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Abstract
Purpose To evaluate the efficiency of ovarian tissue treatment with Z-VAD-FMK, a broad-spectrum caspase inhibitor, to prevent
follicle loss induced by ischemia/reperfusion injury after transplantation.
Methods In vitro, granulosa cells were exposed to hypoxic conditions, reproducing early ischemia after ovarian tissue trans-
plantation, and treated with Z-VAD-FMK (50 μM). In vivo, cryopreserved human ovarian fragments (n = 39) were embedded in
a collagen matrix containing or not Z-VAD-FMK (50 μM) and xenotransplanted on SCID mice ovaries for 3 days or 3 weeks.
Results In vitro, Z-VAD-FMKmaintained the metabolic activity of granulosa cells, reduced HGL5 cell death, and decreased PARP
cleavage. In vivo, no improvement of follicular pool and global tissue preservation was observed with Z-VAD-FMK in ovarian
tissue recovered 3-days post-grafting. Conversely, after 3 weeks of transplantation, the primary follicular density was higher in
fragments treated with Z-VAD-FMK. This improvement was associated with a decreased percentage of apoptosis in the tissue.
Conclusions In situ administration of Z-VAD-FMK slightly improves primary follicular preservation and reduces global apo-
ptosis after 3 weeks of transplantation. Data presented herein will help to guide further researches towards a combined approach
targeting multiple cell death pathways, angiogenesis stimulation, and follicular recruitment inhibition.
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Introduction

Anticancer therapies gave some long-term side effects and can
place young women at risk for premature ovarian failure [1].
Therefore, multiple approaches have been developed to preserve
and restore female fertility [2]. Ovarian tissue cryopreservation is
commonly offered when cancer therapy cannot be delayed.
Nowadays, it represents the only option that demonstrated its

effectiveness to preserve fertility of prepubertal female patients
[3]. Currently, more than 130 live births were reported as a result
of frozen-thawed ovarian tissue autotransplantation and the preg-
nancy rate is about 30% [4, 5]. The successful outcome of this
approach strongly depends on the angiogenic process. Indeed,
blood reperfusion is not achieved immediately in small-grafted
ovarian fragments. The hypoxic period, lasting for 3 to 5 days
before revascularization [6], results in ischemia/reperfusion (I/R)
injury by oxygen-derived free radicals responsible for follicular
loss [7] and stroma integrity damages [8, 9]. In order to lengthen
the reproductive lifespan of the graft, it is essential to improve the
ovarian tissue survival early after transplantation.

Numerous approaches have already been elaborated to min-
imize ischemic injury [10–14] and to improve the neovascular-
ization process of the ovarian tissue. However, in studies using
cortical tissue from human or species with close ovarian histol-
ogy, a faster angiogenesis was not necessarily associated to a
better preantral follicle preservation after grafting [15–18].

In I/R injury, apoptosis is also responsible of cell death [19].
In rodent ovaries, follicles were identified to be apoptotic soon
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after transplantation [20, 21]. Apoptosis is a programmed cell
death displaying specific features that involves activation of
caspases, which are the executioner proteins of apoptosis [22].
Caspases inhibition could therefore be an attractive strategy to
prevent follicular apoptosis.

Several studies demonstrated the effectiveness of caspase
inhibitors to prevent apoptosis and I/R injury in several tissues
exposed to ischemia such as myocardium [23], brain [24],
liver [25], muscle [26], intestine [27], and pancreas [28].
The benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone
(Z-VAD-FMK) is a cell permeable broad-spectrum caspase
inhibitor with no cytotoxic effects that irreversibly binds to
the catalytic site of caspases [29]. Recently, we demonstrated
that Z-VAD-FMK treatment prior to ovarian tissue cryopres-
ervation improves primordial follicular quality and global tis-
sue survival [30]. In mice ovaries, a higher number of prolif-
erative cells and a reduction of the delay to resume estrous
cycle were observed after grafting when Z-VAD-FMK was
included in vitrification and thawing solutions [31].

