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Abstract
Radiotherapy is a major factor contributing to female infertility by inducing premature ovarian failure (POF). Therefore, the
need for an effective radioprotective agent is evident. The present study investigated the mechanism of potential
radioprotective effect of sodium selenite on radiation-induced ovarian failure and whether sodium selenite can stimulate invivo follicular development in experimental rats. Immature female Sprague-Dawely rats were either exposed to gammaradiation (3.2 Gy, LD20), once and/or treated with sodium selenite (0.5 mg/kg), once daily for one week before irradiation.
Follicular and oocyte development, apoptotic markers, proliferation marker as well as oxidative stress markers were
assessed 24-h after irradiation. In addition, fertility assessment was performed after female rats became completely mature
at two months of age. Sodium selenite significantly enhanced follicular development as compared to the irradiated group.
Sodium selenite significantly reversed the oxidative stress effects of radiation that was evidenced by increasing in lipid
peroxide level and decreasing in glutathione level, and glutathione peroxidase (GPx) activity. Assessment of apoptosis and
cell proliferation markers revealed that caspase 3 and cytochrome c expressions markedly-increased, whereas, PCNA
expression markedly-decreased in the irradiated group; in contrast, sodium selenite treatment prevented these alterations.
Histopathological examination further confirmed the radioprotective efficacy of sodium selenite and its in-vivo effect on
ovarian follicles’ maturation. In conclusion, sodium selenite showed a radioprotective effect and improved folliculogenesis
through increasing ovarian granulosa cells proliferation, estradiol and FSH secretion, and GPx activity, whilst decreasing lipid
peroxidation and oxidative stress, leading to inhibition of the apoptosis pathway through decreasing the expressions of
caspase 3 and cytochrome c.
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known to result in oocyte loss [10] and ovarian atrophy, combined
with reduce follicle stores, leading subsequently to menstrual
irregularities, ovarian failure and associated infertility.
Currently, the search for more effective radioprotectors has
been intensified due to increased use of ionizing radiation in
radiotherapy for the treatment of malignant tumors. Selenium
(Se); an essential trace element; It is among the most well-known
radioprotectors, and is necessary for the maintenance of various
physiological processes [11]. Se is incorporated into the catalytic
site of antioxidant enzymes, such as glutathione peroxidase (GPx),
and is involved in cell growth and development by protecting cells
against the toxic and damaging effects of ROS [12]. It is assumed
that radiotherapy induces Se deficiency which possibly enhances
radiation side-effects [13,14]. As well, Paszkowski et al. [15] found
a significant depletion of Se in the follicular fluid of women with
unexplained infertility. In addition, Barrington et al. [16] demonstrated that idiopathic miscarriage is associated with Se deficiency.
However, the biochemical mechanism through which Se prevents
female reproductive disorders is not clear. One of the possibilities
that needed further studying is modulation of oxidative stress and
enhancement of the antioxidant system in the body. It was found
that the synthesis of glutathione; an intracellular antioxidant, is a
critical part of oocyte cytoplasmic maturation [16]. Indeed, the

Introduction
Premature ovarian failure (POF) is a heterogeneous disorder
defined as cessation of ovarian function with elevated gonadotropins and low estrogen levels before or at the age of 40 [1]. It affects
approximately one in 10,000 women by age of 20; one in 1,000
women by age of 30; one in 100 women by age of 40 [2].
Unexplained POF occurs in up to 1% of the world’s female
population [3]; it is associated with loss of fertility, which in most
cases is due to the absence of follicles, and in other cases, to the
inability of remaining follicles to respond to stimulation [4]. It is
well known that the ovaries contain a limited number of follicles;
this number is about 200,000 at puberty and the progressive
decrease with aging leads to only 400 follicles at the time of
menopause [5]. Nevertheless, the currently used cancer therapies
are often detrimental to fertility [6].
Radiotherapy, one of the most important cancer treatment
modalities, relies on the generation and use of reactive oxygen
species (ROS) to eradicate tumors [7], and in the process, nontarget tissues are also damaged. The increase in ROS production
in granulosa cells seems to have a deleterious effect on oocyte
fertilization, embryo quality and implantation rate. Moreover, it
seems that germ cells, in comparison with somatic cells, are more
susceptible to oxidative stress [8,9]. Additionally; radiotherapy is
PLOS ONE | www.plosone.org
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kg, i.p.) once daily, and then exposed to a single dose whole-body
irradiation. The second and the fourth groups were subjected to
irradiation after 24-h of the last saline or sodium selenite injection.
The control, irradiated, sodium selenite, and treated animals were
tested daily for estrus cycles throughout the experiment using
vaginal lavage techniques. Briefly, vaginal lavage was performed in
the morning by flushing the vagina with 10 ml of distilled water
and subsequently aspirated, then smeared onto a glass slide. The
flushed vaginal fluid was fixed with 70% ethanol and examined
microscopically using methylene blue stain. Twenty-four h after
irradiation, blood samples were collected from the retro-orbital
plexus and allowed to clot. Afterwards, rats were sacrificed;
ovarian and uterine tissues were dissected, washed with ice-cold
saline, and then, weighed.

evidence from in-vitro studies indicated that Se is capable of
improving the in vitro growth and maturation of the mouse
preantral follicles [12]. Additionally, sodium selenite improved the
in-vitro follicular development of immature mouse ovaries by
reducing the ROS level and increasing the total antioxidant
capacity and GPx activity [17]. Further, in-vitro studies using
bovine granulosa cells demonstrated that Se significantly stimulated the proliferation of cells and enhanced estradiol production
[18]. At the same time, it was registered that selenite had a
radiosensitizing effect and increased the therapeutic index of
radiation therapy for cancer cell lines [19,20].
From the above, the effectiveness of Se in enhancing
folliculogenesis in-vivo and the exact cellular mechanisms are not
defined. Therefore, the present study was designed to examine
whether Se has any significant role on radiation-induced ovarianuterine dysfunction in vivo by studying its effects on different
markers of oxidative stress, apoptosis, proliferation and folliculogenesis.

Tissue Collection and Processing
Serum was separated by centrifugation at 3000 g for 15 minutes
and kept frozen at 280uC until assessment of 17 b-estradiol (E2)
and follicle-stimulating hormone (FSH). Samples of ovarian and
uterine tissues were homogenized at 1:10 (w:v) in saline (PH 7.4)
with an Ultra Turrax homogenizer after that the supernatant was
obtained by centrifugation at 10,000 g for 15 minutes then, stored
at –80uC until analysis of oxidative stress markers, including
reduced glutathione (GSH), GPx activity and lipid peroxidation.
In addition, further ovarian and uterine tissues were fixed in an
appropriate buffer for light microscopical examination as well as
immunohistochemical detection of proliferation marker, proliferating cell nuclear antigen (PCNA), and apoptotic markers, caspase
3 and cytochrome c.

Materials and Methods
Chemicals
Sodium selenite, reduced glutathione (GSH), Ellman’s reagent
[5,5-dithio-bis (2-nitrobenzoic acid); DTNB], and thiobarbituric
acid (TBA) were purchased from (Sigma Chemical Co., St Louis,
MO, USA). N-butanol, dipotassium hydrogen phosphate
(K2HPO4), potassium di-hydrogen phosphate (KH2PO4), and
trichloroacetic acid (TCA) were purchased from El-Nasr Chemical
Co. (Egypt). Glutathione peroxidase kit was purchased from
(Randox Laboratories, UK). All other chemicals and solvents were
of the highest grade commercially available.

Circulating Levels of Serum E2 and FSH
To determine whether the fall in the number of growing follicles
altered the functional maturation of the ovary, serum E2 and FSH
were measured during the prepubertal period. An ELISA kit
(DRG International, Inc., USA) was used for estimating the
circulating levels of serum E2. As well, serum FSH measurements
were performed by commercially available radioimmunoassay kit
(rat FSH IRMA C.T., IBL International GMBH, Germany). The
intra- and inter-assay coefficients of variation were found to be less
than 9% and 10%, respectively for E2, and less than 3% and 8%,
respectively for FSH. The minimum detectable concentration for
E2 and FSH was 3.6 pg/ml and 0.2 ng/ml, respectively.

Animals
The study was conducted according to the ethical guidelines
(Ain Shams University, Egypt). Immature female Sprague-Dawely
rats (23 days of age) were obtained from Nile Co. for
Pharmaceutical and Chemical industries, Egypt. Rats were housed
in an air-conditioned atmosphere, at a temperature of 25uC with
alternatively 12-h light and dark cycles. Animals were acclimated
for two weeks before experimentation. They were kept on a
standard diet and water ad libitum. Standard diet pellets (El-Nasr,
Egypt) contained not less than 20% protein, 5% fiber, 3.5% fat,
6.5% ash and a vitamin mixture.

Measurement of Oxidative Stress

Gamma-radiation

To determine GSH, 0.5 ml homogenate was added to a
centrifuge tube with 0.5 ml of 10% TCA. The tubes were shaken
gently and intermittently for 15 min, followed by centrifugation at
3000 g for 10 min. Aliquots of the resulting supernatant were
added to a tube containing phosphate buffer and Ellman’s reagent
then the absorbance was read at 412 nm within five min,
according to Ellman’s method [24]. The results were expressed
as mmol of GSH/g wet tissue. Lipid peroxidation was determined
by estimating the level of thiobarbituric acid reactive substances
(TBARS) measured as malondialdehyde (MDA), according to the
method of Mihara and Uchiyama [25]. Briefly, the reaction
mixture (0.5 ml homogenate +2.5 ml 20% TCA +1.0 ml 0.6%
TBA) was heated for 20 min in a boiling-water bath, followed by
cooling and addition of n-butanol with vigorous shaking.
Afterward, the alcohol layer was separated by centrifugation at
2000 g for 10 min and the absorbance was measured at 535 nm.
The results were expressed as nmol of MDA/g wet tissue using
1,1,3,3- tetraethoxypropane as standard.
Furthermore, ovarian and uterine GPx activities were determined spectrophotometrically based on that of Paglia and

Whole body gamma-irradiation was carried out using a Cesium
( CS) source, Gamma Cell-40 biological irradiator, at the
National Centre for Radiation Research and Technology
(NCRRT), Cairo, Egypt. The animals were exposed to a single
dose of (3.2 Gy) gamma ray with a dose rate of 0.48 Gy/min. This
dose represents the LD20 according to the study of Lee et al. [21].
The plastic boxes containing rats were positioned in a chamber
fixed to the irradiation equipment.
137

Experimental Design
Animals were divided into four groups (twelve animals per
group) and treated for one week as follows; the first group acting as
a control received saline (0.5 ml/100 g B.W., i.p.) once daily. The
second irradiated group received saline (0.5 ml/100 g B.W., i.p.)
once daily then exposed to a single dose of (3.2 Gy) whole-body
irradiation with gamma ray. The third group was given sodium
selenite (0.5 mg/kg, i.p.) once daily. The dose was chosen
according to the study of Pontual et al. [22] and Cekan et al.
[23]. The fourth group was administered sodium selenite (0.5 mg/
PLOS ONE | www.plosone.org
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Table 1. Effect of sodium selenite injection (SS, 0.5 mg/kg, i.p.; once daily for 1 week) and/or whole body-irradiation on ovarian
and uterine weights.

Ovarian weight

Uterine weight

Groups

mg

mg/100 g body weight

Control

96.83611.96

IR

58.85612.65a

SS

100.87614.03

SS/IR

85.0068.524b

b

mg

mg/100 g body weight

157.97626.48

191.8613.08

301.4639.5

104.21627.619a

112.5627.48a

219.0639.4a

b

293.1653.2b

160.0625.49b

287.1624.6b

168.12631.34

b

163.2628.65

149.38635.92b

Data expressed as Mean 6 SD.
a or b: Significantly different from control or radiation group, respectively at P,0.05 using one-way ANOVA followed by Tukey–Kramer as a post-hoc test.
doi:10.1371/journal.pone.0050928.t001

Valentine [26]. GPx catalyses the oxidation of glutathione (GSH)
by Cumene Hydroperoxide; in the presence of glutathione
reductase and NADPH, the oxidized glutathione is immediately
converted to the reduced form with a concomitant oxidation of
NADPH to NADP+. The decrease in absorbance at 340 nm is
measured. Specific activities were expressed as a unit/g wet tissue.

Immunohistochemistry
Proliferative marker. To determine whether the proliferative capacity of granulosa cells and thus the subsequent
development of the growing follicles were modified in irradiated
ovaries, immunohistochemical analysis of PCNA [29] was carried
out. Paraffin embedded tissue sections of 3 mm thick were
rehydrated first in xylene and next in graded ethanol solutions.
The slides were then blocked with 5% bovine serum albumin in
Tris buffered saline (TBS) for 2-h. Immunohistochemical analyses
were performed by a standard streptavidin-biotin-peroxidase
procedure. The sections were incubated with a mouse anti-PCNA
monoclonal antibody (Thermo Fisher Scientific, Cat. No. MS106-R7) overnight at 4uC. After rinsing thoroughly with TBS, the
sections were incubated with a biotinylated goat anti-rabbit
secondary antibody for 10–15 min, after that, the horseradishperoxidase-conjugated streptavidin solution was added and
incubated at room temperature for 10–15 min. Sections were
then washed with TBS and incubated for 5–10 min in a solution of
0.02% diaminobenzidine (DAB) containing 0.01% H2O2. Counter
staining was performed using hematoxylin, and the slides were
visualized under a light microscope. The number of PCNA
positively-stained cells over the total number of granulosa cells was
counted in seven high-power fields (406) using a digital video
camera, then, the percentage of PCNA positive cells was
calculated.

Histopathological Examination
The ovaries or uterus was fixed in 10% formalin overnight and
embedded in paraffin. Serial sections of 4 mm thick were stained
with hematoxylin and eosin for light microscopic histological
examination. In all ovarian samples, the fifth cut was chosen to
count the number of follicles and to evaluate follicular development using a digital video camera mounted on a light microscope
(CX21, OLYMPUS, JAPAN). Follicles were classified as primordial if they contained an oocyte surrounded by flattened
pregranulosa cells. Follicles were classified as pre-antral if they
contained an oocyte with a visible nucleolus, more than one layer
and less than five layers of granulosa cells and lacked an antral
space. Follicles were classified as antral if they contained an oocyte
with a visible nucleolus, more than five layers of granulosa cells
and/or an antral space as described previously [27]. Atretic
follicles were identified due to the presence of a degenerating
oocyte or granulosa cells’ pyknosis [28].

Figure 1. Circulating hormone levels. Changes in serum levels of FSH (A) and Estradiol (B), expressed as a percentage of control, after sodium
selenite administration in c-radiation subjected rats. Values are given as mean 6 SD. a or b: Statistically significant from control or radiation group,
respectively at P,0.05 using one-way ANOVA followed by Tukey–Kramer as a post-hoc test.
doi:10.1371/journal.pone.0050928.g001

PLOS ONE | www.plosone.org

3

December 2012 | Volume 7 | Issue 12 | e50928

Se Restores Folliculogenesis in Ovarian Failure

Figure 2. Morphometric analysis of ovarian follicle populations. Numbers of (A) primordial, (B) preantral, (C) antral and (D) atretic ovarian
follicles was expressed as a percentage of control in each follicle type. Follicle counts were performed on histological sections as described in
Materials and Methods. Bars represent the mean 6 SD of at least three independent experiments. a or b: Statistically significant from control or
irradiated group, respectively at P,0.05. Data were analyzed by one-way ANOVA followed by Tukey–Kramer as a post-hoc test.
doi:10.1371/journal.pone.0050928.g002

Apoptotic markers. As previously-mentioned in PCNA
assay, immunohistochemical analysis of apoptosis was carried
out. Ovarian and uterine sections were incubated with primary
antibody, which was a rabbit anti-active caspase 3 polyclonal
antibody (abcam, Cat. NO. ab 2302) or a mouse anti-cytochrome
c monoclonal antibody (Thermo Fisher Scientific, Cat. No. MS1192-R7), using a biotinylated goat anti-rabbit, as secondary
antibody. For negative controls, primary antibody was omitted.
Fractions of ovarian caspase 3 and cytochrome c DAB-positive
immunoreactive areas were calculated automatically in seven
high-power fields (206), representing the percentage of immunopositive cells to the total area of the microscopic field using a
digital video camera mounted on a light microscope (CX21,
OLYMPUS, JAPAN). All steps for immunohistochemical evaluation were carried out using image analysis software (Image J,
1.46a, NIH, USA).

Statistical Analysis
Data are presented as the mean 6 SD and were analyzed by
one-way analysis of variance (ANOVA) followed by Tukey–
Kramer as a post-hoc test. In addition, number of pups was
compared using Kruskal-Wallis’s test followed by Dunn’s multiple
comparisons as a post-hoc test. The 0.05 level of probability was
used as the criterion for significance. All statistical analyses were
performed using Instat version 3 software package. Graphs were
sketched using GraphPad Prism (ISIH software, USA) version 5
software.

Results
Vaginal Smear and Organ Weight Changes
No differences in food consumption were seen between the
groups of animals throughout the experimental schedule. Weights
of ovarian and uterine tissues were compared after normalization
to 100 g body weight. Animals exposed to radiation showed
significant reduction in their ovarian and uterine weights, as
compared to control group. Pre-treatment of animals with sodium
selenite significantly counteracted effects of radiation and maintained sex organs’ weights comparable to that of the control group.
Animals treated with sodium selenite alone did not show any
significant difference from the control group (Table 1). Additionally, selenite-treated animals with or without c-radiation exposures
were undergoing estrus cycles, similar to controls; On the other
hand, irradiated animals arrested at diestrus phase after 24-h of
irradiation. However, after two months; before pregnancy; we

Fertility Assessment
Female rats from all groups (n = 5 in each group) were mated
with age related, and sexually-experienced males at 60-day post
natal (dpn) for up to 3 sexual cycles (3 estrus). One male was
housed with a group of two or three females. Pregnant females at
14–15 d of gestation were isolated. Number of pregnant females
and newborn pups were counted and kept with their mother until
2 dpn to check breastfeeding and eventual lethality.

PLOS ONE | www.plosone.org
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Figure 3. Follicular proliferation. Immunohistochemical localization of PCNA in ovarian follicles was studied 24-h after irradiation. (A) Expression
of PCNA in ovaries of the control group. (B) Expression of PCNA in ovaries treated with sodium selenite (0.5 mg/kg) alone. (C) Expression of PCNA in
ovaries exposed to c-radiation (3.2 Gy). (D) Expression of PCNA in ovaries treated with sodium selenite (0.5 mg/kg) for one week before being
exposed to c-radiation (3.2 Gy). Scale bar, 10 mm. (E) Quantitative image analysis for IHC staining expressed as a percentage of PCNA positive cells
against the total number of granulosa cells across seven higher power fields (406) for each rat section. Each column represents the mean 6 SD of at
least three independent experiments. a or b: Statistically significant from control or irradiated group, respectively at P,0.05 using one-way ANOVA
followed by Tukey–Kramer as a post-hoc test.
doi:10.1371/journal.pone.0050928.g003
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Figure 4. Representative photomicrographs of hematoxylin and eosin-stained ovarian tissue sections. Histological sections of control
(A and B) and sodium selenite (C and D) treated ovaries exhibit similar organization, with different stages of growing follicles (blue arrows). Compared
with controls, c-irradiated ovaries (E and F) have few, if any, resting oocytes in the cortex with severe hemorrhage (black arrow). Many oocytes in
small primary follicles are degenerating in irradiated ovaries. (G and H) Sections taken from ovaries of rats exposed to c-irradiation and pre-treated
with sodium selenite show the apparent normal structure of the ovary, with multiple types of ovarian follicles. Scale bar, 10 mm. GF: Graffian follicle, S:
Stroma.
doi:10.1371/journal.pone.0050928.g004

Figure 5. Representative photomicrographs of hematoxylin and eosin-stained uterine tissue sections. (A) Section taken from uterus of
control rat and (B) Section taken from the uterus of sodium selenite treated rat show normal mucosal lining epithelium (blue arrow) with multiple
glands (black arrow). (C) Section taken from the uterus of rats subjected to c-radiation shows high degeneration of the mucosal epithelium with
vacuole appearance (red arrow). (D) Section taken from the uterus of rats subjected to c-radiation and pre-treated with sodium selenite shows
regeneration of the glandular and luminal epithelium with intact structure. Scale bar, 10 mm. le: luminal epithelium, ge: glandular epithelium,
S: stroma.
doi:10.1371/journal.pone.0050928.g005
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Table 2. Effect of sodium selenite (SS, 0.5 mg/kg, i.p.; once daily for 1 week) on oxidative stress markers in rats subjected to a
single dose whole-body irradiation (3.2 Gy).

