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ABSTRACT

STUDY QUESTION: Is there any difference between 20% and 5% oxygen (O2) tension in vitro culture (IVC) on the viability and quality
of human follicles contained in cultured ovarian cortex?

SUMMARY ANSWER: An O2 tension of 5% yields higher follicle viability and quality than does 20% O2 tension after 6 days of IVC.

WHAT IS KNOWN ALREADY: The primordial follicle (PMF) pool resides within the ovarian cortex, where the in vivo O2 tension
ranges between 2% and 8%. Some studies suggest that lowering O2 tension to physiological levels may improve in vitro follicle quality
rates.

STUDY DESIGN, SIZE, DURATION: This prospective experimental study included frozen-thawed ovarian cortex from six adult
patients (mean age: 28.5 years; age range: 26–31 years) who were undergoing laparoscopic surgery for non-ovarian diseases. Ovarian
cortical fragments were cultured for 6 days at (i) 20% O2 with 5% CO2 and (ii) 5% O2 with 5% CO2. Non-cultured fragments served as
controls.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Cortical fragments were used for the following analyses: hematoxylin and eosin
staining for follicle count and classification; Ki67 staining to evaluate PMF proliferation; cleaved caspase-3 immunostaining to iden-
tify follicle apoptosis; 8-hydroxy-2-deoxyguanosine and gamma-H2AX (cH2AX) immunolabeling to detect oxidative stress damage
and DNA double-strand breaks (DSBs) in oocytes and granulosa cells (GCs); and b-galactosidase staining to assess follicle senescence.
Droplet digital PCR was also performed to further explore the gene expression of superoxide dismutase 2 (SOD2) and glutathione
peroxidase 4 (GPX4) from the antioxidant defense system and cyclin-dependent kinase inhibitors (p21 and p16) as tissue senescence-
related genes.

MAIN RESULTS AND THE ROLE OF CHANCE: Apoptosis (P¼ 0.002) and follicle senescence (P< 0.001) rates were significantly lower in
the 5% O2 group than in the 20% O2 group. Moreover, GCs in follicles in the 20% O2 group exhibited significantly (P< 0.001) higher oxi-
dative stress damage rates than those in the 5% O2 group. DNA DSB damage rates in GCs of follicles were also significantly higher
(P¼ 0.001) in the 20% O2 group than in the 5% O2 group. SOD2 expression was significantly greater in the 5% O2 group compared to the
20% O2 group (P¼ 0.04) and the non-cultured group (P¼ 0.002). Expression of p21 was significantly increased in both the 20% O2

(P¼ 0.03) and 5% O2 (P¼ 0.008) groups compared to the non-cultured group. Moreover, the 20% O2 group showed significantly greater
p16 expression (P¼ 0.04) than the non-cultured group, while no significant variation was observed between the 5% O2 and no culture
groups.

LARGE SCALE DATA: N/A.

LIMITATIONS, REASONS FOR CAUTION: This study focuses on improving follicle outcomes during the first step of ovarian tissue
IVC, where follicles remain in situ within the tissue. The impact of O2 tension in further steps, such as secondary follicle isolation and
maturation, was not investigated here.

WIDER IMPLICATIONS OF THE FINDINGS: Our findings suggest that 5% O2 tension culture is a promising step toward potentially
solving the problem of poor follicle viability after IVC.
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Scientifique de Belgique (FNRS-PDR T.0064.22, CDR J.0063.20 and grant 5/4/150/5 awarded to M.M.D.). The authors have nothing to dis-
close.

Keywords: fertility preservation / ovarian tissue / in vitro culture / oxygen tension / follicle viability / DNA damage / oxidative stress /
cell senescence

Received: February 6, 2023. Revised: May 23, 2023. Editorial decision: May 30, 2023.
VC The Author(s) 2023. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology. All rights reserved.
For permissions, please email: journals.permissions@oup.com

Human Reproduction, 2023, 38(8), 1538–1546

https://doi.org/10.1093/humrep/dead122
Advance Access Publication Date: June 12, 2023

Original Article

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/38/8/1538/7194693 by U
C

Louvain-SC
EB user on 08 August 2023

https://orcid.org/0000-0003-3792-0276
https://orcid.org/0000-0002-7669-127X
https://orcid.org/0000-0002-6331-3026
https://orcid.org/0000-0002-6331-3026
https://orcid.org/0000-0002-6331-3026
https://academic.oup.com/