Altogether, these results suggest that Z-VAD-FMK could
improve the preservation of biological material used in organ
transplantation, such as ovarian fragments, after grafting.
Nowadays, no data are available concerning the effect of Z-
VAD-FMK on follicular pool preservation and the overall
survival of human ovarian grafts.

In the current study, we evaluated the effect of Z-VAD-
FMK in vitro on human granulosa cell death caused by hyp-
oxia and in vivo after human ovarian tissue transplantation.

Materials and methods

Primary human granulosa cell isolation

Primary human granulosa cells (hGC) were isolated from follic-
ular fluid collected from patients undergoing oocyte retrievals at
the Center of AMP in Liège (CPMA, CHR Citadelle), based on
a protocol adapted from Shi et al. [32]. After oocyte isolation,
pooled follicular fluid was centrifuged for 10min at 400 g. After
removing the supernatant, the pellet was resuspended in 2 ml of
HBSS solution (Gibco) containing collagenase (0.28 mg/ml,
Sigma-Aldrich), hyaluronidase (0.23 mg/ml, LifeGlobal
Group), and bovine serum albumin (BSA, 0.8 mg/ml, Acros
Organics) and shaked at 225 rpm for 20 min at 37 °C. Cells
were then layered on 7 ml Ficoll-Paque (GE Healthcare) and
centrifuged for 20 min at 600 g. Before magnetic cell sorting
(MACS), the collected cell layer was washed twice in
Dulbecco’s modified Eagle’s medium/F-12 (Gibco), and the
number of viable cells was determined by using trypan blue.
Cells were resuspended in 80 μl recommended buffer per 107

cells. Monoclonal mouse anti-human CD45 antibody conjugat-
ed with microbeads (Miltenyi Biotec) was added to the cellular
suspension (20 μl per 107 total cells) and incubated at 4 °C for

15 min. After that, 10 μl of monoclonal mouse anti-human
CD45 antibody conjugated to FITC recognizing another epitope
was added and incubated at 4 °C for 5 min. Finally, cells were
washed and loaded on top of the MS separation column placed
in the magnetic field. The CD45 negative cells flowed through
the column and were collected. The purity percent of isolated
cells was evaluated by flow cytometry at a FACSCanto II (BD
Biosciences) and it exceeded 96% for CD45-negative fraction
(primary hGC).

Cell culture and treatment

The HGL5 cell line and primary hGC were maintained in
Dulbecco’smodified Eagle’smedium/F-12, supplementedwith
10% heat-inactivated fetal bovine serum, 100 IU/ml penicillin-
100 μg/ml streptomycin and, for hGC, 1% ITS (6.25 μg/ml
insulin, 6.25 μg/ml transferrin, 6.25 selenium μg/ml). Culture
reagents were purchased from Gibco. To expose cells to hyp-
oxic and nutrient deficient conditions, cells were treated with
cobalt chloride (CoCl2) at 500 μM and maintained in DMEM/
F12 containing or not FBS for 24 h. Z-VAD-FMKwas added at
a concentration of 50 μM (R&D Systems).

WST-1 assay

The cell metabolic activity was estimated using aWST1 assay
(Roche) as previously described [33]. Cell metabolic activity
was calculated using the following equation: (OD450 –
OD620)test − (OD450 –OD620)blank. Experiments were repeated
at least four times.

Flow cytometry

Granulosa cell apoptosis was analyzed by flow cytometry af-
ter annexin V-FITC and propidium iodide double staining
using a BD Pharmingen™ Annexin V FITC apoptosis detec-
tion kit (BD Pharmingen) as previously described [33]. HGL5
and primary granulosa cells were seeded in 6 cm petri dishes
at a density of 6.0 × 105 and 2.0 × 105 cells, respectively.
Experiments were repeated at least three times.

