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Abstract
Background  Exposure to ionizing radiation results in cytotoxic and genotoxic effects caused mainly by the oxidative dam-
age. In the present study, we investigated the radioprotective effect of novel antioxidant cocktail on germ cell apoptosis and 
spermatogenesis in rats subjected to whole body radiation (WBIR).
Methods  Adult male rats weighing 250–270 g were divided into four groups, eight rats each. Group 1 served as untreated 
control, group 2 received an IP single dose of antioxidant cocktail (1 ml). Group 3 was exposed to a WBIR (6 Gy). Group 
4 received antioxidant cocktail before WBIR. Rats from each group were killed after 48 h. MDA levels were measured in 
serum (TBARS assay). Johnsen’s criteria and the number of germinal cell layers were used to categorize spermatogenesis. 
TUNEL assay was used to determine germ cell apoptosis. Statistical analysis was performed using one-way ANOVA test.
Results  WBIR resulted in histological testicular damage (decrease in Johnsen’s criteria, p < 0.05) that was accompanied by a 
significant increase in germ cell apoptosis, expressed as the number of apoptotic cells per 100 tubules (AI-1 apoptotic index) 
and the number of positive tubules per 100 tubules (AI-2 apoptotic index). Treatment with antioxidant cocktail resulted in 
a significant decrease in germ cell apoptosis (33% decrease in AI-1, p < 0.05 and 34% decrease in AI-2, p < 0.05) that was 
accompanied by an improved spermatogenesis (increase in Johnsen’s criteria, p < 0.05).
Conclusions  In a rat model of WBIR, antioxidant treatment ameliorates oxidative stress-induced testicular damage, decreases 
germ cell apoptosis and improves spermatogenesis.
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Introduction

Radiation is an important modality in cancer treatment and 
estimates are that between one-third and one-half of all 
patients will require ionizing irradiation therapy. Radiation 
may be used as a single therapeutic option or as an adjuvant 
along with surgery and/or chemotherapy during some point 
in their clinical management. However, effective use of ion-
izing radiation is compromised by the side effects that result 
from radiation-induced damage to normal tissue [1, 2].

Radiation therapy to the testes and high cumulative dose 
of alkylating agents are the major factors decreasing the 
probability of fertility in cancer patients [3]. The gonado-
toxic effect of radiotherapy depends on the gonadal dosage 
and the delivery method. The molecular pathways involved 
in the control of spermatogenesis in response to irradia-
tion and the mechanisms of DNA damage response and 
homeostasis in spermatogonial stem cells are poorly under-
stood. Spermatogonial stem cells are long-lived cells that 
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support normal germ cell differentiation and must be pre-
served throughout life. However, after irradiation spermato-
genesis recovery can be impaired as a consequence of the 
radiation-induced decline in spermatogonial stem cell [4]. 
Radiation doses begin to adversely affect spermatogenesis 
at 0.1–1.2 Gy, with irreversible damage at a 4 Gy dose [5]. 
Leydig cells are more resistant to radiation-induced injury, 
withstanding up to 30 Gy [6].

Recent evidence suggests that radiation stimulates oxi-
dative stress and generates reactive oxygen species (ROS) 
such as superoxide anions, hydrogen peroxide and hydroxyl 
radicals, which may cause a direct damage [7]. Indirectly, 
radiation splits water molecules since the radiolytic prod-
ucts are highly reactive and more damaging to biomolecules 
[8]. Oxidative stress emerges when the production of ROS 
exceeds the capacity of cellular antioxidant defenses.

The use of chemical compounds (radioprotectors) repre-
sents an obvious strategy to improve the therapeutic index in 
radiotherapy. However, most of the synthetic radio protective 
compounds studied have shown inadequate clinical applica-
tion owing to their inherent toxicity and high cost. These 
observations necessitated a search for alternative agents that 
are less toxic and highly effective. Studies in the recent past 
have shown that some medicinal plants possess radioprotec-
tive effects.

In the current study, a new antioxidant cocktail includ-
ing ten antioxidants (including water-soluble and lipid-sol-
uble molecules) was used to achieve a comprehensive and 
hopefully synergistic effect against radiation damage. The 
purpose of the present study was to observe radioprotective 
effect of this antioxidant cocktail on germ cell apoptosis and 
spermatogenesis in rats subjected to whole body radiation 
(WBIR).

Materials and methods

Animals

Animal facilities and protocols were approved by Rappaport 
Faculty of Medicine (Technion, Haifa, Israel) Institutional 
Animal Care and Use Committee. Male Sprague–Dawley 
rats weighing 250–270 g were acclimatized at 21 °C on 12-h 
day and night cycles for 3–5 days before the experiment. 
The rats had free access to water and were pair fed with 
standard chow.

