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Abstract
Purpose To investigate whether adipose tissue–derived stem cells (ASCs) protect the primordial follicle pool, not only by
decreasing direct follicle loss but also by modulating follicle activation pathways.
Methods Twenty nude mice were grafted with frozen-thawed human ovarian tissue from 5 patients. Ten mice underwent
standard ovarian tissue transplantation (OT group), while the remaining ten were transplanted with ASCs and ovarian tissue
(2-step/ASCs+OT group). Ovarian grafts were retrieved on days 3 (n = 5) and 10 (n = 5). Analyses included histology (follicle
count and classification), immunohistochemistry (c-caspase-3 for apoptosis and LC3B for autophagy), and immunofluorescence
(FOXO1 for PI3K/Akt activation and YAP for Hippo pathway disruption). Subcellular localization was determined in primordial
follicles on high-resolution images using structured illumination microscopy.
Results The ASCs+OT group showed significantly higher follicle density than the OT group (p = 0.01). Significantly increased
follicle atresia (p < 0.001) and apoptosis (p = 0.001) were observed only in the OT group. In primordial follicles, there was a
significant shift in FOXO1 to a cytoplasmic localization in the OT group on days 3 (p = 0.01) and 10 (p = 0.03), indicating follicle
activation, while the ASCs+OT group and non-grafted controls maintained nuclear localization, indicating quiescence. Hippo
pathway disruption was encountered in primordial follicles irrespective of transplantation, with nuclear YAP localized in their
granulosa cells.
Conclusion We demonstrate that ASCs exert positive effects on the ovarian reserve, not only by protecting primordial follicles
from direct death but also by maintaining their quiescence through modulation of the PI3K/Akt pathway.

Keywords Ovarian tissue transplantation .Adipose tissue–derived stemcells . Primordial follicles . Follicle activation . PI3K/Akt
pathway

Introduction

As infertility after gonadoxic treatment is becoming a major
concern in young cancer survivors, oncofertility counseling to
discuss fertility preservation options has gained increased
awareness over recent years [1]. Among available options,
ovarian tissue cryopreservation followed by transplantation
is a valid and effective technique and the only alternative for
prepubertal patients and women who cannot delay their onco-
logical treatments [2]. Although more than 200 live births
have been reported, with an exponential increase in the last
few years [3], there are still numerous issues arising from the
avascular nature of the grafting procedure itself [4].
Transplanted ovarian cortex fragments undergo a period of
hypoxia lasting 5–10 days before their revascularization is
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complete [5]. Moreover, during this progressive revasculari-
zation, oxidative stress levels rise and persist much longer,
until complete reestablishment of the tissue and its metabo-
lism [6]. As a consequence of exposure to ischemic and oxi-
dative stress damage, the ovarian follicle pool suffers massive
follicle death, loosing between 50 and 90% of follicles [6, 7].
In recent years, another possible cause of massive follicle
depletion has been suggested, namely a response to tissue
damage. Indeed, a number of authors investigated the possi-
bility of massive activation and evolution of primordial folli-
cles to growing stages due to dysregulation of follicle recruit-
ment mechanisms. This may occur in the ovary in response to
tissue injury, acting as protection against chemotherapy-
related damage, but results are discrepant [8]. While some
authors observed greater activation of primordial follicles after
cyclophosphamide exposure [9], others found only an in-
crease in apoptosis signaling indicative of a damage response
in ovarian tissue [10].

Primordial follicle recruitment is normally regulated by
highly controlled mechanisms, which maintain a balance be-
tween quiescence and growth. Among them, the
phosphoinositol-3-kinase (PI3K)/protein kinase B (Akt) sig-
naling pathway is known to be one of the major elements
responsible for primordial follicle activation [11, 12]. This
signaling cascade is fundamental to several cell processes,
including cell survival, growth, and apoptosis. Upon Akt
phosphorylation by various molecules and growth factors, a
number of effectors are activated, including forkhead box 01–
3 (FOXO1–3) and the mechanistic target of rapamycin com-
plex (mTORC1). The Hippo pathway has also been identified
as a major follicle growth regulator [12]. This signaling cas-
cade is modulated by mechanical forces delivered to tissues to
control organ growth, and hence may be dysregulated by me-
chanical manipulation of ovarian fragments [13]. It functions
through its action on the yes-associated protein (YAP)/tran-
scriptional coactivator with PDZ-binding motif (TAZ) which,
once unphosphorylated, shifts to the nucleus to activate tran-
scription factors like the TEA domain family 1–4 (TEAD1–4)
[12, 13].

