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Abstract
Purpose The aim of this study is to determine whether
inclusion of caspase inhibitor can improve the efficacy of
cryopreservation of ovarian tissue.
Methods Mice were randomly assigned to the Group A
(fresh control group) Group B (inclusion of caspase
inhibitor) and Group C (non-inclusion of caspase inhibitor).
Ovarian tissue in Group B and Group C was vitrified-
thawed. TUNEL assay and Bax protein detection were
measured after cryopreservation. The mice in all groups
received autotransplantation. The number of days before the
resumption of estrous cycles was measured daily from the 5th
day after surgery, and the percentage of cells expressing PCNA
in grafts was measured one month following transplantation.
Results The incidence of TUNEL positive follicles in
Group B was significantly higher than that in Group C.
Similarly, the percentage of follicles expressing Bax protein
in Group B was significantly higher than that in Group C.
The number of days before the resumption of estrous cycles
in Group B was significantly less than that in Group C. In
addition, the percentage of follicular and stromal cells
expressing PCNA of grafts in Group B was significantly
higher than that in Group C.

Conclusions The global caspase inhibitor Z-VAD-FMK
decreases the incidence of apoptosis of ovarian tissue induced
by cryopreservation, and inclusion of caspase inhibitor
improves the efficacy of cryopreservation of ovarian tissue.
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Introduction

Advances in cancer therapy have enabled long-term
remission and even cure of many cancers. Most cancer
therapeutic agents are cytotoxic. Because germ cells are
particularly susceptible to cytotoxic treatments (especially
alkylating agents and radiation), ovarian failure and
infertility are common complications that can impact on
the quality of life for young survivors of cancer [1, 2]. An
emerging technology, involving transplantation of ovarian
cortical slices banked at low temperature offers the
possibility of restoring fertility as well as endocrine
function in women and children after sterilizing treatment
[3]. However, it is still experimental in humans and raises
both technical and ethical issues to be resolved.

It was reported that at least 70% of primordial follicles in
the graft tissue are lost as a result of cryopreservation
damage and ischemia during graft revascularization [4].
The loss of viability of cells and follicles following
cryopreservation was at least partly attributed to apoptosis
[5]. It was suggested that increased apoptosis in follicles
after cryopreservation was probably caused by physical
alteration due to low temperature, high salt concentrations,
and an impaired antioxidant metabolism [6]. The caspase
family of cysteine proteases serves as the central execu-
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tioners of apoptosis. Once activated, caspases induce cells
to undergo apoptosis by cleaving and altering the func-
tion of diverse intracellular proteins. The inhibition of
caspase pharmacologically can block the completion of
apoptosis [7].

In this current study, it was hypothesized that apoptosis
may be induced by cryopreservation and the inclusion of a
global caspase inhibitor (Z-VAD-FMK) in the cryopreser-
vation media may act to prevent some of this apoptosis and
hence improve tissue survival.

The aim of the present study, therefore, was to determine
whether inclusion of a global caspase inhibitor (Z-VAD-
FMK) can relieve apoptosis caused by cryopreservation and
hence improve the efficacy of cryopreservation of ovarian
tissue.

Materials and methods

Chemicals were purchased from Sigma-Aldrich Company
(St. Louis, MO, USA) unless otherwise indicated.

Animals and ovarian tissue

4-week-old female mice (ICR, n=60) were used in this
study. The mice used were all healthy and were sourced
from Shanghai Animal Center. The mice were housed
under temperature-controlled conditions (22±2°C). Food
and water were available at all times under a photoperiod of
12 h of light and 12 h of dark. Ovaries were cut into
1 mm×1 mm×1 mm slices free of fat and mesentery.
Approval for this study was obtained from the Animal
Reserch Ethical Committee of the Shanghai Jiao Tong
University.

Vitrification and thawing

Cryopreservation solution was prepared in modified
phosphate-buffered saline (DPBS) medium (Sigma) supple-
mented with 15% heated-inactivated fetal calf serum
(Sijiqing Co., Hangzhou, China).

