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ABSTRACT 

STUDY QUESTION: What is the effect of the chemical in vitro activation (cIVA) protocol compared with fragmentation only (Frag, 
also known as mechanical IVA) on gene expression, follicle activation and growth in human ovarian tissue in vitro?

SUMMARY ANSWER: Although histological assessment shows that cIVA significantly increases follicle survival and growth com-
pared to Frag, both protocols stimulate extensive and nearly identical transcriptomic changes in cultured tissue compared to freshly 
collected ovarian tissue, including marked changes in energy metabolism and inflammatory responses.

WHAT IS KNOWN ALREADY: Treatments based on cIVA of the phosphatase and tensin homolog (PTEN)-phosphatidylinositol 3-ki-
nase (PI3K) pathway in ovarian tissue followed by auto-transplantation have been administered to patients with refractory prema-
ture ovarian insufficiency (POI) and resulted in live births. However, comparable effects with mere tissue fragmentation have been 
shown, questioning the added value of chemical stimulation that could potentially activate oncogenic responses.

STUDY DESIGN, SIZE, DURATION: Fifty-nine ovarian cortical biopsies were obtained from consenting women undergoing elective 
caesarean section (C-section). The samples were fragmented for culture studies. Half of the fragments were exposed to bpV 
(HOpic)þ 740Y-P (Fragþ cIVA group) during the first 24 h of culture, while the other half were cultured with medium only (Frag 
group). Subsequently, both groups were cultured with medium only for an additional 6 days. Tissue and media samples were col-
lected for histological, transcriptomic, steroid hormone, and cytokine/chemokine analyses at various time points.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Effects on follicles were evaluated by counting and scoring serial sections 
stained with hematoxylin and eosin before and after the 7-day culture. Follicle function was assessed by quantification of steroids by 
ultra-performance liquid chromatography tandem-mass spectrometry at different time points. Cytokines and chemokines were 
measured by multiplex assay. Transcriptomic effects were measured by RNA-sequencing (RNA-seq) of the tissue after the initial 24-h 
culture. Selected differentially expressed genes (DEGs) were validated by quantitative PCR and immunofluorescence in cultured ovar-
ian tissue as well as in KGN cell (human ovarian granulosa-like tumor cell line) culture experiments.

MAIN RESULTS AND THE ROLE OF CHANCE: Compared to the Frag group, the Fragþ cIVA group exhibited a significantly higher fol-
licle survival rate, increased numbers of secondary follicles, and larger follicle sizes. Additionally, the tissue in the Fragþ cIVA group 
produced less dehydroepiandrosterone compared to Frag. Cytokine measurement showed a strong inflammatory response at the 
start of the culture in both groups. The RNA-seq data revealed modest differences between the Fragþ cIVA and Frag groups, with 
only 164 DEGs identified using a relaxed cut-off of false discovery rate (FDR) <0.1. Apart from the expected PI3K–protein kinase B 
(Akt) pathway, cIVA also regulated pathways related to hypoxia, cytokines, and inflammation. In comparison to freshly collected 
ovarian tissue, gene expression in general was markedly affected in both the Fragþ cIVA and Frag groups, with a total of 3119 and 
2900 DEGs identified (FDR< 0.001), respectively. The top enriched gene sets in both groups included several pathways known to mod-
ulate follicle growth such as mammalian target of rapamycin (mTOR)C1 signaling. Significant changes compared to fresh tissue were 
also observed in the expression of genes encoding for steroidogenesis enzymes and classical granulosa cell markers in both groups. 
Intriguingly, we discovered a profound upregulation of genes related to glycolysis and its upstream regulator in both Frag and 
Fragþ cIVA groups, and these changes were further boosted by the cIVA treatment. Cell culture experiments confirmed glycolysis- 
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related genes as direct targets of the cIVA drugs. In conclusion, cIVA enhances follicle growth, as expected, but the mechanisms may 
be more complex than PI3K–Akt–mTOR alone, and the impact on function and quality of the follicles after the culture period remains 
an open question.

LARGE SCALE DATA: Data were deposited in the GEO data base, accession number GSE234765. The code for sequencing analysis can 
be found in https://github.com/tialiv/IVA_project.

LIMITATIONS, REASONS FOR CAUTION: Similar to the published IVA protocols, the first steps in our study were performed in an 
in vitro culture model where the ovarian tissue was isolated from the regulation of hypothalamic–pituitary–ovarian axis. Further 
in vivo experiments will be needed, for example in xeno-transplantation models, to explore the long-term impacts of the discovered 
effects. The tissue collected from patients undergoing C-section may not be comparable to tissue of patients with POI.

WIDER IMPLICATIONS OF THE FINDINGS: The general impact of fragmentation and short (24 h) in vitro culture on gene expression 
in ovarian tissue far exceeded the effects of cIVA. Yet, follicle growth was stimulated by cIVA, which may suggest effects on specific 
cell populations that may be diluted in bulk RNA-seq. Nevertheless, we confirmed the impact of cIVA on glycolysis using a cell cul-
ture model, suggesting impacts on cellular signaling beyond the PI3K pathway. The profound changes in inflammation and glycolysis 
following fragmentation and culture could contribute to follicle activation and loss in ovarian tissue culture, as well as in clinical 
applications, such as fertility preservation by ovarian tissue auto-transplantation.

STUDY FUNDING/COMPETING INTEREST(S): This study was funded by research grants from European Union’s Horizon 2020 
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Programme (NORTE 2020), under the PORTUGAL 2020 Partnership Agreement, through the European Regional Development Fund. No 
competing interests are declared.

Keywords: fertility preservation / primary ovarian insufficiency / follicle development / gene expression / ovary 

Introduction
Premature ovarian insufficiency (POI) is a heterogeneous condi-
tion characterized by the loss of ovarian function before the age 
of 40 years (Nelson, 2009). The prevalence of POI is between 1% 
and 3.5% in the general population worldwide (Lagergren et al., 
2018; Li et al., 2023a). Hormonal replacement therapy (HRT) can 
effectively mitigate the symptoms of estrogen deficiency and de-
crease the cardiovascular risks associated with early menopause 
(Sullivan et al., 2016). Nevertheless, for those patients of 
childbearing age who are still seeking further fertility, options are 
very limited. Even with the aid of ART, the chance of obtaining bi-
ological offspring is usually no higher than 5–10% (Ishizuka 
et al., 2021).

Residual primordial follicles that persist in the ovaries of 
patients with POI who have entered menopause remain dormant 
(van Kasteren and Schoemaker, 1999; Donnez and Dolmans, 
2014). The reason why these follicles are not able to activate and 

grow in situ has not been fully elucidated. However, a few studies 
suggested that these follicles might not be responsive to regula-
tion by gonadotrophins, and they might exhibit inherent dor-
mancy (Aittom€aki et al., 1996; Liu et al., 2017). In general, the 
regulation of primordial follicle activation involves several so-
phisticated mechanisms including the phosphatidylinositol 3-ki-
nase (PI3K)–protein kinase B (Akt) pathway. In a mouse model, 
oocyte-specific deletion of phosphatase and tensin homolog 
(PTEN), a critical negative regulator of PI3K–Akt signaling, results 
in global activation of the entire primordial follicle pool (Reddy 
et al., 2008; Adhikari and Liu, 2009). This demonstrates the key 
role of the PI3K–Akt pathway in maintaining the dormancy of pri-
mordial follicles. The loss of PTEN leads to increased levels of 
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and phosphory-
lated Akt (p-Akt) (John et al., 2008). Subsequently, it promotes the 
phosphorylation and translocation of downstream target fork-
head transcription factor 3 (Foxo3) from the nucleus to the 

WHAT DOES THIS MEAN FOR PATIENTS? 
Premature ovarian insufficiency leads to fertility loss before 40 years of age. Scientists are exploring ‘in vitro activation’ protocols to 
help these women: this involves using mechanical or mechanical and chemical methods to ‘wake up’ immature follicles within ex-
cised ovarian tissue in a culture dish in the laboratory. However, the effectiveness and safety of these methods remain uncertain, 
and our study was designed to investigate the impact and underlying mechanisms of in vitro activation of the follicles. Our study 
on donated human ovarian tissue found that chemical treatment of the tissue promoted follicle growth (compared to untreated 
tissue), yet changes in gene expression between the treated and non-treated groups, which could indicate important responses to 
the treatment, were minimal. Importantly, we found that gene expression in both treated and untreated tissue differed signifi-
cantly from healthy intact ovaries, particularly in terms of energy metabolism and inflammation: this suggests that ovary frag-
mentation itself can trigger extensive damage responses in the tissue, which would also contribute to follicle loss. This finding has 
implications for the quality of ovarian tissue that is often handled in laboratories for fertility preservation in cancer patients, as 
well as for attempts to grow mature eggs from excised human ovarian tissue in the laboratory. Our results lead us to believe that 
extensive changes in metabolism and inflammation take place in ovarian tissue as soon as it is removed from the body and cut 
into pieces for such medical treatments and laboratory experiments. We therefore suggest that minimizing tissue processing could 
improve these methods in the future, benefiting women who face fertility challenges.
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cytoplasm, ultimately activating the follicles (Zhang et al., 2020). 
Consistent with this mechanism, in multiple studies, short-term 
treatment of mouse ovary in vitro with a PTEN inhibitor has been 
proven to be effective in activating primordial follicles after allog-
rafting (Li et al., 2010; Adhikari et al., 2012). Activation of follicles 
based on PI3K–Akt pathway modification has also been validated 
in other in vitro or in vivo experiments in swine and humans 
(Novella-Maestre et al., 2015; Sun et al., 2015; Raffel et al., 2019).