These activated signaling pathways were investigated in
ovarian tissue after transplantation. An increase in PI3K/Akt
signaling was observed early after transplantation [14], as was
an important shift from quiescent to growing stages [15]. This
activation may be driven by molecules and growth factors
released in hypoxic conditions, like vascular endothelial
growth factor (VEGF) activated by hypoxia-inducible factor-
1 (HIF-1) signaling [16, 17]. Nevertheless, conclusions on the
impact of follicle activation in accelerated follicle pool deple-
tion and its relationship with hypoxia remain contentious.

We recently developed a strategy to reduce follicle loss
after human ovarian tissue transplantation, which involves
preparation of the grafting site with adipose tissue–derived
stem cells (ASCs) embedded in fibrin scaffolds 2 weeks

before transplantation [18, 19]. ASCs are known to exert
proangiogenic effects by endothelial lineage differentiation
and growth factor secretion [20]. In our xenotransplantation
model, they proved capable of shortening hypoxia and
boosting revascularization, with a significant increase in folli-
cle survival rates [19]. ASCs not only ensure a decrease in
follicle death at all stages because of a shorter hypoxic period
but also exhibit different interactions with cell survival mech-
anisms and cell death signaling pathways soon after
transplantation.

The aim of the present study was to investigate the effect of
the hypoxic period occurring soon after transplantation on (i)
primordial follicle activation through modulation of the PI3K/
Akt and Hippo signaling pathways, and (ii) primordial follicle
death by modulation of apoptosis and autophagy. Indeed, our
goal was to determine whether a reduction in hypoxia after
grafting with ASCs is able to positively regulate primordial
follicle behavior in human transplanted tissue.

Material and methods

Experimental design

A total of 20 nude mice (Swiss nu/nu, Charles River
Laboratories, France) were grafted with frozen-thawed human
ovarian tissue from 5 different patients. Ovarian fragments
were equally distributed between (i) 10 mice undergoing 2-
step transplantation with ASCs (2-step/ASCs+OT group) and
(ii) 10 mice undergoing one-step transplantation (OT group).
As previous studies have shown comparable findings between
one-step transplantation and the 2-step procedure using empty
fibrin, the latter group was not added as an additional control
[19]. The 2-step procedure involved transplantation of a fibrin
scaffold loaded with 1.5 × 106 ASCs for graft site preparation
14 days prior to human ovarian cortex transplantation. In each
group, the mice were euthanized for graft retrieval in a stag-
gered fashion, on post-transplantation days 3 (n = 5) and 10
(n = 5) respectively. One tissue fragment was taken directly
from each patient to serve as non-grafted controls (Fig. 1).

Ovarian tissue consent and thawing procedure

The Institutional Review Board of the Université Catholique
de Louvain approved use of human ovarian tissue for this
study (2012/23MAR/125). Ovarian tissue biopsies from 5 pa-
tients (age range 20–35 years) were taken from our tissue bank
after obtaining written informed consent. All the women had
undergone surgery for non-ovarian pathologies. Their tis-
sue was frozen using the slow-freezing protocol, as pre-
viously described [21]. Cryogenic vials were thawed at
room temperature (RT) for 2 min, immersed in a water
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bath at 37 °C for another 2 min, then washed three times
in fresh HEPES-MEM (Gibco).

Surgical procedure

Animal welfare guidelines were strictly followed and the
protocol was approved by the Committee on Animal
Research of the Université Catholique de Louvain
(2018/UCL/MD/40). Twenty female nude mice (Crl:NU-
Foxn1nu, Swiss nu/nu, Charles River Laboratories,
France) aged 8–15 weeks were used for this study.
Anesthesia (isoflurane 3% for sleep induction and 2%
for sleep maintenance) and analgesia (buprenorphine
0.1 mg/kg) were provided for every surgical procedure
undertaken. The mice were kept in sterile conditions and
fed ad libitum for the entire duration of the experiment,
until euthanasia by cervical dislocation.

First step: preparation of the transplantation site

Human ASCs from female donors were commercially ac-
quired with the following characteristics: flow cytometry cell
surface protein profile positivity for CD29, CD44, CD73,
CD90, CD105, and CD166 (> 95%), and negativity for
CD34, CD14, CD31, CD45, and Lin1 (< 2%) (StemPRO hu-
man ASCs, Invitrogen, USA). They were cultured at passages
5–6 in growth medium (Complete MesenPRO RSTM medi-
um, Invitrogen, USA) until an appropriate number of cells

was reached, and then implanted inside fibrin scaffolds
(Tisseel, Baxter, Belgium). Fibrin scaffolds were assembled
by mixing ASCs (1.5 × 106 in 20 μl of medium), 40-μl fibrin-
ogen solution (50 mg/ml), and 40-μl thrombin (50 IU/ml).
These matrices were incubated for 45 min for optimal poly-
merization of fibrin prior to grafting [22].