Introduction
Ovarian tissue cryopreservation (OTC) and ovarian tissue trans-
plantation (OTT) have emerged as promising strategies for fertil-
ity preservation and endocrine function restoration in patients
requiring gonadotoxic therapies (Donnez et al., 2015; Meirow et al.,
2016; Donnez and Dolmans, 2017; Dolmans and Manavella, 2019;
Yding Andersen et al., 2019). While there is enough evidence to
support the feasibility and efficacy of OTC and OTT, there is a
risk of reintroducing malignant cells along with the grafted tis-
sue, especially in certain types of cancer, like leukemia, neuro-
blastoma, and Burkitt’s lymphoma (Dolmans et al., 2013b). These
patients could potentially benefit from an in vitro culture (IVC)
system able to support the complete in vitro development of
early-stage follicles from cryopreserved ovarian tissue into fertil-
izable oocytes (Telfer et al., 2008). If feasible, ovarian tissue IVC
could constitute an alternative to OTT, thereby avoiding the need
for a transplantation procedure.

Ideal culture conditions are those that best mimic the in vivo
physicochemical parameters, including the availability of para-
crine factors, nutrients, and oxygen (O2) (Picton et al., 2008).
Indeed, the primordial follicle (PMF) pool resides within the ovar-
ian cortex, where in vivo O2 tension ranges between 2% and 8%
(Fischer and Bavister, 1993; Redding et al., 2007, 2008). However,
IVC is usually carried out at atmospheric O2 tension (20%) but
still shows unfavorable results. The low follicle survival rates
obtained during culture represent the major drawback of this
technique, so lowering O2 tension closer to physiological levels
could be considered a strategy to improve follicle outcomes.
During the past few years, low O2 tension IVC has shown encour-
aging results in animal models. Indeed, culture at 5% O2 tension
was found to significantly increase the viability of cumulus cells
(Silva et al., 2009) and follicles in canine ovarian tissue (Pereira
et al., 2019) compared to 20% O2 culture. Moreover, low O2 tension
(5%) promoted oocyte viability and maturation in rat preantral
follicle culture (Heise et al., 2009) and enhanced follicle survival
in a primate model (Xu et al., 2011). Certainly, supraphysiological
O2 tension (20%) could generate an imbalance between reactive
oxygen species (ROS) generation and antioxidant defense mecha-
nisms, resulting in oxidative stress damage (Dröge, 2002). This in
turn contributes to mitochondrial dysfunction (Hamanaka and
Chandel, 2010) and DNA double-strand breaks (DSBs) (Fang et al.,
2014), resulting in cell apoptosis or premature cell senescence
(Agarwal et al., 2005; Meuter et al., 2014).

The aim of the present study was to evaluate the effect of 20%
and 5% O2 tension on the viability and quality of human follicles
contained within cultured ovarian cortex.

Materials and methods
Experimental design
Frozen-thawed ovarian cortex from six adult patients (mean age:
28.5 years; age range: 26–31 years) undergoing laparoscopic sur-
gery for non-ovarian diseases was fragmented and cultured for
6 days at (i) 20% O2 with 5% CO2 or (ii) 5% O2 with 5% CO2. After
IVC, half of the fragments were embedded in paraffin for further
histological, immunolabeling, and gene expression analyses. The
other half were frozen in liquid nitrogen-cooled isopentane and
stored at �80�C as 10-mm cryosections for subsequent analyses.
One fragment per patient served as a non-cultured control.

Ethics approval
Use of human tissue was approved by the Institutional Review
Board of the Université Catholique de Louvain, and patients gave

their written informed consent for the use of their ovarian tissue
for research purposes.

Ovarian tissue cryopreservation and thawing
Ovarian tissue was cryopreserved using a slow-freezing approach
at Cliniques Universitaires Saint-Luc, and thawing was done us-
ing a fast-thawing procedure, as previously described (Dolmans
et al., 2013a).

Biopsy processing and culture technique
After thawing, ovarian biopsies were dissected in 10 ml pre-
warmed dissection medium to eliminate any surplus medulla, as
already reported (Grosbois and Demeestere, 2018; Hossay et al.,
2023), and cut into equal fragments of 4 � 2 � 1 mm3 in size. In
total, 24 cortical fragments (two fragments/patient/O2 group)
were individually placed in 4-well culture dishes (Thermo Fisher,
Belgium) filled with 300 ml prewarmed culture medium (McCoy’s
5a containing bicarbonate supplemented with 25 mM HEPES
[Gibco], 0.1% human serum albumin [HSA; CAF-DCF, Belgium],
3 mM glutamine [Sigma], 30 lg/ml penicillin G [Sigma], 50 lg/ml
streptomycin [Sigma], 5 lg/ml transferrin [Fisher Scientific],
5 ng/ml selenium [Sigma], 50 lg/ml ascorbic acid [Sigma],
10 ng/ml insulin [Sigma], and 1 ng/ml human follicle-stimulating
hormone [FSH; Gonal F, Merck Serono, UK]). Every 2 days, half of
the culture medium was replaced.