Based on above findings, a clinical trial involving the use of 
a PTEN inhibitor combined with a PI3K stimulator, thereby ac-
tivating the PI3K–Akt pathway, was carried out in patients with 
POI. The protocol, known as in vitro activation (IVA), centered 
on the stimulation of excised human ovarian cortical frag-
ments with bpV (HOpic), a PTEN inhibitor, and 740Y-P, a PI3K 
stimulator, in tissue culture before autologous transplanta-
tion. This chemical IVA (cIVA) protocol led to successful live 
births following gonadotrophin stimulation, oocyte retrieval, 
and ICSI–embryo transfer (ICSI–ET) (Kawamura et al., 2013). 
Two subsequent cohort studies also reported full-term delivery 
in POI patients following this protocol (Suzuki et al., 2015; Zhai 
et al., 2016). However, concerns have been raised as the PI3K– 
Akt pathway plays crucial roles in various physiological pro-
cesses, including cell survival, proliferation, and metabolism 
(Katso et al., 2001; Engelman et al., 2006), which are also associ-
ated with cancer (Russo et al., 2018; Shi et al., 2019). In addition 
to potentially increasing the risk for tumorigenesis, PTEN inhi-
bition may lead to the accumulation of DNA damage (Puc and 
Parsons, 2005). For example, Maidarti et al. (2019) reported that 
high levels of intracellular Akt might reduce the homologous 
recombination repair capacity of DNA double-strand breaks 
in oocytes.

Owing to the aforementioned concerns, a modified protocol, 
focusing on Hippo signaling modification, also known as ‘drug- 
free’ or mechanical IVA, has been developed (Zhang et al., 2019; 
Ferreri et al., 2020; Tanaka et al., 2020). Mechanical IVA is based 
on observations suggesting that fragmentation of ovarian cortex 
disrupts Hippo signaling, leading to a reduced degradation and 
an increased nuclear accumulation of the downstream tran-
scription factor Yes-associated protein (YAP). Increased nuclear 
YAP levels promotes follicle activation (Kawamura et al., 2013; 
Hsueh and Kawamura, 2020). This protocol circumvents the 
chemical PTEN-PI3K modulation of ovarian tissue. However, in-
dependent replications of these different protocols have yielded 
conflicting results (Dolmans et al., 2019; Lunding et al., 2019; 
Ferreri et al., 2021; D�ıaz-Garc�ıa et al., 2022; M�endez et al., 2022). 
Therefore, the effectiveness and safety of cIVA and mechanical 
IVA protocols, as well as their molecular mechanisms and over-
all impacts on ovarian tissue, remain controversial and unex-
plored. Elucidating the mechanism of these protocols on early 
follicle development at a molecular level would not only benefit 
patients with POI but also potentially other disorders leading to 
early loss of ovarian function, such as Turner syndrome. By 
obtaining mature oocytes from residual follicles, IVA protocols 
offer the possibility of restoring fertility in these patients, pro-
viding them with the opportunity to obtain biological offspring. 
Moreover, on a broader scale, different IVA approaches may of-
fer alternatives to traditional ovarian stimulation for ART, po-
tentially reducing the administration of exogenous hormone 
and associated risks. Finally, a holistic assessment of transcrip-
tomic changes in ovarian tissue upon fragmentation is also rele-
vant for fertility preservation, where the activation and loss of 
follicles in fragmented and transplanted tissue is a known issue 
with no solutions.

In this study, our aim was to investigate the impacts and 
mechanisms of mechanical IVA (fragmentation only, ‘Frag’) and 
cIVA (fragmentation and cIVA, ‘Fragþ cIVA’) on human ovarian 
tissue using transcriptomic profiling alongside traditional histo-
logical tissue assessment and steroid, cytokine, and chemo-
kines profiling.

Materials and methods
Study participants and ethical approval
Ovarian tissue samples were collected from women undergoing 
elective caesarean section (C-section) at Karolinska University 
Hospital Huddinge, Sweden, during years 2015–2017 and 
2022–2023. Patients received both oral and written information 
about the research project and signed a consent form following 
the Declaration of Helsinki, agreeing to donate a small superficial 
piece of ovarian cortical tissue (5 mm × 5 mm × 2 mm) during 
C-section. Samples collected in 2015–2017 were anonymized, 
while samples collected in 2022–2023 were pseudonymized and 
biobanked following the Swedish Biobanking in Health Care 
Act. Data analysis and sample handling were performed in 
accordance with European General Data Protection Regulation. 
The study was approved by the Swedish Ethical Review Authority 
(license numbers 2010/549-31/2 and 2015/798-31/2).

Human ovarian tissue culture and 
in vitro activation
The effects of Fragþ cIVA versus Frag on ovarian tissue and follicles 
were investigated in a tissue culture system similar to the original 
protocol (Suzuki et al., 2015). In total, we collected ovarian cortex 
biopsies from 59 C-section patients (mean age ± SD: 33.25 ± 
5.31 years). Tissues from 33 patients were utilized for morpholog-
ical assessment of follicle health and growth after a 7-day 
culture. For transcriptomic profiling by RNA-sequencing (RNA- 
seq), tissues from 11 patients were used after 24-h culture. For 
further validation of the RNA-seq findings, 15 tissue samples 
were cultured and sampled at various time points (Days 1, 3, 5, 
and 7) for quantitative PCR (qPCR), immunofluorescence stain-
ing, and analysis of steroids (n¼7) or cytokines/chemokines 
(n¼3) in the culture media (Supplementary Fig. S1). The general 
characteristics of the validation sample donors are shown in 
Supplementary Table S1. Owing to the restrictions in the old ethi-
cal permit, characteristics of the other samples are not available.

The tissue culture system has been previously described (Hao 
et al., 2020). In brief, tissue samples used for histological assess-
ment and RNA-seq were cultured in a 24-well plate (Sarstedt, 
Numbrecht, Germany) with Millicell cell culture plate inserts 
(Merck Millipore, Darmstadt, Germany) that were coated either 
with 10 mg/ml human recombinant laminin 221 (LN221, 
Biolamina, Sundbyberg, Sweden) or with Matrigel (hESC quali-
fied, Corning Inc., Corning, NY, USA). Samples used for validation 
experiments (n¼15) were cultured only on LN221. On the day of 
tissue collection, the laminin-coated plates were pre-warmed 
and washed before use. The ovarian biopsy retrieved from the 
operating room was transferred to the laboratory within 10 min. 
Tissues were cut into 1 mm × 1 mm × 1 mm pieces and placed on 
the insert for subsequent culture, one per insert. Fragments of 
each patient were cultured using two substrates, Matrigel and 
LN221. The basal culture media consisted of DMEM/high glucose 
(Life Technologies, Paisley, UK), 1% insulin–transferrin–selenium 
(Life Technologies, Grand Island, NY, USA), 1% antibiotic–anti-
mycotic (Life Technologies, Grand Island, NY, USA), 1% 100× 
GlutaMAXTM (Life Technologies, Grand Island, NY, USA), 10% hu-
man serum albumin (Vitrolife, Frolunda, Sweden), and 0.5 IU/ml 
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human recombination FSH (Fostimon, IBSA Farmaceutici, Lodi, 
Italy). The samples were cultured under 37�C and 5% CO2 for 
7 days. For the first 24 h, tissue in the Fragþ cIVA group was 
treated with 30 mM of bpV (HOpic) (Merck Millipore), a PTEN in-
hibitor, and 150 mg/ml of 740Y-P (Tocris, Bristol, UK), a PI3K stim-
ulator, following the published IVA protocol (Suzuki et al., 2015). 
Thereafter, both groups were cultured in basal media. A full me-
dium change was performed first after the initial 24-h culture 
step, and then every 48 h. Spent media were stored in microtubes 
at − 80�C for steroid and cytokine/chemokine analyses. From ev-
ery sample, a fresh piece was collected, without culture (fresh 
control). Tissues used for histological analyses were fixed in 
Bouin’s solution (Sigma Aldrich, St Louis, MO, USA). For immuno-
fluorescence staining, tissues were fixed in 4% formaldehyde 
(Thermo Fisher Scientific, Rockford, IL, USA) and embedded in 
paraffin for sectioning. For transcriptomic analyses, one piece of 
tissue per patient and group was collected in RNALater 
(Invitrogen, Vilnius, Lithuania), and stored in a − 80�C freezer for 
later RNA extraction.