Ten mice (2-step/ASCs+OT group) underwent grafting to
their back muscle, which is known to be an optimal grafting
site in the murine model for early revascularization and sup-
port of follicle growth, showing no significant difference with
the peritoneal cavity [23]. Briefly, their back muscle was ex-
posed making an L-shaped incision, and gently scratched with
a scalpel. Previously assembled fibrin scaffolds were then
transplanted to this back muscle and sutured with 2 cardinal
stitches using 6/0 Prolene (Fig. 1B).

Second step: ovarian tissue transplantation

Fourteen days later, frozen-thawed ovarian tissue fragments
each measuring 6 × 4 × 1.5 mm were transplanted in both
groups: (i) in the 2-step/ASCs+OT group (n = 10), the remain-
ing fibrin was partially detached very gently with blunt-tip
forceps to create a pocket in the peritoneum where ovarian
fragments were placed without additional stitches (Fig. 1C);
(ii) in the OT group (n = 10), the fragments were placed on the
back muscle after scratching the surface with a scalpel, and
fixed with 2 cardinal stitches using 6/0 Prolene (Fig. 1A).

Fig. 1 Experimental design. Ovarian tissue from 5 patients was
distributed equally between three groups: one piece for non-grafted con-
trols and the other two for xenografting using either standard transplan-
tation (OT group) (A) or 2-step transplantation, first grafting ASCs loaded
inside a fibrin scaffold (B) and then performing transplantation (C) (2-

step/ASCs+OT group). Mice were euthanized on days 3 and 10, and
samples were collected for histological analyses. OTT, ovarian tissue
transplantation; OT, ovarian tissue; ASCs, adipose tissue–derived stem
cells; Fi, fibrin
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Sample collection

Ovarian fragments and grafted samples retrieved on days 3
and 10 were fixed in 4% formaldehyde for histology and
immunolabeling.

Follicle outcomes

Follicle count and classification

Samples for histology were embedded in paraffin and serially
cut into 5-μm-thick sections. Every 12th slide (60 μm) was
stained with hematoxylin and eosin (H&E) (Merck,
Germany), digitized using the Pannoramic P250 Flash III
scanner (3DHistech, Hungary), and analyzed with
CaseViewer (v2.3). Follicle density was determined in 12 ran-
dom fragments per sample as the number of follicles per mm3,
calculating volume by multiplying digitized surfaces by frag-
ment thickness. All morphologically normal follicles (defined
by a visible oocyte) were taken into account. Follicle atresia
was evaluated using specific morphological criteria, namely
ooplasm eosinophilia, granulosa cell pyknosis, cytoplasmic
contraction, and/or the presence of vacuoles [24]. Viable fol-
licles were classified according to stage into primordial, pri-
mary, secondary, or antral, and the percentage of each stage
was established for comparison between groups [25].
Primordial follicles were further classified into (a) small pri-
mordial, in which the oocyte is surrounded only by flattened
granulosa cells, and (b) intermediate, in which the oocyte is
surrounded by a mixture of flattened and cuboidal granulosa
cells, according to Gougeon et al. [24, 26].

Follicle apoptosis

Paraffin sections were deparaffinized with Histosafe (Yvsolab
SA, Belgium) and rehydrated in 2-propanol (Merck,
Germany). After blocking endogenous peroxidase activity
with 3% H2O2 and demasking in citrate buffer (pH 6) for
75 min at 98 °C, non-specific binding sites were blocked by
incubation in normal goat serum for 30 min. Sections were
first incubated overnight at 4 °C with rabbit anti-human
cleaved caspase-3 (c-caspase-3) (1:100, G748A Promega)
and then at RT for 1 h with EnVision rabbit horseradish per-
oxidase (HRP) (1:1, K4003, Dako, USA). Diaminobenzidine
(DAB) (Dako, USA) was used as a chromogen. Negative
controls were obtained using non-specific rabbit antibodies
(10,133,249, Dako), and spleen tissue served as positive con-
trols (Supplementary fig. 1).

Slides were digitized using the Pannoramic P250 Flash III
scanner at × 20 magnification. All morphologically normal
follicles were analyzed. Follicles were considered positive if
more than 50% of granulosa cells or the oocyte were stained
[27].

Follicle autophagy

Paraffin sections were deparaffinized with Histosafe (Yvsolab
SA, Belgium) and rehydrated in 2-propanol (Merck,
Germany). After blocking endogenous peroxidase activity
with 3% H2O2 and demasking in citrate buffer (pH 6) for
75 min at 98 °C, non-specific binding sites were blocked by
incubation in normal goat serum for 30 min. Sections were
first incubated overnight at 4 °C with rabbit anti-human LC3B
(1:500, 3868S, Cell Signaling, USA) and then at RT for 1 h
with EnVision rabbit HRP (1:1, K4003, Dako, USA). DAB
(Dako, USA) was used as a chromogen. Negative controls
were obtained using non-specific rabbit antibodies
(10133249, Dako), and adrenal gland tissue served as positive
controls (Supplementary fig. 1).