Western blot

Whole cell extracts were prepared as previously described [33].
Proteins were detected by incubation with a polyclonal anti-
PARP antibody (#9542, Cell Signaling) or anti-Actin (A2066,
Sigma) followed by 1-h incubation with horseradish
peroxidase-conjugated swine anti-rabbit secondary antibody
(P0399, Dako) and ECL (PerkinElmer Life Sciences) revelation
in LAS4000 imager (Fujifilm). The relative intensity of full-
length and cleaved PARP protein was measured by Quantity
One® Software and normalized by the amount of actin (loading
control). Relative density value for each condition was
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expressed as fold induction by dividing the relative density
value of each sample by the relative density value of the
control.

Collection, preparation, freezing, and thawing
process of ovarian tissue

Human ovarian cortex was obtained from a 35-year-old woman
undergoing ovarian tissue cryopreservation (CPMA, CHR
Citadelle) before gonadotoxic treatments. The patient signed in-
formed consent for research use of her ovarian fragments. After
surgery, ovaries were kept at 4 °C until processing in Leibovitz
L-15 medium (Lonza) supplemented with 10% human serum
albumin (Irvine Scientific). In the laboratory, the medulla was
removed and the cortex was cut into strips (5 × 2.5 × 1 mm)
before equilibration during 30 min at 4 °C in cryopreservative
medium containing Leibovitz L-15 medium supplemented with
10% human serum albumin, 10% dimethylsulfoxide (1.5 M)
(Sigma-Aldrich), and 0.1 M sucrose. Ovarian biopsies were
cooled in a programmable Planner freezer (Planner Kryo 360-
3.3) in cryovial tubes (Simport) as previously described [34].

On the day of the transplantation procedure, ovarian frag-
ments were thawed as previously described [14].

Ovarian transplant encapsulation

Cortical biopsies of 2.5 × 2.5 × 1 mm were embedded in a
three-dimensional collagen matrix, as previously described
[14]. Z-VAD-FMK was included in the collagen of treated
group at a concentration of 50 μM.

Mouse transplantation and sacrifice

Eight-week-old severe combined immunodeficient (SCID,
n = 20) female mice were purchased from Charles River
Laboratory. Fifty-four frozen-thawed human ovarian frag-
ments were randomly assigned to five groups. Fourteen pieces
were used as pregraft controls (frozen-thawed, n = 14) and the
other ones were transplanted (n = 10 fragments per group)
(Online Resource 1). One encapsulated ovarian biopsy was
stitched on each ovaries of mice under isoflurane (Abbott)
anesthesia with a 7–0 Prolene suture.

Animals were euthanized by cervical dislocation 3 days or
3 weeks after grafting. For hypoxic area detection, mice were
injected intraperitoneally with 100 mg/kg of pimonidazole
(Hydroxyprobe-1, Chemicon) 2 hours before ovarian tissue
recovery. For the functional vascular network analysis 3 days
after transplantation, mice received intravenously 200 μL of
dextran/FITC solution (2.5 mg/mL in PBS; Sigma-Aldrich)
3 min before sacrifice.

Histological analyses

Grafts were recovered, fixed in 4% formaldehyde, embedded
in paraffin, and cut into 5-μm-thick serial sections for histo-
logical assessment.

Apoptotic cells were identified by TUNEL staining using
ApopTag® Plus Fluorescein in situ Apoptosis Detection Kit
(S7111, Chemicon), according to the manufacturer’s instructions.
Follicles were considered positive for TUNEL if the oocyte was
stained and/or if at least 50% of the granulosa cells were stained.

After antigen retrieval and blocking of unspecific binding sites,
cell proliferation and hypoxia were immunolabeled by incubating
histological sections with their respective primary antibodies and
their appropriate secondary antibodies (Online Resource 2). The
3,3′-diaminobenzidine substrate (K3468, Dako) allowed the visu-
alization of the staining and the sections were counterstained with
hematoxylin. To detect the functional vascular network, immuno-
staining was performed in one step as previously described [35].
Negative control slides were performed by replacing the primary
antibody with phosphate-buffered saline (PBS). Slides were dig-
itized as previously described [35].

Every sixth section of each graft was stained with hema-
toxylin and eosin (H&E) and at least eight H&E sections per
transplant were analyzed. Follicles were quantified manually
and, to avoid double counting, only follicles with a visible
nucleus were taken into account. Follicles were then classified
according to their maturity (Online Resource 3). Follicular
densities (number/mm2) were calculated from the graft surface
analyzed by the NDP.view software (Olympus).