Materials

Antioxidant cocktails (capsule) include selected vitamins, 
minerals and herbs with research proven radio protective 
effect : vit A—5000 IU, Biotin—90 µg, vit C—500 mg, 
vit D3—200  IU, vit E—200  IU, vit B1—2.5  mg, vit 

B2—3 mg, vit B3—10 mg, vit B6—3 mg, folic acid—
400 µg, vit B12—6 µg, Selenium—120 µg, N-acethyl 
cysteine (NAC)—60  µg, Coenzym Q-10 (Ubiqui-
none)—60 µg, herbal blend—465 µg that include Ginco—
ginco-balboa, Ilex paraguriensis, Lycopene, Quercetin, 
Spirulina. One capsule was diluted in 10 ml of normal 
saline under sterile condition; 1 ml of the sterile condition 
was injected intraperitoneally.

Experimental design

Thirty-two rats were divided randomly into four experimen-
tal groups of eight rats each: Group A (CONTR)—control 
rats underwent IP injection of normal saline (1 ml); Group 
B (CONTR-AOX)—control-antioxidant rats received an IP 
single dose of antioxidant cocktail (1 ml). Group C (IR)—
irradiation group was exposed to a whole body radiation 
(WBIR, 6  Gy). Group D (IR-AOX) IR-antioxidant rats 
received antioxidant cocktail before WBIR. 48 h follow-
ing WBIR, rats from each group were anesthetized with an 
overdose of intraperitoneal pentobarbital (75 mg/kg) and 
were killed. Final body weight was measured. Blood sam-
ples (1 ml) were collected from rat heart at sacrifice. After 
centrifugation at 5000×g for 5 min, at 4 °C, the top plasma 
layer was transferred to a new tube and stored at − 80 °C. 
Both testes were quickly removed and weighed. Relative 
testis/body weight ratio was calculated.

Radiation exposure

Whole body gamma irradiation of rats was performed using 
Tc-99m Pertechnetate. Animals were placed in the specially 
designed tray and received a definite dose of 6 Gy deliv-
ered in four fractions at one day of interval at a dose rate of 
0.5 Gy min− 1.

Malondialdehyde (MDA) levels

MDA levels were measured in serum by TBARS assay. 
Oxidative stress in the cellular environment results in the 
formation of highly reactive and unstable lipid hydroper-
oxides. Decomposition of the unstable peroxides derived 
from PUFAs results in the formation of malondialdehyde 
(MDA), which can be quantified colorimetrically following 
its controlled reaction with thiobarbituric acid. The meas-
urement of these ‘Thiobarbituric Acid Reactive Substances’ 
(TBARS) is a well-established method for screening and 
monitoring lipid peroxidation. In the current experiment, 
MDA levels were measured in serum of experimental ani-
mals using Cayman’s TBARS Assay Kit.
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Histopathologic evaluation of spermatogenesis

The samples of testicular tissues were fixed in a buffered 
4% formaldehyde solution and then were embedded in 
paraffin wax using standard techniques. Sections (5 µm 
each) were cut and stained with hematoxylin and eosin. 
Histological alterations were studied using a graded eye 
piece at ten times magnification.

The number of germinal cell layers and Johnsen’s score 
were used to categorize the spermatogenesis. The number 
of germinal epithelial layers was counted in ten seminifer-
ous tubules as described by Miller et al. [9] and the mean 
number was calculated. Each tubular section was given a 
score from 10 to 1 according to the presence or absence 
of the main cell types arranged in the order of maturity 
as described by Johnsen [10]: 10—complete spermato-
genesis and normally organized tubules; 9—many sper-
matozoa present but germinal epithelium disorganized; 
8—only a few spermatozoa present in the section; 7—no 
spermatozoa but many spermatids present; 6—only a few 
spermatids present; 5—no spermatozoa or spermatids but 
many spermatocytes present; 4—only a few spermato-
cytes present; 3—only spermatogonia present; 2—no 
germ cells but only Sertoli cells present; 1—no germ cells 
and no Sertoli cells present.