GSH (mmol/g wet tissue)

GPx (U/g wet tissue)

MDA (nmol/g wet tissue)

Groups

Ovary

Uterus

Ovary

Uterus

Ovary

Uterus
96.2610.11

Control

4.0460.48

5.0160.43

5.3661.46

2.0160.23

84.8622.1

IR

2.4760.25a

4.4060.09a

3.0760.78a

1.2460.43a

134.4615.3a

SS

3.3960.17

b

b

b

b

82.7614.3

SS/IR

3.9360.64b

2.2160.30b

86.468.9b

5.2360.41

4.9460.22b

5.8960.56

2.3860.30

4.8760.48b

b

275.0664.55a
133.8614.58b
137.3624.20b

Data expressed as Mean 6 SD.
a or b: Significantly different from control or radiation group, respectively at P,0.05, using one-way ANOVA followed by Tukey–Kramer as a post-hoc test.
Abbreviations: GSH, reduced glutathione; GPx, glutathione peroxidase; MDA, malondialdehyde.
doi:10.1371/journal.pone.0050928.t002

enhanced number of PCNA labeled granulosa cells of healthy preantral and antral follicles were positively-stained (Fig. 3 D). The
immunohistochemical staining was quantified by counting the
number of PCNA positive cells in seven high fields (406), (Fig. 3
E).

observed that irradiation arrested the animals at estrus stage for a
long time.

Circulating Hormone Levels
Serum FSH level of irradiated female rats showed a drastic
increase of 4.84– folds (6663.77 vs. 13.6160.88 in controls). As
shown in Fig. 1A, the serum FSH level was 22% lower in rats
treated with sodium selenite before irradiation when compared
with that of the irradiated group (51.2661.38 vs. 6663.77). Serum
FSH level in the group of sodium selenite treatment alone was
significantly higher by 127% (30.93363.49 vs. 13.6160.88 in
control). In contrast, in irradiated females, serum E2 levels
significantly decreased to 68% of the control values (21.165.26 vs.
30.8864.944). Treatment of animals with sodium selenite before
irradiation restored E2 level to near the basal levels as that of, the
control group. Sodium selenite alone did not show any significant
difference in serum E2 levels as compared to the control group
(Fig. 1B).

Ovarian and Uterine Histology
Ovarian sections from the control group stained with hematoxylin and eosin showed a normal ovarian structure which was
characterized by different types of follicles, oocytes, and corpus
luteum (Fig. 4 A & B). No abnormal histological alterations were
observed in ovarian sections obtained from animals treated with
sodium selenite alone as compared to the control group; however,
these sections showed more follicular maturation (Fig. 4 C & D). In
irradiated ovaries, the stromal tissue occupied most of the ovarian
structure, which was characterized by severe hemorrhage and
decreasing the number of growing follicles. In addition, very few
primordial follicles were detected, and no primordial follicle stock
was observed at the periphery of the irradiated ovary (Fig. 4 E &
F). Administration of sodium selenite before irradiation preserved
ovarian tissue from radiation-induced hemorrhage and maintained the follicular stock (Fig. 4 G & H).
Furthermore, uterine sections obtained from both control and
sodium selenite treated groups showed a normal histological
structure of mucosal lining epithelium and underlying lamina
propria with glandular structure (Fig. 5 A & B). Animals exposed
to radiation showed degeneration in the lining mucosal epithelial
cells of the uterus which appeared as membrane blebbing; one of
the features of apoptosis (Fig. 5 C). Interestingly, administration of
sodium selenite before irradiation preserved the glandular and
lining mucosal epithelium in the uterine structure (Fig. 5 D).

Folliculogenesis and Proliferation Markers
Morphometric analysis, during the immature period, showed
that irradiated ovaries displayed a sequential reduction in the
number of certain classes of follicles. The population of primordial
follicles was reduced by 89% in irradiated ovaries (561 vs. 4463.6
in controls), (Fig. 2 A). Additionally, radiation reduced the number
of preantral follicles by 50% (8.6661.52 vs. 17.3362.08 in
controls), (Fig. 2 B). Nevertheless, there was no significant
difference in the population of healthy antral follicles between
control and irradiated ovaries (Fig. 2 C). Conversely, the number
of atretic follicles increased significantly in irradiated ovaries by
150% (1562.64 vs. 5.9961 in controls), (Fig. 2 D). Interestingly,
treatment with sodium selenite before irradiation significantly
increased the number of primordial and preantral follicles, and
significantly decreased the number of atretic follicles as compared
to the irradiated group. Treatment of animals with sodium selenite
alone showed no significant effect on the follicles’ population as
compared to the control.
Immunohistochemical detection of the proliferation marker,
PCNA, demonstrated that follicles at the same stage of development were indeed at different states of maturation in control and
irradiated ovaries. In control ovaries about half of the granulosa
cells of growing follicles located in the center of the ovary were
PCNA positive (Fig. 3 A). Treatment of rats with sodium selenite
alone for one week showed PCNA expression levels similar to the
control group (Fig. 3 B). In irradiated ovaries, the granulosa cells of
all follicles; even the most developed, was mainly PCNA negative
(Fig. 3 C). Irradiated ovaries pre-treated with sodium selenite,
PLOS ONE | www.plosone.org

Oxidative Stress Markers
Irradiation-induced oxidative stress in rat ovary and uterus were
evaluated by assessing GSH, lipid peroxides levels as well as GPx
activity. As shown in Table 2, radiation stimulated significant
reduction of GSH level in ovarian and uterine tissues by 40% and
12%, respectively, as well as a significant increase in lipid
peroxidation in ovarian and uterine tissues by 1.58 and 2.85
folds, respectively as compared to the control group. Treatment of
animals with sodium selenite before exposure to irradiation
afforded significant protection against radiation-induced oxidative
stress and maintained levels of both GSH and lipid peroxides in
ovarian and uterine tissues at near the control level. Furthermore,
animals treated with sodium selenite alone did not show any
significant alterations in GSH and lipid peroxide levels as
compared to the control group (Table 2).
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Quantification of ovarian cytochrome c staining represents the percent
of immunopositive cells to the total area of the microscopic field (206);
averaged across 7 fields for each rat section. Each column represents
the mean 6 SD of at least three independent experiments. a or b:
Statistically significant from control or irradiated group, respectively at
P,0.05 using one-way ANOVA followed by Tukey–Kramer as a post-hoc
test.
doi:10.1371/journal.pone.0050928.g006

Further, GPx activities of ovarian and uterine tissues were
significantly decreased after irradiation to 57.28% and 61.55%,
respectively as compared to the control values. Neither ovarian
nor uterine GPx activities were significantly different between
control and sodium selenite alone treated animals. Pre-treatment
of the irradiated group with sodium selenite significantly
maintained GPx activities of both reproductive organs similar to
that of the control group (Table 2).

Apoptotic Markers
To determine whether radiation-induced apoptosis, immunolocalization of caspase 3 and cytochrome c were studied (Figure 6 &
7). It was found that ovarian granulosa and theca interstitial cells,
and uterine epithelial cells in control rats showed minimal
immunostaining for cytochrome c (Fig. 6 A & B) and caspase 3
(Fig. 7 A & B). Treatment of rats with sodium selenite alone
showed cytochrome c (Fig. 6 C & D) and caspase 3 (Fig. 7 C & D)
expression levels similar to the control group. Irradiation inducedmarked increase in cytochrome c (Fig. 6 E & F) and caspase 3
(Fig. 7 E & F) expressions in ovarian granulosa and theca cells, and
uterine epithelial cells with appearance of complete degeneration
of the uterine mucosal lining epithelium associated with membrane blebbing, which was evident to the intense brown staining.
However, pre-treatment of rats with sodium selenite significantly
decreased the expressions of cytochrome c (Fig. 6 G & H) and
caspase 3 (Fig. 7 G & H), when compared to the irradiated group.
The immunohistochemical staining of cytochrome c and caspase 3
was quantified as a percentage of positive cells and the results are
represented in (Fig. 6 & 7 K).

Mating with Age Related Males
The reproductive capacity in terms of fecundability and
fecundity was examined (Table 3). After female rats became
completely adult, mating with age related normal males in the
irradiated group resulted in significant decline in female fertility
than control ones. Only one of 5 irradiated female animals was
pregnant (20% vs. 100% in controls) and litter size was (1.62 vs.
8.8, pups for controls). In addition, irradiated females conceived
pups with no morphological abnormality. While treatment of rats
with sodium selenite one week before irradiation, preserved their
fertility and increased the ability of females to become pregnant
(100%) with litter size (8) pups/female. Female rats treated with
sodium selenite only were led to (100%) pregnancy with litter size
(8.75) pups/female, (Table 3).

Discussion
Figure 6. Immunohistochemical localization of cytochrome c.
(A & B) Sections of ovaries and uterus of control rats show a minimal
degree of cytochrome c expression. (C & D) Sections of ovaries and
uterus treated with sodium selenite (0.5 mg/kg) alone show a minimal
degree of cytochrome c expression. (E & F) Sections of ovaries and
uterus exposed to c-radiation (3.2 Gy) show extensive cytochrome c
expression. (G & H) Sections of ovaries and uterus treated with sodium
selenite (0.5 mg/kg) and exposed to c-radiation (3.2 Gy) show limited
cytochrome c expression. (I & J): Sections of ovarian and uterine
negative controls omitting primary antibody. Scale bar, 10 mm. (K):

PLOS ONE | www.plosone.org

Se radioprotective effects on several organs were previously
demonstrated [30,31]. However, its potential in-vivo radioprotective effect on the female reproductive organs is still uncertain. In
the present study, the molecular mechanisms underlying the
potential ovarian and uterine radioprotective effect of sodium
selenite has been assessed by studying its effects on different
markers of oxidative stress, apoptosis, proliferation and folliculogenesis in an experimental model of radiation-induced ovarian
failure.
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staining represents the percent of immunopositive cells to the total
area of the microscopic field (206); averaged across 7 fields for each rat
section. Each column represents the mean 6 SD of at least three
independent experiments. a or b: Statistically significant from control or
irradiated group, respectively at P,0.05 using one-way ANOVA
followed by Tukey–Kramer as a post-hoc test.
doi:10.1371/journal.pone.0050928.g007

Ovarian failure manifests itself as hypergonadotropic hypogonadism resulting in amenorrhea and irreversible infertility [32]. In
the present study, the irradiated females showed lower levels of
serum E2 than those of the control group, whereas FSH
concentration was extremely higher than control; these findings
reflect the presence of typical ovarian failure. The increase in FSH
level was attributed to abnormal steroid secretion from the ovaries.
Pre-treatment of female rats with sodium selenite prevented the
decrease in E2 level induced by irradiation. Our results are in
accordance with an earlier study which showed that Se
supplementation along with sodium arsenite treatment resulted
in E2 level near the basal level, similar to the control group [33].
Morphometric analysis of the follicle population revealed that
irradiation induced almost complete deletion of the primordial
follicle pool within a time period of 24-h. In contrast, the other
growing antral follicles remained unaffected. These findings, are in
agreement with previous one [34], which indicated that oocytes
contained in primordial follicles are particularly sensitive to
ionizing radiation, whereas growing oocytes are relatively radioresistant. Interestingly, in the current study, sodium selenite
preserves primordial follicles’ stock, stimulates follicular maturation and minimizes the follicle depletion induced by radiation,
suggesting the ovarian radioprotective effect of Se. Furthermore,
injection of sodium selenite alone stimulated maturation of
preantral follicles to more antral follicles.
Besides the morphometric analysis, the proliferation marker;
PCNA was assessed. It was reported that in rat ovaries, the
expression of PCNA was not detected in granulosa cells or oocytes
in primordial follicles, but increased with the initiation of follicle
growth [29]. In agreement with this study, as shown by PCNA
staining, numerous granulosa cells of control ovaries in primary
and preantral follicles were proliferating. In contrast, the
proliferation of granulosa cells was markedly reduced in the
ovarian follicles of the irradiated rats. It was reported that
irradiation causes an elevation of p53 levels, mainly through a
post-translation mechanism [35] and p53 regulates the expression
of a number of downstream effector genes such as p21 [36]. The
protein p21; a member of the family of cyclin-dependent kinase
inhibitors, is a dual inhibitor of cyclin-dependent kinases (cdk) [37]
Table 3. Reproductive performance of control, irradiated and
selenite treated females.

Groups

Figure 7. Immunohistochemical localization of caspase 3. (A &
B) Expression of caspase 3 in ovaries and uterus of control groups
shows a minimal degree. (C & D) Expression of caspase 3 in ovaries and
uterus treated with sodium selenite (0.5 mg/kg) alone shows a minimal
degree. (E & F) Expression of caspase 3 in ovaries and uterus exposed to
c-radiation (3.2 Gy) shows an extensive degree. (G & H) Expression of
caspase 3 in ovaries and uterus treated with sodium selenite (0.5 mg/
kg) for one week before being exposed to c-radiation (3.2 Gy) was
limited. (I & J): Ovarian and uterine negative controls omitting primary
antibody. Scale bar, 10 mm. (K): Quantification of ovarian caspase 3

PLOS ONE | www.plosone.org

Fecundability

Fecundity

Control

100%

8.8

IR

20%

1.65a

SS

100%

8.75b

SS/IR

100%

8

Fecundability was expressed as a percentage of pregnant females among
mated females. Fecundity was expressed as the number of pups per mated
females. Fecundity values represent the median; they were compared by
Kruskal-Wallis’s test followed by Dunn’s multiple comparisons as a post-hoc
test, and differences were considered significant when P,0.05. a or b:
Significantly different from control or radiation group, respectively at P,0.05.
doi:10.1371/journal.pone.0050928.t003
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and PCNA [38,39], both of which are required for passage
through the cell cycle. In the present study, pre-treatment of
irradiated animals with sodium selenite markedly increased PCNA
expression. Our results are in agreement with an earlier study
which showed that Se at low concentrations may increase cell
proliferation in HL-60 and U937 cells [40]. The pathway by
which sodium selenite may stimulate cell proliferation is unclear,
until now, but, according to the study of Zeng [41], cells
supplemented with Se showed up-regulation of PCNA, cdk1,
cdk2, cdk4, cyclin B and cyclin D2 mRNA levels. This finding
suggests that Se directly or indirectly affects the function of basic
transcriptional machinery in the cell. Furthermore, the present
study demonstrated that treatment of animals with sodium selenite
alone increased level of FSH significantly than control, which may
be due to the stimulatory effect of Se on the dopamine level in the
brain [42,43], as dopamine has a stimulatory effect on gonadotrophin synthesis and secretion [44,45]. So, it may be a possible
mechanism by which sodium selenite stimulates folliculogenesis
through increasing FSH concentration as the growing and mature
follicles mark the onset of follicular maturation under the stimulus
of FSH and LH [46]. The present study is the first one that
confirmed the in-vivo follicular development effect of Se via
promoting granulosa cells’ proliferation.
Besides the ovarian damage induced by irradiation, it was
reported that uterine function may be impaired after radiation
doses of 14 to 30 Gy, as a consequence of disruption of the uterine
vasculature and musculature elasticity [47]. In the current study,
uterine lining mucosal epithelium degeneration was observed after
irradiation exposure, which may result from decreased ovarian E2
secretion induced by irradiation, as uterine growth depends on the
ovarian E2 secretion [48]. Sodium selenite treatment prevented
uterine degeneration which, implies that sodium selenite effectively
attenuated the deterioration of radiation-induced uterine damage.
The deleterious effects of ionizing radiation in biological systems
are mainly mediated through the generation of ROS in cells as a
result of water radiolysis [49]. These ROS can induce oxidative
damage to vital cellular molecules and structures, including DNA,
lipids, proteins, and membranes [50,51]. In this regard, the uterine
endometrium degeneration which is associated with increased
ROS production [52], as well as the decreased GPx activity in the
follicular fluid, may be one of the major factors that is responsible
for follicular regression [15,53]. In the present study, it was found
that acute irradiation exposure resulted in a significant increase in
ovarian and uterine lipid peroxides accompanied with significant
depletion of GSH level and decrease of the antioxidant enzyme
activity of GPx as compared to the control group. The depletion in
GSH contents after exposure to c-radiation may be due to the
reaction of GSH with free radicals resulting in the formation of
thiol radicals that associated to produce oxidized glutathione [54].
Pre-treatment of rats with sodium selenite significantly counteracted the oxidative stress effect induced by radiation. These results

support the important antioxidant role of Se in preventing lipid
peroxidation and in protection of integrity and functioning of
tissues and cells [55,56]. Furthermore, these results confirmed the
previous in-vitro study which hypothesized that sodium selenite
improved follicular development by reducing ROS level and
increasing GPx activity [17]. So, one of the possible mechanisms
by which Se stimulates in vivo granulosa cell proliferation and
improves follicular development is through increasing GPx
activity, and decreasing oxidative stress and lipid peroxidation.
Besides the oxidative stress effect of radiation, apoptosis can be
induced by ROS formed from ionizing radiation [57,58]. The
ROS induced mitochondrial membrane damage leading to the
release of cytochrome c from the mitochondria into the cytosol
which activates caspases and triggers apoptosis [59]. Since caspase
3, existing as a proenzyme, can become activated during the
cascade of events associated with apoptosis [60]; therefore, its level
is a good indicator of apoptosis. Ovarian granulosa cells play a key
role in regulating ovarian physiology, including ovulation and
luteal regression, which is a key to the fertility and pregnancy [61].
In ovarian failure, the ovarian follicles did not respond to high
level of FSH caused by irradiation and did not secrete E2.
Subsequently, FSH in this case stimulates ovarian follicles to
apoptosis [62]. In fact, follicular atresia is apparently initiated by
apoptosis of the granulosa cells [63]. In the present study, the
assessment of apoptotic markers revealed that radiation significantly elevated the expressions of caspase 3 and cytochrome c in
ovarian granulosa and theca cells, and uterine tissues as compared
to control. In addition, sodium selenite could suppress apoptosis
caused by ionizing radiation by decreasing the expressions of
caspase 3 and cytochrome c. In agreement with these results, it
was stated that a physiological concentration of Se in HT1080 cells
increased cell proliferation and survival, and blocked the apoptotic
signal [64]. So, another mechanism by which sodium selenite
enhances the in-vivo follicular development could be through
decreasing the apoptotic events induced by oxidative stress.

Conclusions
The present study demonstrates that sodium selenite improves
in vivo folliculogenesis and provides evidence for ovarian and
uterine radioprotection. The mechanisms underlying these promising effects could be through increasing granulosa cells proliferation, E2 and FSH secretion, and GPx activity, while decreasing
lipid peroxidation and oxidative stress leading to inhibition of
apoptosis through decreasing the expressions of caspase 3 and
cytochrome c.
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Abstract

Abstract

Abstract:
Radiotherapy is a major factor contributing to female
infertility by inducing premature ovarian failure (POF). Therefore,
the need for an effective radioprotective agent is evident. The
present

study

investigated

the

mechanism

of

potential

radioprotective effect of sodium selenite on radiation-induced
ovarian failure and whether sodium selenite can stimulate in-vivo
follicular development in experimental rats. Immature female
Sprague-Dawely rats were either exposed to ϒ-radiation (3.2 Gy
LD20) once and/or treated with sodium selenite (0.5 mg/kg), once
daily for one week before irradiation. Follicular and oocyte
development, apoptosis markers, proliferative marker as well as
oxidative stress markers were assessed 24-h after irradiation. In
addition, fertility assessment was performed after female rats
became completely mature at two months of age. Sodium selenite
significantly enhanced follicular development as compared to the
irradiated group. Sodium selenite significantly reversed the
oxidative stress effects of radiation that was evidenced by
increasing in lipid peroxide level and decreasing in glutathione
level and glutathione peroxidase (GPx) activity. Assessment of
apoptosis and cell proliferation markers revealed that caspase 3

1

Abstract
and cytochrome c expressions were markedly-increased, and
proliferating cell nuclear antigen (PCNA) expression

was

markedly-decreased in the irradiated group, while sodium selenite
treatment

prevented

these

alterations.

