy doses (P<0.05). In 
addition, as shown in Figure 1C, ROS levels 
significantly increased 3 h after 75 mGy irradiation 
(P<0.05), but they did not significantly increase any 
further afterwards during the duration of the 
experiment (24 h). ROS levels also increased 12 h 
after 25-200 mGy irradiation (the difference was 
significant with 50, 75, and 200 mGy; P<0.05), 
reaching a maximum value with 75 mGy. Therefore, 
LDR induces an increase in ROS levels and NOS 
activity in testicular cells. 

Effect of LDR on Mitochondrial Δψm in Testicular 
Cells 

A decrease in mitochondrial Δψm is considered 
as an early marker of apoptosis. We measured 
mitochondrial Δψm, expressed as MFI, in testicular 
cells labeled with Rh123 by flow cytometry, as 
previously described[36-37]. As shown in Figure 1D, 
mitochondrial Δψm decreased 3-12 h after 75 mGy 
irradiation, reaching its lowest value at 12 h; the 
effects at 6 and 12 h were statistically significant 
(P<0.05). The mitochondrial Δψm also decreased 
significantly 12 h after an exposure to 25-200 mGy 
(P<0.05), reaching the lowest value with 75 mGy. 
These results show that LDR reduces mitochondrial 
Δψm in testicular cells in a time- and 
dose-dependent manner. 

Effects of LDR on Mitochondrial Substructure T 
testicular Cells 

Certain external stress signals can trigger 
apoptosis by inducing changes in mitochondria; 
mitochondria swell, their crests disappear, 
vacuolization of mitochondria occurs, and some 
mitochondrial substances are released into the 
cytoplasm. We studied the morphology of testicular 
cells by transmission electron microscope after LDR. 
After 75 mGy irradiation, swelling and vacuolization 
of mitochondria was clearly apparent in 
spermatogonia, spermatocytes and spermatids, 
whereas mitochondria retained their structural 
integrity in the three cell types in the absence of 
irradiation (Figure 2). 
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Expression of Cyt c and AIF in Testicular Cells after 
LDR 

To investigate the roles of Cyt c and AIF in LDR- 
 

 
Figure 2. Changes in mitochondrial 
substructure in testicular cells after 75 
mGy irradiation. Black arrows point to 
visible signs of mitochondrial swelling and 
vacuolization. Scale bars: 500 nm or 1 μm. 

induced apoptosis, we examined their expression at 
the mRNA level by real-time RT-PCR and at the 
protein level by western blotting. As shown in Figure 
3A, the levels of Cyt c and AIF mRNAs in the 
testicular cells significantly increased at 12 h and/or 
24 h after 75 mGy irradiation (P<0.01), reaching 
maximum values at 24 h. In addition, Figure 3B 
shows that the levels of Cyt c and AIF mRNAs 
significantly increased 12 h after exposure to 75 mGy 
(only in the case of Cyt c), 100 mGy and 200 mGy 
(P<0.05 or P<0.01), and reached the highest values 
with 100 mGy. Additionally, the expression of Cyt c 
and AIF proteins after 75 mGy irradiation increased 
at 12 h and decreased at 24 h (Figure 3C). The 
expression of both proteins increased to varying 
degrees 12 h after 50-200 mGy irradiation (Figure 
3D). The results indicate that LDR affects Cyt c and 
AIF expression at the mRNA and protein levels in 
testicular cells in a time- and dose-dependent 
manner. 

 

 
 

Figure 3. Effects of LDR on expression of Cyt c, AIF, caspase-9 and caspase-3 in testicular cells. Cyt c and 
AIF mRNA levels were quantified by real-time RT-PCR at various time points (0, 6, 12, and 24 h) after 75 
mGy irradiation (A) and at 12 h after LDR with 0, 50, 75, 100, and 200 mGy (B). Expression of Cyt c and 
AIF proteins was assessed by western blotting at various time points after 75 mGy irradiation (C) and at 
12 h after LDR with 0, 50, 75, 100, and 200 mGy (D). Expression of procaspase-9, procaspase-3, 
caspase-9, and caspase-3 proteins was analyzed by western blotting at various time points after 75 
mGy irradiation (E) and at 12 h after LDR with 0, 50, 75, 100, and 200 mGy (F). Data shown are 
mean±SD. *P<0.05, as compared with 0 h or 0 mGy. 
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Effects of LDR on the Expression and Activation of 
Caspase-9 and Caspase-3 in Testicular Cells 