A low oxygen environment was achieved using a subchamber
(ProOx C21, BioSpherix) designed to maintain a controlled gas at-
mosphere, monitoring the inflow of carbon dioxide (CO2) and ni-
trogen (N2). In the course of continuous sensing, CO2 and N2 were
infused to reach and sustain O2 levels at 5%. The subchamber
was placed inside an incubator at 37�C, and two wells of sterile
distilled water served to maintain culture humidity. To ensure
correct levels of O2 tension in the 5% O2 group, the culture me-
dium was always pre-equilibrated for 3 h inside the subchamber
before use. In addition, the entire medium replacement proce-
dure outside the subchamber never took more than 5 min, not
long enough to alter the O2 tension balance in the medium (Allen
et al., 2001).

Sample processing
Cortical fragments were fixed in paraformaldehyde, embedded in
paraffin, and cut into 5-mm sections. Hematoxylin and eosin
(H&E; Merck, Germany) was used to stain every eighth section to
determine follicle count and classification, while those in be-
tween underwent immunolabeling and gene expression analysis.
All slides were digitized using the Pannoramic P250 Flash III scan-
ner (3DHistech, Hungary) and analyzed by CaseViewer (v2.3).

Histological analysis
Six random H&E-stained sections per sample were examined. To
reduce the chances of counting twice, only follicles with a visible
oocyte were investigated. Follicles were classified according to
the developmental stage into PMFs (including primordial and
transitory follicles) and growing follicles (including primary and
secondary follicles) (Gougeon and Chainy, 1987), and the percent-
age of each stage was established. Transitory follicles were in-
cluded in the PMF group, since these are not entirely distinct
entities and share many developmental features with PMFs
(Smitz and Cortvrindt, 2002). They are also governed by the same
regulatory mechanisms, mainly the phosphatidylinositol-3-
kinase (PI3K/AKT), mammalian target of rapamycin (mTOR), and
Hippo signaling pathways (Hsueh et al., 2015). Atretic follicles
were evaluated according to the following morphological criteria:
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ooplasm eosinophilia, granulosa cell (GC) pyknosis, or cytoplas-
mic contraction (Gougeon and Chainy, 1987). Vacuolated follicles,

including those with vacuoles inside GCs and/or the oocyte, were
also calculated as a percentage out of the total number of fol-

licles. PMF and growing follicle density were determined as the
number of follicles with normal morphology per mm3, taking sec-

tion thickness into account.

Immunohistochemistry
Three non-consecutive sections from each sample were used for

immunolabeling for cleaved caspase-3 as a marker of apoptosis
and Ki67 to evaluate follicle proliferation. After blocking endoge-

nous 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 10% fetal bovine serum for 30 min.

Sections were first incubated overnight with rabbit monoclonal
anti-human caspase-3 primary antibodies (1:200, 9661S; Dako,

Glostrup, Denmark) and mouse anti-human Ki67 primary anti-
bodies (1:100, clone MIB1, M7240; Dako). This was followed by

incubation with EnVision anti-rabbit horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:1, K4003; Dako) for

caspase-3 sections and EnVision anti-mouse HRP-conjugated sec-
ondary antibodies (1:2, K4001; Dako) for Ki67 sections. Human

tonsil and human intestine served as positive controls for
caspase-3 and Ki67 staining, and rabbit and mouse immunoglob-

ulin G (Dako) were used for negative controls. For caspase-3
staining, follicles at all stages were evaluated and classified as

apoptotic when more than 50% of GCs and/or the oocyte were
positive (Amorim et al., 2019). Ki67 analysis was performed only

on PMFs, as we were looking to investigate the proliferation rate

during their activation from the quiescent state, rather than on
growing follicles, which are already known to have undergone

proliferation. The following criteria were applied: non-
proliferative, when all GCs were negative for Ki67, or proliferative,

when at least one GC was positive for Ki67 (Luyckx et al., 2013).

Immunofluorescence
Three non-consecutive sections from each sample were sub-

jected to immunofluorescence for detection of the 8-hydroxy-2-
deoxyguanosine (8-OHdG) marker to measure oxidative stress

damage and phosphorylated histone H2AX (cH2AX) as a marker
of DNA DSBs. 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

10% fetal bovine serum for 30 min. Slides were first incubated
with either mouse anti-human 8-OHdG (1:50, MOG-100P;

Gentaur, Belgium) or rabbit anti-human cH2AX (1:250, A700-053)
primary antibodies, followed by incubation with EnVision mouse

HRP (1:1, K001; Dako) for 8-OHdG sections and EnVision rabbit
HRP (1:1, K4003; Dako) secondary antibodies for cH2AX sections.