Histopathological

examination further confirmed the protective efficacy of sodium
selenite and its in-vivo effect on ovarian follicles maturation. In
conclusion, sodium selenite showed radioprotective effect and
improved folliculogenesis through increasing ovarian granulosa
cells proliferation, estradiol and FSH secretion, and GPx activity,
whilst decreasing lipid peroxidation and oxidative stress leading to
inhibition

of

apoptosis

pathway

through

decreasing

the

expressions of caspase 3 and cytochrome c.

Keywords: Ovarian failure, Sodium Selenite, Radiotherapy,
Oxidative stress, Apoptosis
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Radiotherapy, one of the most important cancer treatment
modalities, relies on the generation and use of reactive oxygen
species (ROS) to eradicate tumors (Borek, 2004), and in the
process, non-target tissues are also damaged. Radiotherapy is
known to result in oocyte loss (Sonmezer and Oktay, 2008),
reduced follicle stores and ovarian atrophy, leading subsequently
to menstrual irregularities, ovarian failure and associated
infertility. Additionally, it seems that germ cells, in comparison
with somatic cells, are more susceptible to oxidative stress
(Bedaiwy et al., 2004, Jancar et al., 2007).

Currently, the search for more effective radioprotectors has
been intensified due to increased use of ionizing radiation in
radiotherapy for the treatment of malignant tumors. Among the
most well-known radioprotectors, selenium (Se), an essential trace
element, is necessary for the maintenance of various physiological
processes (Zhang et al., 2006). It is assumed that radiotherapy
induces Se deficiency which possibly enhances radiation sideeffects (Djujic et al., 1992, Fraunholz et al., 2008). Also, Paszkowski
et al., (1995) found a significant depletion of Se in follicular fluid of

women with unexplained infertility. In addition, Barrington et al.,
(1996) demonstrated that idiopathic miscarriage is associated with

Se deficiency. However, the biochemical mechanism through which
-3-
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Se prevents female reproductive disorders is not clear. One of the
possibilities that need further studying is modulation of oxidative
stress and enhancement of antioxidant system in the body. Indeed,
the evidence from in-vitro studies indicates that Se is capable of
improving the in vitro growth and maturation of mouse preantral
follicles (Abedelahi et al., 2008). Also, sodium selenite improved invitro follicular development of immature mouse ovaries by
reducing the ROS level and increasing the total antioxidant capacity
and GPx activity (Abedelahi et al., 2010). Further, in-vitro studies
using bovine granulosa cells demonstrated that Se significantly
stimulated the proliferation of cells and enhanced estradiol
production (Basini and Tamanini, 2000). In the same time, it was
registered that selenite has a radiosensitizing effect and increases
the therapeutic index of radiation therapy for cancer cell lines
(Schueller et al., 2004, Tian et al., 2010).

From the above, the effectiveness of Se in enhancing
folliculogenesis in-vivo and the exact cellular mechanisms are not
defined. Therefore, the present study was designed to examine
whether Se has any significant role on radiation-induced ovarianuterine dysfunction in-vivo by studying its effects on different
markers

of

oxidative

stress,

folliculogenesis.
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The Female Reproductive System
Ovaries are complex endocrine organs developed from the
bipotential gonad (Gillman and Gilbert, 1948). In adult life and
under the stimulatory actions of the gonadotropins, they are
responsible for the production of the sex steroids and are the
source

of

fertilizable

ova.

Sex

steroids

act

in

an

autocrine/paracrine fashion in the human ovary to produce the
complex interactions necessary for folliculogenesis and act in an
endocrine fashion to regulate the orderly hormonal cycle required
for menses. The sex steroids are also responsible for the secondary
sexual characteristics that appear with puberty (Drummond,
2006).

Ovarian anatomy
Normally, two ovaries are found in the human female lie on
the peritoneum of the side wall of the pelvis, in the ovarian fossa
between the angle of the internal and external iliac vessels and the
ureter. Each is ovoid, measuring approximately 3 x 1.5 x 1 cm, and
composed of dense fibrous tissue, in which primary and developing
follicles are embedded. Each ovary is attached to the upper angle of
the uterus by the ovarian ligament; a mass of fibrous tissue and
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smooth muscle (Kotwica and Krzymowski, 1989). The ovary is
composed of three distinct regions: an outer cortex containing the
germinal epithelium and the follicles, a central medulla consisting
of stroma, and a hilum around the area of attachment of the ovary
to the mesovarium (Burian et al., 2000, Nussey and Whitehead,
2001), (Fig. 1). Within the ovary, there are a number of cell types

that support the growth and development of oocytes until
ovulation. The steroidogenic cells of the ovary are granulosa cells;
avascular cellular compartment surrounding the oocyte, which
change morphology and proliferate when an oocyte begins the
process of folliculogenesis, besides theca cells, which reside in the
ovarian stroma. These two cellular compartments are separated by
the basal lamina (Weakly et al., 1966).
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Fig. 1: The pelvic anatomy with a cross-section of an ovary (Nussey and
Whitehead, 2001).
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Ovarian physiology
Reproduction is the result of a coordinated signaling
network between the gonads, pituitary, and hypothalamus. The
ovary is responsible for nurturing growing oocytes to release a
mature oocyte, which is then capable of being fertilized to produce
an embryo.
The ovaries contain, 7 million, primordial follicles at
approximately 20 weeks of gestational age. At birth, the number
has declined, through atresia, to 1–2 million. In the pre-menarche,
ovarian follicles begin growth, independent of gonadotropins, but
invariably end in atresia. By puberty only 300,000 resting
primordial follicles remain and approximately 400 of these will
mature to ovulate over the reproductive years (Damewood and
Grochow, 1986). After puberty, primordial follicles also begin

growth independent of gonadotropin stimulation; however, once
the follicle has multiple layers of granulosa cells, it becomes
gonadotropin-dependent for continued growth and steroid
production. Menopause usually occurs once the number has
reached 1000, ordinary in the early fifties (Davis, 2006). The exact
mechanism by which follicles are chosen to grow is unknown.
Several follicles will be at different stages of development at any
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one time thoughmost undergo atresia. In each cycle approximately
1000 resting follicles begin growth, and it takes 85 days until the
dominant follicle ovulates (Fauser et al., 2002).

Folliculogenesis
The cycling ovary contains ovarian follicles at different
stages of development and the process by which the most
immature follicles (primordial) develop into preovulatory follicles
(graffian), is termed folliculogenesis (Oktem and Urman, 2010).
Folliculogenesis process begins with the activation of the growth of
primordial follicles through mitotic expansion of granulosa cells;
single-layered primary follicles are transformed into multi-layered
ones (also known as secondary follicles). Activated follicles are
thought to recruit precursor thecal cells from the stromal layer
surrounding the granulosa cells and oocyte. An increase in oocyte
diameter and formation of basal lamina, zona pellucida and theca
cell layer are among the changes that characterize the
developmental stage to form a secondary follicle (Knight and
Glister, 2006). During this phase, follicle diameter increases from

40–60 mm at the primary stage to 120–150 mm at the pre-antral
stage, together, these form the follicle structure that synthesizes
steroid hormones (Hillier et al., 1994).
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The pituitary gonadotropins, i.e., follicle- stimulating
hormone (FSH) and luteinizing hormone (LH), whose secretion is
stimulated by hypothalamus-derived gonadotropin releasing
hormone (GnRH), provide the primary mechanisms that control
follicular selection and dominance via feedback loops with the
hypothalamus–pituitary–ovarian axis. FSH is the main hormone
controlling follicular growth, resulting in the secretion of 17β –
estradiol (E2) and inhibin from a large dominant follicle(s) (Hunter
et al., 2004). Granulosa cells produce inhibin, while theca cells

produce androgens that are used by the granulosa cells to
synthesize E2 (Young and McNeilly, 2010), (Fig. 2). With further
growth, follicles reaching a diameter of 200 mm enter the antral
stage. It is also during this stage that the follicle begins to exhibit
some fluid-filled spaces within the granulosa cells' layers, which
will coalesce to form the antral cavity, along with increased
vascularization of the theca layer, continued growth of oocytes and
proliferation of granulosa and theca cells. Finally, toward the end of
folliculogenesis, the follicle has more than five layers of granulosa
cells and obtains a fluid-filled cavity known as the antrum, (Fig. 2).
At this time, the follicle is now referred to as an antral follicle.
Antral follicles are the major source of the ovarian steroids and are
capable of ovulation following proper stimulation by LH (Cran and
Moor, 1980).
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Fig. 2: Thecal cell development and function during folliculogenesis.
Thecal cells are vital for successful folliculogenesis. A primordial follicle
consists of an oocyte and surrounding granulosa cells, and thecal layers
are not formed until the follicle is activated and reaches the secondary
stage of development. After ovulation, thecal cells luteinize and form
cells of the corpus luteum, (Young and McNeilly, 2010).
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Throughout folliculogenesis, the rates of atresia increase,
and the early stages of folliculogenesis proceed very slowly
(Gougeon and Testart, 1986, Hirshfield, 1994). At the antral stage,

follicles become gonadotropin dependent and most of which
undergo atresia, and few are selected for ovulation (Scaramuzzi et
al., 1993, Edson et al., 2009). After ovulation or expulsion of the

oocyte from the follicle, the remaining granulosa and theca cells
undergo a process of differentiation known as luteinization. During
luteinization, the granulosa and theca cells become luteal cells, and
the former follicular structure is now known as a corpus luteum
(CL) (Thibault et al., 1987). A functional CL produces progesterone,
the

hormone

necessary

for

successful

implantation

and

maintenance of pregnancy. If fertilization does not occur, or a
pregnancy is not accomplished, the CL will undergo a process of
cell death known as luteolysis or CL regression. Disruption of the
process of folliculogenesis and CL formation can lead to adverse
reproductive outcomes such as anovulation, infertility, decreased
fecundity, estrogen deficiency, and premature ovarian failure
(POF) (Craig et al., 2011).
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Premature Ovarian Failure [POF]
Premature ovarian failure (POF) is a syndrome defined as the
cessation of ovarian function before the age of 40 and is
characterized

by

amenorrhea

associated

with

elevated

gonadotropin levels. The syndrome is typically characterized by
hypoestrogenism and hypergonadotropinism (Tibiletti et al., 1999,
Meduri et al., 2007).

It occurs in 1% of the female population by the age 40, of
whom 2.5% are adolescents, and is often a non-reversible
pathology leading to infertility (Vegetti et al., 2000). POF is the
etiology in 10–28% of the cases with primary amenorrhea and in
4–18% of those with secondary amenorrhoea (Gleicher et al.,
2009). Approximately, 20–30% of women with POF will have other

affected female family members. Before the age of 20, POF may be
defined as early POF. In these young women, Turner syndrome and
gonadal dysgenesis are the best-known causes of early POF.
Ovarian failure before menarche precludes development of
secondary sex characteristics as the patient ages. Adverse health
outcomes of POF include osteoporosis, cardiovascular disease,
impaired fecundity, and psychosexual dysfunction (Hadji et al.,
2012).
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Pathophysiology of POF
A. Follicle depletion syndrome
Any inherited or acquired defect that disturbs the process of
germ cell migration, oogonia proliferation, or initiation of meiosis
to form primordial follicles can result in an insufficient initial
complement of follicles. Similarly, any abnormality in the genes
that regulate the rate of early atresia could result in early
exhaustion of the oocyte pool (Christin-Maitre and Bouchard,
1999). Autoimmune disorders have been strongly associated with

POF, with up to 60% of POF patients having an associated
autoimmune disorder (Welt, 2008). In addition, iatrogenic follicle
depletion can occur because of ovarian surgery, radiation therapy,
or chemotherapy. Chemotherapeutics are designed to destroy
rapidly dividing cells, which explains the sensitivity of proliferating
granulosa and theca cells of active follicles to these agents.

B. Follicular dysfunction syndrome
Antibodies

interfering

with

normal

FSH–receptor

interactions have been found in some women with POF, analogous
to the blocking antibodies described in myasthenia gravis, primary
hypothyroidism, and insulin-resistant diabetes mellitus. For
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example, an IgG antibody blocking FSH binding to its receptor has
been demonstrated in patients with myasthenia gravis who have
POF (Luborsky, 2002, Haller-Kikkatalo et al., 2012).

Enzyme deficiencies that result in insufficient production of
androgens and specifically, estrogens can result in follicular
dysfunction and clinical POF. Cholesterol desmolase deficiency
results in insufficient androgens, estrogens, and corticosteroids
and hence is usually incompatible with life, but a partial enzymatic
defect may result in ovarian follicle dysfunction secondary to the
lack of steroid production in the follicle required for proper oocyte
development (Chen et al., 1996). Steroidogenic acute regulatory
protein is a mitochondrial phosphoprotein that catalyzes the ratelimiting step in steroid synthesis, i.e., translocation of cholesterol
from the outer to the inner mitochondrial membrane. The absence
or dysfunction of the steroidogenic regulatory protein results in a
rate-limiting defect in adrenal and gonadal steroid synthesis.
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Role of Oxidative Stress in Female
Reproduction
Human reproduction is known to be a highly inefficient
process where as much as 50% of conceptions fail, and ∼20% of
clinical pregnancies end in spontaneous abortion (Gupta et al.,
2007). Both male and female reproductive dysfunction is thought

contribute to this high rate of failure, but few defined etiologies
have been identified. Despite the multifactorial nature of human
infertility, there is a growing awareness that reactive oxygen/
nitrogen species (ROS and RNS) and associated oxidative damage
may be potent modulators of reproductive health (Desai et al.,
2010). Oxidative and nitrosative stress is associated with both risk

factors for infertility (e.g. smoking, diabetes, hypertension, and
aging), and directly in reproductive disorders as diverse as oocyte
implantation, endometriosis, and pre-eclampsia in women, and
erectile dysfunction, sperm damage and motility in men (Sikka,
2004).

Oxidative stress is defined as an imbalance between
production of free radicals and reactive metabolites, so-called
oxidants or ROS, and their elimination by protective mechanisms,
referred to as antioxidants. This imbalance leads to damage of
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important biomolecules and cells, with potential impact on the
whole organism.
Numerous animal and human studies have demonstrated the
presence of ROS in the female reproductive tract: ovaries, fallopian
tubes and embryos (Jozwik et al., 1999, Guerin et al., 2001). Ovary
is a metabolically active organ and, hence, is under variety of
stresses continuously. The ROS play a physiological role during
ovulation that is similar in some respects to inflammation (Bjersing
and Cajander, 1974). Phagocytic macrophages, parenchymal

steroidogenic cells and endothelial cells generate ROS in the
ovaries (Halliwell and Gutteridge, 1988). Since ROS is generated
during inflammatory process, it is released in connection with
follicle rupture and is involved in the process, (Fig. 3). Besides, ROS
levels in the CL actually increase during the regression phase
synthesis (Fujii et al., 2005). The NADPH-dependent generation of

superoxide in the mouse ovary increased during the early preovulatory phase in cycling females and during the luteal phase in
pregnant animals (Jain et al., 2000).
In addition, ROS is involved in the modulation of an entire
spectrum of physiological reproductive functions such as oocyte
maturation, ovarian steroidogenesis, CL function and luteolysis
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(Behrman et al., 2001, Agarwal et al., 2005). Oxidative stress has

been reported to have an important role in the normal functioning
of the female reproductive system and in the pathogenesis of
female infertility (Bedaiwy et al., 2002, Agarwal and Allamaneni,
2004).
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Fig.3: Generation of ROS during ovulation and steroidogenesis in
corpus luteum. Ovulation appears to be an inflammation-like process.

ROS is locally produced during follicular rupture and may be involved in
the ovulation process. ROS is also generated by the corpus luteum via the
Monooxygenase reaction as a byproduct during steroid hormone
synthesis (Fujii et al., 2005).
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Effects of Radiotherapy on Ovarian
Function
More than half of all people with cancer are treated with
radiation therapy. Radiotherapy to the whole body, the pelvic
region and the head is associated with a risk of gonadal damage. In
women, cancer treatments are known to accelerate the
disappearance of primordial follicles, prevent ovarian follicle
growth and increase fibrosis (Jahnukainen, 2012).
Ionizing radiation is highly correlated with loss of cyclicity,
and fertility. This may be caused by injury of the dividing granulosa
cells that line and support the developing follicles with subsequent
defect in the viability of the maturing oocyte. The granulosa cells
appear to be the initial target for radiation injury. Within a few
hours of irradiation, before any changes in the oocyte are
detectable, pyknosis-indicating cell death can be seen in granulosa
cells. With sufficient loss of granulosa cells, the oocyte loses
viability and the follicle atrophies (Stroud et al., 2009).
According to animal models, the number of degenerated
primordial follicles increases after irradiation. The ratio of normal
to atretic primordial follicles and the ratio of normal to atretic
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primary follicles decrease with time after irradiation. The pattern
of degeneration may be apoptosis of one or more granulosa cells
with a relatively intact oocyte, apoptosis of an oocyte with intact
follicle cell, or apoptotic degenerations of both kinds of cells (Lee et
al., 2000). Ovarian follicles are more radiosensitive during the

proliferative phase of the menstrual cycle (Meirow and Nugent,
2001, Lo Presti et al., 2004). Inability of the follicle to develop into a

mature oocyte available for ovulation indicates loss of ovarian
function. In other women, fertility may remain transiently after
treatment if some follicles are relatively radio-resistant. This
typically occurs in the late stages of maturation when the granulosa
cells are no longer rapidly proliferating.
The ovarian cortical stromal cells are mostly replaced with
collagen and the ovary shrinks in size. With normal aging, ovarian
vessels

develop

spontaneous

sclerosis

and

myointimal

proliferation to the point of occlusion of the vessel lumen.
Radiation injury accelerates this process of small vessel damage as
demonstrated by the signature late effects of organizing thrombi or
masses of fibrin around foamy histiocytes within the intima of
small vessels (Stroud et al., 2009).
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The degree and persistence of the adverse effects of radiation
depend on the age of patient, the dose of radiation and the
irradiation field.

Age of the patient
Younger patients are more likely to preserve residual
ovarian function because of the greater primordial follicle reserve
(Lo Presti et al., 2004). The sterilizing dose of radiotherapy at

which POF occurs after treatment in 97.5% of patients, decreases
with increasing age at treatment. This dose was reported to be 20.3
Gy at birth, 18.4 Gy at 10 years, 16.5 Gy at 20 years, and 14.3 Gy at
30 years (Wallace et al., 2005).

Dose of radiation
Regarding radiation dose, the lower the radiation dose is,
the higher the number of intact follicles and the possibility of
biological repair of the damaged follicles will be (Lo Presti et al.,
2004). The estimated radiation dose enough to damage half of

human ovarian follicles was reported to be lower than 2 Gy
(Wallace et al., 2005). The mean tolerance dose for sterilization

was reported to be between 5 and 10 Gy (Herrmann, 1997). Also, a
single dose of radiotherapy is more toxic than fractionated doses.

-11-

Introduction
However, total body irradiation (TBI) with fractionated doses was
associated with a lower rate of ovarian failure even in higher total
doses (Thibaud et al., 1998).