Follicle quantification and measurement 
of oocytes
Paraffin-embedded sections from 33 patients were prepared by 
the FENO morphological phenotype analysis core facility 
(Karolinska Institutet, Sweden), where tissues were sectioned 
into 4 mm sections through paraffin blocks and every seventh and 
eighth sections were stained with hematoxylin and eosin (H&E). 
H&E-stained sections were digitalized using a Pannoramic scan-
ner (3DHistech, Budapest, Hungary). Follicles with a visible nu-
cleus in the oocytes were counted and the diameters of oocytes 
and follicles were measured using Panoramic Viewer software 
(3DHistech). Follicles were classified into four categories, namely 
primordial, primary, secondary, and atretic, following the criteria 
in our previous work (Li et al., 2023b). Atretic follicles were classi-
fied by the presence of >10% of atretic granulosa cells, con-
densed nucleus, and/or eosinophilic cytoplasm. Follicles devoid 
of these features were considered healthy. Oocyte and secondary 
follicle diameters were measured in two perpendicular directions 
of maximum diameter. All follicles were quantified by one ob-
server and 20% of the tissue sections were double quantified by a 
second observer as a quality control.

RNA extraction, library preparation, RNA-seq, 
and data analysis
Ovarian cortical tissues from 11 patients were homogenized with 
FastPrep-24 dissociator (MP Biomedicals, Solon, OH, USA). 
Tissues were homogenized in 150 ml of RLT buffer (Qiagen, 
Hilden, Germany) in a 2-ml tube with a speed of 4 m/s for 40 s, 
followed by 5 min cooling on ice. The step was repeated three 
times to fully homogenize the tissue. Total RNA of tissue was 
extracted with the RNeasy Micro Kit (Qiagen) following the man-
ufacturer’s instructions. Briefly, proteinase K solution (600 mAU/ 
ml, Qiagen) was diluted 1:60 and added to the lysate, followed by 
10-min incubation at 55�C. After centrifuging for 3 min at 
10 000 g, the supernatant was transferred to a new tube and 
washed with 0.5 volumes of absolute ethanol (Histolab, Askim, 
Sweden). The lysate was then transferred to a RNeasy MiniElute 
spin column and washed with RW1 buffer before a 15-min DNA 
digestion using DNase I (Qiagen). Subsequently, the membrane 
was washed with buffer RW1, RPE, and 80% ethanol before 
RNA elution.

The concentration of the bulk RNA was measured by both 
Nanodrop (IMPLEN, Nordic Biolabs, Taby, Sweden) and a Qubit 
2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). After 

that, the RNA integrity (RIN) was analyzed by RNA 6000 Nano as-
say (>15 ng/ml) using an Agilent Bioanalyzer 2100 (Agilent 
Technologies, Santa Clara, CA, USA). RIN values were equal to or 
higher than 8.5 for all samples. After dilutions, 10 ng RNA of each 
sample was processed using the original single-cell tagged re-
verse transcription (STRT) RNA-seq protocol (Islam et al., 2014) 
with bulk RNA setup. Briefly, RNA samples were placed in a 48- 
well plate in which a universal primer, template-switching oligos 
with a well-specific 6-bp barcode sequence, and a 6-bp random 
unique molecular identifier sequences (Kivioja et al., 2011; 
Krjut�skov et al., 2016) were added to each well. Reverse transcrip-
tion reagents and ERCC RNA Spike-In Mix I (Thermo Fisher 
Scientific Baltic UAB, Vilnius, Lithuania) were added to generate 
first-strand cDNA. The synthesized cDNA from the samples were 
then pooled into one library, fragmented, end-polished, ligated, 
and amplified by single-primer PCR with the universal primer se-
quence. The resulting amplified library was then quantified 
and sequenced in three lanes using the Illumina HiSeq2000 in-
strument (Illumina, San Diego, CA, USA) at the Bioinformatics 
and Expression Analysis (BEA) core facility at Karolinska 
Institutet, Sweden.

Fastq files were mapped to the human genome GRCh38 using 
Hisat2 aligner (version 2.2.1) and assigned using featureCount 
function in subread (version 2.0.1). Subsequently, genes were an-
notated using an Ensembl gtf file (Homo_sapiens.GRCh38.105. 
chr.gtf). Downstream analysis was performed in R/Bioconductor 
through RStudio (R Studio Team, 2020; R Core Team, 2021). 
Differential expression analysis was performed using the DESeq2 
package where comparisons between Fragþ cIVA and fresh, Frag 
and fresh, and Fragþ cIVA and Frag were performed separately. 
Differentially expressed genes (DEGs) were identified as genes 
with a false discovery rate (FDR) <0.1 for Fragþ cIVA and Frag 
comparison, and FDR<0.001 for the rest. The stricter FDR criteria 
were applied for the Fragþ cIVA and Frag versus fresh group 
comparisons because of the large effect sizes. Gene set enrich-
ment analysis (GSEA) was performed using the molecular signa-
tures database MSigDB hallmark gene sets (Liberzon et al., 2011) 
with clusterProfiler (Yu et al., 2012), pathview (Luo and Brouwer, 
2013), DOSE (Yu et al., 2015), and apeglm package (Zhu et al., 
2019). Disease enrichment analysis was performed on DEGs 
ranked by log2 fold change using clusterProfiler against the hu-
man Disease Gene Network (DisGeNET) database (Pi~nero et al., 
2015). Plotting was performed using the ggplot2 package in R 
(version 4.1.2).

Validation of DEGs by qPCR in tissue and 
KGN cells
DEGs were chosen for validation based on the transcriptomic 
profiling and GSEA analysis. Primers were designed and validated 
as described (Li et al., 2023b), and they are listed in 
Supplementary Table S2. Time-course tissue culture samples 
were used for RNA extraction. Tissues were homogenized with a 
GentleMACSTM dissociator (Miltenyi Biotec, Bergisch Gladbach, 
Germany). Total tissue RNA was extracted with the RNeasy Micro 
Kit (Qiagen) as described above. Total RNA of KGN cells (human 
ovarian granulosa-like tumor cell line: culture described below) 
was extracted using a RNeasy Mini kit (Qiagen) following the 
manufacturer’s protocol. DNase I (Qiagen) was applied to remove 
DNA from the total RNA.

Conversion of total RNA to cDNA was performed with an 
iScript cDNA Synthesis Kit (BIO-RAD, Hercules, CA, USA). RT- 
qPCR was performed using a SsoAdvanced Universal SYBR Green 
Supermix Kit (BIO-RAD) to study the expression of selected tar-
gets. Each target was normalized to a housekeeping gene, and 

4 | Hao et al.  

https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoae028#supplementary-data


because gene expression changes dramatically in tissue culture, 
we carefully identified suitable housekeeping genes. We down-
loaded a list of 2833 potential housekeeping genes in human tis-
sue from the Housekeeping and Reference Transcript Atlas 
(Hounkpe et al., 2021) and checked their expression in our RNA- 
seq data. Three targets: the 60S ribosomal protein L22 (RPL22), ri-
bosomal protein lateral stalk subunit P2 (RPLP2), and ubiquitin C 
(UBC) were found to have high and relatively stable expression in 
both fresh and cultured tissues. These three genes, together with 
two of our earlier used housekeeping genes, namely hypoxan-
thine phosphoribosyltransferase 1 (HPRT1) and ribosomal protein 
lateral stalk subunit P0 (RPLP0) (Hao et al., 2020), were validated 
using the time-course samples. The comparison of the selected 
housekeeping genes was performed by Genorm (Vandesompele 
et al., 2002), Normfinder (Andersen et al., 2004), and Bestkeeper 
(Pfaffl et al., 2004), independently. The most stable housekeeping 
gene in tissue was selected by combining the results of the three 
methods, leading to the selection of RPL22. For the KGN cells, 
HPRT1 was used as a housekeeper. Technical duplicates and 
three biological replicates were run on 40 cycles of qPCR. Relative 
fold change was calculated with the Livak method (ddCT) for 
each gene compared to fresh control group (Livak and 
Schmittgen, 2001).

Additional validation of cIVA treatment targets was carried 
out in cell culture. The KGN cell line, obtained from RIKEN Cell 
Bank (RBRC-RCB1154, Tokyo, Japan) and authenticated by the 
Eurofins Genomics Europe Applied Genomics GmbH, was cul-
tured in 12-well plates (Sarstedt). Culture media consisted of 
DMEM/F12 (Life Technologies, Grand Island, NY, USA), 10% heat- 
inactivated fetal bovine serum (HI-FBS, Life Technologies, Grand 
Island, NY, USA), 1% penicillin–streptomycin (100×) (Life 
Technologies, Grand Island, NY, USA), and 1% 100× GlutaMAXTM 

(Life Technologies, Grand Island, NY, USA). KGN cells were cul-
tured under 5% CO2 at 37�C and passaged with 0.05% trypsin– 
EDTA (Life Technologies, Grand Island, NY, USA) when reaching 
80% confluency. To study the effects of cIVA, KGN were seeded 
for 24 h and exposed to 15 mg/ml 740Y-P and 3 mM bpV (HOpic) 
for 24 h. A 10-fold lower concentration of the cIVA drugs was 
used compared to tissue culture to avoid cytotoxicity. We also in-
cluded control and cIVA groups treated with 0.05, 0.5, and 1 IU/ 
ml FSH. Cells were then washed with Dulbecco’s PBS without cal-
cium or magnesium (Life Technologies, Grand Island, NY, USA), 
harvested in 350 ml of RLT buffer, and stored at − 80�C until fur-
ther RNA extraction and qPCR analysis, as described above.