Proliferating cells, stained in brown color, were automatical-
ly quantified using the image analysis toolbox of MATLAB
9.0.0.341360 (R2016a) (MathWorks, Inc.). Because cell detec-
tion was mainly based on color segmentation, contrast was first
enhanced by determining the excess of the red component (two
times red value minus blue value minus green value). Then,
based on the enhanced red component of the resulting color
image, binary images of the cells (i.e., pixels belonging to cells
were assigned an intensity of 1, whereas background pixels
were assigned an intensity of 0) were obtained using an auto-
matic entropy threshold. To eliminate small artifacts, morpho-
logical filters were applied on the resultant images. Binary im-
ages of the total tissue sections were obtained by applying an
appropriate threshold to the blue component of the images.
Lastly, cell density was defined as the area occupied by cells
divided by the total area of the section.

Apoptotic cells were stained with green color. They were
detected using the samemethodology on the green component
of the color image.

Statistical analysis

All quantitative results are expressed as the mean ± S.E.M. of at
least three independent experiments (see above and results). One-
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way ANOVA and Kruskal-Wallis tests were applied for explor-
atory data analyses and theMann-WhithneyU test was applied for
non-parametric independent two-group comparisons. Values of at
least P< 0.05 were considered statistically significant. All tests
were performed using GraphPad Prism 5.0 software (La Jolla).

Results

Z-VAD-FMK in vitro on granulosa cells

Cells were treatedwith cobalt chloride (CoCl2) to mimic hypoxia.
WST1 assays indicated that CoCl2 markedly decreases the meta-
bolic activity of the HGL5 and primary hGC with or without
serum. Co-treatment with Z-VAD-FMK partially restored the
metabolic activity of HGL5 cells in absence of serum (Fig. 1a)
but not in primary cells (Fig. 1d). Flow cytometry analyses after

apoptosis staining confirmed these results (Fig. 1b and e). HGL5
cells treated with CoCl2 and Z-VAD-FMK displayed a higher
number of viable cells. No difference between conditions was
observed in co-treated primary cells.

Fig. 1 Granulosa cell metabolic activity, viability, and PARP cleavage
under hypoxic conditions (HGL5, a–c; primary hGC (CD45-depleted
cells), d–f). Evaluation of the metabolic activity measured by WST1-1
assay (a and d). Percentage of viable cells detected by flow cytometry
analyses (b and e). Data are expressed as mean ± S.E.M. of at least three
independent experiments. Representative images of western blot

highlighting the expression of PARP and quantitative analyses associated
(c and f). The graphs represent densitometric analysis of bands with the
relative density value for each condition expressed as fold induction by
dividing the relative density value of each sample by the relative density
value of the control. Data are expressed as mean of three independent
experiments. * P < 0.05 and ** P < 0.01

�Fig. 2 Histological analyses and follicular pool evaluation of ovarian
tissue. Representative H&E staining images of ovarian cortical sections
from frozen-thawed fragments prior to transplantation (a), control (b and
e, 3 days and 3 weeks respectively), and Z-VAD-FMK-treated grafts (c and
f, 3 days and 3 weeks respectively). Quantification of primordial, primary,
and secondary (or more) follicle density in frozen-thawed fragments and
ovarian grafts 3 days (d) or 3 weeks (g) after transplantation in SCID mice.
Every sixth section of each graft (n = 9 to 10) was stained with hematoxylin
and eosin (H&E) and at least eight H&E sections per transplant were
analyzed for follicular quantification. Morphologically abnormal follicle
is identified by a plain arrow. ▶ Indicates vessels. Scale bar: 500 μM. For
follicular quantification, the results are presented as box-and-whisker plots,
illustrating the median (central bar), 25th and 75th percentiles (bottom and
top of the box) and minimum andmaximum values (lower and upper bars).
* P < 0.05 and ** P < 0.01
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As one of the main targets of caspase-3, Poly (ADP-ribose)
polymerase (PARP) expression was evaluated by western blot
and revealed that CoCl2 treatment increased significantly the
level of cleaved-PARP in HGL5 cells as well as in primary
hGC CD45-depleted granulosa cells, with or without serum.
Co-treatment with Z-VAD-FMK reduced PARP cleavage,
mostly in hGC CD45-depleted cells (Fig. 1c and f).

