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Amifostine has an Inhibitory Effect on the Radiation-induced
pS3-branched Cascade in the Immature Mouse Ovary
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Abstract. The organic thiophosphate, amifostine, is a
promising pharmacological compound showing selective
protection in many tissues against the toxic side-effects of
radiation and cytotoxic drugs. The aim of the present study was
to assess the radioprotective effects of amifostine on ovarian
follicles. Three-week-old female mice, with or without
pretreatment with amifostine, were irradiated with 6.42 Gy of
y-ray. Reduced proliferation of granulosa cells was verified with
BrdU staining and the incidences of follicular degeneration
increased in ovarian follicles in the vy-ray-irradiated mice
compared to that of the control or amifostine-treated group.
Biochemical changes caused by vy-irradiation provoked a rise
of p53 and Bax protein and a decline of the inactive form in
caspase-3 and PARP protein. Caspase-3 and PARP cleaved
into active peptides during apoptosis. This process was
confirmed by the result of this study, which was that the
amount of the stable form decreased immediately after
irradiation. In the amifostine treatment group before
irradiation, the increased rate of p53 and Bax was suppressed,
particularly in the LDs-treated group. The relationship between
PARP and caspase-3 levels showed the effect of amifostine
exposure before irradiation. In conclusion, amifostine had an
inhibitory effect on ovarian programmed cell death induced by
y-ray, affecting the expression of apoptotic signaling molecules
and the level of proliferation of the granulosa cells.

Programmed cell death is the molecular mechanism by which
more than 99% of ovarian follicles undergo atresia during
their reproductive life (1), a process which principally
involves the death of granulosa cells (2). Follicular atresia
can occur normally during follicular growth and
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development (3) and, thus, follicles become atretic at any
stage of their development by intrinsic or extrinsic
detrimental signals. It is generally accepted that follicular
atresia occurs by the mediation of apoptosis of the granulosa
cells, either when the causing signals are spontaneous or
induced (4). The first recognizable morphological evidence
of follicular atresia is the appearance of pyknosis in the
granulosa cells lining the antral boundary of the antral
follicles and in those just external to the corona radiata of
the secondary follicles (3). Apoptotic nuclear fragmentation
was characterized by nuclear rupture and chromatin
transformation into formless granules, often referred to as
atretic (apoptotic) bodies, that were subsequently shed and
eventually engulfed by the infiltrating macrophages or
macrophage-like granulosa cells (3).

Since the status of atresia can only be detected after
considerable changes of the follicular architecture, it is not
easy to recognize the atretic process. Though morphological
and biochemical transformations related to atresia have
been well documented (5), the effect of radiation on atretic
follicles is still far from being understood. Thus, we
investigated the degenerative morphological changes in
ovarian follicles, which presumably are the early stages of
atresia, induced by whole-body irradiation.

It has been reported that radiation induces cell apoptosis
(6) and impairs the ovarian functions. Jacquet et al. reported
that the chromosomal damage of oocytes was induced by
irradiation and that the affected oocytes eventually
disappeared (7). The detrimental effect of radiation on cell
physiology gives rise to primary lesions of DNA that trigger
the apoptotic response (8). The DNA damage of p53-target
molecules induces the gene expression of p53-target
molecules involving p21 (WAF1), Gadd45, Bax, Bcl-2,
poly(ADP-ribose) polymerase (PARP) and p53 itself (9). The
pS3 protein plays a pivotal role in the maintenance of
genomic stability (10). An alarm from the p53-dependent
mechanism activates caspases and the pathway of cell death.

The synthetic aminothiol, amifostine, also known as
WR-2721 (S-2-(3-aminopropylamino) ethyl phosphorothioate),
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Figure 1. The ratio of normal to total follicles of each developmental stage of oogenesis in irradiated mice. The largest cross sections of the whole ovarian
slices were observed in the experiment. Abbreviations: C, the control group; As, the amifostine-treated group (LD, i.p. injection); AsR, the irradiation
group with amifostine pretreatment; R, the irradiated group without pretreatment.

has been extensively used as a chemical radioprotector for
normal tissues in cancer radiotherapy and chemotherapy
(11). Protecting the body, especially in relation to tumor
therapy, from the toxicities of ionizing radiation is a major
concern. For that purpose, various chemicals have been
synthesized and tested for their radioprotective effects.
Among others, amifostine has been widely used in clinical
trials. Amifostine was originally developed as a
radioprotective agent under a classified nuclear warfare
project by the Walter Reed Army Institute, and then it was
approved as a new cytoprotective agent by the FDA in 1995
(12, 13). Despite a growing number of reports supporting
amifostine’s radioprotective efficacy in many tissues and the
in vitro system, those related to the radioprotection of
normal reproductive systems in prepuberty in the case of
whole body irradiation are limited.

Therefore, the purpose of this study was to evaluate the
effect of amifostine on the regulatory proteins and the
granulosa degeneration related to the initiation of
programmed cell death of the ovarian follicles in irradiated
immature mice.