The mice (n=60) were randomly assigned to fresh control
group (Group A) and treatment groups. The treatment
groups divided into two groups: inclusion of caspase
inhibitor (Group B) and non-inclusion of caspase inhibitor
(Group C). Group B: equilibration solution was prepared
with 10% (v/v) ethylene glycol (EG; Sigma) +10% (v/v)
dimethyl sulfoxide (DMSO; Sigma) +60 uM Z-VAD-FMK
in DPBS; vitrification solution was prepared with 20%(v/v)
EG +20% (v/v) DMSO +60 uM Z-VAD-FMK +0.4 M
sucrose (Sigma) in DPBS. Group C: equilibration solution
and vitrification solution used for Group C were identical to
those for Group B, but without Z-VAD-FMK.

Equilibration and vitrification Ovarian tissue was equili-
brated in equilibration solution at room temperature for
20 min and then was placed in vitrification solution at room
temperature for 10 min. Finally, the ovarian tissue was
placed in 0.25-ml plastic straws (L,Aigle, France) with a
minimal volume of vitrification medium and plunged into
liquid nitrogen for storage.

Thawing procedure The ovarian tissue was cryopreserved
for 30 days. Straws were warmed at room temperature for
20 s and placed in a 25°C water bath for 20 s. The contents
of each straw were expelled into thawing media. The
thawing media of Group C contained 1 mL of descending
concentrations of sucrose (1, 0.5, 0.25 M); the thawing
media of Group B was identical to that of Group C , but
with inclusion of 60 uM Z-VAD-FMK. The contents were
placed in thawing media at room temperature for 5 min at
each dilution. The warm strips were rinsed for three times
in the base medium and put into a 37°C, 5% CO2

humidified incubator for 30 min for following procedures.

TUNEL assay

All strips were rinsed for three times in the base medium
and placed into five organ culture dishes (falcon Cat. No.
3037) containing 1 ml of culture medium. The culture
medium was TCM 199 (Gibco BRL) supplemented with
0.06 g/L benzyl penicillin, 0.05 g/L streptomycin, and
0.25 g/L fungi zone (Sigma UK Ltd.) plus 10% FCS. The
dishes were incubated at 37°C, 5% CO2 humidified
incubator for 6 h for TUNEL assay. Strips (n=5 for each
group) were fixed in 4% phosphate-buffered formaldehyde
at 4°C overnight, embedded in paraffin by the standard
method, cut into 5-um sections, and mounted on poly-
Lysine-coated slides. Tissue sections were deparaffinized
by heating at 60°C for 5 min and washing twice in xylene
for a total of 10 min. The sections were then rehydrated
through a graded series of alcohols and double distilled
water. In situ TUNEL analyses were performed according
to the instructions of a commercial assay kit (Boshide Co.,
Wuhan, China). Sections were digested by 20 ug/ml
proteinase K in 10 mM Tris-HCL for 30 min at room
temperature. The slides were incubated in 50 ul of TUNEL
reaction mixture for 1 h at 37°C in a humidified dark
chamber. Then the slides were rinsed in PBS three times.
Then slides were incubated with converter antifluorescein
antibody conjugated with peroxides and diluted to 1:1 with
PBS containing 0.05% bovine serum albumin (BSA) for
30 min in a humidified chamber. After washing with PBS
two times, immunoreactions were detected by incubating
with substrate solution consisting of 0.2 mg/ml 3,3-
diaminobenzidine-4HCL and 0.005% H2O2 in 0.05 M
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Tris-HCL (pH 7.5). The slides were rinsed with water and
counterstained with haematoxylin. After washing with
running water, the slides were dehydrated, cleared and
covered. Negative control sections were incubated with
TUNEL reaction mixture without enzyme (TdT). Follicles
with positive TUNEL staining of the oocyte and/or ≥50%
granulosa cells were considered apoptotic.