Immuno- and TUNEL staining
To validate selected DEGs at the protein level and to identify the 
affected cell types, immunostainings were carried out. Tissues 
were processed to formaldehyde-fixed and paraffin-embedded 
tissue sections by the FENO core facility. The sections were rehy-
drated using xylene and serial ethanol solutions, followed by an-
tigen retrieval with Tris/EDTA solution (Sigma Aldrich) at 96�C 
for 30 min, unless stated otherwise. After cooling down, blocking 
solution, consisting of 5% w/v bovine serum albumin (Sigma 
Aldrich), 20% v/v normal donkey serum (Life Technologies, 
Grand Island, NY, USA), and Tris buffered saline, was added to 
the sections for 1 h at room temperature and then the sections 
were incubated with primary antibodies against DEAD-box heli-
case 4 (DDX4), alpha-enolase (ENO1), lactate dehydrogenase A 
(LDHA), and hypoxia inducible factor 1 subunit alpha (HIF1α) 
(Supplementary Table S3) overnight at 4�C. Afterwards, diluted 
secondary antibody was added to sections for a 2-h incubation in 
the dark at room temperature. DAPI stain (Thermo Fisher 
Scientific, Rockford, IL, USA, 1:1000 dilution) was applied to the 

sections after washing, followed by mounting using DAKO 
mounting medium (Agilent Technologies). Isotype antibodies 
matched with the primary antibody’s species were used as nega-
tive controls.

Terminal deoxynucleotidyl transferase-mediated dUTP nick- 
end labeling (TUNEL) was performed using a TUNEL Assay Kit 
(Fluorescence, 594 nm, Cell Signaling Technology, Danvers, MA, 
USA) to assess the apoptosis in fresh and cultured tissues, follow-
ing the manufacturer’s protocol. Briefly, deparaffinization and 
antigen retrieval were performed following the same protocol as 
immunofluorescence, except that citrate solution (pH¼ 6, Sigma 
Aldrich) was used instead of Tris/EDTA. Subsequently, sections 
were washed and incubated with TUNEL equilibration buffer fol-
lowed by TUNEL reaction mix. A negative control was incubated 
with reaction buffer without terminal transferase instead of 
TUNEL reaction mixture. A positive control was prepared by 
treating tissue samples with DNase I (Roche Diagnostics, 
Mannheim, Germany) for 10 min after equilibration. The labelled 
sections were then proceeded for simultaneous immunofluores-
cence staining of γH2AX (a marker of typical DNA damage) and 
Ki67 (a cell proliferation marker) (Supplementary Table S3), as 
described above.

Imaging of the sections was performed using a widefield mi-
croscope at the Live Cell Imaging (LCI) facility at Karolinska 
Institutet. An air objective (20×/0.75) together with a 1.5x lens 
were used for imaging in brightfield, blue, green, red, and far-red 
channels. OMERO.figure was used for imaging assembling. All 
images were brightness- and contrast-adjusted for clarity and 
are presented under the same scale for better visualization.

Quantification of immunofluorescence signals
CellProfiler was used for the quantification of immunofluores-
cence signals (Stirling et al., 2021). All Images were corrected for 
illumination differences between the center and the edge before 
being used for quantification. For Ki67 and γH2AX quantification, 
the percentage of cells positive for these two markers was 
calculated. For ENO1, LDHA, and HIF1α quantification, masks for 
follicles and oocytes were created and employed for the identifi-
cation of granulosa cells and stroma. Mean intensities were cal-
culated by dividing the total fluorescence intensities by the area 
of the corresponding region. HIF1α signal was included in the 
measurement only when it was within the nucleus.

Steroid, cytokine, and chemokine measurements
Culture medium was collected for steroid hormone and cytokine/ 
chemokine measurement at Day 1, Day 3, Day 5, and Day 7 of 
culture. Pregnenolone, progesterone, dehydroepiandrosterone 
(DHEA), androstenedione, testosterone, and estradiol were mea-
sured using a liquid chromatography tandem-mass spectrome-
try-based method, as described in our previous study (Li et al., 
2023b). The concentrations of the cytokines and chemokines 
were measured according to the manufacturer’s instructions us-
ing the bead-based multiplex immunoassay system (Multiplex 
kit Cytokine & Chemokine 34-Plex Human ProcartaPlexTM Panel 
1A, Thermo Fisher Scientific, Vienna, Austria). All samples were 
analyzed at the same time to prevent batch effects and run in du-
plicate. Briefly, supernatants were thawed on ice, mixed by vor-
texing, and centrifuged to remove cellular debris. Two hundred 
microliters of magnetic bead mix were washed using a hand-held 
magnetic plate washer to retain the beads and subsequently in-
cubated in the dark with 50 ml of undiluted samples at room tem-
perature for 90 min, shaking at 500 rpm. The beads were then 
washed twice and incubated in the dark with the detection anti-
body mix, at room temperature for 30 min, shaking at 500 rpm. 
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After two washes, 50 μl of streptavidin–phycoerythrin solution 
was added and incubated in the dark, for 30 min at room temper-
ature shaking at 500 rpm. Finally, the beads were washed twice 
and resuspended in 120 ml of reading buffer. After 5 min of shak-
ing at 500 rpm, the plate was read on a Luminex FLEXMAP 3D in-
strument in combination with xPONENT 4.3 (Diasorin, Saluggia, 
Italy), and mean fluorescence intensity was converted to pg/ml 
by interpolation from a five-parameter logistic standard curve.

Statistical analysis
Statistical analyses were performed using R (R Core Team, 2021) 
and RStudio (R Studio Team, 2020). A Chi-square test was 
employed to compare the proportion of follicles in different cate-
gories and P-values were adjusted for multiple comparisons us-
ing the Bonferroni method. Student’s t-test was used for the 
comparison of follicle and oocyte diameters. For tissue qPCR vali-
dation, immunofluorescence signals, steroid hormone, and cyto-
kine measurement, statistical analysis was performed using two- 
way ANOVA with interaction and Tukey’s post hoc correction on 
untransformed (cytokine), log2- (qPCR, immunofluorescence), or 
log10- (steroids) transformed data. For qPCR results of KGN expo-
sure, the statistics were performed using one-way ANOVA with 
Tukey’s post hoc correction on log2-transformed data. A P-value 
<0.05 was considered as statistical significance.

Results
Frag + cIVA boosted follicle growth in human 
ovarian cortical tissue culture
We utilized ovarian biopsies collected from 33 C-section patients 
to study the effects of Frag and Fragþ cIVA on ovarian follicle 
growth in vitro. We did not include an additional ‘non- 
fragmented’ control group because entire ovaries cannot be col-
lected for research for ethical reasons and, in contrast to mouse 
ovaries, human ovaries are too large to be cultured in vitro with-
out cutting into fragments. In addition, the cIVA and mechanical 
IVA protocols are both based on short-term culture of ovarian tis-
sue fragments, as originally described (Adhikari et al., 2012; 
Kawamura et al., 2013; Zhai et al., 2016; Zhang et al., 2019; Ferreri 
et al., 2020; Tanaka et al., 2020). This histological material encom-
passed 2218 visible follicles in total, and the subset of samples 
that was double counted by two observers showed high concor-
dance (96.6% in follicle number, 99.3% in follicle category), sug-
gesting that the follicle assessment was reliable. Similar to our 
previous work (Hao et al., 2020), we cultured half of the tissue on 
Matrigel and the other half on human recombinant LN221 to as-
sess the suitability of laminin as a defined and xeno-free growth 
substrate for ovarian tissue culture. In agreement with our previ-
ous study, there were no major differences in follicle survival 
and growth between the two growth substrates (Supplementary 
Table S4), and therefore the data were pooled for downstream 
analysis. The pooled data showed decreased primordial and pri-
mary follicles as well as an increased proportion of secondary 
and atretic follicles after a 7-day culture in both the Frag and 
Fragþ cIVA groups compared to fresh tissues (Fig. 1A–C). 
Moreover, cIVA treatment led to a significantly higher proportion 
of secondary follicles when compared to both fresh and Frag 
groups (Fig. 1C). Meanwhile, a lower proportion of primary fol-
licles was also recorded in the Fragþ cIVA group compared to the 
Frag group (Fig. 1C). We further assessed the size of the second-
ary follicles, and a significant increase in follicle diameters was 
detected in the Fragþ cIVA group compared to the Frag 
group (Fig. 1D).

