
 

 

Introduction 
 
Synchrotron radiation (SR) X-ray is coherent, 
collimated, monochromatic and intensely bright 
light, which has enabled the light to have excel-
lent potential for medical applications [1-3]. For 
examples, a number of studies have suggested 
that SR X-ray-based microbeam radiation ther-
apy (MRT) may become a novel approach for 
treating such cancers as gliomas [4, 5]; and SR-
based medical imaging could produce images 
with exceptionally high resolutions [1, 6]. How-
ever, in order to apply SR X-ray in clinical set-
tings, it is required to expose the mechanisms 
underlying the effects of SR X-ray on biological 
tissues, and to find approaches to prevent po-
tential damaging effects of SR X-ray on normal 

tissues [3]. However, there has been little infor-
mation on these two important topics [3]. 
 
NAD+ is a fundamental molecule in cells, which 
plays important roles in energy metabolism, 
mitochondrial functions and cell death [7]. Pre-
vious studies by our laboratory and other labora-
tories have shown that NAD+ administration can 
reduce both genotoxic agent-induced neural cell 
death and ischemic brain damage [8, 9]. Be-
cause DNA damage and oxidative stress play 
important roles in the tissue damage induced by 
normal X-ray [10, 11], we hypothesized that 
NAD+ administration may decrease SR X-ray-
induced tissue injury. In this study we tested 
this hypothesis by using the male gonads of rats 
as a model. Our study has suggested that NAD+ 
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Abstract: Synchrotron radiation (SR) X-ray has great potential for its applications in medical imaging and cancer treat-
ment. In order to apply SR X-ray in clinical settings, it is necessary to elucidate the mechanisms underlying the dam-
aging effects of SR X-ray on normal tissues, and to search for the strategies to reduce the detrimental effects of SR X-
ray on normal tissues. However, so far there has been little information on these topics. In this study we used the 
testes of rats as a model to characterize SR X-ray-induced tissue damage, and to test our hypothesis that NAD+ ad-
ministration can prevent SR X-ray-induced injury of the testes. We first determined the effects of SR X-ray at the 
doses of 0, 0.5, 1.3, 4 and 40 Gy on the biochemical and structural properties of the testes one day after SR X-ray 
exposures. We found that 40 Gy of SR X-ray induced a massive increase in double-strand DNA damage, as assessed 
by both immunostaining and Western blot of phosphorylated H2AX levels, which was significantly decreased by in-
traperitoneally (i.p.) administered NAD+ at doses of 125 and 625 mg/kg. Forty Gy of SR X-ray can also induce marked 
increases in abnormal cell nuclei as well as significant decreases in the cell layers of the seminiferous tubules one 
day after SR X-ray exposures, which were also ameliorated by the NAD+ administration. In summary, our study has 
shown that SR X-ray can produce both molecular and structural alterations of the testes, which can be significantly 
attenuated by NAD+ administration. These results have provided not only the first evidence that SR X-ray-induced 
tissue damage can be ameliorated by certain approaches, but also a valuable basis for elucidating the mechanisms 
underlying SR X-ray-induced tissue injury.   
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administration can significantly attenuate SR X-
ray-induced pathological changes of the biologi-
cal tissues on both molecular and tissue levels. 
 
Materials and methods  
 
Materials 
 
The chemicals and antibodies used in this 
study were purchased from Sigma Chemicals 
(St. Louis, MO, USA) except where noted. 
 
Exposures of male gonads of rats to SR X-ray 
 
All animal procedures were conducted following 
the protocol approved by the institutional Ani-
mal Care and Use Committee, School of Bio-
medical Engineering, Shanghai Jiao Tong Uni-
versity, Shanghai, China. Male Sprague-Dawley 
rats weighing 190 g - 220 g were used in this 
study, which were subjected to different doses 
of SR X-rays at beam line station BL13W1 of 
Shanghai Synchrotron Radiation Facility (SSRF) 
(Figure 1A and 1B). Rats were randomly divided 
into groups, with 5 dosage categories including 
control (0 Gy, receiving all procedures except 
radiation), 0.5 Gy, 1.3 Gy, 4 Gy, and 40 Gy. Be-
fore the SR X-ray exposures, rats were anesthe-
tized with chloral hydrate. The gonads of the 
anesthetized rats were exposed to SR X-ray with 
other parts of the body protected by lead 
sheets. After the SR X-ray irradiation, rats were 
housed in animal room at 22-24°C with 12-
hour light/dark circle and free access to food 
and water. 
 