Evaluation of germ cell apoptosis

Germ cell apoptosis was evaluated by in situ TUNNEL 
assay for apoptotic cell detection using the I.S. Cell Death 
Detection kit (Boehringer Mannheim GmbH, Mannheim, 
Germany). Briefly, serial 5µ m thick paraffin-embedded 
sections were deparaffinized, rehydrated in graded alco-
hol and microwave-pretreated in 10 mM citrate buffer 
(pH 6.0) for 10 min. After washing in phosphate-buff-
ered saline (PBS), the specimens were incubated with 
fluorescein-labeled deoxy-UTP and TdT at 37  °C for 
60 min. After washing, the slides were incubated with 
blocking solution (3% H2O2 in methanol) for 10 min and 
were stained with anti-fluorescein antibody, Fab fragment 
from sheep and conjugated with horse-radish peroxidase 
(converter-POD) at 37  °C for 30  min. AES substrate 
(Zymed Laboratories) was applied for color development. 
For each group, the number of stained cells was counted 
in ten tubules in the areas without necrosis. For each 
group, the number of stained germ cells was counted. 
The apoptotic index AI-1 was defined as the number of 
apoptotic TUNEL-positive cells per 100 tubules and AI-2 
as the number of tubules containing apoptotic cells per 
100 tubules. Pathologists blinded to the source of testicu-
lar tissue performed all measurements.

Statistical analysis

The data are expressed as the mean ± SEM. A non-paramet-
ric Kruskal–Wallis ANOVA test was used for statistical anal-
ysis with p less than 0.05 considered statistically significant.

Results

Body weight and testicular weight

Table 1 compares the final body weight and testicular weight 
among the four experimental groups. As expected, expo-
sure of whole body of rats to 6 Gy (Group C) resulted in a 
small but significant decrease in body weight (260 ± 3 vs 
269 ± 2 g, p < 0.05) compared to control animals (Group 
A). Although IR-AOX (Group D) rats demonstrated a trend 
toward increase in final body weight compared to IR animals 
(Group C), this trend was not statistically significant.

γ-radiation (Group C) resulted in a significant decrease 
in testicular weight (13%, p < 0.05) as well as in the relative 
testis/body weight ratio (10%, p < 0.05) compared to control 
animals (Group A). Treatment of irradiated rats with anti-
oxidant cocktail (Group D) resulted in a significant increase 
in testicular weight (10%, p < 0.05) as well as in the rela-
tive testis/body weight ratio (8%, p < 0.05) compared to IR-
nontreated animals (Group C).

Malondialdehyde (MDA) levels

To determine whether excessive ROS production (oxidative 
stress) could be detected in these treated groups, we assessed 
levels of MDA, oxidative stress marker, in blood plasma 
(Fig. 1). As expected, CONTR-AOX rats demonstrated a 
trend toward decrease in MDA plasma levels compared to 
control animals (Group A); however, this trend was not sta-
tistically significant. Whole body radiation (WBIR, 6 Gy) 
(Group C) resulted in a significant increase in MDA plasma 
levels compared control rats suggesting elevated oxidative 

Table 1   Body weight and testicular weight changes

Value are average ± St error
CONTR control, IR irradiation, AOX antioxidant cocktail
*p < 0.05 vs CONTR, †p < 0.05 IR + AOX vs IR

Group Body weight (g) Testicular 
weight (g)

Relative testis/
body weight 
ratio

CONTR 269 ± 2 1828 ± 36 6.8 ± 0.1
CONTR + AOX 271 ± 4 1772 ± 30 6.5 ± 0.2
IR 260 ± 3* 1593 ± 53* 6.1 ± 0.2*
IR + AOX 264 ± 3 1744 ± 42† 6.6 ± 0.6†
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stress. IR-AOX rats (Group D) demonstrated a significant 
decrease in MDA plasma levels compared to IR-nontreated 
animals (Group C) (16.8 ± 1.9 vs 21.6 ± 1.7  nmol/ml, 
p < 0.05).

Testicular parameters of spermatogenesis

Histological examination using light microscopy showed 
that the control rats demonstrated normal testicular tissue 
with no changes in the ultrastructure configuration. Treat-
ment of control rats with AOX cocktail (Group B) did not 
change significantly testicular architecture and showed 

unchanged parameters of spermatogenesis (Fig. 2). The 
irradiated rats (Group C) have demonstrated a degeneration 
of sertoli cells that contain swelling mitochondria, degenera-
tion of spermatids and cluster of spermatids with a charac-
terized chromosomal “cap”. IR rats (Group C) demonstrated 
a significant decrease in mean testicular score (Johnsen cri-
teria) (8.5 ± 0.2 vs 9.3 ± 0.1, p < 0.05) and a trend toward 
a decrease in the number of germ cell layers compared to 
control rats; however, this trend was not statistically signifi-
cant. Treatment of irradiated rats with antioxidant cocktail 
(Group D) resulted in less severe testicular damage that was 
accompanied by a significant increase in germ cell layer 
count (threefold, p < 0.05) and in the mean testicular score 
(Johnsen’s criteria) (8.8 ± 0.08 vs 8.5 ± 0.2, p < 0.05) com-
pared to IR animals (Group C).