To further investigate the health of the tissues after culture, 
DNA damage and proliferation were assessed by TUNEL, γH2AX, 
and Ki67 staining in fresh samples and tissues cultured for 1 and 
7 days. Our TUNEL staining results suggested that no profound 
apoptosis was detected in culture (Fig. 1E). The γH2AX staining 
indicated scattered positive signals in granulosa cells of second-
ary follicles in both the Fragþ cIVA and Frag groups on Day 7 
(Fig. 1E). Quantification of these signals revealed a higher propor-
tion of γH2AX-positive cells in the Fragþ cIVA group already on 
Day 1, while the level of DNA damage was similar on Day 7 be-
tween the two groups (Fig. 1F). Finally, Ki67 staining suggested 
granulosa cell proliferation starting at Day 1 of culture in both 
groups, with significantly higher percentages of positive cells pre-
sent in follicles and stroma by Day 7 (Fig. 1E and F). However, no 
significant difference in proliferation and DNA damage was 
recorded between the Frag and Fragþ cIVA groups (Fig. 1F).

Transcriptomics data overview
To study the overall gene expression changes in response to Frag 
and Fragþ cIVA, we conducted transcriptomic profiling of the tis-
sue fragments after 24-h culture using RNA-seq. Ovarian cortical 
tissue from 11 women was fragmented and the fragments were 
divided into three groups: fresh (uncultured, n¼ 11), 24-h culture 
(Frag, n¼ 6), and 24-h culture with cIVA (Fragþ cIVA, n¼ 10). 
After quality control, 26 samples remained in the dataset. One 
sample in the fresh group was removed due to a low library size. 
Principal component analysis (PCA) showed that the dataset was 
mainly driven by a strong PC1 that divided the samples into 
‘fresh’ and ‘cultured’ and explained 36.71% of the variation in the 
data (Fig. 2A). PCA did not separate the two cultured groups, Frag 
and Fragþ cIVA, from each other (Fig. 2A). In agreement with the 
results from histological analysis and our earlier studies (Hao 
et al., 2020), we did not observe a separation between samples 
cultured on Matrigel or LN221 (Supplementary Fig. S2). When 
performing differential expression analysis on samples cultured 
on the two substrates in the Fragþ cIVA group and Frag group 
separately, no DEGs were identified using an FDR< 0.05 as the 
cut-off. Thus, the samples were pooled for downstream analyses. 
A direct comparison of the Fragþ cIVA and Frag groups with 
each other showed modest transcriptomic differences, with only 
a low number of DEGs (n¼ 164) identified when the significance 
cut-off was relaxed to an FDR<0.1. To investigate affected sig-
naling pathways and processes connected to the gene expression 
changes, GSEA using all expressed genes ranked by log2 fold 
change was carried out, using the hallmark gene set as a refer-
ence. The results suggested that compared to Frag, cIVA treat-
ment enriched gene sets (FDR< 0.1) related to inflammation (e.g. 
tumor necrosis factor (TNF)α signaling via nuclear factor (NF)-κB, 
interferon-gamma response, interferon alpha (IFN-α) response), 
hypoxia, and glycolysis, while it downregulated MYC tar-
gets (Fig. 2C).

The modest effects of Fragþ cIVA compared to the Frag group 
were in striking contrast to the changes that took place in both 
cultured groups when they were compared to the fresh uncul-
tured control samples: 3119 DEGs were found in the Fragþ cIVA 
group and 2900 DEGs in the Frag group at FDR<0.001. Among 
these, 2319 DEGs were shared between these two comparisons, 
suggesting highly similar overall changes during culture in both 
groups (Fig. 2B). GSEA showed that the overall effects of Frag and 
Fragþ cIVA on the tissue transcriptome were similar. In general, 
gene sets related to inflammation (e.g. TNFα signaling via NF-κB, 
interferon response), glycolysis, hypoxia, and mammalian target 
of rapamycin (mTOR)C1 signaling were significantly upregulated 
(FDR<0.1) in both culture conditions compared to fresh control 
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tissue. However, we also found gene sets that were enriched only 

in one of the two conditions. For example, Fragþ cIVA treatment 

significantly upregulated gene sets related to PI3K–AKT–mTOR 

signaling and IL2–STAT5 signaling, but also apoptosis (Fig. 2D). 

To study treatment-specific changes further, we carried out 

GSEA analysis based on those DEGs that were only found in 

Frag (n¼581) or in Fragþ cIVA (n¼ 800) samples (Fig. 2B). Our 

results showed enrichment of similar gene sets, as already found 

by analyzing the commonly altered DEGs. For example, 

Frag-specific DEGs were enriched for gene sets related to MYC 

targets, oxidative phosphorylation, and interferon responses, 

while Fragþ cIVA-specific DEGs were related to TNFα signaling 

via NF-κB, hypoxia, and mTORC1 signaling (Supplementary 

Table S5). This confirms that the overall effects of both treat-

ments on the tissue transcriptome are similar.

Expression of steroidogenesis and granulosa 
cell-related genes significantly changed 
during culture
To further investigate the RNA-seq dataset, we focused 

specifically on genes relating to granulosa cell functions, as 

follicle growth in culture is characterized by granulosa cell prolif-

eration. We noticed a significant downregulation of typical 

steroidogenesis-related genes CYP11A1, CYP17A1, NR5A1, 

HSD11B2, and INHA in the RNA-seq data in both Fragþ cIVA and 

Frag groups (Fig. 3A), despite the histologically confirmed follicle 

growth (Fig. 1A–C). A similar trend of down-regulation was also 
observed in other related genes such as HSD3B2, CYP19A1, 
SRD5A1, and DHCR7 (Fig. 3A). However, some steroidogenesis 

genes, namely STAR, HSD17B1, HSD11B1, and AKR1C3, showed an 
opposite, upregulated trend (Fig. 3A). Additionally, lower 

expression of classical granulosa cell markers (i.e. FOXL2, 
AMHR2, CDH2) and nuclear steroid hormone receptors (i.e. PGR, 

ESR1, ESR2, AR) was found in both cultured groups compared to 
the fresh samples (Supplementary Fig. S3).

To further validate this downregulation, we carried out a new 

culture experiment to study the time-dependent changes in gene 
expression over the 1-week culture using qPCR. This method is 
highly dependent on robust housekeeping genes that are used for 

normalization of the data. While analyzing the RNA-seq data, we 
noticed that the expression of many commonly used housekeep-

ing genes (e.g. ACTB, GAPDH, B2M) significantly changed during 
culture, which makes them unfit for normalization purposes. 

Therefore, we set out to identify more robust housekeeping 
genes, and identified RPL22 as the most stable candidate based 
on results from Normfinder, Bestkeeper, and GeNorm analyses 

(Supplementary Tables S6, S7, and S8). Therefore, RPL22 was 
used in subsequent qPCR validations.

We selected INHA, CYP11A1, and CYP17A1 for qPCR valida-
tion. The qPCR experiments confirmed a dramatic 

Figure 1. Follicle survival and growth in human ovarian cortex cultured with and without chemical in vitro activation at different time points. 
Ovarian cortical tissue fragments from 33 women were cultured for a total of 7 days with half of the samples treated with cIVA protocol during the first 
24 h. (A) Representative histological images of follicles in fresh, Frag, and Fragþ cIVA group after 7-day culture. Scale bars 50 mm. (B) Follicle survival 
and (C) growth in fresh, Frag, and Fragþ cIVA groups at the end of the 7-day culture (�P<0.05, # P< 0.05, ^ P< 0.05 fresh versus Frag versus Fragþ cIVA, 
chi-square test with Bonferroni’s correction). The total number of follicles is indicated above the bars. In Figure 1B, the asterisk (�) represents statistics 
for atretic follicles while the hashtag (#) indicates statistics for healthy follicles. In Figure 1C, the asterisk (�) represents statistics for secondary follicles, 
hashtag (#) for primary, and circumflex (^) for primordial. (D) Comparison of the diameter of the oocyte from the secondary follicle and follicle 
diameters (�P<0.05, Student’s t-test) in the Frag and Fragþ cIVA groups after 7-day culture. (E) Detection of DNA damage and proliferation by TUNEL 
and immunofluorescence staining of γH2AX and Ki67 in fresh tissue and in Frag and Fragþ cIVA groups on Days 1 and 7 of culture. Dark blue indicates 
DAPI; green Ki67; red γH2AX; and magenta TUNEL. Scale bars 50 mm. Follicles are indicated with white circles. Images were processed using OMERO. 
figure and are presented under the same scale of brightness and contrast. (F) Quantification of the percentage of cells positive for Ki67 and γH2AX 
staining in fresh, Frag, and Fragþ cIVA group on fresh, Day 1, and Day 7 samples. Statistics were performed using two-way ANOVA with interaction 
and Tukey’s correction after log2 transformation in RStudio. Asterisks represent the comparison between groups. �P< 0.05, ���P<0.001. cIVA, chemical 
in vitro activation; Frag, fragmentation; NC, negative control; PC, positive control; TUNEL, terminal deoxynucleotidyl transferase dUTP nick 
end labeling.
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downregulation of all selected genes in both culture groups start-

ing from Day 1 of culture (Fig. 3B and C). Notably, the basal ex-

pression levels of these genes varied widely in the fresh control 

samples. We then assessed if the downregulation of steroido-

genic genes corresponded to changes in functional outcomes by 

measuring steroid concentrations in the culture media. 