Calculations of radiation doses  
 
We calculated the radiation doses based on the 
air kerma of the SR X-ray at the entrance of the 
tissues. Air kerma is defined as Equation 1:  

  
(Eq1) [12] 
 
 

 
Where (N = Incident photon flux (in unit of 
photons/cm2), E = Photon energy (keV), (en /)
air = Mass Energy-absorption coefficient of air 
(cm2/g) for photons of energy E. 
 
We calculated the photon flux into a sample    
(N by using ionization chamber that measures 
the ionized electron currents as Equation 2: 

 
       (Eq2)    [13]  

 
 
Where I = Current measured by ionization cham-
ber (A), t = Irradiation time (s), μen= Air linear 
absorption coefficient (m-1), μ= Air linear at-
tenuation coefficient (m-1), e = Electric charge of 
electron (C), ε0 = Ionization potential of air (eV), 
E = Photon energy (eV), x = Length of electrode 
length (m), L = Distance between ionization 
chamber and sample (m). 
 
The dose (D) delivered to a sample is defined as 
Equation 3 [12]; 

 
    (Eq3) 
 

Where D = Dose (mGy), (en /)tissue = Energy 
absorption coefficient of the sample (cm2/g) at 
energy E. Considering the factor of the sample 
thickness, average dose is expressed as Equa-
tion 4: 

                                 (Eq4), 
 
Where T = Sample thickness (m), μt= Tissue 
linear attenuation coefficient (m-1). 
 
Sample collections 
 
One day after SR X-ray exposures, the rats were 
sacrificed and the testes were removed, 
weighed and snap frozen in liquid nitrogen until 
further analysis.  
 
Phosphorylated H2AX (γ-H2AX) Immunostaining 
 
Cryosections of testes (8-10 μm in thickness) 
were obtained by a Leica Cryostat and mounted 
onto poly-L-lysine coated slides. Cryosections 
were fixed in 4% paraformaldehyde in PBS (pH 
7.4) for 15 minutes at room temperature (RT). 
After washed in PBS, the slides were blocked in 
10% BSA for 1 hr at RT. Then the slides were 
incubated in 2 μg/ml monoclonal anti-phospho-
histone H2AX (Millipore, Billerica, MA, USA) con-
taining with 1% BSA at 4°C over night. After 
washed in PBS, the slides were incubated with 
Alexa Fluor 568 goat anti-mouse (1:500 dilu-
tion) (Molecular Probes, Eugene, Oregon, USA) 
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for 1 hr in darkness. Then the slides were 
stained in 0.2% DAPI solution (Beyotime, Hai-
men, Jiangshu Province, China) for 5 mins. After 
washes in PBS, the slides were mounted in 
Fluorescence Mounting Medium (Beyotime, Hai-
men, Jiangshu Province, China) and viewed un-
der a Leica SP5 confocal fluorescence micro-
scope. 
 
Hematoxylin staining  
 
Tissue cryosections were fixed with 4% parafor-
maldehyde in PBS (pH 7.4) for 10 mins at RT, 
washed in PBS, followed by staining with hema-
toxylin dye (Beyotime, Haimen, Jiangshu Prov-
ince, China) for approximately 10 min at RT. 
After the slides were washed in water for 30 
min, the slides were mounted with an aqueous 
mounting medium and viewed under a Leica 
microscope, which is interfaced with a digital 
camera. To count the cell layers of seminiferous 
tubules, the slides were examined at 200X mag-
nification. Cell layers of all of the seminiferous 

tubules in each testicular cryosection were 
counted in a blinded fashion, the average of 
which is defined as the ‘number of cell layer’ of 
the seminiferous tubules of a testis. To quantify 
the nuclear area of the spermatogenic cells in 
seminiferous tubules, the slides were examined 
under a microscope at 200X magnification. Ap-
proximately 100 to 200 nuclei of each slide 
were randomly chosen and quantified by using 
Image Pro Plus (version 6.0.0.260; Media Cy-
berneticsm Inc.). 
 