They were then incubated for 15 min at room temperature in bo-

rate buffer with 30% H2O2 (1:1000) and Alexa Fluor 488 tyramide
reagent (1:200, B40953; Invitrogen) for cH2AX and 8-OHdG sec-

tions as a fluorescent substrate. Cell nuclei were counterstained
with Hoechst 33342 (1:1000, H3570, lot 2134015; Invitrogen) and

cell membranes were stained with wheat germ agglutinin, CF555
conjugate (1:500, 29076-1; Biotium) diluted in Hank’s balanced

salt solution (14025-092; Gibco). Human testicular carcinoma was
used as a positive control for cH2AX and human skin for 8-OHdG

(Supplementary Fig. S1). Mouse and rabbit immunoglobulin G
(Dako) were used for negative controls. Follicles showing labeled

oocytes or more than 50% of stained GCs were considered

positive for both markers. They were expressed as a percentage
out of the total number of follicles.

b-Galactosidase activity assays
Half of the fragments were frozen in liquid N2-cooled isopentane
(Cacciottola et al., 2018) and cut into 10-mm cryosections for b-ga-
lactosidase (b-gal) activity assays. Toluidine blue was first used
to label follicles in cryosections, followed by b-gal staining on di-
rectly consecutive sections using the protocol described by
Jannone et al. (2020). Human primary sclerosing cholangitis tissue
served as positive controls. Two non-consecutive sections from
each sample were then selected for analysis of b-gal staining.
Slides were digitized with the Pannoramic P250 Flash III slide
scanner at 40� magnification. Images of ovarian tissue areas
containing follicles were captured with Caseviewer software
(v2.2), before computer image analysis using ImageJ software
1.43u (http://rsbweb.nih.gov/ij). Follicles were first digitally iso-
lated from the adjacent stroma with the ‘Clear outside’ tool op-
tion. The ‘Color deconvolution, vector: Alcian blue & H’
command was then used to convert the RGB image into its differ-
ent channels (Landini et al., 2021). A threshold was determined to
separate b-gal signaling from the rest. After setting the scale of
the image, the b-gal-stained area and total area of each follicle
were calculated in square micrometers (mm2) and expressed as a
percentage of b-gal staining (Fig. 1).

Gene expression analysis
RNA extraction was performed using the RNeasy FFPE kit
(Qiagen, Germany) on 15 formalin-fixed paraffin-embedded tis-
sue sections per sample, according to instructions provided by
the manufacturer. Sections were selected based on follicle detec-
tion from previous H&E slides, as their distribution is heteroge-
neous within the ovarian cortex. RNA quality and quantity were
assessed using the NanoDrop 2000c spectrophotometer (Thermo
Scientific) and Qubit RNA BR assay (Thermo Fisher). RNA samples
were reverse-transcribed using SuperScript IV VILO Master Mix
(Invitrogen) and cDNA was stored at �80�C. FAM-labeled assays
for genes of interest were: SOD2 (Hs00167309_m1) and GPX4
(Hs00989766_g1), from the antioxidant defense system, and p21
(Hs00355782_m1) and p16 (Hs00923894_m1), as tissue

Figure 1. b-gal staining analysis. (A) Ovarian follicle surrounded by
stromal cells. Scale bar¼20 mm. (B) Digital isolation of an ovarian follicle.
(C) Colour deconvolution and measurement of b-gal area within the
follicle. (D) Measurement of total follicle area.
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senescence-related genes. Each target assay was duplexed with
VIC-labeled assays for the Abelson 1 (ABL-1) (Hs01104728_m1)
(Applied Biosystems) reference gene using the QX200 Droplet
Digital PCR system (Bio-Rad Laboratories, Hercules, USA).

Statistics
GraphPad Prism software for Windows (v9.2, USA) was used to
conduct statistical analyses. Either one-way ANOVA or the
Kruskal–Wallis test was applied, followed by Fisher’s least signifi-
cant differences (LSD) or Dunn’s multiple comparisons test,
depending on the normality of distribution. Data expressed in
proportions were analyzed after logit transformation. Results
were expressed as mean § SD. A P-value of �0.05 was considered
statistically significant.