Significant differences were found in the steroidogenic pattern 

between the Fragþ cIVA and Frag groups starting from the first 

day of culture: the concentration of DHEA was significantly re-

duced in the media of tissue treated with cIVA (Fig. 3D, 

Supplementary Table S9). In addition, median concentrations of 

androstenedione, testosterone, and estradiol tended to be lower 

in the Fragþ cIVA group compared to Frag; however, these did 

not reach statistical significance (Fig. 3D, Supplementary Table 

S9). The only steroids that increased during culture in both 

groups were pregnenolone and progesterone (Fig. 3D, 

Supplementary Table S9).

No profound differences in cytokine and 
chemokine profiles between Frag and Frag + cIVA
In the RNA-seq data, a significant upregulation of various gene 

sets related to inflammatory responses was found in both culture 

groups, including gene sets related to IFN-α and gamma (IFN-γ), 

IL-2, and TNFα signaling (Fig. 2C, Supplementary Table S5). On an 

individual gene level, multiple cytokines were found among the 

DEGs, and some of them also differed between the Fragþ cIVA 

and Frag groups (i.e. CXCL8/IL-8 and IL-6) at 24 h (Fig. 4A). 

Therefore, we measured time-dependent changes in cytokine 

and chemokine secretion to further investigate the effects of 

Fragþ cIVA and Frag on inflammatory responses. In agreement 

with the RNA-seq data, most of the selected cytokines and che-

mokines were detected in the samples. In general, there was a 

decreasing trend in most cytokines and chemokines measured 

across the culture period (Fig. 4B). There were no significant dif-

ferences between levels of IL-8, IL-6, IL-31, IL-2, IL-10, and TNFα 
in Fragþ cIVA versus Frag group at any time point (Fig. 4B). The 

levels of IL-2, IL-6, and IL-8 significantly declined during cul-

ture (Fig. 4B).

In vitro culture activated glycolysis-related genes 
in ovarian tissues
The activation and growth of follicles were confirmed by the his-

tological follicle counting in both the Frag and Fragþ cIVA groups 

(Fig. 1). To elucidate mechanisms underlying follicle activation 

Figure 2. Overview of transcriptomic changes in human ovarian cortex cultured with or without chemical in vitro activation. Ovarian cortical tissue 
fragments from 11 women were cultured for a total of 24 h with half of the samples treated with the cIVA protocol. The fragments were collected for 
transcriptomic profiling by RNA-seq. (A) PCA of the RNA-seq data using all expressed genes. (B) Number of DEGs between the different comparisons, 
and a Venn diagram showing the overlap in genes altered in culture in the Fragþ cIVA and Frag groups compared to the fresh samples. The used FDR 
cut-off to determine DEGs is indicated. (C) Barplot displaying selected significantly enriched hallmark gene sets from GSEA analysis using all expressed 
genes in Frag versus Fragþ cIVA comparison (FDR<0.1). (D) Barplot showing selected significantly enriched hallmark gene sets from GSEA analysis 
using significant DEGs in Frag versus fresh and Fragþ cIVA versus fresh comparisons (FDR<0.1). The normalized enrichment score (NES) is presented 
on the x-axis. cIVA, chemical in vitro activation; DEGs, differentially expressed genes; FDR, false discovery rate; Frag, fragmentation; GSEA, gene set 
enrichment analysis; NES, normalized enrichment score; PCA, principal component analysis.
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and growth in the in vitro system, we analyzed the RNA-seq data 
more deeply. We specifically focused on the DEGs and gene set 
enrichment results found in the Frag versus fresh and 

Fragþ cIVA versus fresh comparisons. Interestingly, glycolysis 
was found to be affected by Fragþ cIVA treatment compared 
both to Frag and to the fresh group (Fig. 2C and D). As glycolysis 

Figure 3. Changes in steroidogenesis during human ovarian cortical tissue culture in fragmentation and fragmentationþ chemical in vitro 
activation groups. Ovarian cortical tissue fragments from 15 women were cultured for a total of 7 days with half of the samples exposed to the cIVA 
protocol. Fragments and culture media were collected for analyses on Days 1, 3, 5, and 7. (A) Clustered heatmap of average expression of 
steroidogenesis-related genes at 24 h in the RNA-seq data. Data were normalized with DESeq2 normalization and scaled to obtain mean equal to 0 and 
SD equal to 1. Color bar above the heatmap represents the group. (B) Results of INHA and (C) CYP11A1 and CYP17A1 expression by quantitative PCR in 
fresh, Day 1, Day 3, Day 5, and Day 7-cultured tissue, normalized to the housekeeping gene RPL22. (D) Log10-transformed levels of pregnenolone, 
progesterone, DHEA, androstenedione, testosterone, and estradiol during the 7-day culture. Results are presented as boxplots where the box represents 
the interquartile range, the horizontal line denotes the median, whiskers mark the non-outlier range, and outliers are depicted as dots. Statistics were 
performed using two-way ANOVA with interaction and Tukey’s post hoc correction after data was log2- (qPCR) and log10-transformed (steroids) in 
RStudio. Asterisks represent the comparison between fresh and each culture group. �P< 0.05, ��P<0.01, ���P<0.001. cIVA, chemical in vitro activation; 
CYP11A1, cytochrome P450 family 11 subfamily A member 1; CYP17A1, cytochrome P450 family 17 subfamily A member 1; DHEA, 
dehydroepiandrosterone; Frag, fragmentation; INHA, inhibin subunit alpha; qPCR, quantitative PCR; RPL22, ribosomal protein L22.
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is a central energy metabolic pathway in tissues, we focused on 
the further characterization of possible differences in energy me-
tabolism between Frag and Fragþ cIVA. We plotted the expres-
sion of representative genes related to glycolysis (e.g. ENO1, 
LDHA, PKM) and their upstream regulators HIF1A, LIF, and MIF 
(Benigni et al., 2000; Lum et al., 2007; Toso et al., 2008). Consistent 
with our gene set enrichment results where induction of glycoly-
sis was observed (Fig. 2C), upregulation of these genes and the 
upstream regulators HIF1A, LIF, and MIF were shown in the two 
cultured groups in the RNA-seq data at 24 h (Fig. 5A), although 
few were significant in the differential expression analysis be-
tween the Frag and Fragþ cIVA groups.

Next, we validated the changes in glycolysis-related pathways 
in an independent set of samples using qPCR. Consistent with our 
RNA-seq results (Fig. 5A), a highly significant upregulation of ENO1, 
LDHA, PKM, HIF1A, LIF, and MIF was observed already on Day 1 of 
culture (Fig. 5B). The expression slowly returned towards baseline 
during the culture (Fig. 5B). Although the median expression levels 
tended to be higher in the Fragþ cIVA group compared to Frag at 
most time points, this difference did not reach statistical signifi-
cance. To further validate the changes in glycolysis and assess 
which cell types were affected, we chose ENO1, LDHA, and HIF1A 
for immunofluorescence staining experiments. Our results sug-
gested marked upregulation of ENO1 and LDHA proteins during 
culture: LDHA starting on Day 1 across stromal and follicular cells, 
and ENO1 being strongly expressed by granulosa cells of growing 

follicles as well as some stromal cells on Day 7 (Fig. 5C). The ex-
pression of ENO1 and LDHA was low and mainly localized in gran-
ulosa cells in the fresh samples. However, in the cultured tissues, 
their immunofluorescence signal was found in the cytoplasm of 
both granulosa cells and the surrounding stromal compartment 
(Fig. 5C). On the other hand, the upstream regulator HIF1α showed 
a nuclear localization pattern, and it was mainly localized in gran-
ulosa cells in the Day 7-cultured samples while stromal cells 
showed HIF1α staining on Day 1 (Fig. 5C). Samples treated with 
cIVA tended to show stronger HIF1α staining (Fig. 5C). When we 
quantified the fluorescence signals separately in stromal and gran-
ulosa cells, the results suggested that granulosa cells displayed a 
stronger expression of HIF1α, ENO1, and LDHA (Fig. 5D). Notably, 
protein levels of HIF1α peaked on Day 1 while ENO1 and LDHA 
exhibited a gradual increase trend during the culture (Fig. 5D). In 
agreement with the staining, increased trends of HIF1α, ENO1, and 
LDHA levels were found in the cultured group compared to the 
fresh control (Fig. 5D). Similar to the qPCR results, we observed a 
higher expression of quantified proteins (except for HIF1α on Day 7 
culture) in the Fragþ cIVA group compared to the Frag group, even 
though these trends did not reach statistical significance (Fig. 5D).

cIVA induced the expression of hypoxia- and 
glycolysis-related genes in KGN cells
Our RNA-seq results suggested that Fragþ cIVA treatment might 
induce a higher expression of some glycolysis-related genes 