Western blots 
 
As described previously [14], tissue lysates 
were centrifuged at 12,000 g for 20 min at 4°C. 
After quantifications of the protein samples us-
ing BCA Protein Assay Kit (Pierce Biotechonol-
ogy, Rockford, IL, USA), 120 μg of total protein 
was electrophoresed through a 14%  SDS-
polyacrylamide gel, and then wet electrotrans-
ferred to 0.45 μm nitrocellulose membranes 
(Millipore, CA, USA). The blots were incubated 

Figure 1. Diagrammatic presentation (A) and photographs (B) of the experimental settings for the studies regarding 
the effects of SR X-ray exposures on the testes of rats.  
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overnight at 4°C with a monoclonal anti-
phospho-histone H2AX (Millipore, Billerica, MA, 
USA) (1:200 dilution), then incubated with a 
rabbit anti-goat polyclonal HRP-conjugated sec-
ondary antibody (EPITOMICS, Hangzhou, Zheji-
ang Province, China). Protein signals were de-
tected using an ECL detection system (Pierce 
Biotechonology, Rockford, IL, USA). An anti-β-
actin antibody with 1/1000 dilution (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) was used 
to normalize sample loading and transfer. The 
intensities of the bands were quantified by den-
sitometry using Gel-Pro Analyzer. 
 
Statistical analyses 
 
All data are presented as mean ± SE. Data were 
assessed by one-way ANOVA, followed by Stu-
dent-Newman-Keuls post hoc test. P values less 
than 0.05 were considered statistically signifi-
cant. 

Results 
 
NAD+ administration can attenuate SR X-ray-
induced increases in double-strand DNA dam-
age  
 
One day after irradiation by 0, 0.5, 1.3, 4 and 
40 Gy SR X-ray, the testes of the rats were col-
lected for various histological and biochemical 
assays. Double-strand DNA (dsDNA) damage 
was assessed by immunostaining of γ-H2AX – a 
marker of dsDNA damage [15], which shows 
that 40 Gy SR X-ray induced a remarkable in-
creases in γ-H2AX (Figure 2A). We also deter-
mined the effects of NAD+ administration on the 
SR X-ray-induced dsDNA damage. We found that 
both 125 and 625 mg/kg NAD+ can markedly 
attenuate the SR X-ray-induced increases in the 
signals of γ-H2AX (Figure 2B). 
 
To quantify the effects of NAD+ on the SR X-ray-

Figure 2. (A) Immunostaining shows that SR X-ray dose-dependently induced double-strand DNA damage, as as-
sessed by γ-H2AX immnustaining. N= 5 rats for each experimental condition. (B) Effects of NAD+ administration on 
the SR X-ray-induced double-strand DNA damage of the testes, as assessed by γ-H2AX immunostaining. N= 8 - 11 
rats for each experimental condition. The testes of rats were exposed to 0.5, 1.3, 4 or 40 Gy SR X-ray. For the rats 
exposed to 40 Gy of SR X-ray, a subset of the rats was pre-administered intraperitoneally with normal saline solution, 
125 mg/kg NAD+ or 625 mg/kg NAD+. One day after the SR X-ray exposures, γ-H2AX immnustaining was applied to 
determine the effects of NAD+ on the SR X-ray-induced dsDNA damage.   
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induced changes of dsDNA damage, we con-
ducted Western Blot assays using γ-H2AX anti-
body, showing that 40 Gy SR X-ray induced a 
significant increase in γ-H2AX signals, which 
was attenuated by administration of either 125 
or 625 mg/kg NAD+ (Figure 3A). Quantifications 
of the Western blot results indicate that both 
125 and 625 mg/kg NAD+ significantly attenu-
ated SR X-ray-induced increases in the levels of 
γ-H2AX (Figure 3B). 
 
NAD+ administration can attenuate SR X-ray-
induced increases in abnormal cell nuclei in the 
testes  
 
One day after exposures to SR X-ray, hematoxy-

lin staining was applied to determine the effects 
of SR X-ray on the structural properties of the 
cells of the testes. We found that 40 Gy SR X-ray 
increased abnormal nuclei of the testes one day 
after the irradiation, which appeared to be de-
creased by administration of either 125 mg/kg 
or 625 mg/kg NAD+ (Figure 4A). Quantifications 
of the nuclear area of the spermatogenic cells 
in the seminiferous tubules of the testes 
showed that 40 Gy SR X-ray significantly in-
creased the nuclear area, which was signifi-
cantly attenuated by administration of either 
125 mg/kg or 625 mg/kg NAD+ (Figure 4B). 
 