We measured the expressions of caspase-9 and 
caspase-3, and their uncleaved precursors, in the 
testicular cells by western blotting. The levels of 
procaspase-9 and procaspase-3 increased with time 
after 75 mGy irradiation, reaching maximum levels 
at 12 and 24 h. They also increased 12 h after LDR 
with 50-200 mGy, reaching the highest expression 
with 75 mGy. Furthermore, the levels of cleaved 
caspase-9 and caspase-3 also increased, following 
time- and dose-dependent patterns similar to those 
observed for the two procaspases (Figures 3E and 
3F). The results indicate that LDR stimulates the 
expression of procaspase-9 and procaspase-3, and 
induces an increase in caspase-9 and caspase-3 

levels, in testicular cells. 

Effect of LDR on the Expression of Cyt c, AIF, 
Caspase-9 and Caspase-3 in Spermatogenic Cells 

We examined by immunohistochemistry the 
presence of Cyt c, AIF, caspase-9 and caspase-3 after 
LDR in the different types of spermatogenic cells. 
The four proteins were mainly detected in 
spermatogonia and spermatocytes, and less often in 
spermatids or spermatozoa (Figures 4 and 5). We 
then quantified the time- and dose-dependent effect 
of LDR on the presence of the four proteins in 
spermatogonia and spermatocytes. As shown in 
Figure 4, the percentage of cells expressing Cyt c or 
AIF increased significantly 6, 12, 18, and 24 h after 
75 mGy irradiation (P<0.05), reaching a peak at 12 h. 

 

 
Figure 4. Immunohistochemical analysis of the expression of Cyt c and AIF in spermatogenic cells after 
LDR. Panels on the left show representative examples of cells expressing Cyt c and AIF, 0-24 h after 75 
mGy irradiation (upper panel) and 12 h after 0-200 mGy irradiation (lower panel). Panels on the right 
show percentages of spermatogonia and spermatocytes expressing Cyt c and AIF, 0-24 h after 75 mGy 
irradiation (upper panel) and 12 h after 0-200 mGy irradiation (lower panel). Positive cells (i.e. 
expressing a given protein) in seminiferous tubules are indicated with black arrows. Magnification: 
400×. Data shown are mean±SD. *P<0.05 and **P<0.01 as compared with 0 h or with 0 mGy. 
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Figure 5. Immunohistochemical analysis of the expression of caspase-9 and caspase-3 in spermatogenic 
cells after LDR. Panels on the left show representative examples of cells expressing caspase-9 and 
caspase-3, 0-24 h after 75 mGy irradiation (upper panel) and 12 h after 0-200 mGy irradiation (lower 
panel). Panels on the right show percentages of spermatogonia and spermatocytes expressing 
caspase-9 and caspase-3, 0-24 h after 75 mGy irradiation (upper panel) and 12 h after 0-200 mGy 
irradiation (lower panel). Positive cells (i.e. expressing a given protein) in seminiferous tubules are 
indicated with black arrows. Magnification: 400×. Data shown are mean±SD. *P<0.05 and **P<0.01 as 
compared with 0 h or with 0 mGy. 

 
They also increased 12 h after irradiation with 50, 75, 
100, and 200 mGy (P<0.01), reaching a peak with 75 
mGy. The percentage of cells expressing caspase-9- 
or caspase-3 also increased significantly with time 
and with increasing dose (P<0.05 and P<0.01), 
reaching peak values at 12 h and with 75 mGy, 
respectively. The results indicate that the effects of 
LDR on the expression of Cyt c, AIF, caspase-9 and 
caspase-3 in testicular cells are time- and 
dose-dependent, and are mostly limited to 
spermatogonia and spermatocytes. 