Results
Follicle outcomes
Follicle density and classification
A total of 429 follicles were counted in non-cultured controls, 391
follicles in the 20% O2 group, and 323 follicles in the 5% O2 group.
There was a significant decrease in PMF density in the 20% O2

group (P¼ 0.03) compared to the non-cultured group, while no
significant variation was observed between the 5% O2 group and
no culture group. When comparing growing follicle density, there
was a significant increase in both cultured groups (20% O2:
P¼ 0.003; and 5% O2: P¼ 0.01) compared to the non-cultured tis-
sue (Fig. 2A). Concerning follicle classification, there was a signifi-
cant drop in PMF percentages with 20% O2 (38.67 § 6.80%,
P< 0.001) and 5% O2 (55.17 § 6.36%, P< 0.001) culture compared
to the no culture group (80.83 § 3.65%). However, significantly
more PMFs were observed in the 5% O2 group (P< 0.001) than in
the 20% O2 group. In terms of growing follicle proportions, signifi-
cantly higher rates were observed in the 20% O2 group (43.17 §
8.68%, P< 0.001) and in the 5% O2 group (37 § 7.82%; P< 0.001)
than in non-cultured tissue (16.50% § 5.01%) (Fig. 2B). With re-
spect to atresia rates, significantly higher values were encoun-
tered in the 20% O2 group (18.50 § 3.93%) compared to the 5% O2

group (7.83 § 3.06%, P¼ 0.01) and non-cultured tissue (2.50 §
2.34%, P< 0.001) (Fig. 2C and D).

Follicle morphology
Vacuolated follicle percentages were significantly elevated in
both the 20% O2 group (81 § 11.52%) and the 5% O2 group (50.17
§ 18.37%) compared to non-cultured tissue (6.83 § 4.44%,
P< 0.001). However, the proportion of vacuolated follicles was
significantly higher in the 20% O2 group (P< 0.001) than in the 5%
O2 group (Fig. 2E and F).

PMF proliferation
There were 224 PMFs examined in non-cultured controls, 161 in
the 20% O2 group, and 186 in the 5% O2 group. Percentages of
Ki67-positive PMFs were significantly higher in the 20% O2 group
(20.62 § 8.7%, P< 0.001) and in the 5% O2 group (9.9 § 6.35%,
P¼ 0.02) than in non-cultured fragments (0.7 § 1.71%), but statis-
tically higher percentages were obtained with 20% O2 compared
to 5% O2 (P¼ 0.01) (Fig. 2G and H).

Follicle apoptosis
There were 305 follicles analyzed in non-cultured controls and re-
spectively 256 and 253 in the 20% and 5% O2 groups. The percen-
tages of caspase-3-positive follicles were significantly greater in the
20% O2 group (29.63 § 10.14%, P< 0.001) and in the 5% O2 group

(15.40 § 4.61%, P¼ 0.04) compared to non-cultured tissue (2.43 §
3.70%). Nevertheless, significantly higher apoptosis rates were
detected with 20% O2 (P¼ 0.002) than 5% O2 (Fig. 2I and J) culture.

Oxidative stress response
8 hydroxy-2-deoxyguanosine (8-OHdG) expression
To measure oxidative stress damage, 8-OHdG expression was tar-
geted in oocytes and GCs of follicles (Fig. 3A), as guanosine
appears to have the lowest redox potential of all nucleobases
(Valavanidis et al., 2009). There were 229 follicles evaluated in
non-cultured controls, 210 in the 20% O2 group, and 174 in the 5%
O2 group. No significant difference was detected in percentages
of 8-OHdG-positive oocytes between any of the groups. Regarding
GC expression, the 20% O2 group showed the highest 8-OHdG rate
(74.73 § 15.58%), significantly higher than the 5% O2 (25.13 §
4.74%, P< 0.001), and no culture (37.60 § 5.16%, P< 0.001) groups.
No significant variation was noted between the 5% O2 group and
the non-cultured group (Fig. 3B).

Superoxide dismutase 2 (SOD2) and glutathione peroxidase
4 (GPX4) gene expression
SOD2 and GPX4 gene expression levels were evaluated to investi-
gate enzymatic scavenger activity between the different groups.
The 5% O2 group yielded significantly higher SOD2 values
(8.28§5.48) than the 20% O2 group (4.08§1.58, P¼ 0.04) and the
non-cultured group (1.36§ 0.19, P¼ 0.002). GPX4 gene expression
did not exhibit any significant difference between groups (Fig. 3C).