NAD+ administration can attenuate SR X-ray-
induced decreases in the cell layers of seminif-
erous tubules  
 
Our hematoxylin staining study indicated that 
SR X-ray dose-dependently decreased the num-
ber of the cell layers of the seminiferous tu-
bules, which appeared to be attenuated by ad-
ministration of either 125 or 625 mg/kg NAD+ 
(Figure 5A). Quantifications of the number of the 
cell layers showed that 40 Gy SR X-ray signifi-
cantly reduced the the number of the cell layers, 
which was significantly ameliorated by admini-
stration of either 125 mg/kg or 625 mg/kg 
NAD+ (Figure 5B). 
 
Discussion 
 
Our study has shown that SR X-ray can dose-
dependently induce acute damage of the testes 
on both molecular and tissue levels, which in-
cludes dsDNA damage, abnormal nuclei, and 
decreased cell layers of the seminiferous tu-
bules of rat testes. More importantly, our study 
has provided first evidence that SR X-ray-
induced injury of normal tissues can be attenu-
ated by certain approaches: The damage can be 
significantly attenuated by NAD+ administration. 
This finding has also provided a valuable basis 
for elucidating the molecular and cellular 
mechanisms underlying SR X-ray-induced tissue 
damage. 
 
Due to the characteristic properties of SR X-ray, 
such as high intensity and coherence, SR X-ray 
has great potential for applications in medical 
imaging and medical treatment of such dis-
eases as cancer [1-3]. However, in order to ap-
ply SR X-ray in medical settings, it is required to 
elucidate the mechanisms underlying SR X-ray-
produced tissue damage, and to search for the 
strategies that can prevent SR X-ray-induced 

Figure 3. (A) Effects of NAD+ administration on the SR 
X-ray-induced dsDNA damage of the testes, as as-
sessed by Western blot. (B) Quantifications of the 
results of Western blot showed that 40 Gy SR X-ray 
significantly increased double-strand DNA damage, 
which was significantly attenuated by administration 
of 125 or 625 mg/kg NAD+. The testes of rats were 
exposed to 0.5, 1.3, 4 or 40 Gy SR X-ray. For the rats 
exposed to 40 Gy of SR X-ray, a subset of the rats 
was pre-administered intraperitoneally with normal 
saline solution, 125 mg/kg NAD+ or 625 mg/kg 
NAD+. One day after the SR X-ray exposures, the ef-
fects of NAD+ administration on SR X-ray-induced 
dsDNA damage was assessed by Western blot using 
anti-γ-H2AX antibody. N= 8 - 11 rats for each experi-
mental condition. *p < 0.05; **p < 0.01; ***p < 
0.001. 
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injury of normal tissues [3]. Our current study 
belongs to one of the few studies that investi-
gate SR X-ray-induced damage of normal tis-
sues. The study is also the first one that 
searches for the approaches that can prevent 
SR X-ray-induced damage of normal tissues.  
 
Three lines of our experiments have indicated 
that NAD+ administration can significantly at-
tenuate SR X-ray-induced damage of the testes 

on both molecular and tissue levels: First, both 
Western blot and immunostaining assay have 
indicated that NAD+ administration can signifi-
cantly attenuate SR X-ray-induced dsDNA dam-
age; second, hematoxylin staining has indicated 
that NAD+ administration can attenuate SR X-
ray-induced increase in abnormal cell nuclei; 
and third, our cell layer counting has shown that 
NAD+ administration can significantly attenuate 
SR X-ray-induced reductions in the cell layers of 

Figure 4. (A) Hematoxylin staining 
shows that SR X-ray induced an 
increase in enlarged nuclei of the 
spermatogenic cells in the testes, 
which appeared to be decreased 
by administration of either 125 
mg/kg or 625 mg/kg NAD+. (B) 
Quantifications of the nuclear 
area of the spermatogenic cells 
showed that 40 Gy SR X-ray sig-
nificantly increased the area of 
the nuclei, which was significantly 
attenuated by administration of 
either 125 mg/kg or 625 mg/kg 
NAD+. The testes of rats were 
exposed to 0.5, 1.3, 4 or 40 Gy 
SR X-ray. For the rats exposed to 
40 Gy of SR X-ray, a subset of the 
rats was pre-administered intrap-
eritoneally with normal saline 
solution, 125 mg/kg NAD+ or 625 
mg/kg NAD+. One day after the SR 
X-ray exposures, hematoxylin 
staining was applied to determine 
the effects of NAD+ on the SR X-
ray-induced changes of the nu-
clear area of the spermatogenic 
cells of the testes. N= 5 - 13 rats 
for each experimental condition. 
Scale bar = 100 μM. 
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seminiferous tubules of rat testes.  
 