All morphologically normal follicles were analyzed using
the Leica SCN400 scanner at × 40 magnification. Quantitative
analysis of morphologically normal follicles in granulosa cells
was performed with Fiji v1.52 (National Institutes of Health,
NIH, USA) using semi-automated macro image processing.
Briefly, after manual delimitation of the granulosa layer as a
region of interest (ROI), the signal was extracted by DAB
color deconvolution and a fixed threshold was applied, con-
sidering values above the threshold as positive selection. In
the ROI, total area, thresholded area, and the mean intensity of
thresholded pixels were measured. Results were expressed as
the staining index and calculated as follows:
area of threshold pixels in ROIð Þ� mean intensity of threshold pixels in ROIð Þ

area of ROI in absoulute
units.

Follicle activation

Two main signaling pathways responsible for primordial fol-
licle activation were analyzed: FOX01 translocation from the
nucleus to the cytoplasm, reflecting activation of the PI3K/
Akt pathway, and disruption of the Hippo pathway by transfer
of YAP to the nucleus. Sections were deparaffinized with
Histosafe (Yvsolab SA, Belgium) and rehydrated in 2-
propanol (Merck, Germany). After blocking endogenous per-
oxidase activity with 3%H2O2 and demasking in citrate buff-
er (pH 6) for 75 min at 98 °C, non-specific binding sites were
blocked by incubation in normal goat serum for 30 min at RT.
Sections were first incubated overnight at 4 °C either with
rabbit anti-human FOX01 (1:200, 2880, Cell Signaling,
USA) or with mouse anti-human YAP (1:200, 12395S, Cell
Signaling, USA), and then for 1 h with either EnVision rabbit
HRP (1:1, K4003, Dako, USA) or EnVision mouse HRP (1:2,
K001, Dako, USA). Unmasking was achieved using boric
acid solution with 1:1000 H2O2 at 30% and tyramide chro-
mogen for 15min at RT (Alexa Fluor tyramide reagent, 1:200,
B40953, Invitrogen), followed by a 20-min citrate buffer bath
in the microwave. Cell nuclei were then stained by 10-min
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incubation in Hoechst 333452 (1:1000, H3570, Invitrogen).
Slides labeled for YAP were also incubated in wheat germ
agglutinin (WGA) (1:500, Biotium) for 10min to stain plasma
membranes, before being mounted with HIGHDEF IHC
fluoromount (Enzo, USA). Negative controls were obtained
using non-specific rabbit antibodies (10133249, Dako) and
non-specific mouse antibodies (10132024, Dako). Bowel tis-
sue served as positive controls for FOXO1, and breast cancer
tissue served as positive controls for YAP (Supplementary
fig. 1).

Images of primordial follicles were taken using the Axio
Imager Z1 microscope with structured ApoTome illumination
and a 63x/1.4 oil objective with laser at 405, 488, and 564 nm
for Hoechst 33342, tyramide chromogen, and WGA. Native
images were analyzed with Fiji v1.52 (NIH, USA) to measure
mean signal intensity in follicle nuclei and the cytoplasm.
Briefly, each follicle was defined as a ROI. More specifically,
the ROI was limited to the oocyte of primordial follicles for
FOXO1 analysis, but targeted the granulosa cells of both pri-
mordial and growing follicles for YAP analysis. A fixed
threshold was then applied to the blue channel (DAPI stain-
ing) to delineate the nucleus within the considered ROI. For
YAP analysis, the red channel (WGA) served for pre-
cise delimitation of the cytoplasmic membrane of gran-
ulosa cells. Hence, the mean intensity of the green sig-
nal was measured in the cytoplasmic and nuclear com-
partments within the considered ROI in question.
Results were expressed in a continuous dimension and

calculated as: x ¼ mean intensity in nucleusð Þ
mean intensity in nucleus and cytoplasmð Þ, with

x > 1 indicative of nuclear signaling and x < 1 indicative
of cytoplasmic signal localization.

Statistical analysis

Prism 8 for Windows (GraphPad software, USA) was used for
statistical analysis. Follicle analyses were pooled to obtain
mean values for each sample. For follicle density analysis be-
tween groups and time points, two-way analysis of variance
(ANOVA) and Tukey’s post hoc test were applied. For all other
parameters, either one-wayANOVAor the Kruskal–Wallis test
was used, depending on normality distribution, with Fisher’s
LSD or uncorrected Dunn’s test as a post hoc test. Results were
presented as mean ± SEM or mean ± SD, where appropriate.
p values < 0.05 were considered statistically significant.