Bax protein detection

Tissue samples (n=5 for each group) were fixed in 10%
neutral buffered formalin, routinely processed and embedded
in paraffin blocks. Sections mounted on glass slides were
deparaffinized and rehydrated through graded alcohols
and endogenous peroxidase activity blocked with 3%
H2O2 in 70% methanol. The sections were washed as in
step 3 for 10 min in phosphate-buffered-saline (PBS,
pH 7.3), and non-specific protein-blinding sites were
blocked with 3% normal goat serum to reduce background
staining. The sections were processed for immunolocalisation
of Bax using a commercially available polyclonal antibody
against Bax (1:00 dilution, Boshide Co.,Wuhan, China) as the
primary antibodies. The following morning, the samples were
rinsed and incubated with rabbit antimouse biotinylated
immunoglubulin (Boshide Co., Wuhan, China) at a dilution
of 1:200 for 30 min. And then the samples were processed
with 0.05% (w/v) 3,3-diaminobenzidine and 0.01% (v/v)
hydrogen peroxide in PBS (10 mM, pH 7.4). These sections
were counter-stained with hematoxylin-eosin and mounted
with entellan. Screen shots were taken with Camedia digital
camera at Olympus BX51 microscope (Olympus, Hamburg,
Germany). Expression Bax protein was identified as diffuse
golden yellow cytoplasmic staining (sites of the mitochon-
dria) in oocytes or granulosa.

Autotransplantation

Mice (n=36) were ovariectomized. The mice in control
group received fresh ovarian autotransplants, while the
mice in experimental groups received frozen-thawed
ovarian autotransplants. The kidney was exteriorized
through a dorsal-horizontal incision. A small hole was
torn in the kidney capsule using fine watchmaker,s
forceps under aseptic conditions. Ovarian tissues were
inserted under the kidney capsule through the small hole.
Both sides of kidneys of each mouse received grafts, and
four grafts were autotransplanted to each mouse. Finally,
the body wall incisions and skin were closed. The
transplantation process was performed at room tempera-
ture. The duration of the grafting process was ~30 min in
each experimental trial. The transplantation protocol was
approved by Animal Reserch Ethical Committee of the
Shanghai Jiao Tong University.

PCNA protein detection

At 30 days after surgery, grafts were removed. Tissue
sections (5 um) were dewaxed and rehydrated through an
ascending series of alcohols before undergoing heat and
citrate buffer (10 mM; pH6.0) antigen retrieval. To detect
PCNA expression, anti-PCNA mouse monoclonal antibody
(Boshide Co., Wuhan, China) was diluted 1:2000 in PBS
and incubated on sections overnight at 4°C. Negative
controls were also included where the primary antibody
was substituted for mouse immunoglobulin (Ig) G at the
same concentration. The following morning, the samples
were rinsed and incubated with rabbit antimouse biotiny-
lated immunoglobulin at a dilution of 1:200 for 30 min.
And then the samples were processed with 0.05% (w/v)
3,3-diaminobenzidine and 0.01% (v/v) hydrogen peroxide
in PBS (10 mM, pH 7.4). These sections were counter-
stained with hematoxylin-eosin and mounted with entellan.
Screen shots were taken with Camedia digital camera at
Olympus BX51 microscope (Olympus, Hamburg, Germany).

Vaginal smear examination

Vaginal smears were taken daily, starting on day 5 post-
surgery, from all mice in groups. Using sterile pipettes and
sterile normal saline, the vagina of each mouse was flushed
gently and the cells were smeared onto a slide. The stage of
the estrous cycle was determined from the cell types
observed in the smear [8], the appearance of cornified
epithelial cells (>15%) was considered as initiation of
estrous cycle, the survival and functional recovery of grafts
were defined as at least two consecutive 4-day estrous
cycles showing.

Statistical analysis

Statistical comparisons were carried out using analysis of
variance (ANOVA) and x2 test. Values were considered
significant when P<0.05. SAS version 8.1 software (SAS
Institute, Cary, NC, USA) was used for all statistical
analysis.

Results

TUNEL assay

The incidence of TUNEL positive follicles in Group A
(fresh control group) was significantly lower than those
in Group B (inclusion of caspase inhibitor) and Group C
(non-inclusion of caspase inhibitor) (16.71±2.12% versus
23.25±2.51% and 29.78±3.92%, P<0.05). The incidence
of TUNEL positive follicles in Group B (inclusion of
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caspase inhibitor) was significantly higher than that in
Group C (non-inclusion of caspase inhibitor) (23.25±2.51%
versus 29.78±3.92%, P<0.05) (Fig. 1).