DISCUSSION 

Biological effects of LDR differ from those of 
HDR, which include hormesis and adaptive 
response[39-40]. The differences between LDR- and 

HDR-induced effects may be attributed to 
differences in radiosensitivity of various cell types. 
Some testicular somatic cells, such as Sertoli cells 
and Lydig cells, are resistant to radiation; however, 
the testes are among the most radiosensitive organs. 
LDR and HDR induce death of male germ cells 
through different mechanisms: LDR induces 
apoptosis, whereas HDR induces necrosis[12]. 
Apoptosis plays a crucial role in eliminating excessive, 
genetically abnormal or damaged germ cells, thereby 
providing a balance between somatic and germ cell 
numbers[13,41]. If germ cells impaired by ionizing 
radiation are not eliminated, they can suffer 
genomic changes that can have negative effects on 
the next generation. 

In a previous study, we demonstrated that LDR 
(up to 200 mGy) can induce apoptosis in mouse 
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germ cells through the p53 and Fas/FasL signaling 
pathways; in addition, a concomitant decrease in 
Bcl-2 expression and an increase in Bax expression 
suggested that a mitochondrial pathway might also 
regulate LDR-induced germ cell apoptosis[11,13]. In the 
present study, we aimed to explore in detail the 
mitochondrial modulation of LDR-induced apoptosis 
in testicular cells. 

Apoptosis has a role in the loss of testicular 
germ cells in animals and humans, and is therefore 
important for male fertility[42]. Several factors such 
as heat, testicular toxicants and streptozotocin 
induce apoptosis through a mitochondrial- 
dependent pathway in testicular cells[6,18,22,43]. 
However, the apoptotic mechanisms triggered by 
ionizing radiation, especially LDR, are poorly 
understood. Mitochondria are the main source of 
ROS in cells, and oxidative stress and ROS are 
associated with apoptosis in many cell types 
including spermatogenic cells[44]. Indeed, certain 
antioxidants such as allopurinol and N-acetylcysteine 
can protect testicular germ cells from apoptosis[45-47]. 
Furthermore, NO acts on mitochondria to induce 
mitochondrial-dependent apoptosis, which increases 
male germ-cell death during aging in Brown-Norway 
rats[28-29]. Therefore, improving mitochondrial 
function can lead to a significant decrease in the 
level of oxidants in cells[48]. Several key events during 
cell apoptosis induced by ionizing radiation are 
related to mitochondria: decreased ATP production, 
increased ROS generation, decreased mitochondrial 
Δψm, mitochondrial swelling, changes in 
mitochondrial inner substructure, increased 
mitochondrial permeability through the PTPC 
(permeability transition pore complex), and release 
of Cyt c, AIF, and caspases into the cytoplasm. All 
these changes are consistent with dysfunction and 
structural damage of mitochondria. 

The results of the present study strongly suggest 
that LDR induces changes in the mitochondria of 
mouse testicular cells. We found that T-NOS activity 
and ROS levels increase after LDR, and that Na+/K+ 
ATPase activity and mitochondrial Δψm decrease. 
These changes display significant time- and 
dose-dependent patterns, and the effect of radiation 
on these parameters generally peaks at 12 h (after 
75 mGy irradiation) and with 75 mGy (when 
different doses, up to 200 mGy, are tested). These 
results are consistent with apoptosis being induced 
by LDR in the germ cells[11]. Our finding that LDR 
induces increased T-NOS activity suggests that 
mitochondria may be damaged by NO after LDR; it is 

known that NOS inhibitors such as 
NG-nitro-L-arginine methyl ester (L-NAME) can 
decrease NO production and reduce germ cell 
apoptosis[49]. In addition, our results support the 
notion that ROS have a role in apoptosis, although 
there are opposed views on this issue[50]. ROS 
generation in cells is expected to cause 
mitochondrial dysfunction[51]. Indeed, we found that 
mitochondrial Δψm in the testicular cells decreases 
significantly after LDR, an indication of mitochondrial 
dysfunction. The LDR-induced decrease in Na+/K+ 
ATPase activity might also lead to apoptosis by 
lowering intramitochondrial concentrations of K+, 
which can in turn affect mitochondrial function by 
altering Δψm[52]. Moreover, increased ROS 
generation can be not only a cause but also a 
consequence of mitochondrial dysfunction, leading 
to inhibition of Na+/K+ ATPase activity[53-54]. In 
addition, we observed swelling and vacuolization of 
mitochondria in spermatogonia, spermatocytes and 
spermatids after LDR. Taken together, our results 
indicate that LDR can induce mitochondrial 
dysfunction in mouse testicular cells, and provide 
evidence of potential mechanisms involved in 
LDR-induced apoptosis. 