Results

Graft recovery rates and macroscopic assessment

All grafted tissues were retrieved from all 20 mice, having
been attached to their back muscles. Histological analysis of

H&E staining performed on ovarian fragments on day 3 evi-
denced dyshomogeneity in tissue samples. In fact, some cen-
tral spots of necrosis were detected, with nearly follicles show-
ing an eosinophilic cytoplasm and alterations to granulosa cell
structure, but they never exceeded 10% of the whole tissue
surface in any of the samples. By day 10, no further necrosis
was observed in any of ovarian grafts.

Follicle density and classification

Follicle density and classification were evaluated in H&E-
stained fragments. A total of 706 follicles were counted in
non-grafted controls, 500 follicles in the 2-step/ASCs+OT
group, and 343 follicles in the OT group 3 days post-trans-
plantation. Ten days post-transplantation, 364 follicles were
found in the 2-step/ASCs+OT group and 224 follicles in the
OT group (Supplementary Table 1). Follicle density (no. fol-
licles/mm3 ± SD) was significantly lower in the OT group
after 3 days (190.1 ± 217.9, p = 0.03) and 10 days (124.8 ±
103.8, p = 0.01) than in non-grafted controls (379.5 ± 322.4).
In the 2-step/ASCs+OT group, no significant difference in
follicle density was detected at any time point (day 3: 342.1
± 428.6; day 10: 216.4 ± 263.4) (Fig. 2a).

Regarding follicle stages, densities of small primordial, in-
termediate, and growing (pooling primary and secondary) fol-
licles were investigated. Small primordial follicle density de-
creased significantly in the OT group on days 3 (50.4 ± 81.7,
p = 0.04) and 10 (48.1 ± 34.1, p = 0.04) compared to non-
grafted controls (240.4 ± 189.1), while no significant differ-
ence was identified in the 2-step/ASCs+OT group (day 3:
146.4 ± 193.7; day 10: 106.4 ± 146) (Fig. 2a).

In terms of proportions of atretic follicles (Fig. 2d), a signif-
icant increase in atresia was detected in the OT group on days 3
(51.4 ± 27.5, p < 0.001) and 10 (26.4 ± 11.5, p = 0.02) com-
pared to non-grafted controls (10.4 ± 5.5) (Fig. 2b-c), but no
significant difference was observed in the 2-step/ASCs+OT
group at any time point. Moreover, on day 10, atretic follicle
proportions were significantly higher in the OT group than in
the 2-step/ASCs+OT group (26.4 ± 11.5 vs 11.9 ± 5.8, p =
0.03).

Follicle apoptosis

A total of 1126 normal-looking follicles were analyzed for the
c-caspase-3 marker: 338 from non-grafted controls, respec-
tively 243 and 196 from the 2-step/ASCs+OT and OT groups
on day 3, and respectively 190 and 201 from the 2-step/
ASCs+OT and OT group on day 10. Proportions of c-
caspase-3-positive follicles were significantly higher in the
OT group after 3 (30.9 ± 10.5, vs p = 0.001) and 10 (18.03
± 10.4, p = 0.04) days post-transplantation compared to non-
grafted controls (3.7 ± 3.3), while no significant increase was
detected in the 2-step/ASCs+OT group (day 3: 13.1 ± 11.7;
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day 10: 12.1 ± 6.3) (Fig. 3a). At the primordial follicle stage,
significantly greater proportions of c-caspase-3-positive folli-
cles were observed in both small primordial (non-grafted con-
trols: 5.2 ± 1.6; OT group: 26.8 ± 4.3, p = 0.008) and interme-
diate (non-grafted controls: 2.9 ± 2.1; OT group: 32 ± 19.2,

p = 0.004) follicles in the OT group 3 days after transplanta-
tion. Moreover, proportions of small c-caspase-3-positive pri-
mordial follicles were significantly higher in the OT group
than in the 2-step/ASCs+OT group (10.4 ± 12.7, p = 0.03) at
this time point (Fig. 3b).

Fig. 2 Follicle outcomes. a Follicle density (no. of follicles/mm3 ± SEM)
in the general follicle population and at each follicle stage (small
primordial, intermediate, and growing) evaluated by two-way ANOVA
and Tukey’s post hoc test. b Follicle atresia (% of atretic follicles/total
follicles) evaluated by using the Kruskal–Wallis test and Fisher’s post hoc

test. H&E staining of grafted tissues in the OT group on day 3 (c) and the
2-step/ASCs+OT group on day 3 (d). White arrows indicate atretic folli-
cles in the tissue. p value references: *p < 0.05, ***p < 0.001. Statistical
significance is expressed in subcolumns using different letters (p < 0.05).
Scale bar: 100 μm

Fig. 3 Follicle apoptosis and autophagy. Follicle apoptosis (% of c-
caspase-3+ follicles/total follicles ± SEM) in the general follicle popula-
tion (A) and in primordial follicles on day 3 (B) evaluated by using one-
way ANOVA, the Kruskal–Wallis test, and Fisher’s post hoc test. Follicle

autophagy staining in granulosa cell layers (mean intensity ± SEM) in the
general follicle population (C) and in primordial follicles on day 3 (D)
evaluated by using one-way ANOVA and Fisher’s post hoc test. p value
references: *p < 0.05
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Follicle autophagy