Z-VAD-FMK in vivo on grafted ovarian fragments

Morphological analysis and follicular pool assessment Except
one piece treated during 3 dayswith Z-VAD-FMK, all the ovarian
fragments were recovered after xenograft in SCID mice
(Online Resource 1). The morphology of frozen-thawed frag-
ments was similar to fresh tissue. They presented a dense stroma
with normal follicles located in the cortex (Fig. 2a).
Representative images confirmed the important vascular remod-
eling previously shown 3 days after transplantation [35]. In these
fragments, follicles in the cortical region looked healthy but some
of those found in fibrotic areas presented abnormalmorphological
features, regardless of the treatment (Fig. 2b and c). In comparison
with frozen-thawed fragments from the same patient, primordial
follicular density was largely decreased after grafting whereas the
densities of more mature follicles were the same before and after
grafting. Z-VAD-FMK treatment did not affect follicular density
(Fig. 2d). When recovered 3 weeks after the transplantation, frag-
ments revealed an unaltered morphology with a major part of
morphologically normal follicles in the cortical zone (Fig. 2e
and f). The decrease of primordial follicle density observed 3 days
after transplantation was confirmed by the follicular analysis at 3-
weeks post-grafting. Moreover, a reduction of secondary follicle
density was evidenced in the fragments from the control group
transplanted during 3 weeks in comparison with the pregraft con-
trol. No difference was observed between the two grafted groups
concerning the density of primordial and secondary follicles but
primary follicles were better preserved with Z-VAD-FMK
(Fig. 2g).We also evidenced that 3 weeks after grafting, the mean
densities of the different follicular stageswere the same than those
observed 3 days after grafting.

Apoptosis TUNEL-positive follicles (Fig. 3a–c) were almost
exclusively detected 3 days after grafting in the two experimen-
tal groups (Fig. 3g). In these follicles, only oocytes were posi-
tive for the TUNEL staining. In some H&E sections, regardless
of the treatment, follicles with pyknotic oocytes (darkly eosin-
ophilic) were observed. However, some of them were negative
for the TUNEL staining (Fig. 3d). In the two experimental
groups, follicles were the only cellular structures present in area
with high degree of fibrosis and they were positive (Fig. 3e) or
negative (Fig. 3f) for the TUNEL staining.

The number of TUNEL-negative and positive follicles
were counted and no difference was detected between control
and Z-VAD-FMK-treated grafts after 3 days or 3 weeks of

transplantation (Fig. 3g). In ovarian tissue recovered 3 weeks
after xenograft, only one follicle in the control group
displayed TUNEL-positive staining.

Quantification of the global stromal and follicular apoptosis
revealed that the percentage of apoptosis was lower after 3 weeks
of transplantation than after 3 days (Fig. 3h). These results were
consistent with those from the percentage of apoptotic follicles
(Fig. 3g). The apoptosis detected throughout the ovarian tissue
recovered after 3 weeks of transplantation was reduced by Z-
VAD-FMK treatment as compared to the control (Fig. 3h).

Cellular proliferation Three days after transplantation, prolifera-
tive cells were often located at the external boundary of the
fragment. Some granulosa cells were stained, indicating a follic-
ular activity (Fig. 4a and b). Quantification of the proliferative
cells revealed no difference between the two groups (Fig. 4c). In
ovarian tissue recovered 3-weeks post-transplantation, prolifera-
tive cells were disseminated throughout the fragment and some
granulosa cells were still proliferative (Fig. 4d and e). Z-VAD-
FMK did not affect cell proliferation (Fig. 4f). The mean number
of proliferative cells detected on the ovarian tissue grafted during
3 days is halved after 3 weeks of transplantation.