Once mitochondrial dysfunction occurs, Cyt c 
and AIF are released from mitochondria into the 
cytoplasm. The release of Cyt c could be due to a 
decrease in mitochondrial Δψm or to the presence 
of a specific transmembrane channel related to Bax, 
although this has not been confirmed[55-56]. In the 
cytoplasm, Cyt c interacts with Apaf-1 and caspase-9 
to form the apoptosome. This results in the 
activation of caspase-9, which then cleaves other 
caspases (caspases-3, -6, and -7) that degrade many 
protein substrates, leading to cell death[23-24,57]. 
Caspase-3 also activates endonucleases that degrade 
cellular DNA. Additionally, AIF mediates apoptosis in 
a caspase-independent manner by interacting with 
DNA or by increasing ROS production[25-26]. On the 
basis of all these theories and previous findings, we 
decided to measure the expression of Cyt c and AIF 
at the mRNA and protein levels in the testicular cells 
after LDR, and to observe whether procaspase-9 and 
procaspase-3 were cleaved into active fragments. 
After testing several time points and radiation doses, 
we found that Cyt c and AIF mRNAs reach maximum 
levels at 24 h (after 75 mGy irradiation) and with 100 
mGy (when testing up to 200 mGy doses). However, 
Cyt c and AIF proteins reach maximum levels at 12 h 
and with 75 mGy. The different effects of LDR on 
mRNA and protein levels for the two proteins could 
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be due to differences between transcription 
regulation and translation regulation. In addition, we 
observed a decrease in Cyt c protein expression 6 h 
after irradiation, which could be the result of Cyt c 
being used to form the apoptosome. Nevertheless, 
the effects of LDR on the expression of Cyt c and AIF 
are basically consistent with the time- and 
dose-dependent effects observed in germ-cell 
apoptosis and testicular-cell mitochondrial 
dysfunction parameters, which suggests that the 
changes in Cyt c and AIF expression participate in the 
regulation of LDR-induced apoptosis in testicular 
cells. In addition, we found that the levels of 
procaspase-9 and procaspase-3 increase in a time- 
and dose-dependent manner after LDR, and that 
both proteins are cleaved into active fragments. The 
expression of cleaved caspase-3 increases in a time- 
and dose-dependent manner, whereas that of 
cleaved caspase-9 follows a dose-dependent, but not 
a time-dependent, pattern. Therefore, our results 
indicate that LDR can induce the release of Cyt c and 
AIF proteins from mitochondria into the cytosol, and 
subsequently activate caspase-9 and caspase-3 in 
mouse testicular cells. 

We have previously shown that LDR-induced 
apoptosis in germ cells occurs mainly in 
spermatogonia and spermatocytes. In the present 
study, we determined the presence of Cyt c, AIF, 
caspase-9 and caspase-3 by immunohistochemistry 
in testicular cells after LDR. We found that the four 
proteins are produced mainly in spermatogonia and 
spermatocytes, and that their presence follows time- 
and dose-dependent patterns that are similar to 
those observed for LDR-induced apoptosis. 

In summary, the present study further 
underscores the importance of the mitochondrial 
modulation of LDR-induced apoptosis in mouse 
testicular cells. We demonstrate that LDR causes 
mitochondrial dysfunction (as indicated by changes 
in ROS levels, T-NOS activity, Na+-K+-ATPase activity 
and mitochondrial Δψm) and alterations in 
mitochondrial substructure in mouse testicular cells. 
Furthermore, LDR leads to increased expression of 
Cyt c and AIF at the mRNA and protein levels. LDR 
also increases the levels of caspase-9, caspase-3 and 
their cleaved active forms. Moreover, we show that 
the increase in the levels of both caspases is limited 
to spermatogonia and spermatocytes. These findings 
and our previous results[11] support the notion that 
mitochondrial pathways have a key role in 
LDR-induced apoptosis in testicular cells. 
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