Evaluation of germ cell apoptosis

Figure 3 represents data concerning germ cell apoptosis in 
all experimental groups. As expected, control rats (Group 
A) exhibited a low apoptotic index in both testes. Treat-
ment with AXO cocktail of control rats (Group B) did not 
change significantly germ cell apoptosis compared to control 
untreated animals. γ-radiation (Group C) resulted in a sig-
nificant increase in programmed germ cell death, expressed 
as the number of apoptotic cells per 100 tubules (AI-1, five-
fold increase, p < 0.001) and the number of positive tubules 
per 100 tubules (AI-2, threefold increase, p < 0.001). Treat-
ment with AOX (Group D) resulted in a significant decrease 
in germ cell apoptosis, expressed as the number of apop-
totic cells per 100 tubules (AI-1, 33% increase, p < 0.05) 

Fig. 1   The effect of whole body gamma irradiation and administra-
tion of antioxidant cocktail on plasma MDA levels. MDA levels 
were measured in serum by TBARS assay. Values are mean ± SEM. 
CONTR control, IR irradiation, AOX antioxidant cocktail. *p < 0.05 vs 
control, †p < 0.05 IR-AOX vs IR

Fig. 2   The effect of whole body gamma irradiation and administra-
tion of antioxidant cocktail on spermatogenesis. The number of ger-
minal cell layers and Johnsen’s score were used to categorize the 

spermatogenesis. Values are mean ± SEM. CONTR control, IR irra-
diation, AOX antioxidant cocktail. *p < 0.05 vs control, †p < 0.05 IR-
AOX vs IR
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and the number of positive tubules per 100 tubules (AI-2, 
33% increase increase, p < 0.001) compared to IR nontreated 
animals (Group C).

Discussion

Radiotherapy remains a treatment mainstay for many malig-
nancies in men of reproductive age. However, exposure to 
high-dose ionizing irradiation, such as in radiation therapy 
or incidental radiation exposure, can cause injuries in sus-
ceptible tissues. There is extensive and growing literature on 
the temporal and spatial characterization of ionizing irradia-
tion–induced tissue injuries. Radiation induces genetic and 
epigenetic changes that result in altered immune system, 
abnormal brain development with resultant cognitive impair-
ment, cataractogenesis, abnormal embryonic development, 
circulatory diseases, weight gain, premature menopause in 
female animals, tumorigenesis and shortened lifespan [11]. 
On a cellular level, the primary cause of cellular injury 
by ionizing irradiation includes DNA damage, in which 
severely damaged cells commit to apoptosis [12, 13].

Apoptosis, or programmed cell death, is an evolution-
arily conserved and highly regulated process of nonfunc-
tional cells’ death. It is a physiologic process whereby 
the body disposes of unwanted cells by self-destruction 
and is our utmost defense against damaged cells. Germ 
cell apoptosis has been reported by several investigators to 

play an important role in the normal testicular physiology. 
Programmed germ cell death is crucial during embryonic 
development of the human gonads [14]. Apoptosis con-
trol is important for regulation of the population of germ 
cells in the adult testis [15]. Recent evidence suggests that 
enhanced germ cell apoptosis is related to a decrease of 
germ cell mass in the aged testis with impaired spermato-
genesis [16]. Besides its role in normal testicular physi-
ology, apoptosis has been identified as important in the 
development of a variety of testicular disorders including 
undescended testes [17], varicocele [17] and testicular 
ischemia–reperfusion [18].

In addition to stimulating cell apoptosis, ionizing irradia-
tion also results in the generation of reactive free-radical 
species, which attack vital cellular components and can 
cause cell death including germ cells. Antioxidants are 
proposed as a biological protection agents against radiation 
damage in humans [19]. Antioxidants can act at several dif-
ferent stages in an oxidative sequence; by removing oxygen 
or decreasing local O2 concentrations, scavenging initiating 
radicals, quenching or scavenging singlet oxygen, breaking 
the chain of an initiated sequence and more [20]. The range 
of antioxidant defense mechanisms available within the cell 
and extracellularly should be adequate to protect against oxi-
dative damage. However, the balance can be lost because 
of overproduction of free radicals by exposure to sources 
that overwhelm the antioxidant defense, such as X-ray and 
gamma ray radiation. Therefore, the extent of tissue damage 
is the result of the balance between the free radicals gener-
ated and the antioxidant protective defense system [21]. For 
the antioxidants to protect cells from primary free radical 
damage, they need to be present in the tissue at the time of 
radiation and in sufficient concentration. Many antioxidants 
were found to protect against the harmful effects of ionizing 
radiation when administered prior to exposure [22].