Bax protein detection

The percentage of follicles expressing Bax protein in Group
A (fresh control group) was significantly lower than those
in Group B (inclusion of caspase inhibitor) and Group C
(non-inclusion of caspase inhibitor) (25.71±5.12% versus
34.52±7.51% and 43.87±5.85%, P<0.05). The percentage
of follicles expressing Bax protein in Group B (inclusion of
caspase inhibitor) was significantly higher than that in
Group C (non-inclusion of caspase inhibitor) (34.52±7.51%
versus 43.87±5.85%, P<0.05) (Fig. 2).

PCNA protein detection

Grafted cortical strips demonstrated positive staining for
Proliferating-cell nuclear (PCNA) expression in follicular
and stromal cells. The percentage of follicular and
stromal cells expressing PCNA in each image was
calculated. The percentage of cells expressing PCNA in
each image of grafts in Group A was significantly higher
than those in Group B (inclusion of caspase inhibitor)
and Group C (non-inclusion of caspase inhibitor) (11.21±
3.30% versus 7.81±2.29% and 4.98±1.62%, P<0.05), and
the percentage of cells expressing PCNA in each image
of grafts in Group B (inclusion of caspase inhibitor) was
significantly higher than that in Group C (non-inclusion
of caspase inhibitor) (7.81±2.29% versus 4.98±1.62%,
P<0.05) (Fig. 3).

Vaginal smear examination

The number of days before the resumption of estrous cycles
of mice in Group A (fresh control group) was significantly
less than those in Group B (inclusion of caspase inhibitor)
and Group C (non-inclusion of caspase inhibitor) (7.15±
1.25 versus 11.21±3.52 and 15.61±4.70, P<0.05 ), and the
number of days before the resumption of estrous cycles of
mice in Group B (inclusion of caspase inhibitor) was less
than that in Group C (non-inclusion of caspase inhibitor)
(11.21±3.52 versus 15.61±4.70, P<0.05).

Discussion

With the significant increase in studies on cryopreservation
of ovarian tissue conducted since 1990s, subsequent

Fig. 1 The TUNEL positive oocyte (▼), the TUNEL positive
granulosa cell (▲)

Fig. 2 The follicle expressing Bax protein (▲)

Fig. 3 The follicular cell expressing PCNA in graft (▲), the stromal
cell expressing PCNA in graft(▼), the kidney tissue (★)
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transplantation after completed cancer treatment has been
suggested as an alternative to restore fertility for girls and
women who are at high risk for ovarian failure after
chemotherapy or radiotherapy [9]. Earlier work revealed
that more than 50% of primordial follicles are lost as a
result of the frozen-thawed process and initial ischemia [10,
11]. Although Mazur and Gao thought that the loss of
follicles following cryopreservation is attributed to necrosis
as a result of intracellular ice formation and osmotic stress
[12, 13], most of studies suggested that a proportion of cells
are lost by an apoptotic phenotype [14–16].

A previous study was designed to examine the effects of
the anti-apoptotic agent sphingosine-1-phosphate (S-1-P)
on ovarian cryopreservation efficiency, however, the results
did not support S-1-P (20 umol) inclusion to improve tissue
viability following cryopreservation [15]. Previous pub-
lished examples of S-1-P,s ability to reduce follicular
apoptosis have been in response to either chemo-or
radiotherapy-induced apoptosis in marine ovarian tissue
[17, 18]. Chemo-and radiotherapies are known to induce
ceramide-activated apoptotic pathways [17–19], and there-
fore if cryopreservation does not activate the same
apoptotic pathway, this would explain the lack of effect of
S-1-P.