Hypoxia Three-days post-grafting, hypoxic areas were mainly
localized in the area of the fragment devoted of proliferative cells
(Fig. 4g) or distributed throughout the fragment (Fig. 4h). The
overall hypoxia of the tissue was not affected by Z-VAD-FMK
treatment (Fig. 4i). In fragments recovered after 3 weeks,
pimonidazole staining was much more reduced and was not
different between the controls or Z-VAD-FMK-treated fragments
(Fig. 4j–l). The percentage of pimonidazole positive staining was
five times lower in the long-term experiments than in the short-
term ones indicating the correct reperfusion of the grafts.

Revascularization and functional vascular network At short
term after grafting, functional vessels were located at the ex-
ternal boundary of the fragment (Fig. 4m and n) mostly cor-
responding to the proliferative area and to the opposite of the
hypoxic zones. Analyses of the staining revealed that 70% of
the control and 56% of the Z-VAD-FMK-treated transplants
were perfused. Among these fragments, the mean number of
functional vessels was quantified and the ovarian tissue
neoangiogenesis was the same in the two groups (Fig. 4o).

Discussion

Given the previous encouraging results obtainedwith the Z-VAD-
FMK [30, 31], we investigated for the first time its effect in vitro
on human granulosa cells and on grafted human ovarian frag-
ments subjected to hypoxia.We showed that Z-VAD-FMKmain-
tains the metabolic activity of granulosa cells, reduced HGL5 cell
death, and decreased the cleavage of PARP protein in vitro.
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Moreover, it slightly improves primary follicular preservation and
reduces global apoptosis after 3 weeks of transplantation.

Follicular loss after ovarian tissue transplantation is one of the
main cause of limited success rate of the procedure to restore
fertility [36]. To optimize the function of the graft, quality im-
provement and follicular preservation of ovarian transplants have

to be achieved. Within ovaries, the subtle balance between pro-
and anti-apoptotic molecules largely controls the dynamics of
follicle development [37]. Even though follicles survived to cryo-
preservation protocols [38], follicular apoptosis in frozen/thawed
ovarian tissue has been demonstrated [13, 39–41]. Two previous
studies also identified apoptotic follicles shortly after ovarian

a b c d

e f

g h

Fig. 3 Representative images of follicular apoptosis and TUNEL staining
quantification in ovarian tissue after transplantation. TUNEL-positive
primordial (a), primary (b), and secondary (c) follicles and their
corresponding H&E staining. TUNEL-negative morphologically
abnormal follicle and corresponding H&E staining (d). TUNEL-

positive (e) and negative (f) follicles in fibrotic area and corresponding
H&E. Quantitative evaluation of the follicular apoptosis (g) and the
percentage of TUNEL-positive staining per mm2 throughout ovarian
tissue (h). Scale bar: 50 μM. ** P < 0.01 and *** P < 0.001
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tissue transplantation [20, 21], revealing the importance of apo-
ptosis after these processes. Caspases are the main effector

molecules of apoptosis and all the pathways activating apoptosis
converge towards these proteases [42]. The cleavage of caspase-
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3 is therefore an important trigger for the execution of apoptosis.
Caspase-3 activation was demonstrated in human ovaries after
cryopreservation [13, 40] and Rahimi et al. suggested that cas-
pase machinery is activated after xenograft [43]. This caspase
activation is prevented by Z-VAD-FMK that improves the recov-
ery and the survival of multiple cryopreserved cell types [44].
Therefore, it was hypothesized that Z-VAD-FMK supplementa-
tion could help to prevent follicular apoptosis occurring soon
after ovarian tissue transplantation.