510

Materials and Methods

Treatment with amifostine and irradiation. Three-week-old female
mice of the ICR strain were used. The animals were obtained from
Daehan Biolink (Chungbuk, Korea) and housed under standard
lighting conditions (12L:12D) and allowed food and water ad
libitum. This experiment was approved by the Korean Laboratory
Animal Care and Use Committee. All procedures were conducted
in accordance with the ethical guidelines of the Committee. There
were 6 experimental groups according to irradiation and/or
amifostine (Sigma, MO, USA) exposure, each group composed of
5 mice. Amifostine dissolved in physiological saline was i.p. injected
at a concentration of 70 mg/kg body weight (LDs) 15 minutes
before irradiation (14). The animals, either untreated or pretreated
with amifostine, were whole body irradiated with 6.42 Gy,
according to previous studies (15) of y-rays from a %0Co isotopic
source (Panoramic Irradiator, AECL; source strength about 150
TBq). According to the experimental schedule, the animals were
sacrificed by cervical dislocation and the ovaries were collected 0
hours after irradiation.

BrdU immunohistochemistry. To evaluate the proliferation of
granulosa cells, BrdU (bromodeoxyuridine, Sigma) was injected i.p.
1 hour before irradiation. The excised ovaries (right side) were
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fixed in 4% paraformaldehyde and embedded in paraffin. Cross
sections of the ovary were cut 4-um in thickness. The sections were
deparaffinized, rehydrated in graded alcohols and treated with 2 N
HCI to denature the DNA. This was followed by incubation for 30
minutes in 0.1% trypsin at 37°C. Endogeneous peroxidase was
inhibited with 3% hydrogen peroxide, and non-specific binding
sites were blocked with normal goat serum. The sections were
incubated with the primary antibody, monoclonal mouse anti-BrdU
(Dako, Germany), followed by incubation with biotinylated goat
anti-mouse antibody (Dako). The tissue sections were then
incubated with streptavidin horseradish peroxidase. BrdU

Figure 2. Photomicrographs of ovarian follicles stained by
BrdU immunohistochemistry in the right panel, while the left
series of corresponding sections were stained by hematoxylin-
eosin (H-E). A and B, the unirradiated saline-injected control
group; C and D, the amifostine alone injected group; E and
F, the irradiated group treated with amifostine; G and H, the
irradiated group. Brown-colored cells (arrows) represent
BrdU-positive granulosa cells. Asterisks and T represent the
oocyte and theca layer, respectively. Original magnification
was x400.

incorporation was localized by a final incubation with 3,
3’-diaminobenzidine tetrahydrochloride. The tissues were then
counterstained with hematoxylin, dehydrated, coverslipped and
studied by light microscope.

Western blot analyses. For protein immunoblotting, ovaries on the
left side were collected, homogenized and disrupted in an
extraction buffer consisting of 1% Triton X-100, 20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 1 mM ethylenediaminetetraacetic acid (EDTA), 5
ug/ml leupeptin and 1 mM phenylmethylsulfonyl fluoride (PMSF).
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The samples were centrifuged at 1,000 xg for 20 minutes to remove
debris. The supernatant was recentrifuged at 12,000 xg for 5
minutes. A part of the supernatant was taken for protein
determination according to the Lowry method, while the remainder
was immediately mixed (1:1) with 2 x SDS sample buffer and
incubated in a heat-block for 5 minutes. Forty microgram of the
total protein lysate was resolved onto 10 or 15% SDS
polyacrylamide gels and transferred to a polyvinylidene difluoride
(PVDF, Bio-Rad, CA, USA) membrane. The membranes were
blocked by incubation with 3% BSA in Tween-Tris buffered saline
(TTBS) for 1 hour at room temperature. The PVDF sheets were
then incubated overnight at 4°C in the primary antibody against
each molecule diluted in 0.1% BSA-PBS (1:1, 000). Rabbit PARP
antibody (Upstate, NY, USA), mouse p53 antibody (Santa Cruz
Biotech, CA, USA), mouse bax antibody (Santa Cruz) and mouse
caspase-3 antibody (Santa Cruz) were used as primary antibodies.
After being rinsed with TTBS, appropriate horseradish peroxidase-
conjugated goat anti-rabbit IgG (Jackson Immunoresearch, PA,
USA) at 1:1,000 dilution for detecting polyclonal antibodies was
added and incubated for 2 hours at room temperature.
Immunoreative bands were visualized by the enhanced
chemiluminescence (ECL) detection system, according to the
manufacturer’s protocol (Amersham Pharmacia Biotech, Sweden).

Statistical analysis. The results are expressed as the mean =
standard error of the mean (SEM). The means were compared
using the Student’s ¢-test assuming equal variances. A p value below
0.05 was considered significant.