Irradiation field
Furthermore, the location of the ovaries in relation to the
radiotherapy fields is a significant risk factor for subsequent
ovarian failure. TBI, craniospinal axis, whole abdominal, or pelvic
irradiation expose the ovaries to irradiation and may be associated
with POF (Wallace et al., 2005). Craniospinal plus abdominal
radiotherapy were also shown to be significantly associated with
lack of pubertal development and delayed onset of menses (Hamre
et al., 1987). It was reported that ovarian failure was found in 68%

of patients who had both ovaries within abdominal radiotherapy
fields, in 14% of patients whose ovaries were at the edge of the
radiotherapy field, and in none of the patients with one or both
ovaries outside of the radiotherapy treatment field. The risk of
ovarian failure was 19.7 times higher in patients with both ovaries
in the field compared with other irradiated patients (Stillman et al.,
1981).
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Effects of Radiotherapy on Uterine
Function
After TBI, abdominal, or pelvic irradiation, the uterus is at
risk of damage in a dose- and age-dependent manner (Critchley et
al., 1992). Uterine function may be impaired after radiation doses

of 14 to 30 Gy as a consequence of disruption to the uterine
vasculature and musculature elasticity. Even lower dose of
irradiation, as in TBI, have been reported to cause impaired growth
and blood flow (Bath et al., 1999) which is likely a consequence of
radiation to a field that includes the pelvis. Exposure of the pelvis
to radiation is associated with an increased risk of miscarriage,
mid-trimester pregnancy loss, preterm birth, and low birth weight.
The optimal dose and delivery route of estrogen replacement
required to facilitate uterine growth in adolescent women treated
with TBI needs to be established (Wallace, 2011).
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Mechanism of Radiation-Induced
Ovarian Damage
A.

Radiation-Induced Oxidative Stress

1.

The deleterious effects of ionizing radiation in biological

systems are mainly mediated through the generation of ROS in cells
as a result of water radiolysis (Kamat et al., 2000). The ROS is
known to oxidize fatty acids generating highly toxic lipid peroxides
that lead to apoptotic cell death (Xu et al., 2010, Nambiar et al.,
2011), (Fig. 4). ROS and oxidative stress may contribute to

radiation-induced cytotoxicity and to metabolic and morphologic
changes in animals and humans during radiotherapy (Fang et al.,
2002).

2.

Cells have developed a wide range of antioxidants systems

(e.g.,

superoxide

dismutase,

glutathione

peroxidase

(GPx),

glutathione reductase and catalase) to limit production of ROS,
inactivate them and repair cell damage (Van Langendonckt et al.,
2002, Agarwal and Allamaneni, 2004). Oxidative stress influences

the entire reproductive span of women's life and even thereafter
(i.e. menopause). It has been suggested that the age-related decline
in fertility is modulated by oxidative stress (de Bruin et al., 2002).
In addition, it plays a role in initiation of preterm labor (Wall et al.,
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2002). The pathological effects are exerted by various mechanisms,

including lipid damage, inhibition of protein synthesis, and
depletion of ATP (Agarwal et al., 2005).
3.

Excessive levels of ROS result in precipitous pathologies

affecting female reproduction (Agarwal and Allamaneni, 2004),
(Fig. 5). Moreover, the oxidant status can influence early embryo

development by modifying the key transcription factors and hence
modifying gene expression (Dennery, 2004). Concentrations of ROS
may also play a major role both in the implantation and
fertilization of eggs. Besides, it was registered that the production
of both progesterone and E2 hormones is reduced when hydrogen
peroxide is added to a culture of human chorionic gonadotropinstimulated luteal cells. In addition, hydrogen peroxide lowers both
cAMP dependent and non-cAMP dependent steroidogenesis (Vega
et al., 1995). Furthermore, apoptosis and DNA damage had been

reported to be associated with fertilization failure (Bosco et al.,
2005).
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Fig. 4: Radiation-induced biological effects in cells. Ionizing radiation
provokes changes in the biological system, either by direct targeting of
macromolecules such as DNA, lipids and proteins or indirectly, mediated
through generation of free radical formation and bystander response.
The cumulative outcome of these damages triggers either cell cycle
arrest, DNA repair or apoptotic cell death. Growth factors, (GFs);
Extracellular matrix, (ECM), (Nambiar et al., 2011).
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Fig. 5: Role of oxidative stress in fertility (Ruder et al., 2008).
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B. Radiation-Induced Apoptosis
Apoptosis is an essential component of ovarian function and
development (Hussein, 2005). It is accepted that pyknosis of
granulosa cells is an apoptotic process (Gougeon, 1996). In both
normal

tissues

and

tumors,

apoptosis

not

only

occurs

spontaneously but can be induced by radiation (Hendry and West,
1997). Radiation is known to impair ovarian function (Chapman,
1982), and one atretogenic stimulus known to accelerate follicular

degeneration is ϒ-radiation (Kim et al., 1999).
The mechanisms involved in radiation-induced apoptosis
(RIA) have been studied with the aim of modulating the apoptotic
response and thereby radiosensitivity of transformed cells. RIA can
be in general classified as (1) premitotic (or rapid interphase
apoptosis), which is induced by high-dose radiation and depends
on caspase activation but no gene transcription, and (2)
postmitotic (including both postmitotic interphase apoptosis and
delayed aberrant mitotic apoptosis), which is induced by low dose
radiation, which is caspase-independent and requires gene
transcription (Shinomiya, 2001).
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1.

ROS are well known to trigger the mitochondrial apoptosis

pathway. High level of ROS in the mitochondria can result in free
radical

attack

of

membrane

phospholipids,

preceding

mitochondrial membrane depolarization that considered as an
irreversible step in the apoptosis process which can trigger a
cascade of caspases (Stohs and Bagchi, 1995, Pelicano et al., 2003).
Therefore, oxidative stress may play a direct role in RIA.
2.

The tumor suppressor protein

(p53) is a nuclear

phosphoprotein that is activated in response to a variety of DNAdamaging agents including ionizing radiation (Magne et al., 2006),
(Fig. 6), which activates transcription of various genes (Hussein,
2005). This leads to mitochondrial damage (Polyak et al., 1997) and

constitutes the p53-connected signaling pathway (Szumiel, 1998).
In addition, p53 is required for controlling cell cycle progression
(Meikrantz and Schlegel, 1995). By binding to DNA and

transactivation the cyclin-dependent kinase inhibitor p21; p53
played a key role in controlling the cell cycle (Oren, 1999). It has
been reported that p53 protein is expressed mainly on atretic
follicles in the ovary (Tilly et al., 1995). The p53 has been shown to
regulate the expression of proapoptotic and antiapoptotic
members of the Bcl-2 family such as Bcl-2 and Bax suggesting the
involvement of the mitochondrial intrinsic pathway of apoptosis
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(Franco et al., 2009). The p53 decreases expression of the

apoptosis-suppressing gene Bcl-2 while simultaneously stimulating
increased expression of Bax, a gene which encodes a dominant
inhibitor of the Bcl-2 protein. Other studies suggest that activation
of p53 regulates the expression of death receptors and/or their
ligands, causing an autocrine or paracrine type of apoptosis.
Furthermore, the ataxia-telangiectasia mutated kinase (ATM) has
been shown to act as a sensor for DNA damage upstream of p53.
Accordingly, in response to radiation, p53 protein is stabilized and
mediates apoptosis and cell cycle arrest (Gartel and Tyner, 2002).
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Fig. 6: Schematic activation of apoptosis signaling pathway induced after
irradiation (Magne et al., 2006).
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3.

Ionizing radiation has also been reported to activate acid

and neutral sphingomyelinase, which have been reported to
mediate RIA. In general, ceramide generation by radiation has been
shown to be upstream of the activation of the mitochondrial
pathway of apoptosis which involves translocation of Bax. Ionizing
radiation also induces de novo synthesis of ceramide by activation
of ceramide synthase (Franco et al., 2009).

Once ceramide is

formed, it induces mitochondrial translocation of Bax which in turn
causes an increase in Bax to Bcl-xl ratio resulting in the release of
cytochrome c and has been implicated as an important mediator of
cell death by activation of the caspases (Shao et al., 2003, Pandey et
al., 2007). Furthermore, radiation-induced ceramide has been

shown to promote membrane-associated receptor activation by
facilitating the clustering of receptors within lipid rafts (GalabovaKovacs et al., 2006).

4.

Although it is well known that RIA, other types of cell death

such as autophagy have been reported to occur in response to
radiation exposure. Autophagy induced by ionizing radiation has
been recently reported triggered by endoplasmic reticulum-stress
and the unfolded protein response (Moretti et al., 2007).
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Diagnosis and Prognosis of POF
A. Diagnostic methods
1. Ultrasound
Pelvic ultrasound is performed using vaginal probe if
patients had previously experienced sexual intercourse, or an
abdominal probe if not. The length of the ovary is measured in its
larger axis. The minimal normal length of the ovary is considered
to be 20 mm. When follicle does not seem at ultrasound,
histological examination does not detect follicles in most of
patients. On the contrary, only 56% of patients with normal size
ovaries with the presence of follicles at ultrasound, display follicles
on histological examination of an ovarian biopsy. Consequently, it
can be assumed that, ultrasound is not predictive of the presence of
follicular structures within the ovary. Ovarian biopsies appear
effective to discriminate between patients having or not having
resting follicles (Massin et al., 2008).
2. Genetic studies
Cytogenetic and molecular genetic studies must be
performed to diagnose numerical and structural chromosomal
defects or gene defects. These must comprise karyotype and FMR1
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gene mutation if family history of POF, fragile X syndrome or
mental retardation is present (Massin et al., 2008).
3. Autoimmune screen
Autoantibodies must comprise autoimmune screen for
polyendocrinopathy, thyroid antibodies, antiadrenal antibodies,
ovarian antibodies. It is clinically indicated to test all women with
spontaneous POF for the presence of circulating adrenal cortex
autoantibodies. The presence of adrenal autoimmunity is a good
clinical marker for the potential of adrenal insufficiency (Bakalov et
al., 2005).

4. Laparoscopic ovarian biopsy
There are histopathological findings on ovarian biopsy
that may correlate with various etiologies of POF. In the cases
with primary amenorrhoea, gonadal dysgenesis is documented
by the finding of streak ovaries. Histopathological examination
of biopsies performed during laparoscopy in the case of
hypoplastic ovaries (0.20–0.30 ml on ultrasound) may reveal the
presence of primary follicles (Beck-Peccoz and Persani, 2006). A
peri-follicular lymphocytic infiltrate is described in autoimmune
ovarian failure. Another subset of POF is the resistant ovary
syndrome. In this syndrome, many primordial ovarian follicles
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are present at ovarian biopsy, consistent with the loss of ovarian
sensitivity to gonadotropins. Ovarian biopsy, particularly partial
thickness biopsy at laparoscopy, is an imprecise method in
determining ovarian histopathology. Unfortunately, ovarian
biopsy cannot usually be performed. Furthermore, the absence
of follicular structures in ovarian biopsies is not absolutely
predictive of an absence of ovarian function (Kokcu, 2010).

B. Prognosis
As a minimum, the initial investigation of patients
resenting with erratic periods, for which pregnancy should be
excluded, should include measurement of serum FSH, E2 and
thyroid hormones.
If the FSH level is in the menopausal range, the test should
be repeated before the diagnosis is made, as levels can fluctuate.
It is particularly concerning that, in a recent study, 50% of
women with amenorrhea had to consult three physicians before
any sort of testing of ovarian reserve was performed (Groff et
al., 2005). Clinical features of POF, though variable from patient

to patient, are usually fairly obvious and hence establishing the
diagnosis is not usually difficult. However, because of the impact
of this diagnosis on the prognosis for future fertility, general
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health, and the possibility of coexisting conditions, the diagnosis
should always include confirmatory gonadotropin testing. In a
woman less than 40 years of age, the findings of amenorrhea for
greater than 4 months with significantly elevated gonadotropins
(>40 mIU/ml) on two occasions more than 1 month apart allows
diagnosis of POF. Depending on the level of estrogen production,
associated symptoms may or may not include vasomotor
instability with hot flashes or flushing, vaginal dryness,
genitourinary atrophic symptoms, skin thinning, mild alopecia
or hirsutism, insomnia, and emotional or behavioral changes
including irritability, anxiety, depression, etc. (Pearce and
Hawton, 1996). If the patient has been anovulatory for a time,

dysfunctional uterine bleeding may be present.
The second new marker is anti-Mullerian hormone
(AMH). This hormone is produced by granulosa cells of early
developing antral follicles of the ovary, and levels decrease
when the number of follicles decreases with age. Serum AMH
levels have been presented as a sensitive marker for the
presence of ovarian follicles and ovarian aging regarding the
response to gonadotropins in women undergoing assisted
fertilization procedures and the number of antral follicles in
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normal and polycystic ovaries (Nilsson et al., 2007, Bidet et al.,
2008).

Finally, patients with suspected POF should be questioned
regarding previous ovarian surgery, chemotherapy, or radiation
therapy, or a personal or family history of autoimmune
disorders such as hypothyroidism, Addison’s disease, diabetes
mellitus, Graves’ disease, vitiligo, systemic lupus erythematosus,
rheumatoid arthritis, or inflammatory bowel disease.
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Different Techniques of Ovarian
Preservation in Cancer Patient
1. Medical approach
1.1.

Use of GnRH treatment
The resultant decrease in sex steroid and inhibin secretion will

decrease their plasma concentrations and subsequently the
negative feedback on the hypothalamus and pituitary, resulting in
an increase in FSH secretion. The increased FSH secretion may
bring about an increased recruitment of preantral follicles to enter
the one-way differentiational path of maturation, being further
exposed to the gonadotoxic effects of the alkylating agents, ending
in an increased, exponential rate of follicular apoptosis and
degeneration. GnRH agonist (GnRH-a) acts to suppress ovarian
function, creating a quiescent or 'prepubertal' state, and thus could
theoretically protect ovarian function during cytotoxic therapy
(Blumenfeld, 2007), (Fig. 7). When GnRH is given by continuous

intravenous infusion, increased levels of FSH and LH are seen in
the first 4-h followed by progressive and sustained decrease in
these hormones, resulting in 'medical castration' (Tummon et al.,
1989, Lobo, 2005).
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Fig. 7: GnRH-a administration may rescue the follicles from
accelerated atresia. GnRH prevents the increased FSH concentration

induced by the negative feedback of low sex steroids and inhibin levels
(Blumenfeld, 2007) .
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Further, the decreased utero-ovarian perfusion induced by
the GnRH-a may result in a lower total cumulative exposure of the
ovaries to the chemotherapeutic agents as compared with a
“control” patient, in a normoestrogenic milieu, thus resulting in less
gonadotoxicity (Blumenfeld, 2007), (Table. 1).

1.2. Apoptotic Inhibitors
Because a series of specific signaling events are activated in
the cell that is bound for apoptosis, inhibiting these signaling
events could potentially stop the apoptotic process and protect the
patient from POF. It was suggested that GnRH-a could upregulate
an intragonadal antiapoptotic molecule such as sphingosine- 1phosphate. Sphingosine-1-phosphate may be an example of an
apoptotic inhibitor, and may someday play a role in preventing
oocyte loss (Falcone et al., 2004).
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Table.1: Advantages and disadvantages of fertility-preserving strategies
(Blumenfeld, 2007).
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2.

Surgical Approach

2.1. Cryopreservation of ovarian tissues
In premenarchal females, ovarian tissue cryopreservation is
currently available but is considered experimental because of
difficulties in recovering and using immature oocytes. This
technique involves surgical removal of all or a portion of one or
both ovaries, followed by dissection of the ovarian cortex into thin
strips containing immature follicles. Tissue strips are then
cryopreserved by slow freezing or vitrification. Potential future
uses of the tissue include auto-transplant into the pelvis or a
heterotopic site with natural ovulation or administration of
exogenous gonadotropins to stimulate follicular development,
followed by harvesting of oocytes for in-vitro fertilization (IVF),
(Table. 1). Caution and clinical judgment must be used when

discerning whether to return native tissue to the patient because of
the possibility of reintroduction of malignant cells (Jensen et al.,
2011).

Another technique currently under development is in-vitro
maturation of follicles obtained from ovarian cortex. Both culture
of whole ovarian tissue strips and isolated follicle culture have
been studied (Abir et al., 2006). Although promising, these
techniques must still be considered experimental for humans and
await validation in clinical trials.
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For certain malignancies in which radiation alone without
chemotherapy is anticipated, the ovaries can be surgically
transposed outside of the planned radiation field. If oophoropexy is
performed before radiation, ovarian function is maintained in most
young women (Cowles et al., 2007).

2.2. In-vitro fertilization and embryo Cryopreservation
Post pubertal females can undergo gonadotropin stimulation
of the ovaries, followed by oocyte or embryo cryopreservation,
(Table. 1). This process relies on IVF technology, which has been

available for more than 30 years and accounts for millions of
conceptions and births worldwide. In ovarian stimulation,
gonadotropins are administered for approximately 8 to 12 days.
During this time, follicle development is monitored via serial serum
E2 levels and ultrasound measurements of follicle size. When
mature, oocytes are removed from the ovaries by transvaginal
ultrasound-guided aspiration of follicles. Although light anesthesia
is required, recovery is rapid, and cancer treatment can often be
initiated the next day.
Once outside the body, oocytes can be combined with sperm
to create embryos or cryopreserved in an unfertilized state.
Embryo cryopreservation is the most mature technology available
for fertility preservation (Fish, 2012).
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Selenium
Selenium (Se) is an essential trace element in the biological
system. The nutritional essentiality of Se was recognized in 1957
when this element was found to prevent liver necrosis in rats
consuming a Torula yeast and vitamin E deficient diet (Shamberger
and Frost, 1969).

Se physical and chemical properties
Selenium is a non-metallic element that belongs to group VIa
of the periodic table that shares similar chemical properties
especially with sulfur and, to a lesser extent, with tellurium. Se has
been found in 4 natural oxidation states as follows: elemental Se,
sodium selenide (Na2Se), sodium selenite (Na2SeO3), and sodium
selenate (Na2-SeO4).
The reduced form of Se (i.e., selenide) is the ionized form of
hydrogen selenide (H2Se) and selenide is unstable in aqueous
solutions except at low oxidation-reduction potential and alkaline
conditions. Sodium selenite has a molecular weight of 172.9 and is
also soluble in water (85 g/100 g water at 20° C) (Barceloux,
1999), (Table. 2).
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Additionally, elemental Se is stable and appears in the
following 3 allotropic forms: deep red crystals (m.p. 144°C), red
amorphous powder, and the black vitreous form. The reduced
heavy metal selenides and elemental Se are insoluble in water;
however, the inorganic alkali selenites and the selenates are
soluble in water and therefore these later valence states possess
greater bioavailability compared with selenides or elemental Se
(Barceloux, 1999).

Table 2: Physical and Chemical Properties of Selenium (Barceloux, 1999).
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Pharmacokinetics
Absorption, Distribution, Metabolism and Excretion
Absorption
Se from orally administered sodium selenite is efficiently
absorbed from the gastrointestinal tract of rats. Se is more
efficiently absorbed as selenate than as selenite (94% versus 59%)
(Thomson and Robinson, 1986). The greatest absorption occurs in

the duodenum, followed by the jejunum and ilium of rats; little or
no absorption occurs in the stomach (Whanger et al., 1976). The
absorption does not appear to be homeostatically controlled, as no
difference in absorption was observed between Se deficient and Sesufficient rats administered mildly toxic doses of Se (Brown et al.,
1972).

The highest concentration of radioactivity from an oral dose
of radiolabeled Se (75Se) occurred in the liver, followed by the
kidneys, lungs, and muscle. In an earlier study, results of autopsy
samples showed that the Se concentration in the kidneys was two
to three times greater than in the liver (Blotcky et al., 1976). When
administered as selenomethionine at daily doses of 200 μg, Se
content in hemoglobin increases to a greater extent compared with
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the administration of an equivalent dose of Se as selenate (Butler et
al., 1991).