Figure 4. Changes of cytokines and chemokines during human ovarian cortical tissue culture in fragmentation and fragmentationþ chemical 
in vitro activation groups. (A) Clustered heatmap of average expression of inflammatory response-related genes at 24 h in the RNA-seq data. Data was 
normalized with DESeq2 normalization and scaled to obtain mean equal to 0 and SD equal to 1. Color bar above the heatmap represents the group 
(n¼11). (B) Ovarian cortical tissue fragments from three women were cultured for a total of 7 days with half of the samples exposed to the cIVA 
protocol. Concentrations of IL-8, IL-6, IL-31, IL-2, IL-10, and TNFα were measured in culture media collected on Days 1, 3, 5, and 7 of culture, shown as 
average (þ SD). Statistics were performed using two-way ANOVA with interaction and Tukey’s post hoc correction in RStudio. No significant differences 
were observed between Fragþ cIVA and Frag at any time point. Blue line represents statistical comparison within the Frag group while red represents 
the Fragþ cIVA group. Blue dot represents the Frag group and red square represents the Fragþ cIVA group. �P<0.05, ��P< 0.01. cIVA, chemical in vitro 
activation; Conc, concentration; Frag, fragmentation; TNFα, tumor necrosis factor alpha.
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Figure 5. Upregulation of glycolysis-related genes in human ovarian tissue during in vitro culture. Ovarian cortical tissue from 11 women was 
cultured for 24 h for RNA-seq, and from 15 women for 7 days for validation experiments by qPCR and immunostainings. (A) Clustered heatmap of 
average expression of glycolysis-related genes at 24 h in the RNA-seq data. Data was normalized with DESeq2 normalization and scaled to obtain mean 
equal to 0 and SD equal to 1. Color bar above the heatmap represents the group. (B) qPCR results of HIF1A, ENO1, LDHA, PKM, LIF, and MIF, normalized 
to RPL22, on Day 1, Day 3, Day 5, Day 7 of culture and in freshly collected tissues. (C) Immunostaining of DDX4, HIF1α, LDHA, and ENO1 in fresh, Day 1, 
and Day 7 of Frag and Fragþ cIVA groups. Isotype control (IgG) was used as the negative control. Dark blue represents DAPI signal; green indicates 
HIF1α; red ENO1; yellow DDX4; and magenta LDHA. Scale bars 50 mm. All figures are presented under the same scale of brightness and contrast. Figures 
were processed using OMERO.figure. (D) Quantification of immunofluorescence intensity of HIF1α, ENO1, and LDHA in granulosa and stroma cells. 
Gray indicates signals in granulosa cells while blue represents signals in stroma. Results are presented as boxplots where the box represents the 
interquartile range, the line denotes the median, whiskers mark the non-outlier range, and outliers are depicted as dots. Statistics were performed 
using two-way ANOVA with interaction and Tukey’s post hoc correction after data was log2-transformed in RStudio. �P<0.05, ��P<0.01, ���P<0.001. 
cIVA, chemical in vitro activation; DDX4, DEAD-box helicase 4; ENO1, alpha-enolase; Frag, fragmentation; HIF1A/HIF1α, hypoxia inducible factor 1 
subunit alpha; LDHA, lactate dehydrogenase A; LIF, leukemia inhibitory factor; MIF, macrophage migration inhibitory factor; NC, negative control; 
PKM, pyruvate kinase M1/2; qPCR, quantitative PCR; RPL22, ribosomal protein L22.
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compared to the Frag group (Fig. 5), although statistical signifi-
cance was not reached using clinical patient samples. Besides, 
immunofluorescence results suggested that this effect mainly 
took place in granulosa cells (Fig. 5C and D). Therefore, we 
wanted to further study if glycolysis might be a direct target of 
cIVA drugs in granulosa cells using a simpler model, the human 
granulosa cell-like cancer cell line KGN. Additionally, to ensure 
that the results were comparable to tissue culture, we included 
groups cultured with 0.05, 0.5, and 1 IU/ml FSH in the experi-
ment. The results showed that the expression of HIF1A, LDHA, 
and MIF was significantly induced by 24 h bpV (HOpic) and 740Y- 
P exposure without FSH treatment (Supplementary Fig. S4). A 
clear upregulation trend was also found in ENO1, PKM, and LIF in 
KGN without FSH treatment although no statistical significances 
were observed (Supplementary Fig. S4). Interestingly, FSH alone 
did not affect the expression of these genes, but it reduced the 
effects of cIVA treatment, especially concerning the expression 
of LDHA (Supplementary Fig. S4).

Safety of IVA on the ovary
To assess the safety of the IVA protocols, we performed 
disease enrichment analysis using DEGs ranked by log2 fold 
change against the human Disease Gene Network (DisGeNET) 
database (Pi~nero et al., 2015). Comparing Fragþ cIVA to Frag, the 
identified DEGs were associated with increased risk of PCOS 
(Supplementary Fig. S5). However, when compared to the fresh 
control, both Frag and Fragþ cIVA induced transcriptomic 
changes related to ovarian cancer, with more ovarian-related dis-
eases enriched in the Fragþ cIVA group (Supplementary Fig. S5).

Discussion
In the current study, we employed histological assessment, ste-
roid, cytokine/chemokine measurements, and transcriptomic 
profiling to evaluate the effects of mechanical (Frag) and chemi-
cal (Fragþ cIVA) IVA on human ovarian tissues. Current opinions 
on the benefits of performing IVA using both protocols on ovarian 
tissue are contradictory (Dolmans et al., 2019; Lunding et al., 
2019). Therefore, investigating the effects and underlying mecha-
nisms allows us to assess the risks and benefits of this procedure.

Despite extensive efforts, ovarian tissue culture has shown 
limited success in promoting follicle survival and maturation, 
with no ground-breaking improvements observed across various 
tested conditions and substrates (Scott et al., 2004; Telfer et al., 
2008; Hao et al., 2020; Bjarkadottir et al., 2021; Ghezelayagh et al., 
2021; Pais et al., 2021). The few successful protocols report very 
low success rates and have not been widely adopted (Xiao et al., 
2015; McLaughlin et al., 2018; Xu et al., 2021). The bottleneck that 
remains is efficient activation of primordial follicles and their 
survival to healthy secondary follicles that could be isolated for 
further IVM. Most follicles are lost in the primary-to-secondary 
growth step in culture in all reported systems. Historical studies 
from our department have shown that Matrigel improves the 
survival of follicles in tissue culture (Hovatta et al., 1997); how-
ever, this mouse-derived undefined matrix is not suitable for pos-
sible future clinical translations. Therefore, we tested an 
alternative growth substrate in the first part of our study: human 
laminin LN221. In agreement with our previous study (Hao et al., 
2020), LN221 supported ovarian tissue in culture equally well as 
Matrigel. We therefore pooled the results from the two substrates 
for downstream analyses and carried out the validation part of 
the study using LN221 only. As a xeno-free and defined compo-
nent of the extracellular matrix, LN221 is suitable for eventual 
clinical applications.

As extensively documented by us and others, the follicles 
within an ovarian tissue sample activate to grow in culture (Scott 
et al., 2004; Telfer et al., 2008; Hao et al., 2020). This can be seen as 
a significantly declined proportion of primordial follicles together 
with an increased number of secondary follicles, which was also 
recorded in the current study in both cultured groups. Ki67 stain-
ing indicated increased proliferation in the granulosa cells, which 
aligned with the increased number of secondary follicles ob-
served in both the Frag and Fragþ cIVA groups. Many studies 
have documented the effects of tissue fragmentation on follicle 
growth, with the hypothesis that the effects were possibly attrib-
uted to the disruption of the Hippo signaling pathway through 
actin polymerization (Hsueh and Kawamura, 2020). Intriguingly, 
we did not find transcriptomic evidence of Hippo signaling being 
activated at 24 h of culture. This could depend on the post- 
translational nature—phosphorylation and ubiquitination—of 
the Hippo-mechanism, which could be better captured by 
protein-level studies (Kawamura et al., 2013; He et al., 2016). 
Future studies utilizing spatial proteomics technology should be 
performed to thoroughly characterize the change of Hippo sig-
naling induced by fragmentation. In line with previous studies (Li 
et al., 2010; Raffel et al., 2019), our results confirmed that cIVA 
treatment resulted in increased follicle survival and growth on 
Day 7 compared to the Frag group. Maidarti et al. (2019) reported 
increased DNA damage in cultured bovine ovaries after cIVA 
treatment. However, in our samples only a small number of cells 
were positive for typical DNA damage (γH2AX) and apoptosis 
markers (TUNEL). We did not identify clear apoptotic signatures 
in the RNA-seq data between fresh and cultured samples either.