DNA damage rate
cH2AX marker
cH2AX (a specific marker of DNA DSBs) foci were analyzed in
oocytes and GCs of follicles (Fig. 3D), including 298 follicles from
the non-cultured group, 292 follicles from the 20% O2 group, and
289 follicles from the 5% O2 group. No significant variation was
found in the percentages of cH2AX-positive oocytes between any
of the groups. In GCs, cH2AX-positive follicle rates were signifi-
cantly higher in the 20% O2 (34.75 § 9.92%, P< 0.001) and 5% O2

(19.58 § 5.43%, P< 0.001) compared to the no culture group (0.56
§ 1.38%). However, the rate was significantly (P¼ 0.001) higher in
the 20% O2 group than in the 5% O2 group (Fig. 3E).

Tissue senescence-related markers
b-gal staining
The b-gal activity assay is a commonly used biomarker of cellular
senescence and is elevated due to the accumulation of damaged
macromolecules inside lysosomes. Senescent cells are character-
ized by irreversible cell cycle arrest and secretion of proinflamma-
tory cytokines into the surrounding microenvironment. A total of
274 normal-looking follicles were analyzed for b-gal staining, in-
cluding 103 from non-cultured controls, and respectively, 91 and 80
follicles from the 20% and 5% O2 groups. Both 20% O2 (20.33 §
7.44%) and 5% O2 (8 § 3.08%) groups exhibited significantly greater
b-gal staining than non-cultured controls (2.66 § 1.21%, P< 0.001
and P¼ 0.04 respectively), with the 20% O2 group showing a signifi-
cantly (P< 0.001) higher rate than the 5% O2 group (Fig. 4A and B).

p21 and p16 gene expression
Both genes encode cyclin-dependent kinase inhibitors, which
function as negative regulators of cell cycle progression.
Expression of p21 was significantly increased in both 20% O2

(2.36§ 0.9, P¼ 0.03) and 5% O2 (2.81§1.19, P¼ 0.008) compared to
no culture (0.98§0.95). Moreover, the 20% O2 group showed sig-
nificantly greater p16 expression (0.04§ 0.05, P¼ 0.04) than the
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non-cultured group (0.01§0.01), while no significant variation
was observed between the 5% O2 and no culture groups (Fig. 4C).

Discussion
For patients at high oncological risk who cannot safely un-
dergo OTT, fertility could potentially be restored by ovarian
tissue IVC, growing cryopreserved PMFs into fertile MII oocytes

(Telfer and Andersen, 2021). Telfer and colleagues were the
first to publish a multistep IVC protocol (McLaughlin et al.,

2018), where it was found that the greatest threat to progres-
sion occurs during the first step. Indeed, less than a quarter of
PMFs within ovarian tissue reach the growth stage (primary or
secondary) without any major damage. Among different strat-
egies to optimize preantral follicle development, reducing O2

tension in IVC has shown the most promising results in animal
models. The aim of the present study was to investigate the
effects of two different O2 tension levels (20% and 5%) on hu-
man follicles enclosed in the ovarian cortex over the course of
6 days of culture.

Figure 2. Analyses of follicle density, follicle proportions, atresia, vacuolated follicles, PMF proliferation, and apoptosis. (A) Primordial follicle (PMF)
and growing follicle density (no. of follicles/mm3) analyzed by one-way ANOVA and Fisher’s least significant differences (LSD) post hoc test. (B) PMF and
growing follicle proportions (percentage, mean § SD) assessed by one-way ANOVA and Fisher’s LSD post hoc test. (C) Atresia rate (percentage, mean §
SD) determined by one-way ANOVA and Fisher’s LSD post hoc test. (D) Representative photomicrograph of an atretic follicle. Scale bar¼ 50 mm.
(E) Vacuolated follicle proportions (percentage, mean § SD) evaluated by one-way ANOVA and Fisher’s least significant differences (LSD) post hoc
test. (F) Representative photomicrograph of a vacuolated follicle. Scale bar¼ 50 mm. (G) PMF proliferation rate (percentage, mean § SD) calculated by
one-way ANOVA and Fisher’s LSD post hoc test. (H) Ki67 immunohistochemical staining in the different groups: non-cultured, 20% O2, 5% O2, and
positive control (human intestine). Scale bar¼ 100 mm. (I) Apoptosis rate (percentage, mean § SD) calculated by one-way ANOVA and Fisher’s LSD post
hoc test. (J) Cleaved caspase-3 immunohistochemical staining in the different groups: non-cultured, 20% O2, 5% O2, and positive control (human tonsil).
Scale bar¼ 100 mm. Significant differences between groups are indicated by *P < 0.05; **P < 0.01; and ***P < 0.001.
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Follicle survival rates
It is worth noting that the high intra- and inter-patient heteroge-

neity of ovarian follicle distribution can lead to considerable vari-

ability in follicle density measurements (Schmidt, 2003). This in

turn can hamper the ability to reach accurate conclusions based
only on this measurement. Moreover, for density analysis, fol-
licles are classified according to their morphology (normal-look-
ing or atretic). However, we believe that this is not the optimal