The reported oral LD50 values of sodium selenite in rats
ranged between 3 and 12 mg Se/kg body weight (Morss and Olcott,
1967, Cummins and Kimura, 1971). The reported oral LD50 value in

mice ranged between 7 and 22 mg/kg. The reported minimum
lethal dose after intraperitoneal administration to rats was 3.25 to
3.50 mg/kg for sodium selenite (Henschler and Kirschner, 1969).
At low dietary intake, which is recommended to be 55 μg of
Se per day for healthy adults, Se fulfills the dietary need for 25
known selenoproteins (Stadtman, 2002). The supra-nutritional
levels of Se (200–300 μg per day) are supposed to be involved in
the prevention of several types of cancer, including lung, colonrectum and prostate cancers (Rayman, 2005). An intake of higher
amounts of Se results in adverse effects that vary from being
moderate at doses of 1,540–1,600 μg per day to the occurrence of
selenosis and DNA damage induction at doses 3,200–5,000 μg/day
(Whanger, 2004). On the other hand, level of about 40 μg per day

was suggested as the minimum requirement, while intake of less
than 11 μg per day results in deficiency problems. Food is the
major source of Se for general population. The Se content in food is
highly dependent on amount of Se in the soil and water, which
varies from country to country (Rayman, 2008).
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Distribution
In the blood, Se binds primarily to plasma proteins.
Following an intravenous injection, sodium selenite distributes
largely to the liver and the kidney (Jereb et al., 1975). Following the
ingestion of selenomethionine by primates, the descending order of
tissue with the highest concentration of Se was as follows: liver,
kidneys, spleen, pancreas, cardiac muscle, brain, and skeletal
muscle (Willhite et al., 1992). The total amount of Se in the body
averages about 14 mg Se with a range of 3–20 mg Se depending on
the intake of Se (Fan et al., 1988). A significant portion (40%–50%)
of the total body pool of Se is incorporated in skeletal muscle as
selenomethionine (Swanson et al., 1991).
Animal and human studies indicate that Se has the potential
to cross the placenta (Rudolph and Wong, 1978). Additionally,
studies in rats suggest that excretion of Se in breast milk is
sufficient to allow the transfer of Se from the mother to the
offspring (Parizek et al., 1971). A study of breast-fed babies in
Greece revealed that these babies received about 5–11 μg Se per
day up to 6 months of age (Bratakos and Ioannou, 1991).
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Metabolism and Excretion
In the presence of reduced glutathione (GSH), Se is reduced
into selenide (H2Se) by a number of intermediate steps (Meuillet et
al., 2004), (Fig. 8). The major reactions in the metabolism of Se

involve the following: (1) reduction of selenite by cellular GSH to
selenide, (2) incorporation of selenide into selenoprotein
(selenoprotein P, GPx, type I 5'-iodothyronine deiodinase) via
selenocystiene, and (3) methylation of selenide to metabolites
(monomethylselenol, trimethylselenonium, dimethyl diselenide,
dimethyl selenide) that are eliminated (Itoh and Suzuki, 1997).
Moreover, the methylated forms are generally less toxic compared
with the nonmethylated Se compounds (Hasegawa et al., 1996).
Under conditions of excessive intake of Se, the rate of formation of
trimethyl selenonium exceeds the rate of methylation and then
dimethyl selenide forms. This compound produces a strong garlic
odor on the breath during exhalation (Barceloux, 1999).
Se is excreted in urine, feces, and expired air; however,
urinary excretion is considered the primary route. Besides, the
amount of Se eliminated in urine depends on dietary Se levels
(Suzuki and Ogra, 2002).
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Fig. 8: Selenoproteins production in the body from a variety of selenium
sources. The further metabolism of H2Se involves sequential methylation

to

methylselenide

(CH3SeH),

dimethylselenide

([CH3]2Se),

trimethylselenonium ion ((CH3)3Se+). [Se]Met, selenomethionine; [Se]Cys,
selenocystiene (Mistry et al., 2012).
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Pharmacodynamics
Se has shown to modulate the functions of a variety of
intracellular proteins (Handel et al., 1995, Kim et al., 1997), many of
which are associated with intracellular signal transmission in
diverse cellular events (Bosl et al., 1997). So, it exhibited antioxidant activity which came after the discovery of the essential role
of Se in the formation of GPx, thioredoxin reductase and other
enzymes that provided protection against oxidative stress.
1.

Anti-oxidant activity of Se compounds
The body contains complex antioxidant systems that require

adequate intake of Se for normal physiological function. Se exerts
many of its functions by being incorporated into the proteins as
selenocystiene or selenomethionine (Berry et al., 1991). The
selenoproteins include GPx, formate dehydrogenases, and glycine
reductase (Stadtman, 1991, Gallegos et al., 1997). Se can regulate
the functions of many proteins through the oxidation of reactive
cysteine residues in the proteins (Gopalakrishna et al., 1997, Kim et
al., 1997). Those proteins that can be regulated by Se through a

redox mechanism include Na,K-ATPase, a glucocorticoid receptor,
prostaglandin synthase, nuclear factor kappa B and the
transcription factor adaptor protein-1 (Tashima et al., 1989,
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Matsumura et al., 1991). Selenoproteins are well known for their

ability to scavenge ROS. GPxs are one of the 25 known classes of
selenoproteins; GPx enzymes function as antioxidants by reducing
peroxides, such as H2O2 (Mugesh et al., 2001), (Fig. 9).

Fig. 9: Catalytic cycle of glutathione peroxidase (Battin and Brumaghim,
2009).
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Although, the anti-oxidant activity of Se compounds are
documented, inorganic Se compounds can act as pro-oxidants to
produce DNA damage and cell death, an activity that plays an
important role in the treatment of cancer (Mantovani et al., 2004).
Although sometimes confused in the literature, this distinction
between antioxidant (cancer prevention) and pro-oxidant (cancer
treatment) behavior is important to make, since the chemical and
cellular mechanisms behind each type of activity are distinct. The
behavior of these inorganic Se compounds is complex, and in
several studies, both antioxidant and pro-oxidant behavior have
been observed for the same Se compound depending on
experimental conditions.
2.

Anticancer activity of Se compounds
Solid evidence based on epidemiological studies shows an

inverse relationship between Se intake and risk of cancers in
humans (Combs et al., 2001, El-Bayoumy, 2001). Several
mechanisms have been proposed for the anticancer activity of Se
which include its effects on antioxidant defenses (selenoenzymes),
programmed cell death, DNA repair, carcinogen detoxification,
immune system, neo-angiogenesis, regulation of cell proliferation
and tumor cell invasion (Whanger, 2004).
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It was shown that sodium selenite is an effective catalyst for
the oxidation of forming selenodiglutathione (GSSeSG) that can
have strong inhibitory effects on thiol proteins. Moreover, it was
suggested that selenite cytotoxicity was due to interaction of Se
with disulfide (S–S) and thiol (SH) groups of proteins forming
selenotrisulfides, similar to that shown for GSSeSG, with resultant
inhibition of enzyme activity (Ganther, 1999). It was shown that Se
can facilitate intramolecular disulfide bond formation in protein
kinase C, leading to its inactivation (Gopalakrishna et al., 1997).
Another proposed mechanism for the effects of cancer treatment
by

Se

compounds

is

the

direct

action

of

pro-oxidant

selenometabolites to generate ROS, resulting in cellular toxicity
(Kim et al., 2003). This mechanism involves the metabolism of

selenite and selenate to generate hydrogen selenide (H2Se), a byproduct of Se metabolic pathway. High levels of selenide can then
react with oxygen to produce ROS, resulting in oxidative damage to
cells (Ganther, 1968).
Apoptosis induced by supranutritional doses of Se was
described in various types of neoplastic cells, including prostate
cancer, colon cancer, liver cancer, leukemia and lymphoma. The
regulating mechanisms of Se-induced apoptosis are very complex
and involve protein kinases signaling, activation of caspases, p53
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phosphorylation and ROS generation (Sanmartin et al., 2008).
Accordingly, it is possible that Se does not reduce tumorigenesis by
a single mechanism, but instead by multiple ones, (Fig. 10).
Additionally; Se compounds have modulated the therapeutic
efficacy of anticancer drugs and radiation, Supplementation of Se in
the form of inorganic selenious acid enhanced chemotherapeutic
effects of taxol and doxorubicin (Vadgama et al., 2000). Similar
results were published for combined effect of selenite and
campthotecin on cervical carcinoma cells when selenite behaved as
a potential modulator and enhancer of campthotecin-based
anticancer therapy (Rudolf et al., 2004). On the other hand, it was
registered that selenite has a radiosensitizing effect and increases
the therapeutic index of radiation therapy for the treatment of
prostate cancer (Tian et al., 2010) and glioma cells (Schueller et al.,
2004).
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Fig. 10: Mechanisms involved in anticancer activity of organoselenium
compounds (Nogueira and Rocha, 2011).
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3.

Se radioprotective effect
A large number of Se derivatives have been studied for their

radioprotective effects. Selenomethionine significantly increased
the survival of irradiated mice and was equally protective when
administered 15 min, 1 or 24 h, before with respect to cobalt-60
irradiation at a low-dose rate (0.2 Gy/min) (Weiss et al., 1992).
Besides, Se protected against radiation-induced mutagenesis invitro (Diamond et al., 1996) and inhibited radiation-induced cell
transformation. Cekan and coworkers demonstrated a decreased
incidence of radiation-induced malformations when diets of female
mice were supplemented with selenomethionine and when sodium
selenite was injected during pregnancy (Cekan et al., 1985).
Furthermore, Sodium selenite exerted a radioprotective effect
on the secretory cells of submandibular glands (Pontual et al.,
2007), the bone repair of tibia of irradiated rats (Rocha et al.,
2009), intestinal injury (Mutlu-Turkoglu et al., 2000) and kidneys

injury induced by irradiation (Sieber et al., 2009). It is not clear
how the radioprotective effect of Se compounds relates to
induction of GPx and other Se-containing proteins, and/or if there
is also a direct enzyme-mimetic activity of compounds. Cellular
studies on mechanisms of protection by Se against radiationinduced oxidative damage indicate that Se is not likely to have a
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direct effect on preventing DNA damage through induction of GPx
(Sandstrom et al., 1989).

4.

Se and reproduction

Male fertility
The testes contain high concentrations of Se and work with
selenoprotein P-knockout mice indicates that Se is essential for
testicular function (Hill et al., 2003). Se is essential for testosterone
biosynthesis as well as the formation and normal development of
spermatozoa (Flohe, 2007). Some evidence suggests that increasing
Se dietary intake increased antioxidant GPx activity, thereby
increasing male fertility (Irvine, 1996). Many human subjects who
have infertility due to low sperm count and poor sperm quality
have marked decreases in polymerized GPx4 in their sperm. In
addition, one study performed in Scotland (where Se intakes are
below requirements at only 30– 40 μg/day) showed the sperm
quality

and

fertility

of

the

patients

improved

after

Se

supplementation (Scott et al., 1998). Further research is clearly
required to determine the association between male fertility in
humans and the range of Se intakes that are seen throughout the
world (Beckett and Arthur, 2005).
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Female fertility
Information regarding the importance of Se in female
reproduction is sparse; however, in humans a significant depletion
of Se in follicular fluid of women with unexplained fertility has
been described (Paszkowski et al., 1995).

Nevertheless, Se

deficiency leads to degeneration of ovaries and atresia of follicles
(Grabek et al., 1991).

Also, a decrease in the concentration of

serum Se occurs throughout normal pregnancy but women with
first-trimester miscarriages have significantly lower serum Se
concentrations than women in the first trimester whose
pregnancies went to term (Barrington et al., 1996). Besides, it is
assumed that radiotherapy increases Se deficiency, possibly
enhancing radiation side-effects (Djujic et al., 1992, Fraunholz et al.,
2008).

On the other hand, in-vitro studies using bovine granulosa
cells obtained from different-sized follicles found that Se
significantly stimulated the proliferation of cells from small follicles
and augmented the stimulatory effects of gonadotrophins in the
same cells and enhanced E2 production (Basini and Tamanini,
2000). Moreover, sodium selenite improved the in-vitro follicular

development of immature mouse ovaries by reducing the ROS level
and increasing the total antioxidant capacity and GPx activity
(Abedelahi et al., 2010).

-61-

Materials
&
Methods

Materials & Methods
(A)
1.

DESIGN OF THE WORK

Experimental design
Forty-eight immature female Sprague-Dawely rats (23 days

old); weighed 40-50 g, were divided randomly into four groups
(twelve animals per group) and treated as follows;

- Group 1: Rats were injected interaperitonially (i.p.) with saline
(0.5 ml/100 g B.W.) once daily for one week, and considered as
control group.
- Group 2: Rats were injected with saline (0.5 ml/100 g B.W., i.p.)
once daily for one week. Then, rats were exposed to a single dose of
3.2 Gy, whole-body irradiation with a dose rate of 0.48 Gy/min and
considered as irradiated (IR) group. This dose represents the LD20
according to the study of Lee et al., (1988). The plastic boxes
containing rats were positioned in a chamber fixed to the
irradiation equipment.
- Group 3: Rats were injected with sodium selenite, (0.5 mg/kg, i.p.)
once daily for one week. The dose was chosen according to the
study of Pontual, (2007).
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- Group 4: Rats were injected with sodium selenite (0.5 mg/kg, i.p.)
once daily for one week and then, rats were exposed to a single
dose of 3.2 Gy, whole-body irradiation with gamma ray.

A.

Estrus cycle detection
After 24-h of irradiation and last sodium selenite dose

injection, estrous cycles were determined by vaginal lavage
techniques.

B.

Tissue collection and processing:
-

After 24-h of irradiation rats were anaesthetized.

-

Blood samples (3 ml) were collected from the retro-orbital
plexus and allowed to clot in an epindorph. Then, rats were
sacrificed; ovarian and uterine tissues were dissected,
washed with ice-cold saline and then weighed.

-

Serum was separated by centrifugation at 3000 g for 15 min
and kept frozen at -80oC until assessment of E2 and FSH.

-

Ovaries and uterus were homogenized at 1:10 (w:v) in saline
(PH 7.4) with an Ultra Turrax homogenizer then the
supernatant was obtained by centrifugation at 10,000 g for
15 min then, stored at –80oC until analysis of oxidative stress
markers.
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-

In addition, other ovarian and uterine tissues was fixed in an
appropriate

formalin

buffer

for

light

microscopical

examination as well as immunohistochemical detection of
proliferative and apoptotic markers.
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2.

The following parameters were assessed:

A.

Body, ovarian and uterine weights.

B.

Estrus cycle.

C.

Hormones:
1. 17 β-Estradiol hormone.
2. Follicle-stimulating hormone.

Morphometric analysis of ovarian follicles type and

D.

number.
Oxidative stress markers:

E.

1. Ovarian and uterine content of reduced glutathione.
2. Ovarian and uterine content of lipid peroxide.
3. Ovarian and uterine glutathione peroxidase activity.

Proliferative marker:

F.
-

G.

Proliferating cell nuclear antigen (PCNA).

Apoptotic markers:
1. Cytochrome c expression in ovarian and uterine tissues.
2. Caspase 3 expression in ovarian and uterine tissues.
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Histopathological examination:

H.
-

Hematoxylin and Eosin used for routine histological
examination.

Fertility assessment.

I.
-

Percentage of pregnancy (fecundability).

-

Litter size (fecundity).
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(B)

MATERIALS

I – Drug
Sodium selenite: (Sigma-Aldrich Co., St Louis, MO, USA).
It is white crystalline solid which is soluble in water. It was
dissolved in saline at concentration of 0.1 mg/ml and injected i.p. in
rats in a dose of 0.5 mg/kg once daily for one week.

II - Animals
The study was conducted according to the ethical guidelines
(Faculty of pharmacy, Ain Shams University, Egypt). Immature
female Sprague-Dawely rats (23 days of age) were obtained from
Nile Co. for Pharmaceutical and Chemical industries, Egypt. Rats
were housed in an air-conditioned atmosphere, at a temperature of
25 °C with alternatively 12-h light and dark cycles. Animals were
acclimated for 2 weeks before experimentation. They were kept on
a standard diet and water ad libitum. Standard diet pellets (ElNasr, Egypt) contained not less than 20% protein, 5% fiber, 3.5%
fat, 6.5% ash and a vitamin mixture.
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III- Chemicals and solutions
1. n-Butanol: (El-Nasr Chemical Co., Cairo, Egypt).
It was used for determination of lipid peroxide level in ovarian
and uterine tissues.
2. Dipotassium hydrogen phosphate (K2HPO4): (El-Nasr
Chemical Co., Cairo, Egypt).
It was used for preparation of phosphate buffer.
3. Ellman's reagent [5,5'-dithio-bis (2-nitrobenzoic acid);
DTNB]: (Sigma-Aldrich Co., St Louis, MO, USA).
It was prepared by dissolving 20 mg of DTNB in 5 ml phosphate
buffer (pH 8) and used for determination of GSH level in ovarian
and uterine tissues.
4. Potassium dihydrogen phosphate (KH2PO4): (Winlab,
UK).
It was used for preparation of phosphate buffer.
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5. Reduced glutathione (GSH): (Sigma-Aldrich Co., St Louis,
MO, USA).
It was used as a standard during determination of GSH content
in ovarian and uterine tissues. Serial dilutions at range from 0.20.7 µmol/ml were used to set up a standard curve.
6. Sodium chloride : (El-Nasr Chemical Co., Cairo, Egypt).
A solution of sodium chloride 0.9% (w/v) was prepared in
distilled water for preparation of normal saline and used for
homogenization of ovarian and uterine tissues.
7. 1, 1', 3, 3'-tetramethoxypropane: (Sigma Chemical Co., St.
Louis, Mo, USA).
It was used as a standard during determination of lipid peroxide
level in ovarian and uterine tissues. Serial dilutions at range of
0.8-13 nmol/ml were used to set up a standard curve.
8. Thiobarbituric acid (TBA): (Sigma-Aldrich Co., St Louis,
MO, USA).
It was prepared by dissolving 0.67 gm TBA in 100 ml warm
distilled water using magnetic stirrer for about 30 min and used
for determination of ovarian and uterine lipid peroxide.
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9. Trichloroacetic acid (TCA): (Park Scientific Ltd., UK).
TCA was used for protein precipitation at a concentration of
20% (w/v) during determination of ovarian and uterine lipid
peroxide content and at a concentration of 10% (w/v) during
determination of ovarian and uterine GSH content.

IV- Buffers
Phosphate Buffer Solution (pH 8.0, 0.1 M):
Anhydrous K2HPO4 (15 g) was dissolved in 1000 ml distilled
water and pH was adjusted by addition of suitable amount of
another solution made by dissolving KH2PO4 (13 g) in 1000 ml
distilled water. After adjusting the pH, the solution was used for
determination of ovarian and uterine GSH content.
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(C)

METHODS

1. Estrus cycle assessment
Briefly, vaginal lavage was performed in the morning by
flushing the vagina with 10 μl of distilled water and subsequently
aspirated, then smeared onto a glass slide. The flushed vaginal fluid
was fixed with 70% ethanol and examined microscopically using
methylene blue stain. Methylene blue staining technique was
performed according to the study of Yener et al. (2007).
The determination was made according to the following criteria
of Yener et al. (2007):

 A proestrus smear consists of a predominance of nucleated
epithelial cells.
 An estrous smear primarily consists of anucleated cornified
cells.


A met-estrus smear consists of the same proportion among
leucocytes, cornified and nucleated epithelial cells.

 A diestrus smear primarily consists of a predominance of
leucocytes.
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2. Serum estradiol assessment
Serum estradiol was assessed using commerciallyavailable kit: (DRG International, Inc., USA).


Kit contents
A)

Microtiter wells: A 96 wells (12 strips of 8 wells)

coated with an anti-estradiol antibody (polyclonal).
B)

Standard concentrations: 0, 25; 100; 250; 500;

1000; 2000 pg/mL; Contain 0.03% Proclin 300 + 0.005%
gentamicin sulfate as preservatives.
C)

Enzyme

conjugate:

Estradiol

conjugated

to

horseradish peroxidase; Contains 0.03% Proclin 300,
0.015% 5-bromo-5-nitro-1,3-dioxane (BND) and 0.010% 2methyl-2H-isothiazol-3-one (MIT) as preservatives.
D)

Substrate Solution: Tetramethylbenzidine (TMB).