DNA damage belongs to the pivotal damage 
produced by X-ray irradiation [11]. Both single-
strand DNA damage and dsDNA damage can 
initiate cell death pathways [7, 16, 17]. It has 
been reported that dsDNA damage can induce 
apoptosis by activating such pathways as p53-
dependent pathway [17-19]. Our observation 
that NAD+ can prevent SR-induced increases in 

dsDNA damage suggests that the drug may pre-
vent the dsDNA-initiated cell death pathway, 
which may partially underlie our observations 
that NAD+ administration can attenuate the SR 
X-ray-induced reduction in the cell layers. 
 
The protective effect of NAD+ on the SR X-ray-
induced damage has also shed light for eluci-
dating the mechanisms underlying the SR X-ray-
induced tissue injury. Previous studies of our 

Figure 5. Effects of NAD+ admini-
stration on the SR X-ray-induced 
changes of the cell layers of the 
seminiferous tubules of rat tes-
tes, assessed by hematoxylin 
staining. (A) Hematoxylin staining 
shows that SR X-ray induced a 
decrease in the cell layers of the 
seminiferous tubules of rat tes-
tes, which appeared to be ame-
liorated by administration of 
either 125 mg/kg or 625 mg/kg 
NAD+. (B) Quantifications of the 
cell layers of the seminiferous 
tubules of the testes showed 
that 40 Gy SR X-ray significantly 
decreased the number of the cell 
layers, which was significantly 
ameliorated by administration of 
either 125 mg/kg or 625 mg/kg 
NAD+. The testes of rats were 
exposed to 0.5, 1.3, 4 or 40 Gy 
SR X-ray. For the rats exposed to 
40 Gy of SR X-ray, a subset of 
the rats was pre-administered 
intraperitoneally with normal 
saline solution, 125 mg/kg NAD+ 
or 625 mg/kg NAD+. One day 
after the SR X-ray exposures, 
hematoxylin staining was applied 
to determine the effects of NAD+ 
on the SR X-ray-induced changes 
of the cell layers of the seminif-
erous tubules. N= 5 - 13 rats for 
each experimental condition. 
Scale bar = 200 μM. 
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lab and other labs have indicated that NAD+ 
may decrease tissue injury by preventing mito-
chondrial alteration [20] and glycolytic inhibition 
[8, 20]. Our current findings have implicated 
that mitochondrial impairments and compro-
mise of energy metabolism may contribute to 
the SR X-ray-induced tissue injury. Future stud-
ies that elucidate the protective mechanisms of 
NAD+ on SR X-ray-induced tissue damage may 
indicate key components in the SR X-ray-
initiated cell death pathways. 
 
In this study we used male gonads of rats as the 
model to study the mechanisms underlying the 
SR X-ray-induced injury of biological tissues. 
Because gonads are one of the most radiosensi-
tive organs, the study on the mechanisms of 
irradiation injury of gonads would provide valu-
able information for establishing the safety 
standard of SR X-ray in medical settings. To our 
knowledge, our current study is the first that 
studies the damaging effects of SR X-ray on 
gonads. However, since it remains possible that 
the mechanisms underlying the SR X-ray-
induced injury of different organs may be differ-
ential, it is warranted to use other organs to 
study the mechanisms underlying the SR X-ray-
induced injury of biological tissues in the future. 
Increasing evidence has indicated that NAD+, 
NADH and multiple NAD+-dependent enzymes, 
such as a PARP-1 and sirtuins, play important 
roles in not only numerous biological functions, 
but also in the pathology of multiple major dis-
eases [21-25]. Future studies are also needed 
to investigate the roles of not only NAD+, but 
also NAD+-dependent enzymes and NADH in SR 
X-ray-induced damage of both normal and tu-
mor tissues. 
 
In summary, our study has characterized certain 
SR X-ray-induced damage of rodent testes, 
which can be significantly attenuated by NAD+ 
administration. This result suggests that NAD+ 
may be used to decrease SR X-ray-produced 
damage of normal tissues, which would further 
enhance the potential of using SR X-ray in medi-
cal settings. So far there has been little informa-
tion regarding the mechanisms underlying the 
effects of SR X-ray on normal tissues. Our find-
ing regarding the protective effect of NAD+ pro-
vides a valuable basis for future investigation 
on these mechanisms.   
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