Results and Discussion

Apoptosis is the physiological process of cell deletion and is
essential in normal ovarian physiology. Follicular atresia can
apparently occur at any point during follicular growth and
development (3) and follicles become atretic at any stage of
their development by intrinsic or extrinsic detrimental
signals. In particular, apoptosis of granulosa cells is known
to contribute to the regression of the ovary. Authors have
reported that primordial follicular degeneration was
induced by y-irradiation (7). The morphological changes of
primordial follicles with time after irradiation can be easily
recognized by the presence of the apoptotic granulosa cells
or degenerating oocytes (7, 16).

At the largest cross section of the ovarian slices, excised 6
hours after irradiation, the ratio of normal to total follicles
was calculated at each stage of oogenesis (Figure 1).
Primordial, primary, preantral and antral follicles in the
irradiated group showed a remarkable degeneration, but, in
the case of amifostine administration (LDs) before
v-irradiation, a 10.3% of primary follicles was noted
compared to that in the irradiated group.

In addition, BrdU staining was accomplished as a
measure of proliferation inside the whole-body-irradiated
ovary. Proliferation of granulosa cells reduced and the
incidence of follicular atresia increased in the ovarian
follicles of the y-ray-irradiated mice compared to those of
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the control or amifostine-pretreated group (Figure 2).
Therefore, pretreatment with amifostine may lead to a
decrease in the irradiation-caused degeneration of the
granulosa cells or ovarian follicles, especially the primary
follicles.

It is well known that p53, a transcription factor, is
involved in various cellular processes including cell
regeneration, apoptosis, DNA repair, maintaining genomic
stability and stem cell division kinetics (17-19). The p53
protein is induced by an exogenous stimulus (ionizing
radiation, heat, pH, temperature and so on) and then
provokes several molecules such as p21, Gadd45, Bax, Bcl-2
and PARP in a process characteristic of programmed cell
death. The molecules are activated by proteolysis and
changes occur in their cellular levels, corresponding to the
internal signals (17).

An active caspase is activated by proteolytic cleavage to
the large and small subunits. Procaspase-3 of 32 kD is
cleaved to 17 and 12 kD-fragments during apoptosis.
Activated caspase-3 (executioner) appears to be induced in
the proteolysis of the PARP and Bcl-2 family. The elevated
level of Bax as a member of the pro-apoptotic Bcl-2 family
has been shown to enhance radiation-induced apoptosis, but
only in the presence of functional p53 (20). PARP is a DNA
nick sensor and uses ANAD™ to form polymers of ADP-
ribose, which are further bound to nuclear protein
acceptors. PARP was cleaved and its upstream regulator,
caspase-3, was activated (21, 22).

In the present study, marker proteins such as p53,
caspase-3, Bax and PARP showed the representative
radiation-induced alterative patterns 0 hours after
v-irradiation (Figure 3). However, the levels of p53 and
Bax protein in the amifostine-pretreated irradiated groups
showed a slight decline compared with the irradiated
control as a result of amifostine pretreatment. Amifostine
also caused a decrease of PARP proteolysis and the
production of active caspase-3, especially in the AsR
group. Treatment with amifostine before y-irradiation
suppressed the pS53-branched degenerative cascade via
Bax and caspase-3 in the immature mice ovary. However,
the rising activity of caspase-3 and Bax compared with the
sham control in the amifostine-injected alone group is
interesting. In the case of caspase-3, the antibody which
we used was bound to the inactivated form of caspase-3.
The elevated amount of caspase-3 in the amifostine-
injected alone group in Figure 3 indicates the level of
procaspase-3. Additional research is required to
accurately understand these effects of amifostine on the
activating process of caspase-3. The levels of caspase-3 in
the irradiated groups did not show a remarkable
difference (Figure 3), though it is clear that the levels of
procaspase-3 in the unirradiated group were higher than
in the irradiated groups. At the same time, the increased
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Figure 3. Immunophoretograms of p53, PARP, Bax and caspase-3 protein in mouse ovaries 0 h after irradiation. Each 40 ug of supernatant protein from
the homogenates was separated on a SDS-PAGE and immunoblotted with the respective antibodies. Actin protein (41 kD) was detected in the same
membrane as the control. Relative levels are represented by the relative amounts of band density of each protein. The experimental groups are as follows:
C, the unirradiated saline-injected sham group; As, the amifostine (LDs)-injected group; Ay, the amifostine (LD jy)-injected group; AsR, the irradiated
group treated with LDs amifostine; AyR, the irradiated group treated with LD j; R, the irradiated group. Open and closed arrow heads represent the
desired protein and actin protein as a control, respectively.
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amounts of p53 and Bax and the extents of PARP indicate
the effect of amifostine against whole-body vy-irradiation.
It is clear that the caspase-3 and PARP interrelation
indicates the effect of amifostine against irradiation.
These findings suggest that amifostine has a protective
effect on ovarian atresia induced by whole-body
irradiation by interference in the degenerative processes.
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