E)

Stop solution: Contains 0.5M H2SO4.

F)

Wash solution, (40X concentrated).
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Principle
The DRG estradiol Kit is a solid phase enzyme-linked
immunosorbent assay (ELISA), based on the principle of
competitive binding.
The microtiter wells are coated with a polyclonal [rabbit]
antibody directed towards an antigenic site on the estradiol
molecule. After incubation the unbound conjugate is washed
off. The amount of bound peroxidase conjugate is inversely
proportional to the concentration of estradiol in the sample.
After addition of the substrate solution, the intensity of color
developed is inversely proportional to the concentration of
estradiol in the sample (Ratcliffe et al., 1988).



Wash Solution:
Deionized water (1170 ml) was added to the 30 ml of
concentrated wash solution (40X) to reach a final volume of
1200 mL.



Procedure

1.

The microtiter well was secured in the frame holder.

2.

25 μl of 10 standard, control and samples was dispensed

with new disposable tips into appropriate wells.
3.

200 μl enzyme conjugate was dispensed into each well.
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4.

Thoroughly mixed for 10 seconds using shaker. It is

important to have a complete mixing in this step.
5.

The wells were incubated for 120 min at room temperature.

6.

The contents of the wells were shaken out briskly. Then, the

wells were rinsed 3 times with diluted wash solution (400 μl per
well).
7.

Then, 100 μl of substrate solution was added to each well.

8.

Wells were incubated for 15 min at room temperature.

9.

The enzymatic reaction was stopped by adding 50 μl of stop

solution to each well.
10.

The absorbance of each well was determined at 450 ± 10 nm

with a microtiter plate reader.



Calculation

1.

The average absorbance values for each set of standards,

controls and samples were calculated.
2.

Then, the concentration of the samples was read directly

from the standard curve. Samples with concentrations higher than
that of the highest standard were further diluted (20 times) and the
dilution factor was taken into account during calculation, Fig. 11.
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Fig. (11): Standard calibration curve of estradiol.
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3. Serum follicle-stimulating hormone assessment
Serum FSH was assessed using commercially-available kit
(IBL International, GMBH).


Kit contents
A)
coated

SORB MAb FSH: Polystyrene tubes (12 x 75 mm)
with

anti-rat

FSH

monoclonal

antibody.

Systematically allow the coated tubes to reach room
temperature before opening the bag, single use tubes.
B)

MAb FSH

125I: 125I-mouse

MAb anti-rat FSH in buffer

with a stabilizer, a preservative (NaN3 < 1 g/L) and a red dye.
The vial contains less than 370 Kbq (10 μCi) of radioactivity
at the iodination date.
C)

Calibrators: Lyophilized rat FSH supplied in horse

serum containing preservatives (NaN3 < 1g/l). The
concentrations of the standards were 10, 20, 50, 100 and 200
ng/ml of highly purified rFSH (Purity: > 98 % m/m).
D)

Control: Lyophilized rat FSH supplied in horse serum

containing preservatives (NaN3 < 1g/l). The control has to be
assayed along with the samples.

E)

BUF wash 10x: Concentrated buffered solution with

preservatives (NaN3 < 1g/l).
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Principle
The

rat

FSH

IRMA

is

a

one-step

solid

phase

immunoradiometric assay which offers high affinity and specificity
for two different epitopes on FSH. A first monoclonal anti-FSH
antibody bound to a polystyrene tube will capture the FSH of the
sample in the presence of a second

125I

labelled monoclonal anti-

FSH antibody.
Following the incubation and the formation of the solid phase-FSH125I

labelled monoclonal antibody sandwich, the tube is washed to

remove excess of unbound labelled antibody. The radioactivity of
the sandwich is directly proportional to the amount of FSH present
in the sample. Rat samples concentrations are read from a
calibration curve and the results are expressed in ng/ml (Teerds et
al., 1989).



Reagent preparation
Before use, the content of the calibrators and control were

reconstituted with 1 ml of deionized water, and then mixed gently
to avoid foaming.
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Procedure

1.

In to the corresponding tubes, 100 μl of each calibrator,

sample or control was pipetted.
2.

Then, 50 μl MAb FSH 125I tracer was added to each tube and

shake gently.
3.

Tubes were incubated for 90 min at room temperature (20-

30°C) on a reciprocating or orbital shaker.
4.

The incubation mixture of all tubes was carefully aspirated.

5.

Afterward, 2 ml of washing solution was added to each tube

and then aspirated after 1 min; this step was repeated several
times.
6.

The radioactivity fixed in each tube was counted for 1 min in

a gamma scintillation counter.



Calculation

The mean count rate for each set of duplicate tubes was calculated
as follows:

B: Calibrator, control or sample count.
T: Total count.
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The standard curve on semi-logarithmic paper was
constructed by plotting the ratio B/T % (linear scale) obtained for
each calibrator versus its respective concentration expressed in
ng/ml (logarithmic scale).
Rat FSH concentration in samples was read directly from the
calibration curve, Fig. 12.
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Fig. (12): Standard calibration curve of FSH.
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4. Morphometric analysis of ovarian follicles
type and number
In all ovarian samples the fifth cut was chosen to count the
number of follicles and to evaluate follicular development. Follicles
were classified as follows:

-

Primordial: if they contained an oocyte surrounded by
flattened pregranulosa cells.

-

Pre-antral: if they contained an oocyte with a visible
nucleolus, more than one layer and less than five layers of
granulosa cells and lacked an antral space.

-

Antral: if they contained an oocyte with a visible nucleolus,
more than five layers of granulosa cells and/or an antral
space.

The classification of primordial, preantral and antral follicles was
done according to the study of Britt et al., (2000).
-

Atretic follicles were identified due to the presence of a
degenerating oocyte or granulosa cells pyknosis (Braw,
1980).
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5. Determination

of

non-protein

sulfhydryl

compounds (indicative to GSH content)
GSH was determined according to Ellman's method (Ellman, 1959).



Principle
The method depends on the reduction of Ellman's reagent by

the SH group in GSH to form an intense yellow product (5-thio-2nitrobenzoic acid) which can be measured colorimtrically at 412
nm. Precipitation of protein thiols by TCA is carried out with a
suitable precipitating solution before the addition of Ellman's
reagent.



Procedure

1- In a centrifuge tube, 0.5 ml of the supernatant of ovarian or
uterine homogenate was added to 0.5 ml of TCA (10%), then mixed
well and centrifuged at 3000 g for 10 min.
2- To 200 µl of the resulting supernatant, 1.7 ml of phosphate
buffer (pH 8.0) and 100 µl of Ellman's reagent were added and
mixed thoroughly.
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3- After 5 min, the absorbance was measured at 412 nm using a
spectrophotometer.



Calculation
The concentration of GSH was computed from the standard

calibration curve which was constructed using serial dilutions of
GSH in concentrations 0.2, 0.3, 0.4, 0.5 and 0.7 µmol/ml (Fig. 13).
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Fig. (13): Standard calibration curve of GSH.
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6. Determination of glutathione peroxidase activity
Glutathione peroxidase activity was assessed using
commercially available kit (Randox Laboratories, UK).


Kit contents

A)

B)

R1a. Reagent
 Glutathione

4 mmol/l

 Glutathione reductase

≥ 0.5 U/l

 NADPH

0.34 mmol/l

R1b. Buffer
 Phosphate buffer (pH 7.2)
 EDTA

0.05 mol/l
4.3 mmol/l

C)

R2. Cumene hydroperoxide

D)

R3. Diluting agent
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Principle
This method is based on that of Paglia and Valentine, (1967).

GPx catalyses the oxidation of GSH by cumene hydroperoxide. In
the presence of glutathione reductase (GR) and NADPH, the
oxidized glutathione (GSSG) is immediately converted to the
reduced form with a concomitant oxidation of NADPH to NADP+.
The decrease in absorbance at 340 nm is measured.



Reaction principle



Reagent preparation

R1a. reagent: One vial of reagent R1a was reconstituted with 10
ml of buffer R1b.
R2 reagent (Cumene hydroperoxide): 10 μl R2 was diluted with
10 ml of distilled water and mix thoroughly by shaking vigorously
as the cumene is difficult to dissolve.
R3 Reagent (Diluting agent): The contents of one vial of diluting
agent R3 was reconstituted with 200 ml of distilled water.
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Procedure

The assay was preceded as follows:
Sample

Reagent blank

Sample

0.02 ml

---------

Distilled water

----------

0.02 ml

Reagent R1

1.00 ml

1.00 ml

Cumene R2

0.02 ml

0.02 ml

After mixing, initial absorbance of sample and reagent blank
was read after one min and start timer simultaneously. Then read
again after 1 and 2 min. The reagent blank value was subtracted
from that of the sample.



Calculation

GPx concentration was calculated from the following formula:

U/L of Homogenate = 8412 x ΔA 340 nm / min
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Materials & Methods
7. Determination of lipid peroxidation
Lipid peroxidation was determined by estimating the level of
thiobarbituric acid reactive substances, measured as MDA,
according to the method of Mihara and Uchiyama, (1978).



Principle
Lipid

peroxidation

products

are

estimated

by

the

determination of the level of TBARS that are measured as MDA.
The latter is a decomposition product of the process of lipid
peroxidation and is used as an indicator of this process. The
colorimetric determination of TBARS is based on the reaction of
MDA with TBA at low pH, and at high temperature. The resultant
pink colored product is extracted by n-butanol, and the absorbance
is determined spectrophotometrically at 535 nm.



Procedure

1- In a centrifuge tube, 2.5 ml of TCA (20%) w/v and 1ml of TBA
(0.67%) w/v were added to 0.5 ml of the supernatant of ovarian or
uterine homogenate.
2- The mixture was heated for 20 min in a boiling water bath, and
then the mixture was cooled in ice.
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3- After cooling, 4 ml of n-butanol were added and shaken
vigorously.
4- The n-butanol layer was separated by centrifugation at 2000 g
for 10 min.
5- The absorbance of the pink coloured product was measured at
535 nm using spectrophotometer.



Calculation
The concentration of TBARS was computed from the standard

calibration curve which was constructed using serial dilutions of ,13,3 tetramethoxypropane in concentrations 0.8, 1.6, 3.2, 6.5 and 13
nmol/ml, Fig. 14.
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Fig. (14): Standard calibration curve of MDA.
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8. Immunohistochemical examination



Principle
Immunohistochemistry staining is used to identify specific

constituents in tissue sections or immobilized cells. To detect the
reaction site, the antibody/antigen complex is labeled with an
enzyme that can be reacted with a suitable substrate to give a
colored product. Proper fixation is crucial to successful staining.
Formaldehyde fixation is often used as the routine initial method of
choice for tissue and with the immobilized antigen to form an
antigen-antibody complex. A second, biotinylated antibody specific
for primary antibody reacts with the complex. Streptavidin
conjugated to peroxidase reacts with the Ab-Ab-Ag complex
immobilizing the peroxidase at the site of the antigen. Finally, the
substrate is added causing a colored precipitate to form on the
slide at the location of the antigen. This slide is analyzed using a
light microscope (Buchwalow and Bocker, 2002).
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i.

Assessment of proliferative marker (PCNA)

To determine whether the proliferative capacity of
granulosa cells and thus the subsequent development of the
growing

follicles

were

modified

in

irradiated

ovaries,

immunohistochemical analysis of PCNA (Oktay, 1995) was carried
out.

Procedure
1. Paraffin embedded tissue sections of 3 μm thickness were
rehydrated first in xylene and then in graded ethanol
solutions.
2. The slides were then blocked with 5% bovine serum albumin
in Tris buffered saline (TBS) for 2 h.
3. The sections were then immunostained with a mouse
monoclonal antibody to rat PCNA (Thermo Fisher Scientific,
Cat. No. MS-106-R7) and incubated overnight at 4 °C.
4. After washing the slides with TBS, the sections were
incubated with a biotinylated goat anti-rabbit secondary
antibody.
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5. Sections were then washed with TBS and incubated for 5–10
min in a solution of 0.02% diaminobenzidine (DAB)
containing 0.01% H2O2.
6. Counter staining was performed using hematoxylin, and the
slides were visualized under a light microscope.
7. The number of PCNA positively-stained cells over the total
number of granulosa cells was counted in seven high-power
fields (40×) using a digital video camera, then, the percentage
of PCNA positive cells was calculated.
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ii.

Assessment of apoptotic markers
Immunohistochemical analysis of cytochrome c and caspase

3 was carried out as follows:
1. Paraffin embedded tissue sections of 3 μm thickness were
rehydrated first in xylene and then in graded ethanol
solutions.
2. The slides were then blocked with 5% bovine serum albumin
in Tris buffered saline (TBS) for 2-h.
3. The sections were then immunostained with either rabbit
polyclonal antibody to rat active caspase 3 (abcam, Cat. NO.
ab2302) or mouse monoclonal antibody to rat cytochrome c
(Thermo Fisher Scientific, Cat. No. MS-1192-R7) and
incubated overnight at 4 °C.
4. After washing the slides with TBS, the sections were
incubated with a biotinylated goat anti-rabbit secondary
antibody.
5. Sections were then washed with TBS and incubated for 5–10
min in a solution of 0.02% diaminobenzidine (DAB)
containing 0.01% H2O2.
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6. Counter staining was performed using hematoxylin, and the
slides were visualized under a light microscope.
7. Fractions of ovarian caspase 3 and cytochrome c DABpositive immunoreactive areas were calculated automatically
in seven high-power fields (x200) as area percentage of
immunopositive cells to the total area of the microscopic field
using a digital video camera mounted on a light microscope
(CX21, Olympus, Japan).
For negative controls, primary antibody was omitted. All
steps for immunohistochemical evaluation were carried out using
image analysis software (Image J, 1.46a, NIH, USA).
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9. Histopathological examination
1. For histological examination, the ovaries or uterus was fixed
in 10% formalin overnight for 24-h then washing was done
with tap water.
2. Serial dilutions of alcohol (methyl, ethyl and absolute ethyl)
were used for dehydration.
3. Specimens were cleared in xylene and embedded in paraffin
at 56 degree in hot air oven for 24-hr.
4. Paraffin bees wax tissue blocks were prepared for sectioning
at 4 microns thickness by slidge microtome.
5. The obtained tissue sections were collected on glass slides,
deparaffinized and processed for paraffin sections of 4 μm
thickness.
6. Afterwards, sections were stained with hematoxylin and
eosin and examined under light microscope (Banchroft et al.,
1996).
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10. Assessment of fertility
Female rats from all groups (n = 5 in each group) were
mated with age related males at 60-day post natal (dpn) for up to 3
sexual cycles (3 estrus). One male was housed with a group of two
or three females. Pregnant females at 14 – 15 d gestation were
isolated. Number of pregnant females and newborn pups were
counted and kept with their mother until 2 dpn to check
breastfeeding and eventual lethality.

Statistical analysis
Data are presented as mean ± SD. Multiple comparisons
were performed using one-way analysis of variance (ANOVA)
followed by Tukey–Kramer as a post-hoc test. Additionally, number
of pups was compared using Kruskal-Wallis test followed by
Dunn's multiple comparisons as a post-hoc test. The 0.05 level of
probability was used as the criterion for significance. All statistical
analyses were performed using Instat version 3 software package.
Graphs were sketched using GraphPad Prism (ISI® software, USA)
version 5 software.
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Results
(A) Body weight changes
Body, ovarian and uterine weights
Weights of ovarian and uterine tissues were compared after
normalization to 100 g body weight. Animals exposed to radiation
showed significant reduction in their body weights as well as
ovarian and uterine weights, reached 78.36%, 65.97%, and
72.66%, respectively as compared to control group. Pre-treatment
of animals with sodium selenite significantly counteracted effects
of radiation and increased body, ovarian and uterine weights by
30%, 43%, and 31%, respectively as comparable to that of the
irradiated group. Animals treated with sodium selenite alone did
not show any significant differences in body, ovarian, and uterine
weights as compared with the control group, (Table. 3, Fig. 15, 16,
17).
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Table (3): Effect of sodium selenite (SS) injection and/or
whole body-irradiation (IR) on body, ovarian and uterine
weights.
Groups

Changes in
total body
weight (g)

Ovary weight
in pair(mg)

Relative
Ovary weight
(mg/100 g
B.W.)

Uterine wet
weight (mg)

Relative
Uterine
weight
(mg/100 g
B.W.)

Control

22.30 ± 3.98

96.83 ± 11.96

157.97 ± 26.48

191.80 ± 13.08

301.40 ± 39.5

SS

23.00 ± 2.00

b

100.87 ± 14.03 b

168.12 ± 31.34 b

163.20 ± 28.65 b

293.12 ± 53.24 b

IR

17.50 ± 3.62

a

58.85 ± 12.65 a

104.21 ± 27.62 a

112.50 ± 27.48 a

219.00 ± 39.35 a

SS/IR

22.83 ± 1.40 b

85.00 ± 8.52 b

149.38 ± 35.92

160.00 ± 25.49 b

287.12 ± 24.60 b

b

- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒ- radiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily one
week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated

group

respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–Kramer
multiple comparison as a post-hoc test.
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Fig. (15): Effect of sodium selenite (SS) on body weight of
rats exposed to whole-body irradiation (IR), expressed as a
percentage of control group.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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Fig. (16): Effect of sodium selenite (SS) on ovarian
weight of rats exposed to whole-body irradiation (IR),
expressed as a percentage of control group.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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Fig. (17): Effect of sodium selenite (SS) on uterine weight
of rats exposed to whole-body irradiation (IR), expressed as a
percentage of control group.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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(B) Vaginal smear
Stages of estrus cycles using vaginal smear technique are
represented in, (Fig. 18). One week after injection, sodium
selenite's treated animals with or without ϒ-radiation exposure
were undergoing changes in estrus cycles as regular as controls. On
the

other

hand,

irradiated

animals

remained

unchanged

throughout the experiment and arrested at diestrus phase, (Fig.
18). However, after two months; before pregnancy; we observed

that irradiation arrested the animals at estrus stage for a long time.
The description of each stage of estrus cycle was done according to
the study of (Kishimoto et al., 2007).
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Fig. (18): Representative photomicrographs of vaginal smears.
A: Diestrus stage showing only leukocytes. B: Proestrus stage
showing nucleated epithelial cells. C: Metestrus stage consists of
leukocytes, cornified, and nucleated epithelial cells. D: Estrus stage
showing only cornified cells (Yener et al., 2007).
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(C)

Circulating hormone levels

1. Follicle-stimulating hormone
Serum FSH of irradiated female rats showed a drastic
increase and was significantly elevated by 385% as compared with
the control group. As shown in (Fig. 19), the serum FSH level
significantly decreased by 22% in rats treated with sodium selenite
before radiation exposure as compared to the irradiated group.
Serum FSH level for sodium selenite treated alone group was
significantly higher by 127% as compared with the control females,
(Table. 4, Fig. 19).

2. Estradiol
In contrast, in irradiated females, serum E2 levels decreased
significantly to 68% of the control value. Treatment of animals with
sodium selenite before irradiation restored E2 level to be 94% as
compared with the control group. Sodium selenite alone did not
show any significant difference in serum E2 levels as compared
with the control group, (Table. 4, Fig. 20).
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Table (4): Effect of sodium selenite (SS) injection on
circulating hormone levels in rats exposed to whole-body
irradiation (IR).

Groups

E2 [pg/ml]

FSH [ng/ml]

Control

30.88 ± 4.94

13.61 ± 0.88

SS

33.23 ± 0.39 b

30.93 ± 3.49 a,b

IR

21.10 ± 5.26 a

66.00 ± 3.77 a

SS/IR

29.15 ± 2.21 b

51.26 ± 1.38 a,b

- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.

-011-

Results
FSH

500

% of Control

400

Control
IR
SS/IR
SS

a
a,b

300

a,b

200
100
0

Fig. (19): Effect of sodium selenite (SS) on serum level of
follicle-stimulating hormone (FSH) in rats exposed to wholebody irradiation (IR), expressed as a percentage of control.

- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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Fig. (20): Effect of sodium selenite (SS) on serum level of
estradiol in rats exposed to whole-body irradiation (IR),
expressed as a percentage of control.

- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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(D) Morphometric analysis
Morphometric analysis, during the immature period,
showed that irradiated ovaries displayed a sequential reduction in
the number of certain classes of follicles. The population of
primordial follicles was reduced by 89 % in irradiated ovaries less
than control ones; (Fig. 21 A). Radiation also reduced the number of
preantral follicles by 50% less than control values, (Fig. 21 B).
Nevertheless, there were no significant difference in the population
of healthy antral follicles between control and irradiated ovaries,
(Fig. 21 C). The number of atretic follicles increased significantly in

irradiated ovaries by 150 % of control values, (Fig. 21 D).
Interestingly, treatment with sodium selenite before
irradiation significantly increased the number of primordial and
preantral follicles and significantly decreased the number of atretic
follicles induced by radiation as compared to the irradiated group.
Treatment of animals with sodium selenite alone showed no
significant effect on follicles number as compared to the control
number, (Table. 5, Fig. 21).
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Table (5): Effect of sodium selenite (SS) injection and/or
whole-body irradiation (IR) on the number of different types
of ovarian follicles.
Groups

Primordial

Pre-antral

Antral

Atretic

Control

44.00 ± 3.606

17.33 ± 2.08

9.00 ± 1.00

6.00 ± 1

SS

44.66 ± 1.15 b

16.00 ± 1.73 b

10.33 ± 1.16

5.00 ± 1.41 b

IR

5.00 ± 1.00 a

8.66 ± 1.52 a

9.00 ± 1.00

15.00 ± 2.64 a

SS/IR

34.33 ± 7.23 b

23.50 ± 3.54 b

12.33 ± 3.51

6.60 ± 2.08 b

- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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Fig. (21): Morphometric analysis of (A) primordial, (B)
preantral, (C) antral and (D) atretic ovarian follicles,
expressed as a percentage of control after sodium selenite
treatment in ϒ-radiation exposed rats.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Each column represents the mean ± SD of at least three
independent experiments.
- a or b: Statistically significant from control or irradiated group,
respectively at P < 0.05 using one-way ANOVA followed by Tukey–
Kramer as a post-hoc test.
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(E)

Oxidative stress markers

1. Ovarian and uterine content of GSH
ϒ-irradiation significantly reduced GSH level in ovarian and
uterine tissues by 40% and 12%, respectively as compared to the
control groups. Treatment of animals with sodium selenite before
irradiation significantly increased the GSH level in ovarian and
uterine tissues reaching 159% and 112%, respectively as
compared to the irradiated group. Furthermore, animals treated
with sodium selenite alone did not show any significant alteration
in sex organs GSH level as compared to the control groups, (Table.
6, Fig. 22).

2. Ovarian and uterine GPx activity
ϒ-irradiation significantly reduced GPx activity in ovarian
and uterine tissues by 42.6% and 38.5%, respectively as compared
to the control group. Treatment of animals with sodium selenite
before irradiation significantly increased the GPx activity in
ovarian and uterine tissues reaching 158.6% and 177.9%,
respectively as compared to the irradiated groups. Neither ovarian
nor uterine GPx activities were significantly different between
control and sodium selenite treated animals, (Table. 6, Fig. 23).
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3. Ovarian

and

uterine

content

of

lipid

peroxides
ϒ-irradiation significantly increased lipid peroxide level in
ovarian and uterine tissues by 58.5% and 185%, respectively as
compared to the control groups. Treatment of animals with sodium
selenite before irradiation significantly decreased the lipid
peroxide level in ovarian and uterine tissues reaching 64% and
50%, respectively as compared to the irradiated groups.
Furthermore, animals treated with sodium selenite alone did not
show any significant alteration in ovarian and uterine lipid
peroxide level as compared to the control groups, (Table. 7, Fig.
24).
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Table (6): Effect of sodium selenite (SS) injection on ovarian
and

uterine

reduced

glutathione

(GSH)

content

and

glutathione peroxidase (GPx) activity in rats subjected to
whole-body irradiation (IR).

GSH (μmol/g wet tissue)

GPx (U/ g wet tissue)

Groups

Ovary

Uterus

Ovary

Uterus

Control

4.04 ± 0.48

5.01 ± 0.43

5.36 ± 1.46

2.02 ± 0.23

SS

3.39 ± 0.17 b

5.23 ± 0.41 b

5.89 ± 0.56 b

2.38 ± 0.30 b

IR

2.47 ± 0.25 a

4.40 ± 0.09 a

3.07 ± 0.78 a

1.24 ± 0.43 a

SS/IR

3.93 ± 0.64 b

4.94 ± 0.22 b

4.87 ± 0.48 b

2.20 ± 0.30 b

- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒ-radiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily one
week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated

group

respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–Kramer
multiple comparison as a post-hoc test.
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Fig. (22): Effect of sodium selenite (SS) on ovarian and
uterine reduced glutathione (GSH) content in rats exposed to
whole-body irradiation (IR), expressed as a percentage of
control group.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒ-radiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily one
week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–Kramer
multiple comparison as a post-hoc test.
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Fig.(23): Effect of sodium selenite (SS) on ovarian and
uterine glutathione peroxidase (GPx) activity in rats exposed
to whole-body irradiation (IR), expressed as a percentage of
control group.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒ-radiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily one
week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–Kramer
multiple comparison as a post-hoc test.
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Table (7): Effect of sodium selenite (SS) injection on ovarian
and uterine lipid peroxide content in rats subjected to wholebody irradiation (IR).

TBARS (nmol/gm wet tissue)
Groups

Ovary

Uterus

Control

84.80 ± 22.10

96.18 ± 10.11

SS

82.70 ± 14.27 b

133.79 ± 14.58 b

IR

134.44 ± 15.27 a

274.98 ± 64.55 a

SS/IR

86.40 ± 8.88 b

137.28 ± 24.20 b

- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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Fig. (24): Effect of sodium selenite (SS) on ovarian and
uterine lipid peroxide content in rats exposed to whole-body
irradiation (IR), expressed as a percentage of control group.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD, (N=12).
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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(F)

Proliferation marker

Immunohistochemical detection of the proliferation marker,
PCNA, demonstrated that follicles at the same stage of development
were indeed at different states of maturation in control and
irradiated ovaries. In control ovaries about half of the granulosa
cells of growing follicles located in the center of the ovary were
PCNA positive, (Fig. 25 A). Treatment of rats with sodium selenite
alone for one week showed PCNA expression levels similar to the
control group, (Fig. 25 B). In irradiated ovaries, the granulosa cells
of all follicles, even the most developed, were mainly PCNA
negative, (Fig. 25 C). The percentage of PCNA positive cells of
irradiated ovaries was significantly decreased by 60% as compared
to the control group, (Fig. 26).
On the other hand, in irradiated ovaries pretreated with
sodium selenite, enhanced number of PCNA labeled granulosa cells
of healthy growing follicles were positively-stained, (Fig. 25 D). The
percentage of PCNA positive cells of these ovarian follicles was
significantly increased by 127.62% as compared to the irradiated
group, (Fig. 26). The immunohistochemical staining was quantified
by counting number of PCNA positive and negative cells in seven
high-power fields (x400), then the percentage of PCNA positive
cells were calculated, (Fig. 26).
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Fig. (25). Immunohistochemical localization of
proliferation cell nuclear antigen (PCNA) in ovarian follicles.
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Figure (25) legand:
(A): Photomicrograph of ovarian section of control rat
showing positive expression of PCNA in ovarian granulosa
cells (blue arrow).
(B): Photomicrograph of ovarian section of sodium selenite
treated rat showing positive expression of PCNA in ovarian
granulosa cells (blue arrow).
(C): Photomicrograph of ovarian section of irradiated rat
showing negative expression of PCNA in ovarian follicles (red
arrow).
(D): Photomicrograph of ovarian section of sodium selenite
treated rat before irradiation exposure showing positive
expression of PCNA in ovarian follicles as shown by intense
brown staining (black arrow).
Scale bar, 10 μm.
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Fig. (26): Effect of sodium selenite (SS) on ovarian
follicles' proliferation in rats exposed to whole-body
irradiation (IR), expressed as a percentage of PCNA positive
cells.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒ-radiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily one
week before radiation exposure.
- Data expressed as mean ± SD.
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–Kramer
multiple comparison as a post-hoc test.
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(G) Apoptotic markers
1. Cytochrome c expression in ovarian and
uterine tissues
It was found that ovarian granulosa and theca interstitial cells,
as well as uterine epithelial cells in control rats showed minimal
immunostaining for cytochrome c, (Fig. 27 A & B). Treatment of
rats with sodium selenite alone showed cytochrome c expression
level similar to the control group, (Fig. 27 C & D). Irradiation
induced marked increase in the cytochrome c levels in ovarian
granulosa and theca cells, and uterine epithelial cells with
appearance of complete degeneration of uterine mucosal lining
epithelium associated with membrane blebbing, which was evident
from the intense brown staining, (Fig. 27 E & F). Irradiation
significantly-increased the percentage of ovarian cytochrome c
positive cells by 260% as compared to the control group, (Fig. 28).
While, pre-treatment of rats with sodium selenite decreased
ovarian and uterine cytochrome c expression when compared to
the irradiated group, (Fig. 27 G & H). Additionally, sodium selenite
pre-treatment significantly-decreased the percentage of ovarian
cytochrome c positive cells by 74% as compared with the
irradiated group, (Fig. 28).
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2. Caspase 3 expression in ovarian and uterine
tissues
In addition to cytochrome c expression, apoptosis was also
assessed by detecting caspase-3 expression in ovarian and uterine
tissues.
Control

ovarian

and

uterine

tissues

showed

minimal

immunostaining for caspase 3, (Fig. 29 A & B). Treatment of rats
with sodium selenite alone showed caspase 3 expression levels
similar to the control group, (Fig. 29 C & D). Irradiation induced an
increase in the caspase 3 level in the ovarian granulosa and theca
cells as well as uterine epithelial cells, which was evident to the
intense brown staining, (Fig. 29 E & F). However, pre-treatment of
rats with sodium selenite significantly decreased the expression of
caspase 3 in ovarian granulosa and theca cells, and uterine cells,
when compared to the irradiated group, (Fig. 29 G & H).
The ovarian immunohistochemical staining was quantified as a
percentage of positive cells and the result further confirmed the
previous ones. The quantitative analysis showed that the
percentage of caspase 3 positive cells in irradiated group was
significantly-increased by 176% as compared to the control one.
On the other hand, the percentage of positive cells was significantly
reduced by 42% in rats pre-treated with sodium selenite as
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compared to the irradiated group. Sodium selenite treatment alone
didn’t cause any significant change as compared to control group,
(Fig. 30).
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Fig. (27): Cytochrome c expression in ovarian and uterine
tissues using immunohistochemical staining.
(A & B): Photomicrographs of ovarian and uterine section of control
rat showing minimal degree of cytochrome c expression in ovarian
granulosa and theca cells, and uterine epithelial cells.
(C & D): Photomicrographs of ovarian and uterine section of sodium
selenite (0.5 mg/kg) treated rat showing minimal expression of
cytochrome c.
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(E & F): Photomicrographs of ovarian and uterine section of rat
exposed to ϒ-radiation (3.2 Gy) showing extensive cytochrome c
expression in ovarian follicles, and uterine lining mucosal epithelium
and glandular structure (black arrow).
(G & H): Photomicrographs of ovarian and uterine section of rat
treated with sodium selenite (0.5 mg/kg) and exposed to ϒ-radiation
(3.2 Gy) show limited cytochrome c expression.

-019-

Results

I
(I & J): Negative control of ovary and uterus, omitting primary
antibody.
Scale bar, 01 μm.
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Fig. (28): Effect of sodium selenite (SS) on ovarian
cytochrome c expression in rats exposed to whole-body
irradiation (IR), expressed as a percentage of positive cells.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD.
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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Fig. (29): Caspase 3 expression in ovarian and uterine tissues
by immunohistochemical staining.
(A & B): Photomicrographs of the ovarian and uterine section of
control rat show minimal degree of caspase 3 expression in ovarian
granulosa and theca cells, and uterine epithelial cells.
(C & D): Photomicrographs of the ovarian and uterine section of
sodium selenite (0.5 mg/kg) treated rat show minimal expression of
caspase 3.
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(E & F): Photomicrographs of ovarian and uterine section of rat
exposed to ϒ-radiation (3.2 Gy) show extensive caspase 3 expression
in ovarian follicles (white arrow) and uterine mucosal epithelium
(black arrow).
(G & H): Photomicrographs of ovarian and uterine section of rat
treated with sodium selenite (0.5 mg/kg) and exposed to ϒ-radiation
(3.2 Gy) show limited follicular and uterine epithelium caspase 3
expression.
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(I & J): Negative control of ovary and uterus, omitting primary
antibody.
Scale bar, 01 μm. Granulosa cells, (GCs); Theca cells, (TC); lining
epithelium, (le); glandular epithelium, (ge).

-011-

J

Results

% positive cells

25

a

Control
IR
SS/IR
SS

20

b

15

b

10
5
0

Fig. (30): Effect of sodium selenite (SS) on ovarian
caspase 3 expression in rats exposed to whole-body
irradiation (IR), expressed as a percentage of positive cells.
- Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.
- Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.
- Data expressed as mean ± SD.
- a or b: Significantly different from control or irradiated group
respectively at P < 0.05.
- Statistical analysis was done using ANOVA followed by Tukey–
Kramer multiple comparison as a post-hoc test.
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(H) Histopathological examination
1. Ovarian histopathology
Ovarian sections from the control group stained with
hematoxylin and eosin showed normal ovarian structure,
characterized by different types of follicles, oocytes, and CL. All of
them overcome the stromal structure with corrugated outline as a
whole, (Fig. 31 A & B). No abnormal histological alterations were
observed in ovarian sections obtained from animals treated with
sodium selenite alone as compared to the control group; however
these sections showed more follicular maturation, (Fig. 31 C & D).
In irradiated ovaries, the stromal tissue occupied most of the
ovarian structure which was characterized by severe hemorrhage
and decrease in the number of growing follicles. Very few
primordial follicles were detected, and no primordial follicle stock
was observed at the periphery of the irradiated ovary, (Fig. 31 E &
F). Treatment with sodium selenite before irradiation preserved

ovarian tissue from radiation-induced hemorrhage and maintained
the follicular stock, (Fig. 31 G & H).
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2. Uterine histopathology
Uterus sections obtained from both control and sodium selenite
treated groups showed normal histological structure of mucosal
lining epithelium and underlying lamina propria with glandular
structure, (Fig. 32 A & B). Uterine sections of animals exposed to
radiation showed degeneration in the lining mucosal epithelial
cells which appeared as membrane blebbing; one of the features of
apoptosis, (Fig. 32 C). Interestingly, administration of sodium
selenite before irradiation preserved the glandular and lining
mucosal epithelium in the uterine structure, (Fig. 32 D).
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Fig. (31): Representative photomicrographs of hematoxylin
and eosin-stained ovarian tissue sections.
(A and B): Photomicrographs of control ovarian sections which
characterized by different stages of ovarian follicles (blue arrow),
and oocytes.
(C and D): Photomicrographs of ovarian sections of rats treated with
sodium selenite showing normal histological structure of Graffian
follicles (GF) and stroma (S).
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(E and F): Photomicrographs of ovarian sections of rats exposed to
irradiation showing atrophy of ovarian tissue as a whole,
characterized by more stroma (S) and few, if any, resting oocytes in
the cortex with severe hemorrhage (black arrow).
(G and H): Photomicrographs of ovarian sections of rats treated with
sodium selenite and exposed to irradiation showing intact
histological structure of graffian, antral and pre-antral follicles (blue
arrow).
Scale bar, 01 μm.
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Fig. (32): Representative photomicrographs of hematoxylin
and eosin-stained uterine tissue sections.
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Figure (32) legand:

A: Photomicrograph of uterus section taken from control rat
shows normal mucosal lining epithelium (blue arrow) with
multiple glands (black arrow).

B: Photomicrograph of uterus section taken from sodium selenite
treated rat shows normal mucosal lining epithelium (blue arrow)
with multiple glands (black arrow).

C: Photomicrograph of uterus section taken from rat subjected to
ϒ-radiation shows high degeneration of mucosal epithelium with
vacuole appearance (red arrow).

D: Photomicrograph of uterus section taken from uterus of rat
subjected to ϒ-radiation and pre-treated with sodium selenite
shows regeneration of glandular and luminal epithelium with
intact structure.

Scale bar, 01 μm. le: luminal epithelium, ge: glandular epithelium,
S: stroma.
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(I) Fertility assessment
The reproductive capacity in terms of fecundability (the
number of pregnant females per mated females) and fecundity (the
number of pups per mated females) was examined. After female
rats became completely adult, mating with age related normal
males in the irradiated group resulted in significant decline in
female fertility than control ones. Only one of 5 irradiated female
animals was pregnant (20% vs. 100% in controls) and litter size
was (1.62 vs. 8.8 pups for controls). In addition, irradiated females
conceived pups with no morphological abnormality. While
treatment of rats with sodium selenite one week before irradiation,
preserved their fertility and increased the ability of females to
become pregnant (100%) with litter size 8 pups/female. Female
rats treated with sodium selenite alone led to 100% pregnancy
with litter size 8.75 pups/female, (Table. 8).
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Results
Table (8): Reproductive performance of control, irradiated
and sodium selenite treated females.

Groups

Fecundability

Fecundity

Control

100%

8.8

IR

20%

1.65 a

SS

100%

8.75 b

SS/IR

100%

8

-

Female rats were exposed to a single dose of 3.2 Gy, LD20 ϒradiation.

-

Sodium selenite was given in a dose of 0.5 mg/kg, i.p., once daily
one week before radiation exposure.

-

Fecundability is expressed as a percentage of pregnant females
among mated females.

-

Fecundity is expressed as the number of pups per mated females.
Fecundity values represent the median; they were compared by
Kruskal-Wallis's test followed by Dunn's multiple comparisons as a
post-hoc test, and differences were considered significant when P<
0.05.

-

a or b: Significantly different from control or radiation group,
respectively at P < 0.05.
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Discussion
Selenium radioprotective effects on several organs were
previously demonstrated (Weiss et al., 1992, Mutlu-Turkoglu et al.,
2000). However, its potential in-vivo radioprotective effect on the

female reproductive organs is still uncertain. In the present study,
the molecular mechanisms underlying the potential ovarian and
uterine radioprotective effect of sodium selenite has been assessed
by studying its effects on different markers of oxidative stress,
apoptosis, proliferation and folliculogenesis in an experimental
model of radiation-induced ovarian failure.
Ovarian failure manifests itself as hypergonadotropic
hypogonadism resulting in amenorrhea and irreversible infertility
(Ataya et al., 1985). In the present study, the irradiated females

showed lower levels of serum E2 than those of the control group,
whereas FSH concentration was extremely higher than control;
these findings reflect the presence of typical ovarian failure. The
increase in FSH level was attributed to abnormal steroid secretion
from the ovaries. Pre-treatment of female rats with sodium selenite
prevented the decrease in E2 level induced by irradiation. Our
results are in accordance with an earlier study which showed that
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Se supplementation along with sodium arsenite treatment resulted
in E2 level near the basal level, similar to the control group
(Chattopadhyay et al., 2003).