The purpose of the present study was to evaluate whether 
treatment with a new antioxidant cocktail including ten anti-
oxidants (water-soluble and lipid-soluble molecules) could 
affect germ cell apoptosis following whole body gamma irra-
diation (Tc-99m Pertechnetate, 6 Gy) in a rat model.

To determine oxidative stress we assessed levels of 
MDA, oxidative stress marker, in blood plasma. Our data 
show that CONTR-AOX rats demonstrated a trend toward 
decrease in MDA plasma levels compared to control ani-
mals; however, this trend was not statistically significant. 
Whole body radiation (WBIR, 6 Gy) resulted in a signifi-
cant increase in MDA plasma levels compared to control 
rats suggesting elevated oxidative stress. The elevation of 
MDA level may be due to the effect of O2−, H2O2, OH and 
ONOO− radicals which interact with polyunsaturated fatty 
acids in the phospholipids of cell membrane inducing LPO 
in testicular tissue [23]. Treatment of irradiated animals 
with antioxidant cocktail resulted in a significant decrease 

Fig. 3   The effect of testicular irradiation and antioxidant therapy on 
germ cell apoptosis [apoptotic cells per 100 tubules (AI-1) and posi-
tive tubules per 100 tubules (AI-2)]. Immunohistochemistry for apop-
tosis in the four experimental groups was assessed using TUNEL 
assay. Single apoptotic cells are present in sections from control 
and control-AOX rats. Labeled cells are frequently found in IR rats. 
The number of apoptotic cells decreases following administration of 
AOX. Values are mean ± SEM. CONTR control, IR irradiation, AOX 
antioxidant cocktail. *p < 0.05 vs control, †p < 0.05 IR-AOX vs IR
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in MDA plasma levels compared to IR-nontreated animals 
suggesting antioxidative effect.

Our data demonstrate that administration of antioxidant 
cocktail in normal rats did not change significantly germ 
cell apoptosis and histologic criteria of compared to con-
trol untreated animals. Both control and control-AOX rats 
showed normal histologic architecture of the seminifer-
ous tubules in testis. Consistent with literature data [4, 
5], whole body gamma irradiation induced degeneration 
of germ cells and impaired spermatogenesis. A marked 
decrease in the average number of germinal epithelial cell 
layers and Johnsen’s criteria in the irradiated rats support 
this conclusion. The irradiated rats showed degeneration of 
sertoli cells that contain swelling mitochondria, degenera-
tion of spermatids and cluster of spermatids with a charac-
terized chromosomal “cap”. The measurement of germ cell 
apoptosis in irradiated testis demonstrated an increase cell 
programmed death following testicular IR. This is evident 
from the increase in the number of apoptotic cells per 100 
tubules (AI-1) and the number of tubules containing apop-
totic cells per 100 tubules (AI-2) compared to the control 
animals. These results agree with the previous studies 
which reported that irradiation induced DNAF activates 
p53, increases Bax (pro-apoptotic) and decreases Bcl2 
protein expression (antiapoptotic), activates pro-caspases 
and stimulates apoptosis [24, 25].

Treatment with antioxidant cocktail prevents damage 
caused by testicular irradiation and improved recovery of 
testicular tissue. Antioxidant treatment resulted in a sig-
nificant decrease in the germ cell apoptosis. This is evident 
from the decrease in the number of apoptotic cells per 
100 tubules (AI-1) and the number of tubules containing 
apoptotic cells per 100 tubules (AI-2) compared to the 
IR-untreated animals. With the observed decrease in germ 
cell apoptosis, the majority of seminiferous tubules in this 
group maintain normal architecture. Further experiments 
are needed to clarify the mechanisms of the affect of anti-
oxidant treatment on germ cell apoptosis following whole 
body irradiation. Decreased production of prostanoids that 
are involved in signal transduction pathways activated by 
distinct interleukins as well as a decrease in production 
of nitric oxide may be responsible of this anti-apoptotic 
effect of antioxidant therapy on germ cell apoptosis after 
irradiation.

In conclusion, the use of antioxidant cocktail produces 
a strong inhibitory effect on germ cell programmed death, 
prevents testicular damage and improves spermatogenesis 
in a rat model of whole body gamma irradiation. The use 
of antioxidant therapy may be beneficial in preserving 
germ cell mass and in preventing fertility loss after ion-
izing irradiation therapy in cancer patients.
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