A total of 966 follicles were evaluated for the LC3B marker:
198 in non-grafted controls, respectively 220 and 200 in the 2-
step/ASCs+OT and OT groups on day 3, and respectively 198
and 150 in the 2-step/ASCs+OT and OT groups on day 10. The
global staining index of the LC3B marker was similar in all
groups over time compared to non-grafted controls (Fig. 3c).
When examining each follicle stage individually, however,
lower values were detected in small primordial follicles in the
OT group 3 days after transplantation than in non-grafted con-
trols, while no difference was found between the 2-step/ASCs+
OT group and non-grafted controls (p = 0.03) (Fig. 3d).

PI3K/Akt pathway activation

A total of 174 primordial follicles were investigated for the
FOXO1 marker: 79 in non-grafted controls, respectively 35
and 28 in the 2-step/ASCs+OT and OT groups on day 3, and
respectively 17 and 15 in the 2-step/ASCs+OT and OT groups
on day 10 (Fig. 4A, B). With respect to small primordial
follicles, a significant nucleus-to-cytoplasm shift was detected
in the OT group 3 days (ratio measures ± SD: 0.9 ± 0.2, p =
0.01) and 10 days (1.2 ± 0.05, p = 0.03) after transplantation
compared to non-grafted controls (2.34 ± 1.03). No difference
was found between the 2-step/ASCs+OT group and non-
grafted controls at any time point (day 3: 1.86 ± 0.6; day 10:
2 ± 0.45). In terms of intermediate follicles, no difference was
observed between any groups or time points (Fig. 4C).

Hippo pathway disruption

A total of 271 primordial follicles were assessed for the YAP
marker: 91 in non-grafted controls, respectively 43 and 50 in

the 2-step/ASCs+OT and OT groups on day 3, and 47 and 40
in the 2-step/ASCs+OT and OT groups on day 10 (Fig. 5A).
One hundred twenty-two growing follicles were also analyzed
for the YAP marker: 19 in non-grafted controls, respectively
27 and 27 in the 2-step/ASCs+OT and OT groups on day 3,
and respectively 26 and 23 in the 2-step/ASCs+OT and OT
groups on day 10 (Fig. 5B). Analysis of the subcellular local-
ization of YAP evidenced nuclear retention in small primor-
dial and intermediate follicles. No significant difference in
ratio measures was found between non-grafted controls and
grafted groups on days 3 or 10 post-transplantation.
Considering growing follicles, nuclear YAP localization was
predominantly observed in non-grafted controls. In the grafted
groups, significantly lower values were obtained in the 2-step/
ASCs+OT group compared to the OT group (0.9 ± 0.04 vs
1.2 ± 0.2, p = 0.008) after 3 days of grafting. Similarly, nuclear
YAP localization substantially decreased in the OT group
over time (from day 3 to day 10) (1.2 ± 0.2 vs 1 ± 0.03, p =
0.04) (Fig. 5C).

Discussion

While ovarian tissue transplantation is an effective strategy for
fertility restoration, the avascular nature of the grafting tech-
nique itself induces major stress in transplanted tissue, with
significant loss of the follicle reserve, which somewhat limits
its effectiveness [6, 7]. Preparation of the transplantation site
with ASCs is able to shorten the hypoxic period and conse-
quently reduce follicle loss after grafting. Indeed, the number
of follicles was significantly higher 7 days after transplanta-
tion with this strategy, together with a significant drop in fol-
licle death rates and growing follicle proportions [19, 28].
Moreover, the primordial follicle pool was found to be better

Fig. 4 FOXO1 localization. Immunofluorescence targeting FOXO1
(green color) and subcellular localization of primordial follicles in
oocytes. Nuclear localization (A) in non-activated small primordial folli-
cles; cytoplasmic localization (B) in activated intermediate follicles.
FOXO1 localization analysis (nuclear mean intensity staining/total mean

intensity staining ± SD) in small primordial and intermediate follicles
evaluated by using one-way ANOVA and Fisher’s post hoc test.
Statistical significance was expressed using different letters (p < 0.05).
Scale bar: 20 μm
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preserved after 6 months of grafting with ASCs, showing
similar endocrine function resumption to the standard trans-
plantation procedure [29]. In the present study, we were able
to prove that ASCs have a positive impact on grafted tissue by
significantly reducing follicle loss both 3 and 10 days after
grafting. They are also crucial to protecting the primordial
follicle pool by modulation of both follicle death and activa-
tion mechanisms.