Morphometric analysis of the follicle population revealed
that irradiation induced almost complete deletion of the primordial
follicle pool within a time period of 24-h. In contrast, the other
growing antral follicles remained unaffected. These findings, are in
agreement with previous one (Mandl, 1959), which indicated that
oocytes contained in primordial follicles are particularly sensitive
to ionizing radiation, whereas growing oocytes are relatively radioresistant. Interestingly, in the current study, sodium selenite
preserves

primordial

follicles'

stock,

stimulates

follicular

maturation and minimizes the follicle depletion induced by
radiation, suggesting the ovarian radioprotective effect of Se.
Furthermore, injection of sodium selenite alone stimulated
maturation of preantral follicles to more antral follicles.
Besides the morphometric analysis, the proliferation
marker; PCNA was assessed. It was reported that in rat ovaries, the
expression of PCNA was not detected in granulosa cells or oocytes
in primordial follicles, but increased with the initiation of follicle
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growth (Oktay et al., 1995). In agreement with this study, as shown
by PCNA staining, numerous granulosa cells of control ovaries in
primary and preantral follicles were proliferating. In contrast, the
proliferation of granulosa cells was markedly reduced in the
ovarian follicles of the irradiated rats. It was reported that
irradiation causes an elevation of p53 levels, mainly through a
post-translation mechanism (Kastan et al., 1992) and p53 regulates
the expression of a number of downstream effector genes such as
p21 (el-Deiry et al., 1993). The protein p21; a member of the family
of cyclin-dependent kinase inhibitors, is a dual inhibitor of cyclindependent kinases (cdk) (Xiong et al., 1993) and PCNA (Waga et al.,
1994, Bruning and Shamoo, 2004) , both of which are required for

passage through the cell cycle. In the present study, pre-treatment
of irradiated animals with sodium selenite markedly increased
PCNA expression. Our results are in agreement with an earlier
study which showed that Se at low concentrations may increase
cell proliferation in HL-60 and U937 cells (Gopee et al., 2004). The
pathway by which sodium selenite may stimulate cell proliferation
is unclear, until now, but, according to the study of Zeng, (2002),
cells supplemented with Se showed up-regulation of PCNA, cdk1,
cdk2, cdk4, cyclin B and cyclin D2 mRNA levels. This finding
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suggests that Se directly or indirectly affects the function of basic
transcriptional machinery in the cell.
Furthermore,

the

present

study

demonstrated

that

treatment of animals with sodium selenite alone increased level of
FSH significantly than control, which may be due to the stimulatory
effect of Se on the dopamine level in the brain (Imam and Ali, 2000,
Tsunoda et al., 2000), as dopamine has a stimulatory effect on

gonadotrophin synthesis and secretion (Clemens et al., 1977,
Vijayan and McCann, 1978). So, it may be a possible mechanism by

which

sodium

selenite

stimulates

folliculogenesis

through

increasing FSH concentration as the growing and mature follicles
mark the onset of follicular maturation under the stimulus of FSH
and LH (Rabinovici and Jaffe, 1990). The present study is the first
one that confirmed the in-vivo follicular development effect of Se
via promoting granulosa cells' proliferation.
Besides the ovarian damage induced by irradiation, it was
reported that uterine function may be impaired after radiation
doses of 14 to 30 Gy, as a consequence of disruption of the uterine
vasculature and musculature elasticity (Bath et al., 1999). In the
current study, uterine lining mucosal epithelium degeneration was
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observed after irradiation exposure, which may result from
decreased ovarian E2 secretion induced by irradiation, as uterine
growth depends on the ovarian E2 secretion (Patil et al., 1998).
Sodium selenite treatment prevented uterine degeneration which,
implies

that

sodium

selenite

effectively

attenuated

the

deterioration of radiation-induced uterine damage.
The deleterious effects of ionizing radiation in biological
systems are mainly mediated through the generation of ROS in cells
as a result of water radiolysis ((Kamat et al., 2000). These ROS can
induce oxidative damage to vital cellular molecules and structures,
including DNA, lipids, proteins, and membranes (Esterbauer, 1996,
Cadet et al., 2004). In this regard, the uterine endometrium

degeneration which is associated with increased ROS production
(Beltran-Garcia et al., 2000), as well as the decreased GPx activity

in the follicular fluid, may be one of the major factors that is
responsible for follicular regression (Paszkowski et al., 1995,
Cassano et al., 1999). In the present study, it was found that acute

irradiation exposure resulted in a significant increase in ovarian
and uterine lipid peroxides accompanied with significant depletion
of GSH level and decrease of the antioxidant enzyme activity of GPx
as compared to the control group. The depletion in GSH contents
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after exposure to ϒ-radiation may be due to the reaction of GSH
with free radicals resulting in the formation of thiol radicals that
associated to produce oxidized glutathione (Navarro et al., 1997).
Pre-treatment

of

rats

with

sodium

selenite

significantly

counteracted the oxidative stress effect induced by radiation. These
results support the important antioxidant role of Se in preventing
lipid peroxidation and in protection of integrity and functioning of
tissues and cells (Naziroglu et al., 2004, Ognjanovic et al., 2008).
Furthermore, these results confirmed the previous in-vitro study
which hypothesized that sodium selenite improved follicular
development by reducing ROS level and increasing GPx activity
(Abedelahi et al., 2010). So, one of the possible mechanisms by

which Se stimulates in vivo granulosa cell proliferation and
improves follicular development is through increasing GPx activity,
and decreasing oxidative stress and lipid peroxidation.
Besides the oxidative stress effect of radiation, apoptosis can
be induced by ROS formed from ionizing radiation (Shinomiya,
2001,

Feinendegen,

2002).

The ROS-induced mitochondrial

membrane damage leading to the release of cytochrome c from the
mitochondria into the cytosol which activates caspases and triggers
apoptosis (England and Cotter, 2005). Since caspase 3, existing as a
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proenzyme, can become activated during the cascade of events
associated with apoptosis (Alnemri et al., 1996); therefore, its level
is a good indicator of apoptosis. Ovarian granulosa cells play a key
role in regulating ovarian physiology, including ovulation and
luteal regression, which is a key to the fertility and pregnancy
(Amsterdam and Selvaraj, 1997). In ovarian failure, the ovarian

follicles did not respond to high level of FSH caused by irradiation
and did not secrete E2. Subsequently, FSH in this case stimulates
ovarian follicles to apoptosis (Yacobi et al., 2004). In fact, follicular
atresia is apparently initiated by apoptosis of the granulosa cells
(Markstrom et al., 2002). In the present study, the assessment of

apoptotic markers revealed that radiation significantly elevated the
expressions of caspase 3 and cytochrome c in ovarian granulosa
and theca cells, and uterine tissues as compared to control. In
addition, sodium selenite could suppress apoptosis caused by
ionizing radiation by decreasing the expressions of caspase 3 and
cytochrome c. In agreement with these results, it was stated that a
physiological concentration of Se in HT1080 cells increased cell
proliferation and survival, and blocked the apoptotic signal (Yoon
et al., 2002). So, another mechanism by which sodium selenite

enhances the in-vivo follicular development could be through
decreasing the apoptotic events induced by oxidative stress.
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Furthermore, the reproductive capacity of irradiated females
was severely impaired from the beginning of reproductive life. As
detected at 2 months of age, females displayed a severe reduction
in their litter size. Even if the influence of conception defects due to
irradiation damage to oocytes cannot be excluded, it is noticeable
that premature reproductive senescence may be closely related to
the dramatic reduction of follicular content, as evidenced by a
sequential fall in the number of growing follicles in each category.
The current study confirmed for the first time that selenite
treatment preserved reproductive function in the term of
fecundability and fecundity that were impaired by irradiation.
In conclusion, the present study demonstrates that sodium
selenite improves in vivo folliculogenesis and provides evidence for
ovarian and uterine radioprotection. The mechanisms underlying
these promising effects could be through increasing granulosa cells
proliferation, E2 and FSH secretion, and GPx activity, while
decreasing lipid peroxidation and oxidative stress leading to
inhibition of apoptosis through decreasing the expressions of
caspase 3 and cytochrome c.
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Future direction
Future direction:
What does the future hold for sodium selenite and fertility
preservation in cancer patients?
1. Long-term studies of the pups born to the female rats
exposed to radiation and treated by selenite are needed to
ensure that there is no subclinical genomic damage passed
from mother to offspring.
2. Moreover, future studies should aim to clarify the roles of
antioxidant

defense

mechanisms

and

development and survival of ovarian follicles.
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Summary & Conclusion
The present study was designed to examine whether Se in

the form of sodium selenite has any significant role on ϒ-radiation
induced ovarian-uterine dysfunction in vivo by studying its effects
on different markers of oxidative stress, apoptosis, proliferation
and folliculogenesis in an experimental model of ϒ-radiation
induced ovarian failure in rats. The study was designed as follows:
Animals were divided randomly into four groups and were either
exposed to a single dose of ϒ-radiation (3.2 Gy) and/or treated with
sodium selenite (0.5 mg/kg, once daily for one week).
The following parameters were investigated:
A.

Assessment of serum E2 and FSH levels.

B.

Morphometric analysis of ovarian follicles type and

number.
C.

Assessment of proliferative marker (PCNA).

D.

Assessment of oxidative stress markers: Ovarian and

uterine content of GSH and MDA, in addition to GPx activities.
E.

Assessment of Apoptotic markers: ovarian and uterine

expressions of cytochrome c and caspase 3.
F.

Histopathological examination: Hematoxylin and Eosin

used for routine histological examination of ovarian and uterine
tissues.
G.

Assessment of fertility.
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Summary & Conclusion
The results of the present study can be summarized as follows:
1. The current study demonstrated that endocrine environment
was affected by radiation, as shown by a drastic increase in FSH
levels and a significant decrease in E2 levels. Additionally, as a
result of the early depletion of primordial follicles, irradiated
females displayed POF. On the other hand, treatment of female
rats with sodium selenite prevented the decrease in E2 levels
caused by radiation; while it significantly increased FSH levels
as compared to control.
2. The number of primordial follicles may have reached such a
critical value that the mechanisms controlling the recruitment
of primordial follicles into the growing pool could not be
effective in the irradiated ovaries. As a result, we have
demonstrated that whole-body irradiation with a single dose of
3.2 Gy induced a deletion of the growing pre-antral follicles
within a time period of 24 h, with marked reduction in GCs
proliferation. In contrast, sodium selenite treatment preserves
ovarian follicles' stock and increased PCNA expression of the
irradiated ovaries.
3. Regarding the oxidative stress, radiation exposure resulted in a
significant increase in ovarian and uterine MDA accompanied
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with a significant depletion of GSH levels as well as GPx
activities. However, sodium selenite treatment significantly
reduced the radiation-induced production of ROS and inhibited
subsequent lipid peroxidation. Further, the current study
demonstrated that Se supplementation prevented the ovarian
and uterine weight loss induced by irradiation.
4. Exposure to irradiation resulted in increased ovarian granulosa
and theca cells as well as uterine epithelial cells apoptosis as
evidenced by increased cytochrome c and caspase 3
expressions. Surprisingly, sodium selenite treatment for one
week significantly diminished apoptosis-induced by irradiation.

5. Histopathological examination using Hematoxylin and Eosin
stain showed that the stromal tissue of the irradiated ovaries
occupied most of the ovarian structure which was characterized
by severe hemorrhage with very few primordial follicles were
detected at the periphery of the ovary. In addition, uterine
sections of animals exposed to radiation showed degeneration
in the lining mucosal epithelial cells which appeared as
membrane blebbing. Curiously, treatment of rats with sodium
selenite preserved ovarian and uterine tissues from radiationinduced hemorrhage and degeneration.
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Summary & Conclusion
6. Furthermore, the reproductive capacity of the irradiated
females was severely impaired as detected at 2 months of age,
with severe reduction in their litter size. Interestingly, sodium
selenite treatment preserved reproductive function in the term
of fecundability and fecundity that were impaired by
irradiation.

Together, these findings support the conclusion that sodium
selenite elicits a protective effect against radiation induced ovarian
failure.

In

addition,

sodium

selenite

stimulates

in

vivo

folliculogenesis through increasing GCs proliferation, E2 and FSH
secretions, as well as GPx activity, while decreasing lipid
peroxidation and oxidative stress. Subsequently, sodium selenite
treatment inhibits apoptosis through decreasing the expressions of
cytochrome c and caspase 3.
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Arabic Summary

الملخص العربي
الملخص العربى
دراسة التأثير المحتمل لعنصر السيلينيوم علي فشل التبويض
المحدث بواسطة العالج باإلشعاع
إن المبيض هو العضو المسئول عن إنتاج الهرمونات الجنسية وهو مصدر
البويضات  .ولقد أثبتت الدراسات أن العالج باالشعاع له تأثير سلبى علي وظائف
الغدد التناسلية في جميع األعمار و تعتمد درجة الضرر على الجرعة و مجال
التشعيع وعمر المريض .يتعرض المبيض لجرعات كبيرة من اإلشعاع عند استخدامه
لعالج بعض األمراض مثل سرطان عنق الرحم والمستقيم و الجهاز العصبي
المركزي و أيضا مع إشعاع الجسم الكلي قبل عملية زرع نخاع العظام .كما يعرف
فشل التبويض بأنة نقص مستوي هرمون االستروجين و ارتفاع مستوي هرمون
تنشيط البويضات ) (FSHفى الدم و يعنى ذلك قصور بوظائف الغدد التناسلية مما
يؤدى نهائيا الى العقم.
السيلينيوم
الفسيولوجية المختلفة

هو

عنصر أساسي

و

االنسان.

كما

بجسم

ضروري
أنه

للحفاظ على العمليات

عنصر

مضاد

لألكسدة

ويشارك في نموالخاليا من خالل حمايتها من اآلثار السامة والضارة  .وأثبتت
األبحاث أن السلينيوم لة القدرة علي حماية خاليا الكبد و الطحال و القناة الهضمية و
العظام من الضرر الناتج عن اإلشعاع  .و أدى استخدام السيلينيوم علي خاليا المبيض
إلى زيادة مضادات األكسدة و من ثم تحسين معدل نمو بويضات المبيض و نضجها
وكان لة أيضا تأثير محفز لزيادة إفراز هرمون االستراديول  .كما أن هناك بحث آخر
وجد أن استخدام السيلينيوم فى الجرذان الحوامل قبل تعريضها لالشعاع أدي الى
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انخفاض ملحوظ في عدد األجنة المشوهة  .و أثبتت األبحاث ايضا أن السيلينيوم عامل
مثبط لموت الخاليا المبرمج المحدث بواسطة اإلشعاع بخاليا الطحال.
أما عن اآللية الكامنة وراء إمكانية التأثير الواقي للجهاز التناسلى األنثوي
وكذلك إمكانية تنشيط التبويض في الجسم الحي لعنصر السيلينيوم ال تزال غير
معروفة .وفقا لذلك ،فأن الهدف من هذا البحث هو دراسة التأثيرالواقي المحتمل
للسيلينيوم على فشل التبويض و كذلك علي عدم قدرة الرحم علي القيام بوظيفتة نتيجة
التعرض ألشعة جاما من خالل دراسة آثاره على عالمات مختلفة من اإلجهاد
التأكسدي ،و موت الخاليا المبرمج ،وقدرة الخاليا الحبيبية بالمبيض علي النمو و
اإلنتشار في نموذج تجريبي لفشل التبويض في إناث الجرذان.
وقد تم تصميم هذه الدراسة على النحو التالي:
فشل التبويض تم إحداثة في اناث الجرذان بتعريضهم لجرعة واحدة من أشعة جاما
مقدارها  2.2جراى  .و تم تقسيم إناث الجرذان إلى أربع مجموعات بشكل عشوائي
و تم حقنها لمدة اسبوع علي النحو التالي :المجموعة االولي تم حقنها يوميا بمحلول
ملح ( 0.5مل لكل  100جم ) لمدة اسبوع  ،المجموعة الثانية تم حقنها يوميا بمحلول
ملح ( 0.5مل لكل  100جم ) لمدة اسبوع ثم تم تعريضها لجرعة واحدة من أشعة
جاما ( 2.2جراي)  ،المجموعة الثالثة تم حقنها يوميا بسيلينيت الصوديوم ( 0.5مجم
/كجم) لمدة اسبوع  ،اما المجموعة الرابعة تم حقنها يوميا بسيلينيت الصوديوم (0.5
مجم /كجم) لمدة اسبوع ثم تم تعريضها لجرعة واحدة من اشعة جاما ( 2.2جراي).
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وقد تم تحقيق هذه الدراسة من خالل القياسات اآلتية:
 .1تركيز هرمون اإلستراديول و هرمون تنشيط البويضات ( )FSHفي الدم.
 .2عالمات االكسدة:
قياس مستويات الجلوتاثيون وبيروكسيد الدهون باإلضافة إلى نشاط إنزيم الجلوتاثيون
بيروكسيديز في كال من أنسجة المبيض و الرحم.
 .2الفحص الباثولوجي ألنسجة المبيض والرحم.
 .4تحديد عدد حويصالت المبيض.
 .5قياس مدي نمو و إنتشار خاليا المبيض.
 .6عالمات موت الخاليا المبرمج بالرحم و المبيض:
 السيتوكروم سي كاسباس 2 .7تقييم الخصوبة.
ويمكن تلخيص نتائج هذه الدراسة كما يلي:
لقد أظهرت الدراسة الحالية أن الغدد الصماء تأثرت بالتعرض لإلشعاع ،كما يتضح
من زيادة كبيرة في مستويات هرمون  FSHوانخفاض ملحوظ في مستويات هرمون
اإلستراديول مما أدي إلي فشل التبويض في هذه الجرذان .و من ناحية أخرى ،أدى
حقن الجرذان بسيلينيت الصوديوم الي إستعادة مستوي هرمونات اإلستراديول و FSH
إلي المستوي الطبيعى .و أثبتت هذة الدراسة ايضا أن التعرض لإلشعاع أدي الى نقص
ملحوظ فى حويصالت المبيض مما يعني أن آليات السيطرة على نمو البويضات لم
تكن فعالة في المبايض المعرضة لإلشعاع .و في المقابل ،حافظ العالج بسيلينيت
الصوديوم على مخزون بويضات و حويصالت المبيض و أدى الي زيادة نمو الخاليا
-2-

الملخص العربي
الحبيبية الذى لوحظ بزيادة صبغة البكنا في المبايض المعرضة لإلشعاع .و قد أوضح
الفحص التشريحي المجهري ألنسجة المبيض و الرحم المعرضة لإلشعاع بواسطة
المجهر الضوئى ظهور نزيف شديد مع وجود عدد قليل جدا من البويضات باإلضافة
الي تلف الخاليا المخاطية المبطنة لجدار الرحم فى حين أن السيلينيوم قد حافط على
سالمة األنسجة و بنيتها .كما أثبتت هذه الدراسة أن التعرض لإلشعاع أدي الي زيادة
كبيرة في مستوي بيروكسيد الدهون باإلضافة إلي إنخفاض كال من مستوي
الجلوتاثايون و نشاط انزيم الجلوتاثيون بيروكسيديز بأنسجة المبيض و الرحم .ومن
ناحية اخري ،أدي العالج بسيلينيت الصوديوم إلى تقليل مستوي االجهاد التاكسدي و
منع فقدان أوزان المبيض و الرحم الناجم عن اإلشعاع .كما يتضح من خالل هذه
الدراسة أن اإلشعاع أدي الي موت الخاليا المبرمج عن طريق زيادة السيتوكروم سي
والكاسباس  2في كال من خاليا المبيض و الرحم .و قد أظهرت النتائج أن العالج
بسيلينيت الصوديوم أدي إلي تقليل موت الخاليا المبرمج المحدث بواسطة اإلشعاع.
عالوة على ذلك ،أضعفت بشدة القدرة اإلنجابية للجرذان المعرضة لإلشعاع مما
تسببت في إنخفاض شديد في نسبة الحمل و عدد االجنة  .ومن المثير لالهتمام أن
سيلينيت الصوديوم كان له قدرة فائقة في المحافظة علي نسبة اإلنجاب في الجرذان
المشععة.
في ضوء النتائج السابق ذكرها يمكن التوصل إلى اإلستنتاجات التالية:
للسيلينيوم تأثير واقي من فشل التبويض المحدث بواسطة اإلشعاع من خالل تقليل
مستوي اإلجهاد التأكسدي و موت الخاليا المبرمج  ،باإلضافة إلى زيادة نمو و انتشار
الخاليا الحبيبية ،و استعادة مستوي هرمونات االستراديول و  FSHالي المستوي
الطبيعى.
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