To the best of our knowledge, this is the first study to analyze 
the transcriptomic changes by RNA-seq in ovarian tissue culture. 
Here, we had the unique opportunity to unravel tissue-wide 
changes in the transcriptome following short-term culture. 
Perhaps not surprisingly, the mere process of culture caused ma-
jor changes in the tissue transcriptome. The many upregulated 
gene sets related to tissue damage and inflammation revealed 
the stress that fragmented ovarian tissue is exposed to. Tissue 
fragmentation is a necessity when the ovarian cortex is collected 
from patients and prepared for culture, but this may activate, for 
example, TNFα, IL-6, IL-8, and IL-10, as suggested by our RNA-seq 
results and cytokine measurements. These potent signaling mol-
ecules could, in turn, induce expression of factors that modulate 
follicle dormancy and growth. For example, LIF can be activated 
by TNFα in the ovary, where LIF is shown to be involved in pri-
mordial follicle activation in rats(Nilsson et al., 2002). TNFα has 
also been shown to induce the expression and secretion of 
the pro-inflammatory cytokine MIF (Rossi et al., 1998). As the 
downstream target of both TNFα and HIF1α, MIF subsequently 
stimulates macrophages to release cytokines IL-6 and IL-8 
(Winner et al., 2007; Kasama et al., 2010). Apart from inducing 
inflammatory-related signaling, the increased expression of LIF 
and MIF might contribute to increased granulosa cell prolifera-
tion, leading to follicle growth observed in both the Frag and 
Fragþ cIVA groups (Matsuura et al., 2002; Field et al., 2014). 
Interestingly, ovarian tissue is also fragmented in fertility preser-
vation, where small tissue fragments are cryopreserved for later 
transplantation. Over-activation and loss of follicles are known 
problems following tissue transplantation, where ischemia- 
reperfusion damage likely plays a role (Rodrigues et al., 2023). 
However, our data suggest that the fragmentation itself can trig-
ger extensive damage responses in the tissue, which would also 
contribute to the follicle loss.
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We observed a dramatic decrease in the expression of the cen-
tral steroidogenic genes CYP11A1 and CYP17A1 after 24 h culture. 
These findings do not necessarily correlate with follicle death or 
the poor quality of follicles, as histological assessment suggested 
a higher number of secondary follicles in cultured tissue. One of 
the key functions of granulosa cells is steroidogenesis, boosted 
by gonadotrophins from the secondary stage onwards. FSH in 
culture medium was shown to regulate the steroidogenesis in 3D 
mouse follicle culture (Kreeger et al., 2005). However, despite the 
presence of FSH in the culture medium, steroid output did not 
consistently increase during the culture period in our study, sug-
gesting a potential lack of typical follicular functionality. On one 
hand, the follicles did not develop to advanced secondary or an-
tral stages in the 1-week culture, and robust steroid output might 
not be expected either owing to the limited theca cells recruit-
ment. On the other hand, the cellular stress caused by tissue 
fragmentation and culture could also lead to a temporary decline 
in the functionality of steroidogenesis-related cells and compro-
mised hormone production. In accordance with this hypothesis, 
decreased functionality of cultured bovine granulosa cells was 
reported where the expression of FSHR, CHD1, CYP19A1, and ESR1 
was reduced in short-term culture (Yenuganti and Vanselow, 
2017). Furthermore, the overall low hormone synthesis level and 
high inter-individual variation made it challenging to detect sta-
tistically significant differences between the groups. The higher 
number of follicles present in the fresh samples compared to the 
cultured tissues could also explain the lower expression of gran-
ulosa cell markers in the RNA-seq data. Intriguingly, Fragþ cIVA 
treatment resulted in a lower DHEA concentration in the culture 
medium, suggesting that cIVA might somehow affect the activity 
of steroidogenic enzymes. We observed a trend towards in-
creased STAR and HSD17B1 expression as well as significant 
AKR1C3 upregulation in Fragþ cIVA compared to the fresh group. 
Especially AKR1C3 is related to DHEA conversion to androstene-
diol. This might partially explain the decrease of DHEA in the 
Fragþ cIVA group. CYP17A1 is also centrally involved in DHEA 
production, and although we did not find differences in mRNA 
expression levels between Fragþ cIVA and Frag groups, future 
studies could determine the effect of cIVA on CYP17A1 enzy-
matic activity. Nevertheless, our current results do not clearly 
explain the impact of cIVA on steroidogenesis. Further studies 
could focus on outlining the transcriptomic profiles of isolated 
secondary follicles to form a reference. Such a reference would 
enable conclusions on appropriate levels of steroidogenesis and 
granulosa cell markers in culture-produced secondary follicles, 
which would be helpful in further optimization of cul-
ture systems.

Unexpectedly, our RNA-seq data revealed major changes in 
energy metabolism. We discovered that multiple central 
glycolysis-related genes and their upstream regulators were 
heavily upregulated during the first day of culture in both groups. 
Glycolysis is the preferable energy metabolic pathway in granu-
losa cells, and the mutual interaction between granulosa cells 
and oocyte in cellular metabolism plays an important role in fol-
liculogenesis (Fontana et al., 2020). Interestingly, enhanced gly-
colysis has been shown to induce primordial follicles activation 
through mTOR signaling in mice and human granulosa cells 
(Zhang et al., 2022).

A clustered heatmap of glycolysis-related genes indicated that 
cIVA might have an additional boosting effect on this pathway. 
This hypothesis gained support from the qPCR validation of KGN 
cells exposed to the IVA drugs for 24 h. This indicates that 

although glycolysis genes were upregulated in tissue culture per 
se, their expression is likely further boosted by cIVA. Surprisingly, 
we found that FSH reduced the cIVA-stimulated glycolysis induc-
tion. This suggests that the effectiveness and precise molecular 
impacts of the cIVA protocol might differ in patients with differ-
ent FSH levels.

To our knowledge, this is the first study that employed tran-
scriptomic profiling to thoroughly characterize the effects of Frag 
and Fragþ cIVA on human-cultured ovarian tissues. The use of a 
substantial number of patient samples enhances the robustness 
of the findings. Extensive validation and independent experi-
ments on RNA and protein levels were also performed to test our 
hypothesis. The results shed light on the potential underlying 
molecular mechanisms of mechanical and chemical IVA on folli-
cle activation and growth in culture. However, it is acknowledged 
that there is considerable inter-patient variation, which is one of 
the drawbacks in our study, but at the same time reflects the re-
ality at reproductive medicine clinics. Moreover, the study was 
performed in an in vitro model where tissue was isolated from 
regulation by the hypothalamic–pituitary–ovarian axis and, thus, 
further experiments with xeno-transplantation may be needed 
to explore the effects of cIVA in vivo in the future. However, it 
should be noted that the different IVA protocols are based on the 
culture of fragmented tissue and hence our model and findings 
are relevant.

Taken together, we propose that tissue fragmentation alone 
triggers a large-scale inflammatory response, leading to the acti-
vation of downstream targets such as LIF and MIF (Rossi et al., 
1998; G€ollner et al., 1999; Malkov et al., 2021). These molecules, in 
turn, activate genes associated with glycolysis (ENO1, PKM, and 
LDHA), ultimately enhancing the activation and growth of pri-
mordial follicles in the culture (Matsuura et al., 2002; Winner 
et al., 2007; Field et al., 2014; Zhang et al., 2022). We further hy-
pothesize that the inflammatory cytokines MIF and LIF can also 
directly contribute to primordial follicle activation by promoting 
the proliferation of granulosa cells (Matsuura et al., 2002; Field 
et al., 2014). Finally, the application of cIVA treatment further 
amplifies these mechanisms: the activation of PI3K–Akt–mTOR 
signaling leads to the activation of LIF and MIF, and the mTOR 
signaling also activates HIF1A and downstream glycolysis-related 
genes (D€uvel et al., 2010). Altogether, this complex interplay of 
signaling networks could synergistically enhance the primordial 
follicle activation and growth characterizing both chemical and 
mechanical (drug-free) IVA (Zhang et al., 2022) (Fig. 6). Similar 
mechanisms could also be involved in the well-documented loss 
of follicles in ovarian tissue transplantation in fertility 
preservation.

The safety of the cIVA protocol has been a concern as it might 
initiate malignancy when activating the important PI3K–Akt– 
mTOR signaling. To identify disease related to the changes in 
the transcriptome after cIVA treatment, DEGs identified in the 
Fragþ cIVA versus fresh comparisons were used for enrichment 
analysis. Our results showed that these DEGs were related to 
ovarian diseases, particularly malignant tumors, supporting 
concerns that cIVA may stimulate tumorigenic pathways. 
However, some tumor-related pathways were also found in the 
Frag groups, indicating that risks also exist with mechanical fol-
licle activation. Therefore, not limited to IVA, all clinical inter-
ventions involving ovarian tissue manipulation, such as ovarian 
tissue cryopreservation, should minimize the duration of in vitro 
culture of ovarian cortex before transplantation, as well as re-
duce mechanical stimulation, such as tissue traction and 
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compression, to mitigate associated risks. Additionally, the 

health status of the transplanted tissue should be carefully 

monitored, for example, by ultrasound scanning and measure-

ment of tumor markers.

Conclusion
In conclusion, this study provides evidence that both tissue frag-

mentation (mechanical IVA) and a combination of tissue frag-

mentation with chemical in vitro activation (cIVA) enhances the 

activation of human ovarian follicles in culture, with Fragþ cIVA 

demonstrating a more pronounced effect on follicle growth. 

However, the comprehensive changes in the ovarian tissue tran-

scriptome triggered by dissection and short-term culture far ex-

ceed the effects of added IVA chemicals. The tremendous 

changes in the transcriptomic profile, particularly the significant 

inflammatory and metabolic alterations, emphasize the need to 

study the quality of any follicles derived from fragmented and/or 

cultured tissue in detail before use in clinical trials. Clinical 

applications of IVA protocols aimed at offspring production 

should proceed with caution until further evidence of safety is 

obtained. The risks of tumor development should be followed up 

in patients who have received ovarian tissue transplantation.
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