The primordial follicle pool

In this study, we set out to investigate follicle density, with
particular scruting of primordial follicle pool. For this pur-
pose, we applied Gougeon et al.’s classification, which con-
siders the primordial follicle reserve to be made up of two
different subpopulations: primordial follicles in a quiescent
state and intermediate follicles that have already started trans-
formation of their granulosa cells from flattened to cuboidal
[24, 26]. Preservation of the primordial follicle pool over and
above all other follicle stages is of key importance for trans-
plantation of ovarian tissue. The size and quality of the pri-
mordial follicle reserve are indeed major determinants, not
only of graft lifespan but also of fertility potential after
grafting. The primordial follicle pool constitutes the long-
term stockpile of the ovary, whose maintenance depends on
a balance between quiescence and the growth to the antral
follicle stage for possible selection [24, 30]. Primordial folli-
cles pass through an intermediate stage before reaching pri-
mary status. A dynamic balance exists between these two
states, as intermediate follicles are more prone to further
growth, but they also appear to be able to return to quiescence
in small proportions [24, 26].

The destiny of primordial follicles during a stressful event is
still contentious. Indeed, there are two main mechanisms

proposed in the literature to explain the rapid follicle depletion
seen after transplantation. One is direct follicle death as a con-
sequence of hypoxia/ischemia, through activation of either ap-
optosis or necrosis [10]. The other is massive primordial follicle
activation occurring as a result of numerous potential triggers of
signaling pathways involved in follicle activation and growth
[9, 12, 14]. Our findings revealed a massive drop in small pri-
mordial follicles after standard transplantation, while this folli-
cle population appeared to be maintained with use of ASCs.
Regarding growing follicles, including the intermediate stage,
no upturn was observed after 3 or 10 days in any of the groups.
These results may shift the balance in favor of follicle death as
the major cause of hypoxia-related primordial follicle pool de-
pletion, as we failed to detect any increase in growing follicles.

Follicle death

To address the hypothesis of follicle death as the major cause
of loss, we investigated proportions of atretic follicles between
different groups over time. Follicle atresia is the resulting fea-
ture of several death processes [31]. It occurs physiologically
in ovarian tissue together with follicle selection, but it also
represents the final outcome after necrosis, apoptosis, and
non-apoptotic cell death processes.

In our findings, a significant increase was observed in atret-
ic follicles in the OT group, but there was no significant in-
crease in atretic follicle proportions when ASCs were used,
pointing to their role in preventing large-scale follicle loss by
decreasing cell death [8]. Consistent with our histological
findings, analysis of c-caspase-3-positive follicles showed in-
creased apoptotic follicle proportions soon after transplanta-
tion using the standard grafting procedure compared to 2-step
transplantation with ASCs. These findings support the hy-
pothesis that ASCs reduce follicle loss by decreasing

Fig. 5 YAP localization. Immunofluorescence targeting YAP (green
color) and subcellular localization analysis in granulosa cells delimited
by plasmatic membrane counterstaining (red color). Nuclear and
cytoplasmic localizations (A) in small primordial (B) and intermediate
follicles (C). YAP localization analysis (nuclear mean intensity staining/

total mean intensity staining ± SD) in small primordial, intermediate, and
growing follicles evaluated by using one-way ANOVA, the Kruskal–
Wallis test, and Fisher’s post hoc test. Statistical significance is expressed
using different letters (p < 0.05). Scale bar: 20 μm
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hypoxia/ischemia-related follicle death. However, their
antiapoptotic impact could either be due to shortened hypoxia
or be a direct consequence of the stem cell secretome that was
shown to exert such an effect in other models [32, 33].

Follicle autophagy

Evaluation of follicle behavior under hypoxia-related stress
led us to investigate another crucial process for cell adaptation
to stress and survival. Autophagy is a protective process of
self-degradation in order to ensure cell survival and promote
cell renewal in stressful conditions [34]. Indeed, tissue starva-
tion, hypoxia, or oxidative stress can result in accumulation of
undigested materials. Depending on a cell’s inability to resist
prolonged or severe stress, subsequent cell death may or may
not occur [35, 36]. Under physiological conditions, autophagy
plays a role in maintaining primordial follicle quiescence of
the ovary [37]. In fact, accelerated depletion of the primordial
follicle pool was observed in studies using knockout animal
models for autophagy-related genes [38], and genetic muta-
tions related to autophagy impairment were observed in pa-
tients suffering premature ovarian insufficiency [39].