Figure 3. Oxidative stress and DNA double-strand break damage analyses. (A) Oxidative stress damage determined by immunofluorescent staining:
Hoechst (blue), wheat germ agglutinin (WGA, red), and 8-OHdG (yellow). (B) 8-OHdG-positive follicles (percentage, mean § SD) analyzed by one-way
ANOVA and Fisher’s least significant differences (LSD) post hoc test. (C) SOD2 and GPX4 gene expression (mean § SD) determined by one-way ANOVA
and Fisher’s LSD post hoc test. (D) DNA DSB damage assessed by immunofluorescent staining for Hoechst (blue), WGA (red), and cH2AX (green).
(E) cH2AX-positive follicles (percentage, mean § SD) assessed by one-way ANOVA and Fisher’s LSD post hoc test. Significant differences between
groups are indicated by *P < 0.05; **P < .01; and ***P < 0.001.

Figure 4. Follicle senescence analyses. (A) b-gal staining in the different groups: non-cultured, 20% O2, 5% O2, and positive control (human primary
sclerosing cholangitis). Scale bar¼ 20 mm. (B) b-gal staining (percentage, mean § SD) analyzed by one-way ANOVA and Fisher’s least significant
differences post hoc test. (C) p21 and p16 gene expression (mean § SD) evaluated by the Kruskal–Wallis test and Dunn’s post hoc test. Significant
differences between groups are indicated by *P < 0.05; **P < 0.01; and ***P < 0.001.
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way to assess follicle viability, since this classification method
does not cover all the molecular mechanisms that precede mor-
phological changes. Follicle apoptosis is a tightly regulated intra-
cellular molecular process that initially involves activation of the
caspase family of proteases (Johnson and Bridgham, 2002). Once
activated, executive caspases like caspase-3 acquire catalytic
functions that lead to morphological changes characteristic of
atresia much later (Green and Llambi, 2015). We were able to
demonstrate that between the two IVC groups, 5% O2 yielded the
highest follicle survival rates, showed by significantly lower apo-
ptosis rates compared to the 20% O2 group. These data are in line
with previous research in canine cumulus-oocyte complexes,
which showed that low O2 tension (5%) reduces cumulus cell apo-
ptosis more effectively than 20% O2 (Silva et al., 2009). It has been
widely reported that excessive O2 tension exposure is linked to
higher levels of intracellular ROS, which eventually produces oxi-
dative stress damage and promotes cytotoxic activity (Evans
et al., 2004; Schieber and Chandel, 2014). To prove the relation-
ship between high O2 tension exposure and low follicle survival
rates, we further investigated the possible mechanisms involved.

Oxidative stress damage
Exposure to supraphysiological O2 tension levels in vitro could ul-
timately generate disproportionate amounts of oxidants (such as
ROS), promoting oxidative stress damage. This may in turn lead
to cell apoptosis (Schieber and Chandel, 2014) and result in folli-
cle dysfunction. GCs cultured in vitro are reported to be especially
sensitive to high ROS exposure (Yang et al., 2017).

Regulation of oxidative stress damage is controlled by enzy-
matic and non-enzymatic antioxidants, which scavenge ROS ac-
cumulation and maintain the redox balance. SOD2 and GPX4
gene expression levels were assessed to investigate enzymatic
scavenger activity. SOD2, an inducible mitochondrial antioxidant
enzyme, catalyzes superoxide anion (O�2 ) into H2O2 (Fukai and
Ushio-Fukai, 2011), which is then transformed into water and O2

by the glutathione peroxidase family (GPX1/4) (Kohen and Nyska,
2002). Basini et al. (2004) reported that swine GCs cultured under
5% O2 tension conditions showed a reduced production of ROS
(O�2 and H2O2) and enhanced SOD2 activity. Moreover, addition of
exogenous SOD2 resulted in the reduction of cell apoptosis in cul-
tured murine follicles (Tilly and Tilly, 1995). These findings are
consistent with the lower rates of oxidative stress and higher lev-
els of SOD2 expression observed in the current study in the 5% O2

group compared to the 20% O2 group.