Our results obtained with HGL5 cells clearly indicated a
protective effect of the Z-VAD-FMK against apoptosis in
hypoxic conditions. To be closer to the in vivo situation, the
same experiments were repeated with human granulosa cells
isolated from follicular fluid but proliferation and viability of
these cells were not affected by Z-VAD-FMK treatment.
Indeed, hGCwere found to be highly resistant to CoCl2-induced
apoptosis when evaluated by flow cytometry. However, PARP
cleavage is prevented by Z-VAD-FMK under CoCl2 treatment,
suggesting that the anti-apoptotic effectively inhibits the activa-
tion of the caspases in those cells. When ovarian cortex was
grafted in vivo with Z-VAD-FMK, no improvement of follicular
pool and global tissue preservation was observed in fragments
recovered 3-days post-grafting. Conversely, after 3 weeks of
transplantation, the mean number of primary follicles detected
in fragments treated with Z-VAD-FMK was higher than in the
control ones. This improvement was associatedwith a decreased
percentage of apoptosis in the tissue. If these results are encour-
aging, they are nonetheless surprising considering the short half-
life of Z-VAD-FMK that is documented to be about 4 hours
[45]. In addition, the relatively low amount of follicles and
TUNEL-labeled tissue observed in the grafted fragments
suggests that the biological significance of these results is
questionable. They should therefore be interpreted cautiously.
In a previous study, Liu et al. investigated DNA fragmentation
as early as 2 hours after grafting and they observed a marked
increase in the number of TUNEL-positive granulosa or stromal
cells. Conversely, ovaries analyzed after 3 days of transplanta-
tion showed a low number of TUNNEL-positive cells [20].

The low level of apoptosis observed early after transplantation
could also suggest that some other mechanisms are responsible
for follicle loss following ovarian transplantation. To date, all the
mechanisms involved have not yet been clearly elucidated.

Recently, an emerging theory focusing on the immediate fol-
licular activation after grafting was proposed as a significant
cause of follicle loss after ovarian tissue transplantation
[46–48]. In our study, even if mice receiving the ovarian pieces
were not ovariectomised, the proportion of growing follicles was
increased as early as 3 days after xenograft compared to resting
follicles (Online Resource 3). However, the proliferative activity
of primordial follicles was not evaluated. As previously demon-
strated, this result confirms that AMH is not sufficient to prevent
follicular activation [49] and that other pathways are involved in
the control of follicular recruitment after transplantation [48, 50].

At reperfusion phase, reactive oxygen species (ROS) are gen-
erated and could also be responsible of follicular loss. They accu-
mulate in nutrient-deficient conditions and play an important role
as an inducer of cell death pathways, including apoptosis but also
necrosis and autophagy [19]. Necrosis has already been observed
after ovarian tissue transplantation [51, 52], and targeting ische-
mic necrosis after this process has been proven beneficial [53].
The detrimental role of autophagy is directly linked to the duration
of the ischemic period [19, 54] and it is mainly controlled by
mTOR, which is inactivated in nutrient withdrawal or ROS accu-
mulation conditions. Previous studies highlighted the importance
of the mTOR signaling in the control of activation of primordial
follicles for the maintenance of the length of female reproductive
life [55]. McLaughlin et al. also suggested that oocyte loss occur-
ring in cultured human cortical strips in response to mTOR inhi-
bition could be attributed to autophagy [56].

Altogether, these data strengthen the hypothesis of likely
coexistence of several regulatory pathways of follicular
growth and multiple types of cell death governing follicular
fate in case of ovarian tissue transplantation.

In summary, our in vitro results clearly indicate that Z-VAD-
FMK is able to limit HGL5 cell death and partially reverse the
PARP cleavage induced by CoCl2 treatment. Inclusion of this
caspase inhibitor in the collagen matrix during in vivo transplan-
tation of ovarian cortex slightly improves primary follicular pres-
ervation and reduces global apoptosis after 3 weeks of transplan-
tation. A combined approach targeting different cell death path-
ways and follicular activation should be considered. Nevertheless,
if such treatments were to be considered for adaptation to human
ovarian tissue transplantation, we should take care of its safety as
germ cell DNA is inherited to offspring. We should remember
that viability and functionality of the preserved oocytes are addi-
tional parameters that should always be examined. Rescuing fol-
licles to improve the fertility potential of ovarian graft is essential
but genetic material of germ cells must be intact.
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