Mature autophagosomes, expressing the LC3Bmarker, can
be found in granulosa cells at all follicle stages throughout the
whole post-transplantation period. This is not surprising, since
the process of preservation of ovarian cortex is a stressful
event, and enhancement of cell protection effectors may be
activated early as preconditioning mechanisms for further tis-
sue survival [40]. Conversely, we did not expect to observe
lower autophagic activity in primordial follicles so soon after
transplantation using the one-step procedure. These findings
suggest loss of cell mechanisms that maintain primordial fol-
licle quiescence in favor of the hypothesis of increased acti-
vation. Corroborating this hypothesis, PI3K/Akt is able to
inhibit autophagy in severe hypoxic conditions through
mTORC1, in order to create a balance towards anabolic activ-
ity for cell growth over catabolism of proteins [41, 42].

Follicle activation

Increased primordial follicle activation observed soon after
ovarian tissue transplantation has been associated with activa-
tion of the PI3K/Akt pathway [14, 43]. Maintenance of the
quiescent state appears to be related to FOXO1–3 activity,
whose cytoplasmic shift is related to the start of cross-talk
between the oocyte and granulosa cells before effective folli-
cle growth, namely transformation from flattened to cuboidal
granulosa cells [29]. Indeed, its constitutive presence or ab-
sence in specific knockout animal models was found to be
responsible for primordial follicle recruitment, but not further
follicle growth [44, 45]. For these reasons, we analyzed small
primordial and intermediate follicles separately. As expected,
activation of the PI3K/Akt pathway was observed in oocytes

of intermediate follicles irrespective of transplantation,
confirming that activation of this signaling pathway occurs
before morphological changes to granulosa cells.

On the other hand, no significant FOXO1 nuclear traffick-
ing was observed in small primordial follicles before trans-
plantation, confirming their quiescent state. After transplanta-
tion, a significant increase was detected in PI3K/Akt pathway
activation with the standard procedure, confirming that early
primordial follicle activation, triggered by this signaling path-
way for cell survival and proliferation, plays a role in deple-
tion of the primordial follicle pool soon after grafting [14, 43].

Small primordial follicles appeared to be undisturbed by
ASCs. These results indicate that follicle activation can be
mitigated by decreasing hypoxia early after transplantation.
Indeed, interaction between the PI3K/Akt pathway and
hypoxia-related cellular responses is already known, as a
number of growth factors released in hypoxic conditions, like
VEGF, may trigger Akt phosphorylation [46, 47]. Using
ASCs, we were able to prove that shortening the hypoxic
period prevents massive follicle loss. The mechanisms by
which ASCs affect the PI3K/Akt pathway may either be as-
sociated with the hypoxia-related response or be directly trig-
gered by their presence in the transplantation site. We believe
that further experiments, probably involving development of
an in vitro model, should be carried out to investigate the
effect of the ASC secretome, including VEGF, on primordial
follicle behavior.

We also decided to investigate another signaling pathway
in order to evaluate whether ASCs impact follicle growth. The
Hippo pathway plays a major role in promoting follicle
growth, rather than initiating follicle activation in primordial
follicles [12, 13]. Analysis of YAP nuclear translocation in the
present study confirmed this assertion, as no significant dif-
ference was detected in small primordial and intermediate
follicles after grafting, irrespective of transplantation tech-
nique. These findings confirm that manipulation of the ovar-
ian cortex for cryopreservation is sufficient to impact this sig-
naling pathway, as observed in other studies [13, 48]. Ovarian
cortex fragmentation actually facilitates conversion of globu-
lar actin (G-actin) into filamentous actin (F-actin), inducing
disruption of Hippo signaling [49]. However, greater pathway
disruption was identified in growing follicles of fragments
grafted with the standard procedure.

When contemplating the ASC group, data suggest that
these cells can repress the Hippo pathway, as seen in growing
follicles soon after transplantation. This is consistent with the
hypothesis that grafting ASCs does indeed shorten the hypox-
ic period, thereby impacting the pace of follicle growth too.

Limitations of the study

Although this study was able to demonstrate an impact of
ASCs on both primordial follicle death and activation soon
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after transplantation, it did not investigate interactions be-
tween these two biological events, which may well be inter-
connected. Indeed, the response to tissue stress may be orient-
ed towards either cell death or cell survival, depending on
numerous factors involved in the event itself. Further studies
are needed to elucidate the interplay between these processes
and their modulation in hypoxic and normoxic conditions in
transplanted ovarian tissue.

Conclusions

Two-step transplantation using ASCs has proved its effective-
ness in addressing the issue of massive follicle loss due to
post-transplantation hypoxia. ASCs exert a degree of protec-
tion, especially on primordial follicles, by means of major
mechanisms, namely direct diminution of follicle death (ne-
crosis and apoptosis) and negative modulation of the signaling
pathways (PI3K/Akt and Hippo) involved in follicle activa-
tion and growth. These data confirm that both follicle death
and abnormal activation mechanisms play a role in follicle
depletion soon after ovarian tissue damage. They also prove
that reduction of hypoxia by preparation of the grafting site
with ASCs is able to counteract them, and hence significantly
improve follicle outcomes after transplantation.
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