DNA damage
Among DNA lesions, DSBs are the most deleterious. cH2AX ini-
tiates the downstream pathway that triggers DNA damage repair
mechanisms in specific DSB sites (Rogakou et al., 1998; Celeste
et al., 2003). Nevertheless, persistent DNA DSBs that cannot be
properly repaired may ultimately result in genomic instability
and cell apoptosis (Zhivotovsky and Kroemer, 2004; Ménézo et al.,
2010). Our results showed that 20% O2 caused greater DNA dam-
age than 5% O2. High cH2AX expression has been previously asso-
ciated with concomitantly high oxidative stress damage levels.
Meuter and colleagues observed that cH2AX expression levels
were elevated in murine blastocysts cultured in 20% O2 compared
to 5% O2 (Meuter et al., 2014). Moreover, Maidarti et al. (2020) dem-
onstrated the association between increased follicle proliferation
rates and impaired follicle health, with an increase in DNA dam-
age markers (cH2AX).

Although at first glance it might appear favorable, accelerated
in vitro proliferation has been linked to a decline in follicle quality

as they undergo further development (McLaughlin et al., 2014)
and to ovarian pathology in a murine model (Kim et al., 2015).
This uncontrolled proliferation is markedly different from the
physiological circumstances in which PMFs undergo a gradual
process of activation prior to entering the different stages of de-
velopment. The current study demonstrates that higher rates of
DNA damage are associated with greater PMF proliferation in tis-
sue cultured at 20% O2 compared to 5% O2 tension. While IVC
techniques increasing the proliferation of PMFs may seem prom-
ising, the associated impairment of follicle health and quality
should not be overlooked. Taken together, these findings suggest
that culture under physiological oxygen conditions improves the
coordination of early development and the quality of the follicles
cultured in vitro.

Senescence-related response
Cellular senescence is characterized by stable cell cycle arrest in-
duced by multiple stress stimuli, such as telomere shortening,
oxidative stress, and DNA damage (Parrinello et al., 2003;
Fumagalli et al., 2012). Senescence is activated as a response to
cell impairment, enabling the suppression of potentially dysfunc-
tional cells (Kuilman et al., 2010). In our study, the 20% O2 group
showed significantly greater follicle b-gal staining rates than the
5% O2 group, strongly indicating that supraphysiological O2 ten-
sion levels are perceived as stressful by human ovarian follicles
in vitro. The same results appear to show that oxidative stress
damage, DNA DSBs, and replicative senescence may be associ-
ated, as they were all elevated at 20% O2 compared to 5% O2. In
line with the current data, Seno and colleagues demonstrated
that culturing human trophoblast cells at 20% O2 significantly in-
creased cell senescence rates compared to 5% O2 tension (Seno
et al., 2018). Moreover, excessive ROS accumulation has been
reported to be a powerful in vitro human GC senescence inducer
and has been linked to decreased oocyte developmental compe-
tence (Lin et al., 2020).

Furthermore, we studied the expression of p21 and p16 genes,
which are cyclin-dependent kinase inhibitors involved in cell cy-
cle arrest (Hernandez-Segura et al., 2018). Cellular senescence has
two differentiated stages: (i) early-stage senescence characterized
by upregulation of p21, which suppresses cyclin E; and (ii) late-
stage senescence with activation of p16, which inhibits cyclin D1
expression (Stein et al., 1999). In the current study, the 20% O2

group showed increased expression of both p21 and p16 com-
pared to non-cultured tissue, while the 5% O2 group only exhib-
ited an increase in p21. These findings strongly suggest that
culture at 20% O2 tension could initiate earlier onset of follicle se-
nescence than culture at 5% O2, since both markers were upregu-
lated in the former group. It is well known that the accumulation
of ROS-induced oxidative stress damage within cells is a key fac-
tor in triggering senescence (Chistiakov et al., 2014). ROS damage
to mitochondrial components eventually provokes cytotoxicity
and enters a feedback loop, producing yet more ROS as a result
(De Gaetano et al., 2021). Hence, high oxidative stress levels often
create a vicious cycle during senescence. As far as we know, this
is the first study to describe the negative impact of high O2 ten-
sion on human ovarian follicle IVC in terms of the senescence
pathway.

Conclusion
This study provides compelling evidence that O2 tension is a cru-
cial factor influencing the health of human ovarian follicles dur-
ing in vitro culture. Culture at 5% O2 tension creates an
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environment that more accurately mimics the physiological con-

ditions in vivo, resulting in the improved coordination of follicle

proliferation and initial development in vitro. This beneficial ef-

fect is attributed to the lower levels of oxidative stress-related

lesions and DNA DSBs observed at 5% compared to 20% O2 ten-

sion. Further research is needed to establish optimal culture con-

ditions for ovarian tissue IVC systems before this technique can

be contemplated in clinical practice.
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