Activation of proteases of the caspase family appears to
be one of the common mechanisms that are irreversibly
connected to apoptotic cell death [20–23]. So far, 14
members of the caspase family are known, and they can
roughly be classified as initiator and executioner caspases
according to their function [24–26]. Caspase-3, which can
be activated by the initiator caspase-8 and caspase-9, as
well as by the serine protease granzyme B, is a well-
characterized typical executioner caspase involved in many
proteolytic processes in apoptotic cells [25, 26]. In
particular, caspase-3 mediates the cleavage of proteins that
are essential for cell stability, DNA repair and activation of
Dnases [27–29]. Once cytosolic caspase-3 is activated,
most cells are destined to die primarily by an apoptotic
phenotype.

Several studies have reported that caspase 3 protein play
a role in the apoptotic pathway of ovarian tissue induced by
cryopreservation [14, 16]. The inhibition of caspase
pharmacologically can block the completion of apoptosis
[7]. It was reported that in cardiomyocytes, caspase
inhibitors can reduce incidence of apoptosis induced by
metabolic inhibition in the isolated rabbit heart [30]. In
addition, previous studies revealed that the caspase inhib-
itors z-VAD-FMK and z-DEVD-fmk can reduced ischemic
neuronal injury after cerebral ischemia [31, 32]. Therefore,
we speculated that caspase inhibitors would be cryoprotec-
tive in the cryopreservation of ovarian tissue. The previous
study demonstrated that a global caspase inhibitor, Z-VAD-
FMK at the dose of 20 uM in vitrification and culture

media could improve survival of vitrified porcine embryos
[33], whereas the ovarian tissue has special characteristics:
fixed geometry, high cell density, diversity of cell types and
presence of a vascular system, therefore, the permeation
of ovary with caspase inhibitor is much slower than that of
isolation cells, so we added Z-VAD-FMK at the dose of
60 uM in cryoprotective solution in this study.

The results of TUNEL assay showed that the incidence
of TUNEL positive follicles in Group B was significantly
lower than that in Group C. The findings indicated that
the globle caspase inhibitor Z-VAD-FMK can decrease
apoptosis of ovarian tissue during the frozen-thawed
process.

Regulation of apoptotic signaling is achieved by expres-
sion of distinct protein families, such as the bcl-2 family.
When Bax is in excess and the homodimers of Bax
dominate, cells are susceptible to programmed cell death
[34]. It was reported that Bax protein was involved in the
apoptotic pathway induced by cryopreservation, so the
detection the expression of Bax protein can be used as a
tool to evaluate the apoptosis induced by cryopreservation
[14]. The percentage of follicles expression Bax protein in
Group B was significantly lower than that in Group C. The
results were consistent with those of TUNEL assay, thus
confirmed the conclusion that Z-VAD-FMK prevent some
of apoptosis of ovarian tissue induced by cryopreservation.

The day of initiating estrous cycles of mice in Group B
was significantly less than that in Group C, we concluded
that Z-VAD-FMK inclusion improve functional ability of
grafts in this study.

Proliferating cell nuclear antigen (PCNA) is a protein
involved in the cell cycle [35], and also serves as an
auxiliary protein to DNA polymerase delta, which is
involved in DNA synthesis and repair. It is possible that
DNA polymerase delta might be activated to repaired
possible damage to the genetic material in the oocytes
selected to grow [36]. PCNA expression in follicular and
stromal cells suggested that these follicles would be capable
of further growth and development, and these stroma would
be provide structure and support for developing follicles
following grafting. A review of the literature concluded that
this antibody can be used widely to assess the proliferative
status of cell populations, furthermore, detection of the
expression of PCNA has been used as a tool to evaluate the
functional restoration of grafted ovary [15]. The data of
present experiment revealed that the percentage of follicular
and stromal cells expressing PCNA of grafts in Group B
was significantly lower than that in Group C. We
hypothesized that the protocol C should be more effective
than protocol B in restoring endocrine function.

The global caspase inhibitor Z-VAD-FMK can decrease
the apoptosis of ovarian tissue, thus relieve the cryo-induced
damage of ovarian grafts, and the inclusion of a global caspase
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inhibitor (Z-VAD-FMK) in the cryopreservation media
improves functional ability of grafts in this study. Neverthe-
less, further efforts are needed to be made to explore the
optimal dose for caspase inhibitor in cryopreservation of
ovarian tissue. These results shed light on efforts to optimize
human ovary cryopreservation.
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